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Tuberculosis (TB) is the most deadly infection 
after HIV [1–3,101]. TB is regarded as a poverty-
related disease because it mainly affects poor 
countries [4]. In 1993 WHO declared a global 
sanitary emergency [5].

The first-line pharmacotherapy of nonresistant 
TB is comprised of two phases that last 6 months. 
Both phases demand the coadministration of 
rifampicin (RIF) and isoniazid (INH; isonicoti-
nylhydrazine) by the oral route [6,7,102]. Nonresis-
tant TB is curable but it accounts for more than 
25% of preventable and 24% of all deaths world-
wide [8,103]. Under gastric conditions, RIF under-
goes hydrolysis to 3-formyl RIF SV (3-FRSV), a 
derivative without activity in vivo due to negligible 
gastrointestinal absorption [9]. This degradation 
pathway is hastened by soluble INH [10–12]. The 
coadministration of RIF/INH fixed-dose com-
binations (FDCs) is clinically recommended to 
prevent the development of resistance. The signifi-
cant decrease of the oral bioavailability of RIF in 
most RIF/INH FDCs is usually disregarded [13]. 
WHO has raised awareness of this therapeutic 
drawback and advised the use of quality-assured 
FDCs of proven RIF bioavailability [14,104]. 

TB is among the ten main causes of child-
hood mortality, with an estimated annual 
toll of 130,000  deaths [15]. The lack of com-
mercially available pediatric medicines that 
enable fine-tuning of dosage and swallowing in 

poverty-related diseases is a remarkable hurdle for 
convenient therapy [16,17]. Single RIF and INH 
liquid formulations are commercially available in 
several countries. Conversely, liquid RIF/INH 
FDCs have not been developed. Macleods Phar-
maceuticals (Mumbai, India) developed a series 
of double (RIF/INH) and triple (RIF/INH/pyra-
zinamide) FDC dispersible tablets that could be 
used to obtain extemporaneous suspensions for 
pediatric use [17,105]. These products are listed 
in the WHO List of Prequalified Medicinal 
Products; although oral bioavailability data are 
not currently available. 

Novel drugs are expected to shorten the course 
of the treatment and to be effective against resis-
tant strains. At the same time, the development 
of innovative formulations of approved drugs that 
could also lead to breakthroughs in pharmaco-
therapy is in constant progress and it is becoming 
complementary to drug discovery [18]. For exam-
ple, Choonara et al. have recently reported on the 
production of super-stable nanoparticles for the 
sustained release of anti-TB drugs [19]. 

Polymeric micelles are one of the most versa-
tile nanocarriers to enhance the water solubility, 
the physicochemical stability and the bioavail-
ability of poorly water soluble and instable drugs 
[20,21] and diverse administration routes, such as 
oral, parenteral, ocular and intranasal, have been 
explored [22–26].
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The development of liquid pediatric FDCs 
is urgently needed to ease dose adjustment and 
swallowing and improve patient compliance 
[17]. At the same time, due to the detrimental 
RIF/INH interaction, liquid FDCs would need 
to be conceived as extemporaneous powders for 
redispersion where RIF is chemically stabilized. 
We previously described the encapsulation of 
RIF within ‘f lower-like’ polymeric micelles 
of poly(e-caprolactone)-b -PEG-b -poly(e-
caprolactone) (PCL-b-PEG-b-PCL) block copo-
lymers and their physical stabilization by freeze 
drying [27,28].

The present work investigated the capac-
ity of these nanocarriers to protect RIF from 
degradation under extreme acid conditions in 
the absence and presence of soluble INH and 
the pharmacokinetics of the drug in rats after 
oral administration. Overall results highlight 
the potential of this nanotechnology platform 
to develop an extemporaneous liquid RIF/INH 
FDC to treat childhood TB.

Materials & methods
�� Materials

PEG (molecular weight: 10 kg/mol, PEG10000), 
e-caprolactone (CL; monomer), tin (II) 2-ethyl-
hexanoate (catalyst), RIF, INH, and solvents of 
analytical or HPLC grade were used as received. 
Hydroxypropyl-b-cyclodextrin (HPb-CD) was 
a gift of ISP Technologies Inc. (NJ, USA). 

�� Methods
Copolymer synthesis
PCL-b-PEG-b-PCL copolymers were syn-
thesized as described previously [27,29,30]. 

Two derivatives bearing terminal PCL 
blocks of average molecular weight of 3.7 
(32  CL  units/arm) and 4.5  kg/mol (40  CL 
units/arm) and theoretical molecular weights 
of 17.4 and 19.0 kg/mol, respectively, were used 
[27]. PCL3700-b-PEG10000-b-PEG3700 and 
PCL4500-b-PEG10000-b-PCL4500 copoly-
mers are named PCL(3700) and PCL(4500), 
respectively. The hydrophilic–lipophilic bal-
ance of the copolymers was estimated by the 
ratio between the number of CL and ethylene 
oxide (EO) repeating units in the copolymer, 
designated the CL:EO ratio.

Preparation of RIF-loaded PCL-b-PEG-b-
PCL polymeric micelles 
RIF-loaded micelles of different copolymer 
concentrations (1, 4 and 6%) were prepared 
by means of the cosolvent/evaporation method 
[27]. RIF concentrations were determined by 
UV–visible spectrophotometry (Supplementary 

Information; see online at www.futuremedicine.
com/doi/suppl/10.2217/nnm.13.154).

Freeze drying of RIF-loaded micelles 
RIF-loaded micelles were freeze-dried employ-
ing HPb-CD (10, 13, 15 and 20% w/v) as cryo-/
lyo-protectant [28]. Samples were reconstituted 
in distilled water (1 ml) before use (Supplementary 

Information). 

Morphology of RIF-loaded micelles
The morphology of RIF-loaded PCL(4500) 
micelles was studied by transmission elec-
tron microscopy and atomic force microscopy 
(Supplementary Information). 

100 nm
200 nm

10.07°

-40.81°

Figure 1. Morphology of rifampicin-loaded poly(e-caprolactone)(4500) polymeric micelles. 
(A) Transmission electron microscopy micrograph of fresh 4% micelles and (B) tapping mode atomic 
force microscopy 2D micrograph of freeze-dried 1% micelles lyoprotected with hydroxylpropyl 
b-cyclodextrin 15%. The sample was diluted 1:20 before the analysis. Arrows indicate micelles.
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In vitro release of RIF
The release of RIF was assessed employing phos-
phate-buffered saline (pH 7.4) containing ascor-
bic acid (200 µg/ml) [31] as an external release 
medium (600 ml) under mechanical stirring 
(70 rpm) over 6.5 h, at 37°C (Supplementary Informa-

tion). The goal of this assay was to study the role 
played by the release of RIF in the degradation 
process. These pH conditions were selected to 
prevent RIF degradation during the assay and to 
simplify the analysis. The addition of HPb-CD 
as cryo-/lyo-protectant could alter the release of 
RIF. To study this effect, the release from RIF-
loaded micelles (4%) containing 20% HPb-CD 
was also assessed. 

Assays were carried out in triplicate and the 
results are expressed as the mean ±  standard 
deviation of the mean. Release data were fitted to 
the Korsmeyer–Peppas model [32,33], considering 
micelles as spheres [27,34] (Supplementary Information). 

The analysis and fitting were conducted with 
SigmaPlot® software and Microsoft Excel® 2003 
(both Microsoft, WA, USA).

Measurement of the micellar size & size 
distribution
The effect of RIF release on the size and size 
distribution (expressed by the polydispersion) 
of RIF-loaded micelles was studied by dynamic 
light scattering over 2 h, at 37°C (Supplementary 

Information). 

Chemical stability of RIF
Fresh and freeze-dried RIF-loaded micelles 
(4%) were incubated in acid medium in the 
absence and presence of soluble INH. For the 
latter assays, INH was solubilized in hydrochlo-
ric acid (HCl) 0.1 N and the RIF:INH weight 
ratio was maintained at 3:2, as used in previous 
studies [9] and recommended in clinics [10,11,14]. 
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Figure 2. In vitro rifampicin release from poly(e-caprolactone)-b-PEG-b-poly(e-caprolactone) polymeric micelles containing 
different copolymer concentrations. (A) Fresh 1–6% PCL(3700) micelles containing 4.9 mg/ml of RIF, (B) fresh 1–6% PCL(4500) 
micelles containing 4.9 mg/ml of RIF, (C) fresh 4 and 6% PCL(3700) micelles containing 10.4 and 12.2 mg/ml of RIF, respectively, and 
(D) fresh and lyophilized 4% PCL(4500) micelles containing 10.4 and fresh 6% micelles containing 12.2 mg/ml of RIF. Each point 
represents the mean ± standard deviation of the mean of three independent experiments.  
HPb-CD: Hydroxylpropyl b-cyclodextrin; PCL: Poly(e-caprolactone); RIF: Rifampicin.
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Saturated free RIF solutions (2.6 mg/ml) were 
used as control. Samples were diluted (1:10 and 
1:40) in HCl 0.1  N and incubated at 37°C 
under continuous magnetic stirring (100 rpm) 
for 3 h [22,35]. These pH conditions and sam-
pling intervals were selected to mimic the gas-
tric transit time and acid environment where 
RIF degradation is maximal. 

The addition of HPb-CD could modify 
the chemical stability of RIF with respect to 
fresh samples. Thus, freeze-dried samples were 
resuspended in the original volume of distilled 
water and diluted with HCl 0.1 N. At different 
time points, samples (500 µl) were diluted with 
phosphate buffer saline of pH 7.0 to quench 
the acid degradation process and analyzed 
by reverse-phase HPLC (see below). RIF fol-
lows first-order degradation kinetics [10]. Thus, 
the degradation constant under the different 
conditions was determined by the following 
equation:

( ) ( ) .n C K t0=In C I - df

where C
o
 is the initial concentration of RIF and 

C
f
 the concentration at a certain time, K

d
 the 

apparent degradation constant (min-1) and t the 
time expressed in minutes. The percentage of 
RIF degraded at 3 h, D

3h
 (%), was also calcu-

lated. This time is clinically relevant because it 
is the maximum gastric transit of RIF. Assays 
were carried out in triplicate and the results are 
expressed as the mean ± standard deviation of 
the mean. 

HPLC method for chemical stability 
assays
Analyses were carried out using an adapted 
reverse-phase HPLC validated method with 
a UV detector (l  =  254  nm) (Supplementary 

Information) [11].

Oral pharmacokinetics of RIF 
The goal of this study was to evaluate the effect 
of RIF solubilization and chemical stabilization 
within the micelles on its bioavailability. The 
oral pharmacokinetics of RIF was assessed in 
male Wistar rats (weight of 300–350 g) in the 
absence and presence of INH (RIF:INH weight 
ratio 3:2) (Supplementary Information). 

HPLC method for oral pharmacokinetics 
assays
RIF concentrations in plasma were determined 
by reverse-phase HPLC with UV (l = 330 nm) 
(Supplementary Information). Ta
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Evaluation on in vivo data
Noncompartmental analysis of RIF plasma con-
centrations was performed using the PKSolver 
program (China Pharmeutical University, 
Jiangsu, China). Pharmacokinetic parameters 
were log transformed for statistical analysis to 
reduce heterogeneity of the variance. The rela-
tive oral bioavailability (F

r
) between the micel-

lar formulations and the suspension (control) 
was determined by calculating the ratio between 
the area under the curve (AUC)

0–24h
 of the 

RIF-loaded micelles and the RIF suspension 
after the administration of an identical dose, 
according to: 

% /F UC AUC 100mic susp #=^ h Ar

where AUC
mic

 and AUC
susp 

are the AUC
0–24h

 of 
micellar dispersion and suspension, respectively.

Statistics
Statistical analysis was performed by one-way 
analysis of variance using Microsoft Excel 2003 
software. The results were considered statistically 
significant if p < 0.05.

Results
We have previously investigated the nanoencap-
sulation of RIF within different types of poly-
meric micelles [26,36]. However, due to its bulky 
structure, micelles need to display relatively 
larger cores to host it. In this framework, we 
synthesized three series of PCL-b-PEG-b-PCL 
block copolymers with PEG precursors of grow-
ing molecular weight and different CL:EO ratios 
and produced flower-like polymeric micelles 
[27]. Two derivatives with central PEG10000 
block, PCL(3700) and PCL(4500), showed 
the greatest solubilization capacity in water and 
physical stability of all the copolymers. RIF-
loaded flower-like polymeric micelles displayed 
a spherical morphology (Figure 1). The present 
work initially investigated how encapsulation 
affected the release and chemical stability of 
the drug in vitro. Finally, the oral pharmacoki-
netics was evaluated toward the development of 
an extemporaneous liquid RIF/INH FDC for 
pediatric use. 

�� In vitro RIF release from polymeric 
micelles
Free RIF
RIF displays a relatively high molecular weight 
of 822.95 g/mol. To rule out the retention of 
the drug by the dialysis membrane, the release 
of free RIF in solution (2.6 mg/ml) was assayed. 

The release was almost completed within 6.5 h 
(released amount: 84%) (Figure 2A). 

Effect of copolymer concentration
In the next stage, we investigated the effect of 
growing copolymer concentrations (1, 4 and 
6% w/v), while maintaining a constant RIF 
payload (4.9 mg/ml). It is worth stressing that 
1% micelles were saturated with RIF, while 4 
and 6% micelles were not. All the PCL(3700) 
polymeric micelles released 43–47% of the drug 
cargo after 6.5  h (Figure  2A). For PCL(4500) 
micelles, the greater the copolymer concen-
tration, the slower the release rate. Thus, 1, 
4 and 6% micelles released 74, 48 and 28%, 
respectively, at 6.5 h (Figure 2B). Another param-
eter of consideration was the hydrophilic–lipo-
philic balance estimated by the CL:EO ratio. 
PCL(3700) and PCL(4500) present values of 
0.29 and 0.35, respectively [27]. The 1% micelles 
of the more hydrophobic PCL(4500) showed a 
faster release rate than their PCL(3700) coun-
terparts, while the opposite was true for unsat-
urated 6% systems (Figure  2A & B). Both 4% 
unsaturated micelles released the same amount 
of drug (~47–48%) after 6.5 h. 

Effect of drug payload
To understand the effect of the drug payload on 
the release process, 4 and 6% micelles contain-
ing the maximum possible RIF payload (10.4 
and 12.2 mg/ml, respectively) were also assayed. 
RIF-saturated PCL(3700) micelles released 
faster than their unsaturated counterparts 

Time (min)
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

m
A

U

-10

0

10

20

30

40

50

60

70

DP2 DP1

RIF

Figure 3. Chromatogram showing the degradation of free rifampicin in 
hydrochloric acid 0.1 N at 37°C. (A) At 0 h and (B) after 2 h, in the presence of 
isoniazid (RIF: isoniazid weight ratio of 3:2). The appearance of two additional 
peaks (DP1 and DP2) corresponded to RIF degradation products in acid medium. 
RIF: Rifampicin.



Nanomedicine (Epub ahead of print)doi:10.2217/NNM.13.154 future science group

Research Article Moretton, Hocht, Taira & Sosnik

(Figure 2C); for example, 79 and 51% for 4 and 
6% systems, respectively. Conversely, the release 
from RIF-saturated PCL(4500) micelles was 
slower than that of the unsaturated micelles 
(Figure 2D). 

Effect of cryo-/lyo-protection
To enhance their mid-to-long-term physical 
stability, RIF-loaded micelles need to undergo 
lyophilization with HPb-CD [28]. However, this 
hydrophilic additive might increase the release 
rate. As expected, 4% PCL(4500) micelles 
containing 20% HPb-CD released much 
faster (twofold) than the fresh ones (without 
cryo-/lyo-protectant) (Figure 2D).

Release data fitting
Drug release data were analyzed by differ-
ent models (Table 1). The analysis was initially 

conducted between 0 and 6.5 h. For example, 1% 
micelles containing 4.9 mg/ml RIF payload fit-
ted first-order kinetics, with k

1
 values of 0.10 h-1 

for PCL(3700) and 0.21 h-1 for PCL(4500). 
A similar trend was observed for unsaturated 
4% micelles, although k

1
 values were slightly 

smaller; 0.07 and 0.09 h-1 for PCL(3700) and 
PCL(4500), respectively. A further increase of 
the copolymer concentration to 6% led to a 
decrease in the release rate and a slight deviation 
from linearity. RIF-saturated 4 and 6% micelles 
showed faster release rates than their correspond-
ing unsaturated counterparts. For example, k

1
 

values for 4 and 6% PCL(3700) were 0.22 and 
0.10 h-1, respectively. Release data were also ana-
lyzed between 0 and 3.5 h. All the systems fitted 
zero-order kinetics (Table 1). 

When release data were analyzed by the Kors-
meyer–Peppas model, 1, 4 and 6% saturated 
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Figure 4. Percentage of rifampicin degradation in acid medium over 3 h. A free RIF solution was used as control. Fresh RIF-loaded 
micelles were diluted in hydrochloric acid 0.1 N (A) 1:10 and (B) 1:40 in the absence and presence of INH. PCL(4500) freeze-dried 
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HPb-CD: Hydroxylpropyl b-cyclodextrin; INH: Isoniazid; PCL: Poly(e-caprolactone); RIF: Rifampicin.
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PCL(3700) micelles showed n values of 0.75, 
0.77 and 0.73, respectively (Table 1). A similar 
trend was followed by 4 and 6% RIF-unsatu-
rated PCL(3700) micelles with n values of 0.45 
and 0.53, respectively. PCL(4500) micelles 
showed a behavior that depended on both the 
drug payload and the copolymer concentration. 
Micelles containing a constant drug payload 
of 4.9 mg/ml and a growing copolymer con-
centration resulted in n values of 1.00 (1%), 
0.60 (4%) and 0.67 (6%). Fresh RIF-saturated 
4% PCL(4500) micelles showed an n value of 
0.96. This value decreased after freeze drying 
to 0.67. Conversely, 6% PCL(4500) micelles 
showed a behavior similar to that of saturated 
6% PCL(3700) micelles with an n value of 0.46. 

�� Effect of RIF release on micellar size 
& size distribution
The release of RIF from drug-saturated 1% 
micelles was accompanied by a fast decrease in 
the micellar size (Table 2); for example, the size 
of 1% PCL(3700) and PCL(4500) micelles 
decreased from 227.0 and 169.9 nm to 84.1 and 
66.6 nm, respectively, after 1 h. RIF-unsaturated 
4 and 6% PCL(3700) and PCL(4500) micelles 
were smaller and larger, respectively, than 1% 
saturated ones. In addition, they showed a 
bimodal aggregation pattern. In both cases, 
sizes did not change much over time (Table 2). 
RIF-saturated 4 and 6% micelles were larger 
than their unsaturated counterparts and, at the 
beginning of the assay, they displayed a slight 
size growth (Table 2). Before, their size decreased 
(data not shown). 

�� In vitro RIF chemical stability
The residence time of a formulation in the stom-
ach depends on gastric emptying and is between 
15 min and 3 h. Thus, we assessed the chemical 
stability of the encapsulated RIF in vitro over 
3 h. In this time interval, all the systems followed 
zero-order release kinetics (Table 1 & Figure 2). Since 
4% micelles showed a good balance between 
RIF encapsulation capacity, physical stability 
upon lyophilization and a relatively low release 
rate (<33%) over the first 3.5 h, stability stud-
ies were exclusively conducted on them. Free 
RIF (2.6 mg/ml) showed an apparent degrada-
tion rate constant (K

d
) without and with INH 

of 3.1 × 10-3 and 4.1 × 10-3 min-1, respectively 
(Table 3). INH increased the degradation rate by 
approximately 30%. The chromatogram of RIF 
in acid medium with INH presented a major 
peak of RIF and two secondary ones of equiva-
lent area that probably corresponded to the main 

degradation products of RIF, 3-FRSV and iso-
nicotinyl hydrazone (Figure 3). In the absence of 
INH, only one degradation product (probably 
3-FRSV) was observed (data not shown). 

In PCL(3700) micelles diluted 1:10 without 
INH, RIF degradation fitted first-order kinetics 
(Table 3) and K

d
 significantly decreased 3.9-fold 
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Figure 5. Rifampicin plasma concentrations upon oral administration of 
rifampicin suspension and fresh rifampicin-loaded micellar dispersion. RIF 
concentrations in the (A) absence and (B) presence of isoniazid. The RIF:isoniazid 
weight ratio was 3:2. Results are expressed as mean ± standard error of the mean 
(n = 6). 
RIF: Rifampicin.
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from 3.1 × 10-3 to 0.8 × 10-3 min-1. A concom-
itant decrease of D

3h
 from 42.8 to 14.2% was 

observed (Figure 4A). PCL(4500) micelles diluted 
1:10 showed a 4.4-fold decrease in their degra-
dation rate (K

d
 = 0.7 × 10-3 min-1) and a D

3h 
of 

12.4%. In the presence of INH, degradation 
was reduced to a lesser extent; K

d
 and D

3h
 being 

1.8 × 10-3 min-1 and 27.7%, respectively, for both 
copolymers (Table 3). 

To study the stability under more extreme con-
ditions, a 1:40 dilution was also assessed. RIF 
degradation also followed first-order kinetics and 
the degradation rates were significantly smaller 
than those of the control (p < 0.05), regardless of 
whether INH was present or absent (Table 3). How-
ever, the stability conferred by the micelle was 
partially curtailed (Figure 4B). For example, K

d
 val-

ues for PCL(4500) were 1.6 × 10-3 and 2.4 × 10-3 
min-1 without and with INH, respectively, repre-
senting D

3h 
values of 24.1 and 35.1%. 

Addition of HPb-CD increased the release 
rate. Thus, we also expected a lower chemical 
stability. Lyophilized 4% PCL(4500) micelles 
containing 20% HPb-CD and diluted 1:10 
displayed a K

d
 of 1.1 × 10-3 and 2.1 × 10-3 min-1 

without and with INH, respectively, which cor-
responded to D

3h
 of 17.2 and 32.0% (Figure 4C & 

Table 3). After 1:40 dilution, values without INH 
were still significantly better than the control 
with a K

d
 of 2.2 × 10-3 min-1 and D

3h
 of 32.1%. 

However, when the medium contained soluble 
INH, results were similar to the control (Figure 4D 

& Table 3). 

To overcome this detrimental effect, we 
adjusted the concentration of the additive to 
attain a f

c
 value of ≤2, as previously established 

[28]. Micelles containing 10 and 13% cyclo-
dextrin showed a f

c 
>2.0. Conversely, micelles 

with 15% HPb-CD showed a f
c
 of 1.9 and 

redispersion was feasible, resulting in a com-
pletely translucent dispersion. Degradation 
rates upon 1:10 dilution without and with INH 
were significantly smaller than the control even 
without INH; K

d
 and D

3h
 being 0.8 × 10-3 and 

2.1 × 10-3 min-1 and 13.4 and 31.5%, respec-
tively (Figure 4C & D & Table 3). A similar trend was 
observed after 1:40 dilution, although degrada-
tion was faster than the fresh system, differences 
being nonstatistically significant (Figure 4C & D & 

Table 3). Furthermore, in freeze-dried micelles, 
RIF was more stable in the presence of INH 
than the free drug without INH. 

�� Oral pharmacokinetics of RIF
Free RIF
Since both copolymers showed similar in vitro 
degradation kinetics, the pharmacokinet-
ics were only evaluated for 4% PCL(4500) 
micelles. An INH-free RIF suspension resulted 
in a C

max
 of 10.18 µg/ml at 3.83 h. Thereaf-

ter, the RIF plasma concentration gradually 
decreased, with the drug being detectable for 
up to 24 h (Figure 5). In addition, the AUC

0–24 

was 136.5 µg/ml/h (Table 4). The coadministra-
tion of RIF and INH led to a slight decrease in 
the C

max
 to 9.58 µg/ml and a pronounced drop 

Table 4. Rifampicin pharmacokinetic parameters after the oral administration of the different formulations (n = 6). 

Formulation 
composition

PK parameter Formulation type

Suspension Fresh micellar dispersion† Lyophilized micellar dispersion†‡

Media SE Media SE Media SE

RIF Cmax (µg/ml) 10.18 2.77 24.50*,** 2.24 25.50*,*** 2.69
tmax (h) 3.83 0.48 2.67 0.49 3.00 0.32
AUC0-24 (µg/ml/h) 136.52 42.71 298.95*,** 31.06 243.14*,*** 27.49
ke (h

-1) 0.08 0.02 0.12 0.03 0.16 0.01
Fr (%) 100.00 – 218.97 – 178.10 –

RIF/INH§ Cmax (µg/ml) 9.58 2.85 19.93* 1.46 14.46 0.92
tmax (h) 4.00 0.68 3.83 0.48 3.40 0.40
AUC0-24 (µg/ml/h) 66.37 19.75 220.98* 25.32 146.29*,*** 20.71
ke (h

-1) 0.12 0.02 0.17 0.04 0.17 0.01
Fr (%) 100.00 – 332.94 – 220.41 –

The rifampicin concentration was 10 mg/ml and the dose was 10 mg/kg. 

†Copolymer concentration was 4% w/v. 
‡Cryo-/lyo-protectant concentration in the micellar dispersion was hydroxylpropyl b-cyclodextrin 15% w/v. 
§RIF:INH weight ratio was 3:2. 
*The PK parameter was significantly higher (p < 0.05) for the micellar dispersion than for the suspension; **There was no significant difference (p > 0.05) between 
micellar dispersions before and after INH incorporation; ***There was no significant difference (p > 0.05) between the micellar dispersion before and after 
lyophilization. 
AUC0-24: Area under the curve between 0 and 24 h; Fr: Relative oral bioavailability; INH: Isoniazid; Ke: Elimination rate constant; PK: Pharmacokinetic; RIF: Rifampicin; 
SE: Standard error of the mean; tmax: Time to the maximum concentration.
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in the AUC
0–24 

to 66.37 µg/ml/h (Table 4). Other 
parameters (e.g., k

e
) remained almost unchanged 

(Table 4). 

Fresh RIF-loaded polymeric micelles
Fresh RIF-loaded micelles without INH showed 
a significant (p < 0.05) increase in the C

max
 from 

10.18 µg/ml (control) to 24.50 µg/ml (Table 4). 
t

max
 values showed a slight decrease from 

3.83 to 2.67 h (Figure 5). The AUC
0–24

 for the 
RIF-loaded micelles also showed a significant 
increase (p < 0.05) of 2.2-times with respect to 
the suspension (Table 4). The coadministration 
of free INH and RIF-loaded micelles showed 
a significant 2.1-fold increase (p < 0.05) in the 
C

max
 (Table  4) from 9.58 to 19.93  µg/ml. The 

increase in the AUC
0–24 

was even more remark-
able, from 136.52 to 220.98 µg/ml/h (Table 4). 
Furthermore, k

e
 and t

max
 values did not change 

substantially. A decrease in the C
max

 and AUC
0–

24 
was observed in the presence of INH, with 

the differences not being significant (p > 0.05) 
(Table 4). 

Freeze-dried RIF-loaded polymeric 
micelles
Freeze-dried micelles in the absence of INH 
showed a significant (p < 0.05) increase in C

max
 

and AUC
0–24

 with respect to the suspension 
(control) (Table 4 & Figure 6). For example, RIF 
bioavailability increased almost 1.8 times (F

r
 

[%] of 178.10). However, AUC
0–24

 values were 
lower than those observed for the fresh counter-
parts, with the difference not being significant 
(Table 4). Once more, differences in k

e
 and t

max
 

were negligible. The coadministration of this 
formulation with INH also led to a decrease in 
both C

max
 and AUC

0–24
 with respect to the fresh 

system (Figure 6). At the same time, AUC
0–24

 val-
ues for the lyophilized micelles were significantly 
greater (p < 0.05) than the RIF suspension, with 
the F

r
 (%) being 220.41. 

Discussion
The present work evaluated a platform of poly-
meric micelles to develop an extemporaneous 
liquid RIF/INH FDC for the therapy of non-
resistant TB in children. Two amphiphiles that 
showed the best RIF encapsulation capacity 
were used [27]. The goal of the nanoencapsula-
tion was to increase the aqueous solubility of 
the drug and to stabilize it in acid medium. Our 
hypothesis was that only the free drug would 
undergo hydrolysis. Thus, the release study was 
initially aimed to determine the amount of drug 
that was released in a time interval that fits the 

gastric (~3 h) and gastrointestinal (~6 h) tran-
sits. Release data indicated that the process was 
mainly controlled by the micelle and not by the 
dialysis membrane. 

A parameter that governs the encapsulation 
process is the CL:EO ratio. An increase in the 
relative length of the PCL blocks may result 
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Figure 6. Rifampicin plasma concentrations upon oral administration of 
rifampicin suspension and lyophilized rifampicin-loaded micellar 
dispersion. RIF concentration in the (A) absence and (B) presence of isoniazid. 
The RIF:isoniazid weight ratio was 3:2 and the cryo-/lyo-protectant concentration 
was 15% w/v. Results are expressed as mean ± standard error of the mean (n =  6). 
RIF: Rifampicin.
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in two competing effects: stronger copoly-
mer–hydrophobic drug interactions and tighter 
packing of the core during self-aggregation. 
The former hinders the release, while the lat-
ter facilitates it [37]. In systems with constant 
RIF payloads (4.9 mg/ml) and 1% copolymer 
concentration, the second effect was more rel-
evant and PCL(3700) released at a slower rate 
than PCL(4500). A total of 6% of unsaturated 
micelles followed the opposite trend and a slower 
release was observed for PCL(4500). The 4% 
systems showed very similar release profiles, 
suggesting that both effects would be counter-
balanced. RIF-saturated micelles (4 and 6%) 
showed a faster release rate (Figure 2C & D), prob-
ably owing to the presence of a greater number 
of RIF molecules hosted in outer layers of the 
micelle that went through a shorter path to be 
released [38]. In addition, slightly longer PCL 
blocks led to stronger drug–core interactions 
and slower release rates [39].

The release kinetics from polymeric micelles 
are complex and involve various mechanisms 
[40]. In the Korsmeyer–Peppas model, n values 
of 0.43 indicate Fickian diffusion release [32,33]. 
Conversely, n values between 0.43 and 0.85 
reveal mass transfer according to a non-Fickian 
release (anomalous transport) [40,41]; the release 
relies on a combination of drug diffusion and 
relaxation of the polymeric chains. Finally, 
n ≥ 0.85 indicates supercase II transport where 
the drug release is purely controlled by polymer 
relaxation [32,33]. The release from 1% RIF-
saturated systems was mainly controlled by 
copolymer chain relaxation (n ≥ 0.85). In 4% 
micelles, the release was the result of both dif-
fusion and copolymer chain relaxation mecha-
nisms (anomalous transport). A further increase 
to 6% resulted in a release mainly controlled 
by diffusion. In addition, higher copolymer 
concentrations favored the generation of larger 
aggregates (Table 2), where the diffusion of RIF 
molecules would demand longer times compared 
with smaller micelles [42]. 

RIF disturbs the self-aggregation of PCL-b-
PEG-b-PCL amphiphiles [27]. Depending on the 
CL:EO ratio, the behavior of 1% micelles was 
different or not to that of samples that contained 
the same drug payload, but a greater copolymer 
concentration (Figure 1A & B). Samples were also 
monitored by dynamic light scattering to assess 
the effect of drug release on the micellar size and 
size distribution. The release from RIF-saturated 
1% systems led to a sharp micelle shrinkage even 
when the accumulated release was less than 20% 
(Table 2). These data confirmed that RIF enlarges 

the micelle upon encapsulation [27]. Saturated 4 
and 6% micelles displayed a slight size growth 
and the occasional appearance of additional size 
populations probably due to some swelling dur-
ing the initial stages of release. In a longer-term 
range (24 h), sizes always decreased (data not 
shown). The size of unsaturated PCL(3700) and 
PCL(4500) micelles did not change substan-
tially. Irrespective of the CL:EO ratio, micelles 
of the same copolymer (and drug concentration) 
showed similar size and size distribution, indi-
cating that the size of the aggregate is mainly 
governed by the copolymer concentration and 
not by the drug cargo. 

Overall findings strongly suggested the ability 
of the micelles to sustain the release of RIF, a phe-
nomenon that was expected to isolate and protect 
it from the acid medium and soluble INH. 

The main goal of this work was to stabilize 
RIF in contact with an acid medium in the pres-
ence of INH and, by doing so, improve its oral 
bioavailability. Samples were diluted to mimic 
the dilution extent that liquid formulations usu-
ally undergo in gastric fluids (total volume of 
~500 ml) [22,35]. Nanoencapsulation resulted in a 
significant decrease in the degradation rate with 
respect to the free drug. In addition, degradation 
always fitted a first-order model. Regardless of 
the fact that the final copolymer concentration 
after dilution was always above the correspond-
ing critical micellar concentration [27], the gener-
ation of micelles that are more permeable to the 
external medium owing to dilution could be not 
be ruled out. Findings of release and chemical 
degradation in vitro were in good agreement and 
strongly suggested that only free RIF molecules 
underwent degradation.

CDs are cyclic oligosaccharides used to 
enhance the aqueous solubility of hydrophobic 
drugs, including RIF [43,44]. This interaction 
would explain the faster RIF release and higher 
degradation extent in lyophilized samples. Thus, 
the formation of a RIF/CD inclusion complex 
increased the release rate and jeopardized the sta-
bilization capacity of the micelles. The reduction 
of the lyoprotectant concentration to 15% had a 
beneficial effect and the degradation parameters 
in the presence of INH remained significantly 
smaller than those measured for free RIF with-
out INH (Table 3 & Figure 4). Differences for K

d 
and 

D
3h

 values between fresh and lyophilized samples 
were not significant. These findings support the 
hypothesis that the protective effect stems from 
the ability of micelles to isolate RIF from the sur-
rounding medium and to prevent the diffusion 
of INH molecules into the RIF reservoir. It is 
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remarkable that the degradation rate of encap-
sulated RIF in the presence of INH was always 
slower than that of free RIF even without INH. 

Since the oral bioavailability of RIF is a key 
parameter to achieve an effective TB treatment, 
the effect of RIF encapsulation was evaluated 
in vivo. The gastric and duodenal pH values in 
rats are approximately 3.9 and 5.9, respectively 
[45]. For a RIF suspension, the decrease in C

max
 

and AUC
0–24 

with INH (Table 4) was in full agree-
ment with the in vitro stability studies (Table 3). 
Extravascular drug administration might lead 
to incomplete drug absorption due to limited 
dissolution in the gastrointestinal fluids. Thus, 
the solubilization within the micelles increased 
the oral bioavailability of the drug. Moreover, 
drug presystemic elimination, particularly after 
oral administration, could be related to acid or 
enzymatic degradation, quelation and intestinal 
bacteria metabolization [46]. The capacity of the 
micelles to encapsulate RIF, increase its aque-
ous solubility and sustain its release (Figure  2) 
not only prevented degradation in acid medium 
(Figure 4), but also contributed to optimize the 
intestinal absorption of the drug (Figures 5 & 6). 
The slight decrease in t

max
 for the micelles could 

be explained by the greater solubility of the drug 
in the gut, while similar k

e
 values suggested that 

the elimination mechanisms were not altered by 
the micelles, which are mostly eliminated in the 
feces. Although the coadministration of drug-
loaded micelles and INH led to a decrease in the 
C

max
 and AUC

0–24
 compared with formulations 

without INH, the relative oral bioavailability was 
significantly greater than that of the suspension. 
The highest oral bioavailability improvement 
(3.3-fold) was attained with fresh micelles coad-
ministered with INH at a clinically relevant drug 
weight ratio. HPb-CD showed some detrimental 
effects on the pharmacokinetics of RIF, probably 
owing to the formation of complexes [47–49]. For 
instance, this study also suggested that HPb-
CD alters the permeability of RIF in vivo and 
reduces oral bioavailability compared with the 
fresh dispersion (Table 4). 

Conventional in  vitro release studies from 
nanocarriers have been developed based on dis-
solution tests used for quality control of solid for-
mulations, and they are of limited value to predict 
the performance of the nanodrug delivery system 
in vivo without the development and validation 
of an in vitro–in vivo correlation, a goal that was 
beyond the scope of this work. This phenomenon 
is particularly valid for the oral route, owing to 
the complexity of the GI tract. Conversely, in 
this study, in vitro release assays mainly aimed 

to shed light on the parameters that affect the 
chemical stabilization of RIF in acid medium. 
Findings in vitro confirmed the intimate asso-
ciation between release and degradation. At the 
same time, it should be stressed that the ability of 
the micelles to partially delay the release of RIF 
for 2–3 h and to minimize the direct contact of 
the drug with the gastric medium explains the 
improved bioavailability of RIF in the micelles 
compared with the suspension even under the 
most disadvantageous administration conditions, 
namely in the presence of soluble INH. 

The increase in AUC
0–24 

could be related to the 
oral effectiveness of the drug. The antimicrobial 
activity of RIF is time and concentration depen-
dent and the ratio between AUC and the mini-
mum inhibitory concentration is a parameter that 
correlates well with the bactericidal efficacy [50]. 
Thus, the enhanced preclinical oral bioavailabil-
ity attained with this innovative nanopharma-
ceutical product could enable a reduction in the 
administration frequency and increased patient 
compliance, and supports the potential of this 
strategy for the first-line therapy of pediatric TB.

Conclusion
This study demonstrated the feasibility of poly-
meric micelles to protect RIF from degradation 
in acid medium in the presence of INH. This 
process optimized the pharmacokinetics under 
a recommended clinical coadministration regi-
men. The addition of a cryo-/lyo-protectant was 
appropriately adjusted to minimize the release 
from the micelles, a phenomenon that, if not 
controlled well, could increase the degradation 
rate and reduce the permeability in vivo. Even 
under these less favorable conditions, polymeric 
micelles were shown to be a valuable platform 
to improve the performance of the FDC. In this 
context, our development would enable a fast 
redispersion of the RIF/INH powder in water 
and its administration as a limpid liquid formu-
lation. Independent of the preliminary in vivo 
results, more advanced studies in an aerosol-
infected TB animal model should be performed 
to correlate the improved pharmacokinetics with 
greater anti-TB efficacy. 

Future perspective
The development of child-friendly formulations, 
including FDCs, is being addressed by few phar-
maceutical companies in developing nations [105]. 
Although these products would make patients 
more compliant, the chemical stability of RIF in 
the stomach remains doubtful. In other words, 
considering that in these products RIF is not 
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isolated from INH, once the tablet disintegrates 
in vivo and drugs come into contact with the acid 
medium, the degradation of RIF will occur. In 
this regard, research of innovative pharmaceutical 
products that overcome this crucial biopharma-
ceutic disadvantage remains an urgent matter. 
At the same time, we must realize that the pro-
gresses made at the interface of poverty-related 
diseases and pharmaceutical development have 
been very limited. In this context, the founda-
tion and consolidation of multidisciplinary and 
multisectoral initiatives that capitalize on the 
available infrastructures, economic and human 
resources, and technology platforms is crucial to 
reduce the development time and costs and, by 
doing so, to improve the access of specific patient 
subpopulations (e.g.,  children) to improved 
medicines.
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Executive summary

In vitro rifampicin release from polymeric micelles
�� Overall, research strongly suggests the ability of the micelles to sustain the release of rifampicin (RIF). The release from 1% RIF-saturated 

micelles is mainly controlled by copolymer chain relaxation (n ≥ 0.85). In 4% micelles, the release is the result of both diffusion and 
copolymer chain relaxation mechanisms (anomalous transport). A further increase to 6% results in a release mainly controlled by 
diffusion. 

Effect of RIF release on the micellar size & size distribution 
�� The release of RIF from drug-saturated 1% micelles is accompanied by a fast decrease in the micellar size, while the size of RIF-

unsaturated 4 and 6% micelles does not change much over time. Conversely, RIF-saturated 4 and 6% micelles combined an initial slight 
size growth (2 h) with a later decrease (24 h). 

In vitro RIF chemical stability
�� The encapsulation of RIF significantly decreases the degradation rate compared with the free drug, and this protection is associated with 

the drug release kinetics. This protective effect is also observed in micelles that are freeze-dried with a cryo-/lyo-protectant.
Oral pharmacokinetics of RIF
�� In vivo data indicate a statistically significant increase in the RIF oral bioavailability (up to 3.3-times) compared with a suspension 

containing free RIF and soluble isoniazid.
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