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Abstract
Biocompatible drug delivery system with precise and sustained release is necessary for biomedical applications. Zeolitic 
imidazole frameworks (ZIF-L), an emerging porous material, have been widely reported as efficient platform for the drug 
delivery. The present study focuses on one-pot organic solvent-free synthesis of fucoidan-loaded ZIF-L (FU@ZIF-L) and 
assess its biomedical applications. Antimicrobial, anticancer efficiency and biocompatibility of FU@ZIF-L was system-
atically investigated. Formation of FU@ZIF-L was confirmed by UV–Visible spectroscopy, while XRD analysis revealed 
presence of two-dimensional flaky crystalline structures, which was substantiated by TEM analysis. DLS analysis showed 
homogenously distributed crystals with particle size of 78 nm suitable for cellular intake. Results revealed that FU@ZIF-L 
exhibited potent antimicrobial activity against Bacillus subtilis, Staphylococcus aureus, Klebsiella pneumonia and Escheri-
chia coli. In addition, FU@ZIF-L was observed to be more efficient in piercing and disturbing the biofilm architecture of 
methicillin-resistant Staphylococcus aureus and E. coli. Furthermore, FU@ZIF-L exhibited cytotoxic effect against A549 
cells with IC50 value of 38.5 ± 2.34 μg/ml. ROS-mediated nuclear damage might be the reason for its anticancer potential. 
Brine shrimp lethality assay confirmed the biocompatible nature of FU@ZIF-L. To conclude, ZIF-L acts as effective drug 
delivery system for fucoidan enhancing its biomedical applications.
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Introduction

Nanomaterials due to its unique physiochemical properties, 
overcomes the limitations of drug encapsulation or surface 
adherence facilitating cellular interaction, targeted delivery 
to desired site with slow and sustained release of drug mol-
ecules (Sun et al. 2012; He et al. 2015). Major limitation of 
chemotherapy is non-specific delivery of drugs affecting the 
healthy tissues, which signifies the need for suitable drug 
delivery system (AbdelHamid et al. 2017; Yu et al. 2015; 
Zhang et al. 2017). Advancement in nanotechnology has 
increased the interest of researchers towards, organic and 
inorganic nanomaterial for biomedical research (McNamara 
and Tofail 2017). Metal organic frameworks (MOFs) have 
received tremendous interest worldwide as drug designing 
analogue of anticancer drug delivery systems (Biswal et al. 

2013; Zheng et al. 2016). The advantageous properties of 
MOFs like large surface area, high drug loading capacity, 
thermal stability, porosity and pseudo-bonding responsible 
for biodegradability, enhances the biological potential of 
drugs and material stability (Lee et al. 2015; Wang et al. 
2015). MOF-based drug delivery systems are nontoxic to 
healthy cells and they release targeted molecules only to 
cancer cells (Adhikari et al. 2015; James and Lin 2016). 
Zeolitic imidazole framework (ZIF-L) represents a new class 
of nontoxic biodegradable metal organic framework formed 
by acidic zinc ions and basic imidazole ligands. ZIF-L-based 
drug delivery systems have been considered as an alternative 
cargo for toxic organic and inorganic nanoparticles in the 
field of biomedicine (Chowdhuri et al. 2016; Tiwari et al. 
2017; Zhang et al. 2017). Zinc ions present in ZIF-L is an 
essential micronutrient, which plays vital role in immune 
response (Kambe et al. 2015), while the ligand imidazole 
group of ZIF-L acts as integral part of biomolecules like 
histidine and porphyrin ring of hemoglobin and myoglobin 
(Narasimhan et al. 2011). The proposed drug fucoidan, a 
sulfated polysaccharide isolated from brown sea weeds have 
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been reported for its anticancer, anticoagulant, antibacterial, 
apoptotic, angiogenic and anti-inflammatory activities (Cho 
et al. 2015; Ikeguchi et al. 2015; Zhang et al. 2015; Li et al. 
2016). Furthermore, the functional groups such as sulfate, 
hydroxyl and carboxylic groups present in fucoidan also 
exhibit absorption and chemical conjugation properties (Jun 
et al. 2018; Khan et al. 2019; Ashayerizadeh et al. 2020). 
Despite of its wide pharmacological efficiency, poor solubil-
ity and instability of fucoidan at physiological pH, demands 
a suitable drug delivery system. Hence, the present study 
focused on encapsulation of fucoidan drug moiety within 
ZIF-L to enhance the anticancer potential of fucoidan by 
improving its bioavailability, solubility and delivery of drug 
to the target site. In the present study, fucoidan encapsulated 
ZIF-L nanocomposite was synthesized by solvent-free one-
pot synthesis method and assessed for its antibiofilm and 
antimicrobial activities. The ultimate focus of the research 
was to eradicate human pathogens and lung cancer cells 
using sulfated polysaccharide fucoidan encapsulated ZIF-L 
nanocomposite based on the pH-responsive drug release 
mechanism.

Materials and methods

Chemicals used

Zinc nitrate hexahydrate (Zn (NO3)2.6H2O ≥ 99%), 2-methyl 
imidazole, fetal bovine serum, penicillin, streptomycin, 
DMEM high-glucose medium were purchased from Himedia 
Laboratories Pvt. Ltd, India. Fucoidan from Fucus vesiculo-
sus (C15H14O6.xH2O ≥ 98%), and all the fluorescence stains 
used for cell culture were purchased from Sigma Aldrich, 
USA. Human lung cancer cell line A549 was obtained from 
National Center for Cell Science (NCCS).

Fabrication of FU@ZIF‑L nanocomposite

FU@ZIF-L was fabricated by simple one-pot synthesis 
method. Zn (NO3)2 (13.44 mM) and 2-Methyl imidazole 
(146 mM) in the ratio 1:3 was used for synthesis of ZIF-L 
based on methodology of Zheng et al. (2016) with some 
modifications. Briefly, Zn (NO3)2 in aqueous medium 
(13.44 mM) was subjected to vigorous stirring for half an 
hour at room temperature and then 2-methyl imdiazole 
(146 mM) was added drop wise. Reaction mixture was 
subjected to stirring (30 min) until white colloid appears 
which illustrates the formation of leaf-like zeolitic imidazole 
frameworks (ZIF-L). Finally, 20 ml of fucoidan (1 mg/ml) 
solution was added slowly to the ZIF colloid under magnetic 
agitation which was continued for another 1 h. The reaction 
mixture was centrifuged at 10,000 rpm for 30 min and the 

precipitate was washed thrice with double distilled water 
followed by drying at 60 °C for 6 h.

Drug loading efficiency

The quantification of fucoidan loading in ZIF-L nanoparti-
cles was measured by the absorbance of fucoidan at 260 nm 
in UV–Vis spectroscopy. Total content of fucoidan in ZIF-L 
nanoparticles was determined by decomposition of FU@
ZIF-L nanocomposite in HCl aqueous solution. The quanti-
fication was done with the calibration curve of fucoidan. The 
amount of drug loaded was calculated as mentioned below

where the drug loading capacity (DLC) of FU@ZIF-L was 
calculated to be 20.06%.

Characterization of fucoidan‑loaded ZIF‑L 
nanocomposite (FU@ZIF‑L)

Crystalline nature and size of synthesized ZIF-L and FU@
ZIF-L was analyzed by powder X-ray diffraction spec-
troscopy (PRO PANALYTICAL, model no.PW3040/60, 
X’PERT software). Surface plasma resonance of FU@ZIF-L 
nanocomposite was evaluated by UV–Visible spectropho-
tometer (Varian model Cary 5000 scan) and the characteris-
tic absorption spectrum was measured by wavelength scan in 
the range 200–800 nm. Functional group of FU@ZIF-L was 
analyzed by FTIR spectral analysis in wavenmber ranging 
from 4000 to 400 cm−1 with resolution of 4 cm−1 (Bruker 
Optik GmbH, Model No. Tensor 27, Germany). Surface 
morphological features of nanocomposite were assessed 
using Field Emission Scanning Electron Microscopy 
(FESEM) (Carl Zeiss, Germany). The crystal morphology 
and size of FU@ZIF-L was studied by using High resolution 
transmission Electron Microscopy (HR-TEM) (FEI, Nether-
land, model no. Tecnai, G2 F20). Particle size of synthesized 
FU@ZIF-L nanoccomposite was analyzed through dynamic 
light scattering (DLS) analysis (Micrometrics, Nano Plus).

Anticancer studies

Cytotoxic effect of FU@ZIF‑L nanocomposite

The inhibitory concentration of FU@ZIF-L nanocompos-
ite against A549 cancer cells were analyzed by MTT [3-(4, 
5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bro-
mide] assay in accordance to the methodology of (Deepi-
kaet al. 2019). A549 cells were allowed to grow overnight 
followed by treatment with various dose of FU@ZIF-L 

Drug loading capacity =
Amount of drug loaded

Total amount of drug loaded NPs
× 100,



1921Applied Nanoscience (2023) 13:1919–1937	

1 3

nanocomposite (20–100 µg/mL). After 24 h exposure to 
FU@ZIF-L nanocomposite, the cells incubated with MTT 
(1 mM) for 4 h at 37 °C, followed by the dissolution of 
blue-colored formazan with DMSO and the absorbance was 
measured 570 nm in multi-plate reader (Molecular Device 
Spectramax M3, equipped with Softmax Pro V5 5.4.1 soft-
ware). Percentage of cell viability was calculated.

Assessment of ROS generation

Intracellular ROS level was analyzed using DCFH-DA 
(2’-7’dichlorofluorescin diacetate) fluorescence dye. Over-
night adhered cells were exposed to FU@ZIF-L (IC50 
38.5 ± 2.34 µg/ml) for 24 h. Treated cells was incubated 
at 37 °C with DCFH-DA (50 µl) for half an hour and the 
intensity of fluorescence was measured using fluorescence 
spectrophotometer (Cary Eclipse, Varian) with excitation 
wavelength of 480 nm and emission wavelength of 530 nm, 
respectively. Fluorescence microscopic images were taken 
using fluorescent microscope (Carl Zeiss Axio Observer Z1, 
Germany).

Hoechst staining

The nuclear damage induced by FU@ZIF-L nanocomposite 
was analyzed by using Hoechst dye. FU@ZIF-L nanocom-
posite-treated cells were exposed to Hoechst 33258 stain-
ing (1 mg/ml) for 15 min. Excess stain was removed by 
PBS wash and the intensity of fluorescence was analyzed at 
excitation/emission wavelength of 350/460 nm using spec-
trofluorimeter. Fluorescent microscopic images of the cells 
were captured in fluorescent microscopy.

Anti‑biofilm potential of FU@ZIF‑Lnanocomposite

Biofilm inhibition potential of FU@ZIF-L nanocomposite 
against MRSA and E.coli were analyzed in accordance to 
protocol of Ishwarya et al. (2018). MRSA and E. coli (O/N) 
culture was diluted to 108 CFU/ml using TSB broth with 
0.5% glucose followed by treatment with different doses 
of FU@ZIF-L nanocomposite (20–100 µg/ml), for 48 h at 
37ºC. Free floating planktonic bacteria were removed by 
PBS followed by treatment with crystal violet (0.4%). Slides 
were subjected to distilled water wash to remove excess 
stain, followed by treatment with glacial acetic acid (10%) 
for 10 min, and the absorbance was analyzed at 570 nm.

Microscopic visualization of biofilm morphology

Changes in the biofilm architecture of FU@ZIF-L nanocom-
posite-treated groups were analyzed by light microscopic 
analysis. FU@ZIF-L-treated biofilm formed glass slides 
were stained with crystal violet (0.2%) followed by distilled 

water wash to remove excess stain and the biofilm formed 
was visualized under light microscope (Lawrence & Mayo) 
at 40 × magnification.

Antibacterial activity of FU@ZIF‑L nanocomposite

Antimicrobial activity of FU@ZIF-L nanocomposite was 
assessed against B. subtilis (MTCC 441), S. aureus (MTCC 
96), E. coli (MTCC 40) and K. pneumonia (MTCC 8911) 
by agar well-diffusion method. Overnight bacterial culture 
(0.1%) was swabbed uniformly over the surface of Mul-
ler Hinton Agar. Different doses of ZIF-L and FU@ZIF-L 
nanocomposite (25–100 µg/mL) were loaded into wells 
and subjected to incubation at 37 °C for 12 h. Results were 
expressed as diameter of clear zone of inhibition in mm.

Minimum inhibitory concentration (MIC) of FU@
ZIF-L against S. aureus and K. pneumonia was evaluated 
by microdilution method in accordance to methodology 
of CLSI (2006). Briefly, bacterial cultures (106 CFU/mL) 
were exposed to different dose of FU@ZIF-L (20–2560 µg/
mL) overnight at 37 °C and the absorbance was recorded 
at 600 nm using multi-plate reader. Experiments were car-
ried out in triplicates. To assess the minimum bactericidal 
concentration (MBC), aliquots of tube with no detectable 
bacterial growth were plated in MHA plates and incubated 
overnight at 37 °C (Shanholtzer et al. 1984). MBC is defined 
as the least dose of nanocomposite at which no live cells 
were observed.

Collection of Artemia salina cysts

Artemia salina is the most widely used in vivo model sys-
tem for assessment of ecotoxicity and toxicity of engineered 
nanomaterials due to its low cost, convenience, rapidity in 
assessment when compared to animal model system. Freeze 
dried Artemia salina cysts were commercially purchased 
from VGP marine kingdom Chennai. Cleaned dried cyst 
(0.5 g) was allowed to incubate in artificial seawater at 
30 ± 1 °C under constant illumination and aeration, which 
facilitated hatching of cyst within 24 h. The freshly hatched 
nauplii were transferred in to fresh seawater for further 
experiment.

Brine shrimp lethality assay

Cytotoxic effects of FU@ZIF-L nanocomposite was 
assessed by brine shrimp lethality assay using Artermia 
salina as model system (Rajabi et al. 2015). Freshly hatched 
Artemia salina nauplii (no. 25) were placed in each well 
and subjected to treatment with different concentrations of 
FU@ZIF-L (25–150 µg/ml) in sea water for 48 h. Number of 
dead and viable shrimp was counted using magnifying glass. 
Artemia salina nauplii in sea water without FU@ZIF-L was 
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used as negative control. Live and death nauplii was ana-
lyzed using magnification lenses and LC50was calculated. 
Mortality rate of Artemia salina nauplii was calculated by 
comparing number of survivors in treated and control using 
Abbott’s formula

where Nt and Nc is the number of surviving A. salina naupli 
in treated group and control group.

In vitro drug release mechanism of FU@ZIF‑L 
nanocomposite

The in vitro pH-responsive drug release mechanism of fab-
ricated FU@ZIF-L nanocomposite was assessed at different 
pH (5, 6 and 7.4). Prior to drug release kinetics, the calibra-
tion graph for fucoidan (drug) was plotted by measuring the 
absorbance at 260 nm at which the fucoidan would exhibit 
maximum absorption. Approximately, 50 mg of FU@ZIF-L 
nanocomposite was suspended in 50 mL of PBS buffer and 
subjected to low speed (150 rpm) magnetic stirring at 37 °C. 
Aliquots were taken from the mother solution (FU@ZIF-L 
nanocomposite), subjected to centrifugation and the vol-
ume of aliquots taken is replaced with fresh PBS solution. 
The amount of drug released was calculated by measuring 
absorbance at 260 nm using the calibration curve and the 
percentage of drug release was calculated.

In vitro assessment of cytotoxic and hemolytic 
activity of FU@ZIF‑L nanocomposite

The cytotoxic effect of FU@ZIF-L nanocomposite in human 
peripheral blood mononuclear cells (PBMC) was evalu-
ated by trypan blue dye exclusion method based on the 
cell membrane integrity (Sivamaruthi et al. 2019). Isolated 
PBMC cells were exposed to different doses of FU@ZIF-L 
(100–500 μg/ml) at 37 °C for 24 h. Cells were treated with 
trypan blue (10 μg/mL) dye for 10 min and the percentage of 
viable cells were calculated as mentioned below. Hydrogen 
peroxide (250 μM) was used as positive control

Blood compatibility of FU@ZIF-L nanocomposite 
was evaluated by hemolytic assay in accordance to the 
method of Dobrovoiskaia et al. (2008). To isolate erythro-
cytes the blood samples collected from healthy volunteers 
were diluted in the ratio 1:2 with PBS and centrifuged at 
3000 rpm for 10 min. Isolated RBC was diluted with PBS 
and the around 200 μl of blood sample was treated with 
different dose of FU@ZIF-L (100–500 μg/ml) for 1 h at 

% of lethality =
Nt - Nc

Nc
X100,

Percentage of cell viability =
Viable cell count

Total number of cells
× 100.

physiological temperature. Triton × 100 and PBS-treated 
cells were used as positive and negative control. Supernatant 
(100 μl) of all treated samples were collected and the absorb-
ance was measured at 577 nm. Percentage of hemolysis was 
measured as represented below

Statistical analysis

Probit analysis software was used to calculate IC 50, LD50 
and LD90 value and comparison of control and treated 
groups were carried out using one-way analysis of variance 
(ANOVA) using SPSS 17.0 software. *p < 0.05 indicates 
significance.

Results and discussion

Powder XRD and UV–Vis analysis

The crystalline nature of the fabricated ZIF-L and FU@
ZIF-L nanocomposite was studied by Powder XRD analy-
sis. Figure 1A reveals that, the ZIF-L alone showed sharp 
diffraction peaks at 14.61 º, 15.73 º, 16.53 º, 21.12 º, 25.71 º, 
27.41 º, 29.61 º, 30.46 º, 35.61 º, 37.27 º, 41.19 º and 43.21 º 
corresponding to (100), (002), (101), (102), (110), (103), 
(200), (201), (104), (203), (114) and (104) Braggs reflec-
tion planes. Characteristic diffraction peaks at 2θ values and 
planes represent that two-dimensional flaky crystal struc-
tured ZIF-L in according to JCPDS No. 01-1136 and report 
of Chen et al. (2013). The PXRD pattern of FU@ZIF-L 
nanocomposite exhibit some additional diffraction peaks 
other than observed in ZIF-L revealing uniform encapsu-
lation of fucoidan with in ZIF-L forming nanocomposite. 
PXRD spectra of FU@ZIF-L nanocomposite matched 
well with JCPDS: 38-1922 indicating rhombohedral crys-
tal structure. The crystalline size of ZIF-L and FU@ZIF-L 
nanocomposite was measured by Scherer’s formula to be 
around 53.18 and 46.25 nm, respectively. The additional 
peaks and crystalline size reduction of FU@ZIF-L nano-
composite indicated that the encapsulation of fucoidan into 
ZIF-L frameworks disturbed the crystalline nature of ZIF-L 
nanoparticles.

The characteristic absorption spectra of FU@ZIF-L nano-
composite showed peak at 212 nm, respectively (Fig. 1B). 
Fucoidan and ZIF-L alone showed absorption peaks at 260 
and 220 nm, respectively, as reported by Prabhu et al. (2020). 
Shift in the absorption peak of FU@ZIF-L nanocomposite 
might be due to encapsulation of fucoidan in ZIF-L. Band 
gap energy of ZIF-L and FU@ZIF-L nanocomposite was 
calculated to be 5.63 eV and 5.84 eV, respectively.

% of hemolysis =
Absorbance of Test - Absorbance of NC

Absorbance of PC - Absorbance of NC
× 100.
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Fig. 1   (A) Powder XRD analysis of ZIF-L (red) and FU@ZIF-L (blue); (B) UV–Vis spectra of ZIF-L (black), FU@ZIF-L (red) and fucoidan 
(blue)



1924	 Applied Nanoscience (2023) 13:1919–1937

1 3

FTIR analysis

The identification of functional groups of synthesized ZIF-L 
and FU@ZIF-L nanocomposite were studied using FTIR 
spectroscopy technique. The FTIR spectra of FU@ZIF-L 
nanocomposite and ZIF-L alone were similar except addi-
tional peaks (Fig. 2) in nanocomposite, which might be due 
to presence of sulphated polysaccharide fucoidan. The sharp 
peaks at around 423 cm−1, 684 cm−1 represented the stretch-
ing vibration of Zn-N bonds formed between zinc and imi-
dazole binder during the formation of ZIF-L and FU@ZIF-L 
nanocomposite. Intense peaks at 998 cm−1 and 1154 cm−1 
confirmed the C-N stretching vibration of imidazole linkers 
in ZIF-L and FU@ZIF-L. The IR spectral bands at around 
1595 cm−1 and 1623 cm−1 corresponds to C = O stretch-
ing vibration. The less intense peak at around 585 cm−1 
and 843 cm−1 represents the C-O-S stretching vibration of 
sulfur groups in fucoidan and FU@ZIF-L nanocomposite. 
Small peak at around 2921 cm−1 represents C-H vibration 
of imidazole linker from ZIF-L frameworks. This peak was 
shifted to 2934 cm−1 in FU@ZIF-L nanocomposite due to 
the incorporation of fucoidan molecules.

SEM and EDX analysis

Morphology and elemental composition of synthesized 
nanocomposite was assessed through SEM and EDX 
analysis. SEM image of bare ZIF-L reveals the pres-
ence of uniform thin layer of nanoflakes with leaf-like 
2D crystalline structure (Fig. 3A) as reported by Khana 
et al. (2018). SEM image of FU@ZIF-L nanocomposite 
revealed presence of nanoscale agglomerated sphere-like 
crystals (Fig. 3C). In one-pot synthesis method, simultane-
ous addition of fucoidan to ZIF-L disturbed the 2-D crys-
talline growth and uniformity of ZIF-L thereby reducing 
size of crystals. EDX spectral analysis of ZIF-L and FU@
ZIF-L nanocomposite (Fig. 3B, D) depicted that no other 
elemental impurities were present in the prepared nano-
composite. The atomic percentage of elements in FU@
ZIF-L nanocomposite differs on fucoidan encapsulation. 
Total weight percentage zinc in ZIF-L and FU@ZIF-L 
nanocomposite are 35.17 and 32.89%, respectively. Reduc-
tion in the total weight percentage of Zn2+ in FU@ZIF-L 
nanocomposite might be due to replacement of zinc ions 
by fucoidan molecule during the formation of FU@ZIF-L 
nanocomposite.

TEM and DLS analysis

The HR-TEM images of synthesized ZIF-L and FU@
ZIF-L nanocomposite are shown in Fig. 4A. TEM images 
of ZIF-L exhibited [Fig. 4A (a, b)] two-dimensional flakes, 
while FU@ZIF-L nanocomposite [Fig. 4A (c, d)] showed 
agglomerated spheres. Average particle size of FU@ZIF-L 
nanocomposite was calculated as 37.8  nm. Figure  4B 
reveals the hydrodynamic diameter of synthesized nano-
composite in solution. Average particle size was observed 
to be 78.3 nm which in accordance to reports of Ma et al. 
(2013) and Foroozandeh and Aziz (2018) is suitable for 
the cellular internalization of nanocomposite either by 
endocytosis or adsorption mechanism. As the particle size 
of FU@ZIF-L nanocomposite is less than 100 nm, it is 
suitable for biomedical applications. Zeta potential value 
of FU@ZIF-L was observed to be −1.74 mV (Fig. 4C). 
Negative charge prevents agglomeration of FU@ZIF-L 
nanocomposite promoting uniform dispersion of nano-
composite in the medium. In addition, FU@ZIF-L facili-
tates cellular uptake through non-specific interaction and 
adsorption by the few cationic sites in the cell membrane 
such as cationic cell penetrating peptide leading to the 
formation of clusters because of repulsive interaction with 
negatively charge domain in the cell surface. The adsorbed 
negatively charged particle undergoes localized neutraliza-
tion and subsequent endocytosis leading to cellular intake 
(Wilhelm et al. 2003; Wang et al. 2008).

Fig. 2   FTIR spectra of ZIF-L (red), FU@ZIF-L (black) and fucoidan 
(blue)
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Stimuli‑based drug release mechanism of FU@ZIF‑L 
nanocomposite

Stimuli-based drug delivery overcomes the drawback of clas-
sical drug delivery methods, by enhancing the programmed 
drug release on targeted site, hence pH-responsive drug 
release is considered as most reliable method for targeted 
drug delivery applications. The organic binder 2-methyl imi-
dazole bonds get cleaved from ZIF-L at acidic conditions. 
Figure 5 shows gradual increase in the amount of fucoidan 
released under acidic pH 5 and 6, which reached the station-
ary phase at 36 and 39 h with no further drastic changes in 
drug release up to 48 h. However, at the physiological pH 
7.4, a very slow drug release was observed with the passage 
of time (Fig. 5). At pH 7.4, the FU@ZIF-L nanocomposite 

was observed to be stable with a release capacity of 13.2%, 
however, when the pH was reduced to 5 and 6 (tumor cell 
micro-environment), the release capacity of the drug was 
relatively increased to 77 and 58% at the optimum time 
period of 36 and 39 h, respectively. The slow release at the 
physiological pH 7.4 illustrated that the hydro-stability and 
hydrophobic nature of ZIF-L might be responsible for the 
slow release of fucoidan, while enhanced drug release at 
acidic pH might be due to disintegration of ZIF-L structure, 
caused by the protonation of imidazole ring, leading to the 
break in the coordination bond between Zn and imidazole 
ions (Prabhu et al. 2019). Results of release kinetic stud-
ies revealed that, FU@ZIF-L nanocomposite is a promising 
material for pH-responsive drug delivery for cancer therapy.

Fig. 3   SEM and EDX spectra of ZIF-L (A, B) and FU@ZIF-L(C, D)
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Fig. 4   A TEM images of ZIF-L 
(a, b) and FU@ZIF-L (c, d); B 
Particle size analysis of FU@
ZIF-L by DLS; (C) Surface 
charge of FU@ZIF-L was 
analyzed using zeta potential 
analyzer
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Anticancer potentialof FU@ZIF‑L nanocomposite

Lung cancer is the deadliest form of cancer and leading 
causative of cancer related death with only 15% surviv-
ability for 5 years on incidence. Non-small cell lung car-
cinoma accounts for 85% of the total lung cancer cases. 
Current therapeutic strategies based on stage of diagnosis 
and type of malignancy involves surgery, combination of 
chemotherapy and radiation therapy and immunotherapy 
(Siegel et al. 2017). However, these treatment strategies 
suffer certain limitations such as low bioavailability due 
to poor solubility, toxic effect to healthy tissue due to non-
specific drug deliver which turned the interest of research-
ers towards nanomaterials as cargo for efficient drug deliv-
ery. In this study, zeolitic imidazole frameworks (ZIF-L) 
acts as a carrier for fucoidan molecules, its deliver the 
drug molecules based on the pH-responsive mechanism. 
Anti-proliferative activity of free fucoidan, ZIF-L and 
FU@ZIF-L nanocomposite was evaluated by MTT assay 
against A549 cells. Results showed that ZIF-L exhibited 
very low cytotoxic effect even at highest concentration of 
100 μg/ml. On the other hand, FU@ZIF-L nanocomposite 
and ZIF-L showed dose dependant increase in cytotoxic-
ity with IC50 value of 38.5 ± 2.34 and 40 ± 1.24 μg/ml, 
respectively (Fig. 6A). FU@ZIF-L nanocomposite exhib-
its slightly higher cytotoxic effect of 89.02 ± 1.71% at 

the maximum concentration of 100 μg/ml on comparison 
with same dose of fucoidan alone revealing the fact that 
ZIF-L retains the cytotoxic effect of fucoidan after encap-
sulation. Morphological changes in the cells treated with 
FU@ZIF-L nanocomposite was evaluated by phase con-
trast microscopic analysis. Results revealed that (Fig. 6B) 
both FU@ZIF-L nanocomposite and fucoidan-treated cells 
exhibited cells with apoptotic characteristics such as mem-
brane damage, shrinked cell with condensed chromatin 
and apoptotic body formation, while the control and ZIF-
L-treated cells exhibited normal epithelial cells morphol-
ogy. When compared to vehicle control, reduction in cell 
count was observed in ZIF-L-treated cells. FU@ZIF-L 
nanocomposite and fucoidan-treated cells showed drastic 
reduction in the cell number, when compared to control 
groups revealing its anti-proliferative and apoptotic effect.

Most of the chemotherapeutic agents cause cell death 
either by directly damaging nucleic acid or by disrupting the 
redox balance of cell and in both the cases ROS acts as key 
factor for apoptosis (Zaidieh et al. 2019). Based on this con-
text, intracellular ROS level of FU@ZIF-L nanocomposite-
treated cells was assessed using DCFDH-DA. Microscopic 
observation revealed that fucoidan and FU@ZIF-L-treated 
groups showed intense green fluorescence intensity when 
compared to ZIF-L and vehicle control (Fig. 7A). Spectro-
fluorimetric assay illustrated increase in fluorescence inten-
sity by four fold in FU@ZIF-L nanocomposite-treated group 
in comparison with vehicle control and two fold increase 
when compared to fucoidan alone (Fig. 7B). Increased 
green fluorescent intensity in FU@ZIF-L nanocomposite 
and fucoidan-treated groups reveals the fact that fucoidan 
increases the intracellular ROS level. Enhanced fluorescence 
was observed in FU@ZIF-L nanocomposite-treated groups 
when compared to fucoidan alone which might be due to 
combinatorial effect of Zn2+ions and fucoidan released at 
acidic pH of tumor environment (Zheng et al. 2017).

Changes in the nuclear morphology of A549 cells treated 
with FU@ZIF-L nanocomposite were evaluated by Hoechst 
33342 staining. In vehicle control cells, intact cells with 
light blue spherical intact nuclei was observed, while FU@
ZIF-L nanocomposite and fucoidan-treated cells (Fig. 8A) 
showed uniformly bright blue fluorescence indicating highly 
condensed, fragmented nuclei the characteristic feature of 
apoptosis. Figure 8B reveals the percentage of cells with 
normal and abnormal nuclei. FU@ZIF-L nanocompos-
ite- and fucoidan-treated cells showed 75.66 ± 2.25 and 
65 ± 3.22% of cells with abnormal nuclei, when compared to 

Fig. 5   Cumulative drug release of FU@ZIF-L nanocomposite at dif-
ferent pH (5, 6 and 7.4)



1928	 Applied Nanoscience (2023) 13:1919–1937

1 3

Fig. 6   A Assessment of cytotoxic effect of FU@ZIF-L in A549 cells by MTT assay; B Morphological assessment of treated A549 cells by phase 
contrast microscopic analysis (magnification 20 ×)
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Fig. 7   A Fluorescence microscopic images of A549 cells after treatment of FU@ZIF-L illustrate intracellular ROS level (magnification 20 ×); B 
quantification of ROS level using fluorescence spectroscopy
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Fig. 8   A Assessment of changes in nuclear morphology of cells treated with FU@ZIF-L using Hoechst staining (magnification 20 ×); B quanti-
tative evaluation of cells with normal and abnormal nuclei in control and treated groups
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Fig. 9   A Light microscopic images revealing anti-biofilm activity of FU@ZIF-L in different doses (magnification 20 ×); B Quantification of 
anti-biofilm efficacy of FU@ZIF-L by crystal violet staining assay
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vehicle control and ZIF-L. Overall, the results revealed that 
FU@ZIF-L nanocomposite-treated cells showed enhanced 
ROS level provoking oxidative stress mediated mitochon-
drial dysfunction and nuclear damage ultimately leading to 
cell death. To conclude, anticancer efficiency of FU@ZIF-L 
nanocomposite might be due ROS-mediated activation of 
apoptotic pathway.

Anti‑biofilm activity of FU@ZIF‑L nanocomposite

Methicillin resistance S. aureus (MRSA) and E. coli are the 
two common opportunistic nosocomial pathogens, which 

creates serious problem in hospital environment. Besides 
being a major causative of recurrent urinary tract and skin 
infection E. coli and MRSA biofilms are responsible for in 
dwelling medical device related infectivity. Biofilm forming 
ability makes these bacterial species resistant to multidrug 
causing chronic life threatening infectious disease. In the 
present study, antibiofilm efficiency of FU@ZIF-L nano-
composite against MRSA and E.coli were analyzed and the 
results are depicted in Fig. 9A, B. Light microscopic obser-
vation of FU@ZIF-L nanocomposite-treated groups showed 
disruption in biofilm matrix of E. coli and MRSA with reduc-
tion in microcolonies, when compared to control which 
exhibited thick biofilm matrix (Fig. 9A). Results of crystal 
violet binding assay revealed that FU@ZIF-L nanocompos-
ite showed decline in formation of biofilm in both MRSA 
and E.coli in concentration-dependent manner with highest 
inhibition of 70.82 ± 0.58 and 81.52 ± 0.68%, respectively, 
at 100 μg/ml. IC50 value of FU@ZIF-L against MRSA and 
E. coli were observed to be 52.5 ± 1.05 and 19.29 ± 0.25 μg/
ml, respectively. ZIF-L showed very less biofilm inhibitory 
activity, with no significant change in the biofilm architec-
ture. Anti-biofilm activity of FU@ZIF-L nanocomposite 
might be due to biofilm inhibitory activity of fucoidan as 

Table 1   Antibacterial activity of FU@ZIF-L against clinical patho-
gens by agar well-diffusion method

Micro-organism Positive 
control

Zone of inhibition (mm)

10 μg/ml 20 μg/ml 30 μg/ml

B. subtilis 12 10 14 18
S. aureus 14 15 16 20
K. pneumonia 14 12 16 21
E. coli 12 10 15 18

Fig. 10   Comparative analysis 
of antibacterial activity of FU@
ZIF-L in comparison with bare 
ZIF-L and fucoidan
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per report of Jun et al. (2018). In addition, ZIF-L disinte-
grates at acidic pH environment induced by the formation 
of biofilm releasing Zn2+ which inhibits biofilm formation 
either by attenuating its swarming ability or by reducing the 
secretion of exo-polysaccharides as reported by Mahamunia 
et al. (2019). As biofilm matrix act as a diffusion barrier for 
antibiotic, creating a major challenge for antibiotic therapy, 
disruption of biofilm matrix by FU@ZIF-L nanocompos-
ite, suggesting it as a suitable candidate for the prevention 
and inhibition of biofilm forming drug-resistant bacterial 
infection.

Fig. 11   Mininum inhibitory 
concentration (μg/ml) of FU@
ZIF-L against A S. aureus; 
B K. pneumonia. Results are 
expressed as Mean ± S.D. of 
triplicate experiments

Table 2   Minimum bactericidal activity of FU@ZIF-L against S. 
aureus and K. pneumonia 

Sample
(concentration μg/ml)

CFU/ml

S. aureus K. pneumonia

Control TNTC TNTC
20 TNTC TNTC
40 TNTC TNTC
80 TNTC TNTC
160 TNTC TNTC
320 1 × 102 2 × 102

640 50 120
1280 NIL 20
2560 NIL NIL



1934	 Applied Nanoscience (2023) 13:1919–1937

1 3

Antimicrobial activity of FU@ZIF‑L nanocomposite

Antimicrobial efficiency of FU@ZIF-L nanocomposite 
against human pathogens was assessed by agar well-dif-
fusion method. Results illustrate that FU@ZIF-L showed 
dose-dependent increase in antimicrobial activity against B. 
subtilis, S. aureus, K. pneumonia and E. coli with highest 
activity at 30 μg/ml (Table 1). Comparative analysis of anti-
microbial activity of FU@ZIF-L nanocomposite and ZIF-L 
revealed that FU@ZIF-L nanocomposite exhibited highest 
growth inhibition against B. subtilis, S. aureus, K. pneu-
monia and E. coli with inhibition zone of 18 mm, 20 mm, 
17 mm and 21 mm, respectively, when compared to fucoidan 
and ZIF-L alone (Fig. 10). MIC is the minimum concentra-
tion of FU@ZIF-L at which no visible growth of bacteria 
was observed in 24 h. Figure 11 illustrates reduction in bac-
terial cell viability significantly (p < 0.05), with an increase 
in concentration of FU@ZIF-L (20–2560 μg/ml) in both S. 
aureus and K. pneumonia. Bacteriostatic concentration of 
FU@ZIF-L for S. aureus and K. pneumonia was observed 
at 1280 μg/ml (Fig. 11A, B). Bacteriocidal concentration is 
the least dose of FU@ZIF-L essential for complete eradica-
tion of bacteria. For S. aureus and K. pneumonia, the MBC 
value was observed at 1280 and 2560 μg/ml of FU@ZIF-L 
(Table 2). Mechanism of antibacterial activity of FU@
ZIF-L nanocomposite might be due to electrostatic force of 

interaction between the positively charged Zn2+ions in ZIF-L 
and negatively charged lipopolysaccharide of bacterial cell 
wall altering integrity of phospholipid bilayer, facilitating its 
penetration into the bacterial cell. Zn2+ ions and fucoidan 
released intracellularly promoted ROS production-inducing 
apoptosis (Tong et al. 2013; Poveda Castillo et al. 2018).

Biocompatibility of FU@ZIF‑L nanocomposite

Artemia salina is one of the most widely used test organism 
for ecotoxicology. Low cost, convenience and quick results 
of Artemia-based assay has turned the interest of research-
ers towards it as an alternative for assessing the toxicity of 
nanoparticles (Rajabiet al. 2015). In the present study, the 
biocompatibility of FU@ZIF-L nanocomposite was assessed 
by brine shrimp lethality bioassay. Results revealed that no 
noteworthy alteration in morphological features were seen 
in Artemia salina nauplii treated with FU@ZIF-L up to the 
dose of 75 μg/ml, while mortality was observed at the high 
dose of 125 μg/ml. The LC50 of FU@ZIF-Lnanocomposite 
was calculated to be as 108.43 ± 0.16 µg/ml (Fig. 12). Swim-
ming behavior of FU@ZIF-L-treated groups were observed 
to be normal at the end of 48 h illustrating the fact that FU@
ZIF-L nanocomposite is non-toxic at low doses with mild 
toxicity at the higher concentration. Results reveal that FU@
ZIF-L nanocomposite is biocompatible in nature and can act 
as a suitable drug delivery system.

Fig. 12   Evaluation of morphological changes of Artemia salina nauplii post exposure to FU@ZIF-L nanocomposite (magnification 10 ×)
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Safety evaluation of FU@ZIF‑L under in vitro 
condition

Nanomaterials used for biomedical applications should be 
biocompatible in nature; hence, assessment of safety aspects 
of prepared nanomaterial is essential prior to its applica-
tions (Wolfram et al. 2015). In vitro cytotoxic effect of FU@
ZIF-L was assessed using human peripheral mononuclear 
cells as model system which were widely used for prelimi-
nary toxicity studies prior to preclinical studies (Kandárová 
et al. 2011; Pourahmad and Salimi 2015). Trypan blue exclu-
sion assay was used to evalulate the in vitro cytotoxic effects 
of FU@ZIF-L. Results revealed that FU@ZIF-L at its maxi-
mum dose (500 μg/ml) showed no noteworthy alteration in 
cell membrane integrity at the and the percentage of cell 
viability was observed to be 93.66 ± 1.3% similar to vehicle 

control (Fig. 13A). Positive control-treated cells exhibited 
cell viability of 24.09 ± 0.49% revealing the non-cytotoxic 
nature of FU@ZIF-L.

Hemolytic activity was used to analyze the compatibility 
of nanomaterials with blood cells (Zohra and Fawzia 2014). 
FU@ZIF-L showed mild hemolytic activity in concentra-
tion dependant manner with 11.33 ± 0.5% hemolytic activity 
at the optimum dose (500 μg/ml). Positive control (Triton 
X-100, 0.2%)-treated cells showed 98 ± 0.89% hemolysis, 
while buffer-treated RBC showed 7.66 ± 0.5% hemolysis 
(Fig. 13B). Results reveal that FU@ZIF-L is non hemolytic 
in nature based on the report of Ralph et al. (1998) indi-
cating the fact that FU@ZIF-L nanocomposite induced no 
major detectable disturbance in the RBC membrane. Over-
all, the results of in vitro toxicity studies reveal that FU@
ZIF-L nanocomposite is neither cytotoxic to PBMC and 

Fig. 13   A Cytotoxic effect of 
FU@ZIF-L nanocomposite 
(100–500 μg/ml) on PBMC in 
comparison with 250 μM H2O2 
at 24 h; B In vitro hemolytic 
effect of FU@ZIF-L nano-
composite (100–500 μg/ml) on 
human erythrocyte. Results are 
expressed as the Mean ± SD 
(n = 3)
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nor hemolytic to RBC indicating its biocompatible nature 
to human blood cells.

Conclusion

The present study reports successful fabrication of FU@
ZIF-L nanocomposite by eco-friendly method. Fabricated 
FU@ZIF-L nanocomposite showed high drug (fucoidan) 
loading efficiency and synergistic effects in anticancer stud-
ies. FU@ZIF-L nanocomposite exhibited potent bactericidal 
activity against dreadful human pathogens. In addition, 
FU@ZIF-L nanocomposite disrupts the biofilm matrix of 
MRSA and E. coli, which indicates that, FU@ZIF-L nano-
composite acts as a suitable candidate in eradicating multi-
drug-resistant bacteria. FU@ZIF-L nanocomposite exhib-
its anticancer potential via ROS-induced nuclear damage 
leading to apoptosis in lung cancer cells. Safety evaluation 
studies revealed that FU@ZIF-L exhibited neither cytotoxic 
effect nor hemolytic effect. Brine shrimp lethality assay con-
firms the biocompatible nature of FU@ZIF-L nanocompos-
ite. Overall findings of the present study revealed that FU@
ZIF-L nanocomposite acts as an effective material for bio-
medical applications.
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