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Abstract: The chemotherapy for tuberculosis (TB) is complicated by its long-term treatment,
its frequent drug dosing, and the adverse effects of anti-TB drugs. In this study, we have developed
two nanocomposites (A and B) by intercalating the anti-TB drug isoniazid (INH) into Zn/Al-layered
double hydroxides. The average size of the nanocomposites was found to be ~164 nm. The efficacy
of the Zn/Al-layered double hydroxides intercalated INH against Mycobacterium tuberculosis was
increased by approximately three times more than free INH. The nanocomposites were also found
to be active against Gram-positive and -negative bacteria. Compared to the free INH, the nano-
delivery formulation was determined to be three times more biocompatible with human normal
lung fibroblast MRC-5 cells and 3T3 fibroblast cells at a very high concentration of 50 pg/mL for
up to 72 hours. The in vitro release of INH from the Zn/Al-layered double hydroxides was found
to be sustained in human body-simulated buffer solutions of pH 4.8 and 7.4. This research is a
step forward in making the TB chemotherapy patient friendly.

Keywords: tuberculosis, Zn/Al-LDHs, drug delivery, biomaterial, antimicrobial, activity,

sustained release formulation, nanomedicine

Introduction
Human pulmonary tuberculosis (TB) is a chronic infectious disease of global public health
concern. The disease is caused by Mycobacterium tuberculosis and has been lethal to
humans for centuries. Chemotherapy of TB represents a challenge and is complicated by
multidrug therapy, frequent dosing, side effects of anti-TB drugs, an extended treatment
duration, and multiple regimens.' These complications result in noncompliance to the
TB chemotherapy among patients. Patient noncompliance is the most common cause
of treatment failure and the emergence of multidrug-resistant TB.>* Multidrug-resistant
TB is one of the worst forms of TB; it is treated with second-line anti-TB drugs that
have more adverse effects and treatment lasts for up to 2 years.*> According to the latest
global TB report (October 22, 2014), the estimated number of new cases of TB in the
year 2013 was 9 million, and there were 1.5 million humans who died from TB.®
Isonicotinic acid hydrazine, commonly known as isoniazid (INH), is the most pow-
erful first-line anti-TB drug that is also used in the treatment of leprosy.”* TB patients
must take 300 mg of INH daily for 6 months along with other first-line anti-TB drugs.’
INH causes severe side effects, such as hyperacute liver failure, hydralazine hypoten-
sion, jaundice, and hepatotoxicity.*'> Although INH is a very powerful anti-TB drug,
because of these serious side effects, the INH dose is limited to certain concentrations.
The emergence of the resistance of M. tuberculosis against INH is a multifactorial
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phenomenon, including subtherapeutic doses. A drug deliv-
ery system that can first deliver the anti-TB drugs at high
concentrations followed by a sustained release would be able
to maintain the minimum inhibitory concentration (MIC)
required to inhibit the bacterial growth over longer periods of
time."> Furthermore, the targeted and sustained delivery would
reduce dosing frequency and minimize side effects.'*!3

M. tuberculosis is an obligate intracellular pathogen, and
the almost exclusive cellular host of M. tuberculosis is the
alveolar macrophage where the microorganism lives and mul-
tiplies within the macrophage that have the tendency to take
up nanoparticles in comparison to the other host cells.!*2
In this context, biocompatible nanodelivery systems have
tremendous potential to target the M. tuberculosis bacteria
inside the phagocytes, and these nanodelivery systems also
protect the drug from physiochemical degradation in the
body. Biocompatible nanodelivery systems could enhance the
therapeutic efficacy of the drug and would ultimately improve
patients’ compliance to the chemotherapy of TB.!'*?!22

In recent years, inorganic nanolayers, namely, layered
double hydroxides (LDHs), have emerged as biocompatible
drug delivery systems with excellent characteristics, such as
ease of preparation, tendency of loading various pharmaceuti-
cal drugs, release of the drugs in a sustained manner, biocom-
patibility, and biodegradability.'>*>** Excellent reviews have
been written by Saifullah and Hussein® and Rives et al>*?’
describing in detail the drug delivery applications of LDHs.

In the present work, we describe the development of
an anti-TB nanodelivery system by intercalating INH into
Zn/Al-LDHs prepared by the coprecipitation and ion exchange
methods. The sustained release of INH from the galleries of
Zn/Al-LDHs was determined in physiologically simulated
phosphate-buffered saline (PBS) solutions at pH values of 4.8
(intracellular lysosomal pH) and 7.4 (blood pH). In addition, the
antimicrobial activities of the formulations were investigated
against M. tuberculosis and other microorganisms. The cytotox-
icity of the INH nanocomposites was also determined against
human lung cells (MRC-5) and 3T3 mouse fibroblast cells.

Materials and methods

Institute of Bioscience Ethics Committee and Institutional
Review Board approval are not applicable for this experi-
ment because human or animal subjects were not used in
the experiments.

Chemicals

Analytical-grade chemicals were used without any further
purification. INH was 99% pure, and zinc nitrate hexahydrate
and aluminum nitrate nonahydrate were purchased from

Sigma-Aldrich (St Louis, MO, USA). Dimethyl sulfoxide
was purchased from Ajax Finechem (Sydney, Australia) and
deionized water was used in all of the experimental work.

Cell culture

Human lung fibroblast MRC-5 (ATCC® CCL-171™) and
3T3-Swiss albino (ATCC® CCL-92™) cells were purchased
from American Type Culture Collection (ATCC; Manas-
sas, VA, USA), and the cells were cultured in Dulbecco’s
Modified Eagle’s Medium and Roswell Park Memorial
Institute (RPMI) 1640 media containing 10% fetal bovine
serum. The growth media contained 100 units/mL penicillin
and 50 pg/mL streptomycin, respectively. The cells were
maintained at 37°C in a humidified atmosphere in the pres-
ence of 5% CO,.

Preparation of INH-Zn/Al-LDH using
coprecipitation

A previously optimized method with a slight modification
was used for the preparation of the nanocomposite.?® In
brief, a solution of Zn**/Al’** nitrate salts at a ratio of 2:1 was
prepared in 50 mL of H,O and stirred for 15 minutes under
continuous nitrogen flux. Then, 50 mL of a 1 mol/L solution
of INH was added to the salt solution and stirred for an addi-
tional 20 minutes, and the pH was raised to 7.5 by the slow
addition of 1 mol/L sodium hydroxide. Then, the sample was
subjected to oil-bath shaking at 70°C for 2 days, centrifuged,
and washed thoroughly with deionized water. The sample was
dried in an oven at 70°C for 48 hours and ground into a fine
powder and then subjected to further characterization. The
sample prepared by the coprecipitation method is referred to
as nanocomposite-A in the rest of the manuscript.

Preparation of INH-Zn/Al-LDH using ion

exchange

The preparation by ion exchange was performed using a
previously optimized method with slight modification.?® In
short: a salt solution of Zn**/Al** at a ratio of 4:1 was prepared
in 25 mL water and stirred for 15 minutes. Then, this salt
solution was added dropwise to another 25 mL of H,O, and
a pH of 7-7.5 was maintained by the simultaneous addition
of 0.5 M sodium hydroxide. Next, 100 mL of a 1 M INH
solution was added dropwise to the freshly prepared LDH;
the experiment was performed under a continuous nitrogen
flux. Then, the sample was stirred continuously for 2 days at
room temperature, sealed with parafilm, and then subjected
to oil-bath agitation for 4 days at 70°C. Then, the sample
was centrifuged and washed thoroughly with deionized
water. Subsequently, the sample was dried at 70°C for
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48 hours. After drying, the sample was ground into a powder
and processed further for the characterization studies. This
sample prepared by the ion exchange method is termed as
nanocomposite-B in rest of the manuscript.

Characterization of INH nanocomposites
A Shimadzu XRD-6000 diffractometer (Shimadzu Corporation,
Tokyo, Japan), was used for the X-ray diffraction (XRD) stud-
ies. CuK  radiation at 30 kV and 30 mA was used to record
the powder-XRD patterns in the 26 range of 2°-60°. Fourier
transform infrared (FTIR) spectra of the materials were
recorded over the range 0f 400-4,000 cm™ on a Perkin-Elmer
100 series spectrophotometer by a direct sample method.
For the analysis of carbon, hydrogen, and nitrogen, a LECO
model CHNS-932 instrument (St Joseph, MI, USA) was
used. For the thermogravimetric and differential thermogra-
vimetric analyses, a Mettler Toledo instrument (Greifensee,
Switzerland) was used. For the thermal analysis, samples were
subjected to heating from 25°C to 1,000°C with an increase
at a rate of 10°C/min. The analysis was performed under
nitrogen purging. The morphology of the sample surface was
studied by a scanning electron microscope, JOEL JSM-6400
(JEOL, Tokyo, Japan). A Shimadzu UV-1650-PC UV/Vis
spectrophotometer was used for the optical properties, UV/
Vis spectra, and controlled-release studies under atmospheric
conditions. Dynamic light scattering was applied using a Zeta
sizer nanoseries — NANO-S Malvern instrument — for the
determination of nanocomposite particle size.

Quantification of INH using HPLC
analysis

For the loading quantification of INH in Zn/Al-LDHs, a
Sykam high performance liquid chromatography (HPLC)
system (SYKAM GmbH, Eresing, Germany) was used
with the 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,
with 5 um particle size (Agilent Technologies, Santa Clara,
CA, USA). For the quantification of INH, a previously
reported method was used with slight modification.”’ In
brief, the analysis was performed at 30°C with a I mL/min
flow rate, and the total run time was 10 minutes for each
run, and the retention time for INH was 2.27 minutes.
The mobile phase was composed of acetonitrile (A) and
15 mmol/L potassium dihydrogen phosphate buffer at a pH
adjusted to 4.0+0.1 with o-phosphoric acid (B). The ratio
of the mobile phase A:B was 89:11 and the wavelength
235 nm was selected for the UV detector. The standard solu-
tions of various INH concentrations, that is, 0, 30, 60, and

90 ppm, were prepared in 50 mL with 45 mL mobile phases
plus 5 mL of HCI. In the same way, 10 mg of each nano-
composite was dissolved in 5 mL of HCl and 45 mL of the
mobile phase. The samples, standards, and mobile phase were
filtered with 0.20 um (pore size) filters. For the standards, the
correlation coefficient R? was determined to be 0.9971.

Sustained-release test

Human body-simulated 0.1 M PBS solutions of pH values
of 7.4 (blood pH) and 4.8 (intracellular lysosomal pH) were
used to study the sustained release of INH from the inorganic
galleries of Zn/Al-LDHs. Approximately 0.4 mg each of
nanocomposites-A and B were placed into 3.5 mL of pH 7.4
and 4.8 PBS solutions, and the absorbance at the wavelength
A =271 nm was selected on the UV/Vis spectrophotometer
to study the release of INH from the nanocomposites.

Antimicrobial susceptibility tests

Bactec MGIT 960 system

The drug susceptibility testing (DST) of INH-Zn/Al-LDH
nanocomposites using the BBL nonradiometric fluorescence-
based method of MGIT 960 against M. tuberculosis (ATCC®
25618™) was used, and the MICs of the nanocomposites
were determined. The Mycobacteria Growth Indicator Tube
(MGIT) with BACTEC MGIT 960 growth supplement for
DST was used in an MGIT 960 instrument (Becton Dickinson
Diagnostic Systems, Sparks, MD, USA) as described
previously.***! The standard protocol for DST in MGIT 960
was strictly followed as recommended for primary drugs. The
culture suspensions for inoculation were well dispersed with
no large clumps to avoid false-resistant results. After thor-
ough mixing and homogenization of the culture suspensions,
the tubes were allowed to rest for at least 15 minutes, and the
supernatant was used to inoculate the drug-containing media
and the control according to the manufacturer’s instructions
for DST of first-line drugs. All inoculated drug-containing
MGIT 960 tubes were placed in the DST set carrier and
entered into the MGIT 960 instrument as “‘unknown drugs”
using the DST entry feature. For the DST set containing
“unknown drugs”, the instrument flagged the DST set “com-
plete” when the growth control reached a growth unit (GU)
value of 400. Atthis point, the GU values of the drug-containing
tubes were retrieved from the instrument by printing a DST
set report, and the results were interpreted manually. If the
GU of the drug-containing tube was >100 when the GU
of the growth control was 400, the results were defined as
resistant. If the GU values of the drug-containing tubes were
equal to or <100, the results were considered susceptible.
Experiments were repeated with various concentrations of
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the INH-Zn/Al-LDH nanocomposite suspensions until the
MIC was determined.

Growth-inhibition kinetics

To quantitatively evaluate the antimicrobial effect of
the as-synthesized INH nanocomposites-A and B on the
growth kinetics of various microorganisms, the plate colony
count method was employed. Prior to treatment with the
nanocomposites, the bacterial cultures of Staphylococcus
aureus (ATCC®43300™), Pseudomonas aeruginosa
(ATCC*27853™), Escherichia coli (ATCC®25922™), and
Candida albicans (ATCC®20408™) were obtained from
ATCC and hydrated and streaked for isolation on a tryptic
soy agar plate. Following growth, a single isolated colony
was selected and used to inoculate 3 mL of 20% tryptic soy
broth medium. The bacterial culture was grown on a shaking
incubator set at 200 rpm for 18 hours at 37°C. The resulting
bacterial suspension was then adjusted to have an OD_
of 0.52, corresponding to a bacterial density of 10° colony
forming units (CFU) per mL. Then, the bacterial suspension
was serially diluted over a 4-log range to a bacterial density
of 10* CFU/mL using 20% tryptic soy broth. A volume of
1 mL of the bacterial suspension was treated with the nano-
composite suspension at concentrations of 10 and 20 mg/mL
in separate wells of a 24-well plate and allowed to incubate
for 1 hour at 37°C. The number of CFUs after treatment
was determined using the plate-counting method following
plating onto tryptic soy agar plates. The experiment was
repeated in triplicate. The percentage of inhibition of each
nanocomposite against each microorganism was calculated
according to the following equation:

o CFU,__
Inhibition rate =1 —- ——4 %100 (1)

control

The efficiency of the nanocomposites to inhibit the
growth of the microorganisms was determined by differ-
ences in the equivalent number of the CFU before and after
treatment as the percentage of microbes that were inhibited
by the nanocomposites; this was calculated from the previ-
ous equation.

In vitro assay for cell viability

To determine and compare the cytotoxicity of the synthesized
nanocomposites, the MTT cytotoxicity experiment was
performed according to a previously optimized method.?*3?
Briefly, 3T3 mouse fibroblast and human lung fibroblast
MRC-5 cells were cultured in Dulbecco’s Modified Eagle’s

Medium and RPMI 1640 medium containing 10% fetal
bovine serum. The growth media contained 100 units/mL
penicillin and 50 pg/mL streptomycin, respectively, and the
cells were maintained at 37°C in a humidified atmosphere
of 5% CO,. The cells were seeded onto 96-well culture
plates at 1x10* cells per well, and after a 24-hour seeding,
the cells were incubated with a medium (100 pL) contain-
ing dispersed nanocomposites at various concentrations
from 0.781 to 50 pg/mL at the specific time points, 24, 48,
and 72 hours. Plates treated with the medium without the
dispersed nanocomposites were run in parallel and used as
control plates. Following treatment, the amount of formazan
crystals formed was measured after 4 hours of MTT solution
in PBS, and the absorbance values were measured at 570 nm
by an enzyme-linked immunosorbent assay (ELISA) plate
reader. Cytotoxicity experiments were performed in tripli-
cate, and the cytotoxicity results were calculated according
to the previously described method. The results are presented
as the mean = standard deviation.

Results and discussion

Powder XRD

Figure 1 A—C shows the XRD patterns of the nanocomposites pre-
pared by coprecipitation (nanocomposite-A) and ion exchange
(nanocomposite-B) and the naked drug INH, respectively. The
basal spacing of the Zn/Al-LDHs with nitrate ions between the
galleries was 8.9 A 2 The XRD results of the nanocomposites
show that the basal spacing increased to 12.01 and 11.53 A for
nanocomposites-A and B, respectively, and these peaks are the
firstreflection (ie, (003) for both nanocomposites). This increased
basal spacing from 8.9 to 12.01 A and 11.53 A indicated a

A

Isoniazid

11.53 A

B < 6.12A
©

~

390 A Nanocomposite-B

Intensity (AU)

1210 A

< 602A w02A Nanocomposite-A
© y

— .
10 20 30 40 50 60 70
20 (degrees)

Figure | (A—C) XRD pattern for the nanocomposites-A and -B and isoniazid.
Abbreviation: XRD, X-ray diffraction.
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successful intercalation of INH between the interlayer galleries
of the Zn/Al-LDHs. Furthermore, the XRD results show that
the other reflections (006) and (009) are also present for both
nanocomposites-A and B, which indicate the high crystallinity
of the samples. A very-low-intensity peak with a basal spacing
of ~7.6 A (Figure 1A) and (Figure 1B) indicates the presence
of carbonate intercalation, which is a common phenomenon
in LDHs.

Spatial orientation of INH between the
interlayer galleries of the Zn/Al-LDHs

The 3D molecular size for INH was determined using Chem
Office Software 2008 (Cambridge, MA, USA). The vertical
and horizontal axes plus the thickness were calculated and
found to be 10.5, 7.2, and 3.1 A, respectively (Figure 2A).
The spatial orientation of the intercalated molecule was
determined by subtracting the layer thickness of the LDHs
(ie, 4.8 A)?® from the average basal spacing for both of the
nanocomposites. The average basal spacing for both of the
nanocomposites were ~12.0 A, and by subtracting the thick-
ness of the LDHs (ie, 4.8 A from 12.0 A), the remaining value
becomes 7.2 A. Keeping in mind the electrostatic interaction
between INH and Zn/Al-LDHs, the most probable orientation
of INH between the interlayer gallery can be vertically
oriented with tilted angle, as shown in Figure 2B.

A
Spatial orientation of isoniazid
105 A

. Carbon
. Oxygen

O Hydrogen
. Nitrogen

FTIR spectroscopy

Figure 3A—C shows the infrared spectra of the nanocom-
posite-A (Figure 3A) and nanocomposite-B (Figure 3B) and
INH (Figure 3C). The FTIR spectrum of the pure drug INH
(Figure 3C) shows several of the characteristic functional-
group bands. The main bands are the carbonyl C=0; amino
group NH,; and N-N single bond, C=C double bonds, and a
C-H bond of the aromatic ring. The wave numbers of these
bands are given in Table 1. The LDHs have characteristic
infrared bands from 3,000 to 3,400 cm™" due to the OH vibra-
tion and also from the interlayer H,O. The nanocomposites-A
and B contain almost all of the bands of the pure drug and
the LDHs, with a slight shift in the wave numbers of certain
peaks due to the drug interaction with the inorganic hosts.
Such a shift can be observed for the carbonyl band, which is
shifted to 1,600 from 1,660 cm™ in both of the nanocompos-
ites. INH was intercalated in the anionic form because the
proton of the amide nitrogen is highly acidic and its resulting
conjugate base is highly stable due to the delocalized nega-
tive charge.*® However, the FTIR bands would still contain
the N—H stretching because of the terminal amine group.?33*
The presence of the characteristic bands of INH in the FTIR
spectra of the nanocomposites supports the XRD evidence
of successful intercalation of INH between the interlayer
galleries of the Zn/Al-LDHs.

Orientation of INH between
the Zn/Al-LDHs
LDH
4
Y
3
[*]
8
3
T
&
~ 7
N @
> >
i
2
o]
n
X
8
>

LDH

d=12.0A=7.2-48 A=48A

Figure 2 (A) Shows the 3-dimensional structure of isoniazid (INH), and (B) the spatial orientation of isoniazid between the inorganic nanolayers.

Abbreviation: LDH, layered double hydroxide.
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Figure 3 (A—C) FTIR spectra of INH and nanocomposites-A and -B.
Abbreviations: FTIR, Fourier transform infrared; INH, isoniazid.

Elemental analysis

The elemental compositions of INH and nanocomposites-A
and B were determined using carbon, hydrogen, and nitrogen
and inductively coupled plasma elemental analysis. In Table 2,
the inductively coupled plasma and carbon, hydrogen, and
nitrogen results indicated that nanocomposites-A and B con-
tained both organic and inorganic elements. The presence of
both inorganic ions (such as zinc and aluminum) and organic
elements, such as those present in INH (ie, C, H, and N), in
the nanocomposites complement the XRD results to support
the successful intercalation of INH. However, the carbon-
to-nitrogen molar ratios for nanocomposites-A and B were
found to be 3 and 4, respectively, which are higher than the
carbon-to-nitrogen ratio of 2 for INH. The higher carbon-to-
nitrogen molar ratio can be ascribed to the presence of some
of CO,*, which was also observed in the XRD spectra, with a

Table | FTIR vibrational wave numbers of the functional groups

small peak with a d-spacing of ~7.6 A. The percentage of INH
loading was determined by the HPLC method described pre-
viously with slight modification.?’ Percentage loading of INH
was found to be 12.40% and 8.33% in nanocomposites-A
and B, respectively, and is given in Table 2.

The empirical formula for each nanocomposite was found
as follows:

Empirical formula

for nanocomposite-A = [Zn , Al . (OH),]
(CHN,0), 0 (CO,), 145°0.6 H,O

Empirical formula

for nanocomposite-B = [Zn Al  , (OH),]
(C6H6N3O)0A04 (CO3)0,18'0'5 Hzo

Particle size analysis

Particle size of the Zn/Al-LDHs and the nanocomposites
(A and B) was determined with a dynamic light scattering tech-
nique using a zeta sizer. The sample was dispersed in deionized
water and sample sonicated for 20 minutes and then the sample
was analyzed with a zeta sizer. The Zn/Al-LDHs alone were found
to have a wide distribution of sizes ranging from 50 to 950 nm.
According to the cumulative distribution frequency, ~85% of
particles were equal to or less than the 342 nm (Figure 4A).
The particle size of both nanocomposites (A and B) was dis-
tributed over a narrow range of 50-300 nm and ~70% of the
particles were found to have the size equal to or less than 164 nm
as shown in Figure 4B and C, respectively.

Release characteristics of INH

Figure SA-D shows the release profiles of INH from
nanocomposites-A and B in human body-simulated physio-
logical PBS solutions of pH 4.8 simulated to intracellular lyso-
somal pH and pH 7.4 simulated to blood pH. Figure 5A and B

Assignment (3C) INH (cm™)

(3B) Nanocomposite-A (cm™)

(3A) Nanocomposite-B (cm™)

N-H stretching 3,299% Overlapped with OH of LDH and inter Overlapped with OH of LDH and
layer water?' interlayer water

v (OH) in the layer; H,O with OH - 3,000-3,450* 3,424

stretching

C—H asym stretching 3,104 Overlapped with OH of LDH and interlayer Overlapped with OH of LDH and
water interlayer water

C-H sym stretching 3,008 Overlapped with OH of LDH and interlayer Overlapped with OH of LDH and
water interlayer water

C=0 1,660 1,600 1,608

N-H bending 1,546 1,544 1,546

NH, waging 1,327%34 1,382 1,383

N-N 1,2193334 1,219 1,219

Abbreviations: asym, assymetric; FTIR, Fourier transform infrared; INH, isoniazid; LDH, layered double hydroxide; sym, symmetric.
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Table 2 Elemental composition of INH, nanocomposites-A, and B

Sample Zn (% wiw) Al (% wiw)  Zn*/APF* molar C (mole) N (mole) Carbon-to-nitrogen % drug loading
elemental ratio molar ratio by HPLC

INH - - - 4 2 2 -

Nanocomposite-A  58.34 22.71 1.06 1.20 0.26 4.6 12.40

Nanocomposite-B 33.53 5.60 2.75 1.03 0.22 4.7 833

Abbreviations: INH, isoniazid; HPLC, high performance liquid chromatography.

shows the release profiles of INH from nanocomposite-A
in PBS solutions at pH 4.8 and 7.4, respectively. The inset
figures show the initial release of the INH at the respective
pH values. From nanocomposite-A, initially 55% of
the INH was released at a pH of 4.8 within 200 minutes
(inset of Figure 5A), and the overall release was found

to be 91%, which required 5,000 minutes (Figure 5A).
At pH 7.4, there was also ~55% release over 300 minutes
initially, which is similar to the profile for pH 4.8; the total
release at pH 7.4 was 88% that took 8,000 minutes. For
nanocomposite-B, 60% INH was initially released within
50 minutes at pH 4.8, and the overall release was determined
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Figure 4 (A-C) Hydrodynamic size of Zn/Al-LDHs, nanocomposites-A and -B.
Abbreviation: LDH, layered double hydroxide.
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Figure 5 (A-D) Release of isoniazid from the nanocomposites-A and -B in different human body-simulated physiological buffer solutions with pH values of 7.4 and 4.8.

Abbreviation: LDH, layered double hydroxide.

to be 92%, which took 3,500 minutes (Figure 5C). At pH
7.4, 60% INH was initially released within 250 minutes from
nanocomposite-B, as shown in the inset of Figure 5D. The
overall release from nanocomposite-B at pH 7.4 was deter-
mined to be 83%, which took ~5,000 minutes. The overall
release is faster for pH 4.8 than for pH 7.4. The difference
in the release profiles, such as a faster release at a lower pH
of 4.8 and a more sustained release at a basic pH of 7.4, is
due to the difference in the release mechanism. At a lower
pH of 4.8, a slight acidic condition, the drug is released by
ion exchange and weathering (degradation) of the LDHs;
however at pH 7.4, in alkaline conditions, the release was
purely governed by ion exchange.’*3¢ The initial, faster
release is relative, and the overall release is shorter at a lower
pH of 4.8, compared to the release at higher pH values, due
to the weathering phenomenon in acidic pH. The LDHs are

basic in nature and therefore are stable at pH higher than 7;
therefore, release in a basic pH of 7.4 is more sustained as the
drug is released by an ion exchange phenomenon and not by
weathering of the LDHs — consequently, the release is more
sustained at a more basic pH. We analyzed the release graphs
and it was noticed that release graphs are more flat indicating
that the sustained release was limited during this period.

For the kinetic study of in vitro release, three kinetic
models, namely, pseudo-first order, pseudo-second order, and
parabolic diffusion described previously, were utilized.>!
The in vitro release in both of PBS solution of pH 4.8 and pH
7.4 was found to follow pseudo-second-order pathway. These
nanocomposite formulations with the tendency to release the
drug relatively faster initially followed by sustained release
that would be useful in maintaining the bioavailibility of
drug for longer period.
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Release kinetics of INH from

nanocomposites-A and B

The kinetic process of the drug release can be determined by
applying different models, for example, the pseudo-first-order
model, the pseudo-second-order model, or parabolic diffusion.
The kinetic equations for these models are as follows. The
kinetic equation for the pseudo-first-order model in linear
form is:%

In (qe — ql) =In q,— klt (2)

where g_represents the amount released at equilibrium, and
g, represents the amount released at any time (#). The constant
k, is the equilibrium constant and can be determined by the
slope of the plot of (¢, — g,) against . The kinetic equation for
the second-order model is represented in the linear form:°

tlq, =Vk,q? +1q, 3)

and the parabolic diffusion kinetic equation may be repre-
sented as:’!

(=M /M)/t=kt* +b 4)

where M and M, are the drug contents that remained in
the nanocomposites at release time 0 and at any time (¢),
respectively. We used the earlier equations for the three
kinetic models, and only a pseudo-second-order model was
fitted linearly for the release from nanocomposites-A and
B at both pH 4.8 and 7.4. The correlation coefficients (R?)
were determined to be higher than for the pseudo-first-order
and parabolic diffusion kinetic models. Table 3 shows the
values of the correlation coefficients for different models
and the rate constant for second-order kinetics. Figure 6
represents plots of the pseudo-second order equation fits
for the release of INH from nanocomposites-A and B at
pH 4.8 and 7.4.

Anti-TB and antimicrobial activities

The highly efficient and accurate although expensive sys-
tem of BBL BACTEC MGIT 960 described previously®*3’
was utilized for the MICs of the as-synthesized INH-Zn/
Al-LDH nanocomposites-A and B against M. tuberculosis
as shown in Figure 7, and were found to be 7.4 pg/mL
compared to that of 2.3+0.35 pg/mL for the free
drug (INH). Based on the INH loading (determined
by HPLC), the actual concentrations of INH (effec-
tive INH concentration) in 7.4 ug are ~0.91 and 0.62 ug
in nanocomposites-A and B, respectively. The actual MIC
values based on the effective INH concentration of the MIC
for the nanocomposites-A and B are 0.91 and 0.62 pg/mL,
respectively. The therapeutic efficacy of INH intercalated into
LDHs is approximately three times higher than its free INH.
The improved efficacy can be attributed to the nanoscale size
of the INH-LDH structure and the sustained release of INH
from the nanocomposites.

The results of the antimicrobial testing using growth
kinetics showed that the nanocomposites have antibacte-
rial activity against Gram-positive bacteria, Gram-negative
bacteria, and C. albicans, as is shown in Figure 8A and B.
The additional antibacterial activity of the nanocomposites
compared to the free INH, which lacks antimicrobial activity,
is advantageous in the treatment of polymicrobial infections
that may be associated with TB infections.

Cytotoxicity effects of nanocomposites
on human normal lung cells (MRC-5) and
mouse fibroblast cells (3T3)

The MTT assay is a colorimetric method to investigate
the cell viability after exposure to various synthetic
bioactive compounds and nanocomposites. Hence,
in this biological experiment, we used an MTT assay
to assess the cytotoxicity of the pure drug (INH) and
nanocomposites-A and B utilizing a previously devel-
oped method.?>3® The cytotoxicity values of the pure drug

Table 3 Correlation coefficient (R?) and rate constants (k) obtained by fitting the data of the release kinetics of isoniazid from

nanocomposites-A and -B into PBS solutions at pH 4.8 and 7.4

Samples pH Release (%) R?

Pseudo-second
order

Pseudo-first order

Pseudo-second order

Parabolic diffusion model Rate constant k

(mg/min)
Nanocomposite-A 4.8 96 0.9187 0.9962 0.7648 2.77x10°®
Nanocomposite-A 7.4 92 0.8771 0.9962 0.7054 2.68x107°
Nanocomposite-B 4.8 95 0.9017 0.9982 0.6226 9.23x10°*
Nanocomposite-B 7.4 80 0.9032 0.9988 0.6713 6.98x10°*
Abbreviation: PBS, phosphate-buffered saline.
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Figure 7 Minimum inhibitory concentrations (MICs) (ug/mL) of INH nanocom-
posites.

Notes: The MIC of INH nanocomposites-A and -B as compared to INH free
drug against Mycobacterium tuberculosis were determined using the MGIT using the
BACTEC MGIT 960 growth supplement for DST and measured by the MGIT 960
instrument (Becton Dickinson Diagnostic Systems, Sparks, MD, USA).
Abbreviations: INH, isoniazid; LDH, layered double hydroxide; MGIT, myco-
bacteria growth indicator tube; DST, drug susceptibility testing.

INH and its Zn/AL-LDHs (nanocomposites-A and B) on
human normal lung MRC-5 and 3T3 mouse fibroblast
cells are shown in Figure 9A—C. Various concentrations
(ie, from 0.781 to 50 ug/mL) of nanocomposites-A and B
did not show any reduction in the cell viability during 24, 48,
and 72 hours of inhibition. The empty carrier Zn/Al-LDH
has been reported to possess no cytotoxicity on both of the
above-mentioned cell lines.”® In comparison to the nano-
composites (A and B), empty Zn/Al-LDHs and the naked
INH show significant toxic effects on human normal lung
MRC-5 and 3T3 mouse fibroblast cells in a dose- and time-
dependent manner. If we have a look at the (Figure 9C)
highest concentration, 50 pg/mL at 72 hours, the free drug
shows 80% cell death and 20% cell viability; however, both
of the nanocomposites showed the vice versa effect (ie, 80%
cell viability and only 20% cell death). So, comparatively,
the 80% cell viability is three times higher compared to
20%. Based on this preliminary investigation, we suggest
that nanocomposite formulations are three times more
biocompatible than the free drug INH at a higher concentra-
tion, that is, 50 pg/mL at 72 hours.
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Abbreviations: INH, isoniazid; LDH, layered double hydroxide; CFUs, colony forming units.
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Abbreviations: 3T3, mouse fibroblast cells; MRC-5, human lung cells; SD, standard deviation; INH, isoniazid.

Conclusion

We have developed anti-TB nanodelivery formulations by
intercalating the anti-TB drug INH into Zn/Al-LDHs with
nanoscaled size of the particle, that is, 164 nm (70%). The
INH intercalated into Zn/AL-LDHs was determined to be
threefold more effective at killing mycobacteria compared to
the INH in its free form. The developed formulations were
determined to be threefold more biocompatible with human
normal lung cells and 3T3 fibroblast mouse skin cells. The
release of the INH from the formulation was sustained in a
simulated human PBS solution and follows pseudo-second-
order kinetics. The improved efficacy can minimize the
TB treatment duration, and the high biocompatibility can
decrease the adverse side effects. The short treatment dura-
tion and decreased side effects would ultimately improve
patients’ compliance to the chemotherapy for TB. Further
in vivo investigation and experimental studies using animal
models will provide potential data on the effects of these
nanocomposites on the inflammatory responses due to TB
infection and their clinical usefulness and applications in the
treatment of TB.
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