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Abstract

The compound Salvia Recipe has been shown to have a relatively significant curative effect in management of cardiovascular
and cerebrovascular diseases. This work aimed to prepare a thermosensitive in sifu gel (ISG) delivery system that utilizes
Poloxamer 407, Poloxamer 188, and hydroxypropyl methylcellulose for ocular administration of the compound Salvia recipe
to treat cardiovascular and cerebrovascular diseases. The central composite design-response surface method was utilized to
improve the prescription of the gel. The formulated gel was characterized and assessed in terms of stability, retention time,
in vitro release, theology, ocular irritation, pharmacokinetics studies, and tissue distribution. The gel was a liquid solution at
room temperature and became semisolid at physiological temperature, prolonging its stay time in the eye. Pharmacokinetics
and tissue distribution experiments indicated that thermosensitive ISG had enhanced targeting of heart and brain tissues.
Additionally, it could lower drug toxicity and side effects in the lungs and kidneys. The compound Salvia ophthalmic ther-
mosensitive ISG is a promising drug delivery system for the management of cardiovascular and cerebrovascular illnesses.

Keywords Compound Salvia recipe - Ocular administration - Pharmacokinetics - Thermosensitive in situ gel - Tissue

distribution

Introduction

The compound Salvia recipe comprises Salvia miltior-
rhiza, Panax notoginseng, and borneol [1, 2]. As the mon-
arch drug (Jun in Chinese), Salvia miltiorrhiza has the
advantages of promoting blood flow, dredging collaterals,
regulating the circulation of Qi, and alleviating pain [3, 4].
Panax notoginseng, the minister drug (Chen in Chinese),
has effects that are similar to those of Salvia miltiorrhiza;
hence, their combination leads to synergistic interactions
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that can double their effectiveness[5, 6]. Borneol acts as both
an assistant (Zuo in Chinese) and a guide (Shi in Chinese),
and its effects include awakening enlightenment, clearing
heat, and reducing swelling. Borneol can promote the pas-
sage of drugs through the blood-brain barrier [7, 8]. Related
pharmacological research has shown that the compound Sal-
via recipe has anti-myocardial ischemia properties, reduces
thrombosis, reduces the effects of atherosclerosis, among
others, and has been utilized to treat coronary heart disease,
angina pectoris [9, 10].

The pharmacodynamic substance base of the compound
Salvia recipe is lipophilic diterpenoids, hydrophilic phe-
nolic acids, and Panax notoginseng saponins [11, 12]. The
potential of water-soluble components of Salvia miltio-
rrhiza in cardiovascular diseases treatment have been
explored. The efficacy of Salvia miltiorrhiza water-soluble
ingredients is much higher than that of its lipid-soluble
components. It also contributes to the dissolution and
content stability of Salvia miltiorrhiza ingredients when
Panax notoginseng and Salvia miltiorrhiza are co-decocted
[13]. We previously studied the water extraction processes
of Salvia miltiorrhiza and Panax notoginseng [14]. In this
study, danshensu (Dss) and ginsenoside Rg; (Rg;) were

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1208/s12249-024-02913-8&domain=pdf
http://orcid.org/0009-0006-6639-6759

191 Page 2 of 19

AAPS PharmSciTech (2024) 25:191

selected as the assessment indexes based on the guidelines
for content determination of the compound Salvia miltior-
rhiza dropping pills in the Chinese Pharmacopoeia and our
preliminary pharmacokinetic findings in rats.

There are two pathways of ocular absorption of drugs:
the corneal and non-corneal pathways. The drug trans-
corneal pathway is mainly used for local absorption in the
eye. The non-corneal route mainly involves trans-conjunc-
tival and trans-scleral absorption. The trans-ocular pas-
sage of the drug into the bloodstream involves through the
conjunctiva, nasolacrimal duct drainage, passing through
the blood-water barrier after entering the aqueous humor,
and passing through the blood-retinal barrier after enter-
ing the posterior segment of the eye, among other [15-17].
Chiou aimed to deliver drugs through the eye (such as
insulin), confirming that drugs can be absorbed into the
bloodstream through this route[18]. Huang et al. [19] had
mentioned that it was feasible to achieve systemic effects
by trans-ocular administration in ophthalmic physiology.
It has been found that around 80% of topically adminis-
tered eye drops are absorbed into systemic circulation [20,
21]. Additionally, it has been reported in the literature that
some eye preparations can induce heart-related diseases
[22, 23]. This research group has previously studied the
systemic transport of drugs, such as tetramethylpyrazine
hydrochloride, nimodipine, and flunarizine hydrochloride
after ocular administration [24-28]. Their results con-
firmed the feasibility of treating systemic diseases after
ocular administration; compared with oral administration,
some drugs were found to have high bioavailability and
good brain targeting after ocular administration.

The eye dosage form of ophthalmic drops are more
commonly used; however, the bioavailability of eye
drops is generally low [29]. ISG is a class of drug deliv-
ery systems consisting of polymer delivery carriers that
deliver drugs to the site of administration in a solution
and undergo a sol—gel transition in physiological environ-
ments. ISG has good histocompatibility and a long reten-
tion time at the administration site, which could improve
the drug’s bioavailability. Thermosensitive ISG is the most
common class of environmentally sensitive polymer sys-
tems [30, 31]. Wang et al. [32] prepared ocular diclofenac
sodium hydrochloride nanoparticles in thermosensitive in
situ gels by utilizing Poloxamer 407 (P407), Poloxamer
188 (P188), and hydroxypropyl methylcellulose (HPMC)
as the gel matrix. This improved the corneal penetration
ability of the drug and prolonged its retention time. ISG
is expected to provide new potentials for ocular drug
delivery.

In this study, a compound Salvia ophthalmic thermo-
sensitive ISG (CSOT-ISG) was prepared with P407, P188,
and HPMC as the gel matrix, and its characteristics were
evaluated. The in vivo pharmacokinetics of CSOT-ISG after
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ocular administration were also studied to explore the feasi-
bility of systemic transport and brain delivery of CSOT-ISG.

Materials and Methods
Materials

Salvia miltiorrhiza and Panax notoginseng were supplied
from Anhui Huaxiu Pharmaceutical (Bozhou, China). Bor-
neol, formic acid, and puerarin were supplied from Alad-
din Biochemical Technology (Shanghai, China). Control
products of Danshensu sodium and ginsenoside Rg; were
purchased from Chengdu Durst Biotechnology (Chengdu,
China). Poloxamer 407 and Poloxamer 188 were supplied
from BASF (Ludwigshafen, Germany). Hydroxypropyl
methyl cellulose (HPMC) was supplied from Shanghai
Kalkang Packaging Technology (Shanghai, China). Benza-
lkonium chloride and sodium fluorescein were obtained from
Jiangxi Alpha Hi-tech Pharmaceutical (Pingxiang, China).
The purified water utilized in the experiments was received
from a Milli-Q system. All the chemicals and reagents uti-
lized were chromatographic or analytical grade.

Animals

Animal experiments were reviewed and approved by the
Animal Management and Ethics Committee of Anhui Uni-
versity of Chinese Medicine (Anhui, China; approval num-
bers AHUCM-rats-2021097 and AHUCM-rabbits-2021132).
The experimental processes were strictly implemented in
accordance with the regulations of the Animal Experimental
Center of Anhui University of Chinese Medicine.

Healthy male New Zealand white rabbits (2.5-3.0 kg)
were got from Huaxing Experimental Animal Farm (Zheng-
zhou, China), while healthy adult male SD rats (200 + 20 g)
were got from Pizhou Oriental Breeding. The animals were
placed in animal cages with water and standard chow. All
animals were free of ocular abnormalities.

Analytical Methods
Ultra-High-Performance Liquid Chromatography (UHPLC)

The instrument consisted of an Accucore™ C18 (2.6 pm,
4.6 mm X 100 mm) analytical column. Mobile phase: ace-
tonitrile (A)—0.2% (v/v) phosphate water (B); flow rate:
0.3 mL/min; detection wavelength: 280 nm (Danshensu);
203 nm (Rg,); column temperature: 30 °C; sample intake:
1 pL. The gradient conditions were as follows: 5% A at
0—6 min, 5-21% A at 6-8 min, 21-25% A at 8—11 min,
25-33% A at 11-18 min, and 33-40% A at 18-28 min. For
Danshensu: the concentration range was 25-600 pug/mL, and
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Table | Calibration Curves of

. Compound Sample Calibration curve R’ concentration range LLOQ
Dss. and Rgl in Plasma and ng/mL(g) ng/
Various Tissues of Rats mL(g)
Rg, plasma Y=0.0317 X+0.1692 0.997 0.5~250 0.5
brain Y=0.0361 X+0.1436 0.999 0.5~100 0.5
heart Y=0.0277 X+0.1712 0.997 0.5~250 0.5
liver Y=0.0228 X+0.1769 0.998 0.5~250 0.5
spleen Y=0.0202 X+0.1868 0.996 0.5~100 0.5
lung Y=0.0323 X+0.1567 0.999 0.5~500 0.5
kidney Y=0.0285 X+0.1017 0.992 0.5~250 0.5
Dss plasma Y=0.0357 X—0.4469 0.995 5~500 5
brain Y=0.0457 X-0.0765 0.999 5~250 5
heart Y=0.0392 X-0.1323 0.993 5~250 5
liver Y=0.0292 X+0.0794 0.998 5~500 5
spleen Y=0.0468 X+0.0937 0.997 5~250 5
lung Y=0.0375 X+0.0947 0.999 5~250 5
kidney Y=0.0400 X-0.3171 0.991 5~500 5

the method had good linearity (R?=0.9999); the relative
standard deviation (RSD) of precision analyses was 1.10%,
while the average accuracy was 101.41%. For Rg,: the con-
centration range was 25-600 pg/mL, and the method had
good linearity (R?=0.9999); the RSD of precision analyses
was 0.29%; and the average accuracy was 98.67%.

Ultra-High-Performance Liquid Chromatography Coupled
with Tandem Mass Spectrometry (UHPLC-MS/MS)

An UltiMate 3000 HPLC system (Thermo Fisher, Waltham,
MA, USA) was used. Chromatographic conditions: column
Agilent C18 column (100 mm X 2.1 mm, 1.8 pm); mobile
phase: acetonitrile (A)—0.05% (v/v) formic acid water (B);
flow rate: 0.3 mL/min; autosampler temperature: 4 °C; col-
umn temperature: 35 °C. These were the gradient condi-
tions: 20-38% A at 0—1.70 min, 38-55% A at 1.70-2.00 min,
55-60% A at 2.00-3.00 min, 60-20% A at 3.00-3.01 min,
and 20% A at 3.01-6.00 min.

Mass spectrometry conditions were electrospray ion
source (ESI). ESI was operated simultaneously in the
positive (ESI™) and negative (EST) electrospray ionization
modes with the detection of multiple reaction monitoring
(MRM). Dss and puerarin [27] (GGS, internal standard)
adopted a negative electrospray ionization mode, whereas
Rg, was in a positive electrospray ionization mode. The
ESI configuration was that positive and negative voltages
of the capillary were 4.5 kV and 5.5 kV, respectively. The
curtain gas, GS1, and GS2 were set at 25 psi, 55 psi and 55
psi, respectively. Source temperature: 500 °C; scan time:
200 ms. The detection pairs of GGS, Dss, and Rg, were
415.2—-267.0, 197.1 —» 134.9, and 823.7 — 643.6, with
collision energy voltages of -47 eV, -23 eV, and 53 eV,

and declustering potentials of -101 V, -67 V, and 170 V,
respectively.

Table I shows the calibration curves for each tissue sam-
ple obtained according to the sample treatment method
applied.

Preparation of CSOT-ISG

Preparation of Compound Salvia Recipe Water-Extract
Solution [14]

The herbal medicine (90 g of Salvia miltiorrhiza and
17.6 g of Panax notoginseng) were placed in a casserole
with 10 times amount of water, soaked for 45 min, and then
decocted three times for 2.5 h each. The decoction was fil-
tered through gauze. The filtrate was centrifuged, and the
supernatant was concentrated to 100 mL. The pH of the con-
centrate was adjusted to 8.0 ~8.5 after secondary alcohol
precipitation (primary alcohol content up to 75%, secondary
alcohol content up to 85%), and then the pH was adjusted
to 2.5~ 3.0 after water precipitation. Finally, the liquid was
filtered to obtain the water-extract solution. The pH of the
water-extract solution was adjusted to neutral, and the solu-
tion was concentrated to 100 mL, followed by the addition
of 1 g of borneol, and stored at 4 °C.

Preparation of Thermosensitive In Situ Gel

The thermosensitive in situ gel was made by applying the
cold melting method [33]. A fixed amount of pure water was
added to the beaker, and then the prescribed quantities of
P407, P188, and HPMC were carefully poured into it. The
polymer solution was then left at 4 °C until clarification and
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Table Il Factors and Levels of Central Composite Design

Factor Level
—1.732 -1 0 +1 +1.732
X, (P407), % 17 17.85 19 20.15 21
X, (P188), % 0 1.69 4 6.31 8
X5 (HPMC), % 0 0.21 0.5 0.79 1

transparency were achieved. Benzalkonium chloride (0.01%,
w/w) and 50% (w/w) of compound Salvia miltiorrhiza
extract solution were added to the polymer solution. The
thermosensitive in sifu gel was then stored in a refrigerator.

Optimization of the Formulation

The CSOT-ISG composition was improved by applying
the central composite design-response surface methodol-
ogy (CCD-RSM). A CCD was conducted on the three inde-
pendent variables (X;: P407 concentration ranging from 17
to 21% (w/w); X,: P188 concentration ranging from 0 to
8% (w/w); X5: HPMC concentration ranging from O to 1%
(w/w)) at five coded levels: -1.732, -1, 0,+ 1, and + 1.732
(Table II). Dependent variables T, and T, were the gela-
tion temperature (GT) of the CSOT-ISG before and after
artificial tears (STF) dilution. The artificial tears was pre-
pared by dispersing 0.678 g of sodium chloride, 0.008 g of
calcium chloride dihydrate, 0.218 g of sodium bicarbonate,
and 0.138 g of potassium chloride into 100 mL of distilled
water [34]. CCD experiments were conducted utilizing
Design-Expert 8.0.6 software. The quadratic polynomial
fitting to the results and the contour and three-dimensional
response surface maps of various factors on T; and T, were
drawn.

Characterization of CSOT-ISG

To characterize CSOT-ISG, the following methods were
used. The appearance of CSOT-ISG was investigated, and
the pH values were tested using a pH meter (PHSJ-4A,
Hinotek, Shanghai, China). The test tube inversion method
was adopted to measure the GT. The viscosity of the gel
was determined by a digital display viscometer (Brookfield
DV2TRY, Stoughton, MA, USA) with a No. 3 spindle at a
speed of 30 rpm at 25 °C (before artificial tears dilution)
and 35 °C (after artificial tears dilution). Dss and Rg; con-
tents in the gel were determined by UHPLC.

Rheological Studies [35-37]
When droped into the eye, thermosensitive gel undergo a

phase transition due to changes in temperature, transitioning
from a flowing liquid to a viscoelastic gel. Therefore, the
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rheological study of CSOT-ISG is essential. The rheology of
CSOT-ISG was studied utilizing a Discover DHR-2 rheome-
ter (TA instruments, New Castle, DE, USA). A 20 mm diam-
eter cone-plate (cone angle: 1°) was utilized in this study.
The thermosensitive gel sample mass was approximately
200 mg each time.

Viscosity Test

The CSOT-ISG before and after artificial tears dilution
underwent to a steady-state shear scan in the Flow-sweep
mode to determine the relationship between shear rate and
viscosity. Test conditions were set to 0.01-100 s~ for shear
rates.

In the Flow Temperature Ramp mode, this study exam-
ined how gel viscosity changes as temperature increases.
Test conditions were set to 100 s~ for shear rate, 10-45 °C
for temperature range, and 5 °C/min for heating rate.

Frequency Sweep Test

Small amplitude frequency scanning was performed on
CSOT-ISG before and after artificial tears dilution applying
the Oscillation Frequency mode to examine the changes in
CSOT-ISG’s viscoelasticity as angular frequency increased.
Test conditions were set to 0.01-100 rad/s for frequency, and
0.1% for strain.

Investigation of the Erosion and Release Behavior
of CSOT-ISG

The in vitro release and erosion of CSOT-ISG were
researched by the membrane-less dissolution method [38].
A weighed Eppendorf (EP) tube containing 1 mL of CSOT-
ISG solution was placed in a constant-temperature water
bath at 35 °C with a rotation speed of 100 r/min until the
gel was completely formed. The total weight of CSOT-ISG
and EP tubes was recorded. Fresh artificial tears were then
added to the EP tube with a volume of 2 mL. Afterwards,
2 mL of artificial tears in the EP tube were poured out at
specific time points (20, 60, 100, 140, 200, 320, 440, and
560 min). The surface of the EP tube was wiped, and the
mass was weighed and recorded. Furthermore, 2 mL of fresh
artificial tears were added to the EP tube again and poured
out at the next specified time point until the gel’s weight in
the EP tube was less than 10% of the original weight. The
differences in gel weight between each pair of adjacent time
points were calculated to evaluate the erosion amount of
the gel, and the cumulative erosion rate was calculated. The
cumulative erosion rate was the ratio of the cumulative ero-
sion mass to the initial mass of CSOT-ISG. This experiment
was repeated thrice.
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At each time point, artificial tears poured out were diluted
using pure water before being passed through microporous
membranes, according to the UHPLC method, to determine
the contents of Dss and Rg; and to calculate the cumulative
release rate.

Stability Studies

CSOT-ISG were underwent stability studies in a variety of
conditions, including centrifugation (3500 r/min, 20 min),
light (4,500 +500 Lx), and storage temperatures (4 °C or
25 °C). The light stability experiment was performed in a
light box with a light intensity of 4500 Lx + 500 Lx and the
CSOT-ISG was withdrawn on the Oth, 5th and 10th days. To
evaluate the stability at different temperatures, CSOT-ISG
was withdrawn from the well-sealed vials at 0, 5 and 10 days
after storage at 4 °C and 25 °C. Key indicators including GT,
appearance, and Dss and Rg, loading contents were deter-
mined to assess stability. The stability testing was performed
three times in parallel.

Ocular Fluorescence Retention Test

Sodium fluorescein (0.1%) was contained into CSOT-ISG
(experimental group) and normal saline (control group). A
dosages of 50 pL. of CSOT-ISG and normal saline were sep-
arately absorbed into the rabbits’ right and left conjunctival
sacs. The fluorescein intensity was observed and recorded by
gently pulling down the eyelids of the subjects every 5 min.

Histology

The effects of repeated administrations on ocular tissue
structures were examined. The compound Salvia solution
ophthalmic drops, or CSOT-ISG, were absorbed into the left
eyes of rabbits multiple times, and a control was created by
dripping normal saline into the right eyes. The rabbits were
immediately euthanized, and their eyeballs were extracted.
Afterwards, separation of the cornea, iris, and conjunctiva
was carried out. These tissues were fixed in 4% paraform-
aldehyde, paraffin embedded, sectioned, and stained using
hematoxylin and eosin. An optical microscope (Olympus,
BX43, Japan) was then applied to visually assess pathologi-
cal alterations.

Pharmacokinetics

A total of 135 Sprague—Dawley rats were split into a com-
pound Salvia solution intragastric group, a compound
Salvia solution ophthalmic drop group, and a CSOT-ISG
group with 45 rats in each group. The three groups were
administered the same doses (equivalent to 3.165 mg/kg of
Dss, 1.823 mg/kg of Rg;, and 3.184 mg/kg of borneol). At

predetermined time points (2, 5, 15, 30, 60, 90, 120, 180,
and 540 min) after dosing (five animals per time point,
n=135), rats were sacrificed through femoral artery bleed-
ing, and blood samples were collected while the tissues
(heart, brain, liver, spleen, lungs, and kidneys) were col-
lected. Blood samples were placed into heparinized centri-
fuge tubes and spun at 3500 rpm for 10 min. Afterwards,
100 pL of plasma were added in 10 pL of the IS solution
(200 ng/mL), and samples were vortexed for 1 min before
50 pL of formic acid (1%) was added and mixed. Following
the addition of 2 mL of N-butyl alcohol-ethyl acetate (1:4,
v/v), samples were vortex-mixed at 3000 rpm for 9 min.
After centrifugation for 10 min at 4500 rpm, the superna-
tant was pipetted onto an EP tube. The EP tube was dried
under nitrogen at 25 °C. The original mobile phase ratio of
100 pL was used to reconstitute the residue. The solution
then underwent 3 min of vortexing, 2 min of sonication,
and 10 min of centrifugation at 15000 rpm. The superna-
tant was placed in an injection bottle. Tissue samples were
washed with physiologic saline to remove blood from their
surfaces, while superficial connective tissues were removed
using forceps [24]. Afterwards, absorbent paper was used to
gently dry the tissues. Homogenate was created by weighing
the tissues and breaking them with physiologic saline (1:2,
m/v). Afterwards, 100 pg of homogenate was accurately
weighed, and the subsequent treatment steps were the same
as those for plasma samples. UHPLC-MS/MS was applied
to measure the amounts of Dss and Rg, in plasma and each
tissue sample. The average concentrations of Dss and Rg;
in plasma or each tissue were calculated.

The pharmacokinetic parameters of Dss and Rg; in rat
plasma and tissues were calculated by DAS 2.0 software.
A one-way analysis of variance on the pharmacokinetic
parameters of each group was performed using SPSS 23.0
software to identify statistical differences, with P <0.05
denoting statistically significant difference. All results were
presented as mean + SD. For each tissue, the targeting index
(TI), targeting efficiency (7e) and relative targeting effi-
ciency (Rte) of the ophthalmic drop group in comparison to
those of the intragastric group were calculated according to
Eq. (1), Eq. (2),and Eq. (3) [39, 40]. The TI, Te, and Rte of
the CSOT-ISG group in comparison to the ophthalmic drop
group were also calculated.

TI = AUC; traget/AUCi reference M
Te = AUCl tragel/ Zi AUCI reference (2)
Rte = (Tetragel - Tereference)/Tereference (3)

.. th o n .
where i is the i tissue and the )77 AUC| cference 18 the sum
of the AUC for all tissues, including the target tissues. The
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AUC,., is the mean area under the curve from time O to t. The
larger the Te, the more the drug is distributed in the tissue.
If the T1 is greater than 1 or Rte is greater than 0, the CSOT-
ISG group displays more tissue targeting than the ophthal-
mic drop group or the ophthalmic drop group displays more
tissue targeting than the intragastric group.

Results
Optimization of CSOT-ISG

To optimize the CSOT-ISG’s formulation, twenty experi-
ments were planned according to the CCD-RSM to test three
factors at five levels (Table III). The following models were
obtained:

T, = 18.65 — 3.03X, +2.20X, — 0.61X; — 0.17X, X,
+0.088X, X5 — 0.19X,X; + 0.49X T — 0.15X3
+0.094X3 (R? = 0.9952, P < 0.0001)

T, = 28.55 — 3.33X, + 3.26X, — 0.37X; + 0.34X, X,
+0.24X, X5 + 0.11X,X; + 0.16X] — 1.14X3
- 0.025X] (R* = 0.9946, P < 0.0001)

Based on the R*-values and P-values of the above two
model equations, the model equations were significant
and displayed a good fit, and can be used for the analy-
sis and prediction of T, and T,. Figure 1 illustrates that
T, and T, decreased with rising P407 and HPMC con-
centrations, while T, and T, increased with expanding in
P188 concentration. The intensity of the contour map was
X, X, (P407, P188) > X, X, (P407, HPMC) > X, X, (P188,
HPMC), which meant the strength of the factor interac-
tion was X, X, > X, X5 > X,X;. After screening and valida-
tion, the optimal concentrations of P407, P188 and HPMC
were set to 17.85%, 6.31%, and 0.21%, respectively. The
T, and T, in the optimized CSOT-ISG were verified to be
25.83+0.15 °C and 34.17 +0.31 °C, respectively.

Characterization of CSOT-ISG

The visual evaluation of the CSOT-ISG proved that the gel
was orange-yellow, clear, and transparent when exposed
to light (Fig. 2). It was liquid at ambient temperature and
became semi-solid at 35 °C (after dilution with artificial
tears). The pH value (6.97 +0.05) of the CSOT-ISG met
the requirements for ophthalmic preparations, as did the
GT and viscosity. Dss and Rg, had respective contents of
4.22 +0.04 mg/mL and 2.43 +0.02 mg/mL.
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Table lll Design and Results of Central Composite Design

Number P407 (X;,  P188(X,, HPMC(X;, T,/°C T,/°C
%) %) %)
1 17.85 1.69 0.21 202 285
2 20.15 1.69 0.21 143  21.1
3 17.85 6.31 0.21 251 343
4 20.15 6.31 0.21 19.1 273
5 17.85 1.69 0.79 19.1 272
6 20.15 1.69 0.79 141 198
7 17.85 6.31 0.79 238 325
8 20.15 6.31 0.79 176 274
9 17.01 4.00 0.50 257  35.1
10 20.99 4.00 0.50 145 237
11 19.00 0.00 0.50 144 195
12 19.00 8.00 0.50 219 315
13 19.00 4.00 0.00 202  29.1
14 19.00 4.00 1.00 176 286
15 19.00 4.00 0.50 19.6 285
16 19.00 4.00 0.50 182  29.1
17 19.00 4.00 0.50 18.8 287
18 19.00 4.00 0.50 185 28.1
19 19.00 4.00 0.50 186 282
20 19.00 4.00 0.50 185 287
Rheological Studies
Viscosity Test

According to Fig. 3a, the viscosity of CSOT-ISG before
and after artificial tears dilution decreased significantly
with an increase in shear rate, implying that the CSOT-
ISG exhibited a pseudoplastic fluid state under both physi-
ological and non-physiological conditions. When the shear
rate was low, the high viscosity of the gel contributed to
storage and maintained stability; when the shear rate was
high, the viscosity was rapidly reduced to facilitate the
gel coating the eye, thereby reducing patients’ discomfort.

As the temperature increased, the viscosity of the for-
mulations slowly increased before and after diluted using
STF (Fig. 3b). If the temperature continues to rise, the sol
phenomenon will occur. The results implied that GT was
around 26 °C and 34 °C before and after STF dilution,
respectively. Therefore, the results further demonstrated
that the prepared CSOT-ISG fulfilled the ophthalmic
application requirements.

Frequency Sweep Test

As shown in Fig. 3c, at lower values of angular frequen-
cies (w), the loss modulus (G") was greater than the storage
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T1

B9 X1 PAOT (h)

X2:P188 (%)
X3: HPMC (%)
X3:HPMC (%)

1848 X1: P40 (%)

X2:P188 (%)
X3: HPMC (%)
X3: HPMC (%)

X1: P407 (%) X1: P4OT (%) X2: P188 (%)

Fig. 1 Contour and three-dimensional response surface maps of various factors on T, and T,
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Fig.2 Appearance of com-
pound Salvia thermosensitive in
situ gel. a Room temperature. b
Artificial tears+35 °C

a b C
3 —°—gel+ZSTmso 144 —=— gel+STF| 10 —=— gel+STF(35°C)G’
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Fig.3 Rheological study. a Curve of viscosity with shear rate. b Curve of viscosity with temperature. ¢ Frequency sweeps test of gels

modulus (G') under both room temperature and physiologi-
cal conditions, indicating that the gel showed a viscous flow
state. At high o values, the gel exhibited solid-state proper-
ties. In addition, the values of G' and G" under physiological
conditions were greater than those at room temperature, sug-
gesting that the gel had greater elasticity under physiological
conditions, which was conducive to its retention in the eye
and prolongation of drug release.

Erosion and Release Behavior of CSOT-ISG

The membrane-free dissolution method was applied in
this study as it is more suitable to simulate the authen-
tic scenario of the gel in the eye. The cumulative erosion
rate exhibited good linear relations with time (Y=0.1625
X+6.879, R=0.9908; Fig. 4a), and followed a zero-order
kinetic process. The cumulative release rate curve of CSOT-
ISG is depicted in Fig. 4b. The cumulative release rate of
Dss and Rg; had a linear relationship with the cumulative
erosion rate (Dss: Y=1.0576 X+0.8716, R=0.9985; Rg,:

@ Springer

Y=1.0002 X +2.5843, R=0.9993; Fig. 4c), indicating that
Dss and Rg, in the gel were primarily released by erosion.
The best-fitting release kinetics model was the first-order
model (Dss: R?=0.999; Rg,: R?=0.997; Table IV).

Stability of CSOT-ISG

The stability of the CSOT-ISG was evaluated under different
storage temperatures, centrifugation, and strong light irradia-
tion conditions to ensure its stability in terms of its appear-
ance, GT, and drug content. The gel’s indexes remained
unchanged after centrifugation (appearance: orange-yellow,
clear and transparent; Dss content: 99.10+0.10%; Rg, con-
tent: 99.50 +0.20%; GT: 34.27+0.15 °C; n=3). As shown
in Table V, the gel remained stable at 4 °C, while the Dss
content decreased slightly after storage at 25 °C. The GT
increased slightly, and the content of Dss decreased slightly
under strong light irradiation (Table V). The results implied
that CSOT-ISG should be preserved at 4 °C and away from
light.
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Table IV Model Simulated for the Release Profiles of COST-ISG

Compound  Type of model  Equations R’

Dss Zero-order 0=0.2368 r+0.8790 0.989
First-order 0=176.0586 (1—e~0%016%  (.999
Higuchi Q=4.4739 12— 14.3947 0.997
Ritger-Peppas 0 =0.3431 (%933 0.993

Rg, Zero-order 0=0.1814r+4.9377 0.959
First-order 0=127.8137 (1—e~00023%)  0.997
Higuchi 0=4.41861">-16.6209 0.977
Ritger-Peppas ~ Q=0.6331 27%% 0.987

Q is cumulative release rate, and 7 is time

Ocular Residence Time

As shown in Fig. 5, the fluorescence intensity of the
CSOT-ISG under an ultraviolet lamp was noticeably

TableV Stability Test (n=3)

less than that of the control group. No fluorescence
was observed after approximately 10 min in the con-
trol group. In the CSOT-ISG group, no fluorescence
was observed after approximately 35 min. The results
demonstrated that CSOT-ISG could extend the stay
time of sodium fluorescein in the eyes and decrease
drug loss.

Histopathological Examination

Both the compound Salvia eye drop group and the
CSOT-ISG group did not exhibit any appreciable his-
tological alterations in the cornea, iris, or conjuncti-
val tissues when compared to the normal saline group
(Fig. 6), suggesting that the compound Salvia eye drop
and CSOT-ISG could be safely administered through
the ocular route.

Condition Indicator Time
0d 5d 10d
4°C appearance orange-yellow, clear and transparent orange-yellow, clear and transparent orange-yellow, clear and transparent
GT (°C) 34.40+0.10 34.43+£0.06 34.43+0.12
Dss content (%) 99.68 +0.42 99.95+0.75 99.58 £0.06
Rg; content (%) 100.12+0.08 100.03£0.12 100.12+£0.12
25 °C appearance orange-yellow, clear and transparent orange-yellow, clear and transparent orange-yellow, clear and transparent
GT (°C) 34.43+0.06 34.47+0.15 34.43+£0.21
Dss content (%) 99.44+0.01 99.12+0.49 98.29+0.43
Rg; content (%) 100.07+0.04 100.07 £0.10 100.45+0.50
Light appearance orange-yellow, clear and transparent orange-yellow, clear and transparent orange-yellow, clear and transparent
GT (°C) 34.47+0.15 34.60+0.10 34.97+0.12
Dss content (%) 99.45+0.01 99.47+0.06 97.09+0.61
Rg; content (%) 100.13+0.05 100.05+0.03 100.14 £0.04

@ Springer



191 Page 10 of 19

AAPS PharmSciTech (2024) 25:191

Fig.5 Retention time of normal saline b and CSOT-ISG a in rabbit eyes

Pharmacokinetics
Pharmacokinetic Parameters in Plasma

The plasma concentration—time curves of Dss and Rg,; are
exhibited in Fig. 7. The main pharmacokinetic parameters
and their significance analysis results are summarized in
Table VI.

Cornea

Fig.6 Photomicrographs show-
ing histopathological sections
of rabbit eyes. (a normal saline
group, b eye drop group, ¢
CSOT-ISG group. Scale bar:
50 pm)

Compared to the intragastric group, the ophthalmic drop
group exhibited a higher C,,,. and an earlier 7, of Dss in
plasma. Overall, the concentration of Rg; in plasma in the
ophthalmic drop group was higher than that in the intragas-
tric group. Notably, the C,,, of Rg; in plasma between the
intragastric group (0.007 0.002 mg/L) and the ophthalmic
drop group (0.033 +0.003 mg/L) were significantly differ-
ent. The AUC,, of Rg, in plasma for the ophthalmic drop

Iris

Conjunctival

b--.
c-..
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Fig. 7 Concentration—time curves of Dss and Rg; in biological samples (mean +SD, n=35)

group was 10 times higher compared to that of the intragas-
tric group ("P <0.05).

Compared to the ophthalmic drop group, the CSOT-ISG
group had significantly higher plasma concentrations of Dss
and Rg,. The C,,,,, AUC,,, and ¢, of Dss in the CSOT-ISG
group were 0.300+0.227 mg/L, 65.107 + 12.207 mg/L-min,
and 2.957 + 1.578 h, respectively, all of which showed
significant differences compared to their values in the
ophthalmic drop group. The C,,. and AUC,., of Rg,
in the CSOT-ISG group were 0.073 +0.018 mg/L and
20.761 +8.014 mg/L-min, respectively, which indicated
highly significant differences when compared with their

values in the ophthalmic drop group. The results illustrated
that CSOT-ISG could significantly improve drug absorption
after ocular delivery, extending the half-life of the drug.

Pharmacokinetic Parameters in Tissues

The average concentration versus time profiles of Dss and
Rg; in the brain are plotted in Fig. 7. The relevant phar-
macokinetic parameters are summarized in Table VI. The
contents of Dss and Rg; in the brain tissue in the ophthal-
mic drop group were increased compared with those in the
intragastric group. The AUC,,, (5.063 +0.268 mg/L-min) and
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Table VI Pharmacokinetic

Parameters of Dss and R, in Sample Compound Group T ) C, (mg/L) AUC,, (mg/L'min) t,, (h)

Biological Samples (mean+SD,  plasma  Dss ig 0.5 0.133+0.019  38.751+3.750 5.949+1.881

n=>3) jo-solution 0.083  0.171+0.032 32.254+1.160 1.461+0.111"
io-gel 1.5 0.300+£0.227%  65.107+12.207%*  2.957+1.578%

Rg, ig 0.5 0.007 +0.002 0.425+0.143 0.466 +0.082
jo-solution  0.083  0.033+0.003"  4.611+0.437 2.777+0.584
io-gel 1.5 0.073+0.018*  20.761£8.014*%  10.346+3.186

Brain  Dss ig 1 0.014 +0.001 1.796+0.196 3.454+2.041
jo-solution  0.033  0.055+0.021 5.063+0.268" 10.814 +1.853"
io-gel 0.5 0.106+0.100 12.783+3.642%%  11.518+4.973

Rg, ig 2 0.003 +0.001 0.414+0.064 2.303+0.431
io-solution  0.033  0.032+0.007 3.148+0.537" 9.033+1.648
io-gel 1 0.055+0.040 9.491 +2.45344 1.031+0.385

Heart  Dss ig 0.25 0.036+0.014 8.070+£2.207 5.508+1.583
io-solution 0.083  0.115+0.097 8.601+£0.712 1.138+0.147
io-gel 1 0.141+0.051 12.210+1.745 0.397+0.128

Rg, ig 0.5 0.011+0.005 0.823+0.228 0.932+0.607
io-solution 0.083  0.074+0.039 4.916+1.454™ 1.683+0.141
io-gel 9 0.016+0.007 7.236+2.936 33.625+1.668

Liver Dss ig 1 0.028+£0.014 5.726£0.221 4.386+0.279
io-solution 0.083  0.376+0.163"  9.151+1.081 8.834+1.874
io-gel 1 0.183+0.095 23.843 +4.2284 1.531+0.105%

Rg, ig 1 0.016+0.002 2.568+0.630 2.554+0.166
io-solution 0.083  0.200+0.129"  5.350+1.448 4.201+1.355
io-gel 1 0.029+0.017%*  5.519+0.066 1.715+0.546%

Spleen  Dss ig 0.5 0.038+0.005 9.058 +1.848 12.330+1.813
io-solution 0.5 0.049+0.023 1.875+0.418™ 1.080+0.171
io-gel 3 0.021+£0.011 - -

Rg, ig 0.083  0.036+0.009 6.231+1.819 6.530+1.455
io-solution 0.5 0.115+0.016™  8.032+1.731 1.490+0.520
io-gel 0.083  0.039+0.013%* - -

Lung  Dss ig 0.25 0.022+0.009 2.194+0.695 3.342+1.278
io-solution  0.25 0.131+£0.045"  6.960+0.340" 1.363+0.862
io-gel 0.5 0.041+£0.013%%  6.072+1.883 0.741+0.106

Rg, ig 0.25 0.021+0.008 2.998+0.915 5.299 +1.205
io-solution  0.25 0.271+0.102""  18.477+3.571" 2.115+0.555
io-gel 0.5 0.051+£0.0184%  13.043+2.702 1.328+0.273

Kidney Dss ig 0.5 0.181+0.027 55.650+10.529 9.713+2.164
jo-solution 0.083  0.264+0.131 21.062+3.879" 3.303+0.053
io-gel 1.5 0.037£0.024%%  12.419+2.664 75.022 £36.979%

Rg, ig 0.5 0.026£0.012 3.595+0.491 1.863 +0.698
io-solution 0.083  0.122+0.048"  10.845+1.227" 19.525+7.014
io-gel 0.25 0.026+0.013%%  4.984+1.631%4 5.499+2.455

"P<0.05, P <0.01, versus the intragastric solution group;

AP <0.05, 2P <0.01, versus the ophthalmic solution group

ig: intragastric solution; io-solution: ophthalmic solution; io-gel: ophthalmic ISG

t;, (10.814+1.853 h) of Dss in the brain tissue in the oph-
thalmic drop group were significantly different from those in
the intragastric group (AUC,_: 1.796 +£0.196 mg/L-min; ¢,
3.454+£2.041 h). The AUC,, of Rg, in the intragastric group

and ophthalmic drop group were 0.414 +0.0643 mg/L-min
and 3.148 +0.537 mg/L-min, respectively ("P <0.05).
The AUC,, of Dss and Rg; in the CSOT-ISG group were
12.783 +3.642 mg/L-min and 9.491 +2.453 mg/L-min,
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respectively, which indicated highly significant differences
when compared with those of the ophthalmic drop group.
The concentration—time curves of Dss and Rg; in the
heart of SD rats are displayed in Fig. 7, and the relevant
pharmacokinetic parameters are summarized in Table VI.
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Compared to the intragastric group, the C, . of Dss in
the heart in the ophthalmic drop group was increased,
while the AUC,,, was comparable to that in the intragas-
tric group. The AUC, values of Rg, in the intragastric
and ophthalmic drop groups were 0.823 +0.228 mg/L-min
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Fig.8 Concentrations of Dss and Rg, in different tissues (mean+SD, n=35; ig: intragastric solution; io-solution: ophthalmic solution; io-gel:

ophthalmic ISG)

@ Springer



191 Page 14 of 19

AAPS PharmSciTech (2024) 25:191

and 4.916 + 1.454 mg/L-min, respectively (‘P <0.01). The
treatment of CSOT-ISG raised the AUC,,, of Dss and Rg,;
compared to those in the ophthalmic drop group.

The content analysis of Dss and Rg, in the liver, spleen,
lung, and kidney tissues of rats are displayed in Fig. 8,
and the relevant pharmacokinetic parameters are given
in Table VI. Compared with the intragastric group, the
C,.x 0f Dss in the liver and lungs in the ophthalmic drop
group were larger and the AUC,,, of Dss in the lung also
increased. The AUC,, of Dss in the spleen and kidneys
in the ophthalmic drop group were lower than those in
the intragastric group. The content of Dss in the spleen
in the ophthalmic drop group was below the quantitative
lower limit after 60 min of administration. Following oph-
thalmic drop administration, the C,,,, of Rg, in the liver,
spleen, lung, and kidney tissues were greater than those in
the intragastric group, and the AUC,, of Rg, in the lung
and kidney tissues from the ophthalmic drop group were
higher than those in the intragastric group ("P <0.05).
Compared with the ophthalmic drop group, the CSOT-
ISG group exhibited a significantly greater AUC,_, of Dss
in liver. However, the C,,,. and AUC,_, of Dss in tissues
from the spleen, lung, and kidney were decreased in the
CSOT-ISG group. The C,,,, of Rg, in every tissue in the
CSOT-ISG group was noticeably lower than that of tis-
sues in the ophthalmic drop group. The AUC,, of Rg, in
every tissue in the CSOT-ISG group also decreased, with
the kidney exhibiting the greatest reduction. The tissue
concentrations of Dss and Rg, in the spleen in the CSOT-
ISG group were extremely low, and could not be detected
at some time points; hence, the AUC,,, and t;,, could not
be calculated.

Tissue Distribution and Targeted Parameters

This study compared the targeting of two index components
in various tissues using different routes of administration
(Table VII).

According to the size of the Te, the distribution results
of Dss in the intragastric group were in the following
order: kidney, spleen, heart, liver, lung, and brain; and the
distribution pattern of Rg, was as follows: spleen > kid-
ney > lung > liver > heart > brain. The predominant site of
Dss distribution was the kidney, which is similar to the report
by other researchers [41, 42]. Rg, levels in the brain were
low, which is consistent with the findings of other research-
ers [43]. The distribution results of Dss in the ophthalmic
drop group were in the following order: kidney, liver, heart,
lung, brain, and spleen; and the distribution pattern of Rg,
was as follows: lung > kidney > spleen > liver > heart > brain.
The distribution results of Dss in the CSOT-ISG group were
in the following order: (first through fifth) liver, brain, kid-
ney, heart, and lung; and the distribution pattern of Rg; was
as follows: lung, brain, heart, liver, and kidney.

According to the size of the 77 and Rfe, the drug-targeting
effects of Dss and Rg, in the brain, heart, and lung tissues
obtained from the ophthalmic drop group were superior
to those obtained from similar samples in the intragastric
group. The targeting effects of Dss and Rg; in the brain,
heart, and liver tissues in the CSOT-ISG group were bet-
ter than those in the ophthalmic drop group, indicating that
CSOT-ISG was highly targeted in the heart and brain and
could reduce the toxic side effects of drugs in the lungs and
kidneys. As a result, the targeting effects of Dss and Rg, in
the heart and brain were found to be higher than those in
other tissues, which further supported the conclusion that

Table VIl Targeting Parameters

. . Compound Tissue Te/%
of Dss and Rg, in Rat Tissues

T Rte

after Administration of ig

io-solution io-gel ig vsio-solution io-solu-

ig vs io-solution io-solu-

Different Preparations tion vs tion vs
io-gel io-gel
Dss Brain 2.18 9.60 18.99 2.82 2.53 341 0.98
Heart 9.78 16.32 18.14 1.07 1.42 0.67 0.11
Liver 694 17.36 3541 1.60 2.61 1.50 1.04
Spleen 10.98 3.56 / 0.21 / —0.68 /
Lung 2.66 13.20 9.02 3.17 0.87 3.96 -0.32
Kidney 67.46 39.96 18.45 0.38 0.59 -0.41 -0.54
Rg, Brain 249 6.20 23.57 7.60 3.01 1.49 2.80
Heart 495 9.68 17.97 5.97 1.47 0.96 0.86
Liver 15.44 10.54 13.71 2.08 1.03 -0.32 0.30
Spleen 37.47 15.82 / 1.29 / -0.58 /
Lung 18.03 36.39 32.39 6.16 0.71 1.02 -0.11
Kidney 21.62 21.36 12.38 3.02 0.46 —-0.01 -0.42

ig: intragastric solution; io-solution: ophthalmic solution; io-gel: ophthalmic ISG
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the compound Salvia recipe could be used mainly for the
management of cardiovascular and cerebrovascular diseases.

Discussion

The clinical preparations of compound Salvia recipe are uti-
lised mainly to treat angina pectoris and coronary heart dis-
eases [44, 45]. Although several studies have demonstrated
the efficacy of the compound Salvia recipe in the treatment
of cerebrovascular diseases [46, 47], there is no relevant
preparation study. Therefore, in this study, we aimed to pre-
pare a compound Salvia ophthalmic thermosensitive ISG for
the treatment these diseases.

In a previous experiment, we compared the levels of three
commonly used indicator components of Panax notoginseng
total saponins (Panax notoginseng saponin R, ginsenoside
Rb,, and ginsenoside Rg,) [48, 49] in traditional Chinese
medicine extract solution and the drug concentration in rats.
The experiment revealed a high concentration of ginsenoside
Rg; in both the extract solution and tissue samples of rats,
leading to the selection of ginsenoside Rg; as the indicator
component of Panax notoginseng, and this is consistent with
the findings of prior studies [50, 51]. Additionally, the in
vitro and in vivo chromatographic conditions established in
this paper can also be used for the determination of Panax
notoginseng saponin R, and ginsenoside Rb.

P407 has obtained popularity as a polymer in ocular drug
delivery systems due to its beneficial biocompatibility, low
toxicity, and temperature sensitivity that is concentration-
dependent [52, 53]. However, the temperature-sensitive gel
prepared separately has a lower gelling temperature and its
concentration fluctuates with body fluids. P407 concentra-
tion decreases due to dilution with body fluids. Furthermore,
it can irritate mucous membranes and may lead to ocular
hypertriglyceridemia when used in high concentrations [54].
Therefore, during the preparation of CSOT-ISG, it was com-
bined with P188 and HPMC, which can effectively raise
its gelling temperature [55] and ensure the formula exhibits
sufficient gel strength [56] and exhibits the properties of
sustained drug release.

At the beginning of the gel preparation, the effect of the
addition form and order of the compound Salvia recipe were
investigated. The freeze-dried powder of compound Salvia is
highly hygroscopic and easily adhesive at room temperature,
and this could affect precise weighing during preparation.
Therefore, a water-extract solution was used in later studies.
Additionally, we encountered some challenges when directly
dissolving the polymer in the water-extract solution, such
as a long polymer dissolution time and large differences in
GT. Finally, the COST-ISG was prepared by mixing water-
extract solution (50%, w/w) into a gel matrix [57], which

ensured high drug content and high efficiency of the gel
prepared.

The normal pH range of tears is 6.5-7.6, hence ocular
preparations within this pH range are less likely to irritate
the eyes [58]. The pH of the compound Salvia miltiorrhiza
water-extract solution was adjusted to a neutral pH in earlier
studies. In order to find out how the addition of excipients and
compound Salvia miltiorrhiza water-extract solution affected
the pH value of the gel during its preparation, the pH values
of the blank gel and COST-ISG were measured in this experi-
ment. The pH values of the blank gel and COST-ISG were
7.03+0.02 and 6.97 +0.05, respectively, indicating that the
addition of excipients and extract solution had no impact on the
pH values of the gel, and that the prepared COST-ISG satisfied
the pH requirements of ophthalmic preparation.

Furthermore, the residence time of the ocular formula-
tion on the precorneal surface was impacted by its viscosity,
which is an important element that needs to be considered
when increasing the residence time [59]. The viscosity of
the gel before dilution with artificial tears (room tempera-
ture) was 1440.0+27.00 mPa-s, and the viscosity after
dilution with artificial tears (physiological conditions) was
5956.7 +130.35 mPa-s. The lower viscosity of the gel at
room temperature facilitates the administration of the drug.
The gel’s viscosity was increased under ocular physiological
conditions, which is conducive to the retention of the drug
after ocular administration.

The current research methods for the in vitro release of
gels include the membrane-less method [60], the dialysis
bag method [61], and the diffusion cell method [62, 63].
The dialysis bag method involves gradual drug exchange
with the release medium through the dialysis bag, potentially
leading to the drug not being in a complete leakage groove.
In the diffusion cell method, the area of the semiperme-
able membrane is relatively fixed, which limits its ability to
mimic the effect of blinking on drug permeation after drug
administration. The membrane-free dissolution method does
not require the use of a semi-permeable membrane. This
technique has also been extensively employed to investigate
the in vitro release of ocular thermosensitive gels. This tech-
nique is more appropriate for simulating the real situation
of the gel in the eye, as it can simulate the blink shearing
impact of tears on the gel after it is in sifu under the oscilla-
tion of a constant-temperature oscillator. Therefore, the in
vitro release of Dss and Rg; from the CSOT-ISG was studied
by the membrane-free technique.

During the pretreatment of samples, we investigated the
effect of the protein precipitation method [51] on the extrac-
tion efficiency of Dss and Rg;. The extraction rate of Dss
and Rg; was low when using various protein precipitates,
and the lower limit of quantification was insufficient for in
vivo research in rats. Therefore, we explored the liquid—liquid
extraction method [41, 64] for improved extraction efficiency.
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This study investigated the impact of acidifying reagents, spe-
cifically acetic ether and perchloric acid, as extraction solvents
on the extraction effectiveness of Dss and Rg;. Our findings
reveal that the extraction recovery of Rg; is notably low. Fur-
ther investigation also revealed that the use of N-butanol-ethyl
acetate (1:4, v/v) [65] could significantly enhance the extrac-
tion recovery of both Dss and Rg, resulting in an 80% extrac-
tion recovery rate. Moreover, a lower limit of quantification is
also sufficient for subsequent experiments.

Pharmacokinetics plays an essential role in the assess-
ment of drug effects [66]. Based on pharmacokinetic find-
ings, it can be seen that the AUC,, of Dss in plasma after
intragastric or eye drops of the compound Salvia extract
solution in rats were not significantly different, and the ¢,/
of the eye drops group was significantly shorter than that
of the intragastric group, which may be related to the rapid
absorption of the drug through the ocular mucosa and the
greater loss of the eye drops due to factors, such as nasolac-
rimal duct drainage, blinking, and lacrimation [17, 29]. With
the exceptions of the kidney (excretory organ) and spleen
(blood storage organ), the highest content of Dss was found
in the heart after intragastric administration, which is con-
sistent with the fact that the oral preparations of compound
Salvia miltiorrhiza are primarily utilized in the management
of coronary heart disease and angina pectoris in the clinic
[67]. Moreover, a notable improvement in drug absorption
was observed when compound Salvia extract solution was
prepared in COST-ISG for ocular application. The prepared
COST-ISG has strong targeting abilities on the heart and
brain, which is important for the clinical application of the
compound Salvia recipe.

Conclusion

In the present study, P407, P188, and HPMC (17.85%:
6.31%: 0.21% w/w) were used to develop a compound Sal-
via ophthalmic thermosensitive ISG (CSOT-ISG) for ocular
administration. The gel was kept in a flowing liquid con-
dition with low viscosity at room temperature and rapidly
changed into a semi-solid scenario when exposed to ocular
physiological temperature, which is advantageous for ocu-
lar applications. The CSOT-ISG’s pH, viscosity, and GT all
complied with the specifications of ophthalmic preparations.
The outcomes of in vitro release and erosion investigations
showed that Dss and Rg; in the gel were primarily released
by erosion. Histopathological examination of the rabbit
eyes also found that CSOT-ISG was safe and reliable, and
could be used for ocular drugs delivery. In vivo studies in
rats demonstrated that CSOT-ISG had strong targeting to the
heart and brain tissues, and could reduce the accumulation
of drugs in the spleen, lungs, and kidneys, thereby reducing
side effects. Overall, CSOT-ISG shows potential as a drug
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delivery method for the management of cardiovascular and
cerebrovascular illnesses through ocular administration.
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