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ABSTRACT: Metal−organic frameworks (MOFs) have been extensively used as drug delivery platforms because of their
considerable textural properties and physiochemical tunability. However, most medicinal treatments often administer multiple
therapeutic pharmaceuticals simultaneously and combined drug delivery over a single MOF carrier has not been extensively
developed. As such, in this study we implemented Mg-MOF-74, which is known to have rapid pharmacokinetic properties, for the
combined delivery of ibuprofen and curcumin to demonstrate the proof-of-concept for dual-drug delivery over this previously
unexplored MOF. To this end, 30 wt % total drug loading of two drugs was impregnated at various ratios (25:5 ibuprofen−
curcumin, 20:5 ibuprofen−curcumin, 15:15 ibuprofen−curcumin, 10:20 ibuprofen−curcumin, and 5:25 ibuprofen−curcumin), and
the drug delivery performance of the materials was assessed from 0 to 24 h in phosphate-buffered saline (PBS) solution using high-
performance liquid chromatography (HPLC). The experiments revealed that all five ratios of ibuprofen−curcumin loadings can
effectively deliver both compounds; however, elevating the curcumin loading beyond 10 wt % decreases the drug loading efficiency
for ibuprofen and can also inhibit ibuprofen release. Nevertheless, because Mg-MOF-74 was able to successfully deliver both
compounds, this study serves as a promising proof-of-concept for dual-drug delivery from a single MOF carrier. In this regard, the
work demonstrated herein expands the use of MOFs for drug delivery applications and can be used to supplement drug
administration via orally ingested tablets.

KEYWORDS: metal−organic framework (MOF), dual-drug delivery, pharmacokinetics, ibuprofen, curcumin

1. INTRODUCTION
One of the most important areas in the medicinal sciences is
the administration of therapeutic drug compounds, as this is a
well-recognized and simple way to treat a host of ailments.
Most often, pharmaceutical drugs are administered using orally
swallowed tablet delivery systems; however, increasing the
drug loading requires that larger tablets be used which can lead
to difficulties swallowing. Besides, one of the biggest issues
with tablet-based drug delivery is that digestion of the binder
can lead to high concentrations of the drug being administered
too quickly (e.g., burst effect), which can cause acute health
problems such as nausea, liver failure, and pharmacological
toxicity.1 These complications are further amplified when
multiple pharmaceutical agents are administered, such as in the
case of neurological diseases where a cocktail of drugs is

administered to both treat the underlying disease and lessen
the severity of the symptoms.2−4 For instance, simultaneously
administering ibuprofen and curcumin has been shown to
reduce neurological swelling in mice with Niemann-Pick
disease to a greater degree than when each drug is
administered individually. The reason for this is that
combining both drugs targets different swelling mechanisms
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which leads to a synergetic effect upon administering the two
pharmaceutical compounds in tandem.3 Unfortunately, this
synergism can be offset by simultaneous burst release of both
drugs, which is considerably more dangerous than burst release
of a single compound because of the greater load which is
placed on the liver. In this regard, it is worth exploring novel
drug delivery platforms to advance the area of dual-drug
delivery.
In recent years, one alternative to conventional drug delivery

has been to administer pharmaceutical compounds with
nanoporous solid carriers, including zeolites, activated carbons,
silica, and metal−organic frameworks (MOFs).5−11 Among
these materials, MOFs have attracted considerable interest
over the past decade as attractive drug delivery platforms on
the basis of their exceptionally high surface areas and pore
volumes, tunable physiochemical properties, and wide degree
of structural versatility with regard to their metal centers and
organic ligands. Such properties not only allow for high
concentrations of the drug to be considered but also can be
used to maximize biocompatibility and enhance the
pharmacokinetic release rate.8,12,13 Nevertheless, most current
studies which assess the performance of MOF materials for
drug delivery have focused primarily on single-drug release,
and very few studies have reported dual delivery over a MOF
which has rapid pharmacokinetic release properties. Therefore,
this area of research is worth exploring as it can potentially
provide a novel pathway of unlocking the synergetic benefits of
dual-drug delivery systems.
Motivated by the need to develop alternative pathways

toward dual-drug delivery from a single-carrier approach, we
embarked on a proof-of-concept study which utilizes Mg-
MOF-74 for the combined delivery of ibuprofen and curcumin.
This particular MOF was selected for this proof-of-concept
investigation because our recent work indicated that the high
solubility of Mg leads to rapid pharmacokinetics, whereas a
combination of curcumin and ibuprofen was selected because
of the aforementioned synergetic benefits that occur upon
simultaneous administration of these pharmaceutical spe-

cies.3,12 The drug loading was optimized using different ratios
of the two compounds, and the delivery performance was
analyzed from 0 to 24 h in phosphate-buffered saline (PBS)
solution. The drug delivery experiments revealed that
increasing the curcumin loading leads to blockage of the
active sites and prevents effective ibuprofen loading to a small
degree; however, the MOF was still capable of delivering both
drugs even with this limitation being present. As such, this
study reports a proof-of-concept demonstration of dual-drug
delivery from Mg-MOF-74, representing an important
advancement in the rapid pharmacokinetic release of multiple
drugs for synergetic therapeutic medicine.

2. EXPERIMENTAL SECTION
2.1. Materials. The following materials were purchased from

Sigma-Aldrich and used to develop Mg-MOF-74 for combined
ibuprofen and curcumin delivery: Na2HPO4 (98%), curcumin (99%),
2,5-dihydroxyterephtalic acid (98%), ibuprofen (99%), and Mg-
(NO3)2·6H2O (99%). The following solvents and buffers were also
used: ethanol (EtOH, ACS), methanol (MeOH, ACS), N,N-
dimethylformamide (DMF, ACS), acetonitrile (ACN, HPLC),
distilled water (HPLC), and phosphate-buffered saline (PBS, pH =
7.4). The carrier phase for HPLC was produced by dissolving
Na2HPO4 in HPLC-grade water to make a 10 mM solution. All other
reagents were used without modification.

2.2. Drug Impregnation. The Mg-MOF-74 was synthesized
using its established solvothermal procedure.14,15 It is also noted here
that many of the physiochemical properties of Mg-MOF-74 can be
found elsewhere.16−18 The combined curcumin and ibuprofen
loadings were impregnated onto Mg-MOF-74 using the wet-
impregnation technique detailed in our earlier works (Figure
1).8,12,18 Briefly, the desired amount of drug was dissolved in 20
mL of MeOH via sonication for 15 min. Both the ibuprofen and the
curcumin were dissolved in the same MeOH solution in the desired
ratio. Then, 0.1 g of Mg-MOF-74 was added to the flask, and the
sample was mixed for 24 h under 400 rpm at 25 °C. The drug/MOF
composite was recovered using rotary evaporation at 70 °C for 15
min. For all samples, the total drug loading was held at 30 wt %
relative to the bare MOF (e.g., 0.03 g of drug per 0.1 g of MOF
powder) because our previous study indicated that the drug release
from Mg-MOF-74 becomes inhibited above that loading due to

Figure 1. Schematic representation of dual-drug impregnation into a single Mg-MOF-74 carrier.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.1c01067
ACS Appl. Bio Mater. 2022, 5, 265−271

266

https://pubs.acs.org/doi/10.1021/acsabm.1c01067?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c01067?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c01067?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c01067?fig=fig1&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.1c01067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


oversaturation of the MOF textural properties by the impregnated
pharmaceutical guests. However, the curcumin and ibuprofen
concentrations were systematically adjusted to determine how the
pharmacokinetic performance of the drug-loaded MOF changes with
the ibuprofen/curcumin ratio. To this end, five samples were made:
25 wt % ibuprofen−5 wt % curcumin, 20 wt % ibuprofen−10 wt %
curcumin, 15 wt % ibuprofen−15 wt % curcumin, 10 wt %
ibuprofen−20 wt % curcumin, and 5 wt % ibuprofen−25 wt %
curcumin. The weight ratios of the individual composites are
summarized in Table 1.

2.3. Characterization. The textural properties of the bare MOF
and drug-loaded samples were assessed using N2 physisorption at
−196 °C on a micromeritics 3Flex gas analyzer. Prior to analysis, the
bare Mg-MOF-74 was degassed using the conditions from its
synthesis procedures on a Micromeritics SmartVac Prep system.14,15

The drug-loaded MOF samples were degassed at 100 °C for only 1 h
to prevent evaporation of the drug loading. The sample surface areas
and pore volumes were then calculated from the physisorption data by
the Brunauer−Emmet−Teller (BET) and nonlocal density functional
theory (NLDFT) methods, respectively. The surface functional

groups of the drug-loaded MOF samples were assessed by Fourier
transform infrared (FTIR) spectroscopy using a Nicolet iS50 FTIR
equipped with an attenuated total reflectance (ATR) diamond. This
measurement was used to confirm that ibuprofen and curcumin had
both been successfully loaded. All other characterization methods for
the bare Mg-MOF-74 used in this study (e.g., X-ray diffraction, and
scanning electron microscopy) can be found in our recent work.12

2.4. Drug Delivery Experiments. The combined drug delivery
performance of the five ibuprofen−curcumin samples was assessed in
PBS solution from 0 to 24 h at 37.4 °C. Samples were collected every
hour from 0 to 10 h and again at 24 h from the PBS solution to assess
the combined drug delivery performance. It should be noted here that
the drug concentration profiles plateaued after the first 12 h, with a
near-zero change occurring after 24 h, so the experiments were
terminated at the 24 h mark. Lastly, it should be noted that the single-
drug delivery performance for Mg-MOF-74 can be found in our
previous work.12 The as-collected samples were then analyzed by
HPLC in a C18 column using a method which has been reported for
ibuprofen.19 A full description of these experiments is located in our
previous work.8 After collecting the HPLC data, it was normalized
with respect to one and the pharmacokinetic profiles were fitted using
the Higuchi technique.20

3. RESULTS AND DISCUSSION
The N2 physisorption isotherms and pore size distribution
(PSD) profiles of the bare and drug-loaded samples are shown
in Figure 2. The corresponding textural properties are
displayed in Table 2. First looking at the adsorption isotherm
for Mg-MOF-74 (Figure 2a), the bare MOF displayed a
hybridized Type I−IV adsorption isotherm which is consistent
with materials that contain both micro- and mesoporosity.21

Indeed, this was corroborated by the NLDFT PSD profiles in

Table 1. Component Masses Used for Impregnation of
Dual-Drug Composites

sample
ibuprofen loading

(g)
curcumin loading

(g)
MOF loading

(g)

25I:5C 0.025 0.005 0.1
20I:10C 0.020 0.010 0.1
15I:15C 0.015 0.015 0.1
10I:20C 0.010 0.020 0.1
5I:25C 0.005 0.025 0.1

Figure 2. (Left) N2 physisorption isotherms and (right) PSD profiles for (a and b) bare and (c and d) dual-drug-loaded Mg-MOF-74 samples.
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Figure 2b as the pristine Mg-MOF-74 displayed both micro-
and mesopore structures. This physisorption behavior also
agreed with the previous reports for Mg-MOF-74 synthesized
by this method, as this MOF is known to have a hierarchal
pore structure.12,18 Meanwhile, the drug-loaded samples were
essentially nonporous, as evidenced by their near-zero textural
properties (Table 2) and the Type II (nonporous)
physisorption isotherms (Figure 2c).21 These effects indicated
that dual-drug impregnation led to total filling of the pore
windows, albeit with some slight retention of the mesopores as
observed in Figure 2d. Notably, the mesopore volume seemed
to decrease slightly with the ibuprofen loading, which was
somewhat expected because ibuprofen is much smaller than
curcumin, so it should fill the pore better. However, the
differences in mesopore retention between the drug-loaded
samples were small enough to lie within the instrument error,
so a relationship between the ibuprofen/curcumin ratio and
the retained textural properties could not be drawn with
certainty. It could only be truly concluded that dual-drug
impregnation completely saturates the MOF pores, which is a
similar behavior to that which has been observed previously for
single-drug-impregnated systems. For example, impregnating
Mg-MOF-74 with a surface area of 1170 m2/g, micropore
volume of 0.45 cm3/g, and mesopore volume of 0.71 cm3/g
with 30 wt % curcumin generated comparable textural
properties to those observed here, namely, the MOF/curcumin
composite only retained a surface area of 20 m2/g, 0.00 cm3/g
micropore volume, and 0.03 cm3/g mesopore volume after
impregnation.12 The similarities between the single- and dual-
drug-impregnated systems indicated that the mechanism of the
latter is similar to that of the former, effectively signifying that
wet impregnation can be considered a facile means of loading
multiple pharmaceutical species within a single MOF pore.
The FTIR spectra of the bare and drug-loaded MOFs are

shown in Figure 3. First, it should be noted that the bare MOF
displayed vibrational bands at 1580, 1405, 1240, 1190, 1120,
1026, 880, and 810 cm−1, which are correlated to CC/C
O conjugation, −OH, C−O, C−O, secondary alcohol C−O,
anhydride, CC, and CC bonding, respectively, in the
organic ligand.22 After impregnating the ibuprofen and
curcumin, the samples displayed new vibrational modes that
were consistent with the FTIR spectra for both curcumin and
ibuprofen. Regarding curcumin, new vibrational bands were
observed at 1023, 2800, and 2900 cm−1, which correspond to
vibrational modes for C−O−C, C−H (methyl), and C−H
(aryl), respectively, within the curcumin structure.12,23,24

Regarding ibuprofen, it should be noted that many of the
vibrational modes for this drug overlap with those of curcumin
and Mg-MOF-74. For example, the characteristic peaks for
ibuprofen are known to occur at 1720 and 2920 cm−1,
respectively, stemming from the carbonyl and hydroxyl groups

of the drug.25,26 Given that these functional groups are also
present in curcumin, these peaks cannot be attributed to either
drug. Nevertheless, ibuprofen also contributes a vibrational
band at 1500 cm−1, which was present in the drug-loaded
samples but was absent in the bare MOF. This peak has been
attributed to various modes of cyclic CC stretching and
arises from the aromatic ring within the ibuprofen
structure.25,26 Given that this peak was present alongside the
characteristic vibrational modes for curcumin, it was concluded
from Figure 3 that both drugs were loaded successfully.
The raw peak concentrations were collected from the drug

delivery experiments for both ibuprofen and curcumin to show
the effects of drug concentration on total species release. The
peak area concentrations for ibuprofen are displayed in Figure
4a, whereas the peak area concentrations for curcumin are
given in Figure 4b. Notably, the amount of ibuprofen delivered
did not decrease in a perfect manner as would be expected
from the theoretical drug loading. Specifically, the amount of
ibuprofen delivered could be ranked from the HPLC data in
the following order: 25I:5C > 20I:10C ≈ 10I:20C > 5I:25C >
15I:15C. This result indicated that ibuprofen impregnation was
not always 100% efficient, essentially becoming random upon
increasing the curcumin loading beyond 10 wt %. A similar
degree of randomness was observed for the raw curcumin
delivery, since the amount of curcumin delivered was found to
descend in the following order: 5I:25C > 20I:10C > 15I:15C >
10I:20C > 25I:5C. On one hand, it can be argued that because
the differences between some of these samples were very small
they could have resulted from experimental error. This notion
is supported by the fact that the 25I:5C sample released so
much less curcumin compared to the 5I:25C sample as well as
by the fact that the 10, 15, and 20 wt % curcumin samples all
released similar amounts of the drug. In this regard, Figure 4
indicated that dual-drug delivery with Mg-MOF-74 is best
achieved when one drug species is in much a higher
concentration than the other, thereby allowing for precise
control over the drug loading. Even with this limitation, Figure
4 still indicated that Mg-MOF-74 can be used for the
combined delivery of two pharmaceutical compounds; thus, it

Table 2. Textural Properties for Bare and Dual-Drug-
Loaded Mg-MOF-74 Samples

sample
SBET

(m2/g)
Vmicro

(cm3/g)
Vmeso

(cm3/g)
pore diameter

(nm)

bare
Mg-MOF-74

1180 0.45 0.71 2−10

25I:5C 10 0.00 0.01
20I:10C 10 0.00 0.01
15I:15C 10 0.00 0.01
10I:20C 10 0.00 0.01
5I:25C 20 0.00 0.02

Figure 3. FTIR spectra of bare and dual-drug-loaded Mg-MOF-74.
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represents a successful proof-of-concept for this new
technique.
The normalized drug delivery concentrations for ibuprofen

and curcumin were fitted with the Higuchi technique, as shown
in Figure 5.8,12 The corresponding diffusivity values are
displayed in Table 3. First, it should be noted here that all
R2 values were greater than 0.9, signifying that the selected
model appropriately represented the data set. In this regard,
the curve fittings indicated that the mechanism of drug release
was driven by diffusion of the pharmaceutical species from the
MOF pores and not by layered release from the MOF
surface.27,28 It is also worth noting here that the diffusivity
constants (Table 3) for both ibuprofen and curcumin were

comparable to those we reported for just curcumin in our
recent work, where the exceptional solubility of Mg2+ produced
rapid diffusion of the drug from the MOF pore structure.12

Figure 4. Raw peak area concentrations for (a) ibuprofen and (b) curcumin from dual-drug delivery experiments with Mg-MOF-74 in PBS solution
over 24 h at 37.4 °C.

Figure 5. Normalized concentration profiles with Higuchi technique curve fittings for (a) ibuprofen and (b) curcumin from dual-drug delivery
experiments with Mg-MOF-74 in PBS solution over 24 h at 37.4 °C.

Table 3. Calculated Diffusivity Constants from Dual-Drug
Delivery Experiments for Ibuprofen and Curcumin from
Mg-MOF-74

sample ibuprofen diffusivity (h1/2) curcumin diffusivity (h1/2)

25I:5C 0.21 0.26
20I:10C 0.30 0.27
15I:15C 0.20 0.20
10I:20C 0.19 0.23
5I:25C 0.26 0.25
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Moreover, the release rate behaviors outlined in Figure 5 and
the corresponding pharmacokinetic constants in Table 3 were
competitive with single-drug delivery platforms. For example,
Rojas et al. reported release rate constants for 25.5 wt %
ibuprofen from MIL-100 (Fe) and UIO-66 of k = 0.21 and
0.11 h−1/2,29 respectively, whereas we previously reported a
release rate of 30 wt % curcumin from Mg-MOF-74 of k = 0.30
h−1/2.12 Given that the release rate constants of the dual-drug-
impregnated system were comparable to those which have
previously been reported and are generally considered to be
acceptable, impregnating ibuprofen and curcumin together
onto Mg-MOF-74 was concluded to be an effective means of
delivering both species in tandem at rapid pharmacokinetic
rates. Furthermore, the retained pharmacokinetic rates in the
dual-drug-impregnated system relative to those observed in
single-drug systems indicated that impregnating multiple
compounds does not significantly inhibit the release of either
species from the pore window, which is a key concern when
developing parallel drug release from a singular carrier. As
such, it was concluded from Figure 5 that Mg-MOF-74 can
successfully act as a platform for simultaneous delivery of two
drugs, since it delivered both species without compromising
the pharmacokinetic rate of delivery for either compound.
Granted, the issue of control over the drug loading is one
which still requires being addressed; however, this work is less
difficult compared to developing a first-principle prototype of
dual-drug delivery from a single carrier with rapid pharmaco-
kinetic properties, since this issue can foreseeably be addressed
by tuning the MOF synthesis to enlarge the pore window. In
this regard, this study has demonstrated a successful proof-of-
concept for this technology.

4. CONCLUSIONS

In this study, we demonstrated a first proof-of-concept for
dual-drug delivery from Mg-MOF-74. Specifically, we impreg-
nated different ratios of ibuprofen and curcumin and assessed
the pharmacokinetic properties of the resulting MOF/drug
composites. From the drug delivery experiments, it was
determined that Mg-MOF-74 can effectively be implemented
to deliver both drugs with controllable concentrations when
the loading of one species is below ∼10 wt %; however,
increasing the amount of the secondary species can reduce the
efficiency of drug impregnation for the primary component.
For example, the ibuprofen and curcumin loadings could be
precisely controlled when a ratio of 25I:5C or 5I:25C was
used; however, the amount of drug released was less tunable at
drug ratios of 20I:10C, 15I:15C, and 10I:20C. Even with this
limitation, all MOF/drug composites displayed rapid pharma-
cokinetic release rates signifying that dual-drug impregnation
did not inhibit the release of the drugs from the carrier. In this
regard, this work serves as an important proof-of-concept in
that it demonstrates the possibility of rapid dual-drug release
from a single MOF carrier, which has implications in
addressing complex medicinal problems. As such, this study
provides a simple and facile approach through which to
administer multiple pharmaceutical compounds and demon-
strates an important advancement for alternative drug delivery
platforms. In future studies, it is necessary to modify the MOF
textural properies for better control of the dual-drug loadings
and to assess the in vitro performance of these materials in
efforts of validating the biocompatibility of these materials.
Altogether, such studies will help unlock the potential of our

dual-delivery systems as alternative candidates for drug delivery
tablets.
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