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Abstract

Host-guest interactions represent a growing research area with recent work demonstrating an
ability to chemically manipulate both host molecules as well as guest molecules to vary the type
and strength of bonding. Much less is known about the interactions of guest molecules and hybrid
materials containing similar chemical features to typical macrocyclic hosts. This work uses in vitro
and in vivo kinetic analyses to investigate the interaction of closo-dodecahydrododecaborate
derivatives with ferumoxytol, an iron oxide nanoparticle with a carboxylated dextran coating. We
find that several boron cluster derivatives can become encapsulated into ferumoxytol and the lack
of pH dependence in these interactions suggests that ion pairing, hydrophobic/hydrophilic, or
hydrogen bonding are not the driving force for encapsulation in this system. Biodistribution
experiments in BALB/c mice show that this system is nontoxic at the reported dosage and
demonstrate that encapsulation of dodecaborate-based clusters in ferumoxytol can alter the

biodistribution of guest molecules.



Introduction

Host-guest interactions are ubiquitous in both biological and synthetic systems.! Over the past
several decades, chemists have developed numerous powerful abiotic systems featuring modular
and programmable binding affinities through intricate molecular design.? Boron clusters
represent an emerging class of guest molecules capable of binding to a wide variety of both
natural and synthetic macrocyclic hosts (Figure 1).> While many host-guest complexes are
stabilized through a combination of hydrogen bonding and/or hydrophobic/hydrophilic
interactions, research on boron-rich compounds and cyclodextrins currently suggests that
chaotropism can be an important factor in these particular systems.*> While macromolecules
such as cyclodextrins and cucurbiturils® have been used to probe interactions with different boron
cluster guests, much less is known about their noncovalent interactions with polymeric matrices
containing similar local chemical structure of well-defined macromolecular hosts.” Recently, Li
and coworkers used ion pairing interactions to noncovalently incorporate boron clusters into
polymeric nanoparticles.” In this example, positively charged guanidinium functional groups
appended to a polymer interact with negatively charged dodecaborate anions. Overall, further
understanding and expanding the repertoire of the available noncovalent interactions that can be

used to construct hybrid materials with boron clusters and polymers is needed.

Ferumoxytol (FMX) is a commercially available, FDA-approved hybrid nanoparticle
formulation with an iron oxide core coated with a carboxylated dextran polymer.® Recent reports
have shown that iron oxide nanoparticles, such as FMX, are capable of efficiently encapsulating
several drug compounds that can be subsequently released in vivo.>'? Given the chemical
similarity of cyclodextrins to the dextran polymer in FMX, we hypothesized that these

nanoparticles could be used to encapsulate boron-rich compounds which would potentially



associate strongly with the FMX matrix (Figure 1). Importantly, the zeta potential of FMX is
negative (-24 mV)38 which suggests that forces other than ion pairing would likely drive the
incorporation of negatively charged dodecaborate anions into FMX. Specifically, in this work,
we report the successful encapsulation and kinetic analyses of the subsequent release of 13
dodecaborate-based guests from FMX. While ''B NMR spectroscopy showed evidence of
encapsulation, it proved much less useful in determining the stability of each encapsulated
system. Dynamic dialysis was therefore used to further interrogate release rate constants between
various derivatives of boron clusters encapsulated in FMX. The loading capacities of each boron
cluster derivative were determined via inductively-coupled plasma optical emission spectroscopy
(ICP-OES) and kinetic analysis of release assumed first order release kinetics through dynamic
dialysis. We found that most dodecaborate derivatives have similar release kinetics but have
larger differences in their loading capacities. Finally, considering the ability of host-guest
interactions to change properties such as solubility!'*-'® and given the relevance of boron-rich
compounds for boron neutron capture therapy (BNCT),!” we have performed biodistribution
experiments in mice to compare both free sodium dodecaborate (1) with sodium dodecaborate
encapsulated in ferumoxytol (1@FMX). We find that 1@FMX localizes in higher concentrations
than free 1 at early time points and that the biodistribution and pharmacokinetics of 1@FMX are
similar to that of the BSH anion, a compound previously employed in several BNCT studies.!3:!
Overall, this work shows that boron clusters can be efficiently encapsulated into commercial
polymer-based nanoparticle carriers, and this encapsulation can lead to altered biodistribution

and pharmacokinetic properties in vivo.
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Figure 1. A) Previous work describing the encapsulation of boron-rich compounds with beta-
cyclodextrin (B-CD).** B) Previous work describing the encapsulation of carbon-based small
molecules in ferumoxytol (FMX).!2 C) This work, the encapsulation of boron-rich compounds
with ferumoxytol, a dextran-coated, iron oxide nanoparticle. The blue icosahedron represents
various dodecaborate-based compounds and the red cone represents various carbon-based small

molecules.



Experimental Section

Materials

All manipulations were performed at room temperature in laboratory air unless otherwise noted.
Reagents were purchased from Sigma Aldrich, Oakwood Chemicals, TCI, Fisher Scientific,
Boron Specialties, Acros Organics, Ricca Chemical, or Alfa Aesar, and used as received unless
otherwise noted. Ferumoxytol (FMX) was obtained from AMAG Pharmaceuticals and was

dialyzed and diluted to an Fe concentration of 1.8 mg/mL (confirmed by ICP-OES) prior to use.

Methods

All NMR spectra were obtained on a Bruker DRX 500 or Bruker Avance 400 broad band FT
NMR spectrometers. ''B chemical shifts were referenced to BF;Et,0 (15% in CDCls, 6 0.0
ppm) unless otherwise stated. All ICP-OES data were obtained on an Agilent ICP-OES 5100
spectrometer. Samples were diluted in 4% HNO; using trace metal grade HNO; (Fisher) and LC-
MS Grade water (Fisher). Standard solutions were prepared from commercially available 1000
ppm stock solutions of boron (Acros) and iron (Ricca Chemical). Standard addition using a 2
ppm yttrium stock solution was used for all samples. Plots and statistics (k, half-life, etc) for
dynamic dialysis and biodistribution experiments were calculated using GraphPad Prism

software.

Synthesis of FMX loaded with Na,B,H,,, 1 (1@FMX)

In a 1.5 mL Eppendorf tube, 100 mg of Na,B,H,, (1) were added along with 100 L Milli-Q
H,0. Then, 500 xL of FMX were added and the solution was mixed by shaking for 1 hour at
room temperature. After mixing, the Eppendorf tube containing the solution was placed ina 5 °C

fridge for 24 hrs. The solution was then transferred to a Pell Corp. 3 KDa MWCO centrifugal



filter device. 500 uL of Milli-Q H,O was added and the solution was centrifuged at 3600 xg for
35 min. The addition of water followed by centrifugation was repeated twice for a total of 3

washes. Using ~100 L of Milli-Q water, the solution was transferred to a clean Eppendorf tube
and the solution volume was diluted to a total volume of 500 L. Samples were stored ina 5 °C

fridge and were vortexed prior to use.

Syntheses of FMX loaded with other compounds (general procedure)

In a 1.5 mL Eppendorf tube, 50 mg of boron cluster (2-11, see SI for synthetic details and
references) were added along with 50 xL. Milli-Q H,O and 50 L of DMSO. Then, 500 xL of
FMX were added and the solution was mixed by shaking for 1 hour at room temperature. After
mixing, the Eppendorf tube containing the solution was placed in a 5 °C fridge for 24 hrs. The
solution was then filtered and transferred to a Pell Corp. 3 KDa MWCO centrifugal filter device.
500 pL of Milli-Q H,O was added and the solution was centrifuged at 3600 xg for 35 min. The
addition of water followed by centrifugation was repeated twice for a total of 3 washes. Using
~100 pL of Milli-Q water, the solution was transferred to a clean Eppendorf tube and the
solution volume was diluted to a total volume of 500 L. Samples were stored in a 5 °C fridge
and were vortexed prior to use. Compound 11 caused precipitation of FMX and was not used

further.

Static NMR Stability Experiments

In order to observe the potential leaching of boron under different conditions, solutions of FMX
loaded with 1 were diluted with different reagents and NMR spectra were obtained. FMX was
loaded with 1 following the general procedure, except the last dilution step to dilute the solution

to a final volume of 500 uL used different reagent solutions other than water. The following



conditions were tested: neat Milli-Q H,O, PBS 1x at pH 7.4, PBS 1x at pH 5.5, and 10% serum
(FBS, 50 xL) in 1x minimum essential medium (MEM). 500 uL of each solution was placed into
an NMR tube and a glass capillary filled with a ~400 mM solution of B(OH);in D,O was added
as an internal standard. Room temperature ''B NMR spectra (160 MHz, n=1024 scans) for each
condition were collected at T= 1, 2, 4, and 24 hr. and intensities were normalized based on the
peak corresponding to the B(OH); internal standard ca. 20 ppm.

Dynamic Dialysis Experiments

FMX loaded with compounds following the above procedures were subjected to dynamic dialysis.
250 uL of each sample were added to a dialysis cup with a 20K MWCO. The dialysis cups were
floated in 1 L of PBS pH 7.4 at 37 °C. Compound 1 was also measured in PBS at pH 5.5 and pH
10 as well as at pH 7.4 after a 2x dilution. At designated time points t =1 h, 2 h, 4 h, and 6 h, 40
uL aliquots of sample were taken. An additional 40 yL aliquot of the initial sample was taken for
a t = 0 h time point. Prior to ICP-OES analysis, each 40 L aliquot was diluted to 10 mL with 4%
HNO; (250x dilution, for Fe analysis) then 1 mL of the resulting solution was diluted to 10 mL
with 4% HNO; (2500x dilution, for B analysis). Data were analyzed using GraphPad Prism to
determine the first order leaching kinetic parameters. Boron content values were normalized and
plotted as % of boron remaining over time. Several time points had a measured boron content too
low to accurately quantify, resulting in incomplete data sets for several samples (7, 7b, 10, 11).
Biodistribution Experiments

Biodistribution experiments using male BALB/c (n=3 per time point). All compounds were dosed
at a concentration of 20 mg compound/kg in sterile PBS 1x pH 7.4. Mice were euthanized by CO,

overdose at each time point and organs were collected by dissection. After removal, organs were



digested in trace metal grade concentrated nitric acid before being diluted prior to ICP-OES
analysis. See Supporting Information for complete biodistribution experiment details and results.

Results and Discussion

Previously, researchers showed that mixing FMX nanoparticles with small molecules at mM
concentrations can result in the association of small molecules with the corresponding polymer
matrix.'? Final loading concentrations were determined using either fluorescence emission or
high performance liquid chromatography using standard curves. Initially, to commence our
experiments and determine whether boron clusters can be efficiently encapsulated in
ferumoxytol, we conducted a series of experiments with aqueous solutions of a sodium salt of an
unfunctionalized closo-dodecahydrododecaborate (Na,B,H;,, 1,5 M) and commercial FMX (1.8
mg Fe/mL). By mixing aqueous solutions of both 1 and FMX at room temperature and using a
centrifugal filter to remove excess dodecaborate, we recovered a red solution with no evidence of
precipitation or sedimentation of the parent nanomaterial. Despite the superparamagnetic nature
of the iron oxide core of FMX.? we were able to use NMR spectroscopy to probe the resulting
nanoparticle solution and found that there was a strong, broad signal present in the ''B NMR
spectrum at -10 ppm (Figure 2). For comparison, the ''B NMR signal of free 1 is ca. -15 ppm.
The observation of only one ''B NMR signal suggests that 1 remained intact and the broadening
and location of the observed peak suggests that 1 is somehow associated with FMX
nanoparticles. Additionally, using inductively coupled plasma optical emission spectroscopy
(ICP-OES), we were able to quantify the boron content and found that boron loading was on the
order of 10* boron clusters per FMX nanoparticle. To verify that the observed !'B NMR chemical
shift could indeed be assigned to encapsulated dodecaborate (1@FMX), an NMR titration was

performed where a solution of 1 at 3.4 M was added in aliquots to a solution of FMX at 1.8 mg



Fe/mL and an NMR spectrum was obtained after the addition of each aliquot (Figure S1). Ata
concentration of 1 of 0.1 M, only the chemical shift corresponding to the encapsulated clusters
(ca. -10 ppm) was observed, however, at higher boron cluster concentrations, the system appears
to reach a saturation point where a second chemical shift corresponding to free dodecaborate (ca.

-15 ppm) is also visible.

Analogous to the encapsulation of boron clusters in cyclodextrins (Figure 1A), we hypothesized
that the carboxymethyl dextran polymer coating the surface of FMX would contain local pockets
of dextran subunits that could bind various boron clusters. Encapsulation of carbon-based small
molecules has been accomplished previously (Figure 1B) and we expected that boron clusters
would behave similarly. Using 1 as an example, the lack of any covalent interactions between the
boron cluster and FMX suggests there must be some noncovalent interactions responsible for the
encapsulation. While chaotropism, as seen in the work by Assaf and coworkers, is a likely
hypothesis for the encapsulation driving force, hydrogen bonding or ion pairing interactions are

also possible and can be probed by evaluating the pH dependence of the system.

Having discovered that ''B NMR spectroscopy was useful for the determination boron cluster
encapsulation, we performed several stability studies (Figures S2, S3, S4, and S5) to assess the
tolerance of the system to different pH values and media additives. Previously, a pH dependence
has been seen in the release of carbon-based compounds from FMX as well as in the host-guest
binding of small molecules in cyclodextrins and we therefore expected a pH dependence for the
encapsulation equilibrium.'??° However, we found no change via "B NMR spectroscopy at low
pH, high pH, or with the addition of fetal bovine serum and minimum essential medium. This
further reinforces the hypothesis that hydrogen bonding or ion pairing interactions are less likely

to be involved in the mechanism of encapsulation. The carboxymethyl dextran coating of FMX
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contains several carboxylate groups that can be protonated or deprotonated as a function of pH.
The change in available hydrogen bonding donor/acceptor sites or charged sites should have a
measureable effect on release kinetics if these sites were involved in the encapsulation
mechanism. The lack of pH dependence on release kinetics suggest some other phenomenon,

such as chaotropism, is the likely driving force behind encapsulation.
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Figure 2. Overview of dynamic dialysis experiment used to determine kinetic parameters. (A)
Dialysis cup used for experiments. The MWCO filter allows for the passage of free boron
clusters but not ferumoxytol nanoparticles. (B) Decrease of boron content over time (measured
by ICP-OES) as the boron clusters leach out of the ferumoxytol nanoparticles. (C) Retention of
iron content over time (measured by ICP-OES) as the nanoparticles are retained in the dialysis
cup. (D) "B NMR of free Na,B;H,, (blue trace) as well as Na,B,H,, encapsulated in
ferumoxytol (black trace). Both spectra are referenced internally to B(OH); ca. 20 ppm. Error

bars show one standard deviation from measurement replicates.
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Given that an NMR titration is a static system and that this technique might bias any
release/encapsulation equilibrium, we further sought to validate our findings using a dynamic
dialysis experiment. Using a dialysis cup with a molecular weight cut off (MWCO) membrane

high enough to allow easy passage of dodecaborate derivatives but low enough to retain FMX

nanoparticles, we quantified the amount of iron and boron over time using ICP-OES (Figure 2).

Using 1@FMX, we found that the amount of iron in solution remained constant, as expected,

and that the boron content decreased over time following first order kinetics. We then repeated

this experiment with phosphate buffered saline (PBS) at different pH values and also diluted the

solution of 1@FMX prior to dialysis. These changes had a minimal effect on release kinetics and

first order half-lives for the release of 1 from FMX ranged from 2.0-2.4 hours (Figure 3). Even

with the change from static to dynamic experiments, no significant pH dependence was detected.

This further supports an alternative driving force to hydrogen bonding or ion pairing responsible

for the attraction of boron clusters to FMX.
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Figure 3. Dynamic dialysis results for the release of 1 from ferumoxytol in phosphate-buffered
saline (PBS). Data were fitted to exponential decay trendlines to model first order release
kinetics. Data were recorded as single trials with error bars showing one standard deviation from

measurement replicates.

To further investigate what dictates the interaction between boron-rich clusters and FMX
nanoparticles, we screened several dodecaborate derivatives containing a range of functional
groups (Figure 4).2!22 The compounds screened varied in charge, functional group, size, and
cation. All kinetic analyses were measured in PBS at pH 7.4 for consistency and calculated

kinetic parameters are recorded in Table 1. We found that the release half-lives ranged from 0.9-
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2.6 hours and also found that most compounds resulted in similar boron concentrations after
encapsulation. Compounds 7, 7b, and 10 had boron concentrations that were too low to
accurately determine any kinetic parameters. Compound 11 induced precipitation so no kinetic
parameters were determined. Structurally, 7, 7b, 10, and 11 are relatively large compared to
many of the other compounds tested. Both size and chemical structure are related to binding in
analogous macromolecular systems and it could be that these compounds are too large for
efficient binding. Additionally, the weak binding of 7 and 7b suggests that hydrogen bonding is
not likely involved in the binding of boron clusters and FMX. Both 7 and 7b contain twelve
hydroxyl groups that can act as both hydrogen bonding donors and acceptors and would likely

facilitate strong binding if hydrogen bonding was the main driving force in this system.
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Figure 4. Dodecaborate derivatives screened. Kinetic data are shown in Table 1
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Label k (h-1) t,, (h) Loading Efficiency
1 0.30 2.3 9.9%
2 0.22 3.2 49%
3 0.29 2.4 55%
4 0.21 3.3 3.4%
5 0.28 2.5 15%
6 0.30 2.3 6.3%
7 --- --- 17%

7b’ --- --- 6.5%
8 0.30 2.3 67%
8b 0.34 2.0 87%
9 0.29 2.4 3.9%
10° ~n --- 1.1%
11~ . . .

Table 1. Kinetic parameters from in vitro dynamic dialysis experiments. Compounds with no

kinetic data had insufficient loading to determine their kinetic behavior. * insufficient retention to

accurately determine kinetic parameters. ™ induced precipitation during synthesis.

Given the ability of host-guest type interactions to alter properties such as solubility, we

expected that sodium dodecaborate encapsulated in ferumoxytol would have an increased

circulation time relative to free sodium dodecaborate and would thus alter biodistribution results.

We therefore compared the biodistribution in BALB/c mice of free sodium dodecaborate (1),

sodium dodecaborate encapsulated in ferumoxytol (1@FMX). Cs,BSH (2) was used as a non-

15



encapsulated positive control given that it was previously shown to localize in multiple organs
due to its propensity to associate with serum proteins.?® Given the historical relevance of 2 to
BNCT, this compound served as a benchmark for our study. Mice were injected via
intraperitoneal (IP) injection and all compounds were dosed at 20 mg/kg. Mice were sacrificed at
time points from O hr to 24 hr at which point the major organs were harvested and boron content
was determined using ICP-OES. Importantly, throughout the duration of the study, no mice
developed any visible adverse effects, suggesting that these boron cluster formulations are non-
toxic to mice. Select biodistribution data is summarized in Figure 5 and the complete
biodistribution is in the SI. Consistent with our original hypothesis, we found that at early time
points, 1@FMX had the highest detected boron values in multiple organs and serum, relative to
free 1 or 2. Consistent with in vitro release kinetics, in vivo results show similar timescales with
little boron detected after 8 hours. Interestingly, less than 1 pg B per g tissue was detected in the
brain for all studied formulations, suggesting that neither 1 nor 2 significantly cross the blood-
brain barrier in healthy mice at the injected concentrations. Similarly, encapsulation of 1 with
FMX does not increase the concentration of boron in the brain. In contrast, in the lungs, heart,
spleen, liver, kidneys, and serum, 1@FMX showed higher boron concentrations up to 2-fold
compared to 1 or 2. In the lungs, heart, spleen, liver, kidneys, and serum, 1@FMX reached
concentrations of 24,7, 66, 32,21, and 40 pg B per g tissue, respectively. Retention also varied
in different organs with the spleen and heart showing very low retention relative to the liver,
lungs, kidneys, and serum. These results indicate that the chaotropic encapsulation of molecules
into a polymeric nanoparticle-based carrier can significantly change the biodistribution of the

corresponding guest in mice.
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Figure 5. Biodistribution of ferumoxytol-encapsulated 1 (1@FMX, blue circles) compared to 1
(orange squares) alone and 2 (green triangles) in selected organs. Boron content was measured
via ICP-OES and is reported as mass of boron per gram of wet tissue. All values were measured
in triplicate and error bars show one standard deviation. Please see the Supporting Information
for more experimental details as well as the complete biodistribution data. The inset on each

graph shows the first 5 time points.

Summary and Conclusions

We report the successful encapsulation of several dodecaborate derivatives into ferumoxytol
nanoparticles and have determined their release kinetics. While previous work has shown that

boron clusters can associate strongly with cyclodextrins and several other well-defined

17



macrocyclic guest molecules, we demonstrate that dodecaborate derivatives also can associate
with the carboxylated dextran polymer matrix in ferumoxytol and have first order release half-
lives on the order of hours. We evaluated the effects of encapsulation with a biodistribution study
comparing our system with free boron cluster and found that the encapsulated system 1@FMX
increases absorption of 1 into several organs in BALB/c mice. At a dose of 20 mg/kg, 1@FMX
localized in tissues ranging from 0-65 pg B per g tissue, suggesting that encapsulation of
dodecaborate-based compounds in a polymer matrix can potentially have favorable effects on
biodistribution results. More broadly, this work suggests the potential importance of non-
covalent interaction between boron clusters and polymers stemming from non-electrostatic
interactions and points to new avenues for creating hybrid boron-cluster based nanomaterials

without covalent attachment.?
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