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Abstract

The absorption, distribution, metabolism and excretion (ADME) and pharmacokinetic (PK)
properties of inorganic nanoparticles with hydrodynamic diameters between 2 and 20 nm are
presently unpredictable. It is unclear whether unpredictable in vivo properties and effects arise
from a subset of molecules in a nanomaterials preparation, or if the ADME/PK properties are
ensemble properties of an entire preparation. Here we characterize the ADME/PK properties of
atomically precise preparations of ligand protected gold nanoclusters in a murine model system.
We constructed atomistic models and tested in vivo properties for five well defined compounds,
based on crystallographically resolved Au,s(SR)1g and Au1g2(SR)44 nanoclusters with different
(SR) ligand shells. To rationalize unexpected distribution and excretion properties observed for
several clusters in this study and others, we defined a set of atomistic structure—activity
relationships (SAR) for nanoparticles, which includes previously investigated parameters such as
particle hydrodynamic diameter and net charge, and new parameters such as hydrophobic surface
area and surface charge density. Overall we find that small changes in particle formulation can
provoke dramatic yet potentially predictable changes in ADME/PK.

Introduction

Ligand passivated metal and semiconductor nanoparticles can encode several physical
properties of clinical interest for diagnostic imaging and therapy. Investigated diagnostic
imaging properties include X-ray contrast,1~3 luminescence,*% and PET/SPECT.”
Preclinical therapeutics based on these nanomaterials can be analogous to antibody
mimetics,8 or be targeted hyperthermal therapeutics,®11 where the inorganic core of the
nanomaterial interacts with extrinsic radiation (typically IR or RF) to produce localized
therapeutic heat.

TElectronic supplementary information (ESI) available: The polyacrylamide gel that shows the purity of Au192pMBA44, excretion
graphs for compounds 1-5, atomistic models of the Auos and Au102-based compounds, the zoomed in versions of Fig. 3 and 6, 14
NMR of compound 5, information on the Au102 1 : 1 exchange compound, and blood drug concentration vs. time curves of Au102-
based compounds. See DOI: 10.1039/c3nr03121g
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Predictive and complete understanding of biological absorption, distribution, metabolism,
excretion (ADME) and pharmacokinetics (PK) of metal and semiconductor nanoparticles is
important for realizing a comprehensive set of design criteria for determining which
nanomaterials may ultimately be useful in clinic. Ideally a set of structure—activity
relationships (SAR) will emerge, enabling design, synthesis and application of nanoparticles
with accurately predicted circulation lifetimes, metabolism and clearance mechanisms,
tissue penetrations, cellular and subcellular trafficking, and high localization efficiency to
desired corporeal targets.

Current predictive understanding of the ADME/PK of inorganic nanoparticles is incomplete,
in part because these experiments combine complex mixtures of nanoparticles (i.e., a 10.0 =

1.0 nm gold colloid preparation contains on the order of 40 000 discrete molecular formulae)
with blood which is also a complex mixture itself. The uncertainties inherent in nanoparticle
preparation complicate the analysis of their biological activity.

Some very general conclusions about ADME/PK can be drawn. For instance, nanoparticles
substantially larger than 20 nm in hydrodynamic diameter (i.e., the size of the smallest
viruses) are relatively predictable in their PK and biodistribution.12-14 Such particles are
generally cleared by the reticuloendothelial system (RES), with some control in circulation
time imparted by the surface layer, where poly- and oligo-ethylene glycols are shown to
dramatically increase blood circulation half life.12:16 The metabolism and excretion of
inorganic particles in the RES is unpredictable.* Some reports begin to establish
metabolism and excretion with mechanism,17:18 while other reports conclude in long-term
RES accumulation with unknown consequence,3 and RES toxicity!3:19 all present and all
arising from particle preparations of different nature.

The 2-20 nm hydrodynamic diameter range (smaller than viruses and other pathogens for
which mammals have well established mechanisms for blood clearance) is a less predictable
size regime, and one in which ADME/PK properties may be tunable for desired clinical
applications. Predictive circulation lifetime is important as diagnostic imaging applications
generally specify short circulation lifetimes while therapeutic applications generally benefit
from extended circulation times.20

Within this size regime, three hydrodynamic diameter thresholds are important determinants
of ADME/PK. These are the ~8 nmhydrodynamic threshold of glomerular wall filtration in
the kidney, the 5 nm threshold for rapid extravascular equilibration, and the ~20 nm
threshold for Enhanced Permeability and Retention (EPR).16:21 The glomerural wall of the
kidney has a nominal pore size of 8 nm and as a negatively charged structure is more
selective for filtration of positively charged particles. Zwitterionic particles may need to be
as small as 5.5 nm to pass efficiently,* and negatively charged particles can have
unpredictable behavior including apparently extended circulation times8 and kidney
accumulation,! sometimes with notable associated toxicity.22 Still renal clearance of
nanoparticles is often viewed as a favorable result,*° since it results in predictable clearance
of nanoparticles relative to RES clearance. Toxicity in this size range also appears
unpredictable, with 1.4 nm and 13 nm particles observed as causing acute toxicity,19:23.24
while other sizes appear essentially non-toxic in short term studies.

The study of ADME/PK of nanomaterials is complicated by the complex natures of both
nanomaterial preparations and biological systems. While obvious that blood is a complicated
mixture, less frequently highlighted is that most nanomaterials preparations are also
complex mixtures. For instance, implicit in even ‘monodisperse’ preparations of
nanomaterials is a 10% standard deviation in dimension measurement, suggesting that a
‘monodisperse’ 10 £ 1 nm spherical gold nanoparticle preparation corresponds to a
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statistical gold composition of 244 000 = 70 000 atoms. The purity of the exactly 10 nm
diameter Ausaaq0o core is less than 1% in this preparation. Further complicating these
mixtures is frequently an additional distribution in ligand shell composition, especially for
mixed ligand shells.

In the present study, we make the first examination of the ADME/PK properties of ‘magic
number’ gold clusters,2%26 specifically those scaffolded by the crystallographically
determined Au,s5(SR)1g and Auqg2(SR)44 nanoclusters. We prepared each compound with
three different ligand shells: an as-synthesized ligand shell (p-mer-captobenzoic acid and
glutathione for Auygy and Auys, respectively) and two partially ligand exchanged shells with
tetraethylene glycol functionality introduced in varying amounts. We modeled each of the
five compounds as idealized atomistic models, and suggest that the structural features of
these models give novel insight into the surprising ADME/PK activity observed for some of
these preparations.

Materials and methods

Generation of models

Models of the ligands on Auy5(GSH)1g (1), Auos(GSH)g-[S(CH»)6(EG)4OH]g (2),
Auz5(GSH)6[S(CH2)6(EG)40H]12 (3), Auzo2(pPMBA)44 (4),
Au102(PMBA),5[S(CH5)11(EG)4OH] 19 (5) were generated with PRODRG?” and manually
modeled onto clusters in PyMOL.28

Calculation of hydrodynamic radius

Models were input into Hydropro10 (ref. 29) with 0.0035 Pa s to simulate the viscosity of
serum at 37 °C.30 Settings were left as recommended by Ortega et al.,2° except molecular
weight and partial specific volume. Partial specific volume was calculated according to
Durchschlag et al.31 for each of the ligands then multiplied by the number of ligands and
added to the partial specific volume of the gold cluster divided by the molecular weight to
obtain v.

Calculation of solvent accessible area

Solvent accessible area was calculated using PyMOL’s ability to calculate area. Hydrophilic
atoms were set as nitrogen and oxygen and hydrophobic areas were set as carbon and sulfur.
Solvent radius was set at 1.4 A and modeled and the total area around each of the areas was
calculated.

Calculation of surface charge

Reagents

Models of ligands were input into PDB2PQR32:33 to convert models from PDB format to
PQR, which was then input into Adaptive Poisson-Boltzmann Solver (APBS)34 to calculate
total surface charge. The force field chosen for the calculations was SWANSON, the model
was also allowed to optimize the hydrogen bonding network.

All commercially available reagents were used without further purification. Tetrachloroauric
(1) acid (HAUCI4-3H20 99.99% metal basis, Alfa Aesar), p-mer-captobenzoic acid
(>95.0%, TCI America), NaBH, (98-99%, MP Biomedicals), MeOH (99.9%, Fisher
Scientific), L-glutathione reduced (=98%, Sigma-Aldrich), Diethylene glycol dimethyl ether
(99%, Sigma-Aldrich), 2-[2-(1-mercaptoundec-6-yloxy)ethoxy]ethoxy-ethoxy-ethanol (HS—
(CH»)6—EG4—OH, prochimia surfaces), [11-(methylcarbonylthio) undecyl]tetra(ethylene
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glycol) (AcS—(CH5)11-EG4—OH, 95%, Sigma-Aldrich). Nanopure water (resistivity 18.2
MSQ cm) was produced with a Barnstead NANOpure water system.

Synthesis and characterization of Au@GSH (compound 1)

A 50mL conical was charged with 6mL 100mMglutathione (0.6 mmol, 3 equiv.) in 0.3 M
NaOH solution. 2 mL of HAuUCI4-3H,0 in diethylene glycol dimethyl ether solution (0.2
mmol, 1 equiv., a non-metal spatula should be used to weigh out HAuCl,4-3H,0) was also
added to the conical. The reaction was shaken at rt for 30 min. 5 min prior to the end of the
30 min, a suspension of 0.5 mM NaBHy, in dry diethylene glycol dimethyl ether (about 19
mL) was sonicated at rt for 5 min. 17 mL of the NaBH,4 suspension of (0.0085 mmol, 0.043
equiv.) was added to the reaction which turned orange over about 20 seconds and was
quenched by the addition of methanol (to a final volume of about 50 mL). The content of the
conical was then mixed and then centrifuged in a swinging bucket rotor at 4000 rpm and 4
°C for 10 min. The clear and colorless supernatant was then decanted and the orange
precipitate was air dried. Gel electrophoresis visualization was run on a 30% polyacrylamide
gel (19: 1, acrylamide : bisacrylamide) at 175 V for 3 h. The nanoparticle bands were
visible by eye and with a UV trans-illuminator, thus no staining steps were performed for
visualization.

Ligand exchange reaction of Au@GSH (1) cluster with 18-mercapto-3,6,9,12-
tetraoxaoctadecan-1-ol (HS—(CHy)g—EG4—OH) (compounds 2 and 3)

A 500 pM solution of Au@GSH (0.001 mmol, 10 mg in 2 mL H,0) and a 0.1 M solution of
the HS—(CH»)6~EG4—OH (0.04 mmol, 12.4 mg in 0.4 mL THF) were prepared. Forthe 1: 1
incoming ligand : outgoing ligand reaction (compound 2): imL of Au@GSH solution and
0.125 mL of HS—(CH;)s—EG4—OH solution were mixed then diluted with H,O to a final
volume of 5 mL, shaken at rt for 1 h. The crude product was purified by ultrafiltration spin
columns (5000 Da cutoff) and washed with 3 x 10 mL 1 : 1H,0 : MeOH. The remaining
orange liquid was placed into a 15 mL conical and was lyophilized until dry. For the 2 : 1
incoming ligand : outgoing ligand reaction (compound 3): 0.250 mL of HS—(CH>)g-EG4—
OH solution was used instead of 0.125 mL (see above).

Synthesis and characterization of AugopMBA44 (compound 4)

Auj02,pMBA44 was synthesized according to published procedure. 46 HAuCl,-3H,0 was
dissolved (0.209 g, 0.50 mmol, a nonmetal spatula should be used to weigh out
HAUCI4-3H50) in nanopure H,0 (19.0 mL, 0.028 M based on Au) in a 50 mL conical. Ina
separate 50 mL conical, p-mercaptobenzoic acid (0.292 g, 1.89 mmol) was dissolved in a
solution composed of nanopure H,O (18.43 mL) and 10 M NaOH (0.57 mL, 5.70 mmol).
The resulting p-mercaptobenzoic acid/NaOH solution was 0.10M based on p-
mercaptobenzoic acid, 0.30M based on NaOH, and the pH was determined to be >9. A1 L
Erlenmeyer flask was equipped with a stir bar and nanopure H,O was added to it (51.5 mL).
In three separate beakers, the following solutions were dispensed: (1) 0.028 M HAuCl,
solution (17.8 mL, 0.5 mmol, 1.0 equiv.), (2) 0.10 M p-mercaptobenzoic acid/0.30 M NaOH
(15.5 mL, 1.5 mmol, 3.0 equiv. of p-mercaptobenzoic acid and 5.7 mmol, 11.4 equiv. of
NaOH) solution, (3) MeOH (75 mL). Under stirring, the HAuCl, solution was poured into
the 1 L Erlenmeyer flask (containing H,0O), this was immediately followed by the addition
of the p-mercaptobenzoic acid/NaOH solution. The reaction turned from yellow to orange
upon the addition of the p-mercaptobenzoic acid/NaOH solution. Immediately afterwards
the beaker of MeOH was also added to the 1 L flask. The reaction was allowed to stir at
room temperature for 1 h. During that time, the reaction turned from dark orange to light
orange. After 1 hour, pulverized solid NaBH,4 (20.8 mg, 0.55 mmol, 1.1 equiv.) was added
to the stirring reaction to reduce the polymer; the reaction continued to stir at room
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temperature for 17 h. The reaction turned black upon the addition of solid NaBH,. After 17
h MeOH was added to the 1 L flask until the total volume was approximately 800 mL, then
5 M NH4OAc (40 mL) was also added. The reaction was then split into about twenty 50 mL
conicals, which were capped and then centrifuged in a swinging bucket rotor at 4000 rpm
and 4 °C for 10 min. The supernatant was then decanted and the precipitate was allowed to
dry by inverting the conical on a paper towel for about 1 hour. The precipitate in each
conical was then dissolved in about 200 L of hanopure water. The nanoparticle solutions
were then combined into 4 conicals. Next, the particles were washed by performing the
following: 500 pL of 2 M NH4OACc was added to each of the four conicals, then MeOH was
added until the total volume in each conical was about 45 mL. The conicals were shaken to
mix and were centrifuged at 4000 rpm and 4 °C for 10 min in a swinging bucket rotor. The
resulting supernatant was decanted and the precipitates were dried in vacuo at room
temperature for at least 2 h. Gel electrophoresis visualization was run on a 20% poly-
acrylamide gel (19 : 1, acrylamide : bisacrylamide) at 110 V for 2 h. The nanoparticle bands
were visible by eye, thus no staining steps were performed for visualization. The synthesized
particles were run against a standard AujgopMBA44 sample of which the formula/structure
has been confirmed by X-ray crystallography.

Fractional precipitation of Au1g2(pMBA)44

The reaction outcome varies depending on the quality of the solid NaBHj. In the case where
many large and/or insoluble products were formed, a simple fractional precipitation
removed the majority of the larger products. First, all particles from the reaction were
dissolved in nanopure water (9.24 mL) in a 50 mL conical, then 2 M NH,OAc (0.76 mL,
1.52 mmol, 0.076 M final concentration) was added. The solution was thoroughly mixed
followed by the addition of MeOH (10 mL, 50%). The suspension was shaken again to mix
and the conical was centrifuged at 4000 rpm and 4 °C. The supernatant was decanted into a
new 50 mL conical and then re-spun until pellets (larger impurities) no longer formed. The
remaining black solution (purified Auigo(PMBA)44) Was again transferred to a new 50 mL
conical. MeOH was then added to the conical until the total volume was about 45 mL. The
conical was shaken to mix and was then centrifuged at 4 °C for 10 min. The resulting
supernatant was decanted and the precipitate (purified Auigo(PMBA)44) Was dried in vacuo
at room temperature for at least 2 h.

Deprotection of [11-(methylcarbonylthio)undecyl] tetra(ethylene glycol) (AcS—(CH)11—

EG4—0OH)35

The acyl-protected thiol was refluxed at 100 °C in 10% HCI/MeOH for 18 h. The reaction
mixture was cooled and dichloromethane was added. The separated organic layer was
washed twice with H,0, twice with saturated NaHCO3, and dried with Na,SO4. The solvent
was removed in vacuo to give the product 23-mercapto-3,6,9,12-tetraoxatricosan-1-ol [HS—
(CHy)11-EG4—OH] as a clear oil. {H NMR (300 MHz, CDCl3) §3.80-3.76 (m, 2H), 3.75—
3.61 (m, 14H), 3.50 (t, J= 6.0 Hz, 2H), 2.58 (q, J = 6.0 Hz, 1H), 2.23 (brs, 1H), 1.70-1.58
(m, 4H), 1.47-1.29 (m, 14H).

Ligand exchange reaction of Auygo(pMBA)44 With 23-mercapto-3,6,9,12-tetraoxatricosan-1-
ol [HS—(CH5)11—EG4—OH] (compounds 5)

A 500 pM solution of AujgopMBA44 (6.6 pmol, 178 mg in 13.37 mL H,O)anda 0.1 M
solution of HS—(CH5)11-EG4—0H (0.79 mmol, 304 mg in 7.90 mL THF) were prepared. For
the 2 : 1 incoming ligand : outgoing ligand reaction (compound 5): 1.32 mL of HS-
(CH3)11—EG4—OH solution were mixed and diluted with H,O to a final volume of 15 mL.
Then the reaction was shaken at rt for 1 h, then the crude product was purified by
ultrafiltration spin columns (5000 Da cutoff) and was washed with 3 x 10 mL 1: 1H,0 :
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MeOH. The remaining orange liquid was placed into a 15 mL conical and lyophilized until
dry.

Animal models

Animals were housed in polycarbonate cages and kept on a 12 h light/dark cycle with water
and food given ad libitum. C57BL/6NCr male mice, 8-14 weeks old, weighing 20-30 g,
were purchased from the National Cancer Institute (Frederick, MD, USA). Compounds 1-4
were dissolved in nanopure water and compound 5 was dissolved in 5% DMSO, 5%
Tween-80 in 90% D5W solution. All the particle solutions were filtered through a 0.45
micron filter, and the dosage concentrations were determined after the filtration step.
Approximate dosing solution concentration for compound 1 was 2.0 mM, both compounds 2
and 3 were 0.81 mM, compound 4 was 2.71 x 10~ M, and compound 5 was 5.94 x 107> M.
Tail vein injection was carried out and the injection volume was 100 pL of solution/25 g of
mouse body weight. The mice were euthanized at 6, 12, 24, 48, 72, and 96 h time points via
cardiac exsanguination under anesthesia (isoflurane). Urine and feces from 0-6 h were
collected as they were produced in the cage. Feces from 6-12 h and 12-24 h were collected
at the end of the time point from the cage. Urine from 6-12 h and 12-24 h were collected at
the end of the time point by washing the cage with 20-30 mL nanopure water followed by
lyophilization of the sample. The organs were collected at the end of each time point. All
experimental procedures were approved by the Institutional Animal Care and Use
Committee at Colorado State University.

ICP-MS analysis

Blood—Blood sample (0.5 mL) was measured out using a pipette in a 15 mL conical. Aqua
regia (4 mL, approximately 3 : 1 HCI : HNOg3) was added to the conical and allowed to be
stored at room temperature for two days with the conical gently capped. Water was then
added to a final volume of 5 mL. Organs/feces: The organs/feces were weighed out in 15
mL conical. Samples that weighted more than 0.3 g were digested with 4 mL of aqua regia
at room temperature over two days then diluted with water up to 5 mL total volume.
Samples that weighted less than 0.3 g were digested with 2 mL of aqua regia at room
temperature over 2 days then diluted with water up to 2.5 or 3 mL total volume. Urine:
liquid urine sample (typically 0.5 mL) was measured out using a pipette and lyophilized
urine sample was treated as a dry powder. Aqua regia was added to the conical and
incubated at room temperature for two days with the conical gently capped. Water was then
added to a final volume of 5 mL. All the samples were sent to MidWest Laboratories, Inc.
(Omaha, NE) for ICP-MS analysis.

Luminescence images

Following collection of tissues for biodistribution, hepatic luminescence in the liver was
determined using a cryogenically cooled IVIS 100 imaging system coupled to a data
acquisition computer running Livinglmage software (PerkinElmer, Waltham, MA). A digital
grayscale image was acquired followed by acquisition and overlay of a pseudocolor image
representing the spatial distribution of detected photons emerging from within the liver after
subtracting background luminescence. Signal intensity was quantified as the sum of all
detected photons within the region of interest per second. The excitation (640 nm £ 25 nm)
and emission (732.5 nm % 37.5 nm) used the Cy 5.5 filters.

Results & discussion

A grand challenge in the adaptation of nanoparticles for clinical purpose is the development
of robust, predictive structure—activity relationships for in vivo nanoparticle behaviors such
as ADME and PK. To advance toward this goal, we establish in vivo properties for the

Nanoscale. Author manuscript; available in PMC 2013 December 21.
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structurally characterized nanoclusters Auys(SR)1g and Auyp2(SR)44 Where SR is either the
thiolate ligand used in the native synthesis (glutathione for Au,s and p-mercaptobenzoic

acid for Auqg) or ligand exchanged preparations of these clusters with mixtures of original
ligand and tetraethylene glycol. We proceeded with these oligoethylene glycols because of
literature showing that these molecules may suppress protein absorption thereby improving

predictive biological properties, and also extend or allow the manipulation of blood
PK.4'15’19’36_38

Predictive modeling

For each of the compounds listed in Fig. 1, we generated atomisitic models (Table 1). The
inorganic portion of each atomistic model was taken from the X-ray crystal structure of
either Auys (ref. 39 and 40) or Auygy.% Ligand placement on exchanged models draws
partially from our and other studies of structural ligand exchange, enabling some speculation
as to the location of exchanged ligands.#2 For instance, in Auys, the more exchangeable
ligand sites are on those sulfur atoms that are closest to Au(0), and on Auzgy, ligand
exchange occurs at solvent exposed Au or adjacent Au atoms. From these atomistic models,
which are accurate for the as-synthesized product and a reasonable approximation as to the
structure of ligand exchanged products, we calculated expected hydrodynamic diameter
(with HYDROPRO?9), net surface charge (by simple count), surface charge density (by
PDB2PQR32:33), and hydrophobicity (by PyMOL).28 The results of these calculations are
summarized in Table 1. While these parameters are widely understood as biochemically
significant, previous studies have focused primarily on net charge and hydrodynamic
diameter as determinants of PK and excretion mechanism.

Atomistic models are especially useful in the case of small nanoclusters because methods for
characterizing hydrodynamic diameter and surface charge, such as dynamic light scattering
and particle tracking, have large errors for particles substantially smaller than 5-10 nm
hydrodynamic diameter. Other properties calculated from these atomistic models, such as
surface charge density, and hydrophobicity, are more difficult to measure directly and may
allow post-experimental explanation of observed in vivo properties and development of
more sophisticated structure—activity relationships.

Synthesis and characterization of Auys, Auigz & exchange products

The Aus,s and Aujgp nanoclusters are now well characterized by multiple groups.39:43-45
The synthesis is described in greater detail in the experimental section. Auys(GSH)1g
synthesis was by a novel method (manuscript in preparation) and Auig2(pMBA)44 as
previously described.#® Initial characterization of the Au,s5(GSH)1g by polyacrylamide gel
electrophoresis used in this study suggested the presence of a single discrete product, but
subsequent characterization of this product after mouse experimentation had already begun
showed the presence of multiple products of which Au,s(GSH)4g is suggested as the largest
product as determined by the visible color of this and other products.?”:48 The
Au102(PMBA) 44 product appears approximately pure as assessed by polyacrylamide gel
electrophoresis (ESI, Fig. SlT). There is some uncertainty in the exact nature of this
preparation, because the subset of any Auyg2(PMBA)44 preparation that crystallizes is small,
and mass spec analysis suggests the presence of neighboring products.#6:49

TElectronic supplementary information (ESI) available: The polyacrylamide gel that shows the purity of Auj02pMBA44, excretion
graphs for compounds 1-5, atomistic models of the Auos and Au102-based compounds, the zoomed in versions of Fig. 3 and 6, 14
NMR of compound 5, information on the Au102 1 : 1 exchange compound, and blood drug concentration vs. time curves of Au102-
based compounds. See DOI: 10.1039/c3nr03121g
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Oligoethylene glycol moiety containing (OEG, Fig. 1) modifications of the as-synthesized
Auys and Auqgp were made with of 1: 1 and 2 : 1 incoming : outgoing ligand exchanges of
OEG compounds shown in Fig. 1 onto Auys and Auqg, cores as described in the
Experimental section. The molecular formula assignment of the Auyg,-based compound (5)
was based on the ratios of the aromatic 1H NMR signal (4H) versus the aliphatic 1H NMR
signal (18H) (Fig. SlGT). The Auqgp-based compound (exchanged with HS—(CH3)11-EG4—
OH at 1: 1 incoming : outgoing ratio) was also prepared for this study. Incomplete ADME/
PK data and the theoretical properties of this compound can be found in the ESI (Fig. S3,
S17, and Table S17).

Average molecular formula assignments for the Auys-based compounds 2 and 3 were
difficult to determine by NMR, because of overlapping 1H signals from glutathione and
OEG. Therefore, the molecular formula of the Auss-based ligand exchanged compounds (2
and 3) are proposed formulae based on the assumption that the ligand exchange assumes
equilibrium exchange conditions. This assumption may overestimate the amount of OEG on
these ligand exchange products relative to the idealized models.

ADME/PK of Auys-based compounds

The ADME/PK activities of each Auys-based product (compounds 1, 2 and 3) were tested in
8-14 weeks old C57BL/6NCr male mice. Time dependent absorption, biodistribution, and
excretion was determined by ICP-MS analysis of gold content in lung, liver, kidney, blood,
urine and feces from three mice per time point.

Fig. 2 shows the blood drug levels of the Aups-based compounds 1, 2 and 3. The
pharmacokinetic parameters calculated by noncompartmental analyses are shown in Table 2.
The calculated circulation half lives of compounds 1, 2 and 3 are relatively similar at 20.1,
16.0, and 15.6 hours respectively. Interestingly, modification with increasing coverage of
OEG ligand (which also leads to the reduction of GSH coverage), there is an increase in area
under the curve (AUC), and a reduction in half-life, clearance and apparent steady state
volume of distribution (Table 2). These findings help support the ability to predict the whole
blood PK parameters by “tuning” these nanoparticles.

Time dependent distribution of Auys-based compounds 1, 2 and 3 over a 96 hours time
course are shown in Fig. 3. Notably compound 1 appears to accumulate in the kidneys over
the course of the experiment, while compounds 2 and 3 (those with OEG) — also have
accumulations in the kidney but even more accumulate in the liver. This change in
distribution predicts the dominance of excretion into urine for compound 1 and in feces for
compounds 2 and 3 observed (Fig. S2T). Analysis of excretion products, shown in Fig. 4,
confirms this, meaning that a small change in particle surface composition can dramatically
change excretion mechanism.

Long term, potentially irreversible accumulation in filtration associated organs such as the
lungs, liver and spleen is a major concern emerging investigation of metal nanoparticles in
preclinical models.59 Current studies suggest that smaller gold nanoparticles may be
metabolized and excreted by hepatic mechanisms,18 while larger gold nanoparticles persist
in the liver indefinitely.13 Metabolism of smaller particles may be by biologically sourced
oxidative thiolate etching,5! perhaps by intrinsic GSH, which results in (-Au(1)-SR-),,
oligomers similar to Au(l) based FDA approved rheumatoid arthritis drugs such as
aurothiomalate (trade name Myochrisine.) The intrinsic luminescence of the Auy5(SR)1g
compound®2:53 allowed observation of the hepatic uptake and clearance of the hepatically
cleared Auys-based compound 3 over time. Fig. 5 shows the luminescence of compound 3 in
livers at the noted time points after administration. We suggest that etching precedes
excretion, but speculate that since the analogous rheumatoid arthritis drugs are not
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associated with long term metal accumulation, that the Au(l)-SR etching products will be
excreted. This does appear consistent with analysis of feces over the course of the
experiment which shows increasing concentrations of Au as the experiment progressed
toward its 96 hours termination point.

With no OEG, particles locate primarily to the kidneys and urine — consistent with the other
observations of GSH-Au, although we surprisingly observe more kidney residence than
other studies.18 With an average of half a ligand shell of OEG (compound 2), particles
locate primarily in the liver, and with an average of two thirds of a ligand shell of OEG
(compound 3) the particles locate initially in the lungs (Fig. 3). While particles of similar
size are known to locate to similar organ systems,12:14.54 we believe this is the first
observation of particle modification destination based on a mixed ligand shell composition.

ADME/PK of Auyp

Establishing the ADME/PK properties of the Au1go(pPMBA),44 based compounds 4 and 5
was attempted in the same manner as for the Au,g5(GSH);g compounds 1, 2 and 3. Analysis
of time-dependent biodistribution and excretion suggests that the Auyg, compounds locate
primarily to the liver and spleen, regardless of the composition of the ligand shell (Fig. 6 and
7). In each case, the hydrodynamic diameter of the compound predicts substantial renal
clearance, and the accumulation in RES suggests substantial binding of proteins to these
particles, increasing their hydrodynamic diameter resulting in RES accumulation.
Surprisingly, the incorporation of OEG in these compounds did not change their distribution
properties, indicating that in this case OEG did not suppress protein binding.

Analysis of excretion products for compounds 4 and 5 show excretion of 4.8% and 0.9% of
the starting material within 12 hours. Fig. S3T shows the relative amounts of each in urine
and feces at 6, 12 and 24 hours post injection. Notably, excretion mechanism does not
appear to change with ligand shell modification.

Predictive SAR may enable design of nanoparticles with predictable excretion mechanism,
biodistribution, metabolism and blood PK. Precise and predictable tuning of these properties
is desirable. Nanoparticles are investigated as diagnostic imaging agents, therapeutic agents,
and com%ned theranostic agents. Each of these modalities has a different optimal corporeal
half life.

The seminal work of Choi et al.* suggested that the ADME/PK properties of inorganic
nanoparticles and explicitly their excretion mechanism might be predicted by comparison to
proteins with comparable hydrodynamic diameter, as long as the particles had a net surface
charge of zero achieved either through zwitterionic ligands such as cysteine or neutral
ligands such as oligoethylene glycols. Subsequent work from many groups demonstrate that
nanoparticle ADME/PK is much more complex. For instance, particles with net-negative
charge can avoid opsonization and protein corona formation which can dramatically increase
the effective hydrodynamic diameter of nanoparticles, as judged by renal clearance. Thus, in
some instances particles with a net negative charge behave as predicted by their
hydrodynamic diameter,”-18:37.55 put in other instances do not.22 Moreover, the models for
predictive ADME/PK do not yet account at all for the result of targeting molecules (RGD,
folate, antibodies, etc) on ADME/PK, which is a serious limitation.

In this study five compounds were tested, all with hydrodynamic diameter less than 6.25 nm.
Since these diameters are smaller than the 8 nm cutoff commonly cited for filtration through
the glomerural wall of the kidney, and have net negative charge, substantial renal excretion
is predicted. This is observed only for compound 1. To explain the excretion properties of
compounds 2-5, we offer insights into SAR that arise from the atomistic models.
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The distribution of compounds 2-5 into the RES is consistent with an increase in their
effective hydrodynamic diameter above the ~8 nm cutoff for renal filtration that can result
from opsonization (absorption of immuno-proteins) and protein corona formation
(absorption of other proteins.) The net negative charge of compounds 2-5 and the addition
of OEG are hypothesized to suppress these effects. Furthermore the apparent absorption of
proteins to compounds 2 and 3 is especially surprising, as the OEG added to these
compounds is hypothesized to decrease protein absorption compared to compound 1 because
of several other studies that show decrease in protein binding as a result of OEG
addition1556

A possible explanation for this unpredicted behavior arises from analysis of hydrophobic
surface area in the atomistic models. Hydrophobic interactions are well known to drive
substantial specific and non-specific biological interactions. Larger relative amounts of
hydrophobic surface area on a nanoparticle might provoke both specific (immuno-) and
nonspecific protein nanoparticle aggregation. Table 1 shows the calculated percentage of
hydrophobic surface area for each compound, calculated in PyMOL as described in the
methods section. The amount of hydrophobic surface area increases after OEG addition
because the OEG used in this study incorporates a C6 or C11 linker, separating the
tetraethylene glycol functionality from the metal core. When packed into a monolayer, for
instance on a sufficiently large {111} facet, this aliphatic region is buried and not solvent
accessible. In the case of the small nanoclusters used in this study, two aspects may expose
the aliphatic region: first, the ligand shell is a mixed monolayer of GSH and OEG, and this
may allow solvent exposure of the aliphatic region. Second, the high radius of curvature of
the particles may expose the aliphatic region even in areas where the surface is essentially
OEG saturated. Thus, especially in the case of compounds 2 and 3, the Auys-based
nanoclusters, with an inorganic diameter of 1.1 nm, are the smallest OEG passivated
particles studied in vivo so far, and small size and mixed ligand shell may account in large
part for the unpredicted results.

The blood pharmacokinetics of the GSH protected particles indicates a substantially longer
blood half-life than suggested by a simple hydrodynamic diameter calculation and
comparison to naturally occurring proteins of similar size. For instance, the 2.44 nm
hydrodynamic diameter of compound 1 is comparable to that of the inulin with a 3.0 nm
hydrodynamic diameter.#>” These molecules have respective circulation half life of 20.1
hours and 9 minutes, respectively. The high density of negative charge on compound 1 may
account for the long circulation half life, because glomerular filtration is faster for neutral or
positively charged compounds.>8 Other published examinations of the properties of injected
GSH protected nanoparticles show similarly extended circulation times with substantial
renal clearance, indicating that this somewhat surprising result is not artifactual 1

Conclusions

For the first time, the circulation properties of nanomaterials characterized in terms of
molecular formula are examined. We show that the characteristics (i.e., circulation half life
and especially biodistribution) of such particles depend critically upon their surface
structure, as inferred from putative molecular formula atomistic models.

In aggregate, our results suggest that blood PK, distribution and excretion mechanism
depend not only on the widely recognized parameters of net charge and hydrodynamic
diameter, but also on exposed hydrophobic surfaces and surface charge density.
Additionally, the specific 3-D structure of the organic portion of the cluster may also play an
important role. Furthermore, we establish SAR properties for atomistically modeled
particles, showing that renal clearance, transient lung accumulation, and RES accumulation
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are all highly sensitive to surface structure of nanoclusters, if not actual 3-D relationships of
ligands. The increasingly precise surface modifications that now appear available*? for some
clusters may ultimately enable quantitative understanding.

We further show that the partial exchange with OEG in this instance increased the
hydrophobicity of the nanoparticles, resulting in either opsonization or protein corona
formation, resulting in particle entrapment in the reticuloendothelial system. These results in
whole are superficially contradictory to many others that suggest that OEG increases
circulation lifetime and biocompatibility, primarily by suppressing (rather than increasing as
we observe here) protein absorption. The superficial contradiction may be explained in part
by the larger nanoparticle sizes (with decreased radius of curvature) used in other studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Structures of each molecular component used in the study. Orange spheres depict gold
atoms and yellow spheres depict sulfur atoms. The carbon and hydrogen atoms of the ligand
layer have been excluded for clarity.
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Fig. 2.
Blood drug concentration vs. time curves of Auss-based compounds. Data represents the
mean of three animals per time point per compound.
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Fig. 3.

Percent of Au nanoparticles found (of total amount dosed) in tissue of Auss-based
compounds in various tissues at noted post-injection times. See Fig. S11-513T for the
graphs zoomed in at the lower percentages.
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combined) for Augs-based compounds.
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Fig. 5.
The luminescence within representative livers ex vivo at noted post-injection time points for
compound 3.
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Percent of Au nanoparticles found (of total amount dosed) in tissue of Auyg,-based
compounds in various tissues at noted post-injection times. See Fig. S14-S15T for the graph
zoomed in at the lower percentages.
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Fig. 7.
Concentration of compound 4 in various tissues at 24 h. The graph on the right shows the
concentration of compound 4 in the liver and spleen on a different scale.
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