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Abstract. Metal-organic frameworks (MOFs) are materials with a large surface area and antimicrobial properties are
advantageous properties for the controlled release of molecules for biomedical applications. However, their synthesis is
expensive and harmful to the environment due to the use of organic ligands and solvents. Thus, this work proposes the
synthesis of a new MOF by hydrothermal method using water as the solvent, aluminium nitrate as a metallic source, and
bis(2-hydroxyethyl) terephthalate (BHET) as organic ligand, obtained via glycolysis of polyethylene terephthalate (PET);
and its comparison with MIL53-Al MOF, synthesized from terephthalic acid (BDC) as organic ligand. Both MOFs were
characterized by XRD, ATR-FTIR, N, physisorption, TGA, SEM and XPS; besides their in vitro biocompatibility was
tested by porcine fibroblasts viability. The results indicate that aluminium ions are coordinated to both carbonyl and
hydroxyl functional groups of the BDC and BHET organic ligands. The new BHET-Al MOF shows higher thermal
stability than MIL53-Al, it also exhibits a macroporous structure in comparison with the microporosity of the MIL53-Al.
BHET-AI MOF is not cytotoxic for porcine dermal fibroblasts growing on its surface for up to 48 h of culture, thus, this

innovative MOF is a promising material for the controlled release of drugs.
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1. Introduction

The metal-organic frameworks (MOFs) are coordination
polymers constituted by a metallic centre (e.g., Zn"2, Al"™,
Fe™ and Zr™) and an organic ligand (e.g., terephthalic
acid, trimesic acid and 2-methylimidazole). These materials
are characterized to present high thermal stability and large
surface area, because of this, they have been widely applied
as adsorbent (e.g., drugs, CO,, colourants and heavy metal
ions), catalysts (bifunctional materials with the simultane-
ous presence of both Lewis acid and base), and recently as
biocompatible materials with antimicrobial properties [1].

Typically, MOFs are synthesized by hydrothermal
method, where the inorganic structures MO,(OH),, are
coordinately bonded to an organic ligand with functional
groups acting as Lewis base present in its chemical struc-
ture, such as -NH,, -OH, -C=0 and -COO". However, the
organic ligands are usually very expensive, and they have
cytotoxic character [2].

On the other hand, polyethylene terephthalate (PET) is a
solid residue produced and consumed in huge amounts by
human activity. PET is classified as a thermoplastic due to
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its resistance to degradation or hydrolytic cleavage of
chemical bonds, thus, the PET is considered a non-
biodegradable plastic [3]. To overcome this problem, PET
can be depolymerized via glycolysis with ethylene glycol to
obtain bis(2-hydroxyethyl) terephthalate (HO-C,H4,~OOC-
CcH4—COO-C,H,—OH, BHET) as the esterification product
under the presence of a Lewis catalyst [4]. The development
of synthesis strategies for novel materials based on BHET,
represents a sustainable alternative. The BHET compound
possesses a very similar chemical structure to terephthalic
acid (HOOC-CgH,—COOH, BDC), widely used as a ligand
for the generation of the representative MIL53-Al MOF,
however, the presence of end hydroxyl groups in BHET
allows its easier dissolution in water than the non-polar
BDC, an advantage that can be used to avoid the use of
toxic solvents in the synthesis of MOFs, thus, improving its
potential application in biomedical strategies.

The present work describes an innovative and sustainable
strategy to generate novel MOFs with improved structure
and properties for biomedical applications, taking advan-
tage of the high solubility of BHET in the aqueous medium,
thus, avoiding the use of toxic organic solvents. In the
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present study, it is proposed the synthesis of a new MOF
based on aluminium nitrate and BHET as organic ligand,
which was obtained from PET depolymerization. Its struc-
ture, physicochemical properties and cytotoxicity were
compared with its analogous MIL53-Al MOF, synthesized
under the same reaction conditions.

2. Experimental

2.1 Synthesis of BHET and MOFs

The BHET compound was synthesized by depolymerization
of PET, collected from waste bottles. In the general pro-
cedure, 10 g of powdered PET was placed into a ball flask
with 50 ml of ethylene glycol and 0.2 wt% of Zn™2 (0.2 g).
Then, the ball flask was collocated in a reflux system at
110°C for 8 h. The yielded product was precipitated with
cold water, recovered by vacuum filtration and dried in an
oven at 40°C [4].

The MIL53-Al MOF was typically synthesized by
mixing 35 mmol of aluminium nitrate nonahydrate
(AI(NO3);3-9H,0) and 17.5 mmol of BDC in 50 ml of distilled
water [S5]. The obtained solution was placed in a Teflon-lined
steel autoclave and heated at 200°C for 72 h. The
hydrothermal reactor was cooled down at room temperature,
the white precipitate was filtrated under vacuum and was
washed with distilled water to remove the nitric acid formed.
The precipitate was dried at 80°C for 24 h (figure 1a).

The BHET-Al MOF was synthesized similarly to the
procedure mentioned above replacing BDC with BHET,
obtaining a yellowish solid (figure 1b).

2.2 Characterization

XRD patterns of BHET, BDC, BHET-Al and MIL-53
materials were acquired in a SAXS-Emc2, Anton Paar
diffractometer in a 260 range from 5 to 40° with a CuKa
X-ray source (4 = 1.540 A). Infrared spectroscopic spectra
of BHET, BDC, BHET-AI and MIL53-Al materials were
obtained by attenuated total reflection (FTIR-ATR) in
Frontier equipment with a Perkin Elmer system, the spectra
were acquired with a resolution of 16 cm ™' in the interval
of 4000-650 cm™'. The surface area of BHET-Al and
MIL53-Al were determined by N, adsorption using BET
method, performing the nitrogen physisorption experiments
in a Quantachrome Autosorb iQ instrument with previous
outgassing of the samples at 200°C during 12 h. For the
thermogravimetric analysis (TGA), a TGA-4000 Perkin
Elmer thermal analyzer was used, where 5 mg of sample
was heated from room temperature to 800°C with a heating
rate of 20°C min~ ", and an N, flow of 20 ml min~"! as inert
atmosphere. The SEM micrographs were acquired in a
JEOL JSM-6510LV SEM.
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The X-ray photoelectron analysis (XPS) was carried out
using a JEOL photoelectron spectrometer model JPS-9200
equipped with a monochromatic Mg X-ray radiation (300
W, 15 kV and 1253.4 eV). The BHET-Al and MIL53-Al
powders were deposited on a conducting scotch tape and
studied without any pre-treatment. The samples were in Al
tapes on stainless-steel sample holders, which remained in a
pre-analysis chamber until a pressure of 10~ mbar was
achieved before entering the analysis chamber. Survey
spectra were recorded from O to 1100 eV at constant pass
energy of 100 eV, onto 900 um? of analysis area; narrow
spectra of Cls, Ols and Al2p regions were recorded in the
constant pass energy mode at 20 eV, dwell 100 and 10 scans
at least. Charge correction was adjusted with carbon signal
Cls 284 eV. Specsurf version 1.8.2 was used for acquisition
and Origin v.8.2 for data analysis. A Shirley-type back-
ground was subtracted as the baseline from the spectra and
the signal was deconvoluted using Gaussian curves to
determine binding energies of different element core levels.
NIST database was used to identify the corresponding
element of the measured binding energies.

2.3 Cytotoxicity test

Dermal porcine fibroblasts (derived from a primary culture)
were cultivated in culture plated and incubated in a
humidified atmosphere with 95 and 5% of CO, at 37°C
using as culture medium DMEM supplemented with foetal
bovine serum (10% v/v) (CAISSON Labs). To every well
containing the MOF (3 mg) in 3 ml of phosphate buffer
(PBS 1X), the control (PBS 1X) was added a cellular sus-
pension of 50,000 cells. The culture plates were incubated
for 24 and 48 h. Then, the cellular viability of fibroblasts
was determined by the capacity of these cells with active
metabolism to reduce (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) MTT salt into insoluble for-
mazan. The MTT solution (1 wt%) was also added to every
well that contains MOFs suspension and control, the culture
plates were maintained at 37°C for another 3 h to allow the
reduction of MTT. The purple-coloured solutions (by for-
mazan crystals generated) were dissolved in 2 ml of
2-propanol and characterized by UV-Vis measuring the
absorbance of every solution at 560 nm, using a Synergy
HTX Multi-Mode Reader, Biotek instrument. In this case,
the absorbance of the purple-coloured solutions that come
from the cell cultivated in the control represents 100% of
fibroblast viability.

All cytotoxicity experiments were independently carried
out at least three times. Mean and standard deviation are
presented for each data set. Data sets were compared using
ANOVA. The difference of the means was checked with a
Tukey test and was considered statistically significant at a
level of P < 0.05.
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3. Results and discussion

The X-ray diffractograms of the MOFs precursors are
shown in figure 2a. The XRD of BDC indicates intense and
well-defined signal peaks at 26 = 17.3, 25.1 and 27.8° which
belong to the crystallographic planes (110), (001)and(11T)
which is representative of a crystal packing of the infinite
double hydrogen-bonded molecular chains obtaining mate-
rials in the form of plates and needles [6]. The XRD of
BHET shows characteristics peaks at 20 = 10.2, 16.3, 21.1,
23.3 and 27.4° that demonstrated a crystalline structure [7].
The diffraction signals found for BHET correlate with those
for BDC, indicating that this PET derivative can also
crystallize into needle-like structures. However, the pres-
ence of ethoxylated regions in BHET tends to generate
structures with a lower crystalline order, considerably

Hydrothermal
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reducing the intensity of the diffraction signals, as can be
seen in figure 2a.

The X-ray diffractograms of MIL53-Al and BHET-AI
MOFs (figure 2b) exhibit the presence of the crystallo-
graphic planes at (2 00), (01 1), (30 2)and (0 2 0) that
correspond to the signal peaks at 260 = 10.2, 15.1, 21.2 and
26.9° that are related to crystalline structures with rhom-
bohedral geometry. These diffraction peaks are involved in
the coordination bonds formed among the aluminium ion
with both hydroxyl (OH-) and carbonyl (C=0) functional
groups of the ligands [8]. The only additional peak of the
BHET-AI MOF is at 20 = 38.2° indicating the formation of
new crystalline planes related to coordination bonds among
the aluminium ion with the ethoxy groups present in the
BHET structure. In addition, the XRD of BHET-Al com-
pared with MIL53-Al shows a semicrystalline material with
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Figure 2. XRD of (a) BDC and BHET organic ligands and
(b) MIL53-Al and BHET-Al MOFs.

a smaller crystal size than MIL53-Al. It can also be seen in
figure 2b that the reduction in the intensity and the distor-
tion of the shape of the diffraction peaks for the BHET-AL,
indicate that this MOF is packed in a lower crystalline order
than MIL53-Al, which is associated with the presence of
hydrophobic zones characterized by ethyl substituents pre-
sent in the BHET structure, thus, generating structures with
less crystallinity.

The N, physisorption isotherms of MIL53-Al and BHET-
Al (figure 3a) show in both cases a type IV isotherm with a
hysteresis loop type II, which is typical of non-porous
solids, macropore adsorbents, and in some cases microp-
orous materials [9]. The analysis of the surface area and
pore size distribution exhibits a surface area of 1148
m? g™, a micropore diameter in a range of 0.7—1.2 nm, and
a mesopore diameter of 4.5 nm, which is in line with the
values reported in the literature of ~1100 m* g~' and a
pore diameter of 0.85 nm, for the representative MIL53-Al
MOF [8,10]. Contrary to this, the BHET-AI MOF presents a
surface area of 114 m* g~' which is 10 times lower than
MIL53-Al material, this area reduction is explained by a
macropore distribution with a random size pore of 100 nm
(0.1 pm). The hydrophobic regions represented by the ethyl
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Figure 3. (a) N, physisorption isotherms and (b) thermogravi-

metric analysis of MIL53-Al and BHET-Al MOFs.

substituents in the BHET structure propitiate those molec-
ular aggregates interact with longer separation distances,
generating macroporous structures with a lower surface
area. This distortion in pore size can be used for encapsu-
lation of molecules with biomedical interest, and to favour
the diffusion of nutrients and oxygen in in vitro cellular
systems.

TGA of both MOFs is represented in figure 3b; the
thermograms show typical mass loss curves for MIL53-Al
material [8,11]. The thermogram for MIL53-Al presents at
300°C a mass loss of 5.5% that is attributed to the loss of
residual BDC present in MIL53-Al MOF. In addition, in the
temperature range of 300-520°C, it is observed in both
materials that the endothermic decomposition of organic
matter with a mass loss of 38 and 22% for MIL53-Al and
BHET-AL respectively. At 600°C, it is observed that the
formation of inorganic ashes with a mass loss of 86 and
58% for MIL53-Al and BHET-AI, respectively. Then,
BHET-AI possesses higher thermal stability than MIL53-
Al, this result indicates that there are higher coordination
interactions among BHET precursor and aluminium ions
than with BDC ligand. Both alkoxy and carbonyl functional
groups behave as better Lewis bases in the BHET structure,
generating coordination interactions more stable, requiring
higher temperature to break these interactions for promoting
the endothermic degradation of organic matter. It is also
important to note that the resulting inorganic ashes are in an
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order of 28% higher in BHET-Al than MIL53-Al, evi-
dencing a higher presence of aluminium ions interacting
with this derivative of PET, than with the precursor ligand
of MIL53-Al. The high solubility of BHET precursor in
water provides its high capacity for interaction with Al™>
ions, generating MOFs with improved thermal degradation.

The micrographs from SEM of MIL53-Al and BHET-AI
materials (figure 4) exhibit rhomboid-shaped crystals for
both materials with average size particles between 5-10 pm
as is reported in the literature [12,13]. However, in the case
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of BHET-AI material, the rhombohedral crystals have a
lower size than MIL53-Al crystals with embedded ultrathin
lamellar structures that resemble boehmite morphology
(AIOOH) [14]. In addition, BHET-Al rhomboid-shaped
crystals generate agglomerates related to the presence of
hydrogen bond effects between the ethoxylated ends of
BHET.

The ATR-FTIR spectra of BDC and BHET precursors
(figure 5a) due to their similar chemical structure share the
same bands at ~ 1720 cm™' which belong to the carbonyl

Figure 4.

SEM micrographs of MIL53-Al (left) and BHET-ALI (right) at 10 and 1 pm (from top to bottom).
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Figure 5. FTIR spectra of (a) BDC and BHET organic ligands
and (b) MIL53-Al and BHET-Al MOFs.

group (C=0) from the carboxylic acid and ester in BDC and
BHET, respectively. At ~ 1280 cm™ ', there is a band that is
related to the vibration of C-O of the acyl group present in
both precursors [7]. The bands at ~3200-3000, ~ 1680 and
~1500 cm™" are related to the C—H bonds and the C=C
stretching vibration, respectively, from the aromatic struc-
ture [15]. The intensity of the stretching bands at
~3200-3000 cm ™" is higher for the BHET ligand than for
the BDC, related to the presence of the ethoxylated skeleton
in this PET derivative. Also, at ~ 1450 cm™"', there is a
band in BHET related to methylene groups (—CH,). Finally,
the BHET precursor shows an additional band at ~ 3430
cm~ ! associated with hydroxyl groups (-OH) [7].

The ATR-FTIR spectra of MIL53-Al and BHET-AI
MOFs (figure 5b) indicated the same functional groups of
their organic precursors. But a displacement of the band is
also observed in both the materials, related to the carbonyl
group from ~ 1720 to ~ 1700 cm™" indicating the coordi-
nation bond between the aluminium ion and this functional
group. Also, there is a band in both materials at ~980 cm ™'
which is characteristic of the Al-O bond [16]. Furthermore,
in BHET-Al MOF, there is a displacement of the band
related to hydroxyl groups from ~ 3430 to ~3280 cm ™',
which is attributed to the coordination bond formed by the
aluminium ion with the hydroxyl group. The decrement in
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the intensity of the signals for the vibrations of the C=0 and
—OH bonds, present in the structure of the BHET-AI, again
indicates that these functional groups generate stable coor-
dination interactions with Al*> ions, this is compared with
the spectrum of MIL53-Al

Figure 6 shows the high resolution of XPS spectra of
MIL53-Al (left) and BHET-AL (right) of the emissions of C,
O and Al elements (from top to bottom). The high-resolu-
tion XPS spectrum of Cls and its corresponding deconvo-
lution indicates that the chemical environment of Cls is
formed by three centred peaks in both MIL53-Al and
BHET-AL The first peak centred in the binding energy of
~283 eV is related to carbon atoms involved in an AI-O-C
complex compound. A second peak at ~284.3 eV is
associated with the aromatic carbon of the organic ligands.
The third band at ~286 eV is attributed to carbon atoms
bonded to carbonyl groups [17].

The high-resolution XPS spectrum of Ols and its corre-
sponding deconvolution exhibits that the chemical envi-
ronment of Ols is formed by three and four peaks for
MIL53-Al and BHET-ALI, respectively. The first band cen-
tred in the binding energy of ~530.3 eV is associated with
the AI-O bond. The second peak centred at ~531.9 eV is
attributed to the oxygen of the aromatic carbonyl group.
The third peak centred at ~533.6 eV indicates the bond
between oxygen and the aromatic carbonyl group. Whereas
the additional peak presented in the BHET-AIl material at
~532.4 eV indicates the oxygen of the hydroxyl group of
the BHET ligand.

The high-resolution XPS spectrum of Al2p and its cor-
responding deconvolution show that the chemical environ-
ment of Al2p is formed by two peaks and three peaks for
MIL53-Al and BHET-AL, respectively. The first band cen-
tred in the binding energy of ~72 eV is associated with the
Al-O bond. The second peak centered at ~75 eV is
attributed to the coordination bond between aluminium and
the carbonyl group attached to the benzene ring. Whereas
the additional peak presented in the BHET-AIl material at
~73.7 eV indicates the coordination bond among alu-
minium and the hydroxyl group of the BHET ligand. The
XPS results are in line with that obtained by FTIR, indi-
cating again that the new BHET-Al MOF has stronger
coordination bonds since they present higher bonding
energy. This is favoured by the synergy produced between
the components and its high solubility in the aqueous
medium. The energy values of the scattered electrons
indicate that the coordination bonds among the aluminium
ions and the Lewis bases present in the BHET ligand occur
in the coordination sphere that involves the 2p orbitals of
the central metal ion, facilitating the diffusion of these ions
by ion exchange and favouring adsorption and/or release
mechanisms without needing high energy requirements.

For potential biomedical applications of MOFs, it is
necessary to evaluate if their chemical structure has cyto-
toxic effects on cells with biomedical interest. Hence, MIL-
53 and BHET-AIl were tested by an in vitro fibroblasts
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viability probe, during 24 and 48 h of incubation (figure 7).
It is important to notice that the control of fibroblasts
metabolism plays a key role in the regeneration of soft
tissues, such as skin, cartilage and cornea, benefiting the
tissue healing in a minor lapse of time. The results of
fibroblasts viability indicate outstanding results for MIL53-
Al and BHET-AI MOFs since both materials present via-
bility higher than the control even after 48 h of incubation.
Indicating that the chemical structures of the evaluated
MOFs do not present cytotoxic effects that decrease the
breathing capacity of these cells [18,19].

The cell viability assay directly indicates the mitochon-
drial function of the cells in the presence of the developed
MOFs; if the values are < 60% viability, it indicates a
certain cytotoxic character that affects the respiration
activity of the cells, and the values higher than the control
(100%) indicate that there are no cytotoxic effects and that
the MOFs developed are cytocompatible. This test does not
allow evaluating whether there is cellular damage due to
high metabolic activity, however, several studies have
reported metabolic activities >150% evaluated by the MTT
test, thus, determining high cytocompatibility [20-22].

The presence of pores on these structures benefits the
regulation of cell functions, ensuring their viability, by the
controlled diffusion of oxygen and nutrients, mediated by
the porosity of the material. The increase in pore size,
determined for BHET-AI shows a significant increment in
fibroblast viability, registering a value of 169% at 48 h of
incubation. Statistically significant differences are not
determined when comparing the fibroblast viability values
of the MOFs studied; however, when comparing the via-
bility values of the control with those of BHET-AI, signif-
icant differences are determined. In this way, the chemical
structure of BHET-AlI MOF contributes to significantly
increase the respiratory capacity of fibroblasts modifying
their metabolism. In biomedical strategies, it is essential
that cells actively breathe to ensure tissue healing. On the
other hand, the presence of AP ions, ensures the inhibition
of bacteria that could induce infections at the site of
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biomedical application, representing materials with optimal
properties for successful application in biomedicine.

4. Conclusion

A new MOF from the BHET organic ligand and aluminium
ions was synthesized, using a sustainable strategy free of
organic solvents. The structure and properties of the new
BHET-Al MOF were compared with the representative
MIL53-Al MOF. The XRD and SEM analyses indicate that
both materials have rhombohedral structures, generating
microporous agglomerates of smaller crystals in the case of
BHET-AI The macroporosity of the new MOF is supported
by the results of nitrogen physisorption. Besides, the char-
acterization by TGA and FTIR showed higher thermal
stability of BHET-AIl compared with MIL53-Al, which was
attributed to a higher amount of coordination bonds
between the aluminium ion and BHET ligand in comparison
to BDC ligand. The binding energies analysed by XPS
indicate that the coordination bonds presented in this novel
material are originated by electrons shared from Lewis
bases to the 2p orbitals present in the coordination sphere of
the aluminium ion. Interestingly, the chemical structure of
the new BHET-AlI MOF does not present cytotoxic char-
acter for fibroblasts growing on this material for up to 48 h
of culture, significantly increasing the cell viability con-
cerning the control, which is an advantage to be applied in
biomedical applications. Therefore, the evidence of the
present work indicates that BHET is a new organic ligand
derived from PET depolymerization; representing a sus-
tainable strategy to generate novel MOFs using water as
solvent.
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