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Abstract: The treatment of tuberculosis by chemotherapy is complicated due to multiple drug 

prescriptions, long treatment duration, and adverse side effects. We report here for the first 

time an in vitro therapeutic effect of nanocomposites based on para-aminosalicylic acid with 

zinc layered hydroxide (PAS-ZLH) and zinc-aluminum layered double hydroxides (PAS-Zn/

Al LDH), against mycobacteria, Gram-positive bacteria, and Gram-negative bacteria. The 

nanocomposites demonstrated good antimycobacterial activity and were found to be effec-

tive in killing Gram-positive and Gram-negative bacteria. A biocompatibility study revealed 

good biocompatibility of the PAS-ZLH nanocomposites against normal human MRC-5 lung 

cells. The para-aminosalicylic acid loading was quantified with high-performance liquid 

chromatography analysis. In summary, the present preliminary in vitro studies are highly 

encouraging for further in vivo studies of PAS-ZLH and PAS-Zn/Al LDH nanocomposites 

to treat tuberculosis.

Keywords: Zn/Al-layered double hydroxides, zinc layered hydroxides, tuberculosis, para-

aminosalicylic acid (PAS), antimicrobial agents

Introduction
Tuberculosis (TB) has been lethal to humans for centuries and despite significant 

technological advances, it still claims millions of precious human lives. According to 

a recent global TB report by the World Health Organization, about 8.6 million new 

cases of TB were reported with about 1.3 million deaths in 2013.1

TB is a bacterial infectious disease caused by Mycobacterium tuberculosis, which 

generally targets the lungs (pulmonary TB) but can also infect other body organs like 

the liver, spleen, kidneys, tonsils, brains, intestine, etc, and is called extrapulmonary 

TB.2 The aforementioned classification is based on the target site of the infection. 

However, TB can also be classified according to the treatment prescription, namely: 

1) drug susceptible TB (DSTB) (the most common form of TB, which can be cured by 

the four first-line anti-TB drugs: isoniazid, rifampicin, pyrazinamide, and ethambutol), 

2) multidrug-resistant TB (MDR-TB) (the form of TB when bacteria become resistant 

to multiple anti-TB drugs, especially against isoniazid and rifampicin; MDR-TB 

is treated with second-line anti-TB drugs, namely para-aminosalicylic acid [PAS], 

cycloserine, aminoglycosides, fluoroquinolones, thioamides, and cyclopeptides),3 and 

3) extensively resistant TB, where the bacteria become resistant to first-line anti-TB 
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drugs, namely rifampicin and isoniazid, as well as against 

second-line anti-TB drugs, namely amikacin, kanamycin, 

capreomycin, and any of the fluoroquinolones.3 Clearly, one 

the most significant problems with treating TB today is that 

chemotherapy is complicated by the long treatment duration 

(ie, 6–24 months depending on the type of TB discussed 

above) and the adverse effects of anti-TB drugs.3,4

PAS was first used in clinical trials in 1948 and was 

found effective in eradicating TB bacteria.5 Initially, it was 

prescribed for the treatment of DSTB, but due to its adverse 

effects, such as nausea, vomiting, abdominal cramps, 

anorexia, and epigastria distress, etc, it is no longer used 

for DSTB. However, it is still used for the treatment of 

MDR-TB.6,7 Sustained-release formulations of PAS could 

possibly minimize its side effects.7 Different formulations 

of PAS have been tried by physicians to minimize its side 

effects, such as PAS-buffered tablets, in the form of granules, 

PAS transformed in its salt form, etc. The intrinsic half-life 

of PAS is between 45–60 minutes.8 Sustained-release formu-

lations of PAS would not only reduce side effects, but also 

improve its intrinsic half-life.

Different drug delivery approaches have been attempted 

for anti-TB drugs such as polymers like poly-L-lactic acid and 

poly (D-L lactic acid). Composite formations with chitosan, 

montmorillonite and hydrogel formulations have also been 

applied, etc.9–12 There are some adverse effects related to 

these drug delivery systems like decreased cytocompatibility, 

insolubility, and accumulation in the body, etc.3 Saifullah et al 

wrote a comprehensive review on the different drug delivery 

systems applied for anti-TB drugs.3

In an effort to develop new drug delivery systems for 

treating TB, we have developed two-dimensional layered 

double hydroxides (LDHs) as a versatile material with 

numerous applications. LDHs are being applied as catalysts, 

magnetization devices, polymerization tools, flame retardant 

materials, and for the removal of toxic materials from the 

environment.13–16 LDHs have brucite-like structures but carry 

positive charges due to the addition of trivalent metal cations 

while the positive charge is balanced by a variety of anions.17 

One variation of LDHs is metal layered hydroxides, where 

only a divalent metal is used.18

The general formula for LDHs is:

	 [MII
1– x

 MIII 
x
(OH)

2
][A

x/n
 n– ] · yH

2
O,	 (1)

and the general formula for metal layered hydroxides is:

	 [MII (OH)
2–x

 (An–)
x/n

 ] · mH
2
O,	 (2)

where MII is a divalent metal ion, MIII are trivalent cations, 

x represents the molar fraction, and An− is the counter 

anion.17,19

In recent years, LDHs have emerged as an ideal 

material for biomedical applications, especially for drug 

delivery purposes. The fabulous features of LDHs (such as 

biocompatibility; easy excretion from the body; the tendency 

to accommodate different kinds of organic and inorganic 

anions, and biomolecules like DNA and RNA; ease of 

preparation; and the tendency to release the intercalated 

molecule in a sustained manner) make them excellent drug 

delivery systems.15,17,20–24

We have successfully intercalated PAS into zinc/aluminum 

LDHs (Zn/Al LDH) by two methods; namely, coprecipitation 

(nanocomposite A) and ion exchange (nanocomposite B) as 

previously described.25 We have also intercalated PAS into 

zinc layered hydroxides (PAS-ZLH) using a ZnO suspension 

method (nanocomposite C).26

Here, we report for the f irst time, the antimyco-

bacterial activities and antimicrobial activities of the 

nanocomposites A, B, and C against Gram-positive and 

Gram-negative bacteria. We also describe the low cyto-

toxic effect of nanocomposite C against normal human 

MRC-5 lung cells. We already reported concerning the 

high biocompatibility of nanocomposite A and nano-

composite B on normal human lung cells and 3T3 mouse 

fibroblast cells.25 In this manner, this study continues to 

support the study of such nanocomposites as a new effec-

tive method to treat TB.

Material and methods
Materials
Analytical grade chemicals were used without any further 

purification. The drug, PAS (99% pure), zinc nitrate hexa-

hydrated, aluminum hydrate nonahydrated, and zinc oxide 

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

The solvent, dimethyl sulfoxide, was purchased from Thermo 

Fisher Scientific (Waltham, MA, USA).

Preparation of PAS with Zn/Al LDH  
(PAS-Zn/Al LDH) and PAS-ZLH
PAS-Zn/Al LDH nanocomposites were prepared by two dif-

ferent methods, namely coprecipitation (nanocomposite A) 

and an ion exchange method (nanocomposite B) as described 

previously.25 PAS-ZLH nanocomposites were prepared by the 

direct addition of PAS into zinc oxide suspensions and the pH 

of the solution was raised to 7.9 by the addition of an aqueous 

(0.5 mol/L NaOH) solution as described previously.26
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Nanocomposite characterization
X-ray diffraction (XRD) analysis was carried out on a 

Shimadzu XRD-6000 diffractometer (Shimadzu Corporation, 

Kyoto, Japan). XRD patterns were recorded in the range of 

2θ=2–60° with cuKα radiation at 30 kV and 30 mA. The PAS 

loading was determined using a Sykam high-performance 

liquid chromatography (HPLC) system with an autoinjec-

tor Sykam 5300, Sykam S3250 ultraviolet visible (UV/Vis) 

detector, and a Sykam quaternary pump system 5300 

(Sykam GmbH, Eresing, Germany), with a Zorbax Rx-Sil 

4.6 × 150 mm column with 5 µm particle sizes (Agilent 

Technologies, Santa Clara, CA, USA). For the quantification 

of the metallic elements zinc and aluminum, an inductively 

coupled plasma optical emission spectrometer (Optima 

2000 DV; PerkinElmer Inc., Waltham, MA, USA) was used. 

Details of the characterization instruments were provided in 

our previously reported research articles.25,26

HPLC analysis
The loading of PAS in the nanocomposites was determined 

using an HPLC method. The previously reported method 

was used with slight modification for PAS quantification.27 

The mobile phase used in this work was a combination of 

methanol and 17.5 mM potassium phosphate buffer (equal 

molar concentrations of both monobasic and dibasic potassium 

salts at a pH of 3.5 adjusted by phosphoric acid) at a ratio of 

85:15.27 The standard solutions of different PAS concentrations 

of 0 mg/L, 20 mg/L, 40 mg/L, 60 mg/L, and 80 mg/L were 

prepared in 50 mL solutions (45 mL mobile phase plus 5 mL 

HCl). Ten milligrams of each nanocomposite was dissolved in 

50 mL of solution (5 mL HCl and 45 mL of the mobile phase). 

The samples, standards, and mobile phase were filtered with 

microfilters with a pore size of 0.20 µm. The flow rate was kept 

at 1 mL/minute, the oven temperature was kept at 30°C, and a 

wavelength at 235 nm was selected for PAS detection.

Antimycobacterial antimicrobial 
susceptibility test
The drug susceptibility testing (DST) of PAS and its nanocom-

posites was performed using the non-radiometric fluorescence-

based method of the BACTEC™ MGIT™ 960 Mycobacterial 

Detection System (Becton, Dickinson and Company, Franklin 

Lakes, NJ, USA) against M. tuberculosis (ATCC® 25618™; 

American Type Culture Collection, Manassas, VA, USA); 

the minimum inhibitory concentrations (MICs) of the nano-

composites were determined. The Mycobacteria Growth 

Indicator Tube (MGIT) with BD BACTEC™ MGIT™ 960 

growth supplement for DST was used in the MGIT™ 960 

instrument (Becton, Dickinson and Company) as described 

previously.28,29 The standard protocol for DST in MGIT™ 

960 was strictly followed as recommended for primary drugs. 

Culture suspensions for inoculation were well dispersed with 

no large clumps to avoid false-resistant results. After thorough 

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 and labelled as 

“unknown drugs” using the DST entry feature. For the DST 

set containing “unknown drugs,” the instrument flagged 

the DST set “complete” when the growth control reached a 

growth unit (GU) value of 400. At that point, the GU values 

of drug-containing tubes were retrieved from the instru-

ment by printing out a DST set report, and the results were 

interpreted manually. If the GU of the drug-containing tube 

was more than 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 less than 100, 

the results were considered susceptible. Experiments were 

repeated at various concentrations of PAS nanocomposite 

suspensions until the MICs were determined.

Non-mycobacterium antimicrobial  
susceptibility test
The synthesized PAS nanocomposites were tested for their 

antimicrobial activity against different microorganisms, 

including Gram-positive (Staphylococcus aureus) bacteria, 

Gram-negative (Pseudomonas aeruginosa and Escherichia 

coli) bacteria, and Candida albicans using the plate colony 

counting method.30 The microorganisms Staphylococcus 

aureus (ATCC 43300), Pseudomonas aeruginosa (ATCC 

27853), Escherichia coli (ATCC 25922), and Candida albi-

cans (ATCC 20408) were purchased from the American Type 

Culture Collection (ATCC), Manassas, VA, USA.

In vitro assay for cell viability
Cell culture
Human lung f ibroblast cells, MRC-5 (ATCC® CCL-

171™), were purchased from the American Type Culture 

Collection. The cells were cultured in Dulbecco’s modified 

Eagle medium (DMEM) and Roswell Park Memorial 

Institute (RPMI) 1640 media containing 10% fetal bovine 

serum (Hyclone; Thermo Fisher Scientif ic). Growth 

media contained 100 units/mL penicillin and 50 µg/mL 
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Figure 1 X-ray diffraction patterns of nanocomposite A, nanocomposite B, and 
nanocomposite C.

streptomycin, respectively. The cells were maintained at 

37°C in a humidified atmosphere in the presence of 5% 

CO
2
. To determine and compare the cytotoxicity of the 

synthesized nanocomposites, 3-(4,5-dimethylthiazol-2-yl)- 

2,5-diphenyltetrazolium bromide (MTT) cytotoxicity 

assays were performed according to a previously optimized 

method.25,31 Briefly, human lung fibroblast MRC-5 cells were 

cultured in DMEM and RPMI 1640 medium containing 10% 

fetal bovine serum. Growth media contained 100 units/mL  

penicillin and 50 µg/mL streptomycin, respectively, and 

these cells were maintained at 37°C in a humidified atmo-

sphere of 5% CO
2
. The cells were seeded into 96-well culture 

plates at 1 × 104 cells per well. The cells were incubated with 

the above cell culture medium (100 µL) containing dispersed 

nanocomposites at various concentrations from 0.781 µg/mL 

to 50 µg/mL for 24, 48, and 72 hours. Plates treated with the 

medium but without the dispersed nanocomposites were run 

in parallel and were used as controls. Following treatment, 

the amount of formazan crystals formed was measured 

after 4 hours of exposure to a MTT solution in phosphate-

buffered saline and absorbance values were measured at 570 

nm by an enzyme-linked immunosorbent assay plate reader. 

Cytotoxicity experiments were performed in triplicate, and 

cytotoxicity results were calculated according to a previously 

described method and the results are presented as mean ± 

standard deviation.32 All experiments were completed in 

triplicate and repeated at least three different times.

Statistical analysis
The unpaired t-test was used to compare between the MICs of 

PAS and nanocomposites A, B, and C against M. tuberculosis. 

Statistical analysis was used to compare the percentage 

inhibition of PAS and nanocomposites A, B, and C against 

different microorganisms using a two-way analysis of vari-

ance (ANOVA) test. The Prism V6.01 statistical software 

(GraphPad Software, Inc., La Jolla, CA, USA) was used for 

data management and statistical analysis. ANOVA followed 

by Student’s t-tests were used to determine the differences 

between means of cell viability (%). All data are shown as 

mean ± standard deviation unless indicated differently.

Results and discussion
Powder XRD
Figure 1 shows the XRD patterns for the nanocomposite 

PAS-Zn/Al LDH prepared by the coprecipitation method 

(nanocomposite A), PAS-Zn/Al LDH prepared by the ion 

exchange method (nanocomposite B), and PAS-ZLH from 

ZnO (nanocomposite C), respectively. The interlayer dis-

tance (basal spacing) of LDH having the nitrate ion as a 

counter anion was 8.9 Å as reported previously.17,19,33 The 

basal spacing increased to 15.9 Å, 16.8 Å, and 25.2 Å, from 

8.9 Å, for nanocomposite A, B, and C, respectively, as shown 

in Figure 1. The increased basal spacing for the samples as 

observed from XRD patterns is the strongest evidence of the 

successful intercalation of the PAS in ZLH and Zn/Al-LDH. 

The second and third reflections were also present in all three 

spectra, which indicates a higher crystallinity of the samples. 

For a more detailed discussion of the characterization of 

the present materials and the molecular orientation of PAS 

between the interlayer galleries, please refer to our previously 

published manuscripts.25,26

HPLC analysis
Figure 2 shows the calibration curve standard for the PAS 

solutions. The correlation coefficient, R2, for the standard 

solutions was 0.970. The percentage loading of PAS in the 
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Figure 2 Calibration curve of PAS determined using HPLC with standard 
concentrations of 0 mg/mL, 20 mg/mL, 40 mg/mL, 60 mg/mL, and 80 mg/mL.
Notes: The red line shows linear fitting of calibration curve. The black line shows 
the experimental data.
Abbreviations: HPLC, high-performance liquid chromatography; PAS, para-
aminosalicylic acid.
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nanocomposites determined using HPLC is given in Table 1. 

In our previous report, we determined the PAS loading using 

an UV/Vis spectrophotometer for the nanocomposites 

A and B and the percent loading for the nanocomposites was 

determined by carbon, hydrogen, nitrogen and sulfur (CHNS) 

elemental analysis (N percentage).25,26 The percentage loading 

of PAS quantified by HPLC analysis was almost equivalent 

to the loading determined by UV/Vis spectrophotometry and 

by N percentage; the difference between PAS loading by the 

two techniques was found to be around 2%.

Anti-TB and antimicrobial activity
The MICs (mean ± standard error of the mean) of the as-

synthesized PAS nanocomposites A, B, and C against M. 

tuberculosis were found to be 7.9, 12.4, and 5.5 µg/mL, 

respectively, as compared to that of the free drug (PAS), 

which was 5.0 µg/mL (Figure 3). The percentage of drug 

loading for the nanocomposites A, B, and C was found to 

be 25%, 16%, and 15%, respectively. Furthermore, the back 

calculation of PAS loading revealed that the amount of PAS 

present in the nanocomposites was much lower than the 

total amount of nanocomposites shown in the MICs. The 

amount of PAS present in 7.9 µg/mL of nanocomposite A 

was actually 1.97 µg/mL. Similarly, the amount of PAS in 

12.4 µg/mL of nanocomposite B was 1.98 µg/mL and the 

amount of PAS present in 5.5 µg/mL of nanocomposite C 

was 0.83 µg/mL.

The amount of free drug (PAS) required for MIC 

was determined to be 5.0 µg/mL. On the other hand, 

the actual MIC amount of PAS present in nanocom-

posites A, B, and C was 1.97 µg/mL, 1.98 µg/mL, and 

0.83 µg/mL, respectively. As a consequence, a very small 

amount of MIC intake was made possible because of the 

nanocomposite. Based on these results, it can be inferred 

that nanocomposites A and B enhanced the efficacy of 

PAS by 2.5 times and nanocomposite C improved the 

efficacy of PAS by five times compared to the free drug 

PAS. Improved efficacy of PAS in the nanocomposite 

formulation can be attributed to the nanoscaled size and 

sustained-release characteristics of the nanocomposites A, 

B, and C.

Based on these results, we can conclude that the 

nanocomposite formulations A, B, and C would decrease 

adverse side effects associated with PAS by reducing the 

amount of PAS required for efficacy.

Vesenbeckh et al adopted an analogically similar approach 

for PAS by encapsulating it in gelatin, and the side effects 

(like rash, acral cyanosis, and even shivering with fever) were 

mostly eliminated.34

The unpaired t-test with Welch’s correction was used 

to compare between the MICs of PAS and nanocomposites 

A, B, and C against M. tuberculosis. The results of the 

antimicrobial testing showed that the nanocomposites had 

significant antibacterial activity against Gram-positive bac-

teria, Gram-negative bacteria, and C. albicans, as shown in 

Figure 4 from the percentage inhibition of each compound 

against the different organisms. It was found that the 

nanocomposites were more potent against Gram-positive 

(S. aureus) and Gram-negative (E. coli) bacteria than 

P. aeruginosa and C. albicans.

Table 1 Percentage loading of PAS in nanocomposites A, B, 
and C as determined by HPLC, UV/Vis spectrophotometry, and 
nitrogen elemental analysis

Number Sample name Percentage 
loading PAS 
by HPLC 
analysis

Percentage  
loading by UV/Vis 
or by N  
percentage

1 Nanocomposite A 25.00 22.80 (UV/Vis)
2 Nanocomposite B 16.00 16.60 (UV/Vis)
3 Nanocomposite C 15.00 16.86 (Nitrogen)

Notes: Nanocomposite A is PAS-Zn/Al LDH prepared by the coprecipitation 
method. Nanocomposite B is PAS-Zn/Al LDH prepared by the ion exchange 
method. Nanocomposite C is PAS-ZLH prepared using ZnO as the precursor.
Abbreviations: HPLC, high-performance liquid chromatography; PAS, para-
aminosalicylic acid; PAS-ZLH, PAS with zinc layered hydroxide; PAS-Zn/Al LDH, 
PAS with Zn/Al layered double hydroxides; UV/Vis, ultraviolet visible.
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aminosalicylic acid.
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Cytotoxicity study of nanocomposite C  
(PAS-ZLH) against normal human  
lung cells
The most commonly used method for determining in vitro 

cytotoxicity is by the colorimetric MTT assay. The MTT 

assay protocol is based on the color change from yellow 

(due to tetrazolium salt MTT) to purple, due to the forma-

tion of formazan crystals.35 The color change takes place 

due to the reduction of the MTT compound to formazan 

and the reduction by the mitochondria of living cells; the 

concentration of formazan was determined with a spectro-

photometer which is directly proportional with the viability 

of the living cells.35

The biocompatibility of nanocomposites A and B was 

previously reported against normal human lung cells MRC-5 

and 3T3 mouse fibroblast cells, by using an MTT assay.25 

These nanocomposites were found to be highly biocompat-

ible with these two cell lines even at higher concentrations 

of 50 µg/mL for 72 hours and cell viability was found to be 

above 80%.25

The biocompatibility of nanocomposite C (PAS-ZLH) was 

also previously determined using the MTT assay against 3T3 

mouse fibroblast cells.26 Cell viability was found to be about 

70% at a concentration of 25 µg/mL for 72 hours. However, 

at a higher concentration of 50 µg/mL, nanocomposite C was 

found to be toxic.26 Here, we report for the first time the cyto-

toxicity of nanocomposite C against normal human lung cells, 

MRC-5 cells, with various concentrations from 0.7821 µg/mL 

to 50 µg/mL for 24, 48, and 72 hours, as shown in Figure 5. 

Nanocomposite C was found to be extremely cytocompat-

ible with normal human lung cells even at the very highest 

concentration of 50 µg/mL after 72 hours of incubation with 

a cell viability of about 80%. Thus, we conclude that nano-

composites A, B, and C are biocompatible with normal human 

lung MRC-5 cells and 3T3 mouse fibroblast cells, and possess 

anti-TB and antimicrobial properties.

−100
SA PA

Nanocomposite 2 mg

Nanocomposite 1 mg

EC CA

SA PA EC CA

PAS nanocomposite A

PAS nanocomposite B

PAS nanocomposite C

PAS

−50

0

P
er

ce
n

ta
g

e 
in

h
ib

it
io

n
 o

f 
C

F
U

/m
L

50

100

−100

−50

0

P
er

ce
n

ta
g

e 
in

h
ib

it
io

n
 o

f 
C

F
U

/m
L

50

100

PAS nanocomposite A

PAS nanocomposite B

PAS nanocomposite C

PAS

A

B

Figure 4 Effect of PAS nanocomposites on the inhibition of microbial growth using the plate colony counting method at two concentrations: 1 mg (A) and 2 mg (B).
Notes: All experiments were completed in triplicate and repeated at least three different times. Results are presented as mean ± standard deviation.
Abbreviations: CA, Candida albicans; CFU, colony-forming units; EC, Escherichia coli; PA, Pseudomonas aeruginosa; SA, Staphylococcus aureus; PAS, para-aminosalicylic acid.
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Figure 5 Cell viability (MTT assay) of human lung fibroblasts, MRC-5, against various gradient concentrations of nanocomposite C after 24, 48, and 72 hours of exposure.
Abbreviation: MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

Conclusion
Nanocomposites of PAS with Zn/Al LDH and with ZLH were 

found to possess strong antimycobacterial and antimicrobial 

properties. The MIC of intercalated PAS in nanocomposites 

A, B, and C is much lower compared to PAS in its free form, 

which means better therapeutic efficacy. In addition, these 

formulations were found to be highly biocompatible, ie, 

about 80% cell viability against normal human lung cells 

(which are the cells that most commonly reside in the place 

of M. tuberculosis) and mouse fibroblast cells (a standard 

cell line used in cytotoxicity studies). With such a high bio-

compatibility and good antimycobacterial and antimicrobial 

properties (with a sustained release of drugs), the present 

nanocomposites should be further studied in vivo as novel 

anti-TB materials.
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