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Abstract. Breviscapine is used in the treatment of ischemic cerebrovascular diseases, but it has a low
bioavailability in the brain due to its poor physicochemical properties and the activity of P-glycoprotein
efflux pumps located at the blood-brain barrier. In the present study, breviscapine-loaded solid lipid
nanoparticles (SLN) coated with polyethylene glycol (PEG) derivatives were formulated and evaluated
for their ability to enhance brain bioavailability. The SLNs were either coated with polyethylene glycol
(40) (PEG-40) stearate alone (Bre-GBSLN-PS) or a mixture of PEG-40 stearate and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-PEG2000 (DSPE-PEGyny) (Bre-GBSLN-PS-DSPE) and were char-
acterized both in vitro and in vivo. The mean particle size, polydispersity index, and entrapment efficiency
for Bre-GBSLN-PS and Bre-GBSLN-PS-DSPE were 21.60+0.10 and 22.60+0.70 nm, 0.27+0.01 and 0.26
+0.04, and 46.89+0.73% and 47.62+1.86%, respectively. The brain pharmacokinetic parameters revealed
that the brain bioavailability of breviscapine from the Bre-GBSLN-PS and Bre-GBSLN-PS-DSPE was
significantly enhanced (p<0.01) with the area under concentration—time curve (AUC) of 1.59+0.39 and
1.42+0.58 pg h/mL of breviscapine, respectively, in comparison to 0.11+0.02 pg h/mL from the commercial
breviscapine injection. The ratios of the brain AUC for scutellarin in comparison with the plasma
scutellarin AUC for commercial breviscapine injection, Bre-GBSLN-PS, and Bre-GBSLN-PS-DSPE were
0.66%, 2.82%, and 4.51%, respectively. These results showed that though both SLN formulations
increased brain uptake of breviscapine, Bre-GBSLN-PS-DSPE which was coated with a binary combina-
tion of PEG-40 stearate and DSPE-PEG;, had a better brain bioavailability than Bre-GBSLN-PS. Thus,
the coating of SLNs with the appropriate PEG derivative combination could improve brain bioavailability
of breviscapine and can be a promising tool for brain drug delivery.
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INTRODUCTION

Breviscapine is a traditional herbal drug extracted from the
Chinese herb Erigeron breviscapus (Vant.) Hand.-Mazz. and
contains two main flavonoids. The primary active component
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of breviscapine is scutellarin (4',5,6-tetrahydroxyflavone-7-O-
glucuronide) which makes up more than 90% of the extract
and the second component apigenin-7-O-glucuronide is only
about 4% of the extract (1). Breviscapine has several commer-
cially produced preparations like tablets and injections available
in the market and has been widely used in the clinic to treat
acute cerebral infarction and paralysis induced by cerebrovas-
cular diseases such as hypertension, cerebral thrombosis, and
cerebral hemorrhage (2,3). However, like lots of other naturally
extracted flavonoid drugs with proved pharmacological activi-
ties, the clinical application of breviscapine has been limited due
to its poor physicochemical properties such as low aqueous
solubility and poor chemical stability which results to a limited
bioavailability with an absolute bioavailability of only 0.40+
0.19% reported for oral preparations (4,5). Adding to the poor
physicochemical properties of breviscapine is the daunting chal-
lenge posed by the blood-brain barrier (BBB) in delivering the
drug molecules into the brain. The BBB is a very restrictive
anatomical and dynamic barrier that regulates the traffic of
molecules into and out of the brain environment through an
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array of mechanisms that include, but not limited to, enzymatic
activities and active efflux of molecules by the endogenous
efflux transport systems such as the P-glycoprotein (P-gp) locat-
ed at the cerebrovascular endothelial cell membranes (6,7). P-gp
is a multidrug resistance protein that is expressed in many
organs and tissues including the BBB (8). Thus, P-gp could be
involved in the elimination of breviscapine from the brain ex-
tracellular fluid (ECF).

Attempts have been made to develop novel delivery
systems to either improve the physicochemical properties or
increase the brain bioavailability of breviscapine. Polymeric
nanoparticles (9), liposomes (5), and nanosuspension (10)
formulations of breviscapine have been reported with some
successes. However, these reports have various limitations
such as effects of the reticuloendothelial system (RES), possi-
ble toxicity in the case of degradation of polymeric materials,
and less objective methods of in vivo evaluation which in-
volved evaluation of brain tissues post-sacrifice of the animals.
Thus, to overcome these limitations, solid lipid nanoparticles
(SLNs) would be a good useful alternative drug delivery
carrier for breviscapine. SLNs have the advantage of using
biocompatible and biodegradable biomaterials that could be
engineered into suitable drug delivery carriers to improve the
physicochemical properties of the drug molecules and en-
hance their ability to penetrate the BBB (11,12).

Surface modifications of solid lipid nanoparticles using
polyethylene glycol (PEG) derivatives have also been report-
ed to reduce uptake by the RES, with increased half-life in the
circulation which would achieve either a passive or an active
targeting of drugs to the brain (13). Previous researches had
shown that a few common, nontoxic, and generally recognized
as safe PEG derivatives that are used in drug formulations
have an inhibitory effect on P-gp efflux pump, which are very
much actively involved in restricting the penetration of drugs
into the brain (14,15). Evaluation of brain drug concentrations
in living and freely moving animals by in vivo cerebral micro-
dialysis (MD) has also been shown to be an objective method
of accessing the ECF concentration of drugs that cross the
BBB (16). In this study, breviscapine SLNs coated with poly-
ethylene glycol (40) (PEG-40) stearate were formulated and
characterized, and its pharmacokinetic behavior in rat brain
was compared with commercial breviscapine injection by
in vivo microdialysis. We also tested the hypothesis that
PEG-40 stearate coating could nonspecifically inhibit the P-
gp efflux system and increase the brain uptake of breviscapine
by doing an in vitro P-gp ATPase assay. A mixed modified
formulation with a combination of PEG derivatives used as
surface coating to the optimized formulation was also evalu-
ated to determine if there is any added improvement in using a
mixed PEG derivative coating in SLN drug delivery to the
brain.

MATERIALS AND METHODS

Materials

Breviscapine (purity>90%) was purchased from Nanjing
Zelang Medical Technology Co., Ltd., scutellarin (purity>
98%) was purchased from Best Biotech Incorporation (Tian-
jin, China), 4 mg/mL commercial breviscapine injection was
purchased from Jilin Longtai Pharmaceutical Company Ltd.,
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(Jilin, China), glyceryl behenate (Compritol 888 ATO) was
purchased from Gattefosse (France), palmitic acid was pur-
chased from Sigma-Aldrich (USA), glyceryl monostearate
(GMS), glyceryl tristearate (GTS), and stearic acid were ob-
tained from Tianjin Guangfu Fine Chemical Research Insti-
tute (Tianjin, China), PEG-40 stearate (molecular weight
(Mw)=2,000 Da) was purchased from Liaonang Aoke Nano-
technology Company (Liaoning, China), 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-PEG2000 (DSPE-
PEGs000, Mw=2,000 Da) was acquired from Lipoid (Ger-
many), MD34 dialysis bag (molecular weight cutoff
(MWCO)=8,000-14,000 Da) was obtained from Solarbio®
Life Sciences (Beijing, China), and Pgp-Glo™ assay kit
was purchased from Promega (Promega Corporation,
Madison, USA). All other chemicals used were of analyt-
ical grade and solvents were of high-performance liquid
chromatography (HPLC) grade.

Lipid Screening by Differential Scanning Calorimetry (DSC)

DSC was used to select a suitable lipid core by estimating
the solubility of breviscapine in various lipids as reported
previously (17). Briefly, breviscapine/lipid solid dispersions
were prepared by dissolving the drug in various melted lipids
in a drug/lipid ratio of 1:10. The DSC thermal analysis of the
solid dispersions was done to estimate drug solubility in lipid.
The presence or absence of the drug characteristic peaks was
used to select suitable lipids for the preparation of solid lipid
nanoparticles. The thermal study was done using a
PerkinElmer Jade DSC (PerkinElmer Analytical Instruments,
Shanghai Co. Ltd) and result was analyzed with Pyris soft-
ware. Samples (5-10 mg) were placed in a conventional alu-
minum pan and heated under nitrogen gas (20 mL/min) from
30°C to 220°C. Heating curves were recorded at a scan speed
of 10°C/min.

Preparation of Breviscapine SLNs

SLNs were prepared from warm oil in water (o/w)
microemulsion precursors as previously described (18)
with some modifications. Briefly, specified amounts of
lipids (glyceryl monostearate for Bre-GMSLN-PS or glyc-
eryl behenate for Bre-GBSLN-PS formulations),
Solutol®HS15, and PEG-40 stearate (PS) were weighed
into glass vials and heated to 75°C. Breviscapine (10 mg)
was dissolved in 3 mL of ethanol and dispersed in aliquots
into the melted lipid and surfactant mixture. The mixture
was stirred at 500 rpm and ethanol was completely re-
moved under reduced pressure. Using a separate glass
vial, deionized water (10 mL) was preheated to 75°C
and added into the oil phase in aliquots. The spontane-
ously formed microemulsion was stirred for 30 min at
75°C. By cooling of the warm microemulsion to room
temperature, the SLNs were then solidified. For Bre-
GBSLN-PS-DSPE formulation, 1 mL of a 20-mg/mL
DSPE-PEG;q solution was added 10 min before cooling.

Each solid lipid nanoparticle formulation was filter steril-
ized and ultra-centrifuged at 4,000 rpm for 30 min in a centrifuge
tube fitted with a filter membrane (MWCO=10,000), to separate
the unencapsulated breviscapine and unattached surfactants.
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Measurement of Size and Zeta Potential of SLNs

The mean particle size and polydispersity index of the
SLN formulations were determined by photon correlation
spectroscopy using Zetasizer Nano-ZS (Malvern Instruments,
Malvern, UK). Each sample was diluted to a suitable concen-
tration (1:25) with a 0.22-pm filtered micropore deionized
water. Analysis was performed at 25°C using an angle of
detection of 133°. The zeta potential of dispersions was also
determined using Zetasizer Nano-ZS (Malvern Instruments,
Malvern, UK). The samples were diluted suitably with deion-
ized water. Particle size and charge on SLN were determined
in triplicate and recorded as their mean values + SD.

Entrapment Efficiency and Drug Loading

Entrapment efficiency (EE %) and drug loading (DL %)
were determined by ultrafiltration—centrifugation technique
(19). To determine the concentration of free drug
(unentrapped) in the aqueous medium, 0.3 mL of
breviscapine-loaded SLNs diluted with 3.2 mL deionized wa-
ter was placed in the upper chamber of a centrifuge tube fitted
with an ultrafilter (Amiconultra, Millipore Co., USA, MWCO
10 kDa) and centrifuged for 30 min at 4,000xg. The total
content of drug in the aqueous medium was determined by
dissolving 0.3 mL of the breviscapine-loaded SLN suspension
with absolute ethanol. The resulting free and total drug sam-
ples were diluted appropriately using methanol and analyzed
with the validated HPLC method described in the
“Breviscapine Assay” section below. The EE was calculated
as follows:

MTotal drungFree drug x

EE(%) = 100 (1)

M Total drug

And drug loading was calculated as follows:

DL(%) _ MTotal drug_MFrcc drug
MTotal lipid + (MTotal drungFree drug)

%100 (2)

where Mol arug Was mass of total drug content, Meree darug
was mass of free unentrapped drug, and Mo 1ipia Was mass
of total lipid added in system.

Transmission Electron Microscopy (TEM)

The TEM of the nanoparticles was done to observe the
morphology of the nanoparticles. The SLNs were diluted in
deionized water and a drop was placed on a copper grid to
form a thin film of the suspension. The film was allowed to air
dry and was negatively stained with 2% phosphotungstic acid.
The samples were examined using a JEOL 100-II transmission
electron microscope (JEOL, Tokyo, Japan).

Powder X-ray Diffractometry (PXRD)

The PXRD pattern of breviscapine, lyophilized blank
SLNs, physical mixture of drug with lyophilized blank SLNs,
and lyophilized drug-loaded SLNs was obtained using an X-
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ray diffractometer (Rigaku D/max 2500v/pc, Tokyo, Japan)
fitted with a PW R18 X-ray generator. Nickel-filtered Cu
Kal radiation having a wavelength of 1.54056 A, operating
at 40 kW and 200 mA, was used. All samples were run at 1°
(20)min "1 from 3° to 60°.

In Vitro Drug Release Study in PBS (pH 5.8)

In vitro breviscapine release studies were done by the
dialysis method using phosphate-buffered saline (PBS) (pH
5.8) as the release medium. Before the release studies, the
solubility of breviscapine in the release medium was mea-
sured. Briefly, excess amounts of breviscapine were dissolved
in the medium in glass vials (n=3) and placed in a magnetic
stirring water bath at a temperature of 37°C for a total of 70 h.
At the end of test period, aliquots of samples were filtered,
diluted appropriately, and assayed by a validated HPLC meth-
od to determine their concentrations. For release studies,
0.5 mL of breviscapine-loaded SLN suspensions or commer-
cial breviscapine injection was pipetted into dialysis mem-
brane bags (Solarbio® Life Sciences MWCO=8,000-
14,000 Da) previously soaked in deionized water for 12 h.
The bags were sealed and placed in 250 mL of PBS stirred
at 50 rpm and maintained at 37°C using a drug dissolution
tester (ZRS-8G, Tianjin, China). At predetermined times,
5.0-mL aliquots were taken from outside of the dialysis mem-
brane and replaced with 5.0 mL of fresh media to maintain an
equilibrium sink condition. Scutellarin concentration in each
collected sample was measured by the validated HPLC meth-
od described in the “Breviscapine Assay” section below. Also,
the particle sizes of SLNs inside the dialysis membranes were
measured at the end of the release studies. Each sample was
determined in triplicate.

Physical Stability of SLNs in Biologically Relevant Media
at 37°C

To evaluate the stability of the breviscapine-loaded
nanoparticles in biological relevant media, the SLNs
were incubated at 37°C in deionized water and PBS
(pH 5.8) for 12 h. The SLNs were diluted 1:10 v/v with
the media and stirred at 50 rpm during the experiment
duration. At predetermined time intervals, 1-mL aliquots
were removed and allowed to equilibrate to room tem-
perature prior to particle size measurements. The stabil-
ity of the SLNs was assessed based on the retention of
particle size.

Determination of Fixed Aqueous Layer Thickness (FALT),
Incorporated Ratio of PEG (IR), and Average PEG Surface
Density (SDPEG)

The FALT was determined using the Gouy-Chapman
theory (20). According to this theory, the zeta potentials
(L), described as the electrostatic potentials at the position
of the slipping plane L (in nanometer), which is thought to
occur just outside the fixed aqueous layer of the nanoparticle
is expressed as:

Iny (L) =InA—«L (3)
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where A is regarded as a constant and « is the Debye—Hiickel
parameter, that is equal to YC/0.3, and C is the molarity of
electrolytes for a univalent salt. If zeta potentials are mea-
sured in various concentrations of NaCl and plotted against «,
the slope L gives the position of the slipping plane or thickness
of the fixed aqueous layer in nanometer units. Based on this
theory, the zeta potentials were measured in 0, 5, 10, 15, 50,
and 100 mM NaCl solution and plotted against x. FALT of
PEG chains on the surface of Bre-GBSLN-PS and Bre-
GBSLN-PS-DSPE was estimated from the slope of the plot
in nanometer.

To determine the amounts of PEG attached on the sur-
face of the nanoparticles (Wpgg), the PEG chains which were
not incorporated into the nanoparticle membranes were sep-
arated by ultrafiltration in a centrifuge tube fitted with a
MWCO 50-kDa ultrafilter (Amiconultra, Millipore Co.,
USA,). The PEG content in the filtrate (W;) and total amount
of PEG in unfiltered samples (W,) were measured by a color-
imetric method as previously reported (21). Briefly, 125 uL of
an I,/KI solution was added to 5 mL of a 1:100 diluted solution
of the filtered or unfiltered samples. The reaction between the
PEG and iodine was allowed to stand for 15 min in order for
the color to develop. The PEG content was determined after a
spectrophotometric measurement of the absorbance at 500 nm
using a UV-2800H spectrophotometer (UNICO, China). The
test samples were measured against a blank sample containing
water and reagents only. A standard calibration curve was also
established by taking the absorbance of known concentrations
of PEG solution (2-30 pg/mL) and was used to the determine
amount of PEG in samples. The incorporated ratio of PEG
(IR) and SDpgg were calculated using the formulas below:

Wpeg = Wo—W,4 (4)

Thus, the PEG IR was calculated as:

IR = WPEG/WZ x 100 % (5)

Calculations for the SDpgg were done as follows:

The SDpgg on the nanoparticles was estimated as the
ratio of the total number of PEG molecules (Npgg) to the
total nanoparticle surface area (S,),

i.e.7 SDPEG = NPEG/Sn (6)

Solving for Npgg and S,

Npeg = (Wpec/MWpeG) X Ay (7)

where MWpgg is molecular weight of PEG and A, is
Avogadro’s number, and S,=surface area of a spherextotal
number of nanoparticles (V,) in a volume unit.

Using Np:6m/7rr3 p and surface area of sphere=4mr?,

Sn = 4nr? x 6m/mr’p (8)

where m is mass of a volume unit of nanoparticles, p is density
of nanoparticles (in grams per cubic centimeter) estimated to
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be 1.039 g/cm® from nanoparticle materials, and r (in
nanometer) is approximated as radius of nanoparticles as
measured by photon correlation spectroscopy.

Substituting for S, and Npgg in Eq. 6 above and simpli-
fying, we obtain:

SDPEG = WPEG'An'r'p'10721 /3-MWPEG-m (9)

where 107! is the unit conversion factor.

Assessment of P-Glycoprotein ATPase Activity

The P-gp assay was designed to assess the contribution of
active transport processes mediated by the P-gp to the brain
pharmacokinetics especially uptake and elimination of
breviscapine. P-gp ATPase assay is widely used to study sus-
ceptibility of drugs to P-gp efflux systems in vitro (22), and for
this study, human P-pg membranes were used. Recombinant
human P-gp membranes (Pgp-Glo™ Assay Systems) were
purchased from Promega (Promega Corporation, Madison,
USA), and the effects of the drug and the surfactants on P-
gp ATPase activity were estimated by measuring the light
generated from the ATP-dependent light-generating reaction
of firefly luciferase. The inhibitory or stimulatory effect of
breviscapine and the surfactants tested was examined against
verapamil-stimulated P-gp ATPase activity. The method used
was according to the manufacturer’s protocol. Briefly, 20 uL of
Pgp-Glo™ assay buffer, 20 pL of a 0.25 mM sodium
orthovanadate (used as a selective inhibitor of P-gp ATPase),
20 pL of 0.5 mM verapamil (served as a positive control),
20 pL of breviscapine and surfactants in various concentra-
tions, and 20 pL of a 1.25-mg/mL recombinant human P-gp
membranes were added in turns into designated white opaque
96-well plate (Corning, USA) and incubated at 37°C for 5 min.
The reaction was started by adding 10 pL of a 25 mM MgATP
into all well except for the ATP standard-designated wells.
Then, the plates were incubated at 37°C for 40 min. Subse-
quently, the plates were removed from the 37°C heat source,
reactions stopped, and luminescence initiated by adding 50 pL.
of ATP detection reagent to all wells. Luminescent signal was
allowed to develop at room temperature for 20 min, and then,
the plate was read on a luminometer (flex station microplate
reader). The changes in relative light units (ARLU) were
determined by comparing sodium orthovanadate-treated sam-
ples with test samples and verapamil-treated samples, and
thereafter, the test sample-stimulated P-gp ATPase activity
was measured by converting the amount of ATP consumed
with the aid of a standard calibration curve obtained using
ATP standards.

Pharmacokinetics in Plasma

Adult male Sprague Dawley rats were provided by the
Chinese Academy of Medical Sciences of Radiation Research
Institute for the animal experiments. Ethical approval was
obtained from the Animal Ethical Committee of the Tianjin
University of Traditional Chinese Medicine for the animal
studies (TCM-LAEC2013004). The care and use of the ani-
mals was conducted in accordance with the provisions of
Laboratory Animal Administration ordinance issued by the
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State Science and Technology Committee of the People’s
Republic of China (PR China), Act 2, and Laboratory Animal
Administration regulations issued by the Tianjin Laboratory
Animal Administration Office Tianjin, PR China. For the
plasma pharmacokinetic study, the rats (250-290 g) were
fasted overnight (12-16 h) prior to the study, but had access
to drinking water ad libitum. The rats were divided into three
groups of six each and each group received intravenous ad-
ministration of 8 mg/kg breviscapine equivalent of either in-
jection breviscapine, Bre-GBSLN-PS, or Bre-GBSLN-PS-
DSPE through the lateral tail vein. Blood samples were col-
lected from the retro-orbital vein of each rat into heparinized
polypropylene microcentrifuge tubes at predetermined time
intervals up to 12 h. The plasma was quickly separated by
centrifugation at 4,000xg for 10 min and stored at —20°C until
analysis. A validated method using ultra performance liquid
chromatography fitted with tunable ultraviolet absorbance
detection (UPLC-TUV) as described in the “Breviscapine
Assay” section below was used for the determination of
scutellarin concentration in plasma.

Pharmacokinetics in Brain

Stereotaxic Surgery

Adult male Sprague Dawley rats (220-260 g) were used
for the in vivo brain microdialysis study. Before the surgery,
the rats were anesthetized using 20% urethane (1,500 mg/kg
IP). The surgical site was cleaned with iodine solution and the
hair was shaved to expose the skin. The head of the rat was
constrained on a rodent stereotaxic frame (Leica Angle
Two™, USA). A midline anterior—posterior incision was
made on the animal’s scalp from the lambda to just in between
the eyes. The exposed skull surface was dried using sterile
swaps. An intracerebral guide cannula (Microbiotech/se AB,
Stockholm, Sweden) was stereotaxically implanted into the
cerebral cortex using the following stereotaxic coordinates:
AP, —4.52; ML, 4.06 from bregma; and DV, —3.44 from the
dura. The guide cannula was fixed with dental acrylic (Shang-
hai New Century Dental Material Co., Ltd.) which was also
used to seal the exposed skull area. The guide cannula was
plugged with a stainless steel temporary inner cannula and the
animal allowed time to recover from the anesthesia before the
brain MD experiment.

In Vivo Brain Microdialysis

In vivo MD was performed using Microbiotech/se AB
microdialysis probes (Microbiotech/se AB, Stockholm, Swe-
den) with a polyethersulfone membrane length of 2 mm and
molecular cutoff of 15 kDa. The MD probes were perfused
with the perfusion solutions using a CMA 402 dual syringe
pump fitted with 2.5 mL micro syringes (CMA/Microdialysis
AB, Sweden). In MD studies, the in vitro or in vivo recovery is
usually determined by the zero-net flux method (23) or by
retrodialysis method (24). Since steady state would be difficult
to reach in both plasma and ECF in a bolus injection experi-
ment, the retrodialysis-by-drug method was used to estimate
the in vitro and in vivo recovery for each probe used. For the
in vitro recovery, the perfusate was a 5.0 M scutellarin solu-
tion in artificial cerebrospinal fluid (aCSF) [NaCl 1.45 M, KCl1
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27 mM, CaCl, 12 mM, MgCl, 10 mM, Na,HPO, 20 mM, and
EDTA-2Na 0.125% w/v], and a stirred 10-mL aCSF fluid
maintained at 37°C was the in vitro ECF outside the probes.
The probes were allowed to equilibrate for 30 min at a perfu-
sion rate of 1.5 pL/min, after which single dialysate samples
were collected over 30 min into mini-vials. Scutellarin concen-
tration was measured in the outflow dialysate (C,,) and the
inflow perfusate (Cj,) and the recovery was calculated using
Eq. 10 below:

Recovery = Cin—Cout/Cin (10)

The MD probes were then inserted through the im-
planted intracerebral guide cannula into the predetermined
position in the rat cerebral cortex and in vivo retrodialysis
performed. For the in vivo recovery, the perfusate containing
20 uM of scutellarin in aCSF was perfused through the probes
at 0.5 pL/min flow rate for at least 30 min to equilibrate. After
the equilibration period, single dialysate samples were collect-
ed over 40 min and the concentrations were measured and
in vivo recovery calculated using Eq. 10 above.

After the retrodialysis, each MD probe was equilibrated
with drug-free aCSF at a flow rate of 0.5 pL/min for at least 1 h
to wash out any drug left in the MD probe and tubing line. The
rats were then successively administered intravenous bolus in-
jection of the reference sample (breviscapine injection) and test
samples (Bre-GBSLN-PS and Bre-GBSLN-PS-DSPE) at a dose
volume equivalent to 8 mg/kg of breviscapine via the lateral tail
vein. Microdialysate samples were collected at predetermined
intervals for up to 12 h duration and were then analyzed using
the validated HPLC-MS/MS analysis method described in the
“Breviscapine Assay” section. A washout period of at least 10 h
was allowed between successive administration of the
breviscapine injection and the test sample solutions (Bre-
GBSLN-PS and Bre-GBSLN-PS-DSPE) to each rat. The brain
pharmacokinetics was calculated based on a non-compartmen-
tal model. Linear trapezoid method was used to estimate the
area under the concentration—time curve (AUC) for each sam-
ple injected into each individual animal. All parameters were
presented as mean + SD.

Breviscapine Assay

Microdialysis Samples

The scutellarin concentrations in microdialysate samples
were analyzed by a validated HPLC-MS/MS method.
Microdialysate samples were not filtered or extracted. The
chromatography was performed on a Shimadzu LC-20 System
(Shimadzu Corporation, Japan) fitted with two Shimadzu LC-
20AD pumps, SIL-20AC autosampler, and CTO-20A thermo-
stat and controlled using CBM-20A controller. The chromato-
graphic separation of scutellarin in injected samples (10 pL)
was performed on an Agilent Zorbax XDB-C18 column (2.1 x
50 mm, 3.5 um, Agilent Technologies, USA) with gradient
flow at 0.5 mL/min. The mobile phase was a blend of 0.1%
formic acid in water (A) and 0.1% formic acid in methanol (B)
and the gradient profile was 0 to 0.6 min, 2% (v/v) B; 0.6 to
0.9 min, linear gradient to 85% (v/v); 0.9 to 2.5 min, 85% (v/v)
B; 2.5 to 2.51 min, linear gradient to 98% (v/v) B; 2.51 to
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3.5 min, 98% (v/v); 3.5 to 3.51 min linear gradient to 2% (v/v);
and 3.51 to 5.0 min, 2% (v/v) B.

The mass spectrometry was done on an API 4000 Qtrap®
(AB SCIEX, USA) fitted with an ion spray source for
electrospray ionization operating in a positive mode. Optimal
instrument conditions (curtain gas, 15 psi; ion spray voltage,
5,000 V; temperature, 550°C; ion source gas 1, 60 psi; and ion
source gas 2, 55 psi) were used to increase sensitivity and
detection was by selected reaction monitoring of the strongest
intensity product ion. Analyst® Software version 1.5.2 was
used for instrument control and data analysis. The lower limit
of quantification was 0.5 ng/mL and linear range was from 0.5
to 1,000 ng/mL.

Plasma Samples

The UPLC-TUV system used to analyze scutellarin in
plasma samples consisted of a Waters Acquity UPLC® (Wa-
ters Corporation, USA) fitted with a Quaternary Solvent
Manager, an Acquity UPLC® BEH C18 column (2.1x
50 mm, 1.7 pm) maintained at 30°C, a sample manager with
a flow through needle, and a tunable ultraviolet absorbance
detector set to 335 nm. Data were recorded and analyzed
using the Empower® 3 chromatography data software. The
mobile phase consisted of acetonitrile and acidified water
(adjusted to pH 2.2 using phosphoric acid) at a ratio of 17:83
(v/v). The elution of scutellarin was achieved with an isocratic
flow at a rate of 0.3 mL/min. Plasma samples collected were
prepared before liquid chromatographic analysis (25). Drug
extraction and protein precipitation of the samples were done
by mixing 100 uL of plasma sample, 20 nL of internal standard
working solution of baicalin (5 pg/mL), 1.0 mL of ethyl ace-
tate, and 25 pL of 50% phosphoric acid, which was vortex
mixed for 10 min followed by centrifugation at 3,000xg for
10 min. The supernatants were then transferred into another
tube and evaporated to dryness. The residue was dissolved
with 100 pL of the mobile phase and vortexed for 10 min. A 5-
pL aliquot of the solution was injected into the UPLC-TUV
for detection and quantification. A calibration curve used for
the determination of scutellarin in plasma samples was obtain-
ed after analyzing various concentrations of a working solu-
tion of scutellarin and a constant concentration of the internal
standard in rat plasma. An acceptable linearity was obtained
for scutellarin in the concentration range of 0.05-100.00 pg/
mL (R?=0.999) after plotting the calibration curve with the
ratios of the peak areas of scutellarin to the internal standard
as the independent variable. The relative response factor was
derived from the slope of the curve and used in determining
the concentration of scutellarin in the collected plasma
samples.

Physicochemical Evaluation Samples

All other samples from breviscapine-loaded SLN charac-
terization were filtered and assayed with a reverse phase
HPLC method consisting of an Agilent 1200 series (Agilent
Technologies, Germany) equipped with an Agilent G1311A
Quat pump and an Agilent G1315D diode array detector. The
wavelength was set to 335 nm and the HPLC system was
controlled by using the ChemStation software. The analytical
column was a reverse phase Diamonsil® C18 (2) column
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(200x4.6 mm, 5 um, Dikma Technologies Inc., USA) main-
tained at 30°C in a column oven and protected by a guard
column (10x4.6 mm, Dikma Technologies Inc., USA). The
mobile phase consisted of 76 % acidified water (adjusted to pH
2.2 using phosphoric acid) and 24% acetonitrile. Elution of
scutellarin was achieved with an isocratic flow at 1.0 mL/min.
All samples were analyzed in triplicate.

Statistical Analysis

The non-compartmental pharmacokinetic parameters
were calculated for each individual set of data obtained per
experimental animal. All data reported are expressed as the
mean + SD. Statistical analyses were performed using the
statistical analysis Student’s ¢ test with Microsoft excel.

RESULTS AND DISCUSSIONS

Preparation and Physicochemical Characterization
of Breviscapine Solid Lipid Nanoparticles

The drug loading capacity of SLNs mainly depends on the
solubility behavior of the drug in the lipid melt during and after
formulation of the SLNs (26). So, in order to obtain sufficient
drug loading and stable incorporation of breviscapine into the
SLN lipid matrix, lipid solubility test for breviscapine in various
lipids was performed by evaluating the DSC thermograms of
breviscapine/lipid solid dispersions. As shown in Fig. 1,
breviscapine showed an exothermic peak at 181°C. This peak
was still present in the solid dispersions with stearic acid and
glyceryl tristearate but disappeared in palmitic acid, glyceryl
monostearate, and glyceryl behenate. Glyceryl monostearate
and glyceryl behenate were selected for the preliminary SLN
formulation and characterization. Although there were no
breviscapine characteristic exothermic peaks in the thermogram
for breviscapine/palmitic acid solid dispersion, palmitic acid
could not be used for the SLN formulation. This was because
it failed to yield a stable nanoparticle formulation in the one-
factor experiments for all conditions tested and flocculated with-
in 1 h. Similar observation was reported by Li et al. (27) where
the drug solubility of tetrandrine was high in palmitic acid, but
the formulation was unstable.

In the preliminary study, the concentrations of surfactant
and co-surfactant, drug load, and experimental conditions
such as stirring speed were varied in order to achieve a stable
SLN formulation with glyceryl monostearate and glyceryl
behenate as the lipid core (data not shown). In order to yield
successful SLN formation, at least 1% (w/v) and 4% (w/v) of
the surfactant (Solutol HS15) were required for Bre-GMSLN-
PS and Bre-GBSLN-PS formulations, respectively. The co-
surfactant and surface modifier, PEG-40 stearate, was added
at 0.5% (w/v) to all formulations and the ratio of PEG-40
stearate to DSPE-PEG;, in the Bre-GBSLN-PS-DSPE for-
mulation was 5:2. The use of warm o/w microemulsion pre-
cursor method adapted for the formulation was simple and
reproducible as previously reported (18).

The particle size, polydispersity index (PdI), and zeta
potential of the formulated SLNs are shown in Table I. The
formation and particle size of SLNs showed to be dependent
on the amount of the surfactant used in the formulation, with
higher concentrations leading to narrower particle size. At the
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Fig. 1. Differential scanning calorimetry thermograms of breviscapine in different lipids

optimized surfactant concentrations as shown in Table I, the
particle sizes were below 50 nm for Bre-GMSLN-PS, Bre-
GBSLN-PS, and Bre-GBSLN-PS-DSPE. The Bre-GBSLN-
PS-DSPE which was mixed modified with a stearate and
DSPE-anchored PEG (molar weight 2,000) did show a similar
particle size as the Bre-GBSLN-PS which was single modified
with only the stearate-anchored PEG-40 (molar weight=
2,000). The PEG chains of these nanoparticles could act as a
tighter mesh on the outside of these nano-vesicles, thus limit-
ing the increase of particle size. According to a previous
report, nanoparticles with particle size less than 80 nm have
more penetrating ability across the BBB either via fluid en-
docytosis or phagocytosis (28). In addition, the PEG chains on
nanoparticle surfaces are hydrophilic thereby preventing their
interactions with blood proteins (opsonins) and reduces sub-
sequent opsonization and phagocytosis by the RES (21).

PdI values for all formulations were less than 0.30 indi-
cating relatively less poly-dispersed SLN suspensions, and the
zeta potential ranged from —5 to —13.2 mV. High static poten-
tial (>30 mV) on the surface of nanoparticles is widely accept-
ed to lead to a more stable nanoparticle. However, this does
not strictly apply to formulations which contain steric stabi-
lizers such as PEG side chains, which decreases the zeta
potential due to a shift in the shear plane of the particle (29).

The entrapment efficiency of all the SLN formulations as
determined by the ultrafiltration—centrifugation technique was
in the range of 37-47% with drug loading ranging from 3.66% to
about 6% (Table I). A marginal improvement in the entrapment
efficiency of Bre-GBSLN-PS and Bre-GBSLN-PS-DSPE over
Bre-GMSLN-PS could be due to the favored partitioning of
breviscapine into the glyceryl behenate lipid matrix. A hundred
percent entrapment efficiency is rarely observed in lipophilic
drug delivery. Other factors apart from the solubility of drug in
lipid that can limit entrapment efficiency include the chemical
and physical structure of solid lipid matrix as well as polymor-
phic state of lipid material in nanoparticles. (29,30).

TEM

The TEM images in Fig. 2 showed that the shape of the
SLNs was almost spherical. Also, the size of the SLNs

determined by the photon correlation spectroscopy was con-
sistent with the TEM results. The diameters determined by
TEM were 34.1+6.3, 29.9+2.2, and 29.1+1.6 nm for Bre-
GMSLN-PS, Bre-GBSLN-PS, and Bre-GBSLN-DSPE, re-
spectively; while using the photon correlation spectroscopy,
the sizes were 29.9+5.2, 21.6+0.1, and 22.6+0.7 nm,
respectively.

PXRD

The breviscapine-powdered X-ray diffractogram showed
numerous sharp peaks at 20 0f 10.1, 14.4,16.1,19.2,20.3, 21.1,
24.3,25.9,29.0,30.4, 31.5, and 44.3 (Fig. 3) which suggests the
crystalline nature of the drug. The PXRD for the blank
GBSLN-PS showed broad peaks at 2[l of 19.1 and 23.2 and
the diffraction patterns of the drug-loaded GBSLN formula-
tions were comparable to the blank GBSLN-PS. By using the
peak intensity to estimate the degree of crystallinity of drug in
SLNs, the reduction or absence of typical breviscapine peaks
in drug-loaded SLN formulations confirms the partial or com-
plete loss of crystallinity of the drug in lipid matrix. The Bre-
GMSLN-PS PXRD pattern showed a partial reduction in the
intensity of the drug peak at 2[l of 21.1, and this suggests the
drug is not completely converted to its amorphous state in the
Bre-GMSLN-PS, whereas for the Bre-GBSLN-PS and Bre-
GBSLN-PS-DSPE formulations, the intense drug peaks were
not present suggesting a complete conversion of drug to its
amorphous state in the GBSLNS.

In Vitro Drug Release Study in PBS (pH 5.8)

In vitro release of breviscapine injection and SLN formu-
lations is shown in Fig. 4. Breviscapine has been reported to
have aqueous solubility of 14-60 pg/mL (10,31). So, to main-
tain sink conditions, PBS at pH 5.8 was used as the release
medium for the in vitro release studies of the breviscapine
formulations. The solubility of breviscapine in PBS 5.8 at
37°C was determined to be 740.0+18.0 pg/mL (n=3) as mea-
sured by HPLC. Thus, for the release studies, 0.5 mL of
breviscapine SLNs or breviscapine injection containing
1,000 pg/mL of breviscapine was pipetted into a dialysis
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Table I. Compositions of Breviscapine Solid Lipid Nanoparticles and Their Physicochemical Properties
Composition (mg/mL)
Glyceryl Glyceryl PEG-40
Formulations Breviscapine monostearate behenate Solutol HS 15 stearate DSPE-PEG
Bre-GMSLN-PS 1.0 10.0 - 20 5.0 -
Bre-GBSLN-PS 1.0 - 7.0 60 5.0 -
Bre-GBSLN-PS-DSPE 1.0 - 7.0 60 5.0 2.0
Summary of physicochemical properties
Formulations Particle size (nm) PdI Zeta potential (mV) Entrapment Drug loading (%) Drug released
Efficiency (%) in2h (%)
Bre-GMSLN-PS 29.9+52 0.20+0.08 -13.2+3.9 37.96+0.18 3.66+0.02 50.59+7.61
Bre-GBSLN-PS 21.6+0.1 0.27+0.05 —5.8+1.0 46.89+0.73 6.28+0.09 36.20+2.68
Bre-GBSLN-PS-DSPE  22.6+0.7 0.26+0.04 -72+14 47.62+1.86 6.37+0.23 39.02+1.49

Each data point is mean + SD (n=3)
PdlI polydispersity index

membrane bag and immersed into 250 mL of the release
medium. Breviscapine injection showed a rapid drug release
indicating permeability of the membrane to the drug. The
release profiles of all SLN formulations exhibited an initial
burst effect, and the percentage of drug content released from
Bre-GMSLN-PS, Bre-GBSLN-PS, and Bre-GBSLN-PS-
DSPE was about 50%, 36%, and 39%, respectively, after 2 h
(Table I). However, the Bre-GBSLNs showed a much rela-
tively lower burst release than the Bre-GMSLN-PS, and this
could be due to a better drug partitioning in the glyceryl
behenate lipid matrix as confirmed in the PXRD studies. This
suggests that encapsulation of breviscapine in GBSLNSs coated
with PEG-40 stearate alone or in combination with DSPE-
PEGg000 changed the drug release behavior, and subsequently,
the SLNs would affect its biodistribution in vivo compared
with free breviscapine solution. Also, the particle sizes of the
Bre-GMSLN-PS changed significantly after 12 h (data not
shown) which indicates loss of stability of the nanoparticle
formulation in the dissolution medium used.

Physical Stability of SLNs in Biologically Relevant Media
at 37°C

The physical stability of breviscapine nanoparticles was
evaluated by monitoring changes of particle sizes at 37°C in
deionized water and PBS 5.8 which were used to simulate
physiological conditions. As shown in Fig. 5, the particle sizes
of Bre-GBSLN-PS and Bre-GBSLN-PS-DSPE slightly

increased after the 12-h incubation period but remained below
50 nm. This was not the case with the Bre-GMSLN-PS as
there was a significant increase in particle size in both deion-
ized water (p<0.05) and PBS 5.8 (p<0.001). A similar result
has been previously reported when glyceryl monostearate was
used as the lipid matrix in SLN formulation (32,33). This loss
of stability by Bre-GMSLN during incubation in physiological
medium could be due to the high percentage of monoglycer-
ides in glyceryl monostearate which increases its hydrophilic-
ity and emulsifying property, hence reducing lipid stability in
the medium.

P-Glycoprotein ATPase Activity

The P-gp ATPase activity study helped to ascertain the
susceptibility of breviscapine to the P-gp efflux pump and the
potential for the PEG-coated SLN formulation to inhibit P-gp
efflux pumps and improve the penetration of breviscapine
across the BBB. The effective inhibition of the P-gp efflux
pumps is being considered as a potential strategy to improve
the brain bioavailability of CNS-active drugs. Previous studies
have showed that certain chemical components including PEG
derivatives, used as surfactants or surface-coating materials,
have the tendency to inhibit P-gp efflux pumps through sev-
eral mechanisms (14,34,35). Figure 6 shows the P-gp ATPase
activity of breviscapine and the different surfactants used in
the SLN formulations as compared with the basal- and verap-
amil-stimulated P-gp ATPase activity. The ATPase activities of

PS-DSPE

Fig. 2. Transmission electron micrograph of solid lipid nanoparticles. a Bre-GMSLN-PS, b Bre-GBSLN-PS, ¢ Bre-GBSLN-
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breviscapine and verapamil were 2-fold higher than that of
basal ATPase activity which indicates that breviscapine is a
substrate for the P-gp efflux pumps. Among the surfactants
tested, DSPE-PEG, solution showed a decrease in ATPase
activity, and Solutol HS15 and PEG-40 stearate had a 1.5-fold
and 2.6-fold increase, respectively, in ATPase activity at the
concentrations tested. In a previous study to determine the P-
gp ATPase activity of PEG-40 stearate, it was reported that
PEG-40 stearate could competitively inhibit the activity of P-
gp efflux pumps by saturating the P-gp receptors as a substrate
and, as a result, decrease its efflux activity (15). DSPE-PEG
has also been shown to be an allosteric inhibitor of P-gp, which
reduces both verapamil-induced and basal ATPase activity
(35). Though the exact mechanism(s) of P-gp inhibition by
PEG derivatives is yet to be fully elucidated, our observations
from the P-gp ATPase activity assay were in agreement with
these previous reports. Consequently, the use of PEG
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Fig. 4. In vitro release profile of breviscapine in PBS (pH 5.8). Each
data point represents mean value, error bars represent SD (n=3)

derivatives in surface modification of SLNs could result to
increased drug uptake across membranes that would other-
wise restrict drug transport due to overexpression of P-gp
efflux pumps. More so, a binary mixture of these PEG deriv-
atives could have some synergistic inhibitory activity through
various mechanisms. However, there is need for more defini-
tive studies of the mechanism of P-gp inhibition by PEG
derivatives and indeed other multidrug-resistant reversing
surfactants.

FALT, Incorporated Ratio of PEG (IR), and SDpgg

Bre-GBSLN-PS and Bre-GBSLN-PS-DSPE formulations
were chosen for the surface modification studies of the
breviscapine nanoparticles. As shown in Table II, the grafting
of the DSPE-anchored PEG onto the PEG-40 stearate-mod-
ified Bre-GBSLN-PS (at a PEG-40 stearate/DSPE-PEGg
ratio of 5:2) did not result to any significant increase in the
FALT (p>0.05), instead there was a small decrease in FALT
for the mixed modified formulation. Similar observation was
made in the PEG surface densities (SDpgg) for both formu-
lations. These results were in good agreement with previous
reports about mixed PEG-modified nano-vesicles. In a study
involving the PEG coating of nanoparticles with PEG of var-
ied chain lengths, Cauda et al. reported that the surface den-
sity depends on PEG chain length (36). In their study, the
samples coated with PEG550, PEG5000, and a mixture of
PEGS550-PEGS5000 resulted in a PEG coating surface density
of 1.3-2.1, 0.5-0.7, and 1.5-2.0 molecules/nm?, respectively.
They demonstrated that the mixture of two PEG with
different chain lengths had no significant effects on the
surface coating. In a different study, Sugiyama and Sadzuka
found that FALT was not only a function of PEG chain length,
but also a function of the type of anchor linking the PEG chain
to the surface of the vesicles (37). In their study, they reported
that the mixing of 1-monomethoxypolyethyleneglycol-2,3-
distearoylglycerol and PEGyggo cholesterol (PEG-CHO) in
liposome surface modification showed varied FALT results
which depends on the anchor type, with the PEG-CHO
having a higher FALT value when used alone than in various
combination ratios. In our present study, we could infer that
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the slightly higher FALT result obtained when PEG-40 stearate
was used alone in surface modification was due to the single
stearate anchor unit of PEG-40 stearate which was easier to
incorporate onto the surface of the SLNs than the double alkyl
anchors of the DSPE-PEG,q,, which would apparently need
more space due to the steric hindrance, resulting in lower
effective surface binding. The incorporation of the DSPE-
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PEGj,gg after the formation of a monolayer of PEG-40
stearate—Solutol HS15 at the surface of the lipid nanoparticles
may also have led to the desorption of PEG-40 stearate and
Solutol HS15 at a rate which resulted in a less ordered PEG
mesh at the surface of the lipid nanoparticles.

Also, for the same reasons, the grafting surface density of
PEG in the Bre-GBSLN-PS of 0.013+0.005 molecules/nm?*

Fig. 6. P-glycoprotein ATPase activity of breviscapine and surfactants used in formulating mixed PEG-modified SLNs.
Verapamil was used as a positive control. Each bar represents mean value, error bars represent SD (n=3)
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Table II. Fixed Aqueous Layer Thickness, Incorporated Ratio of PEG, Average PEG Surface Density, and Distance Between Two Neighboring
PEG Chains of Bre-GBSLN-PS and Bre-GBSLN-PS-DSPE

Formulations FALT (nm) IR (%) SDpgg (molecules/nm?) D (nm)
Bre-GBSLN-PS 2.01+0.52 29.20+9.89 0.013+0.005 0.113+0.020
Bre-GBSLN-PS-DSPE 1.94+0.13 29.83+3.63 0.012+0.001 0.125+0.004

Each data point represents mean + SD (n=3)

FALT fixed aqueous layer thickness, /R incorporated ratio of PEG, SDpg average PEG surface density, D distance

was not significantly different (p>0.05) from the grafting
density of 0.012+0.001 molecules/nm® for the Bre-GBSLN-
PS-DSPE, but was slightly higher. Therefore, the
conformation of PEG chains in the Bre-GBSLN-PS was
closely packed with a shorter distance apart (D) than the
Bre-GBSLN-PS-DSPE. Considering these results and
various previous reports on the effects of mixed PEG
modification of nano-vesicles, we suggest that a single PEG
modification with a PEG molecule of an appropriate chain
length could give sufficient stealth properties to the modified
nanoparticles as much as a binary mixed PEG modification.
However, more investigations are needed to be done to
understand the different effects of PEG surface modification
of nanoparticle, since the anchor type and not only the PEG
molecular weights have effects on the incorporation rates of
the PEG chains and consequently on FALT and PEG surface
density.

Pharmacokinetics in Plasma

Plasma pharmacokinetic evaluation of the formulated
breviscapine SLNs and breviscapine commercial injection
were performed in adult male Sprague Dawley rats, and
the results were compared to determine the potential of
the SLNs to improve brain uptake of breviscapine. The
plasma pharmacokinetic profiles of the breviscapine for-
mulations are shown in Fig. 7. The SLN formulations of

120 -
100 -
T 80 -
S~
oo
=
2 60 - o
8 —O—Brewscaplne\njectlon
£ —m—Bre-GBSLN-PS
S 40
E —a—Bre-GBSLN-PS-DSPE
3
%]
20 |
0 T— = —
2 4 6 8 10 12 14
Time (h)
,20 Jd

Fig. 7. Plasma scutellarin concentration—time curves after IV admin-
istration of 8 mg/kg breviscapine equivalent of commercial
breviscapine injection, Bre-GBSLN-PS, and Bre-GBSLN-PS-DSPE
through the lateral tail vein. Each data point represents mean value,
error bars represent SD (n=6)

breviscapine significantly increased the plasma concentra-
tions of scutellarin in comparison with the commercial
breviscapine injection (p<0.05). Expectedly, the initial
plasma concentration of scutellarin from the commercial
breviscapine injection was significantly reduced due to its
short half-life and fast elimination from circulation. The
SLN formulations extended the circulation time of
scutellarin for the first 1 h, after which the plasma con-
centration decreased as a result of the tissue distribution.
The plasma AUCs of scutellarin from breviscapine injec-
tion, Bre-GBSLN-PS, and Bre-GBSLN-PS-DSPE were
found to be 16.46x4.14, 56.39+8.84, and 31.39=
8.82 pg h/mL, respectively (Table IIT). The plasma AUC
was significantly increased by the SLN formulations in
comparison with the commercial injection (p<0.05). Mod-
ifications of the surface of SLNs with hydrophilic PEG
chains have been reported to improve the biological half-
life of drugs and increase their circulation time while
encapsulated in the SLNs (13). Bre-GBSLN-PS also
showed a statistically significant increase in the plasma
AUC in comparison with Bre-GBSLN-PS-DSPE
(p<0.05). The rapid decrease in the scutellarin concentra-
tions in plasma with the Bre-GBSLN-PS-DSPE after 1 h
showed that the drug was increasingly distributed to the
other tissues.

Pharmacokinetics in Brain

The in vitro and in vivo recoveries for the microdialysis
probes were 0.36+0.14 and 0.25+0.07, respectively
(Table IV), as determined by the retrodialysis-by-drug meth-
od. This showed no significant difference (p>0.05) in relative
loss of scutellarin from the perfusate across the probes into the
surrounding environment during both in vitro and in vivo
recovery evaluation. For a better quantification of the amount
of drug in the brain ECF, the brain concentrations of
scutellarin determined in each animal during the microdialysis
studies were corrected based on the in vivo recovery for each
probe. The brain ECF concentration—time curves and brain
pharmacokinetic parameters for scutellarin after IV adminis-
tration of a commercial breviscapine injection, Bre-GBSLN-
PS, and Bre-GBSLN-PS-DSPE formulations are showed in
Fig. 8 and Table III, respectively. From the results of the
AUC in the brain ECF, breviscapine injection, Bre-GBSLN-
PS, and Bre-GBSLN-PS-DSPE showed AUCs of 0.11+0.02,
1.59+0.39, and 1.42+0.58 ng h/mL, respectively. The brain-to-
plasma AUC ratios (AUCrain cr/AUCpiasma) also increased
with the SLNs in comparison with that of the commercial
breviscapine injection. The AUCyqin 5ci/AUC1asma for
breviscapine injection, Bre-GBSLN-PS, and Bre-GBSLN-PS-
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Table III. Plasma and Brain ECF Pharmacokinetics of Breviscapine After IV Administration of 8 mg/kg Breviscapine Equivalent of Injection
Breviscapine, Bre-GBSLN-PS, and Bre-GBSLN-PS-DSPE Through the Lateral Tail Vein

AUCy 12 1 AUCo12n  AUC prain BCF
tp CLP Kc Plasma Plasma brain ECF /AUC plasma 172 brain Kc Brain MRT Brain
Formulations prasma () (L/h) (™) (ug h/mL) (ugh/mL) (%) ecr (W) pcr (b)) gcr (h)
Breviscapine injection 2.26+1.54 0.51+0.12 0.39+0.16 1646+4.14  0.11+0.02 0.66 2.19+0.68 0.34+0.13 3.16+0.98
Bre-GBSLN-PS 321+1.13 0.15+0.02 0.24+0.07 56.39+8.84™" 1.59+0.39™" 2.82 473+2.02" 0.13+0.04 7.86+2.13"
Bre-GBSLN-PS-DSPE  2.50+0.10 0.27+0.07 0.32+0.13 31.39+8.82" 1.42+0.58"" 451 3.95+3.67 031024 5.70+5.30

Each data point represents mean + SD, n=3 for brain ECF and n=6 for plasma pharmacokinetic parameters

*P<0.05, #**P<0.01, ***P<0.001 versus injection breviscapine

DSPE were found to be 0.66%, 2.82%, and 4.51%, respec-
tively. The AUCprain ecr/AUCjasma ratios showed that Bre-
GBSLN-PS-DSPE had more brain permeation than the other
formulations. This demonstrates that the surface modifica-
tion of the SLNs with a binary combination of PEG
derivatives could increase its brain permeation by a syn-
ergistic effect. It was observed that Bre-GBSLN-PS-DSPE
had a shorter time (7,,x=0.42+0.14 h) to get to maxi-
mum concentration (Cy,ax=655.16+320.74 ng/mL) when
compared with Bre-GBSLN-PS which took a longer time
of 1.17+0.76 h to reach a maximum concentration of
385.24+214.13 ng/mL. However, the single PEG-modified
Bre-GBSLN-PS had a significantly longer mean residence
time (MRT) in the brain ECF when compared with the
breviscapine injection (p<0.05) and a higher but not sig-
nificant (p>0.05) MRT when compared with the mixed
PEG-modified Bre-GBSLN-PS-DSPE. The additional
grafting of DSPE-PEG;o, on the surface of the SLNs
could have augmented the inhibiting action of PEG-40
stearate on the P-gp efflux pumps leading to a more rapid
elimination of breviscapine loaded in the Bre-GBSLN-PS-
DSPE from the plasma and increased distribution across
tissues where P-gps are overexpressed including the brain.
We therefore suggest that the uptake of the breviscapine-
loaded SLNs across the BBB was facilitated by the syn-
ergistic inhibitory action of PEG derivatives used as the
surface modifier for the SLNs on the P-gp efflux pumps.
In a previous study to determine the ability of different
excipients to inhibit P-gp efflux pumps, Wang et al. (14)
demonstrated that among the excipients tested, PEG stea-
rates with a moderate PEG length (20 to 50) consistently

Table I'V. Comparison of Microdialysis Probe Recovery Measured In
Vitro and In Vivo by the Retrodialysis Method for the Cerebral
Microdialysis Studies

Recovery
Method Probe In vitro In vivo
Retrodialysis A 0.27 0.31
B 0.52 0.26
C 0.27 0.18
Mean 0.36 0.25
SD 0.14 0.07
CV (%) 40.62 25.94

SD standard deviation, CV coefficient of variation

showed better inhibition of P-gp activity than other PEG
derivatives investigated. They also found in their studies
that nonionic PEG-poly(propylene oxide) copolymers and
PEG of any length did not inhibit P-gp at the concentra-
tions tested. However, the mechanism of inhibition of P-
gp efflux pumps by PEG derivatives is not yet fully elu-
cidated (15). Multiple mechanisms might be responsible
for the inhibition of P-pg activity by surfactants.
Cremophor EL and Tween 80 had been shown to inhibit
P-gp activity by specifically binding to its hydrophobic
domain and subsequently changing the conformation and
reducing the function of the P-gp efflux pumps (38). In
this present study, the result obtained from the P-gp
ATPase activity showed that PEG-40 stearates could have
directly interacted with the substrate-activated P-gp efflux
pumps and either competes with the substrate to saturate
the P-gp efflux pump receptors for the drug or depletes
the available ATP and then inhibits P-gp-mediated efflux.
Also, the slight decrease in the P-gp ATPase activity
observed for DSPE-PEG indicates that it could act as an
inhibitor at the P-gp efflux pumps. The combination of
DSPE-PEG and PEG-40 stearate as surface modifications
could synergistically inhibit the efflux of breviscapine by
the P-gp efflux pumps just as the prolonged circulation
time of the SLNs also enhances their penetration of the
endothelial membrane either by transcytosis or endocyto-
sis into the brain ECF.
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Fig. 8. Brain ECF scutellarin concentration-time curves after IV
administration of 8 mg/kg breviscapine equivalent of commercial
breviscapine injection, Bre-GBSLN-PS, and Bre-GBSLN-PS-DSPE
through the lateral tail vein. Each data point represents mean value,
error bars represent SD (n=3)
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CONCLUSION

In summary, the formulation of PEG-coated
breviscapine-loaded solid lipid nanoparticles was successful-
ly carried out using warm o/w microemulsion precursor
approach. Our formulations, Bre-GBSLN-PS and Bre-
GBSLN-PS-DSPE, augmented the plasma half-life and in-
creased mean retention time of breviscapine in rats’ brain,
thereby reducing the necessity of multiple breviscapine in-
jections. On the other hand, we showed that the coating of
the optimized SLNs with a binary combination of PEG-40
stearate and DSPE-PEG;qo increased brain uptake more
than coating with PEG-40 stearate alone as indicated by
the brain-to-plasma AUC ratios. Thus, the use of appropri-
ate PEG derivatives in surface modification of SLNs is a
promising approach in delivering drug molecules into the
brain since it can both effectively improve in vivo
biostability of the SLNs and passively target biological
mechanisms such as the P-gp efflux inhibition. However,
our approach needs more in vivo studies to understand
the mechanism by which the nanoparticles are taken up
by the brain endothelial cells.
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