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Abstract Properties of pore structure in Metal-organic frameworks (MOFs) play a key role in the

adsorption of target molecules hence are used to improve the efficiency in MOFs. In this study, we

synthesized three MOFs with different hydrophilicity, namely TMU-6(RL1), TMU-21(RL2) and

TMU-59. Additionally, we studied the effect of hydrophobicity/hydrophilicity of pore in MOFs

on the drug delivery and sensing properties. The structure of these frameworks was characterized

by XPS, BET, XRD, IR and TG. The DLC and DLE of TMU-6(RL1), TMU-21(RL2) and

TMU-59, were determined by (20%, 70%), (18%, 78%) and (3.6%, 13.6%), respectively. Also,

the curcumin release reached 74%, 57% and 8% respectively for TMU-6(RL1), TMU-21(RL2)
ran (A.
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and TMU-59 after 100 h in PBS solution with pH 7.2 respectively. The carriers showed high adsorp-

tion efficiency and controlled release. Adsorption of curcumin as an anticancer drug to the MOFs

was done through multiple mechanisms such as Hostp–pGuest interaction and HostN–H� � �OGuest

hydrogen bonds. Also, studies of in vitro anticancer revealed that the cytotoxicity of the

MOFs@Curcumin composites against HT-29 cancer cells in MOFs was more than free curcumin.

The findings demonstrated that the changes in the hydrophilic properties of frameworks can specif-

ically control the Host-Guest interactions, drug loading and its release.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1 Chemical structure of curcumin.
1. Introduction

In recent years, cancer has become one of the most challenging issues

worldwide, owing to its fast growth and shortage of targeted therapies

(Larsen et al., 1988; Siegel et al., 2017; DeSantis et al., 2019). To

improve drug accumulation in tumors, several drug delivery methods

such as hydrogels, liquid crystals, nanospheres, liposomes, and micelles

have recently been developed (Kubra et al., 2021; Awual, 2017; Kubra

et al., 2021; Awual, 2019; Ghorbanloo and Tarasi, 2017; Xu et al.,

2023; Arora et al., 2023; Awual, 2019; Salman et al., 2021; Awual,

2019; Kubra et al., 2021; Awual et al., 2015). Nevertheless, such drug

delivery techniques continue to have disadvantages, including low sta-

bility and toxicity issues (Xue et al., 2019). As a result, developing an

effective drug delivery technique is critical (Cai et al., 2020; Hasan

et al., 2021). MOFs are a class of crystalline nanoporous structures

consisting of organic ligands and metal ions (Yaghi et al., 2003; Gao

et al., 2020; Xue et al., 2018). MOFs have shown high potential for

a wide variety of uses such as sensing, gas storage, separation, drug

delivery and catalysis (Tarasi et al., 2022). MOFs are suitable nanocar-

riers in drug delivery systems due to their variable pore size, excellent

biocompatibility, exceptional porosity, and large surface area. One of

the important features that have recently been considered in improving

the usefulness of MOFs is the hydrophobicity and hydrophilicity of the

pore surfaces of MOFs. The presence of hydrophobic or hydrophilic

functional groups in these frameworks is one of the main ways for cre-

ating hydrophobic or hydrophilic MOFs. With small changes on the

structures and incorporation of these functional groups in the linkers

(for example, trifluoromethyl groups and alkyl chains, methyl group)

in the linkers, one can witness large changes in the hydrophilic and

hydrophobic activity of MOFs (Rodrı́guez-Hermida et al., 2016; Roy

et al., 2016; Kim and Huh, 2016). Research has demonstrated that

the addition of methyl group to ligands in MOFs greatly improves

CO2 absorption (Liu et al., 2011). Farrusseng and colleagues also

showed that they could alter the hydrophilic-hydrophobic balance by

post-synthetic alteration, resulting in competitive adsorption of reac-

tants and products and therefore enhancing the catalytic efficiency of

the Knoevenogel process (Aguado et al., 2011). The effect of the

hydrophilic and hydrophobic properties of MOFs on the drug delivery

process is one of the most key and fundamental parameters that has

attracted the attention of researchers in recent years. As an instance,

the investigation by Horcajada and colleagues in this field showed that

drug absorption in MOF could be controlled by the hydrophobic/hy-

drophilic balance between drugs and MOFs (Rojas et al., 2018). To

address this issue, we synthesized three zinc pillared layer MOFs dec-

orated with amine functional groups, namely TMU-6(RL1) ([Zn(oba)

(RL1)0.5]n.(DMF)1.5), TMU-21(RL2) ([Zn(oba)(RL2)0.5]n.(DMF)1.5),

and TMU-59 ([Zn(oba)(RL3)0.5]n.(DMF)1.5). Curcumin drug was

selected as anticancer drug for this study. Curcumin manifests a range

of activities such as anti-carcinogenic, anti-oxidant, anti-HIV and anti-

inflammatory (Zhou et al., 2011; Awual, 2015) (Fig. 1). However, free

curcumin cannot be used because of high hydrophobicity and poor

bioavailability; therefore, efficient carriers are required for the usage

of the therapeutic value of curcumin (Zheng et al., 2015). On the other

hand, excessive curcumin dose can have negative impacts on the body

such as increasing prooxidant activity on DNA and decreasing levels
of intracellular ATP (Ziyatdinova et al., 2012; Chan et al., 2006).

Given all these issues, it seems necessary to detect curcumin with fast

and reliable testing.

2. Experimental section

2.1. Materials

All starting materials, including Zinc (II) nitrate hexahydrate
1, 10-Carbonyldiimidazole, 4, 40-oxybis (benzoic acid)

(H2OBA) were purchased from Aldrich and Merck Company
and used as received. The ligands RL1, RL2 and RL3 were
synthesized according to previously reported methods.

2.2. Preparation of TMU-6(RL1), TMU-21(RL2) and TMU-

59

TMU-6(RL1), TMU-21(RL2) and TMU-59 were previously
synthesized (Tarasi et al., 2018; Tarasi et al., 2021). The
RL1, RL2 and RL3 ligands, H2OBA and Zn (NO3)2�6H2O

were used to synthesize TMU-6(RL1), TMU-21(RL2) and
TMU-59 under solvothermal conditions. TMU-6(RL1): FT-
IR (KBr pellet) selected bands 653 (m), 775(m), 876(m), 1015
(m), 1086(m), 1158(s), 1231(vs), 1403(vs), 1511(m), 1607(vs),

1680(m), 2855(s), 2923 (w) and 3371(w) cm�1. TMU-21
(RL2): FT-IR (KBr pellet) selected bands 655(m), 774(m),
875(m), 1013(m), 1087(m), 1157(m), 1238(vs), 1405(vs), 1508

(w), 1608(vs), 1681(s), 2852(w), 2922 (w) and 3433(w) cm�1.
TMU-59: FT-IR (KBr pellet(644(v), 776(s), 874(v), 1013(m),
1095(v), 1162(v), 1234(s), 1403(vs), 1506(vs), 1612(vs), 1672

(m), 3063(v) and 34076(s) cm�1. The pillar linkers of RL1,
RL2 and RL3 were synthesized according to the procedures
mentioned in the published process (Fig. 2) (Abedi et al.,
2016; Tarasi and Morsali, 2021).

2.3. Characterization

The following devices were utilized to characterize the prod-

ucts. Melting points were measured on an Electrothermal

http://creativecommons.org/licenses/by/4.0/


Fig. 2 Method of synthesis of TMU-6(RL1), TMU-21(RL2) and TMU-59.

Fig. 3 Views of the (a) RL1 ligand in TMU-6(RL1), (b) RL3

ligand in TMU-59 and (c) RL2 ligand in TMU-21(RL2).
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9100 apparatus. FT-IR spectra were recorded using Thermo
Nicolet IR 100 FT-IR. The thermal behavior was measured

with a PL-STA 1500 apparatus with the rate of 10 �C.min�1

in a static atmosphere of argon. X-ray powder diffraction
(XRD) measurements were performed using a Philips X’pert
diffractometer with mono chromated Cu-Ka radiation. The

1H NMR spectrum was recorded on a Bruker AC-250 MHz
spectrometer at ambient temperature in d6- DMSO and
D2SO4. The samples were also characterized by field emission

scanning electron microscope (FE-SEM) SIGMA ZEISS and
TESCAN MIRA with gold coating (Hasan et al., 2023;
Mazrouaa et al., 2019; Awual and Yaita, 2013; Awual, 2019).

2.4. Drug loading measurement

At first, 4 mg curcumin was added to 5 mL ethanol to dissolve

completely. Then, an activated sample of MOFs (4 mg) was
added. After mixing, the solution was further stirred at room
temperature for 24 h, and particles were separated by centrifu-
gation (10000 rpm, 10 min). In addition, for removing free cur-

cumin, particles were washed with excess ethanol. The samples
of MOFs@Curcumin composites were dried under vacuum for
12 h at room temperature. The curcumin calibration curve was

drawn using a series of standard solution of curcumin by cal-
culating the absorbance at 420 nm. Then, to investigate the
amount of curcumin loaded on MOFs, the adsorption reaction

was monitored by UV/vis spectroscopy.

2.5. Drug release measurement

The release profile of curcumin was studied in PBS at pH 7.4.
The synthesized MOFs@Curcumin composites (5 mg) were
dispersed in a PBS (20 mL); then, the solution was put in a sha-
ker at 37 �C (Stirring rates: 100 rpm). Each time, 2 mL of PBS

was taken out from the parent solution at fixed time intervals
and replenished with fresh PBS. The concentration of cur-
cumin was determined by UV � vis spectrophotometer at

420 nm.

2.6. Fluorescence measurements

The Fluorescence properties of TMU-6(RL1), TMU-21(RL2)
and TMU-59 were measured in water containing MOFs using
a PerkinElmer-LS55 Fluorescence Spectrometer at room tem-

perature. In a typical procedure, 1 mg of an activated MOF
was grinded down, and then immersed in different curcumin
solutions (4 mL), followed by testing it in the emission mode
after 1 h.
3. Results and discussion

3.1. Characterization of the MOFs

In this work, TMU-6(RL1), TMU-21(RL2) and TMU-59
structures were selected to evaluate the effect of MOF

hydrophobicity/hydrophilicity on drug loading, drug delivery,
and sensory properties. According to previous reports, MOFs
were solvo-thermally synthesized by the reaction of Zn(NO3)2-

�6H2O, H2OBA, RL1, RL2 and RL3 orderly in DMF solvent
at 100 �C for 73 h (Fig. 3) (Tarasi et al., 2018; Tarasi et al.,
2020; Tarasi et al., 2021).

The TMU-59 structure has small pores of around 5.2 � 6.
9 Å, while TMU-6(RL1) and TMU-21(RL2) structures have
larger pores of about 7.5 � 6.4 Å (Fig. 4). According to previ-
ous reports, the PXRD and SEM were used to examine the

structures stability, and the results indicated that the structures
were still robust after 24 h in water (Fig. 5a) (Tarasi et al.,
2018; Tarasi et al., 2020; Tarasi et al., 2021). To investigate

surface area and porosity of MOFs, N2 adsorption/desorption
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was performed at 77 K and 1 bar on samples. The results dis-
played that all three MOFs were nonporous to N2 but were
porous to CO2 at 273 k [Brunauer-Emmett-Teller (BET) sur-

face area of 129 and 94 m2/g, for TMU-21(RL2) and TMU-
21(RL2), respectively] (Fig. 5b, c and d). The pore size distri-
bution revealed a narrow distribution of about 7.5 Å �
6.1 Å for both TMU-6(RL1) and TMU-21(RL2) (Fig. 5e).
This is consistent with the pore size determined by X-ray crys-
tallographic study structures, which is around 7.5 Å � 6.4.

This suggests that TMU-6(RL1) and TMU-21(RL2) are flexi-
ble or breathing frameworks, explaining why both are non-
porous to N2, yet, adsorb CO2 and pharmacological guest
molecules. At 77 K, N2 sorption is measured. At this cryogenic

temperature, N2 cannot permeate minuscule holes. CO2 and
drug adsorption occur at room temperature, where the frame-
Fig. 4 Representation of the pores, (a) TMU-6(RL1), (b) TMU-21

Green: Nitrogen). Representation showing the pore channels (yellow
work’s thermal and vibrational flexibility allows for the inclu-
sion of even large guest molecules.

3.2. Thermal analysis of TMU-6(RL1), TMU-21(RL2) and
TMU-59

The results of thermogravimetric analysis show that the struc-

tures TMU-6(RL1) and TMU-21(RL2) lose their weight at
three different temperatures. The first weight loss occurs at
100 �C and is associated with the desorption of physically

adsorbed water molecules inside the framework pores. The sec-
ond weight loss occurs at 100–380 �C, which is associated to
the removal of DMF guest molecules, and the final weight loss

occurs in the temperature range of 380–400 �C and corre-
sponds to the degradation of frameworks. Additionally, the
(RL2) (c) TMU-59 (Zinc: Blue, Carbon: Gray, Oxygen: Orange,

balls) (d) TMU-6(RL1), (e) TMU-21(RL2) (f) TMU-59.
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thermogravimetric analysis showed that TMU-21(RL2) is
slightly more thermally stable than TMU-6(RL1) (Fig. S2).
Also, the thermogravimetric analysis on the synthesized of

TMU-59 exhibit that the weight loss (17.8%) is attributed to
the extraction of DMF solvent molecules in the temperature
range of 50–250 �C (calculated 18%, find about 17.8%). The
Fig. 5 N2 adsorption–desorption isotherms of (b) TMU-6(RL1) and

21(RL2) and TMU-6(RL1), (e) Pore size distributions of TMU-6(RL1
principal loss steps occur between 390 and 440 �C during the
decomposition of the framework. After that, about 25 percent
weight remains (which is belong to the metal section of the

structure) and the organic fraction entirely decomposed.
Accordingly, the remaining portion could probably be the
ZnO. The general weight loss in the temperature range of
(c) TMU-21(RL2), (d) CO2 isotherms collected at 273 K of TMU-

) and TMU-21(RL2).
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50–450 �C about 75 % is near to the calculated amount of 76
%. Accordingly, during the basic weight loss steps TMU-59 is
fully decomposed to an uncertain metallic structure which is in

accordance with the TGA results (Fig. S3).

3.3. Drug release study

The amount of loaded drug for the three structures was
obtained based on the results of the adsorption experiment
as well as the following equations (Fernández-Bravo and

Figueras, 2020) (Table S1) (Fig. S8).

Drug loading encapsulation efficiency DLEð Þ%
¼ Total amount of loaded drug=Initial amount of drugð Þ

� 100%:

Drug loading capability DLCð Þ%
¼ Total amount of loaded drug=Total amount of MOFsð Þ

� 100%
Fig. 6 (a) Curcumin release profiles from MOFs@Curcumin in PB

spectra of TMU-6(RL1), TMU-21(RL2), TMU-59 and curcumin in w

in water at different concentrations of curcumin.
According to the procedure described for drug loading and
drug release in supporting, the DLC and DLE for TMU-6
(RL1), TMU-21(RL2) and TMU-59 were determined by

(20%, 70%), (18%, 78%) and (3.6%, 13.6%), respectively.
The curcumin release reached 57%, 74% and 8% for TMU-
6(RL1), TMU-21(RL2) and TMU-59 after 100 h in PBS solu-

tion with pH 7.2, respectively (Fig. 6a). The pillar linkers in
TMU-6(RL1) and TMU-59 had a phenyl core, whereas 2 have
a naphthalene core (Fig. 3). Furthermore, because of the pres-

ence of phenyl or naphthyl cores around the interaction site,
these MOFs have different hydrophilicity properties. The con-
tact angle of the structures was specified using a contact angle
analysis to determine the extent of hydrophilicity (Fig. S11).

According to the results, the hydrophilicity of MOFs is in
the sequence TMU-6(RL1) > TMU-21(RL2) > TMU-59.
Also, the hydrophilicity of MOFs@Curcumin Composites is

as follows: TMU-6(RL1)@Curcumin > TMU-21(RL2)@Cu
rcumin > TMU-59@Curcumin. Although TMU-59 is the
most hydrophobic, had the lowest loading and release of cur-

cumin. This phenomenon might be attributed to having a
smaller pore due to the presence of methyl groups, resulting
in a weak interaction between TMU-59 and curcumin. Based
S solution (pH 7.4), (b) The maximum emission and excitation

ater. (c) Fluorescence emission spectra of TMU-21(RL2) dispersed
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on these findings, the TMU-21(RL2) structure, with lower
hydrophilicity, more developed p-system and high percentage
of interaction with guests, showed better interaction with

hydrophobic drug curcumin than TMU-6(RL1) and per-
Fig. 7 (a) XPS survey spectrum and high resolution XPS spectra o

respectively.
formed better in drug absorption and sensing. However,
TMU-21(RL2) had a much stronger interaction with the drug
compared with TMU-6(RL1); hence the rate of drug release by

TMU-21(RL2) structures was lower. As a result, TMU-6
f (b) Zn 2p (c) C 1s, (d) O 1S, and (e) N 1S of TMU-21(RL1)



Fig. 8 Electrostatic potentials mapped on the electron isodensity

surface of ligand (a) RL1, (b) RL2, (c) RL3 and (d) Curcumin.
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(RL1), which has higher hydrophilicity and drug release, was
found to be a better carrier for curcumin than the other two
MOFs.

3.4. Curcumin sensing

Also, the photoluminescence ability of three activated MOF in

water was studied. TMU-6(RL1), TMU-21(RL2) and TMU-
59 displayed maximum absorbance in the solid-state UV–Vis
spectra at 335 nm, 337 nm, and 300 nm, respectively

(Fig. S1). MOFs excitation/emission wavelengths were as
shown in Fig. 6b. The quenching efficiencies (Ksv) were
obtained according to the Stern-Volmer (SV) equation: (I0/

I) = KSV [A] + 1. The quenching efficiency of three structures
in the presence of curcumin is as follows: TMU-21(RL2) > T
MU-6(RL1) > TMU-59 (Figs. 6c, S5, S6 and S7). TMU-21
(RL2) has a higher KSV value than TMU-6(RL1) and TMU-

59 (KSV = 1 � 106, 42958, and 8740 M�1 for TMU-6(RL1),
TMU-21(RL2) and TMU-59, respectively).

3.5. Investigating curcumin sorption in MOFs

An XPS examination was also carried out to offer more infor-
mation on the sorption mechanism. Some peaks in the high

resolution XPS spectra of MOFs moved to higher binding
energies following adsorption of curcumin, indicating that cur-
cumin has been bound with the framework (Fig. 7, S9 and
S10). SEM was applied to study the stability of the frameworks

after curcumin loading, and the results revealed that the that
the structures remained stable after drug adsorption and no
changes in the structures after drug absorption are observed

in the SEM images (Fig. S4).

3.6. Theoretical calculations

To better investigate the interface between substrate interac-
tions with different ligands in MOFs, we first analyzed the
Molecular electrostatic potential (MEP) plots of the isolated

ligands. MEP maps are a clear criterion for understanding
the most reactive electrophilic and nucleophilic sites of mole-
cules. In the MEP diagram, the most electropositive potential
(atoms in this region have a tendency to donate electrons (nu-

cleophilic)) and the most electronegative potential (atoms in
this region have a tendency to attract electrons (electrophilic))
are shown with blue and red (or yellow) colors, respectively.

Areas where the potential is zero are shown in green. There-
fore, to investigate the relationships of curcumin with different
ligands in the MOFs with the aim of better understanding the

interactions between them, we first used theoretical calcula-
tions to study the MEP diagrams of individual ligands and cur-
cumin. Fig. 8 depicts the MEP isosurfaces of these compounds

on the 0.001 au electron density isosurface, where negative and
positive areas represent electrophilic and nucleophilic sites,
respectively. Ligands RL1, RL2, and RL3 each have a positive
and negative area connected to amine and pyridine nitrogen

atoms, respectively. Fig. 8 shows that the positive MEP areas
in RL1, RL2, and RL3 are connected with amine nitrogen
atoms, indicating that these sites have the ability to attack

an electrophilic site (C‚O group) in curcumin drug. The inter-
action between the curcumin drug and the ligands was entirely
validated by this computational technique.
3.7. Cytotoxicity study in cancer cells

In vitro anticancer studies were conducted to examine the ther-
apeutic effectiveness of curcumin loaded in MOFs. To deter-
mine the remedial effect of curcumin placed in MOFs,

in vitro anticancer tests were carried out. To distinguish
between a compounds biocompatibility and in vitro cytotoxic-
ity, a cytotoxicity test (MTT test) was first utilized. The sur-

vivals of TMU-6(RL1), TMU-21(RL2), TMU-59, RL1,
RL2, and RL3 cells were investigated using the human
fibroblast-derived cell line. The results revealed that the
TMU-6(RL1), TMU-21(RL2), TMU-59, RL1, RL2, and
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RL3 in various doses and for 24 h do not appear to be cyto-
toxic (Fig. 9a). The tests revealed that the MOFs had no signif-
icant cytotoxicity. Additionally, utilizing a cytotoxicity test on

the cancer cell line HT-29, we assessed the cytotoxic effects of
the composites TMU-6(RL1)@curcumin, TMU-21(RL2)
@curcumin, and TMU-59@curcumin were assessed. Fig. 9b

demonstrates how free curcumin and MOFs@curcumin com-
posites, at concentrations of 100, 200, and 500 g/L over 24 h,
internment of reproduction of HT-29 cells. The outcomes also
Fig. 9 (a) Cytotoxicity of the ligands and MOFs, (b) Viability of H

drug for 24 h. Fluorescence microscopy images of HT-29 cells incubate

(d)fluorescence field.
showed that MOFs@curcumin composites inhibited HT-29
and cell proliferation more so than free curcumin. This demon-
strates that MOFs can enhance curcumin bioavailability by

increasing curcumin transport to cancer cells. TMU-6(RL1)
structure has a higher curcumin release compared to TMU-
21(RL2) and TMU-59, which improves the ability of the struc-

tures to inhibit cancer cells. In following, intracellular uptake
ability of curcumin loaded TMU-6(RL1) was evaluated. For
this purpose, curcumin loaded MOF which possessed some
T-29 cells incubated with MOFs@Curcumin composites and free

d with: TMU-6(RL1)@Curcumin for 4 h at 37 �C, (c) bright field,
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free sites, was incubated with rhodamine B to tag the nanocar-
rier. Then, the HT-29 cell line was treated with rhodamine B
tagged curcumin loaded TMU-6(RL1) for investigation of

intracellular uptake ability of the MOF. After 4 h incubation
at 37 �C, the cells were evaluated using fluorescent microscopy.
The cytoplasm of all HT-29 cells was highly fluorescent due to

the presence of rhodamine B tagged MOF. In addition, rho-
damine B tagged MOF demonstrated cellular uptake about
90% after 4 h incubation (Fig. 9c, d). The present work high-

lights the high capacity of MOFs as an important platform in
the treatment of cancer.

4. Conclusions

In this inquiry, we synthesized three MOFs with different hydrophilic-

ity and studied the effect hydrophobicity/hydrophilicity of MOFs on

the drug delivery and sensing properties. The DLC and DLE of

TMU-6(RL1), TMU-21(RL2) and TMU-59, were determined by

(20%, 70%), (18%, 78%) and (3.6%, 13.6%), respectively. Also, the

curcumin release reached 74%, 57% and 8% for TMU-6(RL1),

TMU-21(RL2) and TMU-59 after 100 h in PBS solution with pH

7.2, respectively. Studies of in vitro anticancer revealed that the cyto-

toxicity of the MOFs@Curcumin against HT-29 cancer cells in MOFs

is more than that of free curcumin. Also, the detection limit for cur-

cumin measurement in water is 3.6 nM for TMU-21(RL2) indicating

this method as a high ranked method for curcumin analysis. In general,

the results of this study showed that the tuning of MOF walls

hydrophobicity/hydrophilicity as a key parameter can change the per-

formance of these structures in drug delivery.
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