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Intranasal (i.n.) administration is an efficient route for enhancing drug delivery to the brain, bypassing the blood-
brain barrier (BBB) and eliminating systemic side effects. The purpose of this study was to investigate the 
nose-to-brain delivery efficiency of adriamycin (ADM) loaded in cholesterol-modified pullulan self-assembled 
nanoparticles (CHSP-SAN) via i.n. administration. The prepared nanodrugs (ADM-CHSP-SAN) were charac-
terized as uniform size (112.8±1.02 nm), high drug loading capacity (7.65±0.58 %), and sustained release. 
CHSP-SAN showed good biocompatibility and low toxicity on HBMEC and C6 cells. The enhanced delivery of 
ADM across the BBB with CHSP-SAN was demonstrated by the reduced half maximal inhibitory concentration 
(IC50) value and the increased apoptosis proportion of C6 cells. The pharmacokinetics of ADM-CHSP-SAN was 
accessed by cerebral microdialysis technique. The pharmacokinetic results showed higher peak concentration 
(Cmax), area under the curve (AUC0-12h) and shorter peak time (Tmax) after i.n. administration that after intravenous 
(i.v.) administration. The i.n. administration of CHSP-SAN greatly increased ADM availability in cerebral tissue 
compared to that of ADM solution. Collectively, CHSP-SAN strikingly increased ADM transport across the BBB 
and improved its availability in brain via i.n. administration.

1. Introduction
Drug delivery to the central nervous system (CNS) remains highly 
challenging despite an improved understanding of CNS disease 
pathologies and etiologies as well as the identification of new 
targets (De Lange 2013; Potter 2012). Specifically, the presence 
of the blood–brain barrier (BBB), which features tight continuous 
circumferential junctions between the human brain micro-vessel 
endothelial cells (HBMEC), is a main hurdle for brain drug 
delivery. BBB hinders small molecule drugs and water-soluble 
molecules being delivered from the circulation system into the 
brain (Pardridge 2005). Routine approaches applied for the 
enhancement of drug concentrations in the brain involve craniot-
omy-based drug delivery, such as intraventricular drug diffusion, 
local intracerebral implants, or disruption of the BBB by infusion 
of hyperosmotic solutions and vasoactive agents prior to systemic 
drug administration (Babu et al. 2011). These highly invasive 
approaches are mostly appropriate for short-term treatments, 
where a single or infrequent exposure to a drug is required (Gloor 
et al. 2001), but are not suitable for long-term treatments.
Due to the formidable obstacle imposed by the BBB, there has 
been increased interest in developing new strategies to overcome 
the BBB. Intranasal (i.n.) administration has been implicated as a 
safe, non-invasive and acceptable nose-to-brain drug delivery route, 
especially for substances with biological effects on the CNS and 
limited BBB permeability (Illum 2000, 2002). Our previous study 
has shown that peptides, such as neurotoxin, could be transported 
into the brain through nose-to-brain route more efficiently than by 
the intravenous (i.v.) route (Li et al. 2007). The amount of drug 
transported into the brain could be further mediated by nanopar-
ticles through nose-to-brain route (Cheng et al. 2008). However, 
conventional drug delivery systems (DDS), such as organic 

synthetic micelle-based and silica-based DDS, are inherently toxic 
and non-biodegradable. Most of them may have significant side 
effects and lead to irreversible damage to CNS (Bharali et al. 2005; 
Zhang et al. 2013). Nowadays, a variety of nontoxic and biode-
gradable biopolymers have been used as amphiphilic biomaterials 
for drug delivery. Cholesterol-modified pullulan (CHSP), which 
always forms self-assembled nanoparticles (SAN) embodying a 
hydrophobic core with cholesterol moiety and hydrophilic surface 
with pullulan chain, can be used as a nanocarrier for hydrophobic 
drugs and biomacromolecules such as peptides and genes (Rekha 
and Sharma 2011; Zhang et al. 2011). In our previous study, CHSP, 
with a degree of substitution of 5.20 cholesterol residues per 100 
glucose units in pullulan, has been successfully synthesized and 
characterized with FT-IR spectroscopy, 1H NMR spectra and DSC 
(Fig. 1). It has also shown high drug loading capacity, good storage 
stability, low toxicity and excellent biocompatibility in vitro and in 
vivo (Shen et al. 2014). Biodegradability is considered a manda-
tory feature of biomaterials for brain drug delivery. It is suggested 
that cholesterol-modified pullulan self-assembled nanoparticles 
(CHSP-SAN) may be an ideal nose-to-brain delivery carrier 
system. However, nasal-brain pathway drug delivery transported 
by the CHSP-SAN has not yet been reported. 
Adriamycin (ADM), an FDA approved antineoplastic agent, 
demonstrated high anti-glioma activity in cell lines and xenografts. 
However, clinical applications of ADM alone are limited because 
of its severe side effects and poor ability of crossing the BBB (Gao 
et al. 2016). It was reported that small molecular compounds, 
such as ADM, have the potential to treat neurological diseases and 
brain tumors after intranasal administration (Babu et al. 2011). 
Intranasal administration is a promising strategy to deliver drugs 
to the brain via the olfactory nerve tract to directly bypass the 
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BBB and reduce the diffusion of drugs into the blood (Hefnawy 
et al. 2017). The efficiency of the drug entering the brain via the 
nasal cavity can be further improved by encapsulation into nano-
carriers (Clementino et al. 2016; Guo et al. 2017). In this study, we 
aimed to construct ADM loaded CHSP-SAN (ADM-CHSP-SAN) 
and investigated the nose-to-brain targeting delivery features of 
CHSP-SAN. The cytotoxicity and apoptosis of C6 cells induced 
by ADM-CHSP-SAN were determined with the presence of BBB 
in vitro. In addition, the brain microdialysis (B-MD) sampling 
technique was employed to investigate the difference of the brain 
pharmacokinetics (B-PK) after i.n. and i.v. administration. 

2. Investigations and results

2.1. Characterization of CHSP-SAN and ADM- CHSP-
SAN
Transmission electron microscope (TEM) images revealed that 
the morphology of CHSP-SAN and CHSP-ADM-SAN were 
spherical with a uniform size (Fig. 2A, B). The mean particle size, 
polydispersity index (PDI) and zeta potential of CHSP-SAN were 
91.63±0.88 nm, 0.243±0.035 and 0.0040±0.0001 mV, respec-
tively (Fig. 2C, D). The results indicated that CHSP-SAN formed 
an electrically neutral and good monodisperse stable system in 
aqueous solution. In our previous study, CHSP-SAN in aqueous 
media was stable for at least 2 months at 4 °C (Shen et al. 2014), 
which was mainly ascribed to the steric structure of pullulan-based 
particles (Simakov and Tsur 2007).
After loading the negatively charged drug, the zeta potential revers-
ibly switched from 0.0040±0.0001 mV to -27.25±0.246 mV and 
the particle size slightly increased to 112.8±1.02 nm (Fig. 2E, F). 
In addition, the dispersion state in TEM and PDI value indicated 
that the loaded drug did not affect the shape and dispersibility 
of nanoparticles in aqueous solution. The entrapment efficiency 
(EE%) and drug loading capacity (DL%) of CHSP-ADM-SAN 
were 67.14±1.21 % and 7.65±0.58 %, respectively.

2.2. In vitro release study of ADM-CHSP-SAN
The release behaviors of ADM solution (ADM-Sol) and 
ADM-CHSP-SAN in vitro were observed in PBS (pH 7.4, pH 6.8 
and pH 5.0) at 37 °C. As shown in the insert of Fig. 3, ADM was 

released to 96.38±1.21 %, 95.46±1.45 % and 97.10±1.15 % from 
ADM-Sol within the initial 2 h under three pH conditions. After 
ADM was loaded into CHSP-SAN, a significant reduction of in 
vitro release rate was achieved. The nanoparticles released about 
30.51±2.66 %, 33.42±3.02 % and 48.25±2.25 % of drug within the 
initial 4 h, respectively. This showed that ADM-CHSP-SAN had 
sustained release characteristics. As shown in Fig. 3, a burst release 
was observed in the first 8 h, in which 38.5±2.56 %, 41.3±2.85 % 
and 59.3±3.14 % of drug was released from the nanoparticles at 
pH 7.4, pH 6.8 and pH 5.0, respectively. This suggested that some 
amount of drug may be absorbed onto the surface of nanoparti-
cles, and therefore diffused rapidly into the release medium. 
After this period, ADM released in a continuous way up to 48 h, 
the cumulative release amount of ADM from CHSP-SAN could 
reach 74.76±2.15 % at pH 5.0, while only about 54.25±2.02 % 
and 57.82±2.23 % of ADM was released at pH 7.4 and pH 6.8, 
respectively. This was ascribed to the diffusion of the entrapped 
drug from nanoparticles. The drug release of ADM-CHSP-SAN 
indicated sustained release manner and best fitted the Weibull 
release kinetic model (Table 1), which indicated the ADM release 
from nanocarriers with matrix type (Carlan et al. 2017; Meng et 
al. 2016).

2.3. In vitro cytotoxicity assay 
To evaluate the biocompatibility of CHSP-SAN, different 
concentrations of CHSP-SAN suspensions were incubated with 
HBMEC and C6 cells. As displayed in Fig. 4A, CHSP-SAN at 
a concentration below 125 μg/mL did not cause significant loss 
of cell viability in both HBMEC and C6 cells after incubation for 
48 h, indicating the low cytotoxicity and good biocompatibility of 
pullulan nanocarriers. The cytotoxicity of ADM formulations in 
C6 cells are displayed in Fig. 4B. The results revealed a dose-de-
pendent reduction in the percentage of cell viability after treatment 
with ADM-CHSP-SAN or ADM-Sol for 48 h. The IC

50 
values of 

ADM-Sol and ADM-CHSP-SAN in C6 cells were 2.21±0.55 μM 
and 6.22±1.17 μM, respectively. ADM in CHSP-SAN demon-
strated a sustained release manner within 48 h in vitro, whereas 
free ADM could enter the cells immediately by passive diffusion. 
To determine whether ADM formulations may also affect the cell 
proliferation of HBMEC, a high ADM concentration (30  μM) 

Fig. 1: Chemical structures of CHSP (A) and schematic illustration of ADM-CHSP-SAN (B). 
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was employed. The cytotoxicity assay demonstrated that the 
cell viability decreased gradually with the drug treatment time 
from 2 to 6 h. However, ADM-Sol and ADM-CHSP-SAN only 
caused less than 15 % of loss of cell viability after 4 h incuba-

tion (Fig. 4C). In order to evaluate the cytotoxicity of ADM-Sol 
and ADM-CHSP-SAN to C6 cells after crossing BBB in vitro, a 
concentration gradient of two ADM formulations were added into 
the upper chambers of transwells embedded dense HBMEC cell 

Fig. 2: TEM images of CHSP-SAN (A) and ADM-CHSP-SAN (B). Particle size distribution of CHSP-SAN (C) and ADM-CHSP-SAN (E). Zeta potential of CHSP-SAN (D) 
and ADM-CHSP-SAN (F).

Table 1: Models of release kinetic for ADM-CHSP-SAN

Model pH 7.4 pH 6.8 pH 5.0

Zero order processes Q=0.0101t+0.2131 Q=0.016t+0.2343 Q=0.0119t+0.3512

R2=0.8239 R2=0.8155 R2=0.7454

First order processes ln(1-Q)=-0.0172t-0.2386 ln(1-Q)=-0.0191t-0.2657 ln(1-Q)=-0.029t-0.4371

R2=0.8867 R2=0.8872 R2=0.8601

Higuchi Q=0.0776t1/2+0.1279 Q=0.0816t1/2+0.1444 Q=0.0934t1/2+0.2456

R2=0.9592 R2=0.9541 R2=0.9124

Weibull lnln(1/1-Q)=0.3711lnt-1.4755 lnln(1/1-Q)=0.3714lnt-1.3730 lnln(1/1-Q)=0.3665lnt-0.890

R2=0.9951 R2=0.9693 R2=0.9933

Q: fraction drug release; T: time; R2: coefficient of correction.
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monolayer as BBB model for 4 h, and then the survival rate of C6 
cells in the basolateral compartment for 48 h was detected by MTT 
assay. As shown in Fig. 4D, the IC

50
 of ADM-CHSP-SAN was 

11.06±2.11 μM after crossing BBB in vitro. In contrast, the IC
50

 
value of ADM-Sol was not detected in this experiment, indicating 
that the cytotoxicity of ADM-CHSP-SAN towards C6 cells was 
greater than ADM-Sol after penetrating the BBB in vitro. 

2.4. Cell apoptosis test
To evaluate the C6 cells apoptosis the ADM-Sol or 
ADM-CHSP-SAN (equal to 5 μM of ADM ) were added to the in 
vitro BBB model for 24 h. The results showed that ADM-Sol only 
induced 27.97±3.25 % of apoptotic C6 cells after across BBB in 
vitro, whereas ADM-CHSP-SAN induced 72.32±5.63% of apop-
totic C6 cells (P<0.01) (Fig. 5). It may be account for the distinct 
penetration ability of ADM-Sol and ADM-CHSP-SAN when 
across BBB. Free ADM almost could not pass through the BBB 
(Tacar et al. 2013). On the contrary, CHSP-SAN may help ADM 
penetrate across the extracorporeal BBB through endocytosis and 
exocytosis effect (Han et al. 2018), and ultimately lead to high 
potent antitumor activity.

2.5. Brain pharmacokinetic study 
Brain pharmacokinetic (B-PK) experiments were carried out by 
the B-MD technology, the in vitro and in vivo relative recovery 
of ADM were 32.35±0.76 % and 13.25±0.82 %, respectively. 
The B-PK profiles and parameters of two ADM formula-
tions assessed with non-compartment model are exhibited in Fig. 6 
and Table 2. The presented results on brain transport of ADM 
formulations showed that the peak time (T

max
)

 
of ADM-CHSP-SAN 

(i.n.) was significantly shorter than that of ADM-CHSP-SAN 
(i.v.) (P<0.01). The apparent volume of distribution (V

d
) of drugs 

administered via the i.n. route was smaller than that after i.v. 
administration. The peak concentration (C

max
) and area under the 

curve (AUC
0-12h

) of ADM-CHSP-SAN administered i.n. were 1.59-
fold and 1.53-fold greater than those given i.v. (P<0.01), respec-
tively. The results implied that drugs may be primarily delivered 
into the brain through the direct nose-to brain pathway after i.n. 
administration, so higher drug concentration are reached in the 
brain (Illum 2000).

Fig. 3: In vitro release profiles of ADM-Sol and ADM-CHSP-SAN in pH 7.4, pH 6.8 
and pH 5.0 release medium within 4 h (insert) and 48 h (n=3).

Fig. 4: Cell viability of C6 and HBMEC cells after being treated with medium containing CHSP-SAN at different concentrations (0.04~500 μg/mL) for 48 h (A). Cell viability 
of C6 cells after being treated with ADM-Sol and ADM-CHSP-SAN within a certain concentration range for 48 h (B). Cell viability of HBMEC cells after being treated 
with ADM-Sol and ADM-CHSP-SAN (30 μM) in 2, 4 and 6 h (C). Cell viability of C6 cells after being treated with ADM-Sol and ADM-CHSP-SAN within a certain 
concentration range after crossing BBB in vitro for 48 h (D).
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Table 2: Pharmacokinetic parameters of ADM-CHSP-SAN and ADM-Sol in the brain of rats through i.n. administration and i.v. injection, 
mean±SD, n=5

Parameters ADM-Sol ADM-CHSP-SAN

i.v. i.n. i.v. i.n.

t
1/2 

(min) 382.26±27.68 271.70±35.42* 428.38±11.62## 354.9±24.46#ΔΔ

T
max 

(min) 60.21±8.87 10.35±1.00** 50.58±6.16## 29.96±2.21**##ΔΔ

C
max 

(μg/mL) 1.58±0.23 3.64±0.50** 2.71±0.35** 4.32±0.54**ΔΔ

AUC
0-12h 

(μg • min/mL) 310.09±45.42 350.54±47.84 541.07±35.73**## 826.22±100.53**##ΔΔ

MRT
0-∞

(min) 292.91±29.67 329.28±37.98 468.60±17.77*## 454.95±36.41#

Vd (mg/kg/(μg/mL)) 11.87±1.80 7.80±1.17* 6.70±1.00* 5.02±2.16*

CL(mg/kg/(μg/mL)/min) 0.021±0.003 0.020±0.004 0.01±0.02**# 0.008±0.001**##Δ

*P <0.05, **P<0.01 vs ADM-Sol (i.v.) group; #P<0.05, ##P<0.01 vs ADM-Sol (i.n.) group;
ΔP<0.05, ΔΔP<0.01 vs ADM-CHSP-SAN (i.v.) group.

Fig. 5: Representative images of C6 cell apoptosis treatment with ADM-Sol (A) or ADM-CHSP-SAN (B) after crossing BBB in vitro for 24 h (staining with Annexin V/PI).

Fig. 6: Profiles of drug concentration-time in 
the hippocampus of rats (n=5).
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Notably, the ratio of the AUC
0–12h

 between ADM-CHSP-SAN (i.n.) 
and ADM-Sol (i.n.) was significantly greater than that between 
ADM-CHSP-SAN (i.v.) and ADM solution (i.v.) (2.36 vs 1.74) 
(P<0.01). The t

1/2
 and MRT

0–∞
 of ADM-CHSP-SAN (i.n.) was 

significantly prolonged (P<0.05), while the clearance rate (CL) 
was significantly reduced compared with the ADM-Sol (i.n.) 
group (P<0.01). The results demonstrated that ADM-CHSP-SAN 
circulate long and the ADM availability in the brain could be 
enhanced by nanoparticles delivery and intranasal administra-
tion. However, the T

max
 of ADM-Sol and ADM-CHSP-SAN was 

delayed to 60.21±8.87 min and 50.58±6.16 min after i.v. adminis-
tration, respectively. ADM in the blood penetration into the brain 
is a slow process after intravenous administration. In the initial 
60 min, the penetration rate of the drug into the brain was faster 
than its elimination rate, so the T

max
 appeared at around 60 min. 

In addition, ADM-CHSP-SAN in the brain has a certain sustained 
release, so the T

max
 of the nanodrug also had a certain delay. 

Similar phenomena were found in previous studies (Cheng et al. 
2008; Chen et al. 2008; Pan et al. 2018).

3. Discussion
Among the biopolymers, pullulan based biomaterials are an ideal 
carriers to deliver drugs to the brain through the nasal-brain pathway 
for the following reasons: (1) pullulan is a natural non-ionic and 
linear homopolysaccharide with excellent biodegradability and 
low immunogenicity formed by repeating units of maltotriose 
condensed through α-1,6-linkages (Singh et al. 2008; Yang et al. 
2014b), (2) pullulan-based nanoparticles were reported to adhere 
to the nasal epithelium (Grenha and Rodrigues 2013; Nochi et 
al. 2010) and (3) chemical modification was relatively easy, so 
pullulan has been considered platform material for drug delivery 
carriers (Scomparin et al. 2011; Zhang et al. 2011). Among these 
pullulan-based nanocarriers, the most common ones are cholester-
ol-modified pullulan nanoparticles being able to form polymeric 
nano-vehicles by self-aggregation and release drugs continuously 
(Yang et al. 2014a). 
Apart from this, there are several crucial factors influencing the 
brain delivery efficiency of nasally applied nano-drug delivery 
systems. Gao et al. (2007) disclosed that nano-drugs at the size of 
90-100 nm could automatically be concentrated in the olfactory 
mucosa, and directly delivered into the brain through endocytosis. 
It was also suggested that the drug should be lipophilic for better 
permeation through the nasal mucosa (Richter and Keipert 2004). 
We previously found that the size of SAN was scarcely affected 
by the concentration of CHSP in the range of 0.1~4.0 mg/mL, 
which implied that the particle interaction with SAN was almost 
negligible (Yang et al. 2010). Therefore, to achieve smaller particle 
sizes, better amphipathicity, higher EE% and DL%, as well as 
relatively enhanced permeation profile for intranasal nanocarriers, 
ADM-CHSP-SAN was selected as the final optimized formulation 
to transport drugs into the brain. Besides, the negatively charged 
surface of nanoparticles would exhibit a potential long-circulating 
property because of the realization that these features could reduce 
plasma protein adsorption and nonspecific cellular uptake (Alexis 
et al. 2008; Yamamoto et al. 2001). Therefore, ADM-CHSP-SAN 
with negatively charge would have a long-circulating action.
In addition to the sustained release phenomenon, we observed that 
ADM released from CHSP-SAN exhibited a significant decreasing 
in the release rate along with the increasing pH in medium. It is 
known that the release rate of a drug incorporated in a hydrophobic 
domain depends on the drug solubility and diffusion velocity. This 
pH-responsive manner of ADM release might assist the quick 
diffusion of ADM from the acidic endosome/lysosome and intra-
cellular transfer into the nucleus and enhanced the antitumor effect 
of the drug (Xu et al. 2016).
Our previous studies indicated that free ADM showed a higher 
uptake rate in C6 glioma cells compared with the ADM-loaded 
nanoparticles in vitro and resulted in significantly higher cyto-
toxicity with lower IC

50
 value (Xu et al. 2016). However, when 

the BBB existed, the cytotoxicity of the two formulations to C6 
cells were reversed. ADM-CHSP-SAN were capable of inducing 

a significantly higher proportion of apoptotic cells than ADM-Sol 
after across the BBB (P<0.01). This result was consistent with 
the literature which demonstrated the pullulan based DDS could 
undergo cellular endocytosis via clathrin or raft/caveolae depen-
dent endocytosis (Thomsen et al. 2011). In addition, ADM loaded 
CHSP-SAN exhibited higher cytotoxicity that may be attributed to 
enhance interaction with cells as well as the rapid release of ADM 
triggered by tumor pH (Na et al. 2000). 
Intranasal drug administration has developed as a valuable tool 
to target therapeutics to the brain for its advantages of non-inva-
sive, and BBB bypassing (Dhuria et al. 2010; Hanson and Frey 
2008). To further evaluate the nose-to-brain targeting ability of 
ADM-CHSP-SAN via the intranasal route, we investigated the 
brain pharmacokinetic profiling of ADM loaded nanocarriers 
by the B-MD technology, a promising method for studying drug 
delivery to the CNS in laboratory and clinic (Dave et al. 2013; 
Neumann et al. 2013; Portnow et al. 2017). Considering the rapid 
mucociliary clearance, awake animals were suggested to avoid 
the anaesthetic agents which may induce mucociliary clearance 
alteration during pharmacokinetic studies (Mayor and Illum 1997). 
Therefore, B-MD was applied to study the brain pharmacokinetics 
after i.n. administration in this study. 
The pathways mediating drug absorption through the nasal 
mucosa mainly were the olfactory nerve pathway, the olfactory 
mucosa epithelium pathway and the blood circulation pathway 
(Illum 2000). It is known that the olfactory pathway consprises 
the hippocampus, etc. The B-PK results showed that the drug was 
generally localized in higher amounts in the hippocampus of the 
brain after i.n. administration, indicating that the drug predomi-
nantly followed the olfactory route of drug delivery to the CNS 
(Babu et al. 2011). In view of the in vitro cytotoxicity study, the 
transport mechanism across the BBB might be ascribed to cellular 
endocytosis via clathrin or raft/caveolae dependent endocytosis 
(Thomsen et al. 2011). Therefore it could be deduced that there 
was an effect of direct transport in the olfactory nerve pathway. 
Taken together, the rapid and continuous delivery of 
ADM-CHSP-SAN into the brain was mainly co-mediated by the 
olfactory nerve pathway and the olfactory mucosa epithelium 
pathway. Therefore, higher drug concentrations in the brain were 
reached faster than with ADM-CHSP-SAN (i.v.) and ADM-Sol 
(i.v.). The lack of absorption phase of ADM-Sol (i.n.) compared 
with other groups suggested that i.n. administration could transport 
free drugs into the brain fast. Lipophilicity could also facilitate 
partly passive diffusion across the BBB (Chen et al. 2008). Besides, 
after i.v. administration, the AUC

0–12h
 of ADM-CHSP-SAN 

was higher than ADM-Sol, suggesting that CHSP-SAN could 
promote crossing the BBB rapidly through the blood circulation 
pathway (Pan et al. 2018). However, which pathway plays the 
most important role in delivering ADM-CHSP-SAN into the brain, 
needs further studies.
In this study, the B-PK results implied that the ADM availability in 
the brain could be enhanced by CHSP-SAN via i.n. administration. 
The findings were consistent with our previous study, in which we 
demonstrated that PLA nanoparticles and chitosan modified PLA 
nanoparticles showed a potential for improving the efficacy of the 
direct nose-to-brain transport for drugs (Cheng et al. 2008; Zhang et 
al. 2013). The ability of pullulan-based nanocarriers adhering to the 
surfaces of nasal mucosa cells might improve the carriers’ MRT and 
enhance the encap sulated drug absorption (Grenha and Rodrigues 
2013). As a result, the t

1/2
 and MRT

0–∞
 of ADM-CHSP-SAN (i.n.) 

was greatly prolonged (P<0.05), while the clearance rate (CL) was 
significantly reduced compared with the ADM-Sol (i.n.) group 
(P<0.01). This may benefit from the negatively charged surface 
of nanoparticles and the sustained drugs release in the brain. This 
feature was also demonstrated by many other investigators. Gao 
et al. found that nanoparticles coated with Polysorbate 80 could 
greatly enhance drug delivery into both the brain tissues and cere-
brospinal fluids after i.v. administration compared to uncoated ones 
and simple solutions (Gao and Jiang 2006). 
In conclusion, we successfully constructed ADM-CHSP-SAN as 
sustained release and brain targeting nanoparticles. CHSP-SAN 
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showed good biocompatibility, and ADM loaded CHSP-SAN 
showed a better inhibition activity on C6 cells after crossing BBB 
in  vitro. Importantly, the B-PK study conducted by B-MD tech-
nology showed that the brain targeting effects of ADM could be 
enhanced by CHSP-SAN via i.n. administration. ADM-CHSP-SAN 
reduced the CL, prolonged MRT

0–∞
 and significantly increased 

ADM availability, probably due to the favored BBB bypassing 
of CHSP-SAN and the direct transport from the nose-to-brain 
through the olfactory and trigeminal nerves. In this work, we 
presented a novel non-invasive strategy for intranasal delivery of 
pullulan-based nanocarriers which may greatly enhance the trans-
port of small molecular drugs into the brain.

4. Experimental

4.1. Materials 
Pullulan (Mw=200,000) was purchased from Hayashibara (Tokyo, Japan). Choles-
terol was purchased from Dingguo Changsheng Co.Ltd. (Beijing, China). Adriamycin 
hydrochloride (ADM-HCL) was kindly gifted by Haizheng Pharmaceutical Co. 
(Hangzhou, China). Penicillin, streptomycin, DMEM, D-Hank’s buffer solution, fetal 
bovine serum (FBS) and 0.25% (w/v) trypsin solution were purchased from Gibco 
BRL (Gaithersberg MD, USA). 3-(4,5-Dimethylthizol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT), and dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich 
Co. Ltd. (St. Louis, MO, USA). Other chemicals and solvents were all of analytical 
grade, and purified water was produced by a Millipore® water purification system.

4.2. Cells and animals
HBMEC, C6 glioma cell line and Wistar rats (200±20 g, male) were supplied by the 
Laboratory Animal Centre, Zhejiang Chinese Medical University (Hangzhou, China). 
All the experiments were performed in accordance with the Ethical Committee for the 
USE of Laboratory Animals of Zhejiang Chinese Medical University.

4.3. Preparation of CHSP-SAN
CHSP, with a degree of substitute of 5.20 cholesterol residues per 100 glucose units in 
pullulan, was synthesized according to the literatures (Yang et al. 2010).  CHSP-SAN 
were prepared by a probe sonication method (Yang et al. 2014a). Briefly, CHSP conju-
gates (15 mg) were suspended and swollen in deionized water under gentle shaking at 
37 °C for 24 h to gain a milky suspension (CHSP-SAN), followed by pulse-sonication 
(pulse on 2.0 s, pulse off 2.0 s) at 50 W for 2 min in ice-water bath. The solution of 
CHSP-SAN was filtrated (pore size: 0.45 μm, Millipore®) and stored at 4 °C.

4.4. ADM loading 
ADM was loaded into the CHSP-SAN by a dialysis method (Cui et al. 2013). 
Briefly, ADM-HCL was dissolved in DMSO, mixed with 3-fold molar excess of 
triethylamine (TEA) and stirred overnight. Then 1 mg/mL ADM-Sol was added to 
CHSP-SAN solution dropwise and stirred for 12 h in the dark. After completing the 
reaction, the mixture was filtered and dialysed against deionized water to remove free 
ADM (MWCO=8~14 kDa). The dialyzed solution containing ADM-CHSP-SAN was 
freeze-dried and subjected to further investigation.

4.5. Characterization of CHSP-SAN and ADM-CHSP-SAN
The size, PDI and zeta potential of CHSP-SAN and ADM-CHSP-SAN were 
determined by dynamic light scattering (DLS, Malvern Nano-ZS90, UK) at 25 °C. 
Morphological observation was performed on the TEM (HT7700, Hitachi, Japan). 
The EE% and DL% of ADM in carriers were determined by UV-visible scanning 
spectrophotometer (SHIMADZU UV-1700, Japan) at 482 nm.

4.6. In vitro release study
In order to examine the release characteristics of ADM-CHSP-SAN under different 
conditions in vitro and to investigate whether the nanodrug has sustained and low pH 
sensitive drug release characteristics, three pH gradients (pH 7.4, pH 6.8 and pH 5.0) 
were used. ADM release behaviors from CHSP-SAN were investigated by a dialysis 
bag method as described in the literature (Gasparini et al. 2008). Briefly, 2 mL of 
ADM-CHSP-SAN solution were placed inside a dialysis bag (MWCO=8~14 kDa), 
which was immersed in PBS (25 mL, pH 7.4, pH 6.8 and pH 5.0) and incubated at 
37±0.2 °C in an air-bath shaker at 100 rpm. At predetermined time intervals, samples 
were withdrawn and replaced with an equal volume of fresh media. The release 
manner of free ADM was performed in the same condition as a control. The ADM 
concentrations were measured by UV-visible scanning spectrophotometer at 482 nm 
(Yang et al. 2014a). The in vitro release study was carried out for 48 h. All tests were 
carried out in triplicate.

4.7. Cell culture
HBMEC were cultured in DMEM cell culture medium containing 20% fetal bovine 
serum, endothelial cell growth factor (ECGF, 100 μg/mL), l-glutamine (2 mM), 
heparin (20 μg/mL), insulin (40 μU/mL), penicillin (100 U/mL), streptomycin (100 

U/mL). C6 glioma cells were cultured in the DMEM cell culture medium containing 
10% fetal bovine serum, penicillin (100 U/mL), streptomycin (100 U/mL). Cells were 
incubated at 37 °C with 5% CO

2
.

4.8. In vitro cytotoxicity assay
The cytotoxicity of CHSP-SAN on both HBMEC and C6 cells, and cytotoxicity of 
ADM-CHSP-SAN and ADM-Sol on C6 cells were evaluated. Briefly, cells under 
exponential phase were seeded in 96-well plates with a density of 5×103 cells/well in 
200 μL growth medium and grown overnight. Then cells were treated with CHSP-SAN 
(0.04~500 μg/mL) or ADM formulations (ADM-Sol and ADM-CHSP-SAN) at a 
concentration range of ADM from 0.04 to 125 μM in culture medium. After 48 h 
incubation, all media were replaced by fresh culture medium containing MTT solu-
tion (0.5 mg/mL). After additional incubation for 4 h, all media were replaced by 
DMSO. The OD values were measured by a microplate reader (Spectra Max M3, 
Molecular Devices, USA) at 570 nm, and cell viability was calculated by dividing the 
OD values of samples with the OD values of blank. All the experiments were repeated 
three times independently.
In order to determine the BBB penetration ability and the cytotoxicity of the 
ADM-CHSP-SAN, we constructed an in vitro BBB model described previously (Han 
et al. 2018). Briefly, HBMEC were seeded into the transwell inserts (Polycarbonate 
Membrane Transwell Inserts of 3 μm mean pore size, Corning, NY, USA) at a density of 
105 cells/well and the culture medium was replaced every two days. The integrity of the 
BBB model was assessed according to the transendothelial electrical resistance (TEER) 
value greater than 200 Ω/cm2 (Millicell-RES, Millipore®, USA). Then, the C6 cells were 
seeded in 12-well plates at a density of 2.5 x 104 cells/well and incubated for 24 h as the 
acceptor compartments (downer wells). Then all transwell inserts with constructed BBB 
model were placed to each 12-well plate, and ADM-Sol and ADM-CHSP-SAN were 
added at a concentration range of ADM from 0.01 to 30 μM into each corresponding 
upper insert respectively and incubated for another 4 h. The viability of C6 cells in the 
acceptor compartments was calculated by MTT method after 48 h incubation.

4.9. Cell apoptosis test
ADM-Sol or ADM-CHSP-SAN (equal to 5 μM of ADM) were added to the upper 
chambers of transwells embedded the in vitro BBB model and incubated for 4 h, 
then the C6 cells in the basolateral compartments were incubated for additional 24 h. 
All C6 cells were harvested and conducted to detect the apoptosis using an Annexin 
V-FITC/PI staining kit (BD Bioscience, USA) following the manufacturer’s protocol. 
The percentage of apoptotic cells was determined and then analyzed by a Guava Easy 
Cytometer (Guava Technologies, Merck Drugs & Biotechnology, Germany) within 
1 h.

4.10. Brain pharmacokinetic study 

4.10.1. Surgical procedures
Wistar rats were anesthetized with 3% pentobarbital (45 mg/kg) by intraperitoneal 
injection and mounted on a brain stereotactic apparatus (Bioanalytical Systems, West 
Lafayette, IN, USA). The surgical procedure was described previously (Bergquist et 
al. 1996). Briefly, one hole (0.5 mm diameter) was drilled through the skull by a 
trephine drill at hippocampus (AP:-4.8, ML:-5.0 from the bregma and DV:-4.0 from 
the dura). Anintracerebral guide cannula (MD-2251, BAS, West Lafayette, IN, USA) 
with styles was stereotaxically implanted and fixed with skull screws and dental 
acrylic cement (Paxinos and Watson 1996). The animals were allowed to recover with 
free access to food and water for 24 h before agent administration. 

4.10.2. Recovery determination
In B-MD studies, the in vitro or in vivo B-MD recovery of ADM is usually determined 
by retrodialysis method (Babu et al. 2011). The in vitro recovery by gain was tested 
by placing B-MD probes (MD-2200, BAS, USA) in ADM (5 μg/mL or 10 μg/mL or 
25 μg/mL) of modified Ringer’s solution and perfusing the fluid at 2 μL/min. The 
samples were collected from each probe at 10 min intervals after initial equilibration 

for 20 min. The recovery in vitro was calculated as:

=
−

dialysate
(in vivo)

medium dialysate

C
Relative recovery

C C
 (1)

The in vivo recovery of ADM by loss was determined by implanting B-MD probes 
in the hippocampus as described in the previous sections. Blank modified Ringer’s 
solution was perfused through the probes after implantation at 2 μL/min. Then the 
perfusate was changed to ADM (5 μg/mL or 10 μg/mL or 25 μg/mL) of modified 
Ringer’s solution, and the dialysates were collected every 10 min for 60 min. The 

recovery in vivo was calculated as:

−
= perfuse dialysate

(in vivo)
perfusate

C C
Relative recovery

C
 (2)

All the samples were collected three times independently for each ADM concentra-
tion, and then analyzed through a high performance liquid chromatography (HPLC) 
instrument (Agilent Technologies Co. Ltd., USA). 

4.10.3. Brain pharmacokinetic study of ADM-CHSP-SAN
All rats were randomly divided into four groups (n=5), and the ADM-Sol or 
ADM-CHSP-SAN were injected into the tail vein or into the nasal cavity of the 
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right nostril by a home-made patent device at a dosage of 8 mg/kg body weight. 
All microdialysis experiments were performed in freely moving animals kept in an 
awake animal caging system (Stand-Alone Return and Rodent Bowl kit, BAS, West 
Lafayette, IN, USA). Microdialysate samples were collected at each predetermined 
interval up to 12 h duration and then analyzed through HPLC.

4.11. Data analysis
Data was expressed as mean±standard deviations (SD). Significant differences in 
the mean values were evaluated by one-way analysis of variance (ANOVA). Phar-
macokinetic modeling and pharmacokinetic parameter estimations were carried out 
by Winnonlin-5.2 software. A statistical test with a P value less than 0.05 or 0.01 was 
considered significant. 
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