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ABSTRACT: Mesoporous materials, Tb-mesoMOF and MCM-41, were
used to study the transport phenomena of biomolecules entering the
interior pores from solution. Vitamins B12 and B2 were successfully
encapsulated into these mesoporous materials, whereas Tb-mesoMOF
(0.33 g of B12/g, 0.01 g of B2/g) adsorbed a higher amount of vitamin per
mass than MCM-41 (0.21 g of B12/g, 0.002 g of B2/g). The diffusion
mechanism of the biomolecules entering Tb-mesoMOF was evaluated
using a mathematical model. The Raman spectroscopy studies showed
vitamin B12 has been encapsulated within Tb-mesoMOF’s pores, and
evaluation of the peak shifts indicated strong interactions linking vitamin
B12’s pyrroline moiety with Tb-mesoMOF’s triazine and benzoate rings.
Because of these stronger interactions between the vitamins and Tb-
mesoMOF, longer egress times were observed than with MCM-41.
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■ INTRODUCTION

The transport phenomena of gases, small molecules, and
biomolecules into and out of porous materials have long been
an attractive topic. It is essential to relate these materials with
advances in cellular and molecular biology, physiology,
immunology, and biochemistry with applications for drug and
gene delivery,1 biological transduction,2 as well as the design
and operation of devices (biosensors,3 kidney dialysis,4 and
high-density cell culture5). Moreover, increasing studies
involving inorganic porous systems for drug delivery6,7 and
for biocatalysis8,9 have set a precedent for understanding the
transport phenomena of biomolecules in emerging porous
systems.
Metal−organic frameworks (MOFs)10 have become a new

generation of emerging porous materials with high prospects
for various applications, including gas separation and
storage,11,12 catalysis,13−15 sensors16,17 and biomedical
usage.18−20 MOFs exhibit accessible cavities through open
channels with a range of pore shapes and sizes from micro- to
mesoporous. The amenability to design MOFs, with varied yet
specific chemical functionality as well as fine-tuned pore size
and surface area, sets them apart from traditional porous
materials.21 In particular, ligands can be designed with organic
functional groups to stabilize the interaction with biomolecules,
such as proteins or vitamins, for biorelated applications.22−25

Importantly, the crystalline structures of MOFs allow for easy

characterization using multiple techniques, which makes
mesoporous MOFs (mesoMOFs) an attractive platform to
investigate the ingress and egress of biomolecules.
Before developing nonbiological materials for porous related

applications, the kinetic diffusion and additional transport
phenomena are essential to gain provisional information on the
uptake and release of analytes. So far, diffusion kinetic studies
for zeolites,26 mesoporous silica materials,27 and other
nanomaterials28,29 have been investigated and, thus, provide
valuable guidance for their various applications. However, to
the best of our knowledge, the transport phenomena and
kinetic details for the encapsulation and release of biomolecules
from MOFs mostly remain unexplored,30−32 and most of the
kinetic studies related to MOFs focus on the diffusion of gas
molecules.33,34 Specifically, molecular mechanisms supported
by mathematical models are rarely used to explain the
experimental observations in this field, which is a tremendous
barrier to overcome for the future applications of this class of
material.
Vitamins are essential for cell metabolism, in particular, the

process to convert proteins and other nutrients into energy or
cellular components. For example, humans require B vitamins,
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such as B2, B6, and B12, to stay healthy, and these molecules
participate in one-carbon metabolism.35,36 As an important
component of several enzymes, vitamin B12 (VB12, cobalamin)
is essential to the metabolism of certain amino acids and
various cell growth and development processes. Vitamin B2
(VB2, riboflavin) forms the central component of coenzyme
flavin mononucleotide (FMN) and flavin adenine dinucleotide
(FAD), which are critical for metabolism and energy
production of the body.37 Vitamin B deficiencies can cause
brain function impairment, coronary heart disease, and have
been linked with Alzheimer’s disease.38 Even though the
solubility is different from one to another, all of the B vitamins
are water-soluble, and any excess is excreted in the urine. This
means that there is usually no excess storage of B vitamins in
the body and must be replenished regularly. Although
congenital defects or severe deficiencies of B vitamins are
rare, mild vitamin deficiencies are unfortunately common in
senior adults. Vitamins B2 and B12 are both favorable probes for
biomolecule transportation studies and are frequently used in
membrane permeability or drug delivery studies due to the ease
of identification using UV/vis absorption techniques.
In this contribution, we addressed the mechanism for

biomolecule transportation in mesoporous systems. As shown
in Figure 1, vitamins B12 and B2 are of suitable dimensions to

become encapsulated into a water-stable Tb-mesoMOF and
characterized by different approaches. Raman studies were
conducted to investigate the specific interactions between the
vitamin molecules and Tb-mesoMOF interior walls. A
mechanistic study was also conducted based on the
mathematical expression derived from the diffusion processes
to further investigate the diffusion of those biomolecules into
mesoporous systems. This study provides a novel platform for
the investigation of transport phenomena of biomolecules in
porous systems and also opens a new approach for vitamin
encapsulation and controlled release.
Tb-mesoMOF exhibits a zeolite framework type MTN (mtn

topology) with two adjoined cages with internal spherical
diameters of 3.9 and 4.7 nm for dodecahedron (dod) and larger
mcp-d polyhedral cages, respectively. The dod cage has an
accessible window size of ∼1.3 nm shared with the mcp-d cage
that has additional hexagonal windows of ∼1.7 nm as shown in
Figure 2.39 Considering the wide investigations of mesoporous
silica materials for encapsulation of active molecules for
biocatalysis40 and prolonged drug delivery for decades,41,42 a
mesoporous silica material, MCM-41, was also investigated for
comparison.43

■ EXPERIMENTAL SECTION
General Information. Chemicals were purchased from general

suppliers (Fisher or Sigma). Water was purified by an ELGA Flex 3

water purification system. UV−vis were measured on a JASCO V-670
UV/vis/NIR spectrometer. Micromeritics ASAP 2020 Plus measured
the accessible surface area at 77 K using high-purity nitrogen. Optical
images of the crystals were taken with an Olympus MIC-D camera.
Confocal Raman microscopy (Olympus, IX71) was used to measure
the Raman spectra.

Material Synthesis. Crystalline samples of the mesoporous MOF,
Tb-mesoMOF, were prepared in a manner similar to that of Park et
al.39 The mesoporous silica MCM-41 was purchased from Sigma-
Aldrich.

Encapsulation of Vitamins. Five milligrams of the adsorbent was
immersed into a 1.0 mL vitamin B12 (3 mg/mL, 2.21 mM) or vitamin
B2 (0.1 mg/mL, 0.265 mM) aqueous solution and incubated at 37 °C.
UV−vis spectra were taken at different time intervals (B12, λ = 361 nm,
ε = 26500 L mol−1 cm−1; B2, λ = 444 nm, ε = 12160 L mol−1 cm−1) to
determine the concentration of vitamin that remained in the
solution.44,45 The molar absorption coefficient at the maximum
absorbance of 361 nm for vitamin B12 is 26500 L mol−1 cm−1 and at
440 nm for vitamin B2 is 12160 L mol−1 cm−1. Similar procedures were
followed for vitamin encapsulation experiments in MCM-41. As a
control, aqueous vitamin solutions without porous materials were also
placed at 37 °C, and concentration points were taken as the references.

Surface Area Measurements. Nitrogen sorption isotherms of
Tb-mesoMOF and vitamin@Tb-mesoMOF were measured. To
activate the samples, they were first solvent-exchanged with methanol
for 1 day, evacuated for 12 h at room temperature, and then heated to
120 °C for 2 h under vacuum. A similar surface area was obtained for
Tb-mesoMOF as previously reported.39

Raman Spectroscopy. The Raman spectra was collected at 514
and 647 nm. In order to probe the interactions between Tb-
mesoMOF and vitamin B12, the samples were scanned by an excitation
laser at 514 nm with a power of 40 mW. To obtain the optimized
Raman signal, the exposure time and accumulation time were set as 5 s
and 3 s, respectively. Given that MCM-41 suffers from background
interference at 514 nm, an excitation laser at 647 nm with 20 mW of
power for 10 s was used to measure VB12@MCM-41. The spectrum
grating was set at 600 grooves/mm, with an objective lens of 20× for
these experiments.

■ RESULTS AND DISCUSSION
To explore the encapsulation of vitamin molecules into
mesoporous MOFs, Tb-mesoMOF crystals that were freshly
prepared were soaked in vitamin B12 or B2 solutions, followed
by incubation at 37 °C. On the basis of the change in
concentration of the supernatant at increasing time intervals, as
determined by UV/vis spectra, the Tb-mesoMOF uptake of
vitamin B12 reached its saturation after ∼27 h with a loading of
∼0.33 mg of B12/mg Tb-mesoMOF (Figure 3a). In terms of B2,
due to its poorer water solubility, the vitamin B2 stock solution
was lower than that of vitamin B12 (∼0.1 mg/mL); however, as
a remarkable molecular “sponge”, after Tb-mesoMOF was
immersed into the solution, it removed vitamin B2 molecules in
the stock solution and adsorbed nearly all of the vitamin B2 in

Figure 1. Stick models and dimension of (a) vitamin B12 (1.41 × 1.83
× 1.14 nm) and (b) vitamin B2 (1.45 × 1.31 × 0.57 nm). Color
scheme: C, brown; H, white; N, blue; O, red; Co, cyan; P, purple.

Figure 2. (a) mtn topology of Tb-mesoMOF possesses two joined
cages (blue for dodecahedron cage (S) and pink for mpc-d cage (L));
(b) space-filling models of Tb-mesoMOF with nanoscopic cages.
Color scheme: same as previous with Tb in turquoise.
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less than 7 h (Figure 3b). It is notable that even at low vitamin
concentrations, a high efficiency of vitamins can be loaded into
Tb-mesoMOF compared to mesoporous silica. For both
vitamin B12 and vitamin B2, the loading capacity of MCM-41
is significantly lower than that for Tb-mesoMOF. The uptake
results are well correlated to the surface area/pore size for
which MCM-41 has a relatively lower surface area (∼1000 m2/
g (BET)) and smaller pore size/pore volume in comparison
with Tb-mesoMOF (Figure S1).43

To remove surface-bound vitamin molecules from Tb-
mesoMOF and not within its porous network, the Tb-
mesoMOF samples saturated with vitamin molecules (now
denoted as VB2@Tb-mesoMOF and VB12@Tb-mesoMOF)
were quickly washed using a vacuum filtration setup with water
until the supernatant became clear. After being saturated with
vitamin B2 or B12, Tb-mesoMOF crystals went from colorless to
brown or dark red, respectively (Figure 4a). UV/vis spectros-

copy and gas adsorption measurments were also used to
confirm the successful encapsulation of vitamin molecules.
Solid-state UV/vis absorption spectra showed that VB12@Tb-
mesoMOF had a strong absorption at 364 nm, which
represented a red shift from the band of 361 nm for vitamin
B12 in water (Figure 4b). Vitamin B2 into Tb-mesoMOF also
shifted the UV peak center from 444 to 451 nm (Figure 4c),
indicating a different environment around the encapsulated
vitamin molecules.46,47 The Langmuir surface area, calculated
from nitrogen gas sorption isotherms (Figure 5) collected at 77
K, revealed that the Tb-mesoMOF surface area significantly
decreased from 3250 m2/g to 235 m2/g after loading with
vitamin B12, further indicating the successful encapsulation of
vitamin B12 into the Tb-mesoMOF interior cavities. Further-
more, the N2 sorption isotherms showed a significant decrease
in surface area (Langmuir surface area from 3250 m2/g to ∼50
m2/g) after the saturation of vitamin B2. We attribute this
measured reduced surface area to pore filling by vitamin B2,
thus eliminating the free space.

Vitamin release from Tb-mesoMOF and MCM-41 was
tracked by UV/vis spectroscopy. As depicted in Figure 6a, Tb-
mesoMOF was shown to release vitamin B12 for up to 250 h,
and it took ∼300 h to fully release vitamin B2 (Figure 6b).
Maximum vitamin release from MCM-41 was achieved after
only ∼70 h for vitamin B12 (Figure 6a) and ∼110 h for vitamin
B2 (Figure 6b). Another notable observation is that the initial
release rate for both vitamins from MCM-41 is significantly
higher than that for Tb-mesoMOF. This kind of “burst release”
for drug delivery systems could be pharmacologically dangerous
and economically inefficient.48,49 Several factors may account
for these observed differences, including lower surface area,
pore volume, pore size, and chemical functionality. Thus, this
dramatic leaching within a short time frame indicates that
adsorption of vitamin on MCM-41 was near or on the surface,
which can further explain the low loading capacity of MCM-
41.50 Additionally, unlike MCM-41, Tb-mesoMOF possesses
mesoporous cages with relatively small microporous windows
(1.3 and 1.7 nm windows for the S and L cages, respectively,
Figure 2), thus hindering diffussion of the adsorbate. For
example, the small windows of the cages promoted the
opportunity for the encapsulated vitamin molecule to
encounter “dead ends” and ricochet back and forth before
diffusing from the MOF delaying the release time which was
observed previously. Furthermore, the nanoscopic cavities of
Tb-mesoMOF can increase the relative local concentration of
the absorbate molecules creating a steric hindrance within the
material.51,52 The relatively “crowded” molecular environment
can also enhance the interactions between the functionalized
mesoporous structure and the guest molecules in the confined
space.53,54 Therefore, the interactions between the pore walls of
Tb-mesoMOF and vitamin molecules may also contribute to
the continuous yet slower release than observed in MCM-41.
Indeed, compared to silica materials, the mesopores in the
mesoMOFs possess organic ligands and metal ions, which can

Figure 3. (a) Adsorption profiles of (a) vitamin B12and (b) vitamin B2
into Tb-mesoMOF (black) and MCM-41 (red).

Figure 4. (a) Pictures of Tb-mesoMOF crystal (top), VB2@Tb-
mesoMOF (bottom left) and VB12@Tb-mesoMOF (bottom right);
(b) UV/vis absorption spectra for VB12@Tb-mesoMOF (black) and
VB12 (red); (c) UV/vis spectra of VB2@Tb-mesoMOF (black) and
VB2 (red).

Figure 5. (a) Nitrogen gas sorption isotherms of Tb-mesoMOF
(black) and VB12@Tb-mesoMOF (blue) and of (b) Tb-mesoMOF
(black) and VB2@Tb-mesoMOF (red).

Figure 6. (a) Release profile of vitamin B12 from Tb-mesoMOF
(black) and from MCM-41(red). (b) Release profile of vitamin B2
from Tb-mesoMOF (black) and from MCM-41 (red).
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favor π−π interaction, hydrogen bonds, or metal−ligand
coordination.55 The adaptive internal microenvironment of
the cavities in the frameworks could interpret the exceptional
encapsulation and control release performance of Tb-
mesoMOFs.
Raman investigations provide information on the molecular

structure and the interactions between molecules. Here, it was
used to show an interaction occurring between molecules of
interest within the host material.55,56 Hence, Raman spectros-
copy was used to elucidate the possible interaction between the
vitamin molecules and Tb-mesoMOF.57 The Raman spectra of
Tb-mesoMOF (red), vitamin B12 solution (blue), and VB12@
Tb-mesoMOF(light green) are shown in Figure 7. Familiar

peaks for Tb-mesoMOF were observed in the spectra for both
loaded and unloaded Tb-mesoMOF samples, confirming
retention of the vitamins in the Tb-mesoMOF structure after
washing without altering the structure. The solid lines in Figure
7 indicate this, with C−O stretches of benzoate assigned at
1447 cm−1 and C−H stretches at 3089 cm−1.58 Therefore, no
interaction from vitamin B12 occurs at these sites. Moreover,
the dotted lines in Figure 7 are peaks that correspond with
vitamin B12, which is present in Tb-mesoMOF after an
encapsulation experiment as observed from the vitamin B12
peak at 1496 cm−1. This peak belongs to the in-phase stretching
vibration of the corrin π system59,60 and exhibits the same
spatial wave frequency in solution as it does encapsulated in
Tb-mesoMOF as shown in Figure 8c. Successful encapsulation
of vitamin B12 within Tb-mesoMOF is further supported by
lack of changes for vitamin B12 above 2000 cm−1 in the
hydrogen-involving vibrational region.
Additional insight into the possible noncovalent interaction

between Tb-mesoMOF and vitamin B12 involved further
comparison of the three spectra. Figure 8 shows the magnified
Raman spectra, where Figure 8a zooms in between 600 cm−1 to
650 cm−1 and shows the peak at 627 cm−1, which is associated
with pyrroline ring deformation. The bending modes of the
corrin ring56 is red-shifted to 630 cm−1 and comes from
encapsulated vitamin B12, whereas the peak from Tb-mesoMOF
disappears. As there is no visible shift in the stretching mode of
the corrin ring at 1496 cm−1, we suggest that vitamin B12
interacts with the Tb-mesoMOF framework by the pyrroline
ring.
Three peaks were recognized in the Tb-mesoMOF blue shift

by 6−8 cm−1 upon encapsulation of vitamin B12 (Figure 8b).
Therefore, a strong interaction between vitamin B12 and Tb-
mesoMOF occurs where the strongest shift is from the C−N
stretch at 993 cm−1, belonging to the ligand’s triazine moiety.61

Similarly, the wagging mode for triazine, detected at 1057 cm−1,
was shifted to 1020 cm−1.58 In Figure 8c, the CC stretching

peak at 1612 cm−1 from the ligand also exhibits a blue shift to
1607 cm−1.62 From this information, it is strongly supported
that the triazine and benzoic ring moieties in Tb-mesoMOF are
active participants with vitamin B12.
The Raman spectra for MCM-41 before (red) and after

(blue) loading vitamin B12 (light green) are shown in Figure 9.

The terminal silanol moieties of MCM-41 appear at 978 cm−1,
and it is the only viable peak to identify it after the loading
experiments.63,64 Multiple peaks assigned to vitamin B12 are
present, as indicated in both spectra. The appearance of vitamin
B12 peaks with MCM-41 show successful incorporation.
Unfortunately, there were no minor or major peak shifts,
which suggest that there is very little interaction between
vitamin B12 and MCM-41 upon encapsulation. This accounts
for the fast release of vitamin B12 in solution.
The noncovalent interactions between vitamin B2 and MCM-

41 or Tb-mesoMOF were additionally investigated by Raman
spectroscopy. Nevertheless, because of a high fluorescence
background, vitamin B2 cannot exhibit significant Raman
signals. As a matter of fact, so far, no Raman data about
vitamin B2 have been reported; therefore, it is not discussed
further in this paper.
To understand the kinetics of the diffusion of biomolecules

into mesoporous MOFs, the vitamin uptake initial rate, the rate

Figure 7. Raman spectra of Tb-mesoMOF (red), vitamin B12 (blue),
and VB12@Tb-mesoMOF (light green).

Figure 8. Magnified Raman spectra zoomed in at (a) 600−650 cm−1;
(b) 940−1090 cm−1; (c) 1470−1680 cm−1. Raman spectra of Tb-
mesoMOF (red), vitamin B12 (blue), and VB12@Tb-mesoMOF
(green) in different ranges.

Figure 9. Loading Raman spectra of vitamin B12 (light green) into
empty MCM-41 (red) and encapsulated VB12@MCM-41 (blue).
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of diffusion, and the diffusion coefficient for the two phases
consisting of Tb-mesoMOF and vitamin B12 solutions were
calculated on the basis of collected experimental uptake data at
37 °C (Figure 3).
The best-fit line of the uptake curve follows a quadratic

regression shown in eq 1, where x is the incubation time in
hours.

= − + +F x x x( ) 0.00034 0.1086 0.10632
(1)

Given the best-fit line calculated, it is possible to determine
both the initial rate of the uptake and the uptake rate at any
given point. The initial uptake rate can be calculated by taking
the first derivative of eq 1 at one of the initial data points
correlating to the segment of the plot with the greatest linearity.
By fitting the uptake curve for vitamin B12 into Tb-mesoMOF,
the uptake initial rate equaled 0.088 mM/h, while the rate after
7 h of incubation is much lower at 0.060 mM/h. This correlates
to a decrease in uptake rate at increasing time scales. Moreover,
the maximum difference between the calculated values and
experimental data is less than 5%.
The diffusion coefficient was calculated on the basis of the

following formula, which is designed for the diffusion from a
well-mixed bath into a sphere of radius, R, in a two-phase
system (the geometrical structure of the Tb-mesoMOF is
simplified to a sphere).65,66 The concentration at equilibrium
(infinite time) is assumed to be equal to the stable point (stop
time).
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The equation is written in dimensionless form by applying
Laplace transformation. The parameters in this equation are
defined as follows
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where Cf is the concentration of the analyte (vitamin) solution
at time, t; C0 equals the initial vitamin concentration; Vf is the
volume of the solution; Vb is the volume of Tb-mesoMOF; Deff
equals the solution diffusion coefficient; and R equals the
crystal radius. To simplify this two-phase system, the partition
coefficient, Φ, was assumed to be 1.65,66 Substitution of the
former into eq 2 results in
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Simplifying to obtain an expression for the tangent of λi gives
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Further manipulation allows for the expression of the
function:

λ λ
λ
βλ

= −
+

F( ) tan
3

3i i
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2

The graph of F(λi) was constructed (see Figure S6), and the
nonasymptotic zeros of the equation were found to determine
different values of λi (see SI). As i approaches infinity, the

expression ( λ− i
tD
R

2 eff
2 ) approaches negative infinity and

e(−λi
2tDeff/R

2) approaches zero. Therefore, it can be deduced that
the infinite sum converges at zero when the system is at

equilibrium, at which θ = β
β +f 1

. In this experiment, we

assumed that the concentration after 19.3 h of incubation was
1.3 mM to be the concentration at equilibrium. The resulting
equation was solved for β as follows:

β
β

=
+

1.3 mM
2.23 mM 1

From this equation, β was calculated to equal 1.398, and the
diffusion coefficient was determined by substituting in the value
of β and different values of λi to approximate the value of the
infinite sum. The following procedures outline the calculation
of the diffusion coefficient using the data collected after 3 h of
incubation.
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Only seven values of λi were used because the values of the
following terms were sufficiently small and therefore negligible.
Through several attempts of approximation, the best value for
the diffusion coefficient was determined to be 43 nm2/h. The
accuracy of the calculated diffusion coefficient was also checked
with the data obtained from the uptake experiment. For
example, after the fifth hour of incubation, the concentration of
the vitamin solution was 1.66 mM. The calculation is shown
below.
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The calculated value of the infinite sum on the right side of
the equation was 0.172, which is close to the experimental value
(0.161, the left side of above equation) with very small
deviation (6%). Therefore, the calculation method of the
diffusion coefficient is validated.
To give perspective, the diffusion coefficient obtained from

our calculation with Tb-mesoMOF was compared with several
different binary diffusion coefficients for biological systems. For
example, diffusion coefficients for the diffusion of proteins into
liquids range from 2.778 to 19.444 nm2/h and proteins into
tissues are from 0.194 to 2.778 nm2/h.65 The diffusion
coefficient of this system (43 nm2/h) indicated fast trans-
portation of vitamin B12 molecules into Tb-mesoMOF.

■ CONCLUSION
In summary, we have shown that a mesoporous MOF can be
used as a novel platform to study the transport phenomena of
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biomolecules in porous systems. Vitamin B12 and vitamin B2
have been successfully encapsulated in Tb-mesoMOF, a
mesoporous MOF. Vitamin@Tb-mesoMOF has been charac-
terized by solid-state UV/vis, nitrogen gas sorption, and optical
methods. Raman studies of vitamin B12, Tb-mesoMOF, and
VB12@Tb-mesoMOF further support data collected on the
encapsulation of vitamin B12 in the pores of Tb-mesoMOF.
Additionally, peak shifts in the Raman spectra corresponded to
changes in vibrational modes of both vitamin B12 and Tb-
mesoMOF, which indicated strong interactions between the
two systems upon encapsulation. In particular, the interactions
are between the pyrroline structure of vitamin B12 with the
triazine and benzoic rings of Tb-mesoMOF. The kinetics of the
diffusion of biomolecules into Tb-mesoMOFs have also been
investigated. The initial uptake rate for vitamin B12
encapsulation was 0.088 mM/h, and the diffusion coefficient
was found to be 43 nm2/h. Herein, we propose that this novel
system improves our understanding to probe the ingress and
egress of biomolecules into mesoporous systems.
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