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Introduction

Cancer has remained one of the leading causes of death
worldwide.! The main hurdles to overcoming this issue lie in
the widely used traditional
monotherapeutics.” The poor delivery mechanisms and insuffi-
cient distribution of drugs in an intracellular environment have

A multivariate metal—organic framework based
pH-responsive dual-drug delivery system for
chemotherapy and chemodynamic therapy+

Muhammad Usman Akbar, (22 Arslan Akbar,® Umair Ali Khan Saddozai,®
Malik Ihsan Ullah Khan,® Muhammad Zaheer ¢2 *® and Muhammad Badar*®

Combination therapy has emerged as a promising strategy due to its synergistic therapeutic pathways
that enhance anticancer efficacy and limit the emergence of drug resistance. In this work, MIL-88B type
multivariate (MTV-1) nanocarriers based on a mixed linker (1,4-benzenedicarboxylic acid and biphenyl-
4,4'-dicarboxylic acid) and metals (iron and cobalt) were synthesized. The presence of the distinct
linkers modified the pore makeup of MTV-1 and facilitated the co-encapsulation of two anticancer
drugs of varying molecular sizes: 5-fluorouracil (5-FU) and curcumin (CUR). The drug loading
measurements on MTV-1@5-FU + CUR represented a loading capacity of 159 wt% for 5-FU and
9.3 wt% for CUR, respectively. They further exhibited a pH-responsive drug release pattern with higher
concentrations of 5-FU and CUR released at pH 5.5 (simulating cancer microenvironment) compared to
pH 7.4 (physiological environment). Moreover, we also demonstrated that MTV-1 MOFs, due to the
presence of mixed valence metal ions, could exhibit peroxidase-like activity and catalyze H,O,
decomposition to produce *OH radicals for chemodynamic therapy. Cell cytotoxicity assays exhibited
significant inhibitory effects of MTV-1@5-Fu + CUR against HepG2 cells with an ICso of 78.7 ug mL™2.
With dual-drug loading, pH-responsive release, and chemodynamic therapy, MTV-1 shows excellent
potential for multifunctional anticancer treatment.

against a single target, also known as combination therapy, has
shown promising results in alleviating these problems.>™®
Combination therapy offers multiple therapeutics in a single
treatment and benefits from their distinct modes of action
for enhanced anticancer activity.® Various drug delivery car-
riers, such as liposomes,'® supramolecular nanoparticles,"*
polymers,** layered double hydroxides (LDHs),"* and meso-

chemotherapies based on

aggravated the problem.’ The emergence of drug resistance,
target site mutagenesis, and interconnected resistance path-
ways further mitigates the efficacy of drugs designed to act on
singular molecular pathways.” Recently, using multiple drugs
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porous silica,"* have been employed for multi-drug delivery.
Among all the present nanocarriers, metal-organic frameworks
(MOFs), have attracted much attention for drug delivery
applications.” > MOFs are constructed through the coordina-
tion between metal ions and organic linkers, also known as
secondary building units (SBUs).>* When used as drug delivery
systems (DDSs), MOFs can prolong the drug release period,*?
enhance drug solubility,>® improve the antitumor effect,”* and
bring a pharmacokinetic change in the drug delivery pattern.>>>®

Moreover, synthetic or post-synthetic modifications can turn
the MOFs into stimuli-responsive nanocarriers to release their
payload against external (temperature, irradiation, and pressure)
or internal (redox reaction, pH, ATP, and H,S) stimuli.>”
Additionally, chemical constituents of MOFs can be manipulated
to utilize higher levels of reactive oxygen species (ROS) produced
in cancer cells for chemodynamic therapy.**> Compared to

Mater. Adv., 2023, 4, 5653-5667 | 5653


https://orcid.org/0000-0002-8878-0675
https://orcid.org/0000-0003-2389-4396
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma00389b&domain=pdf&date_stamp=2023-10-24
https://doi.org/10.1039/d3ma00389b
https://doi.org/10.1039/d3ma00389b
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00389b
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA004022

Open Access Article. Published on 12 October 2023. Downloaded on 11/9/2025 5:59:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

normal cells, cancer cells generate more ROS (especially H,0,)
stress due to mitochondrial malfunction and metabolic
activity.>*® ROS is usually classified into singlet oxygen ('0,),
hydroxyl radicals (*OH), hydrogen peroxide (H,0,) and superoxide
anion radical (0,*).>***® Moreover, with coordination complexes
containing divalent or trivalent metal ions such as Iron (Fe),
Cobalt (Co), Manganese (Mn), Cerium (Ce) and Copper (Cu),
H,0, can be decomposed into highly potent *OH radicals through
Fenton and Fenton-like reactions.*"** These *OH radicals are
highly reactive and can cause lipid peroxidation, DNA damage
and oxidation of proteins.**™*> Compared to monometallic mole-
cules, the presence of two or more different metals in coordina-
tion compounds, in many cases, has demonstrated enhanced
catalytic performance due to the synergistic effect between the
metals.*®"” For instance, the presence of a Fe-Cu complex (heme
proteins) and Mo-Fe proteins in the human body plays an
essential role in cytochrome and nitrogenase oxidation metabolic
pathways.***® The coexistence of different metals and their
synergism in some cases becomes indispensable for efficient
catalytic properties of the enzymes.>® Similar to naturally found
bimetallic enzymes, mixed metal MOFs have also demonstrated
improved catalytic performance due to the synergistic effect
between different metals.””** The Fenton-like performance of
Fe-based MOFs largely depends upon the concentration of diva-
lent Fe®" in the system and cycling between Fe** and Fe*" and vice
versa.”® However, achieving an appropriate ratio of Fe** and Fe**
metals in MOF synthesis is troublesome and leads to the for-
mation of an amorphous product or requires thermal reduction
resulting in defective MOFs.>* Therefore, synthesizing mixed
metal MOFs with controlled architecture using pre-synthesized
mixed metal clusters containing trivalent Fe** and divalent second
metal (M") is considered a viable option. The pre-synthesized
mixed-metal cluster exhibits a highly defined stoichiometric ratio
of both metals, plus the excellent electron transfer between
different metals further improves the catalytic performance of
the designed framework.>

Although MOFs have made some progress in chemodynamic
therapy,>® their use for combination therapy is limited.>” One
of the main reasons behind the low utility of MOFs for
combination therapy is the use of analogous SBUs (organic/
inorganic) in MOF synthesis, leaving less room for pore engineer-
ing and modifications.”®*® To overcome this, multi-component/
multivariate (MTV) MOFs have recently emerged as an alternative
solution to the problem.’>®" In MTV MOFs, more than one type of
SBU (linker and metal) are intertwined chemically in a singular
framework; maintaining the structural traits of the parent MOF
while altering the physico-chemical environment.®>®* Using mul-
tiple SBUs helps tailor the pore environment to co-encapsulate
different drugs and release them through engineered chemical
functionalities.*#®> Minor alterations in the SBUs can bring
macroscopic changes and result in a variety of MTV-MOFs
synthesized with targeted properties.®® Due to these characteris-
tics, MTV-MOFs have been proving their mettle in the fields of gas
storage,”” luminescence sensing,®® and heterogeneous catalysis.*’
However, their potential for multi-drug delivery and chemo-
dynamic therapy hasn’t been fully explored.
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5-Fluorouracil (5-FU) is a hydrophilic (pyrimidine analog)
anticancer drug used to treat a variety of tumors through DNA/
RNA disruption.”® However, 5-FU is non-specific to targets, and
its rapid degradation rate (5-10 min) leads to the inadequate
presence of the drug in cancer cells,”* which has reduced its
efficacy and led to the emergence of multi-drug resistance
(MDR).”? To overcome this issue, 5-FU has been combined with
other drugs, such as paclitaxel, cisplatin, and curcumin (CUR),
to improve cytotoxicity and reduce dosage requirements.”>”>
CUR, a natural polyphenol chemotherapeutic agent, has shown
great potential for antioxidant, antimicrobial, and antitumor
purposes.”®”® CUR induces anticancer effects by initiating
various signalling (e.g., PI3K/Akt, STAT3, and NF-kB) pathways
inducing apoptosis.®*>®' However, free CUR cannot be adminis-
tered directly due to its poor bioavailability and high hydro-
phobicity, requiring carriers for the delivery to the target site.’?

To co-encapsulate 5-FU and CUR by pore engineering, we
synthesized MTV-1 MOFs with variable pore sizes by introdu-
cing a sizeable ratio of biphenyl 4-4, dicarboxylic acid (BPDC)
into mono linker FeCo-MIL-88B MOFs through an isoreticular
expansion strategy. Fe and Co-based mixed-metal clusters were
used in the synthesis process due to their accessible Lewis acid
sites for drug adsorption and peroxidase-like activity of both
metals. The drug loading capacity (DLC) and drug loading
efficiency (DLE) of MTV-1@5-FU + CUR were measured to be
15.9 and 18.1 wt% for 5-FU and 9.3 and 10.5 wt% for CUR.
Mathematical kinetic release models were applied to fit the
nanocarriers’ drug release pattern at different pHs (pH = 7.4 for
normal tissues and pH = 5.5 for the tumor cell environment).
Moreover, the in vitro cytotoxicity profile of MTV-1 based
on chemotherapy and chemodynamic therapy was evaluated
against HEK-293 and HepG2 cell lines.

Materials and methods

Materials

Iron(m) nitrate nonahydrate (Fe(NO3);-9H,0), cobalt(u) nitrate
hexahydrate (Co(NOs);-6H,0), 1,4-benzenedicarboxylic acid (BDC),
biphenyl-4,4’-dicarboxylic acid (BPDC), sodium acetate trihydrate
(CH3COONa- - -3H,0), 5-fluorouracil (5-FU), curcumin (CUR),
3,3',5,5'-tetramethylbenzidine (TMB) and N,N-dimethylform-
amide (DMF), glutaraldehyde, crystal violet, glacial acetic acid,
Tween-80 and phosphate buffer saline (PBS) tablets were pur-
chased from Sigma-Aldrich. Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), penicillin-streptomycin (pen-
strep), trypsin-EDTA, 1-glutamine and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were obtained from
Gibco, Invitrogen. All of the chemicals were used as received.

Characterization

The morphology of the samples was characterized using a
scanning electron microscope (SEM) FEI NOVA Nano SEM 450
equipped with energy dispersive X-ray spectroscopy (EDX).
Samples were coated with gold prior to imaging. The metal
composition and leaching analysis was performed through

© 2023 The Author(s). Published by the Royal Society of Chemistry
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inductively coupled plasma-optical emission spectroscopy (ICP-
OES) using an Agilent Technologies 5110-svdv ICP-OES system.
Zeta potential (ZP) was determined in water medium at room
temperature using Malvern zetasizer (Nano ZS, Malvern). The
crystal structure was analysed through an X-ray diffraction
(XRD) pattern over a 20 range from 5-50° obtained on BRUKER
D2 Phaser using Ni-filtered Cu-Ko irradiation (1 = 1.5406 A).
The Brunauer-Emmett-Teller (BET) method was used to calcu-
late the surface area at 77 K using a Quantachrome Nova 2200e.
Bruker Alpha Platinum ATR was used to perform infrared
spectroscopic studies in the 400-4000 cm ™" range. The thermal
behaviour of the samples was assessed through Thermogravi-
metric analysis (TGA) using a TA instrument in the range of 10
to 600 °C (10° min~" ramp) under an N, atmosphere. UV-Vis
spectroscopic studies were performed to verify drug loading,
release, and TMB oxidation using a spectrophotometer (Shimadzu
UV-1800). The fluorometric measurements in the TA probe were
carried out on a PerkinElmer Enspire 2300 multimode reader at
an emission wavelength of 435 nm (4 315 nm). Cellular uptake
and intracellular ROS-based studies through fluorescence ima-
ging were performed using a confocal laser scanning microscope
(CLSM) LSM-880 ZEISS, Jena, Germany.

Synthesis of FeCo-clusters

Bi-metallic (FeCo) clusters were synthesized using a previously
reported method with slight modifications.®> A solution
of CH3;COONa-3H,0 (6 g, 0.044 mol) in 10 mL of deionized
water was prepared (solution-1). Additionally, Fe(NO3);-9H,0
(1.142 g, 0.0028 mol) and Co(NO;),-6H,O (4.154 g, 0.014 mol)
were mixed separately in 10 mL of deionized water (solution-2).
Later, solution-1 was added dropwise into a filtered and stirred
solution-2. The mixture was allowed to react for 24 h with mild
stirring at room temperature. After 24 h, the brown precipitates
were filtered and washed with a small amount of ethanol. Later,
the filtrate was allowed to air dry at room temperature.

Synthesis of nanocarriers

To synthesize the FeCo-MIL-88B MOF, equal masses of the
FeCo-cluster (200 mg) and BDC (200 mg) were dissolved separately
in 11 mL of DMF each. Samples were sonicated until the cluster
and linker were dissolved. Later, the linker solution was added
dropwise into the stirred solution of the cluster containing an
additional 1 mL of glacial acetic acid. The mixture solution was
kept under mild stirring until a homogenous solution was obtained
that was transferred to an autoclave with a 50 mL capacity and
incubated for 24 h at 120 °C. After 24 h, precipitates were collected
through centrifugation and washed thrice with DMF and ethanol.
The same methodology synthesized four additional MOFs except
for the addition of different concentrations of BPDC in the linker
mixture. The BPDC to BDC percentage in additional experiments
was kept at 25, 50, 75, and 100%, and the synthesized MOFs were
subsequently called MTV-1, MTV-2, MTV-3, and FeCo-MIL-88D.

Drug loading and release

All nanocarriers were activated under vacuum at 100 °C for 24 h
before drug loading experiments. Initially, three different types
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of synthesized MOFs were selected for drug-loading experi-
ments, namely FeCo-MIL-88B, MTV-1, and FeCo-MIL-88D.
Briefly, 60 mg of activated MOFs were dispersed in 30 mL of
5-FU (2 mg mL ') and CUR (2 mg mL ') solution and left for
48 h under mild stirring. After 48 h, drug-loaded MOFs were
isolated through centrifugation. The absorbance of the super-
natant was determined using a UV-Vis spectrophotometer with
the corresponding characteristic peaks of 5-FU (265 nm) and
CUR (435 nm). The calibration curve of 5-FU and CUR in
ethanol was applied to determine the drug loading capacity
(DLC) and drug loading efficiency (DLE) according to the
following equations:®*

DLC (wt%) — Weight of the loaded drug

" Total weight of drug — loaded MOFs
x 100 (1)

Weight of the loaded drug
DLE %) = 1
(wt%) Total weight of the feeding drug x 100 (2)

Based on the drug loading experiments (Table S2, ESIt) only
MTV-1 MOFs loaded with 5-FU and CUR were further used for
drug release studies. Drug release experiments were conducted
under different pH conditions (5.5 and 7.4) in PBS with 1% (v/v)
Tween 80. Briefly, a concentrated solution of MTV-1@5-FU +
CUR (15 mg) was inserted into a dialysis bag (3.5 kDa MWCO)
and dialyzed against 30 mL of PBS + 1% (v/v) Tween 80
solutions of pH 5.5 and 7.4. At predetermined time intervals,
1 mL of the solution containing the released drug was with-
drawn and replaced with an equal amount of preheated PBS +
1% (v/v) Tween 80 solution to keep the volume constant. The
isolated solutions were analyzed using UV-Vis spectroscopy to
measure the amount of 5-FU and CUR according to the calibra-
tion curve of each drug drawn in the same buffer. The experi-
ments were performed in duplicate, and the results are
presented as an average. The cumulative drug release percen-
tage was expressed as

p il
CC:C,+?;C, (3)
M
Drug release (%) = — x 100% (4)
My

In eqn (3), C. represents an adjusted concentration of CUR
at time ¢, C, represents the measured concentration of 5-FU/
CUR at time ¢, v is the volume of the withdrawn sample, and
Vis the volume of the release solution. In eqn (4), Mg represents
the released drug, and M; represents the loaded drug
concentrations.

Cell culture

Human embryonic kidney cells (HEK-293 cells) and Human
Hepatoma cells (HepG2 cells) were supplied by The University
of Lahore (UOL) Cell Culture Collection (UCCC). The cells
were cultured in DMEM supplemented with 10% Hi-FBS, 1%
Pen-strep (100 IU mL™" penicillin and 100 pg mL ™" strepto-
mycin), 2 mM r-glutamine, and 1% non-essential amino acids.
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Cells were grown in cell culture flasks in a humidified atmosphere
at 37 °C supplemented with 5% CO,. Cells were sub-cultured in a
1:3 split ratio with 0.25% trypsin-EDTA (1-2 mL) treatment every
3-5 days.

Cell viability test

The in vitro cytotoxicity of the samples against HEK-293 and
HepG2 cell lines was evaluated through MTT assay.®® Briefly,
HepG2 and HEK-293 cells (100 uL) with a density of 1 x 10" were
seeded (triplicates) in a 96-well plate. The cells were incubated for
24 h at 37 °C in a CO, incubator. After that, the cell culture medium
was removed, and different concentrations (3.9 to 500 pg mL™") of
5-FU, CUR, MTV-1, and MTV-1@5-FU + CUR dissolved in the
culture medium were added to the cells. In comparison, the cells
in the control groups were not treated with any of the compounds.
After 48 h of incubation, 10 pL of MTT (12 mM) reagent was added
to each well, and the cells were allowed to incubate for another 4 h.
After that, the medium was removed, and formazan was dissolved
by adding 100 pL of DMSO. The absorbance was recorded at
570 nm using a PerkinElmer Enspire 2300 multimode reader
(Germany). The treatment groups’ ICs, (half maximal inhibitory
concentration) values were calculated through non-linear regres-
sion using a dose-response curve. To evaluate cell viability in the
presence of H,O, for peroxidase-like activity, the cells were co-
cultured with different concentrations of MTV-1, H,O, (200 uM),
and MTV-1 + H,0, (200 uM) according to the same procedure.

Colony formation assay

The long-term cytotoxic profile of the synthesized system was
evaluated through a colony formation assay. Briefly, HepG2 cells
with a density of 1000 cells per well were seeded into 6-well plates
in 2 mL of medium containing 10% FBS. The cells were allowed to
initiate colonies for two days. Later, these cells were treated with
the desired concentrations of 5-FU, CUR, MTV-1, and MTV-1@
5-FU + CUR for eight days under a humidified atmosphere at
37 °Cin 5% CO,. The cells were rinsed with PBS. A mixture of 0.5%
crystal violet and 6% glutaraldehyde was added, and cells were left
for 30 min. Later, the added mixture was removed carefully and
plates containing colonies were left to dry at room temperature.
After that, photographs were taken and colonies were counted.

Cellular uptake studies

Due to the intrinsic green fluorescence of CUR, CLSM imaging
was used to investigate the cellular uptake of MTV-1@5-FU +
CUR. For this, the HepG2 cells with a density of 1 x 10* were
grown in 24 well plates for 24 h. After that, the previous
medium was replaced with fresh medium containing MTV-
1@5-FU + CUR solution (40 ug mL™"). The cells were allowed
to incubate for 48 h. Then, the culture medium was sucked out,
and cells were washed with PBS twice and fixed with 4%
formalin. Later, cells were stained with DAPI solution for 25
min in the dark at 37 °C and visualized under CLSM.

Peroxidase-like activity assay

The peroxidase-like activity was determined by the amount of
TMB oxidation that occurred in the process.®® Briefly, 5 ml of
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weak acidic PBS (pH 5.5) was prepared containing different
amounts of MTV-1 MOFs (0, 20, 40, 60, 80, and 100 ug mL™ ),
TMB (0.25 mM), and H,0, (1 mM). The mixture was incubated
for 10 min at 37 °C. After that, UV-vis spectroscopic spectra of
the samples at a 652 nm wavelength corresponding to the
oxidized TMB in the solution were obtained. Furthermore,
the peroxidase-like activity of the MTV-1 MOFs was further
checked by varying the pH (4-8) and temperature (30-60 °C)
of the solution, keeping the concentration of the MOFs
(60 ug mL™") constant.

Intracellular ROS generation

HepG?2 cells with a density of 3 x 10 cells were seeded into a
12-well confocal dish and incubated for 24 h at 37 °C (5% CO2)
for intracellular ROS detection. After 24, the previous medium
was replaced with fresh and different treatments of PBS, MTV-1
(50 pg mL ™) + H,0, (100 pM) at pH 7.4 and 6.5 were applied to
the cells for 4 h. Then, cells were washed with fresh medium,
followed by the addition of DCFH-DA solution (25 uM), and
incubated for another 1 h under dark conditions. Later, the
cells were washed with PBS, and nuclei were stained with DAPI.
The intracellular *OH generation was examined under a CLSM
by measuring the fluorescence of DCFH (lex = 488 nm, Jem, =
525 nm).

Metal leaching experiment

MTV-1 (0.50 mg mL~") was immersed in phosphate buffers
(pH 7.4 and 5.5) at 37 °C for 1, 2, 4, 6, 12 and 24 h.®” After each
predetermined interval of time, samples were centrifuged for
20 min at 5000 rpm, and the supernatant collected was filtered
through a Dismic (0.2 pm) syringe filter to remove any solids
present. The concentration of the leached metals was deter-
mined through ICP-OES at room temperature.

Terephthalic acid probing technique

To detect *OH generation by the decomposition of H,O,, three
different treatment groups containing TA + H,0,, TA + MTV-1,
and TA + MTV-1 + H,0, were incubated in PBS (5.5) at 37 °C.
The concentration of MTV-1 (50 ug mL '), TA (2 mM), and H,0,
(1 mM) was kept constant in each treatment group. Each
treatment group was allowed to react for 2 h, and photolumi-
nescence spectra under excitation of a wavelength of 315 nm
and emission wavelength of 435 nm were recorded using a
fluorescence spectrometer.®®

Statistical analysis

All of the statistical analyses were performed using GraphPad
Prism version 8.0. Data from the MTT assay was presented as
mean =+ standard deviation. The Kruskal-Wallis test, followed
by Dunn’s multiple comparison analysis, was performed to
evaluate the statistically significant treatments from the control
groups. A p-value equal to 0.05 or less was considered signifi-
cant. The degree of significance from the control group is
demonstrated as ****p < 0.0001, ***p < 0.001, **p < 0.01,
and *p < 0.05. The ICs, values were calculated by fitting the cell

© 2023 The Author(s). Published by the Royal Society of Chemistry
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viability data into non-linear regression analysis and evaluating
it through a dose-response curve.

Kinetic studies

Mathematical kinetic release models are applied to better
understand the underlying mechanism of drug release from the
nanocarriers.®® Some of the widely used kinetic release models,
such as zero-order, first-order, Higuchi, Korsmeyer-Peppas,
and Hixson-Crowell, were applied in our study.’®®" The for-
mulae of these models are available in Table S4 (ESIY).

Results and discussion
Synthesis and characterization

Fabrication of MTV-MOFs consisted of a two-step approach.
At first, a FeCo(u;3-O) cluster was synthesized following a pre-
viously published route.** During the synthesis procedure,
metal ions in the cluster are arranged triangularly and bridged
with a central oxygen (j13-O) atom. The octahedrally coordinated
metal ions are connected to the solvent molecules (TOH, H,0,
and Cl7) at their terminal positions. Acetate ions act as a bridge
between each pair of metal ions allowing the cluster to adopt a
specified tri-nuclear geometry.®>

In the second step, pure phase FeCo-MIL-88B, FeCo-MIL-
88D, and MTV-MOFs were synthesized by reacting the FeCo-
(13-O) cluster with individual and mixed linkers (BDC and
BPDC) of varying stoichiometry. During the reaction, acetate
ligands of the cluster were replaced by the carboxylates of
reacting linkers in a dissociative manner, resulting in the
formation of the desired MOF.> A total of five MOFs were
synthesized based on the percentage mixing of the additional
BPDC linker (0, 25, 50, 75 and 100%) and termed FeCo-MIL-
88B, MTV-1, MTV-2, MTV-3, and FeCo-MIL-88D respectively.
Various analytical techniques were utilized to characterize the
synthesized nanocarriers. The samples’ morphological appear-
ance and metal composition were assessed through SEM, EDX,
and ICP-OES. The SEM micrographs of the FeCo(j3-O) cluster
show irregular morphology and a polycrystalline nature
(Fig. S1a and b, ESIf), while the EDX, elemental maps (Fig. Sic
and d, ESIY), and ICP-OES analysis of the metal composition
revealed the homogenous distribution of Fe and Co in a 2:1
ratio (Table S1, ESIf). Similarly, SEM micrographs of the
nanocarriers synthesized from the same cluster revealed hexa-
gonal rod-shaped morphology similar to MIL-88B topology
(Fig. 1).** However, a gradual increase in the size of crystals
from FeCo-MIL-88B (190 + 18 nm) to MTV-1 (364 + 26 nm),
MTV-2 (680 £ 32 nm), MTV-3 (1015 + 58 nm) and FeCo-MIL-
88D (1630 + 62 nm) was observed by increasing the concen-
tration of BPDC in the reaction mixture. The elemental compo-
sition of the MTV-1 MOFs in EDX and elemental mapping
(Fig. 2a and b) also confirmed the homogenous distribution of
both metals with a 2:1 ratio of Fe and Co.

The PXRD patterns of the simulated and synthesized FeCo-
cluster are shown in Fig. S2a (ESIT). The synthesized PXRD pattern
of the cluster matched well with the reported FeCo-cluster in the
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Fig. 1 SEM images of synthesized MOFs with their corresponding size
distribution charts. (a)-(c) FeCo-MIL-88B, (d)-(f) MTV-1, (g)—(i) MTV-2,

()= MTV-3, and (m)-(o) FeCo-MIL-88D.
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Fig. 2 The EDX (a) and elemental maps (b) of MTV-1. The PXRD pattern (c)
of simulated and experimental MOFs, and FT-IR spectra (d) of MTV-1.

literature.®® The PXRD pattern of the synthesized mono-linker
MOFs exhibited high crystallinity evident from sharp peaks that
matched well with the simulated MIL-88B and MIL-88D MOFs
(Fig. 2¢).”>® The synthesized MOFs revealed three characteristic
peaks at 9.4 and 10.14° (2theta), corresponding to 002 and 100
planes. The third peak at 11.1° was attributed to the 101 plane of
the open structure MIL-88B MOFs due to entrapped solvent
molecules.”

The FT-IR spectra of the FeCo-cluster are shown in Fig. S2b
(ESI%). In the FT-IR spectrum, the stretching at 726 ecm™ " and
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524 cm~ " represent the FeCo-O bonds in the cluster. The
absence of a band at ~600 cm™" corresponding to the mono-
metallic Fe;O cluster represents the broken D;;, symmetry to
C,, upon incorporating one Co atom in the structure, while
the bands at 1577 cm™" and 1409 cm™ ' are related to the
0O-C-O asymmetric and symmetric stretching of the acetate
ligands.’®* The reduction in the band gap from 320 to <240 cm™"
of the asymmetric and symmetric (1373 and 1606 cm ') vibra-
tions of MTV-1 MOFs shows the coordination of the linker with
metal clusters and the formation of MOFs."® The IR stretching
around 1680 cm™ " in MTV-1 corresponds to the presence of
coordinated DMF molecules in the structure (Fig. 2d). Based on
the crystal size and cellular uptake kinetics,'*® MTV-1 MOFs
(25% of BPDC) were only used for subsequent experiments in
the study.

Fabrication of MTV-1@5-FU + CUR

The FT-IR spectra of 5-FU, CUR, MTV-1@5-FU + CUR, and
activated MTV-1 are shown in Fig. 3a. In the FT-IR spectra of
activated MTV-1, no peak around 1680 cm ™' related to the
C=0O0 group of DMF was observed indicating the activation of
MTV-1 due to the evacuation of solvent molecules. In the FT-IR
spectra of 5-FU, peaks found at 1731, 1240, and 800 cm ™'
correspond to the C-N, C-O, and C-F stretching modes also
found in MTV-1@5-FU + CUR.' The characteristic peaks
related to CUR can also be seen in the FT-IR spectra of MTV-
1@5-FU + CUR, indicating its incorporation.'®® According to
the literature, CUR can coordinate with the central metal in a
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Fig. 3 FT-IR spectra (a), N, adsorption—desorption isotherm (b), zeta
potential results (c), PXRD pattern (d), and TGA curves (e) of MTV-1 before
and after drug loading. Digital photographs (f) of activated and dual-drug
loaded MTV-1 MOFs.
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diketo form.'**

Since MTV-1 is composed of an oxo-centered
trinuclear metal cluster (SBU) coordinated to removable H,O
molecules, some of these H,O molecules are eliminated upon
activation, leaving open metal sites/coordinatively unsaturated sites
(CUSs).'” The CUR molecules are capable of coordinating with
these CUSs. As shown in the FT-IR spectra of free CUR (Fig. 3a), the
vibrational stretching at 1496 and 1424 cm™ " indicates the exis-
tence of a free carbonyl group of enol and diketone form of CUR. In
the FT-IR spectra of MTV-1@5-FU + CUR, the enolic form peak at
1424 cm™ " is absent, hinting at CUR’s presence in diketo form.
Some of the characteristic peaks of 5-FU and CUR present in MTV-
1@5-FU + CUR are listed in Table S3 (ESIf).

The nitrogen sorption measurements exhibited differences
in the BET surface due to the presence of distinct pores with
FeCo-MIL-88B (110 m* g '), MTV-1 (192 m> g~ ') and FeCo-MIL-
88D (382 m” g~ ') (Fig. S3, ESIY). The increase in the surface area
and pore heterogeneity can be observed after adding BPDC into
the FeCo-MIL-88B MOFs. However, the surface area of the MTV-
1 MOFs decreased from 192 to 29 m”> g ' after drug loading,
highlighting the occupation of pores by drug molecules
(Fig. 3b). Drug loading was also confirmed by electro-kinetic
potential/zeta potential results (Fig. 3c). The reduced potential
of MTV-1 after 5-FU and CUR loading suggests drug loading not
just into the pores (confirmed by a reduction in BET surface
area) but also on the surface of MTV-1,"°%1

The PXRD pattern of activated MTV-1 and MTV-1@5-FU +
CUR is shown in Fig. 3d. A shift from 10.8 to 12° (2theta) was
observed in thermally activated samples due to cage shrinkage
and elimination of trapped solvent molecules based on Bragg’s
law.’°® No significant change in the PXRD pattern of the
activated MTV-1 and MTV-1@5-FU + CUR was observed. How-
ever, a shift in the peak of the 101 plane from 12° to 11.05° and
the emergence of a peak at 10.4° of the 100 plane correspond to
the open form of the structure due to reverse breathing and
drug encapsulation.'® Moreover, no extra peaks related to the
crystalline form of drug molecules were seen in the PXRD
pattern of MTV-1@5-FU + CUR, suggesting the presence of
drug molecules in an amorphous form.

The TGA analysis of the samples is shown in Fig. 3e. The
mass loss below the 300 °C temperature range was attributed to
the evacuation of coordinated solvent/water molecules inside
the structure. In contrast, the second mass loss from ~ 340 to
510 °C was due to the decomposition of the linkers and
structural collapse.”'>""" The drug-loaded MTV-1@5-FU +
CUR did not exhibit an initial mass loss pattern like MTV-1
and presented significant mass loss in the range of 270-340 °C
related to the decomposition of drug molecules."**"'"* The TGA
analysis further concludes the successful encapsulation of the
drug molecules into the structure of MTV-1.

The amount of drugs loaded on the nanocarriers was
checked through UV-vis spectroscopy based on the calibration
curves of 5-FU (4 = 265 nm) and CUR (4 = 425 nm) in ethanol
(Fig. S4 and S5, ESIt). The drug loading capacity (DLC) of the
nanocarriers for 5-FU and CUR was found to be 15.9 and
9.3 wt%, while the drug loading efficiency (DLE) for 5-FU and
CUR were 18.1 and 10.5 wt%, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Drug release

The pH-responsive drug release from MTV-1@5-FU + CUR was
investigated in PBS buffer solutions under physiological (pH
7.4) and tumor microenvironment (pH 5.5) conditions (Fig. 4).
It is well known that the cancer cell environment is acidic;
thus, developing pH-responsive nanocarriers could be an effec-
tive strategy to enhance the selectivity and efficacy of
therapeutics."'*'*®> The dual-drug release profile of MTV-1@
5-FU + CUR was monitored for 48 h based on the calibration
curves of 5-FU and CUR in PBS +1%v/v Tween-80 (Fig. S6 and
S7, ESIt). The release profile indicated a burst release of both
drugs during the initial eight hours, releasing more than
21 and 37% of the loaded 5-FU and CUR at pH 5.5. The burst
release of the drug during the first few hours can be attributed
to the adsorbed drug molecules on the surface of the
framework."® After the initial burst release, a gradual increase
in the release was observed, leading to 50% of the loaded 5-FU
being released after 32 h and CUR after 18 h at pH 5.5. While at
pH 7.4, the percentage of 5-FU and CUR release stood at only
18% and 21% at the same time intervals.

The rapid drug release by the pH-responsive nanocarriers
at lower pH is helpful in the accumulation of therapeutics
in tumorigenic tissues, enhances efficacy, and reduces cyto-
toxicity to healthy cells.*® The faster release of CUR from the
carriers can be correlated with the protonation of CUR at lower
pH."” The diketo oxygen atoms in the CUR act as proton
sponges in an acidic environment with proton abundance
resulting in a higher release of the drug from the carriers.'"®
While 5-FU weakly binds to MOFs, which causes its quicker
release in the simulated environment."’” Another reason
behind the rapid release of drug molecules under acidic pH
(5.5) could be the MOF’s linker protonation and structural
decomposition."®® As seen in the PXRD pattern of the MTV-1
samples soaked in PBS (5.5 and 7.4) for 48 h (Fig. 5a), the
samples soaked in PBS (7.4) mostly retained their crystalline
character. In comparison, the PXRD pattern of the nanocar-
riers immersed in PBS (5.5) resulted in the loss of prominent
peaks related to the parent MOF. Additionally, extra peaks
emerged around 17, 26, 31, and 45° (2theta), indicating the
formation of Fe/Co phosphates.'®"'**> The strong affinity of
phosphate ions in PBS towards the accessible Fe/Co sites
results in the release of carboxylate ligands and degradation
of the structure.'*?
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Fig. 4 Drug release profile of MTV-1@5-FU + CUR for 5-FU (a) and CUR
(b) at different pH values (5.5 and 7.4).
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Fig. 5 PXRD pattern (a) of MTV-1 immersed in PBS (5.5 and 7.4), FT-IR
spectra (b) of MTV-1 immersed in PBS (5.5), and SEM images of MTV-1
immersed in buffers of pH = 7.4 (c) and pH = 5.5 (d).

FT-IR further evaluated this to understand the variation in
the atomic connectivity of the MTV-1 structure under PBS. As
shown in Fig. 5b, significant changes in the vibrational stretch-
ing can be observed in the samples immersed in PBS (5.5).
A visible decrease in the intensity of the metal-oxygen bonds
around 725 cm ™' and 524 cm ! is found in the spectra. The
vibrational bands of the free linker around 1680 cm™* (anti-
symmetric) and 1288 cm™" (symmetric) can also be seen in the
spectra of PBS-immersed samples.'** Moreover, the broad band
found around 1100 cm™" to 920 cm ' is related to the anti-
symmetric stretching of PO,*” groups."” Considering the
strong attraction of phosphate groups towards polyvalent
cations and the presence of the uncoordinated ligands’ foot-
prints, the data supports the analogy of drug release through
structural decomposition.

SEM analysis also investigated the structural anomaly of the
MTV-1 after immersion into different pHs. As shown in Fig. 5c,
slight distortions in the morphology were found in the samples
immersed in PBS (7.4), but the overall structure was retained.
However, amorphous structures without appropriate morphol-
ogy can be seen in samples immersed in PBS (5.5), which
further supports the theory of rapid drug release due to
structural decomposition (Fig. 5d).

Kinetic study

The drug release from a carrier depends on various factors,
such as drug movement, carrier degradation, swelling, and
interaction with guest molecules.’®® To better understand the
drug release process, data from drug release studies were fitted
into different mathematical kinetic release models and their
formulas are presented in Table S4 (ESIf). These models are
described below.
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Zero-order

In zero-order release models, the release of encapsulated drug
is time-dependent and follows a constant rate irrespective of
the concentration of the drug.'®” The obtained data from the
release studies are fitted by plotting cumulative drug release
(%) against time. M, is the drug’s initial concentration, M; is
the drug released over time ¢, and K, is the zero-order constant.

First-order

First-order release models describe that the relationship
between time and concentration is always concentration-
dependent. According to this model, the release amount of
the drug always depends on the remaining drug concentration
inside the carriers and tends to decrease over time.*?® M, is the
initial concentration of the drug dissolved, M, is the concen-
tration of the drug released at time ¢, and K; is the first-order
constant. The data is presented by plotting the log of cumula-
tive (%) drug remaining against time.

Higuchi model

The Higuchi release model is based on Fick’s law of diffusion
and states that the drug release rate depends on diffusion. It is
applied when the drug’s initial concentration exceeds its solu-
bility in the matrix.’*® In this model, M, is the drug concen-
tration released at time ¢, and KH is the release constant.

Korsmeyer-Peppas model

The Korsmeyer-Peppas model of drug release is applied when
the release mechanism is unknown, the drug release is from a
polymeric system, or two or more phenomena govern the drug
release process."*® The data are represented by plotting the log
of cumulative drug release (%) against the log of time. Where
M,/M,, denotes fractional drug release at time ¢, kyp is the
Korsmeyer-Peppas release constant, and n is the release
exponent.

Hixson-Crowell model

The volume and area of the carriers govern the Hixson-Crowell
drug release model. It is applied when the drug release from the
carriers is limited to the dissolution rate rather than diffusion."**
The data is represented by plotting the cube root of the remaining
drug (%) against time. M,/M,, represents fractional drug release,
and KHC is the Hixson-Crowell release constant.

The results obtained by fitting the different kinetic models
(Fig. S8 and S9, ESIY) to the in vitro drug release profiles are
presented in Table 1. It was found that drug release under
normal pH favours zero order, first order, and the Hixson-
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Crowell model. In contrast, the correlation coefficient (R*) was
found to be higher in zero order for drug release in acidic pH.
The R? value for acidic pH release was also higher in the
Hixson-Crowell and Higuchi model. It can be concluded from
the application of mathematical release models and their
representative R> values that the main driving forces behind
drug release at both pHs are diffusion and structural disinte-
gration of MTV-1 MOFs.

Cytotoxicity assay and cellular uptake

The cytotoxicity effect of free 5-FU, CUR, MTV-1, and MTV-1@5-
FU + CUR was carried out against HEK-293 and HepG2 cell lines
using an MTT assay."”” The cell viability results indicate dose-
dependent growth inhibition of both cell lines. As shown in
Fig. 6, with the increase in the concentration of treating agents,
the viability of the cells decreased after 48 h. First, the cytotoxic
profile of all treating agents was evaluated against HEK-293.
The biocompatibility of any carrier against normal cells is
always considered an essential step in developing efficient
DDS."** The nanocarriers, which are target-specific, biodegrad-
able, and present lower cytotoxic effects against normal cells, are
mostly considered suitable for drug delivery applications.**'%":134
Interestingly, MTV-1 did not show severe effects on the growth of
HEK-293 cells and presented higher biocompatibility with an ICs,
of 295.4 ug mL™". However, a lower percentage of viable cells was
observed when HEK-293 cells were treated with the MTV-1@5-FU
+ CUR compared to free 5-FU and CUR.

The estimated ICs, values of the treating agents are shown
in Table 2. In the case of HepG2 cells, a similar cell viability
trend was observed for 5-FU, CUR, and MTV-1 with slight
variation in the ICs, values. The MTV-1@5-FU + CUR exhibited
enhanced cytotoxic effects against HepG2 cells compared to
free 5-FU and CUR. Although the difference in the IC5, values of
the applied MTV-1@5-FU + CUR and free drugs is not huge, it is
essential to note the bioavailability of a free drug vs. an
encapsulated one. Free drugs are readily available in the
system, and the incubation time of a cytotoxicity assay might
be enough to check their cytotoxicity. In contrast, an extended
period of time is required to assess the cytotoxicity of a DDS as
the drug release is time-constrained and not fully available to
the system immediately.'*’

The statistically significant effects against the control groups
for each treatment were represented as ****p < 0.0001, ***p <
0.001, **p < 0.01, and *p < 0.05. The ICs, values for MTV-1@5-
FU + CUR against HepG2 cells (78.7 ug mL™ ") were found to be
lower than HEK-293 (175.3 pg mL™"). The cytotoxicity profile
against the normal cells could be improved using surface

Table 1 Kinetic release model data based on the R? coefficient value of drug release and their fit into the models

Drug pH Parameters Zero-order First-order Higuchi model Korsmeyer-Peppas Hixson-Crowell
5-FU 5.5 R* 0.9688 0.8821 0.9447 0.9343 0.9399
7.4 0.9644 0.9709 0.9432 0.9285 0.9707
CUR 5.5 0.9648 0.9419 0.9303 0.8973 0.9585
7.4 0.9602 0.977 0.9792 0.9417 0.9723
5660 | Mater. Adv., 2023, 4, 5653-5667 © 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00389b

Open Access Article. Published on 12 October 2023. Downloaded on 11/9/2025 5:59:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

(a) ~ nexaes (D)

— HEPG2

~ HEK-293
— HEPG2

Relative Cell Viability (%)
@
3

Relative Cell Viability (%)
a
2

O a2 D A2 P D PSP
SIS MR R RS )

d a2 D AP A2 LD DD
PR SRR :
S 8 RO

<

Concentrations of 5-FU (ug/mL) Concentrations of CUR (ug/mL)

(C) — HEK-293 (d)

— HEPG2

— HEK-293
— HEPG2

Relative Cell Viability (%)
@
2

Relative Cell Viability (%)
®
2

>
& 2 A®

D D 0 DD
& SN
<

N NI
9 PR I N ST
N N

AR )

Concentrations of MTV-1 (ug/mL) Concentrations of MTV-1@5-FU+CUR (ug/mL)

Fig. 6 Results related to the percentage cell viability of HEK-293 and
HepG2 cell lines against different concentrations of 5-FU (a), CUR (b),
MTV-1 (c), and MTV-1@5-FU + CUR (d) after 48 h. The degree of
significance related to treatment groups against control groups in each
cell line is shown as ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p <
0.05.

Table 2 Estimated ICsp values of treatment groups against HEK-293 and
HepG2 cells

Treatment groups (ug mL ")

Cell lines  5-FU CUR MTV-1 MTV-1@5-FU + CUR
HEK-293 138.6 57.6 295.4 175.3
HepG2 93.9 68.5 423.9 78.7

chemistry to modify the nanocarriers with targeted biopolymer
coatings reported in the literature.***™*3°

To evaluate the long-term anticancer efficacy of free 5-FU,
CUR, MTV-1, and MTV-1@5-FU + CUR, colony-forming assay
was performed in HepG2 cancer cell lines. The cells were
treated with equal doses of 125 ug mL™" of the samples and
allowed to incubate for eight days. As shown in Fig. S10 (ESI{) a
significant decrease in the number of colonies (> 10-fold) in
the cells treated with MTV-1@5-FU + CUR was observed com-
pared with the control, free 5-FU, CUR, and MTV-1. These
results were found in agreement with previous studies, which
observed that nanocarriers encapsulated with chemotherapeutics
showed a higher reduction in the colony formation ability of
cancer cells compared with the free drug molecules."*® Another
reason behind the higher anti-colony formation activity of the
MTV-1@5-FU + CUR is the synergistic effect of 5-FU and CUR
against cancer cells. According to previous studies, dihydropyr-
imidine dehydrogenase (DPYD) expression is considered one of
the major determinants in limiting 5-FU catabolism and
efficacy."*" While CUR is known to induce the P53 pathway which
plays a key role in downregulating DPYD expression. Therefore,
CUR synergistically enhances the cytotoxicity of 5-FU by indirect
downregulation of DPYD expression."*>

The potential of MTV-1 to be used as DDS was also evaluated
through cellular uptake studies based on the intrinsic green

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The fluorescence images of cell nucleus (a) with blue fluorescence,
stained by DAPI, MTV-1@5-FU + CUR (green fluorescence) (b), and overlay
image (c) with scale bars = 20 pm.

fluorescence of CUR.'? The fluorescence imaging results for

the cellular uptake of MTV-1@5-Fu + CUR into HepG2 cells are
presented in Fig. 7; the blue fluorescence represents the cell’s
nucleus stained by DAPI, and the detected green fluorescence is
of CUR. The merged overlay image reveals the successful
internalization of the MTV-1@5-FU + CUR by HepG2 cells, as
green fluorescence of the CUR can be observed in the cytoplas-
mic area. Generally, the therapeutic ability of any anticancer
drug depends on its effective delivery into the cytoplasm,
accumulation, and retention for a sustained period.'** Based
on the results, the significant cytotoxicity of MTV-1@5-FU +
CUR observed against HepG2 cell lines compared to free drugs
could also be attributed to the successful internalization,
accumulation and sustained release of both drugs encapsu-
lated into the nanocarriers. Together, these results further
suggest the potential of MTV-1@5-FU + CUR to be used as an
effective DDS against HepG2 cancer cells.

Peroxidase like activity

Due to the frequent utilization of Fe and Co-based compounds
as catalysts for redox reactions,'*>*® MTV-1 was investigated
for their peroxidase-like characteristics using the 3,3',5,5'-
tetramethylbenzidine (TMB) oxidation method (Scheme 1).
TMB is a classic colourless chromogenic agent that tends to
transform into a green-coloured oxidized form (ox-TMB) in the
presence of H,0, and a catalyst."*” Mechanistic studies have
revealed that H,0, is first decomposed into highly reactive *OH
radicals by the catalyst, and these *OH radicals in the second
step oxidize the TMB present in the system.'*® As shown in
Fig. 8a, no ox-TMB absorbance was observed at 652 nm when
the system only contained H,O, + TMB. In contrast, adding

- -
H,0. >
e 4 »
™B ; ) s H,0, T™B
> LA /

‘OH+H,0 P =%
? ® o\ 2 %Ay H.0+'OH Heterogeneous

Homogeneous‘ i\ 2 X
> ¥ 3 > » v 'S
J
[ — . MTV-1 MOF | ;
NH, \ / NH, NH,= O O —NH,
ox-TMB ox-TMB

Scheme 1 Schematic representation of two-way channelled peroxidase-
like activity of MVT-1 MOFs.

Mater. Adv., 2023, 4, 5653-5667 | 5661


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00389b

Open Access Article. Published on 12 October 2023. Downloaded on 11/9/2025 5:59:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

MOFs into the buffer system comprising H,O, + TMB resulted
in the change of colour and appearance of the absorption peak
at 652 nm. This suggested that the peroxidase-like activity of
our MOFs is similar to that of horseradish peroxidase (HRP).
The desirable catalytic performance of the MTV-1 was also
investigated by varying different factors, such as the system’s
catalyst concentration, temperature, and pH. In general, the
catalytic reaction is accelerated by increasing the concentration
of the catalyst, which was also observed in our case. The
increase in catalyst concentration also increased the conversion
of TMB into ox-TMB with increased colour intensity (Fig. 8a).
Also, the optimal pH and temperature for the reaction were
around 4 and 55 °C (Fig. 8b and c). The lower absorbance
intensity of ox-TMB near physiological pH (7.4) verified the
lesser *OH production under normal conditions, indicating the
safety for normal tissues. On the contrary, the ox-TMB absor-
bance intensity enhanced with an increase in the system’s
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Fig. 8 Kinetic analyses of TMB oxidation by keeping the concentrations of
TMB and H,O, constant but varying the concentrations of MTV-1 MOFs (a),
keeping all of the reactants constant but varying the pH (b), and tempera-
ture (c). Digital photographs of TMB colour change at different concen-
trations of MTV-1 (d), Fluorescence spectra of TA present in various
reaction systems (e), cell viability of HepG2 cell line relative to the presence
of MTV-1 with or without H,O, (f) and confocal images of DCFH-DA and
DAPI stained cells for intracellular *OH detection (g) scale bar = 20 um.
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acidity, which marked the higher catalytic activity of MTV-1
under acidic (tumor) conditions.

Another reason behind the higher catalytic activity at lower
pH is the leaching of free metal ions into the system. As
confirmed by the ICP-OES studies, higher metal leaching
activity was observed in the PBS (5.5) soaked MTV-1 samples
as compared to PBS (7.4) (Fig. S11, ESIt). Various studies have
observed that the reaction constant of free metal ions is
many folds higher compared to the one coordinated to the
structures.*

In this way, our MOFs not only produced *OH radicals at the
surface (heterogeneous catalysis) but also through the leached
Fe and Co metal ions in an acidic buffer (homogenous cata-
lysis). These results further indicated the acid-sensitive intelli-
gent Fenton-like catalytic performance of MTV-1. The higher
release of Co ions compared to Fe ions is due to the weak Co™~
O coordination bonds prone to disintegration in the presence
of competing water molecules in the medium."***> Based on
the hard and soft acid-base (HSAB) principle, under similar
coordination environments, high-valent metals (Fe**, Cr**, zr"",
etc.) containing high charge density known as hard acids tend
to make strong coordination bonds with oxygen donor ligands
(carboxylate ligands) known as hard bases. Although carbox-
ylate linkers have a lower pKa, high valent metal ions are linker-
hungry for the maintenance of charge balance.'>® This leads to
higher connectivity numbers of metal clusters with more lin-
kers to further improve the resultant MOF stability.">* However,
low-valent metal ions, including Co>, Zn>*, Ni**, etc., are
known as soft acids. Their coordination is usually more stable
with N-containing linkers (soft bases) than oxygen donating
linkers. In our case, the presence of one Co®" per cluster
resulted in loose coordination with BDC and BPDC, as both
are O-donating linkers.">> Therefore, in the presence of com-
peting phosphate groups and water molecules, Co** ions were
released faster as compared to high valent Fe*" ions that have a
strong coordination with the linker.'>*'°

To investigate the production of *OH radicals during the
catalytic oxidation of TMB, a terephthalic acid (TA) probing
technique was utilized.">® The TA can quickly react with *OH
and oxidize into a highly fluorescent 2-hydroxy terephthalic
acid with characteristic fluorescence emission at 430 nm."”” In
our case, no fluorescence emissions of HTA were observed
when H,0, + TA or MTV-1 + TA were used. However, when
MTV-1 was added to the H,O, + TA solution, sharp fluorescence
emission was monitored at 430 nm, suggesting the production
of *OH during the oxidation process (Fig. 8e).

We further verified the Fenton-like catalytic performance of
MTV-1 through a cell viability assay. As shown in Fig. 8f, less
cell viability is observed in the MTV-1 treatment groups with the
H,0, compared to MTV-1 and H,0, alone. This indicates the
more potent anticancer activity of MTV-1 MOFs in the presence
of H,0, available in higher concentrations inside cancer cells.
The intracellular ROS probe (DCFH-DA) further proved the *OH
production in the HepG2 cellular environment. The MTV-1 gave
a weak fluorescence signal at pH 7.4 compared to no signals
from the control group. However, significant green emissions

© 2023 The Author(s). Published by the Royal Society of Chemistry
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MTV-1 MOF MTV-1@5-FU+CUR

pH<6

Scheme 2 Schematic illustration of MTV-1 MOF synthesis, the mechanism of pH-responsive drug delivery and ROS mediated multidimensional

anticancer activity.

were recorded at pH 6.5, indicating the production of intracel-
lular *OH in large amounts (Fig. 8g). The intracellular ROS
studies signify the safety profile of MTV-1 against normal cells
as very little signals of ROS production were detected at pH =
7.4 mimicking the physiological environment. Some of the
recently reported MOFs for multifunctional co-delivery of drugs
are presented in Table S5 (ESIt). Based on the results obtained,
MTV-1, with pH-responsive dual-drug delivery and smart
peroxidase-like activity (Scheme 2), could be used as a potential
candidate for synergistic anticancer therapy.

Conclusion

We have established multivariate MOF carriers based on a
mixed-ligand and metals approach. Using mixed ligands of
varying lengths generated pores of varying sizes and facilitated
the co-encapsulation of two anticancer drugs of different sizes.
Drug loading and release experiments demonstrated that
MTV-1 MOFs could carry a load of 15.9 and 9.3 wt% of 5-FU
and CUR, respectively. These nanocarriers further exhibited
pH-responsive drug release with higher concentrations of drugs
released under cancer microenvironment conditions (pH 5.5)
compared to conditions imitating a typical physiological
environment (pH 7.4). The rapid release under a cancer cell
environment is due to the collapse of the MTV-1’s structure,
confirmed by FT-IR, SEM, and XRD measurements. It shows the
potential of MTV-1’s to target cancer cells effectively. Moreover,

© 2023 The Author(s). Published by the Royal Society of Chemistry

the peroxidase-like catalytic activity of MTV-1 MOF ensured
enhanced anticancer activity against HepG2 cells through a
combination of chemotherapy and chemodynamic therapy.
This work expands the dimensions of designing MOFs for co-
encapsulation and delivery of multiple drugs through pore
engineering. The results suggest the potential of multivariate
MOFs to be used as potential candidates of DDS for multi-
functional anticancer therapy.
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