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Abstract
In this study, titanium has been successfully doped into the MIL (Material Institute Lavoisier, MIL) family Fe-based metal–
organic framework MIL-101(Fe) and  NH2-MIL-101(Fe) via an ex situ synthesis method. MIL-101(Fe) materials were 
characterized by SEM/EDX, XRD, FTIR, TGA, BET surface area and zeta potential analyses. Addition of titanium to all 
material structures had a significant effect on the BET surface areas. BET surface area of the MIL-101(Fe), Ti/MIL-101(Fe), 
 NH2-MIL-101(Fe) and Ti/NH2-MIL-101(Fe) were determined as 3078, 1544, 1137 and 955 m2/g, respectively. Some biologi-
cal activities of all materials were also investigated. Maximum DPPH scavenging ability of newly synthesized MIL-101(Fe) 
materials were determined as 89.32% with Ti/MIL-101(Fe). All of the tested compounds demonstrated pBR322 DNA cleav-
age activity. The in vitro antimicrobial activities of MOFs were screened on common bacteria and fungi. The most effective 
antimicrobial activity was achieved with  NH2-MIL-101(Fe) and Ti/MIL-101(Fe) as 2 mg/L against L. pneumophila subsp. 
pneumophila.

Keywords Metal–organic frameworks · MIL-101(Fe) · Titanium doped MIL-101(Fe) · Antimicrobial activity · DNA 
cleavage activity · DPPH scavenging activity

1 Introduction

Metal–organic frameworks (MOFs) are as a type of coordi-
nation polymers that composed of metal ions clusters and 
organic ligands [1–3]. In spite of the traditional porous sub-
stances such as zeolites and activated carbon MOFs have 
several advantages including low crystal densities, well-
defined organized, high thermal stability, high surface areas, 
and high porosities. Due to their unique features MOFs have 
great potential application in catalysis [2, 4], oxidation [5, 

6], drug delivery [7, 8], drug removal [9], separation sci-
ences [10], gas storage [11] and adsorption process [12, 13].

Additionally, the activity of MOFs can be increased by 
adding functional groups or metal nanoparticles to their 
structures. Through incorporation of functional groups such 
as  NH2, OH,  SO3 into the frameworks, the catalyst and sepa-
ration abilities can be enhanced. In addition, it is possible to 
improve the chemical and physical properties of MOFs by 
incorporation of nanoparticles (Ti, Au, Ag, Pt, Pd) and metal 
oxide nanoparticles in MOFs [14]. Titanium-doped MOFs 
(Ti-MOFs) have also accepted as an important subclass of 
the MOFs family because of their promising unique struc-
tural features, chemical stability and high thermal stability 
[14, 15]. But, only limited Ti-MOFs have been indicated 
owing to difficulties in its synthesis and utilized so far [14, 
16].

To the best of our literature knowledges, MOFs can be 
evaluated as promising antimicrobial agents because their 
organic and inorganic components can maintain platforms to 
create high potent antimicrobial ability and biocompatibility 
[17]. Additionally, the antimicrobial ability of metal-based 
MOFs may be correlated with their chemical constructions 
which can be easily tuned by the choice of sophisticated 
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organic ligands. But their antimicrobial activities have rarely 
been investigated until now [18]. In the last decades, antibac-
terial agents have attracted increasing interest for the emer-
gence of epidemics caused by various pathogenic micro-
organisms. Among chemical antimicrobial agents, MOFs 
could also be very promising [19]. For these reasons, they 
have been progressively used in various consumer products 
and medical devices. Compared with traditional chemical 
antimicrobials, MOF antibacterial substances have also 
various advantages such as long-term persistence, high effi-
ciency, in wide antibacterial spectrum, and thermal–optical 
stabilities [18].

As a MOFs, MIL-101 family are a highly porous 
three-dimensional structure which made up trivalent ions 
( Fe+3, Al+3, Cr+3 etc.) clusters interconnected by BDC 
(benzene-1,4-dicarboxylate) [16]. MIL-101 family has 
a high solvent, thermal, and chemical stability and also 
numerous active sites with electron rich functional groups 
[20]. In this study, the iron-based MOF, MIL-101(Fe) and 
 NH2-MIL-101(Fe) materials were synthesized and Ti was 
doped successfully to the structure of these materials. Sev-
eral biological activities such as antimicrobial, DNA cleav-
age and DPPH scavenging activities of synthesized MIL-
101(Fe) materials were also investigated.

2  Materials and Methods

2.1  Chemicals

For the MOF synthesis, iron chloride hexahydrate 
( FeCl3 ⋅ 6H2O ), terephthalic acid  (H2BDC), 2-aminotere-
phthalic acid  (NH2-H2BDC), titanium (IV) butoxide (TBT), 
dimethylformamide (DMF), ethanol Nutrient Broth (NB), 
NB agar, 1,1-diphenyl-2-picryl-hydrazyl (DPPH), Trolox 
and Ascorbic Acid, were purchased from Sigma Aldrich 
Dresden Germany.

2.2  Preparation and Characterization Methods 
of MOF Materials

MIL-101(Fe) was synthesized and developed according 
to literature [21]. In brief, 2.48 mmol  FeCl3·6H2O and 
1.24 mmol  H2BDC were added to 20 mL DMF and mix-
ture was stirred by magnetic stirrer. Then the homogenous 
dissolved solution was heated 110 °C for 20 h in a Teflon 
reactor. The first product was centrifuged and purified three 
times with hot DMF (70 °C, 30 min) wash. The purified 
light orange product was dried in a vacuum oven at 70 °C 
overnight. For the amine functionalized MIL-101 synthe-
sis,  NH2-MIL-101(Fe), the 1.24 mmol  NH2-H2BDC was 
used instead of  H2BDC and followed by the same synthesis 
method.

To prepare Ti/MIL-101(Fe) materials, MIL-101(Fe) 
powder (80 mg) was added into 0.5 mL 50 mmol of TBT, 
mixed homogenously with ethanol (30 mL) by using mag-
netic stirrer and then 1 mL ultra-pure water was also added. 
The homogeneous mixture was transferred into the Teflon 
reactor and heated at 110 °C overnight. After, mixture was 
washed 3 times with ethanol to remove unreacted reagents. 
The orange color final products were dried in a vacuum oven 
at 200 °C for 4 h [11]. For the synthesis of Ti/NH2-MIL-
101(Fe) materials, same synthesis procedure was applied to 
80 mg of  NH2-MIL-101(Fe) material.

The scanning electron microscopy and energy disper-
sive X-ray (SEM, EDX) chemical analyzes of MIL-101(Fe) 
materials were recorded with a Zeiss Supra 55 field emission 
SEM. Samples were coated with platinum/palladium target 
prior to the analysis under vacuum. X-ray diffractograms 
(XRD) of MIL-101(Fe) samples were performed using a 
Rigaku Smartlab model XRD at Cu-Kα radiation (λ = 1.54 
Å). Analyzes of dried MIL-101(Fe) materials were per-
formed in continuous scans from 2° to 30° at 2° scan rate 
at 2 θ min−1 at room temperature. The Fourier-transform 
infrared spectroscopy (FTIR) measurements were studied 
with a Perkin Elmer/MIR spectrometer with Pike Technolo-
gies Gladi ATR accessory. The FTIR spectra were obtained 
with the MIR mode at room temperature by accumulating 10 
scans at a 1 cm−1 resolution in the 4000–450 cm−1 region. 
Nitrogen adsorption isotherms were measured − 196 °C 
using a Micromeritics Tristar Orion II 3020 surface area and 
porosimetry analyzer. According to the resulting isotherms 
of the MIL-101(Fe) samples, Brunauer–Emmet–Teller 
(BET) method was used to analysis of surface area. Ther-
mogravimetric analysis (TGA) was investigated on a Met-
tler Toledo TGA/DSC 3 + thermogravimetric analyzer from 
room temperature to 600 °C at a 10 °C/min ramp rate.

Zeta potential analyses of the MIL-101 (Fe) materials 
were deter-mined at natural pH conditions using dynamic 
light scattering (DLS) with a Malvern 2000 Zetasizer Nano 
ZS instrument at an angle of 90° (internal He–Ne laser, 
wavelength of 633  nm). The analyses of samples were 
repeated at least six runs for 1 mL suspension of sample 
at 0.1 g MIL-101(Fe)/L. DLS data were evaluated with the 
Malvern Zetasizer 7.1 software package.

2.3  Biological Activities

2.3.1  Free Radical Scavenging Activity

The radical scavenging ability of MOFs was determined 
using DPPH process [22]. Various concentrations of 
0.5 mL compounds (10, 25, 50, 100 and 250 mg/L) and 
standard Ascorbic acid and Trolox were put in different 
test tubes. Then 2 mL DPPH solution was added. The test 
tubes were kept to incubate for 30 min. The control test was 
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experimented as above without the compounds. The test 
solutions absorbance was determined at 517 nm. Radical 
scavenging ability was determined the following equation 
[23].

where  Asample is the absorbance in the presence of sample 
and  Acontrol is the absorbance in the absence of sample, 
respectively. Experimental results were compared with using 
Ascorbic Acid and Trolox as standards.

2.3.2  DNA Cleavage Activity

The plasmid pBR322 was utilized in cleavage investigations. 
The cleavage test solution contained 0.05 M Tris–HCl and 
NaCl (pH 7.4), 0.1 µg/µL pBR322 DNA, and 5 µL of test 
compounds at different concentrations. These mixtures were 
kept for 2 h at 37 °C. After 2 h, the loading buffer was added 
and the test solutions were electrophoresed for 45 min at 
80 V by using agarose gel. The electrophoresis strips were 
visualized and photographed with UV-A light.

2.3.3  Antimicrobial Activity

Different microorganisms such as Bacillus cereus, Escheri-
chia coli (ATCC 10536), Legionella pneumophila subsp. 
pneumophila (ATCC 33152), Candida albicans, Pseu-
domonas aeruginosa (ATCC 9027), Staphylococcus aureus 
(ATCC 6538), and Enterococcus hirae (ATCC 10541) were 
used to determine the antimicrobial properties of test com-
pounds. The minimum inhibition concentration (MIC) of 
test compounds was evaluated by twofold serial broth dilu-
tion method. The serial broth mediums containing different 
concentrations of test compounds were separately mixed 
with test microorganisms  (108–109 colony-forming units 
(CFU)/mL). The culture mediums were then incubated at 
37 °C and 120 rpm for 24 h in a shaker. The lowest concen-
trations of the test compounds, which inhibited the microbial 
growth, were determined as the MIC of MOFs against the 
test strains.

3  Results and Discussion

3.1  Characterization of MOF Materials

SEM and EDX analyses were used to examine morpholo-
gies and elemental distribution of the MIL-101(Fe) materi-
als, respectively. In Fig. 1a and c, SEM images show that 
the particles of MIL-101(Fe) and  NH2-MIL-101(Fe) have a 
uniform morphology, octahedral for MIL-101(Fe), hexago-
nal micro spindle for  NH2-MIL-101(Fe). As can be seen in 

(1)
DPPH scavenging activity (%) =

(

1 − Asample∕Acontrol

)

× 100,

Fig. 1 c and d, it is observed that the surface morphology of 
the MIL-101(Fe) structures do not change after Ti addition. 
EDX analysis of the MIL-101(Fe) and  NH2-MIL-101(Fe) 
shows the presence of Fe, C, Cl, N (only for  NH2-MIL-101 s) 
and O elements. Elemental distribution of MIL materials 
was calculated from EDX results and given in Table 1. Con-
sidering the molecular structure of MIL-101 (Fe), it can be 
said that element distribution is consistent. Amounts of tita-
nium binding to MIL-101(Fe) and  NH2-MIL-101(Fe) were 
determined as 3.97% and 2.98%, respectively. Ti/Fe ratio 
was also calculated for Ti/MIL-101(Fe) and Ti/NH2-MIL-
101(Fe) as 0.22 and 0.23, respectively. In the EDX spectra 
of Ti/MIL-101(Fe) and Ti/NH2-MIL-101(Fe), the Ti peak 
confirms the presence of titanium in the structure. Platinum 
and palladium peaks are due to coating.

The results of XRD and FTIR analyses of MIL-101(Fe), 
Ti/MIL-101(Fe),  NH2-MIL-101(Fe) and Ti/NH2-MIL-
101(Fe) materials are shown in Fig. 2. The main diffrac-
tion peaks of MIL-101 (Fe) and  NH2-MIL-101 (Fe) were 
determinate as 9.20°, 10.5°, 18.8° and 4.84, 9.76°, 19.3°, 
respectively. MIL-101(Fe) and  NH2-MIL-101(Fe) are simi-
lar to that of the previously reported pattern of MIL-101 s 
[10, 20–22]. It is also observed that the XRD patterns of 
the Ti-doped MIL-101(Fe) structures are similar to the 
MIL-101(Fe) structures. Furthermore, the FTIR spectra of 
the materials are similar tendency after Ti addition. In the 
FTIR spectra of MIL-101(Fe) and  NH2-MIL-101(Fe), the 
peaks derived from terephthalic acid were obtained from 
asymmetric and symmetrical C–O bonds at 1661, 1595 
and 1653, 1579 cm−1 respectively. The apparent peaks at 
552 cm−1, is related to the Fe–O vibration. The FTIR spec-
tra of  NH2-MIL-101(Fe) materials have peaks at 3300 and 
3500 cm−1 which from asymmetric and symmetric N–H 
bonds. In addition, the peak at 1257 cm−1, in the FTIR 
spectra of  NH2-MIL-101(Fe) materials is a characteristic 
C–N bond derived from the aromatic amine groups. In some 
studies, it has also been reported that metal immobilization 
to a MOF structure not cause a significant change in the 
XRD and FTIR spectra [23–26]. In addition, MIL materials 
were decomposed an ash oven at 700 °C. The color of the 
residual products was orange-red as like oxidized iron pow-
der. Residual products were analyzed by XRD and shown 
in Fig. 3. All XRD results showed a peak at 24.1 theta. This 
peak, which we think is caused by  Fe2O3, indicates that there 
is no different phase in the structures. This peak may be 
by  Fe2O3, indicates that there is no different phase in the 
structures. Almasi et al. have also stated that  Fe2O3 is the 
 NH2-MIL-101(Fe) decomposition product [27]. The color 
of the residual products was orange-red as like oxidized iron 
powder.

Thermal stability of MOF materials was investigated 
by using TGA. In addition, to the ratio of organic or inor-
ganic impurities bonded to the lattice structure can also be 
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Fig. 1  SEM images and EDX results of MOF materials: a MIL-101(Fe), b Ti/MIL-101(Fe), c  NH2-MIL-101(Fe), d Ti/NH2-MIL-101(Fe)
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estimated due to weight loss by TGA. As can be seen in 
Fig. 4, all materials showed similar thermal stability. In the 
range of 50–150 °C temperature, because of the evaporation 
of solvent or water molecules present inside the pore and 
surface of the frameworks [28], weight loss have occurred as 
8.1% for MIL-101(Fe), 8.2% for Ti/MIL-101(Fe), 9.4% for 
 NH2-MIL-101(Fe) and 9.6% for Ti/NH2-MIL-101(Fe). Also 
the weight loss in the range of 150–400 °C is because of the 
guest molecules and unreacted products in the cage structure 
[29]. In the last step after 450 °C, the structure of the MIL-
101 s is degraded due to the decomposition of the  H2BDC 
[30]. The total weight losses of the MIL-101(Fe), Ti/MIL-
101(Fe),  NH2-MIL-101(Fe) and Ti/NH2-MIL-101(Fe) were 
67.3%, 58.9%, 54.7% and 52.8%, respectively. The lower 
weight loss of Ti-doped MIL-101(Fe) structures is due to 
the low percentage of organic linker  (H2BDC).

Nitrogen adsorption isotherms of Ti-doped MIL-101(Fe) 
and  NH2-MIL-101 (Fe) samples are shown in Fig. 5. As seen 
in Fig. 5, for all MIL-101(Fe) materials, nitrogen adsorption 
isotherms compatible with type I isotherm. This isotherm 
is characteristic isotherm of microporous materials [31]. 

Table 1  Elemental contents of MIL-101(Fe) materials calculated 
from EDX analyses

MIL-101(Fe) NH2-
MIL-
101(Fe)

Ti/MIL-101(Fe) Ti/NH2-
MIL-
101(Fe)

Fe (% wt) 34.04 25.14 28.37 24.07
O (% wt) 29.79 30.43 25.48 25.99
C (% wt) 29.99 31.11 39.85 37.57
Ti (% wt) – – 6.30 5.57
N (% wt) – 7.84 – 3.81
Cl (% wt) 6.17 5.47 3.97 2.98
Ti/Fe – – 0.22 0.23

Fig. 2  XRD patterns and FTIR spectra of MOF materials: a MIL-101(Fe), b Ti/MIL-101(Fe), c  NH2-MIL-101(Fe), d Ti/NH2-MIL-101(Fe)

Fig. 3  XRD patterns after decomposition of MIL-101(Fe) materials

Fig. 4  TGA curves of MIL-101(Fe) materials
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BET surface area of the MIL-101(Fe), Ti/MIL-101(Fe), 
 NH2-MIL-101(Fe) and Ti/NH2-MIL-101(Fe) were deter-
mined from the adsorption isotherms as 3078, 1544, 1137 
and 955 m2/g, respectively. These results showed that BET 
surface areas decreased by the Ti doping of MIL-101(Fe) 
materials. The reduction in BET surface areas is expected 
result due to the filling of the pores and channels of the MIL-
101 structure [23, 32, 33]. The similarity of the adsorption 
isotherms to the Type I isotherm model shows that micro 
porosity of structures is preserved for all MIL materials.

Zeta potential measurements were made to determine the 
surface charge of the MIL-101 s. And the results are given in 
the Fig. 6. MIL-101(Fe) is known as an electropositive mate-
rial [34]. The zeta potential measurements of MIL-101 (Fe) 
and  NH2-MIL-101(Fe) materials also indicate this. After 
addition of titanium, electro positivity of MIL-101(Fe) and 
 NH2-MIL-101(Fe) decreased from 26.9 to 15.9 mV and 
from 31.5 to 4.96 mV, respectively.

3.2  Biological Activities

3.2.1  DPPH Scavenging Activity

There are a few processes which are utilized for determina-
tion of antioxidants radical scavenging activities. Among 
these processes DPPH scavenging activity is one of the most 
preferred methods. Because it is easy, fast and reliable and 
is not necessary a special device and reaction. DPPH is a 
synthetic, stable radical that does not disintegrate in metha-
nol, water, or ethanol [35]. In Fig. 7, the radical scaveng-
ing abilities of various concentrations of test compounds 
are demonstrated. The antioxidant activities of MOFs 
were compared with ascorbic acid and Trolox, which are 

synthetic antioxidants. All test materials had radical scav-
enging activities at all concentrations. However, these activi-
ties were not as great as the radical scavenging activities 
of ascorbic acid and Trolox. At all concentrations, Ti/MIL-
101(Fe) had higher radical scavenging activities than MIL-
101(Fe). The order of the radical scavenging activities of 
MOFs were determined as Ascorbic acid > Trolox > Ti/MIL-
101(Fe) > NH2-MIL-101(Fe) > Ti/NH2-MIL-101(Fe) > MIL-
101(Fe) from highest to lowest. Santhoshkumar et al. [K] 
reported the DPPH scavenging activity of the synthesized 
 TiO2 NPs which exhibited 85% scavenging activity. The 
highest radical scavenging activity was found as 89.32% 
at 100 mg/L with Ti/MIL-101(Fe). The DPPH scaveng-
ing activity of the  NH2-MIL-101(Fe) and Ti/MIL-101(Fe) 
appeared to be closer to standard antioxidants at concentra-
tion of 100 mg/L. As a result, this material can be used as 
antioxidant agents.

3.2.2  DNA Cleavage Activity

Several compounds such as small molecules, drugs, metal 
complexes, MOFs, pesticides, etc. can interact with DNA 

Fig. 5  BET isotherm plot of MIL-101(Fe) materials

Fig. 6  Zeta potential measurement of MIL-101(Fe) materi-
als at natural pH  (pHMIL-101(Fe):4.17,  pHNH2-MIL-101(Fe): 4.08, 
 pHNH2-MIL-101(Fe):5.18,  pHTi/NH2-MIL-101(Fe):4.64

Fig. 7  Radical scavenging activity
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molecules and break them. This may be important for 
the pharmaceutical industries. The DNA cleavage activi-
ties of synthesized MOFs were also investigated. The 
cleavage activities of MIL-101(Fe), Ti/MIL-101(Fe), 
 NH2-MIL-101(Fe) and Ti/NH2-MIL-101(Fe) were tested by 
gel electrophoresis using super coiled (SC) plasmid pBR322 
DNA in Tris–HCl/NaCl buffer (50 mM and pH 7.2). The 
DNA cleavage by MOFs is shown in Fig. 8. Control experi-
ment using only SC DNA failed to exhibit any DNA cleav-
age. All of the test compounds showed cleavage activity 
(Fig. 8). MIL-101(Fe) and  NH2-MIL-101(Fe) were able to 
convert supercoiled DNA into open circular DNA and linear 
DNA, respectively. In addition to these, Ti/MIL-101(Fe) and 
Ti/NH2-MIL-101(Fe) demonstrated non-specific small DNA 
fragmentation. The most of the metal complexes such as 
copper, cobalt, iron titanium etc. can cause mainly classi-
cal electrostatic interactions with DNA. These interactions 
can also be resulted with the DNA cleavage activities [36, 
37]. The results showed that Ti/MIL-101(Fe) and Ti/NH2-
MIL-101(Fe) can be indicative of cancer cell death agent as 
a chemotherapy drug after further in vivo and in vitro cell 
culture studies and toxicological investigations.

3.2.3  Antimicrobial Activity

Last decades, several researchers are extensively studying on 
complexes and their antimicrobial ability because of various 
metal center of complexes and different molecular structures. 

Antimicrobial abilities of MOFs were experimented against 
using the broth-dilution method. Table 2 demonstrates the 
antimicrobial abilities of MOFs. Ampiciline and fluconazole 
antibiotics were used as standards for test microorganisms. 
The MIC values of ampicillin and fluconazole were found 
lower than 1 mg/L. As shown in Table 2, the compounds 
exhibited activity against all tested strains. The MIC val-
ues of MIL-101(Fe) were found to be 512, 256, 4, 256, 32, 
16 and 256 against E. coli (ATCC 10536), E. hirae (ATCC 
10541), L. pneumophila subsp. pneumophila (ATCC 33152), 
Bacillus cereus, S. aureus (ATCC 6538), P. aeruginosa 
(ATCC 9027) and C. albicans, respectively. MIL-101(Fe) 
and Ti/NH2-MIL-101(Fe) showed highest activity against 
L. pneumophila subsp. pneumophila. The MIC values of 
MIL-101(Fe),  NH2-MIL-101(Fe), Ti/MIL-101(Fe) and 
Ti/NH2-MIL-101(Fe) also determined as 32, 32, 64 and 
64 mg/L against P. aeruginosa, respectively. As seen in 
Table 2,  NH2-MIL-101(Fe) and Ti/MIL-101(Fe) also exhib-
ited MIC value of 2 mg/L towards L. pneumophila subsp. 
pneumophila, which has the strongest activity against all 
strains. Zhang et al. [38] indicated the synthesis of a novel 
MOFs compound and with a series of  Co2+,  Mn2+,  Cu2+ and 
 Fe2+ ions, as well as their antibacterial ability against several 
bacteria. Chen et al. [39] noticed a modification of porous 
titanium using a zeolitic imidazolate framework-8 (ZIF-8) 
constructed from zinc as a coordination center for osteogenic 
as well as antibacterial activity. Tamames-Tabar et al. [40] 
also reported a study on antibacterial effect of a Zn azelate 
MOFs. In general, the antimicrobial ability of compounds 
may be expressed on the principle of chelation theory where 
chelation reduces the metal atom polarity mainly due to the 
partial sharing of its positive charge with the donor groups 
and possible p-electron delocalization inside the all chelate 
ring [41]. Additionally, chelation increases the central atom 
lipophilic nature which subsequently favours its permeation 
through the cell membranes lipid layer [42]. Finally, due to 
the rupture of the cell membrane, the cytoplasmic outflow 
can cause the death of bacteria. In addition to these, accord-
ing to the results of our DNA cleavage study, antimicrobial 
activity may have occurred due to DNA cleavage ability.

4  Conclusion

In this study, we reported the synthesis and charac-
terization of the titanium-doped MIL-101(Fe) and 
 NH2-MIL-101(Fe) materials and evaluation of their sev-
eral biological activities. According to the characterization 
results of MIL-101 materials, no significant change was 
observed in the XRD, FTIR spectra and the TGA curves 
after addition of titanium, while the BET surface areas 
changed significantly. But, the biological activities of 
these materials showed different activities after titanium 

Fig. 8  DNA Cleavage of MOFs. Lane 1, pBR 322 DNA + 1000 μg/
mL of MIL-101(Fe); Lane 2, pBR 322 DNA + 1000  μg/mL of 
 NH2-MIL-101(Fe); Lane 3, pBR 322 DNA + 1000  μg/mL of Ti/
MIL-101(Fe); Lane 4, pBR 322 DNA + 1000 μg/mL of Ti/NH2-MIL-
101(Fe); Lane 5, pBR 322 DNA
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doped to MIL-101. Especially, Ti/MIL-101(Fe) showed 
highest radical scavenging activity. The results of anti-
microbial activity showed that MOFs molecules have 
exhibited excellent antibacterial activity against L. pneu-
mophila subsp. pneumophila. Owing to the enhanced DNA 
cleavage activities, these MOFs have also the potential to 
be applied as anti-nucleic materials in various processes. 
However, much more in vitro and in vivo investigations 
need to be applied in the future to evaluate the potential of 
these MOFs on the antioxidant, anti-nucleic and anticancer 
agents in medicine. In literatures there is not enough anti-
oxidant, DNA cleavage and antimicrobial studies with this 
kind of compounds. Therefore, these biological activity 
studies may be a pioneer for further studies.

Funding This work was supported by the research fund of Mersin Uni-
versity in Turkey under Grant [2017-1-AP4-2224].
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