== JOURNAL OF BIOPHARMACEUTICS AND CLINICAL PHARMACY (JBCP)
" Print ISSN  : 3093-0928
- -

Online ISSN : 3093-0944
Guide To Authors

Oric_;inal Research Article

Formulation and Characterization of Rifampicin-Loaded Nanoparticles for Enhanced
Tuberculosis Therapy

Kojo Asante’, Anna Johansson °, Noah Brown ®, Sunday Olajide Awofisayo *

1. Department of Drug Development, Faculty of Pharmacy, Kwame Nkrumah University of Science and Tec hnology, Ghana

3. Department of Pharmaceutical Sciences, University of Sydney, Australia
4. Department of Clinical Pharmacy and Biopharmacy, Faculty of Pharmacy, University of Uyo, Nigeria

ABSTRACT

Tuberculosis (TB) remains a major global public health challenge, complicated by
prolonged treatment regimens, poor patient adherence, and drug-related toxicities.
Rifampicin, a cornerstone of first-line anti-tubercular therapy, suffers from poor
aqueous solubility, variable bioavailability, and rapid systemic clearance, which may
compromise therapeutic outcomes. This study aimed to develop and characterize
rifampicin-loaded polymeric nanoparticles as a strategy to enhance drug stability,
improve pharmacokinetic performance, and potentially reduce dosing frequency.
Rifampicin-loaded nanoparticles were prepared using a solvent evaporation technique
and characterized for particle size, polydispersity index (PDI), zeta potential, drug
loading, encapsulation efficiency, morphology, and in vitro drug release behavior. The
formulated nanoparticles exhibited a nanoscale size distribution with low PDI,
indicating uniformity, and demonstrated adequate surface charge for colloidal
stability. High encapsulation efficiency and sustained drug release profiles were
observed under physiological conditions. These findings suggest that rifampicin-
loaded nanoparticles represent a promising biopharmaceutic approach for improving
TB therapy and warrant further invivo and clinical evaluation.
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INTRODUCTION

Tuberculosis continues to be one of the
leading causes of morbidity and mortality
from infectious diseases worldwide,
particularly in low- and middle-income
countries. Despite the availability of
effective antimicrobial agents, treatment
success is often limited by long therapy
durations, adverse drug reactions, and poor
patient adherence [1]. Rifampicin is a key
component of first-line TB treatment due to
its potent bactericidal activity against
Mycobacterium tuberculosis. However, its
clinical use is challenged by poor aqueous
solubility, instability under physiological
conditions, extensive first-pass
metabolism, and significant drug—drug
interactions.

From a biopharmaceutic perspective, these
limitations contribute to variable plasma
concentrations and may necessitate high or
frequent dosing, increasing the risk of
toxicity and treatment noncompliance.
Novel drug delivery systems that can
improve rifampicin solubility, protect the
drug from premature degradation, and
enable sustained or targeted delivery are
therefore of significant interest [2].

Nanoparticle-based drug delivery systems
have emerged as a promising strategy for
improving the therapeutic performance of
antimicrobial agents [3-5]. By
encapsulating drugs within biodegradable
polymeric matrices, nanoparticles can
enhance solubility, prolong systemic
circulation, and enable controlled drug
release. In the context of TB, nanoparticles
may also facilitate intracellular delivery of
rifampicin to infected macrophages, which
serve as reservoirs for M. tuberculosis [6].
This study focuses on the formulation and
comprehensive characterization of
rifampicin-loaded nanoparticles to evaluate
their  potential as an  improved
biopharmaceutic system for TB therapy.

MATERIALS AND METHODS
Materials

Rifampicin was obtained from a certified
pharmaceutical supplier. Poly(lactic-co-
glycolic acid) (PLGA) was used as the
polymeric carrier due to its
biodegradability and regulatory approval.
Polyvinyl alcohol (PVA) served as the
stabilizing agent. All solvents and reagents
were of analytical or HPLC grade.

Preparation  of
Nanoparticles
Rifampicin-loaded nanoparticles were
prepared using the solvent evaporation
method. Briefly, rifampicin and PLGA
were dissolved in an organic solvent to
form the oil phase, which was subsequently
emulsified into an aqueous PVA solution
under high-speed homogenization. The
resulting emulsion was stirred to allow
solvent evaporation, leading to nanoparticle
formation. The nanoparticles  were
collected by centrifugation, washed to
remove excess surfactant, and lyophilized
for further analysis.

Rifampicin-Loaded

Particle size and Polydispersity Index
The mean particle size and polydispersity
index (PDI) of the nanoparticles were
determined using dynamic light scattering
(DLS). Measurements were performed at
room temperature after appropriate dilution
with distilled water.

Zeta Potential Analysis

Zeta potential was measured using a laser
Doppler electrophoresis technique to assess
surface charge and predict colloidal
stability of the nanoparticle suspension.

Drug Loading and Encapsulation
Efficiency

Drug loading and encapsulation efficiency
were quantified by dissolving a known
quantity of nanoparticles in an organic
solvent to release rifampicin. The drug
content was analyzed using high-
performance  liquid  chromatography
(HPLC) at a suitable detection wavelength.
Encapsulation efficiency was calculated as
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the percentage of rifampicin encapsulated
relative to the total amount used in
formulation.

Morphological Examination

The surface morphology and shape of the
nanoparticles were examined using
transmission electron microscopy (TEM).
Samples were prepared by placing a drop of
nanoparticle suspension on a copper grid
and allowing it to dry before imaging.

In Vitro Drug Release Study

In vitro release studies were conducted by
suspending rifampicin-loaded
nanoparticles in phosphate-buffered saline
(PBS, pH 7.4) and incubating at 37 °C
under gentle agitation. At predetermined
time intervals, samples were withdrawn,
centrifuged, and the supernatant was
analyzed by HPLC to quantify the amount
of released rifampicin.

RESULTS

Rifampicin-loaded polymeric nanoparticles
were successfully prepared using the
solvent evaporation technique, yielding a
stable nanosuspension with favorable
physicochemical characteristics. Dynamic
light scattering analysis revealed that the
nanoparticles had a mean particle size of
approximately 185 + 12 nm, which falls
within the optimal range for enhanced
cellular uptake and passive targeting. The
polydispersity index (PDI) was 0.21 + 0.03,
indicating a narrow size distribution and
good formulation uniformity. These
findings suggest that the fabrication method
produced a reproducible and well-
controlled nanosystem (Table 1).

Table 1. Physicochemical Characteristics of Rifampicin-Loaded Polymeric

Nanoparticles

Parameter Result (Mean + SD)

Interpretation

Particle Size (nm) 185+ 12
Polydispersity Index (PDI)  0.21 +0.03
Zeta Potential (mV) —28.6+24

Physical Appearance Milky nanosuspension

Suitable for cellular uptake and passive targeting
Narrow size distribution and uniform formulation
Good electrostatic stability

No aggregation observed

The stability of rifampicin nanoparticles
stored at 4 °C was evaluated over a four-
week period, and the formulation
demonstrated  good  physicochemical
stability throughout the study. At baseline
(Week 0), the nanoparticles exhibited a
mean particle size of 184 £ 12 nm, a low
polydispersity index (PDI) of 0.21 £ 0.02,
and a zeta potential of —28.5 + 2.2 mV, with
a clear nanosuspension observed visually.
After two weeks of storage, only minimal
changes were noted, with particle size

slightly increasing to 187 + 13 nm and PDI
to 0.22 + 0.03, while the zeta potential
remained relatively stable at —27.5 + 2.2
mV. Importantly, no aggregation was
observed during this period. By Week 4, the
particle size showed a marginal increase to
190 £ 14 nm and PDI to 0.24 + 0.03,
accompanied by a small shift in zeta
potential to —27.0 = 2.3 mV (Table 2).

Despite these minor variations, the
nanosuspension  remained  physically
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stable, with no evidence of precipitation.
Overall, the negligible changes in particle
size, PDI, and zeta potential, along with
consistent physical appearance, indicate

that the  rifampicin  nanoparticles
maintained  good  stability  under
refrigerated storage conditions for at least
four weeks.

Table 2. Stability Evaluation of Rifampicin Nanoparticles During Storage at 4°C

Storage Time  Particle Size (nm)  PDI

Zeta Potential (mV)

Physical Observation

Week 0 184 +12 0.21+0.02
Week 2 187 +13 0.22+0.03
Week 4 190 +14 0.24+0.03

-28.5+2.2 Clear nanosuspension
-27.5%2.2 No aggregation
-27.0£2.3 No precipitation

Zeta potential measurements showed a
surface charge of —28.6 + 24 mV,
reflecting sufficient electrostatic repulsion
between particles and, consequently, good
colloidal stability during storage. No visible
aggregation or precipitation was observed
over a four-week monitoring period at 4 °C,
further supporting the stability of the
formulation (Figure 1).

Drug loading and encapsulation efficiency
studies demonstrated effective
incorporation of rifampicin into the
polymeric matrix. The drug loading
capacity was found to be 9.4 + 0.8%, while
the encapsulation efficiency reached 82.7 £
3.1%. These high values indicate strong
drug—polymer interactions and minimal
drug loss during nanoparticle preparation,
making the system suitable for delivering
therapeutically relevant doses (Figure 2).

Morphological examination by
transmission electron microscopy (TEM)
revealed that the nanoparticles were
predominantly spherical with smooth
surfaces and no obvious structural defects.
The observed particle sizes were consistent
with those obtained from dynamic light
scattering, confirming the reliability of the
size measurements and the homogeneity of
the formulation.

Zeta Potential imv]

Zeta Potential (my)

Figure 1: Zeta potential of rifampicin-
loaded polymeric nanoparticles showing
a surface charge of —28.6 £ 2.4 mV,
indicating good colloidal stability due to
electrostatic repulsion between particles.

[1=]
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Drug Lossding (%)

Encapsulatian Efficiency %]

Figure 2: Drug loading capacity and
encapsulation efficiency of rifampicin-
loaded polymeric nanoparticles, showing
9.4 £ 0.8% drug loading and 82.7 + 3.1%
encapsulation efficiency, demonstrating
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efficient incorporation of rifampicin into
the polymeric matrix.

In vitro drug release studies conducted
under simulated physiological conditions
(pH 7.4, 37 °C) demonstrated a biphasic
release profile. An initial burst release of
approximately 18-22% of rifampicin was
observed within the first 6 hours, likely
attributable to surface-associated drug. This
was followed by a sustained and controlled
release phase, with about 68-72% of the
total drug content released over 72 hours. In
contrast, free rifampicin exhibited rapid
dissolution, with more than 85% of the drug
released within the first 12 hours. The
sustained release behavior of the
nanoparticle formulation suggests its
potential to maintain therapeutic drug
levels for extended periods, which could
translate into reduced dosing frequency in
clinical settings (Figure 3).

Overall, the formulated rifampicin-loaded
nanoparticles exhibited desirable nanoscale
size, low polydispersity, adequate surface
charge, high encapsulation efficiency, and
prolonged drug release characteristics.
These results support the potential of the
nanoparticle system as an improved
biopharmaceutic platform for rifampicin
delivery in tuberculosis therapy.

- Nancparticls Formulabon
04 | + - Free Rifampion

Figure 3: In vitro release profile of
rifampicin from polymeric nanoparticles
and free rifampicin under simulated
physiological conditions (pH 7.4, 37 °C).

Data are presented as mean + standard
deviation (n = 3). The nanoparticle
formulation exhibited an initial burst
release (~20% within 6 h) followed by
sustained release reaching ~70% at 72 h,
whereas free rifampicin showed rapid
dissolution with >85% drug release
within 12 h.

DISCUSSION

The present study demonstrates the
successful formulation and comprehensive
characterization  of  rifampicin-loaded
polymeric nanoparticles using a solvent
evaporation technique, with results that
align well with the overarching goal of
improving rifampicin’s biopharmaceutic
performance for tuberculosis (TB) therapy
[7]. Rifampicin is a cornerstone of first-line
anti-tubercular treatment, yet its clinical
utility is limited by poor aqueous solubility,
variable oral bioavailability, and rapid
systemic clearance. These challenges
contribute to suboptimal drug exposure,
prolonged treatment regimens, and,
ultimately, poor patient adherence. The
findings of this study suggest that
nanoparticle-based delivery offers a
promising strategy to address several of
these long-standing limitations [8].

The mean particle size of approximately
185 nm observed in this study is
particularly noteworthy. Nanoparticles
within the 100-200 nm range are widely
regarded as optimal for enhanced cellular
uptake, prolonged systemic circulation, and
potential passive targeting to infected
tissues [9]. In the context of TB, this size
range may be advantageous for uptake by
alveolar macrophages, which serve as the
primary intracellular  reservoir  for
Mycobacterium  tuberculosis.  Efficient
macrophage uptake could increase
intracellular rifampicin concentrations at
the site of infection, potentially improving
bactericidal  activity while  reducing
systemic exposure and toxicity. Moreover,
the low polydispersity index (PDI = 0.21)
indicates a narrow size distribution and
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formulation uniformity, both of which are
critical for predictable in vivo behavior and
reproducible therapeutic outcomes.
Heterogeneous particle populations often
exhibit variable pharmacokinetics and bio-
distribution, which can undermine the
clinical reliability of nanocarrier systems
[10-12]. The uniformity achieved in this
formulation  therefore represents an
important strength.

Zeta potential measurements further
support the stability and suitability of the
developed nanoparticles. A surface charge
of approximately —28.6 mV suggests
sufficient electrostatic repulsion between
particles to prevent aggregation, a key
factor for maintaining colloidal stability
during storage and upon dilution in
physiological fluids. The absence of visible
aggregation or precipitation over a four-
week period reinforces the robustness of the
formulation. From a translational
perspective, such stability is essential, as
nanoparticle aggregation can lead to altered
pharmacokinetics, embolic risks, and
inconsistent dosing. The negative surface
charge may also influence biological
interactions, including reduced nonspecific
protein  adsorption and  improved
circulation time, although these aspects
would require confirmation in future in
vivo studies [13].

The high encapsulation efficiency (=
82.7%) and appreciable drug loading (=
9.4%) observed in this study indicate
effective incorporation of rifampicin into
the polymeric matrix. These values
compare favorably with previously
reported rifampicin nanoparticle systems,
many of which struggle with low
encapsulation due to the drug’s
physicochemical properties. Efficient drug
loading is a critical determinant of clinical
feasibility, as it directly impacts the dose
volume required to achieve therapeutic
concentrations. High encapsulation
efficiency also minimizes drug wastage
during manufacturing, thereby improving

cost-effectiveness  and  scalability—
important considerations for TB-endemic
regions, which are often resource-limited.
The strong drug—polymer interactions
implied by these results may further
contribute to the observed sustained release
profile and improved stability of rifampicin
within the nanoparticle matrix [14].

Transmission electron microscopy (TEM)
confirmed that the nanoparticles were
predominantly spherical with smooth
surfaces and no obvious structural defects.
Spherical  morphology is generally
associated with favorable flow properties,
reduced inter-particle  friction, and
predictable biological interactions. The
consistency between TEM-derived particle
sizes and those obtained from dynamic light
scattering underscores the reliability of the
characterization methods used.
Morphological integrity is particularly
important for nanoparticle-based drug
delivery systems, as irregular shapes or
surface defects can influence cellular
uptake, bio-distribution, and immune
recognition [15].

One of the most clinically relevant findings
of this study is the sustained in vitro drug
release profile exhibited by the rifampicin-
loaded nanoparticles. The biphasic release
pattern—characterized by an initial burst
release of approximately 18-22% within
the first 6 hours, followed by a prolonged
release over 72 hours—suggests a
combination of immediate and long-term
therapeutic potential. The initial burst may
be beneficial for rapidly achieving
therapeutic drug levels, while the sustained
release phase could help maintain these
levels over an extended period. This
contrasts sharply with free rifampicin,
which showed rapid dissolution, with over
85% of the drug released within 12 hours.
Such rapid release in conventional
formulations contributes to peak-trough
fluctuations in plasma concentrations,
which are associated with both reduced
efficacy and increased risk of toxicity [16].
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The sustained release behavior observed in
this study has important implications for
TB therapy. Prolonged maintenance of
therapeutic drug levels could enable
reduced dosing frequency, which is a
critical factor in improving patient
adherence. Non-adherence to TB treatment
regimens remains a major global health
challenge and is a key driver of treatment
failure and the emergence of multidrug-
resistant TB. By potentially enabling once-
daily or even less frequent dosing,
rifampicin-loaded  nanoparticles  could
simplify treatment regimens and improve
adherence, particularly in settings where
healthcare access and patient follow-up are
limited [17].

Furthermore, sustained drug release may
contribute to more consistent intracellular
drug exposure, which is essential for
eradicating intracellular M. tuberculosis.
Conventional rifampicin formulations often
result in rapid systemic clearance,
necessitating frequent dosing to maintain
effective concentrations. In contrast, a
nanoparticle-based delivery system with
controlled release could reduce fluctuations
in plasma and tissue drug levels, thereby
enhancing therapeutic efficacy while
minimizing adverse effects. This may be
particularly  beneficial in  reducing
rifampicin-associated hepatotoxicity,
which is dose-dependent and remains a
significant concern in clinical practice [18].

Despite these promising findings, several
limitations of the current study must be
acknowledged. First, the results are based
solely on in vitro characterization and drug
release studies. While these data provide
valuable insights into the physicochemical
properties and release behavior of the
formulation, they do not fully capture the
complexities of in vivo pharmacokinetics,
bio-distribution, metabolism, and immune
interactions.  Future  studies  should
therefore include in vivo pharmacokinetic
and pharmacodynamic evaluations in

appropriate animal models to confirm
whether the observed sustained release
translates into prolonged systemic exposure
and improved therapeutic outcomes [19].

Second, although the nanoparticle size and
surface charge suggest potential for
macrophage targeting, direct evidence of
enhanced cellular uptake and intracellular
drug delivery was not assessed in this study.
Cell-based assays using macrophage
models infected with M. tuberculosis would
be an important next step to evaluate the
functional advantages of the nanoparticle
formulation  over  free  rifampicin.
Additionally, safety and cytotoxicity
assessments in relevant cell lines and
animal models are essential to ensure that
the polymeric carrier and formulation
process do not introduce new risks [20].

Finally, considerations related to large-
scale manufacturing, regulatory
compliance, and cost-effectiveness must be
addressed before clinical translation can be
realized. While the solvent evaporation
technique is relatively simple and
reproducible at the laboratory scale, its
scalability and compatibility with Good
Manufacturing Practice (GMP) standards
require further investigation. Optimization
of process parameters, solvent recovery,
and batch-to-batch consistency will be
critical for future development.

CONCLUSION

This study successfully formulated and
characterized rifampicin-loaded polymeric
nanoparticles with favorable
physicochemical and biopharmaceutic
properties. The nanoparticles exhibited a
nanoscale size distribution with low
polydispersity, adequate surface charge for
colloidal stability, high encapsulation
efficiency, and a sustained in vitro drug
release profile. These characteristics
address several of the key limitations
associated with conventional rifampicin
therapy, including poor solubility, rapid
clearance, and fluctuating drug levels.
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The sustained release behavior observed
suggests the potential for prolonged
therapeutic drug exposure, which could
translate into reduced dosing frequency,
improved patient adherence, and enhanced
treatment outcomes in tuberculosis therapy.
The spherical morphology and stability of
the nanoparticles further support their
suitability as a drug delivery platform.
Although the current findings are limited to
in vitro evaluations, they provide a strong
proof of concept for the use of nanoparticle-
based systems to improve rifampicin
delivery.

Overall, rifampicin-loaded nanoparticles
represent a promising biopharmaceutic
strategy for enhancing TB treatment. Future
studies should focus on in vivo
pharmacokinetic and pharmacodynamic
assessments, safety evaluations, targeted
delivery  investigations, and GMP-
compliant scale-up to facilitate clinical
translation. If successfully validated, this
approach could contribute meaningfully to
more effective, patient-friendly, and
sustainable tuberculosis therapy.

Future Research

Future investigations should focus on
macrophage uptake studies,
pharmacokinetic evaluation, and
assessment of therapeutic efficacy in TB
infection models to further establish the
clinical potential of rifampicin-loaded
nanoparticles.
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