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Abstract. Anti-tuberculosis drug delivery has remained a challenge due to inconsistent
bioavailability and inadequate sustained-release properties leading to treatment failure. To
resolve these drawbacks, a lipopolysaccharide polyelectrolyte complex (PEC) encapsulated
with rifampicin (RIF) (as the model drug) was fabricated, using the solvent injection
technique (SIT), with soy lecithin (SLCT), and low-molecular-weight chitosan (LWCT). The
average particle size and surface charge of RIF-loaded PEC particulates was 151.6 nm and +
33.0 nm, respectively, with noted decreased particle size and surface charge following
increase in SLCT-LWCT mass ratio. Encapsulation efficiency (%EE) and drug-loading
capacity (%LC) was 64.25% and 5.84%, respectively. Increase in SLCT-LWCT mass ratio
significantly increased %EE with a marginal reduction in %LC. In vitro release studies
showed a sustained-release profile for the PEC particulate tablet over 24 h (11.4%
cumulative release) where the dominant release mechanism involved non-Fickian anomalous
transport shifting towards super case II release as SLCT ratios increased (6.4% cumulative
release). PEC-tablets prepared without SIT presented with rapid Fickian-diffusion-based
drug release with up to 90% RIF release within 4 h. Ex vivo permeability studies revealed
that lipopolysaccharide PEComplexation significantly increased the permeability of RIF by ~
2-fold within the 8-h study period. These results suggest successful encapsulation of RIF
within a PEC structure while imparting increased amorphic regions, as indicated by x-ray
diffraction, for potential benefits in improved drug dissolution, bioavailability, and dosing.

KEY WORDS: polyelectrolyte complexation; lipopolysaccharide; PEC particulates; tuberculosis;

mucoadhesion; rifampicin.

INTRODUCTION

Tuberculosis (TB) has been a major public health
challenge, particularly in Africa, Asia, and South America,
despite all efforts made to improve its treatment and
management (WHO 2017). Moreover, TB has been asso-
ciated with high mortality rates, in co-morbid human
immunodeficiency virus (HIV) incidences (1). The causa-
tive organism, Mycobacterium tuberculosis (MTB) primar-
ily affects the lungs as pulmonary TB; however, other parts
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of the body could also be affected resulting in
extrapulmonary TB (2). The conventional anti-TB regimen
involves the oral administration of rifampicin, isoniazid,
pyrazinamide or ethambutol in various combinations often
dosed multiple times per day (1). Patients of this “hard to
eradicate” bacteria (MTB) suffer severe adverse effects
due to major drawbacks associated with the delivery of this
chemotherapy regimen (3). The current TB therapeutic
strategy is challenged with problems of low drug solubility,
intestinal malabsorption, pre-mature drug degradation, low
drug concentrations at the infection site, and poor cell-drug
penetration (3). All these factors impart poor bioavailabil-
ity of TB medications. Furthermore, the long (6-9 months)
and stringent treatment schedule of anti-tubercular drugs
(ATDs) and associated side-effect profiles (particularly the
second-lines ATDs) contributes to poor patient compliance
(4). These challenges necessitate action to develop an
effective delivery system capable of alleviating these
concerns. A nanocarrier system capable of releasing
bioactives steadily in therapeutically effective quantities
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could assist in improving drug target-site bioavailability,
cell-drug penetration, intestinal absorption, and protection
against pre-mature drug degradation while reducing the
dosage frequency of the medication thereby improving
patient compliance.

In the quest for solutions to the aforementioned
challenges, several studies have successfully fabricated
nanodelivery systems to efficiently deliver ATDs. Some
of which include hybridized lipid-polymer systems (5,6),
liposomal systems (7,8), natural polymeric systems (9,10),
synthetic polymeric systems (11,12) and systems for
localized lung delivery (13,14). Formulations with syn-
thetic polymers face some drawbacks as regards to safety
and biocompatibility. Likewise, inhalational and intrave-
nous formulations may be less cost-effective and adminis-
tration and ease of use could pose a challenge to the
patient. Lipopolysaccharide-based polyelectrolyte complex
(PEC) particulates would be an excellent drug delivery
strategy for the smart delivery of ATDs via the conven-
tional oral route through the elimination of initial burst
release and improvement of drug solubility and perme-
ability which are not consistently attainable with
nanoemulsions, polymeric, and non-polymeric nanoparti-
cles and polymeric micelle nanocarriers (3). The compo-
sition of such a system as a polymeric complex combines
the advantages of a biodegradable polysaccharide (for
structural integrity, physical stability, and bioactive protec-
tion) (15,16) and phospholipid (for high drug-loading
capacity and sustained release). In addition,
lipopolysaccharide-based PEC particulates offer the ad-
vantages of improved biocompatibility, versatility, safety,
and efficacy (17,18) with relatively cost-effective naturally
derived polymers.

Low-molecular-weight chitosan (LWCT) is a
deacetylated linear polysaccharide represented by (1-4)-2-
amino-2-deoxy-B-D-glucan. This copolymer of glucosamine
and N-acetylglucosamine with a positive surface charge (19)
contributes to its reactive ability to form PECs with anionic
molecules (20). Soy lecithin (SLCT) in contrast, a negatively
charged polymer with a high complexation affinity for LWCT,
has gained much attention for the synthesis of solid-lipid
nanoparticles, micro- and nano-emulsions, and liposomes (7).

To the best of our knowledge, there have been no
reports of a lecithin-chitosan nanodelivery system specifi-
cally designed for oral delivery of rifampicin. However,
several studies have investigated similar systems, with
favorable outcomes, in cancer chemotherapy (21), trans-
dermal melatonin delivery (22), and oral insulin delivery
(23). Likewise, the formulation in the present study is
based on the PEC that occurs between the free anionic
phosphate group of the phospholipid (SLCT) and the free
cationic amine group of the polysaccharide (LWCT).
Polyelectrolyte complexation is a self-sustaining reaction
which does not require further reaction initiators, catalysts,
or cross-linkers. In addition, the popularized use of cost-
effective naturally derived polymeric materials for the
synthesis of drug-delivery systems propose reliable safety
and non-toxicity as a result of an ecologically positive tactic
and non-complex formulation procedure (24,25). Of par-
ticular importance to this study is the notion that varying
degrees of polyelectrolyte complexation enhances drug
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bioavailability (26), improves drug encapsulation efficiency,
and influences drug-release kinetics of nanoparticulate
formulations (27).

The present study aims to fabricate a lipopolysaccharide-
based PEC particulates for application as a sustained-release
oral delivery system for ATDs with the goal of improving
patient compliance and therapeutic efficacy with regard to
bioavailability. This study incorporated LWCT and SLCT for
the polyelectrolyte complex using the solvent injection
technique with rifampicin (RIF) as the model drug. The
synthesized RIF-loaded PEC particulates were analyzed for
molecular and crystallinity transitions to establish polyelec-
trolyte complexation with subsequent characterization of
rheological properties, formulation stability, and light scat-
tering behavior of the nanoparticle suspension,
mucoadhesion, thermodynamic and hydrodynamic proper-
ties, permeability, and drug release studies. To effectively
study the drug release profile of the fabricated particulates as
a function of the PEC, a 4 x 2 matrix system was implemented:
(1) PEC particulates of interest with encapsulated RIF
(SLCT-LWCT-RIF), (2) in situ mixing of RIF with the
formulated SLCT-LWCT+RIF complex (where RIF is not
encapsulated), (3) in situ complex of pristine
SLCT+LWCT+RIF, and (4) in situ complex of SLCT-coated
RIF and pristine LWCT (MSLCT+RIF+LWCT). Further-
more, mathematical modeling of the drug release kinetics was
performed to elucidate insight into the drug release mecha-
nisms acting upon the various formulations.

MATERIALS AND METHODS

Materials

LWCT (75-85% deacetylated), L-a-lecithin soybean
(a concentrate of soybean lecithin with 94% phosphati-
dylcholine and <2% triglycerides), porcine mucin (PM)
(type 2), RIF, and phosphate-buffered solution (PBS)
were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Ethanol (ETOH) and glacial acetic acid were
procured from Merck (Pty Ltd., South Africa). All
chemicals were of analytical reagent grade and used
without prior modification. Double deionized water
(DDW) was used for all the preparations.

Preparation of Rifampicin-Loaded SLCT-LWCT Lipopoly-
saccharide Particulates

Preparation of Loose Nanoparticle Powders

Lipopolysaccharide PEC particulates were prepared
using an adapted solvent injection technique (as shown in
Fig. 1) from Sonvico and co-workers(28). Briefly, 300 mg of
SLCT was dissolved in 10 mL of ethanol followed by an
addition of 150 mg RIF which was thoroughly dissolved to
obtain a homogenous SLCT-RIF solution. LWCT solution
was prepared by dissolving 100 mg polymer in 40 mL of a
1% v/v acetic acid solution and 50 mL DDW. The RIF-
loaded nanoparticle suspension of a 3:1 SLCT-LWCT
weight ratio was obtained by injecting 10 mL of SLCT-
RIF ethanol solution (30 mg/mL) into 90 mL of LWCT
solution through a syringe (inner diameter 0.75 mm, flow
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rate 40 mL/min) with subsequent mechanical stirring. The
resulting nanoparticle suspension was centrifuged at
5000 rpm for 30 min, the supernatant decanted, and
sediment lyophilized to obtain a dried nanoparticle pow-
der. The same procedure was followed for the preparation
of PEC particulates of a 1:1 SLCT-LWCT weight ratio and
RIF-free formulation.

Preparation of PEC Particulate Tablets

For simplicity of sample preparation for the determi-
nation of in vitro drug release profiles, textural profiling,
and hydration dynamics, the resulting dried nanoparticle
powders were compressed into tablets. Batches of nano-
particle powder (SLCT-LWCT-RIF 1:1 and 3:1) containing
300 mg RIF was compressed into tablets using a die
punch fitted into a hydraulic unit model tablet press
machine (Carver, Inc. Wabash, USA) under an applied
pressure of 1400 psi. The preparation of SLCT-
LWCT+RIF tablets involved the mixing of RIF with pre-
formulated SLCT-LWCT complex. For the preparation of
SLCT+LWCT+RIF tablets, pristine polymers and RIF
(300 mg SLCT+300 mg LWCT+300 mg RIF) were
mixed together before punching. The preparation of
MSLCT+RIF+LWCT tablets required melting of 300 mg
SLCT at 45°C which was then subsequently used to coat
300 mg RIF. Thereafter, SLCT-coated RIF was mixed with
300 mg pristine LWCT and then punched into tablets.

Evaluation of Particle Size Distribution, Zeta Potential, and
Conductivity

Briefly, 100 mg of the synthesized PEC particulates were
dispersed in DDW and sonicated for 30 s. A 2-mL sample of
the nanoparticle suspension was placed in disposable cuvettes
and analyzed at 25°C for average particle size, polydispersity
index (PDI), zeta potential, and conductivity using the
Malvern ZetaSizer Nano ZS (Malvern Instruments,
Worcestershire, UK).

Determination of RIF-Loading Capacity and Encapsulation
Efficiency in Response to Changes in SLCT Concentration

Drug-loaded nanoparticle suspensions (2 mL; n=3),
were centrifuged at 5000 rpm for 1 h. The concentration of
RIF in the clear supernatant was analyzed by UV-Vis
spectroscopy (Specord40, Analytik Jena, AG, Germany) set
at Amax =475 nm. Triplicate measurements were carried out to
determine the %encapsulation efficiency (% EE) and %drug-
loading capacity (%LC) of the PEC particulates using Egs.
(1) and (2), respectively:

Total amount of RIF loaded — Amount of RIF in the supernatant

%EE = x 100

Total amount of RIF loaded

Amount of RIF in PEC particulates
%LC =

100 (2
Weight of PEC particulates % @)
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Determination of mucoadhesive properties in response to
SLCT/LWCT and RIF variations

In vitro mucoadhesion analysis was performed using PM
to determine %mucin-binding efficiency (% MBE) to confirm
interactions between the PEC particulates and PM with
regard to the effect of RIF loading on the mucoadhesive
property of the PEC particulates (29). Briefly, 2-mL samples
of nanoparticle suspension (0.5 mg/mL) was mixed with 2 mL
of PM (1 mg/mL) solution prepared in phosphate-buffered
saline (PBS) (pH 6.8). This colloidal mixture was incubated at
37°C for 2 h in an incubation chamber with a rotation of 20—
25 rpm. Thereafter, the sample was centrifuged at 5000 rpm
for 30 min and the absorbance of the supernatant measured
at Amax =250 nm by UV-Vis spectroscopy. Triplicate mea-
surements were performed and %MBE of the various
nanoparticle formulations calculated using Eq. (3):

Ci—C
%MBE = % x 100 (3)

l

where C; is the original PM concentration used for incubation
and C, is the concentration of free PM in the supernatant.

Determination of Molecular Vibrational Transitions and
Analysis of PEC Formation

Powdered samples of RIF-loaded and RIF-free SLCT-
LWCT PEC particulates and the native polymers were
analyzed for interactions resultant of PEC formation. Sam-
ples were analyzed at a resolution of 4 cm™' over a
wavelength range of 4000 cm™* to 650 cm ' using the
PerkinElmer Spectrum 2000 ATR-FTIR (PerkinElmer 100,
Llantrisant, Wales, UK).

Analysis of the Thermodynamic Properties of the Synthesized
Lipopolysaccharide PEC and RIF-Loaded PEC Particulates

The thermodynamic properties of the SLCT-LWCT
PEC, SLCT-LWCT-RIF PEC particulates and the pristine
constituent polymers and drug were evaluated using a
temperature modulated differential scanning calorimeter
(TMDSC) (Mettler Toledo, DSC, STAReSystem,
Swchwerzenback, ZH, Switzerland). Samples of 5-10 mg
were sealed in aluminum crucibles and heated over a 10—
325°C temperature range at a heating rate of 5°C/min under
continuous flow of nitrogen gas at 200 mL/min. The DSC
thermograms were obtained as plots of heat flow against
sample temperature.

X-ray Powder Diffraction Analysis

The crystallinity transitions of the RIF-loaded PEC
particulates, RIF-free SLCT-LWCT complex, and native
polymers were analyzed using x-ray powder diffraction
(XRPD) (Rigaku MiniFlex 600, Tokyo, Japan) sourced with
nickel-filtered CuKa radiation (at a voltage of 40 kV and a
current of 15 mA). Diffractograms were obtained using a 26
scan range over 3—-80° at a scanning rate of 5° per minute.
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Fig. 1. Schematic representation of the synthesis of lipopolysaccharide-based PEC particulates via the

solvent injection technique

Evaluation of Rheological Properties of the Synthesized
Lipopolysaccharide Complex and RIF-loaded PEC
Particulates

The kinetic gelation properties of the PEC formulations
were analyzed using the ElastoSens™ Bio® (Rheolution
Instruments, Canada) which employed a non-destructive
acoustic vibration and laser measurement of rheological
responses without sample contact (30). Samples were studied
by mixing appropriate volumes of 0.1% w/v SLCT and 0.1%
w/v LWCT solutions (in SLCT-LWCT ratios of 1:1 and 3:1) in
the sample holder where polyelectrolyte complexation reac-
tions were allowed to occur at 37°C over a 5-h duration. The
experimental procedure was repeated for the incorporation of
RIF into the reaction system (polymer complex/RIF ratio of
5:1). The same solvents, as mentioned earlier, were used for
preparation of the polymer solutions. The shear storage
modulus G’ (Pa) was obtained as a function of time (s).

Textural Profiling of RIF-loaded Lipopolysaccharide Complex
Nanoparticle Tableted Formulations

Textural profiling, in terms of matrix breakpoint (N) and
fracture energy (N.mm), of the SLCT-LWCT-RIF 1:1 and 3:1
tablets was performed using a texture analyzer (TA.XTplus,
Stable Microsystems, Surrey, UK) fitted with a flat-tipped
stainless steel probe of 2 mm in diameter. The test parameters
consisted of a pre-test and test speed of 2 mm/s, post-test
speed of 10 mm/s, and an Auto-type trigger force of 0.05 N
with a 5 kg load-cell. The maximum peak point and area

under the curve of the force-distance textural profile allowed
the determination of the force at matrix breakpoint and
corresponding fracture energy.

Optical Characterization and Stability of the
Lipopolysaccharide PEC Particulates in Suspension

Optical interactions and formulation stability of the
formulated nanoparticle suspensions were investigated utiliz-
ing the Turbiscan™ LAB (Formulaction, L’Union, France).
A 20-mL aliquot of RIF-loaded and RIF-free nanoparticle
suspensions were introduced into specialized sample holders
and analyzed at pre-determined intervals over a 5-min
duration at 25 (£0.5)°C. The instrument was fixed with a
pulsed near infrared light source moving vertically along the
sample collecting data at 40-um intervals. A 180° positioned
transmission detector detected transmitted light whereas a
backscattering detector, positioned at 45°, detected
rebounded light in response to the light-scattering effect by
the suspended PEC particulates. The changes in backscatter
(ABS) measurements were used to assess formulation
stability.

In vitro Drug Release of Lipopolysaccharide PEC Particulates
and Kinetic Modeling of Release Data

RIF-loaded nanoparticle tablets (SLCT-LWCT ratios of
1:1 and 3:1) containing 300 mg RIF were placed into vessels
containing 900 mL of PBS pH 6.8 at 37°C in a dissolution
tester (ERWEKA, USP Apparatus II, DT 126, UK) operated
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at a paddle revolution of 50 rpm over a 24-h period. Samples
of 5 mL of dissolution medium were withdrawn at
predetermined time intervals and replaced with equal
amounts of fresh PBS (pH 6.8) to maintain sink conditions.
The RIF content in each sample was quantified using UV-Vis
spectroscopy set at Ap.x =475 nm. The comparator formula-
tions studied include (1) in situ mixing of RIF with the
formulated SLCT-LWCT complex (SLCT-LWCT+RIF), (2)
in situ complex of pristine SLCT+LWCT+RIF, (3) in situ
complex of SLCT-coated RIF and pristine LWCT
(MSLCT+RIF+LWCT), and (4) capsulated free RIF. Exper-
imental data were obtained in triplicate and all values are
representative of mean +SD (n=3). The release kinetics of
RIF from the formulated nanoparticle-based tablets and
comparator formulations were fitted into the zero-order
(Eq. 4), first-order (Eq. 5), Higuchi (Eq. 6), Korsmeyer-
Peppas (Eq. 7), and Hixson-Crowell (Eq. 8) kinetic models to
assist in the elucidation of the primary drug release mecha-
nisms (27).

C = Kot 4)

where K, is the zero-order release constant at time .

LogC = logCy—Kt/2.303 (9)

where C, is the initial drug concentration and K is the first-
order rate constant at time .

Q= Ki? (6)

where Q reflects percent drug release and K is the design
variable of the system at time .

Q'*-0,'" = Knct )

where Q) is the initial quantity of drug in the formulations, O,
is the residual quantity of RIF at time ¢ and Ky is the rate
constant.

M,/M., = K¢" )

where M/M., is the fractional drug release at time ¢, K is the
release rate constant, and # is the release exponent.

Analysis of the Hydrodynamic and Swelling Characteristics of
the RIF-loaded Lipopolysaccharide PEC Tableted PEC
Particulates

Analysis of the in vitro hydrodynamic and swelling
behavior of the SLCT-LWCT-RIF nanoparticulate tableted
formulation was performed via magnetic resonance imaging
(MRI) (Oxford Instruments Magnetic Resonance, Oxon,
UK) equipped with a 0.5 Tesla permanent magnet stabilized
at 37°C and a dissolution flow-through cell containing PBS
pH 6.8. Live-image capture of the SLCT-LWCT-RIF 1:1 and

Page 5 of 16 107

3:1 tablets were obtained at 10-min intervals over a period of
16 h, respectively, utilizing MARAN-i Version 1.0 software.

Ex vivo Permeability of RIF from the Lipopolysaccharide
PEC Particulates across Porcine Intestinal Tissue

Ex vivo permeability studies were performed, using static
Franz Diffusion Cell Apparatus (Logan Instruments Corp.,
NJ, USA), to evaluate the permeability of RIF from the
formulated PEC particulate systems (SLCT-LWCT-RIF 1:1
and SLCT-LWCT-RIF 3:1) and the free RIF across adult
porcine intestinal epithelium of the large white pig. According
to standard operating procedures and approval from the
Animal Ethics Screening Committee of the University of the
Witwatersrand (Clearance No. AESC-2014/38/C and Ref. 14-
11-14 O), the pig was euthanized and the intestinal tissue was
excised, cleaned and separated from the serosa then stored in
PBS pH 6.8 until further use. Within 60 min of harvesting, the
intestinal tissue was assessed for viability and integrity via
potential difference measurements across the tissue sections
using a Seven Multi GmbH S40 electrical conductivity meter
(Mettler-Toledo, Zurich, Switzerland), over 8 h. Thereafter,
the tissues were fixed between the donor and receptor
compartments of the diffusion cells (permeation area
1.77 cm?). The receptor chamber solution consisted of
12 mL PBS (pH 6.8), was continuously stirred with a
magnetic bar and maintained at 37°C. The donor chamber
consisted of 3 mL of the lipopolysaccharide PEC particulate
dispersion containing 1.25 mg/mL of RIF. Samples of 3 mL
were withdrawn from the receptor compartment at
predetermined time intervals over 8 h and replaced with an
equal volume of fresh PBS (pH 6.8) to maintain sink
conditions. The samples were measured for the quantity of
RIF using UV-Vis spectroscopy set at Amax =475 nm. Equa-
tions (9) and (10) were used to determine the quantity and
flux of RIF, respectively, that traversed the intestinal tissue
and Eq. (11) was used to determine permeation. Experimen-
tal data were obtained in triplicate and all values are
representative of mean + SD (n =3).

Nl

Cumulative amount of RIF permeated = = (mg/cm?)  (9)

where A is area of exposed membrane (cm?) and Q is
quantity of RIF crossing the membrane (mg).

Q

J = —— (mg/cm?* /min)

AT (10)

where J is the flux of RIF, Q is the quantity of RIF
permeated, A is the cross-sectional area of the membrane,
and T is the time of exposure expressed in minutes.

2Cr 2A
“-In|{1-— )= —xPxT
n ( C() ) % X X

where Cris the concentration of RIF in the receptor chamber
at time 7, Cy is the original concentration of RIF in the donor
chamber, V is the volume of solution in the two compart-
ments, and A is the area of permeation.

(11)
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RESULTS AND DISCUSSION

Evaluation of Particle Size and Zeta Potential

The average hydrodynamic diameters of the fabricated
bioactive-loaded and empty PEC particulates as obtained
from the Zetasizer® Nano-ZS were found to be in the range
of 151.6 to 292.1 nm with a polydispersity index (PDI) of less
than 0.3, as shown in Table I. The low PDI reveals a very
narrow size distribution which is considered acceptable for an
ideal nanoparticle (31). Furthermore, the obtained size range
may indicate enhanced permeation of the PEC particulates
across the intestinal mucosa thereby allowing for higher
systemic levels of the formulation (32, 33). The average zeta
potential of all the nano-suspensions ranged from +22.2 to +
33.0 mV revealing the stability of the nano-suspension (34) in
respect to coagulation, flocculation, aggregation, sedimenta-
tion, and creaming phenomena through strong electrostatic
repulsion between the charged particles keeping them apart.

Determination of RIF-loading Capacity and Encapsulation
Efficiency in Response to Changes in SICT Concentrations

Determination of the drug-loading capacity (%LC) and
encapsulation efficiency (%EE) of the lipopolysaccharide
system (as shown in Table II) revealed that the 3:1 SLCT-
LWCT PEC particulates achieved increased RIF drug-
loading (73.21%) compared to the 1:1 system (64.25%). This
could be attributed to hydrophobic interactions and associa-
tion of RIF with the SLCT lipid bilayer architecture (35). A
similar observation was noted by Were and co-workers, who
reported increased drug encapsulation with increased phos-
phatidylcholine concentration (36), thereby, inferring that
drug encapsulation may be tuned to the preferred dose by
adjusting SLCT concentration (37).

Determination of Mucoadhesive Properties in Response to
SLCT/LWCT and RIF Variations

Mucoadhesion is thought to be the ability of polymeric
materials to adsorb onto the surface mucous of mucosal
membranes (38), thereby lengthening the resident time of
these materials at the target site. Furthermore, mucoadhesion
allows permeation of mucoadhesive nanocarriers into the
mucosal layer thereby potentiating an increase in absorption
and bioavailability (39). In this regard, the mucoadhesive
property of LWCT could enhance the oral delivery of RIF.
Surface interactions between mucoadhesive polymers and the
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Table II. Encapsulation Efficiency and Loading Capacity of RIF-
loaded and RIF-free Nanoparticle Formulations

Formulation %EE %LC
SLCT-LWCT 1:1 - -
SLCT-LWCT 3:1 - -
SLCT-LWCT-RIF 1:1 64.25 5.84
SLCT-LWCT-RIF 3:1 73.21 5.10

RIF rifampicin, % EE encapsulation efficiency, % L C loading capacity,
SLCT soy lecithin, LWCT low-molecular-weight chitosan

mucosal membrane has been identified to be either ionic,
covalent, hydrophobic or physical in nature (40).

Studies on the in vitro interaction of the RIF-loaded and
RIF-free PEC particulates using PM indicated the
mucoadhesion propensity of LWCT. As shown in Table III
and Fig. 2, all the formulations reached equilibrium adsorp-
tion at 120 min following immersion in mucin solution.
Mucoadhesive studies revealed a %MBE of more than 10%
(14-30%) for all the nanoparticle formulations except SLCT-
LWCT-RIF (3:1) which demonstrated a %MBE of 8.25%.
This is most likely attributed to the low amount of LWCT in
this formulation in ratio to SLCT. Furthermore, it was
observed that RIF-loading and increased SLCT concentration
caused a decrease in %MBE, hence, demonstrating that only
LWCT imparts the mucin-binding property of the complex
system. As noted in Fig. 3a, of the FTIR spectra, RIF
encapsulation into the SLCT-LWCT system imparted a
decreased intensity of the peak corresponding to the amino
groups of LWCT. This could be explained by the spontaneous
binding of RIF molecules to amino groups of LWCT thereby
resulting in a reduced availability of free LWCT amino sites
for interaction and subsequent binding with mucin. These
interactions ascribe the decreased %MBE noted upon RIF
encapsulation. This implies that increased availability of
LWCT surfaces for mucin interaction and subsequent adsorp-
tion produces an expected increase in the %MBE of the
nanoparticulate complex system. The mechanism of
mucoadhesion is likely a result of ionic interaction between
cationic LWCT and anionic mucous to produce ionic bonding.

Analysis of Molecular Vibrational Transitions Indicating PEC
Formation

FTIR spectra of the native polymers, SLCT-LWCT
complex and SLCT-LWCT-RIF PEC particulates are illus-
trated in Fig. 3. FTIR for pristine LWCT (Fig. 3d) showed

Table 1. Particle Size, Zeta Potential, Conductivity, and PDI of RIF-loaded and RIF-free Nanoparticle Formulations

Formulation Particle size (nm) Surface charge (mV) Conductivity (mS/cm) PDI

SLCT-LWCT 1:1 292.1 +25.6 0.194 0.292
SLCT-LWCT 3:1 232.8 +222 0.081 0.273
SLCT-LWCT-RIF 1:1 151.6 +33.0 0.102 0.247
SLCT-LWCT-RIF 3:1 2742 +30.7 0.057 0.262

PDI polydispersity index, RIF rifampicin, SLCT soy lecithin, LWCT low-molecular-weight chitosan
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Table III. %MBE Comparison of RIF-loaded and RIF-free Nanoparticle Formulations as a function of Time

Time SLCT-LWCT SLCT-LWCT SLCT-LWCT-RIF SLCT-LWCT-RIF
LWCT-RIF 1:1 3:1 1:1 3:1

(min)

30 6.12 3.99 1.23 0.88

60 14.40 9.47 4.12 2.00

90 21.60 16.57 9.00 5.81

120 29.77 25.02 14.10 8.25

150 29.56 25.14 14.22 8.31

300 29.63 25.09 14.14 8.29

MBE mucin-binding efficiency, RIF rifampicin, LWCT low-molecular-weight chitosan, SLCT soy lecithin

characteristic peaks at wavenumbers 3284 cem™!, 1375 cm ™,

and 1023 cm ! which corresponded to N-H, C-N, and C-O
stretching of the amide, respectively, while the peak at
1583 c¢cm ' indicated N-H bending. For pristine SLCT
(Fig. 3e), noted peaks at 3011 cm™', 1726 cm !, and
1378 cm ! were assigned to O-H, C=0O, and P=0O
vibrations, respectively (41). A critical observation of the
spectrum of SLCT-LWCT (Fig. 3b) complex in comparison
with the native polymers, indicated that similar bands for
C=0, C-N, and P=0O exist at wavenumbers 1736 cm !,
1375 cm™ !, and 1241 cm ™!, respectively (41). It is noted that
the band corresponding to the P=O vibration of SLCT has
shifted to a lower wavenumber, thus, indicating electrostatic
interaction and possible complexation with the amide
groups of LWCT. The N-H stretching vibration of the
RIF-loaded complex (Fig. 3a) shifted to a lower wavenum-
ber of 3253 cm ™! with a P-O-C vibration peak observed at
988 cm . These shifts may further suggest PEC formation
occurring between the phospholipid (SLCT) and LWCT
which originates from the interaction between the amino
groups (NH>") of chitosan and the phosphate groups (PO*")
of the phospholipid resulting in an aminophosphate-
functionalized system.

The FTIR spectrum of RIF (Fig. 3c) shows character-
istic peaks at 2938 cm ™' (C-H stretching), 1732 cm™! (-C=0
acetyl stretching), 1650 cm ™' (-C=N asymmetric stretching),
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Fig. 2. Representation of %MBE of RIF-loaded and RIF-free
nanoparticle formulations in response to SLCT/LWCT and RIF
variations. All values represented as mean +SD (n =3)

1569 cm ! (C=C stretching), 1373 cm™* (C-N stretching),
and 1254 cm™' (-C-O-C-ether group) (42). Similar bands
were demonstrated by the RIF-loaded nanoparticle spec-
trum: C-H stretching, —-C=0 acetyl stretching, and C-N
stretching at 2923 em™!, 1735 cm !, and 1377 cm !,
respectively (5), hence, suggesting RIF encapsulation. The
encapsulation of RIF into the polymeric complex induced
structural changes as noted on the spectrum of RIF-loaded
PEC particulates when compared to the drug-free PEC
particulates. A noticeable increase in peak intensity is
evident from bands 2923 cm™' to 968 cm ™' in the SLCT-
LWCT-RIF spectrum when compared to the RIF-free
nanoparticle spectrum. This further confirms the successful
loading of RIF into the system; however, it may suggest that
RIF could have interfered with or obscured the NH** and
PO’ PEC reaction sites (43).
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Fig. 3. FTIR spectra of a SLCT-LWCT-RIF, b SLCT-LWCT, ¢ RIF, d
LWCT, and e SLCT
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Analysis of Thermal Stability and Degradation Induced by
SLCT-LWCT-RIF Polyelectrolyte Complexation

DSC analysis, depicted in Fig. 4, allowed the elucidation
of transitions in melting points and thermal degradation in
response to variations of SLCT ratios and RIF encapsulation.
Although no significant changes were noted in the thermal
properties of RIF-loaded and RIF-free formulations, the
formation of a PEC induced shifts of the degradation peaks
towards higher temperatures. It is noted that formulations
SLCT-LWCT-RIF 3:1 and 1:1 (Fig. 4a, b, respectively) and
the corresponding RIF-free SLCT-LWCT 3:1 and 1:1 (Fig. 4c,
d, respectively) PEC formulations exhibited the onset and
endset of thermal degradation between a range of 288°C and
325°C, respectively, whereas the pristine LWCT (Fig. 4e) and
SLCT (Fig. 4f) parent polymers exhibited lower thermal
stability with the initiation of degradation occurring at 275°C.
The thermogram of SLCT (Fig. 4f) presented with two
melting points at 146°C and 222°C. The melting point at
222°C is observed to maintain its presence in the RIF-free
and RIF-loaded formulations with a gradual shift of this peak
towards higher temperatures where a marked increase to
242°C in the SLCT-LWCT-RIF 3:1 formulation is noted.
These changes further confirm the formation of a PEC
resulting from interaction of phosphate ions present in SLCT
with the amines of LCWT. The melting point of pure RIF as
noted at 187°C (Fig. 4g) is undetectable in the RIF-loaded
formulations which may be attributed to the formation of a
stable drug-polymer complex which necessitates higher en-
ergy to cause disruption of any newly formed chemical bonds.

Heatflow [mW)]
Q

e
f
50 100 150 200 250 300 350
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Fig. 4. DSC thermograms of a SLCT-LWCT-RIF 3:1, b SLCT-LWCT-
RIF 1:1, ¢ SLCT-LWCT 3:1, d SLCT-LWCT 1:1, e LWCT, f SLCT,
and g RIF
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XRPD Analysis

Crystallinity transitions of polymeric materials impact
the resulting physicochemical properties. Amorphous charac-
teristics of polymeric materials and colloid and emulsion
systems are preferred for biomedical applications, especially
in pharmaceutical industry, since the improved solubility of
amorphous states enhance bioavailability (44). XRPD analy-
sis performed for comparison between the characteristic
crystalline properties of the pure RIF drug, native polymers,
SLCT-LWCT complex and the RIF-loaded PEC particulates,
as shown in Fig. 5. The XRPD pattern of pure chitosan, in a
relatively amorphous state, has been reported to show broad
peaks at 260 =10° and 26 =20° (45), which corresponds to the
pattern obtained for pristine LWCT. The x-ray diffractogram
of SLCT presented a semi-crystalline peak at 26 =20.3°
indicating the amorphous regions of phosphatidylcholine
(46, 47). A comparison of the characteristic peaks evident in
the native polymers with that of the new complex (SLCT-
LWCT) formed revealed that the amorphous peak of pristine
LWCT at 260 =10° was absent in the formed SLCT-LWCT
complex. Furthermore, the semi-crystalline peak of SLCT at
260 =20.3° transitioned to a single strong and broad peak
indicative of amorphous regions in the SLCT-LWCT and
SLCT-LWCT-RIF complexes. These changes in crystallinity
may be attributed to the polyelectrolyte complexation
between NH?* of LWCT and PO~ of SLCT as described in
FTIR spectra. RIF displayed well-defined narrow peaks
characteristic of a highly crystalline structure. However, when
encapsulated in the PEC particulates, the intense crystalline
peak disappeared to form a combined singular broad peak, as
depicted by the SLCT-LWCT-RIF diffractogram in Fig. 5. It
was observed that the XRPD pattern for the RIF-loaded
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£
SLCT
s
LWCT
0 210 4|0 610 8l0
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Fig. 5. X-ray powder diffraction (XPRD) spectra of LWCT, SLCT,
RIF, the SLCT-LWCT complex, and the SLCT-LWCT-RIF PEC
particulates
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system and the RIF-free system showed marked similarity
which may be attributed to the relatively small amount of RIF
in terms of the drug/polymer complex ratio (1:40). However,
maintenance of the presented amorphous regions in the RIF-
loaded SLCT-LWCT complex may suggest an improved
solubility profile of the encapsulated drug in aqueous media.

Evaluation of Rheological Properties of the Synthesized
Lipopolysaccharide Complex and RIF-loaded PEC
Particulates

Viscoelasticity studies with regard to the gelation kinetics
and real-time elasticity monitoring of SLCT-LWCT 1:1,
SLCT-LWCT 3:1, SLCT-LWCT-RIF 1:1, and SLCT-LWCT-
RIF 3:1 was performed as shown in Fig. 6. The shear storage
modulus (G’) was given as a function of reaction time at
37°C. It was observed that all four formulations had a
relatively fast onset of gelation of less than 2 min. Gelation
onset times of 57 s was observed for SLCT-LWCT 1:1, SLCT-
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Fig. 6. Kinetic gelation plots of SLCT-LWCT 1:1, SLCT-LWCT
3:1 (a), SLCT-LWCT-RIF 1:1, and SLCT-LWCT-RIF 3:1 (b) present-

ing the shear storage modulus (G’) (Pa) observed over a 5-h
timeframe at 37°C
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LWCT 3:1, and SLCT-LWCT-RIF 1:1, whereas SLCT-LWCT-
RIF 3:1 demonstrated a gelation onset time of 117 s. The
delayed gelation onset observed with SLCT-LWCT-RIF 3:1
could be due to a longer time required for the reacting PEC
molecules to come into contact with each other as a result of
excess phosphate anions in the system causing electrostatic
repulsion and interference by RIF molecules. The fast onset
of gelation may be attributed to a rapid polyelectrolyte
complexation reaction between the native polymers of equal
ratios with minimal interference from RIF. A progressive
increase in G’ for all formulations was noted over the 5-h
duration with the drug-free formulations gelling at a faster
rate than the drug-loaded formulations. This may be a result
of the presence of more uninterrupted reaction sites available
for polyelectrolyte complexation in the drug-free formula-
tions, thus, supporting the FTIR-implication of possible RIF
interference with NH** and PO’™ reaction sites. During the 5-
h gelation period, it was noted that SLCT-LWCT 1:1 and
SLCT-LWCT 3:1 reached a maximum G’ of 282 Pa (+ 13) and
319 Pa (+11), respectively, while SLCT-LWCT-RIF 1:1 and
SLCT-LWCT-RIF 3:1 peaked at 163 Pa (+10) and 242 Pa (x
11), respectively. This may reflect the formation of a slightly
disrupted PEC matrix and gelling formation in response to
RIF loading whereas the drug-free formulations are able to
maintain a more compact and continuous gelling arrangement
throughout the sample matrix.

Textural Transitions in Response to Variations in SLCT in the
RIF-loaded Lipopolysaccharide PEC Nanoparticulate Tablets

Textural profiling revealed that increased SLCT ratio in
the SLCT-LWCT-RIF 3:1 formulation presented with a
greater force of 12.48 N and fracture energy of 0.026 J to
initiate a break in the tablet matrix whereas the 1:1
formulation achieved a break in the tablet structure at
10.48 N with a corresponding energy of 0.021 J. In addition
to the PEC formation resulting from SLCT-LWCT electro-
static interactions, the increased mechanical strength of the
3:1 formulation could further be attributed to possible
interactions arising from SLCT-RIF, as noted in the FTIR
spectra and XRPD diffractograms. Reduced crystallinity of
the lipopolysaccharide nanoparticulate system in response to
increased SLCT ratios, as observed in XRPD analysis,
suggests the formation of a less brittle tablet matrix imparted
by a slight plasticizing effect of the soy lecithin phospholipid.
In this case, a portion of energy is dissipated throughout the
matrix before reaching a break in the system whereas a highly
brittle matrix results in immediate breakage and cracking
upon application of force due to decreased deformability of
the matrix system. Likewise, the enhanced mechanical
attributes obtained via increased SLCT in the PEC particu-
lates correspond to the enhanced elastic (G") rheological
properties of the 3:1 formulation (242 Pa) compared to the
1:1 formulation (163 Pa).

Optical Characterization and Stability of the
Lipopolysaccharide PEC Particulates in Aqueous Suspension

Light scattering analysis of the synthesized drug-free
(SLCT-LWCT) and drug-loaded (SLCT-LWCT-RIF) PEC
particulates was performed. This analysis is based on the
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principle of particle migration and particle concentration
variation within the sample. The phenomena of coalescence
and flocculation are detected through increases in particle size
of the sample. This technique measures the migration of
colloidal particles towards the (1) bottom of the sample
(sedimentation), (2) top of the sample (creaming), or (3)
middle portion of the sample where particle aggregation leads
to increased particle size (flocculation or coalescence). The
result of this particle migration is expressed as the intensity of
delta backscattering (ABS) or transmission (T) where an
increase in ABS at the bottom of the sample with a
corresponding decrease in T at the top of the sample indicates
sedimentation kinetics. The reverse is true for the case of
creaming Kkinetics; whereas in flocculation or coalescence
kinetics, a decrease in ABS is noted throughout all three
sections of the sample (48).

The stability characteristics of RIF-loaded and RIF-free
nanoparticle formulations was evaluated as a function of ABS
and it was observed that all formulations showed some level

Delta Transmission - no zoom
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of destabilization, as shown in Fig. 7 below. However,
formulations with a higher amount of SLCT (depicted in
Fig. 6b, d) displayed enhanced stability as these formulations
exhibited minimal changes in ABS of less than 5% as
compared to formulations with a lower amount of SLCT
where more than 10% ABS was noted (Fig. 7a, ¢). This may
be related to the emulsifying properties of SLCT (49), which
assists in the reduction of surface tension between the
particles and the dispersion medium, thus, keeping the PEC
particulates homogenously suspended in the liquid phase.
Furthermore, an increase in sample particulate size at the
middle and top portions of the sample indicated by increased
ABS of 15% and 18%, respectively, was observed in Fig. 7a
of the SLCT-LWCT 1:1 complex. Similarly, The SLCT-LWCT
3:1 complex, Fig. 7c, exhibited an ABS of 18% and 22% at
the top and middle portion of the sample, respectively. This is
indicative of possible coalescence and aggregation of the
suspended particles at the top and middle portions of the
samples, respectively.
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Fig. 7. Representation of the destabilization kinetics of a SLCT-LWCT 1:1,
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The particle-migration dynamics over the 5-min analysis
period revealed that the incorporation of RIF into the
lipopolysaccharide nanocomplex instigated slight changes in
the stability of the formulation, indicated by changes in ABS
and T along each time interval, compared to the RIF-free
systems which maintained steady ABS levels over the test
timeframe. This is likely due to overall increased particle size
and ionic charge (Table I) upon RIF encapsulation, as
particularly noted with the SLCT-LWCT 3:1 formulation
demonstrating a particle size change from 232.8 nm to
2742 nm and surface charge of +22.2 mV to +30.7 mV.
However, it should be noted that the addition of increased
SLCT plays an important function in the maintenance of
stability of the nanocomplex system which may be attributed
to the increased elastic response of the system as noted from
the shear storage moduli of 163 Pa (1:1) to 242 Pa (3:1) in
RIF-loaded formulations and from 282 Pa to 319 Pa in RIF-
free formulations, respectively. As such, SLCT-LWCT-RIF
3:1 and SLCT-LWCT 3:1 displayed the highest level of
stability compared to SLCT-LWCT 1:1 and SLCT-LWCT-
RIF 1:1.

Dispersion stability of nanoparticulates in suspension
influences the therapeutic efficacy of the formulation in terms
of drug-dose obtained post-reconstitution and before oral
administration. Therefore, a solid dosage form, such as
tablets, may eliminate dose-administration concerns with
regard to simple use and storage of the formulation.

Evaluation and Mathematical Modeling of RIF Release from
the Lipopolysaccharide PEC Particulates

The rate and quantity of drug release from a formulation
plays a critical role in determining the dose administration
frequency of a medicine. Thus, a formulation providing
extended release kinetics reduces administration frequency,
which is crucial in maintaining patient compliance in an
infective disease condition such as TB. The analysis of in vitro
drug release behavior of nanocarriers is a pertinent factor,
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among others (50), in determining the amount of drug
available for potential absorption into the systemic
circulation.

The in vitro release profile of RIF from the formulated
lipopolysaccharide PEC particulates was investigated along-
side comparator formulations (SLCT-LWCT+RIF, MSLCT-
RIF+LWCT, SLCT+LWCT+RIF, and free RIF capsules). As
shown in Fig. 8, it was observed that the in situ complexes of
SLCT+LWCT+RIF (mixing of pristine polymer and drug
powders), SLCT-LWCT+RIF 1:1 (in situ mixing of RIF with
the formulated SLCT-LWCT 1:1 complex) and free RIF
released 90%, 64%, and 28% of drug content, respectively,
within the first 4 h, hence, exhibiting the fastest release
profile. Free RIF formulation released 91% of drug content
within the 24-h study period. This rapid release behavior may
be attributed to a decrease or absence of intermolecular
bonds between the parent polymers of the in sifu formulation
(SLCT+LWCT+RIF) and due to RIF existing in a simple
dispersed form as opposed to encapsulated within the
particles of the system (SLCT+LWCT+RIF, SLCT-
LWCT+RIF 1:1 and free RIF). Such release profiles are
considered unsuitable for sustained delivery of RIF as it
potentiates frequent administration and reduced patient
compliance. It was further observed that formulations of
MSLCT+RIF+LWCT and SLCT-LWCT+RIF 3:1, which in-
volved blending of RIF within melted SLCT and the SLCT-
LWCT 3:1 complex, provided a cumulative drug release of
22.8% and 20.8%, respectively. In this case, the direct
blending and increased ratio of SLCT in the formulation
contributed to decreased drug release.

Formulations, involving authentic RIF encapsulation
during the solvent injection method, SLCT-LWCT-RIF 1:1
and SLCT-LWCT-RIF 3:1 exhibited slower drug release rates
with a cumulative drug release of 11.4% and 6.4%, respec-
tively, obtained over the 24-h study period. The slower
release profiles could be attributed to RIF-phospholipid
electrostatic interaction and barriers imparted by the phos-
pholipid matrix as deposition of the drug most likely occurred
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within the lipid bilayers (21). In addition, this concept
explains the low release rates observed in formulations with
a higher proportion of SLCT as mentioned earlier (SLCT-
LWCT-RIF 3:1 and SLCT-LWCT+RIF 3:1). Furthermore,
RIF entrapped within the PEC matrix of the phospholipid-
polysaccharide system contributes to slower release as
passage of the drug molecules out of the system is dependent
on disintegration of the PEC thus, reducing release rates.
PEC particulates SLCT-LWCT-RIF 1:1 and 3:1 exhibited a
significantly low cumulative drug release over a 24-h period
and hence require longer time periods for complete release of
loaded drug to occur. In favor of a reasonable dosing
frequency and drug-interaction time, it is possible to modu-
late drug release rates employing enzyme-triggered drug
release tactics in conjunction with adjustments in SLCT ratios
to assist in rupture of the internal nanoparticle structure,
thereby, conferring faster release (21, 51).

Mathematical modeling of the drug release data (as
listed in Table IV) was performed to offer insight into the
underlying drug release mechanisms governing the ob-
served release profiles in response to variations in polymer
ratios and tablet-preparation methods. It is noted that
tablets prepared by simple mixing of the pristine polymer
and drug powders (SLCT+LWCT+RIF) followed the first-
order release model (R?=0.7231) where drug release
occurred via non-Fickian anomalous transport as indicated
by the n value (>0.45) of 0.5479 derived from the
Korsmeyer-Peppas equation. Rapid disintegration of the
compacted powders resulting in prompt wetting and
diffusional release of RIF from this formulation contrib-
uted to the fast drug release rate of 90% within the first
4 h with complete release occurring at the end of 24 h.
Formulations involving coating of RIF with melted SLCT
(MSLCT+RIF+LWCT) followed the Higuchi model with
n =0.4699 suggesting non-Fickian diffusional release where
drug release was likely dependent on the extent of
hydration and dissolution of the RIF-SLCT complex, hence
the slower release rate of 22.81%.

Drug release from tablets prepared from the pre-
formulated PEC (SLCT-LWCT+RIF (1:1): 64% and (3:1):
20.8%) displayed a significant decrease in release rates
upon increase in SLCT ratio. The faster release of the 1:1
formulation (n=0.2692) profile may be attributed to the
dispersion of RIF molecules within the SLCT-LWCT PEC
system where RIF is dispersed within the spaces of the
polymer matrix but not necessarily encapsulated and
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complexed to the SLCT-LWCT PEC via intermolecular
interactions. This arrangement of RIF throughout the tablet
matrix allows for rapid water penetration, hydration and
swelling of the system resulting in Fickian diffusion of RIF
molecules whereas the decreased release rates imparted by
increased SLCT in the 3:1 formulation is possibly conferred
by SLCT-RIF interactions in addition to the SLCT-LWCT
complex. It is further noted that increased SLCT ratio
imparts an increase in the n value suggesting a gradual shift
from diffusion-based release towards non-Fickian anoma-
lous transport (n=0.6013) and erosion-controlled release
(27). This is particularly evident in the tablets prepared
from the lyophilized powder of the PEC particulates
obtained from the concurrent incorporation of SLCT,
LWCT, and RIF during the solvent injection synthesis
which yielded exceptionally low drug release rates of
11.4% and 6.4% for the SLCT-LWCT-RIF 1:1 and 3:1
formulations, respectively. The release profiles transitions
from Higuchi to zero-order kinetics upon increased SLCT.
The increase in n value from 0.736 for the 1:1 PEC
particulates to 1.2605 for the 3:1 PEC particulates implies
the working of a super case II transport as the primary drug
release mechanism where dissolution of the PEC-entrapped
drug is time-dependent on polymer relaxation and erosion
of the PEC particulates as opposed to only hydration and
diffusion out of the system.

Evaluation of Hydration Dynamics Controlling Swelling and
Erosion Behaviors of the RIF-loaded Lipopolysaccharide
PEC Nanoparticulate Tablets

The characteristics of fluid ingress into and hydration of
the SLCT-LWCT-RIF tablets are critical in understanding the
drug-release mechanisms observed in terms of swelling and
erosion processes which influence the drug-release kinetics.
The changes in hydration and subsequent swelling and
erosion of the tablet matrix at various time points, as acquired
from MRI capture, is depicted in Fig. 9. The gradual
grayscale color transitions from dark to light areas indicate
increased water penetration and hydration of the tablet as
further swelling and subsequent erosion of the matrix ensues.

The hydration sequence of the SLCT-LWCT-RIF 1:1
formulation, depicted in Fig. 9a, shows immediate disintegra-
tion and dissolution of the tablet matrix, into the surrounding
media, occurring from the surface towards the core of the
system with little or no presence of a defined swollen

Table IV. Mathematical Modeling for RIF Release Kinetics

Formulation Zero-order First-order Higuchi Hixson-Crowell Korsmeyer-Peppas Best-fit model
R’ R? R? R? R n

SLCT+LWCT+RIF 0.5259 0.7231 0.677 0.6581 1 0.5479 First-order
MSLCT+RIF+LWCT 0.9398 0.9471 0.9879 0.9447 0.9908 0.4699 Higuchi
SLCT-LWCT+RIF 1:1 0.6942 0.7741 0.8306 0.748 0.9234 0.2692 Higuchi
SLCT-LWCT+RIF 3:1 0.9723 0.9771 0.988 0.9755 0.9794 0.6013 Higuchi
SLCT-LWCT-RIF 1:1 0.9032 0.9089 0.9678 0.907 0.89 0.736 Higuchi
SLCT-LWCT-RIF 3:1 0.9681 0.9675 0.904 0.9677 0.9811 1.2605 Zero-order

SLCT soy lecithin, LWCT low-molecular-weight chitosan, RIF rifampicin, MSLCT in situ complex of SLCT-coated RIF and pristine LWCT
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Fig. 9. MRI acquisition illustrating the progression of fluid ingress and hydration of
nanoparticulate tablets formulated from a SLCT-LWCT-RIF 1:1 and b SLCT-LWCT-RIF
3:1 (formation of a distinct swelling zone encircled in red) over a time period of 16 h

interface. This correlates to the drug-release kinetics obtained
which indicated a slightly faster release pattern (11.4%
cumulative release) controlled via a combination of diffusion
and erosion processes (non-Fickian anomalous transport). In
contrast, the hydration dynamics of the SLCT-LWCT-RIF 3:1
formulation, depicted in Fig. 9b, shows the formation of a
distinctive swollen zone (highlighted in red) surrounding an
inner core of unhydrated matter. This gelled interface further
retards the diffusion of RIF molecules out of the matrix
(where RIF remains entrapped for a longer time in the gelled
state of this layer) thereby presenting with decreased drug
release rates of 6.4% cumulative release. In this case, the
predominant mechanism of super case Il transport encom-
passes time-dependent PEC matrix hydration and subsequent
swelling followed by polymer chain relaxation and erosion of
the gelled region thereby following zero-order drug-release
kinetics where the matrix system does not disintegrate but
maintains its bulk in a swollen or gelled state.

Ex vivo Evaluation of RIF Permeation Across Porcine
Intestinal Tissue from the Lipopolysaccharide PEC
Particulates

The rate and extent of drug permeation through the
intestinal barrier is governed by several factors, such as
physiological, biological, and anatomical properties of the
tissue and physicochemical properties of the drug and dosage
form (52), which ultimately influence drug solubility and

bioavailability at the targeted delivery site. The
Biopharmaceutics Classification System (BCS) has catego-
rized RIF as a Class II drug (high permeability, low
solubility); however, several studies have queried this classi-
fication and prior research has established RIF as a drug of
low permeability and low solubility (BSC Class IV) (53-55).

Cumulative amount of RIF permeated
(mg/cm?)
o
w

0.2
1 ==SLCT-LWCT-RIF(1:1)
0.1 - /1 -#-SLCT-LWCT-RIF(3:1)
1 Free RIF
0 &
01 2 3 4 5 6 7 8 9

Time (hour)

Fig. 10. Cumulative RIF permeation across pig intestinal tissue from
SLCT-LWCT-RIF 1:1, SLCT-LWCT-RIF 3:1, and free RIF formula-
tions (37°C)
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Table V. Cumulative Amount of RIF Permeated (M), Flux Value (J),
and Permeability (P) of RIF from SLCT-LWCT-RIF 1:1, SLCT-
LWCT-RIF 3:1, and Free RIF Formulations After 8-h Exposure Time

Formulation M (mg) J (10 mg/em*min) P (10°° cm/s)
SLCT-LWCT 1:1  1.037 1.22 21.89
SLCT-LWCT 3:1  1.079 1.27 22.85
Free RIF 0.518 0.61 10.53

RIF rifampicin, SLCT soy lecithin, LWCT low-molecular-weight
chitosan

The permeability kinetics of RIF from the lipopolysac-
charide PEC particulate formulations (SLCT-LWCT-RIF
1:1 and SLCT-LWCT-RIF 3:1) were evaluated alongside
capsulated free RIF, as represented in Fig. 10 and Table V.
It was revealed that RIF release from SLCT-LWCT-RIF 1:1
and SLCT-LWCT-RIF 3:1 significantly demonstrated en-
hanced permeability over the 8-h study period as compared
to that of free RIF, with an average flux of 1.22 x 107> mg/
ecm ?/min~, 1.27 %10 mg/cm ?min, and 0.61x10° mg/
cm ?/min~!, respectively. Furthermore, the effective
permeability (P) of RIF was found to be 21.89 x 107° cm/s,
22.85x107° cm/s, and 10.53 x 10"° cm/s in SLCT-LWCT-RIF
1:1, SLCT-LWCT-RIF 3:1, and free RIF, respectively. The
high permeability of RIF from the lipopolysaccharide PEC
particulate formulations may be attributed to an amphi-
philic property imparted by the PEComplexation which
improved its interaction with the phospholipid bilayer of the
intestinal membrane thereby contributing to a high migra-
tion of RIF molecules from the donor to the receptor
chambers (56). The permeation of RIF from the PEC
particulate formulations may occur via molecular transport
across the membrane through the transcellular routes that
often favors compounds of amphiphilic nature (57). Fur-
thermore, as per FTIR analysis in Fig. 3a, the spontaneous
chelation of RIF to LWCT and its encapsulation within the
lipopolysaccharide PEC system could confer the drug
molecule with increased solubility and hence, improved
permeation upon dissolution. Compared to free RIF, the
lipopolysaccharide PEC particulates proved as efficient
nanocarriers of drug. The data obtained, showed no
significant change in the permeability profile of RIF with
increase in the SLCT-LWCT mass ratio from LWCT-RIF 1:1
to SLCT-LWCT-RIF 3:1.

CONCLUSION

Conventional RIF delivery systems have been identified
with several drawbacks, which include but are not limited to,
poor bioavailability and sustained-release properties. The
lipopolysaccharide PEC particulates synthesized by the
solvent injection technique, reported in the present study,
has shown efficacy in promoting a sustained-release profile
with reduced drug release rates imparted by molecular
interaction and subsequent encapsulation of RIF within a
PEC system where polymer-polymer and polymer-drug
interactions are likely, as confirmed by FTIR and DSC.
MRI analysis further revealed and confirmed the drug release
mechanism which involved entrapment of RIF within a

AAPS PharmSciTech (2019) 20: 107

swollen gel interface. A series of comparator formulations
further demonstrated the importance of the solvent injection
technique in acquiring a successfully formulated SLCT-
LWCT-RIF complex wherein drug is bound within the PEC
complex as opposed to dispersed around the PEC matrix.
Increase in amorphous regions, indicated by XRD, suggests
an improved solubility profile of the encapsulated RIF
thereby, potentially improving bioavailability. The
concentration-dependent incorporation of SLCT provides a
means for adjusting particle-suspension stability and drug
release rates while conferring enhanced viscoelasticity and
deformability of the system. Furthermore, ex vivo permeation
studies revealed that RIF permeability can be improved by
incorporating it within the PEC nanostructure of SLCT-
LWCT, hence, offering a promising strategy for improving
bioavailability. Despite the results obtained, comprehensive
in vivo analysis is required to evaluate the therapeutic efficacy
of the lipopolysaccharide PEC particulates in delivering
adequate quantities of RIF via the oral delivery route with
regard to bioavailability.
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