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Microporous water with high gas solubilities
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Liquids with permanent microporosity can absorb larger quantities of gas molecules
than conventional solvents', providing new opportunities for liquid-phase gas storage,
transport and reactivity. Current approaches to designing porous liquids rely on
sterically bulky solvent molecules or surface ligands and, thus, are not amenable to
many important solvents, including water® *. Here we report a generalizable
thermodynamic strategy to preserve permanent microporosity and impart high gas
solubilities to liquid water. Specifically, we show how the external and internal surface
chemistry of microporous zeolite and metal-organic framework (MOF) nanocrystals
canbe tailored to promote the formation of stable dispersions in water while
maintaining dry networks of micropores that are accessible to gas molecules. As a
result of their permanent microporosity, these aqueous fluids can concentrate gases,
including oxygen (O,) and carbon dioxide (CO,), to much higher densities than are
found in typical aqueous environments. When these fluids are oxygenated, record-high
capacities of O, can be delivered to hypoxic red blood cells, highlighting one potential

application of this new class of microporous liquids for physiological gas transport.

Water is the ubiquitous solvent for all biological processes and for many
ofthe chemical transformations critical to sustainable energy genera-
tion, storage and utilization. Its polarity and propensity for hydrogen
bonding promote the solvation of polar substances but inhibit the
dissolution of non-polar substances, including most gases®. The low
solubility of gases in water—often an order of magnitude lower thanin
common organic solvents—imposes fundamental limitations on many
biomedicaland energy-related technologies that require the transport
of gas molecules through aqueous fluids. For instance, low densities
of dissolved O, hinder tissue engineering and cell culture in vitro and
make it challenging to treat various types of life-threatening hypoxia
invivo®. Aqueous-phase gas transport also limits the performance of
fuel cells and the space-time yield and efficiency of many important
electrocatalyticreactions—including CO, reduction, N, reduction and
CH, oxidation’,

Owing to their high internal surface areas and pore volumes,
microporous solids can concentrate gas molecules through adsorp-
tion to far higher densities than can be dissolved in a typical liquid
solvent—or that exist in a bulk gas phase—at a given temperature and
pressure’. Recently, it has been shown that permanent microporosity is
notexclusively afeature of solid-state materials and canbe extended to
theliquid phase in anascent class of materials known as porous liquids.
Allporousliquids developed so far consist of microporous nanocrystals
ororganic cage molecules dispersed in organic solvents orionicliquids
that are too large to diffuse through the pore entrances, leaving the
micropores vacant and accessible to gas molecules?*. Because of their
intrinsic microporosity, these liquids can store much higher quantities
of gas molecules than the corresponding non-porous liquid™. This
sterics-based approach to preserving permanent microporosity within
liquids is not, however, transferable to aqueous systems because a

micropore that is large enough to adsorb nearly any gas molecule will
also be large enough to accommodate H,0 molecules.

Certain proteins and molecular cavitands contain pores that are
accessible to H,0 molecules but remain dry inaqueous solution owing
to the presence of hydrophobic side chains or functional groups that
impartathermodynamic penalty for H,0 molecules residing within the
non-polar pore instead of within the bulk liquid™™. Taking inspiration
from these systems, we pursued a new strategy to create liquids with
permanent microporosity and high gas sorption capacities based on
thermodynamics rather than sterics. Specifically, we proposed that
microporous nanocrystals with hydrophobic internal surfaces and
hydrophilicexternal surfaces could be designed to form uniform, stable
dispersionsinwater, within whichitis more thermodynamically favour-
able for water to interact with other water moleculesin the bulk liquid
phase thantofillthe microporous networks, leaving them permanently
dry and available to adsorb gas molecules (Fig. 1a).

Many zeolites and MOFs can be synthesized with hydrophobic pore
surfaces and in nanocrystalline form”™°, making these materials an
ideal—and highly tunable—platform to target aqueous solutions with
permanent microporosity. Moreover, solid powders of several hydro-
phobic zeolites and MOFs have been shown to exclude liquid water from
their micropores atambient pressure and temperature'. For instance,
hydrostatic pressures in excess of 900 bar must be applied to force
water into the micropores of the pure-silica zeolite MFI (silicalite-1)
at 25°C (ref. 7). High pressures are required because water intrusion
intosilicalite-1is entropically disfavoured, as confined H,0 molecules
have less mobility than bulk H,0 molecules, and endothermic because
silicalite-1 pore surface-H,0 interactions are too weak to compensate
forthe hydrogenbondinginteractions between H,0 moleculesthat are
lost duringintrusion'®, Pressures of at least 200 bar are also required to
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Fig.1|Creating aqueous fluids with permanent microporosity.

a, lllustration of the thermodynamic approach to designing microporous
water, whereby microporous nanocrystals with hydrophobicinternal surfaces
and hydrophilicexternal surfaces formstable, uniform colloidal solutionsin
water that contain permanently dry pores capable of adsorbing gas molecules.
b, The 0,and CO, sorption capacities of two hydrophobic zeoliticimidazolate
frameworks (ZIFs) and one hydrophobic zeolite (silicalite-1) are compared with
those of pure H,0, arepresentative perfluorocarbon solvent (C,F ;) and the
density of the bulk gas phase. AllO,and CO, densitiesare at1barand 25°Cand
include the volume occupied by the solid adsorbent or liquid solvent. ¢, Crystal
structure of silicalite-1(ref. **). The insetillustrates how the external surface of
silicalite-1is terminated by surface silanol groups and s intrinsically

force water into the micropores of other pure-silicazeolites and hydro-
phobiczeoliticimidazolate frameworks (ZIFs)'**°. The work that must
be performed toinduce water intrusion into hydrophobic microporous
solids has been leveraged for mechanical energy storage and shock
absorption”?, but this phenomenonalso offers an unexplored pathway
to preserve permanent and accessible microporosity inaqueous solu-
tions—provided that stable colloidal solutions of such materials canbe
formedinamanner thatdoes notalter the underlying thermodynamic
driving force for the constituent microporous networks toremain dry
and adsorb gas molecules.

Although hydrophobic materials are not generally dispersible in
water, pure-silica zeolites present a unique combination of hydro-
phobicinternal pore surfaces templated by SiO, tetrahedra, which
should prevent water intrusion, and hydrophilic external surfaces
composed of terminal silanol groups, which should promote water
dispersibility for sufficiently small particles (Fig. 1c). With an internal
Brunauer-Emmett-Teller (BET) surface areaof 457 m? g (839 m* ml™)
and established routes to produce uniform nanocrystals of variable
sizes?* (Extended DataFig. 3 and Supplementary Fig. 27), we therefore
anticipated thatsilicalite-1would serve as a particularly promising can-
didate to generate aqueous solutions with permanent microporosity
and high gas capacities. Even though it does not contain any inherently
strong gas adsorption sites, silicalite-1 adsorbs more than 230 times
the amount of O, and 90 times the amount of CO, in the solid state
as can be dissolved in water on a volumetric basis at 1 bar and 25 °C
(Fig.1b and Supplementary Table 13). In addition, NMR experiments
have suggested that at least some fraction of silicalite-1 micropores
are accessible to hyperpolarized Xe in water®.

To create uniform, stable colloidal solutions of silicalite-1in water and
evaluate their permanent microporosity, we first optimized synthesis,

10

1,000 10 100
Diameter (nm)

100 1,000 0 00
Diameter (nm) Diameter (nm)

1,000

hydrophilic. Bluetetrahedraand red spheresrepresent Siand O atoms,
respectively.d, Crystal structure of ZIF-8 (ref. **) and anillustration of strategies
toincrease the hydrophilicity of its external surface through covalent
functionalization by means of reaction with hydrophilicepoxides and non-
covalent functionalization by means of the adsorption of the protein BSA
(Protein Data Bank code 4F5S). Dark yellow tetrahedra, grey spheres and blue
spheresrepresentZn, Cand N atoms, respectively; Hatoms are omitted for
clarity. Scalebars, 0.5 nm (mainimage) and 1 nm (rightimage).e-g, DLS
particle size distributions for aqueous solutions of silicalite-1 (e), (mMPEG)ZIF-8
(f) and BSA/ZIF-67 (g). The insets show photos of solutions at nanocrystal
concentrations of 12 vol%, 4 vol% and 3 vol%, respectively.

purification and calcination conditions to form nanocrystals of simi-
lar size (average diameter =59 + 8 nm or 90 + 16 nm) and to remove
structure-directing tetrapropylammonium cations from the zeolite
micropores withoutirreversibly aggregating the particles in the solid
state (Extended Data Fig. 9). The resulting silicalite-1 nanocrystals
yielded translucent aqueous colloidal solutions that were exception-
ally stable, with no settling or aggregation observed over the course
of at least several weeks (Fig. 1e and Extended Data Fig. 8). Moreover,
colloidal stability was not affected by degassing the solutions under
vacuum. If the microporous networks of the silicalite-1nanocrystalsin
these degassed solutions do not contain water, the most concentrated
colloidal solution (25 vol%, 38 wt%) would be 8.3% porous.

Because the volume occupied by a porousliquid with dry (air-filled)
micropores will be larger than the volume occupied by an equiva-
lent non-porous liquid with wet (solvent-filled) micropores, density
measurements were used as aninitial probe of the hydration status of
silicalite-1 microporesin colloidal solutions. Excitingly, experimental
densitiesat15,25and 37 °Cand across a wide range of silicalite-1concen-
trations are within 0.5% of the values predicted for dry micropores using
the crystallographic density and measured solid-state pore volume of
silicalite-1 (Fig. 2a and Extended Data Fig. 1). These density measure-
ments directly show that the micropores of silicalite-1 nanocrystals
aredry in liquid water. We emphasize that liquid water completely
surrounds the dispersed nanocrystals—and there would be more than
enough water present in solution to fill all framework micropores if it
were thermodynamically favourable to do so—at all concentrations
investigated. This is in contrast to colloidal solutions of silicalite-1in
ethanol—inwhichintrusion of theless polar solvent molecules should
be thermodynamically favoured at ambient pressure—and of the hydro-
philic zeolite LTL in water—in which water intrusioninto the more polar
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aluminosilicate pores should also be thermodynamically favoured
under ambient conditions—which both have densities consistent with
non-porous liquids containing solvent-filled micropores (Fig. 2b and
Extended DataFig.1). Note that the density of solvent withina micropo-
rous network is expected to be asmuch as40%lower than the bulk liquid
density, owing to confinement effects**. Moreover, the linear behaviour
ofthe solution density with concentration shows that there is no effect
of concentration on pore filling by water; the pores are either empty
or filled under these conditions.

For amicroporousliquid to be useful for gas storage, separationand
transportapplications, the pore networks need to be not only dry but
also capable of reversibly adsorbing and desorbing gas molecules. To
directly investigate the gas accessibility of micropores in water, we
measured the amount of O, and CO, absorbed in degassed solutions.
At 25°C, the gas absorption capacity of a12 vol% (20 wt%) colloidal
solution of silicalite-1 nanocrystals was 26 + 1mmol O, I at 0.84 bar
and 284 + 2 mmol CO, I at 0.67 bar, which is more than an order of
magnitude greater than the 1.1 mmol I of 0, and 23 mmol I of CO,
absorbed in water under the same conditions (Fig. 3a,b). Moreover,
these gas capacities are 84% + 6% and 85% + 3%, respectively, of the O,
and CO, capacities predicted by assuming that solution absorptionis
equivalent to the sum of the pure-water gas solubility and the adsorp-
tion capacity of silicalite-1 nanocrystals in the solid state (Fig. 3¢).
Because the solid-state gas capacity measured for nanocrystalline
powderswill alsoinclude contributions from gas adsorption at external
surfaces and ininterparticle voids that will not be presentin solution,
these gas capacities are consistent with dry microporous networksin
liquid water that are fully accessible to gas molecules (Extended Data
Fig.5). As anticipated, this high gas uptake behaviour is witnessed
only for aqueous solutions of hydrophobic nanocrystals; gas sorp-
tion experiments for a 5.1 vol% (9.5 wt%) aqueous solution of zeolite
LTL nanocrystals show O, and CO, capacities that are nearly identical
to pure water and correspond to less than 2% of the zeolite capacity
predicted for dry micropores (Fig. 3). These results emphasize the
importance of hydrophobic micropores and permanent microporosity
to achieving high gas capacities in water.

Molecular dynamics (MD) simulations further confirmthe observed
adsorptionbehaviour for aqueous solutions of hydrophobicsilicalite-1
nanocrystals. These simulations show rapid uptake of O, in a freely
diffusing silicalite-1 nanocrystal that is submerged in liquid water
in contact with a bulk O, gas phase, in agreement with experimental
adsorption kinetics measurements (Fig. 3 and Extended Data Fig. 6).
Moreover, MD simulations show that the silicalite-1 nanocrystal pores
remain dry while O, is adsorbed, and the pores undergo spontaneous
and rapid dewetting whenever water molecules are artificially placed
inside (Extended Data Fig. 7 and Supplementary Video 1).

Cycling experiments confirm that gas absorption in silicalite-1 col-
loidal solutions is fully reversible over at least three cycles of absorp-
tion followed by desorption under vacuum (Supplementary Fig. 38).
In addition, gas desorption was directly quantified by measuring the
change in the amount of dissolved O, when an oxygenated silicalite-1
solution was injected into pure, degassed water (Fig. 4a). After injec-
tion, a partial pressure gradient is established that drives the release
of adsorbed O, from the silicalite-1 nanocrystals into bulk water. This
process continues until the partial pressures of dissolved and adsorbed
0O,areequal and anew equilibrium is established. Consistent with the
absorption experiments, oxygenated silicalite-1solutions deliver up to
86% of the theoreticalamount of O, predicted from solid-state adsorp-
tion isotherms to deoxygenated water (Fig. 4b). Moreover, owing to
thelabile physisorptive interactions and relatively low viscosity of our
solutions, the amount of dissolved O, equilibrates within seconds after
injection of a silicalite-1 solution, which demonstrates the rapid gas
desorption kinetics of these microporous liquids (Fig. 4a).

The thermodynamicapproach described here to designing micropo-
rous liquids is not specific to silicalite-1and is generalizable to awide
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Fig.2|Density measurements to evaluate the porosity ofaqueous
solutions. The density of a porous solution with dry micropores will be lower
thanthe density of an analogous non-porous solution with solvent-filled
micropores. The measured densities (black circles) of several microporous
nanocrystal colloidal solutions are plotted as a function of nanocrystal
concentrationat20 °C (ZIF-67) or 25 °C (all others). Theoretical densitiesas a
function of nanocrystal concentration are indicated by shading, with grey
correspondingtoasolution withcompletely dry pores and blue or purple
correspondingto asolution with pores filled with aqueous solvent or ethanol
(EtOH), respectively, at the same density as the bulk solvent. a, The densities of
colloidal solutions of silicalite-1, BSA/ZIF-67 and (mPEG)ZIF-8 nanocrystals in
water are consistent with microporous fluids containing dry pores. b, By
contrast, the densities of colloidal solutions of silicalite-1 nanocrystalsin EtOH
and zeolite LTL and PEG/ZIF-67 nanocrystals in water are consistent with fluids
that have no accessible porosity. Note that the density of nanoconfined solvent
is often lower than the bulk solvent density*.

range of hydrophobic microporous materials. For instance, there
are now more than 50 known pure-silica zeolites and many other
high-silica zeolites that should be hydrophobic enough to exclude
water in colloidal solutions®. Beyond zeolites, MOFs offer access to
even higher internal surface areas and gas capacities, along with sub-
stantially more structural and chemical diversity?. Most hydrophobic
MOFs, however, have relatively hydrophobic external surfaces and
are not inherently dispersible in water. Many hydrophobic MOFs are
also prone to degradationin water particularly atlow concentrations.
This is true for the isostructural hydrophobic frameworks Zn(mim),
(ZIF-8; mIm = 2-methylimidazolate?) and Co(mlm), (ZIF-67) (Fig.1d)—
nanocrystals of which rapidly aggregate in water and may degrade if
alarge excess of water is present. Surface functionalization strate-
gies can be applied to disperse and stabilize hydrophobic MOFs in
water?®?, providing a route to aqueous MOF solutions with permanent
microporosity, as long as surface ligands can be selected that promote
dispersibility without infiltrating—or blocking access to—the frame-
work micropores.

Non-covalent surface functionalization with macromolecules suchas
polyethylene glycol (PEG) represents a simple approach for dispersing
nanocrystalsinsolvents that would otherwise induce aggregation and
precipitation. Although ZIF-8 microparticles were previously shown to
aggregate rapidly in liquid PEG (M, = 500 g mol™)*, we found that PEG
(M,=35,000 g mol™) at 30 wt% can disperse at least 20 wt% (21 vol%) of
ZIF-8 nanocrystals (average size =103 + 10 nm) and 7.0 wt% (7.4 vol%)
of ZIF-67 particles (average size = 780 + 120 nm) in water without
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Fig.3|Equilibrium gas sorptionisotherms and MD simulations. Gas
absorptionisotherms for O, (a) and CO, (b) ina12.2 vol% solution of silicalite-1
nanocrystalsinwater (navy) and a5.1vol%solution of zeolite LTL nanocrystals
inwater (orange) at 25 °C.Navy and orange lines represent linear fits to the
isotherm data, with the exception of asingle-site Langmuir-Freundlich fit for
CO,absorptioninthesilicalite-1solution. The O,and CO, solubilities of pure
water at25°Careindicated withlight bluelines. Error barsrepresent the
standard deviations associated with pure-water control experiments
(Supplementary Tables14-16); note that the error bars are smaller than the size
ofthe data pointin some cases. ¢, Theamount of O,and CO,adsorbed by the
zeolite nanocrystalsinaqueous solution, whichis obtained by accounting for
the pure-water gas solubility, relative to the zeolite solid-state gas capacities.
Errorbarsrepresent the standard deviations associated with pure-water

observable aggregation. Furthermore, ZIF-8 remains crystalline when
associated with PEG in water for at least 5 weeks, and PEG increases the
hydrolytic stability of ZIF-67, which otherwise rapidly degradesin water
(Supplementary Figs. 4 and 48). However, the measured O, capacities
of the PEG/ZIF-8 and PEG/ZIF-67 colloidal solutions are less than 10%
of the expected capacities for solutions of ZIF particles containing
empty and accessible microporous networks (Fig. 4b). Along with den-
sity measurements (Fig. 2b), these limited O, capacities suggest that
the colloidal PEG/ZIF solutions are not porous because of PEG—and
perhaps H,O—intrusion into the ZIF micropores. Given that PEG is a
compact, flexible polymer and is amphiphilic, there does not seem
to be a strong enough driving force to prevent its intrusion by either
sterics or thermodynamics, which is consistent with observations in
the solid state for PEG with other MOFs™.

Asanalternative to synthetic polymers, we anticipated that globular
water-soluble proteins could serve as promising macromolecules for
non-covalent ZIF surface functionalization owing to their large size,
conformational rigidity and propensity to adsorb on hydrophobic
surfaces®. Weidentified bovine serum albumin (BSA) as aninitial target
for adsorbing onto ZIF-8 and ZIF-67 external surfaces because of its
large diameter (about 7 nm) and 17 permanent disulfide linkages that
minimize its conformational flexibility—the combination of which
shouldsterically preclude proteinintrusioninto the ZIF framework and
preserve permanent microporosity (Fig.1d). Asanticipated, mixing BSA
(10 wt%) with ZIF-67 particles (3.3 wt%) enables complete dispersion of
ZIF-67 inwater with no observable precipitation over aperiod of at least

control experiments (Supplementary Tables14-16).d, Animage of the

16.2 x16.2 x 52 nm simulation box used for MD simulations containing a
spherical nanocrystal of silicalite-linitially filled with 3,500 H,0 molecules
and surrounded by abulk water phase and aheadspace of O, gas molecules.
The snapshot of the simulation box is of the system after equilibration and
expulsion ofinternal H,0 molecules. O atoms are showninred, Hatomsin
whiteand Siatomsinblue, whereas the bulk water phase isrepresented as a
semi-transparent blue volume. e, Azoomed-in view of the silicalite-1
nanocrystaledge.f, The changein density of O,and H,O inside aninitially dry
silicalite-1nanocrystal over the timescale of the simulation. g, The average
concentrations of H,O (top) and O, (bottom) during the last 50 ns of the
simulationinthe bulkliquid phase, bulk gas phase and silicalite-1 nanocrystal.

8 days (Fig. 1g and Supplementary Fig. 48), and density measurements
are consistent with air-filled pores (Fig.2a). Moreover, the measured O,
capacities of BSA/ZIF-67 colloidal solutions are 80% + 9% of the theo-
retical capacities obtained by assuming that all ZIF-67 pores are empty
and accessible to gas molecules (Fig. 4a,b). Spectroscopic analysis and
MD simulations confirm that the secondary structure of BSA prevents
global unfolding and pore infiltration after BSA adsorbs to the ZIF-67
surface (Extended DataFig. 7, Supplementary Fig. 49 and Supplemen-
tary Video 2). Moreover, simulations confirm that ZIF-67 pores remain
dryand capable of adsorbing O, molecules when surrounded by liquid
water (Supplementary Video 3). As well as promoting dispersibility,
BSA stabilizes ZIF-67 nanocrystals, which rapidly degrade in water in
the absence of BSA (Supplementary Fig. 48). Specifically, we observe
just 8.2% degradation and negligible change in O, capacity (85% + 2%
oftheoretical) after 1 week inwater for a BSA:ZIF-67 ratio of 2.5:1 (Sup-
plementary Tables 35 and 49). At a BSA:ZIF-67 ratio of 6:1, we observe
102% + 5% of the theoretical O, capacity after 1 week in water, which is
indicative of even greater stabilization. Thus, non-covalent protein
adsorption successfully extends the microporous water concept to
hydrophobic MOFs.

Aside from non-covalent approaches, covalent surface functionali-
zation offers the potential for strongly bound and precisely located
surface ligands that promote water dispersibility at lower loadings
than more weakly associated surface ligands*?* (Fig. 1). For covalent
functionalizationtolead to anaqueous microporous liquid, the surface
ligand must be hydrophilic enough—and present at a high enough
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Fig.4|0,release measurementsinwater and blood. a, O, release kinetics for
injections of oxygenatedsilicalite-1, (mPEG)ZIF-8 and BSA/ZIF-67 nanocrystal
solutionsinto deoxygenated water. All solutions were injected intoal.2-ml
gas-tightvial, and the injection volumes are indicated next to the arrows. b, The
amount of O, delivered by oxygenated aqueous solutions of hydrophobic
zeolite and MOF nanocrystals relative to the theoretical amount calculated by
assuming fully dry pores with gas capacities equivalent to those measured in
thesolid state.c, Comparison of the O,-carrying capacities of aqueous
solutions of hydrophobic zeolite and MOF nanocrystals to the O,-carrying
capacities of blood (15 g Hb dI™) and two representative perfluorocarbon
emulsions (Fluosol and Oxygent). All capacities are for solutions equilibrated
at1bar O,nearambient temperature.d, The amount of O, delivered to

density—to promote water dispersibility, although short enough or
bulky enough to prevent poreinfiltration. Moreover, functionalization
must be confined to the external surface of the nanocrystal and not
inhibit gas accessibility to the internal pore surfaces. Although func-
tionalization with carbene surfaceligands hasbeen used to disperse ZIF
nanocrystalsinlarge cyclic organic solvents to form organic micropo-
rous liquids™, the reactivity of carbenes makes this synthetic strategy
difficult to adapt to water. As an alternative approach, we anticipated
that mimsurface ligands would be nucleophilicenough to openepoxide
rings and form a B-hydroxyalkyl covalent linkage to the ZIF surface®
(Fig. 1d). On the basis of this reasoning, we reacted ZIF-8 nanocrys-
tals with methoxypolyethylene epoxide (mPEG; M, =750 g mol™ for
PEG). The formation of the expected covalent linkage between the
ring-opened epoxide and mIm was confirmed by mass spectrometry
(Supplementary Fig. 51), with NMR digestion experiments indicating
that approximately 10% of the mIm surface ligands are functionalized
with mPEG (Supplementary Fig. 52). Notably, this grafting density
(0.8 ligands per nm?) is sufficient to stabilize colloidal solutions of
ZIF-8 in water at up to 8.3 vol% (7.0 wt%), with minimal precipitation
or aggregation over the course of at least 5 days (Fig. 1f and Extended
DataFig. 8c). By contrast to ZIF-8 nanocrystals non-covalently func-
tionalized with PEG, the solution density as afunction of concentration
is consistent with that expected for a microporous liquid containing
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deoxygenated packed red blood cells (RBCs) by oxygenated solutions of
(mPEG)ZIF-8 (6.7 vol%) and silicalite-1nanocrystals (9.1 vol% and 11.0 vol% for
60-nmand 90-nm nanocrystals, respectively) asafunction of the volume of
solutioninjected. The O, capacities of each solution are calculated from the
slopeoflinearfitsto the data. Note that all solutions were equilibrated at 1 bar
0,atambienttemperature and contain 5% dextrose. Inset, representative O,
releasekinetics for asingle injection of 100 plsolution of 60-nmsilicalite-1
nanocrystals (9.1vol%). The baseline was collected for at least 4 min prior to
injection to ensure stabilization of the O, sensor. Error barsinb-d represent
thestandard deviation associated with at least three independent
measurements for each data point.

air-filled pores (Fig. 2a), and the measured O, capacity is 96% + 7% of
the theoretical amount (Fig. 4a,b). Thus, covalent surface modifica-
tion with low-molecular-weight ligands can impart colloidal dispers-
ibility of hydrophobic MOFs in water while maintaining permanent
microporosity and high gas absorption capacities.

The high gas capacities of the microporous liquids reported here
presentintriguing possibilities forin vitro or in vivo O, delivery,among
others. Nature evolvedintricate and tightly regulated systems to trans-
port O, in water over hundreds of millions of years, and it is challeng-
ing to deliver enough O, to prevent hypoxia when these systems are
absent or fail. A variety of natural and synthetic gas carriers—including
cell-free haemoglobin, haem mimics, perfluorocarbon emulsions and
lipid-coated or polymer-coated microbubbles—have been explored
todeliver O,fromaqueous fluids, but overcoming issues that include
limited gas-carrying capacity, poor control over release kinetics, lack of
reversibility, large particle sizes, dose-limiting toxicity and long-term
stability remains an unsolved challenge®*. As a result, there are—at
present—no injectable sources of O, or artificial blood substitutes
approved by the U.S. Food and Drug Administration, despite decades
of research.

When oxygenated at1bar and 25 °C, blood has an O,-carrying capac-
ity of around 24 ml dI”* (assuming 15 g Hb dI™"), which is an order of
magnitudelarger thanthe 2.9 ml dI”' that canbe dissolved in pure H,0.



Among non-covalent O, carriers, lipid-coated microbubble dispersions
(90 vol%) have been demonstrated with irreversible O, capacities that
approach the gas-phase density of O, (91 ml dI™"), whereas concen-
trated perfluorocarbon emulsions (60 vol%) have reached reversible
0, capacities as high as 17 ml dI™* (refs. ***) (Fig. 4¢). Microporous
liquids offer a pathway to reversible O, capacities that far exceed these
values, which would allow larger amounts of O, to be delivered from
smaller volumes of an aqueous fluid. In particular, as silicalite-1and
ZIF-8 nanocrystalsadsorb 731 ml dI"'and 241 ml dI” of O,, respectively,
inthesolid state, low-concentration aqueous solutions should be able
tostore and deliver exceptionally high densities of O,.Indeed, a 6.6 vol%
solution of (MPEG)ZIF-8 nanocrystals has a measured O,-carrying
capacity that is similar to many perfluorocarbon emulsions, which
have concentrations of at least 20 vol% (Fig. 4c). Moreover, at a con-
centration of just 4.0 vol%, our aqueous solution of 90-nm silicalite-1
nanocrystals has ameasured reversible O, capacity of 31.3+ 0.1 ml dI™,
exceedingthat of blood (Extended Data Table1). At aconcentration of
12.7 vol%, this O,-carrying capacity increases to 89 + 10 ml dI™, whichis
comparable with the density of bulk O, gas (Fig. 4b). Although higher
concentration solutions of silicalite-1 nanocrystals tended to gel, we
found that nanocrystals of the zeolite ZSM-5—whichis theisostructural
aluminosilicate analogue of silicalite-1-have more hydrophilic external
surfaces thansilicalite-1nanocrystals (the zeta potentials of ZSM-5 and
silicalite-1are-49.1 mVand-38.7 mV, respectively). Asaresult, we were
able toformastable colloidal solution of ZSM-5nanocrystals (average
diameter =193 + 32 nm; Si/Al ratio = 64) in water at aconcentration of
up to 40 vol%, with relatively low viscosities even at high concentrations
(Extended Data Fig. 2). Moreover, density measurements confirmed
that the micropores are hydrophobic enough at this high Si/Al ratio to
prevent water intrusion and form a microporous solution. This leads
toan extremely high measured O,-carrying capacity of 187 + 18 ml dI*
that, to the best of our knowledge, far exceeds the capacity of any other
natural or synthetic aqueous O, carrier (Fig. 4c).

Asaninitial exploration of whether the high O,-carrying capacities
of these microporous liquids could be translated to more biomedically
relevant environments than pure water, we performed ex vivo experi-
ments totest the delivery of O,to deoxygenated donated humanblood.
Notably, density measurements confirm that the permanent micropo-
rosity of silicalite-1and (mPEG)ZIF-8 nanocrystals is maintained in a
5% dextrose solution (Extended Data Fig. 1), which is isosmotic to red
blood cells. The O,-carrying capacity of these solutions was extracted
from measurement of the change in oxyhaemoglobin concentration on
addition of different volumes of oxygenated solutions to deoxygenated
red blood cells. Notably, oxygenated solutions of 90-nm silicalite-1
nanocrystals (11.0 vol%), 60-nm silicalite-1nanocrystals (9.1 vol%) and
(mPEG)ZIF-8 (6.6 vol%) in 5% dextrose rapidly release O, after injection
intoredblood cells, with the amount of O, released increasing linearly
in a dose-dependent manner. The extracted O,-carrying capacities
areinexcellent agreement with the values predicted from adsorption
measurements and O,-release experiments in pure water (Fig. 4c,d).
Furthermore, more concentrated silicalite-1 colloidal solutions were
capable of delivering 110 ml dI™ of O, to red blood cells (Supplemen-
tary Table 45). These proof-of-principle experiments demonstrate
the potential of aqueous microporous liquids for in vivo orin vitro O,
delivery, but we note that many other factors—including cyclability,
biocompatibility, long-term stability and cost—will need to be consid-
ered when designing a fluid to meet the requirements of a particular
biomedical application.

Overall, our results show how thermodynamic principles can be
applied tobringthe high surface areas and gas capacities of micropo-
rous solids to aqueous fluids. This approach has notable implications
forbiomedical and energy technologies, many of which are limited by
the transport of gas molecules through aqueous environments. For
instance, the microporous water concept could lead to new electrolytes
that complement or replace gas-diffusion electrodesin electrocatalytic

reactions’ or overcome mass-transport limitation in fuel cells using
dilute gas streams® by allowing a higher density of gas molecules to
be localized near the electrode surface—effectively serving as a gas
buffer. Beyond catalysis and energy storage, aqueous microporous
liquids have potential as green solvents for acid gas separations®, as
these fluids offer opportunities for higher gas solubilities, lower cost
and less harmful environmental effects compared with existing organic
solvents systems used in physisorptive processes. On the biomedical
front, microporous water could enable treatments for decompression
sickness® or serve as sources of O, for artificial blood substitutes®,
bridge therapies for hypoxia induced by trauma*° or media for organ
and tissue preservation*. Although many factors beyond gas-carrying
capacity need to be considered to translate these systems to viable
technologies, there are myriad possibilities for designing hydropho-
bic zeolites and MOFs with different crystal structures, nanocrystal
sizes and shapes, and external surface functional groups to create
microporous water with high gas capacities and properties tailored
to aspecificapplication.
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Methods

General procedures

Nanopure H,0 was obtained using a Milli-Q1Q 7000 water purification
system. All compounds were synthesized and handled in air. All rea-
gents were purchased from commercial vendors and used as received.
Ultrahigh-purity grade (99.999% purity) He, O, and CO, were used for all
gas sorption measurements. Hydrothermal syntheses were performed
inParracid digestion vessels with polytetrafluoroethylene liners. Soni-
cation was performed using a 0.5-gallon Branson CPX series sonicator
with an operating frequency of 40 kHz. Calcination was performed
using a STF1200 Across International tube furnace. Powder X-ray dif-
fraction patterns were measured at ambient temperature using a D2
PHASER Bruker AXS diffractometer with CuKa radiation (1=1.5418 A).

Material synthesis

Synthesis of 90-nm silicalite-1 nanocrystals. Silicalite-1nanocrystals
with an average diameter of 90 nm were synthesized following a pro-
cedure adapted froma previous report®. Inarepresentative synthesis,
aqueous tetrapropylammonium hydroxide (TPAOH; 31.51 ml, 40 wt%),
H,0 (40.52 ml) and tetraethylorthosilicate (TEOS; 38.36 ml) were com-
binedina250-mlglass bottle. Theinitially biphasic mixture was stirred
for18 h, allowing the TEOS to become hydrolysedin the alkaline environ-
mentand liberate ethanol (EtOH) into the solution. Following hydrolysis,
the molar ratio of this solution was 9 TPAOH:25 Si0,:480 H,0:100 EtOH.
The homogenous solutionwas loaded into acombination of 23-mland
45-ml Parr acid digestion vessels, with each vessel filled to about 50%
withthe solution. These were sealed and heated to 90 °C for 48 h. After
allowing the vessels to cool, the product was diluted roughly tenfold
with nanopure H,O and centrifuged at 7,830 revolutions per minute
(rpm) (7,197 relative centrifugal force (rcf)) for 80 min. The supernatant
was then removed and washed six times with nanopure H,O. After the
finalwash, the sample was dried ina centrifuge tube at 60 °C overnight.
Thedried sample was collected and finely ground into apowder. About
3 gof powder was pouredinto alumina cruciblesandloaded into atube
furnace. The powder was dried under flowing N, by heating to 200 °C
over 1 hand holding at this temperature for a further 2 h. The powder
was then calcined by heating to 550 °C over 1 h under flowing air and
holding at this temperature for 10 h. The sample was then cooled to
ambient temperature and collected.

Synthesis of 60-nm silicalite-1 nanocrystals. Inarepresentative syn-
thesis,aqueous TPAOH (53.35 ml, 40 wt%) and TEOS (64.46 ml) were com-
binedina250-mlglassbottle. The biphasic mixture was stirred for 68 h
toallow for full hydrolysis of TEOS and ageing of the solution. The molar
ratio of theresulting solution was 9 TPAOH:25 Si0,:380 H,0:100 EtOH.
Oncompletion of ageing, the solution was then uncapped and placedin
anoilbathat110 °Cto evaporate the EtOH generated during hydrolysis
of TEOS. Over the course of 2 h, the oil bath temperature was raised to
120 °C. After heating, the solution was reweighed and H,0 was added
toreplace H,0 that evaporated during heating and bring the molar ratio
ofthesolutionto 9 TPAOH:25 Si0,:280 H,0. Theresulting homogenous
solution was loaded into 23-ml Parr acid digestion vessels, with each ves-
selfilled to about 50% with the solution. These were sealed and heated
to 80 °C for 48 h. After allowing the vessels to cool, the product was
diluted roughly tenfold with nanopure H,0 and washed six times with
nanopure H,0 after centrifuging at 7,830 rpm (7,197 rcf) for 180 minand
removing the supernatant. After the finalwash, the samplewas driedin
acentrifuge tube at 60 °C overnight. The dried sample was collected,
finely groundinto a powder and calcined following the same procedure
asdescribed for the 90-nm silicalite-1 nanoparticles.

Synthesis of high-silica ZSM-5 nanocrystals. ZSM-5 nanocrystals
were synthesized following a procedure adapted from a previous
report*.Inarepresentative synthesis,aqueous TPAOH (5.55 ml,20.3 wt%)

and H,0 (17.904 ml) were combined in a 250-ml glass bottle. While
stirring, TEOS (27.104 ml) was added. Simultaneously, aluminiumiso-
propoxide (495.8 mg), TPAOH (16.664 ml), H,0 (5.968 ml) and NaOH
(0.408 ml, 2.4 M) were added to a 50-ml round-bottom flask. The mix-
ture was capped with aseptum and heated while stirring at 85 °C until
allthe aluminiumisopropoxide was dissolved. The Al solution was then
cooled to room temperature and added dropwise to the Si solution
while stirring. The resulting solution was then aged for 24 h at room
temperature with stirring. After ageing, the molar ratio of the resulting
solutionwas 4.6 TPAOH:0.1 Na,0:25 Si0,:0.25 Al,0,:482 H,0:100 EtOH.
The solution was then partitioned into three 23-mland two 45-ml Parr
acid digestion vessels and heated to 90 °C for 60 hwhile rotating, with
each vessel filled to about 50% with the solution. After allowing the
vesselsto cool, the product was divided evenly between six centrifuge
tubes, diluted with nanopure H,0 and washed 12 times by centrifuging
at 7,830 rpm (7,197 rcf) for 15 min. After the final wash, the sample was
dried in centrifuge tubes at 60 °C overnight. The dried sample was
collected, finely ground into a powder and calcined following the
same procedure as described for the 90-nm silicalite-1 nanocrystals.
Thefinal Si/Al ratio was 64 and the Al/Naratiowas 3.7, as determined by
inductively coupled plasma atomic emission spectroscopy (ICP-AES)
by Galbraith Laboratories.

Synthesis of zeolite LTL nanocrystals. In a representative synthesis
adapted and modified fromaprevious report*, KOH (14.14 g,0.252 mol)
was added to H,0 (45 ml) in a100-ml glass jar with a polytetrafluoro-
ethylene stir bar. Then, AI(OH), (2.43 g, 0.031 mol) was added to the
solution and dissolved by heating to 105 °C for 2.75 h, after which the
solution became clear. The solution was cooled to ambient tempera-
ture, then HS-40 LUDOX (40%, 28.60 ml) was added while stirring.
Within 30 min, the homogenous solution thickened and became
opaque. The solution was left to age overnight with stirring, after which
the solution became fluid againand had amoderately translucent blue
hue. The solution was thenloaded into 23-ml Parr acid digestion vessels,
with eachvesselfilled to about 50% with the solution. The vessels were
subsequently sealed and heated to 180 °C for 73 h, with each vessel filled
to40% withthe solution. The product was diluted roughly tenfold with
nanopure H,0 and washed 15 times with nanopure H,0 after centrifug-
ingat 7,830 rpm (7,197 rcf) for 180 min and removing the supernatant.
After completion of the washes, the zeolite LTL nanoparticles were
redispersed in enough H,0 to bring the volumetric concentration to
9 vol%. The Si:Al ratiowas 2.6:1and the Al:K ratiowas 1.1:1, as determined
by ICP-AES by Galbraith Laboratories.

Formation of aqueous solutions of silicalite-1 nanocrystals. To create
uniform and stable colloidal dispersions, H,0 (13.5 ml) was added to
calcined 60-nm or 90-nm silicalite-1 nanocrystals (4.45 g) in a 20-ml
glass vial sealed with a Teflon cap and sonicated for up to 1 week.
Following sonication, the mostly translucent dispersion was transferred
into a 50-ml centrifuge tube for further purification. The goal of this
subsequent step was to remove any large aggregates that had irrevers-
ibly fused during calcination. To do so, the dispersion was subjected to
atotal of 25 centrifugation cycles; following each round of centrifuga-
tion, the supernatant was decanted and transferred to a fresh tube.
The dispersion was first centrifuged at 1,500 rpm (264 rcf) for 15 min
to remove any large agglomerates, then centrifuged at 7,830 rpm
(7,197 rcf) for 24 cycles ranging from 30 s to1 min in duration. To con-
centrate the solution, the sample was splitinto two tubes and spun at
7,197 rcffor 15 min to generate ananoparticle-free layer of H,O on top.
The final concentration of the solution could be tuned by removing
different amounts of H,O before redispersing the nanocrystals.

Formation of aqueous solutions of ZSM-5 nanocrystals. To create
uniform colloidal dispersions, H,0 was added to calcined ZSM-5
nanocrystals (about 3 g) in a 20-ml glass vial sealed with a Teflon cap
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and sonicated for a few days. Following sonication, the milky dis-
persion was transferred into a 50-ml centrifuge tube. The particles
were washed three times with nanopure H,0 at 7,830 rpm (7,197 rcf).
Following washing, the particles were thensize selected by centrifuging
twiceat1,500 rpm (264 rcf) for 15 min and discarding the precipitate.
The dispersion was then repeatedly centrifuged for 2 minat 7,830 rpm
(7,197 rcf), decanting the supernatant each time. A small amount of
nanopure H,0 was then added to the precipitate.

Synthesis of ZIF-8 nanocrystals. ZIF-8 was synthesized in methanol
(MeOH) following a previously reported procedure*s. Briefly,
Zn(NO,),6H,0 (2.9 g,0.0097 mol) and 2-methylimidazole (mIm; 6.5 g,
0.079 mol) were each dissolved in MeOH (100 ml). The two solutions
were then mixed rapidly and stirred at 850 rpm for 1 h at room tem-
perature. Toremove excess reagents on completion of the reaction, the
solution was then subjected to four centrifuge cycles (25 min, 7,197 rcf).
After each cycle, the supernatant was decanted and the remaining
nanocrystals were redispersed in fresh MeOH.

Synthesis of (MPEG)ZIF-8 nanocrystals. A suspension of ZIF-8
nanoparticles (80 mg) in MeOH (8 ml) was stirred at 500 rpm with
triethylamine (0.5 ml) at room temperature for 20 min. While stirring,
methoxypolyethylene epoxide (mPEG; PEG average M, =750 g mol™;
300 mg) wasadded. The solution was then heated to 45 °C and stirred
for 3 days. To remove unreacted mPEG, the solution was centrifuged
four times (20 min, 7,197 rcf). After each cycle, the supernatant was
discarded and the resulting nanocrystals were redispersed in fresh
methanol. The washed nanoparticles were dried under vacuum at 45 °C
for3 hand thenresuspended in water to form aqueous dispersions at
different concentrations.

Synthesis of ZIF-67 nanocrystals. ZIF-67 was synthesized in MeOH
following a previously reported procedure®. Briefly, Co(NO5)-6H,0
(1.44 g, 0.0094 mol) was dissolved in MeOH (200 ml). In a separate
flask, mIm (3.24 g, 0.039 mol) was dissolved in MeOH (200 ml). The two
solutions were then mixed and stirred at 800 rpm for 12 min, after which
stirring was stopped and the solution was left at room temperature over-
night. Nanocrystals were collected and purified by four centrifugation
cycles (25 min, 7,197 rcf). After eachcycle, the supernatant was decanted
and the remaining nanocrystals were redispersed in fresh MeOH.

BSA/ZIF-67 functionalization. BSA with >98% purity was purchased
from Sigmaasalyophilized powder and used as received. To use BSA to
disperse ZIF-67 particles in H,0, the protein was first dissolved in H,0 at
atarget concentration. Separately, dispersions of ZIF nanoparticlesin
MeOH were dried under vacuum. The dry ZIF powder was then added
directly to the aqueous BSA solution, which was then sonicated and
vortexed for 5 min at room temperature to facilitate adsorption and
dispersion. Note that the protein crystal structure shown in Fig. 1d is
of aBSAmonomer.

Material characterization

Nanoparticle size analysis. Dynamic light scattering (DLS) and
scanning electron microscopy (SEM) (Zeiss Ultra Plus) were used to
quantify the particle size distribution of all synthesized nanocrystals.
DLS measurements were performed using a Malvern Zetasizer Ultra,
whereas SEMimages were acquired using a Zeiss Ultra Plus microscope.
To prepare samples for DLS, agiven colloidal solution was diluted with
nanopure H,0 to a final volumetric concentration of about 0.1-0.2%.
Note that dilution is required to obtain accurate DLS data for sam-
ples at high concentrations. Particle dispersion and aggregation over
time were monitored visually and by repeating the DLS measurement.
The same conditions and instrument were used to run zeta potential
measurements to characterize the surface hydrophilicity of ZSM-5
andsilicalite-1. To prepare samples for SEM imaging, a given colloidal

solutionwas diluted to a concentration near 0.1 mg ml™ with EtOH and
drop cast on Si wafers that had been previously cleaned by sonicating
for1 mininfresh acetone three times followed by sonicating for 1 min
infreshisopropanolthree times. The SEM images were processed and
analysed using MIPAR. Atleast 100 nanocrystals wereimaged to obtain
average sizes for each sample.

Concentration measurements. Nanocrystal concentrations were
determined using one or more of the following techniques: ICP-AES,
thermogravimetric analysis (TGA) and manual drying and weighing
(Supplementary Table 3). ICP-AES measurements were performed for
zeolite colloidal solutions by Galbraith Laboratories using method
ME-70 after digesting samples with hydrofluoric acid. TGA measure-
ments were performed on a TA Instruments TGA 550. Samples (20 pl)
were pipetted into open Al pans with astainless-steel bail under air and
heated atarate of 5K min™to 600 °Cunder a10 ml min™N, flow withan
empty Al pan and stainless-steel bail used as areference. The TGA mass
was calibrated using a series of three reference masses, whereas the TGA
temperature was calibrated to the Curie temperature of Ni. For zeolite
samples, the mass remaining at 600 °C was taken to correspond to the
mass of nanocrystals in solution. For manual drying and weighing, a
known volume of aqueous dispersion (typically 50-100 ul) was pipetted
into a preweighed vial, dried at 130 °C and weighed. To obtain the true
mass of sample, the obtained mass of the sample was corrected for the
amountof adsorbed H,0 under ambient conditions as determined from
themasslossin TGA between 25 °Cand 150 °C. All ZIF colloidal solution
concentrations were determined by manual drying and weighing.

Density measurements. Density measurements were performed using
anAnton Paar DMA 4100 variable temperature density meter, which has
anaccuracy of +0.0001 g ml™. Before each measurement, the instru-
ment calibration was verified at 20 °C and ambient pressure. Briefly,
the density of ambient lab air and the density of nanopure water were
recorded and compared with the expected values. A verification was
deemed successful if the density of air was 0.0012 + 0.0002 g ml " and
the density of nanopure water was 0.9982 + 0.0002 g ml™at 20 °C. After
calibration verification, the sample cell was briefly dried using a built-in
air pump to prepare for sample injection. For each measurement, a
sample (1.1 ml) was injected into the sample cell, with the syringe left
in the injection port to prevent movement of the sample or the entry
of gas bubbles. The density of the sample was recorded at 15 °C, 25 °C
and 37 °C. The sample was then carefully removed using the syringe and
diluted to obtain measurements at other concentrations. The sample
cell was washed with at least 20 ml of nanopure water and dried with
an air pump between each measurement.

Viscosity measurements. An electromagnetically spinning viscometer
(EMS-1000S, Kyoto Electronics Manufacturing) was used to measure
theviscosity of the high-concentration dispersions of 90-nmisilicalite-1
and 193-nm ZSM-5 nanocrystals. For ZSM-5,800 pl of aqueous solution
was placed in a glass tube with a 4.7-mm diameter Al ball. During the
measurement, the Al ball was set to rotate with an input frequency of
1,000 Hz. Rotation of the Al ball was traced with ared laser and the
viscosity was determined by the reduction in rotational speed. Each
measurement was repeated at least three times at 25 °C. The reported
viscosity and shear rates are determined as the average + the standard
deviation of these trials. In cases in which the standard deviation is
below the accuracy of theinstrument, the standard deviationisinstead
replaced by the base accuracy reported by the instrument (+0.1when
the reading is above 10 mPa s or1s™, and £0.01 when the reading is
below 10 mPa s). Water was subsequently added to dilute the sample
to alower concentration, and the concentration of each solution was
measured separately following measurement. The above procedure was
repeated for 90-nmsilicalite-1dispersions, except thata2-mm diameter
Alballwas usedinstead, with a corresponding starting volume of 500 pl.



Solid-state gas adsorption measurements. Solid powders were
obtained by drying solutions of dispersed nanocrystals overnight
inanovenat130 °C.Powders wereloaded into glass sample tubes and
activated under vacuum overnight at 175 °C for post-calcined silicalite-1
and ZSM-5,100 °C for pre-calcined silicalite-1, 120 °C for ZIF-8 and
ZIF-67,and 75 °C for (mPEG)ZIF-8 using aMicromeritics SmartVacPrep
equipped with a turbomolecular pump. Adsorption data were then
recorded using a Micromeritics MicroActive 3Flex 3500. BET sur-
face areas and pore volumes for each material were obtained from N,
adsorption isotherms at 77 K (Extended Data Fig. 3, Supplementary
Figs.27-31and Supplementary Table 4). Isotherm measurements near
ambient temperature were performed using arecirculating dewar con-
nected toanisothermalbath. Note that O,and CO,isothermsat15°C,
25°Cand 37 °Cwere obtained on the same batch of material for which
solution-phase adsorption measurements were performed (Extended
DataFig.4 and Supplementary Figs. 32-36).

Gas adsorption isotherms for aqueous colloidal solutions. Adsorp-
tion measurements in solution were performed on a Micromeritics
MicroActive 3Flex 3500 using a manual experimental procedure de-
scribed in the Supplementary Text. We note that careful setup and
analysis is required to obtain accurate gas sorption data using a volu-
metricinstrument when the sample hasameasurable vapour pressure,
astheaccuracy of the measurement relies solely on measurements of
changesintotal gas pressure. To ensure the accuracy of these measure-
ments, control experiments for O, and CO, absorption in pure water
were conducted at 25 °C (Supplementary Tables 14-16). Experimental
0,and CO, absorption amounts were compared with known solubility
valuesin pure water to obtain a % of the expected value. The standard
deviation across threeindependent runs of the % of the expected value
was usedto obtaintheerror associated with theisotherm measurement.

Oxygen adsorption kinetics measurements. Oxygen adsorption
kinetics were monitored using a PyroScience GmbH FireSting-O,
sensor using OXSP5 fibre optic sensor spots. In brief, the sensor spot
was attached to the wall of a 1.2-ml or a 4-ml vial, in which approxi-
mately 0.7-1.2 ml of nanocrystal solution was loaded. The vials were
then capped with a red rubber septum with one inlet needle and one
outlet needle inserted. The solution was then placed under 1 bar of
flowing O, while stirring and allowed to equilibrate until asteady-state
pO,—indicating full equilibration—was reached.

Oxygen-release measurements in deoxygenated water. Aqueous
solutions were loaded into 2-ml or 4-ml glass vials, each equipped with
aTeflonstirbarand capped witharubber septumwith oneinlet needle
andoneoutlet needleinserted. Oxygenation was performed by flowing
acontinual stream of humidified O, over the sample and was continued
until the pO, of the solution reached about 1 bar. The solution pO, was
measured using a contact-free fibre optic probe.

Oxygen release into deoxygenated water was quantified with a
Unisense MicroRespiration O, microsensor. Briefly, nanopure water
was deoxygenated by sparging with N, for atleast 30 min. A two-point
calibration was performed on the sensor before the measurement of a
specific aqueous solution. Specifically, the sensor was placed in fully
nitrogenated water to obtain the mV reading correspondingto a con-
centration of 0 mg I™". Next, the sensor was placed in air-equilibrated
nanopure water of aknown temperature to calibrate the corresponding
mV reading to the known mg 1™ (obtained from an O, concentration
table). After calibration, an aliquot of deoxygenated water was then
sealed in an air-tight 1.2-ml measurement chamber possessing two
gas-tight ports and a glass stir bar. Note that the measurement cham-
ber was completely filled with water to ensure that no headspace was
present. The O, probe was placed inside the measurement chamber
through one of the ports and a baseline concentration (mg 1™) was

recorded. Then, aknown volume of a nanocrystal solution wasinjected
into the sealed measurement chamber and the change in mg ™" was
measured to calculate the amount of O, released into water. The tem-
perature of the solutioninthe vialwas also recorded either by directly
inserting athermocoupleinto the vial right after the measurement or
by measuring the temperature of water in an adjacent vial.

Oxygen-release measurements in packed red blood cells. To make
the aqueous solutions isosmotic with blood, enough dextrose was
addedtoafford afinal concentration of 5% dextrose (w/v). The samples
were then oxygenated with 1 bar of O, by sealing an aliquot of each
solutionina4-mlglass vial with asepta cap and piercing the cap witha
needle. Thevial was then placed into a three-neck round-bottom flask
whosejoints were connected toan O, inlet with a H,O bubbler, avacu-
um pump and an oil bubbler outlet. The vial was continuously stirred
and three evacuation/refill cycles were performed on the sample.
Specifically, the pressure was gradually decreased inside the flask over
atleast15 minto 50 mmHgbefore continuingto evacuate at 50 mmHg
for another 15 min. The total duration of evacuation was about 1 h.
Following evacuation, the flask containing the samples was opened to
flowing humidified O, for 45 min. After three evacuation/refill cycles,
the sample was left under flowing O, overnight.

Similar to the oxygenated samples, the dispersions used for the N,
controls were also first mixed with dextrose to afford a final concen-
tration of 5% dextrose (w/v) before being loaded into a glass vial with
aseptum. To nitrogenate the solutions, each sample was first evacu-
ated under reduced pressure (30 mmHg) for less than ten minutes.
Afterwards, the sample was left under humidified, flowing nitrogen
overnight to allow for full gas exchange.

Colloidal stability determination. The long-term colloidal stability
of aqueous nanocrystal solutions was evaluated in one or more of the
following ways: visual observation for sedimentation, DLS over time
and SEM. For the visual method, a nanocrystal solution was placed
in a4-mlvial and left undisturbed over a period of time; the solution
was then examined for any settling or sedimentation that may have
occurred (Supplementary Fig. 48). Sixty-nanometre and 90-nm
silicalite-1dispersions showed remarkable stability even after several
months. DLS measurements were also used to check for any aggre-
gation in solution (Extended Data Fig. 8). For silicalite-1, ZSM-5, and
(mPEG)ZIF-8 (Extended Data Fig. 8), multi-angle DLS was conducted
immediately after synthesis and then after 1 week to compare the parti-
clesizedistribution. For (mPEG)ZIF-8, the nanocrystal size distribution
was also determined by SEM after 1 week and compared with that of the
pristine ZIF-8 (Extended Data Fig. 8). Both approaches showed minimal
changesin particle size over a period of a week, confirming the stability
of the nanocrystal solutions. No settling was observed for BSA/ZIF-67
samples over 9 daysinwater using the same approaches outlined above
for colloidal stability. PEG/ZIF-67 did show some settling over the same
period, but redispersion occurred easily by gently shaking the vial with
no aggregates observed by DLS.

Particle stability in water and dextrose. The stability of colloidal nano-
crystal solutions was evaluated in pure water (for silicalite-1, ZSM-5,
(mPEG)ZIF-8, PEG/ZIF-67 and BSA/ZIF-67) and 5% dextrose (w/v) in
water (for silicalite-1, ZSM-5 and (mPEG)ZIF-8). For all samples, fresh
dispersions were left undisturbed at ambient conditions for at least
1week before further characterization. The nanocrystals were then
isolated by centrifugation, and the supernatant was characterized by
ICP analysis for relevant elements (Si for zeolites, Zn for (mPEG)ZIF-8
and Cofor PEG/ZIF-67 and BSA/ZIF-67) to determine the degree of dis-
solution, if any. The precipitated nanocrystals were characterized by
SEM, powder X-ray diffraction (PXRD) and gas sorption measurements.
Dispersed nanocrystals were also characterized by DLS measurements
soon after the dispersion was formed and again after at least 1 week.
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Particle stability in blood. The stability of silicalite-1and (mPEG)ZIF-8
in blood was evaluated by incubating the nanocrystal solutions with
red blood cells for 24 h.Inthe case of silicalite-1,about 15 ml of packed
humanred blood cells were diluted with 20-25 ml of Plasma-Lyte and
buffered with 300 mg of sodium bicarbonate. Three hundred and fifty
microlitres of a colloidal solution of silicalite-1nanocrystals (10.4 vol%)
in 5% dextrose was subsequently added to about 6 ml of red blood cell
solution. The resulting mixture was placed on ashaker and incubated
at 37 °C for about 24 h. On completion, the red blood cells were lysed
with 3 mlof 10% sodium dodecyl sulfate (SDS) and diluted to atotal of
30 mlwith H,0. The clear red solution was centrifuged at 12,000 rpm
for10 min. The supernatant was decanted and the resulting precipitate
was washed two more times with approximately 2% SDS until alight blue
precipitate was obtained. The precipitate was subsequently dried and
analysed by PXRD and SEM.

In the case of (MPEG)ZIF-8, 5 ml of packed human red blood cells
were first washed at least five times with phosphate-buffered saline
at 3,500 rpm to remove excess citrate, which can coordinate to the
Zn centres of ZIF-8, that was present in the donated blood as an anti-
coagulant. After washing, the resulting packed red blood cells were
diluted with phosphate-buffered saline. Five hundred microlitres of
5.4 vol% (mPEG)ZIF-8 was then added to 500 plred blood cell solution
and the resulting mixture was placed on a shaker and incubated at
room temperature for about 24 h. On completion, the red blood cells
were lysed with SDS solution as described forsilicalite-1. The lysate was
thenfrozeninliquid N, for transport and was subsequently thawed and
washed with SDS. The product was analysed by PXRD and SEM. We note
thatthe 24-hincubation periods were far longer than the timescale of
the blood O, release experiments, for which nanocrystals solutions
were only equilibrated in blood for 5-10 min before measuring the O,
content by means of blood gas analysis.

All-atom MD simulations of nanoparticle gas uptake in water
Silicalite-1 simulation method. To investigate the absorption of O,
molecules in aqueous solutions of silicalite-1 nanocrystals, we cre-
ated a spherical nanocrystal (approximately 10 nmin diameter) from
asilicalite-1 crystal of dimensions 16.1 nm x 15.8 nm x 15.8 nm (Fig. 3
and Supplementary Fig. 55). The particle shape is maintained through
covalently bonded interactions among Siand O atoms described by the
atomistic potential. We used parameters compatible with the AMBER
force field to represent the bonded and non-bonded interactions of
the silicalite-1 nanocrystal®’. The resulting nanocrystal surface con-
tains several O atoms with incomplete coordination, namely, those
coordinated to only one Siatom. The surface O atoms withincomplete
coordination were protonated to create silanol groups on the silica
surface. The nanocrystal contains approximately 4.2 silanol groups
per nm? The charged siloxide groups represent about 1% of the sur-
face groups of the nanocrystal and create a surface charge density of
-0.043 e nm™, equivalent to —0.7 pC cm™2, in which e is the positive
elementary charge. The nanocrystal was placed ina cubic box 0f16.2 nm
per side and solvated by water molecules. Seventeen H;0" ions were
added to compensate for the charge of the nanocrystal. To include
abulk gas phase, the simulation box in the Z direction was extended
to 52 nm and O, molecules were inserted (Fig. 3 and Supplementary
Fig.55). At t =0, the O, molecules are located only in the gas phase.
During the simulations, the atoms of the silicalite-1 nanocrystal are
unconstrained, allowing the nanocrystal to diffuse freely in the aqueous
phase. We note that, by performing energy minimization and a short
run of less than1ns, the spherical nanocrystal expands by about 10%.
Thenanocrystal properties are summarized in Supplementary Table 50.
We performed two simulation runs to investigate the absorption of
oxygeninto thesilicalite-1nanocrystal inaqueous solution. The com-
position for runs 1and 2 with different initial conditions are provided
in Supplementary Table 51. For run 1, the framework was solvated by

randomly inserting water molecules into the simulation box, and about
3,500 water molecules were inserted randomly inside the nanoparticle
before starting the run. For run 2, no water molecules were placed inside
the pores of the nanocrystal at ¢ = 0. We monitored the adsorption of
O, inside the nanocrystal as afunction of time until the concentration
reached a stationary state.

Simulation of adsorption of O, by ZIF-67. Classical all-atom explicit
solvent MD simulations were conducted, using the package GROMACS
(version 2016.3)*8, The force field of ZIF-67 was based on the AMBER
potential for ZIF-8 (refs. **°), with Zn metals in ZIF-8 replaced with
Co, given the fact that ZIF-67 is isostructural to ZIF-8. The van der
Waals parameters of Co inthe AMBER format were used as previously
reported®. The AMBER force field parameters of the oxygen molecule
(0,) and OH" (counterions of ZIF-67) were obtained using the AMBER
programme antechamber and converted to GROMACS format®2.
During the simulations, the (110) surface of the ZIF-67 was selected as
the exposed facet in water®. Every second Co metal on the surface was
coordinated with one —~OH group, whereas the other was undercoordi-
nated®. The total surface charge density isaround 0.123 e nm 2, which
was neutralized by OH™ ions for consistency with experimental condi-
tions. The GROMACS-formatted topology file of ZIF-67 was generated
on the basis of the work of Sheveleva et al.*°.

To investigate O, adsorption, we created a ZIF-67 nanocrystal with
dimensions 0of 7.2087 nm x 6.7964 nm x 6.6 nm (inthe X, Yand Zdirec-
tions, respectively), which represents 3 x 2 x 2.5 unit cells. Note that
the upper and lower surfaces on the Z dimension have already been
truncated when generating the (110) surfaces. Each unit cell contains
two pores®®, such that there are five layers of pores along the Zdimen-
sion, asevidenced by the five distribution peaks of O, in Extended Data
Fig.7.ZIF-67 wasinitially located at the centre of the simulationbox with
dimensions of 7.2087 nm x 6.7964 nm x 48 nm (Extended DataFig. 7).
ZIF-67 was embedded in two water subphases, with a total thickness
of 16 nm for water-ZIF-67-water. Six OH™ ions were included in each
of the water subphases to neutralize the surface charges of ZIF-67.
The water-ZIF-67-water) structure was surrounded by a gas subphase
withathickness of 32 nm. Initially, 610, molecules wereincludedin the
gas phase to replicate the combined experimental O, concentration
inside ZIF-67 (0.107 M) and in the gas phase at 1 bar. As the simulation
progressed, O, molecules migrated firstinto the water subphases and
theninto ZIF-67 (Supplementary Fig. 54 and Supplementary Video 3).

The energy of the system was first minimized through the steep-
est descent algorithm, which was followed by further equilibration
under the NVT ensemble (constant number of particles, volume and
temperature), whichlasted 10 ps. The parametersin the equilibration
simulation were similar to those in the production simulation below,
except forthel-fsintegration time step used without any constraints.

In the production simulations, periodic boundary conditions were
used in all dimensions. The neighbour searching was calculated up to
14 Ausing the Verlet particle-based method and was updated every ten
time steps. The Lennard-Jones 12-6 interactions were truncated at 14 A
(refs. **%) by means of the potential-shift-Verlet method available in
GROMACS. The short-range Coulomb interactions were truncated at
the cut-off distance of 14 A (refs. **°) and the long-range interactions
were calculated using the smooth particle mesh Ewald algorithm>*,
The NVT ensemble was used, and the temperatures of ZIF-67 and other
molecules were separately coupled using the Nosé-Hoover algorithm
(reference temperature 298 K, characteristic time 1 ps). All covalent
bondswere constrained, which supported anintegration time step of 2 fs.
The productionsimulationlasted 600 ns. Calculations of the interaction
energies between ZIF-67 and O,, OH™ and H,0 (Supplementary Fig. 54)
andthe concentrations of 0,, OH and H,0O inside ZIF-67 (Supplementary
Fig. 54) all supported system equilibration at 200 ns. Thus, the simula-
tion trajectory from 200 ns to 600 ns was used to calculate the density
profiles of O,and H,0 adsorption by ZIF-67 (Extended Data Fig. 7).



Simulation of adsorption of BSA onto ZIF-67. We performed MD simu-
lations using the crystal structure of ZIF-67 to evaluate the adsorption
of BSA onto the ZIF-67 surface. Specifically, we used a crystal of dimen-
sions 14.4 nm x 13.6 nm x 7.3 nm, in the X, Yand Z directions, respec-
tively. Onthe XY surface of the crystal, aliquid phase containing asingle
BSA protein, 72,000 water molecules and eight OH- ions to maintain
the electroneutrality of the system were placed. The structure of BSA
was used as provided in the Protein Data Bank (ID: 4F5S)*®. The water
layer thickness was approximately 11.5 nm, and the total simulation box
lengthwas 80 nminthe Zdirection.Inthe Xand Ydirections, aninfinite
two-dimensional system was mimicked using the 3DC slab correctionto
calculatethe long-range electrostaticinteractions (Extended DataFig. 7).
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90-nmsilicalite-1nanocrystalsin water (a-c), a colloidal solution of 90-nm degrees of porefilling, from air-filled (grey) to solvent-filled (blue or purple)
silicalite-1nanocrystals with 5 wt% dextrose in water (d-f), colloidal solutions micropores. Note that the maximum pore-filling density corresponds to the

of 90-nmssilicalite-1 nanocrystals in ethanol (g-i), colloidal solutions of zeolite bulk solvent density, but the density of nanoconfined solvent is often lower
LTL nanocrystalsin water (j-1), colloidal solutions of (mMPEG)ZIF-8 nanocrystals  than the bulk solvent density?*.
inwater (m-o), acolloidal solution of (MPEG)ZIF-8 with 5 wt% dextrose in water
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electromagnetically spinning viscometer at amagnetic motor rotation speed
0f1,000 rpm. The measurements were taken at 25 °C.
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Extended DataFig.3|See next page for caption.




Extended DataFig.3|Surface areaand pore-volume measurements.
a,N,adsorption (closed circles) and desorption (open circles) isotherms at

77 Konalinearscale for as-synthesized ZIF-67, ZIF-8, zeolite LTL and silicalite-1.
Calculated BET surface areas and pore volumes are listed in Supplementary
Table 4.b, N, adsorption (closed circles) and desorption (opencircles)
isothermsat77Konalogarithmicscale for as-synthesized ZIF-67, ZIF-8, zeolite
LTL andsilicalite-1. ¢, N, adsorption (closed circles) and desorption (open
circles)isothermsat77Konalinear scale for ZIF-8 nanocrystals before and
after functionalization with mPEG, showing that covalent functionalization has
minimalimpactontheaccessiblesurfacearea.d, N, adsorption (closed circles)

and desorption (opencircles) isothermsat 77 K on alogarithmic scale for ZIF-8
nanocrystals before and after functionalization with mPEG, showing that
covalent functionalization has minimal impact on the accessible surface area.
e, N,adsorptionisothermsat 77 K for 60-nmssilicalite-land ZSM-5 nanocrystals
before dispersioninwater. The micropore volume of 60-nm silicalite-1
calculated by the t-plot method (fit range 3.5-9.8 A) is 0.16 ml g, whichiis
consistent with the micropore volume of 90-nmsilicalite-1 (Supplementary
Table 4). The micropore volume calculated by the t-plot method (fit range
4.7-13 A) of ZSM-5is 0.17 ml g%,
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Extended DataFig. 4 |Solid-stateisotherms. O, adsorptionisotherms at
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using the crystallographic density. Consistent with the accessible surface area,
covalent functionalization of ZIF-8 has a negligible impact on adsorption of O,,
asdemonstrated by comparing theisotherms for ZIF-8 and (mPEG)ZIF-8.
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(c) and ZIF-67 (d). Solid-state adsorption isotherms for 90-nmisilicalite-1
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microporosity in non-calcined samples and the contribution of external surface
areatoadsorptionin calcinedsilicalite-1. e, t-Plot analysis indicating that the
total surface area of non-calcined silicalite-1is consistent with the external
surfaceareaof calcinedsilicalite-1. Adsorptionisotherms for O, (f) and CO,

(g) are compared for calcined and non-calcinedsilicalite-1nanocrystals at 25 °C.
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Extended DataFig. 6| Oxygen adsorptionkinetics. Oxygen adsorption
kinetics of colloidal solutions of 13 vol%silicalite-1 (navy blue) (a), 1.5 vol%
silicalite-1(navy blue) (b), 3.8 vol% (mPEG)ZIF-8 (dark yellow) (c) and 3.8 vol%

BSA/ZIF-67 (purple) (d) nanocrystalsin water at 20 °C are monitored under
1bar of flowing O,. Blank runs with pure water (blue) are included for
comparison.
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Article

Extended DataFig.7|Silicalite-1and ZIF-67 atomistic MD simulations.

The H,0 (a) and O, (b) densitiesinside asilicalite-1nanocrystal filled with

2,270 mmol I H,0 molecules at ¢ = 0. Note that, after addition of aniinitial
3,500 H,0 molecules, the system was thermalized for 1 ns before beginning the
productionrunshownabove. Thisinitial loading of 3,500 H,0 moleculesinside
the nanocrystal corresponds to a starting H,O concentration of 8,600 mmol I,
The thermodynamic driving force for water expulsionissolarge that about
74% of the H,0 molecules leave before starting the production run. The residual
water at the end of the simulation representsless than 2% of the total micropore
volume. Atomistic simulation of O, adsorption inside ZIF-67 surrounded by
liquid water is depicted in ¢, with snapshots of the simulation shown at O nsand
600 ns. ZIF-67iscolouredinblack, O,inred and OH ingreen. ZIF-67 hydrogen

atoms are omitted for clarity. The simulation box is indicated by solid black
lines. The equilibrium concentration profiles of O,and water areshownind,
with the shadowsrepresenting the standard deviations from four blocks of
100-ns simulations. Therelative densities in the gas phase, in the water phase
andinside ZIF-67 support that the adsorption of water molecules by ZIF-67 is
energetically unfavoured, whereas O,adsorptionis favoured. A simulation of
the protein BSA adsorbing on the surface of ZIF-67 isillustrated in e. Water is
represented as asemi-transparent volume inlightblue. f, Calculation of the
interaction energy between the protein and ZIF-67. The Coulomb and Lennard-
Jones components of theinteractionbetween ZIF-67 and BSA show that the
Coulombinteractions dominate.
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Extended DataFig. 8| Colloidal stability. DLS measurements of colloidal
solutions of silicalite-1(a), ZSM-5 (b), (mPEG)ZIF-8 (c) and BSA/ZIF-67

(d) nanocrystalsin water before and after 1 week of stability testing. The
starting solutions contained11.5 vol%silicalite-1, 34.4 vol% ZSM-5, 8.3 vol%
(mPEG)ZIF-8 and 3.4 vol% BSA/ZIF-67. The samples were diluted 70-fold
(forsilicalite-1), 230-fold (for ZSM-5) and tenfold (for (mPEG)ZIF-8) to obtain

accurate DLS data. PXRD patterns before and after dispersionin H,0 are shown
for 98-nmssilicalite-1 nanocrystals (11.5 vol%) (e), ZSM-5 (34.4 vol%) (f), (mPEG)
ZIF-8 nanocrystals (8.3 vol%) (g) and BSA/ZIF-67 (3.4 vol%) (h). Allsamples were
dispersed for1week before PXRD characterizationapart from (mPEG)ZIF-8,
which was taken after 2 weeks of dispersion.
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Extended DataFig. 9 |SEMimages. Representative SEM images of nanocrystals (average diameter =113 + 10 nm) (e), BSA/ZIF-67 nanocrystals
nanocrystals used to form colloidal solutions in water: silicalite-1 (average (average diameter =1,010 + 185 nm) (f) and PEG/ZIF-67 (g). Allsamples were
diameter =90 + 16 nm) (a), silicalite-1 (average diameter = 59 + 8 nm) (b), sputter coated with a10-nm layer of 80:20 Pt:Pd except forband d, which

ZSM-5 (average diameter =193 + 32 nm) (c), zeolite LTL (d), (mPEG)ZIF-8 were sputter coated with a 5-nm layer.



Extended Data Table 1| Summary of O,-carrying capacities

Material O: carrying capacity (mL/dL) % of theoretical capacity
Fluosol (20 vol %)* 5.9
Oxygent (60 vol %)* 16.0
Blood® 23.8
ZSM-5 (39 vol %) 187 + 18 729+35
silicalite-1 (12.7 vol %) 89.2+9.6 85.6+6.5
silicalite-1 (4.0 vol %) 31.3+0.1 1024 +1.7
(mPEG)ZIF-8 (6.6 vol %) 188+1.3 95.7+74
BSA/ZIF-67 (3.6 vol %) 98+0.9 80.4+8.5
LTL (5.6 vol %) 2.8+0.2 21+£12
PEG/ZIF-67 (3.6 vol %) 0.7+0.1 10.6 £3.7
PEG/ZIF-8 (3.6 vol %) 0.6+0.0 6.6+29

Amount of O, stored in nanocrystal solutions determined by measurement of the amount of O, released on injection of an oxygenated solution into deoxygenated water, along with the percent-
age of the experimental amount of O, released relative to the theoretical amount for a microporous solution based on solid-state O, adsorption data. At least three measurements were made for

each material to obtain an average value and standard deviation. Note that all solutions were equilibrated near 1bar of O, at ambient temperature, except for PEG/ZIF-8 and PEG/ZIF-67, which
were equilibrated with air (0.2bar O,). *Capacities for perfluorocarbon emulsions are from ref. . PAssuming 15gHbdl™.
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