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ABSTRACT

Surface Functionalization and DNA-Mediated Colloidal Crystal Engineering of
Metal-Organic Framework Nanoparticles

Shunzhi Wang

Metal-organic frameworks (MOFs) are a class of highly modular materials with well-
defined three-dimensional architectures, permanent porosity, and diverse chemical functionalities,
which show promise for a wide range of applications, including gas storage and separation, drug
delivery, chemical sensing, and catalysis. Nanoparticle forms of MOFs have similar properties but
are dispersible in solution, and therefore could serve as useful components in biological probes,
membrane separation materials, and building blocks for colloidal crystal engineering. In this
dissertation, we present a series of fundamental studies centered on the synthesis and surface
functionalization of MOF nanoparticles (MOF NPs), with an emphasis on the realization of
uniform NP size and phase, surface functionalization of MOF NPs with DNA, and the
incorporation of MOF NPs as a new class of building blocks for colloidal crystal engineering

strategies.

The first chapter provides a history and introduction to the study of MOF NPs, with an
emphasis on how such structures form and grow, and ways to address their external surface
architectures with organic ligands. Chapter two describes two chemical approaches that we
developed to control the size, shape, and phase uniformity of MOF NPs. The critical role of a

series of chemical modulators in the crystallization process of MOF NPs is evaluated. These
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modulators significantly influence the resulting MOF NP polydispersity and colloidal stability.

Next, we introduce a straightforward electrostatic based purification strategy to separate mixed-
phase MOF NPs, which allows one to access pure phase MOF NPs for further investigations. In
chapter three, we discuss a post-synthetic surface functionalization strategy that selectively
modifies the external surface of MOF NPs with phosphate-terminated lipids. Strong coordination
between coordinatively unsaturated metal sites and phosphate surface ligands promotes efficient
surface modification under mild conditions with retained internal porosity. The fourth chapter
describes the first general and direct method to interface MOF NPs with DNA employing terminal
phosphate modified oligonucleotides appended to nine archetypical MOFs at high surface
coverage. Design rules emerge from this study that predict the surface DNA coverage as a function
of MOF surface metal node density, metal cluster connectivity, and metal-phosphate bond strength.
Further, we show that nucleic acid-MOF NP conjugates are promising for the intracellular delivery of
functional proteins. Taking advantage of the unique programmability of DNA surface ligands, we
describe in chapter five the realization of hierarchical colloidal crystal engineering incorporating
DNA functionalized MOF NPs as a novel class of building blocks. Finally, chapter six summarizes
these data and their impact, and puts them in context regarding future opportunities. Descriptions
of the materials and methods used to synthesize these materials are included at the end of each

chapter.

Thesis Advisor: Prof. Chad A. Mirkin
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CHAPTER ONE: Metal-Organic Framework Nanoparticles as a Novel Class of Modular

Nanomaterials

Materials in this chapter is based upon published work:

Wang, S.; McGuirk, C. M.; d’Aquino, A.; Mason, J. A.; Mirkin, C. A. Adv. Mater.

2018, DOI: 10.1002/adma.201800202.
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1.1 Metal-Organic Frameworks at the Nanoscale

Metal-organic frameworks (MOFs), also known as porous coordination polymers (PCPs),
are three-dimensional ordered porous materials composed of inorganic clusters bridged by organic
ligands, which, in certain cases, exhibit record-setting internal surface areas.>* Through judicious
choice of organic and inorganic components, the crystalline structure and chemical functionalities
of MOFs can be deliberately modulated, which has led to their use in a wide range of applications,
including gas storage and separations,’ chemical sensing, membranes,” catalysis,® and drug
delivery.” Since their discovery, the vast majority of MOF studies have focused on bulk phases
composed of polydisperse mixtures of crystallites that span multiple orders of magnitude in size,
however, more recently, significant effort has been dedicated towards the realization of uniform
MOF nanoparticles (NPs), leading to the discovery of a variety of properties not observed or
relevant in bulk systems, such as accelerated adsorption/desorption kinetics and improved
bioavailability (Figure 1.1).!%!! Indeed, ways of preparing uniform MOF NPs are critical to
expanding our understanding of MOF structure-function relationships and applications based upon

the unusual properties of such structures.

In contrast with conventional inorganic and organic NPs, for which syntheses and post-
synthetic functionalization procedures are well established, the development of generalizable and
mechanistically understood methodologies for MOF NP synthesis is still in its infancy. The ability
to rapidly and reproducibly synthesize MOF NPs of uniform size and well-defined surface
chemistry is highly desirable, as precise control over these factors is not only critical to the
understanding of structure—function relationships, but also has significant impact on porosity, '

catalytic activity,'* and cellular uptake.'* Indeed, it was not until inorganic and organic NPs could
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Figure 1.1. Schematic of the modular synthesis of MOF NPs, with control over size,
morphology, and surface functionality. Such physical and chemical addressability render them
advantageous over bulk MOFs.

be reliably synthesized in monodisperse form and with controlled surface chemistry that their
potential as applied materials and nanoscale building blocks could be realized.'® At present, a large
variety of inorganic NPs can be routinely synthesized with a coefficient of variation (CV) of less
than 5%, whereas MOF NPs have only been achieved with a limited number of canonical
frameworks, and often suffer from undesirable large size distributions (CV = 10-30%).!" 16 In
order to realize the full potential of MOF NPs, a firm understanding of the mechanisms underlying

NP syntheses and methodologies for post-synthetic surface functionalization must be
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established.!”!® In order to address this challenge, recent effort has been devoted toward elevating

the study of MOF NPs to similar standards of rigorous characterization,!” mechanistic

20-23

understanding, and chemical control that are characteristic of their purely inorganic and

organic nanomaterial counterparts. 68

1.2 Approaches for the Synthesis of Uniform MOF Nanoparticles

Although syntheses of nanoscale MOF crystallites have been reported, the reliable
preparation of uniform NPs remains a significant challenge.'® For one, the thermodynamics of
MOF formation can vary significantly for different metal-ligand combinations and framework
topologies, thus synthetic methodologies must often be tailored for each individual framework.
Kinetically, the formation of the relatively weak coordination bonds that drives MOF NP growth
is typically slow (timescale of seconds) relative to the precursor diffusion rate in solution,?* leading
to extended periods of homogeneous nucleation and a broad particle size distribution.?® > These
variable contributions result in complex NP nucleation and growth processes that can be difficult
to separate and independently control, including a number of mechanistic considerations not
encountered in metallic NP analogs, such as linker deprotonation, solvent decomposition, and the

formation of secondary building units (SBUs).2

These challenges have prompted extensive analytical studies of the mechanisms of MOF
NP nucleation and growth. In particular, extended X-ray absorption fine structure (EXAFS),?®
time-resolved static light scattering (SLS),?’ small- and wide-angle X-ray scattering (SAXS and
WAXS),?! liquid cell transmission electron microscopy (LCTEM),?? and high resolution TEM
have aided in this effort.®> As a consequence of these studies, the LaMer model of NP growth has

been invoked as a primary tool for understanding MOF NP formation.?’?® According to the LaMer
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model, the process of small NPs (< 100nm)

°
sad large NPs (> 200 nm) 3\' -
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Figure 1.2. Schematic representation of MOF NP nucleation and
stage I), (2) a growth according to the LaMer model. Blue trace: the synthesis of
uniform small MOF NPs typically involves fast formation of
homogeneous abundant nuclei. Red trace: a small number of nuclei and slow growth
rate results in uniform large NPs.
nucleation “burst” as
the concentration of reactive monomers exceeds the critical nucleation concentration (Cnuc), (3) a
rapid reduction in the concentration of monomers in solution, halting further nucleation events
(Figure 1.2, stage 1), and (4) extended crystal growth upon reaching the saturation concentration
(Csat, i.e., the concentration at which the NP growth rate equilibrates with the solvation rate)
(Figure 1.2, stage III). The short nucleation period of the LaMer mechanism, which temporally
separates crystal nucleation from crystal growth, is critical for the synthesis of uniform NPs. To
obtain small, uniform (10—100 nm) MOF NPs (Figure 1.2, blue trace), it is essential to generate a
large number of nuclei via burst nucleation, and then to rapidly terminate particle growth through
depletion of all precursors. However, to obtain large (200 nm — 1 um) MOF NPs (Figure 1.2, red
trace), slow particle nucleation and growth are needed to limit the number of nucleation sites, such

that all precursors will react with fewer nuclei to form larger particles. To control these underlying

factors and therefore NP size, most MOF NPs are synthesized via one of the following strategies,
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or some combination thereof: (1) rapid nucleation, (2) nanoreactor confinement, and/or (3)

coordination modulation.
1.21 Rapid Nucleation

Before the realization of crystalline MOF NPs, much of the early work on nanoscale
inorganic—organic hybrid materials focused on amorphous coordination polymers (CPs). Although
analogously composed of tailorable ligands and metal cations, these systems lack long-range
structural order and permanent porosity. Nonetheless, nanoscale amorphous CPs served as an
important predecessor in the development of crystalline MOF NPs.?-3° Taking advantage of
solubility differences between molecular precursors and the resulting polymer particulates, CP NPs
were typically synthesized through manipulation of precursor concentration, pH of the reaction
mixture, or introduction of precipitating solvents. For example, in 2005 Wang and coworkers
reported the synthesis of 300 nm spherical CP NPs derived from a mixture of H2PtCls and p-
phenylenediamine in aqueous solution at room temperature.>' The NP size and polydispersity were
controlled by the molar ratio and concentration of reactants. Separately, Mirkin and co-workers
pioneered an “initiation-solvent” approach, whereby the controlled introduction of a secondary
initiation anti-solvent into the homogeneous precursor solution led to the formation of amorphous
M-BMSB NPs (M = Zn?*, Cu*" and Ni*"; BMSB = bis-metallo-tridentate Schiff base) (Figure
1.3b). Particle sizes were reduced from 2 pm to 190 nm (CV = 20 ~ 30%) via fast addition of
initiation solvent, however, the resulting particles were relatively polydisperse. In some cases, the
simple mixing or addition of initiation solvent alone is not sufficient to induce fast nucleation, and
base can be added to deprotonate acidic pro-ligands and accelerate initial coordination events.
Indeed, Lin and coworkers improved upon the initiation-solvent method by deprotonating

precursor ligands to accelerate nucleation rates, leading to the formation of 58 + 8 nm (CV ~ 15%)
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Tb2(DSCP)3(H20)12 (DSCP = disuccinatocisplatin) NPs (Figure 1.3¢). Interestingly, these CP NPs

composed of Tb*" and a Pt(IV) pro-drug were shown to be an effective anti-cancer therapeutic
agent. To date, a variety of amorphous CP NPs have been synthesized via the rapid precipitation
strategy; however, few examples of uniform crystalline frameworks synthesized in this fashion
exist, as rapid NP formation at room temperature precludes the necessary high degree of reversible
bond formation achieved under solvothermal conditions for the realization of crystalline order.'®
18 Therefore, alternative synthetic approaches that promote reversible metal-ligand coordination
bond formation are critical for the synthesis of uniform crystalline MOF NPs.

a fast precipitation d accelerated heating
’ conventional microwave ultrasound

initiation
solvent

Figure 1.3. (a) Schematic representation of CP NPs synthesized by the fast precipitation
method. (b) SEM image of spherical Zn-BMSB CP NPs synthesized via initiation-solvent
approach. Scale bar = 200 nm. Reproduced with permission. Copyright 2005, Nature
Publishing Group. (¢) SEM image of spherical Tb2(DSCP)3(H20)12 CP NPs synthesized via the
deprotonation method. Scale bar = 500 nm. Reproduced with permission. Copyright 2008,
American Chemical Society. (d) Schematic representation of MIL-53 MOF NPs synthesized
by three different heating methods and their corresponding SEM images: (e) conventional
electric heating, (f) microwave, and (g) ultrasound. Scale bar = 10 um. Reproduced with
permission. Copyright 2010, Wiley-VCH.
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In this vein, accelerated heating is an important strategy for achieving rapid nucleation of

crystalline NPs. Due to its fast heating, uniform energy generation throughout the bulk of the
material, and ability to exceed the boiling point of a solvent through the use of pressurized vessels,
microwave heating has been broadly applied as a tool for the realization of concentrated and small
nuclei, which rapidly consume precursors and produce NPs with relatively narrow size
distributions.> In 2006, Masel and coworkers performed the first microwave-assisted
solvothermal synthesis of MOF NPs. Cubic ZnsO(BDC); (IRMOF-1/MOF-5, BDC = 1,4-
benzenedicarboxylate) NPs, ranging from 4 um to 200 nm in edge length (CV ~ 30%), were
synthesized by reducing reactant concentrations. Notably, NPs were synthesized in less than a
minute, whereas conventional heating takes tens of hours. Building on this initial work, much
attention has focused on extending this technique to a variety of canonical frameworks. For
example, Serre and coworkers optimized the synthesis of sub-100 nm uniform Fe3;O(H20)3(fum)z
NPs (Fe-MIL-88A, fum = trans-butenedioic acid) (CV < 10 %).>* In this study, the authors
systematically investigated synthetic parameters that control MOF NP size, including precursor
concentration, reaction time, and temperature. Furthermore, Feldhoff and coworkers reported the
microwave-assisted synthesis of Zn(PhIm); (zeolitic imidazolate framework-7 (ZIF-7), Phlm =
benzimidazolate) NPs, in which diethylamine was added to further accelerate the nucleation rate,

promoting a series of NPs ranging from 40 nm to 140 nm (CV = 10 ~ 20%).>*

In addition to microwave-based heating, ultrasound has been demonstrated as a useful tool
for accelerating precursor dissolution and nucleation. Ultrasound effects originate from acoustic
cavitation which generates local hot spots (ring of ~ 200 nm) with transient high temperature (~
5000 K), high pressure (> 1000 bar), and rapid heating and cooling rates.*> The nucleation and

growth of particles preferably occurs in these transient hot spots (within milliseconds), effectively
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limiting particle size to the nanoscale.*® In a comprehensive kinetic study of Fe(OH)BDC (MIL-

53-Fe) NP crystallization, Jhung and coworkers studied how microwave, ultrasound, and
conventional electric heating methods can drastically affect MOF nucleation and growth kinetics
(Figure 1.3d-g). In this study, the temperature was kept constant across heating methods, and the
reaction time was varied to investigate the crystallization process. The authors found that crystal
growth rates were comparable across all three methods, however MOF NP size inversely correlated
with nucleation rate (conventional heating << microwave < ultrasound), and that uniform,
geometrically defined NPs were only obtained from microwave and ultrasound syntheses. This
study provided direct evidence that the methods used to promote rapid nucleation, namely heating
rates and temperature profiles within reaction containers, have a significant impact on particle size
and uniformity. It should be noted that although ultrasound irradiation provides the fastest heating
acceleration, it often suffers from relatively low yield, poor temperature control, and the formation
of mixed-phase frameworks.>” Because of these challenges, microwave-assisted synthesis has been

more widely adopted,"’ 33,38-42

1.22 Nanoreactor Confinement

Different from burst nucleation via rapid precipitation or accelerated heating, nanoreactor
confinement strategies regulate MOF NP size via the isolation of nucleation sites in a physically
confined space. In this approach, immiscible solvents, such as water and “oil” (a complex mixture
of different hydrocarbons and olefins), are mixed to produce emulsions of monodisperse nanoscale
droplets, and both the emulsion size and reagent solubility can be tuned by varying the
concentration of amphiphilic surfactants (Figure 1.4a).** In the presence of MOF precursors, these
droplets serve as size-limiting reaction containers, in which particle nucleation kinetics are

controlled by emulsion size, rate of mixing, and reaction temperature.'® It is important to recognize
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that these microemulsion systems are dynamic, with micelles frequently colliding and coalescing,

allowing reagents solubilized in separate micellar solutions to mix and react. Subsequently at the
latter stage of particle growth, steric stabilization provided by the surfactant layer prevents NPs

from aggregating.
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Figure 1.4. (a) Schematic representation of a reverse-phase microemulsion serving as a
nanoreactor for MOF NP syntheses. (b-c) SEM images of Lna(BDC)3(H20)s particles
synthesized at different water to surfactant ratios which effect the resulting aspect ratio.
Reproduced with permission. Copyright 2006, American Chemical Society. (d-¢) SEM images
of Mn(BTC)2(H20)s particles synthesized at different temperatures where lower aspect ratios
and smaller size result from higher temperature. Reproduced with permission. Copyright 2008,
American Chemical Society. (f) Schematic representation of synthesis and integration of Fe-
soc-MOF cubes into hollow colloidosomes and corresponding SEM images. Reproduced with
permission. Copyright 2013, American Chemical Society.

Lin and coworkers first synthesized crystalline nanorods of Ln(BDC)3(H20)4 (Ln = Eu®*,
Gd**, or Tb’") by reacting LnCls and bis(methylammonium)-BDC in an emulsion system
composed of isooctane/l-hexanol/water and varying the amount of the surfactant
cetyltrimethylammonium bromide (CTAB). By varying the ratio of water to surfactant from 10:1
to 5:1, the size of the nanorods could be tuned from 2 uym % 100 nm to 125 nm X 40 nm (Figure
1.4b-c), where emulsions with higher water:surfactant ratios yielded MOF NPs with higher aspect

ratios. Additionally, the average particle size decreased as reactant concentrations increased,
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presumably because more micelles contained reactants and thus more nucleation sites were

generated, leading to a reduction in particle size. Such a reverse-phase microemulsion (water-in-
oil) was extended to synthesize a series of Mn-based MOF NPs. Nanorods of Mn(BTC)2(H20)s
(with diameters of 50—100 nm and lengths of 750 nm to several um) were synthesized in a
CTAB/1-hexanol/n-heptane/water microemulsion containing equal molar MnCl, and
bis(methylammonium)-BDC. Notably, as the reaction temperature increased from room
temperature to 120 °C, the aspect ratio of the NPs decreased dramatically (Figure 1.4d-e).
Recently, Zheng and coworkers synthesized Zn(mIM); (ZIF-8, mIM = 2-methylimidazolate) NPs

with narrow size distribution using reverse-phase micelles (CV < 10%).%*

By tuning the precursor
concentration, reaction temperature and surfactant species, NP sizes were modulated between
30-300 nm, which in turn demonstrated distinct size-dependent catalytic activity for a
Knoevenagel condensation reaction. Further, Eddaoudi and Zeng reported an emulsion-templating
approach to prepare cubic [Fe3O-(ABTC)1s5(H20)3](H20)3(NO3) MOF NPs (Fe-soc-MOF,
H4ABTC = 3,3°,5,5’-azobenzenetetracarboxylic acid).*>**® Notably, due to the high uniformity of
Fe-soc-MOF NPs and the presence of emulsion droplet induced by polyoxyethylene (20) sorbitan
trioleate (tween-85) surfactant, these cubic MOF NPs self-assembled into hollow colloidosomes
during the one pot synthesis (Figure 1.4f). The relative size of the hollow colloidosomes are
dependent upon the size of emulsion droplets, which inversely correlates to with the concentration
of tween-85. Inspired by conventional emulsion methods, Maspoch and coworkers developed a
novel and general spray-drying technique to synthesize MOF NPs.*’ This approach conceptually
mimics the emulsion strategy that confines the synthesis of materials, but does not require

secondary immiscible solvents or surfactants as templates. In a typical synthesis, droplets

containing MOF precursors are vaporized via spraying and then heated, leading to sub-5-um
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hollow spherical superstructures with localized crystallization of MOF NPs at the droplet-air

interface.*® The disassembly of the superstructures by sonication yields discrete but nonuniform
MOF NPs. In general, the microemulsion approach provides an effective way to regulate MOF NP
size and to reduce size distribution; however, drawbacks exist, including: 1) relatively low yields,
2) poor reproducibility associated with complicated micelle formation and droplet coalescence
processes, and 3) harsh conditions or multiple washing steps to completely remove all surfactants
and organic solvents. These challenges potentially limit the practical use of MOF NPs in

biomedical applications.
1.23 Coordination Modulation

Coordination modulation is a general approach to regulate MOF NP synthesis via
chemically controlling ligand—metal interactions, which can be applied in conjunction with rapid
nucleation and nanoreactor confinement strategies. Coordination modulators are primarily
monotopic (i.e., non-bridging) ligands that are added to the reaction mixture to either affect linker
deprotonation equilibria or reversibly compete with bridging linkers for available metal ion/cluster
coordination sites.*” Chemical modulators are able to impact NP size and shape by controlling the
number of nucleation sites produced and preferentially binding to certain crystal facets (Figure
1.5a). Indeed, the pK,, steric profile, and concentration of such modulators are variable properties

that play crucial rules in regulating particle size, shape and uniformity.>°

In an early exploration of the effect of modulators on amorphous CP NP growth, Kitagawa
and coworkers demonstrated the size modulating effect of poly(vinylpyrrolidone) (PVP), a weakly
coordinating polytopic polymer, on Prussian blue NP formation.>!->? The authors reported that the
use of this competitive ligand produced a significant reduction in particle size, from 300 nm to 16

nm, along with improved size uniformity. Huber and Fischer further demonstrated size control for



26

dodecanoic acid concentration

b
° o 2 preferential
‘ surface capping
metal —_

morphology control

+ —
A C
' I \ ; . acetic acid concentration
- I k , _,._ >
organic linker - = \ A 3 pt
- ‘ Q\ ] o . e y
» — 4 ‘ A
+ " nucleation site ~, )
modulator reduction

Figure 1.5. (a) Schematic illustration of coordination modulation strategy impacting NP shape
by selectively binding to specific crystal facets, and crystallite size by controlling the number
of nucleation sites produced. (b) SEM images showing morphology of HKUST-1 NPs
transitioning from octahedra to cubotahedra to cube as the dodecanoic acid modulator
concentration increases. Reproduced with permission. Copyright 2011, American Chemical
Society. (c) SEM images of UiO-66 NPs showing that particle size positively correlates with
increasing acetic acid modulator concentration. Scale bar = 200 nm. Reproduced with
permission. Copyright 2011, Wiley-VCH.

crystalline MOF-5 NPs by influencing the particle nucleation rate via the addition of p-perfluoro-
ethylbenzoic acid modulator.? In addition to size control, shape control has also been achieved via
coordination modulation by employing surfactant/blocking/capping agents that interact with
specific crystal facets, deterring particle growth in that direction. For example, Oh and coworkers
discovered that the aspect ratio of In(OH)(BDC) hexagonal nanorods can be controlled by
increasing the amount of pyridine from 0.11 to 0.91.%° The authors postulated that in the presence
of excess pyridine, particle growth in the direction of the hexagonal facets is effectively blocked,

resulting in hexagonal disks. In a more straightforward system, Kitagawa and coworkers studied
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the modulated growth of pillar-layered MOF Cuz(ndc)2(dabco) (ndc = 1,4-naphthalene

dicarboxylate; dabco = 1,4-diazabicyclo[2.2.2]octane) NPs, which feature two separate
coordination modes: Cu—ndc (carboxylate) to form 2-D sheets and Cu—dabco (amine) to bridge
the 2-D sheets.’* By adding an acetic acid modulator, square-rod anisotropic NPs were selectively
formed due to Cu-acetic acid coordination on the (100) surface, which induces selective crystal
growth along the [001] direction. Following up on this work, control over the crystal morphology
of Cu3(BTC), (HKUST-1, BTC = benzene-1,3,5-tricarboxylic acid) particles was achieved by
simultaneously tuning the concentration of the two modulators, acetic and dodecanoic acid.>*¢ In
particular, by varying the dodecanoic acid concentration from 0.234 M-1.188 M, HKUST-1
particles were synthesized with a crystal morphology transitioning from nanoscale octahedra to
micron-sized cuboctahedra to micron-sized cubes (Figure 1.5b). By employing coarse-grained
modeling, the authors suggested that the preferential capping of the modulator at certain nucleation
sites was dictated by differences in the relative crystal facet surface energy, leading to different
morphologies. In addition to modulating crystal morphology during solvothermal synthesis, post-
synthetic etching strategies also have been realized.’’>® For example, Maspoch and coworkers
demonstrated the surface-selective anisotropic etching of ZIF-8 and ZIF-67 (Co(mIM)2) NPs via
ligand protonation and subsequent metal ion sequestration.>® Specifically, the addition of xylenol
orange, a weak acid and metal sequestering agent, protonates the 2-mIM linkers, breaking the
Zn/Co-2-mIM bonds and preferentially etching the external crystal surfaces with the highest
density of Zn/Co 2-mIM bonds. By adjusting the pH of the xylenol orange solution, the
morphology of ZIF NPs can be converted from rhombic dodecahedra to hollow boxes. The ability
to control crystal morphology represents a significant advancement, as the predictable exposure of

certain crystal facets allows control over surface reactivity and diffusion kinetics.
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More recently, significant attention has been given to the synthesis of zirconium-based

MOFs, such as the UiO (University of Oslo) and PCN (Porous Coordination Network) families,
due to their exceptional stability in aqueous solutions—a desirable property for many biological
applications. In prototypical bulk syntheses of ZrsO4(OH)4(BDC)s (Ui0-66), the fast kinetics and
low reversibility of bond formation between highly oxophilic Zr** salts and the terephthalic acid
linker precludes control over particulate size and morphology. Therefore, the development of
chemical modulators that effectively slow down the reaction and increase reversibility are highly
desirable for the synthesis of homogeneous crystalline Zr MOF NPs. In this vein, Behrens and co-
workers first reported that benzoic and acetic acids could be used as modulators in the size
controlled synthesis of Zr-based Ui0O-66 and UiO-67 NPs (Figure 1.5¢).%! The addition of these
monotopic acids led to the initial formation of Zr-modulator coordination complexes, where the
modulators were slowly replaced by ditopic linker molecules to form the frameworks. Such
exchange equilibrium provided control over crystallization rates (especially nucleation rates) and
changed the product morphology from aggregates of inter-grown crystallites to individual NPs.
With this understanding, Zhou and coworkers systematically controlled the size of
Z1604(OH)4(TCPP-H2)3 (PCN-224/MOF-525, TCPP = tetrakis(4-carboxyphenyl)porphyrin) NPs
with benzoic acid. They reported a series of uniform MOF NPs, ranging from 33 £4 nm to 189 +
11 nm, which allowed for the evaluation of size-dependence on cellular uptake and subsequent use
in photodynamic therapy efficacy. In addition to size and morphology, the pKa. of the acidic
modulator can be leveraged to control UiO-66 NP porosity,®? surface charge, colloidal stability,

and size dispersity.5

The use of chemical modulators has led to some of the most uniform MOF NPs (CV~5%)

reported to date, which has enabled the exploration of incorporating these materials into higher
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ordered structures. In such cases, chemical modulators often not only control NP growth, but also

serve as surfactants that manipulate NP surface properties and facilitate self-assembly processes.
For example, the Langmuir-Blodgett technique has been employed to prepare 2-D monolayer films
of Al120(OH)18(H20)3(Al2(OH)4)(BTC)s (Al-BTC), [M30-(C1sN20sHe)1.5(H20)3](H20)3(NO3)
(M-soc-MOF, M = In and Ga) and UiO-66 NPs.%+%¢ Further, Granick and coworkers synthesized
homogeneous PVP coated ZIF-8 NPs (CV~4.5%) and showed that these rhombic dodecahedron
particles assemble into interesting structures driven either by capillary forces or an applied external
electric field.®”*® Recently, Maspoch and Lépez elegantly demonstrated CTAB mediated self-
assembly of uniform polyhedral ZIF-8 and UiO-66 NPs (~200 nm with CV~5%) into millimeter-
sized three-dimensional photonic materials.®® These superstructures feature a photonic bandgap
that can be tuned by controlling the size of the NPs and are responsive to the adsorption of guest

molecules in the MOF pores, providing a glimpse into potential sensing applications.

Overall, coordination modulation has emerged as the most versatile and effective strategy
for synthesizing highly uniform MOF NPs with narrow size distribution. However, it should also
be noted that, at present, the choice of modulator greatly relies on empirical knowledge and size
and morphology controlled are achieved by changing the conventional solvothermal reaction
conditions in a trial-and-error fashion. Therefore, it is highly desirable to improve upon this
approach with the development of high-throughput synthetic screening and characterization
methodologies to effectively identify and evaluate the optimal modulator species, reagent
concentration, as well as reaction temperature and time for synthesizing diverse, high quality MOF

NPS.70_71
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1.3 Surface Functionalization Strategies

In addition to nanoscale architectural features, surface ligands play a critical role in
dictating the chemical and physical properties of nanomaterials.!® Indeed, properties such as
solubility, cellular uptake, molecular recognition and catalytic reactivity can be post-synthetically
modulated by surface ligands. This tailorability has proven to be important for the realization of

man romisin
y P g . . covalent external surface
arganic linker with

. functionalization
coupling agent

applications, _,
including  drug- =l o

modified MOF NP

delive light- : surface ligand functionalized
Y 8 ° MOF NPs
induced catalysis, coordinative external
metal source surface functionalization
and self- mﬂ
assembly.”*7
organic linker native MOF NP
Similar to
inorganic and

Figure 1.6. Schematic illustration of post-synthetic modification of MOF
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NPs often exhibit unfavorable surface properties, such as limited colloidal stability and poor
bioavailability/pharmacokinetics.”® Therefore, post-synthetic modification (PSM) of the external
surface of MOF NPs has been proposed as a generalizable tool for mitigating these concerns and
imbuing MOF NPs with desired functionality, such as enhanced colloidal stability, stimuli-
responsive guest release, improved cellular-uptake, and biomarker targeting.”®”” Specifically,
polymers and biomacromolecules, including lipids, peptides and nucleic acids, are particularly

attractive choices as surface ligands, owing to their exceptional chemical tailorability and steric
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inability to diffuse into the pores of most MOFs, limiting functionalization to the external surface.

Although various approaches have been reported for PSM of MOF NPs, we have chosen to focus
on those that occur through direct bonding interactions between ligands and the NP’s external
surface. Below, we highlight two important external surface PSM strategies, which vary in the
bonding mode at the ligand-NP interface, namely: 1) covalent surface functionalization, and 2)
coordinative surface functionalization (Figure 1.6). We discuss the relative advantages and
disadvantages of the two approaches and their potential applications. It should be noted that much
effort has been devoted to developing nonspecific interactions and encapsulation-based PSM

strategies, however these approaches are challenging to quantify and tend to reduce MOF porosity.
1.31 Covalent External Surface Functionalization

Covalent PSM of substituted organic linkers is a robust and versatile strategy for imparting
functionality to MOF NPs without interfering with the particle crystallization processes. This
approach relies on the pre-synthetic installation of reactive functional groups onto the organic
linkers of MOF NPs, which are reacted post-framework synthesis with exogenous ligands
containing compatible organic units. Foresight into potential deleterious cross talk between linker
and SBU is critical in this approach, as the installation of such reactive functional units can
necessitate long and/or complex organic syntheses. As will be discussed below, these organic
functional groups are typically amines, carboxylic acids, and azides, which are able to
subsequently react with carbonyl, amine, and alkyne groups, respectively, installed on the
exogenous ligand.”® Below, we discuss a series of reports in which the external surface of MOF
NPs are modified through the formation of organic covalent bonds between the linkers of the

framework and secondary surface ligands.
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Owing to the near ubiquity of carboxylic acid-based ligands, post-synthetic reactions at

surface exposed, non-metal bound linker carboxylates were a logical starting point for PSM via
organic covalent bonds. As an important note, early efforts required no additional functionalization
of the native linker. Generally, carboxylate units on MOF NP surfaces were targeted for
conjugation with primary amine bearing ligands or modified biomacromolecular ligands such as
peptides and proteins. For example, Park and Huh first demonstrated the use of carbodiimide
coupling agents to promote the conjugation of free carboxylate units on the bulk MOF surface with
proteinaceous amines. Importantly, this approach retained the endogenous catalytic activity and
enantioselectivity of the protein.”® In 2012, Huang and Lin covalently bound the protease trypsin
onto free hanging carboxylate moieties of Cr3O(H20)3;(BDC-NH>)3 [MIL-88B-NH; (Cr)] via an
endogenous terminal amino-group using a similar carbodiimide-mediated coupling reaction, to
afford a reusable bovine serum albumin (BSA) digestion system.®” In a demonstration of increased
generality, Lei and coworkers employed 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide/N-
hydroxysuccinimide (EDC/NHS) to graft the protein streptavidin to HKUST-1 and Fe;O(TCPP);3
(FeTCPP, TCPP* = 4.4'4".4" (porphine-5,10,15,20-tetrayl)tetrakisbenzoate) MOF NPs for
electrochemical DNA sensing.®! In addition to peptides and proteins, poly(ethylene glycol) (PEG)
is important class of macromolecule that is routinely employed to functionalize NP surfaces.
PEGylation effectively prevents non-specific protein adsorption onto NP surfaces, promoting
desirable biomedical applications, such as prolonged blood-circulation time and reduced immune
response.®? Lichelt and Wuttke recently reported the functionalization of the surface of 150 nm
Fe;F(H20),O(BTC), (MIL-100(Fe)) NPs with amino-PEG 5000 and Stpl0-C, an
oligoaminoamide hetero-bifunctional linker) (Figure 1.7a). Their study revealed that significantly

enhanced colloidal stability and efficient dye-labelling can be achieved, which are extremely
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important for exploring the biomedical applications of MOF NPs. Although these reports

demonstrate the versatility of addressing unbound ligand units on MOF NP surfaces, limitations
exist, such as relatively low density of surface functionalization.” Additionally, reaction with the
linker unit of the framework can cause orthogonality issues, as the labile surface metal—linker
coordination bond may undergo dissociation or dynamic ligand exchange.®’
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Figure 1.7. Schematic representation of post-synthetic external surface functionalization via
different kinds of covalent bond formation: (a) carbodiimide catalyzed polymer and peptide
surface functionalization of MIL-100-Fe MOF NPs with (i) amino-PEG 5000 and (ii) Stp10-C
respectively, and (b) oligonucleotide functionalization of UiO-66-N3 MOF NPs with DBCO
modified DNA via click chemistry. (a) is reproduced with permission. Copyright 2016,
American Chemical Society and (b) is reproduced with permission. Copyright 2014, American
Chemical Society.

In contrast to the previous approach, linker modification should yield a high density of
reactive surface sites whose location and density can be predicted from the structure of the
framework. Using this approach, Qiao and Webley showed that surface functionalization with
hydrophilic PEG prevents NP aggregation and greatly improves colloidal stability in water.3*
Specifically, amino-functionalized ZrsO4(OH)s(BDC-NH2)s (UiO-66-NH>) was first anchored
with a polymerization initiator by reacting with bromoisobutyryl bromide (BiBB), followed by the

atom-transfer radical polymerization (ATRP) of the macromonomer poly(ethylene glycol) methyl

ether methacrylate (PEGMA) initiated from the MOF surface. The PEG-grafted MOFs obtained
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from this procedure showed excellent dispersity in aqueous solution. Using a chemically identical

framework, Sada and Kokado reported the covalent attachment of the NHS-modified
thermosensitive polymer poly(N-isopropylacrylamide) (PNIPAM-NHS).%% The pores of PNIPAM-
functionalized NPs were loaded with guest molecules and the hybrid material was shown to exhibit
temperature controlled guest release, arising from the coil-globule transition of the thermo-
responsive polymer. Surface functionalization employing amino-modified linkers has become a
generalizable approach to tune MOF NP surface chemistry; however, the installation of these linker
modifications can be tedious and often requires additional coupling reagents. Therefore, specific
and robust conjugation chemistries that operate under mild conditions have been sought

extensively.

Owing to the near ubiquitous nature of the highly specific and chemically orthogonal
Huisgen “click” reaction, azide- or alkyne-functionalized organic linkers have been extensively
used for covalent PSM with a diverse array of organic units.®® Recently, Mirkin and coworkers
reported the preferential functionalization of oligonucleotides onto the surface of both infinite
coordination polymer (ICP) NPs and MOF NPs via a copper-free, strain-promoted azide-alkyne
cycloaddition.®”-%® Azide-functionalized 15 nm and 500 nm ZrsO4(OH)4s(BDC-N3)s (UiO-66-N3)
NPs were prepared and subsequently reacted with dibenzylcyclooctyne (DBCO)-terminated DNA
(Figure 1.7b). Through this approach, the authors were able to achieve a sufficiently high surface
coverage of DNA so as to imbue the MOF NPs with key properties previously observed for DNA-
modified gold NPs. Namely: 1) improved colloidal stability, 2) participation in materials assembly
via cooperative DNA hybridization, and 3) cellular uptake through endogenous endocytosis.®
Through a slight modification of this approach, Garcia and Willner demonstrated how PSM of the

reactive linker moiety can be leveraged to overcome synthetic hurdles.”! Specifically, amino-
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functionalized ZrsO4(OH)4(TPDC-NH>)s (UiO-68, TPDC-NH> = 2'-amino-1,1":4,1"-terphenyl-

4,4"-dicarboxylic acid) NPs were reacted with t-butyl nitrite and trimethylsilyl azide to convert the
linker amino- unit into an azide functionality, which could then be “clicked” with DBCO-modified
nucleic acids. This post-synthetic organic transformation was conducted due to synthetic
incompatibilities associated with the installation of the desired azide unit before the framework
was assembled. These nucleic acid-functionalized NPs were then used to realize two different
stimuli-responsive materials in which specific stimuli induced the reconfiguration of the surface
DNA gates, thus triggering the release of a molecular load stored in the framework pores. In
addition to incorporating coupling agents via organic linker substitution, Forgan and coworkers
reported an alternative approach based on decorating the framework with azide-functionalized
modulators.®? In this study, 200 nm UiO-66 MOF NPs were synthesized in the presence of acidic
modulators containing azido or propargyl units (para-azidomethylbenzoic acid and para-
propargyloxybenzoic acid) that attach to Zre sites on UiO-66 NPs surface, and thus allow for
subsequent PEGylation via click chemistry. It was demonstrated that surface PEGylation endowed
the NPs with enhanced stability toward phosphates and prevented undesirable “burst release” in
drug-delivery. Additionly, the cell-uptake behavior of these NPs could be altered, where increased
caveolae-mediated endocytosis occurred for UiO-66 NPs functionalized with long chain PEGs
(PEG2000) as compared to short chain PEGs (PEG550). Overall, these reports illustrate how
surface functionalization, especially with nucleic acids and biocompatible polymers, can lead to
the development of novel platforms with a multitude of applications in the biological sciences and

medicine.”?

Indeed, PSM via the formation of covalent organic bonds is a powerful tool for

functionalizing the surface of MOF NPs with a diverse range of ligands, thus enhancing their
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desirable physical properties or endowing them with new chemical and biochemical properties.

Nevertheless, this approach does have its drawbacks, namely: 1) ligand modification with reactive
organic moieties is often synthetically challenging, 2) pre-synthetic linker modification
permanently alters the inner pore environment of the resulting framework, leading to a reduction
in porosity, and 3) many desirable covalent surface functionalization reactions require catalysts
that may not be compatible with the framework or biomacromolecule. With these potential
complications in mind, we discuss an alternative approach that precludes the modification of

organic linkers and potentially permits PSM of a broader scope of frameworks.
1.32 Coordinative Surface Functionalization

The development of a generalizable methodology that obviates organic modification of the
native framework is highly desirable, as this would maintain the innate bulk properties of the
framework and preclude tedious linker syntheses. Intriguingly, MOF crystallites often contain a
high density of surface metals sites that are weakly bound to non-bridging linkers or solvent
molecules. It was therefore proposed that these accessible coordination sites could be harnessed as
a place to post-synthetically anchor ligands that were functionalized with more strongly
coordinating moieties. As these weakly coordinated surface sites are widely present in unmodified
MOF NPs, external surface PSM via coordination bonds represents a generalizable approach to
surface functionalization.”* Compared to the covalent bond functionalization strategy, this
metal—ligand coordination approach offers two powerful advantages: 1) straightforward synthesis
without the use of coupling reagents or substituted linkers, and 2) applicability to all frameworks
that are stable in the presence of coordinative surface ligands.®* Therefore, a growing number of
macromolecules, such as polymers and peptides, have been functionalized with terminal

coordinating groups for PSM of unmodified MOF NPs.
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Kitagawa and coworkers first demonstrated this approach using carboxylate-terminated

ligands for the functionalization of micrometer-scale Zn-based particles.”> The authors were
successful in functionalizing the particles with a monolayer of carboxylate-terminated BODIPY
dye, however, elevated temperatures (120 °C) and long incubation times (48 h) were necessary due
to the similar coordination strength of the two ligands being exchanged. More recently, Cha and
coworkers demonstrated an elegant approach to functionalizing PCN-224 NPs, composed of Zre-
based SBUs, with DNA.?® PCN-224 NPs were first reacted with No,Na-bis(carboxymethyl)-L-
lysine hydrate, which contains three carboxylic acid functional groups that can coordinate
cooperatively and strongly with the surface Zr sites, promoting facile surface ligand exchange and
exposing a targetable alkyl amine group on the surface of the MOF. The amine-modified NPs were
then functionalized with a NHS-DBCO linker via NHS-amine chemistry, which was followed by
DNA conjugation with azido-terminated oligonucleotides. With the surface oligonucleotides
installed, the MOF NPs were predictably assembled via hybridization with complementary DNA-
modified upconversion NPs leading to enhanced singlet oxygen production at the porphyrin ligand
upon irradiation. While this work required multiple steps to achieve the desired surface
modification, it is a compelling demonstration of the power of direct coordination to labile surface
metal sites, and highly orthogonal organic click chemistry to install complex, programmable

ligands.

Importantly, this general approach is not limited to carboxylate-terminated ligands. For
example, nitrogen-bearing ligands have been demonstrated as useful coordinating moieties for
ligand installation.”” Granick and coworkers showed that an imidazolate-modified BODIPY dye
could be functionalized onto the surface of ZIF-8 (Zn2(methylimidazolate) via surface ligand

exchange under relatively mild conditions.®’*® Confocal microscopy was employed to verify that
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the scope of functionalization was limited to the particle surface, as predicted by the relative size

of the BODIPY dye and the narrow pores of the ZIF-8 MOF. The amine-based coordinative ligand
was further improved by Wuttke and Léchelt, who developed a versatile oligohistidine tag-based
coordination strategy to immobilize a series of peptides and proteins onto three archetypical
carboxylate-based MOF NPs: MIL-88A-Fe, HKUST-1 and Zr-fum (Figure 1.8a). In this report,
surface exchange of the nitrogen-based ligands was ensured by designing the ligand in such a way
that two histidine groups would cooperatively chelate individual surface metal atoms. This
chelation strategy proved highly successful, yielding dense surface coverage and allowing for

explorations of cellular uptake coinciding with peptide and protein delivery.

While the aforementioned systems employ ligand modifications that closely mimic the
coordinating moieties of the framework linkers, phosphate units have shown great promise in PSM
surface functionalization. In a series of studies, Lin and coworkers elegantly showed that a
monolayer of phosphate-terminated lipids could be attached to MOF and nanoscale coordination
polymer (NCP) external surfaces.”>'°! Intriguingly, a second layer of lipid molecules could be
subsequently coated onto the lipid-terminated particles to form asymmetric lipid bilayers, a process
driven by hydrophobic-hydrophobic interactions. With this approach, Lin and coworkers
developed the first self-assembled NCP for highly delivery of the anti-cancer prodrug cisplatin
(Figure 1.8b). The authors employed a micro-emulsion technique to synthesize Zn NCPs in the
presence of 1,2-dioleoyl-sn-glycero-3-phosphate sodium salt (DOPA), a phosphate-terminated
lipid that coordinates strongly to the surface zinc atoms of the NCPs. The DOPA-coated NCPs

were then coated with 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), cholesterol, and 1,2-
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Figure 1.8. Schematic representation of post-synthetic external surface functionalization via
different coordinative interactions. (a) MOF NPs functionalized with diverse surface ligands
via chelation of SBUs with datively bound histidine (imidazole) units (panel a bottom).
Reproduced with permission. Copyright 2017, American Chemical Society. (b) Zinc
bisphosphonate NCPs functionalized with DOPA, and assembled into asymmetric lipid bilayers
via hydrophobic-hydrophobic interactions between DOPA and DOPC/cholesterol/DSPE-
PEGo2k (bottom right). Reproduced with permission. Copyright 2014, Nature Publishing Group.

distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000]  (DSPE-
PEG2k) in a 4:4:2 molar ratio via hydrophobic interactions, leading to self-assembled asymmetric
lipid bilayers. In addition to coordination chemistry approaches, external surface functionalization
with lipids has also been achieved through electrostatic interactions and solvent-exchange
deposition strategies.”® 192 For example, with the goal of developing new nanoscale drug delivery
vehicles for cancer treatment, Wuttke and coworkers reported the encapsulation of Fe-MIL-88A
NPs within exosomes, which are endogenous cell-derived vesicles composed of phospholipid
bilayers.!% The encapsulation of drug-loaded MOF NPs was realized using the fusion method, as
developed by Liu and coworkers,'* leading to a versatile drug delivery vehicle with efficient cell
uptake and no premature leakage. Surface functionalization with lipid bilayers offers several

advantages: 1) stabilizing the NPs and facilitating their internalization into cells,'%? 2) decreasing
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cargo release rate,”® and 3) improving the chemical tailorability of MOF NP due to the diverse

range of lipid bilayer compositions available.'®

Collectively, these advances in the realm of PSM through covalent and coordinative bonds
paved the way towards addressing some of the major challenges in surface functionalization of
MOF NPs. These studies demonstrated enhanced control over surface ligand density, MOF NP
colloidal stability, and modular design of functional MOF NP architectures that show promise for

a variety of biomedical applications.

1.4 Beyond MOF Nanoparticles

Herein, we summarize recent advances in synthetic strategies to obtain modular MOF NPs
with control over particle size, shape, and surface chemistry. Although remarkable progress has
been made, there remains significant room for improvement in the understanding of key features

of MOF NP synthesis and functionalization.

In particular, explanations of the initial mechanisms of particle nucleation and how factors
such as modulators, temperature, and solvent affect these primary events remain mainly
postulation. As such, improved characterization and mechanistic understanding of nucleation and
subsequent crystal growth will drastically improve our ability to convert MOF NP synthesis from
empirically driven guesswork to a highly predictable science. Chapter two presents a
comprehensive study of the role of chemical modulators in the crystallization process of MOF NPs,
which highlights their impacts on the resulting MOF NP polydispersity and colloidal stability.
Additionally, although macroscopic MOF single crystals have been routinely synthesized,
undesired impurity phases are sometimes obtained in MOF NP syntheses as kinetic byproducts,

where purification remains challenging. To resolve this issue, we introduce a straightforward
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electrostatic based purification strategy to separate mixed-phase MOF NPs, leading to facile access

to pure phase MOF NPs for further investigations.

Further, it is desirable to expand the synthetic toolbox to control MOF NPs surface
architectures, which can be predictably tailored for a wide range of attractive applications.
Specifically, programmable surface ligands, such phospholipids and oligonucleotides, shall be
targeted. In Chapter three, we discuss a post-synthetic surface functionalization strategy that
selectively modifies the external surface of MOF NPs with phosphate-terminated lipids. Strong
coordination between coordinatively unsaturated metal sites and phosphate surface ligands
promotes efficient surface modification under mild conditions with retained internal porosity. In
Chapter four, we show the generality of such coordination-based strategy by interfacing MOF NPs
with terminal phosphate modified DNA. Design rules are emerging from this study that allow us
to predict DNA surface coverage as a function of surface metal SBU density, metal SBU
connectivity, and metal-phosphate bond strength. As a proof-of-concept, a novel intracellular

protein delivery strategy is developed based upon these DNA functionalized MOF NPs.

Finally, hierarchical materials composed of precisely-assembled MOF NP building blocks
are very attractive, as they exhibit properties unique from those demonstrated with conventional
inorganic NPs owing to their porosity, tailorable host-guest interactions, and chemical and physical
modularity. Thus far, few examples of ordered structures have been prepared from MOF NP
building blocks, all of which are entropically driven to form closed packed assemblies. Taking
advantage of the programmability of DNA surface ligands, Chapter five describes a colloidal
crystal engineering strategy incorporating DNA functionalized MOF NPs as a novel class of

building blocks. We have shown that such building blocks provide access to a diverse set of
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colloidal crystals spanning numerous crystal symmetries with tunable lattice parameters.

Importantly, the complex crystal shapes afforded by MOF NPs allows one to control DNA bond
directionality and facet-facet interactions. When combined with all that is known about MOF NP
shape control, these experiments suggest that in addition MOF NPS being a new compositionally
diverse set of building blocks with which colloidal crystal properties can be tuned, particle shape-
induced bonding interactions with MOF PAEs will be extremely useful for engineering crystal

outcomes.

Through these advances, and additional improvements in synthesis and characterization
methodologies, which are discussed in Chapter six, we believe MOF NPs will emerge as a
promising new class of functional nanomaterials with the potential to significantly impact the

fields of catalysis,® separations,' and nanomedicine.!?’
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CHAPTER Two: Synthetic and Post-Synthetic Purification Strategies to Control Size, Surface

Charge, and Phase Uniformity of Metal-Organic Framework Nanoparticles

Materials in this chapter is based upon published work:

Morris, W.; Wang, S.; Cho, D.; Auyeung, E.; Li, P.; Farha, O. K..; Mirkin, C. A. ACS Appl. Mater.

Interfaces 2017, 9, 33413-33418.

Wang, S.; Liao, Y.; Farha, O.; Xing, H.; Mirkin, C. A. Chem. Mater. 2018, DOI:

10.1021/acs.chemmater.8b01164.
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2.1 Abstract

Chemical modulators play critical roles in regulating the crystallization of MOF NPs.
Herein, we chose UiO-66 (UiO = University of Oslo, Zrs(OH)404(CsO4Ha4)s) as a model MOF to
systematically evaluate the impact of a series of carboxylic acid modulators, R-COOH (where R
= H, CH3, CF3, and CHCI,), on the resulting MOF NP crystallite size, shape, uniformity, surface
charge, and porosity. The phase purity and size of each MOF NP was confirmed by powder X-ray
diffraction (PXRD), BET surface area analysis, and scanning transmission electron microscopy
(STEM). Size control of UiO-66 crystals from 20 nm to over 1 micron was achieved and confirmed
by STEM. The colloidal stability of each MOF NP was evaluated by dynamic light scattering and
was found to be highly dependent on the modulator conditions utilized in the synthesis, with both
lower pKa and higher acid concentration resulting in more stable structures. Furthermore, STEM
was carried out on both colloidally stable samples and those that exhibited a large degree of
aggregation, which allowed for visualization of the different degrees of dispersion of the samples.
The use of modulators at higher concentrations and with lower pKas leads to the formation of more
defects, as a consequence of terephthalic acid ligands being replaced by modulator molecules,
thereby enhancing the colloidal stability of the UiO-66 nanoparticles. These findings could have a
significant impact on nanoscale MOF material syntheses and applications, especially in the areas

of catalysis, and drug delivery.

In addition to controlling the size uniformity of MOF NPs by chemical modulators, it is
equally important to ensure their phase purity. Although macroscopic MOF single crystals have
been routinely synthesized, undesired impurity phases are sometimes obtained in MOF NP

syntheses, where purification remains challenging. Herein, we report an electrostatic adsorption



45
strategy to separate mixed phases of MOF NPs based on their metal cluster dependent surface

charge differences. As proof-of-concept, two groups of mixed-phase MOF NPs were synthesized
and subsequently separated based on their different Coulombic attraction to negatively charged
magnetic beads (MBs). Different frameworks form based upon the conditions used. In the first
group, a combination of three possible iron-terephthalate frameworks were evaluated: MIL-53,
MIL-88B, and MIL-101 (MIL = Material Institute Lavoisier). In the second group, two Zr-
terephthalate frameworks were separated: MIL-140A and UiO-66. MIL-53 and MIL-140A are not
positively charged and do not adsorb to the MBs. The extraction of adsorbed MIL-88B, MIL-101,
and UiO-66 MOF NPs from the MBs was achieved by adding 4-hydroxybenzophosphonate, a
surface capping ligand that neutralizes the charge of the MOF NPs and, therefore, results in their
desorption from the MBs. The phase purities of the isolated NPs were verified by PXRD, as well
as scanning electron microscopy (SEM). This straightforward purification strategy provides quick
access to phase-pure MOF NPs, which is important for their use as biological probes, catalysts,

and building blocks for colloidal crystal engineering strategies.

2.2 Introduction and Background

Nanoscale porous structures, namely, Infinite Coordination Polymers (ICPs) and MOFs,
constructed from metal containing moieties connected in three dimensions by rigid organic
ligands, are becoming topics of significant interest in nanoscience.'® 3%!%® Solvothermal control
techniques, microwave methods, and chemical modulator guided routes have been developed for
synthesizing them.?* '% Additionally, studies have been performed to better understand how

particle size affects the gas adsorption, ion exchange, and catalytic properties of MOFs. '3 110
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In 2011, Behrens and coworkers first reported that chemical modulators could be used in

the size-controlled synthesis of Ui0-66.*! Such modulators, which are typically acids have been
proposed to compete for metal binding sites, thereby controlling the number of nucleation sites
available for crystal growth, which in turn impacts crystallite size.>> Since that initial work,
modulators have been employed extensively in the size-controlled synthesis of UiO-66 and its
analogues, which led to the first single crystal X-ray diffraction structure determination of UiO-
66.11! Structural characterization carried out by Wu et. al. and Cliffe et. al. further revealed that
both “missing linker” and “missing metal cluster” defects (with respect to the ideal UiO-66 MOF
structure) exist as a result of terephthalic acid ligands being replaced by modulator molecules.'!*
113 Indeed, the number of defects found in crystals of UiO-66 and its analogues depends on the
solvothermal conditions utilized for synthesis, with modulator concentration playing a key role.!!*
Importantly, increasing the number of defects in a MOF crystal leads to both enhanced catalytic
and gas adsorption properties, !14{Shearer. 2016#223. 115 Brom these synthetic studies, it is clear that both
the size of the MOF crystallite and the number of defects within the bulk crystals can be
systematically controlled by adjusting the pK, and concentration of modulators during synthesis.
With changes in modulators dictating the chemistry of bulk MOF structure, one might expect
surface properties at the nanoscale to be affected. Therefore, we have set out to systematically

investigate the role that modulators play in altering the colloidal stability of UiO-66.

Colloidally stable nanoparticles are important for applications in biology, materials
assembly, and catalysis. With MOF nanoparticles, colloidal stability typically has been realized by
surface functionalization with polymers, silica, DNA, and lipids. 7> 88 93 16-117 Thegse multistep
methods can be complicated and often block access to the pores. Therefore, simpler methods for

controlling colloidal stability while maintaining porosity are required. Herein, we evaluate a
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strategy to stabilize MOF colloids using acidic synthetic modulators that typically are used to

control crystallite size, catalytic activity, and shape uniformity. °>!'® Specifically, we evaluate how
the type, pKa, and concentration of the modulation can be used to control the surface charge on the

MOF nanoparticle, which directly corresponds to colloid stability.

Herein, we present the first

DMF, R-COOH

systematic study of the role of modulators, oo
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O“"OH
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Zr6(OH)404(CsO4Hs)s, were synthesized
using four different modulating acids (acetic ~ Figure 2.1. The carboxylic-acid modulated
synthesis of UiO-66.

acid (AA), formic acid (FA), dichloroacetic

acid (DCA), and trifluoroacetic acid (TFA)) across a range of concentrations (Figure 2.1). Powder
X-ray Diffraction (PXRD) was then used to evaluate the phase purity of each sample, STEM was
utilized to determine the size dispersity of each MOF structure, and BET analysis of nitrogen
adsorption-desorption isotherms was used to determine the underlying porosity of the samples.
Dynamic light scattering (DLS) studies performed on the as-synthesized MOFs revealed that the
modulators utilized during synthesis dramatically impacted the colloidal stability of the particles.
In particular, MOF particles of analogous size showed different degrees of aggregation in aqueous
solution depending on the acid used in their synthesis. Importantly, this work reveals that

modulator-MOF reaction conditions can dictate colloidal stability, a parameter that significantly

impacts the scope of utility of these emerging nanoscale materials for a variety of intended uses.
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Figure 2.2. (a) Schematic illustration of the synthesis of mixed-phase MOF NPs and their
magnetic beads-assisted separation. (b-g) Crystal structures and SBUs of MOF MIL-53, MIL-
88B, MIL-101, MIL-140A and UiO-66 with CUS highlighted by red circles. (f) Surface charge
measurements of macroscopic MOFs and MBs.
Methods for isolating, separating, and purifying chemical compounds are some of the most
important and energy-consuming processes in the chemical industry.!'” Although techniques, such
as extraction, chromatography, and crystallization have been developed to purify small molecules

120 effective ways of separating and isolating colloidal

and certain biological products,
nanomaterials are often limited to materials that differ significantly in composition, size, or
density.'?!"125 Recently, MOF NPs have emerged as a novel class of crystalline porous materials
that are promising for many potential applications, including drug delivery, bioimaging, gas
separations, and chemical sensing.” 1%% 126129 However, despite the variety of approaches that have
been developed to control the nucleation and growth of MOF NPs, mixed-phase frameworks are
occasionally obtained from one-pot solvothermal syntheses.”!> 120135 These mixed-phase MOF NPs
emerge from different metal-ligand connectivity or the formation of different metal cluster
secondary building units (SBUs), leading to frameworks with unpredictable internal surface areas,

ill-defined pore structures, and inconsistent gas adsorption isotherms, which significantly limit

their utility.!3¢137 Although density-based separation techniques have been developed,!**!1% they
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are limited to mixtures of sufficiently large bulk MOF crystals (tens of um to a few mm).

Moreover, the relatively small density differences between different phases and the small size of
MOF NPs make them difficult to separate based upon density driven techniques.!**-!*! Indeed, at

present, no effective approach exists to purify nanoscale MOFs consisting of mixed phases.

Herein, we describe a facile purification strategy for selectively separating colloidal
solutions of mixed-phase MOF NPs based on their metal cluster-dependent surface charge (Figure
2.2a). Previously, we and others have observed that MOF particles with coordinatively unsaturated
metal sites (CUS) have significantly more positive surface charge as compared to those without.”
94,142 Therefore, we hypothesized that such charge disparities would allow for particle separation
based upon Coulombic attraction with the negatively charged surface of a MB. In this vein, MBs
were used as a support to study the separation of mixtures of particles consisting of different phases
of MOFs, in two proof-of-concept examples. In the first example, three phases of iron-
terephthalate  frameworks  were  studied: MIL-53  (FeOH(BDC)),'**  MIL-88B
(Fe;0(DMF),CI(BDC)3),'"** and MIL-101 (FesO(DMF),CI(BDC);) (H2-BDC = terephthalic
acid).'*® In the second example, two zirconium-terephthalate frameworks were similarly studied:
MIL-140A (ZrO(BDC)) and UiO-66 (Zrs04 (OH) 4(BDC)12).!'> 146 In principle, this strategy can

be generalized for isolating and purifying many other MOF NPs containing coordinatively

unsaturated metal sites, as long as they differ in surface charge.

The frameworks explored in this study are connected by identical metal and organic
precursors, and mixed-phase NPs were often obtained in one-pot syntheses, especially between
MIL-53 (a thermodynamic product) and MIL-101 (a kinetic by-product).'*” As such, to develop

an effective structure-based purification strategy, the SBUs of these frameworks were first
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carefully investigated. As shown in Figure 2.2 b-g, two distinct types of metal clusters exist in

these closely related frameworks, namely: 1) infinite 1D chains of octahedral Fe(IIl) centers for
MIL-53 and Zr(IV) oxide for MIL-140A, and 2) discrete SBUs of trinuclear oxo-centered Fe(III)
cluster (exposing three solvent-binding sites as potential CUSs) for MIL-101 and MIL-88B, and a
Zrs(IV) oxo cluster (having a significant number of missing-linker defects as potential CUSs) for

Ui0-66.'1?

2.3 Results and Discussion

2.31Modulated Solvothermal Synthesis of UiO-66 MOF Nanoparticles

Initially, reaction conditions were systematically screened to select for UiO-66 particles
between the 20 nm and 1 pm size range. Over twenty different samples of UiO-66 were
synthesized in this study by utilizing four modulators over a range of concentrations (Table S1).
The four modulators and the concentration ranges utilized were formic acid (FA) (1.8 — 6.9 M),
acetic acid (AA) (1.2 — 6.7 M), dichloroacetic acid (DCA) (0.3- 1.1 M), and trifluoroacetic acid
(TFA) (0.62 — 1.2 M). Each sample of UiO-66 was synthesized in a solvothermal reaction at 90 °C
for 18 h, employing the selected modulator at the given concentration. At concentrations above 1.1
and 1.2 M for TFA and DCA, respectively, no product was observed after 18 h at 90 °C. In reactions
where product was formed, analysis by PXRD was carried out after solvent exchange and drying
(Figure 2.3). PXRD data collected from each sample was successfully indexed to simulated

patterns generated from the reported structure of UiO-66, which confirmed the expected fcu
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topology (Scheme 1).!*® At low concentrations of modulator, peak broadening was observed,

which is indicative of nanoscale crystallites.®!
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Figure 2.3. a-d Powder X-ray diffraction data for UiO-66 synthesized with different
modulators over a series of acid concentrations (molarity is designated on far right): a) acetic
acid, b) formic acid, c) dichloroacetic acid, and d) trifluoroacetic acid. Sim = simulated pattern
of Ui0-66.

2.32 Role of Modulators in Controlling MOF Nanoparticle Polydispersity

To evaluate the role of modulators on crystallite size and polydispersity, we utilized STEM
to visualize the synthesized samples (Figure 2.4). For each acidic modulator, the size of the MOF
crystallites increased as a function of acid concentration. The morphologies of the crystals change
as a function of acid concentration, with low concentrations producing UiO-66 with a quasi-
spherical morphology and higher concentrations leading to the formation of octahedral UiO-66

crystals. To evaluate the size and polydispersity of each sample, the dimensions (diameter for
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Figure 2.4. STEM images of UiO-66 synthesized with different acid modulators and
concentrations. a-d) UiO-66 synthesized with acetic acid: a) 2.6 M, b) 4.8 M, c) = 5.8 M, and
d) 6.7 M. E-H) UiO-66 synthesized with formic acid: €) 2.4 M, ) 3.9 M, g) =5.3 M, and h) 6.9
M. i) and j) UiO-66 synthesized with dichloroacetic acid: i) 0.58 M and j) 1.1 M. K and 1) UiO-
66 synthesized with trifluoroacetic acid: k) 0.62 M, and 1) 1.18 M. Scale bars a =100 nm, b =
200 nm, ¢ = 500 nm d = 500 nm, e = 100 nm, f=100 nm, g = 1000 nm, h = 1000 nm, i = 100
nm, j =500 nm, k = 100 nm, and 1 = 500 nm.

quasi-spherical particles, and edge length for octahedral shape particles) of fifty crystals from one
synthesis were determined from the STEM images (Figure 2.5). Depending on acid concentration,
the size of the crystals varied from 17(2)-721 (56) nm, 17(4)-1174 (258) nm, 19(5)-550 (51), and

38(7)-227 (46) for AA, FA, DCA, and TFA, respectively (Table S1). Therefore, we have
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determined that by using analogous synthetic
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was calculated for each sample (Figure 2.5)

and determined to be between 20 and 30%.  Figure 2.5. The size of UiO-66 as a function
of acid modulator concentration, and the

Significantly, acetic acid was shown to coefficient of variation (CV) as a function of
size.

produce samples with the narrowest size

distribution at both high and low concentrations of modulator (Figure 2.5).

2.33 Surface Defects Dictate Particle Surface Charge and Colloidal Stability

To characterize the porosity of each MOF synthesized, we performed N> isotherms and
evaluated their surface area by BET analysis (Figure 2.6). Prior to the surface area measurements,
the samples were activated to remove solvent from the pores of the MOF (see the Supporting
Information). In each case, the MOFs synthesized using higher modulator concentrations,
exhibited higher surface areas compared to the ones prepared with lower modulator concentrations
(Figure 2.6a). Similarly, UiO-66 nanocrystals of comparable size (~20 nm) synthesized with
strong modulators, DCA and TFA, exhibited higher porosity as compared to those synthesized with
the weaker modulator, acetic acid (Figure 2.6b). Compared to terephthalic acid linkers,
deprotonated strong modulators have higher binding affinities for Zr clusters, resulting in a high

concentration of missing cluster defects in the MOF structures. Since the pKa values of formic acid
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to form coordination Figure 2.6. The impact of modulator concentration and acid utilized

bonds with available ™ porosity. BET adsorption isotherm for a) three concentrations of
acetic acid modulated UiO-66 colloids, 1.2 M (black), 3.5 M (blue)
Zr (in solution and on and 6.7 M (red), respectively. b) Three different acid modulated UiO-
66 colloids, AA (1.2 M, black), DCA (0.58 M, red), and TFA (0.62

the surface of the M, blue), respectively.

growing MOF), which in turn slows down particle nucleation and promotes slow growth of the
MOF, favoring larger crystals with fewer defects.’? This is important because BET area analysis
of UiO-66 shows that the number of defects in the MOF correlate with the modulator used in the

synthesis.62’ 111, 149-150

To investigate how modulator type and concentration affect the colloidal stability of the
MOF nanoparticles, DLS measurements were carried out to evaluate the average hydrodynamic
radius of each MOF nanoparticle sample in water as well as the absence of aggregates. As shown
in Figure 2.7 a-b, the hydrodynamic radius of MOF nanoparticles increases as modulator
concentration increases, and in general DLS measurements are in agreement with particle size
measurements obtained from microscopy images. Samples synthesized with FA, DCA, and TFA
were colloidally stable, as probed by DLS, with average particle sizes closely reflecting those
measured by STEM (Table S1). When acetic acid was used as a modulator, similar behavior was

observed, however, when UiO-66 was synthesized with acetic acid as the modulator at low
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concentrations (1.2 M and 1.9 M), significant particle aggregation occurred (Figure 2.7b, purple).
The MOF nanoparticle sizes were determined to be 17(2) and 34(22) nm from STEM
measurements, respectively, but no meaningful determinations could be made by DLS
measurements on these samples due to aggregation (Figure 2.7¢). In contrast, the sample that was
prepared with DCA did not show any visible aggregation (DCA = 0.58 M, Figure 2.7d), and when

dispersed and dried on a TEM grid, STEM measurements revealed well-formed particles and no

B) DLS size measurement

A) STEM size measurement
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Figure 2.7. A summary of MOF nanoparticle size measurements determined by a) STEM and
b) DLS, as a function of modulator relative acidity and molar concentration. The acids utilized
are FA (black), AA (green), DCA (red), and TFA (blue). The purple region in b) corresponds
to highly aggregated samples where particle size cannot be determined by DLS. STEM image
and digital photographs of UiO-66 dispersed in H2O synthesized with different modulators: C)
UiO-66 synthesized with AA (1.2 M) and D) UiO-66 synthesized with DCA (0.58 M). E) Zeta
potential measurements as a function of modulator relative acidity and molar concentration.

Scale bars C =200 nm and D = 500 nm.
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evidence of aggregation (Figure 2.7e). Therefore, by simply choosing the appropriate modulator

used during synthesis, one can deliberately generate colloids of stable UiO-66 particles across a

wide size range.

To further understand the surface chemistry and colloidal stability of the MOF

nanoparticles,’> 15!

the zeta potential of each sample was evaluated (Figure 2.7¢). The zeta
potential of the MOF nanoparticles can be altered by varying the number of defects introduced in
the samples, which can be accomplished by (i) changing the concentration of modulator or (ii)
using modulators with different acid strengths. For all particles synthesized with acetic acid as the
modulator, zeta potential measurements spanned the broadest range from -5 to 41 mV. Samples of
UiO-66 synthesized with low concentrations of acetic acid were colloidally unstable with zeta
potentials close to zero, while samples synthesized with high concentrations of acetic acid were
colloidally stable with zeta potentials of approximately + 40 mV. These results suggest that as the
concentration of acetic acid modulator is increased, more surface defects are incorporated which
increases the surface charge and hence the repulsion between neighboring nanoparticles. The zeta
potential was also dramatically altered by using modulators with different acid strength which also
controls the number of defects introduced into the nanoparticles. Moreover, the use of strong acid
modulators allows for the synthesis of sub-50 nm nanocrystals that are highly defective and
colloidally stable. Colloidal stability is in large part a consequence of the repulsion between MOF

nanoparticles, which can be controlled by tuning the zeta potential of the particles. Indeed, the zeta

potential is correlated with the number of defects in the particle samples.
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2.34 Electrostatic Purification of Mixed-Phase MOF Nanoparticles

To evaluate the particle separation strategy, the surface charges of phase-pure micrometer-
sized MOFs in ethanol were measured. Zeta potential measurements verify that MIL-88B, MIL-
101 and UiO-66 exhibit positive surface charge (+41 = 18, +32 = 12 and +27 = 5 mV respectively),
while MIL-53 is close to neutral (+6 £ 8 mV) and MIL-140A is negatively charged (-17 =4 mV).
This metal cluster-dependent surface charge difference provides a basis for selective electrostatic

adsorption.

MIL-53 MOF particles with MIL-101 impurities were synthesized by reacting FeClz-6H>O
with terephthalic acid in DMF under sonication according to literature methodology.!>> The

particles were synthesized in the form of an

a  MIL-53/101

o0

orange colloid, collected via centrifugation, e

P

and redispersed in DMF, a process that was
repeated two more times to remove all
b

excess precursor. The particles were

ultimately collected one final time by

centrifugation and redispersed in ethanol.
SEM images of the particle sample, after
drying on a TEM grid, reveal that the MOF

NPs consist of two particle populations,

Figure 2.8. SEM images of MOF NP mixtures
separated by MBs. (a-c) SEM images of as-
octahedra (MIL-101) (Figure 2.8a). synthesized NP mixtures: (a) MIL-§3/ 101, (b)
MIL-53/88B, and (c) MIL-140A/UiO-66 NPs;
(d-f) SEM images of unbounded particles in the
supernatant (left column) and particles adsorbed
by MBs (right column). Scale bar = 1 um.

hexagonal bipyramids (MIL-53) and

Carboxylic acid-modified MBs dispersed in

ethanol were added to the crude reaction
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mixtures, and aggregation was observed immediately, due to a precipitation reaction induced by

the Coulombic attraction between the positively charged MOF NPs and negatively charged MBs.
The mixture was incubated for 10 min with gentle shaking, and the color of the supernatant slowly
faded due to the adsorption of MOF NPs on the MBs. Then, a magnet was used to separate the
MIL-101 NPs adsorbed on the MBs from the unbound MIL-53 NPs in the colloid. In a typical
experiment, MIL-101 NPs (0.3 mg) were adsorbed onto 1 g of MBs, and multiple extractions were
performed to completely separate the two phases due to the relatively low adsorption capacity. To
examine the efficiency of the purification, the supernatants and the aggregated MBs were collected
and imaged by SEM (Figure 2.8d). Significantly, only hexagonal bipyramid MIL-53 NPs were
observed in the supernatant while octahedron MIL-101 NPs were observed on the surface of the
MBs. Similarly, a mixture of MIL-53 and MIL-88B NPs was also purified using this strategy.'*’
SEM images verified that MIL-88B NPs of elongated hexagonal bipyramid morphology were
electrostatically absorbed onto MBs and separated from the MIL-53 NPs in the supernatant
(Figure 2.8b and 2.8e). In a typical experiment, MIL-88B NPs (0.5 mg) were adsorbed onto 1 g
of MBs. These experiments show that MIL-101 and MIL-88B NPs with CUS-rich SBUs can be

selectively adsorbed onto MBs and separated from MIL-53 NPs, which have no CUS.
2.35 Modification of MOF Particle Surface Charge via Ligand Coordination

To further validate the separation strategy, a mixture of MIL-140A and UiO-66 NPs was
purified using a process analogous to the one described above. MIL-140A particles (with sheet-
like morphologies) with UiO-66 impurities (octahedra/amorphous) were synthesized by reacting
ZrCly with terephthalic acid in DMF under microwave-assisted solvothermal conditions, according
to literature methodology (Supporting Information).! SEM images verified that UiO-66 NPs

were electrostatically adsorbed onto MBs and separated from the MIL-140A plate particles in the
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Figure 2.9. (a) Schematic illustration of MIL-88B, MIL-101 and
UiO-66 surface charge modulation with HBPA. (b) Zeta potential
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supernatant (Figure 2.8c¢

and 2.8f). These
experiments demonstrate
that UiO-66 NPs with
discrete SBUs can be
selectively adsorbed onto
MBs and effectively
separated from MIL-140A
particles that are
composed of linear chain

SBUs.

To release
adsorbed MIL-88B, MIL-
101 and UiO-66 NPs from
MBs, 4-
hydroxybenzophosphonic
acid (HBPA) was used to
neutralize the NP charge
and release the MB bound

particles (Figure 2.9a). As

a consequence of the strong coordination between phosphate and metal clusters on the MOF NP

surface, HBPA efficiently binds to the surface CUSs (Fe*" and Zr*"), which significantly reduces

the MOF NP surface positive charge, thereby releasing adsorbed MOF NPs from MBs.!3*155 In a
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typical experiment, HBPA was added to the MOF-bound MB ethanol dispersion (final

concentration ~ | mM HBPA ethanol solution), incubated for 1 minute, and then sonicated for 30
seconds at room temperature to release the MOF NPs from the MBs in nearly quantitative yield.
Subsequently, the supernatant, was collected to yield isolated MIL-101, MIL-88B NPs and UiO-
66 NPs. The collected particles and MBs were then washed separately with ethanol three times
until no excess HBPA could be detected in the supernatant by inductively coupled plasma atomic
emission spectroscopy (Figure S14). Zeta potential measurements verified the reduction of surface
charge of the MIL-88B (+41 = 18 mV to -20 + 8 mV), MIL-101 NPs (+32 £ 12 mV to -14 £ 7
mV), UiO-66 NPs (+27 £ 5 mV to -17 = 9 mV) post-HBPA treatment (Figure 2.9b). To confirm
the successful separation of the two MOF NP populations, PXRD was used to determine the phase
purities of the separated MOF NPs. The crude products were shown to contain mixed phases, while
pure phase MOF NPs were present post-separation (Figure 2.9 c-e, S4-S9). Due to the intrinsic
flexibility of the MIL-53 framework, its PXRD pattern is known to vary, depending on the type
and extent of solvent trapped inside the pores.’! Here, the PXRD spectra of MIL-53 in Figure 2.9
c-d correspond to open and closed states respectively, which are in good agreement with literature
reports.*!- 19 156 Importantly, no appreciable morphology change was observed for MIL-88B NPs
post-HBPA functionalization (Figure 2.9 f-h). To determine if HBPA capping significantly alters
the porosity of the MOF NPs, we performed N» adsorption-desorption isotherms for MIL-101 and
UiO-66 NPs before and after HBPA functionalization (MIL-88B was not tested due to its breathing
behavior), and no appreciable reduction of porosity was observed (Figure S10-S13). The
regenerated MBs were recycled by repeating the above procedures at least 3 times with no

significant adsorption activity loss observed (Figure S15).
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2.4 Conclusions

In summary, the work described herein shows that modulators can be used to control UiO-
66 nanoparticle surface charge, stability (in the context of a colloid), and size dispersity. Indeed,
through systematic studies, we have identified conditions suitable for making colloidally stable
UiO-66 particles that are sub-50 nm in size and relatively monodisperse. Furthermore, in principle,
the methodology can be extended to related MOF and ICP architectures, thereby allowing them to
be compared to more conventional classes of nanoparticles based upon noble metals, Fe>O3, and
quantum dots.>'-*¢ Indeed, convenient methods for preparing colloidally stable MOF nanoparticles
will set the stage for using such particles and surface modified forms of them in a variety of areas

spanning the life sciences and energy conversion.

Further, a novel electrostatic adsorption strategy was developed to maximize selectivity
between MOF NPs with different surface zeta potentials caused by different SBUs. The structure-
property relationships between MOF NP surface charge and SBUs have been identified, and
subsequently used for the purification of mixed phases of MOF NPs that are otherwise challenging
to separate. The extension of this work to many more mixed phases MOFs, infinite coordination
polymers, and more efficient, larger surface area adsorption media should allow for
straightforward purification of a large variety of coordination polymer nanomaterials.'>’ The
ability to quickly access more pure forms of these particles, may facilitate their use as biological

0

probes,'”” for energy conversion,’® catalysts,® and as building blocks for colloidal crystal

engineering. !l 158159
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2.5 Experimental Methods and Supplementary Materials

S2.1 Size analysis of UiO-66 NP synthesized with different modulators
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Figure S2.1. Size analysis of UiO-66 nanoparticle synthesized with acetic acid. A = 1.2
mmol/ml, B = 1.9 mmol/ml, C =2.6 mmol/ml, D = 3.5 mmol/ml, E = 4.8 mmol/ml, F = 5.8

mmol/ml, and G = 6.7 mmol/ml.
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Figure S2.2. Size analysis of UiO-66 nanoparticle synthesized with benzoiic acid. A = 1.8
mmol/ml, B = 2.4 mmol/ml, C =2.9 mmol/ml, D = 3.9 mmol/ml, E = 5.3 mmol/ml, F = 6.1

mmol/ml, and G = 6.9 mmol/ml.
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Figure S2.3. Size analysis of UiO-66 nanoparticle synthesized with dichloroacetic acid. A =
0.3 mmol/ml, B = 0.58 mmol/ml, C = 0.85 mmol/ml, and D = 1.1 mmol/ml.
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Figure S2.4. DLS number analysis of UiO-66 nanoparticle synthesized with acetic acid. A =
2.6 mmol/ml, B = 3.5 mmol/ml, C = 4.8 mmol/ml, D = 5.8 mmol/ml, and E = 6.7 mmol/ml.
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Figure S2.5. DLS intensity analysis of UiO-66 nanoparticle synthesized with benzoic acid. A
= 2.6 mmol/ml, B = 3.5 mmol/ml, C = 4.8 mmol/ml, D = 5.8 mmol/ml, and E = 6.7 mmol/ml.
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Figure S2.6. DLS number analysis of UiO-66 nanoparticle synthesized with formic acid A =
1.8 mmol/ml, B = 2.4 mmol/ml, C = 2.9 mmol/ml, D = 3.9 mmol/ml, E = 5.3 mmol/ml, F =

6.1 mmol/ml, and G = 6.9 mmol/ml.
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S2.2 Synthesis of MOF NPs

UiO-66 nanoparticles

A stock solution of zirconyl chloride octahydrate was prepared by dissolving zirconyl
chloride octahydrate (210 mg, 0.9 mmol) in 30 mL of N,N-Dimethylformamide (DMF). A second
stock solution comprised of terephthalic acid (500 mg, 3.01 mmol) in 10 mL of DMF was prepared.
Zirconyl chloride octahydrate stock solution (3 mL) was added to terephthalic acid stock solution
(ImL) in a 10 mL scintillation vial. A set concentration of modulating acid was added to each vial.
The concentration ranges studied were 1.2 — 6.7 M for acetic acid, 1.8 — 6.4 M for formic acid, 0.3
— 1.1 M for dichloroacetic acid, and 0.62 — 1.18 M for trifluoroacetic acid. The solution was heated

at 90 °C for 18 h to yield UiO-66 ZrsO4(OH)4(CsH304)s.

Table S1. Summary of data collected for samples of UiO-66 synthesized with different modulators
and different concentrations of modulator. STEM, DLS, and measurements of zeta potential. (Agg
= Aggregated). The size of crystals by STEM was determined to be the edge length for octahedral

particles or the diameter in the case of spherical particles.

Acid [Conc] STEM DLS DLS Zeta potential
(M) size/ intensity number /mV
nm /nm /nm
AA 1.2 17(2) Agg Agg -5(5)
1.9 34(22) Agg Agg -2(5)

2.6 72(18) 158(19) 100 (36) 15(5)



68

35 208(56)  173(40) 146 (38) 34(6)
4.8 270(48)  319(67) 263 (62) 42(7)
5.8 514(88)  677(204) 614 45(9)
(207)
6.7 721(56)  826(135) 818 41(6)
(159)
FA 1.8 17(4) 83(38) 39(12) 20(7)
2.4 31(5) 89(25) 62(16) 30(7)
2.9 44(12) 94(19) 68(15) 39(9)
3.9 147(50)  175(31)  159(33) 39(6)
5.3 439(83)  559(110)  518(116 37(11)
)
6.1 813(223  919(144)  910(170 39(13)
) )
6.9 1174 1208 1128 42(9)
(258) (275) (251)
DCA 03 19(5) 132(72)  42(15) 24(5)
0.58 29(8) 74(18) 55(13) 35(10)
0.85 88(25 95(24) 71(17) 37(7)
1.1 550(51)  784(70)  786(107 35(4)
)
TFA 0.62 38(7) 100(29)  69(18) 39(11)
0.91 53(12)  140(30)  117(27) 36(11)
1.18 227(46)  277(80)  224(67) 35(5)

Mixed-phase MIL-53 and MIL-101
Mixed-phase MIL-53 and MIL-101 nanoparticles were synthesized using a previously
reported sonication-assisted method.!®® In brief, in a 50 mL glass beaker, 1.35 g of FeCl;-6H20O

and 0.830 g of H.BDC were mixed in 25 mL of DMF. The beaker was placed in a probe sonicator
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(500 watt Vibra-Cell™ VC 505, Sonics & Materials, Inc., Newtown, CT, USA) and subjected to

ultrasonic irradiation for 10 min at 70% of the maximum power; the temperature was not
controlled. The as-synthesized product was isolated by centrifugation, followed by DMF washing,

and then overnight drying.

Mixed-phase MIL-53 and MIL-88B

Mixed-phase MIL-53 and MIL-88B nanoparticles were synthesized using a previously
reported solvothermal method with minor modification.!'®! In brief, a solution of 1.62 g FeCl; and
1.66 g terephthalic acid in 5 mL DMF was reacted in a 23 mL Teflon lined steel autoclave at a
temperature 150°C for 75 min. Large aggregates from the as-synthesized product were first

removed by low-speed centrifugation, followed by DMF washing, and then overnight drying.

Mixed-phase MIL-140A and UiO-66

Mixed-phase MIL-140A and UiO-66 nanoparticles were synthesized using a previously
reported solvothermal method with minor modification. 153 In brief, a solution of 58 mg ZrCly, 83
mg terephthalic acid and 40 pL acetic acid in 2.5 mL DMF was reacted in a 30 mL glass microwave
vial. The solution was heated to 185°C within 2 min and held at this temperature for 6 mins. The
reaction was quenched by adding 20 mL ethanol. The as-synthesized product was isolated by

centrifugation, followed by DMF washing, and then overnight drying.
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Powder X-ray diffraction data

To determine the crystallinity of each MOF nanoparticle, powder X-ray diffraction data
(PXRD) were collected at Argonne National Laboratory using the Dow-Northwestern-Dupont
Collaborative Access team (DND-CAT) Beamline 5-ID-D at the Advanced Photon Source (APS).
A wavelength of 1.239 A with an exposure time of 1 sec was used for each measurement. Two-
dimensional scattering data were converted to one-dimensional spectra by taking a radial average
of the two-dimensional data. Prior to data collection, as-synthesized MOF nanoparticles were
centrifuged at 15,000 rpm for one hour and washed sequentially with DMF three times and then
water three times. Air-dried samples for PXRD were placed in quartz capillaries (Charles Supper
Company) (1.5 mm) for measurement. The size and dispersity of UiO-66 were evaluated using a
Hitachi HD-2300 scanning transmission electron microscope in SE or TE modes depending on the
crystallite size with an accelerating voltage of 200 kV. Samples were dispersed onto TEM grids by
drop-casting a dilute solution containing MOF crystals. The average crystal size for each synthesis
was determined by measuring at least fifty crystals. Zeta potential and DLS size measurements of
hydrodynamic radii were made on a Malvern Zetasizer Nano-ZS (Malvern Instruments). Results

were averaged over ten measurements.

Transmission electron microscopy and scanning electron microscopy
MOF nanoparticles were analyzed using a Hitachi HD-2300 scanning transmission
electron microscope in SE, ZC and TE modes with an acceleration voltage of 200 kV. Samples

were dispersed onto TEM grids by drop-casting a dilute ethanol solution containing MOF NPs.



Figure S2.10. High-angle annular dark-field images (HAADF) of as-synthesized MIL-53 and

MIL-101 mixtures at different magnification.



Figure S2.12. SEM images of purified MIL-53, MIL-88B, and MIL-101 nanoparticles.



Figure S2.13. SEM images of SEM images of MIL-140A and UiO-66 mixtures.

Figure S2.14. SEM images of purified MIL-140A particles.
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S2.3 Nitrogen sorption isotherm measurements

N> sorption isotherm measurements were performed on a Micromeritics Tristar II 3020
(Micromeritics, Norcross, GA) at 77K. Surface areas were estimated by applying the Brunauer—
Emmett-Teller (BET) equation. T-plot internal and external surface area were determined by

Harkins and Jura equation in the second linear regions of N> isotherms (0.26 P/Py to 1.0 P/Py).
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Figure S2.15. N> adsorption-desorption isotherms of UiO-66 reveal no significant surface area

change post-HBPA functionalization.
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Figure S2.16. DFT pore size distribution analysis of UiO-66 reveal no appreciable change post-

HBPA functionalization.
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Figure S2.17. N; adsorption-desorption isotherms of MIL-101(Fe) reveal no significant surface

area change post-HBPA functionalization.
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post-HBPA functionalization.
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CHAPTER THREE: Surface Functionalization of Metal-Organic Framework Nanoparticles via

Coordination Unsaturated Metal Sites

Materials in this chapter is based upon published work:

Wang, S.; Morris, W.; Liu, Y.; Zhou, Y.; Hupp, J.; Farha, O.; Mirkin, C. A. Angew. Chem., Int.

Ed. 2015, 54, 14378-14742.
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3.1 Abstract

In this chapter, we discuss a method for modifying the external surfaces of a series of MOF
NPs with 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA). A series of zirconium-based MOF NPs
of the same topology, UiO-66, UiO-67, and BUT-30 were synthesized, isolated as aggregates, and
then conjugated with DOPA to create stably dispersed colloids. BET surface area analysis revealed
that these structures maintain their porosity post surface-functionalization, providing evidence that
DOPA functionalization only occurs on the external surface. Additionally, dye-labelled ligand
loading studies revealed that the density of DOPA on the surface of the nanoscale MOF correlates
to the density of metal nodes on the surface of each MOF. Importantly, the surface modification
strategy described herein will allow for the general and divergent synthesis and study of a wide

variety of nanoscale MOFs as stable colloidal materials

3.2 Introduction and Background

Metal-organic frameworks (MOFs) and infinite coordination polymers (ICPs) are porous
materials composed of organic ligands coordinated to metal containing units. * '% 2 The pore sizes
and functionalities of these materials can be deliberately modulated through the choice of organic
ligands and metal containing units. This structural tailorability has led to the study of these

108 chemical sensing, !> membrane

materials for a variety of applications, including gas storage,
separations,’ catalysis.® A pivotal feature of designing MOFs for such applications, especially on

the nanoscale, is a firm understanding of the underlying MOF structure, particularly that of the

surface.
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MOFs are crystalline structures, and therefore, their bulk structure is well understood as a

result of single crystal studies and refinement of Powder X-ray Diffraction (PXRD) data. Recently,
there has been significant effort aimed at realizing generalizable methodologies to post-
synthetically functionalize the bulk MOF structure, such as coordination at activated metal-binding
sites and linker modification.®"" 1% However, the surface chemistry of MOFs likely deviates from
the bulk structure, due to the presence of additional vacant coordination sites, surface defects, and
the binding of synthetic modulators.'! 126 Despite this expected deviation in structure from bulk to
surface, only a few studies have focused on the characterization and modulation of the external
surface of MOFs.%7-7- 163166 Importantly, it has been repeatedly shown that for nanoscale materials
(e.g., metal nanoparticles) surface chemistry tends to dictate physical properties and chemical
function.'” Therefore, for the advancement and application of MOFs on the nanoscale, the
development of general methodologies for surface functionalization must be developed. In this
vein, we herein describe a method for the facile surface functionalization of a series of isoreticular,
chemically stable MOF NPs with the phosphate-containing amphiphilic ligand DOPA via well-
defined coordination chemistry. Additionally, we demonstrate the ability to control the density of
surface ligands, as well as solvent compatibility of the MOF, all while preserving the structural

integrity and porosity of the MOF architecture.
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3.3 Results and Discussion

3.31 Surface Functionalization of MOF Nanoparticles with Phospholipid
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Figure 3.1. Synthesis and DOPA functionalization of a series of zirconium MOF NPs with the
same underlying topology. a) Synthetic scheme for the preparation of UiO-66, UiO-67, and
BUT-30 b) The series of ligands utilized in the synthesis of nanoscale MOFs and their lengths.
H»-bdc = terephthalic acid (C¢H¢Os), Ho-bpdc = biphenyldicarboxylic acid (C14H100O4), and
Hz-eddb = 4,4'-(ethyne-1,2-diyl)dibenzoic acid (CisHi0O4). ¢) Synthetic scheme for
functionalization for MOF nanoparticles utilizing DOPA.
In order to carry out this study, we chose a family of isoreticular MOFs with different linker
lengths, in which the bulk structure was well characterized, the framework was chemically stable
under various conditions, and the modular nanoscale synthesis had been realized. '*® Therefore, we

selected three zirconium-based frameworks with the same underlying topology, namely UiO-66

(Zr604(OH)4(BDC)s),! 3 Ui0-67 (Zrs04(OH)4(BPDC)s),'® and BUT-30
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(Zr604(OH)4(EDDB)g).'%® Importantly, within this family, the density of metal nodes decreases

as a function of increasing organic ligand length (Figure 3.1 a-b). These three frameworks were
functionalized with DOPA to give DOPA-UiO-66, DOPA-Ui0-67 and DOPA-BUT-30 (Scheme
Ic). DOPA was selected as a ligand because it was expected to coordinate strongly to the Zr(IV)
metal containing units, but, importantly, not too strongly as to disturb the underlying coordination
framework of the MOF.!**!35 Upon functionalization with DOPA, the surface ligand density, as
well as the bulk MOF porosity and structure, were evaluated. Additionally, the colloidal stability
of the MOF NPs was determined to be dramatically altered upon DOPA surface functionalization.
Namely, it was found that unfunctionalized UiO-66, UiO-67, and BUT-30 aggregate extensively
in nonpolar solvents; however, after surface modification with DOPA, MOF NPs can easily be
dispersed and suspended in solvents with low polarity. Via BET surface area measurements, we
show that the porosity of the MOFs is maintained post-functionalization. Importantly, for the
application of MOFs on the nanoscale, this general methodology for surface modification based
on straightforward coordination chemistry allows for the modulation of the density of surface
ligands. Thus, allowing one to finely tune the colloidal properties of these constructs as highlighted

within.

The isoreticular zirconium MOF NPs were synthesized under solvothermal conditions
utilizing acetic acid to modulate crystallite size. For example, 22 + 8 nm UiO-66 particles were
synthesized from the reaction of ZrOCI2:8H20 (21 mg, 65.1 umol) with terephthalic acid (50 mg,
0.3 mmol) modulated by 0.3 mL acetic acid in 4 mL DMF at 90 °C for 18 hours. For each structure,
acetic acid concentration was modulated to access the desired nanoscale crystallite parameters.
PXRD analysis was utilized to confirm the bulk structure of each synthesized MOF (Figure 3.2a).

All three MOFs possess the expected fcu topology, with pore size and the density of zirconium
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Figure 3.2. Powder X-ray diffraction (PXRD) patterns and scanning electron microscopy
(SEM) images of the as-synthesized MOF NPs. (a) Simulated and experimental PXRD patterns
of Ui0-66, UiO-67, and BUT-30. SEM images of (b,e) UiO-66, (c,f) UiO-67, and (d,g) BUT-
30. Scale bar: 100 nm for (b-d) and 1 pum for (e-g).
units being determined by linker length (Figure 3.1b). For each MOF, small nanoparticles (<30
nm) and large nanoparticles (>200 nm) were synthesized, with the size being confirmed by
scanning transmission electron microscopy (STEM) (Figure 3.2b). After the synthesis and
characterization of the nanoscale zirconium-based MOF family, the particles were functionalized
with DOPA. First, to remove the excess and encapsulated DMF remaining from the solvothermal
synthesis, UiO-66, UiO-67, and BUT-30 MOF nanoparticles were solvent exchanged by several
rounds of centrifugation and subsequently redispersed in chloroform. Due to their hydrophilicity,
the MOF NPs were observed to aggregate extensively in the chloroform suspension. To disperse
the nanoparticles, excess DOPA (sodium salt) was added to the MOF aggregates, which were
subsequently sonicated for one hour at room temperature, then left on a shaker overnight. The
resulting DOPA-MOF NP conjugate was then washed with chloroform three times until no excess

DOPA could be detected in the resulting supernatant via ICP-AES (Figure S3.9). Additionally, by

using a large excess of DOPA, we assume that the surface is coordinatively saturated by the ligand
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(vide infra). Importantly, through PXRD studies and STEM, we were able to confirm that the

framework crystallinity and crystallite size were maintained after functionalization.

To confirm the presence of DOPA on the MOFs, multiple spectroscopy techniques were
used. First, infrared spectroscopy (IR) was carried out for each sample. IR spectroscopy of the
DOPA- MOF NP conjugates revealed alkane (C-H) and carbonyl (C=0) vibrations at 2950 cm!

and 1597 cm’!, respectively, which
a) —— DOPA

correlate well with the spectra of free

DOPA, and are not present in the IR

spectra of the unmodified MOFs (Figure

o —— DOPA-UIOH66 I
3.3a). Additionally, X-Ray Photoelectron ﬂﬁm
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(Figure 3.3 b-c). Finally, 3'P{'H} Magic

15 | 15 1@ | 135 B0 155 B 15 0 15 10 15
Binding Energy (eV) Binding Energy (eV)

Angle Spinning (MAS) NMR
spectroscopy was performed to directly

examine coordination of the phosphate Figure 3.3. IR and XPS analysis of DOPA-MOF
NPs. a) Comparison of unfunctionalized DOPA

group of DOPA to the zirconium cluster. ~ molecule (top, black), UiO-66 particles (middle,
red), and DOPA-Ui0-66 (bottom, blue). b) XPS

For the DOPA-functionalized MOF NPs,  spectra of UiO-66 and UiO-67 before (black) and
after (red) DOPA functionalization.
a broad resonance at -3.2 ppm, along with

two symmetric satellite resonances (58.1 ppm and -65.3 ppm) was observed. In contrast, the free

DOPA molecule exhibits a single sharp resonance at 2.1 ppm (Figure S3.7). Taken together, these
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results strongly suggest that the phosphate ligands coordinate to the zirconium-oxide nodes on the

external surface of the MOF nanoparticle.

To characterize the porosity of the DOPA-functionalized MOF nanoparticles, we
performed N2 isotherms and evaluated their surface area via BET analysis (Figure 3.4). Prior to
the surface area measurements, the samples were activated to remove solvent from the pores of
the MOF (See Supporting Information). The N> adsorption isotherm for each MOF at 77 K exhibits
type-1 behavior. In each case, the larger MOF crystallites (>200 nm), which were realized by using
higher modulator concentrations, exhibit higher surface area when compared to the smaller MOF
nanocrystals of the same underlying structure. This finding correlates well with previous studies,
which show that the surface area of UiO-66 is dependent on the defects induced by modulator used
in the synthesis.!® The gradual increase in N uptake at high P/Po values (Figure 3.4a) is most
likely due to N> condensation in interparticulate voids generated by nano-crystallite packing. After

DOPA functionalization, the N2 isotherms show that each MOF maintained its porosity, suggesting
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Figure 3.4. The impact of DOPA functionalization on porosity and colloidal stability. BET
adsorption isotherm before and after DOPA functionalization for a) 25 nm UiO-66, b) 225 nm
Ui0-66.
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that the pores of each MOF are still accessible. Interestingly, in the case of small nanocrystallites,

a significant decrease in porosity was observed, whereas the larger nanocrystallites demonstrated
porosities much closer to the unfunctionalized structures (Figure 3.4). For example, in UiO-66 a
64 % and 5 % drop in surface area was seen for the small (<30 nm) and large (>200 nm)
nanocrystals, respectively. The apparent difference in porosity change between small and large
MOF NP samples upon DOPA surface functionalization can be attributed to the disparity in
external surface-to-volume ratio between the two particle sizes. In the case of small nanoparticles,
approximately 50 % of the zirconium secondary building units are found within one unit cell of
the external surface, which is in stark contrast to the large nanoparticles, in which less than 5 % of
the zirconium units are this close to the surface. This significant difference leads to a higher weight
percentage of DOPA in samples of small crystallites, thus reducing their gravimetric surface area.
This trend is observed for all three MOF architectures. Additionally, these results support the
hypothesis that DOPA functionalization is limited to the external surface of each MOF, as no

surface area would be expected if the crystal was completely modified.
3.32 Quantification of Surface Ligand Coverage

Quantitative analysis of DOPA coverage for each MOF architecture was conducted via
ICP-AES. By measuring the phosphorous and zirconium amount, we determined the DOPA
loading of each MOF NP sample from the ratio of Zr and P (Figure 3.5a). These results showed
that UiO-66 had the highest DOPA loading (212 (57) pmol/cm?), and BUT-30 had the lowest (83
(20) pmol/cm?). This significant difference in loading between UiO-66 and BUT-30 supports the
hypothesis that DOPA binds to the Zr surface units, as decreasing the density of these Zr surface

sites results in lower surface coverage of DOPA ligands (Figure 3.5a). In order to verify the results
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of the above ICP-AES study, the MOF NPs were surface functionalized with a dye-labelled

analogue of DOPA, I-oleoyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl}-sn-
glycero-3-phosphate (NBD-DOPA), and their surface coverage was measured via UV-vis
absorption studies at 460 nm (See Supporting Information for details). Importantly, this
absorbance study strongly agrees with the loading densities determined by ICP-AES (Figure 3.5a).
The synchronous results of the ICP-AES and absorption studies support the hypothesis that DOPA
binding is limited to the surface, as the observed loading densities are in close alignment with an
average of two DOPA molecules coordinated to each of the surface metal-containing units.
Additionally, confocal fluorescence microscopy was performed which verified that the dye is

primarily localized on the periphery of the MOF nanoparticles (Figure S3.12).
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Figure 3.5. a) DOPA surface density for different size UiO-66, UiO-67 and BUT-30 MOF
nanoparticles, b) digital photograph showing MOF NPs suspended in an aqueous phase after
being transferred to ¢) a chloroform phase after DOPA functionalization, d) SEM image of
drop-casted colloidally stable DOPA-UiO-66 in CHCls. Scale bar: 1 um.
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3.33 Controlling Surface Properties via Ligand Functionalization

The main goal of this study was to evaluate a synthetic method for promoting the colloidal
stability of a series of hydrophilic MOF nanoparticles in low polarity media via surface
functionalization. Therefore, the colloidal stability of these nanoscale MOFs was evaluated before
and after surface modification (Figure 3.5b-d). First, unfunctionalized MOF NPs were suspended
in CHCls/water mixtures. From simple visualization, the MOF nanoparticles were clearly
selectively suspended in the aqueous layer (Figure 3.5b). In contrast, upon DOPA
functionalization, the MOF nanoparticles became preferentially suspended in the CHCI; layer
(Figure 3.5¢). This binary contrast in solvent selectivity directly demonstrates that nanoparticle
properties can be deliberately tailored via surface functionalization with organic ligands.
Additionally, this modulation of the colloidal stability of the MOF nanoparticles was supported by
SEM imaging and Dynamic Light Scattering (DLS). SEM images of non-functionalized MOF
nanoparticles that have been drop-cast from CHCI; show significant aggregation (See Supporting
Information), whereas the DOPA-functionalized MOFs exist as discrete nanoparticles when
similarly drop-cast from CHCIl3 (Figure 3.5d), thus, again demonstrating the colloidal stability of

the surface-modified particles in solvents with low polarity.

3.4 Conclusions

In summary, we have developed a general methodology for the selective surface
functionalization of MOF NPs, which yields the ability to disperse crystalline MOF NPs as colloids

into a variety of solvents and chemical environments. The selective coordination of
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organophosphates to metal binding sites on MOF nanoparticle surfaces allows control of ligand

density and type, while retaining crystallinity and permanent porosity. This strategy is general and,
in principle, can be used to generate a large pool of multi-functional porous materials with surface
chemistries that can be deliberately and finely tuned through choice of coordination ligands.
Looking forward, this work should also facilitate the integration of nanoscale MOFs into
structurally tailorable particle assemblies,!” opening the door for realizing functional materials

171-172

with applications spanning optically responsive devices, adsorption-based chemical

sensors,'”® and plasmonic-enhanced catalysis.!”

3.5 Experimental Methods and Supplementary Materials

S3.1 Synthesis and purification of MOF nanoparticles

Ui0-66 (ZrsO4(OH)4(CsH404)6)

UiO-66 was synthesized via solvothermal reaction conditions similar to a previously
published protocol.l'! 1,4-benzenedicarboxylic acid (50 mg, 0.30 mmol) was dissolved in 1 mL of
N,N-dimethylformamide (DMF). In a separate vial, zirconyl chloride octahydrate (21 mg, 0.066
mmol) was dissolved in 3 mL of DMF. The two solutions were mixed together in a 10 mL
scintillation vial, and acetic acid was added to the reaction mixture. Two different concentrations
were used to achieve two different particle sizes (1.54 M for 22 + 8 nm UiO-66 nanoparticles and
3.43 M for 225 + 35 nm UiO-66 nanoparticles). After brief sonication, the solution was heated at

90 °C for 18 h to yield UiO-66 (ZrsO4(OH)4(CsH404)s).
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Ui0-67 (Zrs04(OH)4(C14HsO4)6)

UiO-67 was synthesized with a similar method. Biphenyl- 4,4’-dicarboxylic acid (20 mg,
0.08 mmol) was added to 1 mL of DMF, resulting a white suspension. In a separate vial, zirconyl
chloride octahydrate (9 mg, 0.028 mmol) was dissolved in 3 mL of DMF. The two fractions were
mixed together in a 10 mL scintillation vial, and acetic acid was added to the reaction mixture
(0.42 M for 29 + 10 nm UiO-67 nanoparticle and 1.90 M for 540 + 81 UiO-67 nanoparticle). After
brief sonication, the suspension was heated at 90 °C for 18 h to yield UiO-67
(Zrs04(OH)4(C14HgO4)s).

BUT-30 (ZrsO4(OH)4(C16H304)6)

BUT-30 was synthesized with a similar method. 4,4'-(ethyne-1,2-diyl)dibenzoic acid (20
mg, 0.075 mmol) was added to 1 mL of DMF, resulting a light yellow suspension. In a separate
vial, zirconyl chloride octahydrate (5 mg, 0.016 mmol) was dissolved in 3 mL of DMF. The two
fractions were mixed together in a 10 mL scintillation vial, and acetic acid was added to the
reaction mixture (0.42 M for 15 + 6 nm BUT-30 nanoparticle and 1.05 M for 415 + 97 nm BUT-
30 nanoparticle). The suspension was heated at 90 °C for 18 h to yield BUT-30
(Zrs04(OH)4(C16HgO4)s).

MOF nanoparticle purification

As-synthesized MOF nanoparticles were purified by centrifugation (15000 rpm, 60 min for

small nanoparticles; 4000 rpm, 10 min for large nanoparticles) followed by solvent exchange (3 x

DMF) over a 24 h period. MOF nanoparticles were suspended in DMF for characterization.
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S3.2 Synthesis and purification of DOPA-MOF NP conjugates

DOPA functionalization

Purified UiO-66, UiO-67, and BUT-30 MOF nanoparticles suspended in DMF were
solvent exchanged with chloroform by three rounds of centrifugation to remove remaining DMF.
DOPA (0.2 g/mL, 0.28 M in chloroform) was added to the MOF nanoparticle suspension. For
example, to 1 mL of small UiO-66 nanoparticles suspended in chloroform (22 nm, 2.3 uM) 100
uL of the DOPA solution (28 umol) was added; to 1 mL of large UiO-66 nanoparticles (225 nm,
1.3 nM) 50 pL of the DOPA solution (14 pmol) was added. The mixture was sonicated until no

insoluble aggregates could be visually observed.
DOPA- MOF NP conjugate purification

Excess DOPA was removed by four rounds of centrifugation (15000 rpm, 60 min for small
nanoparticles; 4000 rpm, 10 min for large nanoparticles) followed by redispersion in chloroform
over a 24 h period. The DOPA-MOF NP conjugates were suspended in chloroform for future
characterization. The average functionalized nanoparticle size was determined by measuring the

edge length of greater than fifty crystals from multiple functionalizations.
Powder X-ray diffraction data (PXRD)

The crystallinity of the synthesized MOF NPs and DOPA-MOF NP conjugates was
confirmed by powder X-ray Diffraction (PXRD). Powder X-ray diffraction data (PXRD) were
collected at Argonne National Laboratory using the DOW-Northwestern-Dupont Collaborative
Access team (DNDCAT) Beamline 5-ID-D at the Advanced Photon Light Source (APS). A
wavelength of 1.239 A was used for the data collection with an exposure time of 1 second. Two-
dimensional scattering data were converted to 1D data by taking a radial average of the 2D data.

Prior to data collection, as-synthesized MOF nanoparticles were dried by filtration and washed
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with acetone. Samples for PXRD were placed in quartz capillaries (Charles Supper Company) (1.5

mm) for data collection.
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Figure S3.1. PXRD spectra verify that both small and large DOPA-UiO-66 nanoparticles
maintain their crystallinity after DOPA functionalization.
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Figure S3.2. PXRD spectra verify that both small and large DOPA-Ui0O-67 nanoparticles
maintain their crystallinity after DOPA functionalization.
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Figure S3.3. PXRD spectra verify that both small and large DOPA-BUT-30 nanoparticles
maintain their crystallinity after DOPA functionalization.

Scanning Transmission Electron Microscopy (STEM)

MOF nanoparticles were analyzed using a Hitachi HD-2300 scanning transmission electron
microscope in either SE or TE modes with an accelerating voltage of 200 kV. Samples were
dispersed onto TEM grids by drop-casting a dilute ethanol solution containing MOF crystals or
MOF conjugates directly onto TEM grids. The average crystal size for each synthesis was
determined by measuring the edge length of greater than fifty crystals from multiple syntheses

under analogous synthetic conditions.



93

Figure S3.4. DOPA-functionalized MOF nanoparticles of different sizes and topologies.
DOPA-U10-66: a) 25 = 7 nm, d) 220 £ 31 nm; DOPA-Ui0-67: b) 30 £ 8 nm, ¢) 515 £ 78 nm;
DOPA-BUT-30: ¢) 15+ 4 nm, f) 430 + 75 nm. Scale bar: 100 nm for a), b), and c); 1 um for
d), e) and f).

S3.3 Nitrogen adsorption measurement

N2 adsorption and desorption isotherm measurements were performed on a Micromeritics
Tristar II 3020 (Micromeritics, Norcross, GA) at 77 K. Before each isotherm, samples were
activated either via supercritical CO» drying or by heating for 3 hours under high vacuum on an
ASAP- 2020 (Micromeritics, Norcross, GA). Between 30 and 100 mg of material was used for
each measurement. Data was analyzed using the ASAP 2020 software (Micromeritics, Norcross,
GA). All gases used were Ultra High Purity Grade 5 as obtained from Airgas Specialty Gases
(Chicago, IL).

Supercritical CO» drying was performed using a TousimisTM Samdri® PVT-30 critical
point dryer (Tousimis, Rockville, MD, USA). Supercritically dried samples were prepared in the
following manner. The solvent from freshly prepared samples was decanted and replaced with

fresh DMF. The product was allowed to settle over the course of 2 hours. This process was repeated
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2 x with DMF, followed by 3 x with ethanol. The ethanol-dispersed sample was transferred into a

Tousimis Samdri-PVT-3D supercritical CO> dryer. The temperature was lowered to 0 °C-10°C,

and the chamber was filled with liquid CO; (ultrahigh grade CO> with a siphon from Air-Gas Inc

was used). The sample was soaked for 8 hours total, venting for five minutes every two hours. The

chamber was then heated to 40 °C, and the supercritical CO2 was bled off at a rate of 1 mL/min

until the chamber reached ambient pressure (approximately 12 hours). The chamber was opened

and the dried sample was transferred into a pre-weighed glass sample tube, which was sealed and

quickly transferred to a system providing 10 torr dynamic vacuum. The sample was kept under

vacuum at room temperature for 6 hours and was then used for N2 adsorption measurements.
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Figure S3.5. BET adsorption isotherm before and after DOPA functionalization for 30 nm

(left) and 500 nm (right) UiO-67 nanoparticles.

S3.4 X-ray photoelectron spectroscopy (XPS)

XPS measurements were made using Thermo ESCA Lab 250Xi scanning XPS

spectrometer, Al Ka radiation and a pass energy of 150 eV (spot size 500 um). The XPS system

analysis pressure was kept at 5 x 107! mbar. The binding energy (BE) and the kinetic energy (KE)
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scales were adjusted by setting the C1s transition to 284.6 eV. BE and KE values were determined

with the peak-fit software of the spectrometer.
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Figure S3.6. XPS survey spectra of UiO-66 and DOPA functionalized UiO-66 MOF NPs.
(Similar spectra were observed for DOPA functionalized UiO-67 and BUT-30 MOF

nanoparticle)

S3.531P{'H} Magic Angle Spinning (MAS) Nuclear Magnetic Resonance Spectroscopy (MAS
NMR)

3IP{'H} Magic Angle Spinning (MAS) NMR spectroscopy was performed on a Varian 400
MHz VNMRS system to investigate the direct bonding between the phosphate moiety of DOPA
and a the zirconium-oxo cluster. Free DOPA was first measured (Figure S3.7, bottom spectrum).
On the basis of enhanced molecular mobility, the sharp peak at 2.06 ppm is attributed to the free
organic phosphate ligand. We then measured the 50 nm DOPA-functionalized UiO-66 MOF
nanoparticles (purified and isolated as a white powder) with identical conditions. A broad peak is
observed at — 3.24 ppm (Figure S3.7, top spectrum). The broad signal, as well as two symmetric

spinning side bands (58.09 ppm and -65.31 ppm), was attributed to the phosphate phosphorus
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bound to Zr. Additionally, a small shoulder peak appearing in the top spectrum is attributed to a

trace amount of free DOPA molecule remaining in the sample.

P31_spin10k_512scans

NU S400 5mm HPC 22C spin 10k |
31P CPMAS Ch3 to X

sample DOPA-UiO-66 50nm

512 scans |
fl=27495 rfp=129

2015-09-14

>

AN, o A At A I T g g el e A A A Mada At A Ay .\a,‘r—l,..\»w‘!\v-".‘,,J.’,-;,‘wﬂ'.'-q,'“-_\ AW Tty o s s Aot

P31_spin10k_512scans_free_DOPA
NU S400 5mm HPC 22C spin 10k
31P CPMAS Ch3 to X

sample free DOPA

512 scans

fl=27495 rfp=129

2015-09-14

1

e o AN S AN NN A AN AN NP b P’ - P

SR S S i e S i S S S e S e B e e m e e s e S SRR e s e
130 120 110 100 90 80 70 60 50 40 30 20 10 O -10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160
f1 (ppm)

Figure S3.7.*'P{'H} NMR spectra (400 MHz, MAS) of free DOPA (bottom trace, red) and 50
nm DOPA-UiO-66 nanoparticles (top, blue). 512 scans were accumulated with a 5 s recycle
time and a 10,000 Hz spin rate.

S3.6 Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES)

The zirconium contents of the as-synthesized MOF samples after solvent exchange (3
DMF) and MOF-DOPA constructs after solvent exchange (3 x CHCl3) were determined by ICP-
AES. ICP-AES analysis was carried out on a Thermo iCap 7600 ICP-OES instrument with an
automated sample changer. MOF samples were dispersed in DMF (1 mL), and 10 pl of the MOF
sample was added to HNO3 (990 pl). The samples were heated at 60 °C for 15 h to fully digest the
MOF. Unknown samples were prepared with an internal multi-element standard and compared to

a standard curve generated using a zirconium standard. In determining particle concentration, a
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unit cell size of 20.84 A and a unit cell composition of C192HosZr240128 were used for UiO-66; a

unit cell size of 27.13 A and a unit cell composition of C216H112Z1r240128 were used for UiO-67;
and unit cell size of 30.20 A and a unit cell composition of C224H112Z1240128 were used for BUT-

30.
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Figure S3.8. ICP-AES measurement of phosphorus concentration for chloroform supernatant
collected after each washing step and the final functionalized MOF nanoparticle.

Shown in Figure S3.8, it was verified that the concentration of excess DOPA decreases
dramatically after each successive centrifugation-solvent exchange cycle. In the final DOPA-MOF

NP solution, free DOPA in solution is negligible compared to those immobilized on particle.
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Figure S3.9. Surface ligand loading density modulated with addition of DOPA.

UV-Vis spectroscopy was performed on a Cary 5000 (Agilent) UV-Vis spectrometer fitted

with a temperature stage. 1 cm quartz optical cells were utilized to make measurements.
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Figure S3.10. Fluorescent dye-labeled phosphate lipid (NBD-DOPA) was used for the ligand
loading study.
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Figure S3.11. Working curve for NBD-DOPA functionalized UiO-66 MOF nanoparticles.

S3.7 Confocal Fluorescence Microscopy

Confocal fluorescence microscopy was performed on a Nikon AIR+ confocal laser

microscope system to verify the selective localization of the dye-functionalized ligand to the

periphery of the nanoparticles. UiO-67 nanoMOF particles of approximately 600 nm in edge

length were selected. Due to the relatively small size of the nanoparticle sample, the photo

bleaching effect significantly limited the laser excitation gain we could use. Consequently, the

cross section images we obtained suffer from low brightness. However, the observable thin layer

of fluorescent corona surrounding the dark nanoparticle cores show that the internal pores of MOF

nanoparticle were not functionalized by the fluorescently labeled DOPA ligands.
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Figure S3.12. Zoomed out confocal fluorescence microscopy image of UiO-67 MOF
nanoparticles with NBD-DOPA coordinated to the surface (left). Zoomed in view of cross
section image of UiO-67 MOF nanoparticles with NBD-DOPA coordinated to the surface
(right). The brightness of the image was with adjusted with ACDSee 9.0 for clarity.
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CHAPTER FOUR: Interfacing Metal-Organic Framework Nanoparticles with

Oligonucleotides for Biological Probes and Intracellular Protein Delivery Vehicles

Materials in this chapter is based upon published work:

Wang, S.; McGuirk, C. M.; Ross, M.; Wang, S.; Chen, P.; Xing, H.; Liu, Y.: Mirkin, C. A. J. Am.

Chem. Soc. 2017, 139, 9827-9830.

Wang, S.; Chen, Y.; Wang, S.; Li, P.; Farha, O.; Mirkin, C. A. 2018, to be Submitted.
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4.1 Abstract

A generalizable approach to modify MOF nanoparticle surfaces would allow one to impart
chemical functionality onto the particle surface that is independent of the bulk MOF structure.
Moreover, the use of a chemically programmable ligand, such as DNA, would allow for the
manipulation of inter-particle interactions. In this chapter, we discuss a coordination chemistry-
based strategy for the surface functionalization of the external metal nodes of MOF nanoparticles
with terminal phosphate-modified oligonucleotides. The external surfaces of nine distinct
archetypical MOF particles containing four different metal species (Zr, Cr, Fe, and Al) were
successfully functionalized with oligonucleotides, illustrating the generality of this new strategy.
By taking advantage of the programmable and specific interactions of DNA, eleven distinct MOF
particle-inorganic particle core-satellite clusters were synthesized. In these hybrid nanoclusters,
the relative stoichiometry, size, shape, and composition of the building blocks can all be
independently controlled. This work provides access to a new set of nucleic acid-nanoparticle
conjugates, which may be useful as programmable material building blocks and as probes for

measuring and manipulating intracellular processes.

We further exploited the use of nucleic acid modified MOF NPs for the storage and
transport of a variety of chemical and biological cargoes, such as proteins. Due to their large size,
charged surfaces, and environmental sensitivity, proteins do not naturally cross cell-membranes
and therefore are difficult to deliver for both diagnostic and therapeutic purposes. Based upon the
observation that clustered oligonucleotides can naturally engage scavenger receptors that facilitate
cellular transfection, novel nucleic acid-metal organic framework nanoparticle (MOF NP)

conjugates have been designed and synthesized from NU-1000 and PCN-222/MOF-545,
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respectively, and phosphate-terminated oligonucleotides. They have been characterized

structurally and with respect to their ability to enter mammalian cells. The MOFs act as protein
hosts, and their densely functionalized oligonucleotide-rich surfaces make them colloidally stabile
and ensure facile cellular entry. Insulin was chosen as the model protein for this system. High
protein loading (~ 40 wt%) and a 10-fold enhancement of cellular uptake (as compared to that of
the native protein) were achieved using this strategy. Importantly, this approach could be
generalized to facilitate the delivery of a variety of proteins as biological probes or potential

therapeutics.
4.2 Introduction and Background

DNA is a versatile and powerful ligand for modifying nanomaterials, by virtue of its
programmable and sequence-specific interactions.!”>!”” For example, by densely functionalizing
DNA onto spherical nanoparticles (NPs), one can orient the oligonucleotides (3'-5' or 5'-3") and
generate spherical nucleic acid-nanoparticle conjugates (SNAs),* which exhibit unusual
biological properties that have enabled a wide variety of applications in research and medicine.

178-179 therapeutic lead compounds for gene regulation, % and

Indeed, many biodiagnostic systems,
immunotherapeutic agents are now based upon SNAs.!'®! In addition, they have become the central
building blocks for crystal engineering approaches based upon the concept of DNA-programmable
assembly.!% 182183 Thys far, several approaches have been developed for modifying noble
metal,!”>176: 184 oxide,!®> quantum dot nanoparticles with DNA.!'% However, there are no general
ways for directly modifying MOF nanoparticles with oligonucleotides in a preferential end-on
manner. Indeed, all previous approaches have utilized either nonspecific interactions such as

93, 187

electrostatic adsorption and van der Waals interactions, or required a coupling agent that is
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necessarily immobilized on the particle surface prior to functionalization with DNA,3%%° rendering

less control and generality.
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Figure 4.1. (a) Schematic representation of solvothermal synthesis of UiO-66 MOF
nanoparticles. Inset: ZrsO4(OH)s4 secondary building units (SBU). (b) DNA modification of
MOFs, utilizing terminal phosphate-modified DNA and subsequent sequence-specific
assembly of MOF-NP core-satellite hybrid architectures.

Herein, we describe a general strategy for functionalizing MOF nanoparticles with

oligonucleotides at high density. Using terminal phosphate-modified oligonucleotides, we can

chemically address the dense coordinatively unsaturated metal sites (CUS) on a MOF nanoparticle

surface.

75,97,117, 188 189 Solid-

state nuclear magnetic resonance (SSNMR) spectroscopy and powder

X-ray diffraction (PXRD) confirm both that the DNA-functionalization of MOFs occurs by

metal-phosphate coordination and that the structural integrity and porosity of the MOF

architecture are preserved post modification. As proof-of-concept of generality, this approach has



105
been extended to a series of nine different MOFs, featuring four metal nodes (Zr, Fe, Cr, Al) and

four different organic linkers.

Equipped with these above design considerations, we continue to design these nucleic acid-metal
organic framework nanoparticle conjugates as intracellular delivery vehicles for proteins. Proteins
play key roles in living systems, and the ability to deliver active proteins to cells is attractive for

both diagnostic and therapeutic purposes.'® Potential uses involve the evaluation of metabolic

1 2

pathways,'”! regulation of cellular processes,'”? and treatment of disease involving protein
deficiencies.!”*!%° During the past decade, a series of techniques have been developed to facilitate
protein internalization by live cells, including the use of complementary transfection agents,

196198 and protein surface modifications.!”2%2 Although each strategy has its own

nanocarriers,
merit, none are perfect solutions; they can cause cytotoxicity, reduce protein activity, and suffer
from low delivery payloads.?®® For example, we have made the observation that one can take
almost any protein and functionalize its surface with DNA to create entities that will naturally
engage the cell-surface receptors involved in spherical nucleic acid (SNA) uptake. 7> 202, 204-205
While this method is extremely useful in certain situations, it requires direct modification of the
protein and relatively large amounts of nucleic acid, on a per-protein basis, to effect transfection.

Ideally, one would like to deliver intact, functional proteins without the need to chemically modify

them, and to do so in a nucleic-acid efficient manner.

MOFs have emerged as a class of promising materials for the immobilization and storage of
functional proteins.?? Their mesoporous structures allow for exceptionally high protein loadings,
and their framework architectures can significantly improve the thermal and chemical stabilities
of the encapsulated proteins.?® 13% 207219 However, although MOF NPs have been recognized as

potentially important intracellular delivery vehicles for proteins,?!!2!? their poor colloidal stability
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11,63 inhibit their cellular uptake and have led to unfavorable

and positively charged surfaces,
bioavailabilities.!?” 21421¢ Therefore, the development of general approaches for reducing MOF
NP aggregation, minimizing positive charge (which can cause cytotoxicity), and facilitating

cellular uptake is desirable.5%*3

Herein, we report a new method for the intracellular delivery of proteins that relies on nucleic
acid-MOF NP conjugates (Figure 4.2a).5% %3 15217 In this protocol, two water stable zirconium
mesoporous MOFs, NU-1000 and PCN-222/MOF-545,213-220 were synthesized in nanoparticle
form and used to encapsulate insulin, a model protein for the studies described herein (Figure
4.2B).221-222 Next, via modification of literature procedures, these insulin@MOF NPs were surface

functionalized with terminal phosphate-

modified DNA to yield insulin@DNA- ﬁ ( el
. - . - =
MOF NPs (Figure 4.2C)."° The 3D el BNA Y
encapsulation functionalization
MOF NP Insulin@MOF Insulin@DNA-MOF
oligonucleotide shell creates a steric and B C
HOOCy  yco0n DNA sequence Base
D ! e
electrostatic barrier to stabilize MOF SN ‘ O
HoOC COOH 3, g - 3' 'O—P—0O
o ' ' ' H,TBAPy ] OH
NPs in high dielectric media and renders 2 NU-1000 3 phosphate DNA
& g _ or
. . - o]
them functional with respect to cellular o " T 5 -OJF[LO Base
e “Y
entry.®® In principle, this strategy can be SRR DNA sequence
* 2 HOOC COOH
H,TCPP 5’ phosphate DNA

generalized to MOFs with different pore

sizes and topologies, thereby creatingan  Figure 4.2. (A) Schematic illustration of insulin
encapsulation in the mesoporous channels of MOF
arsenal of nucleic acid-MOF-based  NPs followed by DNA surface functionalization. (B)
Crystal structures of two mesoporous Zr MOFs: NU-
delivery  vehicles for transporting 1000 and PCN-222/MOF-545 and their respective
organic linkers. (C) The terminal phosphate
functional enzymes across cellular  modified nucleic acid (3' or 5') used for DNA

functionalization.
membranes with high payloads.
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4.3 Results and Discussion

4.31 Surface Functionalization of MOF Nanoparticles with Terminal Phosphate

Modified Oligonucleotides

For our initial study, UiO-66 was chosen due to its high stability and extensively
characterized structure.!'® UiO-66 was synthesized under solvothermal conditions, using acetic
acid to modulate crystallite size, resulting in 225 + 35 nm (edge length) octahedral nanoparticles.
The crystallinity and crystallite size of UiO-66 were determined by PXRD and Scanning electron
microscopy (SEM) analysis, respectively (Figure 4.3a and 4.3d). Next, phosphate-modified

nucleic acids were synthesized on a DNA synthesizer employing chemically modified

/ Howase 2
0
'O'P\.O
O, Base1 @

0]
p Phosphate
0

(Free)

CPR-dT2o
@UiO-66

HO
o Base 2

B
.l 0
CPR-dT: \ 200
e | @Ui0-66 | _ o feseit
e Zr-O-P
) 5 o 1)
DNA-UiO-66 - -o-;'TO (Side on)
A 2 g b OH
% HO
Q Base 2
, 3 Ko7
| Ui0-66 3 . 0
-y 080
£ 1 CPR-dTzo = #%Bas“ o
Ui0-66 Simulation 4 free DNA o Zr-0-P
. . Zr0-p0 (End on)
OH
T T T T T L T T L Ll L
5 10 15 20 30 40 50 20 10 0 -0 -20
26 () Temperature (°C)

Chemical shift (ppm)

Figure 4.3. Characterization of DNA functionalized MOF nanoparticles: (a) SEM of UiO-66
and (b) TEM images of DNA functionalized UiO-66. (c) *'P{'H} SSNMR spectra of phosphate
functionalized oligonucleotide. Inset: three phosphorous resonances corresponding to unbound
phosphodiester (blue), side on Zr bound phosphodiester (grey) and Zr bound terminal
phosphate (red). (d) PXRD of simulated UiO-66 (black), 225 nm UiO-66 before (red) and after
(blue) DNA functionalization. (e) Melting transition of MOF and 50 nm gold nanoparticle
aggregates assembled with complementary DNA. Scale bar = 500 nm in (a) and 2 um in (b).
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phosphoramidites at either the 3' or 5' ends of the oligonucleotide. In a typical DNA-MOF particle

functionalization experiment, excess oligonucleotide was added to a colloidal suspension of MOF
nanoparticles, and subsequently incubated overnight (See SI). A salt-aging procedure was used to
screen the negatively charged oligomers and achieve a high density of surface-immobilized
oligonucleotides. Transmission electron microscopy (TEM) images and PXRD verified that the
shapes and crystallinity of the particles were preserved post DNA modification (Figure 4.3b and

4.3d).

To confirm the immobilization of nucleic acids on the MOF nanoparticle surface, the
interaction between terminal phosphate-functionalized DNA and Zr-based SBUs was probed using
3IP{'H} magic angle spinning (MAS) solid-state NMR spectroscopy (Figure 4.3c). Oligo-T
sequences, synthesized with a chemical phosphorylation reagent (CPR), with lengths of one base
(“CPR-T1”), two bases (“CPR-T,”), and twenty bases (“CPR-T20”) were synthesized and
chemically adsorbed onto MOF nanoparticles. As shown in Figure 4.3¢, narrow phosphorus
resonances centered at -0.3 ppm correspond to unbound phosphate in the free nucleic acid samples.
In the CPR-T1@UiO-66 case, Zr-phosphate bond formation was verified by a 4.8 ppm up-field
shift in the phosphorus resonance from -0.3 to -5.1 ppm.?? In the CPR-T>@UiO-66 case, three
resonances were observed and assigned to the P atom of the unbound phosphodiester (-0.2 ppm),
the Zr-O-P (phosphodiester, -2.8 ppm), and Zr-O-P (terminal phosphate) resonance at -5.9 ppm
(Figure 4.3c inset). The data suggest immobilization can occur two ways, end on and/or side on
where both phosphates can bond with the Zr-rich surface. The significant peak intensity difference
between two Zr-O-P modes (terminal phosphate vs. phosphodiester) is due to the increased affinity
of the terminal phosphate for the Zr centers as compared to that of the internal phosphodiester; this

difference is primarily due to the increased steric hindrance felt by the internal phosphodiester and



109
is in agreement with previous reports studying Zr-phosphate interactions, but not in the context of

MOFs.?** For CPR-dT20@UiO-66, significant chemical shift broadening upon surface
functionalization is observed. We attribute this change to the increased ratio of backbone to
terminal phosphates, a distinct chemical environment for each backbone phosphate, and the greater
degrees of freedom accessible for the longer oligonucleotide strand. Taken together, these data
support the conclusion that the terminal phosphate moiety of DNA coordinates to the previously

solvent-bound Zr sites on the external surface of the MOF nanoparticles.

The extent of DNA coverage on the MOF surface was determined by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) and UV-visible spectroscopy (UV-vis). The
surface area and Zr atoms per particle for UiO-66 were calculated based on a geometric
approximation of the crystallite size, shape, and structure (See SI). To quantify the DNA surface
coverage, Tamra dye-labeled DNA was used to modify UiO-66 particles. Upon removal of excess
unbound DNA, the absorption of Tamra at 556 nm was measured to determine that the average
DNA loading on UiO-66 was 17 + 6 pmol/cm? (~1 DNA/10 nm?), which correlates with the
phosphorous and Zr concentrations measured by ICP-AES (See SI). The DNA surface coverage
realized in this study is about two times higher than a previous report using a ligand strut
modification approach.® The high DNA surface coverage was also confirmed by a thermal melting
analysis of aggregates formed from DNA-functionalized UiO-66 nanoparticles and gold NPs
(diameter = 50 nm) with complementary DNA, a property that is characteristic of particles with

high DNA surface coverages.'”
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4.32 Design Rules for Modifying MOF Nanoparticles with Oligonucleotide

To evaluate the generality of this approach, nine distinct MOF architectures containing
different metals and organic linkers were chosen, including UiO-66, UiO-67-bpy (2,2’-bipyridine-
5°,5’-dicarboxylic acid), UiO-68-N3/PCN-58, PCN-222/MOF-545, PCN-223, PCN-224, MIL-101
(Al), MIL-101 (Fe), and MIL-101 (Cr), representing four distinct metal nodes, four distinct organic
linkers, and five different topologies (Figure 4.4). In addition to their high chemical stability, these
MOFs also have shown promise in nanomedicine.” ' MOF nanoparticle synthesis,
characterization, and surface functionalization and quantification were carried out analogously to
that described above (Figure S4.1-4.6), following literature reports. In comparing these different
MOFs, we set out to test how SBU density, SBU coordination number, and metal-oxygen bond

dissociation energy affect surface functionalization.

We initially hypothesized that DNA surface coverage would correlate with the density of
SBUs present on the nanoparticle surface. To test this hypothesis, three isoreticular Zr-based
frameworks with the same underlying topology were synthesized, namely UiO-66, UiO-67-bpy,
and UiO-68-N3. Within this family, the density of surface metal nodes decreases as a function of
increasing organic linker length, with the Zr oxide cluster SBU surface density (assuming (100)
facet is exposed) estimated to be 0.27 nm™, 0.16 nm and 0.11 nm™? for UiO-66, UiO-67-bpy and
UiO-68-N3, respectively. As shown in Figure 4.4a, by plotting the DNA surface coverage as a

function of Zr SBU density on each MOF surface, a linear relationship is observed, where the ratio
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Figure 4.4. A library of nine MOFs were synthesized and further functionalized with DNA. To
systematically investigate factors affecting DNA surface coverage, (a) organic linker length,
(b) metal node connectivity, and (c) type of metal cluster were independently and deliberately
varied and DNA surface coverage was plotted against surface SBU density, SBU coordination
number, and M-O bond dissociation energy. Scale bar =200 nm.

of DNA to Zr SBU is essentially constant — structures with more surface Zr have more DNA. This
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is the first demonstration of a quantitative correlation between DNA functionalization and surface

SBU density on different MOFs, providing a way to select for MOF structures with the appropriate
DNA surface loading for an intended use. Indeed, higher DNA loading density can significantly
impact nanomaterial colloidal stability and certain biological applications where high DNA-

loading is correlated with particle probe performance.

Next, we set out to test the hypothesis that the formation of stronger metal-phosphate bonds
will facilitate greater extents of DNA adsorption. Three isostructural MIL-101 frameworks were
synthesized, MIL-101 (Cr), MIL-101 (Fe) and MIL-101 (Al). Because identical structures are
found in all three MOFs, the importance of phosphate-metal bond strength (post adsorption) on
determining DNA surface coverage can be evaluated. Metal-oxygen bond dissociation energies
(BDE) of 409, 477, and 512 kJ/mol for the Fe-O, Cr-O, and Al-O bonds, respectively, have been

reported.?? Indeed, an increase in DNA surface coverage as a function of BDE was observed.

4.33 Synthesis of DNA interconnected MOF-Gold Nanoparticle Assemblies

Finally, with an understanding of the stability and density of the oligonucleotides at the
DNA-MOF nanoparticle conjugate surface, we studied the hybridization and assembly properties
of such structures with different DNA-NP sizes, shapes, and compositions. In particular, DNA-
MOF nanoparticles and archetypical inorganic gold nanoparticle (AuNP) SNA conjugates were
used to synthesize hybrid core-satellite nanoclusters. In a typical experiment, AuNPs of different
sizes were functionalized with a DNA sequence complementary to those on the MOF nanoparticles
to facilitate assembly, the compliments were mixed, salt-aged, and the resulting core-satellite
hybrid architectures were isolated by low speed centrifugation. To confirm the morphology of the

assembled nanoclusters, a previously developed silica encapsulation protocol for stabilizing DNA-
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nanoparticle assemblies was used, as shown in Figure 4.5a.*¢ Importantly, no MOF-AuNP

nanoclusters form upon mixing of non-complementary DNA-functionalized particles.

b Stoichiometry

|
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Figure 4.5. TEM and EDX characterization of DNA interconnected MOF NP-Au NP
assemblies. (a) A representative HAADF image of nanoclusters formed from complementary
225 nm DNA-UiO-66 MOF NPs and 20 nm DNA-Au NPs. Inset: a schematic illustration of a
MOF NP-AuNP cluster, and a single nanocluster. (b) TEM images of nanocluster assemblies
demonstrating how the programmable DNA ligands on MOF NPs and AuNPs provide control
over the structural makeup of the assemblies (Au NP size and MOF-to-Au NP stoichiometry).
All scale bars are 100 nm, except for in (a), where itis 1 um.

By modifying the stoichiometry of the DNA-mediated hybridization reaction (by varying
MOF NP:AuNP ratio from 1:20 to 1:2000), the loading of metal NPs on the central MOF particle
could be controlled (Figure 4.5b). The formation of MOF-NP nanocluster satellite structures is
favored over polymeric structures at high AuNP:MOF ratios; once they form, they expose only
identical non-complementary DNA on the nanocluster periphery which inhibits the formation of
extended networks via inter-cluster hybridization. To further explore the generality of this DNA-

mediated approach, we systematically assembled satellite structures with MOF particle cores with
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a variety of DNA-functionalized NP building blocks, including gold nanostars, cubes, octahedra,

and triangular prisms, silver spheres, and Fe3O4 spheres (Figure 4.6). TEM and energy-dispersive
X-ray spectroscopy (EDX) mapping of the resulting structures clearly show their clean formation

(Figure 4.7).

Figure 4.6. TEM images of 225 nm DNA modified MOF NP core assembled with
complementary DNA-modified AuNPs of various shapes: (a) spherical AuNPs (inset), (b) Au
nano cubes (inset), (c) octahedral AuNPs (inset), (d) Au nano prisms (inset). All scale bars are

100 nm.
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Figure 4.7. Exploration of the assembly of DNA-modified metal NPs (AgNP, AuNS, Fe3;04).
EDS elemental mapping showing DNA-modified silver nanoparticles assembled around the
complementary DNA-Ui0-66 MOF NP (a), DNA-modified gold nanostars assembled around
the complementary DNA-Ui0-66 MOF NP (b), and DNA-modified iron oxide nanoparticles
assembled around the complementary DNA-UiO-66 MOF NPs (c). All scale bars are 100 nm.
UV-vis spectroscopy was used to compare the extinction of the free colloidal nanoparticles
with the assembled MOF-nanoparticle aggregates. In all cases the extinction maximum is red-
shifted from the free particle LSPR by about 20 nm.
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To further evaluate the potential of MOF-AuNP nanoclusters as stimuli-responsive host-

guest system, the Mirkin group hypothesized that DNA functionalized nanoparticles could serve

as gating entities to prevent premature cargo leakage and enable on-demand guest release in a fine-

tuned, highly specific DNA-hybridization controlled fashion. In this study, the duplex sequence of

MOF bounded DNA was shortened to be 9 bases, as opposed to previously used fully-

complementary 18 bases, resulting in partial hybridization between DNA-MOF and AuNP bearing

thiolate DNA (Figure 4.8). Nine bases
duplexes between MOF-AuNP were
shown to be robust enough to form
densely packed nanoclusters, but
importantly, can be quickly displaced to
release AuNPs from the nanocluster upon
addition of 18 bases full-complementary
“peel strand”. As shown by the UV-Vis
response of MOF-AuNP nanocluster
towards “peel DNA” in solution in Figure
4.8b, 8 nm blue shift of the AuNP LSPR
was observed after stoichiometric amount
of “peel” DNA was added to nanoclusters
suspension within 30 mins, suggesting
AuNP from the

successful release

bounded MOF surface. The dissociation
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Figure 4.8. DNA mediated guest release

experiments of encapsulated caffeine inside UiO-
66-AuNP nanoclusters. (a) schematic illustration
of DNA triggered caffeine release from MOF-
AuNP nanocluster and DNA sequences design. (b)
In situ UV-Vis measurement of MOF-AuNP
nanocluster, showing blue shift of gold
nanoparticle LSPR upon addition of peel DNA
strand. (c) Relative guest release profile for DNA-
MOF, MOF-AuNP nanoclusters. Scale bars = 200
nm.
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was also verified by TEM images taken before and after “peel DNA” been added to the system.

Next, caffeine was selected as the model guest molecule for controlled release experiment. DNA-
MOF were first incubated in HEPES buffered saline solution containing 10 mg/mL caffeine for 3
days, and then hybridized with AuNP to yield Caffeine encapsulated MOF-AuNP nanoclusters.
Excess AuNP and caffeine was removed by low speed centrifugation followed by solvent
exchanged with fresh buffer for three times. As shown in Figure 6¢c, the guest release profiles of
three different caffeine-loaded constructs were studied: DNA functionalized MOF, MOF-AuNP
nanocluster, and MOF-AuNP nanocluster with addition “peel DNA” at 120 mins. Premature guest
leakage, or burst release within the first 30 mins, for the DNA-MOF sample was much more
significant as compared to those two AuNP capped nanocluster cases. A near flat baseline shows
that caffeine is sufficiently held within the MOF nanopores that are capped by densely surface
hybridized AuNPs. Whereas, an immediate accelerated release of the cargo molecules was
observed when “peel DNA” was added to the system at 120 mins, indicating removal of surface

capped AuNPs induced guest triggered-release.

The enrichment of MOF-AuNP nanocluster in cellular vesicles over time was demonstrated
by confocal laser scanning microscopy (Figure 4.9), where strong accumulation of the nanocluster
in cellular vesicle was observed as compared to an equivalent amount of single strand dye-labeled
DNA, with no appreciable cytotoxicity (Figure 4.10). The cellular cytotoxicity and uptake
properties of MOF-NP hybrid nanocluster were assessed. Specifically, Tamra phosphoramidite
labeled DNA was synthesized and functionalized on 225 nm UiO-66 nanocrystals as a fluorescent
label, which was then hybridized with 20 nm AuNP to form Tamra-MOF-AuNP nanoclusters.
Human ovarian cancer cells (SK-OV-3) in a McCoy’s SA medium were incubated with different

forms of nucleic acids: first, 100 pL of a suspension of MOF-AuNP nanocluster; second, 100 uL
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of equivalent amount of dye labeled free Tamra-DNA strand. Cell filamentous actin (F-actin) were

stained with Alexa Fluor 488 Phalloidin, and all non-absorbed particles were removed from cells
by washing with HEPES buffer solution. The enrichment of MOF-AuNP nanocluster in cellular
vesicles over time was demonstrated by confocal laser scanning microscopy Figure 4.10, where
strong accumulation of the nanocluster in cellular vesicle was observed as compared to an
equivalent amount of single strand dye-labelled DNA. Taken together, the structures realized
illustrate the versatility and potential utility of these new DNA-modified MOF NPs for
programmable assembly and in applications where designer oligonucleotide interactions are

relevant.

Alexa Fluor 488 TAMRA

8 hour
free DNA

8 hour
MOF-AuNP cluster

24 hour free DNA

24 hour
MOF-AuUNP cluster

Figure 4.9. MOF-NP nanoclusters show enhanced cellular uptake capability as compared to
that of single strand DNA. Fluorescence micrograph of SK-OV-3 cells incubated with different
forms of nucleic acid: (1) hybridized nanoclusters synthesized with 225 nm UiO-66 (labelled
with Tamra-DNA) and 20 nm AuNP, and (2) dye labelled single strand DNA at a total DNA
concentration of 1 x 10 M for 8 h and 24 h, respectively. Scale bars = 10 pm.
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Figure 4.10. MTT assay verifies negligible cytotoxicity or anti-proliferative effects induced by
MOF-NP nanoclusters.

4.34 Encapsulation of Proteins in MOF Nanoparticles

MOF NP syntheses’!* 2*’ and insulin encapsulations®*! were realized via literature
protocols. Specifically, NU-1000 MOF NPs [180(20) x 70(10) nm] were synthesized via a
solvothermal reaction of zirconium chloride (ZrCls) with (4,4°,4°°,4>"’-(porphine-5,10,15,20-
tetrayl)tetrakis(benzoic acid) (HsTBAPy), modulated by acetic acid in N,N-Dimethylformamide
(DMF) at 90 °C (Figure 4.11a). Similarly, PCN-222 NPs [210(30) x 50(10) nm] were synthesized
via a solvothermal reaction between zirconyl chloride octahydrate (ZrOCl,-8H>O) and tetrakis(4-
carboxyphenyl)porphyrin (TCPP), modulated by dichloroacetic acid in DMF at 130 °C (Figure
4.11b). Next, the thermally activated crystals of NU-1000 were treated with a bis-tris-propane
buffer (BTP, pH = 7) solution of insulin (0.4 mg/mL). The MOF NP insulin encapsulation
efficiencies were determined by measuring the S [for insulin] and Zr (for MOFs) contents by
inductively coupled plasma-optical emission spectroscopy (ICP-OES for [MOF NPs]). With an

understanding of the average dimensions of the particles determined by TEM, maximum insulin
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Figure 4.11. Scanning electron microscopy (left) and transmission electron microscopy (right)
images of as-synthesized NU-1000 NPs (a) and PCN-222 NPs (b). (c-d) Colloidal stability of
NU-1000 and PCN-222 NPs in cell medium, as determined by DLS without (left) and with
DNA surface modification (right). DNA loading (e) and insulin encapsulation efficiency (f) for
NU-1000 and PCN-222 MOF NPs. Scale bars = 100 nm.

loadings of 39 and 34 wt% were determined for NU-1000 and PCN-222 NPs, respectively (Figure
4.11f). Note that excess insulin in the supernatant and adsorbed on the external surface of the

particles was removed by sequential washing steps with DI water and trypsin solution, respectively.

The insulin@MOF NPs were functionalized with nucleic acids by coordinating the
terminal phosphate-modified oligonucleotides to the surface Zr SBUs.!%"- 228 The sequence used
here, 5' (dGGT)10-phosphate 3', was chosen because it is known with SNAs that a G-rich shell,
relative to poly dT shells, facilitates higher cellular uptake.?? In a typical NP functionalization
experiment, excess oligonucleotides were added to a colloidal dispersion of MOF NPs and
incubated for 4 hours (Supporting Information). Particle DNA coverage was quantitively
determined by measuring the P to Zr ratio by ICP-OES (8 = 1 nmol/mg for NU-1000 NPs and 10
+ 1 nmol/mg for PCN-222 NPs, Figure 4.11e). Powder X-ray diffraction (PXRD) and scanning

electron microscopy (SEM) confirmed that the crystallinity and morphologies of the MOF NPs
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were maintained, post-DNA functionalization. Importantly, dynamic light scattering (DLS)

verified that DNA surface functionalization significantly increases MOF NP colloidal stability in
cellular media (90% DMEM buffer + 10% fetal bovine serum) for at least 24 hours; for
comparison, unfunctionalized NU-1000 NPs aggregated in less than one hour, hampering further

in vitro use (Figure 4.11c-d).

In addition to colloidal stability, the intra- and extracellular stability of protein delivery

vehicles in serum and serum free but
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biologically relevant matrices is important.
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that of serum (~1 mM).22! Therefore, the Figure 4.12. (g) Representative confocal
fluorescence  micrographs of 10 pm

insulin@DNA-NU-1000 particles verified the
colocalization of insulin (AF647 channel) and
DNA (TAMRA channel). (b) Z-stack image of a
single 10 pm insulin@DNA-NU-1000 crystal.
(c) Degradation profiles of DNA-NU-1000 NPs
and DNA-PCN-222 NPs incubated in
extracellular medium (dashed lines) and in
simulated intracellular medium (solid lines) at
37 °C with 400 rpm shaking. (d) Insulin activity
assay as measured by ELISA for native insulin
(red), insulin@MOF NPs (orange for NU-1000,
pink for PCN-222), and insulin@DNA-MOF
NPs (brown for NU-1000, purple for PCN-222).

degradation profiles of insulin@DNA-NU-
1000 NPs and insulin@DNA-PCN-222 NPs
were evaluated by exposing them to
solutions designed to emulate both
extracellular and intracellular conditions
(Supporting Information). To simulate

serum, MOF NPs were incubated with 90%
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DMEM buffer + 10% blood serum (pH = 7.0) at 37 °C with gentle shaking (400 rpm), where less

than 5 % of degradation occurred within 12 hours for both vehicles, and less than 20% within 96
hours, suggesting DNA-MOF NPs exhibit excellent stability and may be compatible with blood
(Figure 4.12¢, dashed lines). In contrast, when the same MOF NPs were incubated in an
intracellular medium simulant (1 x phosphate buffered saline, pH = 7.0) at 37 °C with gentle
shaking, the particles degrade at much faster rates ((Figure 4.12c¢, solid lines) due to the high
phosphate content, which competitively binds to Zr clusters. Interestingly, DNA-PCN-222 NPs
exhibit a faster degradation rate (half-life = 1 h) when compared to that of DNA-NU-1000 NPs
(half-life = 40 h). Such degradation kinetics could be useful for in vivo purposes by providing a

means to control the temporal release of proteins from particles, once inside cells.

To directly visualize nucleic acid-modified, insulin encapsulated MOF NPs, we employed
confocal laser scanning microscopy to image them. Due to the resolution limits of confocal
microscopy, larger particles (2.8 um x 10 pm for NU-1000), AlexaFluor 647 dye (AF647)-labeled
insulin, and TAMRA-labeled DNA were used. With such particles, the co-localization of AF647
and TAMRA signals can be clearly observed, verifying the encapsulation of insulin and DNA
surface functionalization of the MOF (Figure 4.12a). To obtain detailed information regarding
relative distribution of insulin and DNA, Z-stack images of a single MOF particle were taken,
where TAMRA signal (DNA) was observed to preferentially occupy the periphery while AF647
(insulin) was present throughout the particle (Figure 4.12b). Brighter AF647 signals were
observed at both ends of the particle as compared to the center section of the MOF, consistent with
the previous observation that proteins diffuse into NU-1000 through its 1D channels.??? Due to the
large diameter of the MOF pores (3.2 nm for NU-1000 and 3.7 nm for PCN-222),2% single stranded

DNA was also expected to penetrate through the MOF pores and functionalize the internal surface,
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leading to fluorescence signal inside the particles. As verified by N2 adsorption isotherms, reduced

N2 uptake capacity was observed post-insulin encapsulation for both MOFs, and further loss of
porosity was observed post-DNA functionalization (Figure S4.8 and S4.9). Furthermore, an
enzyme-linked immunosorbent assay (ELISA) was employed to determine whether proteins would
leach from the MOF NP pores or lose catalytic activity during the DNA functionalization process.
In both cases, no insulin activity loss was observed for insulin@DNA-NU-1000 and

insulin@DNA-PCN-222 constructs (Figure 4.12d).

4.35 Cellular Uptake of DNA Functionalized MOF Nanoparticles

As previously stated, a key characteristic of SNA-NP conjugates is their ability to
effectively enter cells. Therefore, we tested whether insulin@DNA-MOF NPs exhibited enhanced
cellular uptake. Specifically, NU-1000 and PCN-222 NPs were encapsulated with AF647-labeled
insulin and functionalized with TAMRA-labeled DNA and incubated with human ovarian
adenocarcinoma cells, SKOV-3, for 0.5 h, 2 h, 6 h, and 24 h (Supporting Information). As a control
group, a mixture of free TAMRA-labeled DNA and AF-647-labeled insulin was incubated with
cells at the same concentration. Confocal laser scanning microscopy confirms the enrichment of
insulin in cellular vesicles, as evidenced by strong colocalization of AF647 and TAMRA signals
in cellular vesicles (Figures 4.13a-c). The Z-stack images confirm that the insulin@DNA-MOF
NPs are internalized by the cells, as opposed to attached to their membranes. Consistent with this
conclusion, flow cytometry showed a 10-fold increase in fluorescence in cells treated with
insulin@DNA-MOF NPs as compared to those treated with the free insulin + DNA control group

(Figure 4.13d). The insulin@DNA-MOF NPs exhibits similar levels of enhancement in cellular
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uptake, as compared to that of conventional SNA-NP conjugates.®® Finally, MTT assays show that

the particles result in no apparent cytotoxicity or anti-proliferative effects (Figure 4.13e).

As previously stated, a key characteristic of SNA-NP conjugates is their ability to
effectively enter cells. Therefore, we tested whether insulin@DNA-MOF NPs exhibited enhanced
cellular uptake. Specifically, NU-1000 and PCN-222 NPs were encapsulated with AF647-labeled
insulin and functionalized with TAMRA-labeled DNA and incubated with human ovarian
adenocarcinoma cells, SKOV-3, for 0.5 h, 2 h, 6 h, and 24 h (Supporting Information). As a control
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Figure 4.13. (a-c) Flow cytometry plots and confocal fluorescence micrographs of SK-OV cells
after 6 h treatment with free insulin + DNA (a), insulin@DNA-NU-1000 (b), and
insulin@DNA-PCN-222 (c). (d) Cellular uptake of insulin delivered in different constructs as
determined by flow cytometry. Fluorescence at 647 nm was measured in SK-OV cells after
treatment with insulin at various incubation time (0.5 h and 2 h). (¢) MTT assay verifies no
appreciable cytotoxicity induced by insulin@DNA-PCN-222 and insulin@DNA-NU-1000
NPs. Scale bar = 10 um.
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group, a mixture of free TAMRA-labeled DNA and AF-647-labeled insulin was incubated with

cells at the same concentration. Confocal laser scanning microscopy confirms the enrichment of
insulin in cellular vesicles, as evidenced by strong colocalization of AF647 and TAMRA signals
in cellular vesicles (Figures 4.13a-c). The Z-stack images confirm that the insulin@DNA-MOF
NPs are internalized by the cells, as opposed to attached to their membranes. Consistent with this
conclusion, flow cytometry showed a 10-fold increase in fluorescence in cells treated with
insulin@DNA-MOF NPs as compared to those treated with the free insulin + DNA control group
(Figures 4.13d). The insulin@DNA-MOF NPs exhibits similar levels of enhancement in cellular
uptake, as compared to that of conventional SNA-NP conjugates.®® Finally, MTT assays show that

the particles result in no apparent cytotoxicity or anti-proliferative effects (Figures 4.13e).

4.4 Conclusions

This work is important for the following reasons. First, it provides a straightforward
approach to the synthesis of DNA-modified MOFs, independent of the choices of organic linkers
and broadly applicable to a variety of metal clusters. Second, the structures realized are stable,
have many of the original MOF characteristics, and can be programmably assembled with
complementary DNA-modified NP building blocks. Third, design rules for modifying MOF NPs
with DNA are emerging through this work. Most notably, we have shown that DNA surface
coverage directly correlates with MOF nanoparticle surface SBU density, coordination number,
and metal-phosphate bond strength. Finally, the experiments described herein provide a route to a
broad class of NP building blocks with tunable properties that can used to prepare designer

materials with properties that may prove useful in biology, 2*? catalysis,?** and optics.?**



125
In addition, we have also developed a facile strategy for using nucleic-acid modified MOF

NPs to deliver proteins across cell membranes at high payloads and negligible cytotoxicity. This
work is important since it highlights how clustered surface oligonucleotides on these modular
materials can be used to make them colloidally stable in physiological environments and useful
for intracellular biological applications. Future design iterations will allow for encapsulating

various proteins by tuning the MOF pore sizes,??> 233236

and potentially co-delivery of protein and
nucleic acid targets that are important for many purposes, including in vivo imaging,'”! gene

regulation,” therapeutics,'* and the study of fundamental cellular processes. '

4.5 Experimental Methods and Supplementary Materials

S4.1 Synthesis of 9 MOF nanoparticles
UiO-66

UiO-66 was synthesized via solvothermal reaction conditions. 1,4-benzenedicarboxylic acid
(50 mg, 0.30 mmol) was dissolved in 1 mL of N,N-dimethylformamide (DMF). In a separate vial,
zirconyl chloride octahydrate (21 mg, 0.066 mmol) was dissolved in 3 mL of DMF. The two
solutions were mixed together in a 10 mL scintillation vial, and 2.0 mL acetic acid was added to
the reaction mixture. After brief sonication, the solution was heated at 90 °C for 18 h to yield UiO-

66 nanoparticles.
UiO-67-bpy

UiO-67-bpy was synthesized via a similar method. Biphenyl- 4,4’-dicarboxylic acid (150 mg,
0.6 mmol) was added to 20 mL of DMF, resulting in a white suspension. In a separate vial, zirconyl

chloride octahydrate (105 mg, 0.33 mmol) was dissolved in 3 mL of DMF. The two fractions were
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mixed together in a 25 mL scintillation vial, and 2.5 mL acetic acid was added to the reaction

mixture. After brief sonication, the suspension was heated at 90 °C for 18 h to yield UiO-67-bpy.
UiO-68-azide/PCN-58

2',5'-bis(azidomethyl)-[1,1":4',1"-terphenyl]-4,4"-dicarboxylic acid (TPDC-2CH:N3) was
synthesized according to a literature reported method.”*’ In a 10 mL scintillation vial, TPDC-
2CH2N3 (100 mg, 0.075 mmol) was added to 1 mL of DMF. In a separate vial, zirconyl chloride
octahydrate (21 mg, 0.066 mmol) was dissolved in 3 mL of DMF. The two fractions were mixed
together in a 10 mL scintillation vial, and 240 uL acetic acid was added to the reaction mixture.

The suspension was heated at 90 °C for 18 h.
PCN-222/MOF-545

The synthesis of PCN-222/MOF-545 nanocrystal was based on a literature reported method
with minor modifications.”! Zirconyl chloride octahydrate (37.5 mg, 0.116 mmol) and tetrakis(4-
carboxyphenyl)-porphyrin (6.5 mg, 0.0082 mmol) were dissolved in DMF (16.25 mL) in a 22 mL
borosilicate vial with a Teflon-lined cap. Dichloroacetic acid (0.25 mL, 3.0 mmol) was added, and
the resulting solution was heated at 130 °C for 18 hours to afford dark purple rod-shaped
nanocrystals and a yellow mother liquor. The nanocrystals were collected by centrifugation (15000

rpm, 5 min), followed by solvent exchange with DMF.
PCN-223

The synthesis of PCN-223 nanocrystals was based on a literature reported method with minor
modifications.”! In a 10 mL scintillation vial, 5,10, 15, 20 -Tetrakis (4-carboxyphenyl)porphyrin
(HoTCPP, 5.2 mg, 0.007 mmol), zirconyl chloride octahydrate (9.8 mg, 0.03 mmol), and acetic

acid (0.4 mL) in 3 mL of DMF were ultrasonically dissolved and heated at 90 °C for 18 h. After
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the reaction was complete, PCN-223 nanoparticles were collected by centrifugation, followed by

washing with fresh DMF for 3 times.

PCN-224

The synthesis of PCN-224 nanocrystal was based on a literature reported method with minor
modifications.'* In a 25 mL scintillation vial, 5,10, 15, 20 -Tetrakis (4-carboxyphenyl) porphyrin
(10 mg, 0.013 mmol), zirconyl chloride octahydrate (30 mg, 0.093 mmol), and benzoic acid (300
mg, 2.4 mmol) in 10 mL of DMF were dissolved and the mixture was stirred (300 rpm) at 90 °C
(oil bath) for 5 h. After the reaction was done, PCN-224 nanoparticles were collected by

centrifugation (12000 rpm, 30 min), followed by washing with fresh DMF for 3 times.
MIL-101-Cr

The synthesis of MIL-101-Cr nanocrystals was based on a literature reported method with
minor modifications.?*® Terephthalic acid (H.BDC, 55 mg 0.33 mmol) and chromium nitrate
nonahydrate (Cr(NO3)3-9H>O, 132 mg, 0.33 mmol) were dissolved in 10 mL of water. The
resulting suspension was stirred for 1 h at room temperature then heated under autogenous pressure
at 180 °C for 8 h in a Teflon-lined autoclave. After cooling to room temperature, the mixture was
filtered to remove the recrystallized terephthalic acid. The product was isolated from the filtrate as
a green powder following centrifugation at 7000 rpm for 15 min, and then washed three times with

ethanol.
MIL-101-Fe

MIL-101 (Fe) Fe;O(H20).CI(BDC)3; nanoparticles were synthesized using a previously

reported microwave heating method.?* Specifically, 57.5 mg (0.346 mmol) of terephthalic acid
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and 93.5 mg (0.346 mmol) of FeCl3-H>O were dissolved in 15 mL of DMF. The solution was

placed in a HP500 microwave vessel, and sealed. The reaction was then rapidly heated to 150 °C
(within 30 seconds), and was held at this temperature for 10 minutes. After cooling to room
temperature, the particles were isolated by centrifuging, and were washed with DMF and ethanol.
After cooling to room temperature, the nanoparticles were isolated by centrifugation and washed

with DMF to remove the excess reactants.
MIL-101-Al

For the synthesis of MIL-101 (Al) nanocrystals, 45 mg (0.27 mmol) of terephthalic acid were
dissolved in 5 mL of DMF. In a separate vial, 120 mg (0.5 mmol) of AICl3-6H>0O were added to 5
mL of DMF, to which 5 mL of terephthalic acid DMF solution were added. After brief sonication,
the suspension was left at room temperature overnight to fully dissolve. 500 uL of acetic acid was
added to the solution and then heated at 90 °C in a conventional oven for 18 hours. After cooling
to room temperature, the particles were isolated by centrifugation and washed with DMF and

ethanol to remove the excess reactants.

NU-1000

150 nm particles
8 mg (34.3nmol) of zirconium chloride and 2 mg (3 nmol) of 1,3,6,8-tetrakis(p-benzoic
acid)pyrene (H4sTBAPy) ligand were dissolved in 2.0 mL of N,N-Dimethylformamide (DMF), 0.4
ml acetic acid and 0.2 ml DI water was also added to the mixture solution resulting in a translucent
yellow solution. Ten sample vials were prepared under the same conditions at once and were
placed into an oven at 90 °C for 30 min, during which time a light yellow suspension was formed.

After cooling down to room temperature, the 10 vials were combined and the nanocrystals were
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collected by centrifugation (15000 rpm, 30 min), followed by solvent exchange with DMF and

acetone three times, then subsequently activated with HCI.
10 pm particles

The synthesis of 10 um NU-1000 particle was based on a literature reported method.??’
Briefly, 70 mg of ZrCl4 (0.30 mmol) and 2700 mg (22 mmol) of benzoic acid were mixed in 8 mL
of N,N-Diethylformamide (DEF) (in a 6-dram vial) and ultrasonically dissolved. The clear solution
was incubated in an oven at 80 °C for 1h. After cooling down to room temperature, 40 mg (0.06
mmol) of HsTBAPy was added to this solution and the mixture was sonicated for 20 min. The
yellow suspension was heated in an oven at 120 °C for 48 h. After cooling down to room
temperature, yellow single crystals were present on the vial walls. The sample was washed with
DMF and acetone and subsequently activated with HCL
S4.2 Powder X-ray diffraction
The crystallinity of the synthesized MOF nanoparticles and DNA functionalized MOF
nanoparticles conjugates were confirmed by powder X-ray diffraction (PXRD). Powder X-ray
diffraction patterns were collected on Rigaku Smartlab instrument (Tokyo, Japan) with a 20 = 0.05°

scan rate over 2.5-30° range at 45 kV and 160 mA.
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Figure S4.1. PXRD spectra of UiO-66, UiO-67-bpy and UiO-68-Ns.
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Figure S4.2. PXRD spectra of PCN-222, PCN-223 and PCN-224.
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Figure S4.3. PXRD spectra of MIL-101(Cr), MIL-101(Fe) and

MIL-101(Al).
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Figure S4.4. PXRD spectra of as-synthesized, insulin encapsulated, and DNA-MOF

conjugates for NU-1000 and PCN-222 NPs.

S4.3 Transmission electron microscopy and scanning electron microscopy
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MOF nanoparticles were analyzed using a Hitachi HD-2300 scanning transmission electron

microscope in either SE or TE modes with an accelerating voltage of 200 kV. Samples were
dispersed onto TEM grids by drop-casting a dilute solution containing MOF crystals or MOF-
DNA conjugates directly onto TEM grids. The average crystal size for each synthesis was
determined by measuring the edge length of more than 100 crystals from multiple syntheses

under analogous synthetic conditions.

Figure S4.5. SEM and TEM images of (a) UiO-66 (225 + 35 nm); (b) UiO-67-bpy (173 +
19 nm); and (c) UiO-68-N3/PCN-58 (148 £+ 39 nm).
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Figure S4.6. SEM and TEM images of (a) PCN-222 (195 x 48 nm); (b) PCN-223 (538 x 48
nm); and (¢) PCN-224 (110 £+ 24 nm).
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Figure S4.7. SEM and TEM images of (a) MIL-101(Cr) (78 = 16 nm); (b) MIL-101(Fe)
(470 £ 57 nm); and (c) MIL-101(Al) (434 + 86 nm).

S4.4 Insulin encapsulation

Activated MOF nanoparticles (3 mg) were treated with an insulin solution (in DI water,
0.4 mg/mL) for 1 hour at room temperature to encapsulate insulin. Insulin loading was measured
by Inductively coupled plasma-optical emission spectroscopy (ICP-OES) and thermogravimetric
analyses (TGA) based on literature reported methods.??! To remove the insulin attached to the
surface of MOF NPs, the supernatant was decanted and the solid sample was then washed with DI

water for three times to remove the insulin molecules attached to the surface of the crystals.



S4.5. Synthesis of oligonucleotides
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Oligonucleotides were synthesized using a Mermaid MM12 DNA synthesizer (Bio

Automation) on a standard CPG solid phase support. All oligonucleotides were deprotected under

conditions recommended by the manufacturer and purified by reverse phase high performance

liquid chromatography (HPLC). Characterization and determination of concentrations were

determined by matrix assisted laser desorption ionization (MALDI-TOF) mass spectrometry and

UV-Vis spectroscopy, respectively. A complete list of oligonucleotides synthesized can be found

in Table S1.

Table S4.1. DNA sequences used in this study

Thiolated Strands

It

Sequence Name

Sequence

L

3

AuNP-bound assembly strand
AgNP-bound assembly strand
AuNP-melt strand

5' - HS-(Spacer),-TTGTTAATATGAGTCGTT - 3'
5' - (DS);-(Spacer),-TTGTTAATATGAGTCGTT - 3'
5'- AAGGAA-A-TTCTTAAATATTCGTCTT - 3'

Terminal Phosphate Strands

# Sequence Name Sequence

4 MOF-bound Strand 5' - Phosphate-(Spacer),~rAACGACTCATATTAACAA - 3'

5 MOF-bound complementary Strand 5' - Phosphate-(Spacer),-TTGTTAATATGAGTCGTT - 3'

6 MOF-dye loading strand 5' - Phosphate-(Spacer),~AACGACTCATATTAACAA-Tamra - 3'
7 MOF-dye loading strand #2 5' - Phosphate-(Spacer)2-AACGACTCATATTAACAA-CyS5 - 3'
8 MOF-CPR-T 5' - Phosphate-T - 3'

9 MOF-CPR-T2 5' - Phosphate-TT - 3'

10 MOF-CPR-T20 5' - Phosphate-TTTTTTTTTTTTTITTITTITIT - 3'

11 MOF-melt strand 5'- TTCCTT-A-TTGTTAATATGAGTCGTT - 3'

Strained alkyne Strands

# Sequence Name Sequence

12 AzideNP-bound assembly Strand 5'- DBCO-TEG-(Spacer),-TTGTTAATATGAGTCGTT - 3'

All modified phosphoramidites are manufactured by Glen Research.

“Spacer” refers to the 18-O-Dimethoxytritylhexaethyleneglycol,1-[(2-cyanoethyl)-(N,N-
diisopropyl)]-phosphoramidite (Spacer phosphoramidite 18).
“DS” refers to the 3-Dimethoxytrityloxy-2-(3-((R)-a-lipoamido)propanamido)propyl-1-O-

(2-cyanoethyl)-(N,N-diisopropyl)-phosphoramidite (Dithiol serinol phosphoramidite).
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3. “HS” refers to the 1-O-Dimethoxytrityl-hexyl-disulfide,1'-[(2-cyanoethyl)-(N,N-

diisopropyl)]-phosphoramidite (Thiol-modifier C6 S-S).

4. “5' Phosphate” refers to [3-(4,4'-Dimethoxytrityloxy)-2,2-dicarboxyethyl]|propyl-(2-
cyanoethyl)-(N,N-diisopropyl)-phosphoramidite (Chemical phosphorylation reagent II).

5. “3' Phosphate” refers to 3-(4,4'-Dimethoxytrityloxy)-2,2-(dicarboxymethylamido)propyl-
1-O-succinoyl-long chain alkylamino-CPG (3'-CPR II CPQG)

6. “Tamra” refers to 1-Dimethoxytrityloxy-3-[O-(N-carboxy-(Tetramethyl-rhodamine)-3-
aminopropyl)]-propyl-2-O-succinoyl-long chain alkylamino-CPG (3’-Tamra CPG).

7. “DBCO-TEG” refers to 10-(6-ox0-6-(dibenzo[b,f]azacyclooct-4-yn-1-yl)-capramido-N-
ethyl)-O-triethyleneglycol-1-[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite (5'-

DBCO-TEG phosphoramidite).

S4.6 DNA functionalization of nanoparticles

MOF nanoparticles

In a typical DNA functionalization experiment, excess phosphate terminated nucleic acid
(~ 100 nmol) was added to MOF NP colloids (~2 pmol), and then left on a shaker to incubate
overnight (See Supporting Information). Then, sodium chloride was slowly added to the solution
to a final concentration of 0.5 M, which reduces electrostatic repulsion between negatively charged
neighboring oligonucleotide strands, allowing one to achieve high surface densities of DNA.
Excess oligonucleotides were removed by centrifugation (5 X 5000 rpm, 10 min), followed by

resuspension of the DNA-nanoMOF conjugates in water.
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Silver and gold nanoparticles

Citrate-capped spherical gold and silver nanoparticles (Ted Pella) were used as received
with no further modification. Anisotropic gold nanoparticles were synthesized according to
procedures that are detailed extensively elsewhere.?*’ 24! DNA-functionalization of AuNPs with
thiol-modified oligonucleotides was carried out according to procedures that are detailed
extensively elsewhere.?*? Briefly, 100 nmol of the AuNP-bound assembly strand (Sequence 1)
were treated with a solution of 100 mM dithiothreitol (DTT, pH = 8) for approximately 1 hour and
subsequently purified using Nap-5 size exclusion columns (GE Healthcare) to remove remaining
DTT. The surfactant Tween-20 was added to the solution of AuNPs to bring the final surfactant
concentration to 0.01 vol%, followed by the addition of the purified thiolated DNA (approximately
4-5 nmol per O. D. of AuNPs). A 5M solution of sodium chloride (NaCl) was slowly added to the
nanoparticle solution over the next several hours in a “salt aging” process to increase the density
of DNA on the particle surface by shielding against electrostatic repulsion between strands. After
bringing the final salt concentration to 0.5 M NaCl, the particles were allowed to sit overnight,
followed by purification by three rounds of centrifugation (4000 - 15000 rpm; times varied from
10-60 min. depending on the nanoparticle size), removal of supernatant, and resuspension of the
nanoparticle pellet in Nanopure water (18.2 MQ, Millipore) to remove any unreacted DNA, salt,
and surfactant. After removal of the supernatant following the final round of centrifugation, salt
was added to the purified particles to bring the final concentration once more to 0.2 M NaCl, which

is the salt concentration at which all the subsequent assembly reactions took place.
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Iron oxide nanoparticles

DNA-functionalization of iron oxide and cadmium selenide nanoparticles via click
chemistry was carried out according to procedures that are detailed elsewhere.'*® Briefly,
hydrophobic nanoparticles were first phase transferred to the aqueous phase by surface
modification with a layer of amphiphilic polymer coating. In a typical polymer coating process,
the solution of azide functionalized poly-maleic anhydride-alt-1-octadecene (N3-PMAO) in
chloroform at an initial concentration of polymer monomer units equal to 0.2 M was added into a
solution of nanocrystals dissolved in chloroform, at a concentration of ~0.1 uM. The ratio of
polymer monomer units per nm? of nanocrystal surface needed to be at least ~100 to achieve full
coverage of the particles. Then the mixture was heated to ~50 °C for 2 minutes with gentle shaking.
After cooling to room temperature, the solvent was slowly evaporated by rotary evaporation,
resulting in a thin film at the bottom of the flask. Sodium borate buffer (75 mM, pH = 9) was added
to transfer the nanoparticles into aqueous solution. To remove excess N3-PMAO, sucrose gradient
centrifugation was applied. The purified nanoparticles were then functionalized with excess
purified DBCO-DNA (#12, azideNP-bound assembly strand). A 5M solution of sodium chloride
(NaCl) was slowly added to the nanoparticle solution over the next several hours in a “salt aging”
process to increase the density of DNA on the particle surface by shielding against electrostatic

repulsion between strands.

S4.7 Dye loading experiments

In a 5 mL screw vial, Cy5-DNA (sequnce 7) functionalized UiO-66 NP was immersed in

50 mM fluoroscein solution (1 mL), and it was kept standing at 25 °C for 24 h. The crystal was
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collected by centrifugation (10,000 rpm, 40 °C, 5 min) and then washed by water, and this cycle

was repeated 10 times.
a. Degradation profile in simulated intracellular matrices

Similar procedure was follwed to measure the degradation profiles of DNA-NU-1000 and
DNA-PCN-222 in 1 x PBS solution to simulate their degradation in intracellular matrices (pH=7.0,

100 mM NaCl).

S4.8 Nitrogen sorption isotherm measurements

N> sorption isotherm measurements were performed on a Micromeritics Tristar II 3020
(Micromeritics, Norcross, GA) at 77K. Between 20 and 30 mg of material was used for each
measurement. Surface areas were estimated by applying the Brunauer— Emmett—Teller (BET)
equation. T-plot internal and external surface area were determined by Harkins and Jura equation

in the second linear regions of N2 isotherms (0.26 P/Py to 1.0 P/Py).
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Figure S4.8. N, adsorption-desorption isotherms reveal significant surface area reduction
after encapsulation of insulin and DNA functionalization.
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Figure S4.9. DFT pore size distributions of NU-1000 and PCN-222 suggest insulin occupies
both the mesopores and micropores.

S4.9 Quantification of DNA surface coverage

S4.10 UV-Vis spectroscopy (UV-Vis)

UV-Vis spectroscopy was performed on a Cary 5000 (Agilent) UV-Vis spectrometer fitted
with a temperature stage. 1 cm quartz optical cells were utilized to make measurements. The
surface coverages of DNA on the MOF nanoparticle-DNA conjugates were determined by UV-

Vis, utilizing a dye labeled DNA sequence #6.

S4.11 Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES)

We quantified the DNA coverage of each MOF based on their nanoparticle surface area
and NP molar concentration. With the radius/edge length of each MOF NP obtained from TEM,
the surface area of each nanoparticle was calculated based on geometric approximations:
octahedron for Ui0-66, UiO-67-bpy, UiO-68-N3, and MIL-101(Fe); sphere for PCN-224, MIL-
101(Cr) and MIL-101(Al); rod for PCN-222; ellipsoid for PCN-223). The molar concentration of

each MOF NP sample was obtained by ICP-AES analysis of the metal contents of these MOF
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samples in addition to crystallographic information, based on which the number of metal atoms

per particle can be calculated for a given size MOF NP. ICP-AES analysis was carried out on a
Thermo iCap 7600 ICP-OES instrument with an automated sample changer. MOF samples were
dispersed in DMF (1 mL), and 10 pl of the MOF sample was added to HNO3 (990 pl). The samples
were heated at 60 “C for 15 h to fully digest the MOF. Unknown samples were prepared with an

internal multi-element standard and compared to a standard curve generated.

S4.12. 3'P{'H} magic angle spinning solid state nuclear magnetic resonance spectroscopy

3P {'H} Magic Angle Spinning (MAS) NMR spectroscopy was performed on a Varian 400
MHz VNMRS system (512 scans, 5 s recycle time, and 10,000 Hz spin rate) to directly investigate

the bonding between the phosphate moiety of DNA and metal clusters.

S4.13 Silica encapsulation of MOF-NP core-satellite nanoclusters

Immobilization of MOF-NP core-satellite nanoclusters from colloidal solution to the solid-

state was achieved by silica encapsulation.??

Briefly, N-trimethoxysilylpropyl-N,N,N-
trimethylammonium chloride (TMSPA) (2 uL, 7.2 umol) was added in large excess (relative to
the number of DNA phosphate backbone) to the nanoclusters in 1 mL 0.2 M NacCl solution and
the mixture was allowed to stir for approximately 30 min before the addition of triethoxysilane
(TEOS) (4 uL, 21.7 umol). The suspension was vigorously stirred for 20 min at room temperature,
followed by purification to remove excess silica by three rounds of centrifugation and resuspension

in water. For TEM, the silica-encapsulated nanoclusters were resuspended in water and drop-cast

onto a TEM grid.
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S4.14 Cell uptake experiments and cytotoxicity evaluation

a. Cell culture and incubation

Human ovarian cancer cells SK-OV-3(ATCC® HTB-77™) and mice melanoma cells B16-
F10 (ATCC® CRL-6475) were incubated in incubators with 5% CO» at 37 °C. Medium for these
two cell lines are McCoy's SA medium (ATCC® 30-2007™) and Dulbecco's Modified Eagle's
Medium (DMEM) (ATCC® 30-2002™), representatively, containing 10% fetal bovine serum

(FBS) and 1% antibiotics. Cells are passed every 2 or 3 days to get the acceptable confluence.

b. Cell imaging by confocal fluorescence microscopy

Confocal fluorescence microscopy was performed on confocal laser microscope (Zeiss
LSM 800) system to verify that insulin@DNA-MOF NPs were internalized by the cells. SKOV-3
cells were plated in flourishes with 5 x 10* confluence. Insulin-encapsulated MOFs and free insulin
were then incubated with cells (Table S2). After 6h, particles in medium were washed out and
cells were fixed with 4% formaldehyde. Cell skeleton actin (F-actin) was stained with AlexaFluor

488 Phalloidin (ThermoFisher A12379).

Table S4.2. DNA and insulin concentration for sequences used in this study

# Description DNA concentration Insulin concentration

1 AF647Insulin@ tamra-DNA-NU-1000 100 nM ~ 180 nM

2 AF647Insulin@tamra-DNA-PCN-222 100 nM ~ 140 nM
Tamra-DNA 100 nM

3 AF647Insulin 160 nM
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c. Cellular Uptake by flow cytometry

LSR-II flow cytometry machine is used to identify the celluar uptake of both
oligonucleotide and insulin. Skov-3 cells were first inculabed in flow tubes with 5 x 10°
concentration. Then insulin@DNA-MOFs, and control (free insulin + free DNA) were then
incubated with cells (Table S-2). After 15 min or 2h, particles were washed out and cells were
fixed with 4% formaldehyde. Flow data were first gated by SSA and FSA parameter and positive

gating in each channel is based on negative controls.
d. MTT assay

Cell viability of SK-OV-3 cells after incubation with different amounts of MOF-AuNP
nanoclusters for 24 h was evaluated by MTT assay as well as a cell viability test, which showed
that negligible cytotoxicity or anti-proliferative effects on the cells. Briefly, SK-OV-3 cells were
seeded in a 96-well cell culture plate in McCoy's 5A medium at a density of 5x10* cells/mL with
10% fetal bovine serum (FBS) and 5% CO; at 37 °C for 24 h. Afterwards, the culture medium was
replaced by 200 pL of McCoy's 5SA medium containing the carbon dots at different doses and
cultured for another 8h or 24h. Then, 10 uL of 5 mg/mL MTT solution was added to each cell well.
The cells were further incubated for 4 h, followed by removal of the culture medium with MTT,
and then 100 pL of DMSO was added. The resulting mixture was shaken for 15 min at room
temperature. The absorbance of MTT at 492 nm was measured on an automatic ELISA analyzer

(SPR-960). Each experiment was conducted by 5 times and the average data were presented.
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CHAPTER FIVE: Hierarchical Colloidal Crystal Engineering with Metal-Organic

Framework Nanoparticles

Materials in this chapter will appear in a subsequent publication
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5.1 Abstract

Colloidal crystal engineering with nucleic acid functionalized nanoparticles is a powerful way for
preparing 3D superlattices, which may be useful in many areas, including catalysis, sensing and
photonics. To date, the building blocks studied have been primarily based upon metals, metal
oxides, chalcogenide semiconductors, and proteins. Here, we show that metal-organic framework
nanoparticles (MOF NPs) densely functionalized with oligonucleotides can be programmed to
crystallize into a diverse set of superlattices with well-defined crystal symmetries and lattice
parameters. In the case of CsCl type structures composed of ZrsO4(OH)4(BDC)s (UiO-66, BDC =
1,4-benzenedicarboxylate) and Au nanoparticles, well-defined rhombic dodecahedra crystal habits
are observed; the observation of the Wulff polyhedron confirms that the MOF system is under
thermodynamic control and follows the colloidal crystal engineering rules defined by the
complementary contact model. In addition to an almost unlimited new set of particle compositions,
MOF NPs provide access to wide variety of shapes, which can be used to influence crystallization.
For example, UiO-66 octahedra particles and ZrsOg(H20)3(TCPP-H2), (PCN-222, TCPP =
tetrakis(4-carboxyphenyl)porphyrin) nanorods, modified with DNA linkers, assemble into a bce
and large 2D lattice, respectively. These new materials and methods provide access to a new set
of colloidal crystals that incorporate particles with the well-established designer properties of
MOFs and, therefore, significantly increase the scope of possibilities for crystal engineering with

DNA.
5.2 Introduction and Background

Colloidal crystal engineering with nanoparticles has emerged as a powerful tool to design

materials from the bottom up.?****> When nanoparticle building blocks are combined with nucleic
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acids, they can be assembled in a sequence-specific fashion into crystalline arrangements driven

by a combination of DNA complementarity and their unique nanoscale architectural features (e.g.
dimensions and anisotropic shapes).!8: 177 182-183,246-248 B o 1y studies focused primarily on particles
composed of gold nanoparticle (AuNP) cores, due to the extensive methodology available for
synthesizing them in monodisperse form under aqueous conditions; such particles can be modified
easily with dense layers of alkylthiol-functionalized DNA.'> 24 Later, studies expanded the pool
of available particles to a variety of programmable atom equivalents (PAEs), including other
metals, metal oxides, chalcogenide semiconductors, polymers, and proteins, '8¢ 233 249-250 A
conclusion derived from these studies is that resulting colloidal crystal quality is highly dependent
upon PAE monodispersity.?>!>>? Indeed, the almost perfectly monodisperse protein particles yield
structures with well-defined crystal symmetries, highly tunable lattice parameters, and extremely
well-formed crystal habits, all corroborated by electron microscopy and small-angle X-ray
scattering (SAXS) measurements.?*> Metal-organic frameworks (MOFs) are a class of highly

modular materials with well-defined 3D architectures, permanent porosity, and diverse chemical

functionalities, and they are promising for a wide variety of applications, including gas storage

126 163, 254

and separations,™ >3 drug delivery,'?® chemical sensing, and catalysis.® Nanoparticle forms
of MOFs have similar properties but are dispersible in solution and therefore could become the
basis for building blocks used in colloidal crystal engineering.'! 2> However, the polydispersity
and poor colloidal stability of MOF NPs thus far limit their potential in this regard and therefore
the types of colloidal crystals that can be engineered.?>® Herein, we describe a density gradient

centrifugation-based method for obtaining monodisperse samples of MOF NPs, employ a new

method for chemically modifying them with DNA, and then explore how they can be assembled
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Figure 5.1. Preparation of MOF PAEs as building blocks for colloidal crystal engineering.
a, The synthesis of MOF NP-based PAEs and their DNA-programmed assembly. Metal ions
and organic ligands were first combined to synthesize MOF NPs. The MOF NPs were then
functionalized with DNA to produce MOF PAEs and subsequently programmed into
superlattices via DNA hybridization. b, Schematic representation of UiO-66 MOF composed
of SBU and terephthalic acid. ¢, Heterobifunctional ligands and DNA strands used to engineer
MOF NP superlattices consist of: (i) a phosphate-PEGs-azide ligand, (ii) a DBCO moiety with
an 18 base recognition sequence that binds to a DNA linker, (iii) a linker hybridized with a
complementary sequence of desired and programmable length to control interparticle distances,
and (iv) a “sticky end” sequence that drives sequence-specific MOF PAE assembly. d, SEM
image of UiO-66 MOF NPs. Scale bar, 100 nm. e, DLS analysis of as-synthesized UiO-66 NPs
in water (black), PEG modified UiO-66 NPs (red), and DNA functionalized UiO-66 PAEs in
0.5 M NacCl (blue). f, Melting transition of MOF-Au PAE DNA-linked aggregates, monitored
as a function of change in extinction at 520 nm via UV-vis spectroscopy.

deliberately into superlattices based upon insight from the complementary contact model.'>®

Significantly, the use of MOF PAEs in colloidal crystal engineering allows one to utilize the
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unusual shapes that define MOF NPs as a structure-influencing factor.!!-67-6%-257-238 Taken together,

these studies provide access to a new set of colloidal crystals that incorporate particles with the

designer properties of MOFs and, therefore, may dramatically increase the scope of their utility.
5.3 Results and Discussion

5.31 Synthesis of MOF Programmable Atom Equivalents (MOF PAEs)

As a proof-of-concept, UiO-66 MOF NPs, composed of ZrsO4(OH)4 clusters (inorganic
secondary building units; SBUs) and terephthalic acid organic ligands (Fig. 5.1b), were modified
with DNA and studied as PAEs. In a typical experiment, spherical UiO-66 NPs (diameter = 37 +
8 nm) were synthesized via an acetic acid modulated solvothermal reaction based upon minor
modifications of literature methods (see SI).*! To increase particle monodispersity, a post-synthetic
density gradient centrifugation method was employed to remove particles from both the large and
small end of the distribution.!®® Specifically, the as-synthesized UiO-66 NPs were washed with
N, N-dimethylformamide (DMF) and concentrated to ~ 1 uM. On the basis of NP size, separation
was accomplished by loading 300 uL. of a MOF NP colloidal suspension on top of a 10 mL
continuous sucrose gradient (10% - 50%) and centrifuged at 20,000 rcf for 40 min. Upon
centrifugation, the NP layer travels through the gradient, and particles of different sizes sediment
at different rates; the larger particles sediment faster. A thin layer of MOF NPs (~ 1 mL out of 3
mL) was collected with a syringe to recover UiO-66 NPs with increased size uniformity (37 = 4
nm, Fig. 5.1d). The MOF NP sample was purified using a cut-off filter (50 kDa) to remove excess

sucrose and then redispersed in DMF for further characterization and surface functionalization.

Unlike the surfaces of conventional inorganic nanoparticles, which are typically capped

with organic ligands, a mixture of positively charged metals and negatively charged ligands are



149
exposed at the surfaces of as-synthesized MOF NPs.”” Therefore, DNA surface functionalization,

either through ligand post-synthetic modification or SBU coordination, inevitably suffers from
competition with DNA itself as a ligand. %% 1> To address this issue, a series of heterobifunctional
polyethylene glycol (phosphate-PEG,-N3) ligands were used to modify the MOF NP surface prior
to DNA functionalization. This approach passivates the MOF surface with respect to unmodified
DNA but still allows alkyne-modified DNA to be effectively coupled to the MOF surface (Fig.

5.1¢).!17

To determine the optimal PEG chain length, phosphate-PEG,-N3 surface-capping ligands
with three different PEG chain lengths (ethylene, PEG4, and PEGsk) were synthesized and studied.
In a typical experiment, the PEG ligands were reacted with MOF NPs in DMF for 2 days at room
temperature. *'P magic angle spinning solid state nuclear magnetic resonance spectroscopy
confirmed that the phosphate is coordinated to the Zr*", as evidenced by a characteristic 4.2 ppm
up-field shift of the single phosphorous resonance upon surface functionalization (Fig. S5.12-
13).22* 2% Consistent with this conclusion, dynamic light scattering (DLS) showed that UiO-66
NPs increased in average size from 37 £ 8 nm to 48 = 12 nm (PDI = 0.05) upon surface
modification with PEGsk (Fig. 5.1e). Importantly, of the three PEG ligands studied, the PEGsk
structure was most effective at stabilizing the MOF colloid and making the particles suitable for
further functionalization with DNA. Indeed, significant particle aggregation in 0.5 M NaCl
solution occurred with the shorter ligands. The PEGsxk surface coverage was determined to be ~ 2
molecules/nm?, a value obtained by dividing the total number of adsorbates by particle surface
area. Particle surface area was determined by using inductively coupled plasma optical emission
spectrometry (ICP-OES) to measure total Zr content, which mathematically correlates with total

amount of MOF. When combined with an understanding of particle dimensions from transmission
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electron microscopy (TEM), surface area can be estimated (see SI). ICP-OES is also then used to

determine the total number of adsorbates by measuring the P content of the colloid (there is a one

to one correlation between P atoms and ligands).

To prepare the PAEs, the azide-terminated MOF NPs were reacted with terminal alkyne-
modified DNA (5' DBCO-TEG modifier) using the strain-promoted azide-alkyne cycloaddition
reaction.?®® Consistent with DNA modification, the hydrodynamic size of the NPs increased from
48 £ 12 nm to 62 = 17 nm post-DNA functionalization (Fig. 5.1e). Dye-labeled DNA and UV-vis
spectroscopy were used to determine DNA surface coverage (650 strands/particle or ~ 25
pmol/cm?); the ligand density is comparable to gold based PAEs (~ 20 — 40 pmol/cm?) and high
enough to support cooperativity.'3¢ Indeed, these MOF PAEs form multivalent, sequence-specific
interactions with AuNPs bearing complementary oligonucleotides and generate periodic
aggregates that exhibit a characteristic sharp melting transition at 42.6 °C (Fig. 5.1f). Finally, the
internal pores of the MOF NPs were still accessible post-DNA-modification; no appreciable

porosity reduction was observed in the N> adsorption isotherms (Supplementary Fig. S5.10-11).

5.32 Colloidal Crystal Engineering with MOF PAEs

Once the PAEs were characterized, they were studied in the context of colloidal crystal
engineering with DNA. We first synthesized face-centered cubic (fcc, Fm3m) and body-centered
cubic (bec, Im3m) colloidal crystals using 37 nm spherical UiO-66 NPs (Fig. 5.2a-b). Consistent
with the complementary contact model,'*® fcc structures form when the MOF NPs present self-
complementary DNA sticky ends (5'-GCGC), and bcc structures form when two sets of MOF NPs
(of the same size) have complementary DNA sticky ends (5-AAGGAA, 5-TTCCTT,

Supplementary Table S2). In a typical experiment, a sample was initially assembled into a
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disordered state at room temperature, and then transformed into a crystalline lattice by thermally

melting it followed by slow cooling to room temperature at a rate of 0.1 °C/10 min. SAXS
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Figure 5.2. Characterization of colloidal superlattices assembled from UiO-66 MOF PAEs. a,b,
Radially averaged 1D SAXS patterns of MOF UiO-66 PAEs in bce (a) and fcc (b) arrangements.
Experimental data are shown in red, and predicted scattering patterns are shown in grey. c,d,e,
Representative TEM images (c), size-distribution histograms (d), and SAXS data (e) of UiO-66 NPs of
different uniformity prepared by sucrose-gradient ultracentrifugation: red, 34 £ 4 nm (CV = 11%); blue,
39+ 6 nm (CV = 15%); green, 47 + 11 nm (CV = 23%). Scale bars, 100 nm.

experiments verify lattice assignments, and the diffraction peaks suggest the formation of

superlattices with micrometer-sized crystalline domains.

Since colloidal crystallization processes are dependent upon nanoparticle size dispersity,
the crystallinity of the resulting structures should positively correlate with MOF PAE uniformity.
To test this hypothesis, three MOF NP samples with increasingly broad size distributions were
isolated by the gradient centrifugation method (coefficient of variation (CV) = 11%, 15%, and
23%, respectively), chemically converted into PAEs, and subsequently assembled into fcc type
crystals (Fig. 5.2c-e). As shown by SAXS, a clear transition from a disordered state (Fig. 2e, green

trace) to a well-formed fcc lattice (Fig. 2e, red trace) was observed as MOF PAEs with greater
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monodispersity were assembled (Fig. 5.2e). An amorphous material was obtained for the CV =

23% PAEs (Fig. 5.2e, green trace), since the polydisperse building blocks result in more defects,

grain boundaries, and lattice strain, all of which inhibit crystallization.

5.33 Binary Superlattices Prepared by MOF and Au PAEs
We next explored the formation of binary superlattices composed of MOF gold

nanoparticle PAEs. Based upon previously established design rules,'®

complementary DNA
functionalized PAEs composed of different core nanoparticles were expected to assemble into
CsCl-type (Pm3m) lattices. However, in this system, scattering patterns solely dependent on the
arrangement of AuNPs are observed since the cross-section of MOFs is negligible when compared
to that of the AuNPs.?*? Indeed, when 37 nm MOF PAEs were combined in a 1:1 ratio with
complementary 20 nm Au PAEs, the resulting CsCl-type lattices (lattice constant = 79.6 nm)
produced simple cubic (sc, Pm3m) scattering patterns (Fig. 5.3a), a result analogous to what is
observed when a hollow particle and a AuNP are co-crystallized with complementary DNA
sequences.’®! At this size ratio, the MOF-gold colloidal crystals also have AlB,-type impurities
(sh, P6/mmm: lattice constant, a =b = 76.5 nm, ¢ = 47.6 nm), which in the SAXS measurements
produce simple hexagonal scattering patterns (i.e., only the gold particles are observed, Fig. 3a).
When the size ratio approaches one, for example in the case of 37 nm MOF PAEs combined in a
1:1 ratio with complementary 40 nm Au PAEs, the resulting CsCl-type lattices (lattice constant =
88.2 nm) only exhibit sc scattering patterns Fig. 5.3b). Importantly, the DNA-mediated
crystallization process can be monitored in situ via SAXS. Indeed, when disordered MOF-Au
aggregates are placed in the path of the X-ray beam and gradually heated to 41 °C (slightly below

their melting temperature), one could follow by SAXS the formation of a crystalline lattice (Fig.

5.3¢).
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The structure and morphology of the crystals were next characterized by scanning

transmission electron microscopy (STEM). To obtain samples suitable for electron microscopy
imaging, the solution-grown binary MOF-Au superlattices (37 nm UiO-66 NPs assembled with
40 nm AuNPs) were first embedded in silica and then dried under vacuum, a technique that has

proven extremely useful for crystals formed from metal and semiconductor nanoparticle
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Figure 5.3. Binary superlattices assembled from combination of MOF and Au PAEs. a,b,
SAXS data for CsCl lattices formed from (a) 37 nm UiO-66 NPs and 20 nm AuNPs (1:1 ratio)
and (b) 37 nm UiO-66 NPs and 40 nm AuNPs (1:1 ratio). Experimental data are shown in red,
and simulated scattering patterns are shown in grey (AB2 impurity phase is shown in blue). ¢,
in situ SAXS monitoring the thermally induced transition of MOF-Au PAE aggregates from
the amorphous to crystalline state. d,e,g, STEM characterization of a single crystal superlattice:
(d) low magnification high angle annular dark field image, (e) high magnification secondary
electron image, and (g) high magnification transmission electron image of UiO-66 NP and 40
nm AuNP hybrid superlattices showing the formation of the rhombic dodecahedra crystal habits
(f). Scale bars, 1 um for (d) and 100 nm for (e) and (g).
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systems.??® Remarkably, the MOF-Au superlattices form structures with rhombic dodecahedra

crystal habits (1 - 2 pm in edge length) in high yield (Fig. 5.3d-f). The rhombic dodecahedron is
the Wulff polyhedron for a bee lattice, thereby confirming that the crystallization process is under
thermodynamic control.?®> High-magnification cross section images of a single crystal reveal
ordered domains with stacks of individual NPs clearly discernible (Fig. 5.2g, dark: AuNP, light:

Ui0-66 NP).

5.34 MOF NP Shape as a Superlattice Structure Influencing Factor

Having shown that DNA and the design rules afforded by the complementary contact
model can be used to engineer MOF PAE colloidal crystals, we next explored if MOF NP shape
can be used to access more exotic crystalline states. Octahedra and nanorods were studied as two
representative structures. By combining Zr*' ions with bidentate terephthalic acid or tetravalent
porphyrinic acid ligands, UiO-66 octahedra nanoparticles (Fm3m, edge length = 86 + 10 nm, Fig.
4a) and PCN-222 nanorods (P6/mmm, 38 + 8§ nm x 159 + 25 nm, aspect ratio = 4.3, Fig. 5.4f)
were synthesized, respectively.?? Upon functionalization with DNA, they were assembled with

DNA linkers, annealed, and slowly cooled to room temperature.

Cryogenic transmission electron microscopy (Cryo-TEM) images show that the UiO-66
octahedra with self-complementary GCGC sticky ends crystallize into bec lattices (Fig. 5.4b-d,
lattice constant = 180 nm) as opposed to the fcc lattices that form from spheres.?*® This occurs
because in the bce configuration the system can maximize DNA bonding interactions between
neighboring octahedral particles where the facets are aligned in a parallel planar fashion (Fig.
5.4e).263 This effect is due to the anisotropic shape of the PAEs and is expected to become less

important as the oligonucleotide length increases and the PAEs begin to behave more like spherical
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entities.”®* We tested this conclusion by investigating the effect of the DNA linker length on

crystallization (by changing duplex DNA linker length, Fig. 5.1¢ and Table S2). When the particles
were allowed to assemble by maintaining the temperature of the solution below the DNA melting
temperature, intermediate length DNA linkers (two block segments, ~ 60 nm interparticle spacing)
resulted in the formation of high-quality bce crystalline structures (Fig. 5.4c-d). When short DNA
linkers were used (one block segment, less than 40 nm interparticle spacing), structures with small
bece crystalline domains were observed due to large lattice strain (Supplementary Fig. S5.16). The
use of long DNA linkers (three block segments, greater than 80 nm interparticle spacing) reduces
particle shape anisotropy as well as lattice strain and produces fcc lattices with randomly oriented
octahedra. Such observation is in agreement with previous studies on DNA-mediated assembly of
gold octahedral particles and reinforces the notion of zones of crystallization and anisotropy related

to the relative dimensions of the particle building blocks and DNA bonding elements.>*®

In contrast, PCN-222 nanorods crystallize into two-dimensional superlattices with
hexagonal or tetragonal symmetries, depending on the type of DNA linker strands used (Fig. 5.4f-
j)- In the first case, 2D close-packed hexagonal lattices were obtained when self-complementary
DNA linkers (GCGC sticky ends) were used, again a consequence of the anisotropic PAE shape.
In the second case, tetragonal lattices form when two batches of PCN-222 nanorods, each modified
with complementary DNA (5'-AAGGAA, 5-TTCCTT), are combined and annealed as described
above. The tetragonal lattice maximizes DNA hybridization between the complementary rod PAE
pairs while reducing repulsion between the PAEs with identical sticky ends.?**2% In addition to
demonstrating the utility and versatility of MOF NPs in colloidal crystal engineering with DNA,
these 2D architectures are potentially useful as highly tunable separation membranes, since all of

the 1D MOF channels are aligned in a parallel configuration, and the packing density of the
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nanorods that comprise them can be modulated from 15 to 50%, simply by varying the length of

the DNA linker strands.

Figure 5.4 | Shape-dependent MOF superlattice assembly. a, Representation of the crystal
structure of UiO-66 formed by the connection of Zrs SBU and terephthalic acid (bottom left). TEM
image of a single octahedral UiO-66 NP (right). b-¢, A model of a bcec lattice formed with face-to-face
oriented UiO-66 PAEs, as such arrangement maximizes DNA hybridization interactions. d-e, Cryo-
TEM images show octahedral shaped UiO-66 PAEs with self-complementary DNA linkers assemble
into bcc lattices. f, Representation of the crystal structure of PCN-222 formed by the connection of Zrs
SBU and tetrakis(4-carboxyphenyl)porphyrin linkers (bottom left). TEM image of a single PCN-222
nanorod (right). g, Schematic representation of PCN-222 PAEs assembled into two different lattices
depending on DNA link design: self-complementary DNA linkers (left, 2D hexagonal superlattice), and
complementary DNA linkers (right, 2D tetragonal superlattice). h-i, Cryo-TEM images show PCN-222
PAEs with self-complementary DNA linkers close-pack into 2D simple hexagonal lattices. j, Cryo-
TEM image shows PCN-222 PAEs interconnected by complementary DNA linkers form a 2D
tetragonal lattice. Scale bars, 100 nm for (a,d,e,i,j) and 500 nm for (c,h).

5.4 Conclusions

In summary, we have reported a general method for the preparation of PAEs from MOF

NPs and DNA. We have shown that such building blocks provide access to a diverse set of
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colloidal crystals spanning numerous crystal symmetries with tunable lattice parameters.

Importantly, we have shown that the complex crystal shapes afforded by MOF NPs allows one to
control DNA bond directionality and facet-facet interactions. When combined with all that is
known about MOF NP shape control, these experiments suggest that in addition MOF NPS being
a new compositionally diverse set of building blocks with which colloidal crystal properties can
be tuned, particle shape-induced bonding interactions with MOF PAEs will be extremely useful

for engineering crystal outcomes.?%
5.5 Experimental Methods and Supplementary Materials

S5.1 Synthesis of Phosphate-ethylene-N3

0 NaNy 0 1) TMSBr, DMF O
P BU4NHSO4 _59

£0” 1B e EOTLY N oo HoT N
OFt €OH, 65 ot 2) H,0, o

Synthesis of diethyl 2-azidoethylphosphonate

Diethyl 2-bromoethylphosphonate (250 mg, 1.0 mmol) was reacted with sodium azide (260
mg, 4.0 mmol) and tetrabutylammonium hydrogensulfate (510 mg, 1.5 mmol) in 4 mL methanol
(MeOH) at 65 °C for 18 h. After cooling to room temperature, the solvent was evaporated and
diluted with diethyl ether, and filtered through Celite. The filtrate was washed with water, and the
organic layer was dried over sodium sulfate to yield diethyl 2-azidoethylphosphonate (90%).

Synthesis of 2-azidoethylphosphonic acid

In 0.8 mL N,N-dimethylformamide (DMF), diethyl 2-azidoethylphosphonate (120 mg,
0.57 mmol) was reacted with 4 equivalents of bromotrimethylsilane (350 mg, 2.3 mmol) at -5 °C.
After warming to room temperature, the product was filtered and washed with water and dried to

yield 2-azidoethylphosphonic acid (80%).
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Figure S5.2. 'H NMR spectrum of 2-azidoethylphosphonic acid.
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SS5.2 Synthesis of Phosphate-PEG4-N3

O

o o
HO-p T J\/\(\ N PH=S HO-
/ NH, + 3 P J\/\(\ N
HO 2 3\/1 o, EtOH, H,0 o \/\” o
o

The pH of a 5 mL aqueous solution of 2-aminoethylphosphonic acid (12.5 mg, 0.10 mmol)
was adjusted to 8 with 1 M sodium hydroxide, and 15-Azido-4,7,10,13-tetraoxapentadecanoic acid
succinimidyl ester (azido-PEGs4-NHS ester from Click Chemistry Tools, 77.6 mg, 0.2 mmol)
dissolved in 5 mL of DMF was added. The reaction mixture was stirred at 4 °C for 4 h and
incubated overnight at room temperature. After the reaction, the solvent was removed by
lyophilization, and the product was used as a mixture to functionalize MOF nanoparticles (NPs)
without further purification. In our study, approximately 80% 2-aminoethylphosphonic acid was

converted to phosphate-PEG4-N3.

S2.3 Synthesis of Phosphate-PEG110-N3

0
HO-p M N 1.2 eq. EtzN Q 0
HG \(\O/\a/NHz + & O/\ﬁ’ 3 *

o-p T gt
110 DMF \(\O/\a(w\N O/\i 3

In a 25 mL glass vial, phosphate-PEGs-NHz (200 mg, 40 pmol) and azido-PEG4-NHS
ester (120 mg, 320 umol) were dissolved in 10 mL dry DMF, and triethyl amine (12 mg, 120 pmol)
was added to the solution. The mixture was stirred at room temperature overnight. DMF was
removed by lyophilization to yield a yellow gel. The yellow gel was dissolved in water and passed
through a 3 kDa cut-off centrifuge filter three times (3,000 rpm, 20 min) to remove excess azido-

PEG4-NHS. The product was lyophilized to yield a light yellow solid (~50%).
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Figure S5.3. Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) spectra

of the PEGsy starting material and phosphate PEGsk ligand.
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S3. Synthesis and characterization of MOF NPs

S3.1 Synthesis of MOF NPs

Synthesis of spherical UiO-66 [ZrsO+(OH)4(BDC)12]

Spherical UiO-66 NPs (37 £ 8 nm) were synthesized via an acetic acid modulated
solvothermal reaction.!> 1,4-benzenedicarboxylic acid (25 mg, 0.25 mmol) was dissolved in 0.5
mL of DMF. In a separate vial, zirconyl chloride octahydrate (21 mg, 66 umol) was dissolved in
3 mL of DMF. The two solutions were mixed together in a 10 mL scintillation vial, and 0.5 mL
acetic acid was added to the reaction mixture. After brief sonication, the solution was heated at 90
°C in an oven for 6 h to yield uniform UiO-66 NPs. The NPs were collected by centrifugation
(12000 rpm, 30 min), followed by solvent exchange with DMF, and stored in anhydrous DMF.

Synthesis of octahedral UiO-66 [ZrsO4(OH)4(BDC)12]

Octahedral UiO-66 NPs (86 £ 10 nm) were synthesized via an acetic acid modulated
solvothermal reaction.!> 1,4-benzenedicarboxylic acid (10 mg, 60 umol) was dissolved in 0.2 mL
of DMF. In a separate vial, zirconyl chloride octahydrate (21 mg, 66 umol) was dissolved in 3 mL
of DMF. The two solutions were combined in a 10 mL scintillation vial, and 0.5 mL acetic acid
was added to the reaction mixture. After brief sonication, the solution was heated at 90 °C in an
oven for 5 h to yield uniform UiO-66 NPs. The NPs were collected by centrifugation (10000 rpm,

20 min), followed by solvent exchange with DMF, and stored in anhydrous DMF.
Synthesis of PCN-222/MOF-545 [ZrsOs(H20)s(TCPP-H2):]

The synthesis of PCN-222/MOF-545 nanorods (38 + 8 x 159 £ 25 nm, aspect ratio = 4.3)
was based on a literature reported method with minor modifications.”! Zirconyl chloride

octahydrate (38 mg, 0.12 mmol) and tetrakis(4-carboxyphenyl)-porphyrin (6.5 mg, 0.0082 mmol)
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were dissolved in DMF (16 mL) in a 22 mL borosilicate vial with a Teflon-lined cap.

Dichloroacetic acid (0.30 mL, 3.0 mmol) was added, and the resulting solution was heated at
130 °C in an oven for 18 h to afford dark purple rod-shaped NPs and a yellow mother liquor. The
NPs were collected by centrifugation (12000 rpm, 30 min), followed by solvent exchange with
DMF, and stored in anhydrous DMF.

S3.2 Powder X-ray diffraction (PXRD)

The crystallinity of the synthesized MOF NPs and MOF programmable atom equivalents
(PAEs) were confirmed by PXRD. PXRD patterns were recorded on Rigaku Smartlab instrument

using Nickel-filtered Cu-Ka radiation (A = 1.5418 A) with an accelerating voltage and current of

45 kV and 160 mA, respectively.

UiO-66 PAEs

A

.
L
|

UiO-66 Simulated

5 10 15 20 25 30 35
20()

Figure S5.4. Simulated PXRD pattern of UiO-66 (black) and patterns of UiO-66 NPs before
(red) and after DNA functionalization (blue).
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Figure S5.5. Simulated PXRD pattern of PCN-222 (black) and patterns of PCN-222 nanorods
before (red) and after DNA functionalization (blue).

S3.3 Transmission electron microscopy (TEM) and scanning electron microscopy (SEM)

MOF NPs were analyzed using a Hitachi HD-2300 scanning transmission electron
microscope (STEM) in either secondary electrons (SE) or transmitted electron (TE) mode with an
accelerating voltage of 200 kV. Samples were dispersed onto TEM grids by drop-casting a dilute
ethanol solution containing MOF NPs or MOF PAEs directly onto TEM grids. The average particle
size for each synthesis was determined by measuring the edge length of more than 100 particles

from multiple syntheses under analogous synthetic conditions.
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Figure S5.7. SEM (left) and TEM (right) images of octahedral UiO-66 NPs (86 = 10 nm).
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Figure S5.8. SEM (left) and TEM (right) images of PCN-222 nanorods (37 + 8 x 159 £+ 25 nm).
S4. Sucrose-gradient ultracentrifugation

To improve the uniformity of MOF NPs, an aqueous solution of UiO-66 NPs was
concentrated and centrifuged at 20,000 rcf on a continuous sucrose gradient. The range of gradient
density and duration of centrifugation step varies depending on the size and density of the MOF
NPs. For instance, to separate 300 pL of 37 nm UiO-66 NPs, 10 mL of a 10%-50% gradient
mixture was used, and 40 min centrifugation resulted in satisfying separation (Table S1). The layer
of NPs was recovered from the gradient with a syringe and washed twice through a 50 kDa Amicon
centrifugal filter tube in order to clean the sample from sucrose and to dissolve it in desired medium

to prepare the samples for characterization and polymer/DNA conjugation.
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Table S1. Centrifugation conditions used to improve the uniformity of MOF NPs

MOF NPs Gradient Time (min)
UiO-66 (37 nm) 10%-50% 40
UiO-66 (86 nm) 20%-70% 40
PCN-222 (159 nm) 20%-70% 40

size=40+10

Sucrose gradient

After

size=34+4

«— Sample
Centrifugation
—ee—p
CV=11%
[ -
= size=39+6
CV =15%
M Centrifugation Centrifugatio
10 min 40 min
| size =47 + 11
CV =23%

Before After

Figure S5.9. Schematic representation of the sucrose gradient based ultra-centrifugation method
for UiO-66 NPs.
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S5. Synthesis of oligonucleotides

Oligonucleotides were synthesized using a Mermaid MM12 DNA synthesizer (Bio
Automation) on a standard controlled pore glass (CPG) solid phase support. All oligonucleotides
were deprotected under conditions recommended by the manufacturer and purified by reverse
phase high performance liquid chromatography (HPLC). Characterization and oligonucleotide
concentration were determined by MALDI-TOF mass spectrometry and UV-vis spectroscopy,
respectively. A complete list of oligonucleotides synthesized can be found in Table S5.2.

Table S5.2. DNA sequences used in this study

DNA sequence from 5' to 3'

AuNP-bound A Thiol-(Spacer),-CATCCATCCTTATCAACT

MOF-bound A DBCO-TEG-(Spacer),-CATCCATCCTTATCAACT

MOF-bound B DBCO-TEG-(Spacer),-rAACGACTCATACTCACCT

Dye labelled strand DBCO-TEG-(Spacer),-rAACGACTCATACTCACCT-Tamra

Dye labelled linker Tamra-TTCCTT-A-AGTTGATAAGGATGGATG

Self-comp linker B CGCG-A-AGGTGAGTATGAGTCGTT

Nonself-comp linker A TTCCTT-A-(Spacer d40),~AGTTGATAAGGATGGATG
Nonself-comp linker B AAGGAA-A-(Spacer d40),~AGGTGAGTATGAGTCGTT

Spacer d40 ITTTTTTTTTTTT-AGTCACGACGAGTCA-TTTTTTTTTTTT-A

AAAAAAAAAAAA-TGACTCGTCGTGACT-
Duplexer d40 AAAAAAAAAAAAA

Linker length (Spacer d40): n=0, 1, 2, 3

All modified phosphoramidites were manufactured by Glen Research.
1. “Thiol” refers to the 1-O-Dimethoxytrityl-hexyl-disulfide,1'-[(2-cyanoethyl)-(N,N-

diisopropyl)]-phosphoramidite (Thiol-modifier C6 S-S).
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2. “PEG Spacer” refers to the 18-O-Dimethoxytritylhexaethyleneglycol,1-[(2-cyanoethyl)-

(N,N-diisopropyl)]-phosphoramidite (Spacer phosphoramidite 18).
3. “DBCO-TEG” refers to 10-(6-ox0-6-(dibenzo[b,f]azacyclooct-4-yn-1-yl)-capramido-N-
ethyl)-O-triethyleneglycol-1-[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite (5'-
DBCO-TEG phosphoramidite).
4. “Tamra” refers to 1-Dimethoxytrityloxy-3-[O-(N-carboxy-(Tetramethyl-rhodamine)-3-
aminopropyl)]-propyl-2-O-succinoyl-long chain alkylamino-CPG (3’-Tamra CPG).
S6. DNA functionalization of NPs and assembly of colloidal crystals
S6.1 DNA functionalization of MOF NPs
Phosphate-PEG-Ns linker functionalization

In a 1.5 mL Eppendorf tube, 10 mg phosphate-PEGsk-N3 linker (~1 x 10'® polymer) was
dissolved in 100 uL. DMF (~ 20 mM). In a separate tube, 33 pmol of 37 nm UiO-66 NPs (~2 x
103 particles) was dispersed in 1 mL DMF and 100 pL linker solution (10 mg linker) was added.
Similarly, 14.1 pmol of PCN-222 nanorods (~8.5 x 10'? particles) were dispersed in 1 mL DMF
and 50 pL linker solution (5 mg linker) was added. The mixture was sonicated and incubated on a
thermal shaker at 750 rpm and 25 °C for 48 h. The functionalized NPs were first washed with DMF
to remove excess PEGsk ligands (centrifugation: 15,000 rpm, 45 min), and then sequentially
washed with a 1:1 DMF/water mixtures, and twice with water. The NP samples were concentrated
to ~ 50 nM and stored in DI water.

DNA functionalization

In a typical DNA functionalization experiment, azide modified MOF NPs were dispersed

in water and functionalized with DBCO-TEG modified DNA (MOF-Bound DNA). To



169
functionalize UiO-66 NPs, 300 nmol of DNA was dissolved in 1 mL water (0.3 mM, 1.8 x 10"

DNA), to which 33 pmol of 37 nm UiO-66 NPs (33 nM, ~ 2 x 10" particles) were added. Similarly,
to functionalize 160 nm PCN-222 nanorods, 200 nmol of DNA was dissolved in 1 mL water (0.2
mM, 1.2 x 10'7 DNA), to which 2 pmol of PCN-222 nanorods (2 nM, ~ 1.5 x 10'2 particles) were
added. The DNA and MOF NPs were incubated on a thermal shaker overnight at 25 °C at 750
rpm. Sodium chloride (NaCl) was slowly added to the solution to a final concentration of 0.5 M
(over 8 h), which reduces electrostatic repulsion between negatively charged neighboring
oligonucleotide strands, allowing one to achieve high surface densities of DNA. The total
incubation time should be > 48 h, and gentle sonication should be applied occasionally to prevent
aggregation of particles. Excess oligonucleotides were removed by centrifugation (5 % 5,000 rpm,

10 min), followed by resuspension of the MOF PAEs in water.
S6.2 DNA functionalization of gold nanoparticles (AuNPs)

20 nm and 40 nm citrate-capped spherical AuNPs (Ted Pella) were used as received with
no further modification. DNA-functionalization of AuNPs with thiol-modified oligonucleotides
was carried out according to literature procedures.?*? Briefly, 100 nmol of the AuNP-bound
assembly strand (Table S2, sequence AuNP-bound A) were treated with a solution of 100 mM
dithiothreitol (DTT, pH = 8) for approximately 1 h and subsequently purified using Nap-5 size
exclusion columns (GE Healthcare) to remove residuals. The surfactant, sodium dodecyl sulfate
(SDS), was added to the solution of AuNPs to bring the final surfactant concentration to 0.02 vol%,
followed by the addition of purified thiolated DNA (approximately 4-5 nmol DNA per mL of
AuNPs). A 5 M solution of NaCl was slowly added to the NP solution over the next several hours
in a “salt aging” process to increase the density of DNA on the particle surface by shielding against

electrostatic repulsion between strands. After bringing the final salt concentration to 0.5 M NaCl,
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the particles were allowed to sit overnight, followed by three rounds of purification with

centrifugation (4,000 — 15,000 rpm; times varied from 10-60 min depending on the NP size),
removal of supernatant, and resuspension of the NP pellet in water to remove any unreacted DNA,
salt, and surfactant. After removal of the supernatant following the final round of centrifugation,
salt was added to the purified particles to bring the final concentration to 0.4 M NaCl, which is the

salt concentration at which all subsequent assembly reactions took place.
S6.3 Colloidal crystal assembly experiments
Synthesis of MOF fcc superlattice

In a typical experiment, 2000 equivalents of self-complementary linker were added to 50
nM solutions of DNA functionalized 37 nm UiO-66 NPs in 0.02% SDS and 0.5M NaCl. The
addition of self-complementary DNA linkers resulted in the formation of aggregates that settled
down within minutes. Samples were heated to a few degrees above their melting temperature (55
°C) and cooled at a rate of 0.01 °C/min to 20 °C using a ProFlexTM PCR system (Applied
Biosystems).

Synthesis of MOF-MOF bcc superlattice

In a typical experiment, 1000 equivalents of complementary linker A and 1000 equivalents
of complementary linker B were added to 20 nM solutions of DNA functionalized 37 nm UiO-66
NP A and UiO-66 NP B (1:1 ratio) in 0.02% SDS and 0.5 M NacCl, respectively. The mixtures
were incubated for 20 min on a thermal shaker to allow linker hybridization, followed by the
combination of 50 puL of each solution, which resulted in the formation of aggregates that settled
down within minutes. Samples were heated to a few degrees above their melting temperature and

cooled at a rate of 0.01 °C/min to 20 °C using a PCR system.
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Synthesis of MOF-Au CsCl hybrid superlattice

In a typical experiment, 2000 equivalents of complementary linker A and 1000 equivalents
of complementary linker B were added to 10 nM solutions of DNA functionalized 40 nm AuNPs
and 37 nm UiO-66 NPs (1:1 ratio) in 0.02% SDS and 0.5 M NaCl, respectively. The mixtures were
incubated for 20 min on a thermal shaker to allow for linker hybridization, followed by the
combination of 50 puL of each solution, which resulted in the formation of aggregates that settled
down within minutes. Samples were heated to a few degrees above their melting temperature and
cooled at a rate of 0.01 °C/min to 20 °C using a PCR system.

S7. N2 sorption measurements

N2 adsorption isotherm measurements were performed on a Micromeritics Tristar I1 3020
(Micromeritics, Norcross, GA) at 77K. The sample was transferred to the oven-dried sample tube
and heated to 150 °C under vacuum. Surface areas were estimated by applying the Brunauer—
Emmett—Teller (BET) equation.?%® T-plot internal and external surface area were determined by
the Harkins and Jura equation in the second linear regions of N> isotherms (0.26 P/Py to 1.0

P/Pg) 2%
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Figure S5.10. N> adsorption isotherms of UiO-66 NPs and UiO-66 PAEs reveal no significant
reduction in surface area after DNA functionalization.
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Figure S5.11. Density functional theory pore size distribution analysis of UiO-66 NPs and UiO-
66 PAEs reveals no appreciable change after DNA functionalization.
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S8. Quantification of DNA surface coverage

S8.1 UV-vis spectroscopy

UV-vis spectroscopy was performed on a Cary 5000 UV-vis spectrometer (Agilent) with
1 cm quartz optical cells were used for the measurements. The temperature was regulated with a
Peltier heat pump attached to a six-cell holder. The surface DNA coverage of the MOF PAEs was
determined by UV-vis spectroscopy with Tamra labeled DNA.

S8.2 Inductively coupled plasma-optical emission spectroscopy (ICP-OES)

DNA coverage of each MOF was quantified based on their NP surface area and NP molar
concentration. With the radius/edge length of each MOF NP obtained from TEM, the surface area
of each NP was calculated based on geometric approximations: spheres for 37 nm UiO-66 NPs
and rod for PCN-222 nanorods. The molar concentration of each MOF NP sample was obtained
by ICP-OES analysis of the Zr contents of these MOF samples in addition to crystallographic
information; the number of metal atoms per NP can be calculated for a given size MOF NPs. ICP-
OES analysis was carried out on a Thermo iCap 7600 ICP-OES instrument with an automated
sample changer. MOF NP samples were dispersed in DMF (1 mL), and 10 pL of the MOF sample

was added to HNO3 (990 uL). The samples were heated at 60 °C for 15 h for full digestion.
S9. 31P{'H} magic angle spinning solid state nuclear magnetic resonance (MAS NMR)
spectroscopy

3IP{'H} MAS NMR spectroscopy was performed on a Varian 400 MHz VNMRS system

(512 scans, 5 s recycle time, and 10,000 Hz spin rate).
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Figure S5.12.°'P{'H} MAS NMR spectrum of the phosphate-PEGsk-azide linker.
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Figure S5.13. 3'P{!H} MAS NMR spectrum of phosphate-PEGsk-azide ligand functionalized
UiO-66 NPs.
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Figure S5.14.3'P{'H} MAS NMR spectrum of DNA-PEGsk-UiO-66 NPs.
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Figure S15. 3'P{'"H} MAS NMR spectrum of unmodified DNA coordinated to the UiO-66 NPs
surface via multivalent phosphate backbone bonding.
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S10. Small angle X-ray scattering (SAXS) studies

S10.1 Instrumentation and methods

SAXS characterization was carried out at the sector 5 DuPont-Northwestern-Dow
Collaborative Access Team (DND-CAT) beamline of Argonne National Laboratory’s Advanced
Photon Source (APS). X-rays of wavelength 1.24 A (10 keV) were used, and the system was
calibrated using silver behenate as a standard. Two sets of slits were used to define and collimate
the X-ray beam; parasitic scattering was removed via a pinhole. Typical exposure times varied
between 0.1 and 0.5 s, depending upon the sample. The scattered X-rays were collected with a
CCD area detector and 1-dimensional scattering data were obtained from radial averaging of the
2-dimensional data to obtain plots of scattering intensity as a function of the scattering vector q.
One-dimensional SAXS data were indexed using Matlab to determine the crystallographic
symmetry and the lattice parameter.

S10.2 Calculation of interparticle distances and lattice parameters

For the assembly parameters presented in the previous section, all relevant interparticle

distances and lattice parameters were calculated using the SAXS data. The distance between NP

. s . ) 1,,C .
nearest neighbors within a NP superlattice can be determined as: dyp = (E) (q—), where dyp is the
0

distance in nm between two NP nearest neighbors, q is the position of the initial scattering peak
in 1/A, and C is a constant that correlates the distance between two nanoparticle nearest neighbors
and the distance between the (/k/) planes associated with the first scattering peak. Values of C are
summarized in Table S3. To ensure that the lattice parameters and interparticle distances matched

those calculated using equation, modeled SAXS patterns were generated with PowderCell and
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compared to the experimental data; this ensured that all diffraction peaks matched with the

calculated lattice parameter values.

Table S3. The C constant used to calculate interparticle distance and lattice parameters

Crystal Space Group qo (hkl)
Type symmetry plane
fee Fm3m (111)
bee Im3m (110)
CsCl/SC Pm3m (100)
AlB; P6/mmm (001)

Nearest
Neighbor
11
G20
111
G353

111
G 22

121
G352

C constant

Vén
Vén
V3n

2n

S11. Immobilization of MOF-Au hybrid superlattice in solid phase for imaging

S11.1 Silica encapsulation of MOF-Au binary superlattice

Immobilization of MOF-AuNP hybrid superlattice from colloidal solution to the solid-state

was achieved by silica encapsulation.??

Briefly,

N-trimethoxysilylpropyl-N, N, N-

trimethylammonium chloride (TMSPA) (2 pL, 7.2 umol) and 10 mg polyvinyl pyrrolidone (PVP,

M.W. = 58,000, dissolved in 100 uL of 0.5 M NaCl) was added to the superlattices in 0.5 mL of

0.5 M NaCl solution, and the mixture was stirred for approximately 30 min before the addition of

triethoxysilane (TES) (4 pL, 21.7 umol). The suspension was vigorously stirred for 24 h at room

temperature, followed by purification to remove excess silica by three rounds of centrifugation

and resuspension in water. For STEM analysis, the samples were solvent exchanged with ethanol

and drop-casted onto a TEM grid.



178
S11.2 Resin embedding of silica embedded superlattice samples

For TEM analysis of the superlattice cross section, silica-encapsulated superlattice samples
were resin embedded. The detailed procedure for resin embedding was adopted from a previous
literature report.! Briefly, ~ 5 mg of silica-encapsulated superlattices was first embedded within
0.2 mL of 4% gelatin. The gelatin sample was dehydrated upon immersion in anhydrous ethanol
solutions of increasing concentration (30%—50%—70%—80%—90%—100%). Next, the 100%
ethanol was solvent exchanged with acetone twice for 10 min. In acetone, the gelatin was
embedded in EMBed-812 resin (Electron Microscopy Sciences) following standard protocols
provided by the manufacturer. The samples were placed at 65 °C for 16-20 h to polymerize and
solidify the resin. The resin containing superlattice was sectioned into 100 nm slices for imaging.

S12. Cryo-STEM imaging

4 uL of samples were pipetted onto glow discharged lacey carbon 200 mesh Cu grids (EMS
Cat. # LC200-CU-100), blotted for 5 s, and plunge-frozen in liquid ethane with an FEI Vitrobot
Mark III. The samples were then loaded into a Gatan 626.6 Cryo Transfer Holder kept at -165 °C
and imaged in a Hitachi HD2300 cFEG STEM at 200 kV utilizing TE phase contrast and high

angular annular dark field (HAADF) Z—contrast.
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Figure S5.16. Cryo-STEM micrographs of octahedral UiO-66 NP superlattices assembled with
self-complementary d40 linkers.

Figure S5.17. Cryo-STEM micrographs of PCN-222 nanorod superlattices assembled with self-
complementary d40 linkers.
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CHAPTER Six: Conclusions and Future Outlook

6.1 Outlook

The body of work described in this thesis provides a set of chemical approaches to control
the crystallization process of MOF NP nucleation and growth, strategies to functionalize their
surface with programmable ligands such as DNA, and colloidal crystal engineering strategies to
program their arrangement in hierarchical organizations. Through these advances, and additional
improvements in synthesis and characterization methodologies, MOF NPs will emerge as a
promising new class of functional nanomaterials with the potential to significantly impact the
fields of catalysis,® separations,'!*® and nanomedicine.!’” Although remarkable progress has been
made, there remains significant room for improvement in the understanding of key features of
MOF NP synthesis and functionalization. In this chapter, several future directions in this area are
proposed with an emphasis on research opportunities that have made possible through the work

detailed in Chapter two to five.
6.2 Synthesis of Uniform MOF NPs by Isolating Nucleation and Growth

In Chapter one and two, we discussed the initial mechanisms of particle nucleation and
how factors such as modulators, temperature, and solvent affect these primary events. It is
desirable to see improved characterization and mechanistic understanding of nucleation and
subsequent crystal growth, which will drastically improve our ability to convert MOF NP synthesis
from empirical knowledge to a highly predictable science. Further, improving upon the capability
to predictably synthesize MOF NPs of desired sizes from 10—200 nm, with high uniformity, should
remain an important goal for this field. NPs of this size regime are particularly attractive for two

main reasons: (1) fast substrate diffusion kinetics associated with large external surface area for
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to monodisperse particle size distribution and core-shell

therapeutic agents. Potential
structures.

advances in these areas include the continued evolution of strategies to effectively separate
nucleation and growth processes, and the development of seed-mediated MOF NP synthetic
approaches (Figure 6.1).!3% 268269 Syccessful realization of such strategy is expected to enable
control over MOF NP size distribution in comparable with those of conventional inorganic
nanoparticles (< 5% CV). Beyond gaining a firmer understanding of particle growth, other
opportunities for impactful contributions to this field include: improving electron microscopy and
diffraction based techniques (i.e., X-ray and electron diffraction) for in situ characterization and in
depth structural analysis of MOF NPs, modulating the chemical stability MOF NPs via surface
functionalization (especially towards water and excess phosphate which is currently lacking),
developing MOF NPs with large pores (> 3 nm) capable of encapsulating and delivering

208, 270

biomolecules, and systematically evaluating MOF NP toxicity and pharmacokinetics in

Vivo '27 1-272

6.3 Intracellular Delivery of Therapeutic Biomolecules Using DNA Functionalized MOF NPs

The ability to deliver functional biomolecules across cell membrane is highly attractive for

potential therapeutics. In Chapter four, we demonstrated the successful intracellular delivery of
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insulin using DNA-functionalized MOF NPs as a test case. To fully exploit the capability and

generality of this delivery strategy, it is desirable to identify and study the delivery of
therapeutically active cargos. However, for therapeutics to function inside cytosols, endosomal
escape is a critical biological barrier to be overcome. In this vein, we hypothesize that cell
penetrating peptides (CPPs) can be co-delivered with therapeutics (peptides, proteins, or siRNA,
etc.), such that more effective deliveries could be achieved by releasing cargos from endosomes

into cytosols.

Previously, CPPs have been used as transfection agents to deliver biomolecules (nucleic
acids, proteins, etc.) inside cells via either covalent or noncovalent interactions. However, due to
their strong pore forming ability, CPPs often suffer from limited cell type specificity and
potentially permanent damage to the cell membranes. To address this issue, we propose that

nucleic acid functionalized MOF NPs will act as CPP hosts and their densely functionalized
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Figure 6.2. Schematic illustration of protein therapeutics and cell penetrating peptide co-
delivered by DNA functionalized MOF NPs.
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oligonucleotide rich surface ensure facile cellular entry and target specific cell types. On the basis

of the significantly higher phosphate concentration inside cells (~ 5 mM) as compared to that of
the extracellular matrices (~ 1 mM), MOF NPs are expected to degrade and release the
encapsulated CPPs and therapeutics within endosomes. Finally, we hypothesize that the excellent
pore forming capability of CPPs will disrupt endosome membranes and facilitate therapeutics

releasing into cytosols for function.

In principle, this approach could be generalized to facilitate the intracellular delivery of a

wide range of cargos as biological probes or potential therapeutics.

6.4 Hybrid MOF-Polymer Composites and Stimuli-Responsive MOF Superlattices

Another exciting avenue is the use of MOF NP as the building blocks in mixed-matrix
membranes and colloidal crystal engineering of ordered 3-D metamaterials and devices.?”*”> For
instance, incorporating uniform MOF NPs into membranes could maximize their potential
separation and catalysis capabilities, taking advantage of the extremely high external surface areas
of MOF NPs and the attractive mechanical properties (stretchability, elasticity, and toughness) of
polymeric matrices.’’® Such combinations will inevitably lead to a rich spectrum of material
properties and functionalities, in part due to the tunable chemistry of MOFs as well as polymers.
Specifically, we anticipate a diverse range of MOF NP derived stimuli-responsive materials will
emerge as important building components for flexible sensors, adaptive membranes, and artificial

skin (Figure 6.3). Moreover, hierarchical materials composed of self-assembled MOF NP building

blocks are hypothesized to exhibit properties unique from those demonstrated with conventional



184
inorganic NPs owing to their porosity, tailorable host-guest interactions, and chemical and physical

modularity. For example, photonic crystals and optoelectronic devices may result from the
combination of guest molecules coupled with 3-D ordered arrays of MOF NPs.%% 27" Thus far, few
examples of ordered structures have been prepared from MOF NP building blocks, all of which
are entropically driven to form closed packed assemblies.®>%% 257 On the contrary, enthalpically
driven assembly strategies are predictable and modular tools for assembling inorganic NPs into a

huge library of well-defined architectures.?’® MOF-based PAEs offer tremendous potential as
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Figure 6.3. Creation of dynamically responsive, structurally sophisticated, and highly
functional nanoparticle superlattice crystals.

responsive and reconfigurable nanoparticle cores inside DNA-assembled superlattices.
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Specifically, chemical or physical stimuli will first interact with MOF nanoparticles to induce a

response, which could involve chemical, electronic, or structural changes, that will be amplified
within the hybrid superlattice. MOF nanoparticles constructed from hard, redox-inert,
coordinatively saturated metal ions (e.g. AI**, Ti*', Zr*") will be targeted initially, as high-valent
metal ions impart sufficient chemical stability to the MOF so that it will be stable during standard
DNA attachment reactions under aqueous conditions. Targeted organic linkers will include
porphyrins, tetraazamacrocycles, and metal-salen units that will allow for the incorporation of
redox active metal ions into catalytic MOFs. In addition, we will work to incorporate flexible metal
clusters that undergo structural, magnetic or electronic changes in response to external cues, such
as light, an applied magnetic or electric field, or an applied mechanical force. In addition to the
synthesis of new types of responsive superlattices, these materials are expected to exhibit
dynamically tunable properties with relevance to switchable magnets, tandem catalysts that can be
turned on and off on-demand, and optical switches.>”*-?®! For instance, Au nanoparticles can act as
antennae to collect and convert photons to heat through a plasmonic response. '3 177 182183 Thjg

heat can then be transferred to the MOF NPs to modulate phenomena such as magnetic order,

electronic conductivity, catalytic atom transfer, and the binding of gas molecules.

6.5 Conclusion and Final remarks

The modular synthesis of chemically addressable nanomaterials, such as MOF NPs,
represents a powerful approach to realize desirable functionalities based on rational design and
bottom-up assembly of molecular components. We believe that research on MOF NPs can lead to
a new generation of smart materials that offer solutions to important issues concerning energy, the

environment, and human health.
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