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Abstract

The biological properties of spherical nucleic acids (SNAs) are largely independent of nanoparticle 

core identity but significantly affected by oligonucleotide surface density. Additionally, the 

payload-to-carrier (i.e., DNA-to-nanoparticle) mass ratio of SNAs is inversely proportional to 

core size. While SNAs with many core types and sizes have been developed, all in vivo 
analyses of SNA behavior have been limited to cores >10 nm in diameter. However, “ultrasmall” 

nanoparticle constructs (<10 nm diameter) can exhibit increased payload-to-carrier ratios, reduced 

liver accumulation, renal clearance, and enhanced tumor infiltration. Therefore, we hypothesized 

that SNAs with ultrasmall cores exhibit SNA-like properties, but with in vivo behavior akin 

to traditional ultrasmall nanoparticles. To investigate, we compared the behavior of SNAs with 

1.4-nm Au102 nanocluster cores (AuNC-SNAs) and SNAs with 10-nm gold nanoparticle cores 

(AuNP-SNAs). Significantly, AuNC-SNAs possess SNA-like properties (e.g., high cellular uptake, 

low cytotoxicity) but show distinct in vivo behavior. When intravenously injected in mice, 

AuNC-SNAs display prolonged blood circulation, lower liver accumulation, and higher tumor 

accumulation than AuNP-SNAs. Thus, SNA-like properties persist at the sub-10-nm length 
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scale and oligonucleotide arrangement and surface density are responsible for the biological 

properties of SNAs. This work has implications for the design of new nanocarriers for therapeutic 

applications.

Graphical Abstract

The biological behavior of spherical nucleic acids with ultrasmall 1.4-nm gold nanocluster cores 

was compared to conventionally sized spherical nucleic acids with 10-nm gold nanoparticle cores. 

Ultrasmall spherical nucleic acids have a higher payload-to-carrier ratio and more efficient cellular 

uptake than larger spherical nucleic acids, as well as prolonged blood circulation, lower liver 

accumulation, and higher tumor accumulation in vivo.
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Introduction

Spherical nucleic acids (SNAs) are nanostructures consisting of densely packed, 

highly oriented oligonucleotides, typically arranged around a spherical nanoparticle 

core.1,2 This three-dimensional architecture imbues the constituent oligonucleotides 

with properties distinct from their linear analogues, including rapid cellular uptake in 

high quantity without the need for ancillary transfection agents,3,4 decreased nuclease 

susceptibility,5 and low cytotoxicity.6,7 Since their discovery, SNAs have made a 

significant impact in biomedicine,8,9 with established utility in disease detection,10,11 cancer 

immunotherapy,12–16 and gene regulation.17–20

Early work on the SNA platform was based on constructs synthesized from 13-nm gold 

nanoparticle cores (Au-SNAs).3,10,6 Because the oligonucleotides are covalently conjugated 

to the gold nanoparticle core, it is easy to both control the loading density and to 
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calculate the drug-to-carrier (i.e., DNA-to-gold) ratios with high precision, allowing for a 

comprehensive understanding of the structure-function relationships of SNAs in biological 

settings.21 High surface loading of oligonucleotides increases the efficiency of SNA 

cellular uptake, a key consideration when designing systems for intracellular delivery.22 

Furthermore, it has been shown that increasing the oligonucleotide surface density on 

the SNA not only protects the oligonucleotides from degradation but also reduces overall 

cellular toxicity without negatively affecting activity.23–25

Size is a key factor that influences nanoparticle retention within the body, as well as 

blood circulation half-life and tissue distribution following systemic administration.26 

Generally, nanoparticles with hydrodynamic diameters greater than 10 nm exceed the 

renal filtration threshold and accumulate in the liver and spleen, where they are 

retained for prolonged periods.27–30 Conversely, nanoparticles that are smaller than 10 

nm (“ultrasmall” nanoparticles) exhibit different behavior from larger nanoparticles.31 

Ultrasmall nanoparticles are cleared through the kidneys – an elimination route that is faster 

than the hepatic accumulation and slow metabolism of larger nanoparticles.32–34,31 While 

this leads to lower accumulation in off-target organs (i.e., decreased off-target toxicity), it 

also decreases accumulation in the target organ (e.g., tumor).35 However, the fraction of 

nanoparticles that do reach the target site penetrate the tissue more efficiently.36 Moreover, 

cell entry by ultrasmall nanoparticles is highly efficient.37–39 Thus, for many nanoparticle 

systems, there is a tradeoff at the ultrasmall scale and it is important to consider if the 

benefits of faster elimination and lower off-target accumulation outweigh the drawbacks of 

decreased accumulation at the target site.

While SNAs have been synthesized from a variety of nanoparticle core types and sizes 

(Figure 1),1,40–44 ranging from molecularly pure 1-nm buckminsterfullerene C60 scaffolds41 

to 300-nm lipid nanoparticles,44 all in vivo analyses have been limited to SNAs with cores 

exceeding 10 nm in diameter.18,43–46 Thus, little is known about the in vivo behavior 

of SNAs synthesized from ultrasmall nanoparticle cores. SNAs in this size regime, for 

example molecular SNAs synthesized from T8 polyoctahedral silsesquioxane (POSS) cores 

and buckminsterfullerene C60 cores, are capable of independently entering cells in vitro like 

their larger SNA counterparts; however, only molecular SNAs synthesized from the C60 core 

exhibit gene silencing activity, defining the lower limit of size and oligonucleotide loading 

density required for SNA-like behavior.41 While these molecular SNAs enter cells, their in 
vivo behavior has not been characterized.

To investigate the effect of an ultrasmall core on SNA in vivo properties, we synthesized 

SNAs from molecularly well-defined 1.4-nm gold nanocluster cores (AuNC-SNAs) and 

compared their biological behavior to conventional SNAs with 10-nm gold nanoparticle 

cores (AuNP-SNAs) (Figure S1). The gold nanocluster was chosen as the SNA core material 

for these analyses for several reasons. First, having both cores made of gold isolates our 

study to effects due to differences in size, rather than material. Second, while POSS and C60 

have a finite and fixed number of attachment sites determined by their chemical structures, 

the loading density of oligonucleotides onto gold nanoclusters is only limited by the 

electrostatic and steric interactions from attaching thiolated oligonucleotides to the particle 

surface, thus overcoming a limitation of molecular SNAs and allowing for a higher surface 
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loading density. Finally, gold can be sensitively traced in cells and tissues. We hypothesized 

that AuNC-SNAs would possess the attractive properties of traditional Au-SNAs (e.g., high 

cellular uptake, low cytotoxicity) and simultaneously mitigate their biological limitations 

(e.g., high liver accumulation, inability to be renally cleared, reduced targeting efficiency). 

Simultaneously, we hypothesized that moving to an ultrasmall size regime would maximize 

both the oligonucleotide surface density and drug-to-carrier ratio – two important parameters 

to consider when designing nanoscale therapeutics.22–25

Results and Discussion

To synthesize AuNC-SNAs, Au102(p-mercaptobenzoic acid (p-MBA))44 nanoclusters were 

first prepared according to established protocols to serve as 1.4-nm AuNC cores (Figure 

S2).47 These materials were further functionalized with a 20-thymine thiolated DNA 

sequence to ensure that the effects observed in downstream studies were due to the overall 

construct, rather than the oligonucleotide sequence. Successful functionalization of the DNA 

to AuNCs to afford AuNC-SNAs was confirmed by the increase in hydrodynamic diameter 

measured by dynamic light scattering (DLS) (Figures 2a and S3). For comparison, larger 

AuNP-SNAs were synthesized from 10-nm gold nanoparticle cores according to literature 

protocols and their functionalization was confirmed by DLS.48,21

The extent of DNA loading on both AuNC-SNAs and AuNP-SNAs was then quantified 

using OliGreen fluorescence assays. As expected, the absolute number of DNA strands per 

particle was higher for AuNP-SNAs (348 strands/particle) than AuNC-SNAs (11 strands/

particle) due to the significantly larger surface area of the AuNP core (Figure 2b). However, 

the surface loading density of DNA on AuNC-SNAs was significantly higher as compared to 

AuNP-SNAs, along with an 11.5-fold higher DNA-to-gold mass ratio (3.21 vs. 0.28, Figure 

2c). Thus, AuNC-SNAs have a higher payload-to-carrier ratio than larger AuNP-SNAs, such 

that each AuNC-SNA can deliver more DNA payload relative to gold material.

To determine the cellular uptake of AuNC-SNAs by cells, SK-OV-3 ovarian cancer cells 

were incubated with AuNC-SNAs at a concentration of 250 nM by DNA and compared to 

the uptake of AuNP-SNAs at the same DNA concentration. Cellular uptake was measured 

as a function of gold concentration using inductively coupled plasma mass spectrometry 

(ICP-MS), which was used to calculate both nanoparticle and DNA concentration. After 

30 minutes of incubation, we observed that AuNC-SNAs delivered significantly more DNA 

(Figure 3a) and particles (Figure 3b) but significantly less gold (Figure 3c) per cell than their 

larger AuNP-SNA counterparts. Thus, AuNC-SNAs are more efficient at delivering DNA 

into cancer cells than AuNP-SNAs.

It should be noted that two batches of cells were treated with AuNC-SNAs and AuNP-SNAs 

(at 250 nM with respect to DNA), respectively. Since the AuNC-SNAs have a lower DNA 

loading than AuNP-SNAs, a higher concentration of AuNC-SNAs (32 nM by SNA) than 

AuNP-SNAs (0.71 nM by SNA) is needed to achieve the 250 nM total DNA concentration. 

Thus, it may appear that the greater delivery of SNA particles by the AuNC-SNAs could 

be attributed to the fact that more AuNC-SNAs were introduced to the cells than AuNP-

SNAs (45-fold difference). Cellular uptake of SNAs is directly proportional to treatment 
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concentration up to a saturation point (at least 20 nM),22 so one would expect that a 45-fold 

increase in SNA concentration would result in an approximately 45-fold (if below the 

saturation concentration) or lower (if above the saturation concentration) increase in cellular 

uptake due to differences in SNA treatment concentration alone. However, AuNC-SNAs 

entered cells at a 96-fold greater particle number than AuNP-SNAs. Thus, the difference 

in SNA particle internalization cannot solely be attributed to the higher number of AuNC-

SNAs treated to the cells compared to AuNP-SNAs, but also to more efficient uptake of 

AuNC-SNAs. AuNC-SNAs have a greater surface loading density than AuNP-SNAs, which 

has previously been observed to increase cellular uptake.22 In addition to superior cellular 

uptake, AuNC-SNAs matched the in vitro biological safety profile of AuNP-SNAs and 

exhibited similarly low cytotoxicity at treatment-relevant concentrations (Figure S4).17,18,20

Next, we investigated the in vivo biological behavior of AuNC-SNAs as compared to 

AuNP-SNAs in mice bearing orthotopic 4T1 triple negative breast cancer (TNBC) tumors. 

Animals were intravenously (IV) administered a 3 nmol DNA equivalent of either AuNC-

SNAs or AuNP-SNAs. At set timepoints, gold concentration in the blood was measured by 

ICP-MS and used to calculate the DNA blood concentration as a function of time (Figures 

4a and S5). Remarkably, AuNC-SNAs remained in circulation for significantly prolonged 

periods relative to AuNP-SNAs, with detectable gold concentrations in the blood at 24 

hours post-injection (Figure 4b). We hypothesized that a driver of the prolonged circulation 

of AuNC-SNAs was reduced liver sequestration. Additionally, prolonged circulation of 

AuNC-SNAs could lead to enhanced tumor accumulation. To investigate, we analyzed the 

biodistribution of both SNAs in these organs.

To assess the biodistribution of SNAs with either core size, mice bearing orthotopic 4T1 

tumors were administered a 3 nmol DNA equivalent of either AuNC-SNAs or AuNP-

SNAs via tail vein IV. At 24 h post-injection, animals were sacrificed and perfused, 

and tissues were collected and processed for ICP-MS analysis (Figure S6). As expected, 

both nanoparticle constructs accumulated in the liver and kidney, in agreement with 

conventional nanoparticle clearance pathways (Figure 5a).27–29 However, the AuNC-SNAs 

showed significantly lower liver accumulation coupled with increased kidney accumulation 

as compared to their larger AuNP-SNA counterparts, resulting in a higher kidney-to-liver 

ratio and revealing a distinct skew towards clearance by the kidney (Figure 5b). Moreover, 

AuNC-SNAs delivered a much higher payload to the site of interest (i.e., DNA to tumor) 

than their larger counterparts (Figure 5c). This is in contrast to what has been reported for 

other ultrasmall nanoparticles,35,38,49,50 and the greater tumor accumulation of AuNC-SNAs 

is likely due to a combination of prolonged blood circulation, greater tumor infiltration,36 

and more efficient uptake into cancer cells. Finally, not only do AuNC-SNAs deliver more 

DNA payload to the tumor than their larger counterparts, but they also deliver significantly 

less gold to off-target organs (Figure S7), owing to their high DNA-to-gold ratios.

Conclusion

Through these studies, we found that SNA-like biological properties persist down to the 

sub-10-nanometer length scale in vivo, further indicating that the unique properties of 

SNAs arise from the highly oriented arrangement and surface density of the DNA, rather 
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than the identity of the nanoscale core. Furthermore, AuNC-SNAs possess the favorable 

characteristics of ultrasmall nanoparticles without their pharmacokinetic drawbacks, 

providing important insight into the design of maximally effective nanoscale constructs 

for therapeutic applications. AuNC-SNAs were able to independently enter cells without the 

use of transfection agents, functioning similarly to larger 10-nm AuNP-SNAs. However, 

reducing the size of the core led to a significantly increased drug-to-carrier ratio in 

AuNC-SNAs and the delivery of higher quantities of DNA into cells than AuNP-SNAs. 

Moreover, AuNC-SNAs exhibited the same advantages of other ultrasmall nanoparticles 

(lower off-target organ accumulation, renal clearance) while subverting their disadvantages 

– instead, exhibiting longer circulation in blood and greater tumor accumulation. Thus, 

SNAs in the ultrasmall size regime have unusual properties that can be leveraged to develop 

next-generation nanoparticle therapeutics. These findings on the behavior of AuNC-SNAs 

can be used to inform the design of new types of SNAs and other nanostructures in the 

ultrasmall regime, such as DNA dendrons.51

Experimental Section

Oligonucleotide Synthesis.

DNA oligonucleotides (sequence: 5’ TTT-TTT-TTT-TTT-TTT-TTT-TT-(Spacer 18)2-SH 

3’) were synthesized on a MerMade 12 system (LGC Biosearch Technologies) 

using 2’-O-triisopropylsilyloxymethyl-protected phosphoramidites (Glen Research). DNA 

oligonucleotides consisted of DNA base cyanoethyl phosphoramidites (Glen Research), two 

spacer-18 (18-O-dimethyoxytritylhexaethyleneglycol,1-[(2-cyanoethyl)-(N,N-diisopropyl)] 

phosphoramidites (Glen Research), and a thiol modification added by using 1-

O-dimethoxytrityl-propyl-disulfide,1’-succinyl-lcaa-controlled pore glass beads. After 

synthesis, DNA oligonucleotides were deprotected following the manufacturer’s protocol 

(Glen Research). Deprotected DNA oligonucleotides were purified by high-performance 

liquid chromatography on a C18 column using 0.1 M triethylammonium acetate and 

acetonitrile as the solvents. The 5’-DMT group was removed from purified DNA 

oligonucleotides by treating with 20% acetic acid at room temperature for 1 h and extracting 

3 times with ethyl acetate. The oligonucleotide solution was lyophilized and suspended 

in DNase/RNase-free water. Synthesis of the DNA oligonucleotide was confirmed using 

matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometry.

Au102(p-MBA)44 Nanocluster Synthesis.

Au102(p-MBA)44 nanoclusters (gold nanoclusters) were synthesized following the method 

developed by Levi-Kalisman et al.52 Aqueous solutions of 28 mM HAuCl4·3H2O, 95 mM 

p-mercaptobenzoic acid, 300 mM NaOH, methanol, and water were combined into a final 

mixture of 11.89 mL 3 mM HAuCl4, 9 mM p-MBA, 47% (v/v) methanol and mixed in 

a round bottom flask for 1 h at room temperature. Next, 500 μL 150 mM NaBH4 was 

added, and the reaction was allowed to continue for 12 h. The product was precipitated 

by adding 2 M ammonium acetate to 80 mM in the mixture and centrifuging at 6000 rpm 

for 10 min. The precipitate was air-dried overnight, then re-dissolved in 200 μL water. To 

purify by fractional precipitation, methanol and 2 M ammonium acetate were added to the 

solution to a concentration of 0.12 M ammonium acetate, 60% methanol, and the solution 
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was centrifugated at 6000 rpm for 10 min. The supernatant was collected and transferred to a 

centrifuge tube. Methanol and 2M ammonium acetate were added to a concentration of 0.12 

M ammonium acetate, 80% methanol, and the solution was centrifuged at 6000 rpm for 10 

min. The precipitate was lyophilized until dry, then re-dissolved in water.

AuNC-SNA Synthesis.

Gold nanoclusters were functionalized with thiolated DNA oligonucleotides via salt-aging. 

First, 62 nmol DNA was incubated in 100 mM dithiothereitol (DTT, pH 8) for 1 h to reduce 

the dithiol and purified using Nap-5 exclusion columns (Cytivia). The purified DNA was 

added to 2 mL 2.6 μM gold nanocluster suspension and incubated with shaking for 30 min 

at room temperature. Next, 0.05% Tween-20 was added to the solution, which was then 

vortexed thoroughly. The salt concentration was gradually increased to 0.5 M by adding 

NaCl, sonicating, and vortexing every 15 min while shaking, followed by an overnight 

incubation. Unattached oligonucleotides were removed by washing with 1% Tween-20 2 

times, then 1× Dulbecco’s phosphate-buffered saline (DPBS) 3 times in Amicon Ultra 30K 

molecular weight cutoff spin filters (MilliporeSigma). SNAs were stored at 4 °C for up to 3 

months.

AuNP-SNA Synthesis.

AuNPs (Ted Pella) 10 nm in diameter were functionalized with thiolated DNA 

oligonucleotides via salt-aging. First, 62 nmol DNA was incubated in 100 mM 

dithiothereitol (DTT, pH 8) for 1 h to reduce the disulfides and purified using Nap-5 

exclusion columns (Cytivia). The purified DNA was added to 10 mL 7.7 nM 10-nm 

AuNP suspension and incubated with shaking for 30 min at room temperature. Then, 

0.05% Tween-20 was added to the solution, which was then vortexed thoroughly. The 

salt concentration was gradually increased to 0.5 M by adding NaCl, sonicating, and 

vortexing every 15 min while shaking, followed by an overnight incubation. Unattached 

oligonucleotides were removed by washing with 1% Tween-20 2 times, then 1X DPBS 3 

times in Amicon Ultra 50K molecular weight cutoff spin filters (MilliporeSigma). SNAs 

were stored at 4 °C for up to 3 months.

SNA Characterization.

SNA size was measured by diluting in 1 × DPBS and performing DLS using a Zetasizer 

(Malvern). SNA concentration was determined by measuring the absorbance spectra of 

the SNAs using a Cary-5000 spectrophotometer (Agilent). AuNC-SNA concentration was 

calculated using the absorbance at 510 nm and an extinction coefficient of 1.75 × 105 M−1 

cm−1. AuNP-SNA concentration was calculated using the absorbance at 515 nm and an 

extinction coefficient of 1.01 × 108 M−1 cm−1. To measure DNA loading on SNAs, 2.5 

nM SNAs were incubated with 20 nM potassium cyanide (KCN) at 50 °C until the gold 

dissolved. Next, 25 μL of this solution was added in triplicate to a 96-well plate. A standard 

curve of DNA in a solution identical to the SNA solution was prepared. Then, 75 μL water 

was added to all wells. For SNAs with unlabeled DNA, 100 μL Quanti-iT OliGreen solution 

(Invitrogen) was added to all wells, and samples were analyzed by measuring OliGreen 

fluorescence (λex = 480 nm) with a BioTek Cytation 5 imaging reader. The fluorescence of 

the SNA solution was compared to the standard curve to calculate the DNA concentration. 
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DNA loading of SNAs was then calculated by taking the ratio of DNA concentration to gold 

core concentration. Surface loading density of DNA on SNAs was calculated by dividing the 

moles of DNA on each SNA by the surface area of the gold core. DNA-to-gold mass ratio 

was calculated by dividing the mass of DNA on each SNA by the mass of the gold core.

Cellular Uptake of SNAs.

SK-OV-3 cells were treated with 250 nM DNA equivalent of AuNC-SNAs and AuNP-SNAs 

in Opti-MEM for 30 min and 5 h. At the end of their treatment time, the cells were washed 

with 1× DPBS, 1:10 heparin solution in 1× DPBS, then 1× DPBS to remove any SNAs 

that remained outside the cells or dead cells. The cells were then trypsinized using 150 

μL TrypLE Express (Thermo Fisher). 10 μL cells were stained with 10 μL Trypan Blue 

(Thermo Fisher) and their concentration was measured using an Invitrogen Countess II 

automated cell counter. Next, 120 μL cells were dissolved in 50 mL 2% HCl, 2% HNO3. 

The gold concentration in this solution was measured by performing ICP-MS. ICP-MS 

was performed on a computer-controlled (QTEGRA software) Thermo iCapQ ICP-MS 

(Thermo Fisher Scientific, Waltham, MA, USA) operating in STD mode and equipped with 

a ESI SC-2DX PrepFAST autosampler (Omaha, NE, USA). Internal standard was added 

inline using the prepFAST system and consisted of 1 ng/mL of a mixed element solution 

containing Bi, In, 6Li, Sc, Tb, Y (IV-ICPMS-71D from Inorganic Ventures). Online dilution 

was also carried out by the prepFAST system and used to generate a calibration curve 

consisting of 2, 4, 20, 100, and 200 ppb Au. Each sample was acquired using 1 survey 

run (10 sweeps) and 3 main (peak jumping) runs (40 sweeps). The isotopes selected for 

analysis were 197Au (for SNA quantification) and 89Y, 115In, 159Tb, and 209Bi (chosen 

as internal standards for data interpolation and machine stability). Instrument performance 

was optimized daily through autotuning followed by verification via a performance report 

(passing manufacturer specifications). The amount of DNA taken up into each cell was 

calculated by converting gold atom amount in each sample to gold nanoparticle mole 

amount (which is equivalent to SNA mole amount), converting moles of SNA to number of 

SNA particles, multiplying by the number of DNA strands per SNA, and dividing by the 

number of cells. The amount of SNAs taken up into each cell was calculated by converting 

gold atom amount in each sample to gold nanoparticle mole amount (which is equivalent to 

SNA mole amount), converting moles of SNA to number of SNA particles, and dividing by 

the number of cells. The amount of gold taken up into each cell was calculated by converting 

gold atom amount in each sample to gold mass and dividing by the number of cells.

Cytotoxicity of SNAs.

In 96-well cell culture dishes with 5,000 SK-OV-3 cells per well, SNAs in Opti-MEM were 

incubated with SK-OV-3 cells in triplicate for 48 h. The wells were washed with 1× DPBS 

3 times. 50 μL 1× DPBS and 50 μL CellTiter-Glo 2.0 reagent (Promega) were added to 

the wells and fluorescence was measured using a BioTek Cytation 5 imaging reader. Cell 

viability was normalized to cells treated with Opti-MEM only.

In Vivo Analyses.

All animal procedures were approved by the Northwestern University IACUC. Female 

mice (Balb/C) were inoculated with 1 × 106 4T1 cells in the right inguinal mammary 
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fat pad via subcutaneous injection. Both blood circulation and biodistribution experiments 

began at day 7 post-inoculation, when tumors were palpable (n = 3 per group). Animals 

were intravenously administered either AuNC-SNAs or AuNP-SNAs (3 nmol with respect 

to DNA) as a single 100 μL bolus. As a negative control, an additional set of animals 

were administered saline. To calculate the SNA concentration in blood, blood samples (n 

= 3 per time point) was collected in a heparinized tube via retro-orbital blood draw and 

stored on ice before digestion and analysis by ICP-MS (vide infra). For the biodistribution 

analysis at 24 h post-IV injection, animals (n = 3 per group) were humanely euthanized by 

cardiac perfusion while anesthetized. Tissues (tumor, liver, spleen, kidney, heart, lung) were 

harvested post-cardiac perfusion with 1X DPBS and stored on ice. For ICP-MS analysis, 

organs were weighed (wet mass) and lyophilized to facilitate digestion (vide infra).

SNA Content in Blood and Organs by ICP-MS.

Collected blood and organs were digested with 50% HCl, 50% HNO3 at 37 °C for 

three days. The solution was diluted to 2% HCl, 2% HNO3, and the gold concentration 

was measured by ICP-MS. ICP-MS was performed on a computer-controlled (QTEGRA 

software) Thermo iCapQ ICP-MS (Thermo Fisher Scientific, Waltham, MA, USA) 

operating in STD mode and equipped with a ESI SC-2DX PrepFAST autosampler (Omaha, 

NE, USA). Internal standard was added inline using the prepFAST system and consisted of 

1 ng/mL of a mixed element solution containing Bi, In, 6Li, Sc, Tb, Y (IV-ICPMS-71D from 

Inorganic Ventures). Online dilution was also carried out by the prepFAST system and used 

to generate a calibration curve consisting of 2, 4, 20, 100, and 200 ppb Au. Each sample 

was acquired using 1 survey run (10 sweeps) and 3 main (peak jumping) runs (40 sweeps). 

The isotopes selected for analysis were 197Au (for SNA quantification) and 89Y, 115In, 
159Tb, and 209Bi (chosen as internal standards for data interpolation and machine stability). 

Instrument performance was optimized daily through autotuning followed by verification via 

a performance report (passing manufacturer specifications). The amount of DNA in each 

sample was calculated by converting gold atom amount in each sample to gold nanoparticle 

mole amount (which is equivalent to SNA mole amount), converting moles of SNA to 

number of SNA particles, multiplying by the number of DNA strands per SNA, and dividing 

by the volume of blood or mass of tissue. The amount of gold in each sample was calculated 

by converting gold atom amount in each sample to gold mass and dividing by the volume of 

blood or mass of tissue.

Statistical Analyses.

All statistical analyses were performed using GraphPad Prism. For bar graphs, bars represent 

mean and error bars represent standard deviation. For line graphs, lines represent mean. 

For all experiments, n = 3 (replicates are described in figure captions). All P values were 

calculated using α = 0.05. For comparisons between two groups, means were compared 

using an unpaired, two-tailed t-test. P values were multiplicity adjusted to account for 

multiple comparisons. Cytotoxicity results were fit with a 3-parameter logistic curve using a 

least-squares fit.
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Figure 1. SNA core materials and sizes.
Cores smaller than 10 nm exist within the ultrasmall size regime. Image is not drawn to 

scale.
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Figure 2. Characterization of AuNC-SNAs and AuNP-SNAs.
(a) DLS of bare AuNCs, AuNC-SNAs, bare AuNPs, and AuNP-SNAs. Error bars represent 

the standard deviation of 3 measurements. (b) DNA loading of AuNC-SNAs and AuNP-

SNAs, reported on a per-particle basis. Error bars represent the standard deviation of 3 

separately prepared batches of SNAs. (c) DNA-to-gold mass ratio of AuNC-SNAs and 

AuNP-SNAs. Error bars represent the standard deviation of 3 separately prepared batches of 

SNAs. Statistical analysis was performed using an unpaired t-test, where “**” represents a P 

value of <0.01 and “****” represents a P value of <0.0001.
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Figure 3. Cellular uptake of AuNC-SNAs and AuNP-SNAs.
(a) Cellular uptake of SNAs by DNA amount. (b) Cellular uptake of SNAs by SNA amount. 

(c) Cellular uptake of SNAs by gold amount. Error bars represent the standard deviation of 

3 biological replicates. Statistical analysis was performed using an unpaired t-test, where “*” 

represents a P value of <0.05 and “**” represents a P value of <0.01.
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Figure 4. Blood circulation of AuNC-SNAs and AuNP-SNAs.
a) DNA blood concentration as a function of time post-IV injection when delivered as 

AuNC-SNAs (blue) or AuNP-SNAs (peach). Dots represent biological replicates. b) Final 

DNA blood concentration at 24 h post-injection. Error bars represent the standard deviation 

of 3 biological replicates. Statistical analysis was performed using an unpaired t-test, where 

“*” represents a P value of <0.05.
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Figure 5. SNA accumulation in organs.
(a) DNA accumulation from AuNC-SNAs and AuNP-SNAs in the liver and kidney. (b) 

Kidney/liver ratio of DNA accumulation from each SNA. (c) Tumor accumulation of 

DNA from AuNC-SNAs and AuNP-SNAs. Error bars represent the standard deviation of 

3 biological replicates. Statistical analysis was performed using an unpaired t-test, where 

“**” represents a P value of <0.01 and “****” represents a P value of <0.0001.
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