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bstract

Transport of antiretroviral agents across the blood–brain barrier (BBB) is of key importance to the treatment for the acquired immunodeficiency
yndrome (AIDS). In this study, impact of exposure to electromagnetic field (EMF) on the permeability of saquinavir (SQV) across BBB was
nvestigated. The in vitro BBB model was based on human brain-microvascular endothelial cells (HBMEC), and the concentration of SQV in receiver
hamber of the transport system was evaluated. Polybutylcyanoacrylate (PBCA), methylmethacrylate-sulfopropylmethacrylate (MMA-SPM), and
olid lipid nanoparticle (SLN) were employed as carriers for the delivery systems. Cytotoxicity of SLN decreased as content of cacao butter
ncreased. Power of 5 mV was apposite for the study on HBMEC without obvious apoptosis. Square wave produced greater permeability than sine
nd triangle waves. The carrier order on permeability of SQV across HBMEC monolayer under exposure to EMF was SLN > PBCA > MMA-SPM.

lso, a larger frequency, modulation or depth of amplitude modulation (AM), or modulation or deviation of frequency modulation (FM) yielded a
reater permeability. Besides, enhancement of permeability by AM wave was more significant than that by FM wave. Transport behavior of SQV
cross BBB was strongly influenced by the combination of nanoparticulate PBCA, MMA-SPM, and SLN with EMF exposure. This combination
ould be beneficial to the clinical application to the therapy of AIDS and other brain-related diseases.
2007 Elsevier B.V. All rights reserved.

; Met

i
p
i
e
t
p
v
l
G

s
m
p
d

eywords: Blood–brain barrier; Electromagnetic field; Polybutylcyanoacrylate

. Introduction

Blood–brain barrier (BBB) is an important tissue site, pro-
iding a neurogenic environment for homeostasis of the central
ervous system (CNS) against intense fluctuations in the level
f substances in the circulatory system (Clark, 1999; Edwards,
001). Brain-microvascular endothelial cells (BMEC) play a
rucial role in the BBB characteristics. For example, tight junc-
ion (TJ) among BMEC is a key structure in avoiding dramatic
nfluences of neurotransmitters and hormones on the cerebrum.
lso, P-glycoprotein in BMEC membrane generates several

ssential pharmacological functions for drug carriage and expul-
ion (Gelperina et al., 2002).

Transport of anti-human immunodeficiency virus (HIV)

gents across BBB is a prerequisite for the treatment of
he acquired immunodeficiency syndrome (AIDS) (Glynn and
azdanian, 1998) because HIV is replicated in the brain of HIV-
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nfected individuals (Pang et al., 1990). Saquinavir (SQV) is a
rotease inhibitor for reducing enzymatic activity and inducing
mmature filial generation of HIV. That is, SQV medication gen-
rates noninfectious virus to obtain curative effect on the AIDS
herapy. Although SQV is hydrophobic with log (octanol/buffer
artition coefficient) of 4.51 and possesses high bioavailability
ia oral administration, the BBB permeability of SQV is very
ow (Lemberg et al., 2002; Li and Chan, 1999; Strazielle and
hersi-Egea, 2005).
For drug delivery into CNS, pharmaceutical strategies,

uch as unfolding of TJ hiatus, utilization of prodrugs, and
ediation by carrier systems, have been developed. Since

harmaceuticals are normally ionogenic through absorption or
issociation of protons in plasma, charged colloids become ben-
ficial to the carrier-medicated delivery. Polybutylcyanoacry-
ate (PBCA) and methylmethacrylate-sulfopropylmethacrylate
MMA-SPM) were efficacious nanoparticle (NP) carriers for

eliorating permeability of zidovudine and lamivudine across
BB (Kuo and Chen, 2006). Besides, concentrations of
oxorubicin (Fundrao et al., 2000) and camptothecin (Yang
t al., 1999) in rat brain tissue were obviously increased by

mailto:chmyck@ccu.edu.tw
dx.doi.org/10.1016/j.ijpharm.2007.09.020
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ntrapment in solid lipid nanoparticles (SLN). The three partic-
late formulations were capable of brain-targeted delivery and
osage reduction.

Exposure to electromagnetic field (EMF) could cause signif-
cant alteration in the BBB behavior. In a study on the transport
f d-mannitol across BBB, it was observed that a higher power
enerally yielded larger permeability, and pulse wave was more
ffective in the permeability enhancement than continuous wave
Oscar and Hawkins, 1977). Also, intensity of sodium fluo-
escein in brain tissue exposed to EMF for 30 min was larger
han that without EMF treatment (Williams et al., 1984a). Two-
old increase in BBB permeability of sucrose was obtained after
xposure to EMF of 1.8 GHz over 4 days (Schirmacher et al.,
000). For the thermal effect of EMF on BBB permeability,
ermeability enhancement was accompanied with an increase
f 0.4 ◦C in brain tissue (Albert and Kerns, 1981). However,
hermal effect of EMF might not be the predominant reason for
ermeability enhancement because the temperature increase was
ithin the variation of 1 ◦C in daily rhythm. In a study on the
enetration of horseradish peroxidase across BBB, horseradish
eroxidase was observed in the outer zone of BMEC after
xposure to EMF for 2 h, and regular transport was retrieved
fter termination of EMF for 1–2 h, indicating temporary alter-
tion in BBB behavior by EMF exposure (Williams et al.,
984b).

In the present study, permeability of SQV across BBB under
xposure to EMF was investigated in vitro. Here, BBB model
as based on human BMEC (HBMEC), and SQV was incorpo-

ated with PBCA, MMA-SPM, and SLN. Effects of systematic
arameters of EMF, including power, wave types, frequency,
odulation and depth of amplitude modulation (AM) wave, and
odulation and deviation of frequency modulation (FM) wave,
ere especially examined.

. Materials and methods

.1. Reagents and chemicals

Ammonim persulfate (APS), mannitol, Dulbecco’s phos-
hate buffered saline (DPBS), l-�-phospatidylcholine (PC),
holesteryl hemisuccinate, taurocholate, d-trehalose, fluores-
ein isothiocyante (FITC)-conjugated dextrain, gelatin, trypsin–
DTA, rat-tail collagen, human fibronectin, 3-(4,5-dimethyl

hiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), anti-
uman von Willebrand factor VIII, anti-rabbit IgG with FITC
onjugate, and [14C]sucrose were purchased from Sigma (St.
ouis, MO). Sulfopropyl methacrylate and docosanoic acid were
btained from Aldrich (Milwaukee, WI). Methyl methacry-
ate (MMA) and dextran 70,000 were purchased from Fluka
iochemika (Buchs, Switzerland). SQV was obtained from
nited States Pharmacopeial (Rockville, MD), butylcyanoacry-

ate (BCA) from Sicomet (Sichel Werk, Germany), polysorbate
0 from FisherScientific (Fair Lamn, NJ), acetonitrile from

DH (Poole, England), cacao butter (CB) from OCG Cacao

Whitinsville, MA), endothelial cell medium (ECM) from Bio-
ompare (South San Francisco, CA), polycarbonate membrane
rom Millipore (Bedford, MA), Triton-X 100 from Acros (Geel,

(
M
t
d
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elgium), methanol from Mallinckrodt Baker (Phillipsburg,
J), and ultrapure water from Nanopure Infinity Ultrapure Sys-

em of Barnstead (Dubuque, IA).

.2. Preparation of SQV-incorporated carriers

Synthesis processes of PBCA and MMA-SPM nanoparti-
les and loading procedures of SQV were described previously
Kuo, 2005) with minor modifications. Briefly, BCA was poly-
erized in an acidic medium containing dextran 70,000 at

5 ◦C. MMA and SPM were copolymerized in the presence of
PS at 78 ◦C over 24 h. PBCA and MMA-SPM suspensions
ere purified by centrifugation at 5100 × g for 10 min, filtrated

hrough a filter, refrigerated at −80 ◦C in an ultra-low tempera-
ure freezer (Sanyo, Osaka, Japan) for 30 min, and lyophilized
Eyela, Tokyo, Japan) in the presence of 4% (w/v) mannitol
t −80 ◦C over 36 h. 0.1% (w/v) SQV was mixed with 0.6%
w/v) lyophilized PBCA or MMA-SPM in DPBS. SQV was
dsorbed onto PBCA and MMA-SPM in a baths-reciprocal
haker at 150 rpm and 37 ◦C for 3 h. The SQV-loaded poly-
ers were stabilized by polysorbate 80 at 150 rpm and 37 ◦C

or 30 min. The polysorbate 80-stabilized PBCA and MMA-
PM were treated by EMF with continuous electromagnetic
ave of 5 mW and 915 MHz for 90 min. After ultracentrifuga-

ion (5415D, Eppendorf AG, Hamburg, Germany) at 11,500 × g
or 1 h, loading efficiency was evaluated by high performance
iquid chromatography (HPLC, Jasco, Tokyo, Japan) with a
V–vis spectrophotometer (UV-2075 Plus, Jasco, Tokyo, Japan)

t 239 nm. Two high pressure pumps (PU-2080 Plus, Jasco,
okyo, Japan) in series were applied to the mobile phase con-

aining gradient of acetonitrile from 5 to 45% with a flow rate
f 0.85 ml/min for 20 min. On the other hand, SQV-entrapped
LN was prepared by the method described previously (Kuo
nd Su, 2007) with minor modifications. Concisely, 7% (w/v)
ipid, containing CB and docosanoic acid, SQV, 7% (w/v) PC,
% (w/v) cholesteryl hemisuccinate, and 10% (w/v) tauro-
holate were mixed at 85 ◦C. The liquid was added drop by drop
nto ultrapure water at 3 ◦C under magnetic stirring for 15 min
ith lipid-to-water ratio of 1:10. SLN suspension was treated
ith continuous electromagnetic wave of 5 mW and 915 MHz

or 90 min, filtrated and centrifuged at 14,000 × g for 30 min.
olecular SQV in supernatant was analyzed by HPLC fol-

owed by UV, and SLN pellet was resuspended with 2% (w/v)
-trehalose, refrigerated at −80 ◦C for 30 min and lyophilized.
ntrapment efficiency (EE) of SQV was defined by EE = (total
eight of SQV − weight of molecular SQV in supernatant)/total
eight of SQV. For fluorescent carriers, FITC-conjugated dex-

rain were incorporated as stabilizer, loading agent, or entrapping
ubstance.

Particle size distribution of SQV-incorporated carriers was
btained by a zetasizer 3000 HSA with photo-correlation spec-
roscopy (Malvern, Worcs, UK). Infrared absorption spectra
ere analyzed by a Fourier-transform infrared spectrometer
FTIR, Shimadzu, Columbia, MD). Particle sizes of PBCA,
MA-SPM, and SLN were controlled, respectively, by reac-

ion period, APS concentration, and stirring rate. The average
iameters of PBCA, MMA-SPM, and SLN were, respectively,
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2.4, 7.7, and 134.6 nm in the study on permeability under expo-
ure to EMF. The continuous electromagnetic wave of 5 mW and
15 MHz for 90 min was selected because of low cellular injury,
igh permeability and reasonable period for medical treatment
y EMF.

.3. Characterization of HBMEC-based transport system
xposed to EMF

Procedures for cultivation of HBMEC (Biocompare, South
an Francisco, CA) were described previously (Kuo and
u, 2007) with minor modification. In brevity, HBMEC was
nfrozen from liquid nitrogen in 37 ◦C water bath within 1 min
nd cultivated on culture dish coated by gelatin. During cultiva-
ion, ECM was replaced every 2 days. Over 6-day culture in a
umidified CO2 incubator (NuAire, Plymouth, MN) at 37 ◦C,
BMEC was detached by trypsin–EDTA for re-suspension.
or estimation of viability under exposure to EMF, proliferated
BMEC of passage 6-16 was exposed to continuous electro-
agnetic wave of 915 MHz and various powers for 90 min.
eformation of HBMEC under exposure to EMF was observed
y a phase contrast biological microscope (Motic, Richmond,
C) with both eyepiece and object lens at 10×, i.e., overall mag-
ification of 100×. For in vitro BBB study, HBMEC supported
n polycarbonate membrane was employed. First, HBMEC was
eeded on polycarbonate membrane coated by rat-tail colla-
en and human fibronectin with surface density of 50 �g/cm2

Kuo and Chung, 2005). By seeding 6 × 104 cells/cm2, confluent
onolayer with tight junction was achieved over 14 day in the
O2 incubator. Trans-endothelia electrical resistance (TEER) of
BMEC monolayer was determined by an electrical resistance

ystem (Millipore, Bedford, MA) in ECM containing 0.25%
w/v) SLN for 90 min. Viability of HBMEC by treatment of
.25% (w/v) SLN for 12 h and by stimulation of EMF was
ssayed through MTT using a UV–vis spectrophotometer (Bio-
ek Instruments, Winooski, VT) at 570 nm. For observation on
arrier penetration, FITC-labeled nanoparticles were incubated
ith HBMEC on 18 mm cover slip for 90 min. Triton-X 100,

nti-human von Willebrand factor VIII, and anti-rabbit IgG with
ITC conjugate were applied to the stain of cytoplasm. Fluores-
ent images of the carrier uptake by HBMEC were obtained by
rgon laser with filter at 458 nm (excitation) and 488 nm (emis-
ion) under a phase contrast fluoromicroscope (Axioskop 2 plus,
eiss, Munchen-Hallbergmoos, Germany) at 200×.

.4. Electromagnetic interference in transport of SQV
cross HBMEC

The present BBB model based on HBMEC was described
reviously (Kuo and Su, 2007) with EMF involvement. The
chematic representation of the transport system exposed to
MF is shown in Fig. 1. Briefly, jacket water at 37 ◦C was
irculated in the exterior of donor and receiver chambers with

agnetic stirring at the chamber bottoms for uniform distribu-

ion of carriers in the medium. The BBB model was placed at
he bottom of a cylindrical copper coil with both axial length
nd diameter of 22 cm. Electromagnetic signals were trans-

3

m

ig. 1. Schematic illustration of the in vitro BBB transport system under expo-
ure to EMF.

itted to the copper coil from a radiofrequency synthesizer
Hameg, Mainhausen, Germany). EMF produced by magnetic
tirring was negligible as compared with the applied EMF from
he synthesizer. Fifty microliters of medium in receiver were
ampled every 10 min, and the total volume was immediately
ompensated by 50 �L of fresh DPBS. Samples containing
LN carriers were dissolved in methanol. Ten milliliters of
eceiver fluid were ultracentrifuged at 11,500 × g for 2 h. Con-
entration of SQV in receiver was measured by the HPLC-UV
ystem. [14C]sucrose was used as a paracellular marker, and
adioactivity in the transported samples was determined by a
cintillation counter (Beckman, Palo Alto, CA). Permeability
oefficient of SQV across HBMEC under exposure to EMF,
HBMEC, was evaluated by (1/PHBMEC) = (1/Pe) − (1/Pm) and
i = (J/�C) = Vr(dCr/dt)/(A�C), where i, Pe, Pm, J, �C, and
r are, respectively, the permeability index (e or m), the per-
eability across HBMEC on polycarbonate membrane, the

ermeability across polycarbonate membrane, the flux from
onor to receiver, the concentration difference between donor
nd receiver, and the receiver volume.

. Results and discussion
.1. Carrier size and entrapment efficiency of SQV

Fig. 2 shows the variation in carrier diameter and entrap-
ent efficiency as functions of content of cacao butter, weight
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Fig. 2. Influence of the present drug-delivery-system parameters on average diameter, Dav, and entrapment efficiency, EE. Studied parameters were content of cacao
b ω, in
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utter, WCB, in (a), weight percentage of SQV, WSQV, in (b), and stirring rate,
ey: (a) WSQV = 4.1% (3:73) and ω = 600 rpm, (b) WCB = 28.6% (2:7) and ω = 6

ercentage of SQV, and stirring rate. Here, content of cacao
utter was the weight percentage of cacao butter in lipid. As
evealed in Fig. 2(a), particle size increased with content of cacao
utter when content of cacao butter was greater than 50%. How-
ver, an increase in content of cacao butter yielded a decrease in
ntrapment efficiency when content of cacao butter was greater
han 28.6%. As suggested in Fig. 2(b), particle size and entrap-
ent efficiency increased with weight percentage of SQV when
eight percentage of SQV was less than 4.1%. The result about
article size was consistent with the literature report (Cavalli et
l., 2000). As presented in Fig. 2(c), a high stirring rate caused
decrease in particle size. However, entrapment efficiency was
ot strongly affected by stirring rate.

Uniform size of carriers was beneficial to the control of
ncorporation and permeability of drugs because uniform size
ielded same properties of every individual particle, render-
ng identical drug delivery from each carrier to avoid abrupt

elease. The present formulations fulfilled this requirement
or carrier size (Kuo, 2005). For the entrapment of SQV by
acao butter/docosanoic acid SLN, the ingredients of cacao
utter played an import role. Note that cacao butter was com-

a
i
S
e

(c). Filled circles for D using Y1 axis and empty circles for EE using Y2 axis.
m, and (c) WSQV = 4.1% and WCB = 28.6%.

osed of 24.4–26.2% palmitic acid, 34.4–35.4% stearic acid,
7.7–38.1% oleic acid, and 2.1% linoleic acid (Liend et al.,
997). Docosanoic, palmitic, and stearic acids were single-bond
tructure; oleic acid possessed trans-double bond; and linoleic
cid possessed cis-double bond. Single and trans-double bonds
ight form more compact configuration than cis-double bond.
ence, when content of cacao butter was greater than 50%, the
article size increased with content of cacao butter, as indicated
n Fig. 2(a). Since oleic acid was a minor ingredient in cacao
utter, when content of cacao butter was less than 50%, little
ffect of content of cacao butter on the SLN size was observed
Quintanar-Guerrero et al., 2005). Besides, linoleic acid was not
eneficial to the entrapment of SQV. Thus, entrapment efficiency
ecreased as content of cacao butter increased, in general. For the
nfluence of drug content, when weight percentage of SQV was
ess than 4.1%, the dissolved amount of SQV in water and lipids
ncreased with weight percentage of SQV. When weight percent-

ge of SQV was greater than 4.1%, the dissolved amount of SQV
n lipid core reached saturation although dissolved amount of
QV in water might still increase. Hence, entrapment efficiency
xhibited a maximum at weight percentage of SQV = 4.1%, as
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Fig. 3. Influence of the present drug-delivery-system parameters on transendothelial electrical resistance, TEER, and cell viability, PCV. Studied parameters were
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ontent of cacao butter, WCB, in (a), weight percentage of SQV, WSQV, in (b), an
sing Y1 axis and empty circles for PCV using Y2 axis. Key: same as Fig. 2.

hown in Fig. 2(b). For the effect of stirring rate, a high stirring
ate represented a large shear stress. The larger the shear stresses
n microemulsion drops dispersed in cold water, the larger the
orce to break up the drops, forming smaller SLN.

.2. Cell viability and TEER of HBMEC monolayer

Fig. 3 presents the variation in TEER and cell viability as
unctions of content of cacao butter, weight percentage of SQV,
nd carrier diameter. As displayed in Fig. 3(a), a greater content
f cacao butter led to a lower TEER and higher cell viability.
s suggested in Fig. 3(b), TEER almost remained at a constant

s weight percentage of SQV varied; however, an increase in
eight percentage of SQV caused an increase in cell viability.
larger carrier diameter yielded a lower TEER and higher cell

iability.
Cytotoxicity of drug carriers derived mainly from the fol-

owing three mechanisms: the inflammatory mediators secreted

fter particulate stimulation, the temporary toxicity by parti-
le attachment on cell membrane, and degraded products of
arriers. Since small particle yielded frequent contact with
ells, small carriers normally generated high toxicity (Kuo

p
w
c
h

rage diameter, Dav, corresponding to stirring rate in (c). Filled circles for TEER

nd Chung, 2005). On the other hand, confluent monolayer
as usually determined by TEER. Endothelial monolayer cul-

ivated from different animal source would display different
EER. The present HBMEC monolayer exhibited TEER of
a. 150 � cm2. Since permeability of SLN was relatively high,
light TEER decrease were observed. For the effect of con-
ent of cacao butter, cellular viability increased with content
f cacao butter because cacao butter was highly biocompatible
nd an increase in the content of cacao butter yielded a larger
LN. TEER was reduced by uptake of SLN because the nega-

ively charged SLN would increase the electrical current of the
onolayer. This was consistent with the observation that TEER
as reduced by uptake of charged 1-palmitoyl-2-hydroxy-sn-
lycero-3-phosphocholine particles (Huang et al., 2005). Since
urface charge of SLN increased with content of cacao butter,
ptake of SLN with high content of cacao butter caused a large
eduction in TEER, as revealed in Fig. 3(a). It could also be
oncluded that a reduction in TEER resulted from electrostatic

roperties of SLN, not from HBMEC death. For the effect of
eight percentage of SQV, drug dose was not the key reason for

ell viability. It was because 0.32 �g/mL of SQV was almost
armless to cells (Molla et al., 2002), and the highest SQV con-
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entration employed in the present study was 0.3 �g/mL. The
ain reason for cell viability was particle size. Smaller carriers

abricated at lower weight percentage of SQV resulted in lower
ell viability. Besides, as revealed in Fig. 3(b), TEER was only
lightly influenced by weight percentage of SQV because SQV
as entrapped inside lipid core.

.3. SQV incorporation, HBMEC viability, and carrier
ptake under exposure to EMF

Fig. 4 shows the FTIR spectra of the carrier systems. The main
unctional groups of SQV were C–N, N–H, C–O, and C O, and
hose of PBCA were C N, C–O, and C O, as revealed in spectra
a) and (b). As indicated in spectra (c) and (d), the main func-
ional groups of MMA-SPM were S–O, S O, C C, C–O, and

O. The main functional groups of SLN were C C, O–H, C–O,
nd C O, as exhibited in spectra (e) and (f). Transmittances of
–N and N–H became slightly intense after electromagnetic

reatment, implying that SQV could be successfully incorpo-
ated with carriers under exposure to EMF.

Fig. 5 displays the morphology of HBMEC under elec-
romagnetic influence. As exhibited in Fig. 5(a), ellipsoidal
BMEC was commonly observed. Nuclei became apparent
nder power of 5 mW, as shown in Fig. 5(b). Under 10 mW,
ellular deformation occurred, and bright vacuoles denoted cell
eath (apoptosis), as presented in Fig. 5(c). Obviously cellular

hrinkage and irregular vacuoles were observed under 20 mW,
s presented in Fig. 5(d). Table 1 also lists the cell viability
nder exposure to EMF of various powers. As shown in this
able, the stronger the power, the lower the cell viability, which

o
o
u
S

Fig. 5. Images of HBMEC exposed to continuous electromagnetic wave of 9
xposure, (c) MMA-SPM, (d) MMA-SPM with EMF exposure, (e) SLN, and (f)
LN with EMF exposure. Key: EMF exposure was the application of continuous
lectromagnetic wave of 5 mW and 915 MHz for 90 min.

as consistent with Fig. 5. In a study on apoptosis induced by
adiofrequency radiation, cell death under strong electromag-
etic power might derive from the damage to DNA, and the range

f death rate was 5–20% (Markkanen et al., 2004). Also, viability
f T-lymphoblastoid leukemia CCRF-CEM cells reduced 19%
nder 13 mW and 915 MHz for 2 h (Sommerfeld et al., 1997).
ince power of 5 mW produced low cell injury and death, this

15 MHz for 90 min. (a) No EMF, (b) 5 mW, (c) 10 mW, and (d) 20 mW.
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Table 1
Cell viability treated by continuous electromagnetic wave of 915 MHz for 90 min

Power (mW) Cell viability (%)

5 95.32 ± 2.59
1
2

m
f

b
S
T
s
T

w
s
f
s
t

H
(
n
a
c
s

F
(

0 91.25 ± 2.42
0 82.15 ± 4.91

agnitude of electromagnetic power was appropriate for the
ollowing study on HBMEC.

Fig. 6 exhibits images for uptake of the three drug carriers
y HBMEC. As shown in Fig. 6(a, c, and e), PBCA, MMA-

PM, and SLN could be recognized and absorbed by HBMEC.
he corresponding images under exposure to EMF were pre-
ented in Fig. 6(b, d, and f). Bright green spots were the carriers.
he amount of spots in Fig. 6(a) was close to that in Fig. 6(c),

S
t
c
p

ig. 6. Fluorescent images of the uptake of carriers by HBMEC. (a) PBCA, (b) PBC
e) SLN, and (f) SLN with EMF exposure. Arrows indicate the carriers. Key: same as
of Pharmaceutics 351 (2008) 271–281 277

here SLN even penetrated into the nucleus. The amount of
pots in Fig. 6(b) was less than that in Fig. 6(a and c). Moreover,
or a fixed carrier, exposure to EMF increased the amount of
pots, suggesting that electromagnetic wave was beneficial to
he uptake of carriers by HBMEC.

MMA-SPM possessed comparatively low ability to penetrate
BMEC because high negative charge existed in MMA-SPM

Kuo and Lin, 2006). Moreover, MMA-SPM was a hydrophilic
anoparticle (Kuo, 2005) and hydrophobic substances were
dvantageous to the BBB transport (Krogh, 1946). For positively
harged PBCA, BBB permeability was high due to the electro-
tatic effects (Kuo and Su, 2007). For the most efficient carrier,

LN yielded the highest permeability coefficient among the

hree colloidal particles. This was mainly because phospatidyl-
holine on the external surface of SLN could enhance the carrier
enetration through membrane and nucleus of HBMEC, as evi-

A with EMF exposure, (c) MMA-SPM, (d) MMA-SPM with EMF exposure,
Fig. 4.
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Table 2
Permeability coefficient of SQV across HBMEC monolayer under exposure to
EMFa

Sine wave Square wave Triangle wave

AMb

Molecular SQV 1.16 ± 0.10 1.25 ± 0.07 1.14 ± 0.08
PBCAc 15.42 ± 0.73 16.15 ± 0.92 15.39 ± 0.84
MMA-SPMc 6.91 ± 0.35 7.51 ± 0.44 6.69 ± 0.37
SLNc 15.63 ± 0.86 16.19 ± 0.97 15.54 ± 1.21

FMd
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enced in Fig. 6(e and f). Also, the zeta potential of the present
LN was −18 mV, implying that the negative electricity on SLN
as relatively weak.

.4. Electromagnetic interference in permeability of SQV
cross HBMEC

Fig. 7 presents the variation in permeability coefficient of
QV across HBMEC monolayer as a function of carrier diam-
ter and continuous electromagnetic frequency. As shown in

ig. 7(a), permeability coefficient decreased as carrier diam-
ter increased. The main reason was that a larger particle
aused a greater mass-transfer resistance. Note that in the
resent study, permeability coefficient of molecular SQV was

ig. 7. Permeability coefficient of SQV across HBMEC monolayer, PHBMEC,
sing PBCA, MMA-SPM, and SLN. (a) Influence of average diameter, Dav, and
b) influence of continuous electromagnetic frequency, f. In (b), EMF of 5 mW
as applied. Key: diamonds for SLN using Y1 axis, circles for PBCA using

1 axis, triangles for MMA-SPM using Y2 axis, reverse triangles for molecular
QV using Y3 axis.

Molecular SQV 1.18 ± 0.12 1.22 ± 0.09 –
PBCAc 14.32 ± 0.76 14.93 ± 0.58 –
MMA-SPMc 6.63 ± 0.29 7.15 ± 0.51 –
SLNc 14.75 ± 0.89 15.23 ± 0.61 –

a 5 mW and 915 MHz.
b Modulation: 20 MHz and depth: 100%.
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c SQV incorporated carriers.
d Modulation: 20 MHz and deviation: 400 kHz.

.746 × 10−6 cm/s. As displayed in Fig. 7(b), exposure to
MF produced enhancement effect on permeability coefficient
f molecular and carrier-incorporated SQV. This was consis-
ent with the literature result (Schirmacher et al., 2000). The
nhancement effect for charged carriers was greater than that
or molecular SQV. Besides, a higher frequency yielded a larger
ermeability coefficient. Nine hundred fifteen megahertz led to
he largest permeability coefficient in the present study. For
arrier species, permeability coefficient was on the order of
LN > PBCA > MMA-SPM. Table 2 lists permeability coeffi-
ient of the present formulations across HBMEC under exposure
o EMF of various wave types. As revealed in this table, perme-
bility coefficient under sine and triangle waves was comparable.
quare wave produced the largest permeability among the three
aves. Fig. 8 shows the effect of modulation and depth of AM-

lectromagnetic wave on permeability coefficient of SQV across
BMEC monolayer. As indicated in Fig. 8, an increase in mod-
lation and depth caused an apparent increase in permeability
oefficient of the carrier-mediated systems. Note that, molec-
lar SQV without incorporation with carrier or surfactant was
sed as control groups, and an increase in modulation and depth
esulted in a slight increase in permeability coefficient of molec-
lar SQV. This was because surface charge on the three carriers
as higher than charge of molecular drug. Fig. 9 presents the
ariation in permeability coefficient of SQV across HBMEC
onolayer exposed to EMF of FM as a function of modulation

nd deviation. As revealed in Fig. 9, an increase in modulation
nd deviation also yielded an obvious increase in permeabil-
ty coefficient of the carrier-mediated systems. For molecular
QV, an increase in modulation and deviation resulted in a slight

ncrease in permeability coefficient. The order on permeability
oefficient of SQV under both AM and FM waves followed
LN > PBCA > MMA-SPM.

Absorption of electromagnetic wave by tissue could be
xpressed by (Gabriel et al., 1996)
AR = σ
|E|2
ρ



Y.-C. Kuo, C.-Y. Kuo / International Journal of Pharmaceutics 351 (2008) 271–281 279

Fig. 8. Permeability coefficient of SQV across HBMEC monolayer, PHBMEC,
using PBCA, MMA-SPM, and SLN under exposure to EMF with amplitude
modulation. (a) Influence of modulation, M, and Φ = 100% and (b) influence of
d
a

w
a
d
h
S
|
i
f
I
f
c
m
p
t
d

Fig. 9. Permeability coefficient of SQV across HBMEC monolayer, PHBMEC,
using PBCA, MMA-SPM, and SLN under exposure to EMF with frequency
m
o

t
f
(
T
r
t
w
w
s
t
B
m

epth, Φ, and M = 20 MHz. Key: same as Fig. 7. Key 1: square wave of 5 mW
nd 915 MHz was applied.

here SAR, σ, |E|, and ρ were, respectively, the specific
bsorption rate of tissue exposed to EMF, the electric con-
uctivity, the magnitude of EMF, and the tissue density. It
as been concluded that penetration across BBB increased as
AR increased (Salford et al., 1994). For the case of constant

E| and ρ, an increase in SAR was resulted from an increase
n σ. For human brain tissue, an increase in electromagnetic
requency yielded an increase in σ (Gabriel et al., 1996).
t was also observed that an increase in electromagnetic
requency caused an increase in σ for Chinese hamster V79
ells (Bonincontro and Mariutti, 1988). Hence, a higher electro-
agnetic frequency produced a larger SAR, leading to a greater
ermeability coefficient. Furthermore, the function of wave
ype could be distinguished as followed. The mathematical
escriptions of square, sine and triangle waves were, respec-

a
w
b

odulation. (a) Influence of modulation, M, and Ψ = 400 kHz and (b) influence
f deviation, Ψ , and M = 20 MHz. Key: same as Fig. 7. Key 1: same as Fig. 8.

ively, f(t) = (4A/π)(sin ωt + (1/3) sin 3ωt + (1/5) sin 5ωt + · · ·),
(t) = (4A/π) sin ωt, and f(t) = (8A/π2)(sin ωt − (1/9) sin 3ωt +
1/25) sin 5ωt − · · ·). In these expressions, ω = 2π/T, A, t, and

were the frequency, the amplitude, the time, and the period,
espectively. By integrating these functions in one period,
he power of square wave was the same as the direct current
ith amplitude of 4A/π. Also, the power of sine and triangle
aves was ca. 0.7 times the power of square wave. Hence,

quare wave generated the strongest |E| and SAR among
he three waves, yielding the largest permeability coefficient.
esides, electrical conductivity could also explain the effect of
odulation on permeability of SQV. It was observed that for
vian brain tissue under AM wave, σ at modulation of 16 Hz
as 1.2 times that of 3 Hz (Albert et al., 1987). For human
rain, σ also increased as FM modulation increased from 9
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o 16 Hz (Blackman et al., 1979). Thus, a larger modulation
nduced greater permeability. Also, σ at depth of 50% was
arger than that of 0% for AM wave with modulation of 16 Hz
Albert et al., 1987); and σ increased as deviation increased for
M wave with modulation of 16 Hz (Blackman et al., 1979).
ence, an increase in depth or deviation caused an increase in
ermeability. Moreover, comparing AM with FM, influence of
M modulation on permeability of SQV across HBMEC was

tronger than that of FM modulation. The rationale of this result
as interpreted below. In an investigation on murine L929 cell,
rnithine decarboxylase (ODC) was activated by AM wave at
45 MHz; however, the activity of ODC was not affected by
M wave at 845 MHz (Peneafiel et al., 1993). ODC synthesized
olyamines, which promoted the permeability of superoxide
ismutase across animal cell membrane (Poduslo and Curran,
996). Thus, AM was more influential to the penetration across
BMEC than FM.

. Conclusions

Transport of SQV across in vitro BBB under exposure to EMF
as investigated. Here, SQV was incorporated with nanopar-

iculate carriers including PBCA, MMA-SPM, and SLN, and
he BBB model was based on HBMEC. Experimental results
evealed that a high power of EMF caused apoptosis of HBMEC.
or penetration across HBMEC monolayer, permeability of
QV was significantly enhanced by incorporation with the three
arriers. Also, an apparent increase in permeability coefficient
f SQV incorporated with the three carriers was resulted from
n increase in continuous electromagnetic frequency, modula-
ion or depth of AM wave, or modulation or deviation of FM
ave.
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Allémann, E., Doelker, E., 2005. Adaptation and optimization of the
emulsification–diffusion technique to prepare lipidic nanospheres. Eur. J.
Pharm. Sci. 26, 211–218.

alford, L.G., Brun, A., Eberhardt, J.L., Persson, B.R.R., 1994. Permeability of
blood–brain barrier induces by 915 MHz electromagnetic radiation, contin-
uous wave and modulation at 8, 16, 50, and 200 Hz. J. Electroanal. Chem.
27, 535–542.

chirmacher, A., Winters, S., Fischer, S., Goeke, J., Galla, H.J., Kullnick, U.,
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