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General Introduction

Dialysis

Dialysis is a renal replacement therapy for patients with severe renal insufficiency.
This technology provides artificial assistance to compensate for impaired renal function.
Two types of dialysis are typically employed: hemodialysis and peritoneal dialysis.
Hemodialysis is a procedure in which blood flows through a machine (dialyzer) equipped
with a hollow fiber membrane to remove waste products from the blood.! Blood flows inside
the hollow fiber membrane, while the dialysate, which contains nutrients necessary for the
body, flows outside the membrane. The two liquids are indirectly contacted through the
dialysis membrane, and waste products are exchanged between them via molecular
diffusion (dialysis action) and discharged from the body. However, because dialysis is based
on a weak driving force (molecular diffusion) to remove waste products, the removal of high-
molecular-weight waste products or waste products that are strongly bound to plasma
proteins is difficult. Therefore, another therapy (hemodiafiltration) is occasionally used
along with the hollow fiber membrane, wherein waste products are further removed through
an adsorption column containing an adsorbent.2 Peritoneal dialysis, on the other hand, uses
the recipient’s own peritoneum as a dialysis membrane, instead of the hollow fiber
membrane, to remove waste products from blood.3 Dialysis achieved by this procedure can
be slower than hemodialysis and is not physically demanding for the recipients; however, it
not as efficient as hemodialysis in terms of removing waste products.

According to the Japanese Society for Dialysis Therapy, there are approximately
330,000 hemodialysis recipients and approximately 10,000 peritoneal dialysis recipients in
Japan, as of 2018. The number of dialysis recipients has been increasing annually.4
Furthermore, the number of patients with chronic renal insufficiency has been alarmingly
increasing in China and India; these patients are potential recipients of dialysis. However,

conventional dialysis has certain technological limitations. The most challenging



bottleneck involves the inability to remove certain types of waste products. These products
remain and gradually accumulate within the body,? which can lead to uremia and increase
the risk of other complications and multiple organ failure. Therefore, innovative dialysis

technology is required to efficiently remove these waste products.



Protein-bound uremic toxins

The accumulation of waste products that cannot be removed by conventional
dialysis technologies can lead to uremia and increased risk of mortality. The causative
substances of uremia are uremic toxins, such as urea. They are broadly classified into three
different categories: low molecular weight, medium molecular weight, and protein-bound
uremic toxins. ¢ Low-molecular-weight (<500) uremic toxins are predominantly water-
soluble. Typical low-molecular-weight uremic toxins include urea and creatinine. Most
uremic toxins are classified as low-molecular-weight uremic toxins; however, these uremic
toxins can penetrate the dialysis membrane and only be removed over an extended duration
of dialysis. The second category involving medium-molecular-weight uremic toxins
primarily comprises peptides and proteins with molecular weights ranging from 500 to
60,000. For example, B2-microbrin is effectively unremovable through conventional
hemodialysis because of its molecular weight of 11,800. Medium-molecular weight uremic
toxins are typically removed through a dedicated adsorbent column and a hemoadsorption
device.” The third category involves protein-bound uremic toxins (PBUTSs), which have a low
molecular weight and can strongly bind to plasma proteins.

Among these uremic toxins, PBUTs are the most challenging to remove (Figure 1).
Indoxyl sulfate, p-cresyl sulfate, and hippuric acid are typical examples of PBUTs. They
strongly bind to albumin, a major protein in blood. Albumins are transport proteins that are
highly abundant in blood; they assist in adsorbing and transporting useful substances such
as water, inorganic ions (e.g., Na, Ca, and K), fatty acids, and hormones around the body.
Because albumins adsorb PBUTS to their binding sites instead of these useful substances,
they not only increase the plasma concentration of uremic toxins, but also inhibit the
circulation of these useful substances. For example, indoxyl sulfate is a typical PBUT that
1s produced from indole via absorption in the intestinal tract, metabolization by cytochrome
P450 (CYP) in the liver, and sulfation by SULT1A1.8 Indoxyl sulfate is known to strongly
bind to albumin at binding site IT among the multiple binding sites (Figure 2).° The binding
site II has both hydrophilic functional groups, such as amino and hydroxyl groups, and
hydrophobic functional groups, such as phenyl and methyl groups. Its sulfonyl group, for

instance, is hydrogen-bonded to Try-411, which is subsequently surrounded by the amino



groups of Arg-410 and firmly adsorbed onto albumin within binding site II. The binding force
between albumin and indoxyl sulfate is extremely strong. Harsh conditions, including basic
conditions (pH > 12) and temperatures of 60 °C or higher, are required to completely detach
indoxyl sulfate from albumin. p-Cresyl sulfate and hippuric acid are also known to bind to
albumin at binding site II.

The increasing accumulation of PBUTs accelerates renal failure and enhances the
risk of additional complications. Moreover, patients with renal insufficiency who receive
medication may be exposed to increased drug toxicity, because urinary toxins bound to
albumins prevent the dominant carrier proteins of drugs from binding to the compounds
and delivering them to cells and increasing the free drug concentration in blood.1? Therefore,
efficient removal of PBUTSs is crucial for these patients. However, conventional dialysis
technologies typically resort to prolonged dialysis or higher dialysis doses to remove PBUTsS,
although these techniques are physically and temporally demanding for recipients.
Therefore, the urgent development of technologies for the efficient removal of PBUTSs is

extremely vital.
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Figure 1. Structures of representative protein-bound uremic toxins (PBUTs): (a) Indoxyl

sulfate, (b) p-cresyl sulfate, and (c) hippuric acid.6

Human serum albumin (HSA) Indoxyl sulfate in HSA

Figure 2. Binding of indoxyl sulfate to human serum albumin®



Porous adsorbents for dialysis

Various porous adsorbents have been investigated for the efficient removal of
PBUTs from blood. Kremezin, an oral activated-carbon adsorbent, can adsorb uremic toxin
precursors prior to being absorbed in the gastrointestinal tract, and excretes them to inhibit
the accumulation of uremic toxins in the body.l! A study on the possible application of
Kremezin as an adsorbent for hemodialysis is ongoing.!2 Kremezin is known to be capable
of rapidly removing uremic toxins, including indoxyl sulfate. However, activated-carbon
adsorbents have certain significant shortcomings involving the adsorption of other valuable
components, including anticoagulants (heparin and platelets), and exhibiting insufficient
adsorption capacity.'3 A novel membrane known as the “mixed matrix membrane” has been
developed to avoid this shortcoming. This membrane contains porous adsorbents in the
hollow fibers of the dialysis membrane to prevent the adsorption of valuable components.14
However, the adsorption capacity exhibited by this technology is inadequate, which
necessitates the development of porous materials with larger adsorption capacities. Zeolite
1s an inorganic porous adsorbent that can be used as an alternative candidate for this
technology.15 Zeolite is a crystalline aluminosilicate with uniform micropores, and can
selectively adsorb uremic toxins according to their specific sizes owing to its extremely small
pore diameter (approximately 0.3—1.0 nm). In addition, zeolite is capable of adsorbing
PBUTs on its positively charged surface via electrostatic interaction.6 However, zeolite also
does not exhibit an appreciable adsorption capacity for uremic toxins.

Conventional porous adsorbents, such as activated carbon and zeolite, have
insufficient capacity to adsorb PBUTs. This is because these porous adsorbents rely solely
on weak adsorption interactions, such as Van der Waals forces and hydrophobic interactions,
and fail to effectively leverage specific and directional adsorption interactions, such as n—n
interactions and hydrogen bonds. Moreover, conventional porous adsorbent technologies
cannot precisely and freely achieve nano-level control of adsorption sites in the adsorbents;
therefore, the design of adsorption sites that can utilize these different adsorption

Interactions in a concerted manner is challenging.



Metal-organic frameworks

Metal-organic frameworks (MOFs) are a collective designation for crystalline
porous compounds with high periodicity that are constructed via coordinate bonds between
metal ions and organic ligands (Figure 3).17 MOFs are superior to conventional porous
materials in their properties, and can be employed to realize a wide variety of structures via
infinite combinations of metal ions and organic ligands. MOF's can be rationally designed at
the nano level in terms of pore structure, specific surface area, and active sites for reactions.
Furthermore, the chemical properties of the pores within the constructed MOFs can be
freely adjusted using post-synthetic modification techniques. These materials have an
excellent degree of freedom in design and are unrivaled by other porous materials.18 In
addition, the structures of MOFs can be experimentally analyzed and determined using
single-crystal X-ray crystallography because of their crystallinity. Crystal structures have
been determined for tens of thousands of MOFs and registered in a database. The
accumulated corpus of the structural data can be used to precisely predict the affinity of
different MOF crystals to guest molecules and to tentatively design MOF structures that
are likely to develop desirable characteristics.l® Therefore, MOFs exhibit a tremendous
potential in various fields such as gas adsorption, gas storage, catalysis, and sensing.
However, conventional MOFs are vulnerable to water and bases, and only a few MOF's have
been applied as adsorbents and separating materials in the liquid phase. Nonetheless,
MOFs containing polynuclear metal clusters as central metals have been recently found to
be highly stable in water, and the use of MOFs as liquid-phase adsorbents has been

attracting attention.
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Figure 3. Various metal—organic frameworks (MOF's)
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MOFs comprising zirconium as the central metal cluster (“Zr-MOF”), in particular,
are stable in water and under acidic, and high-temperature conditions. They can be
employed as highly effective adsorbents and separators in liquid phases, especially in
water.20 The structure of Zr-MOFs is constructed by coordinate bonding between an organic
ligand with multiple carboxyl groups and a hexanuclear Zr—oxo cluster (“Zrs-Node”), in
which six Zr atoms are bridged with eight oxygen atoms (Figure 4). This particular Zr-MOF
can presumably be used as an effective liquid-phase adsorbent because of the following
characteristics:

(i) Stability in water and high resistance under acidic conditions (stable even at a pH of 1.0
in HCI)

(i) High specific surface area (> 2,000 m2/g) and high associated adsorption capacity.

(ii1) Freely controllable pore size (5-50 A)

(iv) High reusability and excellent mechanical strength that protects the structure from

multiple deteriorating adsorption—desorption cycles.



(v) Presence of hydroxy and hydroxo groups on the Zrs-Node, which can form hydrogen bonds
with guest molecules.
(vi) Ability to introduce any functional group with high affinity to a guest molecule on the

Zre-Node or ligand.

Zrg-Node

H,TBAPy

Figure 4. Structures of a representative (a) Zr-based MOF (NU-1000), (b) Zrs-Node, and an

(¢) organic linker.



Mechanism of liquid-phase adsorption in Zr-MOFs

The mechanism of liquid-phase adsorption in Zr-MOF must be comprehensively
understood to realize its effective use as a porous dialysis adsorbent. Liquid-phase
adsorption by Zr-MOF is divided into two types, based on the use of metal oxoanions or
organic molecules as guest molecules. The adsorption mechanism and analysis techniques
differ between the two types of liquid-phase adsorption. For example, certain metal
oxoanions containing radioactive heavy metals can adsorb hazardous metal ions on Zr-MOF
and discharge them from the liquid phase. Furthermore, Zr-MOF exhibits an excellent
ability for metal-ion removal among several other MOFs.21 When a metal oxoanion is the
guest molecule, the coordinate bond between the Zrs-Node of Zr-MOF and the metal ion
drives adsorption. For example, single-crystal X-ray crystallography of the liquid-phase
adsorption of ReO4~ on Zr-MOF (NU-1000) has revealed that ReOs~ coordinates with the Zrs-
Node in two different binding modes: multidentate and single-locus.212 As described above,
the liquid-phase adsorption of metal ions by Zr-MOF is primarily derived from the
coordinate bonds of the metal ions on the Zrs-Node; moreover, the metal ions have a higher
electron density. Therefore, single-crystal X-ray crystallography can be remarkably effective

for MOF analysis.
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Figure 5. Crystal structure of NU-1000 after ReO4~ ion capture. (a) Chelating perrhenate
binding motifs directed toward the small pore (Re1A). (b) Chelating perrhenate binding
motifs directed into the mesopore (Re2A). (c) Disorder of nonchelating perrhenate ions
bound to the node of NU-1000 at the positions of the terminal —OH group. Two
crystallographically unique positions (B and C) exist at each position, with one disordered
mode between two positions, C and C*. (d) Nonchelating perrhenate binding sites with
RelB and RelC pointing into the small pore, and Re2B and Re2C pointing into the

mesopore. 21a
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When an organic molecule is the guest molecule, the intermolecular interactions
between the Zr-MOF ligand and the guest molecule play an important role in liquid-phase
adsorption. For instance, the n—n interactions between tetraphenylpyrene, a Zr-MOF (NU-
1000) ligand, and the guest molecule were proven to be a critical driving force for the liquid-
phase adsorption of phenols such as lignin by Zr-MOF (NU-1000) (Figure 6).22 Organic
molecules are less likely to be adsorbed on Zr-MOF and have a lower electron density than
that of metal ions. In addition, single-crystal X-ray crystallography is unlikely to be effective
for elucidating the adsorption mechanism of these systems owing to the flexible and
disordered structures of organic molecules. Therefore, different approaches based on
indirect analyses, including adsorption isotherms and density functional theory (DFT)-
based structural optimization calculations, are typically combined to investigate the
adsorption mechanisms. However, unlike X-ray crystallography, these approaches cannot
determine the absolute configurations of guest molecules. Because of technical limitations,
elucidating the predominant interactions between the various parts of MOFs with guest

molecules has been difficult.

(A) 4-Hydroxybenzaldehyde (C) Vanillin (E) Syringaldehyde (G) 5-Hydroxymethylfurfural

(B) 4-Hydroxybenzoic acid (D) Vanillic acid (F) Syringic acid (H) Furfural

Figure 6. Optimized geometries of aromatic—pyrene supersystems. The gray, black, red, and
white components represent carbon atoms of aromatic compounds, carbon atoms of pyrene

units, oxygen atoms, and hydrogen atoms, respectively.
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Purpose of this research
Although MOFs are known to be capable of adsorbing liquid-phase uremic toxins,

their specific adsorption mechanisms, including adsorption sites and driving forces, have
not been reported.23 The present study aimed at elucidating the mechanism by which MOFs
adsorb liquid-phase PBUTs to develop MOF's capable of efficiently adsorbing uremic toxins,
and pave the way for using MOFs as dialysis adsorbents.

Chapter 1 comprehensively describes an investigation of several synthesized Zr-
MOFs with different ligand types, connectivities, and topologies. The ability of Zr-MOFs to
adsorb PBUTs were evaluated herein, and a Zr-MOF (NU-1000) containing
tetraphenylpyrene as a ligand was found to exhibit significant adsorption capacity. The Zr-
MOF was thoroughly probed by single-crystal X-ray crystallography and DFT-based
structural optimization calculations to identify adsorption sites in the NU-1000 pores for
the uremic toxins. Two adsorption sites were identified inside the pores of NU-1000, which
were found to facilitate hydrogen bonding with hydroxyl groups on the Zr cluster (Zrs-Node)
and n—r interactions with tetraphenylpyrene, the ligand, in a concerted manner. Therefore,
the high uremic-toxin-removal ability of NU-1000 was attributed to multipoint interactions
between the Zr cluster and ligands. Furthermore, NU-1000 was found to be capable of
competitively removing and adsorbing uremic toxins from human serum albumin, thereby
indicating its tremendous potential as a dialysis adsorbent.

Chapter 2 describes a further investigation on the driving forces for adsorption at
the two adsorption sites of NU-1000 (Sites 1 and 2). Isothermal titration calorimetry (ITC)
was employed to derive the thermodynamic parameters for identifying these forces. ITC
assists in directly detecting changes in the amount of heat associated with intermolecular
interactions in a solution, and accurately measuring changes in entropy and enthalpy
during adsorption. Another Zr-MOF, NU-1010, where Site 2 had a ligand with lower n—=n
interactions than that of NU-1000, was synthesized to distinguish the two adsorption sites
in the pores of NU-1000; ITC assisted in deriving the relevant thermodynamic parameters.
The results revealed changes in both entropy and enthalpy in NU-1000, whereas only
change in entropy was observed in NU-1010. This result indicated the occurrence of entropy-

driven interactions in Site 1 (e.g., hydrophobic interactions) and enthalpy-driven
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interactions in Site 2 (e.g., hydrogen bonds and n—n interactions). The formation of a
hydrophobic field in the Zr-MOF pores was found to be crucial for enabling the efficient

adsorption of liquid-phase uremic toxins.

Entropy-driven Enthalpy-driven
Binding Site Binding Site

Figure 7. Outline of this research: (a) Zr-MOF investigated for the removal of protein-bound
uremic toxins from human serum albumin. (b) Isothermal titration calorimetry (ITC) to

investigate the adsorption of uremic toxins onto Zr-MOF.
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Chapter 1

Zirconium-Based Metal-Organic
Frameworks for the Removal of
Protein-Bound Uremic Toxins from

Human Serum Albumin

Abstract

Uremic toxins often accumulate in patients with compromised kidney function,
such as those with chronic kidney disease (CKD), leading to major clinical complications,
including serious illness and death. Sufficient removal of these toxins from the blood
increases the efficacy of hemodialysis, as well as the survival rate, in CKD patients. The
Iinteractions between an adsorbent and uremic toxins must be understood for designing
effective materials capable of removing these toxic compounds. Herein, the adsorption
behavior of three uremic toxins (p-cresyl sulfate, indoxyl sulfate, and hippuric acid) were
examined in a series of zirconium-based metal-organic frameworks (MOFs). The pyrene-
based MOF, NU-1000, was found to exhibit the highest toxin-removal efficiency among the
investigated MOFs. Other Zr-based MOFs without extended aromatic systems, featuring
surface areas and pore sizes comparable to those of NU-1000, exhibited considerably lower
toxin-removal efficiencies. Single-crystal X-ray diffraction analyses (SCXRD) assisted by
density functional theory (DFT) calculations revealed that the high adsorption capacity of
NU-1000 can be attributed to highly hydrophobic adsorption sites sandwiched between two
pyrene linkers and the hydroxyl groups and water molecules on the Zrs nodes, which are

capable of hydrogen bonding with the polar functional groups of the guest molecules.
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Furthermore, NU-1000 almost completely removed p-cresyl sulfate from human serum
albumin (HSA), a protein that these uremic toxins bind to in the body. These results offer

design principles for developing potential MOF candidates for uremic toxin removal.

19



Introduction

The accumulation of uremic retention solutes induces serious complications in
patients with chronic kidney disease (CKD), a condition affecting approximately 14% of the
general population.! High-concentration uremic retention solutes are referred to as uremic
toxins because of their toxicity to several physiological systems, which causes health issues
such as organ failure.2 p-Cresol, a well-studied uremic toxin synthesized by enteric bacteria,
disrupts a wide variety of biological activities such as endothelial dysfunction and the
suppression of respiratory burst action in the blood. In addition, most p-cresols conjugate
with sulfates in the submucosal tissue via the action of sulfotransferases.32 Therefore, p-
cresyl sulfate accumulates via organic anion transporters and enhances the production of
reactive oxygen species in renal tubular cells, resulting in cytotoxicity.3b Uremic toxins are
typically divided into several groups based on molecular weight and plasma-protein-binding
characteristics. Several small-molecule uremic toxins, such as p-cresyl sulfate, indoxyl
sulfate, and hippuric acid, primarily bind to the human serum albumin (HSA) transport
protein in human blood.* These protein-bound uremic toxins (PBUTs) possess an aromatic
moiety and an ionic functional group, which enable binding to several adsorption sites on
HSA via electrostatic interactions and/or van der Waals forces.> Accordingly, these
interactions prevent the efficient removal of PBUTSs through conventional extracorporeal
renal replacement therapies, such as a hemodialysis.6 Several porous adsorbents targeting
PBUTs have been reported, including activated carbon,” zeolites,1! and composite
membranes.12-14 However, these materials generally lack selectivity and/or efficiency;?8.13
for example, activated carbons remove not only the protein-bound and solvated uremic
toxins but also other useful molecules such as pharmaceuticals, because the adsorption
mechanism relies solely on unselective van der Waals interactions.’® Furthermore,
Investigations on activated-carbon materials, which are amorphous, have been limited to
indirect analysis methods such as adsorption isotherms and kinetic tests or molecular
simulations for elucidating the adsorption behavior. Crystalline adsorbents, on the other
hand, facilitate direct structural characterization of adsorbates by single-crystal X-ray
diffraction (SCXRD) analysis, thereby enabling the determination of binding motifs and the

design of superior adsorbent materials. Unlike other classes of porous crystalline materials,
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metal-organic frameworks (MOFs) have exceptional tunability, which facilitates systematic
investigations and the incorporation of a host of functionalities. MOFs are composed of
inorganic nodes bridged by multi-topic organic linkers.16-18 Several MOFs have been
developed for the removal of water-soluble uremic toxins in an aqueous solution, such
ascreatinine.!8 Zrs-based MOFs, in particular, exhibit high chemical stability in aqueous
media, and have been tailored for various applications!® in areas such as gas storage,20 gas
separation,?! catalysis,?223 drug delivery,2¢ and water remediation.25 Moreover, the
crystalline nature of MOFs permits the unambiguous structural determination of the
installed compounds through crystallographic techniques. The binding motifs of various
oxyanions in MOFs have been observed and characterized by SCXRD analysis.26 However,
comparatively fewer investigations have been conducted on the interactions between
organic adsorbates and adsorbents, and even fewer on competitive adsorption. Therefore, a
series of Zr-based MOFs were employed herein as PBUT adsorbents, and the adsorption
behavior of various uremic toxins in an MOF were probed through a combination of direct

and indirect analyses.
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Experimental section
Materials

All chemicals were used as received from suppliers. Milli-Q water (Millipore) was
used for these experiments. Potassium p-cresyl sulfate, potassium indoxyl sulfate, and
hippuric acid were purchased from Enamine, Alfa Aesar, and Sigma Aldrich, respectively.
High-performance liquid chromatography—gas chromatography (HPLC—GC)-grade
acetonitrile (Sigma Aldrich) and potassium dihydrogen phosphate (KH2PO. Strem

Chemicals) were used as the mobile phase for all the HPLC experiments.

Synthesis of MOF's
Synthesis of Ui0-66.27 ZrCls (125 mg, 0.54 mmol) and 1,4 benzene dicarboxylic acid (123

mg, 0.75 mmol) were dissolved in 15 mL of dimethylformamide (DMF) and sonicated until
a clear solution was obtained. HCI (1 mL, 12 M) was subsequently added to the solution,
which was sonicated for a further 5 min. The resultant mixture was heated to 80 °C in a
preheated oven for 18 h. After cooling to 25 °C, the product was separated from the mother
solution by centrifugation (10 min, 3,200 RCF). The MOF material was washed with DMF
(three times, 15 mL each) and subsequently with acetone (three times, 15 mL each), and
finally soaked in 15 mL of acetone for 18 h. The material was placed in a vacuum oven at

70 °C prior to activation at 120 °C under vacuum.

Synthesis of Ui0-67.27 ZrCls (67 mg, 0.27 mmol) and 4,4’ biphenyl dicarboxylic acid (90 mg,
0.38 mmol) were dissolved in 15 mL of DMF. HC1 (0.5 mL, 12 M) was added to the milky
solution, and the mixture was sonicated further. The resulting mixture was subsequently
placed in a preheated oven at 80 °C for 18 h. After cooling to 25 °C, the material was
separated from the mother solution by centrifugation, washed with DMF (three times, 15
mL each) and acetone (three times, 15 mL each), and subsequently soaked in 15 mL of
acetone for 18 h. The resulting material was placed in a vacuum oven at 70 °C prior to

activation under vacuum at 120 °C.
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Synthesis of UiO-NDC. 27 ZrCls (67 mg, 0.27 mmol) and 2,6 naphthalene-dicarboxylic acid
(80 mg, 0.38 mmol) were dissolved in 15 mL of DMF. HCI (0.5 mL, 12 M) was subsequently
added to the solution, which was sonicated for a further 5 min. The resultant mixture was
subsequently placed in a preheated oven at 80 °C for 18 h. After cooling to 25 °C, the material
was separated from the mother solution by centrifugation, and the powder was washed with
fresh DMF (three times, 15 mL each) and acetone (three times, 15 mL each) prior to

activation under vacuum at 120 °C.

Synthesis of PCN-608-OH.22 The  4,4-dihydroxybiphenyl-3,3'5,5"-tetrakis(4-
carboxyphenyl)-1,1"-biphenyl (TPCB-OH) linker was synthesized using previously reported
procedures. 29 ZrCls (20 mg, 0.10 mmol) was dissolved in 2.5 mL of DMF and heated for 1 h
in a preheated oven at 80 °C. Trifluoroacetic acid (TFA) (100 pL, 1.31 mmol) was
subsequently added to the solution, which was cooled to 25 °C prior to the dissolution of
TCPB-OH (10 mg, 0.015 mmol) and sonication for 15 min. The solution was maintained at
120 °C for 48 h. The resulting powder was washed with fresh DMF (three times, 15 mL each),
acetone (three times, 15 mL each), and ethanol (three times, 15 mL each). The sample was

activated by supercritical COz drying prior to thermal activation in a vacuum oven at 80 °C

for 18 h.

Synthesis of NU-1010. The 3,3',5,5'-tetrakis(4-carboxyphenyl)-1,1'-biphenyl (TCPB) linker
was synthesized using previously reported procedures. 29 ZrCls (20 mg, 0.10 mmol) was
dissolved in 3 mL of DMF and heated for 1 h in a preheated oven at 80 °C. After cooling to
room temperature, trifluoroacetic acid (TFA) (100 pL, 1.31 mmol) was added, and the
solution was cooled to 25 °C prior to the dissolution of TCPB (10 mg, 0.016 mmol) and
sonication for 15 min. The solution was maintained at 120 °C for 48 h. The resulting white
powder was washed with fresh DMF (three times, 15 mL each), acetone (three times, 15 mL
each), and ethanol (three times, 15 mL each). The sample was activated by supercritical CO2

drying prior to thermal activation in a vacuum oven at 80 °C for 18 h.
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Synthesis of NU-1000.28> 4,4°,4"",4"""-(pyrene-1,3,6,8-tetrayl)tetrabenzoate (HisTBAPy) was
synthesized using previously reported procedures. 28> ZrOClz- 8H20 (200 mg, 0.618 mmol)
and benzoic acid (4.00 g, 0.033 mol) were dissolved in 16 mL of DMF and heated for 1 hin a
preheated oven at 80 °C. After cooling to room temperature, trifluoroacetic acid (TFA) (160
pL, 2.09 mmol) was added, and the solution was cooled to 25 °C prior to the dissolution of
H4TBAPy (80 mg, 0.117 mmol) and sonication for 15 min. The solution was maintained at
100 °C for 24 h. After cooling to room temperature, a yellow material was isolated by
centrifugation (10 min, 4,900 rpm) and washed with fresh DMF (three times, 15 mL each),
with ~1 h of soaking between washes. The resulting yellow powder was suspended in 24 mL
of DMF, followed by the addition of 1.0 mL of 12 M aqueous HCI. The mixture was heated
in an oven at 100 °C for 18 h. After cooling to room temperature, the resulting powder was
washed with fresh DMF (three times, 15 mL each) and acetone (three times, 15 mL each),
with ~1 h of soaking between washes; the powder was soaked in acetone for an additional
18 h. NU-1000 crystals were collected by centrifugation and dried in an oven at 80 °C for 5

h, and subsequently thermally activated in a vacuum oven at 100 °C for 24 h.

Synthesis of NU-901.3% Zr(acac)4 (97 mg, 0.199 mmol) and 4-aminobenzoic acid (3.00 g,
0.022 mol) were dissolved in 8 mL of DMF and heated for 1 h in a preheated oven at 80 °C.
After cooling to room temperature, H4TBAPy (40 mg, 0.059 mmol) was dissolved and
sonicated for 15 min. The solution was maintained at 100 °C for 18 h. After cooling to 25 °C,
a yellow material was isolated by centrifugation (10 min, 4900 rpm) and washed with fresh
DMF (three times, 15 mL each, with ~1 h of soaking between washes. The resulting yellow
powder was suspended in 12 mL of DMF, to which 0.5 mL of 12 M aqueous HC] was added.
The mixture was heated in an oven at 100 °C for 18 h. After cooling to room temperature,
the resulting powder was washed with fresh DMF (15 mL each, three times) and acetone
(15 mL each, three times), with ~1 h of soaking between the washes; the powder was soaked
in acetone for an additional 18 h. NU-901 powder was collected by centrifugation and dried
in an oven at 80 °C for 5 h, and subsequently thermally activated in a vacuum oven at 100 °C

for 18 h.
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Synthesis of NU-1200.31 4,4’,47-(2,4,6-Trimethylbenzene-1,3,5-triyl)tribenzoic acid (TMTB)
was synthesized using previously reported procedures. 31 ZrOClz- 8H20 (35 mg, 0.109 mmol)
was dissolved in 5 mL of DMF and heated for 1 h in a preheated oven at 80 °C. After cooling
to room temperature, trifluoroacetic acid (TFA) (0.5 mL, 6.53 mmol) was added and cooled
to room temperature, prior to the dissolution of TMTB (20 mg, 0.042 mmol) and sonication
for 15 min. The solution was maintained at 120 °C for 72 h. After cooling to room
temperature, a yellow material was isolated by centrifugation (10 min, 4,900 rpm) and
washed with fresh DMF (three times, 15 mL each), with ~1 h of soaking between washes.
The resulting yellow powder was suspended in 10 mL of DMF, to which 0.25 mL of 12 M
aqueous HCl was added. The mixture was heated in an oven at 120 °C for 18 h. After cooling
to 25 °C, the powder was washed with fresh DMF (15 mL each, three times) and acetone (15
mL each, three times), with ~1 h of soaking between washes; the powder was soaked in
acetone for an additional 18 h. NU-1200 powder was collected by centrifugation, dried in an

oven at 80 °C for 5 h, and thermally activated in a vacuum oven at 100 °C for 18 h.

Synthesis of MOF-808.32 ZrOClz- 8H20 (80 mg, 0.248 mmol) was dissolved in 10 mL of DMF
and heated in a preheated oven at 80 °C for 1 h. After cooling to room temperature, formic
acid (10 mL, 0.265 mol) was added, and the solution was cooled to room temperature prior
to the dissolution of trimesic acid (50 mg, 0.238 mmol) and sonication for 30 min. The
solution was heated to 100 °C for 5 d. After cooling to room temperature, the resulting white
powder was centrifuged (10 min, 4900 rpm) and washed with fresh DMF (three times, 15
mL each), with ~1 h of soaking between washes. DMF was added to the resulting suspension
to prepare a 20-mL solution, to which 0.5 mL of 12 M aqueous HCI was added. The mixture
was heated in an oven at 100 °C for 18 h. After cooling to 25 °C, the resulting powder was
washed with fresh DMF (three times, 15 mL each) and acetone (three times, 15 mL each),
with ~1 h of soaking between washes; the powder was soaked in acetone for an additional
18h. MOF-808 powder was collected by centrifugation, dried in an oven at 80 °C for 5 h, and
subsequently thermally activated in a vacuum oven at 150 °C for 24 h. The Brunauer—
Emmett-Teller (BET) surface areas of the synthesized MOF's are summarized in Figure 1-2

and Table 1-1, and their powder X-ray diffraction (PXRD) patterns are shown in Figure 1-3.
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Methods

Powder X-ray diffraction (PXRD). PXRD patterns were obtained using an ATX-G (Rigaku)
instrument equipped with an 18-kW copper rotating anode X-ray source. Approximately 3
mg of the sample was loaded onto a sample holder and mounted on the instrument. Samples

were recorded in a 0 range of 2°-20° at a scan rate of 2°/min and a step size of 0.05°.

Nitrogen (N2) sorption isotherms. N2 sorption isotherms were collected using a
Micromeritics Tristar IT 3020 instrument at 77 K. Prior to the measurements, the samples
were activated overnight on a Smart VacPrep port by heating at the desired temperature
under vacuum. Density functional theory (DFT)-calculated pore size distributions were
obtained using a carbon slit-pore model with a kernel, based on a molecular statistical

approach. At least 20 mg of the material was used for the sorption measurements.

High-performance liquid chromatography (HPLC). HPLC measurements were performed
using an Agilent 1100 HPLC system equipped with a binary pump, column thermostat, auto
sampler, and diode-array absorbance detector (DAD), using an Ascentis C18 HPLC column
(5-um particles, 150 mm x 4.6 mm I.D.). The reverse-phase HPLC assay of p-cresyl sulfate
was performed via isocratic elution at a flow rate of 1.0 mL/min, column temperature of
40 °C, mobile phase of acetonitrile and water (35: 65 v/v %), and detection wavelength of 230
nm. The assays of indoxyl sulfate and hippuric acid were performed using a mobile phase of
0.02 mM KH2PO4 and 0.002 mM 1-pentasulfonic acid (pH 4.50) at detection wavelengths of
270 nm and 230 nm, respectively. Sample volumes of 100 ul. were injected into the

chromatographic system for all the HPLC experiments.

Single-crystal X-ray diffraction (SCXRD). SCXRD measurements were performed using a
Bruker Kappa APEX II CCD diffractometer equipped with a Mo Ka (A = 0.71073 A) InS
microsource with MX optics. A single crystal was mounted on a MiTeGen micromesh with
paratone oil. The structure was solved using direct methods (SHELXT-2014/5)39 and refined
by full-matrix least-squares refinements on F2 (SHELXL-2017/1)40 using the Yadokari-XG

software package.4! The disordered non-coordinated solvents were removed using the
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PLATON SQUEEZE program.42 The locations and occupancies of the sulfate sites were

determined by structural refinement. The refinement results are summarized in Table 1-2.

DFT calculations. All DFT calculations were performed using the Gaussian 16 package43
with the M06-L density functional and def2-SVP basis set. The SDD effective core potential

was applied to Zr atoms. A DFT-D3 dispersion correction with zero damping was applied.

Screening for p-cresyl sulfate removal. In a typical experiment, 1.5 mg of a MOF sample
was immersed in 2.5 mL of a 0.1 mM aqueous potassium p-cresyl sulfate solution in a 1.5-
dram glass vial. The solutions were placed in an oven at 24 °C for 24 h to achieve saturation
uptake. After 24 h, the samples were filtered through a Sartorius Minisart syringe filter
(PVDF membrane, 0.45 pm). The initial and equilibrium concentrations of p-cresyl sulfate
in each solution were measured using an Agilent 1100 HPLC system. The removal efficiency

of p-cresyl sulfate was calculated using eq 1:
Ci—Cr
Removal (%) = —— %100 (1)

where Ci and Crrepresent the initial and final concentrations, respectively.

Adsorption site analysis. Single crystals of NU-1000 were soaked in an aqueous solution of
potassium prcresyl sulfate (5.0 mM) at room temperature for 24 h for examination by
SCXRD. The locations of the adsorbed sulfates were determined in the SCXRD analysis by
first locating and refining the NU-1000 framework atoms, followed by evaluating the
residual electron densities. The (Fo—F.) difference Fourier maps (Figures 1-6 and 1-10)
clearly show the site positions of ‘SO3’ of the sulfates. However, the rest of the structure is
difficult to model and refine because of the highly disordered nature of the aromatic ring
compared to the high symmetry of the rest of the crystal. Therefore, DFT calculations were
performed to further examine the locations of these guest molecules. The second step
involved performing geometry optimization of the p-cresyl and indoxyl sulfates, based on
the SCXRD data, in the Gaussian 16 package43 using the M06-L density functional and def2-

SVP basis set. The positions of the framework atoms were obtained from the experimental
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crystal structures and fixed during the optimization. Proper truncations of the distant atoms
were implemented to reduce the system size, while maintaining neutral charge for the entire
system and substituting protons for the potassium cations. The proton topologies of the Zrs
nodes were constructed based on a previous study.2? For p-cresyl sulfate, the positions of the
sulfur atoms were also fixed in accordance with the SCXRD experimental data, whereas the
other atoms were added and allowed to move. The structure of hippuric acid was constructed
by replacing an adjacent pair of OH and OHz groups on the node with deprotonated hippuric
acid through coordination between two Zr atoms and the carboxylate group. The geometry
optimization was performed in a similar manner as described above, in which the entire
hippuric acid molecule was not fixed and allowed to relax. The coordinates of all the
optimized structures are available in the Supporting Information (DOI:

10.1021/jacs.8b12525).

Kinetic isotherm studies. The uptake of uremic toxins was investigated as a function of
time by conducting kinetic studies, wherein 6 mg of NU-1000 was exposed to 10 mL of 0.1
mM aqueous uremic toxin solution (potassium prcresyl sulfate, potassium indoxyl sulfate,
or hippuric acid) in 6-dram vials. The solutions were placed in an oven at 24 °C in an oven.
Aliquots of 1.5 mL were drawn at predetermined durations using a 0.45-pm PVDF syringe
filter. The removal efficiency was measured as a function of time using an HPLC system and

calculated using eq 1.

Adsorption isotherm studies using NU-1000. Adsorption isotherms were constructed by
exposing 1.5 mg of NU-1000 to 2.5 mL of aqueous solutions (or 0.2 M NaCl solutions)
containing varying concentrations of uremic toxins in 1.5-dram vials. The solutions were
placed in an oven at the desired temperature (297, 303, or 310 K) for 24 h to realize
saturation uptake. After 24 h, the samples were filtered using a 0.45-pm PVDF filter syringe.
The initial and equilibrium concentrations were measured using the Agilent 1100 HPLC
setup, and the amounts of uremic toxin uptake, Q (mg of uremic toxins per gram of MOF),

were determined at each point according to eq 2:
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Q=(Ci—C)xy @

where V is the volume of the solution exposed to NU-1000 (2.5 mL) and m is the mass of
NU-1000 in grams (1.5 X 1073 g).

The adsorption isotherms of uremic toxin adsorption on MOFs were described by either the
Langmuir or Freundlich models, which are expressed by eq 3 and 4, respectively. The
Langmuir equation yields the Langmuir equilibrium constant (Ki) and adsorption capacity

(Qe) corresponding to each uremic toxin.

_ KpxXQmaxXxC
Qe = 1+Kp%xC (3)
Qe (mgg™) = Kp x CM/™ @)

where Q. (mg g1 is the amount adsorbed per unit amount of adsorbent at equilibrium,

Qmax 1s the maximum uptake, and C is the residual concentration of the adsorbate.

Adsorption isotherm investigation of HSA. Adsorption isotherm analyses of HSA were
conducted by exposing 50 mg of HSA to 1.0 mL of an aqueous solution of 0.2 M NaCl
containing the designated concentration of potassium p-cresyl sulfate in 1.5-dram vials. The
solution was placed in an oven at 310 K for 24 h to achieve saturation uptake. After 24 h,
the sample was filtered and centrifuged at 1,000 RCF for 15 min using an ultrafiltration
device (ultracel PL. membrane, 30 kDa, Millipore Sigma) to allow the MOF to settle. The
initial and equilibrium concentrations were measured using the Agilent 1100 HPLC setup,
and the amounts of uremic toxin uptake, Q (mg of uremic toxins per gram of HSA), were

determined at each point according to eq 2.

Removal of p-Cresyl sulfate from HSA (competitive adsorption). Competitive adsorption
studies were performed by adding 50 mg of HSA to 1 mL of 0.2 M NaCl containing 20 pg of
potassium p-cresyl sulfate in a 2-dram vial. The solution was placed in an oven at 310 K for
24 h to ensure saturation uptake, and a designated amount of NU-1000 was added to this

solution, which was subsequently placed in the oven. After 24 h, the sample was divided into
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two portions, with one half being filtered and centrifuged at 1,000 RCF for 15 min using an
ultrafiltration device (ultracel PL. membrane, 30 kDa, Millipore Sigma), and the other half
being heated to 100 °C for 5 min and centrifuged at 3,200 RCF for 5 min. The aliquot was
filtered using a 0.45-pm PVDF filter syringe. The residual concentrations were measured

by HPLC, and the removal efficiency was evaluated as a function of time using eq 1.
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Results and discussions
Screening of Zre MOF's for the removal of p-cresyl sulfate

The relationships between the structural differences of MOFs and their
adsorption behavior were examined by selecting nine Zrs-based MOFs with varying linker
structures, topologies, and connectivities (Figurel-1). The MOF materials were synthesized
following previously reported procedures, except for the newly synthesized NU-1010; details
of the syntheses are summarized in the Experimental Section. The Nz isotherms and PXRD
patterns of the MOFs are shown in Figure 1-2 and Table 1-1, and Figure 1-3, respectively.
Ui0-66, Ui0-67, and UiO-NDC (Figure 1-1b) consist of 12-connected Zrs nodes bridged by
the 1,4-benzenedicarboxylate (BDC), biphenyl-4,4-dicarboxylate (BPDC), and 2,6
naphthalenedicarboxylate (NDC) linkers, respectively.2” NU-1000,26 NU-1010, and PCN-
608-OH29 consist of 8-connected Zrs nodes bridged by the 4,4'.4".4"-(pyrene-1,3,6,8-
tetrayltetrabenzoate (TBAPy), 3,3'.5,5"-tetrakis(4-carboxyphenyl)-1,1'-biphenyl (TCPB),
and 3,3',5,5'-tetrakis(4-carboxyphenyl)-4,4'-dihydroxybiphenyl (TCPB-OH) tetratopic
linkers, respectively, to generate structures with a csq net topology. NU-901 contains the
same linker and nodes as NU-1000; however, the torsion angles in the linker crystallize NU-
901 in a different topology (scu) than that of NU-1000.30 NU-1200 contains 8-connected Zrs
nodes bridged by 4',4"-(2,4,6-trimethylbenzene-1,3,5-triyl)tribenzoate (TMTB) linkers to
yield a the net topology.3! MOF-808 contains 6-connected Zrs nodes bridged by tritopic
trimesate linkers to afford an spn topology.32

The MOF materials were selected, based on the presence of an aromatic ring and
an 1onic functional group in the structures of uremic toxins, to exploit two types of
interactions with the adsorbate: (1) hydrophobic interactions with the linker and (2)
electrostatic interactions with the Zrs node.33 The UiO-NDC system should exhibit a higher
toxin uptake than that of UiO-66 and UiO-67 if the n—r interactions dominate, because of
its larger m-conjugated system. Additionally, if the hydroxyl ligands on the Zrs node exhibit
strong interactions with the uremic toxins, MOF-808, which possesses the highest number

of hydroxyl groups per node (12) among the MOFs, should exhibit a high uptake.
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Figure 1-1. Structures of (a) the Zrs node core, (b) linkers for Ui0-66, Ui0-67, and UiO-
NDC, (c) linker for MOF-808, (d) linker for NU-1000 and NU-901, (e) linker for NU-1010,
(f) linker for PCN-608-OH, (g) linker for NU-1200, and (h) Zrs-based MOFs grouped by
topology. Green, red, and gray colors represent Zr, O, and C, respectively. Hydrogen

molecules have been omitted from the structures clarity.
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Figure 1-2. N2 isotherms at 77 K and DFT-calculated pore size distributions of Zrs-MOFs:
(a and b) Ui0-66 (red), UiO-67 (green), and UiO-NDC (blue); (c and d) NU-1000 (red), NU-
1010 (green), and PCN-608-OH (blue); (e and f) MOF-808 (red), NU-901 (green), and NU-
1200 (blue).

33



Table 1-1. N; isotherm data and topologies of Zrs-MOFs

Surface area Pore size*  Connectivity Removal
Adsorbent Topology

/ m2 g1 /A / %
Ui0-66 1685 + 25 15.9 12 feu 2.1+0.5
Uio-67 2505+ 15 23.4 12 feu 4.7+1.0
UiO-NDC 1960 + 30 20.0 12 feu 3.3+1.0
PCN-608-0OH 1910 £ 15 29.5 8 csq 4.6+2.0
NU-1010 1780 £5 29.5 8 csq 29.0£2.0
NU-1000 21405 29.5 8 csq 94.0 +£2.0
NU-901 23455 12.0 8 scu 79.3+2.0
NU-1200 2105+ 10 21.6 8 the 6.3+0.5
MOF-808 1710 + 80 17.2 6 spn 6.2 +4.0

*The largest pore size has been provided for MOFs with a hierarchical structure.
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Figure 1-3. PXRD patterns of Zre-MOFs: (a) Ui0-66 (red), UiO-67 (green), and UiO-NDC
(blue); (b) NU-1000 (red), NU-1010 (green), and PCN-608-OH (blue); (c) MOF-808 (red),

NU-901 (green), and NU-1200 (blue).
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Figure 1-4 shows the removal efficiency with respect to a potassium p-cresyl
sulfate solution at a concentration of 0.1 M, which simulates the blood of CKD patients.338
The corresponding molar uptakes are shown in Figure 1-5. Under these conditions, NU-1000
exhibits the highest uptake by removing 94% of p-cresyl sulfate in the solution (Figure 1-4).
The uptake of UiO-NDC (3.3%) was unexpectedly found to be nearly identical to that of UiO-
66 (2.1%) and UiO-67 (4.7%). Interestingly, the uptake of the 6-connected MOF-808 (6.2%)
and NU-1200 (6.3%) are significantly lower than that of a few 8-connected MOFs (NU-1000,
NU-901, and NU-1010). However, PCN-608-OH and NU-1010, which have high surface
areas and identical csq topologies and/or connectivities, exhibit significantly lower uptakes
than that of NU-1000. Furthermore, NU-901, which contains the pyrene-based linker,
exhibits the second highest uptake (79%) among the MOFSs, despite having the smallest
pores/channels (Table 1-1). Slight variations in the torsion angles in the structures of the
linkers could sufficiently perturb the MOF—toxin interactions to disrupt analyte adsorption.
These results suggest a complex mechanism that relies on multiple structural factors that

govern the adsorption behavior of p-cresyl sulfate in MOF's.

35



100

80
2 60 |
e 40

2 |

0

]
FFFS LSS SO
RN SN O R A T RS

\}.
Q'C)
Figure 1-4. Removal efficiencies of 1.5 mg of MOF in a 0.1 mM aqueous solution of potassium

prcresyl sulfate (pH ~6.5; orange, blue, and red colors represent the 12-, 8-, and 6-connected

MOFs, respectively).

0.4
w03 }
2
o
E
© 02}
g 0
a 0.1 F
-]
0
€ S F LSS
0\0 \5\0 O & 0,'\ \)’N ‘\\)‘ \‘)"\ OQ'
N (}@ ] SR
Q

Figure 1-5. Removal efficiencies per mole of 1.5 mg of MOF in a 0.1 mM aqueous solution of

potassium p-cresyl sulfate (pH = 6.5; orange, blue, and red colors represent 12-, 8-, and 6-

connected MOFs, respectively).
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Analysis of adsorption sites
The adsorption mechanism of p-cresyl sulfate in MOFs was elucidated using the
NU-1000 MOF, which was noted to readily adsorb the uremic toxin; moreover, its ability to
grow single crystals suitable for SCXRD was recognized. Single crystals of NU-1000 were
soaked in a potassium p-cresyl sulfate solution for the SCXRD analysis (Table 1-2). However,
the highly diffuse and disordered aromatic region of p-cresyl sulfate hinders the extraction
of positions (Figure 1-6). Therefore, the stable structure of p-cresyl sulfate was extracted

using DFT calculations based on the SCXRD data (Experimental Section).
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Table 1-2. Crystallographic data of NU-1000-C7HgO3S and NU-1000-CsH7NO4S

Formula

Formula weight
Temperature (K)
Wavelength (A°)
Crystal system

Space group

a(A°)

b (A°)

c(A°)

BC)

VA3

Z

Calcd Density (g/cm3)
n (mm-7)

F(000)

Crystal size (mmS3)
Total reflection number
Unique reflection number
Rint

Goodness of fit

Ri1 [1>26(D]

wR2 (all reflection)

CCDC deposition number

NU-1000-C7HgOsS
Cgs Hyy Osg Zrg S2
2288.67

100(2)

0.71073
Hexagonal
P6/mmm (no.191)
39.403(6)
39.403(6)
16.379(3)

90

22023(8)

3

0.514

0.245

3396

0.025 x 0.025 x 0.020

30841

4114

0.2491

1.025

0.0980

0.2989

1868049

NU-1000-CsH7NO4S

Css Hyy O3 Zrg S2
2288.67

100(2)

0.71073
Hexagonal
P6/mmm (no.191)
38.964(2)
38.964(2)
16.861(11)

90

22169(29)

3

0.514

0.245

3396

0.025 x 0.025 x 0.020

30841

4114

0.2491

1.025

0.0980

0.2989

1868048
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The associated CIF data files were deposited in the Cambridge Crystallographic Data
Centre (CCDC) under deposition numbers CCDC-1868048 and 1868049. The data can be
obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif (or from the Cambridge

Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.).
Response to A level check cif alerts for the NU-1000-C7HsOsS single crystal:

Alert level A

1.

THETMO1 ALERT 3 A The value of sine(theta_max)/wavelength is less than 0.550
Calculated sin(theta_max)/wavelength = 0.5156

2.

PLAT430 ALERT 2 A Short Inter D...A Contact O3 .09 . 1.89 Ang.
X,y,Zz = 1_555 Check

PLAT430_ALERT_2_A Short Inter D...A Contact 04 .07 . 2.22 Ang.
X,y,Zz = 1_555 Check

PLAT430 ALERT 2 A Short Inter D...A Contact O5 .010 . 2.24 Ang.
V,X,Z2 = 22555 Check

PLAT430 ALERT 2 A Short Inter D...A Contact O5 .010 . 2.24 Ang.
X,y,Zz = 1_555 Check

PLAT430_ ALERT 2 A Short Inter D...A Contact 06 .08 . 2.38 Ang.
yx,1-z = 9_556 Check

PLAT430 ALERT 2 A Short Inter D...A Contact 06 .08 . 2.38 Ang.
x,y,l-z = 14_556 Check

Response:

1. Diffraction spots from high angles were extremely weak for this material despite several
attempts at data collection. The high temperature and vacuum conditions required for
sample preparation would damage the crystal quality.

2. There is Ilikely a hydrogen bonding interaction between them. In addition, the location of
the guest molecule could have some positional disorders.

Response to A level check cif alerts for NU-1000-CsH7NO4S single crystal:
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Alert level A

1. THETMO1_ALERT 3_A The value of sine(theta_max)/wavelength is less than 0.550
Calculated sin(theta_max)/wavelength = 0.4881

Response:

1. Diffraction spots from high angles were extremely weak for this material despite several
attempts at data collection. The high temperature and vacuum conditions required for

sample preparation would damage the crystal quality.

Figure 1-6. (Fi—F) contoured Fourier maps around the Zrs-node constructed using the
sulfate-omitted crystallographic information file (CIF) of NU-1000-C7Hg0sS using ShelXle
softwareS” (contours from —0.45 to 0.45 eA-9). (a) Structure of NU-1000, with viewing
directions shown for clarity. The gray, red, and light green spheres represent C, O, and Zr
atoms, respectively. The 3D contoured maps around the Zrs-node correspond to views along
the (b) [1-10], (¢) [110], and (d) [001] directions. The green and red colors represent positive

and negative, respectively.
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Figure 1-6 indicates that the p-cresyl sulfates are located in two different locations
at approximately the same occupancy within NU-1000. Figures 1-7c and 1-8 show that, in
both cases, the average O-O distances from the hydroxyl/water group on the Zrs-node to the
sulfonyl moiety of p-cresyl sulfate in the triangular pore and the hexagonal mesopore are
estimated to be 2.37 A, a distance indicative of hydrogen bonding. The p-cresyl sulfate in
the large hexagonal mesopore (Site 1) is perpendicular to the pyrene region, and interacts
with the phenyl substituent of the pyrene linker at a distance appropriate for m—=
interactions (4.24 A).34 In contrast to Site 1, p-cresyl sulfate in the triangular small pore
(Site 2) lies parallel to the pyrene region (Figure 1-7c) and interacts with two neighboring

pyrene linkers (5.20 A) (Figure 1-8¢).

AT R R, Toiea” R,

@ site1 @ Site2

Figure 1-7. (a) Crystal structure of NU-1000 viewed along the c-axis and (b) an orthogonal
view of NU-1000 prior to p-cresyl sulfate exposure (the adsorption sites are depicted by
colored ovals). (c) Optimized geometry of the p-cresyl-sulfate—pyrene and Zrs node domains
after the adsorption of p-cresyl sulfate. Only one orientation of p-cresyl sulfate has been
extracted at each site, and potassium counterions and hydrogen molecules have been

omitted for clarity.
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(a) (c) ®:
Cg(11) I ®-

o LN S

g 5.20A : P~
Cg(2)

(b) (d)

pos

237A

1 Cy(21)

237A

Figure 1-8. Optimized geometries of the NU-1000—p-cresyl sulfate system, where Cg(x)
represents the geometric center of the aromatic ring; the distances between (a) p-cresyl
sulfate and the phenyl group of pyrene in Site 1, (b) oxygen on the Zrs-node and the oxygen
of the sulfonyl group in Site 1, (¢) p-cresyl sulfate and the phenyl groups of pyrenes in Site

2, and (d) oxygen on the Zrs-node and the oxygen of the sulfonyl group in Site 2 are shown.
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d,[Cg(G)-P(L)]

Cg(L)
P(L)

Figure 1-9. Definitions of n—m interactions between the host and guest molecules,S8 where

d [Cg(L)-Cg(G)] represents the distance between the geometric centers of Cg(L) and Cg(G),
d | [Cg(x)-P(x)] represents the distance between Cg(x) and plane x. a represents the
dihedral angle between planes L and G, B represents the angle formed by the vector
Cg(1)—Cg(G) and the line perpendicular to plane G, and y is the angle formed by the
vector Cg(G)—Cg(L) and the line perpendicular to plane L.

Table 1-3. Geometric parameters corresponding to n—r interactions in NU-1000—p-cresyl

sulfate.
dlCg-Cg(@] d.[Cg@)-P(@*  d.[Cg(@)-PI)*]
Rings al® B/° y/°
/A /A /A
Cg(1)-Cg(11) 4.240 4.060 3.616 19.00 16.76 31.48
Cg(2)-Cg(21) 5.196 2.739 4.581 30.75 58.19 28.16

* P(x) : plane of aromatic ring.
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The SCXRD analyses and DFT calculations of indoxyl sulfate as an adsorbate
(Table 1-2 and Figure 1-10) similarly reveal nearly identical hydrogen bonding and n—n
interactions between indoxyl sulfate and NU-1000 (Figure 1-11) compared with those of p-
cresyl sulfate and NU-1000. These results reveal the importance of electrostatic and n—n
interactions as factors in uremic toxin adsorption and hint at the significance of maximizing
these interactions through meticulous design of the MOF topology for capturing p-cresyl

sulfate.

(b) the view along [1-10]

erlapped
omatic rings

Figure 1-10. (F,-Fc) contoured Fourier maps around the Zrs-node calculated based on the sulfate-
omitted CIF of NU-1000-CsH7NO.4S using ShelXle software (contours from -0.75 to 0.75 eA-3). (a)
Structure of NU-1000 with viewing directions shown for clarity. The gray, red, and light green
spheres represent C, O, and Zr atoms, respectively. The 3D contoured maps around the Zrs-node
correspond to views along the (b) [1-10], (c) [110], and (d) [001] directions. The green and red

colors represent positive and negative, respectively.
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(a) (c)

@
@
Cg(41) ®-
Cg(42) &_}\' @
3.89A 1 538A @
(b) (d)
1 o
247 A 2.75A

Figure 1-11. Optimized geometries of NU-1000—indoxyl sulfate, where Cg(x) represents the
geometric center of the aromatic ring; the distances between (a) indoxyl sulfate and the
phenyl group of pyrene in Site 1, (b) oxygen on the Zrs-node and the oxygen of the sulfonyl
group in Site 1, (c) p-indoxyl sulfate and the phenyl group of pyrene in Site 2, and (d)

oxygen on the Zrs-node and the oxygen of the sulfonyl group in Site 2 are shown.

Table 1-4. Geometric parameters corresponding to n—n stacking interactions in NU-1000—

indoxyl sulfate.

d[Cg(L)-Cg(G)]  di[Cg(L)-P(G)*] d.[Cg(G)-P(L)*]

Rings a/°  B/° vy/°
/A /A /A

Cg(3)-Cg(31) 3.867 3.477 3.796 30.76 2595 11.00

Cg(3)-Cg(32) 4.769 4372 3,793 3142 23.64 3731

Cg(4)-Cg(41) 3.889 3.471 3.051 9.46 26.80 38.30

Cg(4)-Cg(42) 5379 3.337 3.039 9.81 51.66 55.60

* P(x) : plane of aromatic ring.
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The high uptake of p-cresyl sulfate by NU-1000 is specifically caused by the highly
hydrophobic adsorption sites sandwiched between two pyrene linkers and the adjacent
hydroxyl group on the Zrs nodes that are capable of hydrogen bonding with the ionic
functional groups of the adsorbates, all of which are carefully positioned (geometric
parameters corresponding to the n—rn interactions are summarized in Tables 1-3 and 1-4—.
Consequently, the UiO-type MOFs and MOF-808 with insufficient n—conjugated systems
and/or hydroxyl groups on Zrs nodes exhibit low uptakes of p-cresyl sulfate. Although NU-
1200 has large pore sizes that facilitate rapid diffusion, possible steric repulsion between p-
cresyl sulfate and the methyl group on the linker can prevent adsorption in NU-1200.

The influence of the structure of the MOF linker on uptake was examined by
comparing NU-1000, NU-1010, and PCN-608-OH (Figure 1-12). These three MOFs have
identical (4,8)-connected networks with csq net topologies and similar porosities; however,
only NU-1000 exhibits a high removal efficiency. NU-1010 has smaller n—conjugated linkers,
and its uptake efficiency is only 29% because the n—n interactions of p-cresyl with biphenyl
at Site 2 are weaker than those with pyrene. Moreover, the linker in PCN-608-OH is
structurally similar to that in NU-1010, except that the 4,4’-positions of the biphenyl are
substituted with a hydroxyl group. Consequently, the uptake decreases to 4.6%, presumably

because of the steric hindrance caused by the hydroxyl groups.
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MQOFs Linkers Adsorption sites | Removal (%)
Nu-1000 2 sites 94%
NU-1010 1 site 29%

PCN-608-OH 0 sites 4.6%

¢ = adsorption site

Figure 1-12. Proposed rationalization of the observed uptakes based on a comparison of the
structures of linkers, and the predicted number of adsorption sites of p-cresyl sulfate in

csgnet MOFs.
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Kinetic and adsorption isotherms

The effects of the structure of uremic toxins on adsorption behavior were examined
by comparing the adsorption behavior of two other uremic toxin adsorbates: indoxyl sulfate
(as a K+ salt) and hippuric acid (Figure 1-13). These uremic toxins are also known to typically
bind to proteins. Figure 1-13b shows the removal efficiency of 0.1 mM uremic toxins by NU-
1000. NU-1000 removes more than 70% of p-cresyl sulfate in solution within only 1 min.
This rapid uptake can be attributed to the large aperture and pore volume of NU-1000,
which facilitate the facile diffusion of p-cresyl sulfate. In addition, the uptake of indoxyl
sulfate and hippuric acid reaches more than 98% in 1 min, suggesting stronger interactions
between these two adsorbates and NU-1000 compared with those with p-cresyl sulfate. The
adsorption isotherms of these uremic toxins in NU-1000 are shown in Figure 1-14, and the
corresponding Langmuir plots are shown in Figure 1-15. The observed Type I isotherms
exhibit a similar trend to previously reported adsorption isotherms of uremic toxins in

zeolites!! and activated carbon.12

(a) (b)
9}0‘ K
O/S\‘o O -
o-s 2K 100 Jl.._-—-
O “
N\ 80 - potassium
N 2 1 p-cresyl sulfate
CHj H “_; 60 F 100 -+ potassium
. ; = 80 indoxyl sulfate
potassium potassium o 3 R
. €40 | 60 -& hippuric acid
p-cresyl sulfate indoxyl sulfate 2 40
20
0 20 r 0
OH 012345
N 0 - :
0 0 100 200 300
Time / min
hippuric acid

Figure 1-13. (a) Structures of the investigated uremic toxins, and (b) the removal efficiency

of 6 mg of NU-1000 as a function of time in 0.1 mM aqueous solutions of uremic toxins at

297 K and a pH of 6.5.
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Figure 1-14. Adsorption isotherms of the NU-1000—uremic toxin systems at 297, 303, and

310 K: (a) potassium prcresyl sulfate, (b) potassium indoxyl sulfate, and (c) hippuric acid.

The isotherm data fits are generated using the Langmuir parameters listed in Table 1-5.
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Figure 1-15. Langmuir and Freundlich plots of the NU-1000—uremic toxin systems at 297,

303, and 310 K: (a and b) p-cresyl sulfate, (c) indoxyl sulfate, and (d) hippuric acid. The

adsorption isotherm of p-cresyl sulfate was fitted by the Freundlich model at 310 K (Figure

1-14b). The dashed lines correspond to the isotherms replicated by the Langmuir and

Freundlich parameters listed in Tables 1-5 and 1-7, respectively.
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Figure 1-16 indicates that, after the adsorption of p-cresyl sulfate, the DFT-
calculated pore size of the large hexagonal mesopore derived using the N2 isotherm at 77 K
slightly shifts from 29.5 At027.3 A, and the BET area decreases from 2140 + 5 m?2/g to 1860
+ 15 m?2/g. This decrease can be attributed to the adsorption of p-cresyl sulfate in NU-1000
(Figure 1-17). Similar reductions in the porosity are also observed in the NU-1000—indoxyl
sulfate and NU-1000-hippuric acid adsorption systems (Figure 1-16).

Importantly, the PXRD spectra in Figure 1-18 reveal that the crystallinity of the
material is retained after adsorption, which indicates its potential for straightforward
recycling. We conducted to confirm the facile regeneration of this adsorbent, which is crucial
in terms of environmental sustainability and commercial feasibility. To recover NU-1000
after the adsorption experiments, 20 mg of NU-1000 was activated with 0.5 mL of 8 M HCI
in 24 mL of a DMF solution for 10 h at 80 °C, followed by washing with water (10 mL X five
times); the regenerated NU-1000 was reused for subsequent adsorption experiments (Figure
1-20). The adsorption—desorption cycles were successfully repeated three times, and the

high removal efficiency of NU-1000 was retained in the regenerated MOFs.
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Figure 1-16. (a and b) Nz isotherms of the NU-1000 and NU-1000-p-cresyl sulfate at 77 K
and DFT-calculated pore size distributions before and after the adsorption of p-cresyl
sulfate on NU-1000; the BET area decreases from 2140 + 5 m?/g to 1860 + 15 m2/g. (c and
d) N2 isotherms at 77 K and DFT-calculated pore size distributions before and after the
adsorption of indoxyl sulfate on NU-1000; the BET area decreases from 2140 £+ 5 m2/g to
1520 £ 25 m?/g. (e and f) N2 isotherms at 77 K and DFT-calculated pore size distributions
before and after the adsorption of hippuric acid on NU-1000; the BET area decreases from
2140 = 5 m?/g to 1250 + 30 m?/g.

51



NU-1000-
p-cresyl sulfate P

PRy A PO N N srmanns?  Mtistsmsmrmn s s tratmpesrisrsiitog st oo et et et o0 e e AN

8.00 0.85 1.12

p-cresyl sulfate ) A m

NOWNTTEVRINROU U es Pt it v

Lo
NU-1000 ;“ f | |

NSRS . W T—"

Il
(l
|

8.5 8.0 7.5 7.0 6.5
ppm

Figure 1-17. Representative tH-NMR spectra of NU-1000—p-cresyl sulfate, p-cresyl sulfate,
and NU-1000 after dissolution in a D2SO+/DMSO solution.
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Figure 1-18. PXRD patterns of NU-1000 before and after exposure to a 0.1 mM potassium

pcresyl sulfate solution.
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Figure 1-19. Recyclability test of NU-1000 for p-cresyl sulfate removal at 297 K in water.
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The effects of the structure of uremic toxins on their adsorption behavior were
further elucidated using adsorption isotherms in NU-1000 obtained at 303 and 310 K
(Figure 1-14). The adsorption equilibrium data were evaluated using the Langmuir
equation,? and the Langmuir parameters — Langmuir adsorption equilibrium constant
(K1) and Langmuir adsorption capacity (Qmax) — were determined using the transformed
isotherm data (Table 1-5). The value of Ki corresponding to p-cresyl sulfate slightly
decreases from 10.6 to 1.8 mM-! at 297 K and 303 K, respectively. The adsorption isotherm
of p-cresyl sulfate at 310 K is almost linear, which best fits the Freundlich model (R2=0.992,
Figure 1-15b),36 indicating that the n—n interactions between NU-1000 and p-cresyl sulfate
are weakened at elevated temperatures. In contrast to the Ki values of p-cresyl sulfate, Ku
corresponding to indoxyl sulfate remains relatively constant (170-194 mM-1) with
increasing temperatures. This is likely a consequence of the strong n—n interactions between
the indole moiety and the pyrene linker of NU-1000, which was confirmed through SCXRD
analysis (Figure 1-11). The value of K. corresponding to hippuric acid drastically increases
from 197 to 703 mM~! with increasing temperatures, presumably because of the thermal
energy promoting the exchange of hydroxyl groups on the Zrs-node with hippuric acid. This
effect has also been observed in other molecules containing carboxylic acid functional groups
through solvent-assisted ligand incorporation (SALI) reactions (Figure 1-20).37 This
exothermal effect clarifies the fact that hippuric acid is also efficiently removed by the other
investigated MOFs (Figure 1-21). The lowest energy configuration of hippuric acid in NU-
1000 was calculated by DFT, assuming that carboxylic acid coordinates to the Zrs node
(Figure 1-22). The calculations indicate that hippuric acid can interact with the pyrene
linker in a similar manner to that of p-cresyl sulfate and indoxyl sulfate when bound to the
node. These analyses of adsorption isotherms confirm that Zre-based MOFs can efficiently

adsorb uremic toxins containing sulfate or carboxylic acid moieties.
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Table 1-5. Langmuir model parameters for uremic toxins in NU-1000

K/ Qumax / mg g1 NU- Qmax / mol mol-! nu-
Adsorbate Temperature / K

mM-1 a 1000° 1000 ©
Potassium 297 10.6 166 1.24
preresyl sulfate 303 1.8 440 3.30

310 - — -
Potassium 297 194 156 1.08
indoxyl sulfate 303 170 193 1.30
310 189 254 1.71
297 197 189 1.97
Hippuric acid 303 506 182 1.82
310 703 199 1.88

a Langmuir adsorption equilibrium constant b Adsorption capacity on a mass basis ¢
Adsorption capacity on a molar basis. KL and Qmax were calculated using the Langmuir

equation:

OH | OH,

| Ol
OH O

HzO—ZL{ Q~z—on  RCOOH= @Aﬁﬂr H0 Z{“*o-“‘f{“‘o

\ o N\ © / . N
—7r b P HQ——7-|-9 P R

Ho~=7 -3 VERr

\/ ad \/ - H:0 HO—Zr= T ~=7r—"
HO—Zr<_JH=7r—OH, [ O
o éH OH; OH
2

Figure 1-20. Schematic of the endothermic reaction of MOF-hippuric acid via solvent-

assisted ligand incorporation (SALI).
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Figure 1-21 Removal efficiencies of 1.5 mg of MOF in 0.1 mM aqueous solutions of (a)
potassium indoxyl sulfate and (b) hippuric acid (pH ~6.5); the orange, blue, and red colors
represent the 12-, 8-, and 6-connected MOFs, respectively.
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(a)

(b)

© C6) g7 ®c

Cg(61)

(d)
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Figure 1-22. Optimized geometries of the NU-1000-hippuric acid system, where Cg(x)

represents the geometric center of aromatic ring; (a) the distance between hippuric acid and

the phenyl group of pyrene in Site 1, (b) an orthogonal view of NU-1000-hippuric acid in

Site 1, (c) the distance between p-indoxyl sulfate and the phenyl group of pyrene in Site 2,

and (d) an orthogonal view of NU-1000-hippuric acid in Site 2 are shown.

Table 1-6. Geometric parameters corresponding to n—n stacking interactions in NU-1000—

hippuric acid.

d[Cg(l)-Cg(BG)]

d. [Cg(L)-P(G)*]

d . [Cg(G)—-P(L)*]

Rings A A A al® B/° y/°

C(5)-C(51)  3.806 3.777 3.573 13.59 7.08 20.15
C(6)-C(61)  5.162 4.776 3.429 28.93 22.30 48.37
C(7-C(61)  4.378 3.462 4.150 41.59 37.74 18.57

* P(x) : plane of aromatic ring.
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Predicted removal of p-cresyl sulfate from human serum albumin (HSA)

Approximately 80% of p-cresyl sulfate is bound to HSA in the plasma of CKD
patients (Figure 1-23).3.38 A comparable average of 82 + 5% is obtained in the present study
for prcresyl sulfate adsorbed on HSA in an initial concentration (Ci) range of 0.01-0.1
mM(Figure 1-24). The removal of p-cresyl sulfate from HSA was investigated using the NU-
1000 MOF. First, adsorption isotherms were constructed to elucidate the adsorption
behavior of prcresyl sulfate on HSA (Figure 1-23b). The Freundlich model was employed to
fit the adsorption data of the p-cresyl sulfate—HSA system HSA at 310 K. The Freundlich
parameters in Table 1-7 indicate that NU-1000 exhibits higher gravimetric uptake of p-
cresyl sulfate than that on HSA, and a larger adsorption constant, Kr. Moreover, the molar
uptake of each adsorbent was calculated (Figure 1-25). Additionally, NU-1000 was found to
maintain affinity to p-cresyl sulfate in the presence of competing salt ions in an aqueous

solution of 0.2 M NaCl (Figure 1-26).
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Figure 1-23. (a) Structure of HSA and (b) the adsorption isotherms of p-cresyl sulfate on NU-
1000 and HSA. C represents the residual concentration of potassium p-cresyl sulfate at 310

K and a pH of 6.5.
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Table 1-7. Freundlich model parameters of NU-1000 and HSA at 310 K for the adsorption

of potassium p-cresyl sulfate in an aqueous solution of 0.2 M NaCl.

Freundlich parameters per Freundlich parameters per
Adsorbent gram mole

Kra 1/nb Kre 1/nd
NU-1000 251 0.92 1.42 0.76
Human serum albumin

10 0.97 2.87 0.97

(HSA)

a Freundlich adsorption constant ((mg g-1)(I. mg-1)/n), b degree of nonlinearity and
adsorption intensity of the adsorbents, ¢ Freundlich adsorption constant ((mmol mol-1)(L

mmol-1)1n), d degree of nonlinearity and adsorption intensity of the adsorbents.
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Figure 1-24. Adsorption of p-cresyl sulfate on HSA in an aqueous solution of 0.2 M NaCl at
310 K and an HSA concentration of 50 mg/mL.
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Figure 1-25. Comparison of Freundlich plots representing the adsorption isotherms of p-
cresyl sulfate on NU-1000 and HSA at 310 K per mole. The molecular weight of NU-1000
(2160 g/mol) was used to calculate the uptakes per mole.
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Figure 1-26. Effect of competing salt ions on the affinity of NU-1000 to p-cresyl sulfate in

an aqueous solution of 0.2 M NaCl.
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Based on these results, a hypothesis was presented regarding the estimation of
the removal efficiency of p-cresyl sulfate from HSA, wherein the uptakes predicted using
the Freundlich parameters before competitive adsorption in the presence of salt were
compared with those experimentally obtained. Using the derived Freundlich parameters,
the predicted uptake for each adsorbent, Qe, can be obtained using eq 5, as follows:

Q. (mgg™) = Kp x C/7 (5)

where C is the residual concentration of p-cresyl sulfate, and 1/n is the degree of nonlinearity
(Table 1-6). Furthermore, the predicted adsorbed amount (Qm) can be calculated using eq 6
and 7:

Qe,NU-1000XMNU-1000
QmNU-1000 (%) = : x 100 (6)
m,NU-1000 Qe,NU-1000XMNU-10001 Qe HsAXMusa

Qm,]—ISA (%) = Qe HsaXMpysa % 100 7)

Qe,NU-1000XMNU-1000T Qe HsAXMHsA

where M is the amount of the adsorbent. The dashed lines in Figure 1-27 show the predicted
removal fraction of p-cresyl sulfate on each adsorbent (Musa = 50 mg, Mnu-1000 = 2.5, 10, 20,
and 30 mg, and C = 0.001-0.1 mM). The calculation predicts that 93% of p-cresyl sulfate can
be removed upon the addition of 20 mg of NU-1000. The reliability of the predicted p-cresyl
sulfate removal from HSA was examined by mixing 20 ug of p-cresyl sulfate with 50 mg of
HSA in 1.0 mL of an aqueous solution of 0.2 M NaCl at 310 K. After 24 h, various solutions
were prepared by adding different amounts of NU-1000, which were subsequently incubated
for an additional 24 h at 310 K. The amounts of unbound and HSA-bound p-cresyl sulfate
obtained after the competitive adsorption experiments were measured by HPLC (details in
the Experimental Section). As shown in Figure 1-27, the fractions of HSA-bound and
unbound p-cresyl sulfate decrease with increasing amounts of added NU-1000. The addition
of 20 mg of NU-1000 results in the removal of approximately 93% of the p-cresyl sulfate in
the solution, which is consistent with the predicted removal efficiency (93%). Table 1-8
indicates that the predicted values correlate well with the experimental values obtained via
the competitive adsorption experiments. Therefore, these results reveal the tremendous
potential of applying the adsorption isotherm data of the adsorbents for estimating the

removal efficiency of uremic toxins.
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Figure 1-27. Adsorption of p-cresyl sulfate in the presence of NU-1000 and human serum

albumin (HSA) at 310 K in an aqueous solution of 0.2 M NaCl. The dashed lines represent

the predicted fractions of adsorbed potassium p-cresyl sulfate on each adsorbent. The

squares represent the experimentally determined values at a pH of 6.5.

Table 1-8. Predicted and measured competitive adsorption data.

Amount of NU-1000

2.5 mg 5 mg 10 mg 20 mg 30 mg

HSA-bound-predicted 35+2% 20+2% 12+1% T+1% 4+0.5%
HSA-bound-measured 20+6% 10+1% 9+3% 3+2% 14£0.5%
NU-1000-bound-predicted 65+2% 80+2% 88+1% 93+1% 96+0.5%
NU-1000-bound-measured 68+6% 79+1% 86+3% 97+22% 99+1%
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Conclusions

The adsorption of p-cresyl sulfate was explored using nine Zrs-based MOFs. NU-
1000 exhibited the highest capacity of all the investigated MOFs. The combination of
SCXRD analyses and DFT calculations suggested that both electrostatic interactions with
hydroxyl groups on the Zre nodes, and n—m interactions with pyrene-based linkers play
important roles in the adsorption of p-cresyl sulfate. Furthermore, the two different
adsorption sites of NU-1000 in the large hexagonal mesopore (Site 1) and the small
triangular micropore (Site 2) were revealed. NU-1000 exhibited superior performance for
uremic toxin adsorption compared with that of MOFs with identical topologies, because p-
cresyl sulfate was presumed to interact with the highly hydrophobic adsorption sites
sandwiched between two pyrene linkers and the adjacent hydroxyl group on the Zrs nodes
that are capable of hydrogen bonding with the ionic functional groups of the adsorbates. The
Langmuir and Freundlich models were used to fit the adsorption isotherms of different
uremic toxins in the MOFs to calculate the adsorption parameters for obtaining kinetic
parameters. The calculated adsorption parameters were found to agree with the results of
SCXRD analysis. Finally, a method for predicting uremic toxin removal from HSA by MOFs
was described. The strong interactions, encompassing the - interactions with the pyrene-
based linker, and hydrogen bonding to the hydroxyl group on the Zrs-nodes, enable the
application of NU-1000 as an efficient adsorbent for the removal of PBUTs. This study
highlights important motifs that can facilitate highly efficient adsorption of PBUTs and

paves the way for similar novel materials.
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Chapter 2

Thermodynamic Investigation of
Uremic Toxin Adsorption on Zirconium-
Based Metal-Organic Frameworks

by Isothermal Titration Calorimetry

Abstracts

Metal-organic frameworks (MOF's) have attracted recent attention as sorbents for
the removal of pollutants and trace chemicals, such as pharmaceuticals, from aqueous media.
However, the energetics of the interactions between chemical toxins and MOF-based
sorbents have not been thoroughly examined. Therefore, the thermodynamic parameters
associated with the adsorption of uremic toxins (p-cresyl sulfate and indoxyl sulfate) onto
zirconium-based MOFs were quantified using isothermal titration calorimetry (ITC). NU-
1000, an MOF comprising a pyrene-based linker, possesses two distinct adsorption sites,
which were found to exhibit different binding affinities, one driven enthalpically and the
other entropically. ITC measurements revealed that a concerted interaction that embodies
favorable enthalpic and entropic contributions is critical for designing high-capacity MOF

adsorbents.
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Introduction

Uremic toxins accumulate in the bloodstream of patients suffering from kidney
failure and interfere with normal biological functions. For example, indole, a uremic toxin
that has been thoroughly investigated, is synthesized from tryptophan by tryptophanase in
intestinal bacteria such as Escherichia coli (E. coli).! Sulfotransferase catalyzes the
conjugation of indole and sulfate in the submucosal tissue to yield indoxyl sulfate, which is
typically excreted via urine. However, the reduced renal clearance in patients with uremia
results in elevated serum levels of indoxyl sulfate,? which are accumulated by organic anion
transporters; this enhances the production of reactive oxygen species in renal tubular cells,
which further increases the cytotoxicity.3 Additionally, several small molecules, such as
indoxyl sulfate, bind to the human serum albumin (HSA) transport protein in the blood. The
aromatic moieties and ionic functional groups of these protein-bound uremic toxins (PBUTSs)
are capable of interacting with various adsorption sites on HSA through van der Waals forces
and/or electrostatic interactions.43 A recent clinical study found that indoxyl sulfate
contributes to the onset of complications in patients who are on long-term hemodialysis to
treat chronic renal insufficiency.® Both uremic rats and human patients have shown
significantly elevated levels of indoxyl sulfate in the serum.2 The interactions between
uremic toxins and HSA are being examined to realize efficient strategies for uremic toxin
removal”8 Sakai et al. reported that uremic toxins bind to HSA via two distinct binding sites
that exhibit different binding affinities.® Moreover, Ghuman et al. revealed the importance
of hydrogen bonding between indoxyl sulfate and the pocket of subdomain IITA of HSA.10
The screening of porous adsorbents, such as activated carbon,!! zeolites,2'15 and composite
membranes!618 is being focused on for the removal of PBUTs. However, the binding
interactions between uremic toxins and adsorbents have not been comprehensively
characterized to date.

The crystallinity and remarkable chemical and thermal stability of zirconium-
based metal-organic frameworks (Zr-MOFs) were considered in selecting these porous
materials in the present study as a platform to characterize the binding interactions of
uremic toxins. MOFs comprise inorganic metal-oxide nodes and organic linkers that

assemble into multidimensional periodic lattices.!® The modular nature of MOFs affords

70



exceptional synthetic tunability and facilitates rational and systematic material design.20-21
The outstanding stability of Zr-MOFs in aqueous media has been exploited in various fields22
such as catalysis,23 separation,24 drug delivery,2® and chemical toxin removal.26 The efficient
removal of PBUTs by NU-1000, an 8-connected MOF consisting of Zrs-nodes and tetratopic
pyrene-based linkers, was previously reported by our group. Single-crystal X-ray diffraction
(SCXRD) analyses assisted by DFT calculations were used to demonstrate the efficient
extraction of uremic toxins by NU-1000 from aqueous media; however, the energetics of the
interactions between the toxins and MOFs could not be precisely examined (Figure 2-1).27
Therefore, a calorimetric technique compatible with MOFs was considered in the present
study to accurately and directly quantify the energetics of interactions.

Isothermal titration calorimetry (ITC), first described in the 1960s, facilitates the
simultaneous measurement of the association binding constant (X) and the heat of reaction
(AH).28 This technique was originally employed to examine acid-base equilibria and the
formation of metal complexes.29 Currently, ITC is frequently used to characterize the
thermodynamic properties of biochemically relevant ligand—receptor binding interactions
(e.g., protein-DNA or drug—enzyme).3032 This technique quantifies the amount of heat
absorbed or released during a chemical process, and enables the direct determination of
association binding constants (Kz), reaction stoichiometry (), and changes in the enthalpy
(4H), Gibbs free energy (4G), and entropy (45).33 Moreover, isotherms collected at varying
temperatures enable the determination of the heat capacity of the reaction, thereby
providing a complete thermodynamic profile of the molecular interactions.34

ITC has been recently employed to characterize the energetics of interactions
between chemical toxins and porous materials;35-36 however, the use of this technique to
examine adsorption in MOFs is in its infancy.37-39 The following arguments exemplify the
challenges that hinder the implementation of ICT in MOF research: (1) certain MOFs are
unstable in aqueous media; (2) heat changes associated with secondary processes can often
obscure the actual heat of interactions, because of heat being a global parameter;4 and (3)
chemical substrates may interact differently with pore surfaces (i.e., nodes and linkers in
MOFs) than with external crystallite surfaces owing to varying microenvironments.4!

Following extensive optimization, the type of adsorptive interactions between the PBUTSs
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[potassium p-cresyl sulfate (p-CS) and potassium indoxyl sulfate (IS)] and mesoporous Zr-

based MOFs were identified, and the thermodynamic parameters of these interactions were

quantified using ITC.
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Figure 2-1. Structures of isostructural Zres-based MOFs with the csq topology. Structures of
the (a) Zre-cluster node and the (b) tetratopic ligands. (c) Topological representation of csq
Zre-based MOF's. Optimized geometries of p-cresyl sulfate—pyrene and Zre-node domains
after the adsorption of p-cresyl sulfate at (d) Site 1 and (e) Site 2. Only one orientation of p-

cresyl sulfate has been depicted at each site, and potassium counterions and hydrogens have

been omitted for clarity.2?
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Experimental section
Materials
All chemicals were used as received from suppliers. Milli-Q water (Millipore) was
used in all the experiments. Potassium p-cresyl sulfate and potassium indoxyl sulfate were
purchased from Enamine and Alfa Aesar, respectively. Ultrapure™ 1 M Tris-HCI buffer (pH
7.5) was purchased from Thermo Fisher Scientific (Invitrogen). NU-1000, NU-1010, and
PCN-608-OH were prepared as described in Chapter 1.

Methods

Isothermal titration calorimetry (ITC). ITC experiments were performed using a VP-ITC
titration microcalorimeter (MicroCal Inc.). Prior to the titration experiments, MOF and HSA
samples were dialyzed in a 50 mM Tris-HC1 buffer solution (ionic strength = 0.15 M) using
a Slide-A-Lyzer™ MINI Dialysis Device for 24 h. Solutions of potassium p-CS and potassium
IS were filtered through a Sartorius Minisart syringe filter (PVDF membrane, 0.45 um). All
samples were degassed using a vacuum pump for 20 min. Titrations were performed by
Injecting a solution of potassium p-CS or potassium IS into the ITC sample cell containing
MOF suspensions or HSA solutions. All titrations were performed at a pH of 7.4 £ 0.1 in
aqueous buffer solutions under the following conditions: reference power of 10 pcal s,
initial injection delay of 600 s, stirring speed of 307 rpm, high feedback mode gain, spacing
between injections of 500 s, and filter period of 10 s. All the other conditions are listed in
Table S1, and all titration experiments were performed in triplicate. The thermodynamic
profile of each binding interaction was constructed by fitting the data to a single-site
interaction model. Heats of dilution for the uremic toxins were determined in control

experiments, and these were deducted from the integrated data prior to curve fitting.
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Theory of isothermal titration calorimetry

ITC has been extensively used for studying enzymatic systems, and can presumably be
applied to MOF systems. The ITC theory and the related mathematical formulation are
briefly discussed in this section. Comprehensive information regarding the ITC theory is
available elsewhere.35

The framework described by Lawrence Indyk et al.S3 was employed to describe the binding
of a single ligand(L; sulfate anion in the present study) with an MOF receptor (M; MOF
crystals in the present study), as follows:

[M] + n[L] = n[ML] (S1)

[M] + [L] = [ML] (S2)

where ML is a ligand-bound MOF complex and n represents the binding stoichiometry.
Only single-site independent binding and one-to-one binding were considered in the present
study (n = 1, eqn (S2)). Although MOF crystals, particularly NU-1000, have several binding
sites, the sites are thermodynamically identical and exhibit a similar affinity for sulfate ions.
The equilibrium association constant, K, is defined as

_[ML]

Ka = IMIL] (83)

where the terms in brackets represent the equilibrium concentrations of the respective
species. ML represents the MOF node with the ligands (sulfate anions) bound to it. The
expressions for the equilibrium constants (S3) can be combined with the following mass

balances of each component:

[Mr] = [M] + [ML] (S4)
and
[Ly] = [L] + [ML] (S5)

where [Mr1] and [Lr] are the total concentrations of the MOF and ligand in the calorimeter
cell, respectively. Eqn. (S4) and (S5) can be extended to any binding system of ligands. These
variables are employed because they represent known quantities in I'TC experiments, which
can be used to solve for some of the unknown quantities, such as [M] and [L], in terms of
[Mr] and [Lr]. The total amount of heat released per injection of the ligand, dQ, is the

dependent variable in ITC experiments, and is expressed as follows:
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dQ d[ML]

L]~ " d[Lg] (S6)

where V is the volume of the calorimetric cell and AH is the enthalpy of binding for the
formation of [ML]. The substitution of eqns (S3-5) into eqn (S6) results in AQ being
expressed explicitly in terms of Ki, AH, [M 1], and [L 1]. The integrated heat from each
injection can be fitted to a model as a function of molar ratio to determine the heat using
standard parameters (Ki, AH, and n) in a single experiment. The Gibbs free energy was
determined using its standard thermodynamic definition, AG = —RT/n(K), and the entropy
of adsorption, A4S, was calculated using the equation AG= AH - TAS.

The expanded form of eqn (S7) for independent binding that was used to fit the integrated

heat data from the ITC experiments is expressed as follows

Ll
df[if] _ %VAH 1— [Mr] Kq[Mr] ($7)
’ [Lr])? 1V (. 1
_ \/ (ep) +(+ moiry) — 211 (7~ i)
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Results and discussions

Preliminary ITC experiments were performed to investigate the energetics of
potassium p-CS and potassium IS adsorbed onto NU-1000 in Tris-HCI buffer at a pH of 7.4
(Figures 2-2 and 2-3; Tables 2-1 and 2-2). Prior to conducting the ITC measurements, powder
X-ray diffraction (PXRD) patterns and N2 adsorption isotherms were obtained to confirm
that NU-1000 retains its structural integrity upon immersion in Tris-HCI buffer (pH of 7.4)
for 1 wk (Figures 2-4, 2-5, and 2-6; Table 2-3). The negative peaks in the ITC thermograms
representing the binding of p-CS and IS to NU-1000 at 25 °C in Figure 2-2 indicate that the
adsorption processes proceed exothermically. These results resemble the behavior of several
adsorption processes such as the adsorption of small hydrophobic drug molecules onto
proteins.3! Fitting the ITC thermograms using a single-site adsorption model yields

extremely low errors (<10%) in all of the experiments.
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Figure 2-2. Representative ITC thermograms. Adsorption of (A) potassium prcresyl sulfate
(p~CS) and (C) potassium indoxyl sulfate (IS) onto NU-1000. The corresponding fits of the
integrated heat data (B and D) using a single-site model (red line) demonstrate that the
adsorption of both uremic toxins on NU-1000 proceeds exothermically. Error bars represent

the standard deviation of triplicate measurements.
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Figure 2-3. Control tests of (a and b) potassium p-CS and (c and d) potassium IS in 50 mM

Tris-HCI buffer at a pH of 7.4.
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Table 2-1. Thermodynamic parameters of the adsorption of uremic toxins onto NU-1000

Uremic  Temperature K. (104, AH (keal TAS (keal AG (keal
n

toxin ({0) M) mol1) mol?) mol1)
pCS 25 0.41+0.10 1.03+0.02 —4.18 £ 0.40 1.29+0.40 —-5.47+0.01
30 0.38 £0.10 0.80 +0.14 -4.33 £ 0.28 1.07 £ 0.22 -5.39+0.11
37 0.40 £ 0.05 0.51 +0.05 -4.25+0.46 1.00 £ 0.5 -5.25+0.06
IS 25 0.37 £0.03 0.97+0.16 -2.563 +0.28 2.89 £ 0.38 -5.42 £ 0.10
30 0.34 +0.04 1.20+£0.24 -2.16 £ 0.17 3.46 £ 0.20 -5.62 + 0.08
37 0.36 +0.09 1.21 +£0.33 -1.64 +0.46 4.05 +0.54 -5.69 £ 0.13

Table 2-2. Conditions for the isothermal titration calorimetry (ITC) experiments.

MOF NU-1000 NU-1010 PCN-608-OH
Uremic toxin pCS IS pCS IS pCS IS
Concentration of cell 0.4 0.4 0.4 0.4 0.4 0.4
(mM)*

Concentration of syringe 4 4 4 4 4 4
(mM)

Number of injections 58 58 29 29 29 29
Injection volume (1) 5 5 10 10 10 10
Duration of each injection 10 10 20 20 20 20
(s)

Spacing between 500 500 500 500 500 500

injections (s)

Filter period (s) 10 10 10 10 10 10

* Cell concentration was calculated using the molecular weight of NU-1000 as 2160, NU-
1010 as 2080, and PCN-608-OH as 2144.
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Figure 2-4. (a) N2 isotherms at 77 K and (b) DFT-calculated pore size distributions of Zre-
MOFs: NU-1000 (black), NU-1010 (red), and PCN-608-OH (blue).

Table 2-3. N2 isotherm data and topologies of Zrs-MOF's

Adsorbent Surface area / m2 g-1  Pore size* /A connectivity Topology
NU-1000 2160+ 5 29.5 8 csq
NU-1010 1750 £ 5 29.5 8 csq

PCN-608-OH 1560 + 15 29.5 8 csq

*The largest pore size has been provided for MOFs with a hierarchical structure.
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Figure 2-5. PXRD patterns of Zrs-MOFs: NU-1000 (black), NU-1010 (red), and PCN-608-OH
(blue).
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Figure 2-6. (a) PXRD patterns and (b) N2 isotherms of NU-1000 after soaking in Tris-HCl
for 1 week obtained to confirm the bulk structural integrity of the MOF.
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The performance of NU-1000 as a sorbent for p-CS was evaluated by examining
the adsorption of p-CS onto HSA. Figure 2-7 and Tables 2-1 and 2-4 indicate that NU-1000
exhibits a higher binding affinity (X, = 1.03 £ 0.02 x 104 M-1) for p-CS and a larger change
in Gibbs free energy upon adsorption of p~CS, compared to those of HSA (K, = 0.69 + 0.07 x
104 M-1). p-CS adsorption on HSA has been suggested to be enthalpically driven owing to
significant hydrogen bonding. Conversely, NU-1000 exhibits positive values of 7ASfor p-CS
adsorption, which contributes to the large values of AG. The disorder, and thereby the
entropy, of the system increases when water and buffer molecules are released from the Zre-
nodes upon the binding of p-CS. Therefore, both enthalpy (.e., hydrogen bonding) and
entropy (hydrophobic interactions) govern the adsorption of p-CS onto NU-1000. These
thermodynamic data show decent agreement with previously observed SCXRD data, which
revealed hydrogen bonding interactions between p-CS and the hydroxyl ligands on the Zre-
nodes of NU-1000, and n—n stacking (hydrophobic interactions) between p-CS and the

pyrene linkers of the framework.
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Figure 2-7. ITC thermograms of the adsorption of (a) potassium p-CS and (c) potassium IS

onto human serum albumin. The corresponding integrated heat data (b and d) are fitted

using a single-site model (red lines).

81



Table 2-4. Thermodynamic parameters of the adsorption of uremic toxins onto human

serum albumin.

Uremic Temperature K. AH TAS AG
toxin C) " (104, M) (kcal mol1) (kcal mol1) (kcal mol1)
pCS 25 1.27+0.16 0.69 +0.07 -6.08 £ 0.15 -0.84 + 0.21 -5.23 £ 0.06
30 1.36 £ 0.13 0.52+0.01 =5.77+ 0.34 -0.61+0.35 -5.16 £ 0.01
37 1.48 +0.16 0.40+0.01 -5.37+0.34 -0.30 +0.39 -5.07+0.05
IS 25 0.93 £0.01 6.16 +0.01 —8.96 + 0.05 -2.42 + 0.05 —6.54 £ 0.01
30 0.86 +0.03 5.53 £0.17 —8.88 £ 0.42 -2.30 +0.40 —6.58 £ 0.02
37 0.88 +0.01 3.91+0.05 -9.22 £ 0.06 -2.70 £ 0.06 -6.52 +0.01
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The interactions between p-CS and the Zrsnodes of NU-1000 were further
investigated by collecting ITC thermograms in different buffer solutions. Prior to the ITC
experiments, the structural integrity of NU-1000 was confirmed to be retained upon
immersion in the respective buffers for one week (Figure 2-8). The enthalpy of adsorption
(4H) can be expected to depend on the ionization enthalpy of the buffer (4Honization) if p-CS
coordinates to the Zre-nodes through a pseudo-ion-exchange process.4243 However, the initial
ITC studies confirmed that p-CS adsorbs predominantly through hydrogen bonding and
hydrophobic interactions; therefore, the adsorption enthalpy can be presumed to be
independent of the buffer. Figure 2-9 and Table 2-5 indicate that adsorption enthalpy
corresponding to the ADA buffer has the largest magnitude among the buffers; moreover,
ADA exhibits the second lowest AHionization of all the investigated buffers. Additionally, the
adsorption enthalpies (uA) do not correlate with the AHinization values of the buffers.
Therefore, these results confirm that no ion-exchange reactions occur between p-CS and NU-
1000 under these conditions. Notably, the ITC thermograms corresponding to the various
buffers display similar association constants (Kz) and enthalpy—entropy compensation.4
Therefore, the p-CS binding affinities of different MOFs should be comparable even in
different buffers; however, the contributions of entropy and enthalpy to the overall change

in Gibbs free energy can only be determined using the same buffer.
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Figure 2-8. PXRD patterns of NU-1000 after soaking in different buffers for 1 week to
confirm the bulk structural integrity of the MOF.
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during the adsorption of potassium p-CS onto NU-1000.

Table 2-5. Thermodynamic parameters of the adsorption of potassium p-CS onto NU-1000

in different buffers.

K AH TAS AG
Buffer pKa AHionization n
(104, M)  (kcal mol™!) (kcal mol™!) (kcal mol?)
-3.86 + —5.46 =
Tris-HC1 8.00 11.36 0.35+0.02 1.00+ 0.05 1.60+0.10
0.10 0.02
-1.59+ —5.55 +
ACES 6.75 7.51 0.22 +£0.01 1.21+0.05 3.96 £ 0.09
0.10 0.03
-1.01+ —5.48 +
MOPS 7.09 5.21 0.12 £ 0.02 1.06 £0.01 4.47 +0.05
0.05 0.04
—6.00 + —-0.40 = —5.40 +
ADA 6.76 2.90 0.17+0.03 1.27 +£0.05
0.24 0.30 0.04
—-3.40 + —5.40 +
PIPES 6.71 2.74 0.06 +£0.01 1.29+0.01 2.20+0.30
0.16 0.02
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Compared to p-CS adsorption on NU-1000, IS exhibits a higher binding affinity
(K2=1.27+0.01 x 104M-1) and a larger entropic contribution to the overall change in Gibbs
free energy (745 = 3.18 kcal mol-1). This result is consistent with the aforementioned
SCXRD analysis and DFT calculations, which predicted that IS can strongly interact with
the pyrene linkers of NU-1000. An increase in the reaction temperature results in a decrease
in the binding affinity (Ka) of p~CS adsorbed onto NU-1000, from 1.03 X 104 M-1to 0.51 x 104
M-1; however, the binding affinity of IS adsorbed onto NU-1000 remains relatively constant
at ~1.0 x 104 M1 (Figure 2-10). The change in entropy associated with p-CS adsorption also
decreases from 1.29 kcal mol-! to 0.99 kcal mol-! with increasing temperatures, presumably
because of the weakening of m—m interactions between p-CS and the pyrene linkers of NU-
1000. Conversely, the change in entropy of IS increases from 3.59 kcal mol-! to 4.71 kcal
mol-! with increasing reaction temperatures. This possibly results from strong m—n
interactions between the indole moiety and the pyrene linker of NU-1000. These results
demonstrate that the hydrophobicity of the linker is an important factor that governs the
adsorption of uremic toxins on MOFs. Figure 2-11 indicates that the Ka values of both uremic
toxins adsorbed onto HSA decrease with increasing temperatures because these processes

are enthalpically driven; this phenomenon has been extensively reported.
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Two crystallographically distinct uremic toxin adsorption sites in NU-1000, Site 1

and Site 2, were described in Chapter 1 (Figure 2-1d,e). Specifically, in the large hexagonal

mesopore (Site 1), p-CS positions itself perpendicular to the pyrene core of the linker while

interacting with the phenyl substituent of one of the arms of the linker. In the triangular

small pore (Site 2), p-CS lies parallel to the pyrene region and interacts with two neighboring

pyrene linkers. The interaction strengths of these sites were subsequently examined and

compared to clarify these observations. The energetics of the interactions were elucidated

by examining the thermodynamic parameters of p-CS adsorption onto two MOFs with

identical topologies and pore sizes and shapes similar to those of NU-1000, but with different

linkers. NU-1010 and PCN-608-OH were selected because they possess tetratopic linkers

based on biphenyl and dihydroxybiphenyl rather than pyrene. Figure 2-12 suggests that the

ITC thermograms for p-CS adsorption onto PCN-608-OH do not show any enthalpy peaks,

which indicates the vital role of the pyrene ligand in adsorptive interactions at Site 2.
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Figure 2-12. ITC thermograms for potassium p-CS adsorption onto (a) NU-1010 and (c)

PCN-608-OH. The corresponding integrated heat data (b and d) are fitted using a single-

site model (red line).
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The adsorption of p-CS onto NU-1000 exhibits larger exothermic AH peaks than
those of p-CS onto NU-1010; however, the Gibbs free energies for both processes are nearly
identical (Figure 2-13a, Table 2-6). These thermodynamic parameters reveal that adsorption
at Site 1 is entropically driven; moreover, because of the hydrophobic interactions, the large
increase in entropy compensates for the considerably smaller change in enthalpy in the
change in the overall Gibbs free energy. Alternatively, adsorption at Site 2 is both
entropically and enthalpically driven because of hydrophobic interactions and n—=

interactions with the pyrene moiety of the linker.
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Figure 2-13. Comparison of the values of AH, TAS, and AGfor the adsorption of (a) potassium
prcresyl sulfate and (b) potassium indoxyl sulfate onto NU-1000 and NU-1010 at 25 °C.
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Table 2-6. Thermodynamic parameters for the adsorption of uremic toxins onto NU-1010

Uremic MOF n Ka AH 48 AG
toxin (104, M)  (kcal mol) (kcal mol') (kcal mol-1)
pCS NU-1000 0.41+0.10 1.03+0.02 -4.18 + 1.29+£0.40 -5.47+0.01

0.40
NU-1010 0.256+0.02 0.71+0.02 =0.77 £ 4.51+0.04 —5.28 £ 0.03
0.02
IS NU-1000 0.37+0.03 0.97+0.16 -2.53+ 2.89 + 0.38 -5.42 +0.10
0.28
NU-1010 0.68+0.20 0.75+0.07 -0.09 + 5.19+ 0.07 -5.28 £ 0.05
0.02
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Conclusions

The energetics of interactions between uremic toxins and metal-organic
frameworks (MOFs) were explored using isothermal titration calorimetry (ITC). The
thermodynamic parameters obtained from ITC thermograms suggested that the
interactions between uremic toxins and NU-1000 were both enthalpically and entropically
driven. X-ray diffraction studies and ITC experiments conducted using an assortment of
MOFs with csq topology focused on two distinct adsorption sites in NU-1000: one in the
mesopore, where interactions are primarily entropically driven (Site 1), and one in the small
triangular micropore, where interactions are both entropically and enthalpically driven
(Site 2). The ability to systematically investigate the energetics of specific adsorption sites
by isothermal titration calorimetry will facilitate the rational design of next-generation

sorbents and further propel research on porous materials.
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Concluding Remarks

This study focused on elucidating the mechanisms by which MOFs adsorb liquid-
phase protein-bound uremic toxins (PBUTs), to develop MOFs capable of efficiently
adsorbing uremic toxins and pave the way for the use of MOFs as dialysis adsorbents.

Multiple Zr-MOFs with different ligand types, connectivities, and topologies were

synthesized, and their ability to adsorb PBUTs were evaluated. The NU-1000 Zr-MOF,
which contains tetraphenylpyrene as a ligand, was found to exhibit a remarkably high
adsorption capacity. Single-crystal X-ray crystallography and DFT-based structural
optimization calculations were conducted on NU-1000 to identify the uremic toxin
adsorption sites in its pores. Two different adsorption sites were identified inside the pores
of NU-1000. These sites were found to provide hydrogen bonding with hydroxyl groups on
the zirconium cluster (Zr6-Node) and n—r interactions with the tetraphenylpyrene ligand,
in a concerted manner. The high uremic-toxin-removal ability of NU-1000 was attributed to
multipoint interactions between the zirconium cluster and the ligand.
Isothermal titration calorimetry (ITC) was employed to examine differences between the
two adsorption sites in the NU-1000 pores, and the corresponding thermodynamic
parameters were derived. Another Zr-MOF, NU-1010, with a Site-2 ligand exhibiting lower
n—m interactions than those of NU-1000, was synthesized to distinguish the two adsorption
sites in the pores of NU-1000; ITC experiments were subsequently conducted The results
showed that changes in both entropy and enthalpy were observed in NU-1000, whereas only
change in entropy was observed in NU-1010. This finding indicated that Site 1 is an entropy-
driven adsorption site (e.g., hydrophobic interactions), whereas Site 2 is an enthalpy-driven
site (e.g., hydrogen bonds and n—n interactions). The study showed that the formation of a
hydrophobic field in the Zr-MOF pores is crucial for realizing the efficient adsorption of
liquid-phase uremic toxins.

Therefore, the study indicated that (i) the presence of multipoint interactions
between the Zr6-Node and ligands, and (ii) the formation of a strong hydrophobic field in
the MOF pores are important for designing Zr-MOF's capable of efficiently removing PBUTs.
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Furthermore, NU-1000 was found to be capable of competitively removing and adsorbing
uremic toxins from human serum albumin, and can potentially be employed as a highly
effective dialysis adsorbent. In addition, the study experimentally showed that the
preliminary adsorption isotherms for the Zr-MOF and PBUTSs could assist in the prediction
of the amounts of PBUTs that can be removed from human serum albumin. This is the first
study that has proposed design guidelines for the development of Zr-MOF dialysis
adsorbents. The results and observations of this study are anticipated to accelerate the

development of Zr-MOF-based dialysis adsorbents.
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