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Abstract
A biocompatible nanomaterial is an essential need for medicinal applications. Zeolitic imidazole frameworks are interest-
ing porous crystalline material which has received much attraction in the field of drug delivery due to their unique thermal/
chemical stability and pH-sensitive degradability. The present study highlights the synthesis of Leucas aspera extract-
loaded ZIF-L nanoframeworks and the assessment of its antimicrobial and anticancer efficiency. The formation of LA@
ZIF-L nanoframeworks was systematically investigated by various spectroscopic and microscopic techniques. Results of 
the antibacterial assay exhibited antimicrobial potential against B. subtilis, S. aureus, K. pneumonia, and P. aeruginosa with 
the zone of inhibition of 18 mm, 20 mm, 17 mm, and 21 mm respectively. LA@ZIF-L showed potent anticancer potential 
against A549 cells with  IC50 values of 42.61 ± 0.05 μg/mL. Cytotoxic effect of LA@ZIF-L nanoframeworks against A549 
cells might be due to DNA damage induced by enhanced ROS level as observed in fluorescent microscopic studies. Brine 
shrimp Artemia salina acute toxicity assay confirmed the biocompatibility of the material. Results of A. salina acute toxic-
ity assay confirmed that the  LC50 value of nanoframeworks was observed to be 135.33 ± 2.00 μg/ml. Results conclude that 
ZIF-L nano framework acts as an effective drug delivery system for treatment of infection and cancer.

Keywords Leucas aspera (LA) · Zeolitic imidazole frameworks (ZIFs) · Antimicrobial potential · Anticancer activity · 
Biocompatibility

Introduction

Zeolitic imidazole frameworks (ZIFs) a subclass of metal 
organic framework has incessantly attracted the biomedi-
cal researchers due to its larger surface area, tunable porous 
structure and different topologies [1]. Unique chemical and 
thermal stability, high drug loading capacity, pH sensitive 
degradability, controlled drug release and biocompatible 

nature of ZIFs makes it suitable platform for drug delivery, 
[2-5]. Plant derived compounds-based therapeutics possess 
certain drawbacks such as poor solubility, non targeted drug 
delivery affecting the healthy tissues, short half life period, 
thermal instability and immune clearance. These limita-
tions can be overcome by encapsulation of plant derived 
compounds or phytocompounds within ZIFs. ZIFs due to 
its superior stability under aqueous physiological conditions 
will attenuate premature degradation of phytocompound, 
enhance intracellular uptake and surface tailoring with tar-
geting ligands will facilitate targeted drug delivery prevent-
ing adverse effects to healthy tissue [6]. In addition, stimuli 
responsive drug release, optical transparency in the visible 
and near IR region of ZIF makes it promising candidate for 
delivery of phytocompound and imaging purposes overcom-
ing existing pharmacokinetic limitation [7-10]. This innova-
tive strategy provides a promising solution to overcome the 
drawbacks in Ayurvedic therapy in which plant-based drugs 
are used for the treatment wide variety of human ailments 
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[11, 12]. Production of nanomaterials from plant extracts 
are more stable, eco-friendly and less expensive [13, 14]. 
L. asperaa a common weed ubiquitously found in India and 
Philippines, traditionally reported for its antipyretic, insec-
ticide, antimicrobial, prostaglandin inhibitory and cytotoxic 
activities, have been taken for the present study [15-17]. 
Leaf extract was known to cure psoriasis, rheumatism and 
skin eruptions. Leaf stem extract was used for the treatment 
of nasal congestion, fever, cough and snake bites [18-20]. 
The whole plant is enriched with various phytocompounds 
such asursolic acid, sitosterol, diterpenes, glycosides, lini-
folioside, nicotine, apigenin and machilin C [21]. Previous 
reports in our lab highlight the encapsulation plant derived 
compounds such as methyl gallate, catechin and fucoidan 
within the ZIF-L nanoframeworks which exhibited potent 
anticancer, antibacterial and mosquito larvicidal activities 
[22-24]. Based on these facts, the present study focuses on 
loading L. aspera leaf extract within ZIF-L (LA@ZIF-L) 
nanoframeworks and evaluate its antimicrobial and antican-
cer potential.

Materials and Methods

Chemical Used

Zinc Nitrate Hexahydrate, Mueller Hinton Agar, Nutrient 
Broth, Penicillin, Streptomycin, DMEM High-Glucose 
Medium, Bovine Serum Albumin, 2-Methyl Imidazole were 
purchased from Himedia laboratories, India. DAPI stain and 
MTT were purchased from Sigma Aldrich. All chemicals 
and reagents used are of analytical grade. A549 human lung 
cancer cells were obtained from National Center for Cell 
Science (NCCS), Pune, India.

Preparations of L. Aspera Extract Powder

Green and fresh L. aspera (LA) leaves were collected from 
Alagappa University, Science campus garden. About 20 g 
of leaves was ground by mortar and juice was collected and 
freeze dried in lyophilizer. The dried extract powder was 
stored in air tight container under cold condition (− 20 °C) 
until further use.

Synthesis of L. Aspera Extract Loaded ZIF‑L 
Nanoframeworks

The LA@ZIF-L nanoframeworks were prepared based on 
the methodology of [24], with slight modifications. Briefly, 
400 mg of zinc nitrate hexahydrate and 800 mg of 2-methyl 
imidazole powder were dissolved separately in 50 mL of 
DD water and sonicated at room temperature. Fifty milliliter 
of 2-methyl imidazole solution was slowly added drop by 

drop into zinc nitrate solution and subjected to agitation for 
half an hour. Visual color transition to white colored colloid 
indicates the formation of ZIF-L nanoframeworks. About 
10 mL of L. aspera powder solution (2 mg/mL) were slowly 
added into ZIF-L colloid and the agitation was continued 
for another 30 min. Finally, the light green colored colloi-
dal solution was obtained. The excess number of precursors 
was removed by centrifugation at 8000 rpm for 30 min. The 
hydrated colloidal sample was dried using hot air oven at 
60 °C for 6 h.

MTT Assay

Antiproliferative effect of LA@ZIF-L nanoframeworks 
against A549 line cells was assessed by MTT assay [22]. 
A549 lung cancer cells were treated with various doses of 
LA@ZIF-L nanoframeworks (10–100 µg/mL) for 48 h. 
After incubation period, cells were treated with 50 µL of 
MTT (0.5 mg/mL) for 4 h at 37 °C followed by treatment 
with 100  µL of DMSO for dissolution of blue colored 
formazan. The absorbance was recorded using ELISA multi-
plate reader (Molecular Device Spectramax M3, equipped 
with Softmax Pro V5 5.4.1 software) at 570 nm wavelength. 
Percentage of cell viability was calculated.

Assessment of ROS Generation

Intracellular reactive oxygen species generation (ROS) of 
LA@ZIF-L nanoframeworks treated A549 lung cancer cells 
were estimated by using DCFH-DA (2,7-diacetyl dichloro 
fluorescein acetate) fluorescent dye. Cells seeded in 96 well 
plate was treated with  IC50 concentration of LA@ZIF-L 
nanoframeworks for 24 h at 37 °C for 30 min. After the treat-
ment, cell containing medium was washed with Phosphate 
Buffer Saline solution. The fluorescence intensity of DCFH-
DA in treated cells was measured by fluorescence spectro-
photometer (Cary Eclipse, Varian) with emission/excitation 
wavelength of 480/530 nm. Cell images were taken by using 
fluorescent microscope (Carl Zeiss Axio Observer Z1, Ger-
many) at 20X magnification range.

DAPI Staining Assay

Changes in nuclear morphology of LA@ZIF-L treated 
A549 cells were investigated by DAPI staining method 
[25]. Cells treated with LA@ZIF-L nanoframeworks at its 
 IC50 concentration was incubated with DAPI (2 mg/mL) for 
20 min. Excess amount of stain was removed by PBS wash 
followed by measurement of fluorescence intensity at emis-
sion/excitation wavelength of 350/460 nm. Morphological 
changes of treated cell images were captured in fluorescent 
microscopy (Carl Zeiss Axio Observer Z1, Germany) at 20X 
magnification.
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Antibacterial Activity of LA@ZIF‑L Nanoframeworks

The antibacterial potential of fabricated LA@ZIF-L nano-
frameworks was systematically investigated against human 
pathogens such as gram-positive bacteria Staphylococcus 
aureus, Bacillus subtilis and gram-negative bacteria Kleb-
siella pneumoniae, Pseudomonas aeruginosa by well-cut 
method [25]. Overnight culture (0.1%) was evenly swabbed 
on the surface of Muller Hinton Agar plates and loaded with 
various doses of LA@ZIF-L nanoframeworks (30—120 µg/
mL) and incubated overnight at 37 °C. The zone of inhibi-
tion was measured and represented in diameter.

Minimum Bactericidal Concentration

Minimum inhibitory concentration (MIC) of LA@ZIF-L 
and LA extract alone against P. aeruginosa, and S. aureus 
bacterial strains were determined by microdilution method 
in Nutrient Broth (HiMedia, India). Briefly, bacterial cul-
tures were inoculated in nutrient broth, incubated at 37 °C 
for 3 h at 180 rpm. After the incubation period the culture 
optical density was assessed at 600 nm. 10 μL of bacterial 
culture of 0.4 optical density i.e.  106 CFU/mL were treated 
with various concentrations of LA@ZIF-L and LA extract 
alone (10 − 2560 μg/mL) and incubated overnight at 37 °C. 
The concentration of wells without visible growth of bacte-
rial cells is considered as MIC, which is measured by tak-
ing optical density at 600 nm by using ELISA plate reader. 
Experiments were done in triplicates.

Safety Evaluation Studies

In Vitro Safety Evaluation of LA@ZIF‑L

Antiproliferative effect of LA@ZIF-L was assessed using 
human peripheral blood mononuclear cells (PBMC) by MTT 
assay. PBMC cells were isolated from blood of healthy vol-
unteers in accordance to methodology of Ilavarasi et al., 
[26]. Cells were treated with various doses of LA@ZIF-L 
nanocomposite (25–400 μg/mL) at 37 °C for 24 h. After 
incubation periods cells were subjected to PBS wash fol-
lowed by MTT assay. Hydrogen peroxide (100 μM) was used 
as positive control.

Artemia Salina Acute Toxicity Bioassay

Bio-safety nature of synthesized LA@ZIF-L nanoframe-
works was evaluated by brine shrimp Artemia salina lethal-
ity bioassay [27, 28]. The experimental procedure was car-
ried out according to OECD guidelines and methods for 
drugs and nanomaterials [29]. Freshly hatched A. salina 
nauplii were separated as six groups of 20 Nos in 12 well 

plate and exposed to different concentrations of LA@ZIF-L 
nanoframeworks (40–200 μg/mL) in sea water for 24 h. Well 
containing A. salina naupli without LA@ZIF-L is consid-
ered as a negative control for comparative studies. The num-
ber of death and surviving organisms are counted by using 
magnification lens. The commercial anticancer drug cispl-
atin was considered as a positive control. The same concen-
trations (40–200 μg/mL) of cisplatin were treated against A. 
salina nauplii. The lethality rate  LC50 of treated groups was 
calculated by comparison of number of survivors and deaths 
in treated and control groups. The percentage of lethality 
was calculated by using Abbott’s formula:

Nt and Nc—number of surviving Artemia salina naupli 
in treated group and control group.

Statistical Analysis

The IC 50,  LD50 and  LD90 values were calculated using Pro-
bit analysis software and the comparative study of biological 
activities between treated and control groups were done by 
one-way analysis of variance (ANOVA) using SPSS 17.0 
software. Results were considered significant at the level of 
p < 0.05. Mean ± S.D. values was calculated from the results 
of triplicate experiments.

Results and Discussion

Synthesis and Characterization of the LA@ZIF‑L 
Nanoframeworks

The formation of LA@ZIF-L nanoframeworks was con-
firmed by visual color transformation of reaction mixture 
from the white color to pale green color. In one pot synthesis 
method, methyl and hydroxyl groups present in the bioactive 
compound of L. aspera extract powder acted as a reducing 
agent facilitating the formation of ZIF-L. Formation of LA@
ZIF-L nanoframeworks was further confirmed by UV–VIS 
spectroscopy (Fig. 1). The characteristic absorption peak of 
L. aspera extract was observed at 201 nm, while ZIF-L alone 
showed peak at 211 nm. LA@ZIF-L showed characteristic 
absorption peak at 216 nm, which indicates the change in 
the absorbance might be due to encapsulation of L. aspera 
extract within ZIF-L frameworks.

Characteristic functional groups of LA@ZIF-L nanof-
rameworks and ZIF-L frameworks were further identified 
by Fourier Transform Infrared (FTIR) spectroscopy (Fig. 2). 
FTIR spectrum of LA@ZIF-L nanoframeworks was found to 
be similar to the spectrum of ZIF-L nanoframeworks except 

% of lethality =
Nt − Nc

Nc
× 100
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some additional peaks. The sharp peaks observed at 430 and 
439  cm−1 corresponded to the Zn–N stretching vibration of 
zinc ions connected with 2-methyl imidazole nitrogen group 
(covalent bond). The maximum absorption peaks at 704, 
716, 951 and 1004  cm−1 corresponding to C–N stretching 
in imidazole linker [30]. Shift in the absorption peak from 
1622  cm−1

, 1004  cm−1 to 1513  cm−1 in ZIF-L to 1634, 952 
and 1502  cm−1 in LA@ZIF-L nanoframeworks might be 
due to presence of L. aspera extract inside the ZIF-L frame-
works The small peaks at around 1622  cm−1 and 1634  cm−1 
represents C=O stretching vibrations of amide and car-
boxyl groups in organic compounds such as imidazole and 
L. aspera plant extract. The peaks at 2298, 2872  cm−1 were 
assigned to C–C stretching and C–H stretching of imidazole 
units of ZIF-L [9, 10, 24]. Finally, the broad peaks at around 
3317, and 3725  cm−1attributes to the presence of hydroxyl 
group O–H bending vibrations.

The crystalline structure and crystalline size of the as 
prepared LA@ZIF-L nanoframeworks and L. aspera plant 
extract powder was investigated by using powder XRD 
analysis technique. PXRD patterns of LA@ZIF-L nano-
frameworks showed distinct higher diffraction peaks at 
14.99°, 16.95°, 21.65°, 25.73°, 27.72°, 29.07°, 30.88°, 
31.48°,33.47°, 35.27°, 38.30°, 40.56°, 42.56°, 43.16 and 
46.04° indexing the Bragg’s reflection planes at (100), (101), 
(101), (110), (103), (200), (201), (004), (202), (104), (203), 
(114), (212), (204) and (213) according to the JCPDS num-
ber 01–1136, depicting hexagonal crystal structure (Fig. 3). 
Powder XRD pattern of L. aspera extract did not show any 
diffraction peaks, which indicates amorphous nature due to 
the presence of organic compounds in the extract. The mor-
phology and particle size of synthesized nanoframeworks 
was examined by SEM and TEM microscopic techniques 
and the results are shown in Fig. 4. SEM and TEM images 

Fig. 1  UV–Vis spectrum of LA@ZIF-L (red), ZIF-L (black), LA extract (green)
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of ZIF-L alone showed distinct two-dimensional nano flaky 
crystal structure (Figs. 4A, C) which indicates the uniform-
ity of crystal formation. However, microscopic images of 
LA@ZIF-L nanoframeworks showed agglomerated spongy 
particles with irregular shape (Fig. 4B, D) which might be 
due to disturbance in the nucleation of crystal formation 
caused by the incorporation of L. aspera extract within 
ZIF-L framework. The average particle size of ZIF-L and 
LA@ZIF-L nanoframeworks calculated from TEM analysis 
was observed to be 180 nm and 132 nm respectively. Reduc-
tion in the particle size of LA@ZIF-L nanoframeworks 
might be due to reducing properties of phytoconstituents 
present in the leaf extract of L. aspera.

Particle Size Analysis

Size of nanoparticle plays a key role in determining the cel-
lular uptake due to its impact on enthalpic and entropic prop-
erties that influences the adhesion strength between nanopar-
ticles and cellular receptors. In addition, size also determines 
the cellular uptake pathway as well as its toxic potential on 
living cells [31, 32]. Nanoparticles with size 200–500 nm 
are internalized into the cell via caveolae-mediated path-
way without any sequestration with lysosomes and reticu-
loendothelial system [33]. In the present study the average 

particle size of synthesized LA@ZIF-L nanoframeworks 
was observed to be 250 nm (Fig. 5), which can enter into 
the cell via caveolae-mediated internalization mechanism as 
per the above reports indicating it as suitable nanoplatform 
for biomedical applications.

Assessment of Cytotoxic Effects of LA@ZIF‑L 
Nanoframeworks

Cytotoxic effects of alone ZIF-L, L. aspera extract and LA@
ZIF-L nanoframeworks against A549 lung cancer cells were 
investigated using by MTT assay. Treatment with LA@
ZIF-L and L. aspera extract exhibited toxic effect in dose 
dependent manner, when compared to alone ZIF-L, positive 
control and vehicle control cells.  IC50 values of LA@ZIF-L, 
L. aspera extract and positive control were observed to be 
42.61 ± 0.05, 72.5 ± 0.07, 68.34 ± 0.05 μg/mL respectively 
(Fig. 6A). LA@ZIFL nanoframeworks exhibited enhanced 
cytotoxic effect, when compared to ZIF-L alone and positive 
control cisplatin, which might be due to synergistic effect 
of bioactive components of L. aspera extract. Phase con-
trast microscopic images revealed morphological changes 
in LA@ZIF-L treated groups and the results are shown in 

Fig. 2  FTIR spectrum of ZIF-L (red), LA@ZIF-L (black)

Fig. 3  Powder XRD analysis of LA@ZIF-L (black) and LA extract 
powder (red)
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Fig. 6B. Reduction in cell density with rounded and shrinked 
cell morphology associated with membrane damage the 
characteristic features of apoptosis [34] was observed in 
LA@ZIF-L, LA extract, positive control and ZIF-L treated 
groups, while the control cells showed clear epithelial mor-
phology with intact membrane and cell to cell adhesion. 
Overall results revealed that antiproliferative effect of LA@
ZIF-L is due to apoptosis mediated cell death.

LA@ZIF‑L Nanoframeworks Induced ROS Generation 
in A549 Cells

Intracellular ROS acts as double-edged sword, regulat-
ing the cell signaling pathway and also inducing oxidative 
stress mediated cellular damage. Majority of chemothera-
peutic drugs acts by tuning redox homeostasis enhancing 
the ROS level thereby activating apoptotic signaling path-
way leading to cell death, [24, 35]. Hence the current study 
focuses on evaluating the intracellular ROS level in LA@
ZIF-L nanoframeworks treated groups. Fluorescent micro-
scopic technique showed enhanced fluorescent intensities in 
LA@ZIF-L, positive control and L. aspera extract treated 
cells, when compared to control group and ZIF-L treated 
cells (Fig. 7B), which concluded that bioactive compound 
present in the extract enhanced the ROS levels in treated 
cells. Quantification of ROS production illustrated that, 
the fluorescent intensities of LA@ZIF-L nanoframeworks 
and positive control treated cells, was observed to be five-
fold and 3-fold higher when compared to control cells and 
ZIF-L frameworks, (Fig. 7A). Results conclude that LA@
ZIF-L nanoframework induced cytotoxicity in A549 cells by 
enhancing the intracellular ROS level activating the apop-
totic pathway.

Nuclear Damages of A549 Cells Post Exposure 
of LA@ZIF‑L Nanoframeworks

Anticancer proficiency of chemotherapeutics is based 
on ROS mediated nuclear damage leading to cells death 
mechanisms. Recent study revealed that nanoparticles 

Fig. 4  A, B SEM and C, D 
TEM images of LA@ ZIF-L 
nanoframeworks

Fig. 5  DLS particle size analysis of LA@ZIF-L nanoframeworks
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exposed cell exhibited ROS burst, leading to protein oxi-
dation, DNA fragmentation and lipid peroxidation cumu-
latively causing cell death [36–38]. Based on this concept, 
to evaluate whether apoptosis is induced by nuclear dam-
age, DAPI staining was carried out and the results were 
shown in Fig. 8. Result revealed that control cells showed 
light blue fluorescence with intact nucleus and cytoplasm, 
while LA@ZIF-L nanoframeworks, positive control and 
L. aspera extract treated cells exhibited intense blue fluo-
rescence indicating the presence of fragmented nuclei. In 
addition, LA@ZIF-L nanoframeworks treated cells showed 
many cytological changes such as nuclear shrinkage, 
micronuclei, binucleation and chromatin fragmentation, 
which confirmed that the cells were committed to death by 

apoptosis (Fig. 8B). The percentage of abnormal and nor-
mal nuclei in the control and treated cells are depicted in 
Fig. 8A. LA@ZIF-L nanoframeworks, positive control and 
L. aspera extract treated cells showed 84%, 73% and 51% 
abnormal nuclei when compared to negative control and 
ZIF-L treated cells. The results of DAPI staining indicate 
that LA@ZIF-L nanoframework induced ROS mediated 
nuclear damages in A549 lung cancer cells leading to cell 
death. Based on the literature survey, researchers utilized 
the ethanolic extract of Leucas aspera for anticancer appli-
cations. Some studies demonstrated that L. aspera extract 
mediated nanoparticle synthesis and its antimicrobial and 
anticancer applications  [39, 40]. Till date there are no 
reports regarding encapsulation of L. aspera extract within 

Fig. 6  A Assessment of cyto-
toxic effect of LA@ZIF-L nano-
frameworks against A549 lung 
cancer cells by M TT assay; 
B Phase contrast microscopic 
images illustrating apoptotic 
features induced by LA@ZIF-L
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ZIF and its application in the field of biomedicine. This 
study demonstrated the simultaneous encapsulation of L. 
aspera extract within ZIF-L nanoframeworks and its poten-
tial in lung cancer therapy and control of infectious agent. 
The presence of phytoconstituents of L. aspera extract and 
zinc ions present in ZIF-L exhibits a synergistic effect in 
ROS induction  leading to nuclear damage ultimately caus-
ing cancer cell death.

Antibacterial Activity of LA@ZIF‑L Nanoframeworks

Antimicrobial efficiency of LA@ZIF-L nanocomposite 
against the gram positive and negative bacterial strains was 
evaluated by well-cut method and the results were shown in 
Fig. 9. Results illustrates that, LA@ZIF-L nanoframeworks 

exhibited dose dependant increase in antibacterial activity 
against B. subtilis, S. aureus, K. pneumonia and P. aer-
uginosa with highest activity at 100 μg/mL. Comparative 
analysis of antimicrobial activity of LA@ZIF-L and ZIF-L 
revealed that LA@ZIF-L exhibited highest growth inhibition 
against B. subtilis S. aureus, K. pneumonia and P. aerugi-
nosa with the zone of inhibition of 18 mm, 20 mm, 17 mm 
and 21 mm respectively when compared to L. aspera extract 
and ZIF-L alone (Table 1). Antimicrobial activity of LA@
ZIF-L nanoframework might be due to synergistic effect of 
 Zn2+  ions, imidazole moiety and bioactive compound pre-
sent in L. aspera extract released by enhanced degradation of 
ZIF-L in nutrient agar and LB medium than water and PBS, 
caused by interaction of ions and organic constituents in the 
cell media towards the building block of ZIF-L structure 

Fig. 7  A Quantification of 
ROS level in A549 cells using 
fluorescence spectroscopy; B 
Microscopic images of A549 
cells post exposure of LA@
ZIF-L nanoframeworks induced 
intracellular ROS
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influencing the hydration-deprotonation equilibrium lead-
ing to its quick degradation [41].  Zn2+ ions released inter-
act with lipopolysaccharide of bacterial cell wall based on 
electrostatic force of attraction influencing the fluidity of 
membrane affecting its integrity facilitating its penetrations 
inside the bacterial cell.  Zn2+ions enhance intracellular ROS 
leading to apoptosis mediated cell death [42].

MIC value was determined by broth dilution method based 
on the methodology of Shanholtzer et al., [43]. MIC is the 
least concentration of LA@ZIF-L which attenuates visible 
growth of bacteria. Significant (p < 0.05) reduction in inocu-
lum viability was observed with increase in concentration of 
LA@ZIF-L (10 − 2560 μg/mL). MIC for P. aeruginosa and 
S. aureus were observed at 320 and 640 μg/mL (Fig. 10A-B).

Bio‑Safety Evaluation of LA@ZIF‑L Nanoframeworks

Biocompatibility of nanomaterials is major concern for the 
biomedical applications of nanomaterial as these materi-
als are recognized by the host immune system as non-self 
agents [44]. Nanomaterials on administration first comes 
in contact with blood cells, hence Peripheral blood nuclear 
cells (PBMCs) which constitute 90% of immune cells have 
been widely used as model system to evaluate the toxicity 
of nanomaterials [45]. Results of MTT assay revealed that 
no cytotoxic effects were observed even at the highest dose 
of LA@ZIF-L NC when compared to vehicle control, while 
positive control  (H2O2—100 μM) treated cells exhibited cell 
viability of 25.5 ± 4.96% (Fig. 11A).

Fig. 8  A Quantitative evalua-
tion of normal and abnormal 
nuclei B Microscopic images of 
nuclear morphology changes of 
cells treated with LA@ZIF-L 
nanoframeworks
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In vivo toxicity studies for LA@ZIF-L nanoframeworks 
were carried out by using Artemia salina as animal model. 
A. salina acute toxicity studies were considered as an alter-
native low-cost method for acute toxicity studies using ani-
mals, which reproduced similar sensitivity as higher ani-
mals as per the guidelines of OECD for chemical substances 
[27, 28]. Results of in vivo toxicity studies of LA@ZIF-L 
nanoframeworks using A. salina were shown in Fig. 11B. 
Toxicity of a nanomaterial is based on its chemical com-
position, surface charge and solubility. The results of A. 
salina acute toxicity assay, confirmed that the  LC50 value of 
LA@ZIF-L nanoframeworks against A. salina nauplii was 
calculated to be 135.33 ± 2.00 μg/mL. The morphological 

changes, swimming behavior and malformations of treated 
groups were examined under the inverted microscope, 
which showed no significant malformations up to 135 μg/
mL. However, at higher doses of 160 and 200  μg/mL, 
the growth inhibition and with lesser degree of mortality 
was observed. Overall in vivo toxicity study revealed that 
LA@ZIF-L nanoframeworks exhibited negligible toxicity 
at maximum dose of 200 μg/mL. At the end of 48 h post 
exposure no significant alteration in swimming behavior 
was observed in all the concentration. In this case, cisplatin-
treated groups showed a significant amount of lethality and 
behavioral changes after treatment. At the highest concen-
tration of cisplatin, 200 μg/mL total damage in internal 

Fig. 9  Comparative analysis of 
antibacterial potential of LA@
ZIF-L nanoframeworks in com-
parison with bare ZIF-L and L. 
aspera leaf extract

Table 1  Antibacterial activity 
LA@ZIF-L nanoframeworks 
against clinical pathogens by 
Well-cut method

Micro organism Positive 
control

Zone of inhibition (mm) By the LA@ZIF-L 
nanoframeworks treated pathogens

Leucas aspera 
leaf extract 
powder

25 μg/mL 50 μg/mL 100 μg/mL

Bacillus subtilis – 8 12 18 13
Staphylococcus aureus – 6.3 13.5 20 7
Klebsiella pneumoniae – 7.5 11.8 17.4 10
Pseudomonas aeruginosa – 10 13 13.6 9.5
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organs werem observed. Overall, the results of the Artemia 
salina acute toxicity bioassay concluded that LA@ZIF-L 
nanoframeworks as a biocompatible material suitable for 
biomedical applications.

Conclusion

The present study revealed that, LA@ZIF-L nanoframe-
works synthesized by simple co-precipitation method 
exhibited significant anticancer and antibacterial effi-
ciency. LA@ZIF-L nanoframeworks exhibited enhanced 
anticancer and antimicrobial potential due to synergis-
tic effect of LA extract and ZIF-L by enhancing the 
intracellular ROS level leading to nuclear damage and 
activation of apoptotic signaling pathway. Results of A. 
salina cytotoxicity study confirmed the biocompatible 
nature of LA@ZIF-L nanoframeworks. Overall finding 
of the present investigation highlights that LA@ZIF-L 
nanoframework as a promising candidate for the treat-
ment of lung cancer and also bacterial borne infectious 
diseases.

Fig. 10  Minimum Inhibitory Concentration (MIC) of LA@ZIF-L and 
LA alone against A P. aeruginosa, B S. aureus 

Fig. 11  A In vitro cytotoxicity effect of LA@ZIF-L (25—400 μg/mL) in PBMC in comparison with 100 μM  H2O2 at 24 h; B Bio-safety evalua-
tion of Artemia salina nauplii post exposure to LA@ZIF-L and positive control Cisplatin at different concentrations (magnification 10x)
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