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The use of metal–organic frameworks (MOFs) as platforms in biological settings is an area in which they

should shine, however, the adaptation of these materials in critical roles such as for drug delivery has

been slow and limited. This can be attributed to the relative novelty of MOFs in the field and the lack of a

comprehensive understanding surrounding how MOF components and solution conditions may influence

release. In this work, we deliver broad view of how charged molecules are influenced by surrounding

interactions to inform and improve drug release applications. To do this, a variety of MOFs [MIL-100,

UiO-66, UiO-66-NH2, UiO-66-NO2, and UiO-66-OH] were synthesized to evaluate how the presence of

functional groups and other electrostatic groups, like buffer molecules, ions, and polyelectrolytes, may

influence loading and release of charged dye and drug models. To evaluate these results, we utilize the

conventional Korsmeyer–Peppas (K–P) model which can inform us of the mechanisms of release.

However, this and other models fail to adequately describe some of the biphasic release profiles

observed. To overcome this hurdle, we present a novel adaptation of the K–P model by combining it with

a burst release term while accounting for the proportion of release during each phase to describe the

biphasic release observed. This allows for the extraction of empirical insights and the appropriate descrip-

tion of the mechanisms of release that would otherwise go unnoticed. In doing so, we reveal several

phenomena present during release that can be used to better understand the process and can be lever-

aged to promote the controlled drug release of charged drug molecules.

Introduction

Metal–organic frameworks, with their porous nature, repeating
subunits, and robust structure have shown great promise in a
wide range of applications.1 Their ability to be functionalized
and vacant interiors make them excellent structures for
sensing, separations, gas storage, and catalysis.2–4 These same
characteristics make them excellent platforms for use in bio-
logical settings as well through the isolation catalytic enzymes
under adverse conditions,5–10 as storage devices protecting
housed chemicals or proteins from degradation,11–13 and as
delivery vehicles for the transport of drugs in therapeutics.14–20

The large library of MOF linkers and node combinations avail-

able for selection allows researchers a unique ability and
advantage over other platforms to create tailor-made MOFs for
specific applications.19,21,22 This has opened the door for creat-
ing delivery vehicles that can respond to environmental factors
to trigger release where a burst release of drug is often achieved
through the breakdown of the MOF structure.22–26 Alternatively,
robust components can also be selected that will allow the
MOF to remain in its crystalline state to create a controlled
release profile as the drug exits.16,27–29 However, this boutique
selection process can be arduous, costly, and yield mixed
results leading to the slow adaptation of MOFs in the medicinal
setting.30 To overcome these challenges, a better understanding
of drug-MOF interactions is necessary to usher in and stream-
line the implementation of MOFs for drug delivery.

Many studies have provided in-depth reports on the release
of drugs in solution.31–37 However, these typically focus on a
particular drug for a specific application. This has led to a lack
of a broad understanding on drug release, which has made it
difficult to predict and select MOF components that will
encourage the desired release profile of a given drug. This is
further compounded by drug complexity. However, most drugs
carry an inherent charge, either positive or negative, which can
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have a significant impact on how it interacts with its surround-
ings and has so far been an aspect of drug release that has not
been adequately explored and may still house some key secrets.

To better understand how charged drug molecules may
interact and be influenced by the surrounding MOF, methyl
orange (MO) and methylene blue (MB) were selected to serve
as drug models. These, along with their drug counterparts of
epinephrine (Ep) and penicillin G (Pg) were selected for ana-
lysis due to their similarity in charge, with each bearing a
single positive or negative charge, hydrophilic nature, small
size, and the presence of aromatic groups. The resemblance in
structural characteristics enable the evaluation of guest–host
electrostatic interactions including possible hydrogen-
bonding, dipole interactions, and π–π stacking while the small
size of each allows the molecules to easily pass through the
MOF pores with similar diffusion rates which can be evaluated
through UV absorption via their aromatics. In order to provide
a clear understanding of how electrostatic interactions may
influence release, we probe a range of conditions including:
loading amount, buffer concentration, presence of functional
groups with electrostatic potential, and the presence of poly-
electrolytes. To extract empirical data from these release
studies, the Korsmeyer–Peppas model was selected to fit the
release profile of each trial for its ability to provide empirical
data and reveal mechanistic insights during release.38

However, this, like many other mathematical models, does not
adequately fit biphasic release profiles. To rectify this, we
adapted the model to create a novel mathematical model that
appropriately describes the biphasic release of molecules from
MOFs while retaining key terms providing the ability to reveal
mechanistic insights.

Inspired by the results from MO and MB testing, we
expanded our analysis to evaluate the release of epinephrine
and penicillin, two oppositely charged drugs that are com-
monly used to treat the life-threatening conditions of anaphy-
laxis shock and bacterial infections, respectively. Both drugs
share a similarity in that they suffer a deleterious susceptibility
to oxidative degradation which makes extension of their long-
evity and shelf-life an important medical concern.39,40

Furthermore, these conditions require a timely administration
to have their desired effect, making the two drugs excellent
candidates as representative samples for testing.

In this work, we seek to provide a more clear and broader
view of how charged molecules are affected by the pore
environment of MOFs and how the release profiles can be
selected and improved. To do this, we identified and syn-
thesized a variety of MOFs to probe the effect of environment
and the presence of functional groups and other electrostatic
groups that may affect the loading and release kinetics of
charged molecules (MO/MB) as well as a proof-of-concept test
using epinephrine and penicillin. We also created a novel
adaptation of an existing mathematical model to appropriately
fit and extract empirical insight from biphasic release profiles.
In doing so, we reveal several phenomena present within of
the pores of MOFs that can be leveraged to promote controlled
drug release of charged drug molecules.

Experimental
MOF synthesis

All MOFs were synthesized and characterized according to
reported procedures with minor modifications. The detailed
synthesis of each MOF and chemicals used can be found in
the ESI.† 41,42

Dye loading

Stock solutions of methyl orange (MO) and methylene blue
(MB) were created by dissolving solid dye in deionized water
until the solutions were saturated. The solutions were then
centrifuged to remove any excess solid and their concentration
was determined via UV-visible spectrometry using their molar
absorptivity and absorption at 465 and 665 nm, respectively.
Following this, two experimental loading conditions were
created, one for each dye, to observe the loading of dye into
MIL-100(Fe). The final solution had a volume of 1 mL and was
composed of 5 mM dye (MB/MO), and 50 mg mL−1 MIL-100
(Fe). After this test, standard conditions were selected, and
loading continued for each MOF type. These solutions were
created in triplicate with each composed of 4 mM dye (MB/
MO), 20 mM pH 7 HEPES buffer, 1 mg mL−1 of each MOF, and
with a total volume of 0.5 mL. These tubes were then lightly
vortexed and allowed to sit for 7 days in the dark at 4 °C. After
this period, aliquots of supernatant were extracted and diluted
to either 1 mL for MO, or 3 mL for MB. Absorbance was then
measured using UV-Vis against a ladder to determine the
amount of dye loaded.

Drug loading

Epinephrine and penicillin were independently loaded in five
separate solutions each combining the drug (1 mg mL−1) and
MIL-100(Fe) (1 mg mL−1) in DMSO solution with a final
volume of 0.5 mL. The mixtures were lightly vortexed and
allowed to sit covered in the dark at room temperature for 7
days. At the end of 7 days, samples were centrifuged for
3 minutes at 6000 rpm and the supernatant was removed.
Aliquots of the supernatant were then measured with UV-Vis
to determine loading with loading reported as the mean.

Dye release

To isolate the loaded MOF samples, excess solution was
removed from loading solutions until the total volume was
300 μL. Next, the solution was mixed thoroughly by pipette
and 100 μL of the solution was removed and placed into a new
microcentrifuge tube. The tube was then centrifuged for
3 minutes at 6000 rpm and the liquid was removed, leaving
the MOF pellet. This process was repeated two more times to
give three samples of equivalent loading and mass.

For each sample, release was conducted following these
standard conditions unless otherwise specified. Here, 1 mL of
20 mM HEPES buffer at pH 7 was added to the microcentri-
fuge tube and quickly vortexed to mix. An aliquot of the solu-
tions was then removed and added to a UV cuvette with
20 mM pH 7 HEPES buffer. The solution was briefly inverted,
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and then inserted into the UV-Vis for a time-course measure-
ment. The cuvette was removed and inverted at 30 seconds
intervals for the first 5 minutes, then at 1 minute intervals
until a final time of 10 minutes was reached. Release was com-
pleted in triplicate for each condition with values were
reported as means.

Drug release

The same isolation protocol for the dye loaded MOFs from
above was repeated until MOF samples were recovered. The
MOF samples were then individually suspended in 1 mL PBS
solutions of either 0.1% or 1% by weight PEI. The solutions
were gently vortexed and allowed to sit for 5 minutes. After
this, the samples were immediately centrifuged at 13 000 rpm
for 5 minutes and the supernatant was removed for testing
against concentration ladders using UV-Vis. This process was
completed in triplicate for each condition with values reported
as means.

Cell studies

Details regarding cell studies can be found in the ESI.†

Results and discussion

In order to evaluate how charged drugs are affected by pore
environment, MIL-100 was selected as a standard for analysis
for its biocompatible nature, cage type pores (2.5–2.9 nm), and
small pore window (0.55–0.86 nm) which would necessitate
the passage of the models through these smaller spaces,
thereby inherently controlling release.42–44 Alongside this, a
series of UiO MOFs including UiO-66 and its derivatives func-
tionalized with amine, nitro, and hydroxyl groups were
selected to create variations in the electrostatic environment
within MOF pores of smaller size (0.8–1.1 nm), but similarly
sized pore windows (0.6 nm). These Zirconium-based MOFs
provide a facile synthesis and robust structure which ensures
consistent pore size and shape between each group.
Additionally, this smaller pore size increases the influence of
the functional groups present and allows for superior compari-
sons to be made between each group. Each MOF was success-
fully synthesized and characterized using powder X-ray diffrac-
tion (PXRD), Brunauer–Emmett–Teller (BET) analysis, thermo-
gravimetric analysis (TGA), particle size analysis, zeta poten-
tial, and scanning electron microscope (SEM) (Fig. S5–S11†).
The obtained data was consistent with previous reports.41,42

Together, these MOFs will allow for the evaluation of the
release rate of the charged models as variations in the pore are
adjusted (all fitted plots can be found in the ESI, Fig. S12–
S23†).

MOF loading

As an initial test to determine loading, buffer condition for
release, the uptake of both dyes into the MOF was observed
after 7 days. As there was nearly complete loading for both
models, with 98.6% loading observed for MO and 100% for

MB, no significant variations in loading could be observed.
Following this, the loading conditions were adjusted as
described above to create standard conditions for the sub-
sequent tests. During this loading some key differences
between each MOF were observed that are quite telling (Fig. 1).

First, the loading for MO among each MOF was consistently
higher than that of MB, which is not surprising as the nega-
tively charged dye is expected to coordinate to the positive
metal sites within the framework, while the positive dye would
either not interact or be slightly repelled. This was evident
through IR spectroscopy where when MO was present a red
shift of a diagnostic in-plane C–H bending mode from 1043 to
1030 cm−1 was observed. It is worth mentioning that this
mode has been shown to be quite sensitive to its local
environment.45,46 This observed shift is a result of a decrease
in bending deformation energy arising from increased attrac-
tion between the metal center and the dye and illustrates how
closely coordinated the negatively charged dye is to the metal
center (Fig. 2). In contrast, when MB was present the same
feature shifted only 3 cm−1, indicating a far weaker interaction
between the positively charged dye and the MOF metal
centers. Mechanistically, these differences in interactions
would implicate the negative charge present on the MO in hin-

Fig. 1 Percent loading of MB and MO in each synthesized MOF. Results
are shown as mean ± standard error of the mean (n = 3).

Fig. 2 Plot of IR spectra gained from the loading of charged dyes into
MIL-100.
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dering the release of the molecule from within the MOF pore,
while the MB would more readily escape. Additionally, the
strong interaction with the metal center suggests that the MO
interacts more closely with the MOF at the pore interface,
allowing for much of the pore window to be utilized upon
release. In contrast, the decreased interaction or possible
repulsion by the metal center with the MB dye at this interface
likely leads to a shrinking of the pore window available for
passage of the molecule.

The next key finding observed was that the presence of
functional groups plays a significant role in the loading of
charged molecules. The partial charges present among the
nitro and hydroxy functionalized UiO-66 showed very little var-
iance with only a slight decrease in loading compared to the
unfunctionalized control for the MO, attributable to the
increased steric effects from the functional groups. Conversely,
there was an increase for MB loading, which can be attributed
to the partial positive charge present. Similarly, there was clear
divergence between MO and MB in the amino functionalized
MOF compared to the others with a loading of 17.4% and only
0.2% respectively. This strongly indicates that the partial posi-
tive charges among this functional group takes part in electro-
statically repelling and preventing the similarly charged MB
from entering or persisting in the pore, creating an undesir-
able environment for the model. We also observed a slight
increase in loading for the MIL-100, which achieved a loading
of 25.6% MO and 20.5% MB. This increase is expected as the
available pore space for MIL-100 is larger than that of the UiO
MOFs allowing our dye models greater inhabitable space
within the pore (Fig. S3†).

Finally, we loaded MIL-100 with the biologically relevant
positively charged epinephrine (Ep) and the negatively charged
penicillin G (Pg). These loadings showed a marked increase in
loading compared to the dyes with final loadings of 45.3%
(453 μg mg−1 MOF) and 60.5% (605 μg mg−1 MOF) respectively
(Fig. 3). For relevance, if full release is achieved, 1 mg of MOF
would supply a higher dose than that of a standard EpiPen
which typically contain 300 μg per dosage.

The higher loading observed compared to the dye models
can be attributed to the presence of DMSO rather than water
during the loading which has lower polarity and thus, weaker
hydrogen bonding interactions allowing the drugs to diffuse

into the MOF pore with less hindrance. This solvent was
selected due to the poor solubility of each drug in water at
physiological pH, ability to protect each drug from oxidation
due to the removal of water, and for its biocompatibility at low
concentrations.

Mathematical models for empirical insights

To extract empirical insights from the release data and to
further support conclusions, the Korsmeyer–Peppas (K–P)
model was utilized, denoted below as eqn (1) (plots can be
found in ESI on pages S12–S23†)

Mt

M1
¼ k � tn ð1Þ

where Mt represents the amount of drug released at time t, M∞

is the total releasable amount of drug, k represents the release
rate constant with units of min−n, and n is the release expo-
nent which is dimensionless and can inform the mechanism
of release.38,47 Together, this model provides us with mechan-
istic insight into the release of drugs from materials and can
aid in describing the release type. These types of release
include Fickian diffusion, where release is controlled by
diffusion alone. This is indicated by a value of n = 0.43 for
spherical models, which most closely resemble the selected
MOFs. Next, is anomalous transport, where a combination of
diffusion and other interactions take place (0.43 < n < 1). Zero-
order release is observed when n ≈ 1. In this type, the rate of
release is controlled by something independent of concen-
tration gradients and is characterized by the rate being linear
with time. A value of n being less than 0.43 would indicate a re-
sistance to diffusion and interactions between the dye mole-
cules and its surroundings. In regard to k, this value represents
the rate at which release takes place and can inform of the
systems’ speed of release. When combined, this model can
provide a good picture of factors influencing release rather
than evaluating the rate alone.

However, this model fails to adequately fit the release
profile when burst release is observed. While other models
have been used in the past to fit burst release profiles, the
mechanistic insight brought by the K–P model is often lost.
Because of this, the K–P model was adapted to appropriately
fit these biphasic release systems into a new equation below
which, to our knowledge, has not previously been reported.

Mt ¼ M1 � ½Að1� e�k1tn1 Þ� þ Bk2tn2 ð2Þ
In this equation we combine the power-law diffusion phase

term from the K–P model (k2t
n2) with a general burst release

exponential term ð1� e�k1tn1 Þ similar to that of the Weibull
model that complements the model by allowing for the
description of the cumulative release of a molecule from a
biphasic system.48,49 Here, similar to the K–P model, k1 is the
burst phase rate constant, however, in this equation, n1 adjusts
the time dependence of the burst release, but is still related to
release profile where if n1 ≈ 1 the release follows exponential
burst release, while if n1 < 1, it implies that the release initially

Fig. 3 Percent loading of drug models within MOF MIL-100. Results are
shown as mean ± standard error of the mean (n = 3).
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occurs quickly and decelerates over time. This represents a
decrease in the molecules that are readily available for release
as time continues and further indicates that there are inter-
actions preventing free diffusion. Similarly, if n1 > 1 a sigmoi-
dal curve would be observed indicating that there is an initial
barrier that must be overcome before the full potential of the
release rate is achieved. The most common example of this
would be due to the addition of coatings surrounding the MOF.

Here, we define A + B = 1 where both are dimensionless and
A is a value between 0 and 1 representing the fraction of mole-
cule released during the observed burst phase and B = 1 − A
representing the fraction responsible for the diffusion phase
observed after the initial burst release. Finally, following stan-
dard practices in release kinetics, we calculated time at which
95% completion of the burst phase occurred using eqn (3)
below.

t95% ¼ 2:995
k1

� � 1
n1 ð3Þ

This equation is commonly used identify the threshold
where the crossover of the two release types occurs. Together,
these calculations were used to plot the fitted results to our
data with an R2 within acceptable ranges for each plot
(0.99–0.82), indicating a good fit and reliable results.
Compared to the K–P model, our biphasic model provided a
superior fit to our biphasic data and revealed further empirical
information that would have otherwise gone unnoticed.

Effect of buffer on charged dye release

After completion of loading tests, the release of MO and MB
from the lightly loaded initial samples of MIL-100 were
selected for evaluating the effect of buffer concentration on
release rates. These were selected as the lower concentration
and lack of buffer during loading would emphasize the differ-
ences among results. The release profiles were observed in
HEPES buffer at pH 7 with increasing concentration of 0, 20,
50, and 100 mM.

For the positively charged MB dye, during release we
observed a slow and measured first order release with no

added buffer present (Fig. 4a). When using eqn (1), it was
clear that this release was dominated by diffusion as its n had
a value of 0.51. Additionally, the slow rate of diffusion was
reflected in the k value of 0.008 (Table 1). However, as the con-
centration was increased to 20 mM and 50 mM, we observed a
marked increase release rate with a burst release taking place
where the rate increased by approximately 8 and 15 times,
respectively. However, instead of continuing to full release, the
rate of both trials plateaued and continued their release over
time. This was reflected in the proportion released where
18.1% was released in the 20 mM trial and 35.0% in the
50 mM trial after the allotted time (Table S2†). This increased
rate is understood to be due to the inclusion of similarly
charged Na+ counter ions present that accompanied the
HEPES buffer.

Due to the Biphasic release profile, eqn (2) was utilized for
these tests. The results indicate that the 20 mM trial had an
initial burst release that followed the exponential trend well
with a n1 of 0.91 and a k1 of 1.803. This was followed by typical
Fickian diffusion demonstrated by a n2 of 0.45 and a k1 of
0.033. For the 50 mM trial a more intense burst result was
observed with a n1 of 0.93 and a k1 1.418. However, the
diffusion phase of this trial showed a significant decrease in
rate where k2 was 0.005 and n2 had a value of 1.00. This result
coupled with the lack of full release (∼65% remaining)
suggests that after the initial burst release, the higher concen-
tration of buffer leads to crowding and competition of

Fig. 4 Release profiles of MB (a) and MO (b) from the lightly loaded MOF MIL-100 as buffer concentration is increased. Data are shown as mean ±
standard error of the mean (n = 3).

Table 1 k and n values calculated using eqn (1) and (2) during buffer
release testing with k1 and n1 values in gray, and k2 and n2 values in
black
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diffusion at the pore window of cages within the MOF in agree-
ment with our earlier prediction. Here the relatively high con-
centration of buffer meets the lower concentration of dye and
the diffusing force of the dye is overcome, hindering its release
and resulting in the slower release rate which remains pro-
moted as indicated by the n2 at 1.

This trend is carried forward as the buffer concentration is
increased to 100 mM. Here, there was a precipitous decline in
the release rate to roughly 5 times that of the buffer free solu-
tion with only 12.0% of the dye escaping. This was
accompanied by a lower k of 0.035 and a n value of 0.52 indi-
cating slow assisted release. This slower rate is likely due to
the same congestion effect at the pore window interface
observed during the 50 mM trial, however, instead of occurring
further within the MOF, this result indicates that the crowding
occurs closer to the periphery.

The inclusion of buffer within the solution leading to an
increase in the release has been reported before and is consist-
ent to a previous report by Rosi and coworkers.50 In the study,
the presence of ions in solution was shown to trigger the
release of loaded material from MOFs by disrupting the ionic
interactions between a loaded drug and the surrounding
framework. The same trend is observed here as there is a weak
interaction between the dye and the framework (Fig. 2),
however, the release is more likely due to the repulsive force of
the ions infiltrating the pore where the dye is present.
Additionally, there appears to also be a concentration depen-
dence in regard to release rate and that this rate can be limited
by increased concentration.

When MO loaded MIL-100 was exposed to the same con-
ditions, it was observed that that there were only slight vari-
ations in its release rate as buffer concentration was increased
from 0, 20, 50, to 100 mM with all results showing a measured
release with first order kinetics that was directly related to
buffer concentration (Fig. 4b) with likewise results for percent
release of 9.6%, 11.3%, 12.6%, and 15.1% respectively
(Table S2†). This is the result of the electrostatic interactions
present where the negatively charged dye strongly interacts
with the MOF and must be displaced by a strong enough
diffusion force or the competition of similarly charged moi-
eties (Fig. 2). The IR spectra for both dyes support this and
indicate that the positively charged MB resides within the
pores of the MOF with weak interactions and is forced out, not
only by diffusion but is also influenced by the presence of the
buffer components (i.e. Na+ ions). This is a realistic outcome
as the partially negative HEPES likely coordinates to the MOF
in the same manner as MO, while the positive Na+ ions would
have a similar repelling effect to that of the amine group
present on UiO-66-NH2 observed during the loading testing.
Additionally, there was no observed limitation to release rate
corresponding to buffer concentration as observed in the MB
trials, further supporting our position that the negatively
charged dye has increased access and/or experiences less con-
gestion at the pore window interface. Together, these results
show that charge is an essential factor to consider when select-
ing conditions for release and that this process can become

hindered as concentration of other solutes increases in the
release medium.

Effect of loading on charged dye release

After adjusting loading to standard conditions, we compared
the release profiles of the two loading conditions from the
MOF MIL-100. When comparing the uptake, we see an
increase from 0.094 μmol per mg of MOF to 1.06 for the MO
trial and a similar increase from 0.1 μmol per mg of MOF to
0.89 for MB. This significant increase results in surprisingly
very little change in the proportion of release for MB with the
release from the lightly loaded sample reaching 18.1% release
over the course of the 10 minute trial, while the release from
the standard loaded sample was 17.8% (Fig. 5 and Table S2†)
indicating that the absence of buffer during the loading and
subsequent introduction of an equivalent concentration to the
lightly loaded trial did not appear to affect the release as time
increased. There was, however, significant change in the shape
and values calculated from eqn (1) and (2) (Table 2). While the
lightly loaded sample showed a burst release profile, followed
by typical diffusion (n2 = 0.45), the standard loading condition
followed a slow (k = 0.037) zero-order release profile, likely the
result of the same crowding observed during the 100 mM
release.

On the other hand, the MO release profiles appear to have
the reverse trend occur when concentration increases. Here,
the release profile for the lightly loaded trial showed zero-
order release and the standard loaded yielded first-order
release. When comparing the release rates, we observed that
there was a direct correlation between the rate of release and
the increased loading (klight = 0.025, kStd = 0.078) with the
lightly loaded samples releasing 10.3% and the standard
loaded samples releasing 25.4% over the same period.
Additionally, when the lightly loaded MO is compared to the
standard loaded MB, there are similar n values, indicating a
similar mechanism of release where both are likely encounter-
ing congestion at the pore window. The results from this test
further supports that there is a concentration dependent effect
between the negatively charged dye concentration and release

Fig. 5 Release profiles of dyes from the lightly loaded and standard
loaded MOF MIL-100. Data are shown as mean ± standard error of the
mean (n = 3).
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rate where coordination slows release while the release rates
for MB appear to be controlled instead by a steric competition
at the pore window.

Effect of functional groups on charged dye release

To probe what effect common functional groups with electro-
static potential may have of the release of charged drug
models, release trials of both dyes were performed from the
synthesized UiO-66 variants using standard conditions
described above. From the plots of these release trials, we can
clearly see that the absence of functional groups results in a
faster release rate regardless of model charge (Fig. 6). Notably,
the K–P variables for the unfunctionalized MOF indicate a fast
and similar mechanism of release anomalous transport for
both models with k = 0.209 and similar n values of 0.69 for the
MO and 0.67 for MB (Table 3). This indicates the UiO-66 likely
has a balanced charge under these conditions.

When we compare the functionalized UiO-66 MOFs to this
control, there is an interesting amount of variation among the
results. In the MO plots, the amine and nitro functionalized
MOFs appear to show a fast initial release, before the rate is
slowed, which suggests that the loosely bound or free MO
within the MOF is released quickly before the diffusion of the
strongly coordinated dye takes place (Fig. 6a). This is sup-
ported by the K–P values which indicate that both appear to
interact strongly with the negatively charged MO with n values
of 0.26 for the amine and 0.22 for the nitro functional groups
and show that the release is severely hindered. These inter-

actions appear to have very little effect on the rate constant,
however, with the amine functionalized MOF showing a slight
increase in k from 0.209 for the bare MOF to 0.217, and the
nitro functionalized MOF yielding a slight decrease to 0.149.
When eqn (2) is applied to the release profiles of UiO-66-NO2

and UiO-66-NH2, further empirical data can be gained to
support these conclusions with both showing an initial burst
release of uncoordinated MO and a subsequent slow, heavily
hindered diffusion release phase. However, the release of the
MO from the nitro containing MOF nearly ceases all release
indicating the stronger interaction with the negatively charged
dye.

When MB is released, a weak force influencing the release
when the nitro groups is present indicated by the n value of
0.61 and an increase in k to 0.201 (Fig. 6b). Similarly, a strong
force is indicated by a n of 0.97 in the amine trial leading to
zero-order release and a small k of 0.091, which can be attribu-
ted to the low loading (Fig. 1). These findings suggest that the
partial positive charge found on the Nitrogen within the func-
tional groups, effectively push the dye from the pore of the
MOF through a repelling electrostatic interaction with the
amine group having a stronger partial positive charge which in
consistent with its observed positive zeta potential of 14.7 mV
(Table S1†). This effect is supported by the trial with the

Table 2 Loading condition results showing k and n values calculated
using eqn (1) in white. Eqn (2) k1 and n1 values are shown in grey, and k2
and n2 values in black

Fig. 6 Release plots showing the release of MO (a) and MB (b) from functionalized and non-functionalized UiO-66 variants. Data are shown as
mean ± standard error of the mean (n = 3).

Table 3 Results showing k and n values calculated for the release of
dye from functionalized UiO-66 and its derivatives with results from eqn
(1) in white. Eqn (2) k1 and n1 values are shown in gray, and k2 and n2

values in black
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hydroxyl group where the partial negative charge among the
Oxygen leads to the inverse of this trend with the nMO showing
an increase to 0.76 with a small k of 0.085 compared to the
control and resulted in a zero-order release profile while the
nMB trial showed a decrease to 0.39 with a k value of 0.064.
This change in n supports the presence of a force encouraging
the transport of the MO out of the MOF, while the low k indi-
cates there is a restricted speed of release for both models.
This slow rate of release can be attributed to the increased
presence and strength of hydrogen bonding between the
model and the MOF within the pore. The combination of
these findings suggests that there are push and pull electro-
static interactions taking place leading to a greater force
required to allow the dye to escape the pore, but once free it is
influenced by its surroundings. These results indicate that the
presence and composition of the functional groups among the
MOF are intricately related to the release rate and can be
selected according to their electrostatic potential and ability to
hydrogen bond allowing for the controlled release of charged
molecules.

Effect of polyelectrolytes on charged dye release

After observing how significantly electrostatic effects influ-
enced the rate of release of the charged dye molecules, the
addition of polyelectrolytes to solutions was evaluated to deter-
mine if the effect could further be leveraged. To test this, the
standard conditions using MIL-100 were replicated and the
negatively charged polyelectrolyte Heparin (HEP), which has
been used to coat the exterior of MOFs and the positively
charged Polyethyleneimine (PEI) were introduced. This led to
several notable outcomes.

When the release solution is composed of 0.1% by weight
of HEP, the release for the MO loaded MOF followed the same
first order release of the standard condition, but the release
percent nearly doubled to 47.7% compared to 25.4% (Fig. 7
and Table S2†). This result is surprising as it is typically under-
stood that the HEP and other negatively charged polyelectro-
lytes bind to the exterior of the MOF and effectively inhibit
release. However, there appears to be little difference in the n
values of both the standard and HEP trials with both rounding

to 0.51 indicating anomalous transport (Table 4). However, the
k for the HEP trial nearly doubled to 0.153 from 0.078
suggesting that while the mechanism for release does not
change, there is an observed increase in release that is likely
the result of greater competition for the coordination sites.
Furthermore, the increased rate of release suggests that there
is no inhibition of the release of the negatively charged dye
and indicates that the HEP fails to coat the exterior of the MOF
leaving the MOF pore windows open for release, at least
during this time frame.

When release is monitored using the same concentration of
positively charged PEI, a similar trend is observed where first
order release continues, the percent release only slightly
decreases to 40.6%, and values for n and k likewise decreased
to 0.45 and 0.150, respectively. The similarity between these
two polyelectrolyte groups suggests that the negatively charged
polyelectrolytes compete quite similarly to the Cl− ions and
PEI. However, the PEI likely contributes to steric interference
preventing a portion of the MO dye from escaping leading to
the decreased n value and slightly poorer performance.

When we test the presence of polyelectrolytes on the release
of MB, the first notable difference is that each trial resulted in
zero-order release profiles (Fig. 7b). The next key finding is
that, unlike in the MO trial, the presence of 0.1% HEP results
in is a sharp decline in release where there is only 0.08%
released after 10 minutes compared to the 17.8% observed
under standard conditions. This follows expected outcomes as

Fig. 7 Release plots obtained depicting the effect of polyelectrolytes on the release of negatively charged MO (a) and positively charged MB (b)
from MIL-100. Data are shown as mean ± standard error of the mean (n = 3).

Table 4 Polyelectrolyte trial results showing k and n values calculated
using eqn (1) in white. Eqn (2) k1 and n1 values are shown in gray, and k2
and n2 values in black
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the HEP appears to coat the MOF preventing release, unlike in
the MO trial. This is supported by the K–P values which indi-
cate a slower release rate that is more hindered than the stan-
dard trial (k = 0.018, n = 0.66). Conversely, the 0.1% PEI trial
sees an increase in release to 26.1%, with k dipping slightly
compared to the standard with a value of 0.03 while n
increased to 0.93. This increased and sustained release indi-
cates that the PEI infiltrates the MOF pore and progressively
kicks out MB over time.

After observing the increased release for both electrolytes
with the addition of PEI, the concentration was increased to
1% to evaluate whether the release rate could be further
improved. The HEP release at this concentration was not exam-
ined as the polyelectrolyte was more likely to interact with the
framework rather than promote release at higher concen-
trations and had failed to promote release among both
models. For this test, a burst release for MO was observed
where 97.9% of the dye was released at 2 minutes indicating
zero-order kinetics. It should be noted that much of the
release occurred prior to UV-Vis measurement during the
burst phase could not be observed. Analysing the release data
with eqn (2) showed there was corresponding high k1 of 2.037
with an accompanying n1 of 1.26 while k2 had a value of 0.035
with a n2 of 1.00. These results indicate rapid assisted release
of dye with an additional assisted release during diffusion,
likely influenced by the Cl− counter ions introduced in solu-
tion with the PEI in both cases.

When the PEI concentration is increased to 1%, there is a
sustained zero-order release of dye until 3 minutes where the
dye has completely been released. This is accompanied by a k
value of 0.231 and a n of 1.19 indicating fast released influ-
enced by the presence of the PEI. Under these conditions with
other materials, the observed high n value would typically indi-
cate that the surrounding structure is deteriorating, however,
when the stability of the MOF was evaluated using PXRD there
was no significant change in peak intensity or shape demon-
strating the robustness of the MOF and its ability to withstand
the inclusion of these charged polyelectrolytes (Fig. S29†).
When combined with our earlier results, this data reveals that
a restriction on release remains for MB as the burst release
observed among the MO trial is absent. This is likely due to
concentration gradients and continued congestion at the afore-
mentioned pore window interface. Additionally, a selective
component to release can be observed where molecules carry-
ing either positive or negative charges may be released using
positively charged polyelectrolytes while negatively charged
polyelectrolytes primarily trigger the release of only negatively
charged guests. Together, these results of dye release showcase
how polyelectrolytes can be leveraged to control the release of
drugs and the pitfall that some may encounter where coating
of MOFs may lead to unintended premature release of loaded
drug.

Polyelectrolyte assisted release of medically relevant drugs

Inspired by the positive results while testing the dye models,
the efficacy of polyelectrolyte assisted release on drugs was

then evaluated. Epinephrine (Ep) and Penicillin G (Pg), two
drugs commonly found in medical procedures, were selected
for analysis. The positively charged Ep and negatively charged
Pg to be loaded and released from the MOF MIL-100. We uti-
lized PEI to promote release as it had increased release irre-
spective of charge. These results mirrored that of the charged
dyes with high release showing a direct relationship between
PEI and release with a maximum release of 92.7% for Ep and
87.8% for Pg after 10 minutes (Fig. S30†).

Next, we tested the release efficacy of Ep in the presence of
human mesenchymal stem cells (hMSCs) and performed
quantitative evaluation using PrestoBlue™ (Fig. 8). During this
test, we utilized the optimized conditions of 1% PEI for release
and compared that to two control groups of MOFs alone and
Ep loaded MOF of the same concentration with 0.1% PEI in
solution. The effect of Pg was not tested as it would likely have
no observable changes.

Cells cultured on tissue culture plastic (control) showed the
highest viability, set as the reference (100%). MOFs without
epinephrine exhibited a slight but non-significant decrease in
cell viability, suggesting good biocompatibility of the MIL-100
(Fe) carrier. Notably, cells exposed to epinephrine released via
MOFs in the presence of 0.1% PEI maintained comparable via-
bility to the MOF-only group, indicating that low-dose epineph-
rine (∼17 ng mL−1) did not impair cellular health. While a
moderate decrease in viability was observed at 1.0% PEI (∼50
ng mL−1), viability remained above 75% and only this group
reached statistical significance compared to the control (p <
0.05). This is understood to be a result of increase metabolic
activity due to the presence of Ep leading to slower cellular
proliferation.51

To complement these findings, bright-field microscopy
images were captured to evaluate cell morphology and
adhesion patterns after three days of culture (Fig. S31†). In all
groups, hMSCs preserved their typical elongated, spindle-like
morphology and formed confluent monolayers. No clear mor-

Fig. 8 Cell viability results following the release of epinephrine from
MIL-100, measured using the PrestoBlueTM HS assay. Results are
expressed as percentage of the TCP control group (set at 100%). A stat-
istically significant decrease in viability was observed only in the 1.0% PEI
condition (p < 0.05). Results are shown as mean ± standard error of the
mean (n = 5).
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phological abnormalities or signs of cytotoxicity, such as cell
rounding, detachment, or fragmentation, were observed. Even
in the 1.0% PEI group, cells retained their structural character-
istics, though a slightly reduced density was noticeable, con-
sistent with the lower viability detected in the fluorescence
assay.

Conclusion

The delivery of drugs, whether by targeting or non-specific
release, is an important avenue of research that can have life-
saving effects. The selection of appropriate combinations of
linkers, metal centres, and associated materials, like coatings
and targeting moieties, create environments within and sur-
rounding MOFs that can have significant implications on drug
loading and release. Here, the effects of electrostatic inter-
actions across a range of conditions are probed utilizing
charged dye and drugs models. Our findings highlight the
interactions between these molecules, the surrounding MOF,
and other electrostatic groups like ions and polyelectrolytes
during release and provide new insight these interactions
which can be leveraged in the administration of charged drug
molecules from MOFs.

We also introduced a novel mathematical model adapted
from the Korsmeyer–Peppas model that allowed for the appro-
priate modelling of biphasic burst release and the subsequent
diffusion driven release of loaded molecules from within
MOFs. Using these two models allowed empirical insights to
be extracted from the results which showed how factors like
loading, presence of electrostatic functional groups, buffer
concentration, and the presence of polyelectrolytes can influ-
ence drug release. Finally, these findings were tested using
drug models and human mesenchymal stem cells to deter-
mine efficacy with satisfactory results. Together, the findings
from this work can inform the decisions of researchers and
enable them to avoid pitfalls by highlighting how conditions
and electrostatic interactions can influence and be leveraged
to create a ubiquitous platform for controlled drug delivery.
This broad approach can effectively bypass the boutique
approach where the selection of specific linkers and coatings
which can become cost prohibitive for widespread implemen-
tation of MOFs for medicinal use.
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