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Introduction: Mycobacterium tuberculosis infections are associated with severe local
inflammatory reactions, which may be life-threatening and lead to tuberculosis pathogenesis
and associated complications. Inorganic nanolayers have been vastly exploited for biomedi-
cal applications (especially in drug delivery) because of their biocompatible and biodegrad-
able nature with the ability to release a drug in a sustained manner. Herein, we report a new
nanodelivery system of inorganic nanolayers based on magnesium layered hydroxides
(MgLH) and a successfully intercalated anti-tuberculosis drug para-aminosalicylic acid
(PAS).

Methods: The designed anti-tuberculosis nanodelivery composite, MgLH-PAS, was pre-
pared by a novel co-precipitation method using MgNO; as well MgO as starting materials.
Results: The designed nano-formulation, PAS-MgLH, showed good antimycobacterial and
antimicrobial activities with significant synergistic anti-inflammatory effects on the suppres-
sion of lipopolysaccharide (LPS) stimulated inflammatory mediators in RAW 264.7 macro-
phages. The designed nano-formulation was also found to be biocompatible with human
normal lung cells (MRC-5) and 3T3 fibroblast cells. Furthermore, the in vitro release of PAS
from PAS-MgLH was found to be sustained in human body simulated phosphate buffer
saline (PBS) solutions of pH 7.4 and pH 4.8.

Discussion: The results of the present study are highly encouraging for further in vivo
studies. This new nanodelivery system, MgLH, can be exploited in the delivery of other
drugs and in numerous other biomedical applications as well.

Keywords: Mycobacterium tuberculosis, magnesium layered hydroxides, biomaterial,

sustained release, anti-tuberculosis, anti-inflammatory

Introduction

Tuberculosis is a devastating bacterial infectious disease caused by Mycobacterium
tuberculosis (MTB) or tubercle bacilli.' It existed for centuries and despite technolo-
gical advancements, we have still not been able to eradicate it. There are only two new
drugs that have been found for tuberculosis treatment in the last five decades.” With the
currently best available anti-TB drugs, the treatment lasts from 6 to 24 months,
depending on the type of TB disease.” According to the latest global tuberculosis
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report in 2020, there were about 10 million new incidents of
TB cases worldwide in the year 2019. There were an esti-
mated 1.2 million (range, 1.1-1.3 million) TB deaths among
HIV-negative people in 2019." Tuberculosis is associated
with a severe local inflammatory reaction which may be
life-threatening and leads to pathogenesis and associated
complications. This results in the activation of the innate
immune response components and the main recruiters of
immune cells, such as polymorphonuclear and mononuclear
phagocytes. It also results in the stimulation of numerous
primary pro-inflammatory cytokines, such as tumor necrosis
factor-alpha (TNF-a), interleukin 6, and interleukin 1§ by the
mycobacterium.*”’ These inflammatory reactions cause
severe damage to the site of the infection.””’

In the present study, we investigated the anti-inflamma-
tory potential of these nanocomposites on LPS-stimulated
RAW 264.7 macrophages. PAS is an effective drug, but
because of its side effects such as epigastric distress, nausea,
anorexia, vomiting, and abdominal cramps or diarrhea, it is
no longer used for drug-susceptible TB but is still being used
for the treatment of multi-drug resistant TB (MDR-TB).
Biocompatible and biodegradable formulations with anti-
TB, anti-inflammatory and sustained release properties
would be very useful to overcome these problems.*’

A layered double hydroxide (LDH) has a basic structure
derived from brucite by replacing some of the divalent
cations with trivalent ones (such as Al'®, Fe** and Cr®,
etc.), to create a positive charge in the layers.'®'® This
positive charge is balanced by counter anions between the
layers such as nitrate, carbonates, water molecules and most
importantly, pharmaceutical drugs in the neutral form with
lone pairs or being negatively charged."* Non-toxic charac-
teristics of the anion make them ideal candidates for biome-
dical and drug delivery applications.'®">™"7 In this study, we
have developed magnesium-layered hydroxides as a drug
delivery system without the addition of any trivalent ions in
the inorganic layers. Magnesium was chosen based on its
high biocompatibility and nutritional value. We intake green
vegetables daily where Mg®" is the central ion present in
chlorophyll in vegetables and plants. It is a vital divalent
mineral for humans, which is responsible for many enzy-
matic reactions, such as energy metabolism, and is a vital
component of soft tissue forming cells as well as bones and is
the most abundant divalent cation in human cells.'®'

Different types of layered double hydroxides (LDHs)
(eg, Mg/Al-LDHs, Zn/AL-LDHs and in some studies Fe®"
replacing AI’") including zinc layered hydroxides (ZLH)
have been exploited as drug delivery agents. They have

been reported to be suitable drug delivery agents because
of their tendency to release drugs in a sustained manner and
be highly biocompatible as well as biodegradable.'®** 2
PAS has been loaded with zinc layered hydroxides (ZLH)
and Zn/Al-LDHs.***” Compared to these, MgLH is more
suitable as it does not require trivalent ions like LDHs and
more importantly, magnesium is more biocompatible than
Zn*", as we consume more magnesium in green vegetables
on a regular basis.”®

Magnesium layered hydroxide (MgLH) is a non-toxic
material that has a wide range of applications such as in
cosmetic products, serving as a catalyst in flame-retardants
and has been used as inorganic absorbents, etc.”” ' MgLH
has a layered structure in which the hydroxide ions sur-
round the magnesium ion in an octahedral manner.*
Infinite layers are formed by these octahedral units by
edge-sharing with hydroxide ions in the planes of the
layers. In a three-dimensional view, layers stack on top
of one another.>*>**? Biocompatible and biodegradable
formulations with anti-TB and anti-inflammatory as well
as sustained release properties would be very useful to
overcome these problems.***>

Many attempts have been made to form a sustained
release formulation that could help reduce such side
effects such as using buffered tablets, granules, coated
tablets and the salt of acids.**>® A biocompatible and
biodegradable nanocomposite formulation with sustained-
release properties would also be helpful in minimizing side
effects as the entire drug is not exposed to the human body
simultaneously. Instead, the drug is released in a sustained
manner which would decrease side effects and would
maintain the bioavailability of drugs over a longer time
period.

For all of the above reasons, in this study, we success-
fully intercalated para-aminosalicylic acid (PAS) into mag-
nesium layered hydroxides (PAS-MgLH) by two different
methods. In the first method, we used magnesium oxide as
the starting material while in the second method, hydrated
magnesium nitrate was used instead.

Materials and Methods

Chemicals

Analytical-grade chemicals were used without any further
purification. MgNO3.6H,0 and MgO were obtained from
Sigma-Aldrich (Saint Louis, MO, USA) and methanol was
bought from Ajax Finechem (Sydney, Australia). In all
experimental work, deionized water was used.

7036

Dove!

International Journal of Nanomedicine 2021:16


https://www.dovepress.com
https://www.dovepress.com

Dove

Saifullah et al

Cell Culture

Fibroblast 3T3-Swiss albino (ATCC® CCL-92™) cells,
mouse macrophages (RAW 264.7 cells) and human lung
fibroblast MRC-5 (ATCC® CCL-171™) cells were sup-
plied by ATCC (Manassas, VA, USA). Dulbecco’s mod-
ified Eagle medium and RPMI 1640 media containing
10% fetal bovine serum were utilized in the cell culture
work. Penicillin at 100 units/mL and streptomycin at 50
pg/mL were added to the growth media. A humidified
atmosphere with 5% CO,, at a temperature of 37 °C,
was maintained for all cell culture work.

Preparation of Nanocomposite-A Using

MgO as the Starting Material

Magnesium oxide (MgO), 0.2 g, was added into 50 mL of
deionized water and stirred for 15 minutes. To this disper-
sion solution, 50 mL (25 mL DMSO + 25 mL H,O) of a
0.4 M solution of PAS was added. The pH of the solution
was raised to basic by the slow addition of a 0.5 M
solution of sodium hydroxide and the sample was sub-
jected to an oil bath thermal agitation at 70 °C for one
day. On the next day, the sample was washed several times
thoroughly with water and then with acetone. Then, the
sample was dried in an oven for 2 days at 70 °C and
ground to a powder and kept in a sample bottle for various
characterization methods described below. The sample
prepared by this method was labeled as Nanocomposite-A.

Preparation of Nanocomposite-B Using
Magnesium Nitrate Hexahydrate as the

Starting Material

Magnesium nitrate hexahydrate (1 g) was dissolved in 50 mL
of deionized water and stirred for 15 minutes. With this
solution, 50 mL (25 mL DMSO + 25 mL H,O) of a 0.4 M
solution of PAS was added. The pH of the solution was raised
to basic by the slow addition of 0.5 M sodium hydroxide and
the sample was subjected to oil bath thermal agitation at 70 °
C for one day. On the next day, the sample was washed many
times thoroughly with water and then acetone. After that, the
sample was dried in an oven for 2 days at 70 °C and ground to
a powder for further characterization. The sample prepared
by this method was labeled as nanocomposite-B.

Characterization

X-Ray Diffraction

For the X-ray diffraction studies, a Shimadzu XRD-6000
diffractometer (Tokyo, Japan), was used. CuK, radiation at

30 kV and 30 Ma was set to record the PXRD patterns.
The PXRD patterns were recorded in the 20 range of
2-60° with a scanning speed of 0.5 degrees per minute.
The samples were ground to a powder before recording the
PXRD patterns.

FTIR Analysis

A Perkin-Elmer 100 series-spectrophotometer was used to
record the Fourier transform infrared (FTIR) spectra of the
materials, over a range of 400-4000 cm '. Each sample
was analyzed by a direct method where the sample was
directly put on the FTIR sample analyzer to record the
spectrum.

Thermogravimetric Analysis

A Mettler Toledo instrument (Greifensee, Switzerland),
was used for the thermogravimetric and differential ther-
mogravimetric (TGA-DTG) analyses. For the thermal ana-
lysis, samples were subjected to heating from 25°C to
1000°C with an increase at a rate of 10°C/minute under
a continuous nitrogen purge. Mass loss was observed with
an increase in temperature.

Transmission Electron Microscopy (TEM) Analysis
The surface morphology of the sample was analyzed by a
Transmission Electron Microscope (TEM). The sample
was dispersed in deionized water and sonicated for 5
minutes and a few drops of the samples were poured on
the TEM sample grid. After that, the samples were dried at
room temperature overnight before analysis.

Dynamic Light Scattering (DLS) Analysis

The DLS technique was applied for the determination of
particle size distribution in a solution as termed hydrody-
namic size. The samples were put in deionized water and
sonicated for 5 minutes before DLS analysis.

UV/Vis Spectroscopic Analysis

For optical properties and controlled-release studies, a
Shimadzu UV-1650-PC UV/Vis spectrophotometer was
employed. Initially, the pure drug, PAS lambda max, the
wavelength of maximum absorption was determined to be
265nm. This wavelength was selected for the drug release
studies.

HPLC Analysis

The drug loading was quantified by a Sykam HPLC system
with an auto-injector Sykam 5300, a Sykam S3250 UV/Vis
detector and the Sykam quaternary pump system 5300 made
in Germany, with a Zorbax Rx-Sil column of 4.6x150 mm,
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and with a 5 pm particle size (Agilent). The standard solu-
tions of PAS ie, 10ppm, 20ppm, 30, pm, 40ppm and 50ppm
were prepared from the stock solution of PAS. The empty
MgLH (without drug) sample solution was also prepared by
dissolving it in a HCI solution for any matrix effect in the
HPLC analysis. The mobile phase consisted of a 17.5 mM
potassium phosphate buffer as solvent-A with a pH of 3.5
adjusted by phosphoric acid and methanol as solvent B.
Before HPLC analysis, the column was saturated with the
mobile phase for 30 minutes.

Sustained-Release Study

Human body-simulated, 0.1 M phosphate buffer saline
(PBS) solutions of pH values of 7.4 (blood pH) and 4.8
(intracellular lysosomal pH) were used to study the sus-
tained release of PAS from the inorganic galleries of the
nanocomposite. Approximately 0.4 mg each of the
Nanocomposite-A and B were placed in 3.5 mL of pH
7.4 and 4.8 PBS solutions, and the absorbance at the
wavelength 1 .« = 265 nm was selected for the UV/Vis
spectrophotometer to study drug release from the nano-
composites. The nanocomposites were placed under con-
stant shaking at 37 °C and at different times, aliquots were
taken and replaced back after taking a reading using a UV/
Vis spectrophotometer.

Antimicrobial Susceptibility Test

The drug susceptibility testing of the nanocomposites was
carried out using the BBL nonradiometric fluorescence-
based method of MGIT 960 against Mycobacterium tubercu-
losis (ATCC® 25618™) and the MICs of the nanocomposites
were determined as previously described.*** The
Mycobacteria Growth Indicator Tube (MGIT) with
BACTEC MGIT 960 growth supplement for drug suscept-
ibility testing was used in an MGIT 960 instrument (Becton
Dickinson Diagnostic Systems, Sparks, MD, USA) as

described previously.* ™!

Microbial Growth-Inhibition Kinetics
The effect of the
Nanocomposites-A and B on the growth kinetics of
Staphylococcus aureus (ATCC®43300™), Pseudomonas
aeruginosa (ATCC®27853™), Escherichia
(ATCC™25922™™), and Candida albicans
(ATCC®20408™) (ATCC, Manassas, VA, USA) was deter-
mined as previously described.****** The percentage inhi-

antimicrobial as-synthesized

coli

bition of each nanocomposite against each microorganism

was calculated according to the following equation as pre-
viously described:

Inhibition rate = 1 - [CFUyeated/ODcontro1] X 100 (1)

The efficiency of the nanocomposites to inhibit the
growth of the microorganisms was determined by the
differences in the equivalent number of colony-forming
units before and after treatment as the percentage of
microbes that were inhibited by the nanocomposites; this

was calculated from the previous equation.®”** 4

Cell Viability Assays

The cytotoxicity of the nanocomposites on 3T3 fibroblasts,
RAW 264.7 cells and normal lung fibroblast cells (MRC-
5) was evaluated by colorimetric (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) MTT assays. In
this experiment, cells were seeded in the 96 well plates
(at a cell density of 1x10*well) at various concentrations
and incubated overnight to attach the cells. After 24 hrs,
the seeded cells were exposed to different concentrations
of nanoparticles and incubated for another 24 hours at 5%
CO, and 37 °C. About 20 pL of the MTT working solution
(5mg/mL in phosphate-buffered solution) was added to the
entire well and incubated at 37 °C for 3 hrs. Finally, the
culture media were removed after centrifugation and for-
mazan crystals were dissolved in 100 pL of DMSO. The
absorbance values were measured at 570 nm using a
microplate reader and cell viability percentage was calcu-
lated according to the previously described method.****¢

Determination of Nitric Oxide and Pro-

Inflammatory Cytokine Production

The macrophage RAW 264.7 cells were seeded in 6 well
plates and incubated overnight. After the incubation per-
iod, the seeded cells were pre-treated with different con-
centrations of nanoparticles and a positive control drug,
dexamethasone, for 2 hrs. Further, inflammation was
induced by LPS stimulation (1 pg/mL) in pre-treated
cells for an additional 24 hrs and the cell culture super-
natant was harvested and stored at —20 °C until further
use. The nitric oxide concentration in the cell culture
media was quantified according to previous methods.*’
Briefly, the effect of nanoparticles on RAW264.7 cell
production was determined based on the Griess reaction
and the remaining media was used to quantify the produc-
tion of pro-inflammatory cytokines (IL-6, IL-1p and TNF-
o) with ELISA kits (R&D Systems, Minneapolis, USA)
according to the manufacturer’s guidelines.
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Statistical Analysis

The biological assays were conducted from three different
independent investigations and expressed as the mean +
standard deviation (SD). Data are presented as the mean +
SD and P < 0.05 and P < 0.001 were considered as
statistically significant. Significant differences were exam-
ined using analysis of variance (ANOVA) with SPSS 20.0
software (SPSS Inc., Chicago, IL, USA).

Results
X-Ray Diffraction and Spatial Orientation
of PAS

Figure 1 shows the X-ray diffraction patterns for the
magnesium layered hydroxides (MgLH), the free drug,
para-aminosalicylic acid (PAS), Nanocomposite-A and
Nanocomposite-B. The magnesium layered hydroxides
(MgLH) showed four characteristic reflection peaks: 001,
100, 101 and 102 at a 20 value of about 19°, 33°, 38° and
520, 4849 The XRD of
Nanocomposite—A and Nanocomposite—B show that the

respectively. patterns
position of the peaks shifted to a lower 20 value of 7.0°.
In Nanocomposite-A and Nanocomposite—B, the basal
spacings (d-spacings) increased from 4.73 A to 12.08 A,
and 11.06 A°, respectively. The increased basal spacings in

A B
PAS g
XRD t
23134 Mg Lél
N
[«)]
~N
>

PAS-MgLH
(using MgNO3)

PAS-MgLH
(using MgO)

55A

2

30 40 50
2 O/ degrees

60

both nanocomposites strongly suggest the successful inter-
calation of PAS into the interlayer galleries of MgLH.

Furthermore, the complete disappearance of reflection
peaks, namely 001, 100, 101, 102 and the appearance of
the reflection peaks at a lower 20 value, with higher basal
spacing (d-spacing) value, indicates the pure phase of both
of the nanocomposites of PAS-MgLH. The XRD patterns
of the Nanocomposite—A show three reflections, with the
first, second and third with a basal spacing of 12.08 A,
6.29 A and 4.24 A, respectively. On the other hand,
Nanocomposite-B (Figure 1A) also shows the three reflec-
tions with a basal spacing of 11.65 A, 6.36 A and 4.35 A.
These reflections suggest that both nanocomposites are
highly crystalline. Thus, the XRD results confirmed the
successful intercalation of PAS into the interlayer galleries
of MgLH and that the resulting composites are highly
crystalline and relatively pure.

The spatial orientation of PAS in the interlayer gal-
leries of MgLLH was proposed by calculating the average
basal spacing of all the PXRD reflections in both
Nanocomposite-A and Nanocomposite-B. The average
basal spacing of the Nanocomposite-A was found to be
approximately 12.47 A and the Nanocomposite-B was
12.49 A. The three-dimensional molecular size of PAS in
the X, Y and Z axes have been reported to be 9.4 A, 7.1 A

Siatial Orientation

Vivat

@ carbon Hydrogen
O

@ Oxygen Nitrogen

Figure | X-ray diffraction patterns of Nanocomposite-A (red), Nanocomposite-B, MgLH and PAS free drug (A) and the spatial orientation of PAS into the MgLH interlayer

gallery (B).
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and 2.9 A, respectively.’® By subtracting the inorganic
layer thickness of 4.8 A from the average basal spacing
value of 12.47 A and 12.49 A, the obtained value is 7.67 A
and 7.69 A for Nanocomposite-A and Nanocomposite-B,
respectively. These remaining values of 7.67 A and 7.69 A
are near to the horizontal molecular orientation (Y-axis)
which is 7.1 A for PAS. This suggests that PAS was
oriented in the horizontal form between the interlayer
galleries of MgLH with a slightly tilted orientation in
both nanocomposites. This tilted form is more favorable
for the electrostatic interaction and the formation of hydro-
gen bonds between PAS and the host, MgLH. Figure 1B
shows the orientation of PAS in Nanocomposite-A, and a
similar orientation of PAS in Nanocomposite-B is
expected.

Infrared Spectroscopy

Infrared spectroscopy was used as supporting evidence
for the successful intercalation of anions into metal
hydroxide nanolayers. In addition to XRD analysis, the
intercalation of PAS was further supported by Fourier
Transformed Infrared (FTIR) spectroscopy. Figure 2
shows the FTIR spectra of the free drug (PAS), magne-
sium layered hydroxides (MgLH), Nanocomposite-A and
Nanocomposite-B. The FTIR spectrum of free PAS
shows characteristics of the PAS functional group absorp-
tion bands, such as O-H, =C—H, and N-H at high wave-
numbers, characteristic carbonyl (C=0) bands for the
carboxylic acid group at 1609 c¢m ', aromatic ring C-C
bond at 1529 and 1433 cm ' and the characteristic alco-
hol peaks, C-O and O-H at 1273 cem ! and 1190 cm !,
respectively.’' > Non-intercalated MgLH shows only a
few absorption bands due to the hydroxyl group at 3694
cm ' and the lattice vibration for the Mg-O absorption
band at 1419 cm ™' and 1010 cm™'.>** The FTIR spectra
of both of the nanocomposites (A and B) show the
absorption bands of the PAS together with bands for
MgLH, which strongly support the XRD result for the
successful intercalation of PAS into MgLH. Detailed
absorption bands of free PAS and both of the nanocom-
posites (A and B) are given in Table 1.%%>1:34¢

HPLC, ICP and TGA Analyses

The presence of magnesium, which is the major com-
ponent of MgLH, was determined using ICP analysis
and was found to be about 45% in both nanocomposites
(A and B). Drug (PAS) loading was determined by
high-performance liquid chromatography (HPLC) using

PAS-MgLH from MgNO3

334<

1609
1449
1285

764

521

PAS-MgLH from MgO|

N
n
™
0 o
7o)
<
~ »
: N
MgLH (Brumte)\ 0]
' -
py <t
2 = g
™ o
2

% <o
S -
] 'l = 2 3 ]
4000 3000 2000 1000

Figure 2 FTIR Spectra of PAS, MgLH, and its nanocomposites.

a previously developed protocol.”’” The loading of PAS
found to be 23% and 22% in
Nanocomposite-A and Nanocomposite-B, respectively.

was about
In the thermal analysis, 15% and 11% weight loss
occurred at about 50 °C for the Nanocomposite-A and
Nanocomposite-B, respectively, which can be attributed
to the physically adsorbed water molecules on the sur-
face of the nanocomposites. The empirical formula was
determined using drug loading, ICP-OES and TGA
analysis for both the nanocomposites and is as given
below.

Nanocomposite A: [Mg; g (OH),].(C;HgNO3) .15.0.83H,0

Nanocomposite B: [Mg; g7 (OH),].(C7H¢NO3) .14.0.61H,O

Transmission Electron Microscopy and

Particle Size Distribution Studies
The transmission electron micrographs (TEM) revealed that
the nanocomposite particles were well dispersed with a
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Table | FTIR Assignments (in nm) of PAS and Its Nanocomposites (A and B)
Assignment PAS Nanocomposite-A Nanocomposite-B
v as (N-H) 3490 Overlapped with O-H stretching at Overlapped with O-H stretching at
3352 3344

v's (N-H) 3381
v(O-H) in the layer/H,O 3694 3352 3344
v (C=0) in COOH 1609 1609 1609
v O-H ring stretching 3020, 1283, 1286 1285

1163
v (C-C) assym and sym: stretching of aromatic | 1519, 1433 1452 1449
ring
v aromatic (C-C-C) ring sym bending 525 529 521

uniform circular shape as shown in Figure 3A and B, for the TEM micrographs using UTHSCSA Image Tool software.
Nanocomposite-A and Nanocomposite-B, respectively. The — About 105 different particles (N) were randomly selected for
particle size and size distribution were determined from the  each nanocomposite and their diameters were measured using

TEM of Nanocomposite A

20| Mean =120.14 207 - Mean = 195.09
R gy = 14850 C D Std. Dev. = 38.374
N =105
157 157
S g
> >
2 2
g 107 g 107
T T
e e
I I
51 57
O T T 0 1 1 1
60 80 100 120 140 160 100 150 200 250 300 350

Particle Size (hm) Particle Size (nm)

Figure 3 Transmission electron micrographs of Nanocomposite-A (A), Nanocomposites-B (B) and particle size distribution of Nanocomposite-A (C) and Nanocomposite-B (D).

International Journal of Nanomedicine 2021:16 https: 7041
Dove!


https://www.dovepress.com
https://www.dovepress.com

Saifullah et al

Dove

the software. The average diameter in Nanocomposite-A was
found to be 120 nm with a particle size distribution of 70—150
nm. For the Nanocomposite-B, the average diameter was
determined to be 195 nm with an overall particle size distribu-
tion of 100-300 nm. Figure 3C and D show the particle
diameter and particle size distribution of Nanocomposite-A
and Nanocomposite-B, respectively.

Dynamic Light Scattering (DLS) Analysis

The particle size of both of the nanocomposites was deter-
mined using DLS analysis using a zeta sizer. The particle
size distribution of Nanocomposite-A was found to be in the
range of 50 nm to 600 nm. According to the cumulative
distribution frequency, 80% of the particles were found to
be equal to or less than 142 nm as shown in Figure 4A. The
particle distribution for the Nanocomposite-B was found to
be 150 nm to 600 nm. According to the cumulative distribu-
tion frequency for the Nanocomposite-B, 80% of the parti-
cles were found to be equal to or less than 220 nm as shown
in Figure 4B. The overall particle size distribution was
found to be larger than the TEM particle size distribution
which can be ascribed to the hydrodynamic size and
agglomeration/accumulation of the particles in an aqueous

solution.>®

In vitro Release Study

The in vitro release of PAS from the Nanocomposite-A
and Nanocomposite-B were carried out in human body
simulated phosphate buffer saline (PBS) solutions of pH
7.4 and 4.8. Figures 5A and B show the in vitro release
profiles of PAS from the Nanocomposite-A in a PBS

A
20 142
e g—m—m [100_
— p-n-1- ! 2
< 16- gu s £
< Nanocomposite -A  [80 &
2 124 n 5
3 \ 60 £
E | | | »
2 8- ™ \ a
=] ] 40 o
g \ [ 8
24 ,. “\. 20 5
o
> “u. =
0 .~._._._- Lo (]
0 200 400 600 800 1000

Hydrodynamic Size (nm)

solution of pH 7.4 and pH 4.8, respectively. Under both
in vitro conditions, PAS took about 1400 minutes for about
a 100% release. PAS took almost the same time (ie, 1400
to be 100% took for
Nanocomposite-A. The release behavior of PAS from

minutes) released, as it
both nanocomposites was found to be sustained without
any sign of burst release, which is most commonly found
in the release of the drugs from their layered double
hydroxide galleries.>’° The release duration of 1400 min-
utes, or almost 24 hours, indicated that the PAS concentra-
tion could be possibly maintained in the human body for
24 hours by the designed nanodelivery formulation. This
will significantly improve the bioavailability of PAS,
which will certainly improve the therapeutic efficacy.

Antimicrobial Susceptibility Tests

The synthesized nanocomposites showed antimycobacter-
ial activity as shown in Figure 6. The MICs of the
Nanocomposites (A and B) were found to be 15.4 pg/mL
and 20.1 pg/mL, respectively compared to the free drug,
PAS, which was 5.5 pg/mL. The percent loading of PAS in
Nanocomposite-A and Nanocomposite-B was found to be
23% and 22%, respectively. Based on the percent loading
of PAS, the amount of PAS in the Nanocomposite-A and
Nanocomposite-B was found to be 3.45 pg/mL and 4.42
pg/mL, respectively, which is termed as the effective MIC.
Therefore, the effective MICs for the nanocomposites
were relatively smaller compared to the free drug, PAS,
which was 5.5 pg/mL, suggesting an improved therapeutic
efficacy of the nanocomposites.
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Figure 4 (A and B) show the hydrodynamic size for Nanocomposite-A and Nanocomposite-B, respectively.
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Figure 5 In vitro release of PAS from nanocomposite-A (A) and nanocomposite-B (B) in phosphate buffer saline solutions of pH 7.4 and pH 4.8.

25+

20‘ e
-y
E 154 =
E-)
=
Q 10+
=

T
5+ -
0 L L .
v
] ) <
Q¥ & &
& ¢
& &
9 &
o
> &°
o &

Figure 6 Minimum inhibitory concentrations (ug/mL) (MICs) of the PAS nanocom-
posites as compared to the PAS free drug against Mycobacterium tuberculosis as
determined using the Mycobacteria Growth Indicator Tube (MGIT) with BACTEC
MGIT 960 growth supplement for drug susceptibility testing and measured by the
MGIT 960 instrument (Becton Dickinson Diagnostic Systems, Sparks, MD, USA).

Antimicrobial Results

The results of the antimicrobial testing using growth
kinetics showed that the PAS nanocomposites (A and B)
have antibacterial activity against Gram-positive bacteria
(S. aureus), Gram-negative bacteria (E. coli), and antifun-
gal activity against Candida albicans, as shown in
Figure 7A and B. This additional antibacterial activity of

the PAS nanocomposites as compared to the free PSA,
which lacks antimicrobial activity, is advantageous in the
treatment of polymicrobial infections that might be asso-

ciated with tuberculosis infections.

Cytotoxicity Studies

To evaluate the cytotoxicity profile, the free drug PAS,
empty carrier (MgLH) and designed anti-TB nanocompo-
sites (A and B) were treated with 3T3 and MRC-5 cells.
The different concentrations, ie, 1.56 pg/mL to 100 pg/
mL, of the samples were incubated for 72 hours with these
cell lines. As shown in Figure 8A and B, more than 80%
viability of both cell lines was measured at the highest
concentration of 100 pg/mL and after 72 hours of incuba-
tion. These results suggest good cytocompatibility of the
designed anti-TB nanocomposites.

Effect of the Nanocomposites on RAW 264.7
Macrophage Viability

Cell viability was investigated by MTT assays after treat-
ment with the nanocomposites, free drug PAS, and pristine
empty MgLH. As shown in Figure 9, at the higher con-
centration of the nanocomposites, pure drugs and carriers
showed a cytotoxic effect on macrophages. However, at
lower concentrations of nanoparticles, carrier and pure
drugs did not show any significant cell cytotoxicity, at
least up to 25 ug/mL. Therefore, we have selected non-
toxic concentrations (at 10 pg/mL) of the nanocomposites,
and carriers for further

drugs in vitro biological

experiments.
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Figure 7 Antimicrobial effects of PAS free drug and PAS nanocomposites, Nanocomposite-A and Nanocomposite-B against different microorganisms, showing the inhibition
of microbial growth using the plate colony-forming unit (CFU) counting method at two different concentrations: (A) | mg and (B) 2 mg.

Effect of the Nanocomposites on Lipopolysaccharide
Stimulated Production of Pro-Inflammatory
Molecules in RAW 264.7 Cells
The inflammatory process involves various immune cells,
mainly monocytes, macrophages and dendritic cell activa-
tion. Among all of the cells, macrophages are more sensi-
tive and known to play a crucial role in normal defensive
reactions and to release the numerous inflammatory med-
iators by the induction of inflammatory cytokines and
microbial substances, such as lipopolysaccharides
(LPSs).”” Most biomedical researchers have investigated
the anti-inflammatory potential of compounds using LPS
induced in vitro and in vivo experimental models particu-
larly with macrophages and monocytes.>

LPS-stimulated macrophages induce numerous cellular
events, such as the production of key inflammatory med-
iators which include NO, IL-6, IL-1p and TNF-a, and the
production of these inflammatory molecules in the cell
culture media or serum of LPS-induced macrophages or
experimental animals, which are consistent markers of
inflammation.®® Based on these inflammatory events, we
hypothesized that suppression of these inflammatory med-
iators in LPS stimulated macrophages may serve as the
foundation for potential drug development against various
inflammatory-associated diseases. Hence, in this investiga-
tion, the anti-inflammatory effects of the samples were
evaluated on LPS stimulated macrophages, RAW 264.7
cells. Dexamethasone, a plant-derived compound, was
used as a positive control for all the experiments and
doses of positive control drugs were followed according

. . 1.62
to previous findings.®"*°

NO and other pro-inflammatory cytokines, including IL-
6, IL-1p and TNF-q, are some of the key inflammatory
mediators in numerous vital organs.®® In the present study,
we investigated the effect of nanocomposites, drugs and
carriers on the production of NO, IL-6, IL-1 and TNF-a
in LPS induced RAW 264.7 cells. As depicted in Figures 10
and 11A—-C, LPS alone significantly increased the level of
NO production when compared to the control, without any
treatment. In Figure 11, the nanocomposites, carriers and
pure drugs showed a significant inhibitory effect on NO
production in LPS-stimulated RAW 264.7 cells. However,
in the
Nanocomposite B seemed to show a better significant inhi-

production of pro-inflammatory cytokines,
bitory effect when compared to Nanocomposite A, the
carrier and pure drugs in LPS stimulated macrophages.
These inhibitory effects of the nanocomposites were com-
parable with the positive control drug, dexamethasone.

Discussion

The layered double hydroxide is a unique nanomaterial vastly
used in various fields such as environmental remediation,
catalysis, flame retardants, antimicrobial clay materials, cos-
metics, biosensors, bioimaging, gene delivery, bioimplants and
drug delivery carriers, etc.'"**% Layered double hydroxides
are composed of divalent ions (Mg(II), Zn (II), Fe (II), Ni (I))
and trivalent ions (Al (III), Fe (III), Gd (III)) and both are
combined to create a positive charge in the structure, making
the material suitable for anions, drugs and species with a lone
pair of electrons.'*'®®” The other variation of the materials
includes divalent layered structures such as zinc layered hydro-
xides which is the most common example and for this type of
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Figure 8 (A) Incubation of 3T3 cells after 72 hours up to a concentration of 100 pug/mL. (B) Incubation of human normal lung MRC-5 cells in the presence of the

nanocomposite after 72 hours.

material, no trivalent ion is added.®® In this study, we report
for the first time, the synthesis of magnesium layered hydro-
xide nanomaterials, MgLH, using the co-precipitation method
from magnesium nitrate and magnesium oxide as the starting
material. The anti-tuberculosis drug, para-aminosalicylic acid
(PAS), was successfully intercalated into the interlayers. The
resulting MgLLH-PAS material was characterized in detail
using XRD, FTIR, TEM, TGA, HPLC and ICP-AES, etc.,
and the results were described in each section above.

The size of the nanocomposites was determined from
their TEM micrographs using image J software through
the calculation of randomly selected nanoparticles. The
particles were distributed in the range of 70-150 nm
with an average size of 120 nm for the Nanocomposite-
A. For the Nanocomposite-B, the particle size distribution
was found to be between 100 and 300 nm with the average
size of 195nm. The hydrodynamic size was determined

using DLS analysis. The hydrodynamic size was found to
be in the range of 50 nm to 600 nm with the mean particle
size of 142 nm for the Nanocomposite-A and according to
the cumulative frequency distribution, more than 80% of
nanoparticles were equal to or less than 142 nm in size.
The particle size distribution for the Nanocomposite-B
was found to be 150 nm to 600 nm with a mean particle
size of 220 nm and the cumulative distribution frequency
suggested that 80% of the nanoparticles were equal to or
less than 220 nm. The greater hydrodynamic size can be
attributed to the accumulation/agglomeration of nanopar-
ticles in an aqueous solution. The release of the active,
anti-TB drug, PAS, was found to be sustained for 24 hours
without any burst release in the human body simulated
PBS buffer solution. This designed MgLH-PAS nano-for-
mulation was tested for its anti-TB assays against
Mycobacterium tuberculosis bacteria and the effective
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Figure 9 Effects of nanoparticles on RAW 264.7 macrophage viability. Macrophages at a cell density of 1%10* cells/well were seeded in a 96 well plate and treated with the
indicated nanoparticle concentrations for 24 h. The data are presented as mean * SD of three independent experiments.
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Figure 10 Effects of nanoparticles on NO production in LPS- induced RAW 264.7
macrophages. Macrophages at a cell density of 1%10° cells/well in the presence or
absence of LPS were seeded in a 6 well plate and treated with the indicated
concentrations of nanoparticles and dexamethasone for 24 h. The supernatants
were collected and investigated by the Griess assay. The data are presented as mean
+ SD of three independent experiments. The control is the base level of nitrite
released without LPS induction. #p<0.00I LPS-treated group vs Control and *p<
0.01 treated group significantly different from LPS-treated group.

MIC was found to be 3.45 pg/mL and 4.42 pg/mL for
Nanocomposite-A and Nanocomposite-B, respectively
compared to PAS which was 5.5 pg/mL, suggesting
improved efficacy of the later. The nanocomposites also
have antimicrobial properties against gram-positive and
gram-negative bacteria. In addition, the cytotoxicity profile
of the samples was checked on normal cells namely 3T3
fibroblast cells and MRC-5 lung normal cells. The samples
showed good biocompatibility with these cell lines. TB

infection causes inflammation at the site of infection and
the anti-inflammatory properties of the designed nanocom-
posites can be very helpful in the treatment of tuberculosis
resulting in better therapeutic outcomes.

Conclusion

In this study, a novel MgLH delivery system was synthe-
sized for the first time using the coprecipitation method
with MgNOj; and MgO as starting reagents for the delivery
of an anti-TB drug, PAS. The designed nanocomposites
were characterized in detail using XRD, FTIR, TEM,
HPLC and ICP analyses. The average hydrodynamic
sizes of the nanocomposites (A and B) were found to be
220 nm and 142 nm, respectively. The release of PAS from
both the Nanocomposite-A and B was found to be sus-
tained in the human body simulated PBS solutions of pH
7.4 and pH 4.8. The nanodelivery formulation (PAS-
MgLH) was found to show good antimycobacterial and
antimicrobial activities, significant anti-inflammatory
effects on the suppression of LPS stimulated inflammatory
mediators in RAW 264.7 macrophages, and most impor-
tantly, it was found to be biocompatible with human MRC-
5 and 3T3 cells. The synergistic anti-inflammatory action
of the designed nano-formulation will prevent severe local
inflammatory reactions associated with Mycobacterium
tuberculosis infections. These in vitro results are highly

encouraging for further in vivo evaluation.
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Figure 11 (A-C) Effect of nanoparticles on the production of the cytokines TNF-q, IL-6 and IL-1B in LPS- induced RAW 264.7 macrophages. A density of 1x10° cells/
well of macrophages induced by LPS was seeded in 6 well plates and treated with the indicated concentrations of a flower extract and dexamethasone for 24 h. The
supernatants were collected and analyzed by ELISA kits. The data are presented as the mean % SD of three independent experiments. "p< 0.001, LPS—treated group
vs Control, ¥**p< 0.001, **p< 0.0l and *p< 0.05 treated group significantly different from the LPS-treated group. Control is the basal level of cytokines released

without LPS induction.
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