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Abstract

Gold is a highly useful nanomaterial for many clinical applications, but its poor biodegradability
can impair long-term physiological clearance. Large gold nanoparticles (20-200 nm), such as
those required for long blood circulation times and appreciable tumor localization, often exhibit
little to no dissolution and excretion. This can be improved by incorporating small gold particles
within a larger entity, but elimination may still be protracted due to incomplete dispersion of gold.
The present study describes a novel gold nanoparticle formulation capable of environmentally-
triggered decomposition. Ultrasmall gold nanoparticles are coated with thiolated dextran, and
hydrophobic acetal groups are installed through direct covalent modification of the dextran. This
hydrophobic exterior allows gold to be densely packed within ~150-nm polymeric micelles. Upon
exposure to an acidic environment, the acetal groups are cleaved and the gold nanoparticles
become highly water-soluble, leading to destabilization of the micelle. Within 24 hours, the
ultrasmall water-soluble gold particles are released from the micelle and readily dispersed. Micelle
degradation and gold nanoparticle dispersion was imaged in cultured macrophages, and micelle-
treated mice displayed progressive physiological clearance of gold, with > 85% elimination from
the liver over three months. These particles present a novel nanomaterial formulation and address a
critical unresolved barrier for clinical translation of gold nanoparticles.

INTRODUCTION

Gold nanoparticles (AuNPs) are among the most extensively studied nanoformulations, in
part due to their easily manipulatable morphology and surface chemistry as well as their
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potential to be used in a variety of clinical applications.}~3 Gold has attracted tremendous
interest as a therapeutic agent — particularly in oncology — for applications including
radiation sensitization*-® and photothermal therapy.’—2 It has also been explored in various
biomedical imaging modalities, including computed tomography (CT),10-12 photoacoustic
imaging,1314 and surface-enhanced Raman scattering.1®> Additionally, gold has been
complexed with a range of other pharmaceuticals and imaging agents, as a scaffold for
targeted delivery and multimodal activity.12:16-18

The majority of AUNPs and other nanomedicines are designed to be injected into peripheral
veins, and once they have entered the blood stream, many particles will ultimately be
phagocytosed by resident macrophages within the liver and spleen.1® A particle’s ability to
target specific biological compartments is dependent on their physiochemical properties. For
example, particle shape and surface chemistry can influence interactions with serum proteins
and with cell membranes; 2021 factors such as charge, hydrophobicity, and certain molecular
markers may promote rapid uptake by phagocytic cells, while neutral hydrophilic coatings
such as poly(ethylene) glycol (PEG) tend to delay phagocytosis and therefore confer longer
serum circulation times.22-24 Particle size also greatly impacts serum half-life; AuNPs
smaller than ~10 nm tend to undergo rapid renal elimination, while particles larger than
~200 nm show accelerated sequestration in the liver and spleen.25-27 Prolonged serum
circulation can have a number of desirable effects, including increased localization of
particles into tumors. This phenomenon is known as the enhanced permeability and retention
effect (EPR), whereby circulating nanoparticles can extravasate through leaky tumor
vasculature and persist due to poor lymphatic drainage.28-2° It is important to note that,
while particle accumulation in tumors may increase when compared with small molecular
compounds, the total dose fraction delivered to the tumor is typically no more than 1% of
the injected dose;30 still, the majority of FDA-approved nanomaterials for oncology have
been designed based on this principle.

While AuNPs may show beneficial biodistribution, they can also exhibit impaired
physiological clearance due to gold’s poor biodegradability. Gold particles cannot be easily
broken down, even within the lysosomal compartment’s highly acidic and hydrolytic
environment, though a few processes may contribute to the slow degradation of gold over
time (e.g., etching by thiols31-33 or hydroxyl radicals34:3%). As a result, gold nanoparticles
commonly persist in tissue for weeks to months.36-38 For example, in a landmark study by
Sadauskas et al3? in which 40-nm AuNPs were administered intravenously to mice, it was
found that only 9% of gold was eliminated from the liver over the course of six months.
Similarly, preclinical studies of 150-nm gold nanoshells showed no detectable reduction in
total gold mass within the body, even at more than one year post-injection.3¢ The long-term
persistence of gold nanoparticles represents a significant concern for clinical application and
regulatory approval.40:41

In order to improve the clearance of AUNPs while maintaining favorable pharmacokinetics,
one strategy is to package clusters of small AuNP cores within a larger biodegradable
construct. Such nanomaterials may be fabricated at an overall size that preserves favorable
biodistribution, but the use of small gold particles can accelerate degradation and excretion.
This is because small hydrophilic AuNPs have the potential to be renally excreted*2=° and
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retained particles may have improved dissolution and deterioration due to their high surface-
to-volume ratio.3746 Several such AuNP clusters have been reported, using a variety of
complexing materials (e.g., polyphosphazene,*”8 polylysine and silica,*® amphiphilic block
copolymers containing poly(ethylene glycol) and polylactic acid®®>1 or polycaprolactone,>?
liposomes, >34 and oligonucleotides®). One particularly successful strategy is the use of
pH-sensitive materials, which undergo structural and chemical transformations in response
to variations in pH between biological compartments. Biodegradable pH-responsive gold
nanoclusters have proven useful in a number of applications, including endosomal escape,
56,57 tumor aggregation,®8-%0 and drug release.61.62

Recently, our group reported gold-loaded polymeric micelles consisting of 1.9-nm
dodecanethiol-capped AuNPs encapsulated by poly(ethylene glycol)-block-poly(e-
caprolactone) (PEG-PCL), with tunable micelle diameters of 30-150 nm.83:64 The use of
hydrophobic AuNPs allowed facile particle synthesis through micelle self-assembly, and
dense packing of substantial gold mass within the particle core. These particles showed
excellent tumor accumulation, biocompatibility, CT contrast, and radiosensitization. The use
of small AuNPs conferred significant improvements in bioelimination compared to large
solid cores, with ~30% reduction in the liver from day 2 to day 7 post-injection. In later
studies using 0.9-nm AuNPs, this was further improved to ~40% reduction in the first week,
and up to 65% over three months.5° It was suspected that the residual biopersistence of gold
resulted from incomplete dispersion of the hydrophobic particles.

To that end, we have developed a novel gold nanomaterial that transitions from hydrophobic
to hydrophilic under acidic conditions (Figure 1). In particular, ultrasmall gold nanoparticles
are coated with the pH-sensitive polymer, acetalated dextran.¢ The resulting particles can be
encapsulated within the hydrophobic core of an amphiphilic diblock copolymer, forming a
tightly-packed polymeric micelle. Upon exposure to low pH environments (e.g., the cellular
lysosomal compartment), the pendent acetal groups on the acetalated dextran undergo
hydrolysis, leading to disruption of the micelle and an increase in AUNP hydrophilicity.
These small, dispersed AuNPs have a greater capacity for degradation and excretion,
allowing for faster and more extensive bioelimination.

RESULTS AND DISCUSSION

A goal of this study was to produce dextran-coated gold nanoparticles that were smaller than
the cutoff for renal clearance (estimated at 5-10 nm), which necessitated the production of
even smaller AUNP cores (~2 nm in diameter). To produce these AuNPs, a protocol was
adapted from Jadzinsky et al” using p-mercaptobenzoic acid as the capping ligand:; this
reaction could be scaled to produce ~1.7-nm gold particles with low polydispersity at yields
of several hundred milligrams (“pMBA-AuNPs”; Figure 2a). These AuNPs were
subsequently coated with a low-molecular-weight dextran (5 kDa) with a single terminal
thiol group (Figure 2b).

Thiolated dextran was prepared by reductive amination of the terminal glucose moiety,
which possesses a single transient aldehyde, with 3,3’-dithiobis(propanoic dihydrazide).
3,3’-dithiobis(propanoic dihydrazide) contains two terminal hydrazide groups and an
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internal disulfide. Hydrazide was chosen as the aldehyde linking group, as opposed to a
primary amine, because it is generally resistant to acidic hydrolysis, especially when it is
further stabilized by reduction with cyanoborohydride.68:69 After conjugation of the
dihydrazide with two dextran molecules, the disulfide was reduced with tris(2-
carboxyethyl)phosphine (TCEP) to yield dextran-thiol, which was isolated by washing in
90% methanol. Notably, disulfides are generally capable of binding gold surfaces without
prior reduction;’%71 however, we found that the dextran disulfide dimer could not be
efficiently conjugated with gold, presumably due to steric occlusion.

Hydrophilic stMBA-AuUNPs were coated with dextran-thiol through simple ligand exchange
by mixing the two reagents in aqueous solution (Figure 2c, 2e; Supporting Figure S1). This
reaction contained a 10-fold molar excess of dextran-thiol relative to p-mercaptobenzoic
acid, which could presumably facilitate substitution of these ligands on the AuNP surface.
The successful addition of dextran and formation of “Dextran-AuNPs” was confirmed by
analyzing the mass percentage of gold in purified particles: pMBA-coated AuNPs were
approximately 80% gold, but this dropped to 31% gold after the ligand exchange reaction,
due to the larger size of dextran (Table 1). Dextran-AuNPs were also examined by dynamic
light scattering, and their average peak hydrodynamic diameter was 7.3 nm as calculated by
intensity distribution (3.5 nm by number distribution).

Notably, these values are close to the reported size limits for renal filtration of negatively
charged particles (~6-8 nm),26:72 and it is possible that a fraction of Dextran-AuNPs may be
unable to undergo renal filtration. However, much of the particle bulk derives from dextran,
which is known to degrade within the lysosomal environment due to the activity of a-
glucosidase and other enzymes, and it is conceivable that large Dextran-AuNPs could
diminish in size over time due to hydrolysis of the dextran coating. In future experiments, it
may also be possible to decrease the size of synthesized Dextran-AuNPs by using shorter
dextran polymers (< 5 kDa) and/or smaller AUNP cores.

After conjugation of AuNPs with dextran, the hydroxyl groups on the dextran were
covalently modified with pendant acetal groups (Figure 2d, 2e) to increase the
hydrophobicity of the particles and enable their encapsulation within micelles. To append
the acetal groups, Dextran-AuNPs were dissolved in dimethyl sulfoxide and then directly
chemically reacted with 2-methoxypropene in the presence of the catalyst pyridinium-g-
toluenesulfonate. The resulting particles, “AcetalDextran-AuNPs” (or “ADAS™), were no
longer soluble in water; instead, they could be dissolved in organic solvents such as
chloroform and toluene. This, along with an additional decrease in particle gold mass
percentage (Table 1), was indicative of a distinct compositional change from Dextran-
AuUNPs and strongly suggests the successful application of acetal groups.

The behavior of ADAs was characterized under acidic conditions to evaluate their ability to
transition back to hydrophilic Dextran-AuNPs. A range of aqueous buffers representing
various physiological compartments were tested: PBS, pH 7.4, for blood; PBS, pH 6.8, for
hypoxic tumors; and 0.3 M acetate buffer, pH 5.0, for lysosomes. First, hydrophobic ADAs
were suspended in each of these buffers, which initially formed a turbid suspension due to
the insolubility of these particles (Figure 3a, 3b). After several hours of mixing at 37 °C,
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particles at pH 7.4 and 6.8 appeared to remain unchanged. However, at pH 5.0, particles
became fully water-soluble over the course of 12 hours, as evidenced by a dramatic increase
in solution transmittance from cloudy (7.4 %T) to clear (60.7 %T). To further confirm this
behavior, we suspended ADASs in serum at either pH 7.4 or pH 5.0 (Figure 3c). Initially,
particles could be precipitated by centrifugation, which indicated insolubility due to their
hydrophobic acetal coating. At later timepoints, particles at pH 5.0 lost this property and
remained in solution even after high-speed centrifugation (16,000 x g, 10 min). This shift in
solubility is consistent with the expected hydrolysis of the acetal groups at low pH.

Next, the ADAs were encapsulated within polymeric micelles. As noted, we have previously
reported encapsulation of hydrophobic AuNPs using the biodegradable amphiphilic block
copolymer PEG-PCL.83:64 Following a similar approach, “AcetalDextran-AuNP-Micelles”
(“ADAMSs™) were formed by simple mixing of PEG-PCL and gold particles in toluene,
followed by emulsion in water and evaporation of toluene to drive micelle self-assembly
(Figure 4a). Micelles were isolated by centrifugal sedimentation to yield 146-nm water-
soluble particles, with a highly negative zeta potential of —31.5 + 5.3 (Figure 4b). Particle
structure and size were confirmed by transmission electron microscopy imaging (both
standard- and Cryo-TEM) (Figure 4c). Micelles were observed to be stable in phosphate-
buffered saline (PBS) at 4 °C for at least one week, as evidenced by consistent
hydrodynamic diameter and EM structure (Figure 4d).

We then sought to determine whether ADAS could undergo a similar transition from
hydrophobic to hydrophilic at pH 5.0 after being encapsulated in micelles. ADAMs were
dissolved in serum at either pH 7.4 or pH 5.0 (Figure 3d). Although the micelles were fully
soluble due to their outermost layer of PEG, their heavy gold cores meant they could be
pelleted out of solution by high-speed centrifugation (16,000 x g, 10 min). When the
micelles were mixed at 37 °C for 24 hours, those kept at pH 7.4 continued to display the
same behavior, and could be pelleted. In contrast, those exposed to acidic conditions could
no longer be sedimented at these centrifugation speeds. This suggests that the dispersed
AUNPs no longer form a heavy gold core within the micelle and is consistent with our
proposed model: the acidic environment leads to hydrolysis of the acetal groups,
destabilization of the micelle core, and release of the Dextran-AuNPs. Importantly, the
release of AUNPs from micelles may not require the complete degradation of the PEG-PCL,
which is not expected to occur quickly under these conditions.’3

To determine whether AuNPs can be released prior to complete micelle degradation,
ADAMs were dissolved in buffers at either pH 7.4 or pH 5.0 and were examined by DLS
(Figure 3e). Initially, particles displayed the expected size and structure within both
environments, and particles incubated at pH 7.4 showed little alteration over time except for
a small degree of aggregation. However, particles at pH 5.0 showed significant degradation
after 24 hours of incubation at 37 °C, as indicated by the emergence of a subset of
nanoparticles with a much smaller hydrodynamic diameter (average peak intensity, 33 nm).
When these 24-hour samples were examined by TEM imaging (Figure 3f, 3g), we
discovered several new structures, including 2-nm AuNPs that were either freely dispersed
or present as small non-spherical clusters. No ADAMSs were observed in these TEMs
images; instead, large low-electron-density spheres appeared spatially distinct from small
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highly-electron-dense AuNPs. This suggests that empty PEG-PCL micelles are present in
the sample, and may be the source of the large DLS peak found at this timepoint. The AuNP
aggregates may presumably indicate partially de-acetalated Dextran-AuNPs; by this model,
particles can leak out of micelles as they become increasingly hydrophilic, but retain partial
hydrophobic regions that drive their self-assembly into small irregular clusters. Although
further mechanistic analysis was not pursued in this study, these data strongly suggest that
ADAMs can undergo structural degradation in a pH-depended manner.

We next examined the behavior of ADAMs in biological systems. Acetalated dextran has
previously been proven to have toxicity comparable to that of poly(lactic-co-glycolic acid),
an FDA-approved material; safety was confirmed in particle form and for the isolated
breakdown products of acetal hydrolysis (i.e., acetone and methanol).86 To confirm this
behavior in the present formulation, ADAMs were incubated with an immortalized human
liver cell line, HepG2, and a standard MTT assay was performed after 24 hours (Figure 5a).
Cell viability of ~95% was seen up to at least 10 pg mL~1 gold, with no statistically
significant decrease. Even at very high concentrations (80 pg mL=1 Au), viability was
greater than 80% compared to media-only controls, suggesting good biocompatibility.

The biodegradation of ADAMS was also assessed in cell culture. As a control for these
experiments, we prepared equivalent AuNP-loaded polymeric micelles that lacked pH
sensitivity: 2-nm dodecanethiol-coated AuNPs (“C12-AuNPs™) formed into micelles using
PEG-PCL (“C1,-AuNP-Micelles”) (Supporting Figure S$2).63 Each micelle formulation was
incubated with RAW 264.7 murine macrophages for 24 hours at 10 pug mL~1 gold; cells were
then fixed, embedded, and sectioned for TEM analysis (Figure 5b,c). AuNPs could be
clearly visualized within unstained cells and were localized to vesicular compartments. The
pH-sensitive ADAMSs showed considerable breakdown of the spherical micelle structure and
dispersion of individual AuNPs. In contrast, control C1o-AuNP-Micelles retained a distinctly
spherical shape; although some separated AuNPs could be observed, the clear unidirectional
distribution pattern strongly suggested that this was an artefact of the TEM tissue-sectioning
process. At this 24-hour timepoint, both micelle formulations had near equivalent
accumulation of gold within (or associated with) cells (ADAMs: 10.7 x10~2 g per cell;
C12-AuNP-Micelles: 9.84 x1072 g per cell).

Finally, the pharmacokinetics of ADAMSs was evaluated. C57 black mice were injected
intravenously with AcetalDextran-AuNP-Micelles at a dose of 100 mg Au per kg body
weight, administered as a single bolus injection via the tail vein; this dose was selected
based on similarity to other reported studies, as well as considerations such as sensitivity of
gold detection in tissues.>” To determine the circulation time of micelles in the bloodstream,
blood samples were drawn at various timepoints post-injection and analyzed for gold
content. Micelles displayed long circulation, with a half-life of 3.5 hours (Figure 6a).

A biodistribution analysis was performed by collecting organ samples at various timepoints
for a total of twelve weeks and assessing tissue gold content using inductively-coupled
plasma optical emission spectroscopy (ICP-OES) (Figure 6b). ADAMSs displayed a tissue
biodistribution pattern that is typical for nanoparticles of this size, with the majority of
particles initially accumulating in the liver and spleen. However, we observed a substantial
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drop in gold levels in these organs over time. On average, liver gold decreased 86% over
twelve weeks, while in the spleen it dropped 72% over that period. Liver clearance was also
more rapid; levels began to decrease appreciably after the first week, while spleen levels
remained high for the first four weeks. These clearance rates compare favorably to those
reported in previous studies that used non-pH-sensitive gold micelles. When Poon et al’#
injected mice with 110-nm or 220-nm solid gold nanoparticles, they reported that ~40-50%
of the total injected dose was present in the liver at 14 days post-injection, with
approximately 2.5-8% found in the spleen; these values are higher than our approximate
%ID of 8% in the liver and 4% in the spleen. In a study that was highly analogous to the
present report, Al Zaki et al®® described gold micelles containing 0.9-nm dodecanethiol-
coated gold nanoparticles (“GPMs”). When comparing the two gold formulations and their
long-term bioretention, ADAMSs show a significantly lower %ID/g in the liver (%ID/g liver
at 14 days, ADAMSs ~9% vs GPMs ~30%; at 3 months, ADAMs ~3% vs GPMs ~15%).
%ID/g in the spleen was more similar for the two formulations, but ADAMs displayed a
greater decrease over time and a lower final level (%1D/g spleen at 14 days, ADAMs ~60%
vs. GPMs ~50%; at 3 months, ADAMSs ~16% vs GPMs ~20%). It is important to note that
these cited studies contain several key differences in experimental methodology, and so a
true comparison with the present work is not possible. Nevertheless, the results generally
support our findings that pH-sensitive ADAMS represent an improvement in physiological
clearance rates.

The mechanisms of micelle elimination were not examined in detail, but they likely involve
endocytic uptake into cells, trafficking to lysosomes and other endosomal compartments,
and exocytosis. In the liver, hepatocytes periodically exocytose their lysosomal contents into
bile, where it is carried to the digestive tract and excreted in feces.”~"7 While we did not
examine the gall bladder or intestines as part of this biodistribution analysis, we did collect
feces and urine samples at specific timepoints throughout the experiment. We observed an
appreciable amount of gold in the feces, particularly in samples which were collected at 1
day post-injection. Gold levels were lower in samples collected at later timepoints,
indicating that the rate of fecal elimination slowed over time, but it is reasonable to assume
the gold was excreted continuously over the elapsed time. This hepatobiliary excretion route
may contribute to the faster elimination of gold from the liver vs. the spleen, where no
equivalent system exists.

Sections of liver tissue were also examined by TEM imaging and energy-dispersive X-ray
spectroscopy (EDX) (Supporting Figure S3, S4). Electron-dense 2-nm gold particles were
observed within intracellular vesicles at 1 day post-injection. Furthermore, these particles
were often well-dispersed, with partial or complete dissociation of the ADAM’s spherical
cluster structure. Similar images were acquired from mouse livers at 7 days post-injection,
containing a spectrum of particle structures ranging from mostly-intact to fully-dissociated
ADAMs (Supporting Figure S5). For the subset of micelles that showed little structural
disruption, it is unknown whether this is due to more recent cellular uptake of ADAMs,
variability in the particles’ pH-responsive behavior, variations in the kinetics of their
trafficking to acidic intracellular compartments, or other phenomena.
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Notably, by ICP-OES analysis, elemental gold could be detected in mouse urine at 24 hours
post-injection (%ID/g tissue: 4.5 + 0.5). This phenomenon was confirmed by examining
urine samples via electron microscopy and EDX (Figure 6c¢; Supporting Figure S6). Gold
was detected in the form of individual 2-nm AuNPs that were consistent in appearance to
Dextran-AuNPs. These data suggest that intravenously injected AcetalDextran-AuNP-
Micelles may be capable of breaking down into renally-excretable gold.

Throughout these studies, we examined mice for signs of drug-induced toxicity. Animals
remained energetic and without visible signs of poor health (e.g. lethargy, noticeable
changes in food intake, poor grooming, etc.). Injected animals displayed an initial transient
drop in body weight (~10%); this weight loss was resolved by day 4, and generally increased
throughout the twelve-week study (Figure 7a). Although mouse weight loss can arise from
the stress-inducing effects of intravenous injection, repeated blood collection, and other
handling procedures, we found that control saline-injected mice experienced a much smaller
reduction in average body weight (~1%) despite similar manipulation (Supporting Figure
S7). This indicates that the administration of ADAMs at the dose of 100 mg Au per kg body
weight is likely responsible for this mild adverse event, and a lower dosage of ADAMSs may
be advisable for future studies.

Knowing the potential for high liver accumulation of particles, serum was collected from
mice at 1, 3, and 7 days post-injection and analyzed for elevated liver enzymes: alanine
transaminase (ALT), aspartate transaminase (AST), and alkaline phosphatase (ALP) (Figure
7b—d). These levels were widely recorded to be within normal limits, with the single
exception of increased AST at 1 day. Notably, these assays involve colorimetric detection of
enzymes;’8 at the 1 day timepoint, serum contained a substantial volume of gold particles
that imparted a noticeable brown hue, which may have impacted analysis.

Finally, tissue samples were harvested from the kidney, liver, spleen, and lung at various
timepoints post-injection (Figure 7e). Tissues were embedded with paraffin, stained with
hematoxylin and eosin (H&E), and imaged by light microscopy. Slides were then
independently evaluated by a board-certified veterinary pathologist (Supporting
Information). Histological examination revealed no signs of acute or chronic pathology.
Numerous cells were observed to contain pigmented foci, which were presumed to indicate
regions of nanoparticle accumulation; these appeared in the liver (hepatic sinusoid and portal
regions), spleen (red pulp), and kidney (interstitium), but not in the lung. These cells were
not associated with any inflammation or parenchymal damage. Within the liver and spleen,
these regions appeared immediately at Day 1 post-injection; in the kidney, no pigmented
regions were found until 1 week post-injection. The early liver and spleen accumulation is
perhaps made possible by the large sinusoidal slits and subsequent micelle phagocytosis by
macrophages within these organs. Subsequently, the smaller 1.7 nm AuNP degradation
products may be allowed to pass through glomerular fenestrations and accumulate within the
kidney. The lack of observed accumulation altogether in the lung may be related to its lack
of endothelial sinusoids and fenestrations that limit circulatory escape by both micelles and
AUNPs. Notably, the number of pigmented cells within organs of accumulation decreased
steadily over time.
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Altogether, these data suggest that ADAMSs have low toxicity and that they can be cleared
from the body over time. These findings imply that our gold nanoparticle formulation may
be suitable for repeat administration, particularly compared to non-biodegradable gold
particles; this is particularly important considering the ubiquity of multiple and metronomic
dosage strategies in clinical cancer therapy.”® In the current study, we elected to administer
ADAM s via a single bolus dose in order to present a simplified pharmacokinetic analysis.
However, we would propose that future studies examine the effects of repeat systemic
administration, both on long-term clearance and on animal toxicity.80-83

CONCLUSION

Considering the extent of global research interest in gold nanoparticles and their therapeutic
potential, it is important to address the lingering question of their physiological persistence.
The reported strategy seeks to improve clearance while still maintaining favorable aspects of
gold particle design. This has been achieved by utilizing a pH-sensitive polymer, acetalated
dextran, which transitions from hydrophobic to hydrophilic in acidic conditions. Acetalated
dextran containing a single terminal thiol group has been installed onto ultrasmall AuNPs
using newly-described synthetic strategies. Clusters of these particles could then be
encapsulated within polymeric micelles of favorable size, with high stability at pH 7.4.
However, both the hydrophobic AuNPs and their larger polymeric assemblies showed rapid
degradation in acidic buffers (pH 5.0) and in macrophage cell culture. Micelles were found
to have good biocompatibility and serum pharmacokinetics; furthermore, they displayed
progressive long-term clearance from accumulated tissues, including the liver and spleen.
Collectively, these environmentally-responsive materials present an intriguing and effective
strategy for the biodegradation of gold nanostructures.
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Schematic showing the dispersion of AcetalDextran-AuNPs from micelles when placed in
an acidic environment. Ultrasmall gold particles are coated with a hydrophobic pH-sensitive
polymer, acetalated dextran; upon exposure to low pH environments, this hydrophobic
coating becomes hydrophilic. Polymeric micelles encapsulating these materials will be
stable at standard physiological pH but will dissociate within the lysosome, allowing

dispersion of soluble AuNPs.
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Figure 2.
Synthesis of AcetalDextran-AuNPs. (a) Ultrasmall hydrophilic gold nanoparticles (AuNPs)

were synthesized using p-mercaptobenzoic acid (/MBA) as a capping ligand; particles had a
mean core diameter of 1.7 £ 0.5 nm (SEM). Inset shows TEM image of dried particles. (b)
Dextran (5 kDa) was combined with 3,3’-dithiobis(propanoic dihydrazide) to install a
terminal thiol group. (c) pMBA-AuUNPs were coated with thiolated dextran via ligand
exchange, yielding Dextran-AuNPs. (d) Dextran-AuNPs were covalently modified with
acetal groups, yielding AcetalDextran-AuNPs. (e) Demonstration of water-soluble Dextran-
AuNPs vs. chloroform-soluble AcetalDextran-AuNPs.
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Figure 3.
pH-dependent solubility of particles incubated at pH 7.4 (PBS), pH 6.8 (PBS), or pH 5.0

(0.3 M acetate). (a) AcetalDextran-AuNPs (ADAs) were suspended in buffers (1.5 mg mL™1
by dry particle weight) and incubated at 37 °C under constant agitation for a total of 24
hours. Representative images shown. (b) Aliquots of ADAs were removed and measured for
absorbance at 750 nm; results expressed as percent transmittance, average of three
measurements = standard deviation. (c,d) ADAs or AcetalDextran-AuNP-Micelles
(ADAMS) were suspended in serum (0.04 mg mL~1 by Au, 1 mL) and incubated at 37 °C
under constant agitation for a total of 24 hours. Particles were centrifuged at 16,000 x g for
10 minutes; separate tubes were prepared for each timepoint. (e) ADAMSs were suspended in
buffers (pH 7.4, purple lines; pH 5.0, blue lines) and hydrodynamic diameters were
determined by dynamic light scattering. (f,g) Electron microscopy images of ADAMs
suspended in buffer at pH 5.0 for either several seconds or 24 hours. Particles were diluted in
water to reduce salt concentration and then dried on a grid for imaging. Scale bar = 100 nm.
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Figure 4.
Formation and characterization of AcetalDextran-AuNP-Micelles. (a) AcetalDextran-AuNPs

and PEG-PCL were dissolved in toluene and then suspended in water to form an emulsion,
driving self-assembly of AcetalDextran-AuNP-Micelles. (b) Hydrodynamic diameter of
micelles determined via dynamic light scattering. The average peak hydrodynamic diameter
was 146 nm. (c) Electron microscopy imaging of micelles in water via Cryo-TEM and
standard TEM. (d) Hydrodynamic diameter of micelles in PBS at 4 °C, recorded
immediately after suspension and at 1 hour, 1 day, 3 days, 5 days, and 7 days (average of
three measurements, £ SEM). At 7 days, the sample was diluted 10-fold in water to reduce
salt concentration and then imaged by TEM (inset).
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Figureb.
AcetalDextran-AuNP-Micelles (ADAMS) in cell culture. (a) ADAMs were incubated with

HepG2 human liver cells at various concentrations (expressed as pg Au per mL of cell
culture solution) for 24 hours, and cytotoxicity was assessed by MTT assay. % Cell viability
was calculated in relation to media-only controls; statistical comparison was performed
using one-way ANOVA with post-hoc Tukey HSD test; *p < 0.05 relative to media controls.
(b,c) ADAMSs or control micelles (C1,-AuNP-Micelles) were incubated with RAW 264.7
murine macrophages at 10 ug mL~2Au for 24 hours. Cells were fixed and imaged by
electron microscopy. Single cell shown for each condition, with expanded images on left.
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Figure®6.

In vivo pharmacokinetics and biodistribution of ADAMs. Mice were injected intravenously
with 100 mg Au per kg body weight, and samples were collected at various timepoints post-
injection (7= 3 mice per timepoint, expressed as average + SEM). (a) Blood samples were
analyzed by ICP-OES to determine gold content; curve-fitting was performed using
MATLAB software. (b) Tissue and fluid samples were analyzed by ICP-OES to determine
gold content (7= 3 mice per timepoint, expressed as average + SEM.) Note that feces and
urine values represent samples collected on the day of sacrifice, and do not represent the
cumulative excretions between timepoints. Statistical comparison was performed using one-
way ANOVA with post-hoc Tukey HSD test; *p < 0.05 relative to measurement at 1 day. (c)
Urine was collected at 24 hours post-injection, diluted 1:1 in pure water, and imaged by
electron microscopy. Electron-dense 2-nm particles are consistent with the appearance of
Dextran-AuNPs.
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Safety profile of AcetalDextran-AuNP-Micelles after injection of 100 mg Au per kg body
weight. (a) Percent change in mouse body weight over time, normalized to pre-injection
weight. (b-d) Serum measurements of alanine aminotransferase, aspartate aminotransferase,
and alkaline phosphatase at various times post-injection. Gray shading represents standard
clinical range for healthy mice. 7= 3 mice per group, + standard error of the mean. (e)
Representative histological images of mouse organ tissues at various timepoints post-
injection. Tissues were paraffin-embedded and stained with H&E.
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Table 1.

Physiochemical parameters for AcetalDextran-AuNP-Micelles and precursor gold nanoparticles.

% Auwiw]? | Corediameter® | Hydrodynamic diameter® | Solubility® pH sensitivity®
OMBA-AUNPS 79.3% 1.7+05nmm ggl’_"g - Water No
Dextran-AuNPs 31.0% 2.1+05nm Z,'Slr_"g o6 Water, DMSO No
Acetone, Toluene,
AcetalDextran-AuNPs 13.8% 2.1+£0.6nm n/a Chloroform Yes
AcetalDextran-AuNP- 146.0 nm
Micelles 11.4% 111.1+£38nm PDI: 0.156 Water Yes

a
Percent gold mass measured by ICP-OES.
Core diameters measured by transmission electron microscopy, expressed as the average of 40-100 particle measurements, + standard deviation.

cHydrodynamic diameters measured by dynamic light scattering, expressed as the mean intensity and polydispersity index averaged for three
measurements (oMBA-AuUNPs and Dextran-AuNPs, one batch; AcetalDextran-AuNP-Micelles, six batches).

a A .
Solubility is not comprehensive.

e o . . - . . . . .
pH sensitivity refers to observed changes in particle solubility and sedimentation behavior after incubation at pH 5.0.
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