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Abstract

Background Baicalin is a natural compound having intriguing and useful pharmacological properties that may
be used alone or in conjunction with other treatments in a variety of therapeutic areas. However, the drug has low
aqueous solubility and poor absorption. The aim of this research was to optimize the bioavailability of baicalin
through incorporation into solid lipid nanoparticles.

Results The particle size of the prepared baicalin-loaded solid lipid nanoparticles ranged between 2482+ 1.72 nm
and 291.9+30.9 nm. The speed, duration of homogenization and the content of both the surfactant and soy lecithin
affected the particle size and the entrapment efficiency. The optimized formula showed superiority in drug release
over the drug suspension, with biphasic release profile. Cell culture results showed good accumulation of the drug
into the Caco-2 cells that increases over time in the case of the optimized formula. Physiologically based pharma-
cokinetic (PBPK) modeling simulated enhanced bioavailability of the optimized formula, compared to the drug
suspension.

Conclusion Solid lipid nanoparticles have demonstrated potential as cancer therapy nanocarriers. Reduced toxic-
ity, improved drug absorption and flexibility in combining hydrophilic and lipophilic medications are all significant
advantages of this system. The PBPK simulation suggested the safety of the optimized BA-SLNs in cancer patients
and in geriatric populations.

Keywords Baicalin, Solid lipid nanoparticles, Cell culture, PBPK

Background

Scutellariae baicalensis Georgi, often known as Baikal
skullcap, has dried roots that may be used to make the
glycoside baicalin (BA; baicalein-7-glucuronide). Due
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to its broad spectrum of therapeutic and preventative
potential, BA has lately attracted attention as a safe natu-
ral medicinal element [1, 2]. Pharmacologically, BA has
an active antibacterial [3], antiviral [4], antifungal [5],
anti-inflammatory, antipyretic [6], antihypertensive and
antithrombotic effect [7]. BA also acts as a sedative [4, 8]
and has antioxidant and hepatoprotective properties [3].
Recently, it has also been noted to have neuroprotective
and anticancer properties [9, 10].

Nevertheless, the existence of a glycosyl group on the
ring makes BA suffer from first-pass metabolism, poor
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bioavailability, short half-life and low water solubil-
ity [11]. According to the Biopharmaceutics Classifica-
tion System, it is categorized as a class II medicine with
an oral bioavailability as low as 2.2% of the administered
dosage [12]. BA had been fabricated into oral chewable
tablets, microemulsions, nanoemulsions, self-assembled
nanoparticles, nanocrystals, solid dispersions and solid
lipid nanoparticles [12—19].

Solid lipid nanoparticles (SLNs), one of the several col-
loidal carriers now on the market, have varying abilities
for the safe formulation of anticancer medications. Solid
lipids are used to create SLNs, which has the advantages
of other carrier systems. These possible benefits include
physical stability, controlled drug release and preserva-
tion of vulnerable medicines that are entrapped [18].
SLNs are made from a wide range of lipids, such as glyc-
eride mixes, lipid acids, mono-, di-, or triglycerides or
waxes, and the stability is provided by a biocompatible
surfactant. The typical particle sizes of SLNs vary from 50
to 1000 nm (s).

Cui et al. [20] worked on boosting oral bioavailability
of BA by formulating a carbon mesoporous drug carrier.
The results proved that the oral bioavailability of BA was
significantly enhanced by the mesoporous carrier. Liu
et al. [19] prepared BA solid lipid nanoparticles, using
emulsification/ultrasonication method, for ocular deliv-
ery, and the results revealed an improvement in the BA
bioavailability.

By developing BA-loaded PEGylated nanostructured
lipid carriers (BA-PEG-NLC), Zhang et al. [21] aimed
to increase BA’s bioavailability, extend its in vivo resi-
dence duration, and strengthen its protective effect.
Their research suggested that PEG-NLC may function as
a biocompatible medication delivery system for treating
myocardial ischemia. For the manufacture of BA-loaded
PEGylated cationic solid lipid nanoparticles, modified by
0X26 antibody for brain targeting, Liu et al. [22] used the
emulsion evaporation—solidification process. In rats with
cerebral ischemia-reperfusion damage, BA absorption
across the blood brain barrier and bioavailability in the
cerebral spinal fluid were both improved [22].

Shi et al. at [23] prepared BA-loaded NLCs to aug-
ment the antidiabetic activity of BA using high-pressure
homogenization method. B-NLCs showed a significantly
higher antidiabetic efficacy compared with BA plain
powder.

The objective of the current study was to present an
alternative drug delivery system for BA in the form of
SLNs for oral administration in order to improve its
therapeutic efficacy and safety as an anticancer drug.
The Advanced, Dissolution, Absorption and Metabolism
model (ADAM) was utilized for the simulation of BA
pharmacokinetic parameters after the oral administration
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of the optimized BA-loaded NLCs system in adults, geri-
atrics and cancer patients using Simcyp® Simulator V17.1
software (Certara, Sheffield, UK).

Methods

Materials

Baicalin (BA), soy lecithin (Phospholipon 90G 300G),
Roswell Park Memorial Institute Medium (RPMI),
trypsin and acetonitrile (HPLC grade) were acquired
from Sigma-Aldrich Chemical Co., St. Louis, MO. Stearic
acid (SA) was purchased from Mallinckrodt Chemical
Works, St. Louis, MO. Tween 80, di-sodium hydrogen
phosphate, and sodium di-hydrogen phosphate were
obtained from El-Nasr Pharmaceutical Chemicals Co.,
Cairo, Egypt.

Preparation of solid lipid nanoparticles (SLNs)

SLNs were formulated by an organic solvent-free process
which associates the principles of double emulsion and
melt dispersion techniques [23, 24] aiming to produce
solid lipid particles in the submicron range. Each batch
was prepared in triplicate. Stearic acid (0.6 g) was heated
beyond its melting point (69.3 °C) and stirred with leci-
thin. Six milliliters of hot water was mixed with the drug
(BA), and the mixture was homogenized for 10 min at
20,000 rpm to form the first emulsion (W1/0). At that
time, 6.0 mL of a warm Tween 80 aqueous solution
was included to the first emulsion, and the mixture was
homogenized for 10 min at 5000 rpm at 25+ 1 °C by Hei-
dolph homogenizer (Silent Crusher M, Sweden), creating
the second emulsion (W1/0O/W2). This double emulsion
was dispensed into 90.0 mL of cooled water (25 °C) under
homogenization for 10 min to support solidification of
lipid nanoparticles. As shown in Table 1, the effect of
homogenization speed (F1-F3), homogenizing duration
(F3-F5), quantity of lecithin (F5-F7), quantity of Tween
80 (F7-F9) and volume of cold water (F9-F11) were
investigated.

Particle size analysis, polydispersity index and zeta
potential measurements

The particle size (PS), polydispersity index (PDI) and zeta
potential (ZP) of SLNs were measured using a Zetasizer
3600 (Malvern Zetasizer Nano series, Worcestershire,
UK). Photon correlation spectroscopy at 20 °C without
dilution was used for the measurements [25, 26].

Entrapment efficiency

To measure the entrapment efficiency (EE%), drug for-
mulation was centrifuged at—4 °C, 14.000 rpm (Heraeus
Megafuge® 1.0 R; Hanau, Germany), and then, 2 mL of
the supernatant was diluted to 10 mL by distilled water.
A UV-visible spectrophotometer (UV-1201 Shimadzu,
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Japan) was used to measure the absorbance of the super-
natant dilute measured at 316 nm. The drug entrapped in
the formulated SLNs was calculated by subtracting the
free drug from the total amount of drug [25]. The EE%
was calculated as follows:

W
EE% = — 2

total

x 100

where Wj,=amount of drug entrapped in lipid nano-
particles and W, ., =total amount of BA. The EE% was
determined in triplicates.

In vitro BA release from the SLNs

In vitro drug release study was executed in phosphate
buffer pH 6.8 for 4 h. One mL of the formula (contain-
ing 0.1 mg of BA) was enclosed in a dialysis bag (cellu-
lose membrane cut off 14,000 mm) and transferred into
a beaker holding 50 mL of phosphate buffer at pH 6.8.
The beaker was kept in a shaker (Shaker incubator, IKA
Ks4000ic, Germany) that was adjusted to 100 horizon-
tal shakes per minute at 37 °C. Three milliliter aliquot of
release medium was withdrawn at certain time intervals
(0.5, 1, 2, 3 and 4 h) and replenished by the same volume
of the buffer. The concentration of the drug in these sam-
ples was assessed spectrophotometrically at 316 nm. The
study was repeated using 0.1% drug suspension, and all
measurements were taken in triplicates.

Transmission electron microscopy

Transmission electron microscopy (TEM, JEOL JEM-
1230 TEM, Tokyo, Japan) was used to analyze the mor-
phology of the chosen BA-loaded SLNs at an acceleration
voltage of 80 kV. Before TEM observation, one drop of
the diluted BA-SLNs was dried on a copper grid that had
been coated with carbon, dyed with 2% phosphotungstic
acid, and then left to dry at room temperature for 10 min
[27, 28].

Cell culture

In order to measure the intracellular uptake of the for-
mulated system, Caco-2 cells suspension was inocu-
lated into a 15-mL culture flask and incubated for 18 h
(Dynatech Microplate Reader, MR 5000 Er, West Sus-
sex, UK). On confluency, 1 mL of nanoparticle suspen-
sion in RPMI (Roswell Park Memorial Institute Medium)
(corresponding to 0.8 pg/mL of BA) was added and cells
were re-incubated for variable time intervals (1, 2, 3 and
5 h). After each time interval, the layer of each cell was
detached using 1 mL of trypsin and mechanical shak-
ing. One mL of the cell suspension was withdrawn and
centrifuged at 4000 rpm for 5 min. The cells were sepa-
rated and sonicated in 10 pL of acetonitrile to induce
cell break. The prepared sample was placed on the ATR
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(attenuated total reflection) crystal, and its absorbance
was measured against BA calibration curve using multi-
ple linear regression. BA solution (containing same con-
centration of BA) was used as control, where the cellular
uptake was measured by assessing the reduction in the
BA concentration in the external medium due to the low
diffusion of the free drug solution into the cells [29]. The
half maximal inhibitory concentration (IC50) was calcu-
lated using Master Plex 2010 software.

Physiologically based pharmacokinetic drug input
parameters

The physicochemical parameters of BA are displayed in
Table 2. Most of these parameters were obtained from
data available in the literature [30-32]. The Simcyp®
Simulator, a population-based PBPK platform, was used
for PBPK modeling (V17.1; Certara, Sheffield, UK). The
applied model for BA was the Advanced, Dissolution,
Absorption and Metabolism model (ADAM).

Trial design

In vitro data provided the release profile, which was
employed as a formulation property for modeling. Three
studies were conducted, and each study consisted of ten
simulated trials which were performed on 10 healthy
male volunteers, =100 (ages between 20 and 50 years)
under fasted conditions to assess the pharmacokinetic
(PK) parameters. In all the studies, the dose was set to
10 mg. The simulation was repeated once on 10 geriatric
healthy male volunteers (ages between 65 and 75 years)
and cancer patients to investigate the influence of age and
cancer disease on the PK parameters of the drug.

Table 2 Values of BA parameters for PBPK simulation

Parameters Value
Molecular weight (g/mol) 4464

pKa® 50

Type Monoprotic acid
Log P° 12

Fut 011

Cli., for CYP1A2 in HLM (ul/min/108)° 183

Km (uM)® 523

Vmax (pmol//min/106)f 830.8

@ Dissociation constants of drug

b Partition coefficient

€ Fraction of drug unbound in plasma

9 Intrinsic clearance for CYP1A2 in human liver michrosomes
€ Michaelis—-Menten constant

f Maximum metabolic rate
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Results

Preparation of baicalin-loaded solid lipid nanoparticles
(BA-SLNs)

In order to generate solid lipid particles in the submi-
cron dimension; lecithin and Tween 80 were used as sur-
factants and stearic acid was used as the lipidic material.
Lecithin is a well-known wetting and stabilizing agent
helping in emulsification and drug encapsulation [33].
Tween 80 is generally present in several products extend-
ing from food to pharmaceutical products [33, 34]. It
can also be used to prevent aggregation and gelling of
lipids in formulation of SLN [35]. The dimensions of the
fatty acid chains reflect the hydrophobic nature of the
compound, whereas the hydrophilic nature is attained
from the ethylene oxide polymers. An increase in the
surfactant-particle contact is achieved with high con-
centration of the surfactant. This encourages surfactant
covering of the interface and maintains the SLNs’ hydro-
phobic surfaces during the lipid’s polymorphic transition
[36, 37]. The hydrocarbon chains in the structure cover
the particle, allowing the particle to stay in solution for a
longer period of time [36].

Stearic acid has an excellent biodegradability and low
toxicity and can be used to incorporate both hydrophilic
and lipophilic drugs in nanoparticles [38—40]. The com-
position of various formulated baicalin-loaded SLNs
(BA-SLN) is summarized in Table 1.

Particle size, polydispersity index (PDI) and zeta potential
(zP)

The mean values for the PS, PDI and ZP of the differ-
ent formulations were determined and are presented in
Table 1. PS values of all the formulations varied between
2482+1.70 nm to 291.9+30.9 nm. The results were
statistically analyzed to reveal the independent fac-
tors that significantly affect the PS of the prepared BA-
loaded SLNGs. Statistical analysis revealed that decreasing
the homogenization speed from 20,000 rpm (F1) to
10,000 rpm (F2) led to insignificant change in the PS
from 260.2+13.5 nm to 281.1+9.9 nm (p=0.096). Fur-
ther reduction in the speed to 5000 rpm allowed a sig-
nificant enlargement in PS to 371.05+19.73 nm in F3
(»<0.05). This can be related to the shear force of high
intensity, which overcame the intra-forces acting in the
particles, resulting in smaller PS. Comparable results
were obtained by Kushwaha et al. [41] during the formu-
lation of raloxifene hydrochloride SLNs.

The duration of homogenization was changed from
30 min. (in F1) to 20 min. (in F4), and 10 min. (in F5).
The results revealed no significant change in the PS
of the obtained BA-loaded SLNs upon changing the
homogenization duration (p >0.05), where the PS was
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260.2+13.5 nm, 248.2+1.70 nm and 260.2 +23.76 nm
in F1, F4 and F5, respectively. Therefore, the shortest
homogenization duration (10 min.) was selected for
further formulations to avoid time consumption.

Finally, the results showed that changing the volume
of cold water and the amount of lipid (stearic acid) in
the formulation resulted in a non-significant impact on
the PS (p >0.05).

The results showed that all prepared SLNs have neg-
atively charged ZP values ranging from—18.9+2.80
to—23.65+0.8 mV.

PDI is a function related to the PS of the dispersed
SLNs. These values reflect the quality of the dispersion
as it ranged from O to 1. Table 1 displays the results
of PDI values of the prepared BA-loaded SLNs. The
results showed that all prepared SLNs have PDI values
less than 0.5, indicating monodisperse systems.

Entrapment efficiency (EE%)

Increasing amount of soy lecithin (from 0.006 to
0.012 g) induced a significant rise in EE % of BA
(p<0.05) (Table 1). However, further increase in the
amount of soy lecithin to 0.024 g did not significantly
affect the EE% of BA in the prepared SLNs (p>0.05).
The results revealed that other variables, such as chang-
ing amount of stearic acid, speed and duration of
homogenization and volume of cold water, did not have
significant impact on the EE% of BA in the prepared
SLNs (p>0.05).

In vitro release

Based on previous results of EE% and particle size, F7
was chosen as the optimum formulation for studying
in vitro drug release. Figure 1 exhibits the cumulative
amount of BA released versus time profiles for BA-
SLNs and BA-suspension.

2 100 |
S \ \ \
g 80| L] I I i
2 1 ! } I
[
; 60 T |
T w| /]
£ 1
]
s 20
g

0
© 0 1 2 3 4 5

Time (h)
BA-SLNs BA suspension

Fig. 1 In vitro release profile of BA from BA-SLNs (F7) and BA-suspension
in phosphate buffer pH 6.8
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Fig. 2 TEM images of the optimized BA-loaded SLNs (F7)

Transmission electron microscopy (TEM)

TEM images of BA-SLNs are presented in Fig. 2. The
images present spherically shaped particles with a
smooth surface in the nano-size range with low poly-
dispersity range, where the dark spherical structures are
the SLNs. The illustration clearly depicts the particles as
smooth spheres, and the sizes of the vesicles shown in the
SLNs are consistent with the information gained from
the PS analysis.

Cell culture results

The percent viability of BA-SLNs was investigated
in vitro on Caco-2 cells. Viability of cells after application
of BA-SLNs was analyzed and is demonstrated in Fig. 3.
The concentration of BA-SLNs used was in the range
of 0.05-50 pg/mL to examine the response of the cells.
Surprisingly, the viability of Caco-2 cells was decreased
remarkably even at a reduced concentration of SLNs. The
toxicity was not substantially enhanced with the different
concentrations of BA-SLNs.

120.00
100.00-
80.00-

60.00-

Viability %

40.00-

20.00-

50 25 12.5 6.25 3.2

1.6 0.8 0.4 0.2 0.1 0.05
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Table 3 Mean+SD of BA pharmacokinetics parameters for
BA-suspension and BA-SLNs

Parameters Treatments

BA-suspension BA-SLNs
Tonax () 1.98 (1.2-2.5) 1.58 (1.1-2.3)
Crnax(ng/mL) 288.82+98.90 421.46+136.50
AUC 41, (ng/mL h) 596.77£102.20 1311.09+660.0

*Median (range)

Table4 Mean+SD of BA pharmacokinetics parameters for
healthy volunteers, geriatrics and cancer patients

Parameters Healthy Geriatrics Cancer patients
volunteers

Trax (N)* 1.58 (1.1-2.3) 1.93(1.5-2.7) 1.73(1.5-2.7)

Crnax (NG/ML) 42146+13650 431.98+98.80 400.85+109.10

AUCy o4 (Ng/nLh)  1311.09£6600  1752.16£859.70  1480.79+919.20

*Median (range)

IC50 was calculated and was found to be equivalent
to 8.6 pg/mL BA. The results show good accumulation
of BA into the Caco-2 cells that increases over time in
the case of BA-loaded SLNs. On the other hand, free
BA concentration was not varied in the media after the
incubation of the cells with BA hydrochloric solution for
variable time intervals which reflects poor drug penetra-
tion into the cells. These results confirm that SLNs can be
a promising vehicle to increase efficacy of BA in cancer
therapy.

Analysis of the PBPK model

The PK parameters of BA after oral administration are
shown in Tables 3 and 4 and Figs. 4 and 5. A significant
difference between the PK behavior of BA-SLNs and

0.025

Concentration ug/ ml

Fig. 3 Cellular uptake of BA-SLNs (F7) into the Caco-2 cells over time
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Fig. 4 Mean plasma levels of BA for healthy volunteers in BA-SLNs
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Fig. 5 Mean plasma levels of BA-SLNs for healthy volunteers,
geriatrics and cancer patients

BA-suspension was observed. At each time point, the
plasma drug concentration of BA-SLNs was much higher
than that of BA-suspension. The observed high C,
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Outer aqueous phase (W5)

o— surfactant
® hydrophilic compund
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and AUC values following BA-SLNs are in accordance
with those described by Hao et al. [42], where BA-SLNs
revealed an enhanced oral absorption compared with
BA-suspension.

Regarding the pharmacokinetic parameters of the can-
cer patients receiving BA-SLNS, it can be seen that there
is no significant difference between the pharmacokinetic
parameters of the cancer patients and healthy volun-
teers. This shows that BA is safe and tolerable by can-
cer patients. Unfortunately, very few clinical trials of BA
were conducted to study its efficacy for the treatment of
tumors in clinics (Scheme 1).

Discussion

Increasing the content of soy lecithin from 0.006 to
0.012 g resulted in a significant increment in the PS of
the formulated NPs (p<0.05). Similar outcomes were
obtained by Tan et al. [43]. This finding could be related
to the capability of soy lecithin to improve the film
strength of the formulated NPs, which subsequently
increased the percentage of drug encapsulated and, thus,
larger SLNs were produced [41]. Further increase in the
amount of soy lecithin to 0.024 g resulted in insignificant
increase in PS (p>0.05). At high soy lecithin concentra-
tion, unstable system consisting of micelles and lamellar
aggregates may be formed during the emulsification pro-
cess. This type of system demonstrates a dynamic process
of soy lecithin exchange between the particles [43, 44],
which might cause slight rise in the PS.

On the other hand, raising the quantity of Tween 80
from 0.03 to 0.06 g resulted in a non-significant decrease
in the PS (p>0.05) of the SLNs. The further addition of
the surfactant used in SLNs formulation might lessen the

Inner aqueous phase (W) 1) 1% emulsion

2) 2" emulsion

|
Cold water

3) Solid lipid nanoparticles

Scheme 1 Schematic representation of the production process of SLNs by double emulsion/melting dispersion
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interfacial tension among the lipid matrix and the disper-
sion medium (aqueous phase), which accordingly favors
the development of SLNs with smaller PS. However, the
further increase in the amount of Tween 80 to 0.12 g did
not show a significant influence on the PS of the formu-
lated SLNs (p>0.05). Similar findings were reported by
Thatipamula et al. [45] throughout the formulation of
domperidone-loaded SLNs. They suggested that 1.5% of
Tween 80 was the optimum concentration to protect the
surface of nanoparticles successfully and avoid clustering
in the course of the homogenization process.

The surface charges of the SLNs could be accredited to
the negatively charged stearic acid used as a lipid [35, 39],
in addition to the presence of soy lecithin as surfactant
[45]. Although soy lecithin heads are zwitterionic and
therefore hypothetically carry no charge at pH 7, they
result in negative ZP value in aqueous solution [36, 46].
The development of hydrated layers at the surface and
the position of lipid head group [47] can both contrib-
ute to this explanation. Makino et al. [48] proposed that
the orientation of the dipole linking the opposite charges
of the phosphatidyl group and the choline group in the
lipid molecule is the cause of the charge of the PC bilayer.
It was explained that in low ionic strength medium, the
head group is positioned in a way that the phosphatidyl
group is facing outward, and the choline group is facing
inwards, leading to a negative surface charge [48].

The positive relation between soy lecithin and EE%
could be related to the high amount of soy lecithin
incorporated, resulting in a greater number of formu-
lated nanoparticles and subsequently a higher quantity
of entrapped drug [41]. It is also known that soy leci-
thin could improve the film strength of the formulated
NPs which allows the encapsulation of higher amounts
of drug [41]. A study done by Pandita et al. [49] showed
that increasing the concentration of surfactants led to an
increase in the EE% up to a certain level, where further
increase in the surfactant level did not affect the EE% of
the formulated NPs. They suggested that excess amount
of surfactants may result in flocculation and aggregate
formation which may hinder drug encapsulation.

On the other hand, increasing the amount of Tween 80
showed a significant negative impact on the EE% of BA
in the prepared SLNs. Van den Bergh et al. [50] reported
that raising the surfactant content can cause pores to
grow in surface bilayers. Once the concentration of the
surfactant reaches a particular level, micelles or mixed
micelles are produced, which lowers the EE%.

The in vitro release study demonstrated an initial
burst release of BA in phosphate buffer (6.8 pH) up to
1 h (78.5% +3.92) and approximately 90% after 4 h. The
release of BA from the outer layer of lipid matrix and the
surfactant shell of the SLNs could be the reason behind
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the early burst. The initial rapid release of BA from the
SNL could be interpreted by the larger specific surface
of the smaller particles. These results suggested that BA-
SLNs were able to improve BA release from the formu-
lated SLNs compared to BA aqueous suspension.

This is one way to illustrate how BA-SLNs’ biphasic
drug release design works: The first burst release may be
connected to dual effects through both the rapid release
of a little amount of BA that is present in the surface layer
of the SLNs and the passive diffusion of BA. Then, with
the erosion of SLNs, the release profile up to 4 h may
have resulted from the BA incorporated into the inner
core of SLNs.

The results of the cell culture study are in agreement
with those reported by Chirio et al. [51] when investigat-
ing permeability of floxuridine SLNs in cancer therapy.
Scholer et al. [52] reported considerable cytotoxic effects
when murine peritoneal macrophages cells were treated
with SLN incorporating stearic acid or dimethyl diocta-
decyl ammonium bromide. Comparable findings were
achieved by Marslin et al. [53], where enhanced cytotox-
icity of albendazole SLNs was observed compared to that
of the free drug due to the efficient uptake of SLNs by
the cells. In another study by Wang et al. [54] for prepa-
ration of etoposide SLNs for treatment of gastric can-
cer, an increase in cellular uptake of etoposide SLNs was
shown in comparison with that of free drug and it was
attributed to the good dispersity and stability of SLNs in
an aqueous solution which could facilitate greater cellu-
lar uptake compared to free drug. Similar outcomes were
also acquired by Xu et al. [55] in preparation of pacli-
taxel SLNs for treatment of breast cancer. Their results
confirmed that SLNs increased the intracellular uptake
of drug when compared to the free drug. This enhanced
uptake could be attributed to the use of different endocy-
tosis pathways by SLNs in multidrug resistance cells from
drug-sensitive cancer cells [56].

Analysis of the PBPK model revealed an increase in
oral BA bioavailability which may be due to a number
of factors. The particle size presented a principal part in
the absorption rate of the nanoparticles. As previously
discussed in the in vitro study, the small particle size of
BA-SLNs (288.1+9.05 nm) could improve the rate of dis-
solution by expanding the surface area as stated in the
Noyes—Whitney equation; consequently, the improve-
ment in oral bioavailability was inevitable due to the
reduced particle size and greater surface area that led to
enhanced absorption in the gastrointestinal tract. Further-
more, nanoparticles may be inclined to adhere to mucosal
surfaces at the absorption site, thus increasing the absorp-
tion and the uptake of BA and avoiding the bypass liver
first-pass metabolism [32]. Li et al. [57] reported that the
bioavailability of BA was enhanced approximately 2.6
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times by solid lipid nanoparticles, which could be attrib-
uted to enhanced permeability induced by soy lecithin
and Tween 80. Tween 80 renders the surface more hydro-
philic, thus improving wettability [58].

Some variations in drug absorption, distribution, bio-
transformation and elimination are known to occur with
aging [54]. The simulation using the pre-existing popula-
tion of the elderly showed a 30-40% reduction in the GFR
for the elderly in contrast to the typical value of 120 mL/
min/ 1.73 m? Hepatic and renal function reduction and
changes in plasma protein concentrations occur with
aging [59]. In the older population, decreased hepatic
blood flow and impairment in the activity of hepatic CYP
enzymes may result in decreased clearance of medica-
tions metabolized by the liver [59]. It is evident that there
is a slight increase in the pharmacokinetic parameters of
the geriatrics compared to healthy volunteers. This could
be due to BA being subjected to extensive metabolism,
via conjugative reactions, in the intestinal regions.

Conclusion

Solid lipid nanoparticles (SLNs) have shown promise as
nanocarriers for the treatment of cancer. Significant ben-
efits that SLNs offer include decreased toxicity, increased
medicine bioavailability, and flexibility in integrating
hydrophilic and lipophilic pharmaceuticals. These par-
ticles’ nano-sizes enable them to pass through a variety
of biological barriers and deliver medications to the areas
of action with minimal toxicity [60]. In addition to the
advantages listed above, the use of SLNs in anticancer
therapy may also enable oral medicine administration
and lengthen the duration that cancer cells are exposed
to pharmaceuticals as compared to other delivery meth-
ods. This can imply the usage of simpler and more suited
treatments for the patients. SLNs provide primarily com-
petent drug delivery methods for the advancement of
cancer chemotherapeutic treatments, taking into account
the impact of cancer on people all over the world and the
need for more effective pharmaceuticals. Many studies
are increasingly using PBPK modeling to provide mecha-
nistic predictions of pharmacokinetics and disposal in a
variety of populations and dosing regimens. The methods
for creating models and determining their level of qual-
ity, however, vary considerably. The PBPK simulation
suggested the safety of the optimized BA-SLNs in cancer
patients and in geriatric populations.
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