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ABSTRACT

Asthma as chronic airway disease has high prevalence in children and imbalance of Th1/Th2 is a critical
mechanism in pathogenesis of the asthma. Baicalein as a cell protective and anti-inflammatory flavonoid
may have anti-asthma effect. Therefore, for better using lung, baicalein was used in chitosan-nanoparticle
as anti-asthma treatment.

Baicalein was loaded and encapsulated in chitosan nanoparticle. The morphology, physical characters
(particle size, zeta potential and FT-IR) were analyzed. Drug encapsulation and loading capacity, accumu-
lative release-time were studied. After asthma model producing, the mice were treated with L-B-NP and
E-B-NP. At least, MCh challenge test, Cytokines measurement and Lung Histopathology were done.

Nanoparticles had average size 285 + 25 nm with negative charge —2.5 mV. The L-B-NP decreased penh
value and E-B-NP decreased inflammation. Both nanoparticles increased IL-12 and decreased IL-5. Also, L-

B-NP decreased mucus secretion in bronchi.
L-B-NP and E-B-NP control immune-allergo-inflammatory response of asthma. L-B-NP controlled AHR
and E-B-NP controlled inflammation that can be used as controlling anti-asthma drug.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Asthma as a complicated chronic inflammatory airway disease
has high prevalence in children, but all ages can be suffered from
asthma in worldwide. The asthma main symptoms are bron-

Abbreviations: AB, alcian blue; AHR, airway hyperresponsiveness; AP-1, activa-
tor protein 1; BALf, bronchoalveolar lavage fluid; BBB, blood-brain barrier; COX,
cyclooxygenase; E-B-NP, encapsulated-Baicalein-nanoparticles; ELISA, the enzyme-
linked immunosorbent assay; FT-IR, fourier-transform infrared spectroscopy; H&E,
hematoxylin and eosin; IL, interleukin; iNOS, inducible nitric oxide synthase; IP,
intraperitoneal; IT, intratracheal; L-B-NP, loaded-Baicalein-nanoparticles; MAP,
mitogen-activated protein; MCh, methacholine; MTT, The 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl-2H-tetrazolium bromide; mV, millivolt; NF-xB, the nuclear
factor-xB; nm, nanometer; OVA, ovalbumin; PAS, periodic acid-schiff; PG,
prostaglandin; Th, T lymphocyte helper; TNF, tumor necrosis factor.
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choconstriction, mucus over secretion and airway inflammation,
which lead to airways narrowing and remodeling, breathlessness,
wheezing, cough and chest tightness. The main reason of asthma
is unregulated immune response and allergic reactions. Imbalance
of Th1/Th2 is a critical mechanism in asthma pathogenesis. IL-4 is
main cytokine in IgE production, IL-5 has important role in activa-
tion of eosinophils and airway inflammation and also, IL-13 is great
trigger of the mucus production in asthma that are Th2 cytokines.
These pathologic reactions can be attenuated by IL-12 as Th1 cyto-
kine (Athari et al., 2017; Athari and Athari, 2014). Also, bronchial
inflammation is main pathological occurrence and controlling of
inflammation can have curable effect of asthma attck and remod-
eling. It can be harnessed by herbal flavonoids (Athari et al,
2017; Athari and Athari, 2014; de Oliveira et al., 2015).

Baicalein (5,6,7-Trihydroxy-2-phenyl-chromen-4-one, C15H1005)
as a flavonoid, isolated from the roots of Scutellaria baicalensis and
has cell protective, anti-inflammatory and myorelaxation effects
(de Oliveira et al., 2015; Dinda et al., 2017; Yin et al., 2018).

In recent years, many nanoparticles are used as carriers and
drug delivery system. Chitosan is a polysaccharide, comprising
copolymers of glucosamine and N-acetyl glucosamine consists of
2-amino-2-deoxy-d-glucose and 2-acetamido-2-deoxy-d-glucose
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units that are linked with beta bonds. Chitosan is extensively used
for the drug delivery systems fabrication due to its mucus adhesion
and penetration enhancing properties. Moreover, chitosan binds
directly to mucus that is mainly composed of the negatively
charge. Adhesive characteristic of the mucus allows to improve
local drugs retention in the bronchi. Furthermore, chitosan is a bio-
compatibility and biodegradability material that can improve the
drug permeability in the airway (Li et al., 2020; Babu and
Kannan, 2012).

Therefore, for better using of this agent in respiratory system,
baicalein was encapsulated in chitosan-nanoparticle and then,
used as anti-asthma treatment. Due to the advantages of nano-
herbal-component-agent administration, non-invasive, low side
effect, cheap price, increase the lung absorption and improve the
agent bioavailability, the research of new herbal drug carrier in this
study has become the development trend. We produced chitosan
nanoparticle that contains baicalein to control of inflammation in
asthmatic bronchi.

2. Material and methods
2.1. Baicalein loaded nanoparticles

The baicalein loaded nanoparticles preparation was done
according to Babu and Kannan (2012). Briefly; baicalein was dis-
solved in ethanol. Chitosan (100 mg) of was dissolved in 10 mL
of 1% acetic acid, and 0.5 mL of cinnamaldehyde was added. Then
aqueous phase was poured into oil phase. Finally, the whole mix-
ture was washed and centrifuged at 12,000 rpm for 35 min and
at least, nanoparticles were lyophilized.

2.2. Baicalein encapsulate nanoparticles

The baicalein encapsulate nanoparticles preparation was done
according to Li et al. (2020). Briefly, Glyceryl monooleate (as lipid
from), P407 (as a stabilizer) and baicalein were placed in an
appropriate amount of anhydrous ethanol, and melted to dissolve
in water bath at 55 °C, and thereafter the oil phase was obtained.
The mixture was evaporated anhydrous ethanol at 45 °C. An
appropriate amount of gelucire 44/14 (as an absorption enhancer)
and trimethyl chitosan (cationic material) were dissolved in 30 mL
Tris-HCI and then were heated to 55 °C. The water phase was
added to dissolve the lipid film, and then dispersed by high
speed shear, and the obtained colostrum in room temperature,
was dispersed by ultrasound. Finally, the nanoparticles were
lyophilized.

2.3. Characterization

The nanoparticle’s morphology was observed using scanning
electron microscopy, then viewed and photographed. The physical
characters, particle size and zeta potential analysis were done zeta
sizer zeta analysis. FT-IR spectra were performed by FT-IR
spectrometer.

2.4. Quantitative analysis

Drug encapsulation and loading capacity were determined by Li
et al. (2020) and Babu and Kannan (2012). Briefly, nanoparticles
were dispersed and centrifuged for 30 min at 12,000 rpm. Then,
the free drugs and total drugs were measured using high perfor-
mance liquid chromatograph and ultraviolet absorption.
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2.5. Drug release evaluation

Drug releasing was evaluated in physiological pH (~7.4) and
also in bronchial pH (~6.6). To evaluation of drug releasing, briefly,
the nanoparticles were dispersed in PBS (5 mL, pH = 7.4), putted in
dialysis bags and incubated at 370C under slight shaking. At regu-
lar intervals, sample was removed and measured the ultraviolet
absorption. The accumulative release-time curve was drowned
according to the standard curve.

2.6. Animal and treatment schedule

Female 6-8-week-old BALB/c mice were kept 1 week under
standard conditions (12 h light-dark cycle, 24 + 2 °C, 60 + 10%
humidity and free access to water and food) in animal house to
adaptation. Mice were divided into 4 experimental groups (10 mice
in each group) and in the3 groups, allergic asthma were inducted
by OVA sensitization and challenging that was showed in Fig. 1
(Athari et al., 2016). One remained group (negative control) was
sensitized and challenged with PBS without any treatment. Asthma
groups includes: no treatment, treatment with loaded nanoparti-
cles and treatment with encapsulated nanoparticles. All treatments
were done via inhalation of nanoparticles (1 mg/ml for 30 min/day)
by nebulizer. The mice were euthanized and then, the samples of
mice were taken on day 31.

2.7. MCH challenge test

MCh challenge test to determine AHR was done on day 30 in a
manner described earlier (Athari et al., 2016). Briefly, MCh chal-
lenge test is assessed by determining enhanced pause (Penh value).
The tracheotomized mice were connected to ventilator and
exposed to MCh with a series of doubling concentrations (0, 1, 2,
4, 8, and 16 mg/ml).

2.8. Cytokines

The IL-12 level (as Th1 cytokine) and IL-5 level (as Th2 cytokine)
were measured in BALf by ELISA kits according to the manufac-
turer’s instructions. Before measurement, BALf samples were taken
on day 31 via tracheostomizing of mice (Athari et al., 2016).

2.9. Lung Histopathology

Lung of the mice were separated and pathological slides were
produced and after staining with H&E, AB, PAS, and AB-PAS were
evaluated by microscopy for eosinophil peribronchial and perivas-
cular inflammation, goblet cell hyperplasia and mucus hypersecre-
tion (Athari et al., 2016).

2.10. Statistical analysis

All data were presented as the mean of 3 replicates representa-
tive of 3 independent experiments. Version 19 of the SPSS was per-
formed for statistical analyses. The data were presented as the
mean + SD and analyzed using ANOVA test and pearson’s method
was used for correlation analysis. The P < 0.05 was considered sig-
nificant. GraphPad prism software was used to drown the graphs.

3. Results
3.1. Size, morphology and surface charge

SEM (26 kV and 60 kilo X) was used to the morphology charac-
terization of the nanoparticles and the average size was
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Fig. 1. Mouse model of allergic Asthma. The mice were sensitized by OVA on days 1 and also day 14 via IP, and challenged on days 24, 26, 28 and 30 via IT. Treatment by
produced nanoparticles was done on days 23, 25, 27, 29. MCh challenge test was done on day 30 and sampling was done on days 31.

285 + 25 nm (Fig. 2). The result of zeta potential revealed that the
nanoparticles had negative charge with a —10.5 mV zeta potential
(Fig. 2). FT-IR characterization of nanoparticles shows changes of
the FT-IR spectra of pure chitosan nanoparticles, baicalein loaded
and encapsulated nanoparticles that approved loading and encap-
sulation of baicalein (Fig. 2).

3.2. Baicalein encapsulation and loading capacity

The analysis described that loading and encapsulation efficiency
were 74.2% and 96.1%, respectively.

3.3. Baicalein release studies

The Baicalein releasing efficiency of loaded and encapsulated
nanoparticles in different pH were shown in Fig. 3 and was found
that releasing speed was higher in loaded nanoparticles (L-B-NP,
pH 7.4; 2:42, 4:73, 6:81, 8:85, 10:88, 12:92, 14:95, 16-24:96 and
pH 6.6; 2:48,4:77, 6:83, 8:88, 10:89, 12:94, 14-24:96) than encap-
sulated nanoparticles (E-B-NP, pH 7.4; 2:23, 4:51, 6:64, 8:74,
10:80, 12:86, 14:90, 16:93, 18:94, 20-24:96 and pH 6.6; 2:28,
4:59, 6:70, 8:78, 10:85, 12:91, 14:93, 16:95, 18:95, 20-24: 96).
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Also, releasing was higher in pH 6.6 than 7.4 in both loaded and
encapsulated nanoparticles.

3.4. AHR (MCh challenge test)

In this study, the penh value was significantly increased in the
asthma group (1: 4 £ 0.4, 2: 6 £ 0.6, 4: 85+ 0.3, 8: 10 + 0.2 and
16: 12.5 = 0.5) compared with healthy group (1: 1 £ 0.2, 2:
1.5+04,4:1.6+£0.2,8: 1.8 +0.3 and 16: 2 + 0.2) for all concentra-
tions of MCh (p < 0.05). Treated asthma groups, displayed a
reduced penh value significantly (p < 0.05) compared with the
non-treated asthma group. This reduction was significant in L-B-
NP received group (1: 1 + 0.8, 2: 2.5 £ 0.7, 4: 3.5 + 0.5, 8:
3.5 £ 0.3 and 16: 4.5 + 0.5) (p < 0.05) compared with E-B-NP
received group (1: 2 + 0.3,2: 5+ 0.6,4: 8 £0.3,8: 9 0.2 and
16: 10 + 0.5) (Fig. 4).

3.5. Cytokines

The level of IL-5 (91.40 + 7.34 pg/ml) was increased in the
asthma group compared with the healthy group (42.59 + 3.04 pg/
ml) and a reverse trend was found in IL-12 (asthma 51.09 + 7.64
compared with healthy 196.20 + 11.28 pg/ml) (P < 0.05). The level
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Fig. 2. Nanoparticle’s characteristics. The morphological of the nanoparticle, zeta potential curve and FT-IR study were showed.

4313



D. Wang, E. Mehrabi Nasab and S.S. Athari

Saudi Journal of Biological Sciences 28 (2021) 4311-4317

Percentage of Release

-

o

o
|

Percentage (% )

-o- L-B-NP pH:7.4
- L-B-NP pH:6.6
-+ E-B-NP pH:7.4

E-B-NP pH:6.6

T T T
10 15

Hour

T 1
20 25

Fig. 3. Releasing time curve. The releasing of baicalein in various time of 24 h period from encapsulated/loaded chitosan-nanoparticle was evaluated.

=¥ Asthma
AHR E-B-NP
-= L[-B-NP
154 -e- Healthy
=)
©
= 104
O
S
©
>
o 54
c
[0}
o
0

Mch (mg/ml)

Fig. 4. The penh value of AHR in response to increase dose of MCh. Mice after
anesthetization, were tracheotomized and then exposed to doubling concentrations
series of aerosolized MCH to AHR changes.

of IL-5 was significantly decreased in both treatment groups (L-B-
NP: 57.63 + 6.83, E-B-NP: 53.82 + 5.9 pg/ml) compared with non-
treated group and the IL-12 level was increased significantly
(P < 0.05) in in both treatment groups (L-B-NP: 167.65 + 9.76, E-
B-NP: 159.26 + 10.25 pg/ml) compared with non-treated group
(Fig. 5).

3.6. Lung Histopathology

Inflammation on the peribronchial and Perivascular, mucus
hyper-secretion and goblet cell hyperplasia, were significantly
increased (P < 0.05) in the non-treated asthma group (3.7 + 0.3,
3.5+ 0.3, 3.8 £ 0.2 and 3.6 = 0.3 respectively) compared with
healthy group (0.5 + 0.2, 0.5 + 0.1, 0.3 £ 0.05 and 0.5 * 0.1 respec-
tively). Goblet cell hyperplasia (L-B-NP: 3.3 + 0.4, E-B-NP: 2.9 £ 0.5)
and mucus hyper-secretion (L-B-NP: 2.9 + 0.2, E-B-NP: 3.1 £ 0.6)
were decreased in both treated groups compared with non-
treated group but not significant (P> 0.05) (Figs. 6 and 7). The peri-
bronchial and Perivascular inflammation (L-B-NP: 2.2 + 04,
2.5 +0.5; E-B-NP: 1.5 £ 0.5, 2 + 0.4 respectively) were significantly
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Fig. 5. Cytokines levels. The levels of IL-5, and IL-12 were measured in BALf’s of the
all groups of asthma.

decreased in treated asthma groups (P < 0.05) compared with non-
treated group (Figs. 6 and 7).

4. Discussion

Asthma is a chronic inflammatory lung disease that involve
more than 350 million people globally. Immune response with
inflammation lead to obstruction of airway and mucous production
causes mechanical limitation of air flow. Herbal medicine and com-
ponents are effective therapy for treatment of asthma. However,
these should be used carefully for inappropriate dosages. Well-
designed methods are needed to clarify the efficacy and safety of
herbal base treatment before they can be used actively in clinical
practice (Athari et al., 2017; Athari and Athari, 2014; Sudhakaran
et al., 2018).

The delivery systems are useful in the drugs-controlled release.
This system helps to more constant effects on the target tissues,
protects rapid drugs degradation, and minimized drugs side
effects. Chitosan has biocompatibility, biodegradability, and
mucu-adhesive properties and is derived from the chitin that used
extensively as drug delivery system. The stability and size of
nanoparticles are important parameters in the preparation process,
especially in lung and airway. Also, the toxicological property
plays an important role in the medicine fields and in the body,
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Fig. 6. Histopathological study. The peribronchiolar and perivascular eosinophilic inflammation, goblet cell hyperplasia and mucus hypersecretion were evaluated.
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Fig. 7. Histopathological sections. The histopathological sections of the lungs in all groups were stained with H&E, AB, PAS and AB-PAS. The goblet cell hyperplasia,
perivascular and peribronchiolar inflammation and mucus secretion were evaluated in all groups. The peribronchiolar inflammation was showed with yellow arrow, the
perivascular inflammation was showed with green arrow, the goblet cell hyperplasia was showed with red arrow, and the mucus secretion was showed with black arrow.
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immunetolerance against nanoparticles is main character. Chi-
tosan has received much attention for biocompatible property with
low or no adverse effect as a delivery vehicle for drugs (Razavi
et al., 2019).

Chitosan as biodegradable molecule has suitable renal clear-
ance. Babu et al., 2012, used chitosan nanoparticle as baicalein
delivery system. They observed high encapsulation and controlled
release of nanoparticles and presented that nanoparticles had very
low cytotoxicity in MTT assay (Babu and Kannan, 2012).

Size of the nanoparticle is one of the most important parame-
ters, which needs to be considered while developing an asthma-
therapeutic nanoparticle. Particles less than 50 nm can be return
outside with exhalation and more than 500 nm can sediment in
upper respiratory system (Li et al., 2020). The baicalein-chitosan-
nanoparticles size that was prepared in this study 285 + 25 nm,
which makes the nanoparticles suitable for treatment of asthma
(50 < 285 + 25 < 500 nm). Also, the release profiles of nanoparticles
were better drug the first hours (under 5 h) and then had a slower
rate in a sustained manner up to 10 h. It gives an additive advan-
tage that leads to increased drug accessibility in bronchi. When
drug is released immediately, it can have fast effect in the control
of asthma attack in short periodic time. Because in most cases, the
mucus has a negative charge, for better and stronger attaching of
nanoparticles to mucus, it would be better that produced nanopar-
ticles have positive charge. Our produced particles had negative
charge, but it was very low potential (-2.5 mV). Therefore, charge
regulation for suitable result, is recommended.

There are several successful studies about classical molecular
dynamics that provide useful insights to understand the chitosan
and different drugs interaction. Metadynamic (an enhanced
method to study the kinetics and interaction of small molecules
and macromolecules) introduces many algorithms are successfully
developed in different fields bio-molecular nano-medicine and is
describing the free energy surface of molecular binding and
unbinding, which can be used in nanoparticle design (Shadrack
and Swai, 2019). A study showed that chitosan-alginate nanoparti-
cle is promising drug carrier, which effectively encapsulated and
stabilized drug degradation and drug encapsulation increased its
intracellular retention. The loaded drug on the chitosan-alginate
nanoparticles, leads to improve the effective capacity of drug
(Yoncheva et al., 2020). After producing and preparation of two
chitosan-nanoparticles that had loaded and encapsulated baicalein
and treatment of asthmatic mice, it was observed that AHR (MCh
challenge test) in baicalein-loaded-chitosan-nanoparticles treated
group was controlled better than baicalein-encapsulated-chito
san-nanoparticles group. This change was significant especially in
the increased doses. It may be influenced from speed of drug
releasing time, because the loaded-chitosan released baicalein fas-
ter than encapsulated-chitosan and therefore, drug accessibility
was acceptable and had notable effect in control of AHR and early
response of airway. On the other hand, inflammation is late phase
response and slowly baicalein releasing could control airway
inflammation in the long time. Thus, encapsulated baicalein may
be effective treatment to control of airway inflammation (long
time treatment), and loaded baicalein may be effective treatment
to control of airway hyperresponsiveness (short time treatment).
Also loaded baicalein can treat inflammationm but not strongly
of encapsulated baicalein treatment.

Baicalein has anti-inflammatory activity and antioxidant prop-
erty. Since NF-xB, and AP-1 are important transcriptional pro-
cesses, which regulate inflammation. Huang et al, 2008,
represented that baicalein and its analogs (A ring 6th position
modified) had strong effect on NF-xB with or without TNF-o. and
in the presence of TNF-o, maximum effect on NF-kB was observed
and maybe the target site is located downstream of the TNF-a
receptor. Moreover, they showed that analogs of the baicalein
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had not effect on the AP-1-mediated transcription and therefore,
AP-1-mediated transcription is not be responsible for the anti-
inflammatory activity of baicalein analogs (Huang et al., 2008). Bai-
calin and baicalein were used to treat inflammation of the respira-
tory tract with inhibition of the expression of pro-inflammatory
mediators including COX-2, IL-1B, IL-6, iNOS, TNF-a, and PGE2 by
downregulating NF-xB and the MAP kinase signaling pathway.
Also, they have anti-allergic effect that can suppress histamine-
induced allergy and anaphylaxis. Moreover, recently it was
reported that baicalin and similar isomer of it, baicalein reduce
the BBB permeability by increasing the claudin-5 and ZO-1 thigh
Junction proteins expression in brain endothelial (Shin and Bae,
2013; Ardah et al., 2020). In this study, inflammation could be con-
trolled by baicalein nanoparticles and E-B-NP had strongly effect in
reduction of inflammation than L-B-NP. The two produced
nanoparticles had no significant effect on goblet cell hyperplasia
but, L-B-NP could reduce mucus secretion in the airway. The two
produced nanoparticles enhanced IL-12 and strongly decreased
IL-5 level. The E-B-NP and L-B-NP could reduce IL-5 level and
therefore, they could control eosinophilic inflammation. Because,
E-B-NP reduced IL-5 more than L-B-NP, so, E-B-NP controlled
inflammation more than L-B-NP.

L-B-NP and E-B-NP can control asthma pathophysiology. L-B-NP
can control AHR and early phase of immune-allergic response and
E-B-NP can control inflammation and late phase of immune-
inflammatory response in airways. It may better effect when L-B-
NP and E-B-NP would be used together, that was not done in this
study and may be effective asthma treatment in control of breath-
lessness and inflammation.

In this study, there were some limitations. There are other aller-
gic related factors (such as IgE) and cytokines (such as IL-13, IL-33)
that may have effect in asthma pathophysiology and were not
studied that should be noted in further researches. We did not
measure the other allergic related immunoglobulins. Also, using
of baicalein with other nanoparticles is recommended.
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