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Most free drugs that cross the blood–brain barrier are characterized by high liposolubility, but they often have limited clinical
applications because of poor dissolution and poor bioavailability. In this study, we prepared donepezil drug-loaded
nanoparticles (DZP) with cholesterol-modiﬁed pullulan (CHP) as the nanocarrier (DZP-CHP) and surface modiﬁed the drugloaded nanoparticles to improve the water solubility of donepezil while enhancing its targeting and sustained release. We
determined the drug loading and encapsulation eﬃciency of DZP-CHP nanoparticles at diﬀerent feed ratios. The mean ± SD
drug loading and entrapment eﬃciency were high: 13.52 ± 2.03 and 86.54 ± 1.31. On dynamic light-scattering measurement,
mean ± SD particle size was 260.7 ± 1.76 nm, polydispersity index 0.123 ± 0.004, and zeta potential −5.75 ± 0.64 mV. DZP-CHP
nanoparticles prepared with the optimal feed ratio (DZP : CHP = 1 : 5) were coated with polysorbate 80, and the adsorption
process was determined by isothermal titration calorimetry. We found good aﬃnity between polysorbate 80 and DZP-CHP,
with mean ± SD coverage 2.7 ± 0.372. The mean ± SD drug loading and entrapment eﬃciency of polysorbate 80-emulsiﬁed
DZP-CHP nanoparticles were 8.25 ± 1.80 and 91.28 ± 4.57, respectively, and the proportion of drug released by 72 h was 42.71%.
Compared to DZP-CHP alone, PS-DZP-CHP can enhance the release of donepezil.

1. Introduction
Research hot topics in the drug ﬁeld are to design drug preparations with high-eﬃciency delivery [1–3]. Oral solid drugs
released from the formulation and dissolved in body ﬂuid is
the premise of absorption, so with poor dissolution, drug
absorption in vivo is slow and with low bioavailability, therefore not reaching the therapeutic level of plasma concentration and poor clinical treatment [4, 5]. Fat-soluble drugs
more easily cross the blood–brain barrier for a pharmacological eﬀect [6]. In preparing conventional formulations for
craniocerebral diseases, increasing the drug solubility often
requires a number of drug additions, which results in toxicity. Currently, about 40% of clinically used drugs have limited
use because of poor dissolution [7, 8].
In recent years, the emergence of nanoformulations for
injection has brought hope to solving the problem of drug

delivery of fat-soluble drugs. Nanoparticles (NPs) represent
a micropectin system composed of nanospheres or nanocapsules with particle size typically <1 μm [9] Because of the
small particle size and large speciﬁc surface area of NPs, the
solubility and dissolution rate of insoluble drugs can be
increased after drug loading [10]. Also, with the preparation
and surface modiﬁcation of biomaterials with speciﬁc properties, the NPs can feature long circulation and controlled
release [11, 12]. Targeted delivery and reduced dose ensure
eﬃcacy and reduce side eﬀects.
In this study, we used donepezil, a clinically important
drug for treating Alzheimer’s disease, with poor solubility
[13] to develop a new type of nanostructured drug. Donepezil
is fat-soluble, poorly dissolved in the body, and generally
taken orally; with poor drug absorption and low bioavailability, the drug has no tissue-speciﬁc, toxic side eﬀects on the
peripheral nervous system, and its clinical application is

2

Journal of Nanomaterials
CH2OH

CHP
O

OH

CH2OR

OCH2

O

O
OH

O

OH

O

OH
OH

OH

n

O
R=−OOC

O

Figure 1: The chemical structure of CHP.

limited. In addition, conventional Aricept should be taken
daily to maintain the therapeutic eﬀect. However, in Alzheimer’s patients, with the progression of the disease to a certain
stage, the lack of memory of daily medication on a daily basis
is an obstacle to the use of donepezil. We need new types of
preparations to overcome these deﬁciencies.
Pullulan, an exopolysaccharide produced by budding
short sporophore enzymes, is nontoxic and biodegradable
[14, 15]. Cholesterol hydrophobically modiﬁed pullulan
(CHP) is an amphipathic substance that self-assembles in
aqueous solution into nanostructures with a shell of cholesteric hydrophobe and sugar-chain hydrophilicity [16]
(Figure 1). CHP NPs can form a complex with Aβ protein,
eﬀectively preventing protein aggregation, and can be quickly
cleared from cells, which strongly inhibit cytotoxicity and
provide a basis for the selection of nanomaterials [17]. Donepezil, as a strong hydrophobic drug, can be loaded into the
hydrophobic center of CHP NPs to form a donepezil nanopreparation (DZP-CHP). Although nanopharmaceutical formulations have some passive targeting due to their small-size
properties, the surface must be modiﬁed to achieve precise,
tissue-speciﬁc targeting.
Polysorbate 80 is a common nonionic surfactant. The
fatty acid chain (hydrophobic) and ethylene oxide units
(hydrophilic) provide its amphiphilic properties. Polysorbate
80 has features of hydrophilicity, nonionicity, biodegradability, and nontoxicity to cells at low concentration and is easy
to obtain. Therefore, it is widely used for the distribution of
substances in food and drug products [18–20]. Numerous
studies have found that it can be applied to the NP surface
and can cross the blood–brain barrier through receptormediated endocytosis or other mechanisms and enhance
drug-targeted delivery to the central brain for an enhanced
targeted therapeutic eﬀect [21–23]. In addition, the hydrophilic and hydrophobic portions of the nonionic surfactant
from the polysorbate family are involved in the interaction,
and their coating directly inhibits the reticuloendothelial
system and thus helps to prolong the circulation time of

NPs in the body [24, 25]. Polysorbate 80 also has a
sustained-release eﬀect [26].
Here we investigated the use of CHP NPs loaded with
donepezil, then added polysorbate 80, and used isothermal
titration calorimetry (ITC) to conﬁrm that polysorbate 80
can be successfully adsorbed on the CHP NP surface and
achieve the desired rate of adsorption. We aimed to provide
the experimental basis for the research of new dosage forms
of drugs for Alzheimer’s disease.

2. Materials and Methods
2.1. Materials. The materials used are the following: constant
temperature magnetic stirrer (IKA RCT basic, Germany),
vacuum freeze dryer (Maxi Dry Lyo, Heto-Holten), transmission electron microscope (TEM) (JIEM-100S Japan), nanoparticle size and zeta potential analyzer (Malvern ZS-90,
Britain); UV-vis spectrophotometer (JASCO V-560, USA);
isothermal titration calorimeter (VP-ITC, Microcal Inc.,
Northampton, MA), dialysis bags (molecular weight cutoﬀ
8 to 12 KDa, Germany), cholesterol hydrophobic modiﬁed
pullulan (homemade), donepezil (Donepezil, Shanghai Ziqi
Biological Technology Co. Ltd.), polysorbate 80 (Polysorbate-80, Tianjin Fuchen Reagent Institute). The remainder
of the reagents was domestic analytical reagent.
2.2. Methods
2.2.1. Dialysis Preparation of CHP and DZP-CHP NPs. As we
previously described [27, 28], dialysis was used to prepare
NPs. We used 20 mg graft polymer CHP polymer dissolved
in 2 ml DMSO solvent. The solution was transferred to a dialysis bag (MWCO 8–12 kDa) and placed in 1 l distilled water.
The water was changed every 3 h in the ﬁrst 12 h of dialysis
and every 6 h in the 12 h after dialysis for a total of 24 h.
4 mg DZP and 20 mg CHP were dissolved in an appropriate amount of DMSO and triethylamine (TEA/DZP = 2,
mmol/mmol) was added; the drug and the material solution
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were thoroughly mixed in a ratio of 1 : 5, using the above
method to prepare drug-loaded NPs. When the DMSO dialysis was clean, the solution was removed, then was treated
with an ultrasound probe (50 W) for 2 min, and volume ﬁxed
in a 10 ml volumetric ﬂask, then ﬁltered with a 0.45 μm ﬁlter
to obtain CHP and DZP-CHP NPs, which were stored at 4°C.
2.2.2. Preparation of the Standard Curve of the Donepezil.
5 mg reference substance of donepezil was accurately
weighed and added to the solution, dissolved with DMSO
and diluted to 1 μg/ml. The maximal ultraviolet absorption
wavelength was detected by scanning in the 200 to 400 nm
wavelength range with DMSO as a blank control.
An amount of 1 mg donepezil was added to a 10 ml volumetric ﬂask, dissolved, and ﬁxed to scale with DMSO, to
obtain 100 μg/ml standard stored solution. An appropriate
amount was diluted with DMSO to 5, 10, 15, 20, and 25 μg.
With the DMSO solution as the control, the absorbance
was measured at the maximum absorption wavelength, with
absorbance A as the ordinate and concentration C as the
abscissa to obtain a regression equation.
2.2.3. Isothermal Titration Calorimetry (ITC). A concentration of polysorbate 80 solution was dropped into the DZPCHP NP solution, and the isothermal droplet calorimeter
was used to measure its thermal change. An amount of
80 ml polysorbate was injected into the NP titration pool
containing DZP-CHP for titration 20 times, 4 ml each. The
temperature of the droplet was set to 25°C, and the thermodynamic parameters and connection curves were obtained
by 20 times titration.
2.2.4. Polysorbate 80 Emulsiﬁcation of DZP-CHP NPs. A concentration of DZP-CHP was placed in a 10 ml beaker and
aspirated into a polysorbate 80 (PS) emulsiﬁer beaker containing 0.7 mmol for 1 h. The mixed solution was placed in
the EP tube, then treated for 3 min with the ultrasound probe
(output power: 100, intermittent pulse working mode: pulse
width 2.0 s, intermittent time 2.0 s), with repeated operation
three times until uniform dispersion, then ﬁltered with a ﬁltration membrane to remove impurities and obtain polysorbate 80-emulsiﬁed DZP-CHP NPs (PS-DZP-CHP).
2.2.5. Measurement of NP Size, Zeta Potential, and Morphology
Observation. The size, polydispersity index (PDI), and zeta
potential of CHP, DZP-CHP, and PS-DZP-CHP NPs were
measured by use of the Malvern ZS-90 system. The morphology of the particles was evaluated by TEM, and the
newly prepared CHP, DZP-CHP, and PS-DZP-CHP water
solutions were dropped on a carbon-supporting copper
net. After drying, dyeing with the phosphotungstic acid,
and natural drying again, the sample was observed by using
TECNAI Spirit (120 kV) TEM (FEL, Hong Kong). The
freeze-dried NPs were dissolved in pure water, added to clean
silicon wafers and dried at room temperature, and the surface
structure was observed by scanning electron microscopy.
2.2.6. Determination of the Drug Loading Capacity (LC) and
Encapsulation Eﬃciency (EE) of DZP-CHP and PS-DZPCHP. The determination of the drug loading capacity
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(LC) and encapsulation eﬃciency (EE) of DZP-CHP and
PS-DZP-CHP follows Tao et al. [16]. For 4 ml freshly prepared DZP-CHP and PS-DZP-CHP NPs, absorbance was
determined at 312 nm by spectrophotometry. The same
solvent with blank CHP was a control. The drug content
was calculated according to the standard curve, then the
loading and encapsulation rate were obtained as follows:
Loading capacity LC% =

the amount of DZP in the NPs
,
weight of NPs

Encapsulation efficiency EE% =

the amount of DZP in the NPs
total amount of DZP

1
2.2.7. Release of DZP-CHP and PS-DZP-CHP NPs In Vitro.
Using the dialysis bag diﬀusion technique [29] to measure
the release of donepezil, 1 mg DZP-CHP and PS-DZP-CHP
NPs were dissolved in 5 ml 0.01 M phosphate buﬀer solution
(pbs, ph 7.4), then transferred to a dialysis bag (MWCO 8–
12 kDa) and placed in the same PBS solution at 37°C with
constant temperature and magnetic stirring. An amount of
4 ml solution was removed at 0, 0.5, 1, 2, 4, 8, 12, 24, 48,
and 72 h. An amount of 4 ml fresh PBS was added with the
same pH at the same time. UV-vis spectrophotometry was
used to determine the absorbance of dialysis solution of different times at 312 nm; the content of the solution was determined by the standard curve, and the release test was
repeated three times in vitro.
Q% =

C n × V + V n 〠i=n
i=0 C i
,
W drug loading

2

where Cn is the sample concentration at Tn (μg/ml), V is the
release volume of the medium at Ti (ml), and Ci is the sample
concentration at Ti (μg/ml).
In addition, we changed the PBS release media to FBS
release media at a certain concentration and analyzed the
drug release of PS-DZP-CHP NPs. An amount of FBS
solution (0.1 mg/ml) was added to the dialysis bag to measure
the drug release of PS-DZP-CHP NPs. A weight ratio of
donepezil to FBS of 1 : 10 was prepared to obtain
nanoparticle-drug-FBS complex, and the mixture solution
was dialyzed against 1000 ml distilled solution for 6 h to
remove free donepezil. Then, we measured the drug release
as described previously.
2.3. Statistical Analysis. Data are presented as mean ± SD and
were analyzed by Student t-test or ANOVA for multiple samples with the use of SPSS 12.0. P < 0 5 was considered statistically signiﬁcant.

3. Results
3.1. Determining the Standard Curve of Donepezil. To determine the drug loading and entrapment eﬃciency of drugloaded NPs, we established a standard curve for donepezil.
UV scan 1 showed maximum absorption of donepezil at
wavelengths 270 and 312 nm, and the larger value of
312 nm was selected as the detection wavelength to minimize
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Figure 2: Potential change and particle size distribution of DZP-CHP NPs at diﬀerent feed ratios.

Table 1: Particle size, polydispersity index (PDI), zeta potential, drug loading, and entrapment eﬃciency of CHP NPs at diﬀerent feed ratios
(1 : 2, 1 : 5, and 1 : 10).
Feed ratio
1:2
1:5
1 : 10

Particle size (nm)

PDI

Zeta potential (mV)

Drug loading (%)

Encapsulation eﬃciency (%)

273.3 ± 3.72
260.7 ± 1.76
266.8 ± 4.56

0.138 ± 0.013
0.123 ± 0.004
0.196 ± 0.019

−6.20 ± 0.40
−5.75 ± 0.64
−9.30 ± 0.39

12.02 ± 1.90
13.42 ± 2.03
7.40 ± 1.72

42.00 ± 5.65
86.54 ± 1.31
59.71 ± 4.43

measurement errors. The standard curve was drawn with the
concentration of donepezil standard solution as the abscissa
and absorbance value as the ordinate, with standard curve
equation Y = −0 00373 + 0 01574X. We found a linear relationship between concentration and absorbance in the concentration range of 0–30 μg/ml, with correlation coeﬃcient
0.99885, which met the requirements.
3.2. Relation between Particle Size, Zeta Potential, Drug
Loading, and Entrapment Eﬃciency of DZP-CHP NPs and
Feed Ratio. The prepared CHP NPs were loaded with donepezil according to diﬀerent feed ratios, and particle size and
zeta potential were measured by dynamic light scattering.
At feed ratios 1 : 2, 1 : 5, and 1 : 10, the mean ± SD NP size
was 273.3 ± 3.72, 260.7 ± 1.76, 266.8 ± 4.56 nm, respectively,
and PDI was 0.138 ± 0.013, 0.123 ± 0.004, 0.196 ± 0.019,
respectively (Figure 2). The distribution of NP size was uniform, and the feed ratio was 1 : 5 with the smallest PDI and
the most uniform distribution. The feed ratio 1 : 2 led to the
largest NP size, which may be due to the too small amount
of hydrophobic donepezil in the hydrophobic center of NPs
and too weak hydrophobic interactions between the hydrophobic ends of the NPs and hydrophobic drugs during the
self-assembly process, thereby resulting in the aggregation

and a too large particle size. The results of particle size distribution are also consistent with this suggestion, showing the
smallest NPs at feed ratio 1 : 5, which indicates that the
formed NPs are more stable and uniform at this feed ratio.
We measured the absorbance of the drug-loaded NPs
at 312 nm. The drug concentration was calculated by the
standard curve of the concentration of donepezil to the
absorbance, and the drug loading and entrapment eﬃciency of DZP-CHP NPs were calculated as described in
Materials and Methods. With feed ratios of 1 : 2, 1 : 5, and
1 : 10, the mean ± SD drug loading of drug-loaded NPs
was 12.02 ± 1.90%, 13.42 ± 2.03%, and 7.40 ± 1.72%, respectively, and the entrapment eﬃciency was 42.00 ± 5.65%,
86.54 ± 1.31%, and 59.71 ± 4.43%, respectively (Table 1).
The drug loading and encapsulation eﬃciency of DZP-CHP
NPs peaked at feed ratio 1 : 5. Therefore, this NP-loaded
donepezil can provide better drug loading and encapsulation
eﬃciency, with the best feed ratio about 1 : 5. The drug loading and entrapment eﬃciency of CHP NPs were saturated:
when the mass ratio of drug to CHP NP exceeded a certain
amount, the larger the feed ratio, the smaller the drug loading
and entrapment eﬃciency of the NPs. Our results show an
ideal feed ratio of CHP to donepezil of 1 : 5, so we chose
DZP-CHP with a feed ratio of 1 : 5 for the next step.
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Figure 3: Release curves of donepezil from DZP-CHP NPs in
phosphate buﬀered saline (PBS) at 37°C in vitro at diﬀerent feed
ratios. 1 : 2, 1 : 5, 1 : 10.

3.3. Relation between Drug Release of DZP-CHP NPs In Vitro
and Feed Ratio. The dissolution curve of DZP-CHP NPs in
distilled water at diﬀerent feed ratios is shown in Figure 3.
There are two stages in the drug release process of drugloaded NPs: the initial stage with a rapid release (phase I),
followed by a sustained long-term slow release (phase II).
The possible reasons for this release characteristic are related
to the presence of donepezil in DZP-CHP NPs. Some drugs
are adsorbed on the surface of DZP-CHP self-aggregated
NPs by a weak interaction, whereas most drugs and cholesterol in DZP-CHP molecules enter the hydrophobic core of
NPs by hydrophobic interaction. The rapid release of the
drug by the intermolecular hydrogen bonding on the surface sugar chain of CHP NPs causes the rapid release of
phase I, whereas the slow diﬀusion of drug entrapped in
the hydrophobic core of the particle leads to the slow
release of phase II.
We observed diﬀerent loading and encapsulation eﬃciency at diﬀerent feed ratios. The drug entrapment in the
NP core increases, and the drug adsorption on the surface
decreases because the rapid release of drug phase I is weakened and the phase II slow release is enhanced. This is
shown with DZP-CHP NPs at feed ratio 1 : 5 in Figure 4,
which is consistent with its results of the highest entrapment eﬃciency. The particle size of NPs also aﬀects the
drug release rate. In general, with NPs with the same kind
of carrier material, the smaller the particle size, the larger
the interfacial area, and the release rate is higher. DZPCHP (1 : 5) with the smallest particle size had the slowest
release rate, whereas DZP-CHP (1 : 2) with the largest particle size had the fastest release rate. The possible reason is
that DZP-CHP (1 : 5) with the strongest hydrophobic interaction, gathered closely, is in a more stable state, for slower
internal drug release. The release rate of DZP-CHP (1 : 2) is
the opposite, which is consistent with the previous results
of particle size.

3.4. Thermodynamic Analysis of the Eﬀect of DZP-CHP NPs
on Polysorbate 80. ITC is often used to measure the connection properties of two substances. Because of the heat
generated or absorbed during material binding, the change
in the heat of the reaction system can be measured by
titrating the polysorbate 80 into the solution of the DZPCHP NPs to reﬂect the conjugation of the two. In
Figure 5, 4 ml of Tween 80 was added to produce a corresponding endothermic peak; with an increase in number
of drops, the peak gradually decreased. With the 15th
drop, the peak value reversed and became an exothermic
peak pointed downwards. Mean ± SD data are as follows:
coverage, 2.70 ± 0.372; KA (105/M), 2.98 ± 1.66; △H (cal/mol),
1710 ± 311.4; and △S (cal/mol/deg), 30.8 (Table 2). During
the dropping of polysorbate 80 molecules into the CHP
NP solution, polysorbate 80 is adsorbed onto the surface
of the CHP NP. Figure 5 shows that the adsorption of
polysorbate 80 to the surface of DZP-CHP NPs is an
endothermic process [13], and the faint exothermic peak
at the tail may be due to polysorbate 80 reacting with
donepezil adhered to the NP surface or some of the drug
being released and dissolved in polysorbate 80 [18].
According to the Gibbs free energy formula, the result is
△G < 0, which indicates that the reaction is a spontaneous
reaction. KA (105/M) was 2.98 ± 1.66, which indicates good
aﬃnity between the two. The coverage was 2.7 ± 0.372, so
about 2.7 polysorbate 80 molecules could be adsorbed on
the surface of one CHP. Since one CHP NP consisted of
several CHPs, polysorbate 80 had better coverage on the
surface of CHP NPs.
3.5. Characterization of CHP, DZP-CHP, and PS-DZP-CHP
NPs. From TEM (×30000) (Figure 6), the prepared CHP,
DZP-CHP, and PS-DZP-CHP NPs were uniform and spherical. From Table 3 and Figure 4, the mean ± SD diameter of
DZP-CHP NPs before and after drug loading was 257.5
± 3.05 and 266.3 ± 4.46, respectively, and the NP size was relatively uniform with mean ± SD dispersion index 0.169
± 0.020 and 122 ± 0.01. The size of microspheres changed a
little before and after drug loading, but the particle size was
increased after emulsiﬁcation, to a mean ± SD of 335.2
± 5.46. Positively or negatively charged NPs exhibit more
drug release than do neutral NPs [30]. The mean zeta potential increased from −2.81 ± 0.27 to −0.66 ± 0.04 mV; after
that, CHP NPs encapsulate donepezil, which may be due to
the molecular interaction between the polymer and donepezil. As compared with charged NPs, neutral NPs (zeta potential: ±10 mV) phagocytosed by macrophages are signiﬁcantly
reduced in vivo [31, 32], and phagocytosis is the main factor
in removing NPs. Reducing phagocytosis may signiﬁcantly
extend the cycle time in the body [33]; therefore, DZP-CHP
may have a longer cycle time in vivo than donepezil alone.
Zeta potential decreased to −2.22 ± 0.86 mV after polysorbate
80 was applied. The surface charge of bovine serum albumin
is −5.6 mV, according to Paillard et al., and the potential of
NPs decreases after adsorption on the surface of NPs [34].
Therefore, in this study, the potential reduction of NPs in
0.7 mmol polysorbate 80 emulsiﬁer may also be related to
the adsorption. Also, the increased particle size may lead to
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Figure 4: Particle size distribution and potential changes of NPs before and after drug loading. CHP: blank CHP NPs; DZP-CHP: donepezilloaded CHP NPs; PS-DZP-CHP: polysorbate 80-emulsiﬁed DZP-CHP.
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Table 2: Aﬃnities (KA), degree of coverage, and enthalpy changes
upon binding when polysorbate 80 was titrated into nanoparticle
solution at 25°C.

0.30
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Coverage

KA (105/M)

△H (cal/mol)

△S (cal/mol/deg)

2.70 ± 0.372

2.98 ± 1.66

1710 ± 311.4

30.8

𝜇cal/sec

0.20

reduced surface charge density of NPs, thereby decreasing
its zeta potential value or because of the shielding eﬀect of
the NPs on the surface charge with the adsorbed polysorbate 80 [1].
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Figure 5: ITC data at 25°C for titration of polysorbate 80 into
DZP-CHP NPs. The NP concentration in the cell (250 μl) was
7.7 μM and polysorbate 80 concentration in the syringe was 700 μM.

3.6. In Vitro Drug Release of DZP-CHP NPs Coated and
Uncoated by Polysorbate 80. With donepezil alone (DZP),
free drug release was complete within a very short time
(Figure 7). With DZP-CHP NPs, the release was 55.12% in
72 h, for a controlled release eﬀect. With PS-DZP-CHP
NPs, the release was 42.71% in 72 h. With PS-DZP-CHP
NP dialysis in fetal bovine serum (FBS), the drug release
was 49.36% in 72 h. With PS-DZP-CHP NPs in FBS, the drug
release was 31.21% in 72 h. When compared with the DZPCHP NPs, the drug release of PS-DZP-CHP NPs is slower.
The reason for the slow release of the PS-DZP-CHP NPs
may be the presence of polysorbate 80 around the NPs; the
hydrophobic regions of polysorbate 80 have strong adsorption properties for hydrophobic small-molecule drugs,
thereby hampering the release of the drug to the media.
And when compared with the PS-DZP-CHP NPs, the drug
release of PS-DZP-CHP NPs in FBS is slower. The reason
for the slow release of PS-DZP-CHP NPs in FBS can be that
NPs were always adsorbed to plasma proteins in the blood
circulation possibly the ApoE. After adsorption of plasma
proteins, drug release can be reduced due to the steric hindrance of proteins. The release of PS-DZP-CHP NPs
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Figure 6: TEM of (a) CHP NPs, (b) DZP-CHP NPs, and (c) PS-DZP-CHP NPs.

Table 3: Particle size, polydispersity index (PDI), zeta potential, drug loading, and entrapment eﬃciency of the three kinds of CHP NPs.
NPs
CHP
DZP-CHP
PS-DZP-CHP

Particle size (nm)

PDI

Zeta potential (mV)

Drug loading (%)

Entrapment eﬃciency (%)

257.5 ± 3.05
266.3 ± 4.46
335.2 ± 5.46

0.169 ± 0.02
0.122 ± 0.01
0.138 ± 0.03

−2.81 ± 0.27
−0.66 ± 0.04
−2.22 ± 0.86

—
14.78 ± 1.19
8.25 ± 1.80

—
88.77 ± 2.60
91.28 ± 4.57

Cumulative % of drug release

100
80
60
40
20
0
0

20

40
Time (h)

Free donepezil
DZP-CHP NPs (1 : 5)
PS-DZP-CHP NPs

60

80

PS-DZP-CHP NPs dialysis
in FBS
PS-DZP-CHP NPs in FBS

Figure 7: Release curves of donepezil from free donepezil, DZPCHP NPs (1 : 5), PS-DZP-CHP NPs, and PS-DZP-CHP NP
dialysis in FBS and PS-DZP-CHP NPs in FBS.

dialysis in FBS is faster than PS-DZP-CHP NPs. The reason for the fast release of PS-DZP-CHP NPs dialysis in
FBS may be that the drug adsorption of plasma proteins
out of the Visking dialysis tubing and the concentration
diﬀerence have been expanded.

4. Discussion
We found that pullulan can be modiﬁed into an amphiphilic polymer by bonding hydrophobic small-molecule

groups, which can be used in the ﬁeld of biomedicine.
Akiyoshi et al., Deguchi et al., and Lee and Akiyoshi’s studies
[35–38] used hexamethylene diisocyanate as a linker and
found that the hydrophobic cholesteryl molecular-modiﬁed
pullulan could obtain the amphiphilic cholesteryl base chitosan (CHP), which can form self-assembled NPs in water. The
NP hydrophobic center can load epirubicin, mitoxantrone,
paclitaxel [39], and other fat-soluble drugs to enhance their
solubility. However, the hexamethylene diisocyanate itself
is ﬂammable and belongs to the body’s exogenous substances and may have toxic eﬀects on humans. Succinic
anhydride is easily degradable in the body of the endogenous substances in the TCA cycle. Therefore, we used succinic anhydride as the connecting arm to graft cholesteryl
onto the CHP NPs (Figure 8(a)), which is safer in theory
as a drug carrier. The CHP self-polymerization group is a
circular or oval hydrogel NP formed by the noncovalent
hydrophobic interaction between the cholesterol groups
[40]. Therefore, the greater the degree of substitution of
grafted cholesterol, the stronger the hydrophobic interaction and the more stable the structure. However, because
of strong hydrophobic action, a degree of substitution > 6%
is not conducive to self-aggregation.
We used thermodynamic analysis of the adsorption of
polysorbate 80 and DZP-CHP NPs. In general, the binding
reaction results from hydrogen bonding, electrostatic interaction, hydrophobic interaction, and van der Waals force.
Many scholars believe that when ΔH > 0 and ΔS > 0, the
hydrophobic interaction is dominant. With ΔH < 0 and
ΔS < 0, the hydrogen bond and van der Waals force are
the main driving forces. With ΔH < 0 and ΔS < 0, the electrostatic force is the main force [41]. Therefore, according
to our ITC ﬁndings, the hydrophobic interaction plays an

8

Journal of Nanomaterials

+
CHS
CHP

Self-assembly

Pullulan

Donepezil

DZP-CHP

(a)

Adsorption
DZP-CHP

PS-DZP-CHP

Polysorbate 80

(b)
Figure 8: (a) CHP synthesis and self-assembly with donepezil into drug-loaded NPs; (b) polysorbate 80 adsorbed on the drug-loaded CHP
NPs surface.

important role in the interaction between DZP-CHP NPs
and polysorbate 80. According to Joshi et al. [42], polysorbate 80 may have structural changes in the initial phase of
the adsorption of CHP NPs, and the acyl chain obtains a
highly ﬂexible structure. At the time of adsorption, the
acyl chain (−CH2) and ester group (−C=O) interacting with
the CHP NPs under the hydrophobic interaction force dominate hydrogen bonding, so the polysorbate 80 molecule
approaches the surface of the CHP NPs to result in the
monolayer plane structure (Figure 8(b)), which is consistent
with the experimental results.
Small particle size and other characteristics of the drug
enhance its dissolution in the body and sustained release. In
addition, studies have shown that NPs with polysorbate 80
coated on the surface are brain targeting and more permeable
to the blood–brain barrier [43]. Polysorbate 80 is not cytotoxic and does not damage the blood–brain barrier of endothelial cells, making tight junctions appear to increase
permeability for brain targeting [44]. The mechanism may
be that polysorbate 80 coated on the surface of NPs can be
used as an anchor point, and adsorption of apolipoproteins
ApoB and ApoE occurs. The adsorption of apolipoprotein
NPs mimics lipoprotein particles, which are absorbed by
brain capillary endothelial cells via endocytosis mediated by
the lipoprotein receptor low-density lipoprotein receptor
and/or LRP [45–47]. In this case, the NPs traverse the

blood–brain barrier as a Trojan horse bound to the drugs,
and the drug is released into the endothelial cells, transported
further into the brain by diﬀusion, or delivered to brain
tissue by transcytosis to achieve brain targeting [48–50]
or play the role of donepezil cholinesterase inhibitors to
treat Alzheimer’s disease [51, 52]. In addition, polysorbate
80 may also increase drug transport by hindering the speciﬁc exclusion of P-glycoprotein [53].
Polysorbate 80-coated NPs must be cross-linked to the
blood–brain barrier with ApoB and ApoE proteins in the
plasma. According to Ikai [54], polysorbate 80 is almost
1 : 1 bound to lipoprotein, and the binding is slow and tight.
Both are in a stable state of reaction after 15 h, which is
advantageous for the slow release of the new dosage form
in vivo for eﬃcacy. Polysorbate 80 and lipoprotein have a
cross-linking reaction; the string-like structure of varying
length can be seen on electron microscopy (the structure
is also likely between CHP cross-linked, inserted in the
middle). At the same time, polysorbate 80 does not aﬀect
the physical structure of ApoE and low-density lipoprotein
and is safer.
However, the adsorption of NPs and proteins is also
aﬀected by many factors, such as the hydrophobicity of
NPs, zeta potential, surface curvature, and surface roughness. The former two factors are the most important. The
stronger the hydrophobicity, the stronger the adsorption
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of protein and NPs. Since the material constituting the
framework of the NP is a CHP molecule, the hydrophobic
group is cholesteric and highly hydrophobic and easily
interacts with the protein in the blood. Zeta potential also
has an important eﬀect on the adsorption of the two: in
general, positively charged NPs preferentially adsorb proteins with isoelectric points < 5.5, such as albumin, whereas
negatively charged NPs are the opposite and the adsorption
between the surface charge density increases. We found
that the absolute value of the zeta potential was larger for
the drug-loaded NPs coated with than without polysorbate
80 and negatively charged, so polysorbate 80 may enhance
NP–protein adsorption, and this novel NP should bind preferentially to ApoE in the blood (isoelectric points of three Apo
subtypes E2, E3, and E4 are >5.5) as compared with albumin.
We found that PS-DZP-CHP has small molecular
hydrophobic drug solubilization and good sustainedrelease eﬀect. The release experiment in vitro showed that
the CHP NPs emulsiﬁed by polysorbate 80 can release
drugs at about 42.71% in 72 h, about 13% less than for
nonemulsiﬁed NPs. In other words, the new NPs can be
more stable in the blood, so they can maintain blood concentration longer, increase the medication interval, and
improve patient compliance to treatment. Moreover,
because of the increased stability, fewer drugs enter the systemic circulation and more NPs cross the blood–brain barrier before the release of the drug, thereby accumulating the
drug in the brain and releasing it after targeting. The dosage can be reduced, as can the toxicity to the peripheral
nervous system.
The controlled release of drug-loaded CHP NPs is an
in vitro release behavior. When the NPs enter the body,
the peripheral environment around the NPs is complicated and the release behavior is also complicated. However, due to the time and technical limitation, we did not
conﬁrm this theory by animal experiments, which needs
further investigation.

5. Conclusion
The dose ratio of donepezil and nanomaterials has a certain
eﬀect on the drug loading, entrapment eﬃciency, and
sustained-release features of CHP NPs, and the best feed ratio
is 1 : 5. Surface modiﬁcation of DZP-CHP NPs with polysorbate 80 showed good adsorption between polysorbate
80 and NPs on ITC. The CHP NPs have good drug
loading, entrapment eﬃciency, and sustained-release eﬀect,
and the adsorption of polysorbate 80 further enhanced the
sustained-release eﬀect. CHP NPs after polysorbate 80
surface modiﬁcation may be a new type of pharmaceutical
preparation with a brain-targeting function in treating
nervous system diseases.
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