
OR I G I N A L R E S E A R C H

Integration of PEG 400 into a self-nanoemulsifying

drug delivery system improves drug loading capacity

and nasal mucosa permeability and prolongs the

survival of rats with malignant brain tumors
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Introduction: Kolliphor® EL (K-EL) is among the most useful surfactants in the prepara-

tion of emulsions. However, it is associated with low hydrophobic drug loading in the

resulting emulsified formulation.

Methods: In this study, a formulation for intranasal administration of butylidenephthalide

(Bdph), a candidate drug against glioblastoma (GBM), was prepared. Physical characteristics

of the formulation such as particle size, zeta potential, conductivity, and viscosity were

assessed, as well as its cytotoxicity and permeability, in order to optimize the formulation

and improve its drug loading capacity.

Results: The optimized formulation involved the integration of polyethylene glycol 400

(PEG 400) in K-EL to encapsulate Bdph dissolved in dimethyl sulfoxide (DMSO), and it

exhibited higher drug loading capacity and drug solubility in water than the old formulation,

which did not contain PEG 400. Incorporation of PEG 400 as a co-surfactant increased Bdph

loading capacity to up to 50% (v/v), even in formulations using Kolliphor® HS 15 (K-HS15)

as a surfactant, which is less compatible with Bdph than K-EL. The optimized Bdph

formulation presented 5- and 2.5-fold higher permeability and cytotoxicity, respectively, in

human GBM than stock Bdph. This could be attributed to the high drug loading capacity and

the high polarity index due to DMSO, which increases the compatibility between the drug

and the cell. Rats bearing a brain glioma treated with 160 mg/kg intranasal emulsified Bdph

had a mean survival of 37 days, which is the same survival time achieved by treatment with

320 mg/kg stock Bdph. This implies that the optimized emulsified formulation required only

half the Bdph dose to achieve an efficacy similar to that of stock Bdph in the treatment of

animals with malignant brain tumor.

Keywords: glioblastoma, polyethylene glycol 400, butylidenephthalide, loading capacity,

permeability, intranasal administration

Introduction
Glioblastoma (GBM), which is classified as a grade IV astrocytoma by the World

Health Organization, is a highly aggressive tumor type. Patients diagnosed with GBM

have a median survival of <2 years and a progression-free survival of 6.2 to

7.5 months.1 The standard treatment of GBM is surgical resection to remove the

maximal amount of tumor, followed by radiotherapy and temozolomide.1,2 However,

recurrence has been noted after 6–9 months.3–5 Intracerebral local-release polymer
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wafers containing n-butylidenephthalide (Bdph), extracted

from Angelica sinensis, have shown efficacy against malig-

nant human gliomas.6 However, patients who cannot

undergo surgery are not able to receive the required surgical

implant for local interstitial drug treatment. The develop-

ment of a new delivery method for Bdph would be bene-

ficial for patients who cannot undergo surgery.

The blood–brain barrier (BBB) and first-pass effect in

the liver are the two major limiting factors in chemotherapy

for brain cancer. Intranasal administration is an attractive

route for drug delivery to the central nervous system (CNS),

as it uses the peripheral olfactory system and peripheral

trigeminal system to bypass the BBB and achieve rapid

entry into the CNS.7 Intranasal administration provides

a noninvasive method to deliver a drug to the brain.

Criteria for intranasal drug systems include small volume,

low viscosity, small delivered particle size, and appropriate

hydrophobic/hydrophilicity.8,9 For example, a viscous liquid

or a large particle size would result in fast clearance from

nasal mucociliary.9 In order to increase formulation spread-

ability, which in turn is related to flowability and wettabil-

ity, it is very important for the drug to be absorbed

sufficiently into the nasal mucosa.10 The drug under con-

sideration here, Bdph, is hydrophobic and has a low spread-

ability. Owing to its high hydrophobicity, it requires

emulsification to reach the desired absorption. The addition

of immiscible liquids, surfactants, co-surfactants, solvents,

or co-solvents to hydrophobic compounds allows the mix-

ture to spontaneously form a nano- or micro-emulsion.

Kolliphor® EL (K-EL) and Kolliphor® HS 15 (K-HS15),

which have low and high hydrophilic–lipophilic balance

(HLB) values, respectively, are two candidate surfactants

for emulsified formulations, because they are non-ionic

solubilizers with low toxicities. However, there is

a drawback in that formulations containing these surfactants

show lower Bdph drug encapsulation. Mucoadhesion is also

a factor in the choice of surfactant when designing

a formulation for intranasal delivery. The use of a polymer

with a strong hydrating ability means a stronger interaction

of polymer–water interaction compared with the polymer–

polymer interaction, which increases mucoadhesion of the

emulsion. Polyethylene glycol 400 (PEG 400), the co-

surfactant used in our study, is the most commonly used

polymer in drug formulations. One application of PEG 400

is as a probe to monitor the permeability of the BBB to

a given substance.11 Moreover, PEG 400 has been used in

nasal delivery formulations,12 intravenous injections,13 and

oral administration.14 Propylene glycol (PG), which is not

a polymer but is miscible in water, was also used as a co-

solvent in our study to examine the feasibility of nano- or

micro-emulsion. The low- and high-polarity solvents etha-

nol (EtOH) and dimethyl sulfoxide (DMSO), respectively,

were used to obtain an optimized formulation. To evaluate

the feasibility of intranasal Bdph delivery to treat brain

tumors, hydrophobic Bdph was emulsified with a solvent,

surfactant, co-solvent, and phosphate-buffered saline (PBS).

The emulsified formulations were screened for drug load-

ing, tumor cell cytotoxicity, stability, and permeation

through the nasal mucosa. After screening, the candidate

emulsified Bdph formulations were further applied intrana-

sally against malignant brain tumor in an animal model.

Material and methods
Emulsification of Bdph
Bdph was purchased from Sigma Aldrich. Bdph emulsions

were prepared according to the formulations in Table 1.

We used EtOH (Sigma Aldrich) and DMSO (Sigma

Aldrich) as solvents, Kolliphor® (K-EL) and Kolliphor®

HS 15 (K-HS15) as surfactants, and PG and PEG 400 as

co-solvent/co-surfactants to prepare the emulsion. The

components making up the emulsion were sequentially

added into a tube and completely mixed using a vortex

mixer to obtain a homogenous emulsified solution. The

emulsions were left to stand for one hour at room tem-

perature after mixing prior to analysis.

Permeation study in an artificial cellulose

membrane
The permeation of Bdph emulsion was evaluated across

a cellulose membrane in a Franz diffusion cell (customized

from San Mei, Taiwan); more details are provided in the

Supplementary Information.

Permeation study in nasal mucosa
Human nasal septum quasi-diploid tumor (RPMI 2650)

cells purchased from the Bioresource Collection and

Research Center (BCRC) were seeded on a cell insert

(membrane pore size, 0.4 μm) pre-coated with collagen

and cultivated for two days. More details are provided in

the Supplementary Information.

Analyses of physical properties of

formulations
The Bdph emulsions were reconstituted to a concentration

of 200 μg/mL in PBS to analyze the particle size through
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a nano-droplet size (Malvern Nano-ZS ZEN-3600). The

zeta potential and conductivity were measured using

a 1:5,000 dilution factor for each formulation in PBS

with a zeta potential meter (Malvern Nano-ZS

ZEN-3600). To measure the absorption of stock Bdph,

the Bdph was dissolved in DMSO to obtain 1% Bdph.

The absorbances of Bdph alone and in various emulsions

were measured with 1:200 and 1:5,000 dilution factors in

PBS at 310 nm using an ELISA reader (Multiskan™ FC

Microplate Photometer, Thermo Fisher Scientific Inc.).

Viscosity analysis
The viscosity of the emulsions was analyzed using an

AR2000ex system (TA Instruments). The relation between

viscosity and shear rate was determined using a cone

(40 mm and 4 degrees) and plate mold to measure

a 1 mL volume of the each formulation at 25 °C.

MTT assay
GBM8401 cells purchased from BCRC were seeded with

6×104/ml cell solution at a concentration of 100 μL. Stock
Bdph dissolved in DMSO, emulsified Bdph, and medium

alone (negative control group) were examined by MTT

assay. More details are provided in the Supplementary

Information.

Orthotropic malignant brain tumor F344

animal model
An orthotropic malignant brain tumor model was developed

in Fischer 344 rats via intracranial delivery of 9L gliosar-

coma cells with a block tissue.15 Male Fischer F344 rats

(230–260 g) were obtained from the National Laboratory

Animal Center (Taipei, Taiwan). All of the animal experi-

ments were approved by the Institutional Animal Care and

Use Committee (IACUC) of National Dong Hwa

University and were used in compliance with the standard

operating procedures of the Laboratory Animal Center of

National Dong Hwa University. (IACUC 102002, Hualien,

Taiwan). The F344 rats were anesthetized with 4% chlorhy-

drate and placed in a stereotaxic apparatus. The cranium

was exposed with a circle of 5 mm diameter by a 0.8 mm

burr hole at 3 mm lateral and 5 mm caudal to the bregma.

The F344 rats were given intracranial implants of 9L glio-

sarcoma cells (purchased from BCRC) with a 1×1×1 mm3

block of tissue. The tissue block was obtained from syn-

geneic F344 rats bearing 9L gliosarcoma cells through

subcutaneous injection of 9L cell solution with 1×106 into

the backs of rats. Seven days after orthotropic implantation

of brain tumors, the rats were randomly grouped into treat-

ment and control groups. The drug was delivered daily for

30 days through a pipette that connected the nasal cavities

of the rats to simulate intranasal administration. The

Table 1 Compositions of n-butylidenephthalide (Bdph) emulsions

Formulation % Bdph % Solvent % Surfactant % Co-solvent/co-surfactant % PBS

BN-A 9.5 11.4

EtOH

15.1

K-EL

3.8

PG

60.2

BN-B 13.5 16.4

EtOH

21.6

K-EL

5.5

PG

43

BN-C 17.2 20.6

EtOH

27.6

K-EL

7

PG

27.6

BN-D 50 NA 10

K-EL

10

PEG 400

30

BN-E 50 NA 10

K-HS15

10

PEG 400

30

BN-F 50 6.5

DMSO

6.5

K-EL

6.5

PEG 400

30.5

BN-G 14 27.3

DMSO

28.7

K-EL

NA 30

BN-H 10 15

DMSO

15

K-EL

NA 60

BN-I 50 6.5

EtOH

6.5

K-EL

6.5

PEG 400

30.5

Abbreviations: NA, not added; %, %v/v; EtOH, Ethanol; DMSO, Dimethyl sulfoxide; K-EL, Kolliphor® EL; K-HS15, Kolliphor® HS 15; PG, Propylene glycol; PEG 400,

Polyethylene glycol 400.
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survival rate was calculated by recording the survival status

of the rats. The rats were sacrificed to inspect and weight

the tumor size after 30 days of treatment.

Statistical analysis
All the in vitro results are expressed as average� standard

deviation (SD), obtained from three replicate experiments.

The statistical analysis of cytotoxicity and mean survival

time in the animal studies was performed using the

Student’s t-test and two-tailed tests. A significant differ-

ence was considered to exist when the p-value was less

than 0.05.

Results
Physical properties of formulations
The emulsions were prepared as described in Table 1. All of

the emulsion solutions had a white color or homogenous

single-layer solution (Figure 1B), indicating that an emul-

sion solution had been successfully prepared. Kolliphor® EL

(K-EL) was more compatible with Bdph than Kolliphor®

HS 15 (K-HS15); therefore, most of the successful formula-

tions were prepared with K-EL (Table 1). A layer consisting

of a yellow oil solution of Bdph separated from the water

phase when K-HS15 was employed without PEG 400, indi-

cating that the emulsion failed to form. Moreover, precipita-

tion was observed in the formulation of BN-E containing

K-HS15 after 30 days storage at 4 °C.

The potential advantages of the self-emulsifying sys-

tems include 100% drug entrapment capacity .16 The suc-

cessful emulsions shown in Table 1 was a white milk color

or colorless, without separation of layers or aggregation,

which indicates 100% drug entrapment capacity. The

absorbance of Bdph in the formulation increased with

increasing percentage of Bdph, suggesting that the emul-

sion had 100% drug loading capacity (Table 2). A high

drug loading capacity (up to 50% Bdph) was noted for the

emulsions containing PEG 400 as a co-surfactant with

BN-D, BN-E, BN-F, and BN-I, but not those containing

PG (Tables 1 and 2).

The mean particle size of the emulsified Bdph formu-

lations was between 34.99 nm and 3.76 μm, while stock

Bdph could not be detected, suggesting that only the

hydrophobic layer was present in solution. The results

showed that formulations with 50% Bdph had particle

sizes above 366 nm, whereas emulsions with less than

20% Bdph had particle sizes below 237 nm (Table 2).

This suggests that Bdph molecules were encapsulated in

the emulsion particles, because a higher droplet size was

noted in the presence of Bdph.

The formulations showed a slight negative charge on

the droplet surface and zeta potential between −2 and

−9 mV after emulsification of Bdph (Table 2). By contrast,

stock Bdph possessed a lower potential of −14.5 mV

compared with emulsified Bdph formulations. The con-

ductivity of stock Bdph was 17.10 mS/cm, but those

emulsified Bdph formulations were above 17.10 mS/cm,

indicating that the emulsified Bdph was an oil in water

(O/W)-type formulation.

The results for size, zeta potential, and conductivity all

suggest that Bdph was emulsified after mixing with

a surfactant and solvent.

Viscosity
A rheometer was used to analyze the viscosity of emulsified

Bdph formulations and stock Bdph. In the analysis, constant

shear stress and increased shear rate were applied. All the

solutions showed shear thinning characteristics, indicating

that they acted as non-Newtonian fluids (Figure S1). The

infinity viscosities of emulsified Bdph formulations ranged

from 0.62×10−2 to 10.83×10−2 Pa·s, whereas that of stock

Bdph was 1.59×10−2 Pa·s (Table 3). A multi-peak was

observed for the stock Bdph, as shown in Figure S1, indicat-

ing that a higher shear rate was required for the Bdph to

achieve a stable viscosity. By contrast, most of the Bdph

emulsification formulations achieved steady-state viscosity

at lower shear rates. The spreadability of the Bdph was

improved after the drug was emulsified.

Cytotoxicity
To evaluate the cytotoxicity of emulsified Bdph formula-

tions in GBM, fresh formulations at concentrations from

0 to 200 μg/ml were prepared and used to treat GBM

8401 cells for 24 hrs. Cell viability was determined by

MTT assay and compared with that of untreated cells.

The formula to calculate the 50% inhibitory concentra-

tion (IC50) was obtained by plotting the drug concentra-

tion against cell survival percentage. The value of IC50

for each formulation was obtained using the curve at 50%

cell survival (Figure 1A). The IC50 values of the formu-

lations ranged from 32.7 to 150.2 μg/mL (Table 4). The

BN-B, D, E, F, and I formulations were more cytotoxic

than stock Bdph (81.7 μg/mL). Among the formulations,

BN-F was the most cytotoxic to GBM8401 cells

(32.7 μg/mL).
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Figure 1 (A) Cell cytotoxicity analysis of emulsified n-butylidenephthalide (Bdph) formulations in GBM8401. Abbreviation BP indicates that Bdph was dissolved in DMSO.

The data are expressed as mean ± SD; *p<0.05, **p<0.01, ***p<0.001 versus BP. (B) Stability examination of freshly prepared emulsified Bdph formulations (BN-A (A), BN-B

(B), BN-C (C), BN-D (D), BN-E (E), BN-F (F), BN-G (G), BN-H (I), BN-I (I)) and (C) stability examination after 30 days storage at 4 °C. An arrow indicates sedimentation,

and a frame line means an insoluble layer was formed. The formulation for each emulsion is given in Table 1.
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Stability testing of emulsified Bdph

formulations
To investigate the stability of the formulations, their appear-

ance was examined after 30 days storage at 4 °C. The

emulsified Bdph formulations (BN-A to I) were homoge-

nous and either transparent or white (Figure 1B). BN-C, D,

F, and I had similar appearances after being stored at 4 °C

for 30 days. By contrast, a precipitate or insoluble layer

appeared in the BN-A, B, E, G, and H formulations after

storage under the same conditions (Figure 1C).

In vitro permeation studies

To evaluate the permeation of emulsified Bdph formulations,

an artificial cellulose membrane was used in a Franz cell

system. The emulsions were collected and examined by

ultraviolet-visible light spectroscopy with OD310. The

results were analyzed using supplementary Formula (S1)

and (S2) and all the calculated results were based on equa-

tions with a coefficient of determination (R2) above 0.85

(Table 5). The emulsified Bdph (BN-A to BN-I) showed

improved flux and permeability coefficient (Peff) compared

with stock Bdph, with a lowest flux and Peff of 2.29� 10−3

μg/cm2s and 0.76� 10−6 cm/s, respectively (Table 5). The

formulations of BN-E, F, and I exhibited the highest permea-

tion flux and Peff above 11.20� 10−3 μg/cm2s and 3.57� -

10−6 cm/s, respectively. By contrast, BN-D, which also

showed high drug loading and cytotoxicity, had a lower

flux and Peff which are equal to 2.71� 10−3 μg/cm2s and

0.98� 10−6 cm/s, respectively (Table 5).

A permeation study was further performed in nasal

septum squamous cells on a cell insert. All the calculated

results were based on equations (Table 6). The permeation

results in the nasal septum squamous cells showed similar

patterns, in that the four emulsified Bdph formulations

were higher permeability than stock Bdph, and BN-D

exhibited the lowest permeability (Table 6). Among the

Table 2 Physical characteristic analysis of n-butylidenephthalide (Bdph) emulsions

Formulation
(group)

Bdph
(%)

Size
(nm)

PDI Zeta potential (mV) Conductivity
(mS/cm)

Absorbance (310 nm)

Bdph 100 -‡ -‡ −14.50±0.7 17.10±1.06 0.734±0.011§

BN-A 9.5 87.48±4.71 0.30±0.01 −9.12±2.49 19.60±1.87 0.420±0.003

y

BN-B 13.5 237.46±49.26 0.15±0.02 −3.46±1.78 19.87±2.39 0.538±0.003

y

BN-C 17.2 34.99±2.66 0.08±0.04 −2.41±0.25 18.97±2.27 0.692±0.023

y

BN-D 50 2747.89±307.52 0.25±0.18 −3.99±0.26 17.40±0.75 0.830±0.012

y

BN-E 50 366.63±128.32 0.47±0.06 −5.54±1.51 19.53±1.94 0.859±0.027

y

BN-F 50 2643.72±1325.18 0.42±0.20 −3.43±0.20 18.33±1.44 0.797±0.015

y

BN-G 14 169.41±16.60 0.41±0.08 −2.70±0.29 19.63±2.14 0.682±0.004

y

BN-H 10 146.27±1.92 0.26±0.01 −2.46±0.23 19.20±2.02 0.582±0.010

y

BN-I 50 3760.89±774.37 0.19±0.15 −2.53±0.32 18.67±1.46 0.778±0.011

y

Notes: , polydispersity index; ‡, Could not be detected; §, 1% Bdph was dissolved in DMSO and detected in dilution of 1:100 in PBS;

y

, emulsion formulations were detected

in dilution of 1:5000 in PBS.

Table 3 Viscosity of emulsified n-butylidenephthalide (Bdph)

formulations

Formulation Viscosity (Pa·s) STDEV

Bdph 1.59×10−2 2.54×10−4

BN-A 1.02×10−2 1.75×10−3

BN-B 7.55×10−2 1.99×10−2

BN-C 9.52×10−2 1.77×10−2

BN-D 10.83×10−2 5.10×10−4

BN-E 4.05×10−2 4.85×10−3

BN-F 6.69×10−2 3.24×10−3

BN-G 2.50×10−2 8.12×10−5

BN-H 0.62×10−2 2.72×10−3

BN-I 4.55×10−2 4.66×10−4

Table 4 IC 50 of fresh prepared emulsified n-butylidenephthalide

(Bdph) formulations in GBM 8401

Formulation IC50 (μg/ml)

Bdph 81.7

BN-A 150.2

BN-B 73.0

BN-C 128.1

BN-D 61.5

BN-E 62.5

BN-F 32.7

BN-G 167.4

BN-H 85.8

BN-I 63.5
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emulsified Bdph formulations, BN-F possessed the highest

permeation flux and Peff equaling to 1.63� 10−3 μg/cm2s

and 8.16� 10−6 cm/s, respectively (Table 6).

Animal experiment
Based on the results of the cytotoxicity and permeation

flux studies, BN-F was selected as a candidate formulation

for animal studies. The emulsified formulation BN-F con-

sisted of spherical particles with a double layer structure

(Figure S2). The results further confirmed that the hydro-

phobic drug was emulsified into the surfactant and con-

solidated by the co-surfactant PEG 400, forming a double

layer structure. The emulsified formulation BN-F was used

in animal studies to compare its therapeutic efficacy to that

of stock Bdph. The drug was delivered intranasally to rats

bearing intracerebral malignant brain tumors. An increased

survival rate was observed when the rats received Bdph or

BN-F, compared with those receiving no treatment

(Figure 2A). Using 160 mg/kg BN-F or 320 mg/kg stock

Bdph produced a 100% survival rate for at least 37 days

(Figure 2A). A decreased survival rate was observed when

the dose of BN-F was reduced to 80 mg/kg or that of stock

Bdph to 160 mg/kg. The median survival times of animals

who received stock Bdph 160 mg/kg and 80 mg/kg BN-F

were 31 and above 37 days, respectively (Figure 2B),

whereas those who did not receive treatment all died

within 26 days (Figure 2B).

The mean survival time of tumor-bearing rats was

increased with treatment. The mean survival time of

untreated rats was 23.1 days (Figure 2B), compared with

37 days after treatment with 160 mg/kg BN-F and

31.7 days after treatment with 160 mg/kg stock Bdph

(Figure 2B). A similar pattern was observed after treat-

ment with 80 mg/kg BN-F and 80 mg/kg stock Bdph,

where mean survival times were 30.8 and 26.0 days,

respectively (Figure 2B). The survival times of untreated

rats bearing tumors were shorter than those of the rats that

received treatment, and a proliferating tumor mass was

observed in the no-treatment group (Figure S3). These

results suggest that Bdph prolonged the survival rate of

animals with malignant brain tumor. Importantly, using an

emulsified formulation reduced the required dose of Bdph,

as evidenced by the fact that a half dose of BN-F showed

equal efficacy to a whole dose of stock Bdph.

Discussion
Biodegradable wafer type6,17 and liposome-based18 vehicles

for Bdph have previously been employed for treating tumor-

bearing animals, but these had <25% drug loading capacity.

Here, a 50% Bdph drug loading capacity was achieved with

the optimized emulsification of DMSO/K-EL/PEG 400/

PBS. More importantly, the emulsified Bdph formulations

allowed for a reduction in dosage by 50%.

Table 5 Permeation study of emulsified n-butylidenephthalide (Bdph) formulations through artificial cellulose membranes

Formulation Flux (10−3 μg/cm2s) ± SD r2 Peff (10
−6

cm/s) ± SD

Bdph 2.29±0.23 0.97 0.76±0.08

BN-A 3.43±0.57 0.98 1.23±0.20

BN-B 2.78±0.67 0.95 1.03±0.24

BN-C 3.29±0.59 0.94 1.19±0.22

BN-D 2.71±0.25 0.85 0.98±0.14

BN-E 11.20±0.42 0.92 3.57±0.30

BN-F 11.60±0.19 0.96 3.85±0.06

BN-G 7.36±1.31 0.97 2.45±0.44

BN-H 3.53±0.30 0.96 1.23±0.12

BN-I 11.6±0.88 0.97 3.85±0.29

Peff, permeability coefficient.

Table 6 Permeation study of emulsified n-butylidenephthalide

(Bdph) formulations through nasal septum squamous cells

Formulation Flux
(10−3 μg/cm2s)

r2 Peff (10
−6

cm/ s)

Bdph 0.33±0.02 0.99±0.01 1.65±0.09

BN-D 0.92±0.05 0.99±0.00 4.60±0.24

BN-E 1.48±0.98 0.98±0.01 6.64±6.06

BN-F 1.63±0.37 0.95±0.02 8.16±1.85

BN-I 1.46±0.87 0.97±0.04 7.32±4.32

Peff, permeability coefficient.
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The surfactant Kolliphor® EL (K-EL) was more com-

patible with Bdph than Kolliphor® HS 15 (K-HS15). This

phenomenon may be related to the HLB values of K-EL

(HLB=12–14)19 and K-HS15 (HLB=16).20 Moreover,

a double bond structure in the hydrophobic chain of

K-EL may confer higher affinity on the aromatic structure

of Bdph. Higher drug loading capacities of Bdph were

obtained in the formulations BN-D, E, F, and I, all of

which contained the co-surfactant PEG 400. A higher

drug loading capacity was observed in the presence of

PEG 400 but not PG, possibly because PEG 400 could

provide a linkage between the hydrophobic and

hydrophilic phases. Thus, PEG 400 cooperates with the

surfactant to solidify the structure of emulsified Bdph.21

PG, however, is miscible in water and does not provide

a connection between the two phases.

A negative correlation between conductive value and oil

volume fraction has been demonstrated.22 The higher the

percentage of the oil fraction volume, the lower the conduc-

tive value, as confirmed by our results. Furthermore, size is

an indication of drug loading within a formulation, since the

drug is encapsulated in the core of the formulation.23 Higher

droplet size was noted in the formulations BN-D, E, F, and I,

which also had the highest drug loading (up to 50%).
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Figure 2 (A) Kaplan–Meier survival curves and (B) mean survival times of rats bearing malignant brain tumors after treatment with n-butylidenephthalide (Bdph)

formulation. The composition of BN-F is given in Table 1. *p<0.05, **p<0.01, ***p<0.0005 compared with the non-treated group.
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A higher viscosity occurs when a boundary exists

between the two phases. A hydrophobic drug creates

a boundary between hydrophobic and hydrophilic phases.24

In the emulsification formulations, higher drug loading was

associated with higher viscosity (above 4.05×10–2 Pa·s).

However, BN-B and C had lower drug loading (below

17.2%) and had viscosities above 7.55×10−2 Pa·s. This

may have been due to the higher percentage of surfactant

and hydrophilic PG used in these formulations, and thus

a higher viscosity.

A higher drug loading capacity can enhance

cytotoxicity.25 The same quantity of drug was applied to

GBM8401 in each formulation, but only BN-D, E, F, and

I showed greater cytotoxicity than those of BN-A, B, C,

G and H, suggesting that their compositions contain more

drug per droplet.

A higher drug content in a formulation leads to an

increased flux value when the ratio of drug to surfactant

is greater than 4.26 The permeation ability of emulsions

was correlated with the drug carrier percentage in our

studies. To achieve the same drug dose, the formulation

with less drug required more excipient than that with

higher drug loading. The higher excipient volume may

block the membrane and decrease the rate of permeation

flux. However, the BN-D formulation, which had the high-

est drug loading, showed the lowest permeation flux at

2.71×10–3 μg/cm2s, suggesting that higher viscosity

decreases the permeation flux.26

In general, evaluation of the stability of a formulation

may involve measurement of zeta potential (ZP); ZP-

values of ±0–10 mV indicate a highly unstable

formulation.27 However, a controversial result of our stu-

dies was that the formulations BN-A to -I, the ZP-values

of which were less than |0–10| mV, were stable when

freshly prepared. Moreover, BN-A and BN-E, which

exhibited higher ZP-values than other Bdph emulsions,

showed sedimentation after storage at 4 °C for 30 days.

The data suggest that hydrophobic/hydrophilic balance

might also play a part in stabilization of formulations.28

Only a half dose of emulsified Bdph was required to

treat malignant brain tumors. The difference in effi-

ciency between stock Bdph and BN-F for a given

dosage can be partly explained by the IC50 values in

GBM 8401, which were 81.7 and 32.7 µg/mL for stock

Bdph and BN-F, respectively (Table 4). Overall, intra-

nasal BN-F showed an therapeutic efficacy owing to its

higher cell cytotoxicity in GBM and permeation com-

pared with stock Bdph.

Conclusion
Emulsions of Bdph were screened and characterized in our

studies to prepare candidate formulations for intranasal

administration. Emulsification resulted in an increase in

solubility, as evidenced by conductivity, cell cytotoxicity,

and permeation rates. BN-F, which was composed of

Bdph/DMSO/K-EL/PEG 400/PBS, was the optimal for-

mulation based on cytotoxicity and permeation rates.

BN-F prolonged the survival time of F344 rats with intra-

cerebral 9L glioma tumors using a half dosage of stock

Bdph. The results suggest that BN-F delivered intranasally

has potential applications in the treatment of GBM.

Abbreviation list
BBB, blood-brain barrier; Bdph, butylidenephthalide;

CNS, central nervous system; DMSO, dimethyl sulfoxide;

EtOH, ethanol; GBM, glioblastoma; HLB, hydrophilic-

lipophilic balance; IC50, 50% inhibitory concentration;

K-EL: Kolliphor® EL; K-HS15, Kolliphor® HS 15; PBS,

phosphate-buffered saline; Peff: permeability coefficient;

PEG 400, Polyethylene glycol 400; PG, propylene glycol;

R2, coefficient of determination; SD, standard deviation;

TEM: transmission electron microscopy.
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Supplementary material
Supplementary material and method
Permeation study in an artificial cellulose membrane

The permeation of Bdph emulsion was evaluated across

a cellulose membrane in a Franz diffusion cell (customized

from San Mei, Taiwan). The diffusion area of cellulose

membrane and the receptor chamber of a Franz diffusion

cell were approximately 4.5 cm2 and 23 mL, respectively.

An artificial cellulose membrane was cut and immersed

into HEPES buffer (118mM NaCl, 1.2 mM MgSO4,

4.8 mM KCl, 5.5 mM D-glucose, 2.5 mM CaCl2, mM

Hepes) before the permeation study. The 2 ml of 3 mg/mL

Bdph emulsion was added into the donor chamber and

HEPES buffer was placed in the receptor chamber before

the membrane was immersed into the buffer. A multipoint

stirrer was set to 300 rpm, and the whole experiment took

place in an incubator at 37 °C. After 10 h, 1 mL of sample

was collected from the receptor chamber each hour, after

which 1 mL fresh warmed HEPES buffer was added to the

receptor chamber. The sampled solution was detected

using absorption at 310 nm by ELISA reader.

A permeability coefficient (Peff) and flux (J) were obtained

using the following supplementary Formula (S1) and

(S2).1

Peff ¼ V

AC0
dc
dt

(S1)

J ¼ dc
dt

� �
V
A

(S2)

V: Capacity of receptor chamber (mL)

C0: Concentration of drug in the donor compartment (mg/

mL)

Peff: Permeability coefficient (cm/s)

J: Flux (μg/cm2s)

A: Superficial area of diffusion (cm2)
dc
dt : Concentration changed over time in a pseudo steady-

state (μg/mLs)

Permeation study in nasal mucosa

Human nasal septum quasi-diploid tumor (RPMI 2650)

cells were seeded on a cell insert (0.4 μm pores size

membrane) pre-coated with collagen and cultivated for 2

days. The cell insert contained monolayer cells placed in

a 12 well plate with 1.5 mL HEPES buffer. The emulsified

Bdph solution (0.5 mL) dissolved in HEPES buffer were

added to the monolayer cells and incubated at 37 °C in 5%

CO2. The samples were harvested from the well at 1 hr

intervals over 6 hrs and analyzed by UV-VIS spectroscopy.

The concentration of Bdph was calculated by the absorp-

tion at 310 nm using a standard reference curve. The

permeability coefficient (Peff) and Flux were calculated

using supplementary Formula (S1) and (S2).

Cultivation of cell lines

GBM 8401, human nasal septum quasidiploid tumor

(RPMI 2650), and rat glioma cell lines 9L were purchased

from Bioresources Collection and Research Center

(BCRC, Taiwan). The GBM8401, RPMI 2650, and 9L

cells were cultivated in basal medium of RPMI-1640

(Gibco), Minimum essential medium (Corning), and

Dulbecco’s Modified Eagle Medium (Corning), respec-

tively. All the cultural media were provided 10% fetal

bovine serum (Gibco) and 1% Penicillin/Streptomycin

(100 units/L Penicillin G and 100 μg/L Streptomycin

Sulfate, Gibco). The procedures of cell passage were per-

formed following the addition of 0.05% trypsin/EDTA

(Biowest, Nuaille, France) to trypsinize the cells, and

centrifugation at 240 g for 5 min to harvest the cells.

The cellular suspensions were reconstituted in their culti-

vation medium and incubated at 37 °C in 5% CO2.

MTT assay

GBM8401 Cells (6×103) were seeded in a 96 well for

overnight cultivation. Stock Bdph, emulsified Bdph, and

medium alone (negative control group) were then added

and left to incubate for 24 hrs. Thereafter, the supernatant

was removed and 500 μg/mL thiazolyl bluetetrazolium

blue (MTT, Sigma, MO, USA) was added to detect mito-

chondrial activity in any surviving cells. After 1 hr incu-

bation, DMSO was added to dissolve the formazan crystal

products. Absorption of the DMSO/formazan solution was

detected via enzyme-linked immunosorbent assay

(ELISA) reader at 595 nm.

Transmission electron microscopy (TEM)

For TEM observation, the emulsified formulation was

diluted 500 times with pure water. Then, 10 μL of the

diluted formulation was applied to carbon film-coated 400

mesh copper grids (Electron Microscopy Sciences,

Hatfield, PA, USA) for 60 s and extra loaded solution

was adsorbed by Kimwipe paper. Grids were negatively

stained by incubation with 10 μL of 1.5% phosphotungstic

acid for another 60 s. Again, extra loaded solution was

adsorbed by Kimwipe paper. The grids of the emulsified

formulation were stored in a desiccator for further analy-

sis. Samples were visualized at 120 kV by a transmission

electron microscope (JEOL JEM-1200CX II).
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Figure S1 Dynamic viscosities of emulsified n-butylidenephthalide (Bdph) formulations with increased shear rate.
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Figure S2 Transmission electron microscopy image of emulsified n-butylidenephthalide (Bdph) formulation BN-F. The white arrows indicate the double layer structure of

the BN-F formulation.
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