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1. Introduction

ABSTRACT

Tuberculosis (TB) is the second most deadly infectious disease behind the Human Immunodeficiency
Virus (HIV). An effective pharmacotherapy has been available for more than 5 decades. However, the
length of the treatment and the pill burden result in low patient compliance and adherence to the regi-
mens. Nanotechnologies can overcome these basic technological drawbacks. The present work explored
the molecular implications governing the encapsulation and water solubilization of RIF within flower-like
micelles of poly(epsilon-caprolactone)-b-poly(ethylene glycol)-poly(epsilon-caprolactone) (PCL-PEG-
PCL) block copolymers. Ten derivatives of different molecular weight and hydrophobic/hydrophilic
caprolactone/ethylene oxide ratio (CL/EO) were synthesized by a fast and high-yield Microwave-Assisted
Polymer Synthesis (MAPS) technique; CL/EO values are determined by taking the ratios of the number
of repeating units in the PCL and the PEG segments. The aggregation behavior of the copolymers was
thoroughly investigated by means of surface tension (critical micellar concentration), dynamic light scat-
tering (size, size distribution and zeta potential) and transmission electron microscopy (morphology). In
general, the greater the central PEG segment, the larger the micelles formed. The physical stability was
intimately associated with the molecular weight and the composition. Then, the encapsulation of RIF in
the different copolymer families was evaluated, and the physical stability of the drug-loaded aggregates
characterized. The micellar size appears as the most crucial property, this phenomenon being primarily
controlled by the molecular weight of the PEG central block. Having expressed this, sufficiently high
CL/EO ratios (and long PCL segments) are also demanded to attain stable micellar systems with cores that
are large enough to host the bulky RIF molecule.

© 2010 Elsevier B.V. All rights reserved.

newly infected; 5-10% of them develop the active disease. The
annual mortality toll is approximately 1.7 million people [6]. TB

Tuberculosis (TB) is a deadly infectious disease and one of
the main challenges in public health [1]. Approximately 2 billion
people are currently infected with Mycobacterium tuberculosis [2],
though only those living under deficient sanitary and nutritional
conditions usually present a high risk of developing the active
disease (see below). TB primarily affects the respiratory system,
though in the absence of an effective chemotherapy, highly aggres-
sive extrapulmonary forms of the disease appear at later stages
[3,4]. TB is the second most deadly infection behind the Human
Immunodeficiency Virus (HIV) [5]. According to the World Health
Organization (WHO), every year more than 9 million people are
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is endemic in developing countries and has resurged in developed
ones associated with HIV [7]. It is worth mentioning that HIV-
infected patients are more prone to develop active TB, with levels
of approximately 50-60%. Due to the high prevalence of HIV/TB co-
infection, the WHO declared the global sanitary emergency in 1993
[8].

The standard first-line pharmacotherapy comprises a first stage
(2 months) combining rifampicin (RIF), isoniazide (INH), pyraz-
inamide and ethambutol and a second one (4 months) with
only RIF and INH [9,10]. Prolonged treatments and pill burden
result in low patient compliance and low adherence levels to the
regimens. Treatment interruption is the main cause of therapeu-
tic failure and development of multidrug resistant TB (MDR-TB)
[11]. TB remains the most important cause of preventable deaths
[12].

RIF, one the most potent and effective anti-TB agents [13], is a
high molecular weight (822.95 Da) amphoteric molecule with pKj,;
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and pKj,, values of 1.7 and 7.9 for the aromatic 4-hydroxyl group and
the 3-piperazine nitrogen, respectively [ 14]; the isoelectric point is
4.8. The intrinsic solubility fluctuates from 1 to 3 mg/mL at pH val-
ues between 3 and 7.4 [15]. RIF is also amphiphilic [16]. According
to the Biopharmaceutic Classification System (BCS), RIF is classified
into Class II drugs (low aqueous solubility and high permeability)
[17]. However, its reclassification into Class IV (low aqueous solu-
bility and low permeability) has been more recently recommended
[18].In the stomach, RIF is hydrolyzed to 3-formyl rifampicin SV (F-
RIF), a form that does not show activity in vivo due to an extremely
low intestinal absorption. The acid degradation is significantly fas-
tened by the presence of INH [19,20]; RIF/INH co-administration
(e.g., fixed dose combinations, FDC) is frequently employed to pre-
vent monotherapy that leads to the development of resistance [21].
This deleterious interaction is often neglected by clinicians who still
recommend this practice. WHO has expressed its concern due to
the relatively low oral bioavailability of RIF co-administered with
INH [22]. Under basic pH conditions (>7.4), RIF undergoes oxidation
[23] or desacetylation [24]. RIF is relatively stable under neutral
pH.

To improve its aqueous solubility, RIF has been complexed
with cyclodextrins (CD) [25-27]; solubility increased up to 3-fold.
Another approach was the complexation with pristine and man-
nosylated 5th generation poly(propyleneimine) dendrimers [28].
Mannosylation reduced the solubilization capability of the den-
drimer from 52 (20-fold) to 5 mg/mL (2-fold).

Encapsulation within polymeric micelles has become one of the
most attractive and well-investigated nanotechnologies to enhance
the water solubility and stability of poorly water soluble and
instable drugs [29]. Poly(ethylene oxide)-b-poly(propylene oxide)-
poly(ethylene oxide) (PEO-PPO-PEO) copolymers [30,31] and
poly(epsilon-caprolactone)-b-poly(ethylene glycol)-poly(epsilon-
caprolactone) (PCL-PEG-PCL) [32,33] are among the most popular
micelle-forming biomaterials. Surprisingly, the encapsulation of
RIF in polymeric micelles has not been previously reported.

As a strategy to stabilize RIF towards its administration by the
oral route under gastric pH conditions and in the presence of INH,
preliminary studies investigated its encapsulation within micelles
of linear and branched PEO-PPO derivatives with a broad spec-
trum of molecular weights and hydrophilic/lipophilic balances [34].
However, the drug was not incorporated into the micelles, most
likely due to their inability to host this extremely bulky molecule.
These results stressed the complexity of the encapsulation process
of RIF.

Flower-like micelles are formed by the aggregation of
amphiphile ABA triblock copolymers that combine two terminal
hydrophobic A segments with a central hydrophilic B one [32,33].
The looped hydrophilic corona often confers the aggregate higher
physical stability than conventional star-like micelles generated by
AB diblocks and BAB triblocks [35], and presumably leads to larger
nanostructures.

The present work explored the molecular implications gov-
erning the encapsulation and apparent water-solubilization of RIF
within micelles of PCL-PEG-PCL block copolymers as a nanotech-
nological approach to stabilize the drug towards its administration
by the oral route. Ten derivatives of different molecular weight and
PCL/PEG hydrophobic/hydrophilic balance were synthesized by a
fast and high-yield Microwave-Assisted Polymer Synthesis (MAPS)
technique [36]. The aggregation behavior of the copolymers was
thoroughly investigated by means of surface tension, dynamic light
scattering and transmission electron microscopy. Then, the encap-
sulation of RIF in the different copolymer families was evaluated,
and the physical stability of the drug-loaded aggregates fully char-
acterized. Our findings strongly support that the micellar size is
the key parameter governing the encapsulation of RIF in polymeric
micelles.

2. Materials and methods
2.1. Materials

Poly(ethylene glycol) of molecular weights 6000 Da (PEG6000),
10,000 Da (PEG10000)and 20,000 Da (PEG20000) were provided by
Merck Chemicals (Buenos Aires, Argentina) and were dried under
vacuum (100-120°C in oil bath, 2 h) before use. Monomethoxy-
poly(ethylene glycol) of molecular weight 5000 Da (MPEG5000,
Sigma, St Louis, MO, USA) was used to synthesize an MPEG-PCL
diblock. Epsilon-caprolactone 99% (monomer, CL, Sigma), tin(Il)
2-ethylhexanoate 95% (catalyst, SnOct, Sigma), rifampicin 98.2%
(Parafarm®, Buenos Aires, Argentina) and solvents of analytical
grade were used as received.

2.2. Copolymer synthesis

The apparatus used for polymerization was a household
microwave oven (Itedo™, radiation frequency 2.45 GHz, potency
800W, China) with ten power levels. Conventional ovens grad-
uate the irradiation power by means of “on/off” cycles of the
magnetron (pulsed irradiation) [37]. Basically, the potency is main-
tained constant at 800W though the duration of the “on” and
“off” periods is modified according to the power level employed.
The oven was adapted to enable the connection of a condenser.
The different PCL-PEG-PCL triblocks were synthesized by a ring-
opening polymerization reaction (ROP) catalyzed by SnOct. The
synthetic procedure is exemplified hereby for a copolymer of
PEG10000 containing in average two terminal PCL segments with
a molecular weight of 4500 Da (approximately 40 CL units/arm).
This copolymer is denoted as 4500-10000-4500. Briefly, PEG10000
(20.1g,2 x 10~3 mol) was poured into a 250 mL round-bottom flask
and dried as described above. Then, epsilon-caprolactone (21.1g,
0.185 mol, 10% in molar excess) and SnOct (1.87 g, 4.6 x 10-3 mol,
1/40 molar ratio to CL) were added, and the round-bottom flask was
placed in the center of the microwave oven and connected to the
condenser. The reaction mixture was exposed to microwave radia-
tion for: (i) 1 min at power 5, (ii) 10 min at power 3 and (iii) 4 min at
power 5. The total reaction time was 15 min. To overcome the high
viscosity of PEG20000 and the inefficient mixing of the reagents,
the dry PEG was primarily dissolved in dimethylformamide (DMF,
30% w/v final PEG concentration) and, only then, the monomer and
the catalyst were added and mixed. To prevent DMF overheating
and solvent loss, the radiation pattern was slightly modified: (i)
1 min at power 3 and (ii) 14 min at power 2. The total reaction time
was 15 min, under reflux. To isolate the product, the crude was dis-
solved in dichloromethane (50 mL) and precipitated in petroleum
ether 40-60° or n-heptane (500 mL). The cleaning procedure was
repeated one more time for PEG6000 and PEG10000 and twice
for PEG20000 copolymers (to remove DMF residues), respectively.
The product was isolated by filtration, washed several times with
petroleum ether 40-60°, dried until constant weight at room tem-
perature and stored at —20°C until use. By varying the molecular
weight of the PEG initiator and the CL/PEG feeding ratio, PCL blocks
of different lengths were produced. In general, white to yellowish
solids were obtained.

2.3. Copolymer characterization

Proton nuclear magnetic resonance ('H NMR) spectra were
obtained from deuterated chloroform (Sigma) solutions at room
temperature on a Bruker MSL300 spectrometer (Karlsruhe, Ger-
many), at 300 MHz. The hydrophobic/hydrophilic balance, as
represented by the CL/EO molar ratio, and the number-average
molecular weight (M) of the different copolymers were calculated
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by rationing the integration area of the peaks of PCL protons (2H,
triplet, 2.30 ppm) and PEG (4H, multiplet, 3.65 ppm).

Fourier transform infrared (FT-IR) spectra were recorded in an
FT-IR Spectrophotometer (PerkinElmer One, Waltham, MA, USA)
using KBr windows.

Number- and weight-average molecular weights (M, and My,)
and molecular weight distributions (My/M; polydispersity, PDI)
were determined by gel permeation chromatography (GPC) using a
Knatier GPC instrument (Berlin, Germany) provided with a refrac-
tive index detector. A set of 50A, 100A and M2 (Phenomenex
Inc., Torrance, CA, USA) and 104 A (Waters, Inc., Milford, MA, USA)
columns ultrastiragel column, conditioned at 25°C was used to
elute samples at 1 mL/min HPLC-grade tetrahydrofuran flow rate.
Polystyrene standards (Polymer Laboratories, Shropshire, UK) were
used for calibration.

2.4. Thermal analysis of the copolymers in bulk

The thermal behavior of the different copolymers was charac-
terized by differential scanning calorimetry (DSC, Mettler Toledo
TA-400 differential scanning calorimeter, Columbus, OH, USA). To
erase their thermal history and enable reliable comparisons among
the different copolymers, samples were heated at 100°C (1 h) and
cooled to 25°C (1440.5°C/h). Then, copolymers (4-7 mg) were
sealed in 40 p.L Al-cruicible pans and heated from 25°Cto 100°C at
5°C/min under nitrogen atmosphere. PEG initiators were analyzed
for comparison. The melting temperature (Tr, ) and the normalized
enthalpy of fusion (AHp,) were determined.

2.5. Copolymer solubility in water

Copolymer solubility was determined by gravimetric analysis.
Increasing copolymer amounts were solubilized in acetone (11 mL)
and added (drop wise, 20 min) to water (10 mL) under mechanical
stirring (three-blade propeller, 1060 RPM) at room temperature.
Stirring was continued for 1h to enable the total evaporation of
the acetone (see below) and samples were filtered (0.45 wm, cellu-
lose nitrate membranes, Whatman® GmbH, Dassel, Germany) to
remove insoluble copolymer. To determine the solubility of the
copolymers in water, 1 mL solution was poured into a weighed
vial, dried in a vacuum oven at 45°C until constant weight and
the dry copolymer re-weighed. Percentages of solubility (%) were
calculated by difference and expressed as mean +S.D. (n=3).

2.6. Preparation of RIF-free and RIF-loaded PCL-PEG-PCL micelles

RIF (in slight excess, approximately 15 mg/mL) and the corre-
sponding copolymer were co-solubilized in acetone (11 mL) and
added drop wise to water (10 mL) under mechanical stirring (three-
blade propeller, 1060 RPM) using a programmable syringe infusion
pump (PC11UB, APEMA, Argentina). Four addition times were pre-
liminary evaluated by adjusting the flow in the infusion device: (i)
10, (ii) 20, (iii) 30 and (iv) 40 min. Mechanical stirring was con-
tinued for 1h (until total acetone evaporation, see below) and
filtered (0.45 pum cellulose nitrate membranes) to remove insol-
uble RIF and copolymer. To prepare drug-free micelles, a similar
procedure was followed, though without the addition of drug in
the first step. To assure the total elimination of the organic solvent,
acetone contents were determined at different time points by Gas
Chromatography (GC Hewlett Packard 6890, Palo Alto, CA, USA)
with column Alltech Heliflex AT-Wax (length: 30 m, i.d.: 0.25 mm,
Alltech Associates, Inc., Deerfield, IL, USA) using He as carrier (flow
of 1 Kg/cm?). The temperature of the oven, the injector and the
detector was 40 °C. Each sample (1 L) was analyzed by duplicate.
Results indicated that after 1 h of mechanical stirring the concen-
tration of acetone was <100 ppm; the maximal level specified by

the European Pharmacopeia for pharmaceutical formulations is
5000 ppm [38]. Thus, samples were considered acetone-free after
1 h. To determine the concentration of RIF in the different micel-
lar systems, RIF-loaded samples (1 mL) were dried under vacuum
and dissolved in DMF. RIF concentrations were determined by UV
(340 nm, CARY [1E] UV-Visible Spectrophotometer Varian, Palo
Alto, CA, USA) at 25°C using a calibration curve of RIF solutions
in DMF covering the range between 5.5 and 33.2 ug/mL (correla-
tion factor was 0.9995-0.9999). UV is a sensitive method for RIF,
though it cannot be used in studies where the chemical stability of
RIF is compromised, as degradation products show similar absorp-
tion patterns [19,39]. RIF does not undergo degradation under the
neutral conditions of the encapsulation process employed, thus UV
appears as a reliable method of analysis. Polymer solutions in DMF
were used as blank. RIF concentrations in the different micellar sys-
tems are expressed in mg/mL as the mean £S.D. (n=3). Solubility
factors (fs) were calculated according to the equation:

Sa

= )
Swater

fs

Sa and Swater being the apparent solubility of RIF in the micellar
system and the intrinsic solubility in copolymer-free distilled water
(2.56 mg/mL, pH 5.8).

To evaluate the physical stability of RIF-loaded micelles, sam-
ples were incubated at 25 °C and the drug concentration monitored
over 1 week according to the procedure depicted above. Statistical
differences (p<0.05) of S, at a certain time point with respect to
the initial value were analyzed using the Dunnett’s Multiple Com-
parison Test.

2.7. Measurement of the critical micellar concentration (CMC)

The CMC of each copolymer was determined by means of surface
tension using the du Noiily ring method (Fernandez Berlusconi y
Rocca SRL, Buenos Aires, Argentina), at 18 +0.5°C. To express the
results in molar (M), the M;, value determined by 'H NMR was used.
Experiments were carried out in triplicates and results expressed
as the mean value.

2.8. Measurement of micellar size, size distribution and zeta
potential

The size, size distribution and zeta potential of drug-free and
drug-loaded micelles were measured by Dynamic Light Scattering
(DLS, Zetasizer Nano-Zs, Malvern Instruments, Worcestershire, UK)
provided with a4 mW He-Ne (633 nm) laser and a digital correlator
ZEN3600, at 25°C. Measurements were conducted at a scatter-
ing angle 6=173° to the incident beam. Samples were prepared
in MilliQ water, filtered by clarifying filters (0.45 pm, cellulose
nitrate) and equilibrated at 25°C for at least 30 min prior to the
analysis. Data were analyzed using CONTIN algorithms (Malvern
Instruments). Results of hydrodynamic diameter (dy,) and polydis-
persity index (PDI) are expressed as the average of at least three
measurements. To evaluate the physical stability of the systems,
drug-free and drug-loaded samples were incubated at 25°C and
the same parameters monitored over 1 week.

2.9. Visualization of drug-free and drug-containing micelles

The morphology of drug-free and RIF-loaded 4% PCL3700-
PEG10000-PCL3700 micelles was studied by means of transmission
electron microscopy (Philips CM-12 TEM apparatus, FEI Company,
Eindhoven, The Netherlands). Samples (5 wL) were placed onto a
grid covered with Fomvar film. After 30 s, the excess was carefully
removed with filter paper and uranyl acetate (2% w/v, 5 ul) was
added. After 30s, the excess was removed and water (5 L) was



470 M.A. Moretton et al. / Colloids and Surfaces B: Biointerfaces 79 (2010) 467-479

& M
;10 Ring Opening
+

epsilon-caprolactone

0. H
H’( \/}0/
n
PEG

Catalyst\ DMF | Microwave

0
. /\/\/\H/O\(-/\ 0
0 0 H
o-m . m
PCL PEG PCL

*DMF was used as solvent only in the synthesis of PEG20000 derivatives. The synthesis of
PEGB000 and PEG10000 copolymers was conducted in bulk conditions.

Fig. 1. Microwave-assisted ring-opening polymerization reaction of PCL-PEG-PCL
block copolymers.

added, left for 30s and removed. Samples were finally dried in a
closed container with silicagel and analyzed. The diameter of the
micelles/aggregates was measured using a calibrated scale.

3. Results and discussion
3.1. Copolymer synthesis and characterization

Toinvestigate the molecular implications influencing the encap-
sulation of RIF within flower-like polymeric micelles, three families
of PCL-PEG-PCL amphiphiles were synthesized by the ROP of
epsilon-caprolactone initiated by poly(ethylene glycol) precursors
of different molecular weight (PEG6000, PEG10000 and PEG20000)
in the presence of SnOct (Fig. 1); this catalyst has been approved by
the US FDA for use in biomedical devices [40]. Copolymers display
gradual compositional changes in (i) the molecular weight of the
central PEG block, (ii) the molecular weight of the copolymer, (iii)
the CL/EO ratio and (iv) the length of the PCL terminal blocks. The
common thermally driven synthetic technique [41] was replaced
by a microwave-assisted one [36]. Main features of this technol-
ogy are (i) shorter reaction times, (ii) higher yields, (iii) limited
generation of by-products, and, due to radiation homogenously
distributed, (iv) the relatively easy scale-up without detrimental
effects [37]. Thus, MAPS appears as a very appealing approach
for the synthesis of polymers for (bio)pharmaceutical applica-
tions. Depending on the molecular weight of PEG, reactions were
conducted in bulk or solvent conditions. Reaction times were sub-
stantially shorter (15 min as opposed to 2.5h [41]) and yields were
greater than 95%. The main molecular properties of the different
derivatives are summarized in Table 1.

Table 2
DSC data of the different PCL-PEG-PCL amphiphiles synthesized by MAPS. PEG
precursors are included for comparison.

PCL-PEG-PCL copolymer Tm (°C) AHn, (J/g)
PEG6000 63 214.8
1050-6000-1050 54 122.4
1450-6000-1450 52 124.2
2550-6000-2550 54 111.0
PEG10000 60 191.7
1300-10000-1300 59 134.0
2600-10000-2600 57 113.8
3700-10000-3700 58 1134
4500-10000-4500 56 110.2
PEG20000 64 184.2
1500-20000-1500 58 136.5
3800-20000-3800 58 131.7
7850-20000-7850 56 121.0

Experimental CL/EO and M, values were determined from 'H
NMR spectra. Findings were in good agreement with the theoreti-
cal composition and confirmed the high monomer conversion. GPC
analysis revealed the presence of unimodal molecular weight dis-
tributions and relatively low polydispersity (PDI) values (<1.38).
Deviations of GPC data from Mj, values calculated by '"H NMR (espe-
cially for PEG20000 copolymers) could stem from the fact that
the standards used were of polystyrene. FT-IR analysis showed
the strong band of ester carbonyl streching at 1725cm~"! that is
characteristic of PCL [41].

3.2. Thermal analysis of the copolymers in bulk

The generation of physically stable micelles depends on the
crystallization of PCL blocks in the micellar core; micelles with
amorphous PCL blocks are more prone to undergo size growth
over time due to fusion with PCL blocks belonging to other copoly-
mer molecules in other aggregates (see below). To characterize the
thermal behavior of the copolymers in the bulk, samples were ana-
lyzed by DSC (Table 2 ). Pristine PEG precursors show Ty, in the
range between 60 and 64 °C [42]. A gradual increase in the molec-
ular weight resulted in a decrease of AHp. Incorporation of PCL
segments affected the crystallizability of PEG and led to a gradual
decrease in both Ty, and AHp, of PEG. The longer the PCL segment,
the more pronounced the detrimental effect. This phenomenon
was more notorious for short PEG blocks (Table 2); e.g., T, and
AHp, decreased from 63 °C and 214.8 ]/g for PEG6000 to 54 °C and
111.0]/g for 2550-6000-2550, representing 48% decrease in the
degree of crystallinity. These findings indicated a mild to strong
detrimental effect of PCL segments on the crystallization of PEG
central blocks in copolymers of relatively low CL/EO ratio. Also,
for similar CL/EO, the shorter the PEG segment, the stronger the
impact on the crystallinity. It is worth mentioning that thermo-
grams showed one single endothermic peak without shoulders,

Table 1

Different PCL-PEG-PCL block copolymers synthesized by MAPS.
PCL-PEG-PCL copolymer CL/EO molar ratio? M,? (Da) M, (Da) MyP (Da) PDIP CMC (10-6 M)
1050-6000-1050 0.14 8,100 12,250 13,400 1.10 39
1450-6000-1450 0.19 8,900 11,000 15,200 1.38 6.7
2550-6000-2550 0.33 11,100 13,000 15,000 1.16 4.7
1300-10000-1300 0.10 12,600 15,400 16,950 1.10 12
2600-10000-2600 0.20 15,200 16,700 19,700 1.18 74
3700-10000-3700 0.29 17,400 18,300 23,200 1.27 3.7
4500-10000-4500 0.35 19,000 16,000 19,000 1.19 2.2
1500-20000-1500 0.06 23,000 21,600 25,950 1.20 5.7
3800-20000-3800 0.15 27,600 21,600 26,200 1.21 4.7
7850-20000-7850 0.30 35,700 24,850 26,850 1.08 2.8

2 Calculated by "H NMR.
b Calculated by GPC.
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Table 3
Size and size distribution data of RIF-free polymeric micelles over 1 week.
PCL-PEG-PCL copolymer Concentration Time Peak 12 Peak 2P PDI (£S.D.)
(% wlv) (days)
dy (nm) (£S.D.) % dy (nm) (£S.D.) %
1050-6000-1050 1 0 66.7 (3.2) 100.0 - - 0.30(0.02)
1 45.6 (2.5) 20.0 590.8 (15.9) 80.0 0.73 (0.005)
2 58.6 (6.7) 20.0 618.6 (15.7) 80.0 0.71 (0.05)
7 52.4(7.5) 16.0 633.4(38.2) 84.0 0.66 (0.01)
4 0 115.5(10.3) 100.0 - - 0.31(0.06)
1 746.5 (52.8) 68.6 4552.7 (268.2) 314 0.64 (0.09)
2 125.6 (13.9) 414 1099.7(154.6) 58.6 0.93 (0.07)
7 410.67 (83.9) 35.0 2590.5 (357.1) 65.0 0.80(0.18)
1450-6000-1450 1 0 54.5(2.8) 100.0 - - 0.21(0.01)
1 50.5(2.7) 49.5 1345.3 (428.4) 50.5 0.74(0.07)
2 56.2 (1.8) 471 2057.0 (470.2) 52.9 0.83(0.00)
7 59.5(19.5) 46.7 2170.7 (174.0) 53.3 0.92 (0.09)
4 0 88.1(0.3) 100.0 - - 0.28 (0.01)
1 85.4(1.3) 71.9 1418.7 (156.5) 28.1 0.62 (0.00)
2 94.6 (13.0) 49.8 2335.5(565.3) 50.2 0.78 (0.04)
7 341.6 (304.1) 44.7 2201.4 (661.5) 453 0.88 (0.02)
2550-6000-2550 1 0 51.2 (0.6) 100.0 - - 0.11 (0.00)
1 53.2(1.1) 100.0 - - 0.12(0.01)
2 55.8(1.3) 100.0 - - 0.20 (0.00)
7 59.9 (3.9) 72.2 788.8(44.3) 27.8 0.53(0.05)
4 0 70.0(1.7) 100.0 - 0.21(0.01)
1 74.1(2.3) 100.0 - - 0.23 (0.00)
2 764 (1.1) 100.0 - - 0.28 (0.01)
7 100.8 (18.4) 65.6 2015.6 (1335.0) 344 0.58 (0.01)
1300-10000-1300 1 0 86.8 (4.5) 100.0 - - 0.24(0.01)
1 118.5 (42.9) 78.1 2649.7 (384.0) 21.9 0.55(0.02)
2 84.8 (16.5) 59.8 2142.0 (154.1) 40.2 0.69 (0.02)
7 79.1(2.0) 48.5 930.2 (130.6) 51.5 0.75(0.08)
4 0 220.7 (8.1) 100.0 - - 0.38 (0.05)
1 243.7 (29.3) 84.4 4109.7 (820.6) 15.6 0.45 (0.03)
2 224.0(23.7) 66.0 3913.0(546.5) 34.0 0.66 (0.05)
7 354.1 (447.0) 61.7 3906.0 (248.1) 383 0.68 (0.06)
2600-10000-2600 1 0 79.1(5.3) 100.0 - - 0.21(0.01)
1 85.0(8.5) 100.0 - - 0.33(0.01)
2 71.3(3.8) 69.3 593.8 (182.3) 30.7 0.41(0.03)
7 105.5(11.0) 57.4 717.1(110.3) 42.6 0.75(0.01)
4 0 229.0(10.2) 100.0 - - 0.46 (0.01)
1 222.1(44) 87.9 4260.0 (279.0) 121 0.48 (0.02)
2 237.1(71.5) 84.5 3915.3(758.4) 15.5 0.66 (0.02)
7 214.1 (14.8) 523 3448.7 (236.7) 47.7 0.82(0.05)
3700-10000-3700 1 0 84.4 (5.0) 100.0 - - 0.21(0.01)
1 112.2(5.5) 100.0 - - 0.28 (0.01)
2 114.8 (5.4) 100.0 - - 0.28 (0.00)
7 112.6 (5.6) 100.0 - - 0.30(0.02)
4 0 219.1(13.2) 100.0 - - 0.44 (0.01)
1 20.2(1.5) 4.8 247.1 (19.0) 95.2 0.47 (0.01)
2 37.1(3.7) 14.0 226.9 (15.4) 86.0 0.46 (0.03)
7 330.9(71.9) 100.0 - - 0.48 (0.00)
4500-10000-4500 1 0 90.1(2.4) 100.0 - - 0.23(0.01)
1 94.9 (4.0) 100.0 - - 0.19(0.02)
2 95.5 (4.8) 100.0 - - 0.22 (0.01)
7 108.7 (10.9) 100.0 - - 0.26 (0.00)
4 0 193.7 (2.3) 100.0 - - 0.30(0.01)
1 207.5(3.2) 100.0 - - 0.30(0.01)
2 39.0(6.8) 90.5 213.0(12.9) 9.5 0.30(0.01)
7 254.2 (14.4) 100.0 - - 0.33(0.01)
1500-20000-1500 1 0 249.5 (30.8) 100.0 - - 0.22 (0.03)
1 170.1 (35.3) 43.0 889.5(182.4) 57.0 0.48 (0.03)
2 225.5(101.1) 67.8 1174.5(431.8) 322 0.48 (0.01)
7 607.1 (47.9) 78.3 1079.7(274.1) 21.7 0.42 (0.01)
4 0 466.8 (12.5) 100.0 - - 0.07 (0.03)
1 498.8 (12.6) 100.0 - - 0.08 (0.04)
2 605.5 (126.8) 100.0 - - 0.12 (0.06)
7 648.8 (64.4) 100.0 - - 0.15(0.03)
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Table 3 (Continued)

PCL-PEG-PCL copolymer Concentration Time Peak 12 Peak 2P PDI (£S.D.)

(% wlv) (days)
dp (nm) (£S.D.) % dp (nm) (£S.D.) %

3800-20000-3800 1 0 212.3(15.0) 100.0 - - 0.39(0.01)

1 134.5(17.1) 48.8 1012.3(291.9) 51.2 0.64 (0.09)

2 161.5 (40.3) 313 1818.0(237.2) 68.7 0.84 (0.05)

7 149.6 (13.4) 48.8 1533.7 (387.9)/4359.8 (593.3)° 31.7/19.5¢ 0.83 (0.06)

4 0 646.3 (15.8) 100.0 - - 0.41 (0.06)

1 496.6 (151.9) 100.0 - - 0.50 (0.08)

2 370.1(20.7) 100.0 - - 0.42 (0.12)

7 471.6 (109.7) 100.0 - - 0.72 (0.09)

7850-20000-7850 1 0 128.8(1.3) 100.0 - - 0.18 (0.01)

1 1344 (6.7) 100.0 - - 0.22(0.01)

2 130.4 (3.8) 100.0 - - 0.25(0.01)

7 127.7 (6.7) 87.4 2563.3 (171.5) 12.6 0.33(0.01)

4 0 431.7 (150.5) 100.0 - - 0.26 (0.01)

1 515.9(37.4) 100.0 - - 0.27(0.01)

2 420.8 (56.6) 100.0 - - 0.22 (0.03)

7 503.9 (53.5) 100.0 - - 0.29(0.01)

2 Peak 1 corresponds to the fraction of smaller size.
b peak 2 corresponds to the fraction of larger size.
¢ Two secondary size populations were found.

suggesting the absence of secondary crystal populations. The crys-
tallization of PCL could not be established. On the other hand,
PEG is water-soluble and the crystallization tendency of PCL in the
micelles is expected to increase, this phenomenon being stronger
for longer PCL segments.

3.3. Critical micellar concentration (CMC)

The drug encapsulation capacity of polymeric amphiphiles is
enhanced substantially above the CMC [43]. To determine the CMC
of the different copolymers, the surface tension was plotted versus
the concentration and established as the copolymer concentration
above which the surface tension displayed a less sharp change [44].
CMC values ranged between 10> and 10-6 M (Table 1). The higher
the CL/EO ratio of the copolymer, the lower the CMC found. For
example, 3700-10000-3700 (CL/EO =0.29) and 1300-10000-1300
(CL/EO=0.10) displayed values of 3.7 x 1076 and 12x1076M,
respectively. For similar CL/EO ratios, the higher the molecular
weight of the copolymer, the greater the self-assembly tendency
and the lower the CMC; e.g., 7850-20000-7850 (CL/EO=0.30),
a copolymer with CL/EO very similar to 3700-10000-3700 was
2.8 x 1076 M. This behavior was even more remarkable when 1050-
6000-1050 (CL/EO=0.14) and 3800-20000-3800 (CL/EO=0.15)
were compared, CMC values being 39 and 4.7 x 10~6 M, respec-
tively. Itis also worth stressing that a highly hydrophilic copolymer
with CL/EO as low as 0.06 (1500-20000-1500) showed a very low
CMC value (5.7 x 10-6M) that assures micellization even under
extremely diluted conditions.

3.4. Copolymer solubility in water

As opposed to PEO-PPO amphiphiles, PEG-PCL copolymers usu-
ally display low aqueous solubility (<10%). This behavior relies
on the especially high hydrophobicity of PCL. In general, previ-
ous works that described the preparation of drug-loaded PEG-PCL
micelles assumed total copolymer solubilization [45,46]. However,
the copolymer concentration used was, often, <1%. On the other
hand, since higher copolymer concentrations enable the solubiliza-
tion of greater drug amounts, there is an interest to increase the
copolymer concentration in the system. To improve the solubility
of the copolymers (and potentially the RIF solubilized amounts),
PCL-PEG-PCL triblocks of decreasing CL/EO ratio were synthesized.
On the contrary, greater copolymer hydrophilicity might decrease

the ability to incorporate RIF (due to relatively smaller cores). To
assess the intrinsic aqueous solubility of the copolymers, increas-
ing copolymer amounts were solubilized and the final copolymer
concentration estimated gravimetrically. In general, when solu-
tions with theoretical copolymer concentrations between 1 and 4%
(w/v) were prepared, more than 90% of the copolymer remained
in solution. In some cases, also 6% solutions showed this relatively
high solubility extent. More concentrated systems (>6%) showed
a sharper decrease in the solubilized percentage to 80% (Fig. 2).
The solubility loss could be associated with the insolubilization
of more hydrophobic copolymer fractions displaying shorter PEG
and longer PCL blocks. These results confirm that the experimental
solubility of these biomaterials needs to be assayed before one pro-
ceeds to drug solubilization studies. Otherwise, the real copolymer
concentration could be overestimated. Based on these data, RIF sol-
ubilization studies were conducted with micellar suspensions of up
to 4-6% (w/v) (see below).

3.5. Preparation and characterization of RIF-free micelles

The size, size distribution, and zeta potential of different drug-
free 1 and 4% micellar suspensions were characterized by DLS
(Table 3). At day 0, 1 and 4% micelles showed unimodal size distri-
butions. 1% PEG6000 micelles ranged between 51.2 and 66.7 nm for
2550-6000-2550 and 1050-6000-1050, respectively; PDI values
were between 0.11 and 0.31. 4% systems also showed a unimodal
pattern, though larger aggregates were observed (70.0-115.5 nm).
The larger size of 1050-6000-1050 micelles (CL/EO=0.14) would
probably stem from (i) the more hydrophilic nature of the copoly-
mer (containing very short PCL blocks with lower micellization
tendency) and the preferential generation of inter-chain PCL
associations (over intra-chain ones) and (ii) a less condensed
core [47]. Aiming to confirm that PCL-PEG-PCL triblocks form
larger micelles than MPEG-PCL diblocks of similar composition,
a 5000-5150 diblock (M,nmg =10,150Da, CL/EO =0.40) was syn-
thesized and the aggregation behavior was characterized. The
dy, of 4% 5000-5150 micelles was 56.1nm, in full agreement
with previous results [48,49]. In contrast, 4% 2550-6000-2550
micelles, a derivative displaying similar M, and CL/EO, showed
larger micelles of 70.0 nm. 1% PEG10000 micelles displayed sizes
of approximately 80-90 nm, the length of PCL blocks showing a
minimal effect on the size. 4% PEG10000 systems formed much
larger aggregates (193.7-229.0nm). Micellar enlargement was
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Fig. 2. Solubility of the different PCL-PEG-PCL copolymers in water expressed as the percentage of copolymer (%) remaining in solution for increasing theoretical copolymer

concentrations.

even more pronounced in 1% PEG20000-made micelles probably
due to the greater hydrophilic central block; the shorter the PCL
block (and lower CL/EO ratios), the larger the size found. For exam-
ple, 1500-20000-1500 and 7850-20000-7850 showed d}, values of

Table 4
RIF solubility factors (fs) in PCL-PEG-PCL micelles.

PCL-PEG-PCL copolymer Concentration RIF solubility factors (f;)

(% wfv) (+S.D.)
1050-6000-1050 1 0.75 (0.02)
4 1.53 (0.02)
1450-6000-1450 1 0.80 (0.02)
4 1.58 (0.04)
2550-6000-2550 1 0.83(0.02)
4 1.78 (0.11)
1300-10000-1300 1 1.88(0.01)
4 401 (0.04)
6 5.18 (0.18)
2600-10000-2600 1 1.95 (0.00)
4 4,05 (0.06)
6 5.37(0.22)
3700-10000-3700 1 1.99 (0.01)
4 4.10(0.05)
6 5.39(0.19)
4500-10000-4500 1 2.02 (0.01)
4 4.23(0.09)
6 5.43(0.18)
1500-20000-1500 1 0.74(0.01)
4 1.01 (0.01)
3800-20000-3800 1 0.79 (0.02)
4 1.35 (0.09)
7850-20000-7850 1 1.10 (0.02)
4 1.38 (0.03)

249.5 and 128.9 nm, respectively. This behavior was similar to that
of PEG6000 derivatives and also suggested the generation of strong
inter-chain associations for copolymers with low CL/EO ratios. 4%
PEG20000 systems displayed a dramatic size growth with initial
sizes in the 430-650 nm range. These data stressed the high ten-
dency of larger molecules to undergo phase separation, regardless
of the CL/EO ratio. Overall DLS data confirmed that the molecular
weight of the central PEG segment is a key structural feature deter-
mining the initial size of the aggregates; e.g., 1% 3700-10000-3700
and 3800-20000-3800 (similar PCL block) displayed sizes of 84.4
and 212.3 nm, respectively. The effect of the hydrophobic compo-
nent was less marked, especially for more diluted systems. The
generation of sub-micron particles was favored at greater copoly-
mer concentrations, where more densely packed micellar systems
are generated and stronger inter-chain interactions are favored.

Zeta potential measurements showed that the surface of the
nano-aggregates is almost neutral, independently of the copolymer
composition and molecular weight; values ranged between —2.28
and 0.55 mV. The morphology of the micelles was characterized by
TEM. Results are exemplified for 4% 3700-10000-3700 in Fig. 3.
Micelles were spherical and showed variable sizes, though water
evaporation during sample preparation and shrinkage of the struc-
tures could lead to size underestimation. Conversely, the inclusion
of hydration water molecules in the calculation of the average
hydrodynamic diameter by DLS overestimates their dimensions.
Considering these facts, results with both techniques fitted very
well.

3.6. Physical stability of RIF-free micelles

PEG-PCL-based micelles show low stability in water and
undergo gradual secondary aggregation and size growth over
time [50]. This behavior results in fast copolymer (and drug)
precipitation. In general, drug-loaded PCL-PEG-PCL systems are
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Table 5
Size and size distribution data of RIF-loaded polymeric micelles over 1 week.
PCL-PEG-PCL copolymer Concentration Time Peak 12 Peak 2P PDI (£S.D.)
(Ewlv) (days)
dy (nm) (£S.D.) % dy (nm) (£S.D.) %
1050-6000-1050 1 0 59.8 (2.9) 100.0 - - 0.22 (0.00)
1 180.2 (9.1) 100.0 - - 0.32(0.02)
2 248.7 (5.3) 100.0 - - 0.33(0.03)
7 247.5(20.5) 100.0 - - 0.18(0.02)
4 0 132.8 (27.6) 100.0 - - 0.34(0.05)
1 98.0(12.1) 46.8 772.5(97.6) 53.2 0.74(0.08)
2 125.6 (13.9) 474 1099.7 (154.6) 52.6 0.91 (0.09)
7 472.6 (25.8) 96.6 4918(183.0) 43 0.33(0.04)
1450-6000-1450 1 0 54.4(3.3) 100.0 - - 0.21(0.00)
1 68.9(10.2) 83.0 322.3(65.1) 17.0 0.40 (0.02)
2 56.2 (10.6) 63.8 451.2(13.1) 36.2 0.57 (0.08)
7 400.2 (29.9) 100.0 - - 0.40 (0.00)
4 0 123.8(2.2) 100.0 - - 0.42(0.02)
1 121.2(2.8) 59.6 575.1 (86.8) 40.4 0.54(0.05)
2 115.2 (10.7) 67.3 994.9 (106.2) 327 0.56 (0.12)
7 70.07 (10.0) 15.9 1430(321.6) 84.1 0.73(0.24)
2550-6000-2550 1 0 68.6 (0.8) 100.0 - - 0.15(0.01)
1 70.2(1.1) 100.0 = = 0.17 (0.00)
2 72.2(2.2) 100.0 - - 0.18(0.01)
7 93.1 (44) 100.0 - - 0.29 (0.04)
4 0 111.6 (3.0) 100.0 - - 0.25(0.01)
1 108.0 (4.8) 100.0 - - 0.25(0.01)
2 113.6 (0.8) 100.0 - - 0.26 (0.00)
7 122.8 (0.45) 100.0 - - 0.36 (0.02)
1300-10000-1300 1 0 62.3 (0.6) 100.0 - - 0.18 (0.01)
1 98.2 (54.3) 72.0 289.8 (46.0) 28.0 0.42(0.02)
2 112.5 (34.6) 100.0 - - 0.33(0.08)
7 275.3(31.8) 100.0 - 0.08 (0.07)
4 0 299.8 (8.7) 100.0 - - 0.50(0.03)
1 258.8 (7.4) 94.8 4510.0 (408.3) 5.2 0.43(0.02)
2 217.5(55.3) 80.9 4157.3(155.8) 19.1 0.50(0.10)
7 83.92 (6.75) 93.1 3687.8 (472.1) 6.9 0.31(0.02)
2600-10000-2600 1 0 77.7(2.8) 100.0 - - 0.29(0.01)
1 81.1(1.4) 83.5 1220.7 (31.5)/ 4036.0 (174.5) 8.5/8.0¢ 0.42(0.01)
2 77.4(16.4) 65.2 564.7 (100.3)/ 4624.0 (323.7)° 25.2/9.6¢ 0.59(0.05)
7 104.0 (26.7) 65.9 732.5(97.4)[ 4711.0 (437.1)¢ 18.3/15.8¢ 0.47 (0.01)
4 0 200.5(2.1) 100.0 - - 0.36(0.05)
1 250.9 (9.3) 47.8 1307.7 (164.7)] 4289.7 (320.4)° 29.8/22.4¢ 0.70(0.04)
2 818.7 (41.7) 49.5 3364.3 (336.5) 50.5 0.53(0.04)
7 629.8 (244.7) 68.2 3394.0(1354.8) 328 0.73(0.20)
3700-10000-3700 1 0 75.4(11.0) 100.0 - - 0.22 (0.01)
1 159.1(15.4) 100.0 - - 0.39(0.01)
2 46.9 (6.0) 28.8 265.5(56.3) 71.2 0.45 (0.04)
7 301.5 (25.5) 100.0 - - 0.29(0.01)
4 0 148.3 (12.1) 100.0 - - 0.33(0.03)
1 154.2 (1.0) 100.0 - - 0.30(0.00)
2 147.3(7.1) 100.0 - - 0.30(0.01)
7 142.3 (9.9) 100.0 - - 0.34(0.04)
4500-10000-4500 1 0 34.4(20.0) 10.6 183.1(4.7) 89.4 0.29(0.01)
1 263.3(11.9) 100.0 - 0.22(0.01)
2 255.0 (13.0) 100.0 - - 0.17 (0.03)
7 255.0(10.1) 100.0 - - 0.05(0.02)
4 0 152.3(7.8) 100.0 - - 0.33(0.05)
1 128.1(13.0) 100.0 - - 0.27 (0.00)
2 140.1 (5.8) 100.0 - - 0.42 (0.06)
7 126.9 (8.6) 100.0 - - 0.32(0.04)
1500-20000-1500 1 0 153.9(26.8) 100.0 - - 0.35(0.03)
1 277.6 (22.2) 100.0 - - 0.12 (0.02)
2 291.2 (22.8) 100.0 - - 0.12 (0.02)
7 358.7 (16.6) 100.0 - - 0.07 (0.04)
4 0 540.6 (14.7) 100.0 - - 0.08 (0.02)
1 599.4 (86.2) 100.0 - - 0.29(0.03)
2 758.6 (50.4) 100.0 - - 0.12 (0.07)
7 966.3 (100.5) 100.0 - - 0.19 (0.04)
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Table 5 (Continued)

PCL-PEG-PCL copolymer Concentration Time Peak 1?2 Peak 2P PDI (+S.D.)

(% wiv) (days)
dp, (nm) (£S.D.) % dy (nm) (£S.D.) %

3800-20000-3800 1 0 132.7 (19.9) 100.0 - - 0.31 (0.06)

1 67.9 (22.2) 121 416.3 (79.8) 87.9 0.39 (0.08)

2 367.6 (19.5) 100.0 = = 0.22 (0.03)

7 443.5(57.8) 100.0 - - 0.27 (0.02)

4 0 1397.8 (137.2) 100.0 - - 0.51 (0.04)

1 2600.7 (431.4) 100.0 = = 0.56 (0.04)

2 928.6 (158.0) 100.0 = = 0.31(0.03)

7 1083(803.0) 85.8 4390(719.2) 14.2 0.57 (0.07)

7850-20000-7850 1 0 119.0 (2.9) 100.0 - - 0.16 (0.01)

1 124.5(9.8) 100.0 - - 0.20 (0.00)

2 122.0(7.6) 100.0 = = 0.22(0.01)

7 135.9(11.2) 76.1 921.5(91.2) 23.9 0.48 (0.23)

4 0 574.8 (37.6) 100.0 = = 0.28 (0.02)

1 510.6 (40.1) 100.0 - - 0.28 (0.01)

2 540.2 (32.4) 100.0 = = 0.28 (0.01)

7 498.4 (57.1) 100.0 = = 0.32 (0.03)

2 Peak 1 corresponds to the fraction of smaller size.
b peak 2 corresponds to the fraction of larger size.
¢ Two secondary size populations were found.

freeze-dried immediately after preparation trying to preserve their
initial size, though they usually display a substantial size growth.
To study the influence of the copolymer structure on the phys-
ical stability and the consequent change in micellar size over
time, drug-free 1 and 4% micellar suspensions were stored at
25°C and the size, the size distribution and the zeta potential
were followed up. In general, the size of the aggregates gradually
increased. Also, the appearance of more than one size population
was observed. Copolymers of greater molecular weight and CL/EO
>0.20 were more stable than more hydrophilic copolymers (<0.20)
of low molecular weight (Table 3). PEG6000 derivatives showed
the lowest stability and the most pronounced size growth of all
the series under investigation. This behavior was accelerated in
more concentrated systems. For example, 1050-6000-1050 and
1450-6000-1450 generated microparticles even at day 1, while
2550-6000-2550 micelles were slightly more stable (Table 3).
4% systems of PEG10000 copolymers with short PCL segments
(e.g., 1300-10000-1300 and 2600-10000-2600) also showed a fast
size growth. As previously shown, the initial size of PCL-PEG-PCL
micelles, as determined by DLS, is mainly governed by the size of
the hydrophilic PEG segment (Table 3). In this context, PEG20000

Fig.3. TEM micrograph of RIF-free 4% 3700-10000-3700 micelles prepared in water
and negatively stained with 2% uranyl acetate. Scale bar=100 nm.

micelles displaying a larger corona showed the highest steric stabi-
lization properties and the less pronounced size growth over time.
On the other hand, secondary aggregation stems from the inter-
action and fusion of hydrophobic domains of different copolymer
molecules. However, PCL segments need to be sufficiently long
and mainly in an amorphous state to fuse; highly crystalline PCL
domains fuse more slowly [51]. PCL blocks of intermediate length
donot crystallize fast enough to prevent fusion, though they are suf-
ficiently long to undergo gradual inter-molecular fusion, generating
much larger aggregates at day 2; fused PCL probably crystallize
at later time points, stabilizing the super-aggregates. In contrast,
micelles of copolymers with longer PCL blocks are more prone
to crystallize rapidly upon preparation, generating more stable
nanoparticles owing to the prevention of the fusion process from
the beginning. This is the case of 1 and 4% 3700-10000-3700 and
4500-10000-4500 micelles that showed relatively high stability
as expressed by the minor size change. A similar trend was found
for PEG20000 derivatives, 1500-20000-1500 being the less stable
one. It is worth mentioning though, that these copolymers initially
formed aggregates of much greater initial size. Zeta potential data
did not show substantial changes (not shown).

3.7. Encapsulation of RIF

Investigating the encapsulation of RIF within PCL-PEG-PCL
micelles and establishing the main molecular parameters ruling
this process was a central goal of this work. First, the influence
of the time of addition of the copolymer/RIF acetone solution to
the aqueous phase on the encapsulation efficiency was tested for
6% 3700-10000-3700 micelles. The more prolonged the addition
time, the greater the encapsulated amount of RIF; e.g., S; values
were 11.5 £ 0.7 (f; =4.49), 13.8 £ 0.7 (f; =5.39), 15.5 + 1.2 (f; =6.05)
and 16.1 + 1.6 (fs =6.29) mg/mL, respectively, for addition times of
10, 20, 30 and 40 min. Data at 20, 30 and 40 min were not sig-
nificantly different. On the other hand, the higher the RIF load
attained, the lower the physical stability of the system. To find the
equilibrium between encapsulation efficiency, stability and prepa-
ration time, in advance, an addition time of 20 min was used. 1%
PEG6000 micelles showed fs values <1 (S, is lower than the intrin-
sic solubility), indicating the deleterious interaction between both
amphiphiles (copolymer and drug). Following a similar trend, 4%
systems improved the aqueous solubility of RIF to less than 2
times (Table 4); e.g., 4% 1050-6000-1050, 1450-6000-1450 and
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Fig. 4. Apparent solubility (S,) of RIF in the different PCL-PEG-PCL micellar systems.

2550-6000-2550 showed S, values of 3.92, 4.05 and 4.56 mg/mL
(Fig. 4), representing fs of 1.53, 1.58 and 1.78, respectively. In
spite of the larger size of 4% 1050-6000-1050 micelles (115.5 nm)
compared to the other PEG6000 derivatives, this copolymer dis-
plays the shortest PCL blocks (and the smallest core) and, thus, the
lowest encapsulation capacity of the series (Table 4). This behav-
ior suggested that RIF is mainly hosted within the hydrophobic
domain; note the slight increase in the solubility in copolymers
with greater CL/EO ratio. In addition, the size increase attained
with 2550-6000-2550 with respect to 5000-5150 micelles led to
a minor encapsulation improvement. Copolymers bearing longer
PEG and PCL blocks (and forming larger micelles with larger cores)
showed better encapsulation efficiency. For example, S; values
for 4% 1300-10000-1300, 2600-10000-2600, 3700-10000-3700
and 4500-10000-4500 were 10.27, 10.36, 10.50 and 10.83 mg/mL,
respectively (Fig. 4); these values represent solubility improve-
ments of 4.01, 4.05, 4.10 and 4.23 times (Table 4). 6% systems
showed an even higher solubilization capacity (up to 5.43-fold). A
further concentration increase led to a sharp loss in copolymer sol-
ubility and a decrease in the RIF solubilization due to the formation
of macroscopic RIF/copolymer adducts and the fast precipitation of
the copolymer and the drug.

Despite the larger size shown in DLS analysis, PEG20000
micelles did not incorporate RIF efficiently. S, values were 1.89,
2.02 and 2.82 mg/mL for 1% 1500-20000-1500, 3800-20000-3800
and 7850-20000-7850, respectively (Fig. 4). This behavior
stemmed from the fact that the size growth was mainly due
to a larger corona that usually stabilizes the aggregate but does
not improve the solubilization capacity of the micelle. More con-
centrated micelles showed an extremely slight increase in the
solubilization capacity (Fig. 4). The encapsulation process depends
on two key parameters: (i) drug-micelle affinity and (ii) micelle

physical stability. PEG10000 and PEG20000 copolymers of sim-
ilar CL/EO ratios are expected to display similar affinity for the
drug. However, to maintain CL/EO ratios comparable to those of
the other series, PEG20000 amphiphiles bear longer PCL segments
with higher crystallization tendency and lower solubility in water.
It is also worth stressing that PEG20000 itself displays a lower
solubility in water than PEG10000. To maintain RIF in solution,
copolymers need to remain soluble. Our results indicated that RIF-
loaded PEG20000 systems were less stable and precipitated rapidly

> .
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..o; t

-Mﬁ.

&

Fig. 5. TEM micrograph of RIF-loaded 4% 3700-10000-3700 micelles prepared in
water and negatively stained with 2% uranyl acetate. Arrows point out RIF crystals
within the micelles. Scale bar =100 nm.
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Fig. 6. RIF concentration in solution (%) of drug-loaded polymeric micelles stored at 25 °C, over 1 week. “*' Statistically significant decrease (p <0.05) of the RIF concentration

when compared to the initial RIF concentration of the system.
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during preparation, thus resulting in micelles with much lower
encapsulation capacity, regardless of the larger size. Moreover,
solutions of PEG20000 copolymers were also substantially more
viscous, displaying gel-like characteristics even at copolymer con-
centrations as low as 1% that hindered the solubilization process
[48]. In summary, PEG10000 micelles appear to show the optimal
equilibrium between micellar size and polymer solubility, leading
to the best encapsulation capacity.

Overall data confirmed that the micellar size (determined by
the molecular weight of PEG) is the main structural feature gov-
erning the encapsulation of RIF. The contribution of the PCL length
to the solubilization capacity for identical PEG is less marked.
On the other hand, extremely long hydrophobic segments (intro-
duced to balance the CL/EO ratio of copolymers with larger PEG)
lead to remarkable lower micellar solubility as clearly observed
with PEG20000 micelles. It is worth stressing that the solubiliza-
tion extents found with PEG10000 micelles are higher than those
reported for RIF/CD complexes [25-27] and mannosylated den-
drimers [28].

3.8. Characterization of RIF-loaded micelles

The size and the size distribution of the drug-loaded nanopar-
ticles is a key parameter in the interaction with different cell
types and may dictate the fate of the nanocarriers in vivo, regard-
less of the administration route [52]. In the specific case of this
work that envisions the oral administration of the systems, the
gastrointestinal absorption strongly depends on the size of the par-
ticles [52]. Drug incorporation into the micellar core could also
change the aggregation pattern and the stability of the aggregates.
In general, drug-loaded micelles display enlarged sizes due to (i)
the expansion of the micellar core [53] or (ii) the fusion of drug-
containing micelles into larger ones [54]. The former leads to a
slight to moderate size growth, while the latter usually to more
dramatic size changes. It could also change the aggregation pat-
tern and the physical stability of the aggregates. The especially
high molecular weight of RIF and its dual amphoteric/amphiphilic
nature make the prediction of the interaction with the micelles
very difficult. At day 0, samples showed a unimodal aggrega-
tion. 1% micelles of highly hydrophilic copolymers (CL/EO <0.15)
underwent a clear size decrease upon RIF encapsulation with
respect to drug-free micelles (Table 5): e.g., 1500-20000-1500
(CL/EO=0.06),1050-6000-1050 (CL/EO =0.14),3800-20000-3800
(CL/EO=0.15) decreased from 249.5, 66.7 and 212.3 nm to 153.9,
59.8 and 132.7 nm, respectively. These findings would suggest
the formation of micelles of lower aggregation number. Con-
versely, 1% micelles of more highly hydrophobic amphiphiles
(CL/EO >0.33) showed a clear size growth. Copolymers with inter-
mediate CL/EO values (0.19-0.30) remained almost unchanged.
The analysis of RIF-containing 4% systems is less straightforward.
Most of the samples showed a clear size increase with respect to
the drug-free counterpart. For example, PEG6000 micelles with
PCL blocks of 1050, 1450 and 2550 Da expanded from 115.5, 88.0
and 70.0 nm to 132.8, 123.8 and 111.6 nm, respectively. PEG20000
copolymers showed a similar trend. The size growth would be
consistent with the enlargement of the core upon RIF solubiliza-
tion. In contrast, PEG10000 micelles showed a different behavior.
For example, 1300-10000-1300 (CL/EO =0.10) showed a clear size
increment from 220.7 to 299.8 nm upon RIF incorporation, while
more hydrophobic derivatives displayed aggregates of smaller size;
e.g., 4500-10000-4500 decreased from 193.7 to 152.3 nm. Over-
all findings indicate that (i) RIF disturbs the aggregation process
of PCL-PEG-PCL, (ii) the RIF/micelle interaction and the resulting
micellar size are intimately associated not only with the CL/EO ratio
but also with the PCL length and (iii) micellar fusion is presumably
being promoted by the drug in copolymers of sufficiently long PCL

blocks, this phenomenon being more favored at higher copolymer
concentrations. Despite the slightly negatively charged character
of RIF at pH 5.8 [55], its incorporation into the micelles did not
affect the surface properties and zeta potential values remained
almost unchanged (not shown). These results suggest that the drug
remains mainly associated to the micellar core (Table 5) and were
supported by TEM analysis, where RIF crystals were clearly visu-
alized within the micelles (Fig. 5); drug crystals were probably
generated during the drying process.

3.9. Physical stability of RIF-containing micelles

To gain further insight into the influence of RIF incorporation on
the physical stability of the micelles, the concentration of RIF and
the size and size distribution of drug-loaded micelles was investi-
gated over 1 week. In general, 1% 10,000 systems were physically
stable, the remaining percentage of RIF in solution being >90%, at
day 7 (Fig. 6); differences were statistically significant owing to
the very small S.D. found. In contrast, 1% PEG6000 systems were
less stable and RIF concentrations were between 60 and 70%, at
day 7. It is worth noting that these systems displayed S, values
lower than the intrinsic solubility in water. 4% PEG6000 were also
instable, percentages being 54, 31 and 44% for copolymers with
PCL blocks of 1050, 1450 and 2550 Da, at day 7. PEG20000 followed
a similar trend, 3800-20000-3800 being the most stable of this
series, regardless of the concentration. More concentrated disper-
sions often displayed a sharper concentration loss. For example,
the concentrations of RIF in 6% PEG10000 micelles decreased to
approximately 60% at day 1, while 4% systems only to 70%. Later
on, a sharper decrease was apparent. It should be stressed though,
that 4500-10000-4500 micelles were the most stable of this series,
probably due to the more effective stabilization of the micellar core
and the prevention of micellar fusion.

DLS measurements showed a steady size growth over time
and the appearance of more than one size fraction. This
phenomenon was more pronounced for more concentrated
systems of copolymers with lower molecular weight and rel-
atively low to intermediate CL/EO ratio (CL/EO <0.2) such
as 1050-6000-1050, 1450-6000-1450, 1300-10000-1300 and
2600-10000-2600 (Table 5). These size changes were accompa-
nied by the increase of the polydispersity. Data strongly support
the destabilization of the micelles by the encapsulated RIF pre-
sumably due to the inability of these copolymers to stabilize the
micellar core by PCL crystallization. Copolymers of the same fami-
lies, though with greater CL/EO values were much more stable (e.g.,
2550-6000-2550, 3700-10000-3700 and 4500-10000-4500).
Interestingly, some samples presented two size fractions at inter-
mediate time points (e.g., 1% 3700-10000-3700 at day 2) that
converge into one single population later on. This phenomenon
suggests that a dynamic process of micellar disassembly and re-
aggregation might be taking place to generate relatively more
stable systems. Regardless of the very low CL/EO value, 4%
1500-20000-1500 showed a more controlled size increase from
540.6nm at day 0 to 966.3 nm at day 7. Finally, a comprehen-
sive analysis of the solubilization and stability data indicates that
copolymers combining relatively large PEG central blocks with high
CL/EO display the best combination of encapsulation capacity and
stability over time.

4. Conclusions

The design of novel anti-TB antibiotics is one of the rationales
currently followed to address resistant strains of the mycobac-
terium, to shorten the treatment course and to minimize drug
interactions with other anti-TB and anti-HIV drugs. Alternatively,
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if managed appropriately, first generation anti-TB drugs still show
good effectiveness. Nanotechnologies appear as one of the most
promising approaches to overcome main technological limitations
(e.g., poor aqueous solubility and stability), to increase patient
compliance and adherence to the regimens and to target bacte-
rial reservoirs (e.g., alveolar macrophages) [56]. On the other hand,
TB is an infection mainly striking poor populations in developing
countries and, in this particular situation, making these innovative
medicines affordable to all the patients is another challenge [57].
In the present work, we aimed to more deeply understand
the structural parameters governing the RIF encapsulation within
PCL-PEG-PCL flower-like polymeric micelles; this drugis one of the
most potent and effective anti-TB ones. The micellar size appears
as the most crucial property, this phenomenon being primar-
ily controlled by the molecular weight of the PEG central block.
Sufficiently high CL/EO ratios (and long PCL segments) are also
demanded to attain relatively physically stable micellar systems
with cores that are large enough to host the bulky RIF molecule.
PEG10000 micelles with CL/EO ratios >0.30 combine the best
encapsulation capacity and the highest physical stability of all the
amphiphiles investigated. Having expressed this, the freeze-drying
of drug-loaded systems appears, at this stage, mandatory to assure
their physical stability in the long-term range. In this context, the
use of cryo-protectants is probably also required [58]. Based on the
size profile displayed, RIF-loaded micelles of these biocompatible
copolymers could fulfil the demands for the administration by the
oral route. It is also worth stressing that a new administration route
is emerging in TB: pulmonary local delivery [56]. In this context,
RIF-loaded micelles might also represent a valuable alternative to
other nano- and micron-sized carriers. However, a priori, the goal is
to evaluate the pharmacokinetic performance after the oral admin-
istration. Ongoing experiments are focused on the investigation of
the chemical stability of the encapsulated RIF in a broad range of
pH values and in contact with INH and of its oral bioavailability.
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