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Abstract
MIL-125(Ti) and its many modifications have demonstrated excellent biocompatibility, indicating significant potential as 
a drug carrier. This study examined the delivery potential of 5-fluorouracil using MIL-125(Ti) or MIL-125(Ti)-NH2. The 
synthesis of the two MOFs was conducted solvothermally at a temperature of 175 °C. This solvothermal approach yielded 
MOFs with distinct and clear diffraction peaks, indicating the high crystallinity of both resulting MOFs. Based on the nitro-
gen adsorption analysis, the surface areas for both MOFs were 712 m2/g for MIL-125(Ti) and 892 m2/g for MIL-125(Ti)-
NH2. Both MOFs synthesized in this study possess micropore and small mesopore structures. In the 5-fluorouracil loading 
experiment, MIL-125(Ti) exhibited a maximum loading capacity of 118.7 mg/g (47.48%), whereas MIL-125(Ti)-NH2 
had 138.4 mg/g (55.36%). The drug release kinetics follow Higuchi and Ritger-Peppas methods with a maximum release 
of 5-fluorouracil more than 92% for MIL-125(Ti)-NH2 achieved within 48 h and 88% for MIL-125(Ti). The optimum pH 
for 5-fluorouracil release is 5.5. The cytotoxicity of both MOFs to osteoblast cells indicates their non-toxic characteristics.
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1  Introduction

Cancer is a prominent global cause of mortality. In many 
cases, conventional cancer treatments, such as chemother-
apy and radiation, demonstrate limited effectiveness. While 
these techniques can eradicate cancer cells, they also harm 
healthy cells, and their effectiveness differs among patients. 
The advancement of nanotechnology for healthcare applica-
tions, particularly in diagnosis, imaging, and drug delivery, 
has accelerated significantly in recent decades. A promi-
nent focus of scientific inquiry in nanotechnology within 
the healthcare sector is advancing nanoparticle-based 

medication delivery systems. Nanoparticle-based drug deliv-
ery systems (DDS) exhibit considerable potential to enhance 
cancer-targeting selectivity, extend drug stability, diminish 
toxicity, improve intracellular penetration, and augment 
chemotherapy efficacy [1]. Effective delivery of antican-
cer medications has been achieved using a diverse array of 
nanomaterials, including carbon nanotubes [2], porous silica 
particles [3], and metal–organic frameworks [4]. Despite the 
clinical approval of numerous nanoparticle formulations, it 
remains necessary to create straightforward and efficient 
nanoplatforms for the delivery of drugs.

MOFs (Metal–organic frameworks) are a broad category 
of crystalline materials characterized by extremely high 
porosity and large interior surface areas. These characteris-
tics and the remarkable diversity in their structures’ organic 
and inorganic constituents make MOFs highly attractive 
for various applications [5, 6], including as drug carriers. 
Metal–organic frameworks (MOFs) can be modified by 
including polar or nonpolar organic functionalities through 
direct synthesis or post-synthesis addition. The characteris-
tics above illustrate the capacity of nanoMOFs (NMOFs) to 
deliver anticancer medications, establishing a quite effec-
tive approach for cancer therapy. As of now, about 50,000 
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varieties of MOFs have been documented. Nonetheless, only 
a limited number of metal–organic frameworks (MOFs) have 
been extensively researched for diverse applications.

Drug delivery systems must have specific characteristics, 
including high drug entrapment capacity, non-toxicity, abil-
ity to modulate drug release, targeted therapy, ease of struc-
tural changes, and detectability through imaging techniques 
[1]. Therefore, NMOF is an ideal candidate as a base mate-
rial for drug delivery for specific diseases, especially cancer 
therapy. Several previously published papers have assessed 
the use of MOFs for anticancer drug delivery through com-
putational and experimental [4, 7–10]. MOFs that have been 
studied as drug carriers include ZIF-8 [11–14], UiO-67 
[15], UiO-66 [16, 17], MIL-125(Ti) and MIL-125(Ti)-NH2 
[18–22], MIL-100(Fe) [23], etc.

The initial synthesis of MIL-125(Ti) was conducted by 
Dan-Hardi et al. in 2009. They synthesized MIL-125(Ti) 
by reacting terephthalic acid with Ti8O8(OH)4 as a cluster 
[24]. The main advantages of MIL-125(Ti) are its water sta-
bility and photocatalytic efficacy. MIL-125(Ti) also shows 
excellent biocompatibility in various biological applications. 
MIL-125(Ti) possesses an orthorhombic face-centered cubic 
crystal structure consisting of 1,4-benzene dicarboxylate 
linkers and Ti8O8(OH)4 clusters [25]. MIL-125(Ti) consists 
of cyclic octamers produced through corner or edge-sharing, 
consisting of eight TiO6 octahedral titanium units intercon-
nected by oxygen atoms [26].

Altering MIL-125(Ti) with amine to create MIL-125(Ti)-
NH2 enhances photocatalytic efficacy and biocompatibility. 
Incorporating amine modifies MIL-125(Ti), enabling mul-
tifunctionality with a topology that may be engineered to 
create adjustable porosity and functionality for diverse spe-
cialized applications. The amine group in MIL-125(Ti)-NH2 
functions as a Lewis base, while the titanium ion functions 
as a Lewis acid. Introducing amine groups to MIL-125(Ti) 
results in a somewhat amorphous crystal structure of the 
resulting MOF, as the linker’s functional groups disrupt the 
coordination of the metal nodes [25].

Due to their biocompatibility, MIL-125(Ti) and its 
modified versions have been thoroughly investigated as 
medication carriers [18]. Numerous investigations using 
MIL-125(Ti)-NH2 as a drug carrier include aspirin [20], 
doxorubicin [19], ibuprofen [21], 5-fluorouracil [18], and 
chloroquine [22]. Chen et al. [18] propose that MIL-125(Ti)-
NH2 and MIL-125(Ti) have significant potential as carriers 
for 5-fluorouracil in oncological therapy, providing direc-
tion for designing and inventing novel, tailored, and respon-
sive drug delivery systems. Consequently, the choice of 
both MOFs as carriers for the 5-fluorouracil medication is 
deemed very suitable due to their biocompatible character-
istics and superior drug adsorption and release capabilities.

5-Fluorouracil is commonly used in therapeutic studies 
of cancer. It stimulates programmed cell death in cancerous 

cells. This drug inhibits the production of thymine, which 
is crucial for DNA replication. 5-fluorouracil is metabolized 
in the liver to an inactive state, and excretion predominantly 
occurs through the kidneys. Fluorouracil injection is used for 
the treatment of breast, colon, anal, pancreatic, and gastric 
cancers. Drug distribution via injection requires a skilled 
individual; the patient cannot administer the medication 
autonomously. If the treatment can be conducted autono-
mously, it will be more manageable for the patient. Creat-
ing a medication delivery method for 5-fluorouracil via oral 
administration is essential.

Chen et al. [18] have recently completed research on the 
drug delivery of 5-fluorouracil with MIL-125(Ti)-NH2 and 
MIL-125(Ti). Their study concentrated on the ability of 
MIL-125(Ti) and MIL-125(Ti)-NH2 to administer 5-fluo-
rouracil. This research differs in the preparation approach of 
MIL-125(Ti)-NH2 and MIL-125(Ti) and the release kinetics 
of 5-fluorouracil. This study used the solvothermal method 
for synthesizing both MOFs. The main advantage of using 
the solvothermal method for the synthesis of MIL-125(Ti) 
and MIL-125(Ti)-NH2 is that the resulting MOFs are more 
stable, especially against the influence of water, and the syn-
thesis takes place faster compared to other methods [25]. 
Diverse MOF synthesis processes produce MOFs with 
distinct structures, resulting in varying loading and release 
capacities. This manuscript also provides more details on the 
characterization of MOFs, drug loading, and release mecha-
nisms. Details of the release kinetics of 5-fluorouracil from 
metal–organic frameworks (MOFs) are the novelty of this 
manuscript.

2 � Materials and methods

2.1 � Materials

Terephthalic acid (98%, for synthesis, C6H4−1,4-(COOH)2, 
CAS no. 100-21-0), titanium (IV) isopropoxide (Tech-
nipur®, for synthesis, Ti[OCH(CH3)2]4, CAS no. 546-
68-9), N,N-dimethylformamide (ACS reagent, ≥ 99.8%, 
HCON(CH3)2, CAS no. 68-12-2), methanol (≥ 99.8%, ACS 
reagent, CH3OH, CAS no. 67-56-1), 5-fluorouracil (≥ 99% 
purity (HPLC), powder, C4H3FN2O2, CAS no. 51-21-8), and 
2-aminoterephthalic acid (99%, H2NC6H3−1,4-(CO2H)2, 
CAS no. 10312-55-7) were purchased from Sigma-Aldrich. 
Given that the chemicals used are of high purity (analytical 
grade), they are used immediately to synthesize the target 
substance without requiring any prior chemical purification.

2.2 � Synthesis of MIL‑125(Ti)

MIL-125(Ti) synthesis involved the combination of tere-
phthalic acid, titanium isopropoxide, methanol, and 
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N,N-dimethylformamide (DMF). The MIL-125(Ti) syn-
thesis can be explained as follows: 2 g of terephthalic acid 
and 2.4 mL of titanium (IV) isopropoxide were mixed with 
40 mL of DMF and 2 mL of methanol. Following a stirring 
period of around 15 min, the mixture was subsequently put 
into a 100 mL autoclave lined with Teflon. The autoclave 
was inserted into an oven and operated at 175 °C for 10 h. 
Following the MIL-125(Ti) formation procedure, centrifu-
gation isolated the solid produced from the residual liquid. 
Subsequently, the solid was rinsed with DMF and methanol 
solutions and dehydrated at 120 °C for 24 h. The white pow-
dery material was stored in a desiccator for future use in the 
subsequent experiment.

2.3 � Synthesis of MIL‑125(Ti)‑NH2

MIL-125(Ti)-NH2 synthesis follows the same process as 
MIL-125(Ti), except that the reactant is 2-amino tereph-
thalic acid instead of terephthalic acid. The reaction took 
place for 24 h at 175 °C.

2.4 � Characterization of the samples

Solid titanium MOFs were analyzed using X-ray powder 
diffraction (XRPD) in an X’Pert Pro MPD PANalytical 
instrument equipped with a Cu anode (Cu Kα radiation, 
μ = 1.54056 L) employed in a Bragg–Brentano configura-
tion. Room temperature diffractograms of the powder sam-
ples were obtained using a step size of 0.02 2θ and a step 
period of 10 s. The Fourier Transform Infrared (FTIR) spec-
tra of MIL-125(Ti)-NH2 and MIL-125(Ti) were obtained 
using a Shimadzu FTIR 8400 s instrument, covering the 400 
to 4000 cm−1 range, using the KBr technique.

The present work investigated the pore structures of MIL-
125(Ti)-NH2 and MIL-125(Ti) by nitrogen adsorption iso-
therm analysis at a temperature of − 196 °C. The Micromer-
itics ASAP 2010 nitrogen sorption analyzer was used for 
this purpose. Before performing the adsorption–desorp-
tion curve measurements, the gas and water in the samples 
were removed by exposing them to vacuum conditions at 
150 °C for 12 h. The adsorption isotherm curves were ana-
lyzed using the well-established Brunauer–Emmett–Teller 
(BET) method to quantify the surface area. The approach 
was used within a relative pressure (P/P0) range of 0.05 to 
0.3. The pore size distribution (PSD) was investigated using 
density functional theory (DFT) to the adsorption isotherm 
equations.

The UV–Vis spectra of MIL-125(Ti)-NH2 and MIL-
125(Ti) were obtained by measuring their diffuse reflec-
tance with a Hitachi U-3000 UV–Vis spectrophotometer. 
The irradiation intensity of the halogen lamp in photo-
chemical tests was quantitatively measured using a Hand-
Held Optical Power Meter Model 840-C. The photon flux 

emission measured 85 mW/cm2 at a wavelength of 390 nm. 
We assessed the photocatalysts’ band gap energy (Eg) by 
examining their diffuse reflectance UV–Vis spectra using 
the Kubelka–Munk theory [27, 28].

The surface topography of MIL-125(Ti), MIL-125(Ti)-
NH2, MIL-125(Ti) after loading/release, and MIL-125(Ti)-
NH2 after loading/release was studied using SEM. The SEM 
images of the materials (pristine and loading/release study) 
were obtained using JSM-6390 field emission SEM, JEOL, 
Ltd., Japan. The magnificent used was 15,000 ×, with the 
working distance between 8.3 to 8.8 mm.

2.5 � 5‑Fluorouracil loading and release

A 250 mg/L solution of 5-fluorouracil is generated by dis-
solving 25 mg of 5-fluorouracil in 100 mL of water. After 
adding 100 mg of MIL-125(Ti)-NH2 or MIL-125(Ti) to 
the 5-fluorouracil solution, the mixture underwent soni-
cation for 1 min. The mixture was placed in a water bath 
shaker and stirred at a controlled temperature of 30 °C for 
6 h at 100 rpm. Upon achieving equilibrium in the adsorp-
tion phase, the MIL-125(Ti)-NH2 or MIL-125(Ti) particles 
laden with 5-fluorouracil were separated via centrifugation 
and dried in a vacuum. HPLC then quantified the residual 
concentration of 5-fluorouracil in solution.

MIL-125(Ti)-NH2 and MIL-125(Ti), pre-loaded with 
5-fluorouracil, underwent membrane dialysis to facilitate 
the release of 5-fluorouracil. A mixture of 5-Fluorouracil in 
5 mL of simulated intestinal fluid at a pH of 7.4 or 5.5 was 
placed into a dialysis tube with a molecular weight cutoff of 
14,000 Da. A dialysis tube was placed into a beaker contain-
ing 95 mL of laboratory-prepared intestinal or gastric fluid. 
The drug release experiment was performed at a temperature 
of 37 °C. Designated time intervals were employed to extract 
5 mL of the solution from the apparatus. Concurrently, an 
equal volume of fresh simulated intestinal or gastric fluid 
solution was injected into the system. High-performance 
liquid chromatography (HPLC) was employed to determine 
the concentration of 5-fluorouracil in simulated intestinal or 
gastric fluid solutions.

2.6 � Study of cell viability

This research employed 7F2 cell lines for cell viability 
experiments to evaluate the compatibility and efficacy of 
MIL-125(Ti)-NH2 and MIL-125(Ti). The method used 
for the cell viability assay was the MMT technique. The 
MTT assay is a colorimetric technique employing a yellow 
tetrazolium dye to assess NAD(P)H activity and verify cell 
viability. The 7F2 cell line was maintained in HO-MEM 
supplemented with 10% fetal bovine serum (FBS) and kept 
at 37 °C in a 5% carbon dioxide (CO2) atmosphere. Cells 
were seeded at a density of 1 × 10^4 cells per well in 96-well 
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plates and incubated for 24 h. The 7F2 cell line underwent 
treatment with MIL-125(Ti)-NH2 and MIL-125(Ti) to 
produce dose–response curves. Cell viability experiments 
for MIL-125(Ti)-NH2 and MIL-125(Ti) were conducted 
at many concentrations. Before performing the MMT 
(3-(4,5-dimethylthiazol-2-yl)−2,5-diphenyltetrazolium bro-
mide) assay, cells were washed with PBS, the MMT work-
ing solution was added, and the cells were incubated at 37 
degrees Celsius for four hours. In the cell viability assay, 
MMT is transformed into formazan. Formazan crystals were 
dissolved using a DMO solution.

3 � Results and discussion

3.1 � Characterization of MIL‑125(Ti) 
and MIL‑125(Ti)‑NH2 before, after loading 
and release of 5‑fluorouracil

MIL-125(Ti) and MIL-125(Ti)-NH2 were characterized to 
examine their crystallinity and crystal structure at the initial 
stage, during loading, and after the release of 5-fluoroura-
cil. Figure 1a presents the diffractogram curves of MIL-
125(Ti) and its variants following the loading and release of 

5-fluorouracil. In contrast, Fig. 1b displays MIL-125(Ti)-
NH2 and its variants after the loading process and subse-
quent release of 5-fluorouracil. The solvothermal approach 
yields MIL-125(Ti)-NH2 and MIL-125(Ti) with distinct and 
pronounced diffraction peaks, indicating excellent crystal-
linity of the resultant MOFs. The MIL-125(Ti) diffraction 
peaks were detected at 2θ values of 6.72°, 9.68°, 11.71°, 
16.67°, and 18.01°. When combined with the NH2 structure 
to create MIL-125(Ti)-NH2, the metal–organic framework 
diffraction peak patterns exhibited minor shifts to 2θ values 
of 6.94°, 9.93°, 11.81°, 16.77°, and 18.04°. The diffraction 
peaks in both metal–organic frameworks correspond to the 
diffraction planes 011, 002, 121, 222, and 132 [29]. Figure 1 
also shows the diffractogram of 5-fluorouracil. The XRD 
pattern of 5-fluorouracil has many peaks, with a prominent 
sharp peak observed at 2θ around 26°. The XRD pattern of 
5-fluorouracil indicates that this anticancer medication pos-
sesses significant crystallinity.

The XRD patterns of MIL-125(Ti) following the loading 
and release of 5-fluorouracil exhibit identical characteristic 
peaks to those of the initial MIL-125(Ti) and 5-fluorouracil. 
This indicates that 5-fluorouracil can be effectively adsorbed 
onto the structure of MIL-125(Ti). Although a similar pat-
tern is observed in MIL-125(Ti)−5-fu(ads), the release 

Fig. 1   XRD diffractograms of a MIL-125(Ti), MIL-125(Ti) uploaded with 5-fluorouracil, MIL-125 after release 5-fluorouracil, and 5-fluoroura-
cil, b MIL-125(Ti)-NH2, MIL-125(Ti)-NH2 uploaded with 5-fluorouracil, MIL-125(Ti)-NH2 after release 5-fluorouracil, and 5-fluorouracil
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mechanism suggests that not all current medications can 
be re-released within a relatively short period (48 h); some 
drugs remain affixed to the structure of MIL-125(Ti). This 
phenomenon is also observable in MIL-125(Ti)-NH2.

Figure 2 displays the outcomes of the FTIR study of 
5-fluorouracil, MIL-125(Ti), MIL-125(Ti)-NH2, MIL-
125(Ti) uploaded with 5-fluorouracil, MIL-125(Ti)-NH2 
uploaded with 5-fluorouracil, MIL-125(Ti) after release 
5-fluorouracil, and MIL-125(Ti)-NH2 after release 5-fluoro-
uracil. MIL-125(Ti) exhibits characteristic wave numbers of 
1534 cm−1 (associated with N–H deformation), 1505 cm−1 
(–COO asymmetrical vibration), and 1393 cm−1 (–COO 
symmetrical vibration). The distinctive features of MIL-
125-NH2 are observable at wave numbers 1568, 1537, 1495, 
1424, and 1384 cm−1, corresponding to the following func-
tional groups: asymmetrical vibration of –COO, N–H defor-
mations, symmetrical vibration of –COO, CN vibration, and 
symmetrical vibration of –COO. The emergence of two new 
wave numbers, specifically at 1568 and 1424 cm−1, refers 
to the asymmetric and symmetric stretching of the carboxy-
late group COO– [30]. The distinguishing feature of MIL-
125(Ti) and MIL-125(Ti)-NH2 is the Ti functional group, 
namely the O–Ti–O group, often observed in the wavenum-
ber range of 400 to 800 cm−1 [31]. This study determined 
the wavenumber for the MIL-125(Ti) functional group to be 
734 cm−1, but for MIL-125(Ti)-NH2, it was 673 cm−1. The 
attributes of 5-fluorouracil include functional groups such as 
N–H stretching vibration, C=O stretching, C–N stretching, 
and C–F stretching [32]. These functional groups exhibit 
wave numbers of 3120 cm−1 for N–H stretching vibration, 
1727 cm−1 for C=O stretching, 1652 cm−1 for C–N stretch-
ing, and 1239 cm−1 for C–F stretching.

To facilitate observation, the wave numbers of all 
functional groups of 5-fluorouracil, MIL-125(Ti), MIL-
125(Ti)-NH2, MIL-125(Ti) with adsorbed drug (MIL-
125(Ti)−5-fu(ads)), MIL-125(Ti) after release drug (MIL-
125(Ti)−5-fu(Rel)), MIL-125(Ti)-NH2 with adsorbed drug 
(MIL-125(Ti)-NH2−5-fu(ads)), and MIL-125(Ti)-NH2 after 
released drug (MIL-125(Ti)-NH2−5-fu(Rel)) are compiled 
in Table 1. Table 1 indicates that a portion of the 5-fluoro-
uracil remains unreleased, as evidenced by the presence of 
5-fluorouracil functional groups in the FTIR spectra of MIL-
125(Ti) and MIL-125(Ti)-NH2 following the drug release 
experiment.

Figure 3 illustrates nitrogen gas adsorption and desorption 
curves on MIL-125(Ti)-NH2 and MIL-125(Ti). According 
to IUPAC standards, MIL-125(Ti)-NH2 and MIL-125(Ti) 
nitrogen sorption curves are classified as type-Ib sorption 
isotherms. The Type-Ib isotherm indicates materials exhib-
iting a broad pore size distribution, often encompassing 
micropores measuring 0.4 to 2 nm and mesopores under 
5 nm. The calculation outcomes of the pore size distribu-
tion for MIL-125(Ti)-NH2 and MIL-125(Ti), using the DFT 
(density functional theory) approach with medium regulari-
zation, corroborate the assertion of a broad pore size range, 
as illustrated in Fig. 3.

The pore structure characterization results of MIL-
125(Ti)-NH2 and MIL-125(Ti) differ somewhat from those 
of the same material reported by Chen et al. [18]. MIL-
125(Ti)-NH2 and MIL-125(Ti) were synthesized at 175 °C 
for 10 h without incorporating acetic acid. Simultaneously, 
the synthesis performed by Chen et al. [18] occurred at a 
temperature of 150 °C for 16 h, incorporating acetic acid 
to synthesize MIL-125(Ti)-NH2. The nitrogen sorption 

Fig. 2   FTIR spectra of 5-fluoro-
uracil, MIL-125(Ti), MIL-
125(Ti)-NH2. MIL-125(Ti) 
uploaded with 5-fluorouracil, 
MIL-125(Ti)-NH2 uploaded 
with 5-fluorouracil, MIL-
125(Ti) after release 5-fluoro-
uracil, and MIL-125(Ti)-NH2 
after release 5-fluorouracil
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of MIL-125, as Chen et al. [18] reported, exhibits a type 
I isotherm characterized by significant nitrogen absorp-
tion at low p/po values. The Type I isotherm indicates that 
the acquired material (MIL-125(Ti)) is microporous. The 
quantity of nitrogen gas adsorbed on MIL-125(Ti)-NH2 in 

the experiment conducted by Chen et al. [18] diminished, 
signifying a reduction in the BET surface area.

The BET surface area for MIL-125(Ti) synthesized by 
Chen et al. [18] was 1120 m2/g, while that for MIL-125(Ti)-
NH2 was 980 m2/g. The pore size distribution of MOFs 

Table 1   Assignment to FTIR spectra of 5-fluorouracil, MIL-125(Ti), MIL-125(Ti)-NH2

MIL-125(Ti) uploaded with 5-fluorouracil, MIL-125(Ti)-NH2 uploaded with 5-fluorouracil, MIL-125(Ti) after release 5-fluorouracil, and MIL-
125(Ti)-NH2 after release 5-fluorouracil

Wavenumber, cm−1 Assignment

5-fluorouracil MIL-125(Ti) MIL-
125(Ti)-
NH2

MIL-
125(Ti)−5-
fu(ads)

MIL-125(Ti)-
NH2−5-fu(ads)

MIL-
125(Ti)−5-
fu(Rel)

MIL-125(Ti)-
NH2−5-fu(Rel)

3120 – – 3111 3116 3097 3093 N–H stretching vibration
1727 – – 1722 1722 1709 1714 C=O strecth
1652 – – 1621 1608 1617 1630 C–N strecth
– 1534 1537 1548 1525 1559 1547 N–H deformation
– 1505 1568 1531 1560 1574 1539 –COO asymmetrical vibration
– – 1484 – 1438 – 1475 C–N vibration
– 1393 1384 1319 1419 1380 1371 –COO symmetrical vibration
1239 – – 1235 1217 1204 1226 C–F stretching
– 734 673 743 747 738 664 O–Ti–O vibration

Fig. 3   Nitrogen sorption isotherms and DFT pore size distribution of MIL-125(Ti) and MIL-125(Ti)-NH2
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produced by Chen et al. [18] averaged 0.8 nm for MIL-
125(Ti) and 0.6 nm for MIL-125(Ti)-NH2. BET surface 
area and mean pore size reduction results from incorporat-
ing NH2 groups into the MIL-125(Ti)-NH2 MOF structure. 
Our results indicated that the synthesized MOF exhibited a 
variety of micropore and mesopore diameters, as previously 
detailed. The BET surface area of the synthesized MOFs 
was less than that reported by Chen et al. [18], which meas-
ured 892 m2/g for MIL-125(Ti)-NH2 and 712 m2/g for MIL-
125(Ti). The results indicate that the presence of mesopores 
in the MOF structure diminishes the BET surface area value. 
This mesoporous structure offers considerable benefits for 
the adsorption of 5-fluorouracil, which will be addressed in 
the next sub-chapter. The comparison of the results indicates 
that temperature, reaction time, and reactant composition 
significantly influence the pore structure development of the 
resultant MOFs.

The presence of titanium in MIL-125(Ti)-NH2 and MIL-
125(Ti) imparts photocatalytic degradation capabilities to 
both metal–organic frameworks. Utilizing both MOFs as 
drug carriers requires careful consideration of certain fac-
tors. Consequently, describing the energy band gap is essen-
tial to prevent medication degradation upon light exposure. 
Figure 4 illustrates titanium metal–organic frameworks’ dif-
fuse reflectance UV–Vis spectra, and this reflectance was 
further used to determine the band gap energies of MIL-
125(Ti)-NH2 and MIL-125(Ti). The determination of band 
gap energies (Eg) followed the method of Kubelka–Munk 
[27, 28], and the values are 2.49 eV for MIL-125(Ti)-NH2 
and 3.28 eV for MIL-125(Ti). These values are comparable 
with those obtained by Castellanos et al. [29]. They obtained 
2.44 eV for MIL-125(Ti) and 3.24 for MIL-125(Ti)-NH2. 
With their band gap energy values, MIL-125(Ti)-NH2 can be 
activated by visible light due to its semiconducting charac-
teristics. At the same time, MIL-125(Ti) necessitates UV-A 

light (less than 390 nm) to initiate the photocatalytic activity 
Castellanos et al. [29].

Figure 5 depicts the SEM images of MIL-125(Ti) surface 
topography, MIL-125(Ti)-NH2, MIL-125(Ti) after loading/
release, and MIL-125(Ti)-NH2 after loading/release. This 
figure shows that MIL-125 exhibits defective cylindrical-like 
structures, whereas MIL-125-NH2 has smaller crystallites 
and forms small aggregates. This figure clearly shows that 
the attachment of the NH2 functional group on the struc-
ture of MIL-125(Ti) did not affect the structure and surface 
topography of MIL-125(Ti). Figures 5c and d indicate no 
alterations in the structure or surface morphology of MIL-
125(Ti) and MIL-125(Ti)-NH2 following the loading and 
releasing procedure of 5-fluorouracil. This occurrence sug-
gests that the adsorption of 5-fluorouracil on MIL-125(Ti)-
NH2 or MIL-125(Ti) occurs only via a physical adsorption 
process, facilitating the facile release of the adsorbed drug 
to the intended target. From this figure, it can be seen that 
MIL-125 exhibits defective cylindrical-like structures, 
whereas MIL-125-NH2 has smaller crystallites and form 
small aggregates.

3.2 � 5‑Fluorouracil loading and release study

In the 5-fluorouracil loading experiment with MIL-
125(Ti)-NH2 and MIL-125(Ti), the maximum loading 
capacity of MIL-125(Ti) for 5-fluorouracil was 118.7 mg/g 
(47.48%), while that of MIL-125(Ti)-NH2 was 138.4 mg/g 
(55.36%). The adsorption experiment of 5-fluorouracil was 
conducted at a pH of 7 and a temperature of 30 °C. This 
experiment demonstrated a superior loading capacity for 
both MIL-125(Ti)-NH2 and MIL-125(Ti) in comparison 
to the absorption or loading capacity against 5-fluoroura-
cil, as reported by Chen et al. [18]. In the experiment of 
Chen et al. [18], the loading capacity of 5-fluorouracil was 

Fig. 4   UV–Vis reflectance spectra and band gap of MIL-125(Ti) and MIL-125(Ti)-NH2
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42.3% for MIL-125(Ti) and 37.97% for MIL-125(Ti)-NH2. 
The disparity in loading capacity arises from varying syn-
thesis processes, including temperature and reactant ratio, 
which leads to structural variances in the resultant MOFs.

This study examined the release of 5-fluorouracil at two 
distinct pH levels: pH 5.5 and pH 7.4. The optimum pH for 
5-fluorouracil release is 5.5. The release of 5-fluorouracil 
in other drug release systems is also a function of pH, 
with most releases occurring at pH 5.5 or 7.4 [33–35]. 
The kinetic data for 5-fluorouracil release were analyzed 
using various established drug release kinetics models. 
The objective of employing the drug release kinetics 
equation is to comprehensively elucidate the mechanism 
of 5-fluorouracil release from MIL-125(Ti)-NH2 or MIL-
125(Ti) into the buffer solution. A significant problem in 
drug delivery systems is precisely predicting drug release 
kinetics from a solid matrix using mathematical equations. 
These models are typically evaluated with empirical data. 
They are employed to expand pharmaceutical formula-
tion and process design and to predict and confirm the 
mechanism of drug release within the human body. In 
these mathematical models, various equation parameters 
are derived using non-linear or linear regression analy-
sis of the experimental data collected. The mathematical 
equation characterizes the drug release mechanism if the 
regression coefficient approximates one and the derived 
parameters possess plausible values and physically coher-
ent interpretations.

The Higuchi model [36] is a widely recognized frame-
work for characterizing drug release kinetics, employed in 
this article to elucidate the release kinetics of 5-fluoroura-
cil from MIL-125(Ti)-NH2 and MIL-125(Ti). This study 
also employed the Ritger and Peppas model, a widely used 
framework for characterizing drug release kinetics [37]. An 
empirical model developed by our research group [38] based 
on the shape of the release curve of a drug from a solid 
matrix, namely the sigmoidal model, is also used to repre-
sent the release kinetics data of 5-fluorouracil from MIL-
125(Ti)-NH2 and MIL-125(Ti). The mathematical models of 
Higuchi, Ritger and Peppas, along with the empirical models 
of Putro et al., are delineated as follows:

In Eq. 1, kH denotes the Higuchi constant. The symbol nt 
signifies the total quantity of drug released from the solid 
at time t, while nmax represents the maximum potential drug 
release over an infinite duration. In Eq. 2, kRP indicates the 
Ritger-Peppas constant, and n denotes the diffusion exponent 
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Fig. 5   SEM images of a MIL-
125(Ti), b MIL-125(Ti)-NH2, c 
MIL-125(Ti) after 5-Fluoroura-
cyl loading and release, and d 
MIL-125(Ti)-NH2 after 5-Fluo-
rouracyl loading and release
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that characterizes the drug release mechanism. In Eq. 3, Rmax 
represents the theoretical maximum release, while ks indi-
cates the constant release rate. The term t50 refers to the 
time necessary for the system to release 50 percent of its 
maximum amount of drug.

Figure 6 depicts the release profiles of 5-fluorouracil from 
MIL-125(Ti)-NH2 and MIL-125(Ti). The experimental data 
are represented by dots (SD < 5%) in this figure. The image 
additionally contrasts the release kinetics of 5-fluoroura-
cil with theoretical computations based on the sigmoidal, 
Ritger-Peppas, and Higuchi equations. Sigmoidal, Ritger-
Peppas, and Higuchi equations’ parameters obtained by 
fitting the experimental data are displayed in Table 2. The 
release profiles of 5-fluorouracil from MIL-125(Ti) across 
all pH levels are analogous to those of MIL-125(Ti)-NH2, as 
depicted in Fig. 6. The release profiles of 5-fluorouracil from 
MIL-125(Ti)-NH2 and MIL-125(Ti) demonstrated sustained 
features at both pH levels.

Figure 6 unequivocally demonstrates that the sigmoi-
dal kinetic model is adequate for representing the kinetic 
data of 5-fluorouracil release from both MIL-125(Ti)-NH2 

and MIL-125(Ti). The persistent release of 5-fluorouracil, 
as elucidated in the preceding paragraph, accounts for this 
phenomenon. This sigmoidal model is appropriate for drug 
release exhibiting an initial slow release, subsequently tran-
sitioning to a substantial release that approaches constancy, 
and concluding with a minimal release until the cessation 
of the drug release process. The Higuchi and Ritger-Peppas 
kinetic models effectively capture the kinetic data of 5-fluo-
rouracil release from MIL-125(Ti)-NH2 and MIL-125(Ti). 
Table 2 indicates that both equations have elevated R2 values 
compared to the sigmoidal equation.

The Higuchi equation, proposed in 1961, relies on nine 
assumptions that simplify the complex mechanisms of trans-
dermal drug distribution [36]. These assumptions appear to 
be inconsistent with the real conditions of the medication 
delivery technique. Nevertheless, the simplification of the 
phenomenon might be incorporated into the systems in sev-
eral cases. Thus, the Higuchi equation often delineates the 
kinetics of drug release in diverse systems, especially those 
with simple matrices. This study revealed that the Higuchi 
equation accurately described the release of 5-fluorouracil 
from MIL-125(Ti)-NH2 and MIL-125(Ti).

The Ritger–Peppas equation is a modified version of the 
Higuchi equation, specifically incorporating an additional 
parameter, n. Incorporating an additional parameter ren-
ders this equation preferable to the Higuchi equation. The 
parameter n, which defines the drug transport mechanism 
from the drug carrier to the bulk fluid, is a crucial element 
of the Ritger–Peppas equation. Table 1 indicates that the n 

Fig. 6   Release of 5-fluorouracil from a MIL-125(Ti) and b MIL-
125(Ti)-NH2

Table 2   Parameters of drug release models for the release of 5-fluo-
rouracil from MIL-125(Ti) and MIL-125(Ti)-NH2

Drug carrier Equation Parameter pH 5.5 pH 7.4

MIL-125(Ti) Higuchi kH 0.1248 0.0916
R2 0.9858 0.9787

Ritger-Peppas KRP 0.1246 0.1004
n 0.5005 0.4684
R2 0.9858 0.981

Sigmoidal Rma 0.7779 0.5471
Ks 9.3999 8.9735
T50 6.1421 5.7350
R2 0.9375 0.9377

MIL-125(Ti)-NH2 Higuchi kH 0.1335 0.1001
R2 0.9951 0.9771

Ritger-Peppas KRP 0.1311 0.1118
n 0.5109 0.4617
R2 0.9930 0.9821

Sigmoidal Rma 0.8646 0.5938
Ks 10.4735 8.8200
T50 6.3573 5.6650
R2 0.9558 0.9414
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parameter at pH 5.5 is approximately 0.5, whereas, at pH 
7.4, the n parameter value is approximately 0.46. The release 
mechanism of 5-fluorouracil from MIL-125(Ti)-NH2 and 
MIL-125(Ti), with n values between 0.43 and 0.85, is clas-
sified as anomalous transport [36].

The release ability of 5-fluorouracil from MIL-125(Ti)-
NH2 and MIL-125(Ti), compared to other materials, is pre-
sented in Table 3. The MIL-125(Ti)-NH2 and MIL-125(Ti) 
produced in this study have superior adsorption and release 
capabilities for 5-fluorouracil, surpassing several other mate-
rials. The comparison of drug adsorption and release capa-
bilities with the findings of Chen et al. [18] is particularly 
intriguing. Despite using identical components, variations 
in the composition of the raw materials and differing opera-
tional conditions will result in discrepancies in the internal 
structure of the manufactured MIL-125(Ti)-NH2 and MIL-
125(Ti). The disparity in internal structure is responsible for 
the variation in adsorption and release capacities.

The adsorption of 5-fluorouracil by MIL-125(Ti)-NH2 
and MIL-125(Ti) is determined by the physical interactions 
(attractive forces) between the drug molecules and the active 
surface sites of both adsorbents. The change in the solu-
tion pH makes the surface of both adsorbents repulsive and 
5-fluorouracil molecules will be released into the solution 
(Scheme 1: basic building MIL-125(Ti) was based on [45], 
while MIL-125(Ti)-NH2 was based on the work of Kaur 
et al. [46].

3.3 � Cytotoxicity of MIL‑125(Ti) and MIL‑125(Ti)‑NH2

Figure 7 illustrates the results obtained from the cytotoxic-
ity evaluation of MIL-125(Ti)-NH2 and MIL-125(Ti) using 
the 7F2 cell line. Figure 6 demonstrates the cytotoxicity 
of MIL-125(Ti)-NH2 and MIL-125(Ti) to osteoblast cells, 

indicating their non-toxic characteristics. The graph shows 
that the increase in cell viability in MIL-125(Ti)-NH2 and 
MIL-125(Ti) may be due to the reduced surface diffusion of 
MIL-125(Ti)-NH2 and MIL-125(Ti) to the cell surface. The 
cytotoxicity of both MOFs is comparable to other titanium-
based MOFs [47–49].

4 � Conclusions

This study utilized MIL-125(Ti)-NH2 and MIL-125(Ti) 
as carriers for 5-fluorouracil. MIL-125(Ti)-NH2 and MIL-
125(Ti) were produced by solvothermal methods at 175 °C. 
The solvothermal method produces MIL-125(Ti)-NH2 
and MIL-125(Ti), exhibiting distinct and prominent dif-
fraction peaks that signify exceptional crystallinity of the 
resulting MOFs. According to IUPAC criteria, the nitrogen 
sorption curves of MIL-125(Ti)-NH2 and MIL-125(Ti) 
are categorized as type-Ib sorption isotherms. The type-Ib 
isotherm signifies materials with a wide pore size range, 
often including micropores ranging from 0.4 to 2 nm and 
mesopores below 5 nm. In the 5-fluorouracil loading experi-
ment, MIL-125(Ti) exhibited a maximum loading capac-
ity of 118.7 mg/g (47.48%), whereas MIL-125(Ti)-NH2 
had 138.4 mg/g (55.36%). The Higuchi and Ritger-Peppas 
kinetic models accurately represent the kinetic data of 
5-fluorouracil release from MIL-125 and MIL-125-NH2. 
This research evaluates the viability of MIL-125(Ti)-NH2 
and MIL-125(Ti) as drug delivery systems for 5-Fluoroura-
cil while conducting cytotoxicity assessments and in vitro 
experiments for both materials. Nonetheless, in vivo testing 
remains necessary for its use, representing a limitation of 
this study.

Table 3   Comparison 5-fluorouracil loading and release ability of several drug carriers

Material Loading capacity Release efficiency References

Alginate sulfonamide hydrogel beads 4.95 mg/g 83.5% at pH 7.4 after 96 h Hashem et al. [39]
Aminated chitosan/carboxymethyl cellulose/aminated graphene 

oxide coated composite
86.4% encap-

sulated by the 
particles

51% at pH 7.4 after 24 h Omer et al. [40]

Fenugreek (FG) and agarose (AG) base hydrogel – 94.35 ± 0.34% at pH 7.4 Malook et al. [41]
Graphene Oxide Incorporated Vegetable Oil-Based Polyurethane – 99% at pH 7.4 after 30 h Kahraman et al. [42]
Locust bean gum-based silver nanocomposite hydrogel 80 mg/g 72.14% at pH 1.2 at first 3 h Luanda et al. [43]
MIL-125(Ti) 42.30% 85.6% at pH 5.0 after 3 days Chen et al. [18]
MIL-125(Ti)-NH2 37.97% 45.3% at pH 5.0 after 1 to 4 days Chen et al. [18]
Thiolated carboxymethyl cellulose – 99.07% at pH 7.4 after 24 h Hanan et al. [44]
MIL-125(Ti) 118.7 mg/g 88% at pH 5.5 after 48 h This study
MIL-125(Ti)-NH2 138.4 mg/g 92% at pH 5.5 after 48 h This study
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