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Abstract: We report the intercalation and characterization of para-amino salicylic acid (PASA) 

into zinc/aluminum-layered double hydroxides (ZLDHs) by two methods, direct and indirect, to 

form nanocomposites: PASA nanocomposite prepared by a direct method (PASA-D) and PASA 

nanocomposite prepared by an indirect method (PASA-I). Powder X-ray diffraction, Fourier-

transform infrared spectroscopy, and thermogravimetric analysis revealed that the PASA drugs 

were accommodated within the ZLDH interlayers. The anions of the drug were accommodated 

as an alternate monolayer (along the long-axis orientation) between ZLDH interlayers. Drug 

loading was estimated to be 22.8% and 16.6% for PASA-D and PASA-I, respectively. The in vitro 

release properties of the drug were investigated in physiological simulated phosphate-buffered 

saline solution of pH 7.4 and 4.8. The release followed the pseudo-second-order model for both 

nanocomposites. Cell viability (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide 

[MTT] assays) was assessed against normal human lung fibroblast MRC-5 and 3T3 mouse 

fibroblast cells at 24, 48, and 72 hours. The results showed that the nanocomposite formulations 

did not possess any cytotoxicity, at least up to 72 hours.

Keywords: drug-delivery system, slow-release nanocarrier, tuberculosis, biocompatible 

nanocomposites

Introduction
Layered double hydroxides (LDHs) have a hydrotalcite-like structure in which some 

of the divalent cations are replaced by trivalent cations, which results in positively 

charged brucite-like sheets stacked on top of one another, resulting in a layered struc-

ture. The positive charge of these brucite-like nanosheets is neutralized by the anions 

and water molecules.1 A variety of anions can be accommodated between the layers 

to counter balance the positive charge and this tendency makes them versatile to be 

used for different applications. The anions can be inorganic, like halides, nitrates, and 

sulfates, and organic, like drugs, amino acids, dyes, polymers, and DNA etc.1,2 LDHs 

are represented by the general formula (MII
1–x

 MIII
x
 [OH]

2
)(A

x/n
n–) ⋅ yH

2
O, in which MII 

is a divalent metal ion, MIII is a trivalent metal ion, and anions are used to neutralize 

the positive charge of the sheets. The LDHs have many applications, such as their use 

for extraction of toxic waste from water,3 in catalysis,4 and as a flame retardant,5 and 

they have also been used in chiral separation.6 Recently, the most important applica-

tion of LDHs has been investigated, particularly slow-release drug-delivery systems. 

Different drugs have been intercalated recently into nanosheets of LDHs, such as 

anticancer drugs, antihistamines, antidiabetics, and antimicrobials.7,8
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The sustained release of the intercalated anions is a tre-

mendous characteristic of LDHs, and is supposed to enhance 

the therapeutic effects of the drugs. The sustained release 

can also increase the water solubility of the poorly soluble 

drugs, which ultimately reduces the side effects of the drugs 

related to poor water solubility. Low cytotoxicity and ease of 

LDH preparation make them a suitable candidate for drug-

delivery purposes.

Ryu et al9 applied LDHs to the antimicrobial agent cefa-

zolin and conducted in vitro antibacterial studies. They found 

that the cefazolin-LDH formulation possessed higher anti-

bacterial activity compared to naked cefazolin.9 Hesse et al 

recently implanted ciprofloxacin-LDHs in the middle ear of 

rabbits infected with Pseudomonas aeruginosa, and clinical 

and microbial examination results showed the ciprofloxacin-

LDHs possessed sound antimicrobial activity.10

Tuberculosis (TB) is an infectious disease caused by the 

bacteria Mycobacterium tuberculosis. The treatment dura-

tion of TB can last from 3 to 24 months, depending on the 

type of TB.11 According to the latest facts and figures on TB 

in the Global Tuberculosis Report 2012, there were about 

8.7 million new cases of TB in 2011, and 1.4 million humans 

lost their lives. TB is one of the top killers of women, with 

300,000 deaths among HIV-negative women and 200,000 

deaths among HIV-positive women in 2011.12

Para-amino salicylic acid (PASA) is an antituberculosis 

agent. PASA was found to be active against TB, and was 

used in clinical trials more than six decades ago – in 1948.13 

Initially, it was included in the treatment of drug-susceptible 

TB, but because of such side effects as anorexia, epigastric 

distress, nausea, vomiting, and abdominal cramps it is no 

longer used for drug-susceptible TB, but is still used for 

multidrug-resistant TB. A controlled-release formulation 

of PASA would be very useful for overcoming these side 

effects.14 Different approaches are being developed for effi-

cient and effective drug-delivery systems for the targeted and 

sustained release of anti-TB drugs, such as plant proteins, 

inhalable microparticles of polylactic acid, glucan particles 

and mannitol microparticles. A comprehensive review by 

Saifullah et al11 discusses many of these delivery systems 

in detail.

In this article, we report the successful intercalation of 

PASA into the galleries of zinc/aluminum-layered double 

hydroxide (ZLDH) with coprecipitation and ion-exchange 

methods. We also studied the spatial orientation of the drug 

between the inorganic interlayers, the sustained-release prop-

erties, and the kinetics of its release. Furthermore, we inves-

tigated the thermal stability of the drug outside and within 

inorganic interlayers of ZLDH, and we also determined the 

morphology of resulting nanocomposites. The main objec-

tive of this research was drug-delivery applications of these 

nanocomposites; therefore, we investigated cytotoxic studies 

on the 3T3 fibroblast mouse cell line and normal human lung 

cell lines where TB bacteria usually reside.

Materials and methods
All the chemicals used were of analytical reagent grade 

without any further purification. PASA (99% pure), zinc 

nitrate hexahydrate, and aluminum nitrate nonahydrate 

were purchased from Sigma-Aldrich (St Louis, MO, USA). 

Dimethyl sulfoxide (DMSO) with 0.1% water content, used 

as a solvent, was purchased from Thermo Fisher Scientific 

(Ajax Finechem; Sydney, NSW, Australia).

Preparation of Zn/Al-NO3 LDH
A zinc to aluminum solution with a molar ratio of 4:1 

was dissolved in 250  mL deionized water and stirred for 

15 minutes, and the pH of the solution was raised to 7.0 by 

adding 2 M NaOH solution. The experiment was conducted 

under continuous nitrogen flux. Then, the sample was sub-

jected to oil bath-agitation for 18 hours and then washed with 

deionized water three times and centrifuged.

Preparation of nanocomposite  
by coprecipitation method
The sample was prepared by the method reported previously 

by Crepaldi et al.15 Zinc nitrate hexahydrated and aluminum 

nitrate nonahydrated salts were dissolved in 50 mL deionized 

water at a molar ratio of 4:1. The solution was stirred for 

15 minutes, then 0.4 M PASA prepared in 50 mL DMSO and 

deionized water in a molar ratio of 1:1 was added dropwise to 

the salt solution. Then, the pH of the solution was increased 

to 7.25 by dropwise addition of 0.5 M NaOH aqueous solu-

tion under a nitrogen atmosphere. After that, the sample was 

subjected to agitation in an oil bath at 70°C for 18 hours. 

Then, the sample was centrifuged and washed with deionized 

water. The resulting nanocomposite was denoted as PASA-D 

(PASA nanocomposite prepared by direct method).

Preparation of nanocomposite  
by ion exchange method
The sample was prepared by adopting the method reported 

by Lakraimi et al.16 Zinc and aluminum salts at a molar ratio 

of 1:4 required for 100 mL volume were dissolved in 50 mL 

deionized water and stirred for 15 minutes. The salt solution 

was added dropwise to a 250 mL beaker containing 50 mL 
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deionized water. NaOH 1 M solution was simultaneously 

added to maintain the pH at 7.00. Then, a 0.4 M solution of 

PASA prepared earlier in DMSO and water at a molar ratio 

of 1:1 in 50 mL prepared earlier was added to the freshly 

prepared ZLDH. The solution pH was maintained at 7.00 

by simultaneous addition of 1 M NaOH solution. The whole 

experiment was conducted under a nitrogen atmosphere. The 

resulting nanocomposite was denoted as PASA-I (PASA 

nanocomposite prepared by an indirect method).

Controlled-release study
The release of the drug was studied in human body-simulated 

buffer solutions – 0.1 M at two different pHs, 4.8 and 7.4 – to 

see the release profiles of PASA from the interlayer galler-

ies of ZLDHs. There are different kinds of anions present in 

phosphate-buffered saline (PBS), such as mono phosphate 

H
2
PO

4
−, dibasic phosphate HPO

4
2−, and Cl−. About 0.4 mg 

of the nanocomposites of PASA-D and PASA-I were placed 

into 3.5 mL of either a pH 4.8 or pH 7.4 PBS. Maximum 

absorbance of 268 nm was selected in an ultraviolet-visible 

(UV–vis) absorption spectrophotometer. This was to compare 

the release of the drug from PASA-D and PASA-I in different 

physiological environments.

Cell culture
3T3  mouse fibroblast cells and human lung fibroblast 

MRC-5 cells were obtained from the American Type Cul-

ture Collection (Manassas, VA, USA), and the cells were 

cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

and Roswell Park Memorial Institute 1640 media contain-

ing 10% fetal bovine serum. Growth media contained 100 

units/mL penicillin and 50 µg/mL streptomycin. Fibroblast 

cells were maintained at 37°C in a humidified atmosphere 

of 5% CO
2
 in air.

Cell viability assays
Healthy cells were seeded onto 96-well culture plates at 

1 × 104 cells per well and allowed to adhere overnight at 37°C. 

Then, cultured cells were incubated with medium (100 µL) 

containing dispersed LDH nanocomposites in various con-

centration ranges from 0.781 µg/mL to 50 µg/mL. The control 

cells were not exposed to the nanocomposites. At specific 

time points of 24, 48, and 72 hours of incubation, the growth 

medium was removed from 96-well plates and incubated 

with 100 µL of the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) reagent in DMEM for another 

3–4 hours at 37°C. The number of viable cells was analyzed 

by uptake of MTT, and read at 570 nm by an enzyme-linked 

immunosorbent assay plate reader. Cell viability results are 

presented as means ± standard deviation.

Characterization
The X-ray diffraction (XRD) studies were done using a 

Shimadzu (Kyoto, Japan) XRD-6000 diffractometer. Radiation, 

CuKα at 30 KV and 30 mA for recording the powder XRD 

patterns in the range of 2–60θ°. Fourier-transform infrared 

(FTIR) spectra of the materials were recorded over the range 

of 4,000–400 cm−1 on a PerkinElmer (Waltham, MA, USA) 

100 series spectrophotometer by direct sample method. For 

the analysis of carbon, hydrogen, nitrogen, and sulfur (CHNS), 

a LECO (St Joseph, MI, USA) CHNS-932 instrument was 

used. For the thermogravimetric and differential thermogra-

vimetric analyses, a Mettler-Toledo (Greifensee, Switzerland) 

instrument was used. The morphology of the sample surface 

was studied with a JEOL (Tokyo, Japan) JSM-6400 scan-

ning electron microscope (SEM). For optical properties, and 

controlled-release studies, a Shimadzu 1650 series UV-vis 

spectrophotometer was utilized. Inductively coupled plasma 

(ICP) was used to determine Zn2+ and Al3+ concentration.

Results and discussion
Powder X-ray diffraction
Figure 1  shows XRD patterns for the resulting nanocom-

posites synthesized by coprecipitation and ion-exchange 

methods, labeled as PASA-D and PASA-I, respectively. The 

ZLDHs with nitrate anion as counter ion have been reported 

to have basal spacing of 8.9 Å in XRD patterns.18

The XRD patterns show that the basal spacings of the 

resulting nanocomposites PASA-D and PASA-I increased 

from 8.9 Å to 15.9Å and 16.8Å, respectively. The increase 

in basal spacing is direct evidence of successful intercalation 

of drug molecules in the ZLDH interlayers. The expansion 

is attributed to the intercalation of PASA in its anionic form 

inside the interlamellae of ZLDH.

Furthermore, a small amount of CO
3
2– coexisted between 

the ZLDH interlayers, partly because it is difficult to avoid 

contamination from the air completely and partly due to the 

favorable lattice stabilization enthalpy associated with the 

small and highly charged CO
3
2– anions.19 The intense sharp 

peaks of PASA-D suggest that the nanocomposite possessed 

high degree crystallinity. The high crystallinity of PASA-D 

may be attributed to its long range and well-ordered arrange-

ment of PASA anions in the inorganic interlamellar domain of 

the nanocomposite, and most probably this was taking place 

during the aging process. During coprecipitation, possibly 

better interactions took place between the negatively charged 
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crystallinity compared to host LDHs.16 The possible reason 

for lower crystallinity may be the preparation method, as the 

host has to be rearranged during the ion-exchange process. 

The difference in d-spacing of PASA-D and PASA-I nano-

composites may be due to the layer-charge density or content 

of water between the layers.21

Orientation of PASA in the inorganic 
interlayers of ZLDH
According to XRD analysis, the interlayer distance (d

003
) 

increased to 15.9 Å for PASA-D and 16.8 Å for PASA-I nano-

composites. The thickness of the Zn/Al-LDH layer was 4.8 

Å,2 thus the gallery height of Zn/Al-LDH after intercalation 

can be calculated by the interlayer distance minus the thick-

ness of the Zn/Al-LDH layer, which is 11.1 Å (15.9–4.8) and 

12.0 Å (16.8–4.8) for PASA-D and PASA-I nanocomposites, 

respectively. The long axis, short axis, and molecular thick-

ness of PASA were calculated using ChemOffice software, 

and they were found to be 9.4, 7.1, and 2.9 Å, respectively 

(Figure 2A).

The gallery height of the PASA-D nanocomposite was 

11.1 Å, which is near the value of the long axis (9.4 Å); 

similar is the case of the PASA-I nanocomposite, which 

had 12.0 Å gallery height. This result suggests that PASA 

anions are accommodated as an alternate monolayer (along 

the long-axis orientation) between layers with the carboxyl 

of adjacent anions attaching to the upper hydroxide layers 

and the amino group attached to another layer through water 

molecules (Figure 2B).
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Figure 1 X-ray diffraction patterns of PASA-D (A), PASA-I (B) and free PASA (C).
Abbreviations: PASA, para-amino salicylic acid; PASA-D, PASA nanocomposite 
prepared  by direct method; PASA-I, PASA nanocomposite prepared by indirect 
method.
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Figure 2 Three-dimensional structure of PASA (A) and molecular structural models of PASA intercalated between interlayers of Zn/Al-LDH (B).
Abbreviations: PASA, para-amino salicylic acid; PASA-D, PASA nanocomposite prepared by direct method; PASA-I, PASA nanocomposite prepared by indirect method; 
Zn/Al-LDH, zinc/aluminum-layered double hydroxide.

PASA anions with the positively charged ZLDH inorganic 

layers.20 In the case of the PASA-I (Figure 1B), XRD peaks 

were wider instead of sharp, some of the hkl reflections 

were missing, and the XRD reflections were less intense. 

This suggests that the nanocomposite has a lower degree of 
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Infrared spectroscopy
The intercalation of PASA anions into the interlayers 

of ZLDH was further confirmed by FTIR spectroscopy 

(Figure 3). All the vibrational bands of the PASA anions are 

observed together with the absorption bands of ZLDH.

The FTIR spectrum of PASA shows many absorption 

bands (Figure 3A). In addition to bands at high wave-number 

values, due to stretching of O–H, = C–H, and N–H moieties,22 

a band was recorded at 1,609 cm−1, due to C=O stretching 

of the carboxylic acid group. Due to C–C stretching of the 

aromatic ring, bands were recorded at 1,519 and 1,437 cm−1,22 

those due to the stretching mode of C–O and O–H bending 

of the acid and alcohol functions were recorded at 1,296 cm−1 

and 1,220 cm−1, respectively, while in-plane and out-plane of 

C–H bending vibrations were recorded at 1,109 and 813 cm−1, 

respectively.22,23 A vibrations at 972 cm−1 was due to the ring-

breathing mode.24

The FTIR spectra recorded after intercalation of the PASA 

into the interlayers of ZLDH are shown in Figure 3B and C. 

The FTIR spectra of PASA-D and PASA-I nanocomposites 

contained both the characteristic peaks of pure PASA and 

the typical peak of ZLDH, which indicates that the PASA 

anions have been intercalated into the interlayer galleries of 

the ZLDH. Due to the negative charge of the acid group, the 

band of carboxylic acid (COOH) for free PASA at 1,609 cm−1 

had disappeared, while new bands were recorded at 1,564 

and 1,361  cm−1 for the PASA-D nanocomposite, which 

corresponds to the asymmetric and symmetric vibrations, 

respectively, of the carboxylate group COO−.25 In addition, 

bands at 1,560 and 1,355 cm−1 for PASA-I nanocomposite 

can be observed, which corresponds to the asymmetry and 

symmetry, respectively, of the carboxylate group COO−.25 The 

band assigned to the nitrate group (1,384 cm−1) was absent 

from both nanocomposites, and this result supported the view 

that the NO
3
− anion was fully replaced by the drug. The bands 

below 600 cm−1 are due to metal–oxygen bond-stretching 

modes in the inorganic layers.17,26 The rest of the FTIR spectra 

for PASA, PASA-D, and PASA-I nanocomposite bands are 

listed in Table 1.

Elemental analysis
Elemental analysis was used to determine the PASA 

and inorganic composition of PASA-D and PASA-I 

nanocomposites. As predicted, PASA-D and PASA-I nano-

composites showed the presence of both PASA and ZLDH 

inorganic layer constituents. This result indicated that interca-

lation had occurred in which PASA was already intercalated 

into the ZLDH interlayers.

Table  2  shows the Zn2+/Al3+ molar ratios in PASA-D 

and PASA-I were 3.8 and 4.1, respectively, compared to 4.0 

for the initial molar ratio that was prepared for the mother 

liquor. The C:N ratio of PASA was 6.2. In addition, the 

C:N ratios for PASA-D and PASA-I nanocomposites were 

larger than expected (9.2 and 11.3, respectively). According 

to FTIR spectra of PASA-D and PASA-I, strong bands at 

1,361 and 1,355 cm−1 are due to carbonate and COO− sym-

metric stretching vibration. This result indicates that a trace 

amount of carbonate was present in the interlamellae space 

of the LDH. From the elemental chemical analysis results, 
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Figure 3 Fourier-transform infrared spectra of (A) PASA, (B) PASA-D, and (C) 
PASA-I.
Abbreviations: PASA, para-amino salicylic acid; PASA-D, PASA nanocomposite 
prepared by direct method; PASA-I, PASA nanocomposite prepared by indirect 
method.

Table 1 Assignments of FTIR absorption bands of free PASA, 
PASA-D and PASA-I nanocomposites

Assignments Free PASA PASA-D PASA-I

ν (O–H) and  
ν (N–H)

3,490, 3,381 3,343 in the  
layer; H2O

3,340

ν (COOH) 1,609 – –

ν (C–C) 1,519, 1,437 1,507, 1,451 1,505, 1,446

δ (O–H) in plane 1,283, 1,163 1,294, 1,157 1,292, 1,156

δ (C–H) in plane 1,109 1,090 1,090
Ring-breathing mode 962 972 1,012
νas (COO-) – 1,564 1,560

νs (COO-) – 1,361 1,355

Abbreviations: PASA, para-amino salicylic acid; PASA-D, PASA nanocomposite 
prepared by direct method; PASA-I, PASA nanocomposite prepared by indirect 
method; FTIR, fourier transform infrared spectroscopy.
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Table 2 Chemical compositions of PASA, PASA-D, and PASA-I 
nanocomposites

Samples Zn%a Al%a C%b N%b C/N Drug% Zn2+/Al3+ X

PASA – – 51.7 8.3 6.2 – – –
PASA-D 37.9 4.2 19.4 2.1 9.2 22.8c 3.8 0.21
PASA-I 37.9 3.8 16.9 1.5 11.3 16.6c 4.1 0.19

Notes: aCalculated from ICP data; bcalculated from CHNS data; ccalculated from 
UV data.
Abbreviations: PASA, para-amino salicylic acid; PASA-D, PASA nanocomposite 
prepared by direct method; PASA-I, PASA nanocomposite prepared by indirect 
method; UV, ultraviolet; CHNS, carbon, hydrogen, nitrogen, and sulfur; ICP, 
inductively coupled plasma; X, aluminium mole fraction.
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Figure 4 Thermogravimetric analysis–differential thermogravimetric thermograms of PASA (A), PASA-D (B), and PASA-I (C).
Abbreviations: PASA, para-amino salicylic acid; PASA-D, PASA nanocomposite prepared by direct method; PASA-I, PASA nanocomposite prepared by indirect method.

the empirical formulas for PASA-I and PASA-D were 

found to be [ ( ) ]( ) ( ). . . .Z A OH ASA CO H On0 81 0 19 2 0 16 3
2

0 03 21 − ⋅ x  

a n d  [ ( ) ]( ) ( ). . . .Zn A OH ASA CO H O,3
2

0 79 0 21 2 0 17 0 04 21 − ⋅ x  

respectively.

Thermal analysis
The thermal behavior of the PASA, PASA-D, and PASA-I 

nanocomposites were examined by thermogravimetric and 

differential thermogravimetric analysis. The thermograms 

are shown in Figure 4A–C. For free drug (Figure 4A), two 

major thermal events occurred. The first was observed in 

the region of 101°C–150°C, and a sharp peak was observed 

at 145°C, with a 31.4% weight loss corresponding to the 

dehydration of PASA. The second event showed a strong 

peak at 227°C with 67.7% weight loss between the region 

of 151°C–235°C corresponding to the combustion of 

PASA.27 Thermal behaviors of PASA-D and PASA-I nano-

composites are shown in Figure  4B and C, respectively. 

Three events were observed in both PASA-D and PASA-I 

nanocomposites. The first stage of the event in PASA-D 

occurred at 67°C with the weight loss of 5.6% because of the 

physically absorbed water on the surface of the nanocom-

posite, while the same event occurred in PASA-I at 75°C 

with a weight loss of 12.5%. The second event occurred 

at a temperature of 254°C with weight loss of 22.1% in 

the case of PASA-D, whereas the same event occurred at 

a temperature of 240°C with weight loss of 21.1% in the 

case of PASA-I. This event in both nanocomposites was 

due to the dehydroxylation of inorganic layers and thermal 

decomposition of PASA.
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Figure 5 Field-emission scanning electron micrographs of PASA-D (A and B) and 
PASA-I (C and D) nanocomposites at 50,000× and 100,000× magnifications.
Abbreviations: PASA, para-amino salicylic acid; PASA-D, PASA nanocomposite 
prepared by direct method; PASA-I, PASA nanocomposite prepared by indirect 
method.

The third event occurred at a temperature of 884°C 

with weight loss of 47.5% in the case of PASA-D and at a 

temperature of 920°C with weight loss of 28% in the case 

of PASA-I, due to the formation of the spinel (ZnAl
2
O

4
) 

phase.28

The thermal stability of PASA was enhanced after inter-

calation into the ZLDH, as the drug decomposition occurred 

at 254°C in the case of PASA-D and at 240°C in the case of 

PASA-I, instead of 227°C. This enhanced thermal stability 

of PASA can be attributed to the electrostatic interaction 

between PASA and the inorganic interlayers of ZLDH.

Surface morphology
The surface morphology of PASA-D and PASA-I is shown in 

Figure 5A–D. The micrographs were obtained using an SEM 

at 50,000× magnifications (A and C) and 100,000× magni-

fications (B and D). The SEM images for both PASA-D and 

PASA-I nanocomposites show agglomerates of nonporous, 

flaky structure without any specific shapes.

In vitro PASA release from PASA-D  
and PASA-I nanocomposites
The in vitro release properties of the drug were investigated 

by adding the PASA-D and PASA-I nanocomposites to PBS 

solutions at pH 7.4 and 4.8. Figure 6A and B shows the release 

profiles of PASA-D and PASA-I nanocomposites in PBS 

solutions at pH 7.4 and 4.8. For these nanocomposites, the 

first aliquot revealed a high amount of anion release (burst 

effect).29 This probably occurred due to the release of the 

PASA anions adsorbed on the surface of ZLDH. The release 

behaviors at pH 4.8 were very fast compared to pH 7.4, which 

can be attributed to the partial dissolution of the ZLDH layer 

at acidic solutions30,31 as well as the ion-exchange process. 

The release of PASA-D and PASA-I nanocomposites was 

100% and 93%, respectively. Time taken for the release 

was found to be 5,400 and 8,369 minutes for PASA-D and 

PASA-I nanocomposites, respectively. The PASA-D and 

PASA-I nanocomposites were more stable at pH 7.4, as 

the release followed the ion-exchange process between the 

intercalated anions in the interlayer and phosphate anions in 

the buffer solutions.32 The release of the drug anions at pH 

7.4 in PASA-D and PASA-I nanocomposites reached 88% 

and 57% respectively, within 8,627 and 1,200 minutes. This 

was probably due to the characteristics of the ion-exchange 

process that occurs,16,33,34 ie, this is an equilibrium process 

and the interlayer anions cannot be exchanged completely, 

unless the released organic species were removed or con-

sumed continuously.

Release kinetics of PASA from PASA-D 
and PASA-I nanocomposites
The kinetic models for the PASA release from PASA-D and 

PASA-I nanocomposites were analyzed using pseudo-first-

order, pseudo-second-order, and parabolic diffusion kinetic 

equations.

The pseudo-first-order kinetic equation may be repre-

sented in a linear form as35:

	 ln (q
e
 − q

t
) = lnq

e
 − k

1
t� (1)

where q
e
 and q

t
 are the equilibrium release amount and the 

release amount at any time (t), respectively. The k
1
 value can 

be obtained from the slope by plotting ln (q
e
 − q

t
) versus t. The 

pseudo-second-order kinetic equation may be represented in 

a linear form as36:

	 t/q
t
 = 1/k

2
q

e
2 + t/q

e
� (2)

The parabolic diffusion kinetic equation may be repre-

sented as37:

	 (1 − M
t
/M

0
)/t = k

t
−0.5 + b� (3)

where, M
0
 and M

t
 are the drug content remaining in the ZLDH 

at release time 0 and t, respectively, and b is a constant.
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Figure 7 (A–D) Data fit of PASA release from PASA-D and PASA-I nanocomposites into pseudo-second-order kinetic model at pH 7.4 and 4.8.
Abbreviations: PASA, para-amino salicylic acid; PASA-D, PASA nanocomposite prepared by direct method; PASA-I, PASA nanocomposite prepared by indirect method.
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Figure 6 Release profiles of PASA from PASA-D (A) and PASA-I (B) nanocomposites into PBS at pH 7.4 and 4.8. Insets show the release profiles of PASA from 
nanocomposite at initial 500 minutes time.
Abbreviations: PASA, para-amino salicylic acid; PASA-D, PASA nanocomposite prepared by direct method; PASA-I, PASA nanocomposite prepared by indirect method.

Using these equations for the three kinetic models, it 

was found that the pseudo-second-order model more sat-

isfactorily described the kinetic release process of PASA 

from PASA-D and PASA-I nanocomposites. Figure 7 shows 

plots of the fitting of PASA released from nanocomposites. 

At pH 4.8, the correlation coefficient (R2) was 0.9978 

and 0.9991 for PASA-D and PASA-I nanocomposites, 

respectively, with k
2
 values of 3.3 × 10−5 and 5.2 × 10−5 

mg/minute, respectively, and at pH 7.4, the corresponding 

values were 0.9946 and 0.9952, respectively, with k
2
 values 
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Table 3 Correlation coefficient (R2), and rate constants (k) obtained by fitting the data of PASA release from PASA-D and PASA-I 
nanocomposites into PBS solution at pH 4.8 and 7.4

Samples pH Saturation  
release (%)

R2 Pseudo-second-order

Pseudo- 
first-order

Pseudo- 
second-order

Parabolic  
diffusion model

Rate constant k  
(mg/min)

PASA-D 7.4 88 0.8298 0.9946 0.8842 1.5 × 10-5

PASA-D 4.8 100 0.9129 0.9978 0.8369 3.3 × 10-5

PASA-I 7.4 57 0.9692 0.9952 0.9580 1.7 × 10-5

PASA-I 4.8 93 0.9103 0.9991 0.7849 5.2 × 10-5

Abbreviations: PASA, para-amino salicylic acid; PASA-D, PASA nanocomposite prepared by direct method; PASA-I, PASA nanocomposite prepared by indirect method; 
PBS, phosphate-buffered saline.
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Figure 8 Cell viability (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide [MTT] assay) of 3T3 mouse fibroblast cells and human lung fibroblast MRC-5 cells 
exposed to various gradient concentrations at 24, 48, and 72 hours’ exposure time. The data presented are means ± standard deviation of triplicate samples.
Abbreviations: PASA, para-amino salicylic acid; PASA-D, PASA by direct method; PASA-I, PASA by indirect method; ZLDH, zinc/aluminum-layered double hydroxide.
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of 1.5 × 10−5 and 1.7 × 10−5 mg/minute, respectively. All 

of these results are summarized in Table 3.

Cytotoxicity study of ZLDHs and PASA, 
PASA-D, and PASA-I nanocomposites
In vitro toxicological studies of nanomaterials is a develop-

ing new field of research these days, aimed at understanding 

them and finding out their possible effects on living systems. 

Cell-cytotoxicity testing (MTT assay) is a very common 

preliminary step in assessing combustion-generated and 

functionalized nanoparticle-related health hazards. The 

MTT cytotoxicity assay reveals various cellular metabolic 

actions by the reduction of the yellow tetrazolium salt MTT 

to a purple MTT formazan. The nanocomposites PASA-D 

and PASA-I, at different gradient concentrations and vari-

ous time points, ie, 0.781, 1.562, 3.125, 6.25, 12.5, 25, and 

50 µg/mL for 24 hours, 48 hours, and 72 hours, were exposed 

to 3T3  mouse fibroblast cells and human lung fibroblast 

MRC-5 cells. Cell viability was determined by MTT assay 

(Figure 8).

Neither of the PASA-D and PASA-I nanocomposites 

showed any reduction in cell viability during 24, 48, and 

72 hours of inhibition at concentrations of 0.781–50 µg/mL. 

Thus, the nanocomposite formulations possess no cytotoxic-

ity and may be considered to be appropriate for drug-delivery 

purposes. Based on these preliminary toxicological findings, 

further detailed studies will be conducted for biomedical and 

translational applications.

Conclusion
A new delivery system for PASA has been developed in this 

work. The drug was intercalated into ZLDH inorganic galler-

ies by coprecipitation and ion-exchange methods. XRD, FTIR, 

CHNS, and TGA results indicate the successful intercalation 

of PASA between the LDH inorganic interlayers. The in vitro 

release studies show that there was a burst phenomenon 

occurring at the beginning of release tests at different pHs 

in PBS solutions, due to the absorption of the drug on the 

surface of ZLDH. Three kinetic models (pseudo-first-order, 

pseudo-second-order, and parabolic diffusion kinetic equa-

tions) were used to study the kinetics of PASA release from 

the nanocomposites. The kinetic studies showed the pseudo-

second-order model more satisfactorily described the cumu-

lative kinetic release process of PASA from PASA-D and 

PASA-I nanocomposites. The MTT results showed that the 

PASA-D and PASA-I nanocomposite formulations did not 

show any cytotoxicity against the 3T3 cell line or human lung 

fibroblast MRC-5 cells. All of these results suggest that ZLDH 

formulations are suitable for TB chemotherapy. Therefore, we 

suggest that further in vivo studies should be carried out for 

the validation of these in vitro studies.
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