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KEY WORDS Abstract Chemotherapy outcomes for the treatment of glioma remains unsatisfactory due to the
Glioma: inefficient drug transport across the blood—brain barrier (BBB) and insufficient drug accumulation in the
Casein" tumor region. Although many approaches, including various nanosystems, have been developed to
Menthol; promote the distribution of chemotherapeutics in the brain tumor, the delivery efficiency and the possible
Nanoparticles; damage to the normal brain function still greatly restrict the clinical application of the nanocarriers.
Brain targeting; Therefore, it is urgent and necessary to discover more safe and effective BBB penetration and glioma-
Blood-brain barrier; targeting strategies. In the present study, menthol, one of the strongest BBB penetration enhancers
10-Hydroxycamptothecin screened from traditional Chinese medicine, was conjugated to casein, a natural food protein with brain

targeting capability. Then the conjugate self-assembled into the nanoparticles to load anti-cancer drugs.
The nanoparticles were characterized to have appropriate size, spheroid shape and high loading drug
capacity. Tumor spheroid penetration experiments demonstrated that penetration ability of menthol-
modified casein nanoparticles (M-CA-NP) into the tumor were much deeper than that of unmodified
nanoparticles. In vivo imaging further verified that M-CA-NPs exhibited higher brain tumor distribution
than unmodified nanoparticles. The median survival time of glioma-bearing mice treated with HCPT-M-
CA-NPs was significantly prolonged than those treated with free HCPT or HCPT-CA-NPs. HE staining of
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the organs indicated the safety of the nanoparticles. Therefore, the study combined the advantages of
traditional Chinese medicine strategy with modern delivery technology for brain targeting, and provide a
safe and effective approach for glioma therapy.

© 2019 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Glioma is the most common intracranial malignancy in the central
nervous system (CNS)'. According to the statistics of the central
brain tumor registry of the United States (CBTRUS), glioma accounts
for 27% of all central nervous system tumors, about 80% of which is
malignant tumor. Among the primary malignant CNS tumors, the
incidence of glioma is the highest, accounting for 46.1%”. The
treatment of glioma is based on surgical resection of tumors,
combined with radiotherapy and chemotherapy’. However, due to
the infiltrative growth of glioma, the boundaries between tumor tissue
and normal brain tissue are very blurred. To avoid the damage to the
brain function, it is hard to remove all tumors by surgical treatment,
resulting in very poor prognosis and easy relapse’. The clinical
outcome of radiation therapy is also limited because it is difficult to
control the scope of treatment accurately and will cause normal brain
tissue damage’. Therefore, chemotherapy still occupies an important
position in the treatment of glioma®’.

However, the presence of the blood-brain barrier (BBB), which
is mainly composed of polarized brain capillary endothelial cells
through complex intercellular tight junctions, creates a relatively
stable internal environment that safeguards the normal physiolo-
gical functions of CNS, but greatly limits the efficiency of
chemotherapeutic drugs into the brain'**’. About 98% of small
molecule chemical drugs and almost 100% of macromolecular
drugs are difficult to enter the brain, which has brought great
difficulties to the treatment of brain tumors'’. Based on the
transport of the substance across the BBB, researchers have
developed many strategies for enhancing brain-targeted delivery
of drugs: (1) prodrugs with good fat-solubility; (2) receptors,
transporters, and adsorptive-mediated modalities to achieve trans-
brain barrier transport; (3) BBB disruption techniques'""'*. Apart
from BBB, the blood-brain tumor barrier (BBTB) and complex
tumor environment (TME) characteristics further limit the treat-
ment of glioma. Therefore, dual-targeting systems, which can
overcome multiple delivery barriers, have been developed rapidly
and proved to be an effective strategy for brain tumors'*'#. For
example, angiopep-2-decorated gold nanoparticle was designed to
delivery doxorubicin to glioma through an acid-responsive linker.
The anti-glioma results indicated that the system can significantly
prolong the median survival time of glioma-bearing mice'”.
Menthol is a natural cyclic monoterpene alcohol from plant mint,
and has been widely used in oral hygiene products, cosmetics,
medicines, etc.'®.

According to the reports, menthol can increase the distribution
of drugs in the brain, enhance the transdermal absorption of drugs,
raise the efficiency of gene transfection, and can guide the drug to
reach the target site for improving the efficacy'’~>'. In addition, it
can enhance the penetration of drugs to cross a variety of
physiological barriers, such as BBB, gastrointestinal mucosa
barrier and skin’’. For example, menthol can promote puerarin

transport across MDCK and MDCK-MDRI1 cells as in vitro BBB
model®’. Tn our previous study, we found that co-incubation of
borneol (an aromatic resuscitation compound) with nanoparticles
can increase the uptake of nanoparticles in human brain capillary
endothelial cells (BCECs) and significantly increase the accumula-
tion of nanoparticles in the brain®*. Ren et al.” prepared borneol-
modified acyclovir solid lipid nanoparticles and found that the
distribution of acyclovir in the brain was significantly enhanced.
Since both menthol and borneol have been applied as messenger
drugs in traditional Chinese medicine, it could be deduced that
menthol has the potential to improve the transport of nanoparticles
into the brain. Although the co-incubation of menthol and borneol
with drugs or nanoparticles could improve their BBB transporta-
tion, the effect was limited and uncontrollable, since the drug and
the enhancer usually cannot arrive at the BBB simultaneously.
Therefore, the modification of enhancers onto nanoparticles has
been utilized to improve their permeation capability through
various barriers. The conjugation of borneol, muscone and
menthol with bovine serum albumin (BSA) nanoparticles could
effectively enhance the brain accumulation of nanoparticles®®. The
modification of borneol on the surface of solid lipid nanoparticles
(bSLPs) could enhance their transport through the BBB, compared
with the unmodified SLPs*’. The BBB penetration improvement
of nanoparticles by the modification of natural permeation
enhancers could be attributed to increased lipophilicity and
endocytosis, downregulated TJs-associated proteins levels, such
as ZO-1 and occludin protein, and bypassing the BBB via pineal
pathway”°.

Besides the targeting ligands, carriers also play an important role
in drug delivery. The carriers for preparing nanoparticles include
synthetic high molecular polymers, such as PLA, PLGA, PCL,
PAMAM, etc., and natural polymer materials, such as proteins and
polysaccharides”™ ', Compared with synthetic polymers, natural
materials have many unique properties, for example, they are
generally safer and can enclose both hydrophobic drugs and
hydrophilic drugs. The use of natural macromolecules to construct
drug carriers by simple and easy green chemistry can effectively
avoid the use of synthetic chemical reagents and organic solvents,
which is very beneficial to their application in biopharmaceutical
industry”. In addition, functional groups, such as disulfide bonds,
amino groups and carboxyl groups, exist in the structure of the
proteins themselves, so they can be modified with many targeting
ligands on the surface®. Although two albumin-based particulate
formulations have been approved for clinical use, the utilization of
native proteins in terms of particulate drug delivery systems is still
limited by their relatively poor tumor penetration and insufficient
source of albumin’**. Therefore, more handy and cheap proteins
have been sought to replace albumin for the development of tumor
targeting drug delivery systems.

Casein (CA) is the main component of milk and consists of four
components: as;-, asy-, - and k-casein. The mass ratio of them in
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milk is approximately 3:0.8:3:1 and the molecular weight range is
19-25 kD**’. They are all chain-like amphiphilic proteins with no
definite structure. As a natural food protein, casein has the
characteristics of wide source, low price, safety, non-toxic and high
nutritional value®®. In recent years, a variety of casein delivery
systems have been developed and reported. As an ideal carrier, the
hollow casein nanospheres have extraordinary ability to penetrate cell
membranes, regardless of cell type and temperature. The uptake of
casein is non-endocytosis and would not induce cell damage and
cytotoxicity’”*°. The cell membrane permeability of CA was similar
to that of cell-penetrating peptides (CPPs), a powerful transport vector
tool. However, CPPs need to be conjugated with cargoes, thereby
holding the risk to alter the biological activity of cargoes. Thus, the
development of nanoscale carriers which can penetrate cell mem-
branes by themselves in a non-classical fashion is highly desirable. It
has been found that the cisplatin-encapsulated casein nanoparticles
have strong ability to accumulate in tumor site, deliver cisplatin into
the deep part of the tumor, penetrate the cell membrane barrier, and
finally inhibit the growth of tumor significantly*'. Therefore, CA was
regarded as a natural, efficient, cheap and easily-handled tumor-
targeting drug carrier.

10-Hydroxycamptothecin is the most effective alkaloid in the same
type of anti-tumor monomers extracted from Chinese Camptotheca
acuminate in 1960s and 1970s™. As an anti-tumor drug with broad
spectrum, it is a cell cycle specific drug and mainly acts on DNA
synthesis™. However, the clinical application of the drug was restricted
by its short half life (about 30 min), poor water-solubility, and lactone
ring sensitivity to light and pH**. Therefore, it is necessary to develop
its new dosage forms to overcome the above problems.

In this study, a novel nanoparticle system was developed by
taking casein as carrier and modified with menthol as brain-
targeting ligand. By combining the advantages of natural aromatic
resuscitation component and food protein, the system can provide
efficient and safe brain tumor targeting ability and improve the
treatment effect of 10-hydroxycamptothecin.

2. Materials and methods
2.1.  Materials and reagents

Caseinate, 4’,6-diamidino-2-phenylindole (DAPI), (4,5-dimethylthia-
zol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and propidium
iodide (PI) were purchased from Sigma-—Aldrich (St. Louis, MO,
USA). Para-mentha-8-thiolone, 2-iminothiolane hydrochloride, 1,4-
butanediol diglycidyl ether and 5,5 -dithiobis-(2-nitrobenzoic acid)
(DTNB) were purchased from J&K Chemical Ltd. (Shanghai, China).
Trinitrobenzene sulphonic acid (TNBS) was from Thermo Fisher
Scientific Co. (USA). 10-Hydroxy camptothecin was purchased
from Meilune Biological Technology Co., Ltd. (Dalian, China).
1,1'-Dioctadecyl-3,3,3’,3-tetramethylindodicarbocyanine - perchlorate
(DiD) and 1,1’-dioctadecyl-3,3,3’,3'-tetramethylindotricarbocyanine
iodide (DiR) were from Beijing Fanbo Science and Technology
Co., Ltd. (Beijing, China). BSA and coumarin 6 (Cou-6) were from
Aladdin Corp. (Shanghai, China). All the other chemicals were
analytical reagent grades and purchased from Sinopharm Chemical
Reagent (Shanghai, China).

2.2.  Cells and animals

Brain capillary endothelial cells (BCEC) and glioblastoma cells
(C6) were obtained from Cell Bank, Chinese Academy of Sciences

(Shanghai, China). The cells were cultured in Dulbecco's Modified
Eagle's Medium (DMEM) supplemented with 10% FBS, 1%
L-glutamine, 1% nonessential amino acids, 100 U/mL penicillin
and 100 pg/mL streptomycin at 37 °C under a humidified atmo-
sphere containing 5% CO,.

BALB/c nude mice (male, 4-5 weeks, 18-22 g) were obtained
from Shanghai Laboratory Animal Research Center (Shanghai,
China) and maintained under standard housing conditions. All
animal experiments were carried out in accordance with the
protocols evaluated and approved by the ethics committee of
Fudan University (Shanghai, China).

2.3.  Synthesis and characterization of menthol-modified casein

Menthol-modified casein was synthesized following the steps
below. Firstly, 2-iminothiolane hydrochloride was grafted to casein
as 30:1 (mol/mol) in sodium carbonate buffer by incubating for
30 min at ambient temperature to form thiolated casein. Then, 1,4-
butanediol diglycidyl ether ethanol was added to the above reaction
solution, continuing to incubate for 4 h. After that, the product was
applied to sephadex LH-20 column to remove the unconjugated
reactants. Subsequently, para-mentha-8-thiolone ethanol solution
was mixed with the above purified product and then stirred for 24 h
at room temperature. The end-product was added with 10-fold
volume ethanol-ethyl acetate solution (1:1, v/) and centrifuged for
45 min at 3821 x g (Xiangyi high speed refrigerated centrifuge,
Hunan, China) at 4°C. Finally, the harvested precipitate re-
dissolving in ultrapure water was dialysed for 4 h in distilled water
and filtered through a 0.22 pm syringe filter to obtain the targeting
product menthol-modified casein (M-CA).

To confirm the successful conjugation of M-CA, the retention
time in HPLC was observed and the change of the molecule
weight after modification was viewed by SDS-PAGE
electrophoresis.

2.4.  Preparation and characterization of NPs

HCPT-M-CA-NPs and HCPT-CA-NPs were prepared as reported
with minor modification*>*®. A 40 mg/mL stock solution of HCPT
in dimethyl sulfoxide (DMSO) was freshly prepared prior to use.
A stock solution of caseinate was prepared by dissolving
10 mg/mL casein in 0.1 mol/L phosphate-buffered saline (PBS).
Then 25 pL. DMSO containing 1 mg HCPT was added to 1 mL
caseinate PBS solution slowly. When the mixed solution was
homogeneous, it was ultrasonated in ice-bath at proper power and
time (200 W, 5Smin). Then, the suspension was centrifuged to
remove the free HCPT and DMSO, and the residues were collected
as nanoparticles.

The size distribution and zeta potential of nanoparticles were
measured by dynamic light scattering (DLS, Zetasizer Nano ZS,
Malvern, UK). The morphology of NPs was detected by transmis-
sion electron microscope after negative staining with 1% uranyl
acetate solution. To determine the encapsulation efficiency (EE)
and drug-loading capacity (DLC), the prepared nanoparticles was
passed through/or not 0.22 pm syringe filter, treated with methanol
1:10 (v/v) at ambient temperature for 10 min to completely extract
HCPT. The concentration of HCPT encapsulated into nanoparticle
and total input was acquired on a high performance liquid
chromatography (Agilent) with a UV detector set at 383 nm. The
EE and DLC were calculated as previously described”’.



846

Caifang Gao et al.

2.5.  Stability of NPs

To assess the stability of the nanoparticles, the particle size and
zeta potential were measured using DLS in 4 °C at Days 0-7. The
changes were drawn with Graphpad Prism 7 (GraphPad Software,
Inc., La Jolla, USA).

2.6. In vitro release profiles

The HCPT release behavior from the NPs was performed by using
a dialysis method. Briefly, 1 mL nanoparticle suspension contain-
ing 50 pg/mL HCPT was sealed into a dialysis bag. Then the bag
was immersed into 100 mL PBS containing 1% SDS to meet the
sink condition. The experiment was conducted at 37 °C with
continuous stirring at 100 rpm (Desktop full temperature oscillator:
Taicang Experimental Equipment Factory, Suzhou, China). At
predetermined time intervals, 1 mL of the release medium was
withdrawn for measurement and replenished with an equal volume
of fresh medium. The released amount of HCPT was determined
by fluorescence spectrophotometry (Agilent, USA).

2.7.  Cellular uptake

To evaluate the uptake efficiency of different formulations
qualitatively, BCEC and C6 cells were seeded into 6-well plate
at a density of 5 x 10* /well. BSA, casein and menthol modified
casein nanoparticles encapsulating Cou-6 were prepared, respec-
tively. After incubated for 24 h, the cells were treated with 1 mL
different formulations containing 50 ng/mL Cou-6, incubated at
37 °C for 4 h, stained with Hoechst 33342 and then washed with
cold PBS buffer three times. After that, the cells were added
300pL PBS and photographed by fluorescence microscopy
(LEICA, Germany).

To assess the uptake efficiency of different formulations
quantitatively, BCEC and C6 cells were seeded into 12-well plate
at a density of 1x10° /well. When the cells achieved 80%
confluence, the medium was replaced with different protein-based
NPs described above and incubated for 4 h. After the incubation,
the cells were washed with PBS buffer and collected after
digestion, subjected to centrifugation at 2500 rpm (H1850R desk-
top high speed refrigerated centrifuge: Xiangyi Experimental
Instrument Development Co., Ltd., Hunan, China) for 5 min and
analyzed using a flow cytometer (FACS Calibur, BD, USA).

2.8.  Penetration in glioma spheroids of NPs

The penetration depth inside the tumor spheroids of different
formulations was detected by confocal microscopy (Zeiss, Ger-
many). C6 cells were seeded at a density of 2 x 10° cells/well in
96-well plates coated with 50 pL of 2% (w/v) agarose gel, cultured
at 37 °C, 5% CO, for 7 days to form the 3D tumor spheroids*®.
The tumor spheroids were cultured with the NPs loaded with DiD
for 12 h and subjected to confocal microscopy after being washed
with PBS three times.

2.9.  In vitro cytotoxicity

The cytotoxicity of different casein formulations on C6 cells was
assessed by MTT assay (n = 6). In brief, the cells were seeded at a
density of 1 x 10%well in 96-well plate and incubated at 37 °C,
5% CO, for 24 h. HCPT-loaded casein nanoparticles were diluted

into gradient concentration with complete medium and then added
to the wells. After incubation for 48 h, the medium were discarded
and 20 pL MTT solution (5 mg/mL) was added to each well. Four
hours later, the MTT solution was replaced with 100 pL DMSO
and shaken for 10 min at 37 °C. Finally, the 96-well plates were
scanned via a microplate reader and the absorbance was measured
at 490 nm.

2.10.  In vitro cell apoptosis

The apoptosis of C6 cells was qualitatively visualized and
quantitatively measured using fluorescence microscopy and
fluorescence-activated cell sorting. The cells were seeded at a
density of 1 x 10°/well in 6-well plate and allowed to grow for
24 h. The cultured medium was then substituted with CA-NPs and
M-CA-NPs (equal to 312 ng/mL of HCPT) with subsequent 48 h
incubation. After being washed with cold PBS, the cells were
stained with PI, Hoechst 33342 and DAPI, then subjected to
fluorescence microscopy to capture images. In addition, the
collected cells were washed again with PBS three times and
stained with an annexin V-FITC apoptosis detection kit according
to the manufacturer's protocol. The cells were subjected to
apoptosis analysis using FACS.

2.11. Animal model establishment

To establish the in sifu glioma model, the nude mice were
anaesthetized by 1% pentobarbital sodium and C6 cells (5 x 10°
cells/5 pL) were injected into the nude at striatum, 2 mm right
lateral to the bregma and 4 mm of depth.

2.12.  In vivo imaging

Twelve days after inoculation C6 cells, the glioma-bearing nude
mice were randomly divided into 3 groups (n = 3) and were
injected 200 pL formulations loaded DiR through tail vein. At
the predetermined time point, the distribution of fluorescence in
mice was observed using an in vivo Imaging System (IVIS,
Caliper, Newton, MA, USA). After 24 h, the mice were anesthe-
tized and subjected to cardiac perfusion using 4% paraformalde-
hyde and PBS buffer, and then the brain and other main organs
were excised for further imaging by IVIS.

2.13.  In vivo anti-glioma effect

The orthotopic glioma-bearing mice were established as described
above. Seven days after the inoculation, the mice were randomly
divided into 4 groups (n = 10), saline, free HCPT, HCPT-CA-
NPs and HCPT-M-CA-NPs. Each mouse was administrated at a
dose of 5 mg/kg HCPT respectively, at Days 7, 9, 12, 15, 18 and
21 through tail intravenous injection. The body weight of the mice
was measured every other day. The efficacy was judged according
to the median survival time after treatment.

2.14.  Histopathological examination

At the experimental end point, major organs were collected for
histopathological examination to assess the safety of various
formulations.
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2.15.  Binding affinity of casein with LDL receptors

The structure of casein is similar with that of low density lipid (LDL)
protein. It has been proved that LDL receptors are highly expressed in
BCEC and C6 cells”. We surmised that casein nanoparticles might
be transported into the cells through the interaction with LDL
receptors, and resulted in dual targeting. Thus, the binding assay
was conducted to study the mechanisms that casein can promote
cellular uptake and penetrate into the tumor cells.

BCEC cells were seeded into 6-wells plates at a density of
5 x 10* cells per well and incubated at 37 °C for 24 h. Afterwards,
the cells were treated with fresh medium containing proper amount
of rthodamine-casein and rhodamine-menthol-casein for 1 h. Then
the cells were washed, fixed and incubated with primary antibodies
and a secondary antibody, and then examined using laser confocal
fluorescence microscopy.

2.16.  Effect on the expression ZO-1 and occludin

To evaluate the expression of the ZO-1 and occludin, BCEC cells were
seeded into 6-well culture-plates with a density of 5 x 10° cells per
well and incubated at 37 °C for five days. Then the BCEC monolayer
was treated with casein and menthol-modified casein. After 4 h, the
cells were collected and lysed using RPMI buffer containing 1 mmol/L
PMSF. The protein concentration was determined by BCA method.
Equivalent amount of proteins was boiled for 5 min in loading buftfer,
separated by SDS-polyacrylamide gel electrophoresis, and then trans-
ferred to nitrocellulose membranes. After blocked for 1h in TBS
containing 5% milk albumin, the membranes were then probed with
the specific antibodies recognizing the target proteins and the proteins
were visualized using an ECL reagent.

2.17.  Statistical analysis

Data were presented as mean+ SD. Statistical differences in
cellular uptake, cell apoptosis, in vivo imaging were determined
by Student's #-test. The probability of survival was determined by
Kaplane—Meier method and compared by log-rank test. P value
<0.05 was considered statistically significant.
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3. Results and discussions
3.1.  Synthesis and characterization of menthol-modified casein

The structures of chemicals and synthetic schemes of modified
casein were shown in Scheme 1. The main active component of
peppermint is menthol, but it is hard for menthol to couple with
casein. So para-mentha-8-thiolone was used as a menthol analog.
2-Iminothiolane reacted firstly with the amino residues of casein to
introduce sulfhydryl groups. Then 1,4-butanediol diglycidyl ether,
as an intermediate linker, linked with thiolated casein and
menthone through an alkaline ring-opening reaction. The mod-
ification rate of M-CA was 87.6+3.5%. As shown in Supporting
Information Fig. S1A, four clear bands were observed at 19-25 kD
in casein group (lanes 1, 2 and 3), and the menthol-modified casein
bands (lanes 4 and 5) were above the casein band and the bands
after modification became one band. The result confirmed the
success of protein modification. HPLC chromatogram and reten-
tion time were shown in Fig. S1B and C. The change of retention
time also indicated successful menthol modification and the result
was in accordance with that of the SDS-PAGE gel. The four bands
and peaks became one after modification. Thus, we surmised that
there was one casein component which was easy to modify and
other three components might be removed during the synthesis
process.

3.2.  Preparation and characterization of NPs

Chemical cross-linking is a critical method applied for stabilization
of casein nanoparticles, which, however, usually involves the use of
toxic cross-linking agents (e.g., glutaraldehyde). In this work, we
developed a green method based on the amphiphilic structure of
casein and drug-induced self-assembly for casein nanoparticle
preparation. Simple mixture and ultrasound operation could suc-
cessfully prepare nanoparticles and almost has no organic solvent.
The particle sizes of HCPT-CA-NPs and HCPT-M-CA-NPs were
125.440.71 and 131.5+0.92 nm, respectively. The particle sizes
did not exhibit significant variations with the modification of
menthol. Encapsulation of coumarin-6, DiD, and DiR did not
affect the particle size (data not shown). The size distribution
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Scheme 1 The synthesis procedure of menthol-casein.
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Figure 1 Characterization of the casein NPs. (A) Size of casein NPs. (B) TEM of casein NPs. (C) Stability of NPs at 4 °C. (D) In vitro release of
10-hydroxycamptothecin (HCPT). Data are expressed as mean+SD, n = 3.

Table 1  Physical characterization of the HCPT-CA-NPs and HCPT-M-CA-NPs.
Nanoparticle CA NP M-CA NP
Particle mean size (nm) 125.4+0.71 131.5+0.92
PDI 0.18+0.01 0.20+0.01
Zeta potential (mV) —28.57+0.75 —30.26+1.15
Encapsulation efficiency (%) 95.43+1.29 93.76+2.84
Drug loading capacity (%) 9.12+0.58 8.64+0.76

graphs of HCPT-CA-NPs and HCPT-M-CA-NPs are shown in
Fig. 1A. The morphological observation by TEM image revealed
that HCPT-CA-NPs were homogeneously spheroids (Fig. 1B). Zeta
potentials were approximately —28.57 and —30.26 mV for HCPT-
CA-NPs and HCPT-M-CA-NPs, respectively. The Zeta potentials
were negative and changed slightly after the modification of
menthol. The HCPT entrapment efficiencies of both nanoparticles
were above 90%, and the drug-loading percent of HCPT in the
nanoparticles was around 9%, indicating good entrapment efficien-
cies. The detailed physicochemical characteristics and loading
parameters are listed in Table 1.

3.3.  The stability and release behavior of NPs

The storage stability of nanoparticles at 4 °C was investigated
using the change of particle size and zeta potential as indexes. As

shown in Fig. 1C, no significant changes were observed in one-
week study, implying that the nanoparticles can be well preserved
at 4 °C without aggregation.

The release characteristics of HCPT from the nanoparticles
were determined using the dialysis method and performed in PBS
(0.01 mol/L, pH 7.4). As shown in Fig. 1D, compared with the
rapid release (more than 80% within 1h) of free HCPT, both
HCPT-loaded nanoparticles exhibited sustained release profiles.
Less than 60% HCPT was released from nanoparticles within 6 h,
and no initial burst release was detected.

3.4.  Invitro cellular uptake of the NPs

The cellular uptake of nanoparticles was examined on BCEC and
C6 cell models. The uptake fluorescence intensity was qualita-
tively and quantitatively studied using inverted fluorescence
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Figure 2 Cellular uptake of nanoparticles at equivalent C6 concentration (50ng/mL) after incubation for 4h at 37 °C on BCEC cells.
(A) Representative fluorescence photomicrographs of BCEC cells after treatment with different coumarin-loaded nanoparticles (bar: 100 pm).
(B) FACS analysis of the uptake and (C) the column chart of the median fluorescence intensity of different nanoparticles groups. Data are

represented as mean+SD, n = 3. P < 0.05.

microscopy and flow cytometry. As shown in Figs. 2A and 3A,
compared with BSA NPs, the fluorescence intensity of CA NPs in
BCEC and C6 cells was significantly enhanced, indicating that
casein nanoparticles have stronger ability to penetrate cell mem-
branes into the cells. Furthermore, the modification of menthol
could further promote the uptake of CA NPs. The fluorescence
signal in BCEC cells of M-CA NPs was stronger than that of CA
NPs. As shown in Figs. 2B, C and 3B, C of FACS results, on
BCEC cells, the uptake fluorescence intensity of CA NPs and M-
CA NPs was 2.96- and 8.72-fold of that of BSA NPs, respectively.
It is similar on C6 cells, with the uptake intensity of CA NPs and
M-CA NPs being 3.02 and 6.47 times higher than that of BSA
NPs, respectively. The results of qualitative fluorescence micro-
scopy and the quantitative flow cytometry showed a consistent
trend, indicating that casein has stronger ability to penetrate into
the cells than albumin, and the modification of menthol could
further enhance the ability of nanoparticles to diffuse into the cells.

3.5.  Penetration in tumor spheroids of NPs

Poor drug intratumoral infiltration is a daunting obstacle against
effective cancer therapy’”. The penetrating ability of nanoparticles
was evaluated in vitro in 3D tumor spheroids by using a C6
spheroid culture model and measured by confocal microscope. As
shown in Fig. 4, M-CA NPs displayed extensive penetration inside
the spheroids and penetrated significantly deeper than CA and
BSA NPs (125.2 vs 81.0, 72.4 pm, P < 0.05). From the continual
Y-axis scan layers (10 pum each), it could be seen that the
fluorescence signal in M-CA NPs group was more intense and
deeper than that in CA and BSA NPs. These findings suggested
that CA and BSA NPs have equivalent tumor penetration capacity,
while menthol was able to improve intratumoral infiltration of
nanoparticles. Therefore, menthol could not only enhance the BBB
penetration and the uptake by tumor cells, but also enhance
intratumoral infiltration of tumor tissue.
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Figure 3 Cellular uptake of nanoparticles at equivalent C6 concentration (50ng/mL) after incubation for 4 h at 37°C on C6 cells.
(A) Representative fluorescence photomicrographs of C6 cells after treatment with different coumarin-loaded nanoparticles (bar: 100 pm).
(B) FACS analysis of uptake and (C) the column chart of the median fluorescence intensity of different nanoparticles groups. Data are represented

as mean+SD, n = 3. P < 0.05.

3.6. In vitro cytotoxicity of NPs

In vitro cytotoxicity of free HCPT and different HCPT-loaded
nanoparticles on C6 cells was measured by MTT assay (Fig. 5 and
Table 2). It could be concluded that both free HCPT and HCPT-
loaded nanoparticles could inhibit the proliferation of C6 cells in a
concentration-dependent manner. Compared with free HCPT (ICsq
= 0.1078 pg/mL), HCPT-CA-NP (ICso = 0.0603 pg/mL) and
HCPT-M-CA-NP (IC5y = 0.0397 pg/mL) exhibited greater killing
ability and enhanced cytotoxicity on C6 glioma cells. Moreover,
HCPT-M-CA-NPs displayed the highest antitumor activity. This
should be attributed to the transmembrane capacity of the carrier
material casein and the enhanced penetration ability of menthol.

3.7.  In vitro apoptosis assay of NPs

As shown in Figs. 3A and 6A, the nuclei of untreated C6 cells was
spherical and integral with homogenous fluorescence, while the nuclei
of the cells treated with different HCPT formulations were severely
fragmented, among which HCPT-M-CA-NPs exhibited the most
severe fragmentation of the cell nuclei. Annexin V-FITC apoptosis
detection kit was used to stain the cells and the cell apoptosis was

analyzed by flow cytometry. As shown in Fig. 6B and C, the
percentage of early and late apoptosis was significantly increased after
the treatment with HCPT, HCPT-CA-NPs and HCPT-M-CA-NPs.
Compared with HCPT and HCPT-CA-NPs, HCPT-M-CA-NPs man-
ifested more potent apoptosis response due to higher uptake nanopar-
ticles into tumor cells and produced higher cytotoxicity than HCPT-
CA-NP treatment. The effect of HCPT-M-CA-NPs on increasing the
total apoptosis of C6 cells was mainly due to the contribution of late
apoptosis, which inferred that the HCPT-M-CA-NPs could push
forward the transition from early to late apoptosis of C6 cells. Since
early apoptosis is reversible and late apoptosis is irreversible, it is
beneficial to kill tumor cells through the promotion of late apoptosis or
the transition to late apoptosis. The effect was even more obvious when
the casein was modified with menthol.

3.8.  Invivo fluorescence imaging of NPs in glioma-bearing mice
The body distribution of various DiR-loaded nanoparticles in
tumor-bearing mice at predetermined time points was shown in
Fig. 7A. The order of fluorescence intensity in the brain was
M-CA > CA > BSA NPs, indicating that CA NPs are more
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Figure 4 Confocal microscopy analysis of the penetration ability of nanoparticle in 3D tumor spheroids. (A), (C), and (E) show quantitative
measurement results of the penetration depth of BSA, CA and M-CA NPs, respectively. (B), (D), and (F) represent multi-level scan of the
penetration of BSA, CA and M-CA NPs, respectively. The interval between the consecutive slides was 10 pm.
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Figure 5 Cytotoxicity of free HCPT and different HCPT nanoparticles against C6 cells 48 h post-incubation at 37 °C (mean+SD, n = 6).

likely to enter the brain than BSA NPs, whereas M-CA NPs are
more able to utilize the strong penetration capacity of menthol to
be transported into the brain of tumor-bearing mice. Fig. 7B and C
captured images of the brain and major organs obtained after

cardiac perfusion. Statistical analysis showed that, compared to the
BSA NPs group, the distribution of CA and M-CA NPs in
the brain was significantly enhanced, which was consistent with
the results of the previous cell uptake study. In addition, since the
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Table 2 ICsy values of free HCPT and different HCPT
nanoparticles against C6 tumor cells.

Formulation IC5p (pg/mL)

Free HCPT 0.1078+0.0147
HCPT-CA-NPs 0.0603 +0.0079
HCPT-M-CA-NPs 0.0397 £+ 0.0045

liver and the spleen are the main organs for metabolism
and clearance, the fluorescence intensity of nanoparticle prepara-
tions in the liver and spleen is also significantly stronger than
other organs.

To further investigate the distribution of DiR-loaded nanopar-
ticles in brain tumor sites of each group, the above brain tissue was
cut into 20 pm thick sections and then stained with DAPIL. The
distribution of DiR in the brain was observed under a laser
confocal fluorescence microscope (Zeiss, Jena, Germany). As
shown in Fig. 8, tumor tissue cells are denser than normal tissues.

A DAPI PI

Free HCPT

HCPT-CA-NPs

In CA and M-CA NPs group, the fluorescence intensity in tumor
tissue was significantly stronger than that in normal brain tissue
region and the accumulation of nanoparticles in the brain tumor of
M-CA NPs was more obvious than that of CA NPs. Whereas, in
BSA NPs group, whether the tumor or normal brain tissue, there
was no fluorescence signal of DiR, which is consistent with the
ex vivo image of isolated brain tissue in Fig. 7B. The results on
tumor-bearing nude mice demonstrated that casein, as the carrier,
and the modification with menthol, could not only enhance the
nanoparticles across the BBB, but also improve the accumulative
distribution to the tumor site in the brain.

3.9.  In vivo anti-glioma effect of NPs

To investigate the in vivo anti-glioma effect of various nanopar-
ticles, the orthotopic glioma-bearing mice were injected with
different HCPT formulations. Fig. 9A showed the body weight
changes of every group during the treatment course. A rapid
reduction in body weight could be found in the saline group and

Merge Morphology

()
o
Z
<
Q
=
[
o
(&)
I
B w o o WiJar 3 C **
9.64% 451% 128% 146% Il BLANK
60 - HCPT
Il HCPT-CA-NPs
I HCPT-M-CA-NPs
g
§ 404
— |4
o [}
]
2
g 20
Q
<

Annexin V-FITC

0-
Early apoptosis Late apoptosis Total apoptosis

Figure 6 Apoptosis of C6 cells induced by HCPT, HCPT-CA-NPs and HCPT-M-CA-NPs after incubation with equivalent HCPT concentration
(312 ng/mL) for 48 h analyzed by fluorescence microscopy (A) and flow cytometry (B) (bar: 100 pm).
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Figure 7 In vivo imaging of distribution in mice bearing C6 orthotopic glioma. (A) Whole body imaging of the mice from 1h to 24 h. (B) Ex vivo
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free HCPT group. The body weight decreased slowly in the two
groups of nanoparticles, indicating that they could improve the
delivery of HCPT into the brain, and increased the ability to resist
the rapid growth of glioma to a certain extent. From Fig. 9B, the
median survival time of the saline group, HCPT group, HCPT-
CA-NPs group and HCPT-M-CA-NPs group was 12.5, 17.0, 22.0
and 25.5 days, respectively. However, all tumor-bearing mice in
the saline group died on the Day 14 after inoculation of C6 glioma.
This may be due to the higher degree of malignancy of C6 glioma
and their rapid growth. The median survival time of M-CA NPs
was 2 times of that of the saline group and 1.5 times of that of free

HCPT group. There was also a significant difference between the
survival time of CA and M-CA NPs. The results showed that
HCPT-loaded M-CA NPs could significantly increase the anti-
glioma effect and the safety of HCPT.

3.10.  Safety evaluation of NPs

The main organs (heart, liver, spleen, lung, and kidney) of the
mice after anti-glioma experiment were taken, sectioned and
HE-stained to observe the pathological changes. As shown in
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Figure 8 The distribution of DiR in the brain frozen sections after treatment with different DiR-loaded nanoparticles (bar: 50 pm).

Fig. 10, no significant damage was found in all the organs in four
groups, implying the good safety of the HCPT, CA NPs and M-
CA NPs. According to research reports, the most common clinical
adverse reactions of HCPT are gastrointestinal discomfort (nausea,
vomiting, etc.), myelosuppression (mainly manifested as a
decrease in the level of white blood cells), ECG changes and
mild urinary tract irritation symptoms. But these symptoms are not
easy to be observed in mice. Casein is used as the main component
of milk, and its safety is guaranteed. Research has been conducted
on the acute and long-term toxicity of casein in high doses and
confirmed that casein is safe’’. As to menthol-modified casein,
since it is very safe and the organic solvent used in the chemical
reaction process has been removed by dialysis, no more toxicity
was found than CA NPs.

3.11. Binding affinity of casein with LDL receptors and effect on
the expression ZO-1 and occludin

The binding assay was conducted to discover the mechanism
underlying the enhanced uptake and drug accumulation in the
tumor region of CA NPs. Fig. 11 showed that casein
could strongly bind with LDL-receptors on the BCEC cells, which
might be due to the structure similarity of casein and low-density
protein. Moreover, menthol-modified casein exhibit almost
the same affinity with LDL-receptor, suggesting the modification
of menthol did not affect the binding capacity of casein
with LDLR.

According to previous reports, aromatic resuscitation com-
pounds have the ability to open the BBB. So we selected BCEC
cell monolayer to investigate the effect of menthol-modified casein
nanoparticles on the tight junction protein ZO-1 and occludin
expression level. The results in Supporting Information Fig. S2
showed that menthol-modified casein could obviously reduce the
expression level of both proteins.
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Figure 9 Anti-glioma effect of different HCPT formulations after
intravenous administration to intracranial glioma-bearing mice.
(A) Body weight change and (B) Kaplan —Meier survival curves of
model mice (Data are expressed as mean+SD, n = 10; P<0.05).
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Figure 11 The combination condition of casein and menthol-modified casein after the treatment with rhodamine-labeled casein and menthol-

modified casein in BCEC cells (Bar: 10 pm).
4. Conclusions

In this study, we chose a natural compound menthol as a strong
brain penetration enhancer and a food protein casein as carrier
material, then linked them through chemical covalent method.
Subsequently, a menthol modified casein nanoparticle was pre-
pared as a safe and effective chemotherapeutic drug delivery
system for the targeting treatment of glioma. This protein-based

system exhibited the following features: (i) simple preparation
method and good drug loading capacity; (ii) traditional Chinese
medicine active ingredient as a target ligand to penetrate through
BBB and guide the nanoparticles into the tumor region; (iii)
natural and sourceful protein as carrier with excellent and inherent
penetration capacity; (iv) low systemic toxicity. The in vitro and
in vivo results indicated that HCPT-M-CA-NPs could enhance the
drug accumulation in the tumor region and then prolong the
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median survival time of intracranial glioma-bearing mice. Taking
together, it could be claimed that menthol modified casein
nanoparticles, which combined the advantages of traditional
Chinese medicine with modern delivery technology, may serve
as a promising platform for the treatment of brain tumor.
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