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Abstract

Current chemotherapeutics for glioma are not sufficiently effective due to their low tolerance and poor blood-brain
barrier (BBB) permeability. Energy restriction based on co-delivery of albendazole (Abz) and nano-silver has been
proven to suppress tumor growth without adverse effects. Accordingly, menthol was conjugated to BSA (MeB) to
overcome the BBB-permeability issue. In this study, Abz-loaded MeB-silver nanoparticles (MBS-Abz) were developed by
self-assembly of MeB, albendazole and nano silver for glioma targeting therapy. The nanoparticle entered the brain
across the BBB and specifically accumulated in the glioma region. MeB delivered the nanoparticles across the brain
capillary endothelial cell monolayer by promoting internalization and BBB disruption. MBS-Abz hindered ATP
generation via the inhibition of glycolytic and mitochondrial pathways both in vitro and in vivo. The anti-glioma
mechanisms of energy restriction were related to the cytotoxicity, proliferation inhibition, cell cycle arrest, and
apoptosis induced by ATP exhaustion, and the effects of MBS-Abz were significantly better than those induced by
monotherapy nanoparticles or unmodified nanoparticles. These results demonstrated that by combining the energy
restriction effect of albendazole and nano silver, as well as the BBB penetration ability of menthol, MBS-Abz achieves

superior anti-glioma efficacy and can be an effective strategy for glioma therapy.

Introduction

Cancer has replaced cardiovascular disease as the
leading cause of death in the United States'. Although
many antitumor drugs have been developed, the global
burden of cancer is still high. Brain cancers account for
approximately 3% of the global cancer cases®, among
which, gliomas are associated with high morbidity and
mortality. Chemotherapy is a major therapeutic modality
for glioma. Although cytotoxic agents, such as
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nitrosoureas and platinum-based drugs, can curb the
growth of glioma cells, they also cause serious adverse
effects, such as nephrotoxicity by cisplatin and pulmonary
toxicity by nitrosoureas®*, which lead to poor tolerance
and limited efficacy’. Therefore, the need to develop safe
and effective strategies for glioma treatment is pressing.
Since tumor cells proliferate rapidly and infinitely®, they
consume substantial amounts of energy to maintain this
abnormal growth process’. Abnormal energy metabolism
is an important physiological characteristic of glioma®’.
Adenosine triphosphate (ATP) is the most direct source
of energy, and compared with normal cells, glioma cells
are more sensitive to ATP levels'’. Energy restriction was
confirmed to effectively inhibit glioma growth'"'?, Thus,
energy metabolism inhibition may be an effective
approach for glioma therapy. Glioma cells mainly gen-
erate ATP via the glycolytic pathway rather than oxidative
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phosphorylation, which is known as the Warburg effect.
The inhibition of glycolytic enzyme activities can effec-
tively decrease ATP production and cell proliferation'?,
When glycolysis is inhibited, tumor cells compensatively
increase ATP synthesis via the mitochondrial pathway to
meet the need for physiological functions'*, which ren-
ders the curative effect of monotherapy (glycolysis inhi-
bitor only) unsatisfactory'®. Therefore, ideal energy
inhibition should block ATP synthase by simultaneously
inhibiting the glycolytic and mitochondrial pathways. In
our previous study, we developed a novel antitumor
strategy based on energy restriction by utilizing albenda-
zole (Abz) and silver nanoparticles (SNP) as glycolysis
inhibitors and mitochondrial inhibitors, respectively'®.
Abz inhibits glycolytic enzyme activities and down-
regulates hypoxia-inducible factor I expression, thus
inhibiting glycolysis'”'®. Moreover, Abz nanoparticles
efficiently suppressed the growth of solid tumors'®, and
Abz decreased tumor markers, in addition to being well
tolerated in a phase I clinical trial*>. SNP reduced mito-
chondrial function and inhibited ATP generation via the
mitochondrial pathway®"**, Therefore, our strategy based
on the combination of Abz and SNP was expected to
effectively and safely restrict glioma growth, even though
no cytotoxic antitumor agent was used during the
treatment.

The delivery of therapeutic agents is more difficult in
glioma than in other tumors because of the blood—brain
barrier (BBB). The BBB is a continuous endothelial
monolayer coupled by tight junctions (TJs), with extre-
mely low permeability for the exchange of materials**. For
brain targeting, drug-delivery strategies, such as receptor-
mediated transcytosis and BBB disruption, effectively
enhance the distribution of drugs to the brain via trans-
cellular and paracellular pathways, respectively**>.
However, receptor-mediated transcytosis is strongly lim-
ited by the amount of receptors and their recycling®®. To
maximize BBB penetrability, BBB disruption methods,
such as focused ultrasound, which delivers drugs to the
brain by directly opening TJs, have been frequently
applied*”*®. However, BBB disruption is commonly
associated with severe side effects®. Thus, it is important
to find a safe and effective way for BBB opening.

During the clinical practice of traditional Chinese
medicine for thousands of years, some aromatic resusci-
tation drugs, such as borneol, musk and corn mint, which
are also referred to as messenger drugs, have been used to
guide other drugs to specific organs, especially the brain®.
Their effect is similar to that of targeting ligands for drug
delivery in the brain. In addition to their prominent ability
to improve the efficacy of drugs treating brain diseases,
the safety of messenger drugs as brain penetration
enhancers (BPEs) has been widely confirmed® 33,
Although the physical mixture of BPEs and drug delivery
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systems, the most commonly used method, may enhance
brain penetration®, there are still some limitations. First,
while it is very likely that the aromatic resuscitation
components reach the BBB, the nano-carriers may still
circulate in other parts of the body, making it difficult for
the active substance to pass the BBB and reach the brain
tumor site. Second, the physical mixture of BPEs and drug
delivery systems may open the BBB for too long, causing
the entrance of harmful substances into the brain and
possible damage to the brain tissue. Third, because the
delivery efficiency of simple mixing is very low, a higher
dose of aromatic resuscitation components might be
required, which might cause severe damage to the blood
vessels and other organs®'. Chemical coupling could be an
effective method®>>* to overcome these shortcomings by
synchronizing delivery of aromatic resuscitation compo-
nents and nanoparticles at the BBB, and potentially
enhancing the water solubility of BPEs. Menthol, the main
active component of corn mint, is one of the most widely
used aromatic resuscitation drugs in traditional Chinese
medicine. This molecule enhances the penetration of
many drugs into the brain by downregulating the level of
TJ proteins®”?%,

Penetration of the brain tissue across the BBB is not
sufficient, as the nanoparticles need to accumulate in
satisfactory concentrations in the glioma region. Tumor
cells need a substantial amount of nutrients, such as
albumin, for rapid proliferation®”. Specifically, glioma cells
up-regulate the expression of albumin-binding protein
and secreted protein acidic and rich in cysteine (SPARC)
to uptake albumin®®*!, However, SPARC-albumin bind-
ing has not attracted much attention. Despite the limited
studies reporting that the SPARC pathway can be applied
in glioma-targeting biomimetic delivery, SPARC was
shown to prominently improve treatment outcome™>*3,
Moreover, albumin can be modified with functional
ligands and encapsulate various antineoplastic drugs, thus
constituting an ideal and natural glioma-targeting carrier.
For example, menthol-modified bovine serum albumin
(MeB), prepared by conjugating 8-mercaptomenthone
with bovine serum albumin (BSA), not only induces BBB
disruption, but also penetrates the BBB directly through
the pineal body pathway**. Thus, MeB can be used to
deliver drugs to the brain safely and effectively and allow
the selective accumulation of these drugs in the glioma
region via SPARC-mediated glioma targeting of BSA.

In this study, we developed menthol-modified albumin
as a carrier to simultaneously deliver Abz and SNP to the
glioma region across the BBB (Scheme 1), as the sub-
sequent inhibition of energy metabolism achieved by the
combination of Abz and SNP would drastically deplete
cellular ATP via glycolytic and mitochondrial pathways,
thus causing proliferation inhibition, cell cycle arrest and
apoptosis of tumor cells. Therefore, we hypothesized that
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Scheme 1 lllustration of the antiglioma mechanism of MBS-Abz
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this approach would effectively deliver energy metabolism
inhibitors into the brain and tumor sites and strongly
suppress the growth of glioma in a safe manner.

Materials and methods
Materials

Bovine serum albumin, coumarin 6 (Cou 6), Tris
(2-carboxyethyl) phosphine hydrochloride (TCEP-HCI)

and cytochalasin D were obtained from Aladdin Corp.
(Shanghai, China). Hoechst 33342, propidium iodide,
sodium azide, chlorpromazine, colchicine, methyl-
B-cyclodextrin and 4',6-diamidino-2-phenylindole (DAPI)
were purchased from Sigma Aldrich (St. Louis, MI, USA).
Filipin, 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB), para-
mentha-8-thiol-3-one and 2-iminothiolane hydrochloride
were purchased from J&K Chemical Ltd. (Shanghai,
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China). Tetraethylbenzimidazolylcarbocyanine iodide
(JC-1) dye and 1,1’-dioctadecyl-3,3,3’,3'-tetramethylind
otricarbocyanine iodide (DIR) were from Beijing Fanbo
Science and Technology Co., Ltd. (Beijing, China). SB
203580 was obtained from Medchem Express Co., Ltd.
(Shanghai, China). Annexin V-FITC was purchased from
BioVision Inc. (Milpitas, CA, USA). Albendazole (Abz)
was provided by Dalian Meilun Biology Technology Co.,
Ltd. (Dalian, China). Carboxyfluorescein diacetate and
succinimidyl ester (CFDA-SE) was purchased from
Beyotime Institute of Biotechnology (Beijing, China). Sil-
ver nitrate, sodium  borohydride, and tetra-
butylammonium bromide (TBAB) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Adenosine triphosphate (ATP) and adenosine dipho-
sphate (ADP) were purchased from Adamas-beta’.

Synthesis of menthol-modified BSA

As menthol does not have any reactive functional group
to conjugate with BSA, the menthol analog para-mentha-
8-thiol-3-one, with the skeleton structure of menthol, was
used to modify BSA. Briefly, 2-iminothiolane hydro-
chloride solution (70 mgmL ™", 100 uL) was added drop-
wise slowly into BSA solution (100 mgL ™", 1 mL, pH =
9.0) and incubated at room temperature for 30 min. Then
1,4-butanediol diglycidyl ether ethanol solution (50%, v/v)
was added to the reaction solution and incubated for a
further 4 h. The free small molecule was removed by using
a Sephadex LH-20 column and the protein solution was
collected, combined with sodium carbonate solution
(1 mol L™ to a final concentration of 0.1 mol L™, mixed
with 8 mL para-mentha-8-thiol-3-one ethanol solution
(10 mg mL™") and stirred for 24 h at room temperature.
The protein was precipitated with ethanol-ethyl acetate
solution (1:1, v/v), collected, dissolved in water, dialyzed
against water and filtered through a 0.22 pm syringe filter.
The thus-formed modified BSA was named MeB (men-
thol-modified BSA).

Physical characterization of MeB

As para-mentha-8-thiol-3-one reacted with BSA
through the thiol groups, the modification rate of MeB
could be monitored by the decrease of thiol in the reaction
solution. The modified BSA concentration was quantified
by using a bicinchoninic acid assay (BCA) protein analysis
kit (Beyotime, Shanghai, China), and the thiol concentra-
tion was quantified using a DTNB assay. The modification
rate (MR) was calculated according to Equation (1):

(co —¢ct)/Pmb

MR(%) =
( O) CBSA/PBSA

x 100% (1)

where ¢, (mmolL™!) and ¢, (mmolL™!) are the thiol
contents of MeB at the beginning and end respectively,
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and cgsa is the primary amine content of BSA. p,,;, and
Pssa are the protein concentrations of MeB and BSA,
respectively.

The molecular weight of MeB was determined using by
10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). The lipophilicity of MeB was
analyzed with high-performance liquid chromatography
(HPLC) as reported previously™.

Preparation of drug-loaded nanoparticles

Albumin loaded nanoparticles were prepared as repor-
ted previously'®. First, SNP was produced using the seed-
mediated method*®. The protein solution (BSA or MeB)
was reduced by TCEP, and mixed with SNP and Abz.
After 2 h, the reaction solution was sonicated at 4 °C and
dialyzed for 1 h against water. The formed nanoparticles
(Abz-loaded BSA-silver nanoparticles (BS-Abz) and Abz-
loaded MeB-silver nanoparticles (MBS-Abz)) were col-
lected by centrifugation at 8000 rpm for 20 min at 4 °C,
resuspended in ultrapure water, and filtered through a
0.22 um syringe filter. The Abz-loaded BSA and MeB
nanoparticles were designated B-Abz and MB-Abz,
respectively, and SNP-loaded BSA and MeB nano-
particles were designated BS and MBS, respectively.
Finally, the concentration of Abz in nanoparticles was
determined with an ultra performance liquid chromato-
graphy (UPLC) system (ACQUITY UPLC, Waters Corp.,
Milford, MA, USA). Fluorescent dye-loaded albumin
nanoparticles (Cou 6 or DIR) were prepared as the pro-
cedure above.

Characterization of the nanoparticles

The particle size, zeta potential and polydispersity index
(PDI) were measured by dynamic light scattering (Mal-
vern Instruments Ltd.,, Worcestershire, UK). The mor-
phological characteristics of the nanoparticles were
measured by transmission electron microscopy (TEM).
The drug-loading efficiency (DL) and encapsulation effi-
ciency (EE) of Abz were calculated using Equations (2)
and (3), respectively:

v
pL =A% 100% 2)
mNPV
X
EE =222 Y L 100% (3)
Miotal

where p,,, (mgmL ") is the mass concentration of Abz,
V (mL) is the solution volume, miyp (mg) is the weight of
total nanoparticles, and my,; (mg) is the weight of
Abz input.

In vivo imaging of the nanoparticles in an orthotopic
glioma model

C6 glioma cells (Cell Bank of Type Culture Collection of
Chinese Academy of Sciences, Shanghai, China) were
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cultured in Dulbecco’s modified Eagle’s medium (DMEM,
GIBCO-Invitrogen, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (FBS, Gemini Bio-Products,
West Sacramento, CA, USA), 2 mmol Lt glutamine and
1% penicillin/streptomycin at 37 °C in a 5% CO, humi-
dified incubator (Thermo Fisher Scientific, Waltham,
MA, USA).

An orthotopic glioma model was established in nude
mice using the C6 glioma cell line. C6 cells in logarithmic
growth phase were digested in trypsin, adjusted to a cell
density of 8 x 10° in 5 pL phosphate-buffered saline (PBS)
solution. The nude mice were first anesthetized with 10%
pentobarbital, and then the cell suspension was slowly
inoculated into the caudatoputamen at a depth of 4 mm.
After implantation, the needle was slowly withdrawn from
the brain, and the bone hole and skin incision were closed
using medical glue. Two weeks later, the mice were ran-
domly divided into two groups and injected intravenously
with BSA-DIR and MeB-DIR. In vivo fluorescent images
were taken by using the In Vivo imaging system at 1, 2, 4,
8, 12, and 24 h after injection. After 24 h, the mice were
anesthetized and perfused with 4% paraformaldehyde, and
their organs removed carefully and visualized using the
imaging system.

In vitro BBB penetration of the nanoparticles

The in vitro BBB model was prepared using brain
capillary endothelial cells (BCECs). The cells were plated
at a density of 5 x 10* cells cm ™~ into the apical chambers
of transwell® cell culture plates (Corning, Corning, NY,
USA). After 7 days in culture, the transendothelial elec-
trical resistance (TEER) of cells was measured to test the
tightness of the formed model. Only the cell models with
TEER values higher than 200 Q.ecm? were selected for the
penetration study. The nanoparticles (BSA-Cou 6 or
MeB-Cou 6) and Hanks’ Balanced Salt Solution (HBSS)
were separately added to the donor chambers and receiver
chambers. After 0.5, 1, 2, and 4 h, 200 pL of sample was
removed from each receiver chamber for measurement,
and immediately replaced with 200 uL of HBSS solution.
The transport efficiency (TE) of nanoparticles was eval-
uated via fluorescent quantitation using a fluorescence
spectrophotometer and calculated as per Equation (4):

TE — CtX V1 +Ct,1>< V2
CAX VA

x 100% (4)

where C,, C,_; and C,4 are the concentration (nmol mL™%)
of the receiver chamber at the time point and the initial
concentration (nmolmL ') in the donor chamber
respectively. V;, V and V, were the volume (mL) of
receiver chamber, sample, and donor solutions,
respectively.
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The apparent permeability coefficient (P,,,) was cal-
culated as per Equation (5):

dC/dtxV

Py =
P Co/A

(5)

where dC/dt is the permeability rate (nmols™'), V is the
volume of receiver chamber solution, C, is the initial
concentration (nmol mL™) in the donor chamber, and A
is the surface area (cm?) of the filter membrane.

Endocytic mechanism

When the BCECs and C6 cells reached the logarithmic
growth phase, they were digested in trypsin, seeded at a
density of 3 x 10° cells well ! in 24-well plates, and then
incubated with BSA-Cou 6 and MeB-Cou 6 (the con-
centration of C6 was 50 ng mL ™" for each group) for 4 h at
37 °C. After incubation, the cells were harvested, washed
with PBS twice and monitored by flow cytometry (FACS
Calibur, BD, Franklin Lakes, NJ, USA). The endocytosis of
the nanoparticles was analyzed using fluorescence
microscopy as well.

To elucidate the endocytic mechanism of the nano-
particles in BCECs and C6 cells, various endocytosis
inhibitors were used in this section. Briefly, the cells were
pretreated for 1h at 37 °C with different types of endo-
cytosis inhibitors separately (5umol L' methyl-
B-cyclodextrin (M-CD), 1 ug mL™" cytochalasin D (CytD),
1 mgmL ™" carrier proteins (BSA/MeB), 5 pg mL ™" filipin,
10 pgmL " chlorpromazine (CPZ), 3mgmL ™' sodium
azide (NaN3), 10 ug mL " colchicine (Col)). The cells with
no inhibitors were used as controls. Different nano-
particles (BSA-Cou 6 and MeB-Cou 6) were added to the
cells, and cultured at 37 °C for 4 h. The cells were finally
harvested and analyzed by flow cytometry.

To investigate the interaction between albumin nano-
particles and SPARC in BCECs and C6 cells, SB 203580
was chosen to inhibit SPARC expression. Briefly, the cells
were pretreated for 24h at 37°C with SB 203580
(20ugmL '), washed with PBS, incubated with the
nanoparticle solution (BSA-Cou 6 or MeB-Cou 6, 50 ng
mL "), harvested, and analyzed by flow cytometry.

Expression level of the TJ-associated proteins ZO-1 and
occludin

The in vitro BBB model with TEER values higher than
200 Qecm?, was selected for western blot analysis of the
TJ-associated proteins, zonula occludens-1 (ZO-1) and
occludin. BCECs were treated with BSA and MeB,
1 mgmL~". After 4 h incubation, the cells were harvested,
washed, and lysed using a lysis solution. Cell debris were
removed by centrifugation at 12000 rpm for 10 min at
4°C, and the supernatant analyzed by western blot
analysis.
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Cytotoxicity assay

The cytotoxicity of the nanoparticles was assessed using
a  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. In brief, the cells were treated with
various concentrations of nanoparticles for 48 h, and then,
cell viability was tested with an MTT kit (Sigma-Aldrich)
according to the manufacturer’s instructions. The cell
viability was calculated as Equation (6):

ODe erimental grou,
Cell viability(%) = Og’—”g” x100%  (6)
control group

Glycolytic enzyme assay

After incubation with the nanoparticles (Abz con-
centration: 2.5 ugmL ") for 48 h, the C6 cells were col-
lected and lysed in lysis buffer (300 uL). The activities of
hexokinase (HK), pyruvate kinase (PK), and phospho-
fructokinase (PFK) were determined with hexokinase
assay kit, pyruvate kinase assay kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) and phospho-
fructokinase assay kit (Beijing Solarbio Science & Tech-
nology Co., Ltd., Beijing, China), respectively. Relative
enzyme activity was calculated as the percentage of the
activity of the drug-treated group relative to that of the
control group.

Mitochondrial membrane potential analysis

The lipophilic cation dye JC-1 was used to assess
mitochondrial membrane potential (MMP, A¥m). C6
cells were treated with various nanoparticles (Abz con-
centration: 5 ug mL ") for 48 h. The cells were harvested
and labeled with JC-1 dye (5 pug mL™") at 37 °C for 30 min.
After washing with PBS twice, the stained cells were
assessed using flow cytometry. The cells treated with the
nanoparticles were also tested using a phosphoenolpyr-
uvate carboxylase (PEPC) assay kit and a citric acid assay
kit (Beijing Solarbio Science & Technology Co., Ltd.).

ATP assay

The cellular ATP concentration was measured by the
UPLC method. Briefly, after treatment with various
nanoparticles (Abz concentrations: 2.5ugmL™!, SNP
concentrations in different nanoparticles were kept con-
sistent in all experiments) for 48h, the C6 cells were
harvested, washed and lysed in 150 pL lysis buffer (500 pL,
1% Triton X-100, 25 mmol L™ " Tris, 150 mmol L ™" NaCl,
52.5umol L' EDTA). Then the buffer (100uL) was
successively mixed with HCIO, (50 uL, 0.5 mol L"), and
NaOH (25 pL, 1 mol L™'). The mixture was centrifuged
for 10 min at 12,000 rpm at 4°C. The concentration of
ATP in the supernatant was analyzed by UPLC with a
ZORBAX SB-Aq C18 column (5 um, 4.6 x 150 mm, Agi-
lent Technologies, Santa Clara, CA, USA) and a mobile
phase consisting of methanol and phosphate buffer
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(0.2molL™Y, 5mmol L™! TBAB, pH=7.0) (15:85, v/v)
with a flow rate of 0.5mLmin~" at 254nm. All ATP
concentrations were normalized to the protein contents of
residual lysis buffers using the BCA protein assay kit.

Cell proliferation assay

The effect of the nanoparticles on cell proliferation was
evaluated by CFDA-SE staining. The cells were labeled
with CFDA-SE dye (5 ugmL~" with HBSS) for 30 min in
the dark at 37 °C. After washing with HBSS twice, the cells
were exposed to the nanoparticles (Abz concentration:
0.4 ugmL ") for 48 h. Then, the cells were subjected to
flow cytometry assays.

Cell cycle analysis

The C6 cells were incubated with various nanoparticles
(Abz concentration: 0.4 ug mL ™) for 24 h, harvested after
incubation, and fixed with pre-cooled 75% ethanol at 4 °C
overnight. The fixed cells were washed with PBS twice
and stained with PI solution (50 ug mL ™" PI, 0.1% Triton
X-100, 37 ugmL ™' EDTA, and 50 ug mL ™' RNase A) for
30 min. The samples were assessed by flow cytometry and
the number of G1, S, and G2/M phase cells was deter-
mined as a percentage of the total number of cells.

Apoptosis assay

Hoechst 33342/PI double-fluorescent staining was per-
formed to confirm apoptosis-inducing effect of the
nanoparticles*’. After treatment with various nano-
particles (the Abz concentration was 5 ug mL ") for 48 h,
the cells were labeled with Hoechst 33342 (5 g mL 1)
and PI (5 pgmL ") at 37 °C for 30 min and subsequently
washed with PBS three times. Apoptotic cells were
detected by fluorescence microscopy. After treatment
with drugs, the apoptosis of cells was assayed with flow
cytometry using an Annexin V-FITC/PI double
staining assay.

In vivo anti-glioma effect

To evaluate the in vivo anti-glioma activity of the
nanoparticles, C6 orthotopic glioma was implanted as
described in “In vivo imaging of the nanoparticles in
orthotopic glioma model”. Eight days after the cell injec-
tion, the mice were randomly divided into 5 groups (n =
10) and intravenously injected with PBS, free Abz, BS-
Abz, MBS-Abz (Abz dose of 25mgkg ') and cis-
dichlorodiammine platinum (CDDP, CDDP dose of
2.5mgkg ') every other day.

The survival time and body weight of each group were
recorded and analyzed. All animal experiments were
carried out in accordance with the guidelines evaluated
and approved by the ethics committee of Fudan Uni-
versity. When a mouse showed moribund signs including
dysphagia, hemiparesis, obtundation, or weight loss of
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>30% from the maximum weight, it was immediately
sacrificed with euthanasia.

The organs (the liver, spleen, and kidneys) and glioma
samples were collected from the orthotopic mouse glioma
models with 10 d nanoparticle treatment for further
in vivo energy restriction studies. In brief, 10% glioma
tissue homogenates were prepared using Tissue Lyser-24
(JingXin Technology Co Ltd., Shanghai, China) with
4 mm ball bearings for 30 s at 60 Hz. Then, the ATP level
and relative activities of HK and PK of the samples were
measured as described in the sections “ATP assay” and
“Glycolytic enzyme assay”. The glioma tissues were also
fixed with 4% paraformaldehyde, dehydrated in 15 and
30% sucrose for 12h, embedded in Tissue-Tek OTC
mounting medium and frozen at —20 °C, and sectioned at
20 pm. The slides were stained with DAPI and JC-1, and
then subjected to confocal microscopy (Carl Zeiss,
Oberkochen, Germany). The slides were also stained with
DAPI and subjected to a deoxynucleotidyl transferase-
mediated dUTP nick end-labeling (TUNEL) apoptosis
detection kit (FITC-labeled) and then observed under
confocal microscopy. To evaluate the safety of the nano-
particles preliminarily, the slides of the organs (the liver,
spleen, and kidneys) were stained with hematoxylin &
eosin for histologic examination.

Results and discussion
Synthesis of MeB

The structures of the chemicals and synthetic schemes
of the modified albumin are shown in Fig. S1A. First, 2-
iminothiolane was allowed to react with the amino resi-
dues of BSA to introduce sulthydryl groups. Then, the
thiolated BSA and para-mentha-8-thiol-3-one were cross-
linked with 1,4-butanediol diglycidyl ether to form
thioether bonds. The modification rate of MeB was
62.30%. As shown in Fig. S1B, successful protein mod-
ification (lane 3, MeB) was evident from the presence of a
higher-molecular-weight band and the absence of the 65
kD band that corresponded to unmodified BSA (lane 2).
As shown in Fig. S1C, D, the retention time of MeB
(11.985 min) was longer than that of BSA (7.973 min). In
reverse phase HPLC, lipophilicity was related to the
retention time*®, with MeB exhibiting a higher lipophili-
city than BSA due to the modification of menthol.

Characterization of nanoparticles

The preparation process of the nanoparticles is shown
in Fig. S2A. The protein (BSA or MeB) was first denatured
by TCEP, and then mixed with the energy inhibitors Abz
and/or SNP to encapsulate them. The morphology, par-
ticle size, polydispersity index (PDI), and zeta potential of
the nanoparticles are shown in Fig. S2B and Table S1. The
TEM images (Fig. S2B) showed that BS-Abz, MBS-Abz,
BS, and MBS were nano silver spheres coated with a
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protein corona. The zeta potential of MBS-Abs was more
negative than that of BS-Abz, which might have resulted
from the reduced amino group after menthol modifica-
tion. As listed in Table S1, the DL of nanoparticles with
SNP (BS-Abz and MBS-Abz) was remarkably higher than
that of those without SNP (B-Abz and MB-Abz). Since the
surface area of nanoparticles increases correspondingly
with the decrease in size, the enhanced DL of the nano-
particles with SNP was attributed to the higher specific
surface area®. As shown in Fig. S3A, the nanoparticles
exhibited good stability with very minor size changes over
7 days, which indicated that the nanoparticle maintained
its stability for at least 7 days. Furthermore, the relative
nanoparticle size had no obvious change in 10% FBS for
12 h, which indicated that the nanoparticle could main-
tain its stability in serum (Fig. S3B).

In vivo imaging in an orthotopic glioma model

In vivo imaging analysis was used to assess the potential
targeting effect of MeB in C6 glioma-bearing nude mice.
As shown in Fig. 1la, the fluorescence signal was much
stronger in the tumor-bearing brain of the MeB-DIR
group than in the BSA-DIR group at any time post-
injection, from 1 to 24 h. Ex vivo evaluation of excised
tissues (heart, liver, spleen, lung, and kidneys) showed that
the nanoparticles were mainly distributed in the mono-
nuclear phagocyte system (the liver and spleen, Fig. 1b). Ex
vivo imaging (Fig. 1c) indicated an obvious glioma-bearing
brain accumulation of MeB-DIR. Furthermore, the MeB-
DIR group displayed a significantly higher intensity than
the BSA-DIR group (Fig. 1d). As in previous studies,
menthone increased the BBB permeability of the nano-
particles, and the increased intratumoral accumulation
resulted from the SPARC-albumin interaction***’. These
results suggest that nanoparticles, especially MeB nano-
particles, can selectively deliver drugs to the glioma bed.

Nanoparticle penetration across the BBB monolayer

The in vitro BBB model consisted of a monolayer of
BCEC:s seeded on the Transwell inserts. BCECs are highly
viable and can form a polarized monolayer of endothelial
cells to simulate BBB in vitro®'. As shown in Fig. 2a, b,
free Cou 6 could not be measured in the acceptor
chamber, indicating the tightness of the cell monolayer.
We found that the transport efficiency of all nanoparticles
increased in a time-dependent manner. The transport
efficiency and the P,,, of MeB-Cou 6 were much higher
than that of BSA-Cou 6 at all time points, implying that
the penetration ability of MeB nanoparticles was sig-
nificantly stronger than that of BSA nanoparticles due to
menthol modification. As a penetration enhancer, men-
thol could help the drug across the physical barriers™.
Such increases in the P,,, indicated that MeB significantly
enhanced BBB penetration of the nanoparticles®.
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Fig. 1 a Representative in vivo real-time imaging of the orthotopic glioma model administered with different nanoparticles. b Ex vivo imaging of the
accumulation of nanoparticles in various organs. ¢ Ex vivo imaging and d semi-quantitative fluorescence intensity of glioma-bearing brain (data are
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Endocytic pathway assay

The cellular uptake of the nanoparticles was measured
in BCECs and C6 glioma cells. As shown in Fig. 2e, BCECs
and C6 cells treated with MeB-Cou 6 showed significantly
higher fluorescence intensity than those treated with
BSA-Cou 6. Flow cytometry showed consistent results
with the qualitative analysis (Fig. 2¢, d). Improved lipo-
philicity of carriers was reported to enhance cellular
uptake®®® and brain penetration®®, indicating these
results might be due to the increased lipophilicity induced
by menthol modification.

Endocytosis inhibition experiments were performed to
investigate the cellular internalization mechanism for

MeB nanoparticles in BCECs and C6 cells. As shown in
Fig. 2f, g, low temperature (4 °C) and the addition of M-
CD decreased the internalization of MeB and BSA
nanoparticles in these cells. Most transport proteins have
an optimum ability to transport at 37 °C, and low tem-
perature hinders their activity; thus, we hypothesized that
the cellular internalization of BSA and MeB nanoparticles
was related to transport protein-mediated endocytosis®”.
In contrast to BCECs, the cellular uptake of nanoparticles
in C6 cells was suppressed by pretreatment with NaNj,
indicating that it was energy-dependent. The caveolae/
lipid rafts are involved in albumin internalization®®°°, and
cholesterol depletion by M-CD inhibits nanoparticle
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internalization. A significant decrease in cellular uptake
was observed in C6 cells treated with filipin and Cyt D,
indicating that the internalization of nanoparticles
involved caveolae and actin-mediated endocytosis.
SPARC is an albumin-binding protein that mediates
albumin internalization. C6 cells overexpressed SPARC
(Fig. S4B, C)°*°!. Figure 2f, g shows that free BSA and
MeB could reduce cellular uptake in BCECs and C6 cells,
demonstrating that the nanoparticles entered the cells
through SPARC-mediated endocytosis. SB 203580
downregulates SPARC levels to inhibit SPARC-mediated
internalization®®. Thus, we performed SPARC inhibition
experiments to investigate the glioma targeting mechan-
ism for MeB nanoparticles in BCECs and C6 cells. As
shown in Fig. 2h, i, the internalization of the nanoparticles
in C6 cells, but not BCECs, was inhibited after treatment
with SB 203580. Moreover, as shown in Fig. S4, the glioma
cells overexpressed SPARC, which overlapped with the
distribution of the albumin nanoparticles, indicating that
endocytosis of MeB nanoparticles was SPARC-dependent,
and that the glioma targeting effect might be related to
SPARC-mediated biomimetic transport.

Expression levels of the TJ-associated proteins ZO-1 and
occludin

As shown in Fig. 2j, the BCECs in the monolayer BBB
model had higher levels of ZO-1 and occludin expression
compared with the normal tissue. Compared with BSA,
MeB decreased the expression of ZO-1 and occludin.
Occludin is a major transmembrane protein localized at
TJs®®, while ZO-1 is a junctional adaptor protein that
interacts with multiple other junctional components®,
Occludin is known to associate with ZO-1°°, and the
down-regulation of the two proteins has been shown to
increase paracellular permeability of the BBB®>. As pre-
viously reported, menthol downregulated the levels of TJ-
associated proteins to induce BBB opening and increase
BBB penetration®’

Cellular cytotoxicity assay

The cytotoxicity of the nanoparticles based on energy
restriction was determined using the MTT assay. As shown
in Fig. 3a, b, the nanoparticles (except for BS) exerted a
dose-dependent growth inhibitory effect on C6 cells. The
menthol modification groups (MB-Abz and MBS-Abz) and
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co-delivery groups (BS-Abz and MBS-Abz) showed higher
cytotoxicity than the unmodified (B-Abz and BS-Abz) and
single drug groups (B-Abz, MB-Abz, BS and MBS)
respectively, with the ICs, value of MBS-Abz being the
lowest. The cytotoxicity of the nanoparticles in BCECs
(normal cells) was lower than that in C6 cells (glioma cells)
(Fig. 3c). As reported previously, many tumor cells are more
sensitive to ATP depletion induced by energy metabolism
inhibitors than normal cells®®, Thus, the selective toxicity of
the nanoparticles based on energy restriction might result
from the difference in energy metabolism between normal
and glioma cells.

Glycolytic enzyme assay

Glioma cells tend to use glycolysis as the major pathway
to generate ATP. HK, PK, and phosphofructokinase (PFK)
are critical enzymes in glycolysis. HK phosphorylates
glucose to glucose 6-phosphate at the initial stage of
glycolysis, and PK transforms adenosine diphosphate
(ADP) into ATP at the final stage®”*®. Thus, glycolytic key
enzymes are novel targets for glioma therapy®”’°. To
elucidate the ATP suppression mechanism of MBS-Abz,
we investigated the effect of glycolysis in C6 cells. As
shown in Fig. 4a, b, we found that the relative activities of
HK and PK were significantly inhibited after treatment
with the various nanoparticles, however, the nanoparticles
slightly inhibited PFK activity (Fig. S5A). The menthol
modification improved the inhibitory effect on HK and
PK relative activities (BS-Abz vs MBS-Abz) due to its
internalization-promoting ability. Moreover, both MB-
Abz and MBS-Abz inhibited the glycolytic pathway of
energy metabolism. As the main drug in MBS-Abz, Abz
inhibits the glycolytic pathway via downregulating HK
and PK activities”".

Mitochondrial membrane potential analysis

The major function of mitochondria is ATP generation.
The effect of nanoparticles on mitochondrial function was
evaluated by JC-1-staining. The mitochondrial trans-
membrane potential (MMP, A¥m) is associated with
mitochondrial function. Thus, a change in the fluores-
cence of JC-1 labeled cells from red (JC-1 aggregates) to

green (JC-1 monomer) is an indicator of MMP dissipa-
tion’?. The flow cytometry dot plots (Fig. 4c, d) revealed a
high to low MMP switch in groups treated with nano-
particles. The ratio of cells showing MMP dissipation was
much higher in the case of cells treated with MeB-
containing nanoparticles (MBS-Abz/MBS) than with BSA
nanoparticles (BS-Abz/BS), which might be related to the
internalization-promoting effect of MeB. Meanwhile, the
nanoparticles containing SNP (BS-Abz, MBS-Abz, BS,
and MBS) induced more MMP dissipation than those
without SNP (B-Abz and MB-Abz), but there was no
obvious difference between Abz, B-Abz, and MB-Abz.
These results indicate that the inhibition of the mito-
chondrial pathway is mainly due to the dysfunction of the
mitochondria targeted by SNP. In glioma cells, mito-
chondria still supply ATP for metabolism”. As the
adjuvant drug in MBS-Abz, SNP inhibited the mito-
chondrial pathway via inducing mitochondrial dysfunc-
tion”*. Furthermore, Fig. S5B-C shows that the
nanoparticles with the SNP could decrease the citric acid
level and phosphoenolpyruvate carboxylase (PEPC)
activity. In the tricarboxylic acid cycle, PEPC catalyzes the
irreversible carboxylation of phosphoenolpyruvate (PEP)
to form oxaloacetate, and then, acetyl-CoA combines with
the oxaloacetate to form citric acid. During the course of
the cycle, a decline in the amount of oxaloacetate available
to combine with acetyl-CoA to synthesize citric acid could
decrease the rate of ATP production by the mitochon-
dria’”>. The results indicated that the nanoparticles
inhibited the PEPC activity to form oxaloacetate, and
subsequently blocked citric acid and ATP generation.
Therefore, the tricarboxylic acid cycle was disturbed by
the SNP in the nanoparticles.

ATP assay

As ATP is the direct energy source of cells, the intra-
cellular ATP level was determined by UPLC to evaluate
the effect of nanoparticles on energy metabolism. As
shown in Fig. 4e, all nanoparticles could decrease the
relative ATP level when compared with PBS. The ATP
inhibition of MBS-Abz was much stronger than that of
BS-Abz, MB-Abz, and MBS. Since glioma cells preferred
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to generate ATP via the glycolytic pathway, the ATP
inhibitory effect of Abz containing nanoparticles (B-Abz/
MB-Abz) was much stronger than that of SNPs (BS/MBS)
(Fig. 4€). The ATP and ADP levels are shown in Fig. S5D,
E. The ADP level increases with decreasing ATP levels’®.
The energy metabolic pathway mainly included the gly-
colysis pathway and the mitochondrial pathway; however,
when one of the pathways was disturbed, the other
pathway was stimulated to overcome the decreased

formation of ATP*>””, Therefore, monotherapy could not
achieve an ideal antitumor effect due to incomplete
energy metabolism inhibition. As energy metabolism
inhibitors, both Abz and nano-silver prevented the pro-
duction of ATP”®”?, indicating that they have a synergistic
effect on the inhibition of energy metabolism. The effect
was further promoted by the internalization ability of
MeB, causing a strong ATP suppression, which was only
approximately 10.5% of the control.
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Glioma cells require abundant ATP for rapid pro-
liferation; thus, the effect of nanoparticles on proliferation
could reflect the intracellular ATP level. The proliferation
of cells was quantified by monitoring CFDA-SE dilution®°.
As observed in Fig. 5a—c, the nanoparticles (B-Abz, MB-
Abz, BS-Abz, and MBS-Abz) decreased the dividing ratio
and division index significantly when compared with PBS.
MBS-Abz showed the strongest antiproliferative effect
among all other nanoparticles. These results revealed that
menthol modification and the combined medication
enhanced the antiproliferative effect. As glioma cells need
a substantial supply of ATP for proliferation, ATP
depletion could effectively stunt glioma cell
proliferation®”.

Cell cycle analysis

Proliferation is associated with the cell cycle. The G1, S,
and G2/M phases of the cell cycle can be distinguished
based on the DNA content measured by PI staining®*. As
shown in Fig. 6a, b, in the PBS group, most cells

accumulated in the G1 phase. However, the majority of
cells shifted from G1 to G2/M phase after treatment with
various nanoparticles (B-Abz, MB-Abz, BS-Abz, and
MBS-Abz). Moreover, menthol modification obviously
enhanced G2/M phase arrest. The induction of cell cycle
arrest by the nanoparticles was consistent with their
antiproliferative effect. Thus, given that low ATP levels
also trigger cell cycle arrest®, the altered cycle progres-
sion could have induced inhibition of glioma cell
proliferation®*.

Apoptosis assay

Tumor cell apoptosis is a target for anticancer therapy.
The effect of nanoparticles on cell apoptosis was esti-
mated by Hoechst 33342/PI double staining. As shown in
Fig. 7a, the nuclei of cells treated with PBS were plump
and negative for PI fluorescence. After treatment with
nanoparticles containing Abz (B-Abz, MB-Abz, BS-Abz,
and MBS-Abz), the cells exhibited obvious gross nuclear
abnormalities, such as multinucleation and micronuclei
formation. Moreover, Fig. 7a shows that the number of
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cells decreased sharply after nanoparticle treatment,
indicating proliferation inhibition, which was consistent
with Fig. 5. Pl-stained nuclei, indicating the loss of
membrane integrity, were observed in all groups treated
with the nanoparticles. Annexin V- and PI-based apop-
tosis discrimination assays showed a clear induction of
apoptosis in C6 cells after treatment with the nano-
particles (Fig. 7b, c). Both the menthol modification and
the combination of the Abz and SNP significantly
increased the percentage of late apoptotic cells. Energy
metabolism was a potential therapeutic target in glioma
therapy, and ATP deprivation resulted in superior anti-
glioma efficiency though triggering apoptotic cell death®”.

In vivo anti-glioma effect

The survival time of glioma-bearing mice treated with
various nanoparticles was recorded to assess their ther-
apeutic effects. As shown in Fig. 8a, the median survival

time (MST) in mice treated with PBS was very short
(15d), and free Abz (16d, P>0.05, log-rank analysis)
could not prolong it. In contrast, the MST was notably
prolonged by CDDP (17 d; P < 0.05, log-rank analysis), BS-
Abz (17d; P<0.05, log-rank analysis), and MBS-Abz
(24 d; P <0.01, log-rank analysis) treatment, compared to
PBS treatment. Among the different treatments, MBS-
Abz achieved the best anti-glioma effect, which was
attributed to the highly efficient glioma-targeting ability of
MeB.

To elucidate the mechanism of energy restriction
in vivo, the effects of nanoparticles on ATP levels, and the
glycolytic and mitochondrial pathways were investigated
in glioma regions of the glioma-bearing brains. As shown
in Fig. 8b—d, the nanoparticles decreased the intracellular
ATP levels, inhibited HK and PK activities, and impeded
mitochondrial function, when compared with PBS
(negative control) and CDDP (positive chemotherapy
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control). The effect of MBS-Abz was much stronger than
that of BS-Abz, indicating that MBS-Abz induces ATP
deprivation via glycolytic enzyme inhibition and mito-
chondrial dysfunction in vivo, and that the enhanced
effects are attributed to the efficient and selective glioma
targeting of MeB.

Next, apoptosis in glioma tissue was analyzed using.a
TUNEL assay. As shown in Fig. 9, compared with the
density of normal tissue, the density of glioma tissue was
much higher due to the rapid proliferation of glioma cells,
and clear boundaries (yellow line) were observed between
the tumor and the normal tissue. Few TUNEL-positive cells
were found in PBS-treated mice; however, obvious TUNEL-
positive cells were found to colocalize with glioma cells in
drug-treated mice. The number of TUNEL-positive cells
was much higher in the MBS-Abz-treated group than that
in the BS-Abz-treated group. These results confirmed that
efficient and selective glioma delivery of Abz and SNP by
MeB achieves superior anti-glioma efficacy.

Safety evaluation

To assess the potential toxicity of the energy restriction
strategy, we performed histopathological examinations of
the main organs (liver, spleen, and kidneys) by hematox-
ylin and eosin (H&E) staining. As presented in Fig. 10, the
kidneys of CDDP- treated mice exhibited typical patho-
logical changes. Partial renal tubular epithelial cells in the
corticomedullary junction showed mild edema (black
arrowhead) and swelling, and their cytoplasm was loose
and slightly colored. The formation of tube casts was
found in some renal tubules (red arrowhead in Fig. 10)
and cavities of renal tubules were filled with pink protein-
like liquid. These results indicated that CDDP induced
nephrotoxicity during treatment. No pathological changes
were observed in mice treated with nanoparticles (BS-Abz
and MBS-Abz) compared to those treated with PBS. In
contrast to tumors in other organs, gliomas need safe
treatments to avoid damaging brain function. We believe
that the high biocompatibility of MBS-Abz is related to
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the targeting effect of MeB and the selective inhibition of
energy restriction to tumor cells.

Conclusion

In summary, in the present study, we developed a novel
glioma-targeted nano-system based on BPEs and energy
restriction. Based on their ability to penetrate the BBB
penetration and target glioma, MeB nanoparticles can
deliver drugs to the brain and specifically accumulate in
the glioma bed. This nano-system, through the simulta-
neous delivery of Abz and SNP, blocked ATP synthase by
inhibiting both the glycolytic and mitochondrial pathways
at the same time, both in vitro and in vivo. This ATP
restriction effect induced cytotoxicity, proliferation inhi-
bition, cell cycle arrest, and apoptosis of tumor cells. The
internalization-promoting effect of MeB could further
strengthen these effects. Furthermore, MBS-Abz was
most effective in inducing apoptosis in tumor cells, and
significantly prolonging the MST of glioma-bearing mice.
Moreover, it was tolerated by normal cells and did not
cause any obvious organ toxicity in vivo. Altogether, these
promising results suggest that the combination of
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Fig. 10 Representative H&E stained sections (200x) of the organs (the
liver, spleen and kidney; black arrow: mild edema; red arrow: cast)

menthol modification of BSA and co-delivery of Abz and
SNP have great potential for glioma therapy in clinical
applications.
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