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ABSTRACT: Metal−organic complexes are one of the most studied materials in the last few
decades, which are fabricated from organic ligands and metal ions to form robust frameworks
with porous structures. In this work, iron-1,4-benzenedicarboxylic-polyethylene glycol (Fe-
BDC-PEG) with a porous structure was successfully constructed by an iron(III) benzene
dicarboxylate and polyethylene glycol diacid. The drug-delivery properties of the resultant Fe-
BDC-PEG were tested for the loading and release of the 5-fluorouracil compound. The
maximal loading capacity of Fe-BDC-PEG for 5-fluorouracil was determined to be 348.22
mg/g. The drug release of 5-fluorouracil-loaded Fe-BDC-PEG after 7 days was 92.69% and
reached a maximum of 97.52% after 10 days. The 7 day and acute oral toxicity of Fe-BDC-
PEG in mice were studied. The results show that no reasonable change or mortality was
observed upon administration of Fe-BDC-PEG complex in mice at 10 g/kg body weight.
When the uptake of Fe-BDC-PEG particles in mice was continued for 7 consecutive days, the
mortality, feed consumption, body weight, and daily activity were negligibly changed.

■ INTRODUCTION
According to the WHO report in 2012, the burden of cancer
deaths is second only after cardiovascular disease. Cancer is the
cause of 18% of deaths in Vietnam. According to statistics,
there is an estimation of 100,000 to 150,000 new cases and
about 75,000 deaths from cancer each year. In 2010, there
were 126,307 new cancer cases, with 71,940 men and 54,367
women. It has been predicted that 200,000 new cases of cancer
and 100,000 deaths each year could be observed in Vietnam
2010.1 Hence, it is urgent to find effective therapies to treat
cancers. There are four main types of cancer treatments:
surgery, radiotherapy, chemotherapy, and targeted therapy.
Among these, chemotherapy has been widely employed to cure
patients at the final stage of cancer. Many active ingredients
have been shown to be effective in treating cancer, such as
busulfan, doxorubicin (DOX), 5-fluorouracil (5-FU), hydrox-
yurea, and letrozole.2 However, these active ingredients have
some disadvantages, such as poor targeting specificity, poor
pharmacokinetics, and many side effects (due to high doses).3

Furthermore, these chemicals’ instability, low solubility, and
bioavailability also reduce the chemotherapy’s efficiency for
cancer treatment.4 In order to tackle these disadvantages, the
development of cancer drug-delivery systems has been
extensively considered to precisely deliver the active
ingredients to the targeted tumors using nanomaterials such
as liposomes, micelles, polyelectrolyte capsules, and so on.5−9

Nanomaterials could effectively encapsulate active ingredients
and directly deliver them to cancer cells before releasing for

effective consumption by cancer cells.10,11 However, the
capability of releasing active drugs to the tumors at the right
time is one of the main disadvantages of nanomaterial-based
delivery systems. To tackle this disadvantage, unique properties
of nanomaterials, such as thermal and pH properties, could be
employed to design the delivery systems, which could be
released by controlling the heat or pH.12,13 Modifying the
nanomaterials’ surfaces with functional groups such as
proteases or phospholipases could also be utilized to precisely
release the active ingredients to the tumor cells. Many
nanomaterials have been effectively used to design drug-
delivery systems.14−17 One of the materials which have been
intensively studied for drug delivery in cancer therapy is
metal−organic frameworks (MOFs) or metal−organic com-
plexes (MOCs).7−9 The porous MOCs as carriers reveal
several advantages over conventional nanocarriers (inorganic
nanomaterials, quantum dots, polymers, and liposomes) such
as high drug loadings, relative stability, and less side effects and
toxicities.18 This is because the MOC materials have high
surface area, adjustable porosities and compositions, biode-
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gradability, efficient drug loading and controlled release, and
surface modification possibility.19,20

MOC frameworks are commonly constructed from metal
ions and organic ligands.21,22 MOCs with reasonable specific
surface areas, capable of tuning the pore size and
functionalizing the inner surface properties, could be promising
in many applications, including but not limited to environ-
mental treatment, catalyst, drug delivery, medical, adsorption,
and separation.23−30 With large cell volume, high surface area,
biocompatibility and degradability, mesoporous windows, and
mesoporous cages, MOCs have been extensively studied for
drug-delivery systems.31−34 For example, an MOC [bioMOC-
Zn(Cys)] with the tumor-sensitive biological property was
successfully constructed from Zn2+ ions and a small biological
molecule (L-cystine, Cys).35 It was demonstrated that DOX@
bioMOC-Zn(Cys) in nanoscale size accelerated the anticancer
drug uptake via the endo/lysosomal pathway. In our previous
work, we successfully incorporated ferric ions, trimesic acid,
and poly(ethylene glycol) to produce a porous Fe-BTC-PEG
MOC.36 The prepared MOC had a maximum loading capacity
of 364 mg/g for the 5-FU drug. The slow release of 5-FU-
loaded MOCs in vivo media was observed to be up to 14 days.
No death or signs of toxicity in mice administrated with Fe-
BTC-PEG particles with dose in the range of 2−10 g/kg was
observed for acute oral toxicity.
It has been well known that 5-FU is a chemotherapeutic

compound, which has been widely utilized to treat head, neck,
breast, and colorectal cancer. However, free-standing 5-FU has
low selectivity, short half-life biological properties, and side
effects, which might harm the marrow, gastrointestine, and
bone.37,38 Thus, several drug-delivery systems were developed
to precisely release the drug to the right tumor cells that need
to be treated.39,40 Among these, nanoparticles such as MOFs
or MOCs, carbon-based nanomaterials, aerogel, silica nano-
particles, and magnetic nanoparticles were revealed to be
effective carriers for the delivery of the 5-FU drug.25,41−43

MOCs with a large cell volume, high surface area,
biocompatibility and degradability, mesoporous windows, and
mesoporous cages have been considered promising carriers for
5-FU delivery. However, fabrication of the iron-1,4-benzene-
dicarboxylic-polyethylene glycol (Fe-BDC-PEG) MOC and
utilization for the 5-FU delivery have not yet been studied
before.
Herein, the green ultrasonicating approach is employed to

prepare MOCs. The resultant Fe-BDC-PEG is thoroughly
characterized and studied for the 5-FU drug delivery. The 5-
FU-loaded Fe-BDC-PEG MOCis administered in mice to
evaluate the acute and repeated dose 7 day oral toxicity. The
effect of 5-FU-loaded Fe-BDC-PEG on several cancer cells is
also investigated.

■ RESULTS AND DISCUSSION
Material Characterization. Figure 1 shows the X-ray

diffraction (XRD) pattern of the Fe-BDC-PEG complex to
study the crystalline nature of the material. It can be seen that
the material sample analyzed with a sweep angle of 5−30° has
a form similar to Fe-BDC-PEG reported previously.44 The
main peaks of Fe-BDC-PEG were at 5.56, 9.19, and 10.58. The
XRD pattern of the sample reveals that the crystal phase of the
product is Fe-BDC-PEG with a monoclinic symmetry.45 The
XRD pattern of the Fe-BDC material (Figure S1) reveals
diffraction peaks similar to that of the Fe-BDC-PEG complex,
indicating the successful formation of the complex.

The morphology of the synthesized material was observed
by scanning electron microscopy (SEM) and transmittance
electron microscopy (TEM), and the result is shown in Figure
2. SEM and TEM images (Figure 2a,b) show that the Fe-BDC-
PEG crystals synthesized with ultrasound conditions are
uniform and relatively small in particle size. The prepared
Fe-BDC-PEG complexes are in octahedron shape with
diameter in the range of 20−50 nm, a length of 50−150 nm,
and in the “inhaled” state. These results prove that the flexible
structure of Fe-BDC-PEG, as well as particle sizes with open
pores, are suitable for the reception of guest molecules for
drug-delivery systems. The EDS spectrum illustrated in Figure
2c confirms the Fe, C, and O presence in the Fe-BDC-PEG
complex with elemental composition appropriate with the
stoichiometry ratio in the complexes.
FTIR spectroscopy investigated the bonding nature and

functional groups in the Fe-BDC-PEG complex, and the result
is exhibited in Figure 3. The broad characteristic band at 3415
cm−1 is attributed to the stretching vibration of the O−H
group in absorbed water as well as in the PEG and BDC
molecules. The characteristic peaks at 1686 and 524 cm−1,
which are typical for the stretching vibration of C�O in the
H2BDC compound, are not observed, demonstrating the
absence of H2BDC in the prepared complex. The absorption
bands that appeared at 1617, 1384, and 772 cm−1 are assigned
to the asymmetric and symmetric stretching vibrations of
−COO−and 1-4-substituted benzene core of BDC−2.46 The
probe of Fe−O bonding is observed by the presence of an
absorption peak at around 540 cm−1. These vibration bands of
the BDC and Fe−O were also observed in the FTIR spectrum
of the Fe-BDC MOFs as shown in Figure S2. The
characteristic absorption bands of PEG also appear in the
FTIR spectrum of the complex, proving the successful
incorporation of the PEG molecule in the complex. These
results indicate that ferric ions successfully coordinate with
BDC2− ligands in the presence of PEG to form the Fe-BDC-
PEG MOC.
Illustrated in Figure 4 is the N2 adsorption isotherm of the

Fe-BDC-PEG material, which was employed to calculate the
surface area of the material. The N2 adsorption and desorption
isotherms of the Fe-BDC-PEG were obtained at a temperature
of 393 K, and the specific surface area was determined using
the Brunauer−Emmett−Teller (BET) method. The BET
surface area of Fe-BDC-PEG is determined to be approx-

Figure 1. XRD pattern of the Fe-BDC-PEG material.
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imately 108.9 m2/g with the pore volume and pore diameter of
0.206 cm3/g and 7.58 nm, respectively. This pore diameter has
been demonstrated to be appropriate for the loading of small
drug molecules such as 5-FU. The low surface area of the
material might be due to the existence of the material in the
“inhaled” state; it shrinks deep into the hollow framework,
which limits the N2 adsorption ability of the material. These
hypotheses have also been studied and reported previously.
The drug loading-release experiments were conducted to
evaluate the drug-loading ability and morphology of the after-
loading, with the results presented in the next section.

Drug Loading-Release Ability Evaluation. It has been
well known that 5-FU has been widely employed in the
treatment of colorectal, stomach, and breast cancers. The
prepared Fe-BDC-PEG complex has a particle size, surface
area, pore volume, and pore diameter which are suitable for
delivering the 5-FU drug to minimize the side effect of

overdose as well as nontargeted treatment. More importantly,
the integration of PEG in the complex enables more functional
groups to bind with the drugs; as a result, more drug could be
loaded in the Fe-BDC-PEG complex compared to that of Fe-
BDC. For drug delivery, the loading capacity of drugs is one of
the decisive factors in assessing the material’s applicability. The
loading capacity of the Fe-BDC-PEG complex for the 5-FU
drug was determined by immersion of the complex in 5-FU
solution until reaching an equilibrium adsorption state. The
difference in weights of material before and after loading was
used to calculate the maximal capacity of drug loading. The
maximal loading of the prepared Fe-BDC-PEG for the 5-FU
drug was calculated to be approximately 348.22 mg/g complex,
which is higher than the loading capacity of the Fe-BDC
material (251.3 mg/g). This high 5-FU loading of Fe-BDC-
PEG is comparable with that of the Fe-BTC-PEG complex and
reasonable for drug-delivery purpose.36,47

Figure 2. (a) SEM image, (b) TEM image, and (c) EDX spectrum of the Fe-BDC-PEG material.

Figure 3. FTIR spectra of PEG (red line) and Fe-BDC-PEG (black
line) material.

Figure 4. N2 adsorption isotherm pattern of the Fe-BDC-PEG
material.
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One of the main properties of advanced materials that is
effectively used for drug delivery is slow release on purpose.
For the drug-release test, the loaded material was immersed in
different pH solutions of phosphate-buffered saline PBS (pH
7.4, 6.8, and 5), and 5-FU concentration was determined by
UV−vis spectrometry at a wavelength of λmax = 266 nm. The
results of the drug release in different pH solutions are shown
in Figure 5. It is obvious from the figure that the releasing

profiles of the 5-FU drug from the loaded material from
studied pH solutions are relatively similar. The result indicates
that the 5-FU released from the material increased rapidly
during the first day of the releasing experiment. The amount of
drug released after 1 h in the simulated body medium was
recorded to be around 113.44 mg/g. After 24 h, the amount of
drug was approximately 186.15 mg/g. After this period, 5-FU
was slowly released in this medium. After 7 days in the
solution, the drug was almost entirely released from the
material with a release efficiency of 92.69%, and after 10 days,
97.52% of 5-FU was released from the loaded Fe-BDC-PEG
complex.
The cytotoxicity assay aims to screen and detect substances

that inhibit the growth or destruction of cancer cells in in vitro
conditions and determines the cellular protein content after
dyeing with sulforhodamine B by measuring the optical density
at 515−540 nm. The evaluated results of the cancer cell’s
suppression over time are presented in Figure 6, with IC50
being the concentration of drug at which 50% of the target is
inhibited. The results show that the unloaded 5-FU was
relatively stable in the experiment conditions and show
negligibly different activities on various cancer cell lines, with
IC50 of free-standing 5-FU in the range of 2.24−3.80 μg/ml.
Fe-BDC-PEG@5-FU system shows strong inhibitory activity
on breast, gastric, and colon cancer cell lines in humans
(MCF7, AGS, and HT-29, respectively). The activities varied
over time, and the ability to inhibit cancer cells of the drug-
loaded material increased when increasing the exposure time.
Among the cancer cell lines, the drug-loaded material’s
inhibitory ability is the highest in the breast cancer cell line.
Specifically, at an exposure time of 120 h, the IC50 of Fe-BDC-
PEG@5-FU is around 3.75 μg/mL, which is close to the
inhibition level of pure 5-FU. At the same time, the existing
time of 5-FU in cancer cells increased (slower release) when

cooperated with Fe-BDC-PEG, which allows stronger inhib-
itory activity on cancer cells.

Acute and 7 Day Oral Toxicity Study. It is obvious from
the results that even at the highest Fe-BDC-PEG@5-FU dose
of 10,000 mg/kg body weight, no toxicity in mice was
observed. No abnormal behavior or toxic symptoms was
exhibited in all mice treated with Fe-BDC-PEG@5-FU at the
tested doses over the 3 day observation (data not shown).
Compared to the control group, the body weight, food intake,
and water consumption of the mice administered with Fe-
BDC-PEG were the same. The mice treated with Fe-BDC-
PEG particle responded well to light and sound, moved, and
ate normally with no death during the study.
In the high dose group of 10,000 mg/kg, clinical signs such

as mild diarrhea were observed in two males and one female
with thin appearance and slow mobility. The average body
weights of mice in the two experimental groups were lower
than the body weights of mice in the controlled samples.
However, the terminal body weights and body weight gains of
the tested mice were not significantly decreased throughout
the 7 days of experiment period compared to that of the
control group (Figure 7). Throughout the testing period, the
mice in all groups showed no difference in food and water
consumption and subchronic toxicity study (data not shown).
Food and water consumption between the low-dose-treated
group (2000, 4000 mg/kg), moderate-dose-treated group
(6000 mg/kg), high-dose-treated group (8000, 10,000 mg/
kg), and the control group was not significantly different after
72 h of treatment.

■ CONCLUSIONS
In short, the Fe-BDC-PEG material has been successfully
synthesized by ultrasound from FeCl3 salt and terephthalic acid
in dimethyl formamide (DMF). The maximum 5-FU loading
capacity of this material was 348.22 mg/g. The amount of drug
released from the material was determined to be 92.69% after 7
days and reached a maximum value of 97.52% after 10 days.
The ability to inhibit various cancer cell lines of the drug-
loaded material was relatively high and increased when the
exposure time increased with different levels on different cell
lines. With a size of about 200−400 nm, this is a promising
material for cancer therapy, especially for breast, gastric, and
colon cancer cell lines in humans (MCF7, AGS, and HT-29,
respectively). No death or signs of changes in locomotor
activity was observed in mice administered with Fe-BDC-PEG
at all dose groups for 7 days. Repeated dose oral administration
of Fe-BDC-PEG at the tested doses did not compromise water
and food consumption, which was observed in all mice
between the first and seventh day of treatment. Since no death
or signs of toxicity, such as changes in water and food intake
and body weight, were observed, Fe-BDC-PEG can be
considered as less toxic according to the class method
recommended by the OECD 423 (OECD, 2001), fitting into
class 5 (LD50 greater than 10,000 mg/kg).

■ EXPERIMENTAL SECTION
Materials. All chemicals were provided by Sigma-Aldrich

including terephthalic acid (H2BDC), C6H4(COOH)2 ≥99%,
iron(III) chloride hexahydrate (FeCl3·6H2O) ≥99%, poly-
ethylene glycol diacid 250 (PEG250diacid) ≥99.5%, ethanol
(C2H5OH) 96%, pure 5-FU, PBS, trichloroacetic acid, and
sulforhodamine B. Tools and equipment such as the telsonic

Figure 5. 5-FU concentration corresponding to the soaking time of 5-
FU-loaded material in different pH solutions. The activity of the Fe-
BDC-PEG@5-FU system on cancer cells.
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ultrasonic tank 50/60 Hz, the Hettich Zentrifugen centrifuge
EBA21, the Ketone 101 drying oven type 300±1 °C, the
Petrotest thermostat, and laboratory glass wares were
employed for all experiments.

Preparation of Material. The synthesis process is adopted
from previous work.44 Typically, ferric chloride hexahydrate
(1.35 g) was dissolved in 5 mL of DMF to obtain solution A.
Solution B was prepared by dissolving H2BDC (0.83 g) and
1.25 mL of PEG250 in 20 mL of DMF. Each solution was
stirred separately for 15 min and then mixed and sonicated for
7 h. The white precipitate was filtered and thoroughly washed
with boiling DMF and ethanol/water mixture (ratio of 1:1)
and dried at 80 °C for 6−8 h.
A drug-loading experiment was carried out with 0.01 g of

material in 10 mL of 5-FU 1 g/L for 72 h. The product was
filtered and dried at 80 °C for 3 h.

Characterizations. The chemical composition of the
material was characterized by the XRD technique on X’Pert
Pro equipment at the Institute of Chemistry and Materials,
Academy of Military Science and Technology. The morphol-
ogy and size of the material were characterized by SEM at the
Institute of Materials Science, Vietnam Academy of Science
and Technology. The material’s surface parameters were
evaluated by nitrogen sorption experiments based on the
BET equation at the Institute of Chemistry, Vietnam Academy
of Science and Technology. The drug loading and release

ability of the material was evaluated by UV−vis spectropho-
tometry at the Department of Chemistry, Hanoi University of
Science with PBS solution in which the drug-loading material
was soaked at λmax = 266 nm. The equation of the 5-FU
calibration curve is defined as C = 50 × (4.69 × Abs + 1.003),
where C is the concentration of the 5-FU solution.
The loading capacity was determined by immersing the

prepared Fe-BDC-PEG material into the 5-FU-containing
solution with a 5-FU concentration of 10 g/L in 72 h to
determine the loading capacity of the sample for 5-FU.
To determine the drug-release ability, 0.01 g of the loaded

material was soaked in 10 mL of PBS solution at 37 °C at
different times, and 5-FU concentration was measured. The
amount of drug released from the material in this medium is
calculated by the formulation

=Q m m/ (g/g)5 FU Fe BDC PEG

To calculate the release efficiency of the loaded material
following the formulation

= ×H Q Q100 / (%)ome max

where Qmax is the maximum loading capacity of the material.
The cancer cell inhibition ability was evaluated by an in vitro

cytotoxic assay designed by the National Cancer Institute on
three human cancer cell lines: gastric carcinoma�AGS, breast
carcinoma−MCF7, and colorectal adenocarcinoma�HT-29.

Figure 6. Cytotoxicity data for Fe-BDC-PEG@5-FU compared with pristine 5-FU in (a) breast (MCF7), (b) gastric (AGS), and (c) colon (HT-
29) cancer cell lines in humans.
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The experiments were performed at the Institute of
Biotechnology, Vietnam Academy of Science and Technology.

Acute Oral Toxicity Study. The mice (Albino BALB/c)
used for the oral toxicity study were provided by the Institute
of Biotechnology, Vietnam Academy of Science and Technol-
ogy (Hanoi, Vietnam) with an age of 8 weeks and a weight of
19−22 g. All mice lived in a temperature-controlled room with
a 12 h light and dark cycle. The ethical guidelines (Vietnamese
ethical laws and European Communities Council Directives of
November 24, 1986 (86/609/EEC) for the care and use of
laboratory animals were employed for all experiments.
The acute oral toxicity of the Fe-BDC-PEG MOC was

investigated following OECD GUIDELINE 425.48 A stomach
tube was used to introduce Fe-BTC-PEG into mice with
various doses of 2000, 4000, 6000, 8000, and 10,000 mg/kg
body weight after 12 h diet. The survival rate and toxic
symptoms in mice were observed every 3 days.
OECD Test Guideline 407 and Taiwan Food and Drug

Administration (2014)48 were employed to determine the 28
day oral toxicity test. Seven groups of 6 mice were
administered Fe-BDC-PEG with doses of 0, 2, 4, 6, 8, and
10 g material/kg body weight for 7 consecutive days. The

controlled mice only took water. The daily observation was
used to evaluate the general appearance of all mice. Food
consumption was assessed on the first day, the fourth day, and
the seventh day of the experiment, with body weights
measured daily.
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