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Abstract

Selective bulk metal-organic frameworks (MOFs) have exhibited great potential in biomedical
applications. However, topical treatments and drug elution coatings will require uniform films
as drug delivery systems. This work studies the use of surface supportive MOF thin films

for drug loading and releasing. More specifically, we focus on an iron-containing MOF,
MIL-88B(Fe), on a COOH-terminated self-assembled monolayer (SAM) modified Au surface for
encapsulating ibuprofen as a model drug. A combined experimental and computational approach
was employed to study the fabrication of MIL-88B(Fe) film on functionalized Au surfaces. We
used several surface characterization techniques, including infrared spectroscopy and scanning
electron microscopy, to confirm the chemical composition and morphological changes of the
surface after each modification step. The resulting MIL-88B(Fe) thin film was found capable of
loading 8.7 wt% of ibuprofen using quartz crystal microbalance analysis. Moreover, we applied
cluster simulations to study the binding mechanisms of MIL-88B(Fe) and its interactions with
ibuprofen based on the density functional theory (DFT). The unsaturated Fe site was confirmed
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kinetically more favorable to bind to the COOH-end group on the SAM. Hydrogen bonding and
rt-CH interactions between ibuprofen and MIL-88B(Fe) promote ibuprofen being retained inside
of the cages of MIL-88B(Fe).
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1. Introduction

An increasing need for development in non-toxic thin films has been driven by the
manufacturing of oral strips and medical implants for drug delivery. This work studies

a surface-supportive iron-based metal-organic framework (MOF) thin films for releasing
therapeutic agents. As relatively new porous materials, MOFs have attracted considerable
amount of attention in the last two decades due to their exceptional high internal surface
areas, versatile structures, and excellent catalytic properties [1-3]. Generally, MOFs are
highly coordinated porous structures consisting of isolated metal ions or clusters linked
with organic ligands forming one to three-dimensional cages [4]. Furthermore, MOFs have
been investigated for a variety of practices including gas sensing, separation and storage,
catalysis, water remediation, and other health-related applications [5-13].

One type of MOF, MIL-88 (MIL stands for Material from Institute Lavoisier) along with
other Fe-based MOFs, have been recently studied and identified as suitable carriers for

the loading of various therapeutic molecules, including doxorubicin, ibuprofen, caffeine,
etc.[14-16]. In general, MIL-88 is composed of trivalent transition metal clusters (M3,
u3-0) connected with aliphatic or aromatic dicarboxylate groups, including fumarate
(MIL-88A), terephthalate (MIL-88B), 2,6-naphthale-nedicarboxylate (MIL-88 C), and
biphenyldicarboxylate (MIL-88D) [17]. Serre et al. first reported the synthesis of MIL-88
and MIL-89 by a controlled secondary building unit approach [17,18]. The general formula
for MIL-88 and MIL-89 has been determined as M3O(L)3(H20)»(X), where M represents
Fe or Cr; L is the linear dicarboxylate ligands, and X is the anion (CH3COO™ for MIL-88
and CL for MIL-89, respectively).[18,19] Furthermore, Horcajada et al. discovered the
“breathing effect” of MIL-88(Fe), which was described as the shrinking and enlargement of
its cage volume as determined by the size of the guest molecule, all without affecting the
structural integrity of the framework [19]. Understanding the structures of MIL-88 opens
vast unexplored opportunities in the fields of gas capture, delivery of nitric oxide, drug
encapsulation, and more [20-22]. Studies of the first Fe-based MOFs provided evidence
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that MIL-100 and MIL-101(Fe) were suitable for drug delivery applications; where each
material was noted to contain a large and flexible cavity capable of remarkably high drug
storage (1.376 g of ibuprofen per gram of MIL-101 and 0.347 g of ibuprofen per gram

of MIL-100) [23]. Two years later, the same group reported a study of using another

flexible MOF, MIL-53(Fe), for drug encapsulation utilizing ibuprofen as a model drug.
MIL-53(Fe) exhibited a high loading efficacy of 0.210 g of ibuprofen per gram of MOF and
a steady drug releasing profile over 3 weeks [24]. The structural flexibility of these Fe-based
MILs enable them to adjust their cage volume when loading drug molecules with various
sizes, making the drug encapsulation process more efficient [22,25]. The Férey group have
also reported several other Fe-based MIL materials (MIL-88A, MIL-88B, MIL-89, and
MIL-101_NH,) for delivery of various model drugs, including busulfan, azidothymidine
triphosphate, cidofovir and doxorubicin [14]. Furthermore, Fe-based MILs exhibit low
toxicity as confirmed by in vitro and in vivo toxicological studies, [26, 27] which is essential
for drug delivery. Most Fe-based MILs have a hydrophobic core and a hydrophilic exterior,
making them suitable for loading drugs that have low solubilities in aqueous solutions.
Combining all the factors sets Fe-based MILs as promising candidates for drug delivery
applications.

However, the above-mentioned bulk MOFs in powder form has limited their applications
when a smooth layered drug delivery system is needed. For instance, a delicate yet

robust thin film for drug releasing is critically important in medical implants, including
drug-eluting stents (DES) metal alloys used in arthroplasty and hip replacement surgeries
[28,29]. Therefore, it is important to fabricate bulk MOFs on surfaces to the form of

thin films, known as surface-supported MOFs (SURMOFs) [30-32]. These SURMOFs

can be prepared by both direct and indirect methods. With direct crystallization methods,
the growth of MOF crystals originates from the synthesis solution or an aged mixture

of reactants, producing a dense layer of SURMOFs. [33,34] Indirect liquid phase epitaxy
methods, on the other hand, can produce a more homogeneous SURMOF thin film [35,36].
Liquid phase epitaxy approach, such as dip-coating and layer-by-layer (LbL) deposition,
involves the immersion of a solid substrate into different reaction compound solutions in
cycles.[37,38] However, MOFs with “paddlewheel” structures (a tetragonal symmetry) are
more successfully prepared following the LbL method [39,40]. Moreover, recent work has
suggested that the vacant apical positions of the paddlewheel metal nodes (usually dimeric
metal, such as Cu, Zn, and Co) are critical binding sites prerequisite for thin film formation
[41].

Unlike paddlewheel MOFs, Fe-MILs are composed of trimeric FeOg octahedral clusters
coordinated with organic linkers. Thus, the challenge arises for binding Fe-MIL films
directly onto metal substrates. To overcome this, a self-assembled monolayer (SAM) can
be formed on a metal substrate prior to growing the Fe-MIL thin film. Scherb et al. reported
a MIL-88B(Fe) film built on a 16-mercaptohexadecanoic acid (MHDA)-functionalized Au
surface following a direct mother solution soaking method [42]. This COOH-terminated
SAM is able to form coordination bonds with the central iron trimers, resulting in the grow
of MIL-88B crystals along the [001] direction [42]. The same research group also found
the cell volume of MIL-88B(Fe) thin film increased by over 40 % due to the elastic stress
of the flexible host framework during water sorption [43]. This finding confirmed that both
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bulk and thin film forms of Fe-based MIL-88 have excellent structural flexibility. More
importantly, the low toxicity of Fe-based MIL-88B assures its applications in biomedical
fields [27,44]. Our previous studies confirmed that MIL-88B(Fe) exhibits no adverse effects
on cell viability up to 0.1 mg/mL tested with NIH-3T3 Swiss mouse fibroblasts [16].

As such, these discoveries open ample opportunities for using MOF thin films (MIL-88
specifically) for selective drug encapsulation.

In this study, we focused on building a MIL-88B(Fe) thin film on a SAM-modified Au
substrate function as a drug delivery system. Au surface was chosen because of its chemical
simplicity and inertness, as well as its modification with thiol-containing SAM has been well
developed [45,46]. We fabricated MIL-88B(Fe) thin film following a SAM modification
using MHDA on Au surface. Loading ibuprofen, as a model drug, was achieved by a

direct soaking procedure in a non-polar organic solvent. The direct mass comparison of

the film before and after loading with ibuprofen was achieved using gravimetric method, a
quartz crystal microbalance (QCM), which was also applied to analyze the drug releasing
profile in a static immersion condition. The surface morphology after each modification
step was monitored by scanning electron microscopy (SEM). Furthermore, we investigated
the surface binding mechanisms between MIL-88B(Fe) and the MHDA SAM based on the
density functional theory (DFT) cluster calculations using Gaussian.

2. Material and methods

2.1. Chemicals and materials

All chemicals were reagent grade or better, used as received, and included iron chloride
hexahydrate (FeCl3*6 H,0, Acros Organic, 99 +%), terephthalic acid (Acros Organic 99
+%), dimethylformamide (DMF, Fisher Chemical, 99.9 %), hydrogen peroxide (Fisher
Chemical, 30 %), Milli-Q water (Milli-Pore, 18.2 MQecm), ammonia hydroxide.

(EMD, 30 %), ibuprofen (Acros Organic, 99 %), and phosphate-buffered saline (PBS,
Gibco, pH 7.2, 1x, with 0.5 % Tween20).

Gold-coated silicon wafers (50 = 5 nm of Au on 500 + 30 pm p-type Si (111), Ted Pella)
and AT-cut piezoelectric quartz crystal sensors coated with Au with a resonant frequency of
5 MHz (SRS) were used in this study.

2.2. Sample preparation

2.2.1. Synthesis of MIL-88B(Fe)—MIL-88B(Fe) was synthesized following a
procedure modified from literature [17,47] 0.270 g (1 mmol) of FeCl3+6 H,0 and 0.116

g (1 mmol) of terephthalic acid was dissolved in 5 mL of dimethylformamide (DMF) in

a glass reactor, followed by adding 0.4 mL of 2.0 M NaOH and sonicating for 2 min.
Reaction vials were placed in an oven at 100 °C for 12 h. The resulting MIL-88B(Fe) bulk
powder was separated from its mother solution by vacuum filtration. The mother solution
was further centrifuged (5000 RPM for 15 min) to separate smaller MIL-88B(Fe) solids
from DMF. The pellet was then washed by three cycles of centrifugation and resuspended in
ethanol. This MIL-88B(Fe) ethanol solution was used to prepare MIL-88B thin films. The
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bulk MIL-88B(Fe) powder from vacuum filtration was further washed with deionized water
and acetone, then dried overnight in an oven at 110 °C for later XRD and IR studies.

2.2.2. Preparation of functionalized Au—-Prior to any experiment, the gold-coated
silicon wafers and quartz crystal sensors were thoroughly cleaned using a standardized
procedure: The gold samples were sonicated in ethanol for 5 min and placed in a UV-ozone
cleaner (Bioforce Nanosciences) for 10 min. Next, they were subjected to a preheated (75
°C) 5:1:1 ratio of Milli-Q water, hydrogen peroxide, and a 30 % ammonia solution for 5
min, followed by a thorough rinsing with Milli-Q water. The samples were then placed in
the UV-ozone cleaner for 10 min following drying with nitrogen. Lastly, the pre-cleaned Au
samples were soaked in a MHDA ethanol solution (1 mM) for 24 h at room temperature to
grow a COOH-terminated SAM.

2.2.3. Preparation of SURMOF MIL-88B thin films—A MHDA functionalized
gold-coated silicon wafer was placed in the collected mother solution for 24 h at room
temperature with the gold-plated side facing upwards. After direct crystallization soaking,
the sample was rinsed with DMF and ethanol, followed by drying with N».

Drug delivery studies

2.3.1. Drug loading into MIL-88B modified gold surface—MIL-88B(Fe) coated
gold surface was placed into freshly prepared 0.5 mg/mL of ibuprofen in hexane solution

for 24 h for drug loading. After that, the sample was rinsed thoroughly in hexane and
ethanal, respectively, to remove any outer surface adsorbed ibuprofen before drying with
nitrogen. The prepared samples were then ready for surface characterization and further drug
release experiments. The drug loading amount was determined by measuring the resonance
frequency change of the Au sensor using a QCM after each surface modification step.

2.3.2. Drug release studies—Ibuprofen loaded MIL-88B film on an Au coated quartz
sensor (5 MHz) was immersed in 60 mL PBS with 0.5 % Tween 20 solution at room
temperature for varied testing time, meanwhile the frequency change of the quartz crystal
was monitored in situ using a QCM. The still immersion release experiment is referred as
static drug elution.

2.4. Characterization techniques

2.4.1. Powder X-ray diffraction (PXRD)—Powder X-Ray diffraction (PXRD) data
was collected using a PAN-alytical X pert Pro MPD diffractometer equipped with a linear
X’Celerator detector and a Cu Ka.4 radiation source. Diffraction data was collected at room
temperature in the range of 5-40 degrees with a ~0.008 step size.

2.4.2. Attenuated total reflectance infrared spectroscopy (ATR-IR)—Attenuated
total reflectance infrared (ATR-IR) spectra were collected using a Fourier transform infrared
spectrometer (FTIR) with an attenuated total reflectance accessary. The spectra were
collected in a range of 4000400 cm™1 with a resolution of 4 cm™1 and 128 scans per
measurement. Air was used as the background.
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2.4.3. Quartz crystal microbalance (QCM)—Real time frequency data was collected
using a QCM200 system (SRS) attached with a QCMZ25 crystal oscillator for 1” diameter

5 MHz AT-cut crystals for open air experiments. The crystal sensor was placed into the
crystal head holder attached with a retainer cover. Five types of samples were measured,
including clean Au, COOH-terminated Au, MIL-88B(Fe) coated COOH-terminated Au, and
pre- and post-ibuprofen released from MIL-88B(Fe) on COOH-terminated Au. For sufficient
equilibration, crystals were allowed to oscillate for at least 30 mins before taking any
measurements. Data was then logged for at least an hour or until large fluctuations in data no
longer occurred. To verify the mass change of the QCM Au surface after each modification
step and the drug releasing properties of MIL-88B(Fe) film, raw data was analyzed using the
Sauerbrey relation, [48] as described in Eq. 1.

Af = -Cf-Am Eqg. 1

where Af is the observed frequency change in Hz, Am is the change in mass per unit area
in pug/cm?2, and Cfis the sensitivity factor for the crystal (56.6 Hzepg=tecm? for a 5 MHz
AT-cut quartz crystal at room temperature).

2.4.4. Scanning electron microscopy (SEM)—Scanning electron microscopic
images were collected using a FEI Quanta 650 and a Thermo Scientific Phenom G6
Desktop SEM to study the morphology changes of MIL-88B(Fe) film on functionalized
QCM Au chips after each modification. The images were taken with an acceleration voltage
of between 10 and 20 kV and a working distance between 6 and 10 mm in high vacuum
condition. For a better resolution, all samples were sputter-coated with gold prior to SEM
imaging.

2.5. Computational details

Two possible adsorption mechanisms of MIL-88B(Fe) on a COOH-terminated Au surface
were explored by cluster calculations based on the density functional theory (DFT).
Additionally, full natural bonding orbital (NBO) calculations were performed to study the
interactions between MIL-88B(Fe) and ibuprofen to simulate the drug loading process.

All calculations were performed with the Gaussian 16 suite of programs (Rev. A.03)

[49] using the B3LYP approximation to the exchange-correlated functional [50-52] with
LanL2DZ basis set [53,54]. MIL-88B(Fe) is represented by a cluster model of CgH15016,

as shown in Fig. S1, which was achieved using a cluster extraction method in which a
fraction or truncated form of the extended solid (framework) is treated with high level of
computational theory [55]. All molecular structures in this study were constructed using
IQmol, a free open-source molecular editor and visualization package. Then, these structures
were transferred to and visualized in GuassView 6 (Rev 6.0.16). Geometrical optimizations
were performed on all relevant structures of MIL-88B(Fe), ibuprofen, acetic acid which
simulates the functional end group of a COOH-terminated SAM. The optimized molecular
geometries were verified to be minima by calculating the vibrational frequencies and finding
no imaginary frequencies. The reported electronic energies of each resulting structures were
then used to calculate the optimal energy for the two competing mechanistic models using a
derivative of Hess’s Law (Eq. 2).

Colloids Surf A Physicochem Eng Asp. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bui et al.

Page 7

AEreaction = Z AEproducts - Z AEreactam‘s Eq.2

where AE gaction is the change of energy between products and reactants, ZAEpoqcss is the
sum of the energy of all products after optimization, and JAE o020t 1S the sum of the
energy of all reactants after optimization.

3. Results and discussions

3.1. Characterization of surface supportive MIL-88B(Fe) film

After solvothermal synthesis, MIL-88B(Fe) went through a solvent exchange process with
200 proof ethanol to remove any residue DMF trapped in the pores. The bulk MIL-88B(Fe)
crystal structure was confirmed by comparing the PXRD patterns (Fig. 1) with the simulated
diffraction diagram and the previously reported diffraction patterns in literature [56,57].
After confirming the correct material, we used the MIL-88B(Fe) ethanol solution to prepare
films on functionalized Au substrates. The surface modification steps are illustrated in
Scheme 1. We started with a clean gold-coated silicon wafer obtained via an established
chemical and UV/ozone cleaning method.[58] The gold surface was then functionalized
with MHDA to form a COOH-terminated SAM. The formation of SAM was confirmed

by the IR spectrum (Fig. 2b), as indicated by the C-H symmetric and asymmetric stretch
shown at 2927 and 2854 cm™1 and the C=0 stretch from the carboxylic acid groups at

1739 cm™1 [59,60]. After soaking in the MIL-88B(Fe) ethanol solution for a predetermined
time period, the MHDA-modified Au surface was covered with MIL-88B(Fe) crystals,
confirmed by the XRD result by comparing with its bulk powder pattern. Additionally, the
chemical composition of MIL-88B(Fe) film was studied using ATR-IR. Fig. 2c exhibits two
sharp and well-defined peaks at 1392 and 1599 cm™~1 corresponding to the symmetric and
asymmetric vibrations of carboxylate (O-C=0) stretching from MIL-88B.[19] The aromatic
C-H stretch from the terephthalate ligands was observed as a broad band at 3100 cm™1.

The Fe-O stretch from the trimeric FeOg octahedral clusters was observed at 556 cm™1.[61]
These observations confirmed the formation of MIL-88B on the COOH-functionalized Au
surface. The strong C=0 stretching peak at 1599 cm~1 was not related to the carbonyl
groups from DMF as no obvious C-H stretching peaks were observed in the region of

2800 — 3000 cm™1, moreover, we conducted a solvent exchange on MIL-88B to replace

the DMF synthesis solution. Combining the XRD and ATR-IR studies, we confirmed the
crystal structure and chemical composition of MIL-88B(Fe) attached to the surface of

a modified Au surface. The surface morphology was further examined using SEM. Fig.

3a shows a clean gold coated silicon wafer with a flat and intact surface free of debris
before modification steps. After being treated with MIL-88B(Fe) ethanol solution, the
SAM-modified Au surface was covered with MIL-88B(Fe) crystals as observed in Fig.

3b. The SEM image of surface-supported MIL-88B(Fe) shows a characteristic “rice-grain”
shape of these crystals with a size of ~500 nm along the c-axis, which is consistent with
previous studies [16, 43] Although the resulting MIL-88B(Fe) film was prepared using

a solvent-exchanged mother solution, the shape of crystals did not change compared to

the bulk MIL-88B(Fe) that was synthesized through a solvothermal method with DMF.

The surface was covered with MIL-88B (Fe) crystals. We attribute it to the carboxylate
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end groups of the MHDA facilitate the growth of MIL-88B(Fe). The morphology studies
provided evidence that the MIL-88B(Fe) crystals remain intact during the mother solution
immersion process and were attached to the functionalized Au surface as expected. The
amount of MIL-88B(Fe) adsorbed on surface was examined using a QCM and will be
discussed in the following section. After confirming the film of MIL-88B(Fe) was built on
top of the modified Au surface, we performed drug loading and elution studies on these
films.

3.2. Study of drug loading and releasing of MIL-88B(Fe) film

Ibuprofen, a nonsteroidal anti-inflammatory drug, was chosen as the model drug for this
study due to the following reasons: First, its molecular size (4 x 6 x 10 A) is compatible
with the pore entrance of MIL-88B(Fe) framework (9.5 x 19.0 A);[19] Second, ibuprofen
has unique vibrational frequency and XRD patterns that are different from MIL-88B (Fe)
which makes it an excellent candidate for characterization; Lastly and most importantly,
ibuprofen’s intrinsic hydrophobic nature establishes predictable strong interactions with the
inter-pores of MIL-88B (Fe).[16] Based on ibuprofen’s hydrophobicity, hexane was selected
as the solvent for drug encapsulation process due to the high solubility of ibuprofen in
hexane. Prior to the drug loading experiments, we tested the stability of MIL-88B(Fe) film
in hexane. Our XRD studies confirmed the film remained its crystalline structure after 24

hr soaking. We immersed the MIL-88B(Fe) film coated Au sample in the ibuprofen/hexane
solution (0.5 mg/mL) for 24 h, then rinsed the surface with pure hexane to remove surface
adsorbed residual ibuprofen. After that, the surface was rinsed with ethanol thoroughly to
remove any hexane residue. To verify if the ibuprofen was incorporated into the MIL-88B
(Fe) film, ATR-IR spectrum was taken after the drug loading experiment. From the IR
results (Fig. 2d), we noticed the vibration of C=0 stretch at 1600 cm~1 was greatly
enhanced after the surface was treated with ibuprofen/hexane solution. Additionally, the
symmetric/asymmetric C-H stretching features were observed at 2923 and 2870 cm™1. These
observations confirm that ibuprofen has been encapsulated inside of the MIL-88B(Fe) film.
To ensure no surface adsorbed ibuprofen or hexane left, all tested samples were rinsed

with ethanol and dried with nitrogen before performing IR measurements. The SEM image
shown in Fig. 3c reveal that the morphology of MIL-88B(Fe) crystals remain intact after
loading with ibuprofen. The chemical composition of MIL-88B(Fe) was not altered either, as
confirmed by the IR study shown in Fig. 2d; all major vibration peaks from MIL-88B(Fe)
were not shifted.

To further estimate the drug loading capacity, we performed QCM analysis to measure

mass changes corresponding to each modification step. We used the Sauerbrey equation
(Eq.1) to calculate mass changes based on the measured frequency differences. Fig. 4
summarizes the increasing mass of a clean Au coated quartz sensor after being modified
with MHDA, MIL-88B(Fe), and ibuprofen loading. We noticed that the mass of the Au
sensor had increased following functionalization with the COOH-terminated SAM, as shown
in Fig. 4. The observed QCM frequency indicates 0.824 + 0.001 pg/cm? of MHDA layer
was built on the clean Au surface, followed by 17.103 + 0.021 pg/cm? of MIL-88B(Fe)

film achieved after the direct crystallization. After loading with ibuprofen, the adsorbed
mass of the modified quartz crystal was found to be 1.481 + 0.001 pg/cm?, indicating an
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encapsulation of 8.7 wt % of ibuprofen by MIL-88B. This value is markedly smaller than
the drug loading capacity of bulk MIL-88B(Fe) material (~19.6 wt%).[16] We believe the
lower drug loading percentage was due to the nanostructure of MIL-88B(Fe) crystals and
their orientation on the supportive substrate which limited the accessible surface area for
the diffusion of drug molecules. Despite a decrease in loading capacity in comparison to
bulk MIL-88B(Fe), our MIL-88B(Fe) thin film still exceeds the performance compared to
traditional polymer-based drug-loading films (usually with a value of ~5 %).[62].

In addition, we performed QCM studies during the drug eluting process in a static setting.
PBS was used as a medium to mimic drug releasing in a physiologic environment.[63] 0.5 %
of Tween 20 in volume was added to the PBS solution to increase the solubility of ibuprofen
in the testing media. We noticed that the mass change was approximately 2 ug/cm? after

6 hr, shown in Fig. 5. The amount of ibuprofen released is consistent with the ibuprofen
loading amount measured using QCM. The measured mass decrease can be resulted from
both ibuprofen release and the degradation of MIL-88B(Fe) in PBS. Based on our previous
study, ibuprofen releasing from MIL-88B(Fe) can be through three approaches: diffusion,
surface erosion and bulk erosion of the MIL.[16] The surface morphology of the tested
QCM sensor was examined using SEM after the elution experiment, as shown in Fig. 3d.
The existence of MIL-88B(Fe) crystals is consistent with our QCM study, confirming some
MIL-88B(Fe) remained on the surface after releasing ibuprofen. However, the morphology
of these MIL-88B(Fe) crystals had changed dramatically characterized by a less dense
surface coverage, as shown in Fig. 3d. This confirms the drug releasing was partially due
to the degradation of MIL-88B(Fe) soaking in PBS solution. Previous studies from Serre’s
group have shown that the degradation of Fe-MILs in a simulated body fluid can take up to
21 days.[24] In our case, the lifetime of MIL-88B(Fe) was noticed shorter than the reported
value. We suspect that the MHDA SAM may be more susceptible to the PBS solution,

thus affect the MIL-88B(Fe) film on top. Besides the static drug elution study performed
using QCM, the quantification of ibuprofen releasing in PBS was attempted with a high
performance liquid chromatography (HPLC). However, due to the low concentration (< 70
ng/mL), we could not obtain quantitative results to confirm the ratio between ibuprofen
released and MIL-88B degradation that caused the mass decrease.

3.3. Mechanistic exploration of surface-supported MIL-88B(Fe) and ibuprofen loading

Fig. 6 illustrates two general reaction pathways for MIL-88B(Fe) bonding to a COOH-
terminated Au surface. Basically, the interactions of MIL-88B(Fe) and carboxylate
functional groups from the SAM can be attributed to 1) hydrogen-bonding between
terephthalate organic ligands and carboxylate end groups from the SAM, referring to Model
A shown in Fig. 6; and 2) unsaturated Fe trimer making coordination bond with oxygen

in the deprotonated carboxylate group, referring to Model B. Here, we used a well-known
cluster extraction method to create a MIL-88B(Fe) cluster to represent the whole framework.
This is an efficient and advantageous method in computational modeling of MOFs as there
is a decrease in computational complexity due to a reduction in the number of electronic

in the simulated system. Further use of cluster extraction methodology is noted to provide

a unique approach that significantly improved electronic convergence that are especially
importantly for MOF structures that contains strained geometries due to the presence of

Colloids Surf A Physicochem Eng Asp. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bui et al.

Page 10

metal clusters.[55] From the frontier orbital analysis, we noticed that both unsaturated Fe
center and the -OH group from the end terephthalate molecule can be engaged in bonding to
the MHDA SAM. Geometrical optimizations afforded the energetic information about each
relevant molecular structure. The formation of hydrogen bonding (Model A) gains — 72.46
kJ/mol and for bonding to the unsaturated Fe site (Model B) this number is — 592.24 kJ/mol.
Although both pathways seem feasible, model B is thermodynamically more favorable. The
data in Table S1 summarizes this information for all products and reactants, and showcases
AE (calculated based on Eq. 2) for each of the two competing mechanistic models. All input
file data is provided in Supplemental Information. To ensure that the correct structures were
used to solve for AE, the total number of atoms were counted to ensure that the change

is zero. Since the formation of model B is energetically more favorable, we performed a
detailed DFT computational study of its corresponding reaction pathway.

In order to study the interactions between MIL-88B(Fe) and ibuprofen, we performed full
natural bond orbital (NBO) analysis on ibuprofen and MIL-88B(Fe) represented by the
same Fe cluster used in our reaction pathway calculations. Fig. 7 compares the highest
occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOS)
of MIL-88B(Fe) and ibuprofen. In the frontier orbital analysis, the HOMO and LUMO

of ibuprofen are delocalized over the phenyl ring; while the HOMO and LUMO of
MIL-88B(Fe) are primarily localized on the oxygen atoms near the saturated Fe sites which
are further connected with terephthalate ligands, indicating a rt-CH interaction between
ibuprofen and MIL-88B(Fe). This is consistent with previously reported interactions
between ibuprofen and MIL-53(Fe) simulated with DFT periodic calculations.[24] We also
included a terephthalate ligand in the MIL-88B(Fe) cluster for comparison in our NBO
calculations, illustrated in Fig. S2, the HOMO and LUMO were not changed. Moreover,
the interactions between ibuprofen and MIL-88B(Fe) can also include the hydrogen bonding
between carboxylic group in ibuprofen and hydroxyl in MIL-88B(Fe), as well as the -1t
interaction between the phenyl group in ibuprofen and terephthalate in MIL-88B(Fe). All
of these arrangements could be the driving force for ibuprofen loading into the cages of
MIL-88B(Fe).

4. Conclusions

In this study, we successfully prepared MIL-88B(Fe) film on a COOH-terminated SAM
coated Au substrate as a drug delivery system for loading and releasing ibuprofen. We
confirmed the surface supportive MIL-88B(Fe) film was coordinated with carboxylate
groups from the functional groups of the SAM. The drug loading capacity for such
MIL-88B(Fe) film was about 8.7 % with ibuprofen. This value is greater than other polymer-
based thin film drug delivery systems. Our study compared two competing mechanistic
models to better understand the chemical and physical nuances of binding between
MIL-88B(Fe) and the carboxylic end of MHDA. Although both hydrogen-bonding and
open-metal sites are feasible for bonding, unsaturated metal sites for coordination was found
thermodynamically more favorable based on our DFT cluster simulations. Furthermore,
DFT calculations indicated a strong interaction between ibuprofen and the Fe-trimers within
the MIL-88B (Fe) structure which facilitates the drug loading process. Drug elution was
evaluated in static condition with the aid of QCM. We quantified the drug releasing amount
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as a function of time and identified the drug releasing mechanism was due to both drug
molecule diffusion and material degradation. Overall, MIL-88B(Fe) has exhibited excellent
potential to be used as a drug delivery system considering its high drug loading capacity,
biodegradation properties, and overall versatility.
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HIGHLIGHTS
. Metal-organic framework thin film can be fabricated on a desired substrate.

. MIL-88B(Fe) thin film can be used for potential drug elution coating.

. A sustainable drug release behavior was observed for MIL-88B(Fe) thin
films.

. Unsaturated metal site plays an important role on binding to modified
substrate.
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Fig. 2.
ATR-IR spectra of a) clean Au surface, b) MHDA SAM modified Au surface, c)

MIL-88B(Fe) thin film on a MHDA-functionalized Au substrate, d) ibuprofen loaded
MIL-88B(Fe) thin film, and d) Fe-MIL-88B thin film after drug releasing.
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Fig. 3.
SEM images of a) MHDA-modified Au substrate, b) MIL-88B(Fe) thin film on a MHDA-

modified Au surface, and ibuprofen loaded MIL-88B(Fe) before ¢) and after d) soaking in
PBS for 6 h.
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Fig. 4.

A

B

C

The mass change of a gold-coated QCM sensor calculated via Sauerbrey equation based on
frequency changes after A) MHDA SAM modification, B) MIL-88B(Fe) fabrication, and c)
ibuprofen loading in MIL-88B(Fe) thin film.
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Fig. 5.

Tr?e mass changes of the ibuprofen loaded MIL-88B(Fe) on a modified Au QCM sensor
as a function of time. Desorbed mass amount was calculated via Sauerbrey equation from
the frequency measurements. The solid line indicates a linear trend fit to the experimental
results shown in black dots.

Colloids Surf A Physicochem Eng Asp. Author manuscript; available in PMC 2022 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Bui et al. Page 22

A ;. v 4 b
’ P
0,82, 3, Yor 8
> b ° 9 ot s T
?’%0 %.,9%0+ 2 o = o538 20 g ¥
Fod | Y ' ) 9 .8° 0-" 29
’ .-‘J ’ ~—7 a i T
2
J

s Al He
‘“*‘ tT e e — o =3
LRV ¢ ¢ ‘f“CJ
. \u/ q 2
&
®

Fig. 6.
Two competing models of bonding between MIL-88B(Fe) and the COOH-terminated SAM.

In Model A, MIL-88B(Fe) cluster showcasing an explicit terephthalic acid linker forms
hydrogen bonding to the carboxyl (COOH) end of MHDA.. In Model B, the MIL-88(Fe)
cluster has one open Fe site that is hypothesized to bind to the deprotonated carboxylate
(COO-) end of MHDA in a coordination bond. Iron (purple), oxygen (red), carbon (gray),
and hydrogen (white). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fe cluster in MIL-88B(Fe) Ibuprofen

d)

Fig. 7.
DFT computationally predicted HOMOs and LUMOs of the MIL-88B(Fe) cluster (a) &

(c) and ibuprofen (b) & (d). MIL-88B(Fe) is represented by an unsaturated Fe trimer. Iron
(purple), oxygen (red), carbon (gray), and hydrogen (white); positive and negative lobes are
presented by red and blue color with an isosurface. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Scheme 1.
Schematic illustration of a) synthesis of bulk MIL-88B(Fe), and b) MIL-88B(Fe) film

preparation on a COOH-terminated Au coated Si surface for drug loading with ibuprofen as
a model drug. The silicon substrate is omitted for clarity. Ibuprofen was represented by solid
yellow dots. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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