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The estradiol(E,)-loaded chitosan nanoparticles (CS-NPs) were prepared by ionic gelation of chitosan
with tripolyphosphate anions (TPP). The CS-NPs had a mean size of (269.3 + 31.6) nm, a zeta potential
of +25.4mV, and loading capacity of E, CS-NPs suspension was 1.9 mg ml~!, entrapment efficiency
was 64.7% on average. Subsequently, this paper investigated the levels of E; in blood and the cerebrospi-
nal fluid (CSF) in rats following intranasal administration of E; CS-NPs. E;-loaded CS-NPs were adminis-

gengrdls: tered to male Wister rats either intranasally or intravenously at the dose of 0.48 mg kg~!. The plasma
stradio . levels achieved following intranasal administration (32.7 + 10.1 ng ml™"; tax 28 + 4.5 min) were signifi-

Chitosan nanoparticles . . . 1 .

Nasal delivery cantly lower than those after intravenous administration (151.4 +28.2 ng ml~ '), while CSF concentra-

tions achieved after intranasal administration (76.4+14.0ngml™"; tm.« 28+ 17.9min) were
significantly higher than those after intravenous administration (29.5 + 7.4 ng ml™' t,.« 60 min). The
drug targeting index (DTI) of nasal route was 3.2, percent of drug targeting (DTP%) was 68.4%. These
results showed that the E; must be directly transported from the nasal cavity into the CSF in rats. Finally,
compared with E; inclusion complex, CS-NPs improved significantly E, being transported into central
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nervous system (CNS).

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Alzheimer’s disease (AD), the most common cause of dementia,
affects millions of people over the age of 65 in the Western world
and an increase in the occurrence of AD is expected in the future, as
the proportion of older people in the population grows. AD is a
chronic neurodegenerative disorder accompanied by the gradual
and progressive loss of functional and psychomotor abilities [1].

There has been speculation that a person’s sex could be a risk
factor for AD, 17B-estradiol concentrations in women with AD have
been reported to be decreased in comparison with healthy con-
trols. 17B-Estradiol, the most potent female sex hormone, belongs
to the family of steroid hormones. Apart from its influence on pri-
mary and secondary sexual characteristics, it is also involved in the
regulation of brain development. Long-term oestrogen replace-
ment has proved to be beneficial in the prevention and treatment
of Alzheimer’s disease [2-4].

In the recent years, the nasal route has received a great deal
of attention as a convenient and reliable method for the sys-
temic administration of drugs. Nasal delivery has been explored
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as an alternative administration route to target drugs directly to
the brain via the olfactory neurons [5-8] providing more oppor-
tunities for estradiol to enter the central nervous system (CNS)
and then treat Alzheimer’s disease. Therefore, how to improve
the amount of drug transported into CNS becomes the focus of
attention.

Nasal mucociliary clearance is one of the most important limit-
ing factors for nasal drug delivery. It severely limits the time al-
lowed for drug absorption to occur and effectively rules out
sustained nasal drug administration. However, bioadhesive poly-
mers can be used to increase the nasal residence time, thus allow-
ing longer absorption times, and to achieve a more intimate
contact with the nasal mucosa, which results in a higher concen-
tration gradient and subsequent increased absorption [9].

Another important limiting factor in the nasal application is the
low permeability of the nasal mucosa for the drugs. It seems to be
necessary to consider an absorption enhancement mechanism for
co-administration of drugs with either mucoadhesive polymers
or penetration enhancers or combination of the two [10-12].

Chitosan, a cationic polysaccharidc, is commercially available in
a range of grades with different molecular weights and degrees of
deacetylation. Industrially, they are produced from chitin (the
schemes of chitin and chitosan are shown in Fig. 1), the world’s
second most abundant biopolymer, by a deacetylation process
involving alkaline hydrolysis. The term chitosan refers to a family
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Fig. 1. Chitin and chitosan.

of polymers, individually characterized by their ratio of acetylated
to deacetylated units and molecular weight, both parameters being
equally responsible for the properties of the polymer.

Chitosan has been used for a range of applications as diverse as
for water purification, as a food ingredient and as a pharmaceutical
excipient in oral drug formulations for the improvement of the
dissolution of poorly soluble drugs or to obtain controlled drug
release [13,14]. It has previously been shown that chitosan has a
great potential as a nasal delivery system, facilitating the passage
of large hydrophilic molecules such as salmon calcitonin and insu-
lin, through the nasal mucosa and into the systemic circulation
[15]. However, the clinical use of chitosan in nasal preparations
necessitates the evaluation of their effect on the nasal epithelium
and the mucociliary clearance system.

On the basis of our former study [16], we prepared estradiol
chitosan nanoparticles, aiming at reducing nasal mucociliary clear-
ance and enhancing permeation of E; into the nasal mucosa, and
then improving the E, bioavailability, especially for brain targeting.

2. Materials and methods
2.1. Materials

Estradiol (17B-estradiol) was purchased from Xianju Pharma-
ceutical Factory, China. Randomly methylated B-cyclodextrin (RA-
MEB) was obtained from Wacker-Chemie, Germany. Chitosan
(deacetylation degree 95.0%, molecular weight 50,000) was pro-
vided by Zhejiang Yuhuan marine biochemistry Ltd., China. Sodium
tripolyphosphate (TPP) was given from Shenyang Dongxing Re-
agent Factory, China. All other reagents were of analytical grade
or the highest grade commercially available.

Microdialysis probes were U-shaped and made of hollow cellu-
lose fiber (DM-22, 200 pm inner diameter and 220 pm outer diam-
eter, EICOM CORP, Japan). The membrane was 4 mm in length with
a molecular weight cut-off of 5000 Da. Artificial CSF composed of
128 mM NaCl, 2.6 mM KCI, 1.26 mM CaCl, and 2 mM MgCl, was
prepared using deionized distilled water. The solution was filtered
through a 0.22 um nylon filter before use.

Male Wister rats weighing 250-300 g were provided by the ani-
mal house of Shenyang Pharmaceutical University, China. These
animals were allowed to acclimatize in environmentally controlled
quarters (24 + 1 °C and 12:12 h light-dark cycle) for at least 5 days
before being used for experiments.

2.2. Preparation of E, chitosan nanoparticles (CS-NPs)

E,-loaded chitosan nanoparticles were prepared by ionic inter-
action. A 0.2% w/v solution of chitosan was prepared in 1% v/v ace-
tic acid solution. TPP (0.1% w/v) was dissolved in purified water,
while E, inclusion complex [16] was dissolved in CS acetic acid

solution to ensure the concentration of E; in the final CS-NPs sus-
pension reaching 2 mg ml~.

The chitosan solution (5.0 ml) was stirred at 1500 rpm with a
DF-101S magnetic stirrer (Gongyi Yuhua Instrument Co., Ltd.,
China) at room temperature (25 °C). The TPP solution (2.0 ml)
was gently added to the system through a No. 4 syringe needle
at the speed of 2 ml h™!, and nanoparticles were formed, stirring
for 30 min. Subsequently, a certain amount of 1 N HCl or NaOH
solution was added to adjust the pH of the suspension to pH 5.

2.3. Physicochemical characterization of E; CS-NPs

The particle size and zeta potential were measured using a NIC-
OMPTM 380 Zeta Potential/Particle Sizer (Particle Sizing Systems,
Santa Barbara, USA). The mean particle size and distribution were
measured based on photon correlation spectroscopy (PCS, dynamic
light scattering, DLS) technique, which is a powerful and versatile
tool for estimating the particle size distribution of fine-particle
materials ranging from a few nanometers to several micrometers
[17]. The zeta potential is a very useful way of evaluating the sta-
bility of any colloidal system, and it was determined based on an
electrophoretic light scattering (ELS) technique.

2.4. High-performance liquid chromatographic analysis in vitro [18]

The HPLC equipment consisted of a HITACHI L-7110 Intelligent
HPLC pump, and a HITACHI L-7200 Intelligent HPLC Autosampler, a
HITACHI L-7420 Intelligent HPLC Detector, and a ANASTAR Chro-
matography Data System. Separation was achieved under room
temperature on a Kromasil C;g column (200 mm x 4.6 mm, parti-
cle size 5 pm, Zirchrom company). The mobile phase consisted of
acetonitrile-water (50:50, v/v%), filtered and degassed under
reduced pressure, prior to use. The flow rate was 1.0 ml min~'
and peak detection was performed at 205 nm. The injection vol-
ume was 20 pl.

2.5. Evaluation of E, loading capacity and entrapment efficiency

For determining E, loading capacity, the Stand solution (about
10 ug ml~') was prepared by dissolving E, in methanol, and the
Test solution was obtained as follows: 0.5 ml CS-NPs suspension
of the three batches was shifted into a 50 ml volumetric flask,
and then diluted with 1% (v/v) acetic acid solution, being ultra-
sound damaged for 30 min, finally, filtrated through 0.22 pm
microporous membrane.

The entrapment efficiency of the process was determined upon
separation of nanoparticles from the aqueous suspension contain-
ing non-entrapped E, by ultra centrifugation at 40,000 r min~',
10 °C for 30 min. The amount of free E, in the supernatant was
measured by HPLC. E, entrapment efficiency (EE%) and loading
efficiency (LC) in the CS-NPs were calculated according to the
equations below:

Total amount of E, loading — free E, in the supernatant “
Total amount of E, loading
_ Total E; amount — free E; amount

-1
LC(mgml ) = Suspension volume @)

EE% =

100 (1)

2.6. Animal experiments

2.6.1. Nasal cavity isolation and jugular vein cannulation

The rats were anesthetized with an intraperitoneal injection of
urethane (1.2 gkg™!). During the experiment, body temperature
was maintained at 37 °C under an infrared lamp. The nasal cavity
was isolated from the respiratory and gastrointestinal tracts using
a procedure described by Hirai et al. [19] and Huang et al. [20].
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Briefly, after an incision was made in the neck, the trachea was
cannulated with a polyethylene tube to maintain respiration. An-
other PE-200 tube was inserted through the esophagus toward
the posterior part of the nasal cavity and ligated. The passage of
the nasopalatine tract was sealed with an adhesive agent to pre-
vent the drainage of the solution from the nasal cavity to the
mouth. A polyethylene tube was inserted into the jugular vein
for blood sampling.

2.6.2. Microdialysis probe implantation into rat brain

The rats had their skulls shaved and were placed in a stereotaxic
apparatus after being anesthetized. A midline incision of approxi-
mately 2 cm was made parallel to the sagittal suture. The bregma
was located and used as the reference point for positioning the
microdialysis probe. A microdialysis probe was stereotaxically in-
serted through a cranial burr hole made by a dental drill to a depth
of 3.1 mm, using the following coordinates, in relation to the breg-
ma: 1.5 mm lateral, 0.9 posterior, and the probe was attached to
the skull with dental cement.

2.6.3. E; CS-NPs administration and collection of biological samples

For intranasal administration, the E; CS-NPs suspension
(2.0mgkg!) was instilled into the right nostril at a dose of
0.48 mg kg~! via a microsyringe, which was attached to a blunt
needle. Blood samples (0.3 ml) were drawn from the tube in the
jugular vein into heparin stabilized test-tubes at different times:
0, 5, 10, 20, 30, 45, 60, 90, 120, 150, and 180 min. After each blood
withdrawal, the same volume of sterile normal saline was put back
into the circulation to maintain the total blood volume. CSF perfus-
ate samples were collected at the intervals of 20 min for 240 min.
Plasma was separated by centrifugation at 3000 rpm for 15 min
and kept frozen at —20 °C together with CSF perfusate for subse-
quent analysis.

Intravenous administration was carried out by injecting a dose
of 0.48 mg kg~ ! E, CS-NPs suspension (0.2 mg ml~!) via the femo-
ral vein. The method of sample collection was the same as above.

Both nasal and intravenous administration should be performed
following the successful implantation of a microdialysis probe and
stabilization for 1 h with artificial CSF.

2.6.4. Microdialysis procedure

The inflow to the microdialysis probe was driven by a microin-
jection pump (5200, KD Scientific Company, USA), perfused with
artificial CSF, and the outflow was collected in small polypropylene
tubes. Before and during the implantation procedure the probe was
filled with artificial CSF solution at a rate of 10 ul min~'. Then,
5 min after implantation of the probe, the flow rate was reduced
to 4 ulmin~! and was maintained at this level throughout the
experiment. The microdialysis experimental device is shown in
Fig. 2.

microinjection
pump

cisterna magna

|
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I
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Fig. 2. The perfusion of artificial CSF to the lateral ventricle and collection of the CSF
sample from it.

2.6.5. Analytical method
2.6.5.1. Disposition of biological samples. Briefly, 0.1 ml plasma was
spiked with 5pl internal standard (ethyl hydroxybenzoate,
12.5 pg ml~') solution. The sample was then vortexed with ether
(5ml) for 5min, and centrifuged for 5 min at 3000gmin~—! before
the supernatant was transferred to a new glass tube and evapo-
rated to dryness in a water bath at 40 °C under N, flow. The residue
was dissolved in 200 pl methanol, then 50 pl was injected onto the
HPLC column.

CSF perfusate samples were injected directly into the HPLC sys-
tem for estradiol analysis without any pre-treatment.

2.6.5.2. RP- HPLC fluorescence analysis of estradiol. An HPLC method
was developed and validated for estradiol assay in rat plasma sam-
ples. The HPLC equipment consisted of a HITACHI L-7110 Intelli-
gent HPLC pump, and a HITACHI L-7200 Intelligent HPLC
Autosampler, a HITACHI FL Detector L-7485 set at 267 nm (Aex)
and 302 nm (Zem), and a ANASTAR Chromatography Data System.
Separation was achieved at 30°C on a Kromasil C;g column
(200 mm x 4.6 mm, particle size 5 um, Zirchrom company). The
mobile phase consisted of acetonitrile-water (40:60 for plasma
samples, and 50:50 for CSF samples), filtered and degassed under
reduced pressure, prior to use. A guard column was used to prevent
column clogging. The flow rate was 1.0 ml min~'.

2.6.6. Data analysis

Absolute concentrations in CSF were calculated from the con-
centrations in the dialysates using the following equation: C= Cy4/
R, where R is the in vivo relative recovery. The area under the plas-
ma concentration-time curve AUCpiasma Value and CSF concentra-
tion-time curve AUCcss value were calculated using the
trapezoidal rule.

The degree of E, targeting to CSF after intranasal administration
can be evaluated by the drug targeting index (DTI) [21,22], which
can be described as the ratio of the value of AUCcsp/AUCpjasma follow-
ing intranasal administration to that following intravenous injec-
tion. The higher the DTI is, the further degree of Ejtargeting to CSF
can be expected after intranasal administration.

(AUCbrain tissue/AUCplasma)i_n_ (3)
(AUCbrain tissue /AUCplasma ) iv.

DTI =

In order to more clearly understand the direct transfer of E, be-
tween nose and brain after i.n. administration, drug targeting per-
centage (DTP) [23] was introduced, the equations are as follows:

Bx = (Biv/Piv) x Pin (4)
DTPY% = y x 100% (5)
in.

where, Bx =AUCcsr fraction contributed by systemic circulation
through the blood-brain barrier (BBB) following intranasal delivery,
Bi.. = AUCcsr following intravenous administration, P;y, = AUCpjasma
after intravenous administration, B;j, = AUCcsk flowing intranasal
delivery, P, = AUCpjasma by intranasal administration.

Statistical differences between i.n. and i.v. administration were
concluded using the unpaired Student’s t-test and a value of
P < 0.05 was considered statistically significant. Results were pre-
sented as mean values + SD.

3. Results
3.1. Particle size and zeta potential of E; CS-NPs

As mentioned above, chitosan particles are formed by the ionic
crosslinking (ionotropic gelation) between oppositely charged ions
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[24,25]. The production process of nanoparticles is dependent on
the number of positively charged groups left on the dissolved
chitosan molecules. Because of enough protonated amine groups
remaining, the process of the ionic crosslinking occurs more easily
for chitosan with high degree of deacetylation. The data of mean
particle size and zeta potential are listed in Table 1.

Besides chitosan with Mw 50,000, chitosans with M,, 6000 and
200,000 were also studied. However, the particle size was too
small (below 100 nm) or too large (above 500 nm), and finally,
chitosan with M, 50,000 was chosen to prepare CS-NPs to obtain
particle size about 260 nm.

Nicomp distribution was adopted for the determination of par-
ticle size and distribution of CS-NPs, science chi square was too
large for Gaussian distribution, meaning Gaussian distribution
was not accurate enough. In each diagram of the Nicomp distribu-
tion, there was a smaller peak in the particle size range of 50-
100 nm, which demonstrated that maybe chitosan with much
smaller molecular weight existed.

The surface charge is the critical parameter on the stability of
suspensions and adhesion of particle systems onto biological sur-
faces. Consequently, investigation of zeta potential is an important
part of nanoparticle characterization. Chitosan nanoparticles are all
positively charged which is a typical characteristic of chitosan/TPP
particles. This can be explained by the particle formation mecha-
nism, the positively charged amine groups are neutralized by their
interaction with the negative charge in tripolyphosphate mole-
cules [26]. The residual amino groups would be responsible for
the positive potential.

The higher zeta potential in a certain range implies that chito-
san nanoparticles are more stable. It seems likely that the long
amino groups hinder the anion adsorption and keep the high value
of the electrical double layer thickness, suggesting the prevention
of aggregation. The zeta potentials in three batches of CS-NPs are
over +20 mv.

3.2. Loading capacity and entrapment efficiency of E; CS-NPs

The loading capacity and entrapment efficiency of CS-NPs are
shown in Table 2.

3.3. Pharmacokinetic study

Analytical method used in pharmacokinetic study followed the
in vivo method reported before [16]. The calculated concentrations
of estradiol in blood after intranasal and intravenous administra-
tion are shown in Fig. 3.

For intravenous delivery, the Cpmax (151.4%28.2ngml"!) are
reached at the first beginning (Fig. 3), and then followed by an
exponential decline depending on the time. Comparatively, nasally
applied E, displayed a slow and poor absorption across the nasal
mucosa into the systemic circulation, 28 min after nasal adminis-
tration, E, plasma concentration reached a peak value of

Table 1
The particle size and &-potential test results of the three batches of E; CS-NPs

Batch Nicomp distribution &-Potential (mV)
Peak number Particle size (nm) SD (nm)
20050919 Peak 1 86.2 (9.6%) 84 +25.4
Peak 2 273.9 (90.4%) 27.9
20050920 Peak 1 60.8 (8.8%) 6.4 +24.8
Peak 2 268.1 (91.2%) 334
20050921 Peak 1 86.0 (13.4%) 9.6 +26.2
Peak 2 265.8 (86.6%) 335

Table 2

The loading capacity and encapsulation efficiency of the three batches of E; CS-NPs
Batches 20050919 20050920 20050921
LC (mg ml~!) 1.9 1.9 2.0

EE (%) 63.2 66.4 64.6

(32.7 £10.1) ng ml~}, far lower than the maximal plasma concen-
tration of i.v. injected E,.

Selected pharmacokinetic parameters by intranasal and intra-
venous administration calculated from the individual time-con-
centration profiles from the experiment are shown in Table 3,
where values of AUC, Cax, absorption rate, half-life and Ty,.x can
be found.

Significant differences between intranasal and intravenous
delivery were found (t-test) for the calculated pharmacokinetic
parameters, except for K, t1;3, MRT.

Obviously, for E; CS-NPs, the concentrations of E, in the blood
were quite different after intranasal and intravenous delivery, only
small amount of E, was absorbed into the blood circulation.

3.4. Brain-targeting study

To determine whether or not estradiol is transported from the
nasal cavity into the CSF via the olfactory neurons, estradiol was
administered intranasally and intravenously in the same set of rats.
In vitro recovery of microdialysis probe and in vivo recovery were
necessary for calculating E, concentration in CSF, which were pub-
lished before [16].

The calculated concentrations of estradiol in CSF after intranasal
and intravenous administration are shown in Fig. 4, and the impor-
tant parameters are listed in Table 4.

It was found that the E; levels in CSF of nasal route were signif-
icantly higher than those obtained after i.v. injection despite the
much lower E, concentrations in plasma of nasal route than those
of i.v. injection. In CSF, estradiol had a Cy.x of (76.4 + 14.0) ng ml~!
(Fig. 4) at 28 min after intranasal delivery, but delayed to 60 min
(29.5 + 7.4 ng ml~') (Fig. 4) by intravenous administration, which
illustrated that E; could arrive at the brain tissue earlier following
intranasal administration.

As seen in Table 5, DTI was 3.2, greater than 1, and DTP was
68.4%, we can observe a measurable degree of E, targeting to CSF
following intranasal administration.

200
180
160
140
120
100

the concentration of E2
(ngemL-1)

0 . . | )
0 50 100 150 200

time (min)
Fig. 3. The mean plasma concentration-time curves of estradiol in rats after

intranasal and intravenous administration of estradiol CS-NPs at the dose of
0.48 mg kg~ . (n =5, mean £ SD).
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Table 3
Pharamacokinetic parameters of estradiol CS-NPs after intranasal and intravenous administration to rats at the dose of 0.48 mg kg~! in plasma (n =5, mean * SD)
Adminis tration (e e Ke ti2 AUCo_. AUMCq_. MRT
(x10% ng-ml1) (x10 min) (x10" ' min~ ') (x10 min) (x10° ng min ml~!) (x10° ng min ml~!) (x10% min)
i.n. 0.33+0.10 2.8+0.45 0.08 = 0.02 9.43 +2.06 6.06 +2.38 6.39+2.87 1.03 £0.14
iv. 1.51+0.28 0.09 + 0.03 8.64 +3.40 9.18 £2.63 8.98 +3.07 0.98 +0.21
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Fig. 4. The mean CSF concentration-time curves of estradiol in rats after intranasal
and intravenous administration of estradiol CS-NPs at the dose of 0.48 mg kg™!
(n=5, mean + SD).

4. Discussion

However, the nasal cavity only has a total volume of 15-20 ml
and a total surface area of about 150 cm?, therefore, volume that
can be delivered into the nasal cavity is restricted to 25-200 pl,

therefore, in order to increase E, solubility in water, E, inclusion
complex was prepared, and then made into CS-NPs.

The preparation of CS nanoparticles, based on an ionic gelation
process, involves the mixture of two aqueous phases at room tem-
perature. One phase contains a solution of CS and the other con-
tains a solution of the polyanion TPP, the reaction between CS
and TPP is shown in Fig. 5.

Chitosan has many advantages, particularly for developing
nanoparticles. These include: its ability to control the release of ac-
tive agents, it avoids the use of hazardous organic solvents while
fabricating particles since it is soluble in aqueous acidic solution,
it is a linear polyamine containing a number of free amine groups
that are readily available for crosslinking, its cationic nature allows
for the ionic crosslinking with multivalent anions, it has mucoad-
hesive character, which increases residual time at the site of
absorption, and so on. LDsg of CS in laboratory mice is 16 g kg ™!
body weight, which is close to sugar or salt. Chitosan is proven
to be safe in rats up 10% in the diet [27,28].

Microdialysis was originally developed to measure the concen-
trations of endogenous substances in the extracellular fluid (ECF)
of normal brain [29], particularly neurotransmitters [30], and it
has since become an important tool to investigate the disposition
of many classes of drugs [31].

The concentrations of the drug in the dialysate reflect the con-
centrations in the (extracellular) fluid around the semipermeable
part of the probe. However, as the dialysis procedure is not per-
formed under equilibrium conditions, the concentration in the

Table 4
Pharmacokinetic parameters of estradiol CS-NPs after intranasal and intravenous administration to rats at the dose of 0.48 mg kg~! in CSF (n =5, mean # SD)
Rat i.n. i.v.
Cmax (ng ml~1) Tinax (mMin) AUGq_., (ng min ml~) Cmax (ng ml~1) Tinax (Min) AUCy_.. (ng min ml~")
Mean 76.4 28 12788.4 29.5 60 6121.0
SD 14.0 17.9 4093.6 7.4 0 2075.9
Table 5
DTI and DTP of E; CS-NPs by intranasal administration (mean + SD, n = 5)
Administration AUCcsr (ng min ml—") AUCplasma (ng min ml™") AUCcse/AUCp1asma DTI DTP (%)
in. 12788.4 £ 4093.6 6057.1 +2385.0 21+1.7 32 68.4
iv. 6121.0 £2075.9 9183.9 +2631.1 0.7+0.8
([:H,OH H,OH
CH,ON .
o o0 O ; 0 Q
H o H 0_};
1 °
+ OH
. +
Ne gQ— p—P —p — 0 Na 0 ) NHa:f NH,
. T :
“Ne 0 J-m'g'm* " 2?99
NH, o—P—P—P—0
; m i i
0 0 0O

Fig. 5. The formation of chitosan nanoparticle by ionic gelation process. (A) Sodium tripolyphosphate, (B) chitosan, (C) chitosan nanoparticle.
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dialysate will be different from that in the periprobe fluid. The
term recovery is used to describe this relationship. As we reported
before [16], in vivo recovery (41.7%) was much lower than in vitro
recovery of the probe (61.6%).

It is well known that the euphoria derived from the sniffing of
cocaine in conscious subjects occurs rapidly (within 3-5 min). It
has been suggested that the reason for such rapid effects is, apart
from a rapid nasal absorption, the presence of a direct pathway
from the nasal cavity to the CNS and the capacity of the drug to
concentrate selectively in specific regions in the brain. Various
studies in animal models have confirmed that, at early time points
after nasal administration, the concentration of cocaine in the
brain was higher after nasal administration than after intravenous
injection, thereby showing the existence of the pathway from nose
to brain [32,33].

Similar result had been found for estradiol in our former experi-
ment [16], which was also testified in this study. Compared to E;
inclusion complex (see [16], Fig. 7), E; CS-NPs gained higher E; con-
centration in CSF at each sampling time following intranasal deliv-
ery, resulting in higher AUCcsk value, which proved that CS-NPs are
a more suitable formulation for E, to be transported into CNS.

It can be explained as follows: CS-NPs can bind strongly to nega-
tively charged materials such as cell surfaces and mucus. Mucus con-
tains mucins that have different chemical constitutions, but some
contain significant proportions of sialic acid. At physiological pH, sia-
lic acid carries a net negative charge and, as a consequence, mucin
and chitosan can demonstrate strong electrostatic interaction in
solution.Itis evident that chitosan behaves as a bioadhesive material
increasing significantly the half-time of clearance [34-36].

However, the absorption promoting effect of chitosan is due not
only to improved adhesion between the formulation and the nasal
tissues, but also to a transient effect of chitosan on paracellular
transport processes. Investigations in cell culture (CaCo-2) as well
as in animal models have demonstrated that chitosan can have an
effect in modifying paracellular transport [37]. Immunohistological
studies have shown that chitosan can open the tight junctions be-
tween cells through an effect upon Factin filaments. Unlike other
absorption promoters, chitosan appears to be non-toxic and well
tolerated by human subjects. This combination of bioadhesion
and paracellular transport effects has led to a consideration of
the use of chitosan for the delivery of E, via the nasal cavity.
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