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A B S T R A C T

Metal-Organic Frameworks (MOFs) have emerged as potentially useful porous materials due to their high surface 
area, ordered porous structure and versatility in the field of drug delivery and photocatalysis. Understanding the 
molecular and structural interactions that enable these MOFs to exhibit both high photocatalytic activity and 
effective drug delivery remains a key challenge. This study highlights the synthesis and evaluation of Cu and Ni- 
based metal-organic frameworks (MOFs) using biphenyl-4,4′-dicarboxylic acid as a ligand and DMF as a solvent 
via a hydrothermal method in a stainless-steel Teflon autoclave. The Cu(bpdc)-MOF and Ni(bpdc)-MOF 
demonstrated exceptional degradation efficiencies for congo red under UV–Visible light, achieving 99 % and 
97 % degradation at 140 and 160 min, respectively. This highlights their potential for environmental remedi
ation. Furthermore, these MOFs, when loaded with cisplatin through a simple impregnation method, exhibited 
significant cytotoxicity against breast cancer MDA-MB-231 cells, with cell viabilities of 37.63 % and 40.7 % at 
the higher concentration of 100 μg/mL with the IC50 values of 55.78 μg/mL and 62.15 μg/mL. However, 
challenges remain in optimizing the synthesis process to improve reproducibility and scalability and further 
understanding the interactions governing their dual functionality in photo catalysis and drug delivery. These 
findings offer valuable insights into the development of multifunctional MOFs for environmental and biomedical 
applications.

1. Introduction

Metal-organic frameworks (MOFs) represent a category of porous 
crystalline materials that consist of metal ions or clusters linked to 
organic ligands. Their exceptionally high surface area, adjustable pore 
sizes, and varied chemical functionalities render them valuable across 
numerous applications and also that can be one-, two- or three- 
dimensional. Their highly tunable nature, enabled by variation in 
metal nodes and organic linkers, allows for the design of materials with 
diverse structural and functional properties [1]. MOFs are particularly 
attractive due to their high surface area, controllable porosity, structural 
stability and ease of synthesis, making them promising candidates for 
applications in drug delivery [2], adsorption [3], catalysis [4] and 
sensing [5]. Water pollution, a critical environmental issue, is a signif
icant challenge in developing nations, where contaminants in waste
water pose severe ecological and health risks [6]. Among these 
contaminants, azo dyes are widely used synthetic dyes that account for 

over two-thirds of global dye production. These dyes are often toxic, 
mutagenic and carcinogenic, with metabolites that can be readily 
absorbed by the human body, contributing to adverse health outcomes 
[7,8]. The World Health Organization (WHO) reported that over 
700,000 tons of synthetic dyes were produced globally last year, with a 
large fraction released into the environment through industrial effluents 
[9]. Current dye removal methods, such as Fenton’s oxidation [10], 
adsorption [11], coagulation-flocculation [12], biological treatment 
[13] and membrane filtration [14] often have limitations in efficiency, 
scalability or environmental impact. Photocatalysis has emerged as a 
highly effective approach for degrading organic pollutants, including 
dyes, by utilizing photocatalytic semiconductors and UV–visible light. 
Unlike traditional methods, photocatalysis operates under mild condi
tions without requiring expensive oxidants [15]. Common photo
catalysts include TiO₂, ZnO, WO₃, carbon-based materials and MOFs 
[16–20]. It has attracted interest as innovative photocatalysts because of 
their capacity to integrate various functional components into a single 
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material [21]. For example, MOFs such as Co, Ni and Zn-based frame
works have shown excellent performance in degrading dyes like meth
ylene blue and rhodamine B [22]. Additionally, Ln-MOFs (Ce, Tb, Dy) 
have demonstrated efficient photoinduced charge production and 
visible light absorption for the degradation of RhB [23].

Cancer continues to be a primary cause of death globally, with breast 
cancer ranking as the most commonly diagnosed cancer in women [24]. 
Triple-negative breast cancer (TNBC), characterized by its aggressive 
phenotype and poor prognosis, is particularly challenging to treat [25]. 
Although chemotherapy is the primary treatment, its non-specific action 
often causes systemic side effects and damages healthy cells. To address 
these limitations, the fields of nanobiotechnology and nanomedicine 
have advanced rapidly, leading to the development of nanoscale drug 
delivery systems (DDSs) that enhance therapeutic efficacy while mini
mizing side effects [26,27]. MOFs have recently emerged as promising 
nanocarriers for cancer therapy due to their unique properties. Their 
nanoscale size facilitates drug absorption, while the selection of 
biocompatible metals and organic linkers minimizes toxicity. Addi
tionally, their high porosity enables substantial drug loading and their 
biodegradability ensures controlled release of therapeutic agents [28]. 
For instance, ZIF-8-based MOFs have been utilized to deliver anticancer 
drugs through pH-responsive mechanisms, exploiting the acidic micro
environment of tumor sites [29]. Similarly, ZJU-101 MOFs have 
demonstrated effective drug release via electrostatic interactions be
tween charged drugs and MOF carriers [30]. These advancements 
highlight the potential of MOFs as multifunctional materials for appli
cations in environmental remediation and cancer therapy.

Herein, we report the synthesis of Cu(bpdc)-MOF and Ni(bpdc)-MOF 
photocatalyst which is synthesized by the hydrothermal method in 
stainless steel Teflon autoclave. Experiments reveal that the Cu(bpdc)- 
MOF and Ni(bpdc)-MOF is a highly efficient photocatalysts for Congo 
red degradation on exposure to UV–visible light. Moreover, the incor
poration of cisplatin inside Cu(bpdc)-MOF and Ni(bpdc)-MOF by liquid 
impregnation method made the synthesized products as an anticancer 
drug delivery system against breast cancer MDA-MB-231 line.

2. Materials and methods

2.1. Chemicals

Nickel chloride hexahydrate, copper sulphate pentahydrate, 
biphenyl-4,4′-dicarboxylic acid, sodium hydroxide, dimethyl form
amide, cisplatin, Congo red. All chemicals utilized in this study are 
sourced from Sigma Aldrich and employed without additional purifi
cation. The MDA-MB-231 breast cancer cell line was purchased from the 
National Centre for Cell Sciences situated in Pune, India.

2.2. Synthesis of Cu(bpdc)-based MOF

The synthesis of Cu(bpdc)-MOF was carried out by hydrothermal 
method in a stainless-steel Teflon autoclave. About 1.001 mmol of 
CuSO4.5H2O is dissolved in 20 mL of deionized water (sol A) and 1 mmol 
biphenyl-4,4′-dicarboxylic acid is dissolved in 20 mL of dimethyl form
amide (sol B). Sol A is slowly added to sol B and 0.2 g of NaOH is added 
to the homogenizing stirring solution at room temperature for 1 h. The 
reaction was carried out in a 100 mL Teflon sample container with a 
stainless-steel protective cover and heated at 185 ◦C for 8 h in the 
reactor. After the reaction was completed, the product was allowed to 
cool naturally. Then the product is washed with DMF thrice. Finally, the 
obtained product is dried at 100 ◦C for 4 h [31].

2.3. Synthesis of Ni(bpdc)-based MOF

The synthesis of Ni(bpdc)-MOF is achieved through the exertion of 
the hydrothermal method, where 1.010 mmol of NiCl2.6H2O is dissolved 
in 20 mL of deionized water (sol A) and 1 mmol of biphenyl-4,4′- 

dicarboxylic acid is dissolved in 20 mL of DMF (sol B). Sol A is added 
slowly to sol B and 0.2 g of NaOH is added and stirred for 1 h at room 
temperature. The solution is then transferred into a 100 mL Teflon 
autoclave and heated at 185 ◦C for 8 h. The resulting product is filtered 
after cooling at room temperature and then washed three times with 
DMF. Finally, the product obtained is dried at 100 ◦C for 4 h [32].

2.4. Encapsulation of cisplatin inside MOFs

Cisplatin encapsulation was performed by a simple impregnation 
method. Approximately 500 mg of Cu(bpdc)-MOF and Ni(bpdc)-MOF 
powder was suspended in cisplatin solution (2.4 mg/mL) and stirred 
continuously for 72 h at room temperature. After a certain time period, 
the solvent was removed by centrifugation. Before the loading of 
cisplatin, the MOFs were dried in an oven to remove the water mole
cules. The cisplatin-loaded Cu(bpdc)-MOF and Ni(bpdc)-MOF were 
evaluated against the breast cancer MDA-MB-231 cell line and normal L- 
929 cell line.

2.5. Catalyst characterization

The composite synthesis and crystal phase change were identified by 
XRD analysis using a Bruker binary V4 X-ray diffractometer with Cu Kα 
(1.5406 Å) irradiation in the range of 0–80◦. The existence of functional 
collections on the outer surface of material in the wavelength of 
400–4000 cm− 1 was ascertained by Fourier transform infrared spectra 
(FTIR) from SHIMADZU IR Affinity-1. The investigation of the particle 
morphology of the samples was conducted using transmission electron 
microscopy (TEM) with a JEOL-2100+ instrument working at 200Kv 
and scanning electron microscopy with a Quanta FEG-250 equipped 
with an EDS attachment. Thermofisher assessment 220 was utilized to 
obtain the UV–Visible DRS spectra of materials in the range of 300–800 
nm to identify the catalysts absorption peaks, which ranged in wave
length from 100 nm to 1100 nm. Using a Quantachrome Nova 1200, the 
surface area of the produced products was determined using the N2 
sorption isotherm. During the photocatalysis process, the concentration 
of organic pigment solution was measured using a UV–Vis instrument 
UV-1800 Series with wavelength of 340 nm. Using PHI-VERSAPROBE 
III, X-ray photoelectron spectroscopy for elemental analysis was 
recorded.

2.6. Dye degradation

In order to test the photocatalytic activity of Cu(bpdc)-MOF and Ni 
(bpdc)-MOFs, the photocatalytic degradation of Congo red in the sus
pension of aqueous solution under UV–Vis light irradiation was studied. 
A 500 W mercury vapour lamp was fixed at a distance of 45 cm above 
the surface solution and the whole instrument was set in a sealed 
lightbox. About 0.002 g of Congo red is dissolved in 1000 mL of double- 
distilled water to create a solution. About 0.05 g of the photocatalysts as 
made are added to 40 mL of dye solution in a standard photocatalytic 
experiment. Prior to light irradiation, the reaction mixture is agitated for 
30 min in the absence of light to achieve sorption equilibrium between 
the dye molecules and the catalyst surface. Then 4 mL of the mixture is 
taken out at regular time intervals and measured the absorbance. 
Finally, UV–vis absorption analysis is conducted to evaluate the con
centration of congo red solution through the decrease in colour con
centration, expressed by the change in the maximum absorption peak 
intensity under the effect of light.

2.7. Cell culture and maintenance

Following a 24-h exposure to the MOF formulations, the breast 
cancer MDA-MB-231 cell line and normal L-929 cell line exhibited 
activation. Dulbecco’s Modified Eagle’s Medium (DMEM-Himedia) 
serves as the growth medium for cell culture applications. The medium 
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is enriched with 10 % heat-inactivated Foetal Bovine Serum (FBS) and 
includes 1 % antibiotic cocktail composed of streptomycin (100 μg/mL), 
penicillin (100 U/mL) and amphotericin B (2.5 μg/mL). A cell culture 
incubator (Galaxy ® 170, Eppendorf, Germany) was utilized to maintain 
cells in tissue culture (TC) flasks (25 cm2) at 37 ◦C and 5 % CO2.

2.8. Preparation of cytotoxicity by MTT assay

MTT assay was assessed from the perspective of in-vitro cell viability 
of Cis@Cu(bpdc)-MOF and Cis@Ni(bpdc)-MOF. The standard protocol 
involved choosing breast cancer MDA-MB-231 and normal L-929 cells, 
seeding them into 96-well plates at a density of 2500 cells/well in 200 μL 
of cell medium and then incubating them for the entire night at 37 ◦C 
with 5 % CO2. Before receiving treatment, the cell monolayers were 
cleaned with PBS. Cis@Cu(bpdc)-MOF and Cis@Ni(bpdc)-MOF were 
applied to the cells at varying durations and concentrations. Following 
this, MTT solutions (5 mg/mL) were added to each well and incubated 
for an additional 4 h at 37 ◦C. Following a four-hour incubation period, 
the growth media was removed and 200 μL of DMSO solvent was 
introduced to each well to facilitate the dissolution of the formazan 
crystals. The optical density at 570 nm was measured using an ELISA 
microplate reader. The outcomes were analysed in relation to control 
cells that solely included cell-cultured media and the culturing experi
mentations were conducted 3 times [32].

3. Results and discussion

3.1. XRD analysis

Using Cu Kα radiation at a wavelength of 1.5406 Å, the X-ray 
Diffraction (XRD) spectra of Cu(bpdc)-MOF and Ni(bpdc)-MOF were 
recorded. An extensive examination of the crystal phase of Cu(bpdc)- 
MOF and Ni(bpdc)-MOF was conducted across a spectrum of diffrac
tion angles (2θ) ranging from 10 to 80 degrees. The XRD spectra of Cu 
(bpdc)-MOF displayed distinct characteristics, as indicated by the 
peaks illustrated in Fig. 1(a) and also it shows that Cu(bpdc)-MOF shows 
crystalline nature and Ni(bpdc) shows amorphous nature. High-intensity 
diffraction peaks were observed at 2θ = 19.01 and 32.10, which 
correspond to the (101) and (103) planes, respectively. In a similar 
manner, the XRD spectra of Ni(bpdc)-MOF exhibited clear peaks at 
12.93, 20.45 and 24.81. The mean crystalline size was determined using 
the Scherrer eq. (See Table 1.)

D = k λ / β Cosθ.
Where, λ is the wavelength of X-ray source (1.506 Å), K is the 

Scherrer constant (0.98), D is the crystallite size, θ is the Bragg angle and 
β is the full-width half maximum (FWHM) in radians. The average size of 
Cu(bpdc)-MOF and Ni(bpdc)-MOF was 45.18 and 20.3 nm [33–38].

3.2. SEM with EDX analysis

Scanning electron microscopy is a technique that enables to examine 
the microstructure and morphology of the synthesized products. SEM 
images of Cu(bpdc)-MOF and Ni(bpdc)-MOF are displayed in the fig.(2). 
SEM micrographs show the distribution of particles in Cu(bpdc)-MOF 
and Ni(bpdc)-MOF with a range of dimensions and were captured at 
different magnifications. The SEM images of Cu(bpdc)-MOF presented in 
Fig. 2(a&b) show their formation as small, sharp and clusters of needle- 
shaped crystals. A high degree of uniformity in the synthesized Cu 
(bpdc)-MOFs is further suggested by the absence of other morphol
ogies. The purpose of the EDAX study was to ascertain the elemental 
analysis of the synthesized Cu(bpdc)-MOFs. Fig. 2(c) displays the EDAX 
analysis results [39]. The SEM image of Ni(bpdc)-MOFs shown in Fig. 2
(d&e) reveals their existence as wire-shaped aggregated to form nest- 
like structures. Different energy peaks correspond to different ele
ments in EDAX analysis. From Fig. 2(f), the existence of carbon, nitro
gen, oxygen and nickel in the synthesized Ni(bpdc)-MOF is confirmed 

[40].

3.3. FT-IR analysis

FT-IR spectroscopy is employed for a more detailed analysis of the 
presence of functional groups. Fig. 3 illustrates that the absorption band 
at 3423.56 cm− 1 corresponds to the asymmetric and symmetric N–H 
stretching, while the band at 1632.78 cm− 1 is associated with the 
asymmetric and symmetric H-N-H stretching in cisplatin [41]. In the 
case of Cu(bpdc)-MOF, two prominent bands at 685 and 742 cm− 1 are 
associated with the vibrational stretching of the C–H group and the 
deformation vibration of the benzene ring. The four prominent bands at 
893, 1434, 1535 and 1585 cm− 1 are associated with the vibrational 
stretching of COOˉ, which is linked to the metal centre. Among these, the 
two bands at 1434 and 1585 cm− 1 are attributed to the symmetric and 
asymmetric stretching of COOˉ groups. The difference between these 
two bands suggests that by bidentate ligands the COOˉ groups are 
correlated to the metal centre. The broad band at 3589.48 cm− 1 corre
sponds to the -OH stretching. The band at 1567 cm− 1 is assigned to C––C 
stretching that further validates the existence of benzene ring. 

Fig. 1. (a)XRD of Cu(bpdc)-MOF and (b) Ni(bpdc)-MOF.

Table 1 
MTT assay of Cis@Cu(bpdc)-MOF and Cis@Ni(bpdc)-MOF on MDA-MB-231.

Concentrations 
(μg/mL)

Cis@Cu(bpdc)-MOF Cis@Ni(bpdc)-MOF

Cellular 
viability 
(%)

Growth 
inhibition 
(%)

Cellular 
viability 
(%)

Growth 
inhibition 
(%)

6.25 94.02 5.98 94.2 5.8
12.5 77.92 22.08 79.78 20.22
25 62.76 37.24 63.47 36.53
50 47.20 52.8 50.4 49.6
100 37.63 62.37 40.7 59.3
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Furthermore, the distinction between the symmetric and asymmetric 
stretching modes of the coordinated -COOˉ group enables us to confirm 
that the -COOˉ group of bpdc has indeed been coordinated to Cu2+. All 
Cis@Cu(bpdc)-MOF exhibited distinctive peaks associated with Cu 
(bpdc)-MOF, alongside a subtle peak of amine stretching at 3274 
cm− 1, signifying the presence of an unaltered amine group [42].

Similarly, in Ni(bpdc)-MOF, four bands at 846, 1463, 1517 and 1554 
cm− 1 were obtained which corresponds to carboxylate groups (COO¡) 
stretching correlated to the metal centre. The bands at 1463 and 1554 

cm− 1 correspond to symmetric and asymmetric stretching of COO¡

coordinated to Ni2+ centre by bidentate ligand. Two intense bands at 
671 and 727 cm− 1 are attributed to stretching vibration of C–H group 
and the antiplanar bending vibration of benzene ring. A band observed 
at 1651 cm− 1 is ascribed to the stretching of C––C that validates the 
presence of benzene ring. All Cis@Ni(bpdc)-MOF showed characteristic 
peaks of Ni(bpdc)-MOF with additional intense peak at 3271 cm− 1 

assigned to weak -NH2 stretching [43].

Fig. 2. SEM with EDAX of Cu(bpdc)-MOF (a,b,c) and Ni(bpdc)-MOF (d,e,f).

Fig. 3. FT-IR of Cu(bpdc)-MOF and Ni(bpdc)-MOF.
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3.4. UV–Vis DRS analysis

The UV–Vis diffuse reflectance spectroscopy (DRS) approach, which 
is illustrated in Fig. 4(a&c), is used to examine the optical behavior and 
energy band structure of Cu(bpdc)-MOF, Cis@Cu(bpdc)-MOF, Ni(bpdc)- 
MOF and Cis@Ni(bpdc)-MOF. UV–Vis DRS is a spectroscopic technique 
used to analyze the optical properties of solid materials and measures 
how a material reflects ultraviolet (UV) and visible (Vis) light rather 
than transmitting it. This technique is commonly used for studying 
semiconductor materials, catalysts and pigments. A notable response is 
suggested by the UV–Vis DRS for Cu(bpdc)-MOF and Ni(bpdc)-MOF, 
which show an absorption band in the 250-600 nm and 300-700 nm 
wavelength ranges. The energy needed in a semiconductor to move 
electrons to the conduction band from the valence band is known as the 
optical bandgap energy. The energy is computed using the Kubelka- 
Munk method to convert the reflectance to absorbance in the UV–Vis 
diffuse reflectance spectra. 

K
S
=

(1 − R)2

2R 

Where K is the molar absorption coefficient, R is the reflectance and S 
is the scattering factor. The band gaps for Cu(bpdc)-MOF and Ni(bpdc)- 
MOF were found to be 3.47 eV and 3.63 eV, respectively, based on the 
plot of (F(R)hυ)2(eVcm− 1) vs energy (eV) and these larger values indi
cate the semiconductor nature of the synthesized materials and showed 
good photocatalytic activity under UV–visible light irradiation upon 
long exposure. For Cu(bpdc)-MOF and Ni(bpdc)-MOF, the absorption 
edge is shifted to a longer wavelength region, respectively, suggesting 
that they may be able to absorb visible light in contrast to Cis@Cu 
(bpdc)-MOF and Cis@Ni(bpdc)-MOF, which displayed a decrease in 
absorption intensity. Both the coordination bonding of Cu(II)-Cisplatin 
and Ni(II)-Cisplatin and the electrostatic interaction between the nega
tively charged carboxylic acid and positively charged Cisplatin are 
responsible for the high drug-loading capacity of cisplatin in Cu(bpdc)- 
MOF and Ni(bpdc)-MOF [44,45].

Fig. 4. UV–Vis DRS and bandgap energy of Cu(bpdc)-MOF (a,b) and Ni(bpdc)-MOF (c,d).
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3.5. XPS analysis

(f) Ni2p (g) C1s (h) O1s.
A broad XPS survey was conducted to examine the compositions of 

the synthesized Cu(bpdc)-MOF and Ni(bpdc)-MOF in order to better 
comprehend the surface information of these materials. Cu(bpdc) MOF 
was found to be made up of Cu2p3, C1s, O1s and N1s elements based on 
the XPS survey spectra in Fig. 5(a). The O1s high-resolution XPS spec
trum revealed a peak at 530.94 eV ascribed to the -OH group, while the 
C1s spectrum revealed a peak at 284.77 eV and 288.73 eV, which 
correspond to the C-C/C=C and C––O of carbonyl groups. Cu2p3 spectra 
showed four distinct peaks: two at 953.16 eV and 933.9 eV were 
attributed to Cu2p1/2 and Cu2p3/2, while the other two at 944.36 and 
955.2 eV were the satellite peaks of Cu2p3/2 and Cu2p1/2, respectively. 
Based on these findings, the copper ion exists as Cu2+ [46].

The XPS of Ni(bpdc) MOF is shown in Fig. 5(e). Four elemental peaks 
were identified from the survey spectra, confirming the presence of ni
trogen, carbon, oxygen and nickel. Ni2p spectra showed four distinct 
peaks; two of these peaks at 871.42 eV and 854.83 eV corresponded to 
Ni2p3/2 and Ni2p1/2. Furthermore, the satellite peaks of Ni2p1/2 and 
Ni2p3/2 are visible as broad peaks at 861.43 eV and 879.02 eV. These 
findings from the Ni2p spectra demonstrated that the produced Ni 
(bpdc)-MOF contains nickel ions in Ni2+. Two peaks were observed at 
284.82 eV and 288.47 eV in the C1s spectra, which were assigned to the 
C––C of benzene ring and the C––O of the carboxylate, respectively. The 

peak at 530.96 eV in the O1s spectra was assigned to the adsorbed -OH 
group [47].

3.6. TGA analysis

(d) Cis@Ni(bpdc)-MOF.
To better understand the decomposition mechanism of the synthe

sized MOFs, the thermal decomposition process was investigated by 
thermogravimetric analysis. As shown in Fig. 6(a), five mass drops were 
observed for Cu(bpdc)-MOF, the first drop in mass of 8.71 % happened 
from room temperature to 92 ◦C and was caused by the removal of H2O. 
The corresponding drop in mass of 8.21 %, 8.55 %, and 5.6 % happened 
between 100 and 380 ◦C with a massive drop of 29.06 % at 495 ◦C 
caused due to the decomposition of Cu(bpdc)-MOF structure. When a 
temperature above 495 ◦C was applied, with residue lower than 40 % 
left behind, the mass persisted to be stable. In the case of Cis@Cu(bpdc)- 
MOF shown in Fig. 6(b), seven drops in mass were observed. The first 
five drops in mass happened between room temperature to 400 ◦C. The 
highest drop in mass of 24.33 % happened at 440 ◦C and the lowest drop 
in mass happened between 565 and 615 ◦C. When a temperature higher 
than 615 ◦C is applied, the mass remains stable with less than 25 % 
residue left behind. Thermogravimetric analysis revealed that Cu(bpdc)- 
MOF and Cis@Cu(bpdc) was thermally stable below 380 ◦C and 440 ◦C. 
The thermal stability of Cis@Cu(bpdc)-MOF was higher than that of Cu 
(bpdc)-MOF [48]. As shown in Fig. 6(d), five mass drop is observed for 

Fig. 5. XPS of (a) Cu(bpdc)-MOF (b) Cu2p (c) C1s (d) O1s and (e) Ni(bpdc)-MOF.
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Cis@Ni(bpdc)-MOF. The first drop in mass of 8.89 % happened between 
room temperature and 130 ◦C. The second mass drop of 10.02 % 
happened at 130 ◦C followed by a massive drop in mass of 37.17 % at 
340 ◦C. The final low mass drop of 9.61 % happened between 510 and 
580 ◦C. When the temperature was raised above 580 ◦C, the mass 
remained stable with less than 25 % residue left behind. In case of Ni 
(bpdc)-MOF, it was found to be thermally unstable (Fig. 6(c)) and 
Cis@Ni(bpdc)-MOF was thermally stable below 440 ◦C [49]. (See 
Figs. 7–11.)

3.7. BET analysis

The N2 sorption isotherms obtained at 77 K using the Brunauer- 
Emmett- Teller (BET) and Barrett- Joyner-Halenda (BJH) characteriza
tion procedures were utilized to assess the samples’ surface area, pore 
size and volume. Cu(bpdc)-MOF and Ni(bpdc)-MOF exhibit type IV 
isotherms, which are typical of mesoporous materials, on their isotherm 
curves. The pore size of Cu(bpdc)-MOF and Ni(bpdc)-MOF is 1.916 nm 
and 1.671 nm whereas the pore size of Cis@Cu(bpdc) and Ni(bpdc)- 
MOF is reduced to 1.684 nm and 1.417 nm. Similarly, the pore vol
ume of Cu(bpdc)-MOF and Ni(bpdc)-MOF at 0.295cm3/g and 
0.265cm3/g was reduced to 0.142cm3/g and 0.108cm3/g for Cis@Cu 
(bpdc)-MOF and Cis@Ni(bpdc)-MOF. The obtained results of a 
decrease in the pore size, volume and surface area show that the 
cisplatin is encapsulated inside Cu(bpdc)-MOF and Ni(bpdc)-MOF 

[50,51].

3.8. Photocatalytic activity

The UV–Vis spectra of congo red dye displayed a peak at 498 nm in 
the nonappearance of Cu(bpdc) and Ni(bpdc)-based MOFs. Dye mole
cules are generally stable under light irradiation and display resistance 
to degradation maintaining their absorption intensity without the cat
alysts. The as-synthesized materials were semiconductors and showed 
good photocatalytic activity under UV–Visible light irradiation. Upon 
adding 0.005 g of Cu(bpdc)-MOF and on long exposure to time under 
UV–Visible light, the intensity of the characteristic peaks of congo red at 
498 nm decreased suddenly with no emergence of additional peaks at 
different time intervals. The red colour of the solution completely dis
appeared with a degradation efficiency of 99 % after 140mins of irra
diation. On the other hand, on adding 0.005 g of Ni(bpdc)-MOF as a 
catalyst, the complete degradation of congo red is observed after 
160mins with 97 % degradation efficiency, indicating that the irradia
tion process photocatalytic effect destroyed the chromophoric structure 
of the congo red. The obtained results well matched with the previous 
reports [52–57]. Ahodashti et al. documented the degradation capacity 
of the synthesized CF-AgNPs when exposed to UV irradiation, achieving 
approximately 86.7 % and 81.3 % degradation of basic blue 9 and 
Eriochrome black T contaminants, respectively, after 110 min [58]. 
Ahodashi et al. developed MnFe2O4@SiO2@Au magnetic 

Fig. 5. (continued).
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Fig. 6. TGA of (a) Cu(bpdc)-MOF (b) Cis@Cu(bpdc)-MOF (c) Ni(bpdc)-MOF.

Fig. 7. Photocatalytic degradation of congo red by (a) Cu(bpdc)-MOF (b) Ni(bpdc)-MOF. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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nanocomposites using glucose, sucrose, and PVA as capping agents, 
along with C. pentagyna and C. microphylla serving as reducing agents. 
The degradation rates of 2-NPH, ER, MV, RhB and EBT under UV irra
diation were recorded at 84.3 %, 80.5 %, 87.2 %, 91.2 % and 95.7 %, 
respectively, while the rates under visible light irradiation were 53.7 %, 
49.1 %, 57.9 %, 61.6 % and 64.8 %. After 100 min under UV light, the 
best degradation of cationic dyes is 87.2 %, whereas the degradation of 
anionic dyes is over 90 % [59].

Using the following formula, the percentage of Congo red deterio
ration is determined: % of degradation = A0 – At / A0 x 100.

Where A0 signifies the absorbance at time t = 0 and At signifies the 
absorbance after time t of treatment. A0 and At are recorded at λmax of 
dye.

3.9. Mechanism of photocatalytic degradation

When organic pollutants undergo photocatalytic treatment, their 
poisonous byproducts are broken down or changed into harmless forms, 
allowing for the removal of the pollutants without danger. On exposure 
to light with energy greater than or equal to its bandgap, photons are 
absorbed by a semiconductor photocatalyst and it excites the electrons 
in the valence band, moving them to the conduction band and leaving 
the valence band with holes or positive charge carriers. The excited 
holes and electrons are highly reactive and can perform redox reaction 
on the surface of the photocatalyst. The electron in the conduction band 
reduce oxygen molecules producing superoxide radicals and the holes in 
the valence band oxidize hydroxide ions or water molecules producing 

Fig. 8. Recyclability and % of degradation of Cu(bpdc)-MOF and Ni(bpdc)-MOF.

Fig. 9. MDA-MB-231 cell line treated with various concentrations of Cis@Cu@(bpdc)-MOF (a&b) and Cis@Ni(bpdc)-MOF (c&d).

Fig. 10. L-929 cell line treated with various concentrations of Cis@Cu@(bpdc)-MOF (a&b) and Cis@Ni(bpdc)-MOF (c&d).
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hydroxyl radicals. The generated radicals are reactive oxygen species 
(ROS) that are highly reactive and can decompose the organic pollutants 
into smaller and less harmful molecules such as CO2 and H2O. For 
trapping reactive oxygen species ●OH, O2ˉ,h+, eˉ, scavengers like iso
propanol, p-benzoquinone, EDTA and silver nitrate are added to the four 
identical photocatalytic reaction systems individually and their photo
catalytic performance is measured. The degradation significantly 
decreased with each scavenger which confirmed that the reactive oxy
gen species played a crucial role in dye degradation.

M(bpdc)-MOF + hυ (M(bpdc)-MOF)* + e− + h+ (M = Cu & Ni).
hþ + H2O ●OH + H+.
hþ + OHˉ ●OH.
●OH+ Dye Degradation product.
eˉ + O2 

●O2ˉ.
●OH + congo red dye Degradation product.
●O2ˉ + congo red dye Degradation products.

3.10. Recyclability test

The reusability of catalysts is a critical consideration in heteroge
neous catalysis applications. Following the experiment, the Cu(bpdc)- 
MOF and Ni(bpdc)-MOF catalysts were gathered via centrifugation, 
washed thrice with water and ethanol to eliminate congo red completely 
and subsequently dried at 100 ◦C for 5 h before being reused. Despite a 
slight decrease in photocatalytic degradation efficiency after four cycles, 
from 99 % to 91 % for Cu(bpdc)-MOF and from 97 % to 88 % for Ni 
(bpdc)-MOF, these catalysts demonstrated outstanding recyclability 
and stability under the tested conditions. This suggests that Cu(bpdc)- 
MOF and Ni(bpdc)-MOF hold promise as potential catalysts for treat
ing organic pollutants in aqueous solutions.

4. Antiproliferative evaluation of Cis@Cu(bpdc)-MOF and 
Cis@Ni(bpdc)-MOF on MDA-MB-231 by MTT assay method

The assessment of the cytotoxic effects of cisplatin encapsulated 
within Cu(bpdc)-MOF and Ni(bpdc)-based MOF is conducted through 
the measurement of cell survival utilizing an MTT (3-(4,5,-dimethylth
iazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, which serves to 
evaluate the mitochondrial functionality of the cells. For an entire day of 
inhibition, each cultured 96-well plate housing both viable and non- 
viable cells of the specific cancerous MDA-MB-231 is reserved. The 
chosen cell lines are tested for their capability to prevent MDA-MB-231 
expansion by gradually diluting different doses of Cis@Cu(bpdc)-MOF 

and Cis@Ni(bpdc)-MOF two times. Cis@Cu(bpdc)-MOF, Cis@Ni 
(bpdc)-MOF and the untreated control well plates on the 96-well tissue 
culture cell plate are combined with the reconstituted MTT solution in 
phosphate buffer solution. The plates are then incubated for many hours 
at 37 ◦C with 5 % CO2 humidity.

The tetrazolium ring in MTT is broken down in active mitochondria 
to produce the formazan product, a process that can only take place in 
living cells. Since the purple formazan crystal is insoluble in water, the 
formazan crystals are dissolved in DMSO. After the liquid supernatant is 
removed, the dissolved formazan crystals are measured at 570 nm using 
spectrophotometry. The proportion of living cells is computed from the 
triplicate responses performed at different concentrations, and the total 
count is determined by the formazan solution. 

Percentageofcellularviability =
Averageabsorbanceoftreated

Average absorbance of control
ˣ 100 

4.1. Antiproliferative evaluation of Cis@cu(bpdc)-MOF against MDA- 
MB-231

The toxicological effects of Cu(bpdc)-MOF and Cis@Cu(bpdc)-MOF 
are assessed on MDA-MB-231 breast cancer cells over a duration of 
24 h. Samples with varying concentrations of 6.25, 12.5, 25, 50 and 100 
μg/mL are meticulously prepared and subsequently evaluated against 
the cultured cell walls. Following a 24-h exposure to MDA-MB-231 cells, 
the viability of these cells subjected to Cis@Cu(bpdc)-MOF at concen
trations of 6.25 μg/mL and 12.5 μg/mL decreased from the baseline to 
94.02 % and 77.92 %, respectively. Furthermore, the cellular viability in 
MDA-MB-231 cells fell to around 62.76 %, 47.2 % and 37.63 % when the 
concentration is increased to 25, 50 and 100 μg/mL. The cytotoxicity of 
Cis@Cu(bpdc)-MOF is significantly greater than the toxic effects of Cu 
(bpdc)-MOF which showed a cellular viability of 74 % at the highest 
concentration of 100 μg/mL. Because cisplatin creates DNA adducts, 
which disrupt DNA replication and transcription and cause cancer cells 
to apoptose, it has a cytotoxic impact, reducing cell viability. Further, 
the Cu(bpdc)-MOF’s released copper ions aided cytotoxicity by pro
ducing reactive oxygen species (ROS), which in turn damage cancer cell 
DNA. On a typical day, cancer cells experience oxidative stress, which is 
characterized by high metabolic activity and increased quantities of 
reactive oxygen species (ROS) compared to normal cells. In addition, 
cancer cells are unable to repair the DNA damage caused by cisplatin 
because copper ions hinder certain DNA repair enzymes. The synergistic 
interaction between cisplatin and Cu(bpdc)-MOF causes morphological 
disruption as a result of the combined effects of ROS produced by the 
compound and DNA damage induced by cisplatin. The IC50 of Cis@Cu 
(bpdc)-MOF loaded with 31.53 % of cisplatin is 55 μg/mL with the 
percentage of growth inhibition from 5.98 % to 62.37 %. The obtained 
results suited with the previously reported ones [60–62]. According to 
Tanay et al., Doxorubicin-loaded Gd-based MOFs demonstrated similar 
outcomes. By using the MTT test on the U 937 leukaemia cancer cell line, 
we were able to confirm that 5 wt% DOX loaded MG-Gd-pDBI has 
anticancer activity. At the two distinct doses of 75 and 300 μg/mL, about 
50 % and 29 % of viable cells, respectively, were found [63]. By using 
the MTT test, Kai et al. assessed the anticancer efficacy of CPT-loaded 
ZIF-8@RGD against HeLa (cancer) and HEK-293 T (normal) cells. 
Compared to HEK-293 T cellular apoptosis, the CPT@ZIF-8@RGD 
nanoparticles killed around 75 % of HeLa cells at a concentration of 
50 μg/mL (containing 5 μg/mL CPT). Based on these findings, CPT@ZIF- 
8@RGD nanoparticles have the potential to be a very effective hydro
phobic anticancer medication delivery method for precision cancer 
therapy [64].

4.2. Antiproliferative evaluation of Cis@Ni(bpdc)-MOF against MDA- 
MB-231

For 24 h, MDA-MB-231 cell is used to assess the toxicities of Ni 

Fig. 11. Graphical representation of concentrations vs % of viability.
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(bpdc)-MOF and Cis@Ni(bpdc)-MOF. A range of concentrations (6.25, 
12.5, 25, 50 and 100 μg/mL) of test samples are generated and subjected 
to cell wall culture testing. The MDA-MB-231 cells treated with 6.25 μg/ 
mL and 12.5 μg/mL of Cis@Ni(bpdc)-MOF saw a decrease in cellular 
viability from base level to 94.2 % and 79.78 % after a 24-h treatment 
period. Furthermore, when the concentration was increased to 25, 50 
and 100 μg/mL, the cellular viability in MDA-MB-231 cells decreased to 
approximately 62 %, 50.4 % and 40.7 %. Cis@Ni(bpdc)-MOF exhibits 
cytotoxicity that is noticeably greater than Ni(bpdc)-MOF’s toxic effects. 
In the case of Ni(bpdc)-MOF, the cellular viability in MDA-MB-231 line 
is 79 %. The reduction in cell viability is brought on by the cytotoxic 
impact of cisplatin, which creates DNA adducts that obstruct tran
scription and DNA replication and ultimately cause cancer cells to un
dergo apoptosis. Additionally, the nickel ion from Ni(bpdc)-MOF 
produces reactive oxygen species (ROS), which harm cancer cells’ DNA 
and contribute to cytotoxicity. In contrast to non-tumorous cells, cancer 
cells typically experience oxidative stress, which is typified by high 
amounts of ROS and high metabolic activity. Due to the synergistic 
interaction between cisplatin and the ROS produced by Ni(bpdc)-MOF, 
morphological disruption results from the combined effect of both 
substances. The IC50 of Cis@Ni(bpdc)-MOF loaded with 27.17 % of 
cisplatin is 62.15 μg/ml with the percentage of growth inhibition from 
5.8 % to 59.3 %. The combined action of cisplatin and Ni(bpdc)-MOF 
results in increased cytotoxicity of Cis@Ni(bpdc)-MOF. The obtained 
results suited with the previously reported ones [65–68]. Su et al. syn
thesized one-pot encapsulated UiO-66@AgNCs@Apt@DOX and evalu
ated their anticancer activity against breast cancer MCF-7 and normal 
L929 cell lines by MTT assay. At a DOX concentration of 10 μg/mL killed 
about 80.3 % of MCF-7 cells, but only 54.9 % of L929 cells died under 
the same circumstances [69]. Liang et al. reported the cytotoxicity of 
Doxorubicin-loaded BSA@ZIF-8 against breast cancer MCF-7 cell line by 
MTT assay. After 24 h of incubation with concentrations of 0.5 and 1 
mg/L, the mitochondrial function fell to 33 and 17 % respectively. 
Additionally, after 72 h of BSA/DOX@ZIF incubation, the mitochondrial 
activity in MCF-7 cells decreased to about 10 % at a concentration of 1 
mg/L [70]. Alireza et al. revealed the preparation of oxaliplatin-loaded 
UiO-66-NH2 and examined its cytotoxicity against CT-26 cells by MTT 
assay. The test highlighted that no significant cytotoxicity was caused by 
UiO-66-NH2 alone but for oxaliplatin-loaded UiO-66-NH2 the death of 
the cells was significantly increased [71,72].

4.3. Antiproliferative evaluation of Cis@Cu(bpdc)-MOF and Cis@Ni 
(bpdc)-MOF against normal L929 cell line

The Cis@Cu(bpdc)-MOF showed no toxicity to normal cells before 
entering the cancer cells. It is confirmed when the toxicity of Cis@Cu 
(bpdc)-MOF is tested against the normal L-929 mouse fibroblast cell 
line. After treatment with L-929 cells for 24 h, the cellular viability in L- 
929 cells tested with Cis@Cu(bpdc)-MOF at a concentration of 6.25, 
12.5, 25, 50 and 100 μg/mL showed cellular viability of 98.87, 97.51, 
96.15, 95.48 and 94.68 % and Cis@Ni(bpdc)-MOF exhibited cellular 
viability of 98.24, 97.66, 96.37, 95.32 and 93.68 %, indicating no 
toxicity was noticed in normal cells. L929 cells exhibit lower uptake 
efficiency for Cis@Cu(bpdc)-MOF and Cis@Ni(bpdc)-MOF and do not 
internalize the MOF particles as efficiently as cancer cells, reducing their 
exposure to cisplatin. The Cu(bpdc)-MOF and Ni(bpdc)-MOF are 
biocompatible, therefore the copper ions and the organic ligand 
(biphenyl dicarboxylate) in the MOF structure are unlikely to cause 
significant toxicity at low concentrations. Normal cells, like L929, can 
neutralize reactive oxygen species (ROS) and reduce toxicity because 
they have higher antioxidant systems.

5. Conclusion

In conclusion, the Cu(bpdc)-MOF and Ni(bpdc)-MOF were success
fully synthesized using a hydrothermal approach and characterized 

using various advanced techniques, including XRD, SEM-EDX, FT-IR, 
UV–Vis DRS, XPS, TGA and N₂ sorption analysis. The photocatalytic 
properties of these MOFs were evaluated through the degradation of 
Congo Red dye under visible light irradiation, achieving degradation 
efficiencies of 99 % and 97 % for Cu(bpdc)-MOF and Ni(bpdc)-MOF, 
respectively. The complete degradation of Congo Red (2 mg/L) was 
achieved within 145 min for Cu(bpdc)-MOF and 160 min for Ni(bpdc)- 
MOF. Importantly, both catalysts demonstrated excellent reusability and 
stability over multiple cycles, which is critical for minimizing opera
tional costs and avoiding secondary pollution in wastewater treatment 
applications. These findings highlight the potential of Cu(bpdc)-MOF 
and Ni(bpdc)-MOF as robust photocatalysts for environmental remedi
ation. Additionally, a simple impregnation method was employed to 
encapsulate cisplatin within the Cu(bpdc)-MOF and Ni(bpdc)-MOF 
frameworks, resulting in high cisplatin loading and the development 
of effective drug delivery systems. Both Cis@Cu(bpdc)-MOF and Cis@Ni 
(bpdc)-MOF demonstrated excellent biocompatibility and stability, 
alongside significant therapeutic efficacy against the breast cancer 
MDA-MB-231 cell line. The in vitro cytotoxicity studies revealed IC50 
values of 55.78 μg/mL and 62.15 μg/mL for Cis@Cu(bpdc)-MOF and 
Cis@Ni(bpdc)-MOF, respectively, underscoring their potential for can
cer treatment. This study bridges the fields of environmental science and 
biomedicine by demonstrating the dual functionality of Cu(bpdc)-MOF 
and Ni(bpdc)-MOF as photocatalysts for pollutant degradation and as 
efficient drug delivery systems. These multifunctional materials address 
global challenges such as wastewater treatment and targeted cancer 
therapy, providing a foundation for future innovations in sustainable 
and versatile material design.
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