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Introduction

Abstract

Objectives Carvedilol (CAR) is a poorly water-soluble beta-blocker. Its encapsu-
lation within nanomicelles (NMs) could improve drug solubility and its oral
bioavailability, allowing the development of a paediatric liquid CAR formulation
with commercially available copolymers: D-a-tocopheryl polyethylene glycol
1000 succinate (TPGS) and poly(vinyl caprolactam)-poly(vinyl acetate)-poly
(ethylene glycol) (Soluplus®).

Methods Drug-loaded NMs were prepared by copolymer and CAR dispersion in
distilled water. Micellar size and morphology were characterized by dynamic light
scattering and transmission electron microscopy, respectively. In-vitro drug per-
meation studies were evaluated by conventional gut sac method. In-vivo CAR
oral bioavailability from NMs dispersions and drug control solution was evalu-
ated in Wistar rats.

Key findings Carvedilol apparent aqueous solubility was increased (up to 60.4-
folds) after its encapsulation within NMs. The micellar size was ranged between
10.9 and 81.9 nm with a monomodal size distribution. There was a significant
enhancement of CAR relative oral bioavailability for both copolymers vs a
micelle-free drug solution (P < 0.05). This improvement was higher for TPGS-
based micelles (4.95-fold) in accordance with the in-vitro CAR permeation
results.

Conclusions The present investigation demonstrates the development of highly
concentrated CAR liquid micellar formulation. The improvement on drug oral
bioavailability contributes to the potential of this NMs formulation to enhance
CAR paediatric treatment.

paediatric field, studies have shown that the oral adminis-
tration of CAR to the heart failure standard therapy
denoted an enhancement on ventricular function, being

According to the World Health Organization (WHO),
cardiovascular diseases remain as the first cause of death
worldwide (31% of global deaths).[ Particularly, for heart
failure treatment in adults and children, a nonselective
beta-adrenergic blocker with vasodilating properties as car-
vedilol (CAR) has been employed. It has been reported a
reduction on morbility and mortality in adults and better
tolerability compared with other beta-blockers.>*! On

these studies of clinical relevance due to the lack of clinical
reports employing beta-blockers in children and the data
extrapolation from clinical trials in adults.'*°! Further,
CAR is also employed in paediatric hypertension treat-
ment.!”!

In terms of paediatric pharmacotherapy, children thera-

peutics needs (e.g. pharmacokinetics parameters,
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administration routes and even taste preferences) are differ-
ent from those of adults.®! Unfortunately, many drugs
employed in children are ‘off label’ or ‘unlicensed’
(30-90%).1°! Thereafter, medicines should be adapted for
children size, an initiative promoted by WHO.!!
Paediatric treatment outcomes depend on formulation
acceptance, taking into account that children (<5 years
old) are unable to swallow solid formulations as capsules or
tablets. Therefore, the development of oral liquid formula-
tions as solutions, suspension, syrups and powder/granules
for reconstitution becomes an excellent strategy to improve
the dose-per-weight adjustment in children.""'?! In this
framework, CAR (class II drug according to the BCS) pre-
sents a (bio)pharmaceutical limitation considering that its
poorly water solubility (10 pg/ml, 25°C)!"*! makes more
difficult the development of liquid paediatric formulations.
Moreover, the only CAR commercial formulation is a solid
dosage form (3.125-50 mg, oral tablets).

Nanotechnology represents an attractive alternative for
the development of liquid formulations to overcome the
(bio)pharmaceutical limitations of hydrophobic/unstable
drugs."" For instance, nano-sized micelles, also known as
nanomicelles (NMs), have been studied for encapsulation
of water-poorly soluble/unstable drugs.!">'®"  Different
studies have focused on the development of novel micelle-
based paediatric formulations.'!” 2!

A variety of biomaterials have been evaluated to obtain
micellar dispersions. For instance, amphiphilic triblock
copolymers composed of poly(ethylene glycol)-poly(propy-
lene oxide)-poly(ethylene glycol) represent well-investi-
gated micelle-forming biomaterials.”?!)  Among these
derivatives, poloxamer 407 or Pluronic® F127 (F127) is a
commercially available copolymer approved by the Food
and Drug Administration (FDA) as an inactive ingredi-
ent.?*?*! Different F127-based NMs have been explored
where special focus was made on paediatric antiretroviral
therapy improvement.!**!

Recently, a water-soluble form of the natural vitamin E
known as D-o-tocopheryl polyethylene glycol 1000 succi-
nate (TPGS) has been on the spot as an excellent pharma-
ceutical excipient.?**! It is a commercially available
biomaterial which has been approved by the FDA as a gen-
erally regarded as safe (GRAS)-listed oral supplement. Due
to its amphiphilic nature, TPGS micelles (alone or mixed
with other biomaterials) have been developed to encapsu-
late hydrophobic drugs.!**"!

Other novel micelle-forming biomaterial is represented
by the graft copolymer of poly(vinyl caprolactam)-poly
(vinyl acetate)-poly(ethylene glycol) denoted as Soluplus®.
This is a biomaterial recently investigated for the develop-
ment of both polymeric micelles and solid dispersions
(even employing CAR) where its low critical micellar con-
centration value provides high micellar stability under
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dilution.”'**!" Also, Soluplus® improved the intestinal
absorption of various drugs and reduce the activity of the
P-glycoprotein.**7!

Further, a nanotechnological strategy as the development
of NMs colloidal dispersions based on a variety of poly-
meric biomaterials could overcome the CAR (bio)pharma-
ceutical limitations. Surprisingly, only a few studies have
been focused on the development of nano-sized CAR liquid
formulations. For instance, a CAR nanosuspension for oral
administration and a micellar CAR formulation based on
noncommercially available copolymers for intranasal
administration have been explored.'"**!

In this context, the novelty of our investigation is
focused on the development of a novel liquid oral CAR
micellar dispersion employing FDA approved-biomaterials,
to get a CAR concentration of clinical relevance, according
to the drug paediatric dose for heart failure (0.3-0.7 mg/kg
per day) and hypertension (0.1-0.5 mg/kg per day).!”) Spe-
cial focus was made on the development of a simply and
highly concentrated CAR oral liquid formulation without
the addition of commonly pharmaceutical additives such as
propylene glycol as an attempt of avoiding middle- to long-
term side effect in children.!>'?!

Materials and Methods

Materials

Carvedilol (CAR) was provided by Parafarm® (Argentina).
D-a-tocopheryl polyethylene glycol 1000 succinate (TPGS)
was supplied by Eastman Chemical Company (Kingsport,
Tennessee, USA). Poly (vinyl caprolactam)-poly(vinyl acet-
ate)-poly(ethylene glycol) (Soluplus®) and Pluronic F127
were donated by BASF (CABA, Argentina). Solvents of
analytical or HPLC grade were used as received.

Preparation of NMs

NMs (1-10% w/v) were prepared by dissolving the appro-
priated amount of polymer (TPGS, F127 and Soluplus®) in
distilled water under magnetic stirring (100 rpm, 25°C).
Samples were equilibrated (24 h, 25°C) before use.

Preparation and characterization of CAR-
loaded NMs

A CAR excess was added to the micellar dispersions (1, 3, 5,
7 and 10% w/v) under magnetic stirring (100 rpm) over
48 h. Samples were filtered (0.45-um cellulose nitrate
membranes; Sartorius Stedim Biotech GmbH, Goettingen,
Germany), and aliquots (10-1000 pl) were diluted with
methanol (10 ml). CAR concentration was determined by
UV-visible spectrophotometry (A: 241 nm, 25°C, UV-260,
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UV-visible Recorder Spectrophotometer, Shimadzu,
Japan). Drug-free micellar dispersions were used as blanks.
The linearity range was established between 0.0016 and
0.02 mg/ml (R* 0.9998). CAR solubility factors (f,) were
calculated according to the equation:

== (1)

where S, and S; are the apparent solubility of CAR in the
NMs dispersions and the intrinsic aqueous drug solubility
at pH 52 and 7.0. Results were assessed by tripli-
cate & SD.

Size and size distribution (polydispersity index, PDI) of
CAR-loaded (1 mg/ml) NMs (5% w/v) were determined by
dynamic light scattering (DLS, scattering angle of 6 = 173°
to the incident beam, Zetasizer Nano-Zs; Malvern Instru-
ments, Worcestershire, UK) at 25°C. Samples were equili-
brated for 5 min at 25°C before measurements. Results
were expressed as the average of five measurements (£SD).

The morphology of the CAR-loaded (1 mg/ml) NMs
(5% w/v) was characterized by transmission electron
microscopy (TEM, Philips CM-12 TEM apparatus; FEI
Company, Eindhoven, The Netherlands). Aliquots (5 ul)
were placed onto a grid and covered with Formvar film.
They were negatively stained with 5 pl of phosphotungstic
acid solution (1% w/v), washed with distilled water and
dried in a silica gel container.

Finally, drug-loaded (1 mg/ml, 50 pl) micellar disper-
sions (5% w/v, TPGS and Soluplus®) were collected at 0, 7,
14, 21 and 28 days, and they were diluted to 10 ml with
methanol in a volumetric flask. Then, the percentage of
CAR (CAR %) in solution was determined by UV-visible
spectrophotometry (A: 241 nm) as previously described.
CAR-free micellar dispersions were used as blanks. Results
were assessed by triplicate £ SD.

In-vitro permeation studies

In-vitro CAR permeation profiles were evaluated by an
adapted conventional gut sac method.® The main objec-
tive of this assay was the drug permeation comparison
between NMs formulations. Briefly, bovine duodenum was
divided into pieces (6 cm each), washed with normal saline
solution (NaCl 0.9% w/v) and maintained into NaCl 0.9%
w/v until use. CAR (1 mg/ml, 2 ml) micellar formulations
(5% w/v, TPGS and Soluplus®) prepared in distilled water
(pH 7.0 for TPGS NMs and pH 5.2 for Soluplus NMs) were
placed inside the intestine, and each sac piece was kept into
the external media (phosphate buffer pH 6.8 USP 30,
25 ml, 37°C) in addition to polysorbate 80 (0.5% w/v). At
different time points (1, 2 and 3 h), external media was
completely replaced by the same amount of fresh media
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(37°C). CAR concentration was assessed by RP-HPLC.[!
The analytical method consisted in a Spherisorb ODS
column 5 pm, C18, 250 x 4.6 mm (Waters Spherisorb,
Wexford, Ireland) and a mobile phase (distilled water:
acetonitrile: triethanolamine, 55:45:0.2 v/v), adjusted to pH
3.0 with phosphoric acid. Detection was performed using a
fluorescence detector (FL-3000, excitation (238 nm) and
emission (350 nm) wavelengths; Thermo Finnigan,
Villebon-sur-Yvette, France). Drug retention time was
6.4 min, the flow rate was 1 ml/min and the linearity range
was 2-2000 ng/ml. Results were assessed by triplicate £+ SD.

Oral pharmacokinetics

Plasma CAR concentration vs time profiles after drug oral
administration was investigated in fasted (12 h) male
Wistar rats (300-350 g). Animal experiments and animal
care were approved by the Animal Care Committee of
School of Pharmacy of the University of Buenos Aires
(EXP-UBA N°0062949/2015) and were in line with the
published Guide for the Care and Use of Laboratory Ani-
mals (NIH, 8° Ed., 2011). Animals were maintained on a
12-h light/dark routine (22 £ 2°C) receiving standard
rodent diet (69% starch, 20% proteins, 6% minerals, 3%
fat, 2% fibre (w/w), vitamin supplements, Asociacién
Cooperativas Argentinas, San Nicolas, Argentina).

Animals were divided into three groups (n = 6) and
CAR (1 mg/ml, 200 mg/kg) formulations (polymer con-
centration 5% w/v) evaluated were (i) drug-loaded TPGS
micelles, (ii) CAR-loaded Soluplus® micelles and (iii) a
micelle-free CAR solution (prepared as previously
described).!*!) Formulations were orally administered by
gavage, and blood aliquots (70 pl) were collected from the
tail vein at different time points (5, 10, 15, 30, 60, 90, 120,
180, 240 and 300 min). Then, aliquots were centrifugated
(10,000 rpm, 10 min, 4°C), the supernatants (40 pl) were
deproteinized with acetonitrile (55 pl) and zinc sulphate
solution 10% w/v (10 pl) and they were centrifuged (13,000
rpm, 2 min, 4°C). Drug concentration was determined
by RP-HPLC as previously described (Section ‘In-vitro
permeation studies’).

Finally, the oral pharmacokinetic parameters: (i) the
maximum plasma concentration (Cp,y), (ii) the time to
the maximum plasma concentration (f,.x), (iii) the area-
under-the-curve between the administration time and 2 h
(AUCy,), (iv) the area-under-the-curve between the
administration time and infinity (AUCy_co) and half-life of
elimination (t;,) were estimated by noncompartmental
analysis of CAR plasma concentrations profiles using TOP-
FIT 2.0 program (Dr Karl Thomae Gmbh, Schering AG,
Germany). Results were log transformed for statistical
analysis.
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Drug relative bioavailability (Fr %) after oral administra-
tion of CAR-loaded NMs and drug control solution was
calculated according to the equation:

AUC

where AUCnps and AUC,,; are the AUC) oo of NMs dis-
persion and control solution, respectively.

x 100 ()

Statistical analysis

Statistical analysis was performed using the analysis of vari-
ance ANOVA (Kruskal-Wallis) test. Then, it was evaluated
with post hoc, that is Dunn’s test, by considering probabil-
ity value (P value) <0.05 as significant (GraphPad Prism
version 5.02 for Windows® San Diego, CA, USA).

Results

Drug encapsulation within NMs

Carvedilol encapsulation within NMs-based on different
commercially available biomaterials represents one of the
main objectives of the present investigation.

First of all, we determined the drug S; values at pH values
of 5.2 and 7.0. Results showed that the CAR S; values were
1.15 and 0.05 mg/ml at pH 5.2 and 7.0, respectively. There-
after, these S; values were used to calculate each f; according
to the polymer employed (Table 1).

In second place, we investigated the NMs capacity to
encapsulate the hydrophobic CAR. Each polymer (F127,
TPGS and Soluplus®) was employed between 1 and 10%
w/v to obtain the aqueous micellar dispersions. Then,
after CAR encapsulation, clear dispersions were observed
where the S, and f; values are summarized in Table 1.
There was an increase in CAR S, values as the polymer
concentration increases from 1 to 10% w/v. For instance,
it was observed a sharp increase in CAR aqueous solubil-
ity (up to 6.57 mg/ml) for Soluplus® NMs at 10% w/v
(pH 5.2). Then, the S, values observed for TPGS and
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F127 (at the same polymer concentration) were 3.02 and
0.63 mg/ml (pH 7), respectively (Table 1).

Interestingly, the S, values observed for each biomaterial
were statistically different (P < 0.05) at every polymer con-
centration assayed. Moreover, the lowest S, values were
observed for F127 NMs dispersions (Table 1). For example,
at a polymer concentration of 5% w/v, the S, values
observed for Soluplus®, TPGS and F127 micelles were 3.68,
1.35 and 0.10 mg/ml, respectively. A similar trend was
observed for the other concentrations assayed (Table 1).

Taking into account the f values, the highest increment
on drug solubility was observed for TPGS-based NMs.
Indeed, the f; value obtained for a polymer concentration
of 10% w/v was 60.4 in comparison with its counterparts
Soluplus® and F127 where the f; values observed were 5.7
and 12.6, respectively (Table 1). Further, with a polymer
concentration of 1% w/v, CAR was encapsulated within
TPGS micelles (0.29 mg/ml, f;: 5.8); however, no drug
encapsulation was observed for Soluplus® and F127
micelles as the S, values for both biomaterials were lower
than the §; values at pH 5.2 and 7.0 (Table 1).

As the CAR concentration of 1 mg/ml exhibits clinical rel-
evance (according to the dose-per-weight adjustment), this
concentration was obtained employing at least a polymer
(TPGS) concentration of 5% w/v (Table 1). Thereafter, this
biomaterial concentration was chosen for further studies.

Characterization of CAR-loaded NMs

Micellar size and morphology

The Dh and size distribution (PDI) of the CAR (1 mg/ml)-
loaded NMs (5% w/v) were characterized by DLS. Results
showed that the polymeric micelles within the hydrophobic
drug were in the nanoscale range. For TPGS-based NMs, it
was observed a monomodal size distribution with a Dh
value of 10.9 & 0.8 nm (PDI: 0.123). Following a similar
trend, Soluplus®-based NMs demonstrated a Dh value of
81.9 + 5.6 nm along with an unimodal size distribution
(PDI: 0.232).

Table 1 CAR apparent solubility (S,) and solubility factors (f) for NMs dispersions employing three biomaterials in distilled water at 25°C. Data

represent mean =+ standard deviation (SD), n = 3

Polymer concentration

Soluplus®

TPGS

F127

(% W) S, (mg/ml) (£SD) f2 S, (mg/ml) (£SD) e S, (mg/ml) (+SD) e
1 0.66 (0.08) 0.6 0.29 (0.04) 5.8 0.01 (0.01) 0.2
3 1.28(0.19) 1.1 0.83 (0.09) 16.6 0.04 (0.01) 0.8
5 3.68 (0.10) 3.2 1.35(0.17) 27.0 0.10 (0.01) 2.0
7 4.12(0.18) 36 1.97 (0.14) 39.4 0.22 (0.02) 4.4
10 6.57 (0.31) 5.7 3.02 (0.42) 60.4 0.63 (0.02) 12.6

CAR, carvedilol; NMs, nanomicelles. *Calculated based on S; value of 1.15 mg/ml (pH 5.2). bCalculated based on S; value of 0.05 mg/ml (pH 7.0).
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547



Carvedilol pediatric formulation

Furthermore, the morphology of the CAR-loaded NMs
dispersion was evaluated by TEM as shown in Figure 1. For
TPGS NMs, it was observed a spherical morphology with
only one size population (Figure la). As opposite, for
Soluplus® NMs, rod-shaped micelles were visualized
(Figure 1b).

In-vitro physical NMs stability

To evaluate micelle physical stability in aqueous media,
CAR-loaded (1 mg/ml) NMs (5% w/v) were prepared as
described in Section ‘Preparation and characterization of
CAR-loaded NMs’, stored at room temperature and the
drug percentage (%) was determined at different time
points. Data demonstrated that micellar formulations
remain stable up to 28 days, for both copolymers, where
the CAR content was 104.7 and 108.3% for TPGS and Solu-
plus®-based NMs, respectively (Figure 2). Further, no drug
precipitation was observed.

In-vitro CAR permeation

The in-vitro drug permeation through a biological mem-
brane was assessed employing bovine duodenum at differ-
ent time points (1, 2 and 3 h). As it is shown in Figure 3,
the amount of CAR permeated from TPGS NMs was
2.43 pg over 1 h. Then, the drug permeation was decreased
where the drug amount permeated was 1.11 and 1.25 pg at
2 and 3 h, respectively. An opposite behaviour was
observed for Soluplus® NMs. In this case, it was observed
an increment on drug permeation over 3 h. For instance,
the amount of CAR permeated was 1.36 and 2.45 pg at 1
and 3 h, respectively, representing an increment of 1.8-fold
(Figure 3). It is worth stressing that the difference on drug
permeated was significant (P < 0.05) only at 3 h.

Oral pharmacokinetics

Carvedilol oral pharmacokinetic parameters were obtained
by noncompartmental analysis of plasma concentrations at
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different time points (Table 2). The pharmacokinetic pro-
files of the CAR plasma concentration vs time after oral
administration are represented in Figure 4. In-vivo data
showed that there was a significant increment (P < 0.05) in
the AUC,_, values for TPGS NMs in comparison with
Soluplus® NMs and the micelle-free CAR solution. Indeed,
the AUCy , values were 120.1, 61.3 and 40.6 ng/ml per
hour for TPGS NMs, Soluplus® NMs and micelle-free drug
solution, respectively. Further, the CAR relative oral
bioavailability ~encapsulated within TPGS NMs was
increased up to 4.95-fold (Table 2), being these results
clearly demonstrated in Figure 4. Conversely, there was
only a significant increase in the AUC, o values for TPGS
micellar dispersion in contrast to the micelle-free CAR
solution, as shown in Table 2.

A similar behaviour was observed with the C,,,, values,
where a significant increase (P < 0.05) was observed for
TPGS NMs (108.6 ng/ml) vs Soluplus® NMs (51.8 ng/ml)
and the micelle-free CAR solution (56.9 ng/ml) (Table 2).

For Soluplus® NMs, AUC, , and Cy,.y, Were not signifi-
cantly higher (P > 0.05) than those values obtained for the
micelle-free drug solution. However, it was observed an

M0d=7d@14d 521d 028d

140

120 1

100 -

80 1

% CAR

TPGS 5% Soluplus 5%

Figure 2 CAR percentage (%) in solution of drug-loaded NMs at
25°C over 28 days. Data represent mean =+ standard deviation (SD),
n = 3. CAR, carvedilol; NMs, nanomicelles. [Colour figure can be
viewed at wileyonlinelibrary.com]

Figure 1

TEM micrographs of CAR-loaded (1 mg/ml) NMs (5% w/v) based on (a) TPGS and (b) Soluplus®. CAR, carvedilol; NMs, nanomicelles.
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Figure 3 In-vitro permeation profiles of CAR-loaded (1 mg/ml) NMs

dispersions (5% w/v) of (a) TPGS and (b) Soluplus® at 37°C over 3 h.
Data represent mean =+ standard deviation (SD), n = 3. Receptor med-
ium was changed every hour. CAR, carvedilol; NMs, nanomicelles.

increment in CAR oral relative bioavailability of 2.55-fold.
Interestingly, the f,,,x value was higher (45 min) than that
observed for the micelle-free CAR solution and TPGS dis-
persion (10 min). A similar behaviour was observed for the
t1,, values (Table 2).

Discussion

One of the main goals of the present study was the develop-
ment of a novel oral CAR formulation employing commer-
cially available biomaterials with special focus on paediatric
field. Particularly, CAR presents a (bio)pharmaceutical lim-
itation due to its poorly aqueous solubility (10 pg/ml,
25°C),!"* which hampers liquid formulation development.
Our research group previously studied the stability of CAR
paediatric solutions and one suspension, employing phar-
maceutical additives including polyvinyl pyrrolidone,
propylene glycol, glycerine and sorbitol 70% w/v."*'! Fur-
ther, we aimed to develop a more simple CAR liquid for-
mulation in the absence of common pharmaceutical

Carvedilol pediatric formulation

Table 2 Pharmacokinetic parameters of CAR formulations (1 mg/ml)
administered orally. Results are expressed as mean + standard error
(SE), n=6

Pharmacokinetic Control

parameter TPGS NMs Soluplus® NMs  solution

t1/2 (min) 120.8 + 25.4 2025 £ 27.4* 78.1 + 164

AUCq_, (ng/ml 120.1 + 20.4* 61.3 + 14.1 40.6 + 6.9
per hour)

AUCy oo (Ng/ml 308.6 + 69.5* 159.1 + 46.6 62.3 + 15.1
per hour)

Crax (ng/ml) 108.6 + 16.7** 51.8 + 8.0 56.9 + 8.8

tmax (Min) 10.0 £ 19 45.0 + 149 10.1 £ 1.3

Fr (%) 495 255 100

AUC, area-under-the-curve between 0 and 2 h; AUC, area-under-the-
curve between 0 and oo; CAR, carvedilol; Cyax the maximum plasma
concentration; tnax the time to the maximum plasma concentration;
ti2, Half-life of elimination; Fr (%), relative bioavailability; NMs,
nanomicelle dispersion. *P < 0.05 vs Control solution, #P < 0.05 vs
Soluplus® micelles.

120
E —&— Control
® 100
= -=-TPGS NMs
_g 80 —&— Soluplus NMs
£
8 60
c
=}
o
s 40
o
S
o 20
19
<
2 0
0 60 120 180 240 300
Time (min)

Figure 4 CAR plasma concentrations upon oral administration of
drug control solution and CAR-loaded NMs. Results are expressed as
mean =+ standard error (SE) of the mean (n =6). CAR, carvedilol;
NMs, nanomicelles. [Colour figure can be viewed at wileyonlinelibrary.
com]

excipients, as an attempt to avoid middle- to long-term side
effects associated with these additives in children.!>!*#]

To obtain the NMs dispersions, we employed three dif-
ferent polymers (F127, TPGS and Soluplus®), which could
self-assemble in water to form polymeric micelles by simple
aqueous dissolution of the polymer without the incorpora-
tion of organic solvents. This represents a main advantage
on the development of a paediatric formulation as no traces
of any organic solvents could be expected.

Initially, CAR S; values were determined in different pH
media as CAR solubility at pH <5 and at pH 7.4 is
reported to change from 0.1 to 0.02 mg/ml in aqueous buf-
fer solutions, respec’[ively.[13 I Hence, CAR S; values were
determined at pH 5.2 (corresponding to the pH value of

© 2016 Royal Pharmaceutical Society, Journal of Pharmacy and Pharmacology, 69 (2017), pp. 544-553 549
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drug-loaded Soluplus® micellar dispersions) and 7.0 (cor-
responding to the pH value of drug-loaded TPGS and F127
micellar dispersions).

Secondly, CAR was efficiently encapsulated within NMs,
where the drug aqueous solubility was increased up to 60.4-
fold. Interestingly, after CAR encapsulation with NMs, it
was observed an increment in CAR aqueous solubility as
the polymer concentration was increased, probably due to
the incorporation of the hydrophobic drug within the
nanocarrier. *~*°!

These results suggest the interaction between CAR and
the NMs hydrophobic micellar core based on different
polymers. It has been demonstrated that drug encapsula-
tion within polymeric micelles strongly depends on the
micellar core nature. Indeed, the cohesive forces between
the drug and the polymer hydrophobic block could affect
not only the drug loading but also the drug release profile
from the micellar system.!*® In this study, results clearly
demonstrated that CAR could be efficiently encapsulated
by TPGS micelles, where the highest f; values were observed
at every polymer concentration assayed.

Although the highest S, values were observed for Solu-
plus® NMs, the f, values were lower than those for TPGS
micelles. These results could be related to the S; values
obtained for the different drug-loaded micellar disper-
sions where S; values for Soluplus® NMs were higher
(1.15 mg/ml, pH 5.2) than those observed for TPGS and
F127-based NMs (0.05 mg/ml, pH 7.0).

Finally, the f; values for F127 micellar dispersions were
also lower than those observed for TPGS, supporting the
idea that the drug interaction with the micellar core results
not as efficiently as with TPGS hydrophobic core. Similar
results were observed with paclitaxel (a hydrophobic anti-
neoplastic drug) and mixed micelles of TPGS and Solu-
plus®.2%)

Overall, CAR solubility enhancement obtained with
TPGS and Soluplus® NMs demonstrates paediatric clini-
cal relevance, taking into account the drug dose for heart
failure (0.3-0.7 mg/kg per day) and hypertension (0.1—
0.5 mg/kg per day) usually used in children.”} As our
NMs dispersions result in highly concentrated CAR, only
a little amount of micellar dispersion could be adminis-
tered. For instance, a 5-year-old child (~18 kg)"*”! would
require only between 1.8 and 12.6 ml of CAR formulation
(1 mg/ml), being in good accordance with the dose vol-
umes recommended according to the child age. Moreover,
these dose volumes could be easily oral administered
using currently available dosing devices as droppers, oral
syringes or moulded plastic medicines cups. Also, novel
‘child-friendly’ delivery systems as the Medibottle® (espe-
cially for newborn and infants) could enhance the delivery
of paediatric oral formulations.****! Moreover, our nan-
otechnological formulation avoids the employment of
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common cosolvents as propylene glycol, glycerine and
sorbitol. For further studies, we assayed CAR-loaded
(1 mg/ml) NMs dispersions based on Soluplus® and
TPGS at a polymer concentration of 5% w/v to get a drug
concentration clinically relevant and reduce the total
amount of biomaterial daily administered.

Another key parameter to be evaluated is the micellar
size and its distribution, as it has been demonstrated that
nano-sized carriers <300 nm could efficiently overcome
mucociliary clearance after an oral administration.””®! In
the present study, both CAR micellar formulations assayed
demonstrate Dh values lower than 300 nm which could
enhance the drug bioavailability after an oral administra-
tion. Moreover, to gain further insight into NMs morphol-
ogy, TEM analysis revealed that TPGS-based NMs were
spherical. This kind of morphology, for a block copolymer,
was expected as the length of the TPGS hydrophilic domain
is longer than its hydrophobic portion composed of vita-
min E succinate.”®"! By contrast, for Soluplus® NMs, a non-
spherical morphology was observed. In this case, this graft
copolymer exhibits a hydrophilic portion shorter than its
hydrophobic one, where other micellar morphologies,
rather than spherical, could be expected. Similar results
were observed for poly(acrylic acid)-graft-poly(propylene
oxide) amphiphilic copolymer.*?!

Further, for the development of a liquid formulation, the
physical stability of the colloidal system in aqueous media
over time represents a relevant parameter. Under regular
storage conditions, variations on the micellar critical con-
centration of the micelle-forming biomaterials could lead
to aggregation and CAR precipitation over time. In this
context, our nanotechnological platform exhibited excellent
in-vitro micellar stability for 28 days, regardless the bioma-
terial employed, where no drug precipitates were observed.

Special focus was made on the development of a micellar
dispersion with improved CAR oral bioavailability. It is
well-known that polymeric micelles are dynamic colloidal
systems, and their stability can be affected by different
physiological conditions. In-vivo data results are crucial to
estimate the real potential of polymeric micelles as drug
delivery systems. In this context, CAR showed an absolute
bioavailability after oral administration of only 20-24%
due to high degree of first-pass elimination.'*>*>**! Hence,
we aimed to develop a micellar CAR formulation with bet-
ter in-vivo performance than a drug formulation currently
employed on a paediatric hospital (Garrahan Pediatric
Hospital, Argentina).'*!) Then, the improvement on drug
oral bioavailability was related to the oral bioavailability of
the drug formulation currently employed in children (rela-
tive oral bioavailability). In-vivo data revealed that oral
pharmacokinetics of CAR encapsulated within NMs based
on TPGS and Soluplus® show an enhancement on relative
bioavailability, especially for TPGS micelles (4.95 fold).
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Moreover, a faster absorption rate for TPGS NMs was
shown by both, the higher C,,,, and shorter t,,, values,
observed with respect to Soluplus® NMs. These data corre-
late with the in-vitro permeation studies, as CAR perme-
ation over 1 h was higher for TPGS-based micelles in
comparison with their counterparts based on Soluplus®.
Also, a good relationship was found between the previous
results and the micellar size observed for both biomaterials.
It has been described that absorption through intestinal
epithelium depends on structural features as the nanocar-
rier size. As TPGS NMs demonstrated smaller Dh values
than Soluplus® micelles, it could be expected a faster
absorption rate as it was observed on the in-vivo studies.
Similar results were observed with efavirenz and polymeric
micelles.!*

Conclusions

In the present study, the water-poorly soluble CAR was
successfully solubilized by its encapsulation within TPGS
and Soluplus® NMs. CAR aqueous solubility was increased
promoting the development of a liquid drug formulation
(1 mg/ml) of clinical relevance according to the CAR dose
for heart failure (0.3-0.7 mg/kg per day) and hypertension

Carvedilol pediatric formulation

(0.1-0.5 mg/kg per day) used in children.!” Further, pre-
clinical comparative evaluation demonstrated an improve-
ment on drug oral bioavailability from micellar dispersions
in comparison with a drug control solution without the
addition of a common pharmaceutical additive as propy-
lene glycol.

Hence, the results reinforce the potential use of CAR-
loaded TPGS and Soluplus® NMs as a novel drug delivery
system to enhance paediatric CAR therapy in terms of dose
adjustment per weight and easy swallowing.

Declarations

Acknowledgements

Authors thank the University of Buenos Aires (Grant UBA-
CyT20020130200038BA). Marcela A. Moretton, Carlos A.
Taira and Diego A. Chiappetta are staff-members of CONI-
CET, Argentina. Ezequiel Bernabeu is supported by post-
doctoral scholarship of CONICET, Argentina. Maximiliano
Cagel is supported by a Ph.D. scholarship of CONICET,
Argentina. The authors express their gratitude to BASF
Argentina S.A. (Carla Neirone) for providing poloxamer
and Soluplus® samples.

. WHO. Cardiovascular Diseases. Avail-
able at: http://www.who.int/cardiovas

heart failure: a study investigating
clinical and pharmacokinetic parame-
ters. Am Heart ] 2002; 143: 916-922.

References 7.

Garin EH, Araya CE. Treatment of 14. Talelli M er al. Core-crosslinked poly-

systemic hypertension in children and
adolescents. Curr Opin Pediatr 2009;
21: 600-604.

tion and cyclodextrin complexation: a
technical note. AAPS PharmSciTech

2008; 9: 425-430.

© 2016 Royal Pharmaceutical Society, Journal of Pharmacy and Pharmacology, 69 (2017), pp. 544-553

meric micelles: principles, preparation,
biomedical applications and clinical
translation. Nano Today 2015; 10: 93—

cular_diseases/en/ (accessed March 15, 8. Ivanovska V et al. Pediatric drug for- 117.

2016). mulations: a review of challenges and  15. Kedar U et al. Advances in polymeric
. Lechat P et al. Clinical effects of beta- progress. Pediatrics 2014; 134: 361- micelles for drug delivery and tumor

adrenergic blockade in chronic heart 372. targeting. Nanomedicine 2010; 6: 714—

failure. A meta-analysis of double- 9. Standing JF, Tuleu C. Paediatric for- 729.

blind, placebo-controlled, randomized mulations — getting to the heart of 16. Thipparaboina R et al. Micellar carri-

trials. Circulation 1998; 98: 1184— the problem. Int J Pharm 2005; 300: ers for the delivery of multiple thera-

1191. 56—66. peutic agents.  Colloids  Surf B
. Leonetti G, Egan CG. Use of carvedi- 10. WHO. Essential Medicines for Chil- Biointerfaces 2015; 135: 291-308.

lol in hypertension: an update. Vasc dren. Available at: http://www.who.int/  17. Moretton MA et al. Rifampicin-

Health Risk Manag 2012; 8: 307-322. childmedicines/en/ (accessed March loaded ‘flower-like’ polymeric
. Chu PY et al. Anti-hypertensive drugs 15, 2016). micelles for enhanced oral bioavail-

in children and adolescents. World J  11. Liu F et al. Formulation factors affect- ability in an extemporaneous liquid

Cardiol 2014; 6: 234-244. ing acceptability of oral medicines in fixed-dose combination with isoni-
. Bruns LA et al. Carvedilol as therapy children. Int J Pharm 2015; 492: 341— azid. Nanomedicine (Lond) 2014; 9:

in pediatric heart failure: an initial 343. 1635-1650.

multicenter experience. J Pediatr 2001; ~ 12. Nahata MC, Allen LV Jr. Extempora-  18. Moretton MA et al. Novel nelfinavir

138: 505-511. neous drug formulations. Clin Ther mesylate loaded D-a-tocopheryl poly-
. Lder S et al Carvedilol therapy in 2008; 30: 2112-2119. ethylene glycol 1000 succinate micelles

pediatric patients with congestive  13. Loftsson T et al. Carvedilol: solubiliza- for enhanced pediatric anti HIV ther-

apy: in vitro characterization and
in vivo evaluation. Colloids Surf B

Biointerfaces 2014; 123: 302-310.

551


http://www.who.int/cardiovascular_diseases/en/
http://www.who.int/cardiovascular_diseases/en/
http://www.who.int/childmedicines/en/
http://www.who.int/childmedicines/en/

Carvedilol pediatric formulation

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

552

Moretton MA et al. Enhanced oral
bioavailability of nevirapine within
micellar nanocarriers compared with
Viramune®. Colloids Surf B Biointer-
faces 2014; 122: 56-65.

Chiappetta DA et al. Efavirenz-loaded
polymeric pediatric
anti-HIV with
significantly higher oral bioavailabil-
ity. Nanomedicine (Lond) 2010; 5:
11-23.

Chiappetta DA, Sosnik A. Poly(ethy-
lene

micelles  for

pharmacotherapy

oxide)-poly(propylene  oxide)
block copolymer micelles as drug
delivery agents: improved hydrosolu-
bility, stability and bioavailability of
drugs. Eur J Pharm Biopharm 2007;
66: 303-317.

U.S. Food and Drug Administration.
Inactive  Ingredient  Search  for
Approved Drug Products. Available at:
http://www.accessdata.fda.gov/scripts/
cder/iig/index.Cfm (accessed March
15, 2016).

Rowe RC et al eds.

Pharmaceutical ~Excipients,

Handbook  of
6th
Chicago:Pharmaceutical

edn.
London,
Press, American Pharmacists Associa-
tion, 2009.

Chiappetta DA et al. Oral pharma-
cokinetics of efavirenz-loaded poly-
meric micelles. Biomaterials 2011; 32:
2379-2387.

Bernabeu E, Chiappetta DA. Vitamin
E TPGS used as emulsifier in the
preparation of nanoparticulate sys-
tems. J Biomater Tissue Eng 2013; 3:
122-134.

Butt AM et al. Synergistic effect of
pH-responsive  folate-functionalized
poloxamer 407-TPGS-mixed micelles
on targeted delivery of anticancer
drugs. Int J Nanomedicine 2015; 10:
1321-1334.

Zhang X-Y, Zhang Y-D. Enhanced
antiproliferative and apoptosis effect
of paclitaxel-loaded polymeric micelles
against non-small cell lung cancers.
Tumor Biol 2015; 36: 4949—-4959.
Sonali S et al. Transferrin receptor-tar-
geted vitamin E TPGS micelles for
brain cancer therapy: preparation,
characterization and brain distribution
in rats. Drug Deliv 2016; 25: 1788-1798.
doi:10.3109/10717544.2015.1094681.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Bernabeu E et al. Novel Soluplus®-
TPGS mixed micelles for encapsula-
with
in vitro cytotoxicity on breast and

tion of paclitaxel enhanced
ovarian cancer cell lines. Colloids Surf
B Biointerfaces 2016; 140: 403—411.

Wang S mPEG-b-PCL/TPGS
mixed micelles for delivery of resvera-

et al.

trol in overcoming resistant breast
cancer. Expert Opin Drug Deliv 2014;
12: 361-373.

Hughey JR et al. The use of inorganic
salts to improve the dissolution char-
acteristics of tablets containing Solu-
plus®-based solid dispersions. Eur J
Pharma Sci 2013; 48: 758-766.
Thakral NK et al. Soluplus-solubilized
citrated camptothecin — a potential
drug delivery strategy in colon cancer.
AAPS PharmSciTech 2012; 13: 59—66.
Djuris ] et al. Preparation of carba-
mazepine-Soluplus®  solid  disper-
sions by hot-melt extrusion, and
prediction of drug—polymer miscibil-
ity by thermodynamic model fitting.
Eur ] Pharm Biopharm 2013; 84:
228-237.

Shamma RN, Basha M. Soluplus®: a
novel polymeric solubilizer for opti-
mization of Carvedilol solid disper-
sions: formulation design and effect of
method of preparation. Powder Tech-
nol 2013; 237: 406—414.

Cespi M et al. Rheological characteri-
zation of polyvinyl caprolactam—poly-
vinyl acetate—polyethylene glycol graft
copolymer (Soluplus®) water disper-
sions. Colloid Polym Sci 2014; 292:
235-241.

Linn M et al. Soluplus® as an effective
absorption enhancer of poorly soluble
drugs in-vitro and in-vivo. Eur ]
Pharm Sci 2012; 45: 336-343.

Zabaleta V et al. Oral administration
of paclitaxel with pegylated poly(an-
hydride)
and pharmacokinetic study. Eur ]
Pharm Biopharm 2012; 81: 514-523.
Kahraman E et al. Polyethylenimine

nanoparticles: permeability

modified and non-modified polymeric
micelles used for nasal administration
of Carvedilol. J Biomed Nanotechnol
2015; 11: 890-899.

Patel K et al. Oral delivery of pacli-
taxel nanocrystal (PNC) with a dual

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Marcel Wegmann et al.

Pgp-CYP3A4 inhibitor:
characterization and antitumor activ-
ity. Int ] Pharm 2014; 472: 214-223.

Bertera FM et al. Is urethane—chloralose

preparation,

anaesthesia appropriate for pharmacoki-
netic-pharmacodynamic ~ assessment?
Studies with carvedilol. | Pharmacol
Toxicol Methods 2009; 59: 13—20.
Buontempo F et al. Carvedilol stabil-
ity in paediatric oral liquid formula-
tions. Farm Hosp 2010; 34: 293-297.
Walsh ] et al. Playing hide and seek
with poorly tasting paediatric medici-
nes: do not forget the excipients. Adv
Drug Deliv Rev 2014; 73: 14-33.
Moretton MA et al. Molecular impli-
cations in the nanoencapsulation of
the antituberculosis drug rifampicin
within flower-like polymeric micelles.
Colloids Surf B Biointerfaces 2010; 79:
467-479.

Chiappetta DA et al. Highly concen-
trated and taste-improved aqueous
formulation of efavirenz for a more
appropriate pediatric management of
the anti-HIV therapy. Curr HIV Res
2010; 8: 223-231.

Kim SC et al. In vivo evaluation of
polymeric micellar paclitaxel formula-
tion: toxicity and efficacy. J Control
Release 2001; 72: 191-202.

Owen SC et al. Polymeric micelle sta-
bility. Nano Today 2012; 7: 53-65.
WHO. Child growth standards. Avail-
able at: http://www.who.int/childgrowth
/standards/weight_for_age/en/ (accessed
March 15, 2016).
WHO. Development
medicines: points to consider in formu-
lation (Annex 5). Available at: http://
www.who.int/medicines/areas/quality_

of paediatric

safety/quality_assurance/Annex5TRS-
970.pdf (accessed May 18, 2016).
Walsh J et al. Delivery devices for the
administration of paediatric formula-
tions: overview of current practice,
challenges and recent developments.
Int ] Pharm 2011; 415: 221-231.
Primard C et al. Traffic of poly(lactic
acid) nanoparticulate vaccine Vehicle
from intestinal mucus to sub-epithe-
lial immune competent cells. Biomate-
rials 2010; 31: 6060—-6068.

Cho HK et al. Polymeric nanoparti-
cles, micelles and polymersomes from

© 2016 Royal Pharmaceutical Society, Journal of Pharmacy and Pharmacology, 69 (2017), pp. 544-553


http://www.accessdata.fda.gov/scripts/cder/iig/index.Cfm
http://www.accessdata.fda.gov/scripts/cder/iig/index.Cfm
http://dx.doi.org/10.3109/10717544.2015.1094681
http://www.who.int/childgrowth/standards/weight_for_age/en/
http://www.who.int/childgrowth/standards/weight_for_age/en/
http://www.who.int/medicines/areas/quality_safety/quality_assurance/Annex5TRS-970.pdf
http://www.who.int/medicines/areas/quality_safety/quality_assurance/Annex5TRS-970.pdf
http://www.who.int/medicines/areas/quality_safety/quality_assurance/Annex5TRS-970.pdf
http://www.who.int/medicines/areas/quality_safety/quality_assurance/Annex5TRS-970.pdf

Marcel Wegmann et al.

52.

amphiphilic block copolymer. Korean
] Chem Eng 2010; 27: 731-740.

Li Y et al. PAA-g-PPO amphiphilic
graft copolymer: synthesis and diverse
micellar morphologies. Macromolecules
2010;43:262-270.

53.

54.

von Mollendorff E et al. Pharmacoki-
netics and bioavailability of carvedilol,
a vasodilating beta-blocker. Eur J Clin
Pharmacol 1987; 33: 511-513.

Venishetty VK et al. Design and eval-
uation of polymer coated carvedilol

© 2016 Royal Pharmaceutical Society, Journal of Pharmacy and Pharmacology, 69 (2017), pp. 544-553

Carvedilol pediatric formulation

loaded solid lipid nanoparticles to
improve the oral bioavailability: a
novel strategy to avoid intraduodenal
administration. Colloids Surf B Bioint-
erfaces 2012; 15: 1-9.

553



