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the particle size around 100 nm and uniform size distribu-
tion. The specific surface areas were calculated using the 
Brunauer–Emmett–Teller method and surface area and 
total pore volume of NH2-UiO-66 were calculated to be 
1258 m2/g and 0.51 cm3/g, respectively. Methotrexate salt 
(MTX) was selected as the model drug which was adsorbed 
into inner pores and channels of MOFs by diffusion manner. 
The interaction between MOFs and MTX and the effect of 
pH on interaction between them in aqueous solution was 
investigated. The final results showed that UiO-66 have high 
adsorbing capacity and great affinity to MTX.

Keywords  Mesoporous · Metal organic framework · 
Antidote · Methotrexate

1  Introduction

In all cases, overdose of drugs and addiction can lead claim-
ing of lives, the destroying and decreasing the quality of life 
around the world. Many people die every year because of 
overdose. This is the main cause of death in people who tak-
ing injecting medications [1]. according to the evidences, for 
over a decade unwitting drug overdose have been growing 
problems across the world [2].

By using a chemotherapy method with new drug deliv-
ery methods, the goal of the pharmaceutical scientist is to 
increase the therapeutic efficacy and reduce the possibility 
of drug’s side effects. Methotrexate (MTX) is used to treat 
cancer, induction of abortion with misoprostol and autoim-
mune diseases. Research has shown that aminotherm (a folic 
acid analog discovered (1947) by Yellapragada Subbarao), 
can be used for children with acute lymphoblastic leukemia. 
Progress in the synthesis of folic acid analogs was continued 
based on the fact that folic acid supply could worsen the 
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leukemia and deficiency of folic acid improve the treatment 
action of folic acid analogs. In 1950, MTX (formerly intro-
duced as amethopterin) was used instead of aminopterin, the 
most toxic antitumor treatment for leukemia [3].

Metal–organic frameworks (MOFs) are the last class 
of solid porous composite compounds discovered in 1989 
by Robson [4]. Due to this, many applications have been 
proposed for it, such as adsorption, storage, separation, ion 
exchange, drug delivery, catalysis, magnetism and health 
care applications [5–14]. One of their main advantages is the 
possibility to easily tune their composition using a change 
in the organic linker and/or the metal which compared to 
organic (carbons) or inorganic counterparts (zeolites, silica), 
is an advantage. Possible linkers are very varied, ranging 
from sulfonates, polycarboxylates, phenolates, amines, pyri-
dyl. So, thousands of MOFs have been synthesized with at 
least a few hundreds of them that being porous to nitrogen 
gas. Compared with zeolites, MOFs have a wider chemi-
cal versatility and exhibit a larger panel of shapes and pore 
sizes (tunnels, cages, etc.), with most of the time a flex-
ible porosity that allows to reversibly adapt the pore size to 
the adsorbate [15]. Functionalization of the organic linker 
bring other benefits of MOFs which make grafting during 
or after the synthesis various organic functionalities and 
changing thus the physicochemical properties of the solid 
[16]. Whether compound has a biomedical application [17], 
depends on several parameters such as the application, the 
balance between risk and benefit, and the kinetics of degra-
dation, bio-distribution, accumulation in tissues and organs 
and excretion from the body and so on. Due to their low 
toxicity, MOFs can be used for biomedical applications.

MOFs have a large capacity to adsorb toxins [18, 19], a 
lot of research has been done in this field in recent years. 
Up to now, many adsorbent materials such as activated car-
bon [20] and zeolites [21] have been widely used for the 
removal/adsorption of different industrial dyes and wastes. 
It’s interesting that industrial wastes such as solid wastes 
[22], banana and orange peel [23] have also been used as 
adsorbents. In addition, magnetic particles have been dis-
persed/incorporated in the adsorbent solution to separate 
adsorbent from liquid [23].

However, there has not report of using UiO-66 MOF 
in the removal of MTX. In related to our previous work 
to design and preparation of various type of nanoparticles 
for drug delivery and adsorbent systems [24–34]. In this 
study, for the first time, we report the adsorption of hydro-
philic MTX salt by MOFs, especially well-studied UiO-66 
and NH2-UiO-66, for understanding the characteristics of 
adsorption and using MOFs as adsorbents for the removal 
of some drugs from body. Previous researches showed that 
addition of amine group to chemical compound like chitosan 
can improve antibacterial activity [35], so with this method, 
adsorbent become more resistant to microorganisms. Finally, 

to make sure the safety of adsorbent agents, their toxicity 
was measured on normal cells Human foreskin fibroblast 
(HFF2) using (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphe-
nyltetrazolium bromide, Sigma) MTT assay.

2 � Materials and Methods

2.1 � Material

2-aminoterephthalic acid (2-ATA 99%) and zirconium chlo-
ride (ZrCl4, 99.9%) were obtained from Sigma-Aldrich. 
Terephthalic acid (BDC 99%) was supplied by Merck. All 
other solvents and reagents of analytical grade were pur-
chased from Merck, and were used as received without fur-
ther purification. All solutions were prepared with distilled 
and double distilled water.

2.2 � Preparation of Antidotal Agents

UiO-66 was prepared according to the procedure reported 
in previous studies [25, 36]. 0.53 g of zirconium (IV) chlo-
ride (ZrCl4) was completely dissolved in 30 mL of DMF at 
room temperature and stirred vigorously until a clear solu-
tion was formed. 0.38 g of terephthalic acid was added to 
the homogenous solution and stirred for 1 h. Subsequently, 
the homogenous solution was transferred to a 50 mL Teflon-
lined autoclave and was placed in a preheated oven to allow 
crystal growth at 120 °C for 24 h. The product obtained was 
collected by centrifuge and washed three times with DMF 
and three times with chloroform under sonication for 10 min 
to remove the unreacted reactants. The solid was solvent 
exchanged by soaking for 5 days in 2 × 15 of chloroform fol-
lowed by sonication for 10 min. Finally the white powder was 
dried at 100 °C under dynamic vacuum for 24 h to remove 
the solvents from the pores. NH2-UiO-66 was prepared in 
accordance with the same procedure and using 2-aminotere-
phthalic acid (0.41 g) instead of terephthalic acid.

2.3 � Characterization of Antidotal Agents

Fourier transform infrared (FTIR) spectra were recorded 
on a 100-FT-IR Spectrometer, Perkin-Elmer. The spectra 
were scanned from 500 to 4000 cm−1 with a wavenumber 
resolution of 4 cm−1. The PXRD features of UiO-66 and 
NH2-UiO-66 were determined by X-ray diffraction on an 
X-pert Philips, pw 3040/60 diffractometer at 40 kV and 
40 mA, with a scan rate of 0.026º/s in 2θ = 3°–50°, using 
Cu Ka1 radiation (λ = 1.54060 Å). The thermal stability of 
two MOFs was investigated by Thermogravimetric analy-
sis using Perkin-Elmer Pyris thermogravimetric analyzer 
(TGA). The MOFs were heated from 25 to 800 °C at a 
heating rate of 10 °C/min under nitrogen atmosphere. Field 
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emission scanning electron microscopy was conducted on 
a FESEM–MIRA3 TESCAN. The nitrogen adsorption/
desorption isotherms of UiO-66 and NH2-UiO-66 were 
collected using BELSORP-miniII adsorption porosimeter 
at 70 K after being degassed at 150 °C under vacuum over-
night. The specific surface areas were calculated using the 
Brunauer–Emmett–Teller (BET) method, the total pore vol-
umes were determined at a relative pressure of 0.99, and 
the pore size distributions were calculated according to the 
Barrett–Joyner–Halenda method from the adsorption branch.

2.4 � Analysis of Antidotal Potency of MOFs

2.4.1 � Adsorption Experiments

To evaluate the adsorption capacity, 60 mg of UiO-66 and 
NH2-UiO-66 were dispersed in 50 mL of MTX solutions at 
different concentrations (from 0.24 to 0.96 mg mL−1), then 
the solutions were kept in room temperature and stirred for 
2 h. At the end of the work, the solution was centrifuged for 
15 min, and Ultraviolet spectroscopy (UV–Vis) was used to 
measure the residual concentrations of MTX. The equilib-
rium adsorption capacity Qe (mg g−1) was calculated accord-
ing to Eq. [26]: 

where Co and Ce (mg mL−1) were the initial and equilibrium 
concentrations of MTX, respectively. V (mL) was the vol-
ume of the solution, and M (g) was the mass of adsorbent.

2.4.2 � Kinetic Study

For the kinetic studies, exactly 5 mg of each MOFs were 
added into a series of 15 mL Conical Centrifuge Tubes con-
taining 5 mL of 400 μg mL−1 MTX. The tubes were shaken 
at 300 rpm at 310 K, and one tube was taken out and filtered 
at preset time intervals to analyze the solute concentration 
in the filtrate. The tubes were centrifuged at 4000 rpm and 
1 mL of supernatant was collected. The concentrations of 
MTX were analyzed by UV–Vis at 306 nm.

2.4.3 � Methotrexate Release Study

The effect of pH on the interaction between MOFs and the 
drug was studied by release mode experiment. To study 
of the effect of pH on the interaction between MOFs and 
the drug in aqueous solutions, 5.0 mg of MOFs containing 
drug was dispersed in 2 mL of phosphate buffer saline (PBS) 
solution, with pH to 5 and 7.4. The solution was placed in 
dialysis bag and incubated at 37 °C while immersed in 
20 mL PBS. After predetermined time 1 mL of dialysate 
was collected and replaced by 1 mL of fresh PBS. UV–Vis 

(1)Qe =
(C

0
− Ce)V

M

spectroscopy was used to measure the concentrations of 
MTX from supernatant.

2.4.4 � Cell Cytotoxicity

HFF2 cells were cultured in 96-well plates and were treated 
by antidotal agents (MOFs). After 24 and 48 h incubation, 
the cell viability was measured via MTT assays. In brief, 
cells were plated in a 96-well plate (5 × 104 cells/well) in 
100 μL of Dulbecco’s Modified Eagle medium (DMEM) 
containing 15% FBS and 1% penicillin and streptomycin 
for 24 h. 100 μL of MOFs dispersion in DMEM at varying 
MOFs concentrations from 30 to 710 μg/mL were added. 
The cells were cultured at 37 °C under an atmosphere con-
taining 5% CO2 for another 72 h. Then, 10 μL of MTT 
solution in PBS (5.0 mg/mL) was added and incubated for 
another 4 h at 37 °C. The medium was aspirated, and the 
MTT-formazan generated by live cells was dissolved in 
100 μL of DMSO. Absorbance readings of each well were 
performed at 570 nm (single wavelength) using a multi scan 
plate reader made in the UK. The cell viability (%) was 
determined by comparing the absorbance at 570 nm with 
control wells containing only cell culture medium. Data are 
presented as mean ± SD (n = 3).

3 � Results and Discussion

3.1 � Characterization of MOFs

3.1.1 � FT‑IR

The FTIR spectra of UiO-66 and NH2-UiO-66 activated 
by chloroform are presented in Fig. 1. As shown in Fig. 1, 
it can be seen that MOF particles have some characteristic 
peaks at the range of 1400–1700 cm−1, which are attributed 
to stretching vibrations of C=C and C=O bonds. The week 
bands (2850–3100 cm−1) which observed the spectra of two 
MOFs are attributed to the aromatic and aliphatic stretching 
(C–H) modes of benzene and DMF [37]. The strong and broad 
absorption band observed in the range of 3200–3600 cm−1 
could be due to the presence of hydrogen bonded water mole-
cules physisorbed on the surface or inter crystalline water. Two 
characteristic peaks observed at 3376 and 3457 cm−1, indicat-
ing the presence of the NH2 group as well as the 2-aminotere-
phthalic acid in the NH2-UiO-66. Because of overlap between 
these peaks and the OH groups, distinction of two peaks not 
completely possible. Comparison FTIR spectra of the samples 
after inclusion of MTX with the pristine samples showed that, 
the intensity of absorption band at around 2850–2950 cm−1 
increased, which could be attribute to the aliphatic C–H groups 
of MTX. Therefore, the FTIR spectra showed that the MTX 
successfully adsorb on the surface of MOFs.
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3.1.2 � XRD

The XRD pattern of UiO-66 and NH2-UiO-66 are given in 
Fig. 2. The characteristic pecks of UiO-66 and NH2-UiO-66, 
which are shown inside the figure matched well with the 

XRD patterns previously reported [8]. The appearance of 
sharp peaks in the XRD patterns of samples is an evidence 
of good degree of crystallinity in prepared MOFs. The 
results indicate that UiO-66 and NH2-UiO-66 were well 
prepared, and there is not any impurity in the structure of 
them [38, 39].

Fig. 1   FTIR spectra of UiO-66, NH2-UiO-66 and the samples after 
inclusion of MTX

Fig. 2   XRD patterns of UiO-66 and NH2-UiO-66

Fig. 3   TGA and derivative TG (DTG) curves of UiO-66 and 
NH2-UiO-66

Fig. 4   N2 adsorption/desorption and pore size distribution of UiO-66 
and NH2-UiO-66
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3.1.3 � TGA

The TGA was employed to check the thermal stability of 
UiO-66 and NH2-UiO-66. The TGA and DTG curves in 
Fig. 3 show weight loss in three major steps. The first big 
weight loss (about 17% weight loss for UiO-66 and 22% 
for NH2-UiO-66) occurs around 100 °C indicating the loss 
of surface water molecules. The second small weight loss 
(6–8% weight loss for UiO-66 and 3–5% for NH2-UiO-66) 
around 200 °C corresponds to the loss of solvent (DMF) 
molecules from the pores, and also the loss of water mol-
ecules coordinated in the cage within MOFs. The third big 
weight loss observed around 540 and 350 °C for UiO-66 
and NH2-UiO-66, respectively, which are attributed to col-
lapse the structure of MOFs and buried the organic linkers 
[37, 40].

3.1.4 � BET

The specific surface area and pore volume of MOFs are the 
most important properties in adsorption application. The 
BET surface areas and pore size distribution of two sam-
ples were determined from the nitrogen adsorption/desorp-
tion isotherms at 77 K and the results presented in Fig. 4. 
It can be seen, that both samples have microporous struc-
ture. The BET surface areas and total pore volumes of two 
MOFs were calculated to be 1276 m2/g and 0.54 cm3/g for 
UiO-66, and 1258 m2/g and 0.51 cm3/g for NH2-UiO-66. 
The specific surface areas and total pore volumes obtained 
in this study are higher than previously reported values 
[8], which can be due to smaller particle size and better 
activation. Probably the removal of unreacted reactants by 

Fig. 5   FESEM images of UiO-66 and NH2-UiO-66
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ultrasonic and used chloroform as exchanged solvent result 
high surface areas of MOFs.

3.1.5 � SEM

The morphologies and particle sizes of MOFs were inves-
tigated by FESEM. FESEM images in Figure 5 showed 
regular shaped particles ranging from 100 to 1500 nm, 
much smaller than literature [38]. NH2-UiO-66 displays 
symmetrical crystals with triangular base pyramid mor-
phology, while UiO-66 displays round-shaped crystals; 
the crystal morphology of both MOFs synthesized in this 
study is similar with literature [38].

3.2 � Comparison of the Antidotal Agents

3.2.1 � Effect of the Different Drug to MOFs Ratio on Drug 
Adsorbance Efficiency of Antidotal Agents

Figure 6 shows adsorption isotherms of MTX adsorption 
over the two adsorbents. The MOFs adsorptions are evalu-
ated after 2 h, and the results are compared in Table 1. The 
amount of adsorbed MTX with NH2-UiO-66 is slightly 
more than UiO-66 in the experimental conditions, which 
could be due to the formation of hydrogen bond between 
amine groups of NH2-UiO-66 and polar groups of MTX. 
When MTX concentration is about 0.48 mg/mL, adsorp-
tion capacity of UiO-66 and NH2-UiO-66 reaches to 

maximum. The higher adsorption capacity of this MOFs 
for MTX, compared to other adsorbent agents, is prob-
ably because of the large porosity of MOFs because the 
adsorption capacity generally enhances with increasing 
the porosity of adsorbents [41, 42]. As Table 1 indicates, 
approximately both MOFs have same absorption capac-
ity. The maximum adsorption capacities for UiO-66 and 
NH2-UiO-66 are 307.09 and 315.87 mg/g, respectively. 
We supposed, the π–π stacking between amine group and 
MTX caused such a large adsorption capacity.

3.2.2 � Adsorption Kinetics

Adsorption kinetics demonstrating the solute uptake rate 
is one of the most important characters which represents 
the adsorption efficiency of adsorbents and therefore deter-
mines their potential applications. The effect of contact 
time on the MTX adsorption on the both MOFs, at the ini-
tial concentrations of 400 μg mL−1 is shown in Fig. 7. The 
adsorption rate at the initial stage was very rapid for both 
MOFs. The time required to approach adsorption satura-
tion is within 120 min, and further increase in the contact 
time did not lead to any noticeable adsorption. As we seen, 
qe for NH2-UiO-66 is higher than UiO-66.

Some kinetic models such as the pseudo-first-order 
and pseudo-second-order were commonly used to simu-
late the adsorption kinetic data in liquid adsorption [43]. 
In this work, we tested both of these kinetic models, only 
the pseudo-second-order kinetic model can correlate the 
experimental dynamic data of MTX on both MOFs with 

Fig. 6   Drug adsorption curve

Table 1   Adsorption table

Concentration (mg/mL) 0.24 0.36 0.48 0.96

q (mg/g) UiO-66 198.22 276.41 287.27 307.09
NH2-UiO-66 199.66 284.09 293.51 315.87 Fig. 7   Effect of contact time on adsorption rate
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reasonable error. The pseudo-second-order kinetic model 
can be presented as [27]: 

where qe and qt are the amount of MTX (mg/g) adsorbed 
at equilibrium and at time t, respectively. k2 stands for 
the pseudo-second-order rate constant of adsorption (g/
(mg min)) [44]. Linear plot feature of t/qt versus t (Fig. 8) 
was achieved, and the k2 and R2 values calculated from the 
slopes are summarized in Table 2.

3.2.3 � The Effect of Different Media on Interaction Between 
Mofs and Drug

In order to study the affinity between antidotal agents 
(MOFs) and drugs, the release study was evaluated on drug-
adsorbed MOFs in neutral (pH 7.4) and acidified (pH 5.5) 
PBS solution (Fig. 9). Here, the two pH value were selected 
because pH 5.5 represents the endosomal pH of cells and 
pH 7.4 represents the physiological pH. The MTX release 
process from the MTX/MOFs was markedly prolonged 
compared with that of the MTX solution. Because of high 
solubility of MTX we guessed that drug release behavior 
of the MTX/MOFs to be sensitive to pH. But due to high 
affinity between MOFs and drugs pH sensitive behavior did 
not seen. The results exhibited, the rate of drug desorption/
release were very slow at the both conditions. For example, 

(2)
t

qt
=

1

K
2
qe

2
+

1

qe
t

within 1 day, only about 11% and 9% MTX were desorbed 
from NH2-UiO-66 at pH 7.4 and 5.5, respectively. Also, after 
96 h, cumulative release never exceeded over 12% at pH 7.4 
and 5.5. These results proved that, both MOFs have approxi-
mately similar affinity to drug.

3.3 � Cell Cytotoxicity of MOFs

Concerning the cytotoxicity of these porous compounds 
may be influenced by synthesis. The toxic properties of 
MOFs were investigated in HFF-2 cells because of their 
enriched neuritis which could reflect cells state and be 
observed easily [45]. MTT assay was conducted to meas-
ure the cell viability after introducing low- concentration 
of MOFs. As shown in Fig.  10, no significant growth 
inhibitions were observed with introducing of both of 
MOFs. With the increasing concentrations of MOFs 
(35, 70, 140, 280, 560 and 710 μg/mL), the cell viability 
remained around 80% at the maximum dosage after 48 h, 

Fig. 8   a Pseudo-first-order and b pseudo-second-order kinetic plots for MTX adsorption by MOFs

Table 2   Kinetic Parameters for the Adsorption of MTX on MOFs at 
310 K (37 °C) and initial concentration of 400 μg/mL

Adsorbent qe (mg/g) k2 
(g mg−1 min−1)

R2

First-order Second-order

NH2-UiO-66 391.36 6.15 × 10− 5 0.63 1.00
UiO-66 381.04 3.85 × 10 − 4 0.29 1.00



184	 J Inorg Organomet Polym (2018) 28:177–186

1 3

so, this observation indicating that UiO-based MOFs are 
a good antidote agent for adsorbing drug because of its 
low-toxicity.

4 � Conclusions

In summary, low cytotoxicity, MTX drug adsorbing capac-
ity, high affinity and pH independent release of UiO-66 
and NH2-Uio-66 were proved for ideal antidotal activity. 
The adsorption capacity for MTX with the UiO-66 and 
NH2-UiO-66 were approximately the same, and about 
393.22 and 382.86 mg/g respectively. MTT assay results Fig. 9   release curve of MOFs in various media

Fig. 10   Cell Cytotoxicity of 
MOFs after a 24 h and b 48 h
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didn’t showed significant decreased in the viability of cells 
even in the presence of 560 μg/mL MOFs. High affinity 
between MOFs and drug caused well efficacy of drugs 
adsorption such MTX.
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