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ABSTRACT

Objective: This study aimed to enhance the oral bioavailability of Ipriflavone (IP) and evaluate its osteogenic effect on human osteosarcoma cells
(MG-63) by developing Ipriflavone-loaded Solid Lipid Nanoparticles (IP-SLN).

Methods: [P-SLNs were prepared using a modified solvent evaporation method with probe sonication. Formulation optimization employed Central
Composite Design (CCD) with independent variables, including lipid amount, surfactant concentration, and sonication time. Characterization was
performed using Transmission Electron Microscopy (TEM). In vitro drug release and ex vivo permeation studies were conducted to assess drug
release kinetics and bioavailability. Cytotoxicity, Alkaline Phosphatase (ALP) activity, and calcium deposition studies on MG-63 cells evaluated
osteogenic effects.

Results: TEM images showed round particles with an average diameter of 43.24+3 nm, a zeta potential 0f-9.53 mV, and a drug entrapment
efficiency of 76.53+1.84%. In vitro drug release from IP-SLN was 79.02% compared to 14.21% from IP after 48 h, following the Korsmeyer-Peppas
model and first-order kinetics. Ex vivo permeation of IP-SLN was approximately 2-fold higher than IP dispersion. Cytotoxicity studies revealed no
toxicity on MG-63 cells. ALP activity and calcium deposition studies indicated that IP-SLN stimulated osteoblast differentiation, increasing alkaline
phosphatase activity and mineralization. Pharmacokinetic studies demonstrated that IP-SLN increased the relative bioavailability by 515%
compared to ipriflavone.

Conclusion: IP-SLN formulations significantly improved the oral bioavailability and osteogenic effects of ipriflavone on MG-63 cells, suggesting
potential for novel therapeutic applications in osteoporosis treatment.
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INTRODUCTION

Ipriflavone, a semi-synthetic isoflavone compound, is used as a
nutraceutical for treating postmenopausal osteoporosis. As a
phytoestrogen, it inhibits bone resorption, maintains bone health by
increasing density, and helps prevent osteoporosis in
postmenopausal women. As a selective estrogen receptor
modulator, ipriflavone modulates osteoclast function to facilitate
bone remodelling, reduces bone resorption, and promotes
osteoblast proliferation for bone mineralization [1] by obstructing
the parathyroid gland [2].

The poor solubility of ipriflavone (0.0009 mg/ml at 37 °C) makes it
less available for absorption and bioavailable for pharmacological
action [3]. Due to its nano-size, the nano lipid carrier system has
numerous advantages, including enhanced solubility, improved
mucoadhesion, targeted drug delivery, dual-release behaviour, and
increased bioavailability [4]. The lipid material in lipid nanoparticles
improves their biocompatibility and health properties, making them
optimal for in vivo delivery with decreased immunogenicity and
toxicity [5]. The lipoidal carriers exhibit higher loading capacity for
lipophilic drugs and provide protection against enzymatic
degradation due to their well-structured crystal lattice [6]. Lipids,
including triglycerides, glycerides, fatty acids, steroids, and waxes,
are used in the production of SLN, which shares characteristics such
as a low melting point, solidity, and body temperature, and is stable
concerning several surfactants and co-surfactants, including span,
tween, and poloxamer [7]. SLN is effectively encapsulates diverse
drugs, including hydrophilic compounds like ampicillin, ascorbic
acid, diclofenac sodium, doxorubicin, and insulin, as well as
lipophilic drugs such as dexamethasone, melphalan, curcumin,
atorvastatin, and naproxen [8, 9].

Numerous administration routes, including parenteral, oral, topical,
ocular, inhalation, and nasal, have been investigated for the
treatment of tuberculosis [10], cerebral infarction [11], leukaemia
[12], and neurodegenerative disorders [13]. Parenteral
administration of SLNs is promising for the treatment of maladies
such as neoplasia [14], breast and ovarian cancer [15, 16].

Studies have shown that SLN can improve the therapeutic efficiency of
the drug by gaining access to the systemic circulation via lymphatic
circulation by subclavian and jugular veins. Wei et al, Resveratrol-loaded
solid lipid nanoparticles were incorporated into a scaffold to enhance the
osteogenic differentiation of Bone marrow-derived Mesenchymal Stem
Cell (BMSC) and facilitate effective bone regeneration [17].

Fundaro et al. investigated doxorubicin-loaded stearic acid solid lipid
nanoparticles stabilized with PEG 2000 to lower the absorption by
Reticuloendothelial System (RES) organs such as spleen and liver,
improving lung and brain drug bioavailability in the lung and brain [18].

Ahmad et al. developed SLN containing quercetin to inhibit bone loss
in osteopenic rats, offering a potential preventive strategy for post-
menopausal osteoporosis by inhibiting the expression of rank
ligands, which promotes osteoclast differentiation [19].

Developing composite definition approaches makes it possible to
improve bioavailability, and this growing area has proven
promising. To circumvent ipriflavone's limitations, we propose
encapsulating the medicine with SLN to increase its oral
bioavailability for better treatment of osteoporosis.

MATERIALS AND METHODS

Ipriflavone (IP) was acquired from Triveni Fine Chemicals (Gujarat,
India). Glyceryl Monostearate (GMS) and Span 80 were secured from
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LOBA ChemiePvt. Ltd, (Mumbai, India). MEM Eagle’s medium for
culturing MG-63 cells was procured from Himedia laboratories
(Thane, India). Alizarin red dye, p-nitrophenyl phosphate and
glutaraldehyde were obtained from LOBA ChemiePvt. Ltd, (Mumbai,
India). Lysis buffer, Fetal Bovine Serum (FBS) and sterile phosphate
buffer saline pH 7.0 were purchased from Himedia laboratories
(Thane, India). Trypsin-EDTA (0.05%), and trypan blue solution
(0.4%) were purchased from Gibco (New York, USA). Methanol was
99.5% extra pure and purchased from LOBA ChemiePvt. Ltd,
(Mumbai, India).

Selection of lipid by solubility method

The solubility of IP is assessed in lipids such as Glyceryl Monostearate,
Stearic Acid, Soya Lecithin, and Cetyl Palmitate. 5 mg of each lipid was
added to a 50 ml beaker for each lipid and heated to 80 °C.
Subsequently, 100 mg of IP was introduced to the molten lipid and
mixed using a water bath shaker. Solubility evaluation relied on visual
examination, ensuring the formation of a clear solution without
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observable drug crystals. This method aids in selecting the most
appropriate lipid for effective SLN formulation [20].

Optimization of the ipriflavone SLN by CCD design

For the optimization of Ipriflavone-loaded solid lipid nanoparticle
(IP-SLN), a Central Composite Design (CCD) employing three factors
at two levels was utilized. The study aimed to optimize the
independent variables: lipid amount (X1) ranging from 250 to 450
mg, concentration of span 80 (X2) ranging from 0.5% to 1.5% v/v,
and sonication time (X3) ranging from 5 to 15 min. The optimization
process was conducted using Design Expert software®. Particle size
(in nano meter) (Y1) and Polydispersity Index (PDI) (Y2) served as
the dependent variables. The design comprised 20 experimental
trials, including six replicates at the centre points to estimate the
error in the response results table 1. Formulation selection was
based on achieving low particle size and PDI values, and a statistical
analysis evaluated the impact of independent variables (X1, X2, X3)
on responses (Y1, Y2) [21].

Table 1: Designed formulation parameters and measured responses using central composite design for SLN preparation

Std Factor A Factor B Factor C Response 1 Response 2
GMS (mg) Span 80 (% v/v) Sonication time (min) Particle size (nm) PDI
1 250 0.5 5 41.39 0.407
2 450 0.5 5 49.21 0.471
3 250 1.5 5 57.08 0.475
4 450 1.5 5 40.1 0.454
5 250 0.5 15 63.96 0.477
6 450 0.5 15 53.33 0.428
7 250 1.5 15 75.62 0.536
8 450 1.5 15 48.13 0.581
9 181.821 1 10 61.95 0.477
10 518.179 1 10 41.13 0.419
11 350 0.159104 10 45.17 0.441
12 350 1.8409 10 5291 0.616
13 350 1 1.59104 36.27 0.367
14 350 1 18.409 53.42 0.398
15 350 1 10 42.67 0.402
16 350 1 10 40.54 0.433
17 350 1 10 41.22 0.442
18 350 1 10 43.74 0.413
19 350 1 10 40.12 0.475
20 350 1 10 44.95 0.484

Formulation of ipriflavone-loaded solid lipid nanoparticle (IP-SLN)

A modified solvent evaporation method was used to formulate IP-
SLN. In this method, ipriflavone is dissolved in methanol with
surfactant (span 80), and lipid (GMS) at a temperature of 50 °C was
added into an aqueous phase containing distilled water was stirred
at 900 rpm using a magnetic stirrer. The resultant O/W emulsion
was stirred continuously at room temperature for 30 min, followed
by probe sonication in optimized condition with 40 % amplitude and
3 seconds on and 2 seconds off pulse conditions in an ice water bath
maintained at 20-25 °C. [22-23].

Characterization of ipriflavone-loaded solid lipid nanoparticle
Particle size, polydispersity index and zeta potential

The dynamic light scattering method determined the average
particle size and Polydispersity Index analysis of the formulated IP-
SLN dispersion using (ZS90, Malvern Zetasizer, UK). The particle size
was calculated using the autocorrelation function of the intensity of
light scattered from the particles. The Polydispersity Index (PDI)
served as a measure of dispersion homogeneity ranging from 0 to 1.
The electrophoretic mobility values were obtained with suitable
dilutions in water at 25 °C [24, 25].

Morphological determination

Transmission Electron Microscopy (TEM) with bright field imaging
and magnification technique was employed to examine the physical
characteristics, such as particle size, shape, and surface morphology
of IP-SLN [26].

Compatibility study by FTIR

Fourier Transform Infrared (FTIR) spectra were recorded on Bruker
FTIR (Germany) in the 4000 cm-650 cm region to evaluate drug,
lipid, and formulation interaction [27].

Entrapment efficiency

The centrifugation technique determined Entrapment Efficiency
(EE) by analyzing the amount of free IP in the aqueous phase. The
IP-SLN underwent centrifugation in a high-speed cold centrifuge (C
24; Remi India) at 12,000 rpm for 25 min at 10 °C, and the resulting
supernatant solution was collected. The quantification of
unencapsulated ipriflavone in the supernatant was determined
using a UV-visible spectrophotometer (Shimadzu, Japan) at 250 nm.
The %EE was calculated as follows.

Total amount of drug added — free drug in supernantant

% Entrapment Efficiency = x 100

Total amount of drug added
In vitro drug release studies

In this in vitro release study, IP-SLN-loaded solid lipid nanoparticles
were subjected to analysis using a dissolution Type II test apparatus
and a dialysis kit with a pre-soaked 12,000 kDa molecular weight
cut-off in pH 6.8 phosphate buffer. A 1 ml aliquot of the IP-SLN
nanosuspension was introduced into a dialysis membrane,
immersed in 900 ml of pH 6.8 phosphate buffer dissolution medium,
with the paddle rotating at 50 rpm, and the temperature maintained
at 37 °C #1 °Cin an incubator. At predetermined time intervals (0.25,
0.5, 1, 2, 3, 4, 6, 8 and 24 h), 1 ml of the buffer was withdrawn and
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replaced with an equivalent fresh buffer. The amount of released
drug was analyzed using the UV method at 250 nm [28].

Ex-vivo permeation studies by sac method

The non-everted gut sac method was employed to evaluate the
permeation of IP-SLN across the intestine. The studies were
conducted as per the ARRIVE guideline. In this study, White Leghorn
Chicks (weighing 800 to 1000g) (n=3) were sacrificed by cervical
dislocation technique, and an ileum of 6 cm?was isolated and flushed
with a physiological salt solution of pH 7.0 (Krebs-Ringer solution)
to remove the luminal contents and mucosal layer. One end of the
sac was tied with thread and filled with the optimized 2 ml of IP-SLN
nanosuspension (concentration of 12 mg/ml), and the other end was
tied. The ileum bag was immersed in 200 ml phosphate buffer with a
pH of 6.8. At regular intervals (1, 2, 3, 4, 5 and 6 h), samples were
withdrawn from the beaker and analyzed for drug content. The
ileum was then sectioned into equal lengths of 6.9 cm each. After
flushing the segments with normal saline, they were immersed in
phosphate buffer with a pH of 6.8 [29].

In vitro cell-lines studies of IP-SLN
Cytotoxicity studies

MG-63 osteosarcoma cells (Purchased from NCCS, Pune) were
cultured in Eagle’s Minimum Essential Media with 15% Fetal Bovine
Serum and 1% Antibiotic-antimycotic solution at 37 °C, 5% CO2, and
95% humidity. Seeded at 5x104 cells/well in 96-well plates, they
were treated with 1% drug (in DMSO and media) and IP-SLN at
concentrations from 12.5 to 800 mg/ml. After a 48 h incubation,
MTT solution (5 mg/ml, 50 pl**) was added, followed by a 4 h
incubation, and then DMSO (200 pl**) to dissolve formazan crystals.
Absorbance at 570 nm was measured using a Thermo Scientific
microplate reader after purple colour development [30].

Alkaline phosphatase (ALP) activity

Cells were seeded at 1x105 cells/well density into a 24-well tissue-
culture plate, incubated for 48 h and treated with drug and IP-SLN
(concentration 50 pg/ml) in culture media for 24 h. The cells were
washed with PBS and then disrupted using 100pl* of cell lysis buffer at
intervals of 7, 14 and 21 days. Remove the cell debris by centrifuging
at 3,000 rpm at 4 °C for 3 min. The supernatant was incubated with
100ul* of 1% p-nitrophenyl phosphate buffer solution for 30 min at 37
°C. ALP activity was determined by measuring the conversion of p-
nitrophenyl phosphate to p-nitrophenol at an optical density of 405
nm using a microplate reader [31].

Determination of calcium mineralization

A total of 1x105 cells/well were seeded into 12 well plates and
maintained in culture media for 48 h in a 5% CO2 incubator at 37 °C.
IP and IPSLN (equivalent to 50 pug/ml) were added into the wells,
and cells were incubated. The cells were stained with a 2% alizarin
red dye solution of pH 4.2 for 45 min. Free unbound Alizarin Red
Stain (ARS) dye from cells was removed by washing with PBS and
detected using Magnus Magcam HD pro digital camera through a
light microscope at 10x magnification [32].

Cell extracellular matrix stained by the alizarin red dye was
extracted for calcium deposit quantification using 10% acetic acid.
800 pl** of acetic acid was added to each well, and the plate was
incubated at room temperature with shaking for 2h. Then 200 pl**
of 10 %v/v ammonium hydroxide was added to neutralize the acid.
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Sometimes, pH was measured at this point to ensure it was between
4.1 and 4.5. Aliquots (150 pl**) of each well in triplicates were
transferred to 96 well plates and read at 405 nm using a multimode
microplate reader [33].

Pharmacokinetic studies
Animals and blood collection

Male Wistar rats weighing 250-300 g were used in the study. The
pharmacokinetic study protocol was approved by the institutional
Animal Ethical Committee, NITTE (DU) (Approval number is
NGSMIPS/IAEC/AUG-2023/369), Mangalore. Three groups (control,
IP and IP-SLN) containing 6 animals were used for the study. Three
animals were housed in cages, with free access to water 12 h before
the study. The pure ipriflavone and the optimized IPSLN were
administered orally at 50 mg/Kg doses. 200 ul of blood were
collected using heparinized capillaries from the retro-orbital plexus
in the time interval of 0,5,15,30,60,120,180 and 240 min. The blood
samples were centrifuged at 10,000 rpm for 5 min. The plasma was
separated and stored at-80 °C until further analysis. The samples
were analysed using the HPLC method.

Extraction and analysis in plasma

Approximately 100 pl of plasma was taken in the 1.5 ml centrifuge
tube and the supernatant after centrifugation at 10000 rpm for 5
min. Then 100 pl of HPLC grade solvent acetonitrile was added to
precipitate the proteins. Centrifuge the samples again with the same
conditions above and transfer the clear supernatant to the HPLC vial,
and 40 pl** was injected into the HPLC system for analysis.

The pharmacokinetic parameters such as Area Under the Curve
(AUC), terminal elimination rate constant (), Clearance (Cl), Volume
of distribution (Vd), half-life (t%2), Cmax and Tmax are calculated
using PK solver software [34].

Statistical analysis

Statistical analysis was carried out, and ANOVA analysed the
difference in the parameters at 95% confidence interval. The
difference was considered statistically significant at p<0.05.

Short-term stability studies

The stability study of the prepared SLN was conducted as per ICH
guidelines at controlled temperature and humidity, i. e, 4+2
°C/35+% RH, 15+2 °C/45+2 % RH and 25+2 °C/60 % RH for three
months. The stability was measured in terms of physical appearance,
particle size, and zeta potential, and PDI was observed in specific
periods: 0, 1, and 3 mo.

RESULTS AND DISCUSSION
Solubility of Ipriflavone in lipid

The solubilizing power of lipids with the drug is crucial in preparing
SLN. The lipid more capable of solubilizing the IP was selected by
observing the turbidity. The high drug solubility in lipids can
increase entrapment efficiency and drug loading [35]. Low drug lipid
solubility may also prevent drug molecules from linking to the lipid,
leaving the drug free and failing to give the intended controlled
release. From table 2, it was concluded that the GMS can solubilize a
higher amount of IP when compared to other lipids by observing the
transparency. This may be due to mono-, di and triglycerides. Long-
chain fatty acids attached to the glyceride and less ordered crystal
lattice resulted in increased accommodation of IP [36].

Table 2: The solubility analysis of ipriflavone in various lipids

Drug Lipids Appearance of solution after adding drug
Ipriflavone Glyceryl monostearate Transparent

Stearic acid Slightly turbid

Cetyl palmitate Turbid

Optimization of IP-SLNs

CCD was found to be very effective in considering the effects of
independent formulation variables to develop an optimized IP-SLN

formulation consisting of GMS (Lipid), Surfactants (Span 80) and
Ipriflavone (Drug) primarily prepared using a modified solvent
evaporation method. The optimized formulation composition
consists of 271 mg of GMS, 1 % v/v of span 80 and a sonication time
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of 5 min. The particle size of the selected experiment run was 41.48
nm, and the PDI value was observed to be 0.394.

Influence of factors on particle size (Y1)

The impact of factors such as concentration of GMS span 80 and
sonication time were assessed on the particle size by the 3D response
surface shown in 1. The plots and equation obtained using the
significant model terms showed that particle size decreased with
increased GMS concentration. The inverse relationship between
particle size and GMS concentration suggests that GMS functions as an
emulsifier, promoting the stability of the lipid emulsion during SLN
formation along with the span 80. Higher GMS concentrations facilitate
more significant interfacial tension reduction between the lipid and
aqueous phases, thereby enhancing the emulsification process and
resulting in smaller lipid particles and, subsequently, smaller SLN
particle sizes [37]. The positive coefficient of factor C (sonication time)
inversely affects the particle size. Analysis of 1 shows that prolonged
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sonication increases particle size, indicating that too much sonication
causes particles to aggregate rather than break down. Sonication
increases particle velocity, leading to more frequent collisions.
However, if the particles lack sufficient zeta potential, they may not be
able to repel each other effectively, causing them to aggregate upon
contact instead of dispersing [38]. The quadratic coefficient studied
affects the span 80 on particle size. At low concentrations of
surfactants, complete coverage of nanoparticles occurs [39]. As the
concentration of Span 80 increases up to 1%, interfacial tension
reduction between the interphase ensues, forming smaller particles
and inhibiting coalescence. However, exceeding a 1% concentration of
Span 80 accumulates multiple surfactant layers on the particle. The
lipoidal properties of Span 80 also contribute to the increase in
particle size [22]. Span 80 adsorbs onto the particle surface,
neutralizing or diminishing electrostatic repulsion between particles.
Decreased repulsive forces facilitate particle contact and aggregation,
resulting in larger particle sizes.

Particle size (hm)

Sonicationtime (min)

Fig. 1: Response surface plot of independent variables GMS, Span 80, and sonication time on particle size

Influence of factors on PDI (Y2)

The influence of all the three investigated factors, GMS, span 80,
and sonication time (X1, X2, X3) on PDI (Y2) has been depicted in
the 3D response surface plot in 2. PDI analysis showed that the
lipid concentration and sonication time do not significantly impact

PDI

Span 80 (%V/V)

the Particle size distribution of SLN. The concentration of
surfactant has a significant impact on the PDI. PDI increases as the
span 80 concentration increases due to its non-ionic nature that
neutralizes the repulsion forces between the particles and leads to
the enlargement of the formed aggregates, thus increasing PDI
[40].
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Fig. 2: Response surface plot of independent variables GMS, Span 80, and sonication time on PDI

82



A.N.V.etal.

Formulation of IP-SLNs

The excipients and concentrations for preparing IP-SLN were selected
considering the physicochemical properties and CCD optimization
technique. The ipriflavone is combined with lipid by a solvent
evaporation method followed by probe sonication at the amplitude of
40% for 5 min. The appropriate selection of lipids, surfactants and
processing parameters can produce nano-size particles.

Characterization of IP-SLN
Average particle size, polydispersity index and zeta potential

The formulation prepared by the ultra-probe sonication method
showed a size range of 43.24+3 nm. Smaller particle sizes
contributed majorly to the amount of GMS in the formulation. As
GMS is a lipid, it shows the property of an emulsifier as well. The
formulation is then stabilized by the span 80, preventing the
dispersed particle’s agglomeration in the nano-suspension [41]. The
PDI of IP-SLN was found to be 0.396, indicating that prepared lipid
nanoparticles have a relatively uniform size. The Zeta potential of
the IP-SLN was determined to be-9.53 mV. The negative sign in the
formulation indicates the repulsive forces and the possible reason
for negative values corresponds to the presence of fatty acids in
GMS, which are released by hydrolysis in SLN. As the zeta potential
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is less, there are no sufficient repulsion forces between the particles,
leading to the loose aggregation of particles over time. The negative
(anionic) charge displays advantageous characteristics for oral
particle absorption, including enhanced lymphatic transport and
reduced lipolysis. However, cellular uptake is hindered due to
repulsion with biomembrane [42].

Morphology analysis

The morphological character of SLN plays an essential role in
cellular uptake and internalization of nanoparticles [43]. The TEM
image of the SLN reveals essential insights into their morphology
and structure 3 shows spherical nanoparticles with a relatively
homogeneous size distribution, indicating a successful formulation
process. The average particle size of the SLN appears to be around
43 nm, with minimal variation. TEM image suggests that the
formulation method employed effectively controlled the particle
size. The spherical shape of nanoparticles offers advantages such as
enhanced surface area-to-volume ratio, prevention of structural
deformations due to the absence of sharp edges, and efficient
packing compared to irregularly shaped particles [44]. Spherical
nanoparticles tend to follow the streamlines of the flow they are
travelling in [45]. Spheres are internalized more quickly by
endothelial cells [46].

Fig. 3: TEM characterisation of IP-SLN. Scale bar: 50 nm
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Fig. 4: FT-IR spectra of A. Ipriflavone, B. GMS, C. IP with GMS, D. IP-SLN
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FTIR analysis

The FTIR spectra of IP, GMS, IP+GMS physical mixture and IP-SLN
are presented in 4. Loading IP into the SLN nanoparticles still shows
the characteristic absorption peaks of IP at 1634 (C=0), 1433 (C-0O-
H), 1250 (C-0), and 748 (C-H) cm in the corresponding positions of
[P+GMS and IP-SLN. Comparing the spectra of GMS with IP+GMS and
IP-SLN nanoparticles shows that the prominent absorption peaks of
GMS at 3311 (0-H), 2917 (CHsstretch), 2850 (CHz stretch), and 1732
(C=0) cm appeared in the IP+GMS and IP-SLN nanoparticle spectra.
FT-IR interpretation revealed that all the excipients used were
compatible with ipriflavone, and there were no signs of interactions
between the drug and the excipients used.

Entrapment efficiency

The entrapped efficiency of the ipriflavone in the optimized
formulation is determined to be 76.53+1.84%. This notable entrapped
efficiency can be attributed to the favourable solubility of the drug in
GMS and its compatibility with other components utilized in the
formulation. As ipriflavone exhibits poor solubility in water, the drug
remains enclosed within the lipid matrix due to a higher affinity,
further enhanced by a surfactant to prevent drug expulsion.

In vitro drug release

The cumulative release of [P from the SLN (79.02%) was
significantly higher than from the IP dispersion (14.21%) within 48
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h Fig. 5. The nano-size of the SLN provided a large surface area for
drug release, facilitating the dissolution of ipriflavone into the
medium and promoting drug release.

Kinetic analysis table 3 indicated that drug release from SLN
followed first-order kinetics (R? = 0.9688). This implies that the drug
release rate decreases exponentially over time, suggesting a Fickian
diffusion-controlled release mechanism. The R? values and release
rate constants for each kinetic model were determined. The
Korsmeyer-Peppas model, with the highest R? value of 0.971,
analyses drug release from polymeric nanocarrier system. It
suggests that the release of ipriflavone from IP-SLN follows a non-
Fickian diffusion mechanism, indicating a combination of diffusion
and erosion processes. The Korsmeyer-Peppas model showed an R?
value above 0.95. These findings suggested that the proposed
mechanism of drug release from SLN may be non-Fickian diffusion
by swelling, erosion, or relaxation coupled with diffusion. SLN
composed of lipids could undergo swelling in the release medium,
leading to matrix expansion and the formation of channels for drug
release. Matrix erosion or degradation contributed to drug release
over time. The size and shape of SLN played a role in non-Fickian
release, with the small size allowing for increased surface area-to-
volume ratio, faster initial drug release, and sustained release
through diffusion within the swollen or eroded matrix. Controlled
release prolonged therapeutic effects and reduced drug
administration frequency [47].
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Fig. 5: In vitro release from IP-SLN over 48 h in phosphate buffer pH 6.8, and the results are expressed as mean values of three different
experiment standard deviations. All data related to IP-SLN is statistically significant with respect to free IP data

Table 3: Kinetic model and the R 2 for predicting the mechanism
of drug release from IPSLN

Model R?value
Zero-order 0.959
First order 0.9688
Higuchi model 0.9262
Korsmeyer-Peppas 09711

Ex-vivo permeation study

IP-SLN were subjected to a permeation profile using chicken ileum,
and the results in 6 were compared against drug dispersion in a
phosphate buffer of pH 6.8. The results of permeation rate across the
intestinal ileum region have shown the IP-SLN exhibited a maximum
% cumulative amount of drug permeated across the ileum than drug
dispersion. Permeation data in this study revealed that the %
cumulative amount of drug permeated for IP-SLN was found to be
77.34% after 6.5 h. In the case of drug dispersion, the % cumulative
amount of drug permeation was 48.47 %. Thus, IP-SLN showed 1.59-
fold higher permeation when compared to drug dispersion. Higher
permeation of SLN can be correlated with the lesser particle size, as

the nano-size provides a larger surface area for interaction with the
intestinal epithelium. Increased surface area can improve contact
and enhance permeation. The lipophilic nature of SLN, which mimic
physiological components, facilitates their rapid traversal across the
intestinal barrier through easier engulfment via endocytosis [48].
The nano size of SLN enables them to demonstrate bio-adhesive
properties, allowing them to adhere to the wall of the
gastrointestinal tract or penetrate the inter-villar spaces [49].

In vitro cell lines studies
In vitro cytotoxic studies (MTT assay)

Cell viability of IP-SLN and IP was determined after 24 h exposure to
MG-63 cells. The results indicated that the % viability of cells exposed
to the drug solution and IP-SLN did not exhibit cytotoxicity at all
dilutions. The minimal viability of MG-63 cells was 64.84% and
54.76%, respectively, after 24 h of treatment with 1 mg/ml of IP-SLN
and drug. IC50 value, the concentration of substance required for 50%
cell death for drug and IP-SLN, was found to be 1.3 mg/ml and 1
mg/ml, respectively. The significant decrease in cellular viability
observed with IP-SLN highlights the importance of optimizing the
concentration of excipients in the formulation, as these components

84



A.N.V.etal.

may influence cell viability [50]. The therapeutic effectiveness of drug-
loaded solid lipid nanoparticles (SLNs) relies on multiple factors,

Int ] App Pharm, Vol 16, Issue 6, 2024, 79-89

including cellular uptake, intracellular distribution, and the quantity of
drug accessible from the internalized SLNs within the cell.
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Fig. 6: Ex vivo permeation of IP and IP-SLN through chicken ileum. Error bars indicate SD values of triplicate

Alkaline phosphatase (ALP) activity

ALP activity and calcium deposition are commonly utilized markers
to assess the early and late stages of osteoblast differentiation
during bone regeneration [51]. ALP activity of MG-63 cells cultured
with IP-SLN and control was compared to those of the drug
dispersion till 21 days. The investigated substance can induce the
differentiation of MG-63 towards the osteoblastic phenotype. Cells
treated with the control are considered blank. As shown in 7., ALP
activities of MG-63 cells treated with IP-SLN showed a gradual
increase throughout 21 days, as the drug must diffuse from the
matrix and then undergo dissolution later taken up by the cells. The
dissolution of the ipriflavone in Dimethyl Sulfoxide (DMSO)
exhibited a prompt enhancement in osteoblast activity due to the
absence of any rate-limiting barrier.

Consequently, the drug became readily accessible for uptake by cells.
The increase in the activity may be due to drug-induced alterations
in intracellular signalling pathways, gene expression patterns, and
cellular microenvironments, ultimately impacting ALP activity [52].
The release characteristic of IP-SLN makes the drug available at the

exhibited a significant and progressive increase over time by
treating the cells with IP-SLN, thus indicating that the entrapped
ipriflavone was efficiently released within the cells, thereby exerting
a positive effect on osteogenesis and providing evidence of
simulation of differentiation of osteoblasts [53].

Alizarin red
mineralisation

staining detection and quantification of

When osteoblasts undergo differentiation, they initiate the
mineralization of the bone matrix. The efficacy of Alizarin Red Stain
(ARS) in promptly binding to calcium salts makes it a widely used
method for assessing calcium accumulation in cells [33].
Mineralization of MG-63 cells treated with IP and IP-SLN was
studied for 21 d. The optical microscopic image of cells stained with
ARS confirmed mineral deposition in the cells 8. Calcium deposition
in MG-63 cells treated with pure drug was found 1.09 folds higher
than IP-SLN on the 215t day, as shown in 9. The development of
calcium-rich deposits on cell lines treated with samples proved the
matrix mineralisation process. This study showed that the IP-SLN
can induce mineralization in osteoblast cells, which can treat bone

site of action for longer, which can be beneficial for prolonged deformities by enhancing the osteoblast cell's activity.
osteoporosis treatment. Our study observed that the ALP activity
104
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Fig. 7: ALP activity of MG-63 cells treated with ipriflavone and IP-SLN for 21 days. The data is represented in mean+SD, n=3 and analyzed
by two-way ANOVA. *p<0.05, ***<0.0001 and>0.05 is ns
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Fig. 8: Mineralization of differentiating MG-63 cells treated with IP-SLN for A) 7, B) 14 and C) 21 d, detected by Alizarin red stain
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Fig. 9: Calcium deposition of MG-63 cells treated with ipriflavone and IP-SLN for 21 d, detected by alizarin red staining. This data is
represented in mean+SD, n=3 and analyzed by two-way ANOVA. *p<0.05, ***¥<0.0001 and>0.05 is ns
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Fig. 10: Plasma concentration profile of ipriflavone and ipriflavone loaded SLN. Data is represented in mean+SD, n=3 and analyzed by
two-way ANOVA. *p<0.05, ***¥<0.0001 and>0.05 is ns

Pharmacokinetic studies

The pharmacokinetic comparison between IP and IP-SLN reveals
significant differences in bioavailability and systemic exposure. The
pharmacokinetic parameters of IP and IP-SLN are given in table 4.
The ipriflavone exhibited a rapid time to reach maximum plasma
concentration (Tmax) of 15+2 min, and ipriflavone-loaded SLN
demonstrated a delayed Tmax of 30+4 min. This delayed absorption

suggests a slower release of ipriflavone from the SLN formulation,
likely due to the sustained release properties of the nanoparticles.
Regarding maximum plasma concentration (Cmax) and area under
the curve (AUC), ipriflavone-loaded SLN showed substantial
increases compared to IP. Cmax increased from 197.71+14.5 pg/ml
for IP to 316.62+27.9 pg/ml for ipriflavone-loaded SLN, while AUC
increased from 12091.16+201.62 pg/ml/min to 84582.87+741.87
pg/ml/min, respectively. This significant enhancement in Cmax and
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AUC indicates improved systemic exposure and bioavailability of
ipriflavone when formulated as SLN. Despite a shorter half-life (T%2)
for IP-SLN compared to pure ipriflavone (24.52+3.18 min vs.
35.20+2.36 min), the mean residence time (MRT) was notably
higher (266.00£31.02 min vs. 57.23+12.75 min). This suggests a
prolonged IP-SLN in the systemic circulation, potentially attributed
to sustained release characteristics.

Int ] App Pharm, Vol 16, Issue 6, 2024, 79-89

Furthermore, the relative bioavailability of IP-SLN was significantly
increased to 515.07+15.87% compared to pure ipriflavone. These
findings underscore the potential of SLN as an effective delivery
system for enhancing the therapeutic efficacy of ipriflavone, offering
prolonged and sustained release for improved patient compliance
and therapeutic outcomes. The plasma concentration profile of IP
and IPSLN is depicted in 10.

Table 4: Pharmacokinetic paratmerts of ipriflavone and ipriflavone SLN

Parameters Units Ipriflavone Ipriflavone SLN

T max min 15+2 30447

C max ug/ml 197.71+14.5 316.62+27.9
AUC (0-a) ug/mlmin 12091.16+201.62 84582.87+741.87*
T min 35.20+2.36 24.52+3.18"

CL (ng/ml)/min 0.001+0.00 0.0005+0.00"

Va pg/ml 0.06+0.001 0.14+0.005%

MRT min 57.23+12.75 266.00+31.02~
Relative F % 515.07+15.87"

These values are expressed as Mean+SD. *Shows a significant difference in parameters at p<0.05 as compared to ipriflavone

Short-term stability studies

The prepared IP-SLN was found to be physically stable, with a slight
change in particle size, PDI, and zeta potential compared to the
initial values for 30 d. The results of the stability study at different
temperatures for evaluated parameters of IP-SLN are shown in table
5. A slight change in the responses is seen due to the lesser zeta
potential, which causes nanoparticle aggregation during storage. The

consistency in formulation parameters across different
environmental conditions indicates robustness in the manufacturing
process of IP-SLN. This is crucial for ensuring reproducibility and
reliability in the performance of the nanoparticles for various
applications, such as drug delivery systems. In addition, assessing
the long-term stability of the nanoparticles under varying
environmental conditions could provide a more comprehensive
understanding of their behaviour.

Table 5: Stability studies of IP-SLN

Formulation Parameter Temperature C/Humidity (% RH) Month
0 1 3
IP-SLN Particle size (nm) 4+2/35+2 43.53 43.78 47.45
15+2/45+2 42.65 43.21 48.31
25+2/60+2 43.85 43.45 49.78
PDI 4+2/35+2 0.398 0.412 0.425
15+2/45+2 0.374 0.386 0.418
25+2/60+2 0.385 0.399 0.417
Zeta potential (mV) 4+2/35+2 -9.83 -9.83 -9.93
15+2/45+2 -9.76 -9.83 -9.96
25+2/60+2 -9.88 -9.92 -9.97
CONCLUSION Idea generation, supervision, editing, review, Sumukh P R-work

In this study, a modified solvent evaporation method was used to
prepare IP-SLN. The release kinetics and permeation characteristics of
IP-SLN were investigated, revealing a two-fold increase in permeation
compared to ipriflavone (IP). The bone regeneration capacity of IP-
SLN was evaluated through ALP activity and calcium mineralization
assay. The findings suggest that IP-SLN, as a drug carrier, enhances the
bioavailability of ipriflavone and holds the potential for managing
osteoporosis. These results highlight the potential of solid lipid
nanoparticles as an effective delivery system for improving the
therapeutic outcomes of ipriflavone in osteoporosis treatment.
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