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ABSTRACT: Hydrogen sulfide (HzS) is an endogenously produced gasotransmitter involved in many physiological processes
that are integral to proper cellular functioning, including chemical signaling, redox balancing, and modification of vital pro-
teins. Due to its profound anti-inflammatory and antioxidant properties, HzS plays important roles in preventing inflamma-
tory skin disorders and improving wound healing. Transdermal HaS delivery is a therapeutically viable option for the man-
agement of such disorders. However, current small-molecule HzS donors are not optimally suited for transdermal delivery
and typically generate electrophilic byproducts that may lead to undesired toxicity. Here, we demonstrate that H:S release
from metal-organic frameworks (MOFs) bearing coordinatively unsaturated metal centers is a promising alternative for con-
trolled transdermal delivery of gaseous H2S without the release of unwanted byproducts. In particular, extensive gas sorption
measurements and powder X-ray diffraction (PXRD) studies of eleven MOFs support that the Mg-based framework
Mgz(dobdc) (dobdc*- = 2,5-dioxidobenzene-1,4-dicarboxylate) is uniquely well-suited for transdermal H.S delivery due to its
strong yet completely reversible binding of HzS, high capacity (14.7 mmol/g or 33.3 wt% at 1 bar and 25 °C), and lack of
toxicity. In addition, Rietveld refinement of high-quality synchrotron PXRD data from a H2S-dosed microcrystalline sample of
Mgz(dobdc) supports that the high H2S capacity of this framework arises due to the presence of three distinct binding sites:
at the Mg centers through a Mg---S interaction (primary site), through a short S---S interaction to the polarized H2S molecules
at the primary sites (secondary site), and in the center of the pores (tertiary site). Last, we demonstrate that transdermal
delivery of HzS from this framework is sustained over a 24 h period through porcine skin. Not only is this significantly longer
than sodium sulfide (NazS), but this represents the first example of controlled transdermal delivery of pure H:S gas. Overall,
H:S-loaded Mgz(dobdc) is an easily accessible, solid-state source of H:S, enabling safe storage and transdermal delivery of
this therapeutically relevant gas.

INTRODUCTION been linked to inflammatory disorders, such as psoriasis, as
Since the discovery of endogenously produced hydrogen well as to chronic wounds and skin ulcers.510 As such, relia-
sulfide (H2S) in living tissues, 2 this toxic, flammable gas has ble methods for transdermal HS delivery offer the potential
been identified as the third gasotransmitter, joining nitric for treating these and other skin-related disorders.

oxide (NO) and carbon monoxide (CO).3 Within humans, H2S
is important for maintaining normal physiological func-
tions, as it mitigates inflammation, promotes angiogenesis,
and attenuates oxidative stress arising from high levels of
reactive oxygen species and related cellular injuries.*> Con-
sequently, HzS has been investigated as a therapeutic agent
for various diseases and disorders, such as hypertension,
Alzheimer’s disease, ischemia-reperfusion injury, athero-
sclerosis, and diabetes.®-8 In addition, H2S has recently been
implicated for the treatment of many skin pathologies and
cancers.’ Abnormally low H:S levels in skin tissues have

Transdermal delivery of gaseous HzS via small-molecule do-
nors such as sodium sulfide (NazS) remains the most attrac-
tive current method of administration.1112 In addition, in-
corporation of H2S prodrugs into various gels, mats, or fi-
brous polymers as wound dressings has been shown to im-
prove the consistency of HzS release and offer wound pro-
tection.3-20 However, depending on the method of H-S re-
lease, many of these small molecules suffer from limited sta-
bility and undesirable side effects that arise from electro-
philic byproducts.2122 In addition, the rapid H:S release
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Figure 1. Transdermal H:S delivery using common inorganic
sulfide-containing salts such as NazS suffer from rapid H:S re-
lease upon skin contact leading to a high HzS concentration, re-
sulting in cell death (left). By contrast, slow HzS release from
porous materials such as MOFs may result in improved sus-
tained local HzS delivery at therapeutic concentrations (right).

from these donors could potentially lead to a high concen-
tration of the gas accumulating at the site of delivery, result-
ing in local cell death (Fig. 1, left).1%2! Use of NazS in partic-
ular often presents difficulties with ensuring consistent
dosing due to some volatilization of H2S post-delivery.?324
As an alternative to small-molecule donors, we propose that
gaseous H:S itself can be loaded into porous materials such
as metal-organic frameworks (MOFs), providing a promis-
ing alternative to traditional H2S-based therapeutics (Fig. 1,
right).25 The structural tunability of MOFs makes them at-
tractive drug delivery systems (DDS) for active pharmaceu-
tical ingredients, including common drugs, cosmetics, and
gasotransmitters.26-2° Transdermal MOF-based DDS in the
form of patches have proved promising for the subcutane-
ous delivery of drugs such as salicylic acid, ibuprofen, ferulic
acid, and caffeine.39-34 Although MOF-based DDS have been
designed for NO3>-37 and CO,38-40 there have been compara-
tively few such systems tailored for HzS delivery.2541 Its in-
herent reactivity and incompatibility with many materials
makes constructing a porous material capable of storing
and releasing H2S a major challenge.#?43

Recently, we have shown that the biocompatible Zr-based
MOF, Zr-fum (fum = fumarate) or MOF-801, is capable of re-
versibly binding H.S via hydrogen-bonding interactions be-
tween the gas and nodes of the framework.25 Through trig-
gered release upon exposure to aqueous solution, Zr-fum
was able to deliver HzS to injured cells in an in vitro hypoxia-
reoxygenation model that simulates ischemia-reperfusion
injury. Despite these promising results, Zr-fum rapidly loses
H:S in air, making it unsuitable for transdermal delivery.
Gradual, sustained H:S release is crucial not only to prevent

potential cytotoxicity caused by a sudden surge in localized
H2S concentration, but also to mimic endogenous H:S pro-
duction rates.** We hypothesized that strengthening the in-
teraction between H2S and the porous framework would
lead to slower release under ambient conditions. Because
H:S is Lewis basic, selecting a framework with accessible
Lewis acidic sites should result in a much stronger interac-
tion and thus slower H:S release.*s For example, MOFs bear-
ing open metal sites or coordinatively unsaturated metal
centers represent a diverse class of materials extensively
studied for their ability to strongly bind guest molecules
through Lewis acid-base interactions.*® However, their suit-
ability for binding H:S remains largely unstudied. In addi-
tion, there are numerous reports concerning the degrada-
tion of MOFs by HzS, representing an additional challenge.*’

Herein, we evaluate eleven frameworks from three well-
known families of open metal site MOFs for their promise as
transdermal H2S donors. Through gas sorption and cytotox-
icity measurements, we demonstrate that only one frame-
work—Mgz(dobdc) (dobdc* = 2,5-dioxidobenzene-1,4-di-
carboxylate)—exhibits strong, reversible, and high-capac-
ity binding of H2S coupled with good biocompatibility.
Structural characterization via synchrotron powder X-ray
diffraction (PXRD) reveals three distinct binding sites of H2S
in the hexagonal channels of the framework, accounting for
its very high HzS capacity (14.7 mmol/g or 33.3 wt% at 1 bar
and 25 °C). Using a Franz cell apparatus, we demonstrate
that H:S-loaded Mgz(dobdc) can sustain HaS release
through porcine skin under ambient conditions over a pe-
riod of 24 h, significantly longer than a Na:S control. Taken
together, our findings suggest that loading gaseous H:S into
Mgz(dobdc) represents a promising new avenue for the
gradual transdermal delivery of this therapeutically un-
derutilized gas.

RESULTS & DISCUSSION

Although H2S adsorption has been studied in a range of
MOFs,#7-55 the majority of these frameworks are not suita-
ble for therapeutic transdermal delivery. This limitation is a
consequence of the presence of toxic or air-sensitive metal
centers as well as their relatively weak interaction with HzS,
leading to its rapid loss upon exposure to air.*° In search of
potentially biocompatible materials that may also strongly
bind H:S, we turned to the canonical Mz(dobdc) or MOF-74
family of materials. These frameworks feature rigid one-di-
mensional hexagonal channels decorated with coordinately
unsaturated M?* sites.56-58 [n addition, the Mg variant has
previously been used as a drug delivery vehicle.5® The re-
lated isomeric Mz(m-dobdc) (m-dobdc*- = 2,4-dioxidoben-
zene-1,3-dicarboxylate) family of frameworks possesses an
even higher density of M?2* sites capable of interacting
strongly with gases such as Hz and C02.6%61 In addition to the
aforementioned materials, the azolate frameworks
MzClz(btdd) (btdd?- = bis(1,2,3-triazolo[4,5-b],[4’,5"-
i]ldibenzo[1,4]dioxin)%? and Nis(btp)2 (btp3- = 4,4’,4”-(ben-
zene-1,3,5-trityl)tris(pyrazolate))¢3 were selected for study
due to their potentially enhanced stability toward H-S.
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Figure 2. Criteria for the systematic evaluation of eleven open
metal site MOFs to determine their suitability for transdermal
H:S delivery, leading to Mgz(dobdc) as the optimal material.

MzCl2(btdd) MOFs feature an analogous topology to
Mz(dobdc) but are more robust due to the higher basicity of
their triazolate linkers.%? Similarly, the high basicity of the
pyrazolate linker in Nis(btp)z, a framework possessing ac-
cessible square planar Ni?* sites, lends it excellent hydro-
lytic stability.6*

Based on these criteria, eleven open metal site MOFs were
prepared following literature procedures: Mz(dobdc) (M =
Mg, Ni, Zn, Cu, Co), Mz(m-dobdc) (M = Mg, Ni, Co),
M2Clz(btdd) (M = Ni, Co), and Niz(btp)2 (see supporting in-
formation or Sl section 2 for details). The successful synthe-
sis and activation of all MOFs were confirmed by PXRD and
77 K N2 surface area measurements (SI section 2). In order
to systematically narrow down these frameworks for H2S
transdermal delivery, they were evaluated based on three
key criteria (Fig. 2): (1) the stability of the MOF toward H2S
in solution, (2) the ability of the MOF to reversibly adsorb

gaseous HzS, and (3) the minimal cytotoxicity of the MOF to-
ward human cell lines. First, assessing the stability of frame-
works to a solution of HzS eliminates MOFs that do not re-
tain crystallinity from contention.®* Pawley refinement of
the resulting PXRD pattern allows for further quantification
of crystallinity by taking into account the change in the vol-
ume weighted average crystalline domain size (LVol-IB)
upon H:S exposure. This additional characterization is cru-
cial to ascertain whether partial dissolution or framework
modification may have taken place upon HzS exposure.6465
Second, H2S adsorption isotherms of frameworks that do re-
tain crystallinity upon exposure to a solution of H2S allow
for the measurement of H2S sorption properties including
reversibility, capacity, and binding strength. Importantly,
evaluation of porosity before and after gaseous H2S expo-
sure ensures fully reversible binding as well as a lack of po-
tential byproducts such as metal sulfides.®® Last, for these
MOFs to be suitable for biomedical applications, they must
be nontoxic. In vitro cytotoxicity measurements provide a
facile means of assessing the potential off-target side effects
that may occur when these MOFs are used for transdermal
delivery.

In order to quickly eliminate frameworks that are not stable
toward H:S, freshly activated MOFs were submerged in a
commercially available solution of HzS in tetrahydrofuran
(THF) under Nz at 50 °C for 24 h (SI section 3). After this
time, any remaining solid was filtered, rinsed with addi-
tional THF, and characterized by PXRD to confirm the ro-
bustness of the MOF toward H2S.%4 Upon addition of the H2S
solution, Cuz(dobdc), Coz(dobdc), Coz(m-dobdc), and
Znz(dobdc) immediately turned black. After 24 h, no solid
could be isolated for these four materials. This observation
is consistent with the poor H:S stability of the Cu and Zn-
based MOFs HKUST-1 and MOF-5,48 respectively, as well as
previous findings that Znz(dobdc) is not stable toward gas-
eous H2S.2541 As a strong nucleophile, Hz2S likely displaces
linkers on the metal nodes, leading to the formation of metal
sulfide species. Uniquely among Co-based MOFs,
Co2Clz(btdd) appeared to remain crystalline upon visual in-
spection of the powder pattern after exposure to HS solu-
tion (SI Fig. S50). The strong metal-nitrogen bonds in this
framework likely impart better kinetic stability toward
metal sulfide formation.®? It is important to note, however,
that the LVol-IB value calculated from Pawley refinement of
the post-H:S pattern substantially decreased from that of
the pristine MOF, suggesting that there may have been some
framework dissolution upon HzS exposure (SI Fig. S51 and
S52). Notably, all tested Mg-based (Mgz(dobdc), Mgz(m-
dobdc)) and Ni-based (Niz(dobdc), Niz(m-dobdc),
NizCl2(btdd), Nis(btp)2) frameworks exhibited minimal
changes by PXRD upon prolonged exposure to HzS in solu-
tion (SI Fig. S37, S40, S44, S47, S53, and S56).

H:S adsorption/desorption isotherms were next measured
at 25 °C for the seven MOFs that were found to be stable to-
ward H:S in solution (Fig. 3a, SI section 4). H.S uptake at 25
°C proved irreversible at low pressures (<50 mbar) for Ni-
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Figure 3. (a) Hz2S adsorption (closed circles) and desorption (open circles) isotherms at 25 °C for activated Mgz(dobdc) (red), Mgz(m-
dobdc) (purple), NizClz(btdd) (blue), and CozClz(btdd) (orange). Solid lines represent simultaneous fits of the adsorption data to a
Langmuir-Freundlich model. A data point was considered equilibrated after <0.01% pressure change occurred over a 45 s interval.
(b) Viability of HeLa cells upon exposure to suspensions of Mgz(dobdc) (red), Mgz(m-dobdc) (purple), NizClz2(btdd) (blue), or
Co2Clz(btdd) (orange) at concentrations of 0.025 mg/mL (solid) or 0.1 mg/mL (striped) in DMEM supplemented with 10% FBS at
37 °C. Viabilities were determined by incubating the cells with MTT followed by colorimetric analysis using a microplate reader.
Results are reported as the average cell viability of 6 wells/concentration compared to untreated cells from three independent trials,

with the standard deviation (SD) reported as the error (xSD).

based MOFs Niz(dobdc), Niz(m-dobdc), and Niz(btp)2, as in-
dicated by the lack of complete desorption in the HzS iso-
therms (SI Fig. S65, S78, and S97, respectively). The
Brunauer-Emmett-Teller (BET) surface areas of Niz(dobdc)
and Niz(m-dobdc) were found to decrease by 36% and 33%,
respectively, after the HzS sorption isotherms, even with re-
activation at 180 °C or 200 °C under high vacuum (10 pbar)
(SI Fig. S66 and S79). In addition, X-ray photoelectron spec-
troscopy (XPS) analysis of Niz(dobdc) and Niz(m-dobdc) af-
ter the H:S isotherms revealed the presence of sulfur-con-
taining species in the high-resolution S2p spectral region,
even after extensive evacuation (SI Fig. S72 and S85). It is
highly likely from the broad spectral features in this region
that multiple sulfur species are present, including polysul-
fides as well as metal sulfides and sulfates.®® Rather than
just Hz2S adsorption on the open Ni?* sites, it is likely that
further reactions are taking place inside the pores. Thermo-
gravimetric analysis (TGA) supports this hypothesis, as an
expected weight loss attributable to H2S desorbing from the
pores of both frameworks was not observed upon heating
up to 600 °C (SI Fig. S70 and S83). Furthermore, both mate-
rials exhibited a color change from green to black upon HzS
uptake, indicative of a chemical reaction taking place. The
Ni-based MOF Niz(btp)2 similarly exhibited a 26% reduction
in BET surface area after exposure to gaseous H.S (SI Fig.
S98). Despite this partial loss in porosity due to irreversible
H:S uptake, all three materials retained crystallinity by
PXRD, indicating that HzS exposure does not lead to com-
plete amorphization or to new crystalline phases (SI Fig.
S71, S84, and S100). As such, irreversible H2S uptake (along

with Ni allergies being well-established in many people)®®
make these three frameworks unsuitable for transdermal
delivery. These findings underline the importance of meas-
uring N2 uptake before and after H:S sorption measure-
ments to establish the complete reversibility of H2S binding
in a given material, as retention of crystallinity alone is not
enough to establish that a MOF is stable toward HS.41.70

The four remaining frameworks, Mgz(dobdc), Mgz(m-
dobdc), CozClz(btdd), and NizClz(btdd), display fully reversi-
ble HzS adsorption at 25 °C (Fig. 3a). With the exception of
Co2Clz(btdd), no evidence of H.S-mediated decomposition
was observed for any of these materials, as all retained full
crystallinity (SI Fig. S63, S77, and S96) and porosity (SI Fig.
S61, S75, and S94) after H.S adsorption/desorption meas-
urements. Similar to the results obtained from solution-
state HzS exposure, Co2Clz2(btdd) exhibited a substantial loss
in crystallite size after gaseous H:S exposure, indicating
some damage to the framework (SI Fig. S90 and S91); how-
ever, no corresponding change in surface area was ob-
served (SI Fig. S88).

Though these materials exhibited minimal to no changes in
crystallinity and porosity after H2S exposure, crucial differ-
ences in H2S sorption properties were observed among
them. The low-pressure region (<50 mbar) of the isotherms
is appreciably steeper for Mgz(dobdc) and Mgz(m-dobdc)
than for Co2Clz(btdd) and Niz2Clz(btdd), indicating that H2S
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Figure 4. (a) HzS adsorption (closed circles) and desorption (open circles) isotherms at 25 °C (blue), 40 °C (purple), and 55 °C (red)
of activated Mgz(dobdc). Solid lines represent simultaneous fits of the adsorption data to a Langmuir-Freundlich model. A data point
was considered equilibrated after <0.01% pressure change occurred over a 45 s interval. Inset: Low-pressure region up to 50 mbar
of the H2S adsorption isotherms in panel (a). (b) Differential enthalpies of adsorption (-AHads) for HzS as a function of uptake for
activated Mgz(dobdc) as determined by using the Clausius-Clapeyron equation (eqn. S1) and Langmuir-Freundlich fits in panel (a).

Error bars for each data point are too small to see.

binds more strongly in the former two frameworks (see dis-
cussion below). This is likely because the stronger field lig-
ands in the azolate-based M:Cl2(btdd) MOFs reduce the
Lewis acidity of the metal centers. In addition, Mgz(dobdc)
possesses by far the highest H.S capacity (14.7 mmol/g or
33.3 wt% at 1 bar and 25 °C) among the four MOFs. With
such a high potential deliverable capacity, Mgz(dobdc) con-
centrations as low as 0.01 mg/mL could deliver HaS at pM-
level therapeutic doses.”%72 This capacity is among the high-
est reported to date for a MOF under these conditions, sur-
passed only by MIL-53(Al)-TDC (18.1 mmol/g).”® Although
Mgz(m-dobdc) should theoretically possess a similar capac-
ity to Mgz(dobdc), its maximum H:S uptake at 1 bar is only
12.0 mmol/g. This lower capacity is consistent with its
lower BET surface area (1515 m?/g) compared to
Mgaz(dobdc) (1800 m?/g). NizClz(btdd) and CozClz(btdd) ex-
hibit similar capacities to each other under the same condi-
tions (12.4 and 12.0 mmol/g, respectively).

We next evaluated the toxicity of all four materials to deter-
mine whether Mgz(dobdc) is truly the most suitable frame-
work for transdermal H:S delivery (Fig. 3b, SI section 5).
Briefly, HeLa cells were exposed to varying concentrations
of the MOFs suspended in Dulbecco's Modified Eagle's Me-
dium (DMEM) supplemented with 10% fetal bovine serum
(FBS) for 72 h at 37 °C. To determine viability, cells were
then incubated with (4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) followed by colorimetric
quantification.’* This was compared to quantification of
cells not exposed to the MOF suspension (defined as 100%
viability). Mgz(dobdc) is effectively nontoxic (>90% viabil-
ity) at concentrations below 0.1 mg/mL, with viabilities dip-
ping to around 80% at this concentration. At all concentra-
tions up to 0.1 mg/mL, Mgz(m-dobdc) also demonstrates

excellent compatibility with HeLa cells (Fig. 3b). Both salic-
ylate frameworks are less toxic than Ni:Clz(btdd) and
Co2Clz(btdd), further ruling out these two materials as suit-
able for H2S delivery. Although the two salicylate frame-
works exhibit similarly steep H2S adsorption properties and
minimal toxicities, the higher deliverable capacity of
Mgz(dobdc) makes it the most promising material to evalu-
ate further for transdermal HzS delivery.

To understand the origin of strong H:S binding in
Mg2(dobdc), 40 °Cand 55 °C HzS adsorption/desorption iso-
therms for this material were collected in addition to the 25
°C isotherm (Fig. 4a). For comparison, the same isotherms
were collected for Mgz(m-dobdc), NizClz(btdd), and
Co2Cl2(btdd) as well (SI section 4). The isotherms were fit
simultaneously to dual-site Langmuir-Freundlich models to
enable calculation of the differential enthalpies of HzS ad-
sorption (-AHads) as a function of HzS loading (Fig. 4b). Two
distinct binding regimes were observed. At low H:S load-
ings, adsorption presumably occurs at the vacant Mg?* sites,
with a relatively favorable —AHags of 42.97 + 0.01 kJ/mol.
Once these primary binding sites are saturated, additional
adsorption occurs at weaker secondary binding sites, as ev-
idenced by a sharp dip followed by a plateau at a —~AHads of
30.60 £ 0.04 kJ/mol. The loading at which this transition oc-
curs (~7 mmol/g) is close to the theoretical loading of 8.4
mmol/g assuming one H2S molecule per Mg?* site. Similar
behavior was observed in Mgz(m-dobdc) (SI Fig. S74). Alt-
hough H:S adsorption is about 10 kj/mol stronger at low
loadings in this framework (53 k]J/mol vs 43 k]/mol), the
characteristic transition from primary to secondary adsorp-
tion sites occurs at lower loadings (4.5 mmol/g) likely due
to fewer accessible Mg?* sites, leading to an overall lower
H2S capacity. In contrast, Hz2S binding in Co2Clz(btdd) and
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Figure 5. (a) Structural model of Mgz(dobdc) dosed with 10
mbar of H2S obtained from Rietveld refinement of synchrotron
PXRD data. Primary, secondary, and tertiary adsorption sites
are indicated by I, II, and III, respectively. Occupancies for sites
I, II, and III, are 0.7676, 0.9201, and 0.9558, respectively. Hy-
drogen atoms on HzS molecules were not resolved. (b) Coordi-
nation environment of one Mg2* metal site in panel (a) high-
lighting sites I and II of Hz2S adsorption as well as key bond
lengths. Gray, white, red, green, and yellow spheres correspond
to carbon, hydrogen, oxygen, magnesium, and sulfur, respec-
tively.

NizClz(btdd) becomes significantly less favorable as a func-
tion of uptake (SI Fig. S86 and S92), accounting for the shal-
low adsorption isotherms of these two materials (Fig. 3a).

The preferred H2S binding mode(s) in Mgz(dobdc) were
probed by synchrotron PXRD collected on H2S-dosed micro-
crystalline Mgz(dobdc) (Fig. 5) and by density functional
theory (DFT) calculations (SI section 9). Rietveld refine-
ment of the PXRD pattern of H2S-Mgz(dobdc) supports that
the primary site of H2S binding is at the open Mg?* site, with
a S---Mg interaction distance of 2.344(19) A (site I, Fig. 5b).
This short distance is consistent with reported magnesium
complexes containing thiol or thiolate ligands, which have
S---Mgbond distances of 2.3-2.4 A (SI Table $5).75-7° The few
reported complexes in which either H2S or SH- is directly
bound to a metal center, including Mn,8° 0s,8! and Ru82-85
complexes, also possess comparable metal-sulfur bond dis-
tances of 2.33-2.45 A (SI Table S6). The interaction between
H:S and the Mg?* site in Mgz(dobdc) is on the shorter side of

this range likely due to the small size of the Mg?* cation. Fur-
ther supporting this short interaction distance, previous
structures of water bound in Mz(dobdc) frameworks con-
tain even shorter metal-OH: distances (2.1-2.15 A),36-87
with an O---Mg interaction in water-bound Mgz(dobdc) of
2.0892(15) A.88 Additional HzS molecules in the secondary
binding site are oriented toward those bound to the pri-
mary site through S-S interactions, with a S---S distance of
2.504(12) A (site II, Fig. 5b). Previous studies on H2S dimers
report a much longer S---S distance of 4.112(1) A,8? suggest-
ing that the interaction between HzS molecules in binding
sites I and II in the MOF is more covalent in nature. The
strongly polarized Mg-S interaction likely results in a
buildup of partial positive charge on the H:S molecules in
binding site I, inducing enhanced interaction with H2S mol-
ecules in binding site II. Consistently, S-S bonds found in
polysulfide and disulfide species are even shorter; for exam-
ple, a typical disulfide bond is around 2.05 A in length.%° A
DFT-calculated model further supports the presence of the
two major HzS binding sites I and II in Mgz(dobdc), albeit
with slightly longer Mg-S and S-S bond lengths (SI Fig.
§$128). The calculated binding energies (-Eb) of HzS in sites
[ (53.5 kJ/mol) and II (32.5 k]J/mol) match well with experi-
mentally obtained —AHads values (43.0 and 30.6 kJ/mol, re-
spectively). A third binding site in the center of the pore
could also be resolved, contributing to the high HzS capacity
of this material (site III, Fig. 5a). Overall, these data support
the presence of a strongly polarizing interaction of H2S with
Lewis acidic Mg?* sites, which accounts for a significantly
higher H:S capacity of Mgz(dobdc) compared to most stud-
ied materials developed for transdermal delivery.

Having established that Mgz(dobdc) strongly and reversibly
adsorbs HzS and is nontoxic to human cells at therapeutic
concentrations, we explored whether alternative stimuli to
vacuum could trigger H2S desorption from Mgz(dobdc) un-
der more biologically relevant conditions. Given the strong
binding of water in open metal site MOFs,°! it is likely that
water is capable of facilitating HzS release from the frame-
work. To test this hypothesis, a known amount of H2S-dosed
Mgz(dobdc) was suspended in a stirring solution of HEPES
buffer (pH 7.4) (SI section 6). From this mixture, aliquots of
the suspension were removed at designated time points and
analyzed with the fluorescence probe sulfidefluor-7 ace-
toxymethyl ester (SF7-AM), which exhibits turn-on fluores-
cence (Amax = 525 nm) upon irreversible reaction with H2S.%?
The release of HzS from Mgz(dobdc) was monitored over
time via fluorescence spectroscopy. Upon incubation in this
buffer, the concentration of H:S in solution gradually satu-
rated over a period of 10-20 min and was maintained over
30 min (SI Fig. S109 and S110). Notably, the release rate of
H.S from Mgz(dobdc) is slower than that from Zr-fum.?>
When H:S-loaded Zr-fum was suspended in HEPES buffer,
peak H2S concentration in solution was reached rapidly,
within only 1 to 2 min, and these levels were maintained for
only 10 min (SI Fig. S107 and S108). These results are con-
sistent with the stronger H:S binding of Mgz(dobdc) com-
pared to Zr-fum (43 KkJ/mol vs. 32 kJ/mol, respectively).?5
This process was concomitant with the conversion of the
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Figure 6. Transdermal H2S release from Mgz(dobdc) (blue)
and Na:zS (red) through porcine skin detected with SF7-AM via
fluorescence spectroscopy over time. Each dotted line with a
corresponding shape represents a different trial. H2S released
from Mgz(dobdc) increases linearly until reaching a maximum
at 24 h. By contrast, NazS delivers H2S much more rapidly with
the maximum HzS concentration detected within 6 h.

suspension to a homogeneous solution over the course of 1
h (SI Fig. S113). In addition, UV-Vis spectroscopic monitor-
ing of a suspension of Mgz(dobdc) in HEPES buffer revealed
the gradual formation of an absorbance band at 351 nm, a
feature characteristic of free linker presence in solution (SI
section 7 and SI Fig. S112). The stability of the M2z(dobdc)
family to aqueous conditions has previously been ex-
plored,®3°4 and it is known that the dobdc* linker is prone
to protonation resulting in framework dissolution.t* None-
theless, depending on the pharmacological mode of admin-
istration, such as transdermal delivery, the gradual dissolu-
tion of Mgz(dobdc) in aqueous media could act as a natural
means of self-clearance from the body after HzS delivery, ra-
ther than a drawback.

This MOF was next investigated as a transdermal delivery
agent for the treatment of skin diseases and disorders (Fig.
6). To this end, an ex vivo Franz cell model was used (SI sec-
tion 8).1134 Porcine skin was chosen as a surrogate for hu-
man skin due to its similar histological and physiological
markers, thickness, and anatomy.?>% The porcine dermal
samples were collected posthumously and applied as a
membrane between the two chambers of the Franz cell. A
known amount of Hz2S-loaded Mgz(dobdc) was packed into
the top donor chamber while HEPES buffer (pH 7.4) was
added to the bottom acceptor chamber (SI Fig. S117). At
designated time points, aliquots were removed from the
side arm of the acceptor chamber and quenched with SF7-
AM solution. A small amount (20 pL) of HEPES buffer was
then added to the MOF to facilitate H2S diffusion from the
MOF to skin. The concentration of H.S in the acceptor cham-
ber was observed to increase slowly over a period of 24 h
up to a maximum of between 3 and 6 mM, at which point it

began to decrease, likely due to leakage from the Franz cell
(Fig. 6, SI Fig. S118, S120, S122). The rate of transdermal
H:S release can be estimated based on the approximate lin-
ear increase as 5 pM H:S/mg MOF/h (SI Fig. S119, S121,
$123), well within the therapeutic window with just 5-10
mg of MOF.?7-%9 Crucially, a control experiment in which an
equivalent amount of Na:S was packed in the donor cham-
ber instead of the MOF resulted in much more rapid H:S re-
lease, with peak concentrations reached in only 6 h before
declining (Fig. 6, SI Fig. S124 and S126). The significantly
slower rate of delivery from HzS-loaded Mgz(dobdc) is cru-
cial to the successful healing of wounds and other inflam-
matory skin conditions,?? indicating that that this material
is a much more promising HzS transdermal delivery agent
compared to NazS alone.

CONCLUSIONS

Transdermal delivery of H:S for the treatment of topical
wounds and skin diseases and disorders remains a chal-
lenge, due to both the hazards of working with gaseous H2S
and the innate difficulty in designing a suitable storage and
delivery platform for it. Here, by systematically evaluating
the H2S sorption characteristics and cytotoxicities of eleven
open metal site MOFs, we demonstrate that Mgz(dobdc) is
the best for transdermal HzS delivery. It is clear from these
assays that the redox inert Mg?* center in Mgz(dobdc) facil-
itates strong H:S uptake while preventing framework de-
composition due to metal sulfide formation. In contrast, H2S
uptake in all tested transition metal-based frameworks is
either weak (M:Clz(btdd), M = Co, Ni) or results in (partial)
framework destruction (all others). Thus, our findings have
important implications for the design of next-generation
materials for HzS capture and delivery.

The outstanding H:S capacity and binding strength in
Mgz(dobdc) coupled with its nontoxic nature and relative
stability in air result in slow transdermal release of H2S sus-
tained for at least 24 h, significantly longer than an equiva-
lent amount of NazS. Future work will focus on integration
of the framework into patches or membranes to improve
handleability and processability for cutaneous application
on animal model systems.
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