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Spherical Nucleic Acid Nanoparticle Conjugates Enhance G-
Quadruplex Formation and Increase Serum Protein Interactions**
Alyssa B. Chinen, Chenxia M. Guan, and Chad A. Mirkin*

Abstract: To understand the effect of three-dimensional
oligonucleotide structure on protein corona formation, we
studied the identity and quantity of human serum proteins that
bind to spherical nucleic acid (SNA) nanoparticle conjugates.
SNAs exhibit cellular uptake properties that are remarkably
different from those of linear nucleic acids, which have been
related to their interaction with certain classes of proteins.
Through a proteomic analysis, this work shows that the protein
binding properties of SNAs are sequence-specific and supports
the conclusion that the oligonucleotide tertiary structure can
significantly alter the chemical composition of the SNA protein
corona. This knowledge will impact our understanding of how
nucleic acid-based nanostructures, and SNAs in particular,
function in complex biological milieu.

Spherical nucleic acids (SNAs) are a unique class of
nanoparticles (NPs), often consisting of a NP core that is
densely functionalized with highly oriented oligonucleo-
tides."! The architecture of these structures leads to novel
properties that are different from those of their linear
counterparts and enables their use in a wide variety of
therapeutic and diagnostic applications.”) Unlike the linear
form of DNA, SNAs exhibit high cellular uptake without the
use of additional transfection reagents® through enhanced
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binding of class A scavenger receptors on the cell surface.!
Additionally, the dense layer of oligonucleotides on SNAs
makes them resistant to degradation and provides increased
stability compared to the linear form."!

These differences between SNAs and linear nucleic acids
highlight the need to understand protein—-SNA interactions in
complex biological media, ranging from in vitro to in vivo
systems. Immediately upon intravenous administration, par-
ticles encounter a multitude of serum proteins that often form
a corona around the nanoparticle and may significantly alter
its in vivo behavior.”! In particular, the binding of opsonin
proteins leads to recognition and sequestration by macro-
phages, which causes decreased blood residence times and
lower accumulation in target tissue.’! Herein, for the first
time, we explore the interaction between blood serum and
SNAs, focusing on the number and type of proteins that bind
to SNAs as a function of DNA sequence. Specifically, we look
at the role of G-rich sequences, which are known to facilitate
interactions with scavenger receptors, an important compo-
nent in the mechanism of SNA cellular internalization.”

Based on the dense and highly oriented structure of
oligonucleotides, we hypothesized that the formation of
tertiary DNA structures would be enhanced on the SNA
scaffold, and alter its serum protein interactions. In particular,
we investigated the effect of the SNA architecture on the
formation of G-quadruplexes. We designed gold nanoparticle
(AuNP) core SNAs with a 3’ thiol-modified guanine-rich (G-
rich) sequence (Scheme 1) to form G-quadruplexes consisting
of G-quartets that are hydrogen-bonded through non-Watson
Crick base pairing and are stabilized by metal cations
(Figure 1 A). We first wanted to compare the formation of
G-quadruplexes on the SNA with the linear DNA form using
circular dichroism (CD) spectroscopy. Both G-rich SNAs and
G-rich DNA exhibit a peak at 265 nm and a trough at 240 nm,
which is indicative of parallel G-quadruplex formation.®™ This
suggests that G-quadruplexes on SNAs primarily form
between neighboring DNA strands on the same AuNP,
rather than between DNA strands on multiple AuNPs. The
SNA structure supports this, because the DNA on the SNA is
highly oriented. Further, G-rich SNAs exhibit a higher degree
of ellipticity, suggesting that the G-quadruplex characteristic
is enhanced by the SNA scaffold, which brings pre-oriented
DNA strands in close proximity (Figure 1).

The thermal stabilities of G-quadruplexes formed on the
SNA and with linear G-rich DNA were analyzed by variable-
temperature CD spectroscopy. Notably, at physiological
temperature (37°C), the characteristic parallel G-quadruplex
CD spectrum disappears and is replaced by signatures
diagnostic of single-stranded DNA. In contrast, the CD
spectra of G-rich SNAs maintain the signatures associated
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Scheme 1. Sequence-specific interactions of SNAs and human serum
proteins.
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Figure 1. A) G-quartet structure stabilized by M* (Na*, K*, etc.) B) CD
spectroscopy was used to measure the melting temperature (T,) of G-
quadruplexes formed on the SNA and with linear G-rich DNA. The full
CD spectra for C) G-rich DNA and D) G-rich SNAs are shown at
increasing temperatures, demonstrating the enhanced thermal stability
of G-quadruplexes formed on the SNA scaffold.

with G-quadruplexes at elevated temperatures (Figure 1C
and D). To further probe this, the melting temperatures of G-
quadruplexes on SNAs and linear DNA were determined by
measuring the ellipticity of each sample at 260 nm from 20—
90°C and determining the fraction of quadruplex remaining
at each temperature. The results indicate a significant shift in
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the melting temperature from 34.5°C for linear G-rich DNA
to 51.5°C for G-rich SNAs (Figure 1B), confirming that the
stabilities of G-quadruplexes are enhanced considerably
through the SNA structure.

Based on the presence of stable G-quadruplexes on G-
rich SNAs, it was hypothesized that G-rich SNAs would
exhibit different interactions with proteins upon exposure to
serum. Indeed it is known that class A scavenger receptors
recognize and bind G-quadruplexes better than single-
stranded DNA.I! As a control, SNAs with a poly-T sequence
(T4) were used to probe the effect of the tertiary G-
quadruplex structures on protein corona formation. G-rich
and poly-T SNAs were incubated in 10 % human serum (HS)
for 24 h at 37°C. The excess, unbound proteins were removed
by washing with PBS. Protein-coated NPs were then charac-
terized using dynamic light scattering (DLS) to investigate the
increase in SNA size associated with protein corona forma-
tion (Figure 2A). It was found that both G-rich and poly-T
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Figure 2. Characterization of protein adsorption onto G-rich and poly-T
SNAs following incubation in 10% human serum for 24 h at 37°C.

A) Size of G-rich and poly-T SNAs before and after protein adsorption
as determined by DLS. B) Quantity of protein adsorbed onto G-rich
and poly-T SNAs determined using the BCA assay. C) PAGE analysis of
proteins adsorbed onto G-rich and poly-T SNAs. Note that the heavy
band in HS is serum albumin.

SNAs become larger in the presence of HS, corresponding to
the presence of adsorbed proteins. Interestingly, the increase
in size of G-rich SNAs was larger than the increase in size of
poly-T SNAs; 185+19 nm versus 34 +5 nm for G-rich and
poly-T SNAs, respectively. This is likely due to two factors:
first, G-rich SNAs bind more serum proteins (see below);
second, the proteins that adsorb onto G-rich SNAs may
facilitate clustering through protein—protein interactions.

To further explore this, we quantified the amount of
proteins adsorbed onto G-rich and poly-T SNAs. This was
accomplished by isolating the proteins that were bound to the
SNAs following incubation in 10 % HS. First, excess, unbound
proteins were removed by centrifugation. SNAs (1 pmole)
were then treated with 1% sodium dodecyl sulfate (SDS) and
heated for 5 min to denature and release the bound proteins.
The amount of protein in these samples was then quantified
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using the bicinchoninic acid (BCA) assay. It was found that
44x1072£3.5x 107" ug protein/NP adsorbs to G-rich SNAs
whereas 1.6x1072£3.8x 107" pg protein/NP adsorbs to
poly-T SNAs. This corresponds to 40 £+ 3 proteins/SNA and
15+3 proteins/SNA that adsorb onto G-rich and poly-T
SNAs, respectively, assuming an average protein mass of
66.5 kDa obtained from serum albumin (Figure 2B).

Denaturing polyacrylamide gel electrophoresis (PAGE)
analysis was subsequently performed to characterize the
protein corona composition of G-rich and poly-T SNAs.
Proteins adsorbed onto G-rich and poly-T SNAs were
isolated from SNAs (3 pmole) following incubation in 10 %
HS at 37°C for 24 h. The proteins were then separated by
PAGE and imaged using a fluorescent Coomassie protein
stain (Figure 2C). Comparison of the band intensities from
the resulting image confirms that indeed, more total protein
adsorbs onto the surface of G-rich SNAs than onto poly-T
SNAs. In addition, comparison of the number of bands of
proteins isolated from G-rich SNAs to those isolated from
poly-T SNAs indicates that more types of proteins bind G-
rich SNAs.

To identify the specific proteins that adsorb onto G-rich
and poly-T SNAs, we performed mass spectrometry of
trypsin-digested protein samples isolated from G-rich and
poly-T SNAs following incubation in 10 % HS (Tables S3 and
S4). In total, 82 proteins were isolated from G-rich SNAs,
whereas 54 were isolated from poly-T SNAs. Of these
proteins, 49 were common between both G-rich and poly-T
SNAs (Figure 3 A). These results confirm that more types of
proteins bind G-rich SNAs than poly-T SNAs, which is
consistent with PAGE analysis.

The proteins that were identified by mass spectrometry
were grouped according to their function: blood coagulation,
immune system, lipid transport, molecular transport, and
others. This revealed that many of the proteins that bind
exclusively to G-rich SNAs are components of the immune
response, and that nearly twice as many immune system
proteins adsorb onto G-rich SNAs than poly-T SNAs (Fig-
ure 3B). These results confirm that the protein corona on G-
rich and poly-T SNAs differs not only in quantity but also
composition.

To quantify the relative amounts of specific proteins
bound to G-rich and poly-T SNAs, Western blotting analysis
was performed for five proteins: apolipoprotein B100,
factor H, transferrin, complement C3b, and serum albumin
(Figure 3 C). These proteins were chosen to represent a range
of protein classes, as well as some of the most highly abundant
serum proteins.'”! The proteins adsorbed onto G-rich and
poly-T SNAs (3 pmole) were analyzed, and the relative
amount of each protein was quantified using densitometry.
Three of the five proteins analyzed adsorb onto G-rich SNAs
more than poly-T SNAs (Figure 3D). In particular, about
three (apolipoprotein B100), six (complement factor H), and
four (complement C3b) times as much protein adsorbs onto
G-rich SNAs than onto poly-T SNAs. This result suggests that
these proteins may exhibit a higher affinity for G-rich SNAs
than poly-T SNAs. To test this, we used a modified ELISA
assay®™ to characterize the binding affinity of G-rich and
poly-T sequences in their SNA and linear forms to comple-
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Figure 3. Analysis of the types of proteins that adsorb onto G-rich and
poly-T SNAs from 10% human serum after incubation for 24 h at
37°C. A) Venn diagram indicating the number of distinct proteins
identified by mass spectrometry that adsorb onto G-rich and poly-T
SNAs, categorized by class (B). C and D) Western blotting analysis
was used to quantify the relative abundance of proteins bound to G-
rich and poly-T SNAs. E) A modified ELISA assay was used to study
the affinity of linear and SNA forms of G-rich and poly-T DNA to
complement factor H.

ment factor H. The results indicate that G-rich SNAs bind
significantly more to complement factor H than linear G-rich
DNA, which had no appreciable binding (Figure 3E). This
may be explained by the enhancement of G-quadruplex
formation on the SNA scaffold. In addition, the increased
affinity of complement factor H for G-rich SNAs compared to
their poly-T SNA counterparts correlates with the observed
differences in protein corona composition between G-rich
and poly-T SNAs.

The presence of opsonin proteins in the protein corona is
known to facilitate the interaction of nanoparticles with
macrophages.”! One such protein, complement C3, is recog-
nized by complement receptors on the macrophage cell
surface, which leads to phagocytosis and subsequent removal
from the bloodstream.'!! Based on the observed increase in
complement C3b adsorption onto G-rich SNAs, we hypothe-
sized that the uptake of G-rich SNAs by macrophages would
be higher than that of poly-T SNAs. To test this, we quantified
the uptake of G-rich and poly-T SNAs in a phagocytic
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macrophage cell line. RAW 264.7 macrophage cells were
treated with one of the following conditions: 1 nMm G-rich
SNA, 1 nM protein-coated G-rich SNAs, 1 nM poly-T SNAs, or
1 nm protein-coated poly-T SNAs for 15 min, 30 min, or
1 h.'¥ The cells were counted and digested with strong acid
for determination of gold content by inductively coupled
plasma mass spectrometry to quantify uptake and association
(Figure 4).
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Figure 4. Association of RAW 264.7 mouse macrophages after 15 min,
30 min, and 1 h incubations with G-rich and poly-T SNAs with and
without a HS protein corona.

Initially, the association of G-rich SNAs with and without
protein coating is about twice as much as the association of
poly-T SNAs to macrophages. This is expected, since SNAs
are known to be internalized through class A scavenger
receptor-mediated endocytosis, and poly-G is a natural ligand
for class A scavenger receptors.’ For all three incubation
times, uptake and association of poly-T SNAs to macrophages
is not significantly altered by the presence of a protein
coating. In contrast, macrophage uptake of protein-coated G-
rich SNAs increases after 30 min by more than two-fold
compared to uncoated G-rich SNAs. We suspect that the
difference in uptake is due to the higher amount of opsonin
protein complement C3b present on G-rich SNAs, which flags
it for phagocytosis (Figure 3 C)."l This effect is lessened after
a 1h incubation with macrophages, suggesting that G-rich
SNAs with a HS protein corona may saturate cell surface
receptors after a 30 min incubation. This is consistent with
previous work that reported typical Langmuir binding
isotherms of SNA uptake, indicating that the mechanism is
limited by receptor-ligand interactions.* The increase in
cellular uptake and association of G-rich SNAs suggests that
they are recognized by macrophages to a greater extent than
poly-T SNAs, which may cause them to be rapidly cleared
from the blood stream in vivo.['”!

In conclusion, we have investigated the role of sequence
on the protein binding properties of SNAs. In particular, we
have shown that the SNA architecture enhances the forma-
tion of G-quadruplexes compared to a linear counterpart,
which changes the types of proteins it can interact with in
serum. This protein corona alters SNA uptake in a phagocytic
macrophage cell line, suggesting that G-rich and poly-T SNAs
may exhibit altered biodistribution and pharmacokinetic
profiles in vivo. Specifically, this work contributes to the
design rules for synthesizing therapeutically active SNAs and
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our understanding of how they will interact with proteins, and
function in complex biological media. Most notably, whereas
G-rich sequences may lead to greater cellular internalization,
they also lead to greater macrophage uptake, which could
cause increased clearance from the blood stream, a consider-
ation that must be taken into account in all subsequent in vivo
studies involving SNAs.
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