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Abstract

Dosage tolerance is one of the translational challenges of using metformin (Met) in brain therapeutics. This paper presents
metal-organic framework (MOF)-74-Mg nanocarriers (NCs) for intranasal (IN) delivery of brain-specific agents with a
prolonged release time. We confirmed their excellent biocompatibility (5 mg/mL) and intrinsic fluorescence properties
(370/500 nm excitation/emission peak) in Neuro-2A cells. This NC exhibited a high Met loading rate (10% wt/wt) and a
sustained and prolonged release pattern of Met (90% release in 16 h) in Dulbecco’s Modified Eagle Medium. We observed
an optimal brain accumulation of Met-MOF (9% of the injected dosage) 8 h after IN injection. This percentage is at least
82 times higher than oral administration. Confocal imaging demonstrated significantly higher uptake of Met-MOF, 45 min
after IN injection, by 79-85% neurons and 93-97% microglia than astrocytes and oligodendrocytes across SXFAD mouse
brain regions, including hippocampus and striatum. These results suggest MOF-74-Mg is a potential NC for high brain Met
accumulation, real-time imaging, and prolonged and sustained release of Met and other neurotherapeutic agents that are
challenging to deliver using traditional carriers and administration routes.
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1 Introduction

Both clinical and preclinical studies have suggested met-
formin (Met), commonly used for type 2 diabetes, holds
Muzhaozi Yuan, Zongsu Han, Yogish Somayaji, and Nguyen high p O_tentlal as a repurposing firug 1:01‘ t'reatlng Alzhei-
Nguyen are co-first authors. mer’s disease (AD) [1] and Parkinson’s disease (PD) [2].
Preclinical studies have demonstrated that Met mitigates
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hallmark features of AD pathology, including the reduced
accumulation of amyloid plaque deposition, inhibited tau
hyperphosphorylation, and improved memory deficits in AD
mice [1]. However, it is noteworthy that the effects of Met
on cognitive performance can be age-dependent: it enhances
executive functions and learning speed in young and middle-
aged mice, while chronic administration in older AD mice
(17 months) has been associated with cognitive impair-
ments [3]. Met has shown neuroprotective effects against
dopaminergic (DA) neuron loss in PD models, a hallmark
of PD pathology [2]. These protective effects are attributed
to its regulation of mitochondrial function, which reduces
the generation of reactive oxygen species (ROS). Met also
attenuates neuroinflammation by suppressing microglial
activation [2].

Additionally, preclinical studies suggest that Met
enhances autophagy and directly binds to alpha-synuclein,
preventing its aggregation and further supporting its thera-
peutic potential. One of the main mechanisms of Met for
neuroprotection is the activation of AMP-activated protein
kinase (AMPK) activity, which improves mitochondria
dysfunction to reduce ROS generation, modulates micro-
glia activation to suppress neuroinflammation, and upregu-
lates autophagy [4]. The effects on mitochondria are sup-
ported by findings in nematode C. elegans, where Met at
a concentration of 50 pM improves neuronal viability by
restoring mitochondrial respiration activities via inhibition
of mitochondrial complex I [5]. Met treatment also mediates
anti-inflammatory effects via reducing microglia clustering
and enabling microglia conversion from M1 phenotype into
a non-inflammatory M2 phenotype, through AMPK path-
way [6, 7], along with the reduction of proinflammatory
cytokines, such as IL-1f, IL-6, and TNF-a, in microglia [8].

Currently, there is an ongoing clinical trial
(NCTO05781711) investigating the efficacy of Met in PD
patients. Despite the promising potential, delivering a thera-
peutic quantity to the brain remains challenging. A recent
clinical trial (NCT00620191) demonstrated the beneficial
effect of Met on cognitive function in patients with amnes-
tic mild cognitive impairment [9]. However, only 32.5% of
patients could tolerate the highest dose from oral adminis-
tration (1500 mg/day). The causes are multitudes: the short
half-life (2-6 h) [4], the slow and incomplete absorption by
the gastrointestinal tract [10], and the low percentage pen-
etration into the cerebrospinal fluid (CSF) [11]. To address
this, long-acting Met (Glucophage® XR) forms are tested
in an ongoing clinical trial (NCT04098666). Although they
offer a slower absorption rate and an increased time to reach
maximum plasma concentration compared to the previous
short-acting version (7 v.s. 3 h) [12], limitations persist due
to the potential side effects at high doses by oral administra-
tion, such as vitamin B, deficiency [13] and gastrointesti-
nal adverse effects [4]. Overcoming challenges related to
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effective drug delivery remains critical for successful trans-
lation to clinical use.

Thus, there is an urgent need to develop a nanocarrier
(NC) for Met and many other neurotherapeutic drugs, genes
[14], and peptides [15] that are challenging to deliver using
traditional carriers or injection routes. Conventional routes
for treating AD and PD, such as intravenous injection (IV) or
oral administration, often face limitations due to barriers to
reaching the brain, including the blood—brain barrier (BBB),
resulting in low brain accumulation [16], demonstrated by
animal models and different type of NCs [17, 18]. In con-
trast, intranasal (IN) delivery, based on the olfactory nerve-
to-brain and trigeminal nerve pathways, offers a noninvasive
method facilitating direct entry into the brain without BBB
penetration [19]. This allows for direct and efficient drug
transport from the nasal cavity to the brain, enabling precise
targeting with minimal systemic circulation and reducing
the risk of systemic side effects and toxicity [20]. However,
the efficacy of IN delivery varies depending on the drug and
nanoparticle (NP) types, as the uptake mechanism remains
poorly understood [19]. For polymeric NPs, IN delivery can
increase their accumulation in brain tissue from 0.077% (IV
case) to 0.387% (a fivefold increase) of the injected dose
at 12 h [21]. For drug nanoemulsion systems, IN delivery
can enhance drug concentration in the brain by 42 times
compared to IV delivery [22]. Similarly, for another nanoe-
mulsion system of cyclosporine A, IN delivery results in a
37-fold higher brain concentration than IV delivery [23].
Additionally, IN administration of oxytocin showed higher
CSF concentrations than IV administration [24]. Many
other factors can also affect the cell uptake ability of NCs,
such as size, shape, and surface functions [25]. Notably, it
is reported that rod-shaped NCs have more efficient diffu-
sion than spheres, including enhanced cellular absorption
and mucosal penetration [26]. Further effort is needed to
explore the IN delivery of Met-loaded NCs. In addition, it
is essential to examine the neuron and microglia targeting
of IN-delivered NC for Met due to the crucial role of neuron
and microglia functionality in AD pathology. Specifically, as
the central nervous system (CNS)’s primary immune cells,
microglia are a promising target for AD due to their role in
neuroinflammation [27]. The activation of microglia is trig-
gered by the mitochondrial complex I activity, which drives
the production of ROS [28]. As a repurposing drug, MET
shows its inhibition of mitochondrial complex I and modula-
tion of the inflammatory processes via AMPK-independent
and AMPK-dependent pathways [4]. Met also mitigates the
dysfunction of microglial autophagy and increases the pres-
ence of microglia around Af plaques, resulting in enhanced
AP clearance [29]. In addition, Met acts on neurons by atten-
uating neuronal apoptosis by inhibiting ROS production [1].
However, therapeutic reports on the effects of Met on astro-
cytes and oligodendrocytes are limited [29]. Considering the
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unique impact of Met on microglia and neurons, developing
NCs for Met that preferably target neurons and microglia
offers the potential for modulating neuronal activities and
microglial activation, addressing multiple disease mecha-
nisms for neuroprotection.

Nanosized biocompatible metal-organic frameworks
(MOFs) are promising candidates for Met delivery due to
their high-loading capacity of various hydrophobic and
hydrophilic drugs, along with tunable and controlled drug
release properties [30], thanks to their high porosity [31] and
customizable pore functionality [32]. Popular MOF-based
carriers like (Fe)ZIF-8 @alginate [33] and (Fe)MIL-100@
alginate [34] can release 90% of Met for up to 8 h, but both
systems are detrimental to brain health due to Fe ion [35].
Also, the Met payload is relatively low: 7.2 wt% and 6.68
wt% for (Fe)MIL-100@alginate and (Fe)ZIF-8 @alginate,
respectively. Other Met carriers, such as nanoerythrosomes,
show high biocompatibility and an extended-release time
longer than 30 h but have a limited Met loading rate (1.66
wt%) and lack in vivo brain delivery demonstration [36].
Moreover, polymeric carriers in the micro range lack sus-
tained release (56% of Met released in the first 2 h) [37].
Thus, there is an unmet need for brain-targeting delivery of
Met using size-suitable NCs with high biocompatibility and
loading capacity.

MOF-74, with 1D hexagonal channels [38] and chelat-
ing coordination of carboxyl and hydroxyl groups, is one
of the most promising candidates with excellent tun-
ability and stability [39]. MOF-74-Mg has successfully
encapsulated various drugs with different solubilities and
molecular sizes [40]. Mg?* at 4.0 mM shows potential
neuroprotective effects on DA neurons in a 1-methyl-
4-phenylpyridinium (MPP +) induced in vitro model of
PD [41]. The number of DA neurons is well maintained
without loss, and the neurite length is preserved and ame-
liorated by adding Mg?* after MPP + -induced toxicity.
Compared to other ions commonly used in the MOF-
74 nanostructures, such as Zn>*, Co%*, and Cu?*, with
demonstrated neurotoxicity [42, 43], Mngr emerges as
the most suitable choice as a MOF component for brain-
related applications.

In addition to its potential as an NC, MOF-74 exhibits
intrinsic fluorescence properties [44] due to the interaction
between solvent molecules and its t-conjugated organic
linker [45]. This property enables real-time tracking and
imaging of biodistribution and tissue targeting without
additional fluorescence dyes, reducing system complexity
in the biomedical field. Studies show that trace amounts
of H,O can enhance the fluorescence of MOF-74-Zn at
100 nm by disrupting coordination bonding between the
oxygen atom of the organic linker and Zn** ions and form-
ing hydrogen bonding between the oxygen atom of the
organic linker and the H,O molecule, thus altering electron

distribution [45]. Studies also show that in MOF-74-Cu
with a micro-sized sheet-like shape, a high-intensity fluo-
rescence between 400 and 650 nm was observed when
excited at 360 nm [46]. However, the neurotoxicity of
metal ions in these structures limits their suitability for
brain-related drug delivery. Zn>* at the concentration
of 10 ppm in drinking water increases spatial memory
impairment in Tg2576 mice [42]. Cu®* at the concentra-
tion of 10 uM causes the ROS production of PC-12 cells
after 3 h of incubation [47]. Notably, no report has been
made on using MOF-74-Mg for fluorescence imaging in
bio-applications, which could offer a more neuro-friendly
option than other nanosized counterparts.

To further address the abovementioned issues, we first
synthesized and characterized the MOF-74-Mg struc-
ture as an NC for Met in this study and investigated its
drug-loading capacity and release kinetics in a cell-free
medium, as shown in Fig. 1a. We then assessed the effects
of Met-loaded MOF-74-Mg against H,0,-induced toxicity
in Neuro-2A cells while examining the self-fluorescence of
MOF-74-Mg in the same cell line, as illustrated in Fig. 1b.
To enhance the fluorescence of MOF-74-Mg in living
animals, Met-loaded MOF-74-Mg was further modified
with a fluorescence dye, Cyanine3 (Cy3). Importantly, we
delivered Met-loaded MOF-74-Mg to the brain through IN
administration, as depicted in Fig. 1c. Then, we examined
their interactions with neurons, microglia, astrocytes, and
oligodendrocytes using confocal microscopy and quanti-
fied the presence of MOF-74-Mg across multiple brain
regions using Inductively Coupled Plasma Mass Spec-
trometer (ICP-MS) as illustrated in Fig. 1d.

2 Experimental
2.1 Materials

All reagents were commercially available and used without
further purification.

2.2 Preparation of MOF-74-Mg NC

The synthesis method for nano-scaled MOF-74-Mg is
a modification of the literature [48]. 2,5-dihydroxyter-
phthalic acid (1.0 mmol, 0.20 g) was added to 5 mL of
N-dimethylformamide (DMF). The mixture was then added
to 8 mL of DMF solution containing Mg (NOj3),-6H,0
(2.6 mmol, 0.67 g) under continuous stirring for 24 h. The
powder was collected by centrifugation, washed with fresh
DMF, and dried in air. The obtained samples were used in
the following study without further modifications.

@ Springer
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Fig. 1 Schematic illustration of brain targeting of nanosized MOF-
74-Mg through IN delivery: a Drug loading and release character-
istics of MOF-74-Mg for Met are evaluated. b The impact of Met-
loaded MOF-74-Mg in H,0,-induced toxicity in Neuro-2A cells and
its self-fluorescence is explored. ¢ The Met-loaded MOF-74-Mg is
targeted to the mouse brain through IN delivery. The olfactory nerve-

2.3 Characterization

Scanning electron microscopy (SEM) images for all samples
were taken and recorded on a FEI Quanta 600 Fe-SEM scan-
ning electron microscope. The size distribution of MOF-
74-Mg was analyzed based on at least 100 NCs using Image]
software. Powder X-ray Diffraction (PXRD) patterns were
collected on a Bruker-AXS D8 Vario X-ray powder dif-
fractometer. Zeta potential and hydrodynamic diameter of
MOF-74-Mg were measured on a Malvern Zetasizer Nano
ZS equipment (Malvern Instruments Inc.). Triplicated exper-
iments were performed to obtain the average value.

2.4 Fluorescent test
The fluorescence excitation and emission spectra and the

quantum yield measurement of the NCs were recorded
respectively at a Horiba spectrofluorometer instrument.

@ Springer

to-brain pathway allows a direct route for transporting Met-loaded
MOF-74-Mg from the nasal system to different brain areas. d The
presence of MOF-74-Mg across multiple brain regions is quantified,
and their interactions with neurons, microglia, astrocytes, and oligo-
dendrocytes are revealed using confocal microscopy

All fluorescence analysis experiments were tested under
the experimental conditions of an excitation wavelength of
370 nm.

2.5 Loading efficiency of Met

For the loading of Met into MOF-74-Mg, about 1.3 g MOF-
74-Mg was added to a methanol solution that contained
300 mg Met. The mixture was kept for 3 days. Then, the
samples were separated through centrifugation and washed 3
times with fresh methanol to make sure the Met molecules at
the surface of MOF-74-Mg were washed away and weighed.

The UV—-Vis absorption spectra of Met in the supernatant
fluid were measured using a Shimadzu UV-2450 spectro-
photometer (Shimadzu Corp.). The absorption spectra of
the standard Met solutions in methanol were measured to
obtain a standard curve for calculating Met concentration in
the supernatant fluid. The loading efficiency (LE) after 72 h
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and the payload of Met into MOF-74-Mg were calculated
according to the following equations:

Total added Met — unloaded Met in the supernatant fluid

of the fluorescent signal. The stained cells were imaged
on an EVOS M7000 Imaging System (Invitrogen) using

LE (%) = x 100% 1)
(%) Total added Met ’

_ Mass of Met loaded by MOF ax 20 objective. Filter cubes for fluorescence microscopy

Payload = mass of MOF @) included GFP (4,/A,, =459-481/500-550 nm) and RFP

2.6 Release profile of Met in cell-free medium

For the release profile of Met, 5 mg of Met-loaded MOF-
74-Mg samples was suspended in 5 mL of Dulbecco’s Modi-
fied Eagle Medium (DMEM) at 37 °C in each tube. Every
10 min, the UV—Vis absorption spectra of the supernatant
fluid were measured and recorded using a Shimadzu UV-2450
spectrophotometer (Shimadzu Corp.) at 235 nm. The absorp-
tion spectra of the standard Met solutions in DMEM medium
were also measured to obtain the standard curve for calculat-
ing Met concentration in the supernatant fluid.

2.7 Cellviability and H,0,-induced toxicity
evaluation

Neuro-2A cells were seeded into a 48-well plate and cultured
for 1 day. The cells were then incubated with Met-loaded MOF-
74-Mg at different concentrations for different periods with
and without the co-treatment of H,0,. After each incubation
period, the cells were harvested by detaching them with 0.25%
trypsin—EDTA and neutralizing them in DMEM. The cell sus-
pension was then centrifuged, and the supernatant was discarded.
The cells were stained with SYTOX Green and SYTO 59 Red
for flow cytometric analysis. The staining solutions were diluted
at 1:2000 for SYTOX Green and 1:1000 for SYTO 59 Red for
30 min in the dark. Cell viability was measured using a BD
Accuri C6 flow cytometer equipped with FL 1 detector (553 nm)
and FL 4 detector (675 nm) (Event number > 10,000).

2.8 Invitro fluorescence imaging

Neuro-2A cells were seeded into a 12-well plate and cul-
tured for 1 day. The cells were then incubated with Met-
loaded MOF-74-Mg at 2.58 mg/mL concentrations for 2,
4, 8, and 12 h. Neuro-2A cells were washed with phos-
phate-buffered saline (PBS) following NC incubation to
eliminate residual NCs and unbound dyes. Subsequently,
a working SyTO 59 fluorescent dye solution was prepared
to stain all Neuro-2A cells comprehensively. The cells
were then incubated with the fluorescent dye for 10 min
at room temperature in the dark, ensuring optimal staining
conditions. A second PBS wash was performed to remove
excess dyes and unbound NCs, enhancing the specificity

(Aex/ Ao =511-551/573—-613 nm). Subsequent image analy-
sis was conducted using dedicated software to quantitatively
assess and analyze the fluorescent signal within the Neuro-
2A cells, providing a comprehensive understanding of Met-
MOF NC-cell interactions.

2.9 Animal study
2.9.1 Animals

Three-month-old male AD mice (5xFAD-tg mice B6SJL
strain) and wild-type C57BL6 mice purchased from Jack-
son Laboratories (Cat No: 100012-JAX) were employed in
this study. These mice were bred in-house and kept at Texas
A&M University’s vivarium. Animals were maintained in
a climate-controlled room with a 12:12-h light—dark cycle
and free access to food and water. The Animal Care and Use
Committee at Texas A&M University approved all experi-
mental procedures performed in this study.

2.9.2 Intranasal administration of Met-loaded MOF-74-Mg
and determination of their brain concentration

Met-loaded MOF-74-Mg NCs were administered intranasally
to wild-type mice (n=3 for each time point: 8, 12, and 16 h).
Both nostrils were utilized during IN administration. The
nostrils of each mouse were treated first with 20 pL of hyalu-
ronidase (H3506, Sigma-Aldrich) dissolved in a sterile PBS
solution to increase the permeability of the nasal mucous mem-
brane. After 30 min, each mouse was administered with Met-
loaded MOF-74-Mg NCs at 400 uL containing 22 mg NCs.
The measurement of Mg>" ions concentration by Induc-
tively Coupled Plasma Mass Spectrometer (ICP-MS) was
performed to reflect the concentration of MOF-74-Mg NCs.
8, 12, and 16 h after intranasal administration of Met-loaded
MOF-74-Mg NCs, wild type mice (n =3 for each time point)
were intracardially perfused using 4% paraformaldehyde. The
brain tissues from 4 brain regions: the hippocampus, cortex,
midbrain, and cerebellum were collected. Brain tissue samples
were then digested using acid. Briefly, 1 mL HNO; (65%)
was added to each tissue sample and then heated to 80 °C
overnight. Clear solutions were obtained after that. Then
0.2 mL of the solution was transferred out, and NaOH solu-
tion (0.256 mL) was added until the pH value reached 7. The
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samples were then diluted into 2% nitric acid and tested on
the PerkinElmer NexION 300D Inductively Coupled Plasma
Mass Spectrometer (PerkinElmer, Inc.) for the concentrations
of Mg?" ions as a component of MOF-74-Mg NCs.

2.9.3 Measurement of Cy3-labeled Met-loaded MOF-74-Mg
within neurons and microglia of AD mouse brain
following intranasal administration

For Cy3 labeling, Met-loaded MOF-74-Mg were suspended
in Cy3-dissolved methanol solutions for 24 h, followed by
centrifuging and washing with methanol. The AD mice (n=4)
were moderately anesthetized with ketamine, xylazine, and
acepromazine. They were treated with 10 ul of hyaluroni-
dase (Sigma-Aldrich, St. Louis, MO, USA) for each nostril
to enhance the permeability of the nasal mucous membrane.
Thirty minutes later, as detailed in our recent reports, Cy3-
labeled Met-loaded MOF-74-Mg NCs were administered
(5.5 mg particles in 200 uL of PBS/mouse) [49, 50]. The AD
animals were euthanized 45 min after an intranasal admin-
istration of NCs. To visualize the labeled NCs and to quan-
tify neurons and microglia containing these particles (green
particles), serial sections from each animal were processed
for single immunofluorescence staining of neuronal nuclear
protein (NeuN) or ionized calcium-binding adaptor molecule
1 (IBA-1) to confirm the incorporation. Thirty micrometers
thick serial (every 15th) sections through the forebrain and
midbrain were used from each 5xXFAD mouse (n=4/group) for
NeuN or IBA-1 immunofluorescence staining. The primary
antibodies comprised rabbit anti-NeuN (1:1000, Millipore
Sigma) and goat anti-IBA-1 (1:1000, Abcam). Additionally,
we also stained representative tissue sections for visualizing
glial fibrillary acidic protein using rabbit anti-GFAP (1:3000
Agilent technologies) and oligodendrocytes using mouse anti-
2'3'-cyclic nucleotide-3'-phosphodiesterase (CNPase,1:500,
Millipore) to understand the interaction of MOF-74-Mg with
astrocytes and oligodendrocytes. The secondary antibodies
employed in the study include donkey anti-rabbit IgG, don-
key anti-goat IgG, or mouse anti-goat IgG tagged with Alexa
Flour 594 (1:200, Invitrogen). Optical Z-stacks were sampled
from different brain regions using a Nikon confocal micro-
scope. For neurons and microglia, the quantitative analysis
comprised images from three fields in every sampled subre-
gion of the medial prefrontal cortex, hippocampal subregions
(DG, CALl, and CA3), striatum, perirhinal cortex, and mid-
brain. MOF incorporation into neurons and microglia in these
brain sections (n=4) was analyzed quantitatively.

2.10 Statistical analysis

Statistical analysis was performed using the 7-test to assess
the difference between the control group and the Met and
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MOF-treated groups. A p-value less than 0.05 was consid-
ered a significant difference.

3 Results and discussion
3.1 Characterization of MOF-74-Mg

The PXRD analyses confirmed the crystalline structure of
MOF-74-Mg NCs, revealing typical diffraction peaks consist-
ent with calculated data from the crystallographic structures
and literature results [48] (Fig. 2a). PXRD patterns confirmed
the delicate phase purities of the synthesized MOF-74-Mg.
Also, as observed in the PXRD pattern comparison, Met load-
ing did not alter the crystalline structure of MOF-74-Mg.

SEM images (Fig. 2b) depicted uniform short-rod-
like morphology of as-synthesized MOF-74-Mg NCs
before Met loading, with narrow size distribution (length:
135.3 £ 15.6 nm, diameter: 70.1 +7.3 nm). Post loading,
MOF-74-Mg NCs retained similar shape and size, indicat-
ing unchanged morphologies. Rod-like elongated NPs, like
those observed here, exhibit higher cellular affinity due to a
larger surface area with a higher length/width ratio, facili-
tating enhanced cell membrane interactions and cellular
internalization [51]. Due to reduced curvature-enhancing
interactions with brain capillary endothelial cells, rod-like
NPs possess superior BBB crossing ability and brain accu-
mulation compared to spherical NPs [52]. It is also reported
that rod-shaped NPs at 150 X450 nm have better cellular
absorption and mucosal penetrating capacity than spheres
at 200 nm and thus can diffuse through mucus more effi-
ciently [26]. The reason is likely due to the larger surface
area/volume ratio, which enables stronger attachment with
cell membranes.

The zeta potential of MOF-74-Mg, with and without
Met-loading, was — 15+0.3 mV and — 15+ 1.0 mV, respec-
tively, indicating unchanged surface charge post-loading.
The hydrodynamic diameter of MOF-74-Mg and Met-loaded
MOF-74-Mg was 169 + 8 nm and 173 +7 nm, respectively,
with a slight difference likely due to drug absorption. The
difference between SEM-measured size and hydrodynamic
diameter is worth noting, possibly due to NC accumulation.

Fluorescence properties of MOF-74-Mg were measured,
showing maximum emission wavelength before and after
Met and Cy3 loading at 430 nm, 500 nm, and 500/590 nm,
respectively (Fig. 2c). The peak shift post-Met-loading suggests
altered energy transfer. Cy3 loading induced a prominent peak
at 590 nm, and the new energy transfer from the MOF to Cy3
induced intensity changes. The quantum yield of MOF-74-Mg,
Met-loaded MOF-74-Mg, and Met&Cy3 loaded MOF-74-Mg
is 1.89%, 5.89%, and 5.87%, respectively. A similar quantum
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Fig.2 Characterization of MOF-74-Mg. a PXRD patterns of nano-sized MOF-74-Mg. b SEM images of nano-sized MOF-74-Mg (average size:
135.3+15.6x70.1 +7.3 nm) before and after Met loading. ¢ Fluorescence spectra of MOF-74-Mg before and after Met and Cy3 loading

yield for Met-loaded MOF-74-Mg with and without Cy3 modi-
fication indicates a similar fluorescence signal by Cy3 dye and
MOF-74-Mg and suggests that MOF-74-Mg alone can poten-
tially provide fluorescence signals for biodetection.

3.2 High Met payload and sustained release
of MOF-74-Mg

The LE and payload reflect the capacity of MOF-74-Mg
to encapsulate Met. UV light absorbance spectra (Fig. 3a)
depict the original Met solution and supernatant fluid after

the Met-loaded MOF-74-Mg removal. By calculating from
a standard curve, the amount of Met in the original solution
and supernatant fluid is 300 mg and 170 mg, respectively. It
reveals 130 mg of loaded Met and yields LE of 43.3% and
payload of 10% wt/wt (Egs. 1 and 2), higher than previous
MOF reports [33, 34]. The drug release profile of Met-loaded
MOF-74-Mg in DMEM for up to 16 h (Fig. 3b) indicated
sustained Met release without burst. Approximately 90% of
Met was released after 16 h in DMEM. The absence of an ini-
tial burst release suggests that most Met molecules are likely
encapsulated within the pores of MOF-74-Mg, which is cru-
cial for sustained and prolonged release over time.

Fig.3 a UV light absorbance (@) () 100
spectra for Met loading into ’ <— Original (300 mg metformin)
1.3 g of MOF-74-Mg. b The 05
Met release profile ’ 80 -
04 —
El ) = 60+
o After loading (170 mg + 3 2
2 03 mg metformin) 2
< g 40 -
0.2
01 20 -
0.0 . o e P 0 -l’° T T T
250 300 350 400 0 4 8 12 16

Wavelength (nm)
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3.3 MOF-74-Mg exhibited dose-dependent
biocompatibility

To evaluate the biocompatibility of Met-loaded MOF-74-Mg,
we performed the cell viability test on Neuro-2A cells treated
with Met-loaded MOF-74-Mg at concentrations up to 30 mg/
mL (Fig. 4a). At 5 mg/mL, cell viability remained above 90%
for all the time points. However, viability decreased to 70% at
10 mg/mL and dropped below 10% at 20 and 30 mg/mL. The
results suggested toxicity of Met-loaded MOF-74-Mg at the
concentration of 10 mg/mL and above. Literature reported the

a
( 1)20 1 mCtrl05 mg/mL 810 mg/ml, €20 mg/mL @30 mg/mL
SETTT T - ek )
100 - :
3 —
> 80 4
S 60 |
>
T 40 -
(@]
20
0 =
8h 12h 16h
Time Point

OCtrl- mCtrl+ @BMet ®MOF &5 mg/mL Met-MOF
== 1T

R

*

12h
Time Point

24h

LeIll VIdDIy (70)

Condition (mg/mL)
Co-treatment of 50 uM H,0,

Fig.4 In vitro evaluation of Met-MOF in neuro2A cells: a The bio-
compatibility study of MOF: cell viability results by flow cytometry
at 8, 12, and 16 h for Met-loaded MOF-74-Mg at the concentration
of 0, 5, 10, 20, and 30 mg/mL. b—d Impact of Met on cell viability
loss induced by H,0, in Neuro2A cells: b H,0, induced cell viabil-
ity loss. ¢ Viability of Neuro2A cells treated with Met (0.45 mg/mL,
which is equivalent to 3.49 mM), MOF (4.05 mg/mL), and Met-MOF
(total concentration 4.5 mg/mL, with 0.45 mg/mL Met and 4.05 mg/
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—
O
~

Cell Viability (%)

observed cytotoxicity of MOF-74-Co at the concentration of
0.1 mg/mL [53]. Meanwhile, MIL-100 and ZIP-8 NPs showed
IC50 (half maximal inhibitory concentration) of 0.7 and
0.025 mg/mL [54]. Compared to previously reported MOFs,
our MOF-74-Mg NCs exhibited much lower cytotoxicity.

3.4 Met-MOF affected the H,0,-induced cell viability
loss

To assess the impact of Met on H,O,-induced cell viability
loss, Neuro-2A cells were first incubated with various H,O,

Hk * *

100 H r v v ]

I

100 200
H,0O, Concentration (uM)

80 A

40 -

20 A

Met-MOF 2h Met-MOF 4h

Met-MOF 8h

Met-MOF 12h

mL MOF) at different time points, followed by treatment of 50 uM
H,0,. d Viability of Neuro2A cells treated with Met (0.13 mg/mL
and 0.26 mg/mL, which is equivalent to 1 mM and 2 mM), MOF
(1.16 and 2.33 mg/mL), and Met-MOF (total concentration of 1.29
and 2.58 mg/mL), with the co-treatment of 50 uM H,O,. e Neuro-
2A cells-MOF interaction at different time points by fluorescence
microscopy. Scale bar= 150 um. (*p <0.05, **p <0.01, ***p <0.001,
*Hx%p <0.0001)
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concentrations for 24 h, with viability determined by flow
cytometry (Fig. 4b). At 50 uM H,0,, a significant viability
loss of over 50% was observed. Thus this H,O, concentra-
tion was selected for Met evaluation. Cells were then treated
with pure Met, pure MOF, and Met-MOF for 6, 12, and
24 h prior to H,0, exposure at 50 uM for 24 h, with the
no treatment groups (Ctrl-) and only H,0, treated groups
(Ctrl +) as controls. Flow cytometry results (Fig. 4c) showed
that viability slightly decreased by 6 h of pretreatment with
3.49 mM Met compared to the Ctrl + group. Literature sug-
gests that Met induces neuroprotection in PC-12 cells against
H,0,-induced oxidative stress at concentrations below
0.5 mM, with reduced viability at 5 mM [55]. Moreover,
its neuroprotection mechanism, involving antioxidant levels
such as glutathione and catalase and the P13K/S6K pathway,
is dose-dependent and effective below 2 mM. At high Met
concentrations, the P13K/S6K pathway is suppressed, which
possibly causes reduced viability. The reduced viability and
apoptotic changes in cell morphology by 5 mM Met are also
observed in the human T98G cell line [56]. However, the
concentration dependence of Met on Neuro-2A cell viability
remains unexplored in existing literature.

Additionally, it was observed that the 6 h of MOF pre-
treatment further reduced viability (Fig. 4c), possibly due
to the increased vulnerability induced by H,0O, and the less
tolerance to MOF at longer incubation time (6 + 24 h). This
is consistent with the literature on the synergistic toxicity of
H,0, with other agents [57]. Met-MOF exhibited slightly
higher viability than the MOF-only group, likely due to the
neuroprotective effect of the 55% released Met at 6 h, which
was 1.9 mM. The neuroprotection by this Met concentration
is consistent with the findings in the literature [58].

When the cells were pretreated for longer durations (12 h
and 24 h), viability gradually increased across all groups,
possibly due to the higher cell density. Literature suggests
cell-density dependence of H,0O,-induced cytotoxicity:
higher cell density led to higher viability [59], as each cell
consumes fewer H,O, molecules, leading to less toxicity.
Met-MOF groups exhibited lower viability at longer pre-
treatment time (12 h and 24 h) than MOF alone, likely due
to the over 85% Met release after 12 h, according to Met
release kinetics. This resulted in Met concentrations higher
than 3 mM, suppressing the PI3K/S6K pathway [55].

To test the dose-dependent neuroprotection of Met in
Neuro-2A cells, we studied Met at lower concentrations
(2 mM and 1 mM) and the equivalent concentrations of
Met-MOF and MOF. Cells were co-treated with H,O, and
Met/MOF/Met-MOF simultaneously to maintain consistent
cell density. Adding H,0, induced over 60% viability loss
in the Ctrl + group (Fig. 4d). Met at 2 mM (0.26 mg/mL)
recovered viability by 13.5%. In contrast, Met at 1 mM did
not show the same effect, confirming Met’s dose-dependent

neuroprotective function. Pure MOF induced further dose-
dependent viability loss in the H,O,-treated group, likely
due to previously mentioned synergistic toxicity [57]. In
the Met-MOF group co-treated by H,O,, viability slightly
recovered compared to pure MOF, attributed to Met’s neu-
roprotective effect.

Employing fluorescence imaging, we verified the self-
indicating ability of MOF-74-Mg in Neuro-2A cells. Fig-
ure 4e illustrates the Met-MOF in blue and cells in red after
incubating cells with Met-MOF for varying durations. The
results demonstrate our NC’s excellent fluorescence signal
for self-indicating and its interaction with Neuro-2A cells.
Green fluorescent dots inside cells indicate MOF-74-Mg
uptake. After longer incubation (12 h), more MOF-74-Mg
were observed inside cells. Compared to other drug carriers
requiring additional fluorescence tags [60], our NCs show
inherent fluorescence, indicating their potential for accu-
rately tracking biodistribution and understanding the NCs’
delivery pathway.

3.5 IN administered Cy3-labeled Met-MOF
incorporated into neurons and microglia cell
bodies within different brain regions in 5xFAD
mice

The immunofluorescence staining of brain tissue sections
was performed to verify the effectiveness of IN delivery of
Met-MOF to the brain and demonstrate the accumulation
of Met-MOF in different neural cell types in various brain
regions 45 min after injection. Investigation of Cy3 + struc-
tures in serial brain tissue sections processed for NeuN and
Ibal immunofluorescence using 1.5 um thick optical Z-sec-
tions in a confocal microscope revealed widespread incor-
poration of IN-administered Met-MOF into neurons and
microglia in the medial prefrontal cortex, hippocampal sub-
fields (DG, CA1, and CA3), striatum, perirhinal cortex, and
midbrain. The particles were incorporated into ~79-85% of
neurons and 93-97% of microglia cells (Fig. 5a—f, i, j—o, 1).
3D and orthogonal views of neurons (Fig. 5g, h) and micro-
glia (Fig. 5p, q) confirmed the internalization of Met-MOF
NCs into neurons and microglia. Incorporating Met-MOF
in neurons suggests their potential to deliver neuroprotec-
tive agents to neurons directly. In addition, microglia are
the primary immune cells in the CNS [27]. While microglia
typically protect neurons by clearing harmful substances,
activation can lead to neuronal damage and chronic neu-
roinflammation [27]. The incorporation of Met-MOF into
microglia indicated their microglia-targeting ability without
additional targeting ligands or peptides, which can poten-
tially incorporate agents to inhibit toxic protein aggregation
and modulate microglia-mediated inflammatory signaling
cascades. In addition, literature reported the neuronal uptake
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Fig.5 Confocal fluorescence imaging of intranasally administered
Met-loaded MOF-74-Mg NCs incorporated into different brain
regions in AD mice. a—f The confocal images from the different
regions of the brain showing the NeuN + neurons (in red) incorporat-
ing the Cy3-labeled Met-MOFs (in green/yellow) with the 3D image
(g) of a neuron from CA3 subregion of the hippocampus containing
the Met-MOF and the orthogonal view (h) of the same neuron from
CA3 subregion. Graph (i) shows the percent number of neurons that
incorporated the Met-MOFs in the different regions of the brain. j—o
The IBA1+microglia (in red) incorporating the Met-MOFs (in green/
yellow) in the different regions of the brain with the 3D image (p)
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of the microglia from the CA3 subregion containing the Met-MOFs
and the orthogonal view (q) of the same microglia with Met-MOFs.
Graph (r) shows the percentage of microglia incorporating the Met-
MOFs in the different regions of the brain. s, t The processes of
GFAP +astrocytes (in red) and CNPase+ oligodendrocytes (pro-
cesses in red and nucleus in blue) that encounter the Met-MOFs (in
green). mPFC, Medial Prefrontal Cortex; DG, Dentate Gyrus; CAl,
Cornu ammonis 1 (subregion of hippocampus); STR, Striatum; PRC,
Perirhinal Cortex; MB-Midbrain; Scale: Images are x60 with the
scale bar=5 um
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ability of other NPs. Poly (lactic-co-glycolic acid) (PLGA)
NPs exhibited a neuronal uptake rate of 6% at 4 h [61]. Sil-
ica NPs exhibited a time-dependent microglia uptake with
a maximum 70% uptake at 1 h and a higher uptake rate at a
longer time [62]. Compared to the literature results, our NCs
have a much higher neuron and microglia incorporation rate
at 45 min after administration.

3.6 IN administered Cy3-labeled Met-MOF
encountered the processes of astrocytes
and oligodendrocytes in the brain of 5xFAD mice

Probing of Met-MOF structures in representative brain
tissue sections processed for GFAP and CNPase immuno-
fluorescence using 1.5 pm thick Z-sections in a confocal
microscope revealed the apposition of IN-administered
Met-MOF into oligodendrocyte and astrocytic processes
(Fig. 5s, t). The in vivo results showed how the Met-MOF
is differentially delivered into neurons, microglia, astro-
cytes, and oligodendrocytes virtually in different brain
regions. It could be observed that IN-administered Met-
MOF interacted with the plasma membrane of processes
and soma of astrocytes and oligodendrocytes across the
brains of 5XFAD mice. However, instances of internaliza-
tion of Met-MOF by these neural cells were significantly
fewer compared to neurons and microglia, suggesting that
the mechanism of Met-MOF transfer into astrocytes and
oligodendrocytes differs from that into neurons and micro-
glia within the brain.

3.7 MOF-74-Mg accumulated in different brain
regions after IN delivery

To quantitatively assess brain distribution of MOF-74-Mg
across different brain regions and time points, elemental
analysis was conducted on Mg concentration in brain tissues
at 8, 12, and 16 h post-IN delivery in wild-type mice. As
shown in Fig. 6, for all the interested brain areas, brain con-
centration of MOF-74-Mg peaked at 8 h, gradually declining
at 12 h and 16 h. The frontal cortex exhibited the highest
accumulation for all the measured time points, while the
striatum showed the lowest. According to the total collected
tissue weight (about 233 mg, while total brain weight was
about 416 mg), approximately 2 mg of MOF-74-Mg, com-
prising 9% of the injected dose, was found in the collected
brain tissue. We did not measure the time points shorter
than 8 h. Therefore, the peak time may be less than 8 h.
Also, at high doses by IN delivery, NCs may not be able
to fully enter the IN pathway, and a large portion of NPs
may be restricted by the protective barriers that exist in the
nasal mucosa from entering the IN pathway [63]. To further
demonstrate the peak time and improve the brain accumula-
tion of MOF-74-Mg NCs by IN delivery, future studies will
explore the brain concentration of MOF-74-Mg at a shorter
time, such as 45 min, 3 h, and 6 h, and lower doses. Previ-
ous literature found that the direct IN delivery of pure Met
without using NCs did not improve the brain targeting of
Met [64]. Notably, by oral administration, Met exhibited a
maximum accumulation level of 13.5 nmol/g in rat brains at

Fig. 6 Brain concentration
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6 h after administration, which is 2.2 x 10~ pg/mg (approxi-
mately 0.02% of the dose at 150 mg/kg) [65]. The delivery
percentage and the brain accumulation level are much lower
than our results (9% and 0.48 ug/mg), even though their
dosage is much higher than that in our case (76 mg/kg). Our
results demonstrated a higher level of brain accumulation of
Met (82 times the oral case’s reference value) using MOF
as NCs compared to oral administration and previous IN
administration results. This work suggests an innovative way
to enhance the brain accumulation of Met by using NC to
promote the targeting of the brain via the nose-to-brain path-
way. In the future, we will further optimize the MOF struc-
ture to enable a higher loading rate. For example, a crystal
defect method will be employed to create a multi-level pore
in MOF structure by replacing part of the metal source with
CI” based metal source, resulting in the formation of MOF-
74-Mg with defects in the crystal [66]. Alternatively, the
MOF structure can be modified to enhance the drug loading
rate by creating hollow spaces within the framework [67].
We also plan to explore drug-MOF interactions in greater
detail, using techniques such as N, adsorption—desorption
isotherms to assess the occupation of drugs within the pores
quantitatively [68]. Additionally, machine learning algo-
rithms can optimize the structure modification process to
predict drug loading capacities more accurately [74]. Incor-
porating stimuli-responsive properties into MOF structure
can enable controlled drug release [69, 70]. By integrating
internal or external stimuli, such as light, heat, and pressure,
the drug-release process can be regulated with more preci-
sion [71]. To enhance targeting capacities, MOF structures
can be functionalized with targeting moieties, such as pep-
tides or antibodies, that interact specifically with receptors
located on the cell membranes [72]. Furthermore, MOF NCs
can be coated with natural polymers such as gelatin [73] to
minimize immune system elimination.

4 Conclusions

We have successfully synthesized porous and fluorescent
MOF-74-Mg nanostructures as NCs of Met. SEM and XRD
confirmed the formation of the structure. The NCs showed
a high Met loading rate and a sustained Met release pattern
for up to 16 h. The inherent fluorescence of MOF-74-Mg
acted as a self-indicator without additional fluorescence
dyes. Moreover, cell experiments confirmed the low toxic-
ity of MOF-74-Mg at a concentration below 10 mg/mL. An
in vivo study showed that IN administration delivered 9% of
the Met-MOF into the mouse brain.

Moreover, Met-MOF accumulated notably in neurons and
microglia across various brain regions including the medial
prefrontal cortex, hippocampus, striatum, perirhinal cortex,
and midbrain in 5XFAD mice. Met-MOF also interacted with
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astrocytes and oligodendrocytes, but internalization by these
cells was less frequent than by neurons and microglia, indi-
cating a differing transfer mechanism. The results revealed
the high potential of multifunctional MOF-74-Mg as NCs
with high drug loading rates, intrinsic fluorescence, and brain
targeting ability via IN delivery. In the future, we will per-
form functional studies of Met-encapsulated MOF-74-Mg
to explore their impact on cognitive recovery in AD mice.
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