DE GRUYTER

Open Chemistry 2024; 22: 20230201

Research Article

Xiaohong Jiang*, Zhongfei Shen, Bin Shen, Ying Sun
Preparation and pharmacodynamic evaluation of

sodium aescinate solid lipid nanoparticles

https://doi.org/10.1515/chem-2023-0201
received August 10, 2023; accepted February 5, 2024

Abstract: Recent advancements in nanotechnology have
spotlighted lipid nanocarriers as potent mediums for drug
delivery, with solid lipid nanocarriers (SLNs) emerging as a
key focus due to their unique structural attributes. This
research specifically addresses the development and evalua-
tion of the anti-inflammatory properties of SLNs loaded
with sodium aescinate. To identify the most effective com-
position, a detailed pseudo-ternary phase diagram was
employed. The production process of these SLNs involved
sophisticated high-pressure homogenization techniques.
For characterization, the average particle size and zeta
potential were precisely measured using advanced laser
diffractometry. Additionally, to ascertain the effective-
ness of the drug encapsulation, the SLNs underwent
a rigorous high-speed centrifugation process, enabling
accurate determination of both the encapsulation effi-
ciency and drug-loading capacity. The results of this
research reveal that a relatively refined method for deter-
mining sodium aescinate content has been established,
and a reasonable formulation has been selected for the
preparation of sodium aescinate solid lipid nanoparticles.
The average particle size was 142.32 + 0.17 nm, the zeta
potential was 1.60 + 0.32mV, and the encapsulation rate
was 73.93 + 4.65%. The drug loading was 13.41 + 1.25%. In
conclusion, this method can produce stable solid lipid
nanoparticles containing sodium aescinate with uniform
particle size, even distribution after encapsulation, and
significant anti-inflammatory activity.
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1 Introduction

Sodium aescinate is a sodium salt containing ester bonded
triterpenoid saponins. It is a white or quasi-white crystal-
line powder with a bitter and spicy taste. This compound is
derived from the mature, dried seeds of the Chestnut plant.
It exhibits a range of pharmacological properties, including
the mitigation of inflammation and reduction of fluid exu-
dation. Additionally, it has been found to enhance venous
tension, thereby improving blood circulation. Notably, it
also plays a role in ameliorating brain function abnormal-
ities [1-3]. Its main active ingredients are sodium aescinate
A, B, C, and D [4,5]. However, as the polyester bond in
sodium aescin for injection is highly irritating to blood
vessels, intravenous injection may cause pain at the injec-
tion site, and long-term medication may cause phlebitis.
Therefore, strict observation should be made during infu-
sion to prevent the liquid from leaking into surrounding
tissues and causing redness and swelling [6]. At the same
time, it is required to choose a thicker vein for intravenous
infusion and different venipuncture to avoid inconvenient
treatment. Second, it is prone to foam in preparation, and
sodium aescinate for injection exerts systemic effects after
intravenous injection, with poor specificity of the lesion
site [7].

Solid lipid nanocarriers (SLNs) have been recognized
for their notable aptitude in the encapsulation of a diverse
range of drug molecules, both lipophilic and hydrophilic
in nature, as detailed in refs [8-11]. This capability extends
to the meticulous regulation of drug release and the tar-
geted delivery of these therapeutic agents to specific cells
and tissues. The primary composition of SLNs is based on
solid lipids, which are stable in a solid state at room tem-
perature. These lipids predominantly consist of long-chain
saturated fatty acids, serving as their foundational compo-
nents, as noted in ref. [12]. The long degradation time of
these saturated lipids plays a significant role in ensuring
that the release of the drugs within the vesicles is slow and
sustained over a long period, thus increasing the thera-
peutic efficiency over a specified duration. The lipid exci-
pients that are used in the SLNs are a major determinant of
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the biological behaviour and the fate of the drug molecules
that are loaded into the solid crystalline matrix of the SLNs.
This composition is essential in modulating the bioavail-
ability and pharmacodynamics of the drugs as they move
across various physiological compartments. In addition to
this, the route of administration is another parameter that
affects the effectiveness of SLNs as drug delivery carriers,
which is important for maximal therapeutic efficacy. The
SLN interaction with different components present in bio-
logical fluids can cause degradation of these nanoparticles
or corona formation on their surface that may significantly
modify their physicochemical properties and functional-
ities. These are important effects and are discussed in
refs [13,14].

Lipid-based nanoparticulate formulations have gained
increasing attention in the area of pharmaceutical delivery
systems, especially for the oral delivery of drugs with low
solubility in aqueous media. The relationship between
these formulations and the digestive environment is an
area of great concern. It is worth mentioning that large lipidic
excipients contained in these formulations are known to sti-
mulate the production of hile salts and digestive enzymes in
the gastrointestinal tract according to ref. [15]. This process
leads to the development of lipid digestion products that are
vital in improving the solubilization of drug molecules and
their further absorption. Of the many lipid-based delivery
systems, SLNs are unique due to their exceptional ability to
modulate the release of encapsulated drugs. This fine tuning
is very important in regulating the peak concentration of
drugs in the blood stream, which is important in minimizing
the risk of toxicity that is associated with high drug concen-
trations. In the pharmacokinetic context, the delay in max-
imum concentration of drug in plasma time (Tj,,x) has been
observed in a number of studies, including those cited in ref.
[16]. In this study, Tnax With SLNs was 4.0 h, which was much
higher than the 1.7h noted for the microemulsion formula-
tion. Such observation further highlights the importance of
SLNs in sustaining drug release [17]. In addition, pharmaco-
dynamic studies have repeatedly showed that the application
of SLNs in oral drug delivery prolongs the therapeutic action
of the drugs, providing a desirable sustained release, which is
useful in long-term treatment approaches.

In order to solve the irritant problem of drugs, this
article proposes a solution to change the drug carrier to
improve the targeting of drugs in clinical treatment while
maintaining the advantages of the existing preparations
such as long and timely curative effect. As drug carriers,
SLN can improve the shortcomings of the original thera-
peutic agents while ensuring the therapeutic effect [18-20].
The irritating problem of sodium aescinate can be alleviated
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by coating it with solid lipid nanoparticles. The development
of preparation expands the development and selection of
dosage forms, reduces the pain of medication, enhances the
patient’s medication compliance, and improves the treatment
effect and cure rate.

2 Materials and methods

2.1 Experimental material

Instruments used were BS224S electronic analysis balance
(Beijing Setoris Instrument System Co., Ltd), RCT Magnetic
Agitator (IKA), Infinity 1260 High Performance Liquid
Chromatograph (Agilent Technology Co., Ltd), particle
size and surface potential tester (3000HS, Malvem Co. UK),
THZ-92A constant temperature oscillator (Haibo Sun Industrial
Co, Ltd, Medical equipment factory), Starter 3C pH meter
(Shanghai Ohaus Instrument Co., Ltd), Cascada.LS pure water
meter (Pall Filter (Beijing) Co., Ltd), separation funnel, and test
tube with plug.

Sodium aesculin raw materials (China National Institute of
Food and Drug Control, Lot No. 100346-201703; content: 33.5%
aesculin A, 31.4% aesculin B, 17.8% aesculin C, and 14.2% aesculin
D) and n-octanol (Shanghai Maclin Biochemical Technology Co.,
Ltd) were used.

Forty SPF male BALB/C mice, weighing 20-25 g, were
provided by Zhejiang Academy of Medical Sciences with
production license No. SCXK (Zhejiang) 2019-0002.

2.2 Study on physicochemical properties of
sodium aescinate

Purified water and buffer solutions of pH 4.0, 6.8, and 9.0
were mixed with the same amount of n-octanol in conical
bottles and placed in a 37°C constant temperature oscillator.
Continuous oscillation enabled the solution to maximize
saturation with n-octanol [4]. Weigh a certain amount of
sodium aescinate API, add the same amount of fully satu-
rated solution, and configure the solution with drug con-
centration of 2.5 mg/mL. Remove 5mL of each prepared
solution into 10 mL corked test tube, and keep the volume
constant. The sealing film was sealed and placed in a
thermostatic oscillator to oscillate for 2 h before centrifu-
gation. After standing, water phase was absorbed to
determine the absorbance, and the concentration was
determined by HPLC.
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2.3 Determination of sodium aescinate
2.3.1 Chromatographic conditions

Eclipse XDB-C18 (5um, 150 x 4.6mm? column; mobile
phase: acetonitrile 0.55%, phosphoric acid 37:63; flow rate:
0.8 mL/min; column temperature: 30°C; injection volume:
20 uL; detection wavelength: 220 nm.

2.3.2 Standard curve drawing

Standard sodium aescinate of 25.00 mg was precisely weighed
into a 10 mL conical flask, and a certain amount of methanol
was added to fully dissolve it, and 2.50 mg/mL of sodium
aescinate solution was prepared using a volumetric flask as
a reserve solution. The right amount of the reserve liquid is
accurately absorbed and diluted with methanol to prepare a
series of concentration solutions. According to chromato-
graphic conditions, the standard curve was drawn with
peak area as ordinate and sodium aescinate concentration
as abscissa.

2.4 Preparation of sodium aescinate solid
lipid nanoparticles

2.4.1 Selection of oil phase

By studying the physical and chemical properties and
methodology of sodium aescinate, and considering the
safety of injection preparation, the oil phases to be selected
are soybean oil (injection level) and medium chain trigly-
ceride (injection level), the temporary fixed surfactant is
15-hydroxystearate polyethylene glycol ester and the co-
surfactant is glycerol. The ratio of surfactants to cosurfac-
tants is 2:1 (mass ratio). After the surfactant is mixed, it is
precisely weighed with the oil phase to be selected, and
mixed according to 9:1, 8:2, 7:3, 6:4, 5:5, 4:6, 3.7, 2:8, and
1:9 (mass ratio). Then it is continued to stir and titrated
with water for injection. When the system is no longer
clear and turbidity occurs, it immediately stops dripping
and the amount added is recorded. The mass percentage
of oil, water, and mixture at the final critical point was
calculated and the data were input to OriginPro 2021 to
draw a pseudo-terpolymer phase diagram. The oil phase
was determined using the microemulsion area as the selec-
tion criteria [5].
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2.4.2 Sodium aescinate solid lipid nanoparticles were
prepared by high pressure homogenization
method

Take a certain amount of emulsifier and oil phase, in 75 + 5°C
water bath and make it completely molten liquid. As the
organic phase, take a certain amount of Poloxamer 188 dis-
solved in 10 mg/mL sodium heptanoside citrate solution; as the
water phase, stir at 2,000—-4,000 rpm, slowly inject the organic
phase into the water phase. Continue stirring for 8-10 min,
and quickly cool to room temperature to obtain colostrum.
Colostrum was homogenized at 20,000 Pa at room tempera-
ture for 3-5 times under high pressure and cooled overnight
with ice water bath [6].

2.5 Preparation evaluation of sodium
aescinate solid lipid nanoparticles

2.5.1 Determination of particle size and zeta potential

At room temperature, appropriate amount of the newly
prepared sodium aescinate solid lipid nanoparticles was
taken, and purified water was mixed. The particle size
and zeta potential were determined by particle size and
surface potentiometer.

2.5.2 Determination of encapsulation rate and drug load

About 1mL of solid lipid nano-suspension of sodium aesci-
nate was precisely taken and placed in a centrifuge tube,
and centrifuged at 10,000 rpm at 4°C for 5min at high
speed. The supernatant was removed, diluted with
methanol, and the amount of free drug W; was calculated.
About 1mL of solid lipid nanoparticle suspension of sodium
aescinate was precisely removed and centrifuged at
3,000 rpm for 15 min. The precipitate was taken and prop-
erly diluted with methanol. The sample was determined and
the free drug amount W, was calculated. In addition, 1 mL of
solid lipid nanoparticle suspension of sodium aescinate was
precisely removed, and methanol solution was added, which
was demulsified and dissolved under ultrasonic conditions,
diluted with methanol and fixed volume. Drug concentra-
tion was determined according to HPLC methodology, and
total drug dosage (Ws), encapsulation rate (EE), and drug
loading (DL) were calculated [7]. The calculation formula
is EE = (W5 — Wy — Wy)/W5 x 100%; DL = (W5 — W; — Wy)/
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W, x 100%, where W; and W, are free drug amount, Wj is
the total dosage, and W, is lipid mass.

2.6 Evaluation of anti-inflammatory activity
of sodium aescinate solid lipid
nanoparticles

A total of 40 mice were equally distributed into five distinct
groups based on their body weights, with each group com-
prising eight mice. These groups included a blank control,
a high-dose, and a low-dose group receiving the commer-
cial sodium aescinate injection, and another set of high-dose
and low-dose groups administered with a solid lipid nano-
suspension of sodium aescinate. After normal feeding for a
period of time, the mice were given intravenous adminis-
tration according to group arrangement, and the blank con-
trol group was given intravenous injection of a certain
amount of normal saline. After 30 min of intravenous injec-
tion, 0.03 mL of xylene was applied to the right ear of each
mouse. After 15 min, the mice were sacrificed, and the two
auricular plates were weighed at the same position with a
hole punch with a diameter of 0.6 cm, and the difference
between auricular plates was regarded as the degree of

Table 1: Oil-water distribution coefficient of sodium aescinate in dif-
ferent solutions

Absorbance Korw Log Ko/w
Purified water 0.71 0.049 -1.309
pH = 4.0 0.087 16.261 1.211
pH=6.8 0.422 0.734 -0.134
pH =9.0 0.500 0.201 -0.696

mAU
1754

150 4

1254

1004

754

50

25
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swelling. The right ear piece was taken from the same posi-
tion with a hole punch of 0.6 cm in diameter, cut into pieces,
and soaked in 5 mL of acetone: water (7:3) sealed for 48 h. The
samples were centrifuged at 3000 revolutions per minute
(RPM) for 5 minutes, the absorbance of supernatant was
measured by 590 nm UV spectrophotometer.

3 Results

3.1 Oil water partition coefficient of sodium
aescinate

The determination results of oil-water distribution coeffi-
cient of sodium aescinate are shown in Table 1. The oil-
water partition coefficient is the ratio of the concentration
of n-octanol to water phase in the equilibrium of organic
compounds, which is determined to simulate the distribu-
tion of drugs in water phase and biological phase in the
body, so as to predict the absorption of drugs in the body.
As can be seen from the table, sodium aescinate is more
distributed in the oil phase under acidic conditions.

3.2 Determination of sodium aescinate
saponin

The chromatography conditions were carefully established,
with the medium being an Eclipse XDB-C18 column 5 um,
150 x 4.6 mm? Operational parameters were set at flow rate
0.8 mL/min, column temperature 30 °C. The sample injection
volume under the protocol was 20 pL, with the detection
wavelength set at 220 nm. Under these chromatographic

Figure 1: Comparison curve of sodium aescinate.




DE GRUYTER

conditions, the chromatographic peaks of sodium aescinate
A, B, C, and D were, respectively (Figure 1). The regression
equation of aescinin A was y = 585.29x - 508.21 (R? = 0.9911).
When the range of aescinin A was 1.68-16.75 ug, there was a
good linear relationship between the peak area and the
sample quantity. The regression equation of aescinin B
was y = 481.55x - 412.82 (R? = 0.9902). When the range of
aescinin B was 1.57-15.70 ug, there was a good linear rela-
tionship between the peak area and the sample size. A cer-
tain concentration of sodium aescinate reference solution
was configured, and six consecutive samples were injected
as shown in Table S1.

3.3 Selection of oil phase

As shown in Figure 2, in the microemulsion area, namely
the area on the right side of the curve, it can be seen that
the same amount of oil solubilizes more surfactant and water
mixtures, so mid-chain triglyceride is selected as the oil phase.
The optimal formulation ratio is achieved when medium-
chain triglycerides are used as a co-solvent in the oil phase.
The desired solid lipid nanoparticles of sodium aescinate are
obtained through high-pressure homogenization.

3.4 Preparation evaluation of sodium
aescinate solid lipid nanoparticles

The sodium aescinate solid lipid nanoparticles underwent
a detailed characterization process, focusing on their par-
ticle size and zeta potential, with the results being comprehen-
sively depicted in Figure 3. Upon analysis of the graphical
representation, it is observed that the nanoparticles possess
a notably uniform particle size distribution, with an average
dimension calculated to be approximately 142.32 + 0.17 nm.
The zeta potential, an indicator of the stability of these

(a)

1.00

0.00 0.25 0.50 0.75 1.00
Emulsifier

Preparation and pharmacodynamic evaluation of sodium aescinate SLNs

- 5

nanoparticles, was measured to be 1.60 + 0.32mV. These
data suggest a stable colloidal system. Further insights gained
through transmission electron microscopy (TEM) provide a
vivid illustration of the nanoparticles’ spherical morphology.
The TEM images distinctly show that these nanoparticles are
efficient carriers, encapsulating a substantial amount of drug
particles within their structure. Additionally, the research pro-
gressed to assess the sodium aescinate solid lipid nanoparticles
in terms of their encapsulation efficiency and capacity for drug
loading, as outlined in Table 2. Results from this analysis indi-
cated that the nanoparticles exhibited an encapsulation effi-
ciency of 73.93 + 4.65% alongside a drug loading capacity of
1341 £ 1.25%. It is noteworthy that these parameters exhibited
only minimal variation across different production batches,
indicating a high degree of reproducibility in the nanoparticle
formulation process.

3.5 Inhibition of ear swelling induced by xylene

The experimental results of inhibiting ear swelling induced
by xylene are shown in Table 3. Compared with the blank
control group, both aescinin and aescinin solid lipid nano-
particles for injection had inhibiting effect on ear swelling,
while the intervention group of aescinin solid lipid nano-
particles had more significant intervention effect (P <
0.001), and compared with the low-dose group, the high-
dose group had better efficacy.

3.6 Antagonistic effect of drugs on increased
capillary permeability induced by xylene

The experimental results of antagonistic effect of drugs on
the increase of capillary permeability induced by xylene

are shown in Table 4. Compared with the blank control
group, both sodium aescine for injection and solid lipid

(b)

1.00

¥ 0.00
0.00 0.25 0.50 0.75 1.00

Emulsifier

Figure 2: Pseudo-ternary phase diagram of oil phase screening: (a) soybean oil was used as the oil phase and (b) medium-chain triglycerides were

used as the oil phase.
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Figure 3: Particle size of sodium aescinate solid lipid nanoparticles (a), surface potential (b), and transmission electron microscopy (c).

Table 2: Determination results of encapsulation rate and drug load

Batch Encapsulation rate (%) Drug load (%)
1 73.4 +3.80 12.68 + 0.94
2 74.1 + 4.48 15.59 + 1.32
3 74.3 + 5.67 11.95 + 1.48

nanoparticles of sodium aescine for injection have antag-
onistic effect on the increase of capillary permeability.
However, compared with the sodium aescine for injection
group, the sodium aescinate solid lipid nanoparticles

Table 3: Experimental results of ear swelling induced by xylene

intervention group did not show a more significant inter-
vention effect, and compared with the low-dose group, the
high-dose group did not show a significant effect.

4 Discussion

SA, a sodium salt derivative of a triterpenoid saponin, is
obtained from the desiccated mature fruits of the Chinese
Buckeye Seed. Documented in refs [21,22], this compound is

Table 4: Experimental results of ear permeability induced by xylene

The name of the drugs Dosage Swelling P values The name of the drugs Dosage Absorbance P values
(mg/kg) degree (mg) (mg/kg)

Sodium aescinate for 1.0 14.62 + 2.37 <0.05 Sodium aescinate for 1.0 0.125 £ 0.044 <0.05

injection 5.0 12.43 + 1.66 <0.01 injection 5.0 0.106 + 0.029 <0.01

Sodium aescinate solid 1.0 12.81+3.12 <0.01 Sodium aescinate solid 1.0 0.114 £ 0.051 <0.05

lipid nanoparticles 5.0 10.55 + 2.24 <0.001 lipid nanoparticles 5.0 0.093 £ 0.037 <0.05

Blank control group 20.11 £1.87 Blank control group 0.191 £ 0.072
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recognized for its pharmacological prowess, notably its
anti-inflammatory, anti-osmotic, and anti-swelling capabil-
ities. In the sphere of clinical medicine, SA has gained
prominence for its effective management of edema and
hematoma across various anatomical regions. Its utility
extends to addressing a spectrum of conditions, encom-
passing acute and chronic tissue damage, bone fractures,
and trauma. Furthermore, SA is effective in treating brain
dysfunctions arising from a multitude of causative factors
and ameliorating local blood circulation issues linked to a
variety of vascular diseases, as elucidated in ref. [23].
Empirical evidence from clinical trials underscores the
stability, efficacy, and reliability of SA as an anti-inflamma-
tory and anti-swelling agent. SA’s versatility is evident
in its various pharmaceutical forms, including liniments,
gels, tablets, and injections, each finding a widespread
application in clinical settings. Notably, its topical formula-
tions, such as liniments and gels, have demonstrated com-
mendable therapeutic outcomes in the treatment of super-
ficial injuries like ecchymoses, sprains, and crush injuries.
However, it is important to recognize that these external
applications, despite their effectiveness, come with certain
limitations.

The partition coefficient between oil and water, denoted
as Ko/w, quantifies the equilibrium distribution of organic
molecules across n-octanol and water phases. This coeffi-
cient is assessed to model the dispersion of pharmaceuticals
between aqueous environments and biological matrices in
a living organism, thereby facilitating predictions regarding
the bioavailability of these substances [24,25]. The drug must
be water-soluble and fat-soluble in order to be absorbed
through the biofilm [26]. In this study, we found that the
distribution of sodium aescinate in the oil phase is more
under acidic condition.

SA tablets are convenient for oral administration, but
their limited absorption and low bioavailability restrict
their efficacy [27]. Conversely, SA-I is characterized by its
swift initiation of action coupled with an extended period
of sustaining biological effects. This attribute renders it
efficacious in managing and mitigating post-surgical swel-
ling as well as in alleviating pain among patients [28,29].
Meanwhile, the intravenous application of SA-I was accom-
panied by discomfort at the injection site, which is the
result of the pronounced irritant effect of septate sodium
on the circulatory system. Increased use of this agent may
increase the risk of phlebitis. Taking into account the
above-mentioned limitations, a thorough analytical study
was launched in order to improve the assay for sodium
ginsenoside. See the Methods section for specific condi-
tions. The system’s suitability tests were performed to
determine its ruggedness, which provided for the high
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reproducibility of injections and the stability of analytical
solutions under these conditions.

By the study of formulation of sodium aescinate solid
lipid nanoparticles, we determined the oil phase for the
chain triglyceride, emulsifier for soybean phospholipids
and 15-hydroxy stearic acid polyglycol ester (1:2), we found
that the optimal ratio of prescription for high pressure
homogeneous sample of legal system, the high pressure
homogeneous method to get the further perfect, the neces-
sary sodium aesculin solid lipid nanoparticles were pre-
pared. Our results also showed that sodium aescin solid
lipid nanoparticles injection had a smooth appearance,
presenting a uniform and stable milky white suspension
with an average particle size of 142.32 + 0.17 nm and zeta
potential of 1.60 + 0.32 mV. Transmission electron micro-
scopy showed that the particle size was uniform, the dis-
tribution of encapsulated drugs was uniform, and the
encapsulation rate and drug loading of sample preparation
were good [24,30-32]. According to Tables 3 and 4, both
high and low doses of sodium aescinate for injection and
solid lipid nanoparticles of sodium aescinate had a good
inhibitory effect on ear swelling induced by xylene in mice,
and had a good antagonistic effect on the increase of capil-
lary permeability induced by xylene. Analysis shows that
the inhibition and antagonism of sodium aescinate solid
lipid nanoparticles are more obvious. Therefore, preli-
minary pharmacodynamics results showed that compared
with sodium aescinate for injection, solid lipid nanoparti-
cles of sodium aescinate had a better anti-inflammatory
activity [33].

5 Conclusion

The results of this research reveal that a relatively refined
method for determining sodium aescinate content has
been established, and a reasonable formulation has been
selected for the preparation of sodium aescinate solid lipid
nanoparticles. The average particle size was 142.32 + 0.17 nm,
the zeta potential was 1.60 + 0.32 mV, and the encapsulation
rate was 73.93 £ 4.65%. The drug loading was 13.41 + 1.25%. In
conclusion, this method can produce stable solid lipid nano-
particles containing sodium aescinate with uniform particle
size, even distribution after encapsulation, and significant
anti-inflammatory activity.
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