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Purpose: Nose-to-brain drug delivery is an effective approach for poorly soluble drugs to 
bypass the blood–brain barrier. A new drug intranasal delivery system, a nanosuspension- 
based in situ gel, was developed and evaluated to improve the solubility and bioavailability 
of the drug and to prolong its retention time in the nasal cavity.
Materials and Methods: Breviscapine (BRE) was chosen as the model drug. BRE 
nanosuspensions (BRE-NS) were converted into BRE nanosuspension powders (BRE-NP). 
A BRE nanosuspension in situ gelling system (BRE-NG) was prepared by mixing BRE-NP 
and 0.5% gellan gum (m/v). First, the BRE-NP were evaluated in terms of particle size and 
by differential scanning calorimetry (DSC), powder X-ray diffraction (PXRD), scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM). Subsequently, the 
critical ionic concentration of the gellan gum phase transition, influence of the deacetylated 
gellan gum (DGG) concentration on the expansion coefficient (S%), water-holding capacity, 
rheological properties and in vitro release behaviour of the BRE-NG were investigated. The 
pharmacokinetics and brain distribution of the BRE-NG after intranasal administration were 
compared with those of the intravenously injected BRE-NP nanosuspensions in rats.
Results: The rheology results demonstrated that BRE-NG was a non-Newtonian fluid with 
good spreadability and bioadhesion performance. Moreover, the absolute bioavailability 
estimated for BRE-NG after intranasal administration was 57.12%. The drug targeting 
efficiency (DTE%) of BRE in the cerebrum, cerebellum and olfactory bulb was 4006, 999 
and 3290, respectively. The nose-to-brain direct transport percentage (DTP%) of the cere-
brum, cerebellum and olfactory bulb was 0.975, 0.950 and 0.970, respectively.
Conclusion: It was concluded that the in situ gel significantly increased the drug retention 
time at the administration site. Therefore, the nanosuspension-based in situ gel could be 
a convenient and effective intranasal formulation for the administration of BRE.
Keywords: nose-to-brain, nanosuspensions, in situ gel, breviscapine, brain distribution

Introduction
Recently, stroke has become the second leading cause of death and the third leading 
cause of disability worldwide, and ischemic stroke accounts for 85% of all strokes. 
Ischemic stroke is mainly caused by a blood clot preventing blood flow to the brain.1,2 

Current therapies for ischemic stroke are to remove the blockage chemically with tissue 
plasminogen activator (t-PA) or mechanically.3 However, t-PA has a narrow therapeutic 
window and is associated with potentially severe hemorrhagic complications, and the 
therapeutic efficacy of t-PA is still limited; only 3% of patients can receive this 
treatment.4 Various approaches have been developed for ischemic stroke treatment. 
Therefore, developing a safe and effective way to deliver drugs to the brain is urgently 
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needed. The main obstacle for the treatment of CNS diseases 
is the presence of the blood-brain barrier (BBB), which 
actively prevents the accumulation of drugs into the 
brain.5,6 It is well known that the intranasal route may be 
an effective strategy of circumventing the blood-brain barrier 
to deliver components directly. As an effective non-invasive 
route for the treatment of brain diseases, intranasal adminis-
tration has received increasing attention in the clinic.7,8 

Different drug delivery systems have been applied to 
improve the nasal permeability and mucoadhesive proper-
ties, including liposomes, polymeric micelles, and 
microspheres.9

Nanosuspensions (NS) hold tremendous potential for 
nose-to-brain drug due to increasing the absorption and bioa-
vailability of many poorly soluble drugs by intranasal admin-
istration. Nanosuspensions are considered a dispersion of 
drug nanoparticles in suitable polymers and/or surfactants 
with sizes lower than 1 µm (most commonly between 200 
and 500 nm).10,11 Because of the small particle size and large 
surface area, NS offer some advantages for enhancing the 
solubility and dissolution velocity of poorly soluble 
drugs.12,13 However, liquid suspensions suffer from short 
retention times in the nasal cavity due to rapid mucociliary 
clearance. This problem can be solved by using smart sti-
muli-responsive systems.14 Among these systems, the in situ 
gelling formulation is one of the most commonly used tech-
niques. After intranasal administration, triggered either by 
physiological factors (temperature, ion concentration, water 
content), the solution is transformed into a gel, which allows 
for a more accurate administered dose.15 These in situ gels 
for intranasal administration have been reported to enhance 
the drug delivery efficiency by increasing the nasal retention 
time and offer many advantages, such as simple preparation 
process and good permeability of therapeutic agents.16 

Therefore, nanosuspensions embedded in an in situ gel 
appear to be an interesting strategy for nose-to-brain delivery 
of poorly soluble drugs, which can combine the advantages 
of both the nanosuspensions and the in situ gel.

Breviscapine (BRE) is a mixture of flavonoid glycosides 
that is isolated from the Chinese herb Erigeron breviscapus 
(Vant.), and its structure is shown in Figure 1.17–19 BRE has 
gained considerable attention due to its therapeutic effects, 
including anticoagulation, improving microcirculation, and 
activating blood supply to the heart and brain.20,21 BRE has 
been extensively used for the treatment of cerebrovascular 
and cardiovascular diseases and has been even more efficient 
in the treatment of ischemic stroke and coronary heart 
disease.22,23 Currently, BRE has been developed into various 

pharmaceutical dosage forms for therapy, including tablets, 
granules, chewable tablets, drop pills and injections, and it 
has been used in clinical practice for a long time in China.24 

However, its poor solubility, poor oral bioavailability and 
short plasma half-life limit its clinical application.25 To 
solve these problems, various strategies have been explored 
such as liposomes and lipid emulsions.26,27 Although the 
solubility and dissolution of BRE were significantly 
improved based on these technologies, the drug safety and 
drug loading ability of these formulation technologies were 
not sufficient.

To improve the solubility of BRE and prolong its reten-
tion time in the nasal cavity, this study developed a new 
delivery system for intranasal administration combining the 
advantages of nanosuspensions and in situ gel. The aims of 
the present study were to prepare Tween 80-stabilized BRE 
nanosuspensions (BRE-NS) and to further transform BRE- 
NS into BRE nanosuspension powders (BRE-NP) with 
excellent redispersibility via spray-drying. A BRE nanosus-
pension in situ gelling system (BRE-NG) could be prepared 
by using deacetylated gellan gum as the gel substrate. The 
formulations were investigated with respect to the in vitro 
release, in vivo pharmacokinetics and brain distribution of 
the BRE-NG.

Materials and Methods
Materials
Breviscapine was purchased from Nanjing Zelang 
Biotechnology Co., Ltd. (Purity > 98%, Nanjing, People’s 
Republic of China). Scutellarin and telmisartan reference 
substances were obtained from the National Institute for the 
Control of Pharmaceutical and Biological Products (Beijing, 
People’s Republic of China). Tween 80 was obtained from 
JiangSu ChenPai Pharmaceutical Group Co. (HaiMen, 
People’s Republic of China). Mannitol was obtained from 
Chineway Pharmaceutical Tech., Co., Ltd. (Shanghai, 

Figure 1 The structure of Breviscapine.
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People’s Republic of China). Deacetylated gellan gum was 
obtained from Sigma-Aldrich (Saint Louis, MO, USA).

Animals
Male Sprague-Dawley rats (7 weeks old, 200 ± 20 g) were 
purchased from Hunan SJA Laboratory Animal Co., Ltd. 
(Hunan, People’s Republic of China; SYXK 2016–0002). 
All animal experiments were carried out in accordance 
with the Guide for the Care and Use of Laboratory 
Animals of the National Research Council. The protocol 
was approved by the Institutional Animal Care and Use 
Committee of Jiangxi University of Traditional Chinese 
Medicine. Rats were given a standard diet and water. The 
animals were kept under standard conditions (room tem-
perature 22°C and 50% humidity) with a regular 12:12- 
hour light–dark cycle throughout the experimental period.

Preparation of BRE-NS
The BRE-NS were prepared by using the high-pressure 
homogenization method. First, 0.5 g BRE and 0.05 
g Tween 80 were dispersed in 100 mL of double-distilled 
water, and the raw mixture suspension was stirred using 
a high shear homogenizer at 22,000 rpm for 3 min (FA25, 
Fluko Equipment Shanghai Co, Ltd, Shanghai, People's 
Republic of China). Subsequently, the raw mixture suspen-
sions were subjected to homogenization using a piston-gap 
high-pressure homogenizer with different pressures (200, 
400, 600, 800 bar) for 10 cycles and then 60 cycles at 1000 
bar (AH-1000D, ATS Engineering Inc., Seeker, Canada). 
Finally, the BRE-NS was collected after homogenization.

Spray-Drying of BRE-NS
Ostwald ripening often leads to flocculation, aggregation or 
crystal growth due to the thermodynamic instability of the 
nanosuspensions.28 The spray-drying technique is usually 
used as an alternative to improve the stability of nanosus-
pensions by means of their conversion into dried nanocrys-
tal powders.29 The BRE-NS were spray-dried with a Buchi 
mini spray-dryer (model B290, Buchi Labortechnik AG, 
Flawil, Switzerland). Mannitol was added to BRE-NS to 
facilitate spray-drying. The drying conditions were set as 
follows: the inlet temperature was set as 110°C; the aspira-
tion rate was set as 90%; the solution flow rate was set as 
5 mL/min, and BRE nanosuspension powder (BRE-NP) 
was collected from the separation chamber. The powders 
were stored in sealed glass vials and kept under refrigera-
tion for further investigations.

Preparation of BRE-NG
A certain amount of deacetylated gellan gum (DGG) was 
dispersed into double-distilled water and completely dis-
solved by heating to 90°C using a collecting thermostatic 
heating magnetic stirrer and slowly cooling to 40°C. Then, 
glycerol (1%, w/v) and ethyl4-hydroxybenzoate (0.02%, 
w/v) were added and mixed well. The pH of the formula-
tion was adjusted to 6.0 using tromethamine. DGG was 
added as a gel matrix, glycerol was added as a humectant 
and ethyl4-hydroxybenzoate was added as a preservative. 
Diazolidinyl urea (0.3%, w/v) was added as a preservative. 
Then, BRE-NP was added into the DGG solution until 
well-blended.

Characterization BRE-NP
Particle Size Measurements of BRE-NP
The particle size distributions of the BRE-NS and BRE- 
NP were measured by a Mastersizer Micro Plus (Malvern 
Instruments Limited, Worcestershire, UK) by the wet 
method. Analysis of the diffraction patterns was performed 
using the Mie model (standard presentation: dispersant 
refractive index = 1.55, real particle refractive index = 
1.670, imaginary particle refractive index = 0.01). All 
measurements were performed in triplicate.

Differential Scanning Calorimetry (DSC)
The peak melting temperatures of raw BRE, BRE-NP, 
mannitol and the mixture of raw BRE with mannitol 
were assessed using DSC (Diamond DSC, Perkin-Elmer, 
USA). The powder sample (2–4 mg) was weighed before 
being placed in a sealed perforated aluminium pan and 
heated in an aluminium pan from 40°C to 300°C at 
a heating rate of 10°C/min under a nitrogen gas atmo-
sphere. Indium standards were used to calibrate the DSC 
temperature and enthalpy scale.

Powder X-Ray Diffraction (PXRD)
The PXRD analysis of BRE, BRE-NP, mannitol and the 
mixture of raw BRE with mannitol was analysed using 
PXRD (PANalytical, Westborough, MA, USA). The sam-
ples were irradiated with monochromatized Cu Kα radia-
tion and analysed between 0° and 90° 2θ at a scan rate of 
1°/min. Measurements were performed at voltages of 40 
kV and 25 mA.

Scanning Electron Microscopy (SEM)
The morphological analysis of raw BRE and BRE-NP was 
conducted by scanning electron microscopy (Quanta 250, 
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FEI, USA). The samples were coated with a thin layer of 
gold before scanning.

Transmission Electron Microscopy (TEM)
TEM measurement of the BRE-NP was conducted using 
a JEM-1200EX (JEOL, Tokyo, Japan). A drop of the 
BRE-NP nanosuspension was diluted with double- 
distilled water and placed onto a copper grid. The copper 
grid was then negatively stained using a 2% solution of 
phosphotungstate acid for 5 min. After absorption of any 
excess liquid, the sample was dried naturally at room 
temperature.

Characterization and in vitro Drug 
Release of BRE-NG
Critical Ionic Concentration of the Gellan Gum 
Phase Transition
The critical ionic concentration (CIC) is an important index 
of ion-activated in situ gels. A certain amount of DGG 
(0.2%–1%, w/v) in solution (2.0 mL) was blended with 
various amounts of artificial nasal fluid (ANF) (0.1–1 mL) 
in vials. The artificial nasal fluid (ANF) consisting of 150 
±32 mM Na+, 41 ±18 mM K+, and 4 ± 2 mM Ca2+ was 
consistent with previous reports.30 The optimal gel matrix 
was chosen according to the viscosity and gelatine capacity 
(after 30 s, vials were turned over and observed for their 
gelation). If the gels adhered to the bottom instead of flow-
ing or sliding down the side, the formulation was considered 
a gel and denoted with “+”. Flowing or slipping gels were 
denoted with “-”, whereas formulations with intermediate 
behaviours were denoted with “±”. The minimum concen-
tration at which the transformation from solution to gel 
occurred was considered the CIC.30

Influence of the DGG Concentration on the 
Expansion Coefficient (S%) of BRE-NG
The S% was determined by mixing 1 mL of the different 
concentrations of DGG solutions with 0.25 mL ANF in 
a graduated test tube, which was placed in a 32°C water 
bath; the total liquid volume, V1, was 1.25 mL. After 
adding 2.0 mL of ANF, the total volume was VT. Thus, 
the volume of the in situ gel was. The expansion coeffi-
cient was S% ¼ VG � V1ð Þ=V1 � 100%.30,31

Water-Holding Capacity of BRE-NG
The water-holding capacity of BRE-NG was measured by 
the centrifugal method.32 The water-holding capacity was 
determined by mixing 2 mL of different concentrations of 
DGG solutions with 0.6 mL of ANF, which was placed into 

preweighed tubes. The weight of the in situ gels during this 
stage was considered the initial weight (W0). The BRE-NG 
was centrifuged at 8,000 g at 4°C for 15 min, the water on 
the surface was absorbed with filter paper, and the gel 
weight (W1) was determined after centrifugation. The 
water-holding capacity ¼W1=W0 � 100%.

Rheological Evaluation of BRE-NG
The rheological properties of the BRE-NG were investi-
gated. Viscosity, thixotropy, and oscillation tests were 
performed using a Physica MCR101 rheometer system 
(Anton Paar GmbH, Austria) with a cone-plate sensor 
(PP50-1) in the OSR model with a stress sweep rate 
between 3 and 500 Pa and a constant frequency of 30°C 
at 1 Hz.

In vitro Release Study of BRE-NG
For the preparation of intranasal administration, the release 
of drug from the formulation will directly affect the drug 
absorption site in the nasal cavity.14 The in vitro release 
study of BRE was performed using a Franz diffusion cell 
apparatus (Tianjin Zhengtong Technology Co., Ltd., 
Tianjin, People's Republic of China). A semipermeable 
membrane (Spectra/Por 1 membrane, MWCO: 
8000~14,000) was placed between the donor and the recei-
ver compartment. The upper chamber served as the donor 
compartment, in which 2 mL of the BRE-NG and 2 mL of 
the BRE-NP suspensions were placed. The receiver com-
partment was filled with 12 mL of artificial nasal fluid 
(ANF). The receiver medium was stirred magnetically at 
200 r•min−1 and maintained at a constant temperature of 
32 ± 2°C. At predetermined time intervals, a sample 
volume of 2 mL was taken from the receiver compartment, 
and an equal volume of fresh ANF was supplemented. 
Experimental samples were analysed by HPLC (Agilent 
1260, USA) using a C-18 reversed-phase column (Elite 
HPLC, People's Republic of China, 4.6 mm×250 mm, 5 
μm). The mobile phase consisted of 45% methanol and 
55% of a 0.1% phosphoric acid solution. The flow rate was 
1 mL/min. The UV detector wavelength was 337 nm, and 
the oven temperature was 25°C. The injection volume was 
20 μL.33 The experiment was performed in triplicate.

In situ Nasal Absorption of BRE-NG via Intranasal 
Administration
To determine the absorption concentration of BRE after 
intranasal administration, the in situ nasal perfusion tech-
nique was used in the study. Male Sprague-Dawley rats (7 
weeks old, 200 ± 20 g) were randomized into 4 groups of 
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10 animals each. Before experimentation, the rats were 
anaesthetized with an intraperitoneal injection of chloral 
hydrate (350 mg/kg body weight). A small transverse 
incision was made in the neck of the rats, and then the 
trachea was cannulated with a polyethylene tube (PE-90) 
to maintain spontaneous respiration. Another PE-90 tube 
was inserted through the esophagus into the posterior part 
of the nasal cavity. The nasopalatine duct was closed with 
an adhesive agent (cyanoacrylate glue) to prevent drainage 
of the solution from the nasal cavity into the mouth.33 The 
tube inserted into the esophagus was connected to 
a reservoir containing 5 mL drug solutions (BRE concen-
trations of 3, 10, 50 and 100 mg/mL, which were placed in 
a water bath maintained at 37.5°C under magnetic stir-
ring). The solution was recirculated from the reservoir 
through the nasal cavity and out of the nostrils back into 
the reservoir by means of a peristaltic pump. The flow rate 
was set to 2 mL/min. At predetermined time intervals, 
a sample volume of 100 μL was taken from the reservoir, 
and an equal volume of drug solution was supplemented. 
The experimental samples were analysed by HPLC.

In vivo Study of BRE-NG
In vivo Pharmacokinetic and Brain Distribution 
Studies
Male Sprague-Dawley rats (7 weeks old, 200 ± 20 g) were 
randomized into 2 groups of 42 animals each. Before the 
experiment, the animals were fasted overnight but allowed 
to drink water. BRE was intranasally and intravenously 
administered at a dose of 20 mg/kg. For the intranasal 
administration group, the rats were anaesthetized with an 
intraperitoneal injection of chloral hydrate (350 mg/kg 
body weight) and kept in a heated environment to maintain 
body temperature. A small transverse incision was made in 
the neck of the rats, and then the trachea was cannulated 
with a polyethylene tube (PE-90) to maintain spontaneous 
respiration through esophageal ligation.34 Then, 100 μL of 
BRE-NG (50 μL for each nostril) was administered to the 
nostril with a microsyringe. The intravenous administra-
tion group was slowly injected with BRE-NS (1 mL) via 
the tail vein. After administration, the rats were sacrificed 
at 0.833, 0.25, 0.5, 1, 2, 4 and 8 h post dosing (n = 6). 
A blood aliquot (0.25 mL) was collected from the orbital 
vein, and plasma was separated by Sigma 2K15C centri-
fugation at 4,000 rpm for 15 min and stored at −81°C until 
analysis. Then, the whole brain was removed from the 
skull, quickly rinsed with normal saline and wiped with 
filter paper to remove excess water. It was dissected into 

three anatomical regions, including the cerebrum, cerebel-
lum and olfactory bulb. All brain samples were stored at 
−81°C until analysis.35

The concentrations of BRE in the blood and brain tissue 
were analysed by UPLC/MS. BRE concentrations were 
determined in the plasma and brain tissue samples obtained 
during the in vivo pharmacokinetic studies using a protein 
sediment extraction procedure. To extract BRE from the 
brain tissues, brain sample tissue (100 mg) from different 
parts of the rat brain was accurately weighed. Normal saline 
(1 mL) was added to the tube and homogenized using 
a science TZ-192 Tissue Homogenizer at 25,000 rpm for 1 
min. The brain tissue homogenate was centrifuged at 
4000 rpm for 15 min at 4°C. A plasma aliquot (100 μL) 
was spiked with 10 μL of the methanolic IS solution (telmi-
sartan, 175 ng/mL).36 Then, 290 μL of methanol was added 
to the centrifuge tube, mixed by vortexing (3 min) and 
centrifuged at 15,000 r/min for 10 min to precipitate the 
protein content and extract the drug and the IS. BRE in the 
plasma and brain tissue samples was assayed using an AB 
SCIEX Triple Quad™ API 5500 (AB Sciex, Framingham, 
MA) liquid chromatography-tandem mass spectrometry 
(LC/MS/MS) system. The chromatography column was 
a Welch XB-C18 (3.0×50 mm, 3 µm; MS/MS). The mobile 
phase consisting of a 20 mmol/L ammonium acetate solution 
in water and acetonitrile was delivered to the MS at a flow 
rate of 0.7 mL/min according to the following time gradient 
elution program: a linear gradient was applied by varying the 
proportion of acetonitrile from 15 to 70% in the first 1 min; 
then, within 3 min, the percentage of acetonitrile was 
restored to 70%; subsequently, a linear gradient was applied 
by varying the proportion of acetonitrile from 70 to 15% 
from 3 to 3.1 min and maintained until the end of the run 
(5 min).

Pharmacokinetic Analysis and Brain Targeting 
Efficiency Evaluation
The corresponding main pharmacokinetic parameters were 
calculated by a noncompartmental pharmacokinetic analy-
sis employing DAS version 3.0 software (Chinese 
Pharmacological Association). The absolute bioavailabil-
ity of BRE after intranasal administration of BRE-NG was 
calculated by using the following equation (1):

Fα ¼
AUCin=Dinð Þ

AUCiv=Divð Þ
(1) 

where AUCiv is the area under the plasma concentration-time 
profile from t = 0 to 8 h following intravenous administration 
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of the BRE-NP nanosuspensions, AUCin is the area under the 
plasma concentration-time profile from t = 0 to 8 h following 
intranasal administration of BRE-NG, and Din and Div repre-
sent the drug dose (mg) administered via intranasal and 
intravenous injection, respectively. Fα represents the absolute 
bioavailability of BRE after intranasal administration of 
BRE-NG.

To evaluate the brain targeting efficiency of BRE-NG 
via intranasal administration, the drug targeting efficiency 
(DTE%) was calculated by using the following equation 
(2), and the nose-to-brain direct transport percentage (DTP 
%) was calculated by using the following equation (3), 
which assesses the drug fraction transported via the olfac-
tory or trigeminal pathway.

DTE %ð Þ ¼
AUCbrain=AUCplasma
� �

IN
AUCbrain=AUCplasma
� �

IV
� 100 (2) 

DTP %ð Þ ¼
AUCbrainIN �

AUCbrainIV
AUCplasamaIV

� AUCplasmaIN

h i

AUCbrainIN
� 100 (3) 

where (AUCbrain)IV and (AUCbrain)IN are the area under the 
brain concentration-time profile of the BRE-NP suspen-
sions and BRE-NG from t = 0 to 8 h after administration, 
respectively. (AUCplasma)IV and (AUCplasma)IN represent the 
area under the plasma concentration-time profile of the 
BRE-NP nanosuspensions and BRE-NG from t = 0 to 8 
h after administration, respectively. A DTE (%) higher than 
100% ensured preferential drug transport to the brain fol-
lowing intranasal administration compared to intravenous 
administration.37 The value of DTP (%) can range from -∞ 
to 100%. Generally, positive values of the DTP (%) indicate 
more efficient drug delivery to the brain following intrana-
sal administration. Negative values of DTP (%) indicate 
more efficient brain targeting via an intravenous adminis-
tration route.38

Data Analysis
The results are presented as mean ± standard deviation. 
The t test was used in the statistical analyses, which was 
performed using SPSS software. p < 0.05 and p < 0.01 
were considered statistically significant.

Histopathology
To investigate the effect of BRE-NG application on induced 
ischemia stroke in rats, in vitro histopathological character-
ization was performed. The rats were randomly divided into 
six groups (18 rats in each group): a high-dose group (BRE- 

NG was intranasally administered at a dose of 20 mg/kg), 
a medium-dose group (BRE-NG was intranasally adminis-
tered at a dose of 10 mg/kg), a low-dose group (BRE-NG 
was intranasally administered at a dose of 5 mg/kg), 
a cerebral ischemic model with nimodipine treatment 
group (positive group), a sham group (negative group) and 
a cerebral ischemic model group (model group). The model 
of global cerebral ischemia was generated through bilateral 
common carotid artery occlusion (BCCAO).39 The rats 
were sacrificed after the experimental period, after which 
their whole brains were removed. The brains were fixed in 
10% neutral buffered formalin solution. The slides were 
then dehydrated by successive dilutions of ethanol and 
finally washed in xylene three times. The sections were 
cut (5 µm) using a microtome and stained with haematox-
ylin–eosin (H&E). The section thicknesses were obtained 
by a histopathological examination under a LEICADM LB 
binocular microscope.

Results and Discussion
Characterization of BRE-NP
BRE-NS stabilized by only 10% Tween-80 (w/w, relative 
to drug) with a particle size of 527±1 nm and an absolute 
zeta potential value higher than 20 mV were successfully 
prepared by homogenization technology. An absolute Zeta 
potential value higher than 20 mV has been reported to be 
sufficient to stabilize nanosuspensions. The zeta potential 
was −46.4±7.87 mV, which indicated that BRE-NS was 
comparatively stable. The zeta-potential results of the 
BRE-NP are shown in Figure 2A.

The surface morphologies of the raw BRE and BRE- 
NP are shown in Figure 2. The raw BRE particles were 
irregularly shaped and nonuniformly sized. The BRE-NP 
particles were spherical with smooth edges and homoge-
nous sizes. In brief, the investigated morphologies of the 
BRE-NP and the raw BRE were different. According to 
the literature reports, if the inlet gas flow rates and feed 
temperature are not adjusted properly during spray-drying, 
it would cause fused or donut-shaped particles to be 
formed. However, fused or donut-shaped particles did not 
appear, which demonstrated that the process was carried 
out under optimized conditions.40

TEM was used to observe the morphology of the BRE- 
NP, as shown in Figure 2F. According to the TEM results, 
the BRE-NP had a rod shape, which might be attributed to 
the process of high-pressure homogenization. During this 
process, the drug suspension passes the narrow orifice of 
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the homogenizer at a high speed. The rod shape is formed 
due to cavitation, high shear forces, and collision of the 
particles with each other.41

Crystallinity is one of the most important factors 
affecting the stability, solubility and dissolution rate of 
drugs. The internal crystalline structure of BRE, the phy-
sical mixtures and the nanosuspensions produced using the 
homogenization technology were investigated by PXRD. 
The PXRD patterns of BRE-NP, raw BRE, mannitol, and 
the physical mixture of raw BRE and mannitol are shown 
in Figure 3. The typical crystalline peaks of raw BRE at 2θ 
of 14.3°, 16.0°, 25.9°, 26.8° were detected in the PXRD 
patterns, indicating its crystalline structure. Typical crys-
talline peaks of mannitol at 2θ values of 17.2°, 18.7°, 
20.4°, and 21.1° were observed. These results appeared 
to be consistent with several previous reports.18,42 In addi-
tion, the typical crystalline peaks of raw BRE in the 
physical mixtures of raw BRE and mannitol and BRE- 
NP indicated that the homogenization process did not 
affect the crystalline structure of BRE.

DSC analysis was performed to determine the poly-
morphic state and polymorphic nature of BRE. The DSC 
thermograms of raw BRE, BRE-NP, mannitol, and the phy-
sical mixture of raw BRE and mannitol are shown in 
Figure 4. Raw BRE exhibited a characteristic endothermic 
melting peak at 203.5°C. Mannitol exhibited a characteristic 
exothermic melting peak at 175°C. The endothermic melting 
peak of BRE-NP shifted to 188.5°C, and the exothermic 
melting peak shifted to 165.4°C, but the enthalpy decreased. 

This indicated that neither the stabilizer modification nor the 
applied physical treatment remarkably affected the endother-
mic behaviour of BRE.

Gelatine Property Evaluation of the in situ 
Gel
Deacetylated gellan gum (DGG) is an anionic polysacchar-
ide secreted by Pseudomonas elodea. Nasal fluids with 
abundant cations, especially Ca2+, converted the DGG solu-
tions to gels. Due to its adhesive nature, the in situ gel could 
lengthen the mucosal residence time, sustaining their resi-
dency in the nasal cavity and then enhance the bioavail-
ability of intranasal administration.15 Deacetylated gellan 
gum is commercially available as Gelrite™ or Kelcogel™ 
and is approved in the USA and EU as a gelling, stabilizing 
and suspending agent in food products. Therefore, deacety-
lated gellan gum is safe for pharmaceutical use.7,8 The BRE 
nanosuspension-based in situ gel was prepared in three 
steps. The first step was the preparation of BRE-NS, 
the second step was the preparation of BRE-NP, and the 
third step was in situ gelling fabrication and the mixture of 
the BRE-NP with the in situ gelling polymer phase.14

The DGG solutions can be transformed to gels upon 
contact of the gels with nasal fluid after intranasal admin-
istration. Therefore, determination of the critical ionic 
concentration (CIC) of deacetylated gellan gum is of 
great significance to evaluate the gel formation. Thus, the 
minimum amount of simulated nasal fluid required for the 

Figure 2 (A) The zeta-potential results of the BRE-NP, SEM images of (B) the raw BRE (×2400), (C) the raw BRE (×6000), (D) BRE-NP (×6000), (E) BRE-NP (×10,000), and 
(F) TEM images of the BRE-NP.
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sol–gel transition was considered the best batch.43 The 
critical ionic concentration results are shown in Table 1. 
DGG solutions of 0.3% or below could not be converted 
from the solution to a gel. DGG solutions of 0.5% or 
below required an unrealistic amount of ANF for the 
solution-to-gel transition to occur. DGG solutions of 
0.5% and 0.6% only needed a small amount of ANF to 
rapidly transform from solutions to gels. The DGG solu-
tion of 0.6% could rapidly transform to a gel without any 
ANF. Therefore, the DGG solution of 0.5% was consid-
ered the optimal choice. Viscosity is also an indicator of 
intranasal administration. High viscosity could prolong the 
residence time of the drug in the nasal mucous membranes 
and significantly increase the drug absorption. The viscos-
ity results are shown in Table 2. The appropriate viscosity 
for intranasal administration should be approximately 5.0 
Pa•s. Viscosities higher than 5.0 Pa•s can cause shortness 
of breath in patients. Viscosities below 5.0 Pa•s can cause 

in situ gel flow from the nasal cavity.44 Therefore, the 
optimal DGG:ANF ratio was 10:5.

During the solution-gel phase transition, the volume may 
increase due to expansion of the gel, causing physical dis-
comfort in the nasal cavity. Therefore, it is necessary to 
investigate the expansion coefficient (S%) of the in situ 
gels. When the expansion coefficient was only approximately 
5%, it may not cause any discomfort in patients.45 The results 
of S% of different concentrations of DGG are shown in 
Figure 5A. The smallest S% was obtained for the DGG 
solution of 0.5%, which was 1.46%. The results revealed 
that no obvious volume expansion was observed. Thus, when 
the solution was applied to the nasal cavity, there was no 
significant discomfort in patients due to the process of solu-
tion-gel phase transition.

To ensure good mucoadhesive behaviour, all in situ gels 
were capable of hydrating and retaining water.46 A high 
water-holding capacity can ensure a certain humidity in the 

Figure 3 PXRD patterns of (A) the BRE-NP, (B) raw BRE, (C) mannitol, (D) the physical mixture of raw BRE and mannitol.
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nasal mucosa, which contributes to the absorption of the drug 
through the nasal mucosa. The results of the water-holding 
capacity of different concentrations of DGG are shown in 
Figure 5B. All the samples had favourable water-holding 
capacity except the DGG solution of 0.2%. The results indi-
cated good water-holding capacity because the three- 
dimensional network of the gel structure can effectively 
capture and immobilize water. Therefore, a DGG concentra-
tion of 0.5% showed a higher water-holding capacity than 
a concentration of 0.2%.

Rheological Evaluation
Rheological measurements were performed using the 
Physica MCR101 rheometer system (Anton Paar GmbH, 
Austria) with a cone-plate sensor (PP50-1) in the OSR 
model with a stress sweep rate between 3 and 500 Pa 
and a temperature of 30°C at a constant frequency of 
1 Hz. G’ corresponds to the elastic (storage) and G” to 
the viscous (loss) modulus. The frequency sweep curves of 
the BRE-NG without ANF and BRE-NG mixed with ANF 
are shown in Figure 6. As depicted in Figure 6A and B, the 

Figure 4 DSC thermograms of (A) raw BRE, (B) BRE-NP, (C) the physical mixture of raw BRE and mannitol, and (D) mannitol.
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elastic (storage) modulus did not intersect with the viscous 
(loss) modulus of the BRE-NG without ANF (G’<G”), 
which indicated a viscous fluid character and no gel for-
mation. The elastic (storage) modulus intersected with the 
viscous (loss) modulus of the BRE-NG mixed with ANF 

(G’> G”), which indicated elastic characteristics and suc-
cessful gel formation. As depicted in Figure 6C and D, the 
shear stress was proportional to the shearing rate, and it 
was concluded that the BRE-NG without ANF was 
a Newtonian fluid. The viscosity decreased due to the 
increase in the shearing rate, and it was concluded that 
the BRE-NG mixed with ANF showed non-Newtonian 
and pseudoplastic behaviour. These characteristics indi-
cated that the solution-gel phase transition occurred when 
BRE-NG came in contact with the nasal fluids. It was 
assumed that the in situ gel significantly increased the 
retention time at the administration site, as it showed 
good spreadability and bioadhesion performance.

In vitro Release Study
The in vitro release study was carried out by using 
a semipermeable membrane (Spectra/Por 1 membrane, 

Table 1 Gelation Property of DGG with Artificial Nose Fluid (ANF)

The Concentration of DGG (%) The Ratio of DGG:ANF

10:0.5 10:1 10:1.5 10:2 10:2.5 10:3 10:4 10:5

0.2 – – – – – – – –

0.3 – ± ± ± ± ± ± +
0.4 – ± ± ± ± ± + +

0.5 – + + + + + + +

0.6 – + + + + + + +
0.7 + + + + + + + +

0.8 + + + + + + + +

0.9 + + + + + + + +
1.0 + + + + + + + +

Abbreviation: ANF, artificial nasal fluid.

Table 2 Viscosity of 0.5% Deacetylated Gellan Gum in situ Gel 
After Mixing with Simulated Nasal Fluid in Different Proportions

The Ratio of DGG:ANF Viscosity (Pa•s)

10:0.5 0.015

10:1 3.980

10:1.5 4.514
10:2 4.615

10:2.5 4.657

10:3 4.659
10:4 4.747

10:5 4.819

Abbreviation: ANF, artificial nasal fluid.

Figure 5 (A) The S% of different concentration of DGG. (B) the water-holding capacity of different concentration of DGG (n = 3). 
Abbreviations: DGG, deacetylated gellan gum; S%, the expansion coefficient.
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MWCO: 8000 ~ 14,000) as a diffusional barrier to simulate 
the process of drug absorption through the nasal mucous 
membrane in vitro using Franz diffusion cells. This in vitro 
release study was applied to evaluate the permeability of the 
drug released from the in situ gel for intranasal delivery. 
The in vitro cumulative drug release is shown in Figure 7A. 
The results showed that BRE-NG had a slower release than 
BRE-NP. BRE-NG exhibited slower release characteristics, 
which was significantly different from the in vitro release 
behaviour of BRE-NP. The release data of BRE-NP and 
BRE-NG were kinetically analysed by three different 

mathematical models, which was used to better understand 
the differences between the in vitro release behaviours of 
BRE-NP and BRE-NG. The results are shown in Table 3. 
Considering the R2 values, the zero-order model was found 
to fit the BRE-NP (R2=0.990), indicating a constant drug 
transport rate of the BRE-NP. The Higuchi model was 
found to fit the BRE-NG (R2=0.942), indicating that the 
drug release was matrix diffusion-controlled as a function 
of time.14 The incorporation of BRE-NP in the in situ gel 
resulted in a noticeable increase in the retention time and 
reduction in the drug leakage from the nasal cavity.

Figure 6 The viscoelasticity of (A) the BRE-NG mixed with ANF, (B) the BRE-NG without ANF and (C) the thixotropy of BRE-NG mixed with ANF, (D) the BRE-NG 
without ANF. 
Abbreviation: ANF, artificial nasal fluid.

Figure 7 (A) Profiles of cumulative drug release of BRE-NG and BRE-NP nanosuspensions in vitro (n = 3) and (B) nasal absorption of BRE at different concentration of BRE- 
NG perfusion liquid (n = 3). 
Abbreviations: BRE, breviscapine; BRE-NP, BRE nanosuspensions powders; BRE-NG, BRE nanosuspensions in-situ gelling system.
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In situ Nasal Absorption of BRE in Rats
The in situ nasal perfusion study is the most commonly used 
method to examine the drug absorption from the nasal mucosa 
of rats, and it is widely used to assess the nasal mucosal 
absorption of drugs.47 The brain uptake following intranasal 
perfusion is mainly determined by the drug concentration and 
the perfusion time. The highest uptake was observed at 
100 mg/mL and 240 min (Table 4 and Figure 7B). At lower 
concentrations of BRE in the solution, the drug adsorption 
was lower. The uptake concentration increased with increas-
ing concentration of BRE. When the perfusion time was 120 
min, the uptake of BRE showed little variation. This suggested 
that there was a saturation phenomenon in the intranasal 
absorption of BRE.33 This phenomenon could be explained 
by the fact that hydration between the drug solution and nasal 
mucosa reduced the effective lipoidal pathway on the mem-
brane due to long contact times.48

In vivo Pharmacokinetic and Brain 
Distribution Studies
To evaluate the in vivo effectiveness of BRE-NG and its 
brain distribution after intranasal administration, the con-
centrations of BRE in plasma and various regions of brain 
tissue, ie, cerebrum, cerebellum and olfactory bulb, were 
determined after intravenous injection administration (IV) 

of the BRE-NP nanosuspensions and intranasal adminis-
tration (IN) of BRE-NG (20 mg/kg). The mean BRE 
concentrations in plasma, cerebrum, cerebellum and olfac-
tory bulb along with the remaining portion of the brain 
were analysed at predefined time points up to 8 h post- 
dosing. The main pharmacokinetic parameters were esti-
mated by a noncompartmental pharmacokinetic analysis. 
As shown in Figure 8 and Tables 5 and 6, the Tmax of the 
intranasal groups was (0.167 ± 0.000) h, indicating that 
BRE was easily and rapidly accessible in the systemic 
circulation after intranasal administration. The t1/2 (1.805 
± 0.650) h of the intranasal groups appeared to be 4.5 
times longer than that of the intravenous groups. This 
indicated that the prolonged retention time in vivo was 
related to the adhesive property of the in situ gel. The 
AUC (0–8 h) of the intranasal groups was 304.81 ± 20.101 
µg/L*h, and the AUC (0–8 h) of the intravenous groups was 
533.613 ± 69.339 µg/L*h, which indicated that the con-
centration of BRE in plasma was reduced due to the 
accumulation of BRE in other tissues after intranasal 
administration.

Compared with intravenous administration, the estimate 
absolute bioavailability of BRE after intranasal administra-
tion was 57.12%. The absolute bioavailability of BRE after 
oral administration has been reported as 0.40 ± 0.19%, which 

Table 3 Fitted Model for in vitro Release of Franz Diffusion Cells Model

Model Fitting Equation R2

BRE-NP Zero-order equation Q=0.1558t+23.402 0.99

First-order equation Q=100·[1-e−0.015·(t−55.764)] 0.689
Higuchi equation Q=3.042t1/2+7.352 0.888

BRE-NG Zero-order equation Q=0.2045t+1.8239 0.935

First-order equation Q=100·[1-e−0.002·(t−127.120)] 0.937

Higuchi equation Q=3.923t1/2–15.099 0.942

Abbreviations: BRE, breviscapine; BRE-NP, BRE nanosuspensions powders; BRE-NG, BRE nanosuspensions in-situ gelling system; Q, cumulative release of BRE (%);t, time 
(hour); t1/2, the half power of t; e, mathematical constant.

Table 4 Nasal Absorption of BRE at Different Concentration of BRE-NG Perfusion Liquid (n = 3)

Time (min) 3mg/mL 10mg/mL 50mg/mL 100mg/mL

5 0.00±0.00 0.00±0.00 7.14±0.42 7.77±0.63
10 0.11±0.04 0.17±0.05 8.77±0.17 9.70±0.33

15 0.19±0.13 0.88±0.20 13.53±0.13 15.46±0.35

30 0.16±0.09 2.70±1.15 17.52±0.11 22.70±0.29
60 0.17±0.08 2.42±0.11 23.32±0.59 28.05±0.35

120 0.24±0.16 4.75±0.22 30.82±0.37 32.99±0.50

240 0.48±0.02 4.90±0.44 32.00±0.15 49.25±0.76
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indicates that BRE-NG notably enhanced the bioavailability 
of BRE in rats after intranasal administration.42 The DTE% 
was calculated for BRE to assess its brain targeting ability. 
As shown in Tables 5 and 6, the DTE% of the cerebrum, 
cerebellum and olfactory bulb was 4006, 1999 and 3290, 

respectively. A DTE (%) higher than 100% indicates prefer-
ential drug transport to the brain following intranasal admin-
istration compared to systemic administration. The DTP% 
was calculated as shown in Tables 5 and 6. The DTP% of the 
cerebrum, cerebellum and olfactory bulb were 0.975, 0.950 

Figure 8 Concentration-time profiles of BRE up to 8 h post-dosing in (A) plasma, (B) cerebrum tissue, (C) cerebellum tissue and (D) olfactory bulb tissue following after 
intravenous injection administration (IV) of BRE-NP nanosuspensions and intranasal administration of BRE-NG at a dose of 20mg•kg−1 (n = 6). 
Abbreviations: BRE, breviscapine; BRE-NP, BRE nanosuspensions powders; BRE-NG, BRE nanosuspensions in-situ gelling system; c, concentration of breviscapine; t, time 
(hour).

Table 5 The Plasma Pharmacokinetic Parameters After Intravenous Administration of BRE-NP Suspensions and Intranasal 
Administration of BRE-NG at a Dose of 20mg•kg−1 (Mean ± SD, n = 6)

Parameter Unit IV Administration IN Administration

AUC(0–8h) ug/L*h 533.613 ± 69.339 304.81 ± 20.101**
MRT(0–8h) h 0.312 ± 0.067 1.836 ± 0.375**

t1/2z h 0.401 ± 0.071 1.805 ± 0.650*

Tmax h 0.083 ± 0.000 0.167 ± 0.000**
Cmax ug/L 1773.333 ± 263.881 158.885 ± 22.600**

Notes: * p < 0.05 vs intravenous injection administration of BRE-NP suspensions. ** p < 0.01 vs intravenous injection administration of BRE-NP suspensions. 
Abbreviations: IV, intravenous injection; IN, intranasal; AUC, the area under the curve; MRT, the mean residence time; t1/2z, the distribution phase half-life; Tmax, the time 
of maximum concentration; Cmax, the peak drug concentration.
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and 0.970, respectively. Positive values of the DTP (%) 
indicate a significant contribution of direct routes to the 
overall brain delivery. As displayed in Figure 9, this facili-
tated the adsorption of BRE into the brain because the sus-
tained BRE concentration in the olfactory bulbs generated 
a concentration gradient difference. It was thought that there 
were two possible pathways of intranasal absorption to the 
brain: an indirect route, by which the drug is absorbed into 
the systemic circulation and entered into the brain through 
the BBB, and a direct route, by which the drug is absorbed 
and transported to the brain through a neuronal pathway, such 
as olfactory or trigeminal nerves, and the other pathways 
involving the CSF, vasculature or lymphatic system.36 The 
results revealed the significant role of the direct pathway in 
the brain delivery of BRE-NG after intranasal administration. 
Generally, passage through olfactory and trigeminal nerves is 

the major and direct route of drug absorption from the nasal 
cavity to the brain. The olfactory neuronal path is the main 
pathway, as it is a direct connection from the nasal cavity to 
the olfactory bulb of the brain by crossing the cribriform 
plate. The drug is transmitted in three major ways: passive 
diffusion, paracellular movement or endocytosis by neuronal 
cells.49 On the other hand, a connection of the nasal cavity 
with the cerebrum and pons region of the brain and to the 
frontal cortex and olfactory bulb is established to a smaller 
extent by the trigeminal nerve.50 Thus, we concluded that the 
most likely mechanism of BRE direct access to the brain was 
involved in the fast release of drug molecules from the in situ 
gel matrix. Then, the drug molecules were easily absorbed on 
the olfactory bulb in the subarachnoid space, and the subse-
quent absorption of the drug molecules was related to the 
transfer from the olfactory bulb to the brain.

Table 6 Brain Regional Pharmacokinetic Parameters of After Intravenous Administration of BRE-NP Suspensions and Intranasal 
Administration of BRE-NG at a Dose of 20mg•kg−1 (Mean ± SD, n = 6)

Route Parameter(Unit) Cerebrum Cerebellum Olfactory Bulb

IV AUC(0–8h)(ug/L*h) 139.603 ± 33.691 232.376 ± 73.769 151.259 ± 3.570

MRT(0–8h)(h) 1.987 ± 0.229 2.807 ± 0.895 2.807 ± 0.895

t1/2z(h) 1.937 ± 1.506 4.268 ± 3.662 1.822 ± 0.420
Tmax(h) 0.083 ± 0.000 2.000 ± 0.000 0.083 ± 0.000

Cmax(ug/L) 68.7 ± 14.204 48.967 ± 2.663 51.800 ± 25.039

IN AUC(0–8h)(ug/L*h) 3194.833 ± 501.745** 2653.140 ± 942.883* 2837.736 ± 479.318**

MRT(0–8h)(h) 2.574 ± 0.127* 2.354 ± 0.345 3.125 ± 0.359
t1/2z(h) 0.345 ± 0.003 2.076 ± 0.613 4.439 ± 0.533**

Tmax(h) 0.500 ± 0.000** 2.000 ± 0.000** 0.500 ± 0.000**

Cmax(ug/L) 718 ± 41.581** 750.333 ± 149.821** 759.000 ± 217.470**

Notes: * p < 0.05 vs intravenous injection administration of BRE-NP suspensions. ** p < 0.01 vs intravenous injection administration of BRE-NP suspensions. 
Abbreviations: IV, intravenous injection administration; IN, intranasal administration; AUC, the area under the curve; MRT, the mean residence time; t1/2z, the distribution 
phase half-life; Tmax, the time of maximum concentration; Cmax, the peak drug concentration.

Figure 9 BRE concentrations in plasma and different brain regions (cerebrum, cerebellum and olfactory bulb) after intravenous administration of BRE-NP nanosuspensions 
and intranasal administration of BRE-NG at a dose of 20mg•kg−1 (n = 6). 
Abbreviations: BRE, breviscapine; BRE-NP, BRE nanosuspensions powders; BRE-NG, BRE nanosuspensions in-situ gelling system; c, concentration of breviscapine; t, time 
(hour).
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Histopathology
Histopathology of the brain tissues is shown in Figure 10. 
Compared with the negative group, the model group 
showed obvious pathological changes in the brains, mainly 
in the cerebral cortex, such as different degrees of oedema, 
focal necrosis, normal structure disappearance, increased 
glial proliferation in the cortex, and substantial infiltration 
of inflammatory cells. For the medium- and high-dose 
drug groups and the positive control drug group, injury 
to the brain tissue was significantly reduced because no 
oedema was evident, and no obvious inflammatory cell 
infiltration was observed. These results indicated that 
BRE-NG after intranasal administration was able to miti-
gate the damage associated with ischaemia/reperfusion- 
induced brain injury.

Conclusion
An efficient intranasal delivery platform of BRE-NP based 
on an ion-sensitive in situ gel was designed for bypassing 
the BBB and delivering therapeutics directly to the brain. 
BRE-NG was successfully prepared by mixing BRE-NP 
and 0.5% gellan gum (m/v) with favourable physiochem-
ical properties, such as suitable Tsol–gel, higher water- 
holding capability, suitable expansion coefficient and 
slow release behaviour. The rheology results demonstrated 
that BRE-NG was a non-Newtonian fluid, which indicated 
that BRE-NG had excellent performance in terms of 
spreadability and bioadhesion. The bioavailability of BRE- 
NG in the brain was significantly improved due to the 
direct nose-to-brain route. Therefore, this nanosuspension- 
based in situ gel may be a convenient and effective intra-
nasal formulation for the administration of BRE.
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