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Poly(lactide-co-glycolide) (PLGA) nanoparticles coated with poloxamer 188 (Pluronic® F-68) or polysor-
bate 80 (Tween® 80) enable an efficient brain delivery of the drugs after intravenous injection. This ability
was evidenced by two different pharmacological test systems employing as model drugs the anti-tumour
antibiotic doxorubicin and the agonist of opioid receptors loperamide, which being P-gp substrates can
cross the blood-brain barrier (BBB) only in pharmacologically insignificant amounts: binding of doxoru-

Keywords: y bicin to the surfactant-coated PLGA nanoparticles, however, enabled a high anti-tumour effect against an
Ef::rLtl)ariiliE barrier intracranial 101/8 glioblastoma in rats, and the penetration of nanoparticle-bound loperamide into the
Glioblastoma brain was demonstrated by the induction of central analgesic effects in mice. Both pharmacological tests
Loperamide could demonstrate that therapeutic amounts of the drugs were delivered to the sites of action in the brain
Mice and showed the high efficiency of the surfactant-coated PLGA nanoparticles for brain delivery. The results

of the study also demonstrated that the efficacy of brain delivery by nanoparticles not only is influenced
by the coating surfactants but also by other formulation parameters such as core polymer, drug, and
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1. Introduction

In the past few decades, tremendous efforts have been focused
on the chemotherapy of the diseases of the CNS. However, in many
cases, the success of the treatment remained poor. One of the
obstacles for successful chemotherapy is the ineffective drug deliv-
ery to the site of pathology within the CNS due to existence of the
blood-brain barrier (BBB), which limits the entry of many sub-
stances into the brain. The approaches attempting to reach effi-
cient concentrations of the drug in the brain include high-dose
therapy or invasive methods (such as intraventricular drug infu-
sion or temporary BBB disruption in the case of brain tumours).
Clearly, in both cases, the therapeutic effect is achieved at the ex-
pense of deleterious side effects. So far, the non-invasive systemic
delivery of the drugs to the brain remains a challenge that gives
rise to the development of new drug-targeting technologies.
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Among other strategies, the non-invasive systemic drug delivery
to the brain by means of the nanoparticulate carriers appears to be a
promising option. As evidenced by a number of studies, poly(butyl
cyanoacrylate) (PBCA) nanoparticles coated with polysorbate 80
(Tween® 80) facilitate the brain delivery of a number of drugs that
are unable to cross the BBB in free form [1]. Subsequently, polysor-
bate 80 was considered to be a ‘gold standard’ coating surfactant
for brain delivery and proved to be effective for different types of
the nanoparticles such as poly(alkyl cyanoacrylate) [2], human ser-
um albumin [3], and solid lipid nanoparticles [4].

It was further shown that the surfactant coating is the key fac-
tor for the successful brain delivery [5]. The polysorbate 80-coated
PBCA nanoparticles selectively adsorb certain plasma proteins (in
particular, apolipoproteins E and B) from the blood, and these pro-
teins promote receptor-mediated endocytosis of the particles by
the endothelial cells forming the BBB, thus facilitating the delivery
of the nanoparticle-bound drug into the brain. Indeed, binding of
dalargin or loperamide to PBCA nanoparticles coated with polysor-
bate 80 and/or apolipoproteins E and B induced considerable CNS
effects (analgesia), whereas the free drugs that are unable to cross
the BBB were ineffective [6,7].
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The effectiveness of the polysorbate 80-coated PBCA nanoparti-
cles for brain delivery was most clearly demonstrated by the high
anti-tumour effect of the nanoparticle-bound doxorubicin against
intracranial glioblastoma in rats [8]. Further studies, however,
demonstrated that brain delivery by means of the nanoparticles
is not restricted to coating with polysorbates. Poloxamer 188 (Plu-
ronic® F-68) also considerably enhanced the anti-tumour action of
doxorubicin bound to PBCA nanoparticles against intracranial glio-
blastoma [9,10]. In fact, poloxamer 188 and polysorbate 80 ap-
peared to be similarly effective for brain delivery by the PBCA
nanoparticles. This phenomenon was attributed to the enhanced
adsorption of the plasma apolipoprotein A-I on the nanoparticle
surface as a result of the coating of the particles with these surfac-
tants. It was hypothesized that the correlation between the adsorp-
tion of apolipoprotein A-I on the nanoparticle surface and the
efficient delivery of doxorubicin to the brain was due to the inter-
action of the particles with the scavenger receptor SR-BI at the BBB
endothelium facilitated by this plasma protein, indicating that in
addition of apolipoproteins E and B, apolipoprotein A-I also en-
ables a drug delivery across the BBB with the surfactant-coated
nanoparticles. Since apolipoproteins A-I and apolipoprotein E/B
use different receptors and mechanisms for their interaction with
the BBB [6,10], the involvement of these proteins in brain delivery
by the PBCA nanoparticles suggests the versatility of the mecha-
nisms by which plasma proteins influence the in vivo behavior
and fate of the particles.

In any case, the earlier mentioned data indicate that the surfac-
tant-coated PBCA nanoparticles appear to be an efficient and also
relatively safe [11,12] carrier for brain delivery. However, this
technology has certain limitations. First of all, although poly(alkyl
cyanoacrylates) nanoparticles readily absorb amphiphilic sub-
stances (such as doxorubicin) that are stable under the preparation
conditions (acidic aqueous media), the encapsulation of highly
hydrophilic or, oppositely, poorly soluble substances is consider-
ably less effective [13]. Moreover, the fast - within a few hours -
biodegradation of poly(alkyl cyanoacrylates) nanoparticles [14],
while being a welcome property in terms of safety, limits their
application for the controlled release of many drugs.

Consequently, other types of nanocarriers, such as the vector-
ized nanoparticles made of human serum albumin, solid lipids, or
poly(lactide-co-glycolide) (PLGA), have been developed, and their
efficacy for brain delivery has been evidenced [15-18]. In compar-
ison with the surfactant-coated nanoparticles, these carriers, deriv-
atized with specific ligands (i.e. apolipoprotein E, transferrin or
antisense oligonucleotides), represent much more complex - sec-
ond generation - delivery systems. At the same time, the more sim-
ple approach using the surfactant-coated nanoparticles may yield
similar results.

Accordingly, the objective of the present study was to investi-
gate the feasibility of drug delivery to the brain using the surfac-
tant-coated PLGA nanoparticles. In order to enable a comparison
of the results, the experimental modalities that have proved to
be successful for the PBCA nanoparticles also were employed here,
and, for this reason, doxorubicin and loperamide served as the
model drugs and polysorbate 80 and poloxamer 188 - as the coat-
ing surfactants.

2. Materials and methods
2.1. Materials

Doxorubicin HCl was purchased from Yick-Vick (Hong Kong,
China). Poly(lactide-co-glycolide) (Resomer® RG 502H, lactide/gly-

colide = 50:50, i.v. 0.16-0.24 dl/g) was purchased from Boehringer
Ingelheim (Ingelheim, Germany). Poly(lactide-co-glycolide) with

acid end groups (Lactel®, lactide/glycolide = 50:50, i.v. 0,20 dl/g)
was purchased from Lactel Absorbable Polymers (Durect Corp., Pel-
ham, AL, USA). Polysorbate 80 (Tween® 80) was supplied by ICI
Chemical (Essen, Germany). Loperamide, poloxamer 188 (Pluron-
ic® F-68), poly(vinyl alcohol) (PVA, MW 30-70 kDa, 88% hydro-
lyzed), and human serum albumin (HSA, fraction V 96-99%) were
purchased from Sigma (Steinheim, Germany). Other chemicals
and solvents used in this study were of analytical grade.

2.2. Preparation of drug-loaded nanoparticles

2.2.1. Doxorubicin-loaded nanoparticles

Poly(lactide-co-glycolide) with acid end groups (Lactel®,
500 mg) was dissolved in 3 ml of dichloromethane. Doxorubicin
(25 mg) was dissolved in 2 ml of 0.001 N HCl. These solutions were
combined and emulsified using an UltraTurrax disperser (IKA, Ger-
many). The obtained emulsion was added into a 1% solution of PVA
in water (Dox-PLGA/PVA) or into a 1% solution of HSA in PBS (pH
7.2) (Dox-PLGA/HSA) and homogenized at 600 bar using a high
pressure homogenizer (Emulsiflex C-5, Avestin Inc., Canada). The
homogenization procedure was repeated three times, and then
the organic solvent was removed using a rotary evaporator. The
resulting nanosuspension was filtered through a G2 sintered glass
filter and freeze-dried after addition of 5% of mannitol used as a
cryoprotector.

2.2.2. Loperamide-loaded nanoparticles

Poly(lactide-co-glycolide) (Resomer® RG 502H, 250 wr) and lop-
eramide (25 mg) were dissolved in 5 ml of dichloromethane, and
this solution was added to a 1% aqueous solution of PVA (Lop-
PLGA/PVA) or 1% HSA solution in PBS (Lop-PLGA/HSA). The mixture
was first homogenized using an UltraTurrax disperser, and then
the primary emulsion was homogenized at 600 bar using an Emul-
siflex C-5 homogenizer and processed as described earlier.

2.3. Characterization of the nanoparticles
All measurements were done after freeze-drying of the samples.

2.3.1. Measurement of the particle size

Average particle size, polydispersity of the size distribution, and
the zeta-potential were measured using a Malvern Zetasizer
3000HSA (Malvern, Worcs, UK). The cell temperature was 25 °C;
the scattering angle was 90°. The samples were dispersed in puri-
fied deionized water (Milli-Q water) and diluted at least 50-fold for
better measurement and suitable signal intensity.

2.3.2. Evaluation of the drug encapsulation efficiency and drug content

The drug encapsulation efficiency was evaluated by an indirect
method, i.e. by assay of free drug after the separation of nanopar-
ticles by ultrafiltration (Ultrafree MC centrifugal filter units, 30,000
NMWL, Millipore). The concentration of doxorubicin was mea-
sured by spectrophotometry at 480 nm. The assay of loperamide
was carried out by HPLC as described by Chen et al. [19] using a
Luna C18 column (250 mm x 4.6 mm, 5 pum, Phenomenex,
Aschaffenburg, Germany). The flow rate was 1.0 ml/min, the mix-
ture of acetonitrile-sodium phosphate buffer (40:60) (pH 2.3,
20 mM) was used as the mobile phase. The detection wavelength
was 195 nm. The retention time of loperamide was 22 min.

For the determination of the doxorubicin content and encapsu-
lation efficacy, the freeze-dried formulations were dissolved in
DMSO containing 0.004% HCI to compensate for the basicity of this
solvent. The insoluble material was separated by centrifugation
(15 min at 16,000g), and the concentration of doxorubicin was
measured spectrophotometrically at 480 nm. In the case of lopera-
mide, the samples were dissolved in DMSO and then diluted with
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acetonitrile; the drug concentrations were analyzed by HPLC, as
described earlier.

The encapsulation efficiency (%) was calculated as the ratio of
the drug content in the samples to the initial drug amount added.

2.3.3. Release of doxorubicin

The freeze-dried nanoparticles were reconstituted to the initial
volume with water. The resulting suspension was diluted 25-fold
with water, and this mixture was incubated at 37 °C under contin-
uous shaking. At predetermined intervals, the 400 p-samples were
taken (three samples per time point), while the same amount of
water was added back to the release medium. The doxorubicin
concentration in the samples was determined after the nanoparti-
cle separation, as described earlier.

2.4. In vivo studies

The animal experiments were performed in compliance with
the German Tierschutzgesetz and the Allgemeine Ver-
waltungsvorschrift zur Durchfiihrung des Tierschutzgesetzes and
were authorized by the Regierungspradsidium Darmstadt (V56-
19c 20/15 - F 116/11) and Russian Guidelines for Animal Experi-
ments and Welfare authorized by the Russian Ministry of Health
(267/19.06.2003 and 284/29.04.2002).

2.4.1. Chemotherapy of rat glioblastoma using doxorubicin
formulations

2.4.1.1. Animals. Adult male Wistar rats weighing 180-220 g ob-
tained from the animal breeding unit of the Russian Academy of
Medical Sciences (Kryukovo, Moscow region) were caged in groups
of five and acclimatized for 1 week. They were fed ad libitum with
standard laboratory food and water throughout the experiment.

2.4.1.2. Intracranial inoculation of rat glioblastoma. The tumour
implantation was performed as described by Steiniger et al. [8].
The animals were anesthetized by intraperitoneal injection of
100 mg/kg ketamine and 10 mg/kg xylazine. Through a midline
sagittal incision, a burr hole of 1.5 mm in diameter was made with
a dental drill 2 mm posterior to the right coronal suture and 2 mm
lateral to the sagittal midline. Tumour cells (~10°) from the frozen
stock were introduced into the cavity of the right lateral ventricle,
using a tuberculin syringe (B. Braun, Melsungen, Germany) linked
to a 21-gauge needle. The scalp incision was closed with surgical
glue (Turbo 2000 Kleber Universal, Boldt Co, Wermelskirchen, Ger-
many). After development of distinctive clinical signs of disease
(usually day 14 to day 18), the animals were sacrificed by carbon
dioxide asphyxiation and the brain was removed. The tumour tis-
sue was excised and homogenized with a scalpel. This fresh tu-
mour tissue was inoculated into the brain of new experimental
animal as described earlier.

2.4.1.3. Drug treatment. Tumour-bearing animals were randomized
into seven groups (n = 10-12) and received the following formula-
tions: (1) doxorubicin bound to uncoated PLGA/PVA nanoparticles
(Dox-PLGA/PVA); (2) doxorubicin bound to PLGA/PVA nanoparti-
cles coated with polysorbate 80 (Dox-PLGA/PVA+Ps80); (3) doxo-
rubicin bound to PLGA/PVA nanoparticles coated with poloxamer
188 (Dox-PLGA/PVA+P188); (4) doxorubicin bound to uncoated
PLGA/HSA nanoparticles; (5) doxorubicin bound to PLGA/HSA
nanoparticles coated with poloxamer 188 (Dox-PLGA/HSA+P188);
and (6) doxorubicin in aqueous solution (Dox). These formulations
were injected i.v. into the tail vein using the dose regimen of
3 x 1.5 mg/kg on days 2, 5, and 8 post tumour implantation. One
group was used as untreated control.

Coating of the nanoparticles with the surfactant was performed
immediately before administration in animals. For coating, the

freeze-dried formulations were resuspended in 1% of either polox-
amer 188 or polysorbate 80, and the suspensions were incubated
for 30 min.

The animals were followed up for survival. The long-term survi-
vors were sacrificed 100 days post tumour implantation and sub-
jected to necropsy.

2.4.2. Evaluation of the analgesic effect produced by loperamide
formulations

2.4.2.1. Animals. Female ICR (CD1) mice (23-28 g) obtained from
Harlan Winkelmann (Borchen, Germany) or female Balb/c mice
(20-25 g) obtained from the animal breeding unit of the Russian
Academy of Medical Sciences (Kryukovo, Moscow region, Russia)
were divided in groups (n=10) and acclimatized for 1 week.

2.4.2.2. Tail-flick test. The tail-flick test measures nociceptive
threshold of animals as they respond to the application of heat to
a small area of their tails by withdrawing the tails, time for with-
drawal being the measure of the nociception.

Loperamide formulations were administered in the dose of
7 mg/kg into the tail vein. The following formulations were used:
(1) loperamide bound to non-coated PLGA/PVA nanoparticles
(Lop-PLGA/PVA); (2) loperamide bound to PLGA/PVA nanoparticles
coated with polysorbate 80 (Lop-PLGA/PVA+Ps80); (3) loperamide
bound to PLGA/PVA nanoparticles coated with poloxamer 188
(Lop-PLGA/PVA+P188); (4) loperamide bound to PLGA/HSA nano-
particles coated with poloxamer 188 (Lop-PLGA/HSA+P188); (5)
loperamide bound to PLGA/HSA nanoparticles coated with polysor-
bate 80 (Lop-PLGA/HSA+Ps80); (6) loperamide solution in 2.6%
aqueous ethanol (Lop); and (7) loperamide solution in 1% polox-
amer 188 (Lop+P188).

For surfactant coating, the freeze-dried nanoparticle formula-
tions were redispersed in a 1% surfactant solution in water and
incubated for 30 min at ambient temperature. The concentration
of loperamide in the injection solutions was 0.7 mg/ml.

The analgesic effect of the loperamide formulations was
measured using the tail-flick analgesia meter (Ugo Basile, Italy).
To prevent injuries, the test was automatically truncated after
10 s (cut-off time). The response time for each animal was mea-
sured before (=pre-drug latency) and 15, 30, 60, 90, 120, and
180 min after dosing (=post-drug latency). The maximal possible
effect (% MPE) was calculated using the following equation:

Post-drug latency — pre-druglatency

7 MPE = =& t-off time — pre-drug latency

x 100%

2.5. Statistical analysis

The statistical significance of the differences of the mean values
was tested using the t-test in EXCEL. The data are presented as
mean * sd. A p value of less than 0.05 was considered to be statis-
tically significant.

3. Results
3.1. Nanoparticulate formulations

The PLGA nanoparticles were prepared by a multistep emulsifi-
cation-solvent evaporation technique. Two different stabilizers
were used in this study, polyvinylalcohol (PVA) and human serum
albumin (HSA). PVA by far has been the most commonly used sur-
factant in PLGA micro/nanoparticle formulations displaying a high
affinity to these nanoparticles and yielding an excellent stability
against aggregation [20]. However, due to safety issues, PVA may
not be the optimal choice for parenteral formulations. For this
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reason, HSA, an undoubtedly safe surfactant, also was used for the
nanoparticle preparation.

Due to different physicochemical properties of doxorubicin
hydrochloride and of loperamide, i.e. the first is fairly soluble in
water [21], while the solubility of the latter is only 2 pg/ml [22],
various modifications of the technique were employed for the
loading of these drugs in the nanoparticles. The modified tech-
niques were established in preliminary experiments and proved
to enable an efficient encapsulation.

The loperamide-loaded nanoparticles were prepared by a stan-
dard procedure where both, the drug and the polymer, were pres-
ent in the organic phase. For encapsulation of doxorubicin in the
PVA-stabilized nanoparticles, the double emulsion (w/o/w) tech-
nique was used. As shown by preliminary experiments, at the ini-
tial drug-to-polymer ratio of 1:20, (wt./wt.) this technique allowed
the increase in loading of doxorubicin to 70-75% versus 40-50%
obtained by employment of a simple o/w emulsion (data not
shown). In the case of the HSA-stabilized nanoparticles, PBS (pH
7.2) was used as an external phase instead of water. The lower sol-
ubility of doxorubicin in PBS facilitated its distribution into the or-
ganic phase, thus contributing to the efficacy of the encapsulation.
This method indeed allowed an over twofold increase of doxorubi-
cin encapsulation compared to using water as the external phase
(>90% versus 30-40%, data not shown).

The physicochemical parameters of the drug-loaded nanoparti-
cles are listed in Table 1. It can be seen that all procedures enabled
an efficient drug loading, which in the case of Dox-PLGA/HSA al-
most reached 100%. The size of the particles stabilized with HSA
was higher, when compared to PVA. Coating of the nanoparticles
with the surfactants did not influence their size or zeta-potential.
All formulations were stable upon freeze-drying.

The kinetics of doxorubicin release from PLGA nanoparticles in
water is shown in Fig. 1. Both formulations displayed similar
biphasic release profiles with a considerable burst release effect.
Indeed, after 1 h, the percentage of free drug reached 60% (Dox-
PLGA/PVA) or 40% (Dox-PLGA/HSA). The higher concentration in
the case of Dox-PLGA/PVA at this time obviously is explainable
by the fact that this formulation initially contained 25% of unbound
drug. During the steady-state phase, the drug concentration was
slightly increasing. After 24 h, approximately 25% of doxorubicin
was still bound to the nanoparticles, which correlates with the re-
sults of Birnbaum et al. [20].

3.2. Chemotherapy of brain tumour using doxorubicin formulations

The orthotopic 101/8 rat glioblastoma model and the treatment
regimen used in this experiment have proved to be adequate
experimental modalities for the evaluation of the anti-tumour effi-
cacy of the nanoparticle-based formulations of doxorubicin
[8,10,23]. As mentioned earlier, the previous studies demonstrated
that the key factor of the efficient chemotherapy of 101/8 glioblas-
toma using doxorubicin bound to PBCA nanoparticles is the coating
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Fig. 1. In vitro release of doxorubicin from PLGA nanoparticles prepared using
polyvinylalcohol (Dox-PLGA/PVA) or human serum albumin (Dox-PLGA/HSA) as
stabilizers (n = 3).

of their surface with the appropriate surfactants - polysorbate 80
or poloxamer 188. Accordingly, in the present study, the influence
of these surfactants on the anti-tumour effect of the PLGA-based
formulations was analyzed in the same brain tumour model. Addi-
tionally, the influence of another formulation parameter, such as
the type of stabilizer, was investigated.

As shown in Fig. 2, all formulations extended the survival times
of the tumour-bearing animals when compared to control. Dox-
PLGA/PVA+P188 was most effective: a long-term remission
(>100 days without tumour) was observed in 40% (4/10) of the ani-
mals treated with this formulation. Dox-PLGA/HSA+P188 also
exhibited a high anti-tumour effect and produced long-term remis-
sion in 25% (3/12) of the animals, this effect being comparable to
that of the doxorubicin formulations based on PBCA nanoparticles
coated with poloxamer 188 or polysorbate 80 that also produced
over 20% of long-term survivors in this model [8-10]. Coating of
the PLGA/PVA nanoparticles with polysorbate 80 was not as effec-
tive: this formulation yielded only one single long-term survivor;
all other animals died before day 40. Necropsy of the long-term
survivors performed 100 days post tumour implantation revealed
no signs of tumour growth. The efficacy of uncoated nanoparticles
(Dox-PLGA/PVA and Dox-PLGA/HSA) was similar to that of doxoru-
bicin in solution (Dox): only single animals in these groups sur-
vived after day 30, and all of these animals died between days 33
and 65.

3.3. Antinociceptive effect of loperamide formulations

The purpose of this study also was to investigate the influence
of the stabilizer and the surfactant coating on the ability of the
nanoparticle-bound loperamide to induce the antinociceptive

Table 1
Physicochemical parameters of the drug-loaded PLGA nanoparticles.
Formulation  Drug: polymer Size (nm)/polydispersity Zeta-potential (mV) Loading
et Before After coating with After coating with Before After coating with After coating with &
coating P188 Ps80 coating P188 Ps80
Dox-PLGA/ 1:20 238.6/0.125 243.4/0.211 239.9/0.187 +11.8 +6.0 +8.2 75
PVA
Dox-PLGA/ 1:20 401.7/0.302  408.6/0.289 412.0/0.311 +9.5 +8.1 +16.2 97
HSA
Lop-PLGA/ 1:10 177.7/0.286  168.5/0.346 166.9/0.266 -11.4 -17.9 -25.0 77
PVA
Lop-PLGA/ 1:10 288.9/0.047 287.7/0.077 292.4/0.092 -11.9 -17.5 -18.9 82

HSA
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—a— Dox-PLGA/PVA
—a— Dox-PLGA/PVA+P188
—e— Dox-PLGA/PVA+Ps80
—=a— Dox-PLGA/HSA
—o— Dox-PLGA/HSA+P188
---x-- Dox

------- Control

Surviving animals [%]

Days post tumour implantation

Fig. 2. Kaplan-Meier survival plot of rats with intracranially transplanted 101/8
glioblastoma after i.v. administration of doxorubicin formulations (n=10-12):
doxorubicin loaded in uncoated poly(lactide-co-glycolide) (PLGA) nanoparticles
stabilized with PVA (Dox-PLGA/PVA); doxorubicin loaded in PLGA nanoparticles
stabilized with PVA and coated with poloxamer 188 (Dox-PLGA/PVA+P188);
doxorubicin loaded in PLGA nanoparticles stabilized with PVA and coated with
polysorbate 80 (Dox-PLGA/PVA+Ps80); doxorubicin loaded in uncoated PLGA
nanoparticles stabilized with HSA (Dox-PLGA/HSA); doxorubicin loaded in PLGA
nanoparticles stabilized with HSA and coated with poloxamer 188 (Dox-PLGA/
HSA+P188); and doxorubicin in aqueous solution (Dox), untreated animals
(control).

(analgesic) effect, which would be indicative of its ability to reach
the CNS. Antinociception produced by the intravenous injection of
the different formulations of loperamide was tested using the tail-
flick test, as described by Hekmatara et al. [13]. The antinociceptive
effects of the formulations measured as percentage of a maximal
possible effect (% MPE) are presented in Figs. 3 and 4. The experi-
ment was performed in two steps: the first experiment was fo-
cused on the evaluation of the influence that poloxamer 188
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—a&— Lop-PLGA/HSA+P188 e Lop-PBCA+P188

—-% --Lop+P188 = e P— 1% P188

Fig. 3. Antinociceptive effects of loperamide formulations determined by the tail-
flick test after i.v. injection (7.0 mg/kg) in female ICR (CD1) mice (n=10):
loperamide bound to non-coated (Lop-PLGA/PVA) or poloxamer 188-coated (Lop-
PLGA/PVA+P188) poly(lactide-co-glycolide) (PLGA) nanoparticles stabilized by PVA;
loperamide bound to poloxamer 188-coated PLGA nanoparticles stabilized by HSA
(Lop-PLGA/HSA+P188); loperamide in 1% poloxamer 188 solution (Lop+P188); and
blank 1% solution of poloxamer 188. Loperamide bound to PBCA nanoparticles
coated with polysorbate 80 (Lop-PBCA+Ps80) is shown as a reference formulation
(data from [13]).
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_105 120
Time, min

8= Lop-PLGA/PVA+Ps80 —-o- - Lop-PLGA/PVA+P188
N Lop-PLGA/HSA+Ps80 A Lop-PLGA/HSA+P188
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Fig. 4. Antinociceptive effects of loperamide formulations determined by the tail-
flick test after i.v. injection (7.0 mg/kg) in female Balb/c mice (n = 10): loperamide
bound to poloxamer 188-coated (Lop-PLGA/PVA+P188) or polysorbate 80-coated
(Lop-PLGA/PVA+Ps80) poly(lactide-co-glycolide) (PLGA) nanoparticles stabilized by
PVA; loperamide bound to poloxamer 188-coated (Lop-PLGA/HSA+P188) or poly-
sorbate 80-coated (Lop-PLGA/HSA+Ps80) nanoparticles stabilized by HSA; and
loperamide in ethanolic solution (Lop).

might exert on the different formulations of loperamide (Fig. 3).
In the second experiment, the influence of different surfactants
and stabilizers was compared (Fig. 4).

It can be seen that the most pronounced nociceptive effect in
both experiments was achieved by loperamide bound to PLGA/
PVA nanoparticles coated with poloxamer 188. The effect produced
by this formulation reached its maximum of 80% MPE 15 min after
injection, then slightly decreased to 70% and was maintained at
this level for at least 60 min; the effect was still measurable after
120 min (Figs. 3 and 4). The polysorbate 80-coated PLGA/PVA
nanoparticles also produced a considerable but less prolonged
analgesic effect that exceeded 80% after 15 min. However, after
60 min, it declined to 40% (Fig. 4). Thus Lop-PLGA/PVA+Ps80 dis-
played the pharmacodynamic profile that was similar to that of
Lop-PBCA+Ps80 shown in Fig. 3 as a reference formulation. The ef-
fect of Lop-PLGA/HSA+P188 reached ~50% MPE after 30 min and
remained at the level of 40-50% for 90 min (Figs. 3 and 4). Analge-
sia produced by PLGA/HSA nanoparticles coated with Ps 80 was
visibly lower (30-40% MPE). The same effect was produced by
the uncoated PLGA/PVA nanoparticles. In general, the influence of
the surfactants on the performance of the HSA-stabilized particles
was less pronounced, when compared to the particles stabilized by
PVA. The antinociceptive effect in mice was associated with certain
behavioral changes that are typical for opiates such as the Straub
effect and periods of hyperactivity followed by akinesia. These
observations are indicative of the central action produced by the
nanoparticle-bound loperamide.

Loperamide in solution of 1% poloxamer 188 induced only mar-
ginal effects. The solution of loperamide in aqueous ethanol, as
well as the blank 1% solution of poloxamer 188, was ineffective.
After 60 min, the evaluation of these groups was truncated to avoid
unnecessary stress to the animals.

4. Discussion

As mentioned earlier, the objective of the present study was to
investigate the ability of surfactant-coated PLGA nanoparticles to
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deliver drugs to the brain. The two model drugs chosen for this
study, doxorubicin and loperamide, are P-gp substrates, and, there-
fore, their concentrations in the brain after intravenous injection
normally do not reach levels that are sufficient for the induction
of considerable pharmacological effects [24]. Hence, the observed
pharmacological effects produced by the nanoparticulate formula-
tions of these drugs in the brain, i.e. the high anti-tumour effect
against the intracranial glioblastoma in the case of doxorubicin
(Fig. 2) and the considerable analgesia in the case of loperamide
(Figs. 3 and 4), provide evidence that with the help of the coated
nanoparticles both drugs could successfully traverse the BBB. The
pronounced manifestation of these pharmacological effects also
implies that the concentrations of these drugs in the brain reached
therapeutically significant levels.

The experimental results additionally reveal the influence of the
formulation parameters on the efficacy of brain delivery and the
conformity in these parameters between drugs with different
physicochemical properties, i.e. doxorubicin and loperamide. In
both cases, the most pronounced effects were achieved by binding
of these drugs to PVA-stabilized PLGA nanoparticles coated with
poloxamer 188. This carrier type enabled the highest anti-tumour
effect of doxorubicin against intracranial glioblastoma manifested
as long-term remission (tumour-free period) in 40% animals.
Accordingly, loperamide bound to PLGA/PVA nanoparticles coated
with poloxamer 188 also yielded the most pronounced and long-
lasting antinociceptive effect. Considerable, although slightly lower
effects also were produced by the HSA-stabilized nanoparticles
coated with poloxamer 188. The polysorbate 80-coated PLGA/
PVA nanoparticles were in general less effective. In the group trea-
ted with Dox-PLGA/PVA+Ps80, a long-term remission was achieved
only in 1/10 animals. However, loperamide bound to PLGA/
PVA+Ps80 still induced a considerable, though short-acting analge-
sia. In contrast, the uncoated nanoparticles induced almost no
effects.

In order to investigate a possible correlation between PLGA and
PBCA nanoparticles, the design of the present study was similar to
previous experiments, employing the same drugs, the same animal
models, and even the same surfactants. The correlation was indeed
found: both surfactants, poloxamer 188 and polysorbate 80, en-
abled brain delivery for both types of the nanoparticles, whereas
uncoated particles were ineffective. However, the efficacy of sur-
factants varied depending on the particle type. In the case of the
PBCA nanoparticles, both surfactants enabled similarly pro-
nounced pharmacological effects with loperamide [13,25] as well
as with doxorubicin [8,10], i.e. similarly effective brain delivery.
In particular, the concentration of doxorubicin delivered to the
brain by the PBCA nanoparticles coated with polysorbate 80
reached the very high concentration of 6 pg/g tissue, whereas the
concentration of free doxorubicin in the brain remained below
the detection limit of 0.1 pg/ml [26]. At the same time, polysorbate
80, when used for the coating of the PLGA particles, appeared to be
less effective when compared to poloxamer 188. It is also notewor-
thy that in the case of loperamide, the effect of the PLGA-based for-
mulation was considerably prolonged compared to the PBCA
nanoparticles [13], which is probably explained by a faster degra-
dation of the latter.

As described by Tosi et al. [18], a nociceptive effect of lopera-
mide also was achieved by binding the drug to the PLGA nanopar-
ticles modified by an analogue of synthetic opioid peptides, which
enabled penetration of these particles into the brain. Although the
direct comparison of the results obtained by Tosi et al. with the re-
sults of the present study is not possible due to unlike experimen-
tal conditions, the difference between the pharmacodynamic
profiles and, especially, the different onsets of the nociceptive ef-
fect suggest that the surfactant-coated and the vectorized nano-
particles may access the CNS by different mechanisms.

Finally, the conformity of the efficacy data obtained for two
drugs with different types of pharmacological action and different
physicochemical properties indicates that the surfactant-coated
PLGA nanoparticles are an efficient carrier suitable for delivery of
various agents across the BBB.

Furthermore, it is now well known that the body distribution of
the intravenously administered nanoparticles and, in particular,
their ability to reach the brain is governed by the protein adsorp-
tion pattern, where the latter depends on the surface properties
of the particles. In concert with this statement and the observa-
tions made previously [9,10], the results of this study demonstrate
that the efficacy of brain delivery by nanoparticles is influenced not
only by the coating surfactants but also by other constituents of
the particles such as the core polymer, drug, and stabilizer, which
are exposed on the surface and can alter its properties.

5. Conclusion

This is the first study showing that coating of drug-loaded PLGA
nanoparticles with pharmaceutical surfactants such as poloxamer
188 and polysorbate 80 enables the delivery of drugs into the
brain. The pronounced pharmacological effects of the two model
drugs in the brain enabled by the nanoparticulate formulations
clearly indicated that therapeutic amounts of the drugs were deliv-
ered to the sites of action within the CNS, thus suggesting high effi-
ciency of this carrier for brain delivery.
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