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Purpose: Lecithin/chitosan nanoparticles have shown great promise in the transdermal 
delivery of therapeutic agents. Baicalein, a natural bioactive flavonoid, possesses multiple 
biological activities against dermatosis. However, its topical application is limited due to its 
inherently poor hydrophilicity and lipophilicity. In this study, the baicalein-phospholipid 
complex was prepared to enhance the lipophilicity of baicalein and then lecithin/chitosan 
nanoparticles loaded with the baicalein-phospholipid complex were developed to improve 
the transdermal retention and permeability of baicalein.
Methods: Lecithin/chitosan nanoparticles were prepared by the solvent-injection method 
and characterized in terms of particle size distribution, zeta potential, and morphology. The 
in vitro release, the ex vivo and in vivo permeation studies, and safety evaluation of lecithin/ 
chitosan nanoparticles were performed to evaluate the effectiveness in enhancing transdermal 
retention and permeability of baicalein.
Results: The lecithin/chitosan nanoparticles obtained by the self-assembled interaction of 
chitosan and lecithin not only efficiently encapsulated the drug with high entrapment 
efficiency (84.5%) but also provided sustained release of baicalein without initial burst 
release. Importantly, analysis of the permeation profile ex vivo and in vivo demonstrated 
that lecithin/chitosan nanoparticles prolonged the retention of baicalein in the skin and 
efficiently penetrated the barrier of stratum corneum without displaying skin irritation.
Conclusion: These results indicate the potential of drug-phospholipid complexes in enhancing 
the entrapment efficiency and self-assembled lecithin/chitosan nanoparticles based on phospholipid 
complexes in the design of a rational transdermal delivery platform to improve the efficiency of 
transdermal therapy by enhancing its percutaneous retention and penetration in the skin.
Keywords: lecithin/chitosan nanoparticles, transdermal delivery, phospholipid complex, 
baicalein

Introduction
Self-assembled lecithin/chitosan nanoparticles (LCNs) have attracted extensive attention 
as tools for effective diagnosis, drug delivery, and therapy monitoring. This is partly 
because LCNs possess advantages such as simple and mild self-assembled process, 
suitable biocompatibility, and biodegradability.1–3 The effectiveness of LCNs is as 
a result of the desirable characteristics of the constitutive materials. Chitosan, a natural 
positively charged polysaccharide, is a frequently applied mucoadhesive polymer with 
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various unique biological characteristics, such as remarkable 
bioadhesive to mucosal surfaces and ability to open tight 
junctions in epithelial cells to strongly promote drug 
penetration.3–7 Previous studies have demonstrated the great 
potential of therapeutic agents-encapsulated nano- and micro- 
particles as well as hydrogels-based chitosan for the treatment 
of various diseases, such as inflammation, leprosy, and certain 
cancer-related diseases.8–10 Lecithin, a negatively charged 
lipid mixture of phospholipids, is the primary constituent of 
cell membranes and has been commonly used for the prepara-
tion of various nanoparticles.11–14 LCNs are formed through 
self-assembly of negatively charged lecithin and positively 
charged chitosan via electrostatic interactions. The inner core 
is the hydrophobic lipid and can be utilized for encapsulation 
of lipophilic drugs, whereas the hydrophilic chitosan constitu-
tes the outer shell and provides stabilization.1 LCNs possess 
the integrated advantages of lecithin and chitosan, which can 
extend the retention time of drugs at the target site and promote 
drug penetration.1–3 Due to the enhanced mucoadhesiveness 
and penetration, LCNs hold great potential to improve the 
permeation of encapsulated drugs across various biological 
barriers by transdermal, mucosal, ocular and oral 
routes.1,3,4,6,15,16

Drugs are encapsulated with LCNs for effective deliv-
ery and penetration at the site of action. The lipophilicity 
of drugs plays a key role in entrapment efficiency.17 

Previous studies report that lipophilic compounds, such 
as curcumin, progesterone, diflucortolone, and clobetasol 
propionate, which commonly distribute in the hydrophobic 
lipid core by physical embedding or electrostatic interac-
tions with phospholipid, can be encapsulated effectively 
into LCNs.16–18 However, the encapsulation of poorly 
lipophilic compounds, such as melatonin and metoclopra-
mide, is challenging and leads to extremely low entrap-
ment efficiency and relatively poor stability.17,19 Two 
typical strategies have been proposed to improve the 
lipid solubility of drugs: modification of chemical struc-
ture and preparation of drug-phospholipid complexes.20,21 

Drug-phospholipid complexes are formed by non-covalent 
interactions between active compounds and the polar head 
of phospholipids.21 Drug-phospholipid complexes are pre-
ferred over modification of chemical structure, as they are 
biodegradable and non-toxic, thus they are used as lipo-
philic intermediates for encapsulation into nanocarriers.22

Baicalein, a natural bioactive flavonoid isolated from the 
traditional Chinese herbal medicine huangqin, has been 
reported to exhibit multiple biological activities, especially 
anti-inflammatory and anti-bacterial, making it a promising 

candidate for transdermal therapy of dermatosis, including 
ultraviolet-induced skin damage.23,24 However, the transder-
mal delivery of baicalein is restricted due to its poor hydro-
philicity and lipophilicity.25 As LCNs have been reported to 
exhibit many potential advantages in terms of bioadhesives 
and penetration, encapsulation of baicalein in LCNs may 
enhance drug retention and facilitate drug penetration 
through the skin barrier. However, baicalein is a poorly 
hydrophilic and lipophilic compound that cannot be loaded 
effectively into nanocarriers.26,27 To enhance the entrapment 
efficiency and stability, baicalein-phospholipid complex can 
be prepared to improve the lipid solubility of baicalein and 
used as a lipophilic intermediate.26,28

In this study, LCNs loaded with baicalein-phospholipid 
complex (BPC-LCNs) were developed to improve the trans-
dermal retention and permeability of baicalein (Scheme 1). 
BPC-LCNs were prepared by the solvent-injection method 
and characterized in terms of particle size distribution, zeta 
potential, and morphology. Moreover, the in vitro release, the 
ex vivo and in vivo permeation studies of BPC-LCNs were 
performed to evaluate effectiveness in enhancing transder-
mal retention and permeability of baicalein. In addition, the 
histopathology examination of skin was carried out to inves-
tigate the mechanism of enhanced permeation and the skin 
irritation test was conducted to evaluate the safety of the 
topical application.

Materials and Methods
Materials
Baicalein (purity 98%) was provided by Jiangsu Zelang 
Medical Technology Co., Ltd. (Nanjing, China). Chitosan, 
with the viscosity of 20–300 cP and the degree of deacetyla-
tion of 75–85%, was purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Soybean phospholipids (Lipoid 
S75) were purchased from Lipoid GmbH (Ludwigshafen, 
Germany). All other reagents, including Tween-80 and etha-
nol, were of analytical grade and were purchased from 
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

Preparation of Baicalein-Phospholipid 
Complex (BPC)
BPC was prepared using a solvent evaporation method. 
A moderate amount of baicalein and phospholipids (1:3.5, 
w/w) was accurately weighed (MS104S; Mettler-Toledo 
GmbH, Zurich, Switzerland) and dissolved in tetrahydro-
furan with magnetic stirring. After complete dissolution, 
the organic solvent was evaporated in a rotary evaporator 

Dong et al                                                                                                                                                            Dovepress

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                       

International Journal of Nanomedicine 2020:15 5630

http://www.dovepress.com
http://www.dovepress.com


under reduced pressure to obtain a solid residue. The result-
ing BPC was gently scraped off and stored in a desiccator at 
room temperature.

Preparation and Characterization of 
Nanoparticles
Lecithin/chitosan nanoparticles (LCNs) loaded with baica-
lein-phospholipid complex (BPC), abbreviated as BPC- 
LCNs, were prepared following the solvent-injection 
method reported previously.29 Chitosan (10 mg/mL) was 
weighed and dissolved in 1% (v/v) acetic acid overnight at 
4°C. Further, chitosan solution was prepared by adding the 
aliquots of the above solution to 4% (w/v) Tween-80. BPC 
was dissolved in ethanol (25 mg/mL) and then added to the 
ethanolic solution of 2.5% (w/v) lecithin. BPC-LCNs were 
obtained by injecting BPC dissolved in lecithin solution 
into the chitosan solution with continuous mild stirring for 
30 min at room temperature. For comparison, lecithin/chit-
osan nanoparticles (LCNs) loaded with baicalein (BA), 
abbreviated as BA-LCNs, were prepared using the same 
procedure, except that baicalein was dissolved in ethanol. 
Ethosomes loaded with baicalein-phospholipid complex 
(BPC), abbreviated as BPC-ETHs, were prepared following 
the injection-ultrasonic method. BPC and lecithin were 
dissolved in ethanol and then added to 1.25% (w/v) 
Tween-80 with continuous moderate stirring for 5 min. 
BPC-ETHs were then, obtained by sonication for 8 min.

Nanoparticles were analyzed for mean particle size, size 
distribution (polydispersity index, PdI), and zeta potentials 
by the dynamic light scattering (DLS) method using the 
Zeta Potential/Particle Sizer NICOMP 380 ZLS (PSS 
NICOMP, Santa Barbara, CA, USA) following appropriate 

dilution with ultrapure water. The morphology of nanopar-
ticles was observed by transmission electron microscopy 
(TEM) (JEM-1400plus; JEOL, Tokyo, Japan). 
Nanoparticles were diluted with ultrapure water and 
a drop was deposited on a copper grid followed by staining 
with 2% (w/v) phosphotungstic acid. The samples were left 
to dry and examined.

Intermolecular Interactions
The spectrums of fourier transform infrared spectroscopy 
(FT-IR) (Thermo Scientific Nicolet iS20) were recorded 
and used to analyze molecular bonding formation between 
LCNs and baicalein.30 Differential scanning calorimetry 
(DSC) (TA Instruments Q200) and X-ray diffractometry 
(XRD) (Bruker D8 Advance) were employed to determine 
the crystalline state of free baicalein and baicalein encap-
sulated into LCNs.

In vitro Stability
The in vitro colloidal stability of nanoparticles at 32°C was 
qualitatively measured by Turbiscan Tower® (Formulaction, 
L’Union, France) using multiple light scattering. The baica-
lein solution and nanoparticles, including BA-LCNs and 
BPC-LCNs, were placed into a cylindrical glass cell and 
then scanned from bottom to top. The transmission intensity 
profiles as a function of position were acquired over a scan. 
The variation of average transmitted intensity (ΔT) and tur-
biscan stability index (TSI) calculated from the signal value 
of transmission light were employed as main parameters to 
evaluate the stability of the nanoparticle suspensions.14,31–33

The long-term storage stability of nanoparticles was 
monitored at 4°C for 3 months. The appearance, particle 

Scheme 1 Schematic overview of BPC-LCNs that improves the retention of baicalein in the skin and further penetrates the barrier of stratum corneum. 
Abbreviation: BPC-LCNs, lecithin/chitosan nanoparticles loaded with baicalein-phospholipid complex.
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size, zeta potentials, content, and entrapment efficiency 
were determined to evaluate the stability of nanoparticles.

Entrapment Efficiency
Entrapment efficiency of baicalein in LCNs was determined by 
a mini-column centrifugation method. The mini-column was 
prepared by filling Sephadex G50 into a 5 mL plastic syringe. 
Two hundred microlitres of nanoparticle suspensions were 
added onto the mini-column and centrifuged at 500 rpm for 1 
min. Subsequently, the mini-column was eluted three times 
with 0.5 mL of deionized water by centrifugation (1000 rpm 
for 1 min). The eluent was collected and disrupted with etha-
nol. Finally, the encapsulated baicalein concentration in the 
collected eluent was determined using high-performance 
liquid chromatography (HPLC) (Agilent 1200; Agilent 
Technologies, Santa Clara, CA, USA). Entrapment efficiency 
(EE%) was calculated using the following equations: EE % = 
(Entrapped drug)/(Total drug)×100%.

In vitro Release
The in vitro release profile of baicalein from nanoparticles 
was assessed using dialysis membrane method. The release 
medium was 0.5% (w/v) Tween-80 in phosphate buffer sal-
ine (PBS, pH 7.4). Baicalein-loaded nanoparticles (1 mL) 
were placed into a dialysis bag (MWCO cut-off 8–12 kDa) 
and immersed into 100 mL of release medium at 37°C on 
a shaker (100 rpm). One-milliliter aliquots of release medium 
were withdrawn and an equal volume of fresh release med-
ium was added at predetermined time points. The accumula-
tive released percentage of baicalein was determined by 
HPLC. Each sample analysis was performed in triplicate.

Animals
Male Sprague-Dawley rats weighing 190–210 g were sup-
plied by Beijing Vital River Laboratory Animal Technology 
Co., Ltd. (Beijing, China). Male New Zealand rabbits were 
supplied by the Jinmuyang Laboratory Animal Breeding Co., 
LTD (Beijing, China). All animal experiments were approved 
by the Institutional Animal Care and Use Committee of 
Institute of Materia Medica, Chinese Academy of Medical 
Sciences & Peking Union Medical College (No. 00005306). 
The care of laboratory animal and animal experimental opera-
tions were performed under the Beijing Administration Rule 
of Laboratory Animal.

Ex vivo Permeation Study
Male Sprague-Dawley rats were anesthetized using 2% 
sodium pentobarbital (60 mg/kg) and their abdomen hair 

was carefully removed with an electric shaver. After being 
sacrificed by cervical dislocation, the abdomen skins were 
stripped from the hairless regions and the subcutaneous fat 
and connective tissue were scrapped off from the skins. 
Obtained skins were trimmed into appropriate size, 
washed with normal saline, blotted dry with filter paper, 
and then stored at −20°C for future use. Integrity of the 
skins was checked to make sure that no skin damage 
occurred before the experiment.

Ex vivo permeation experiments were performed using 
horizontal Side-Bi-Side diffusion cells (PermeGear, 
Hellertown, PA, USA), in which the volume of supply 
pool, receiving pool, and the effective penetration area 
were 3.4 mL, 6 mL, and 1.77 cm2, respectively (Figure 
5A). Intact and thawed skin was embedded between the 
supply and receiving pool of the diffusion cell, with 
stratum corneum facing the supply pool. Baicalein- 
loaded nanoparticles were placed into the supply pool 
and the receiving pool was filled with 40% (w/v) 
PEG400 in normal saline (containing 1% vitamin C) 
which can meet a sink condition for baicalein. The recep-
tor medium was maintained at a constant temperature of 
32°C with no bubbles under constant stirring (500 rpm) 
throughout the experiment. At predetermined time points 
(2, 4, 6, 8, 10, 20, 22, and 24 h), 1 mL of receptor medium 
was withdrawn and an equal volume of fresh receptor 
medium was added into the receiving pool. Further, the 
receptor medium was filtered through a 0.45 μm mem-
brane filter and analyzed for baicalein content using 
HPLC. At the end of experiments, the skins were taken 
out carefully, washed with fresh receptor medium, cut into 
pieces, and transferred into a centrifuge tube. Normal 
saline containing 5% vitamin C was added to the centri-
fuge tube and sonicated for 10 min. Then, aliquots of 
homogenate were mixed well with methanol by vortexing 
and centrifuged at 14,000 rpm for 15 min. The supernatant 
was collected and the content of baicalein was analyzed 
by HPLC.

In vivo Permeation Study
Male Sprague-Dawley rats were anesthetized using 2% 
sodium pentobarbital (60 mg/kg) and their dorsal hair was 
carefully removed using an electric shaver and depilatory 
cream. The bare skins were washed with normal saline and 
the rats were allowed to recover for 24 h. Integrity of the 
skins was checked to make sure that no skin damage 
occurred before the experiment. The self-made transdermal 
diffusion cell system was fixed on the dorsal bare skin with 
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a neutral silicone sealant (Figure 6A), in which the effective 
penetration area was 2.8 cm2. Baicalein-loaded nanoparticles 
were placed into the diffusion pool which was sealed with 
a cover. Drug administration was sustained for 24 h, and 
thereafter, the rats were sacrificed and the skin region that 
received transdermal treatment was harvested. Subsequent 
treatment of skin samples and extraction of baicalein from 
skin tissues were carried out according to the same methods 
described above. Baicalein content was analyzed by HPLC.

To investigate the mechanism of nanoparticles to 
enhance baicalein penetration through the skin barrier, 
the skin region that received transdermal treatment for 24 
h was harvested, washed with normal saline, and blotted 
dry with filter paper. Skin tissues were fixed with 4% 
paraformaldehyde for 72 h and then embedded in paraffin 
for hematoxylin and eosin (HE) staining. Structure mor-
phological changes of stratum corneum were observed 
under a microscope.

Primary Skin Irritation Test
To preliminarily evaluate the safety and biocompatibility 
of nanoparticles to skins, a skin irritation test was per-
formed in rabbits as described before.34,35 The hair of 
a healthy male New Zealand rabbit was carefully removed 
using an electric shaver and depilatory cream. The bare 
skins were washed with normal saline and the rabbit was 
allowed to recover for 24 h. Integrity of the skins was 
checked to make sure that no skin damage occurred before 
the experiment. Nanoparticle suspensions (0.5 mL) were 
spread evenly onto the test skin area and successively 
covered with gauze and sealing film to prevent their loss. 
The skin area only treated with normal saline was used as 
control. Further, it was wrapped with nonirritating tape. 
Drug administration was sustained for 4 h, and thereafter, 
the skin region that received transdermal treatment was 
washed with normal saline. The dermal symptoms of 
erythema and edema at the application sites were carefully 
examined and scored based on the evaluation criteria at 
each observation period. Score ranges of <0.5, 0.5–2.0, 
2.0–6.0, and ≥6.0 were defined as no irritation, slight irri-
tation, middle irritation, and strong irritation, respectively.

Statistical Analysis
All data subjected to statistical analyses were obtained 
from at least three parallel experiments. The statistical 
analyses were performed using unpaired two-tailed 
Student’s t-test for two groups, and one-way ANOVA for 
multiple groups with GraphPad Prism version 7.00 for 

Windows (GraphPad Software, La Jolla, CA, USA). 
A P value of ≤0.05 was considered statistically significant.

Results and Discussion
Properties and Characteristics of 
Nanoparticles
Transdermal delivery of therapeutic agents via LCNs holds 
great potential owing to the ability to encapsulate drugs 
and sustain their release, prolong the residence of the 
payloads within the skin, and effectively penetrate the 
skin barriers. Baicalein is a promising candidate for trans-
dermal therapy of dermatosis due to its anti-inflammatory 
and anti-bacterial activities. However, poor hydrophilicity 
and lipophilicity of baicalein hinder its permeation into 
skin and decrease its entrapment efficiency in nanocarriers. 
Phospholipids have a long fatty acid chain (lipophilic 
part); therefore, the lipophilicity of drugs can be improved 
by the addition of phospholipids to form phospholipid 
complexes. In the present study, baicalein-phospholipid 
complex (BPC) was prepared for use as an intermediate 
of LCNs with enhanced lipophilicity. LCNs loaded with 
BPC were successfully developed and evaluated for trans-
dermal penetration properties in vitro and in vivo.

In the present study, BPC-LCNs were successfully 
prepared by injection of ethanolic lecithin/BPC solution 
into an aqueous chitosan solution. Negatively charged 
lecithin interacted with the positively charged chitosan 
through self-assembly (Figure 1A). BPC-LCNs obtained 
were transparent and yellow. They were characterized 
based on mean particle size, size distribution (PdI), and 
zeta potential, which were 147.6 nm, 0.353, and +33.0 mV, 
respectively (Figure 1B and C). The high positive zeta 
potential is attributed to the cover of positively charged 
chitosan on the surface of the nanoparticles and contri-
butes to the favorable stability of BPC-LCNs. The mor-
phology of nanoparticles analyzed using TEM indicated 
that they were roughly spherical and subspherical charac-
terized by a compact core surrounded by a transparent 
corona (Figure 1D). The hydrophilic outer shell was 
slightly corrugated, likely due to the dehydration of sam-
ples before the TEM examination.

High entrapment efficiency (EE%) is beneficial to the 
stability of LCNs and is an essential prerequisite for effec-
tive delivery of drugs at the target site. The EE% and 
content of baicalein in LCNs were 84.5 ± 1.0% and 0.88 
± 0.04 mg/mL, respectively. BPC significantly increased 
the lipophilicity of baicalein over 13-fold. The high 
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entrapment efficiency may be attributed to the enhanced 
lipophilicity of baicalein by the preparation of BPC, which 
would be distributed evenly in the lipid core of LCNs.

Intermolecular Interactions
The possible intermolecular interactions between baicalein 
and phospholipids in the baicalein-phospholipid complex 
(BPC) were investigated by FT-IR. The FT-IR spectrums of 
pure baicalein, phospholipids, a physical mixture of baicalein 
and phospholipids, and BPC are shown in Figure 2A. The 
characteristic peaks of pure baicalein were 3411.6 cm−1 (O–H 
stretching) and 1657.4 cm−1 (C = O stretching). Phospholipid 
characteristic peaks included: 2922.6 cm−1 and 2852.9 cm−1 

(C–H stretching band of long fatty acid chain), 1735.6 cm−1 

(C = O stretching), 1241.8 cm−1 (P = O stretching), 1089.0  
cm−1 (P–O–C stretching), and 968.0 cm−1 (N+(CH3)3 stretch-
ing). As expected, the physical mixture of baicalein and 
phospholipids exhibited the same vibrational frequencies of 
the individual components. Different from the physical mix-
ture, the characteristic peak (C = O) of baicalein in BPC was 
red-shifted and the peak (O–H stretching) broadened. 
Additionally, the characteristic peak of the polar head of 

phospholipids was blue-shifted (from 1241.8 cm−1 to 1227.4  
cm−1), whereas the characteristic peaks of C–H stretching 
band of long fatty acid chain at 2922.7 cm−1 and 2852.7  
cm−1 were also observed in BPC. These results imply that 
BPC formation did not produce new chemical bonds but weak 
physical interactions between baicalein and phospholipids, 
such as hydrogen bond or van der Waals forces.28

DSC and XRD analyses were performed to identify the 
crystalline state of pure baicalein, BPC, and BPC encapsulated 
into LCNs.36 The DSC thermogram of pure baicalein exhibits 
a sharp endothermic peak at 267.5°C (Figure 2B), correspond-
ing to the melting point of the crystalline baicalein. On the 
contrary, the melting peak of the crystalline baicalein was not 
visible in the BPC curve, indicating that the crystalline state of 
pure baicalein transformed into amorphous form after inter-
acting with phospholipid. Likewise, the DSC curve of BPC- 
LCNs did not show the melting peak of baicalein, suggesting 
that the amorphous state of baicalein in BPC remained 
unchanged in LCNs. In addition, the characteristic absorption 
peak of pure baicalein was absent in the XRD curve of BPC 
and BPC-LCNs (Figure 2C), further demonstrating 
a disordered crystalline state of baicalein in BPC and LCNs. 

Figure 1 The preparation process and in vitro characterization of BPC-LCNs. (A) Schematic illustration of the preparation of BPC-LCNs. (B) The appearance, (C) particle 
size distribution, and (D) the morphology of BPC-LCNs. 
Abbreviations: BPC, baicalein-phospholipid complex; BPC-LCNs, lecithin/chitosan nanoparticles loaded with baicalein-phospholipid complex.
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These results confirmed that BPC had been successfully pre-
pared and encapsulated into LCNs in amorphous form.

In order to explore the structure of LCNs, the interaction 
between the chitosan and the lecithin was investigated by FT- 
IR.37 As shown in Figure 2A, two characteristic peaks of 
chitosan at 1659.1 cm-1 and 1592.5 cm−1 were assigned to the 
carbonyl (C = O) stretching (amide I) and N–H bending 
vibration (amide II), respectively. The spectrum of lyophi-
lized LCNs shows the typical absorption bands of lecithin, 
the main component of the nanoparticles. In the BPC-LCNs 
spectrum, the intensity of the absorption band at 1735.6 cm−1 

decreased with respect to lecithin due to the stretching of the 
carbonyl groups of the fatty acids. In addition, the character-
istic peak of N–H bending vibration of chitosan at 
1592.5 cm−1 disappeared in the BPC-LCNs spectrum. 
These results indicate that ionic interactions may form 

between phosphate groups of lecithin and amino groups of 
chitosan.17

In vitro Stability of Nanoparticles
The colloidal stability and the long-term storage stability 
have been recognized as two significant factors to be taken 
into account to propose nanoparticles as promising carriers 
for the efficient delivery of therapeutic agents.38,39

The colloidal stability of nanoparticles, including BA- 
LCNs and BPC-LCNs, were assessed using the Turbiscan 
Lab® Expert, an advanced analytical instrument that can 
identify early imperceptible changes before the appearance 
of macroscopic physical modifications to nanoparticle 
suspensions.40 As baicalein was poorly soluble in water, the 
baicalein solution was chosen to be a control of unstable 
systems (Figure 3A and D). The variation of the droplet 

Figure 2 Intermolecular interactions in BPC-LCNs. (A) FT-IR spectrums of lecithin, baicalein, physical mixture of lecithin and baicalein, BPC, chitosan, and BPC-LCNs. (B) 
DSC thermograms and (C) XRD curves of baicalein, BPC, and BPC-LCNs. 
Abbreviations: BPC-LCNs, lecithin/chitosan nanoparticles loaded with baicalein-phospholipid complex; FT-IR, fourier transform infrared spectroscopy; BPC, baicalein- 
phospholipid complex; DSC, differential scanning calorimetry; XRD, X-ray diffractometry.
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Figure 3 In vitro colloidal stability of BPC-LCNs. Variations of transmission profiles (ΔT) of (A) baicalein solution, (B) BA-LCNs, and (C) BPC-LCNs dispersed in distilled 
water at 32°C for 24 h. The appearance of (D) baicalein solution, (E) BA-LCNs, and (F) BPC-LCNs dispersed in distilled water at 32°C for 24 h. (G) TSI of baicalein 
solution, BA-LCNs, and BPC-LCNs dispersed in distilled water at 32°C for 24 h. 
Abbreviations: BPC-LCNs, lecithin/chitosan nanoparticles loaded with baicalein-phospholipid complex; BA-LCNs, lecithin/chitosan nanoparticles loaded with baicalein; 
TSI, turbiscan stability index.
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volume fraction (migration) or size (coalescence) was 
detected as a variation of light transmission (ΔT) profiles. It 
is generally considered that variations higher than 10% are 
representative of an unstable formulation.33,41 As shown in 
Figure 3C, the ΔT of BPC-LCNs was extremely low and less 
than 10%, suggesting that there was no aggregation or sedi-
mentation when BPC-LCNs were left for 24 h (Figure 3F). On 
the contrary, sedimentation occurred for BA-LCNs, as evi-
denced by the higher ΔT (above 10%) value and by their 
appearance with obvious precipitation (Figure 3B and E). 
Apart from ΔT, the TSI values were calculated from the 
changes in transmitted light to compare the stability more 
intuitively. Higher TSI values represent less stability.42 

Consistent with the results of ΔT, the TSI of BA-LCNs 
increased with time, while BPC-LCNs maintained relatively 
low TSI values (Figure 3G). This superior colloidal stability 
could be in favor of BPC-LCNs to improve the transdermal 
retention and permeability of baicalein.

The long-term storage stability of BPC-LCNs was 
evaluated by monitoring the changes in appearance, parti-
cle size, zeta potential, content, and entrapment efficiency 
over three months at 4°C. The result showed that all the 
monitoring indexes were hardly changed within three 
months, indicating that BPC-LCNs exhibited good stabi-
lity (Table 1). These results indicated that BPC-LCNs 
exhibited favorable colloidal and long-term storage stabi-
lity, which may be ascribed to the integrative effect of high 
positive zeta potential and high entrapment efficiency.

In vitro Sustained-Release Profile of 
Nanoparticles
The in vitro release profiles of baicalein and BPC-LCNs are 
shown in Figure 4. Compared with the rapid release feature 
of free baicalein (BA) (about 80% within 4 h), BPC-LCNs 
exhibited a sustained-release profile with the cumulative 
release of only 28% within 4 h. The results suggest that 
LCNs effectively encapsulate the lipophilic intermediate 
BPC, and allows sustained-release of baicalein. Notably, no 
initial burst release was observed over a 24 h period, which 
may be attributed to the presence of amorphous BPC at the 

lipid core and its absence on the surface.18,43 The sustained- 
release characteristic of BPC-LCNs, which may be asso-
ciated with the slower diffusion of baicalein from LCNs, 
could prevent the spreading of baicalein over the stratum 
corneum, thus ensuring to effective delivery.

Enhanced Penetration of Nanoparticles 
ex vivo
The poor hydrophilicity and lipophilicity of baicalein prevent 
it from being topically applied using conventional formula-
tions. Nanoparticles prepared with biocompatible and bioad-
hesive materials are desirable for topical and transdermal drug 
delivery. Chitosan has been reported to possess bioadhesive 
and penetration enhancing properties which enable it to be 
frequently used in transdermal and transmucosal delivery. 
Positively charged BPC-LCNs obtained via the self- 
assembled interaction of negatively charged lecithin and posi-
tively charged chitosan can interact effectively with the 
negatively charged skin. These interactions prolong the reten-
tion of BPC-LCNs on the skin and then facilitate the penetra-
tion of nanoparticles across the skin barrier.

To evaluate the potential of LCNs in delivering baica-
lein across the skin, the ex vivo skin permeation study on 
the excised rat skin was carried out using horizontal Side- 
Bi-Side cells (Figure 5A). In this experiment, the 

Table 1 The Long-Term Storage Stability of BPC-LCNs at 4°C

Temperature 
(°C)

Time 
(Month)

Diameter 
(nm)

Zeta Potential 
(mV)

Content (mg/mL) EE (%) Appearance

4 0 186.6 +33.08 0.91 83.4 Yellowish transparent

1 183.8 +33.15 0.92 83.7 Yellowish transparent

3 186.0 +32.89 0.91 82.6 Yellowish transparent

Figure 4 In vitro release profile of BPC-LCNs in PBS (pH 7.4) containing 0.5% (w/v) 
Tween 80. Each value represents the mean ± SD (n = 3). 
Abbreviations: BPC-LCNs, lecithin/chitosan nanoparticles loaded with baicalein- 
phospholipid complex; PBS, phosphate buffer saline.
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Figure 5 Ex vivo permeation profiles of nanoparticles. (A) The schematic diagram of a Side-bi-Side diffusion cell, (B) the accumulative permeation amount (Qn) of baicalein 
at the predetermined time points, (C) the accumulative permeation amount (Q24) of baicalein at 24 h, (D) the permeation rate (Jss) of baicalein, (E) the accumulative 
retention amounts of baicalein in the skins. Each value is represented as the mean ± SEM (n = 4–5). *p < 0.05 vs BPC-LCNs, **p < 0.01 vs BPC-LCNs. 
Abbreviations: BA, baicalein; BPC, baicalein-phospholipid complex; BA-LCNs, lecithin/chitosan nanoparticles loaded with baicalein; BPC-LCNs, lecithin/chitosan nano-
particles loaded with baicalein-phospholipid complex; BPC-ETHs, ethosomes loaded with baicalein-phospholipid complex; n.d., not detected; n.a., not applicable.
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permeation study of free baicalein (BA), baicalein- 
phospholipid complex (BPC), baicalein-loaded LCNs 
(BA-LCNs), and BPC-loaded ethosomes (BPC-ETHs) 
was performed and compared with that of baicalein- 
phospholipid complex-loaded LCNs (BPC-LCNs). 
Permeability of BPC-LCNs was assessed by calculating 
the accumulative permeation amount (Qn) and the per-
meation rate (Jss) of baicalein through the skin into the 
receiving pool. The Qn of baicalein across the excised rat 
skin via various formulations was plotted as a function of 
time (Figure 5B). As shown in Figure 5B, baicalein was 
not detected in the receiving pool for 24 h after adminis-
tration of free baicalein, indicating that free baicalein did 
not penetrate through the rat skin, which may be ascribed 
to poor hydrophilicity and lipophilicity reported pre-
viously. After encapsulation in nanocarriers, baicalein 
could penetrate through the rat skin into the receiving 
pool at just 2 h, demonstrating that nanocarriers can sig-
nificantly facilitate the penetration of baicalein across the 
skin barrier (Figure 5B). Notably, the Qn and Jss of 
baicalein from BPC-LNCs were both significantly higher 
in comparison with that from BA-LCNs (Figure 5B and 
D). The Qn of baicalein from BPC-LNCs at 24 h was 
166.3 ± 76.6 μg•cm−2, almost 2.7 times higher than that 
from BA-LCNs with a value of 60.7 ± 4.8 μg•cm−2 

(Figure 5C). In addition, the Jss of baicalein from BPC- 
LNCs (7.4 ± 3.4 μg•cm−2•h−1) was approximately 2.7-fold 
higher than that from BA-LCNs (2.7 ± 0.3 μg•cm−2•h−1) 
(Figure 5D). Compared to BA-LCNs, the enhanced per-
meability of BPC-LCNs could be attributed to the differ-
ent lipophilicity of encapsulated agents, free baicalein and 
BPC. As mentioned above, BPC could significantly 
enhance the lipophilicity of baicalein (almost 13.4-fold), 
which enabled it to distribute easily and evenly in the lipid 
core of LCNs, thereby improving the stability and perme-
ability of LCNs through the skin barrier. Therefore, the 
superior permeability of BPC-LCNs in the skin will be 
beneficial in enhancing the lipophilicity of encapsulated 
agents, leading to improved therapeutic efficacy.

Ethosomes and transfersomes are specially tailored 
lipid vesicles and generally recognized as promising nano-
carriers in transdermal delivery of encapsulated agents. 
These two vesicular colloidal carriers improve skin perme-
ability significantly compared with other lipid nanocarriers 
due to the favorable flexibility and deformability conferred 
by the presence of edge-activator agents (ie, ethanol and 
sodium cholate), which is different from the mechanism 
underlying LCNs’ enhanced penetration effect.44–48 As 

expected, BPC-loaded ethosomes (BPC-ETHs) signifi-
cantly improved the transdermal permeability of baicalein 
compared with free baicalein and BPC, as shown by the 
high values of Qn and Jss. Even more noteworthy is that 
BPC-LCNs exhibited a trend of enhanced permeability as 
compared to BPC-ETHs, which may be attributed to the 
enhanced penetration effect of chitosan which changed the 
morphology of the stratum corneum and opened the tight 
conjugation of the corneocyte layers.49,50 The results 

Figure 6 In vivo permeation profiles of nanoparticles. (A) In vivo topical adminis-
tration device, (B) the accumulative retention amounts of baicalein in the skins after 
24 h. Each value is represented as the mean ± SEM (n = 5). 
Abbreviations: BA, baicalein; BPC-LCNs, lecithin/chitosan nanoparticles loaded 
with baicalein-phospholipid complex; n.d., not detected.
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further highlight the potential of BPC-LCNs in the effec-
tive delivery of baicalein across skin.

In addition to the accumulative permeation amount (Qn) 
and the permeation rate (Jss), the drug accumulated in the 
skin ex vivo was measured at the end of 24 h. The amounts of 
baicalein accumulating in the skin were normalized by the 
area of skin and expressed as µg baicalein per cm2 of skin. As 
shown in Figure 5E, BPC-LCNs produced the highest accu-
mulative amounts of baicalein in the skin within 24 h of 
administration in comparison with the other formulations, 
which may be attributed to the synergistic effect of the 
bioadhesive of chitosan and the lipophilicity of BPC.

Improved Retention of Nanoparticles 
in vivo
Accumulated amounts of baicalein in the skin 24 h after 
administration of BPC-LCNs were further investigated 
in vivo (Figure 6A). Consistent with the results of ex vivo 
permeation study, baicalein was not detected in the skin 
tissue for 24 h after topical application of free baicalein. 
Interestingly, BPC-LCNs significantly improved the reten-
tion of baicalein in the skin tissue at the same administration 
time with a value of 0.47 ± 0.24  μg•cm−2 (Figure 6B). This 
implies that LCNs based on phospholipid complex exhibit 

great application potential for the transdermal delivery of 
baicalein. Based on the ex vivo and in vivo results, improved 
retention of baicalein in the skin could be attributed to the 
enhanced lipophilicity of BPC causing LCNs to encapsulate 
baicalein effectively and sustain its release, and the compact 
cover of positively charged chitosan on LCNs strengthening 
the electrostatic interaction with the negatively charged skin, 
thereby extending the retention of baicalein in the skin. Other 
properties of LCNs, such as the nano-size and the large 
surface area, provide an excellent contact surface between 
the nanoparticles and skin and promote permeation and 
accumulation of baicalein in the skin.49

The Mechanism to Promote Penetration
Positively charged chitosan interacts with the negatively 
charged stratum corneum, thereby changing the morphol-
ogy of the stratum corneum and loosening the close con-
jugation of corneocyte layers.50 To explore the topical 
effect of BPC-LCNs on the skin, the histopathology exam-
ination of untreated skin, skin treated with baicalein PEG/ 
ethanol solution or BPC-LCNs was performed using HE 
staining. Visually analysis showed that the untreated skin 
was characterized with compact stratum corneum with 
tight junctions, while the skin treated with baicalein 

Figure 7 Histopathological photomicrographs (×200) of the vertical section of rat skin after HE staining: (A) untreated skin, (B) skin treated with baicalein PEG/ethanol 
solution, (C) skin treated with BPC-LCNs, and (D) recuperative skin after the removal of BPC-LCNs. 
Abbreviations: HE, hematoxylin and eosin; PEG, polyethylene glycol; BPC-LCNs, lecithin/chitosan nanoparticles loaded with baicalein-phospholipid complex.
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PEG/ethanol solution exhibited a slight loose structure 
within the stratum corneum (Figure 7A and B). Ethanol 
can extract some of the lipid fraction from the stratum 
corneum and disrupt the organization of the lipid bilayer of 
stratum corneum.51 Specifically, skin treated with BPC- 
LCNs for 24 h was characterized by a swollen, scattered, 
and loose stratum corneum which was thickened (Figure 
7C). Of note, the compact stratum corneum with tight 
junctions recovered well after the removal of BPC-LCNs 
from the skin (Figure 7D), indicating that the effect of 
BPC-LCNs on the morphology of the stratum corneum 
was reversible. The reversibility of the stratum corneum 
ensures the safety of BPC-LCNs in clinical applications. 
These results proved that BPC-LCNs reversibly weakened 
the barrier function of the stratum corneum, thereby pro-
moting drug accumulation and permeation.

Primary Skin Irritation Test in vivo
The effect of BPC-LCNs on the skin demonstrated that the 
barrier function of the stratum corneum was disturbed by 
topical application of BPC-LCNs. The barrier function of skin 

plays a pivotal role in preventing skin irritation. Therefore, the 
skin irritation test of BPC-LCNs was performed to prelimina-
rily evaluate the safety of topical application of BPC-LCNs. As 
shown in Figure 8A, all scores of the erythema and edema were 
0 at each observation period, demonstrating that no symptoms 
of erythema and edema occurred in BPC-LCNs-treated group 
throughout the experiment (Figure 8B). Based on the symptoms 
and calculated scores, the skin irritation intensity following 
BPC-LCNs treatment was considered as no irritation in skin, 
indicating that BPC-LCNs exhibited excellent biocompatibility. 
The results also indirectly proved the good biocompatibility of 
empty LCNs and BPC. The systematic comparison study, 
including normal saline, BPC, empty LCNs, and BPC-LCNs, 
will be further investigated in our future work.

Conclusion
In this study, LCNs based on phospholipid complex (BPC- 
LCNs) were developed through a self-assembly interaction of 
positively charged chitosan and negatively charged lecithin. The 
BPC-LCNs efficiently encapsulated baicalein (EE, 84.5%) and 
provided good transdermal retention and permeability of baica-
lein. They also conferred favorable stability, sustained drug 
release profile, prolonged the retention of baicalein at the skin, 
and efficient penetration through the barrier of stratum corneum 
without displaying skin irritation. Based on these findings, drug- 
phospholipid complexes present a promising lipophilic inter-
mediate to significantly enhance the entrapment efficiency of 
poorly lipophilic drugs in LCNs. More importantly, the applica-
tion potential of LCNs as a superior transdermal delivery plat-
form could be effectively expanded by combining the strategy of 
drug-phospholipid complex.
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