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Lithium is the gold-standard treatment for bipolar disorder, which impacts over 5.7 million US adults.
Yet, this treatment has a narrow therapeutic range that is dangerously close to toxic levels. Though
extended-release lithium formulations exist, they necessitate frequent serum monitoring and cause
adverse effects in nearly one in ten patients. Here, we report a novel lithium formulation with improved
release kinetics. By coating alginate microparticles with lithium-doped metal phenolic networks (MPNs),
lithium release is maintained within a safe, therapeutically relevant range for an unprecedented 100
hours. Release studies show lithium concentrations reaching their peak in serum after 11 hours, more
than twice as long as existing formulations, with maintenance of therapeutic levels for at least four days.
This novel lithium formulation is the first to offer such tight control over lithium concentration in serum
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for such an extended time, providing the potential to revolutionize lithium therapy and vastly improve
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Introduction

Bipolar disorder (BD) impacts nearly 2.5% of the global
population® and nearly six million adults in the US.”> BD is
characterized by major depression, euthymia, and mania, lead-
ing to severe impairment in over 80% of those diagnosed® and an
economic burden of $195 billion each year in the US alone.’
Despite the diversity in BD presentation, there has been only
one gold-standard BD treatment for over 70 years: lithium therapy.
Lithium (Li") is prescribed for both acute and long-term BD and is
the only treatment proven to prevent both the manic and depres-
sive episodes that are characteristic of this disorder.* Yet, lithium
remains challenging and burdensome for patients to adhere to
due to its extremely narrow therapeutic range (0.6-1.2 mM serum
concentration). Further, toxicity occurs at 1.5 mM, making precise
dosing imperative.” Ensuring sufficient lithium in serum without
reaching toxic levels requires frequent blood draws (usually weekly)
until dosing is stabilized.® This regimen is restrictive and nega-
tively impacts patient quality of life and compliance.

Though dosing is a known challenge with lithium, its
formulation has remained essentially unchanged since its
introduction. Current products consist of either citrate or
carbonate lithium salts in immediate release (IR) or prolonged
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patient experience with this medication.

release (PR) formulations.” IR products reach peak plasma
concentrations one to two hours after administration and can
be given up to three times per day. PR formulations reach their
peak concentrations between four and five hours after admin-
istration and are usually taken once daily. Though PR formula-
tions have fewer adverse effects than IR (9.1% compared to
18.3%) and are more popular with patients, they still cause a
lithium spike following administration and necessitate fre-
quent serum monitoring. To improve the safety, efficacy, and
patient experience of lithium, an alternative formulation is
needed that better controls release kinetics. Here, we report a
novel formulation of lithium that supports longer-term release
and does not cause a spike in serum concentration. This
formulation integrates lithium ions into a self-assembled metal
phenolic network (MPN) (Scheme 1). MPNs are self-assembled
nanomaterials formed through the chelation of polyphenols to
multivalent metal ions. These materials are tuneable and
biocompatible, enabling their use across applications from
microbial protection®® to drug delivery.'® MPNs are especially
promising for drug delivery because their disassembly is pH-
responsive, enabling targeted release in low-pH environments
such as the gut'""? or tumor microenvironments." By integrat-
ing Li" into the MPN matrix for controlled drug delivery, we
expand the application of these materials to include ionic
drugs. MPN-formulated Li" takes advantage of free hydroxy
groups in the network, enabling the controlled loading of
lithium ions into the matrix. Characterization of our formulation
by UV-visible (UV-Vis) spectroscopy, dynamic light scattering (DLS),
Fourier-transform infrared (FTIR) spectroscopy, and scanning
electron microscopy (SEM) confirm lithium coordination to

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Preparation of MPN-coated alginate. Alginate beads are initially exposed to tannic acid (TA). To make iron-only MPNs, iron(in) chloride (FeCls)
is then added, followed by MOPS buffer to stabilize the network. To make lithium-containing MPNs, a pre-mixed solution of FeClz and LiCl is added to the

TA-beads prior to MOPS addition.

deprotonated hydroxyls in the polyphenols. Release studies
further demonstrate that this novel formulation results in peak
plasma concentrations after 11 hours, nearly twice as long as
existing PR formulations, while maintaining serum concentra-
tions within the therapeutic range and avoiding toxic concen-
tration spikes.

Li" interactions with phenols have long been studied for
applications such as batteries, where transient interactions are
desirable."*™"” In contrast, our material integrates large
amounts of Li" into an MPN matrix through ionic interactions
with alkoxides. Because chelation with multivalent cations is
necessary for MPN assembly, it was unclear initially whether
MPNs would form as normal in the presence of the ion. Thus,
characterizing the generated materials was a critical compo-
nent of this work. To our knowledge, this study represents the
first involving lithium-phenol coordination for therapeutic
delivery.

Results and discussion
MPN design

MPNs can be generated with a variety of polyphenols, but
the most prevalent and best-studied contain tannic acid (TA),
which has a large molecular diameter and 25 phenolic alcohols.™®
This molecule is found in many foods, including coffee and wine,
and is generally recognized as safe (GRAS) by the Food and Drug
Administration (FDA).'® Similarly, though a variety of polyvalent
metals can be used to form MPNs,?® Fe*" is one of the most
prevalent, mainly due to its low cost, biocompatibility at relevant
concentrations, and earth abundance.>" Further, MPNs comprised
of TA and Fe** are well-characterized, forming 10 nm-thick, two-
dimensional assemblies.”** Thus, Fe>-MPNs (iron-only MPNs)
were selected as a biocompatible scaffold for lithium coordination
and delivery.

Though iron-only MPNs form reproducible two-dimensional
networks, they do not form three-dimensional particles in the
absence of a substrate. Thus, for effective delivery, a substrate
was needed on which to form the lithium-containing MPNs.
Alginate is biocompatible and readily forms microparticles with

This journal is © The Royal Society of Chemistry 2025

diverse average diameters and size distributions. We synthe-
sized microparticles with an average diameter of 409 nm
to serve as the substrate for MPNs (Scheme 1). When MPNs
were formed on the alginate particles with both Li" and Fe**
(lithium-containing MPNSs), the average particle diameter
increased significantly to 4620 nm. We found that Li" incor-
poration was effective if the two cations were incorporated
simultaneously.

Particle formation

Because of the significantly increased diameter observed for
the lithium-containing particles, we next investigated how the
Li" integrated into the MPN network. After coating, the MPN-
alginate beads were pelleted, and the supernatant was evalu-
ated to determine the extent of Fe** and TA incorporation into
the networks versus remaining in the supernatant. The super-
natant of the iron-only MPNs was visibly purple, while the
lithium-containing formulation yielded colorless supernatant;
in contrast, the pellet with lithium-containing formulation was
much larger and darker than the pellet for iron-only formula-
tion (Fig. 1a). To confirm MPN formation, UV-Vis measure-
ments were performed. Absorbance spectra show MPNs with
and without lithium have an absorbance peak at roughly
300 nm, indicative of the TA phenols, as well as a broad
ligand-to-metal charge transfer (LMCT) peak around 550 nm.
Consistent with visual observations, a strong absorbance band
in the visible region is seen for the supernatant of the iron-only
formulation, with little absorbance in this region for the
lithium-containing formulation supernatant (Fig. 1b). The
absorbance in the visible region of the iron-only MPN super-
natant spectrum suggests that not all Fe*" and TA form MPNs
on the alginate beads, while the lack of color in the lithium-
containing supernatant indicates incorporation of nearly all
Fe®* and TA with the alginate. These results are consistent with
our observation that lithium-containing pellets have stronger
absorbance bands in the visible region (Fig. 1c).

After confirming that addition of Li* to MPN formulation
promotes incorporation of TA and Fe*', we optimized our
formulation to maximize Li* loading. MPN formation was
found to be optimal when lithium was added in excess to iron
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Fig. 1 Formation of lithium-containing MPNs and UV-Vis spectroscopic
characterization. (a) Uncoated (left), iron-only (middle), and lithium-
containing MPN-coated beads (right) were pelleted in a 96-well plate.
Differences in the size, color, and supernatant appearance are apparent
between samples. (b) The spectra of the MPN supernatant for the formulations
without Li* show larger phenol and LMCT absorbance bands than those with
Li*. (c) The amount of lithium added to the formulation is varied. As the
concentration of Li* increases, so do pellet sizes. UV-Vis spectroscopy shows
increasing phenol absorbance and LMCT band of the lithium-containing MPN
pellets as the amount of lithium in the formulation is increased.
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with a molar ratio starting at 1:0 (iron-only formulation) and
reaching 1:10000 (lithium-containing formulation). As the
amount of lithium is increased from 1:10 to 1:100, no visible
increase in pellet size is observed; however, the pellet size
becomes visibly darker and for the 1:1000 and 1:10000 for-
mulations compared to the 1:0 formulation (Fig. 1c). Consistent
with the visual observations, fainter LMCT absorbance bands are
observed for the 1:0 to 1:100 formulations, compared to the
1:1000 and 1:10000 formulations (Fig. 1c).

Characterization of lithium incorporation into MPNs

Because larger overall pellet size for the lithium-containing
MPNs could be due to larger individual particles or to the
presence of networks of particles crosslinked by MPNs, the
particles in the pellet were then characterized. Dynamic light
scattering (DLS) was used to determine the average particle
diameter. The mean diameters for the alginate beads, the iron-
only MPNs, and the lithium-containing MPNs were 409 nm,
972 nm, and 4620 nm, respectively (Fig. 2a). A five-fold increase
in the diameter upon addition of Li" to MPNs indicates
differences in the presence of Li*. We do not generally observe
such an increase with MPNs formed from only multivalent ions
and polyphenols, indicating a different mode of interaction
between lithium and polyphenols.

Based on prior studies of lithium interactions with phenols
that show Li* coordinating to alkoxides, we hypothesized that
the lithium coordinates in the same way here, to phenols not
chelated with Fe*" ions.>* Fourier transform infrared (FTIR)
spectroscopy was performed to determine if phenol stretches
change in the presence of Li". (Fig. 2b).® For iron-only MPNs,
a broad peak between 3500-3000 cm™* was observed, consis-
tent with hydroxyl stretches. The presence of this band con-
firms that some unchelated phenols are present in these MPNs.
This broad band completely disappears upon incorporation
of lithium into the MPNs, with two sharp peaks at 3287 cm ™"
and 3373 cm ! in the same region. These peaks are consistent
with Li" interactions with phenolic oxygens, as confirmed from
literature of Li*-ion battery materials that employ TA.>> Thus,
we can conclude that in our lithium-containing MPNs, the Li"
integrates into the MPN through interactions with the phenolic
oxygens.

Two additional differences are observable in the FTIR spec-
tra. The C-C stretching band at 1595 cm ™' in the iron-only
MPNs disappears, with a more intense split peak in the lithium-
containing MPN systems (1622 cm™ ' and 1650 cm ™). Finally,
the C-H stretching band at 1030 cm™" decreases substantially
and shifts slightly to 1036 cm ™" in the lithium-containing MPN.
These changes are consistent with previous work showing
transient interactions between deprotonated TA phenols and
lithium ions, further supporting our hypothesis that the
lithium coordinates to phenols that are not chelated to iron
in the MPN matrix.?® Together, these data, taken in the context
of prior studies that show the interaction between Li* and
polyphenols, indicate that the lithium ions are coordinating to
the phenolic groups.>* Thus, we can conclude that Li" integrates
into Fe**-MPNs as hypothesized.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Coated and uncoated alginate particle characterization. (a) Dynamic
light scattering (DLS) measurements show particle size distributions for
uncoated alginate beads (gray), iron-only MPN coated beads (light purple),
and iron and lithium-MPN coated beads (dark purple). The size distribu-
tions for the alginate beads, the iron-only MPN-coated beads, and lithium-
containing MPN coated beads had average diameters of 409 nm, 972 nm,
and 4620 nm, respectively. (b) Fourier-transform infrared (FTIR) spectra
show a difference in MPNs with and without lithium at wavelengths that
correspond to OH stretching and C—-C stretching when lithium-containing
MPN-coated beads (dark purple) are compared to the iron-only MPN
coated beads (light purple).

Physical characterization of the MPN particles

Though DLS provides information on the average diameter and
size distribution of particles, it does not provide additional
detail on their morphology. Thus, to better evaluate the struc-
ture of the particles on the micron scale, scanning electron
microscopy (SEM) was performed (Fig. 3a). Iron-only MPN
samples showed isolated particles with diameters averaging
less than 100 pm, which is consistent with the DLS measurements.
In contrast, the lithium-containing MPN particles formed large
aggregates with diameters approaching the millimeter scale. The
surfaces of these aggregates appear amorphous rather than crystal-
line, leading to additional questions about the distribution of Li"

This journal is © The Royal Society of Chemistry 2025
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throughout the MPN. Thus, energy dispersive X-ray (EDX) analysis
was then performed to determine the location of key elements
within the imaged particles (Fig. 3b). The iron, oxygen, and
chlorine are observable with this technique, but lithium is not
due to its small size and similarity to other elements. Calcium was
also observable, as it was used as an alginate crosslinking agent.
Similar to the SEM images, the morphological differences between
the MPNs with and without Li* are apparent. In the iron-only MPN
formulations, iron, oxygen, and chlorine were distributed evenly
across the surface and overlapped with one another, suggesting a
uniform MPN coating on the alginate. In contrast, in the lithium-
containing MPN samples, iron and oxygen were uniformly dis-
tributed across the surface and overlapped with one another,
indicating chelated networks of metals and polyphenols. However,
the maps of the iron and oxygen showed the inverse of the chlorine
elemental map. Thus, for these lithium-containing samples,
chlorine was present only where the iron and TA were not. This
observation was unexpected, as the elemental distribution was
anticipated to be nearly equivalent between the samples. This
difference in Cl™ distribution can be explained by its high concen-
tration in lithium-containing samples, as Li* was incorporated as
the chloride salt. We therefore hypothesize that this high concen-
tration led to the precipitation of chloride crystals.

As EDX can only probe the surface layer of the sample, we
sought complementary characterization of the total elemental
content in these particles. To quantitatively determine compo-
sition, inductively coupled plasma mass-spectroscopy (ICP-MS)
was performed, as it measures the composition of the entire
sample following dissolution (Fig. 3b). By EDX, the surfaces of
the lithium-containing MPN samples had considerably less
calcium than the iron-only MPNs, but the ICP-MS-determined
total calcium was nearly identical to that of the iron-only MPNs
(Fig. 3c). This is consistent with our observation that the
lithium-containing MPNs are significantly thicker than the
iron-only MPNs, inhibiting observation of elements on the
underlying particle. Further, ICP-MS indicates that the lithium
is more prevalent on the surface of the MPN-coated beads but
does not likely significantly impact their overall elemental
distribution, supporting our previous observations that the
alginate particles remain intact in these lithium-containing
MPN networks.

ICP-MS further validated our previous observations of the
pellet size and supernatant content, as the samples containing
lithium had considerably more iron than the iron-only MPNs.
This finding is consistent with observations that the super-
natant for the lithium-containing MPNs did not contain Fe**-
TA. However, these assemblies had only slightly higher levels of
iron based on EDX scans (Fig. 3c). This difference between EDX
and ICP-MS further indicates that the lithium is not disrupting
the interactions between the iron and TA and is only interacting
with unchelated phenols. Two hypotheses for the reason that
there was such a significant increase in particle diameter in the
presence of lithium are as follows. As lithium ions are larger
than protons, the increase could be due to the difference in
atomic size or particle hydration radius. We also hypothesized
that this difference could be due to improved incorporation of

J. Mater. Chem. B, 2025, 13,10170-10176 | 10173
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Fig. 3 Physicochemical characterization of MPN-coated beads. (a) SEM and EDX images of iron-only MPNs and lithium-containing MPNs. Iron-only
MPNs form particulates on the order of <100 uM, while lithium-containing MPNs form large, amorphous aggregates on the millimeter scale. (b) EDX
measures the elemental distribution on the surfaces of the particles, while ICP-MS measures the elemental composition of the entire sample.
(c) Elemental quantification of iron and calcium by both EDX and ICP-MS of iron-only MPN beads and lithium-containing MPN beads.

MPN components into the matrix, which is consistent with
studies in the literature indicating the formation of thicker
iron-TA MPN films in high ionic strength solutions.”*** To test
these hypotheses, we evaluated differences in the coated
alginate beads with and without lithium incorporated. Taken
together, physicochemical characterization of these MPN-beads
supports our hypothesis that lithium-containing MPNs have
similar chemical interactions to the iron-only MPNs but with
the addition of lithium ions interacting with unchelated TA
phenols. By UV-Vis spectroscopy, lithium supports more effi-
cient incorporation of the Fe** and TA, with the disappearance
of the LMCT band from the supernatant. Further, the large
increase in particle diameter for lithium-containing MPNs
compared to the iron-only MPNs, as measured by DLS and
SEM, confirms morphological differences that were due to the
integration of lithium in the particles. Through elemental
characterization by EDX and ICP-MS, the surface composition
of the iron-only and lithium-containing MPN particles was
similar, but overall composition differed in the total amount
of iron. With particle morphology and composition fully char-
acterized, we sought to understand the release kinetics of
lithium from these materials.

Release kinetics in biological fluids

Despite significant effort to develop PR lithium, current for-
mulations only extend delivery by a few hours and cause a

10174 | J. Mater. Chem. B, 2025, 13, 10170-10176

concentration spike in the blood. Because lithium in our
lithium-containing MPN particles is formulated in a fundamen-
tally different way (interaction with phenolic oxygens rather
than with an inorganic ion as a salt), the release kinetics were
anticipated to differ significantly from existing formulations.
An additional consideration for MPN-based delivery is the acid
lability of these materials. Thus, in addition to evaluating the
lithium release from the MPN, we investigated commercially
available, delayed-release capsules to protect the MPNs from
rapid degradation in the acidic conditions of the stomach
(Fig. 4a), which could result in undesirable burst release into
the bloodstream.

For the MPN formulation, we hypothesized that we could
tune our formulation to allow for selective, controlled release
in the upper intestinal track and serum via incorporation of a
hydrogel that encases the MPN-alginate particles to control
release in both upper intestinal fluid and serum. In vitro studies
were performed to evaluate these hypotheses. For both
hydrogel-encased and unencased lithium-containing MPN par-
ticles, simulated upper intestinal fluid and serum were used for
release profiles.

Lithium release kinetics were then evaluated by performing
ICP-MS on simulated intestinal fluid as well as serum for both
hydrogel-encased lithium-containing MPN particles and lithium-
containing MPN particles without external hydrogels. As expected,
incorporation of the lithium-containing MPNs into the hydrogels

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Drug release kinetics in simulated bodily fluids. (a) Our formulation
consists of tuneable components that allow for selectively controlled
release in the stomach, the upper intestine, and serum. (b) Encasing the
lithium-containing particles in a hydrogel slows their release in simulated
upper intestinal fluid (U. I. F). Our formulation showed controlled release in
the intestinal fluid and reached peak serum lithium concentrations in over
20 hours and maintained serum lithium levels in the therapeutic window
over several days.

slowed release in both intestinal fluid and serum (Fig. 4b),
indicating a tunable parameter for controlled release of lithium.
Importantly, lithium release in the intestinal fluid was well below
the therapeutic range, even for lithium-containing MPN particles
without hydrogel encapsulation (Fig. 4b), indicating favorable and
controlled release that would prevent a dangerous spike in serum
lithium concentrations. The amount of lithium released in the
upper intestinal fluid was low enough to be near the detection
limit of the ICP-MS (Fig S2, ESIt).

Conclusions

Despite the global impact of BD, there has been minimal effort
devoted to improving lithium formulation to decrease toxicity
risk and improve the patient experience. Here, we report a novel
formulation for controlled lithium delivery through integration
of lithium ions into an MPN matrix. Characterization of these
materials confirms that the lithium is stably incorporated
into the network through interaction with phenolic oxygens.
Complete physicochemical characterization enabled the precise
determination of lithium loading into these networks and the
consistency of their assembly. Further, we find the hydrogel-based
formulation enables stable delivery in both intestinal fluid and
serum. Our formulation does not exhibit burst release into the
intestinal fluid, but rather slow and steady release in the serum
within the therapeutic range. Using unencapsulated lithium-
containing MPN particles, peak serum lithium concentrations
are achieved gradually over 20 hours while maintaining therapeu-
tically relevant concentrations and circumventing potentially toxic
concentration spikes. These serum levels are maintained for over
four days, ten times longer than current prolonged release
lithium. These improvements decrease the risk of toxicity to
patients and control the serum concentration over long time
periods to improve patient experience. This work represents the

This journal is © The Royal Society of Chemistry 2025
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first major breakthrough in lithium formulation in decades,
and the multi-faceted nature of our formulation allows unpre-
cedented control over lithium release.
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