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ABSTRACT The radial distribution of monovalent cations surrounding spherical

nucleic acid—Au nanoparticle conjugates (SNA-AuNPs) is determined by in situ small-
angle x-ray scattering (SAXS) and classical density functional theory (DFT) calcula-
tions. Small differences in SAXS intensity profiles from SNA-AuNPs dispersed in a
series of solutions containing different monovalent ions (Na*, K*, Rb™, or Gs*) are

measured. Using the “heavy ion replacement” SAXS (HIRSAXS) approach, we extract

the cation-distribution-dependent contribution to the SAXS intensity and show that

Monovalent cations
surrounding SNA-AuNP
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radial distribution of cations as well as the conformation of the DNA in the SNA shell. The analysis shows an enhancement to the average cation concentration

in the SNA shell that can be up to 15-fold, depending on the bulk solution ionic concentration. The study demonstrates the feasibility of HIRSAXS in probing the

distribution of monovalent cations surrounding nanoparticles with an electron dense core (e.g., metals).
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conjugates (SNA-AuNPs) consist of sphe-

rical Au nanoparticles, each coated with
a dense monolayer of synthetic oligo-
nucleotides.'~* SNA-AuNPs have properties
that are remarkably different from linear nu-
cleic acids, making them useful in biodiagnos-
tics and therapeutics. These properties include
a high binding affinity for complementary
nucleic acids,>*> enhanced resistance to en-
zymatic degradation as compared to molecu-
lar probes of the same sequence,>>®” and the
ability to enter over 50 different cell types
without the need for transfection agents.>>¢
The origins of these properties have been
linked, in part, to the salt-rich environment
of the SNAs that screens the electrostatic
repulsion between the adjacent negatively
charged nucleic acids (see Figure 1A). Indeed,
the dense loading of the oligonucleotides
on the surface of the Au nanoparticles has
been hypothesized to lead to a local environ-
ment that stabilizes duplexed nucleic acids

Spherical nucleic acid—Au nanoparticle
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and yields the highly cooperative melting
behavior uniquely associated with SNAs.>®
Similarly, the enhanced resistance of SNA-
AuNPs to nuclease degradation is attributed
in part to the high local cation concentration
of SNA-AuNPs, 27 which is believed to
inhibit the activity of certain nucleases.
From the above, it is evident that, to under-
stand the effects of salts on the SNA-AuNP
characteristics, the first step is to decipher
the distribution of counterions surround-
ing SNA-AuNPs. Recently, classical density
functional theory (DFT) calculations and
molecular dynamics (MD) simulations were
carried out to determine the distribution
of monovalent and divalent cations sur-
rounding Au nanoparticles capped with
rigid polyelectrolytes, such as double-
stranded (ds)-DNA.° However, to date,
there has been no experimental study
of the distribution of cations surrounding
SNA-AuNPs. Herein, we report a small-
angle X-ray scattering (SAXS) investigation
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Figure 1. (A) SNA-AuNP schematic showing the counterion cloud screening the charge of the DNA grafted to a Au
nanoparticle. The schematic shows the single-stranded and double-stranded DNA sections used in our theoretical models
and experiments. The DNA strands consist of a 10-base single-stranded spacer (A,,) followed by an 18 base-pair duplex.
The DNA strands are tethered to the Au core via propyl thiol linkers. (B) Model SAXS intensity calculations for the case of
SNA-AuUNPs in 50 mM CsCl showing eq 1 contributions from the dominant cation-independent term (top black line) and

weaker cation-distribution-dependent term (red line).

of the distribution of monovalent counterions sur-
rounding SNA-AuNPs.

Small-angle X-ray scattering (SAXS) is an obvious
in situ probe for characterizing the counterion distribu-
tion with nanometer-resolution. Since X-rays scatter
from electrons, the key challenge is to distinguish
the very weakly scattering counterions from the very
strongly scattering Au cores. In principle, the anoma-
lous SAXS (ASAXS) approach is ideal for quantifying
the counterion distribution around nanometer-scale
colloidal particles in solutions'®~ "> because of the
possibility of extracting the ion distribution in a model-
independent manner.'>'® However, due to the extre-
mely strong scattering from the electron-dense Au
cores, ASAXS proved to be ineffective at sensing
the much weaker scattering counterions surrounding
the SNA-AuNPs [Figure S1 and text in Supporting
Information (SI)].

An alternative to ASAXS is the “isomorphous heavy
ion replacement” SAXS (HIRSAXS) approach, as this
technique is significantly more sensitive to the ion
distribution surrounding charged nanoparticles. For
the present study on distribution of monovalent ca-
tions surrounding SNA-AuNPs, HIRSAXS is 5-fold more
sensitive than ASAXS (SI). However, HIRSAXS requires
the assumption that the ion distribution only depends
on the ion valency and not the ion size.'® For mono-
valent cations surrounding short oligonucleotides,
this assumption has been validated by previous
SAXS experiments,'® where the counterion profiles
extracted via the ASAXS and the HIRSAXS were found
to be identical. Using DFT, we show (Figure S2, SI) that
this “ion size-effect” assumption will also work for our
present study of SNA-AuNPs.

We apply HIRSAXS to extract the radial distribution of
monovalent cations [n_ (r)] surrounding SNA-AuNPs by
measuring the changes in scattered intensity patterns
from SNA-AUNPs dispersed in a series of solutions that
contain different monovalentions (Nat,K™,Ro™, or Cs*),
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ranging from low-Z to high-Z. We note that the
cation distribution has an angular as well as a radial
dependence.” However, for simplicity, the cation distri-
bution is considered to depend only on radial distance
from the Au core center due to the relatively low spatial
resolution for cation distribution in our experiments.
Furthermore, the approach is validated by a reasonable
match between the experimental cation-distribution-
dependent SAXS intensities and those derived from
DFT-based calculations with angular-averaged cation
densities, as demonstrated below.

For a counterion M™, the scattered intensity from
SNA-AUNP counterions, above the scattering from
the salt solution [Aly(g)] can be approximated as a
sum of two components (Figure 1B and SI).

Alw(@) = [Frp(@T + 2Af[Frp(@v(g)]

[an(Q)]2 + AfMIcat(q) (1)

Here, g (= 4 sin 6/4) is the modulus of the scattering
vector, 20 is the scattering angle, and A is the X-ray
wavelength. In eq 1, the first term, [an(q)]z, is cation-
independent and is related to the scattering from
the SNA-AuNPs, water, and the salt anions (Sl). The
second term, 2Afy[F,5(q)v(g)], incorporates the cation
radial distribution profile as well as the cation identity
M* (= Na™, K™, Rb™, or Cs™). The sought-after cation
distribution profile, n(r), is embedded in v(q), which
is the Fourier transform of the excess cation density
[n, (N — ng] surrounding the spherically symmetric
SNA-AuUNP. Here, n; is the cation density in the bulk
solution, far from the SNA-AuNPs.

sin(gr) A
qr

vq) = 4m / (4 () —ni] @)
0

Finally, for a given cation, the renormalized contrast
(or the effective number of electrons per cation) in water is

AfM = ZM *PWVM (3)
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Figure 2. Extraction of cation-independent [F,,p(q)]2 and cation-profile-dependent /.,(q) intensities from SAXS measure-
ments. (A) The processed SAXS intensity profiles Aly(q) for 70 nM SNA-AuNPs in 30 mM MCI (M = Na, K, Rb, Cs). The inset
shows the cation-dependent differences in the SAXS intensities at low g. (B) Linear fit to the SAXS intensities Aly vs Afy at
g =0.083 nm~". Similar fits were performed at all g values corresponding to the data in A, and the result of the extraction is
shown in C. (D) The extracted profiles [an(q)]2 and /.,(q) for 80 nM SNA-AuNPs in 50 mM MCI.

Here, p,, is the electron density for water (334 e/nm?),
and V), is the volume of the water that is displaced by
the cation M. In the present study, Vy is calculated
from tabulated Pauling radii. The computed Afy are
851, 1432, 3146, and 46.62 for M* = Nat, K*, Rb™, and
Cs™, respectively (Table S1, SI). In our HIRSAXS analysis,
the cation-independent and the cation-distribution-
dependent intensities, i.e., [an(q)]2 and I(q) eq 1, are
separated out via linear fits to the four (Afy, Aly) data
points at each q. [an(q)]2 and I.(g) correspond to
the intercepts and slopes of such fits. Note that /..(q)
does not contain the cation specific factor Afy,. Therefore,
it depends on the cation distribution, but not on the cation
species.

RESULTS AND DISCUSSION

The feasibility of HIRSAXS in sensing the counterion
cloud structure surrounding SNA-AuNPs is suggested
by simplified calculations (SI) for SNA-AuNPs in 30 and
50 mM salt solutions, which are the two concentrations
studied in the experiments. Figure 1B shows the results
of one such SAXS calculation for SNA-AuNPs in 50 mM
Cs" and illustrates that the dominant intensity con-
tribution, namely, the cation-independent [an(q)]2
termin eq 1, exhibits larger periods for the sharp inten-
sity oscillations than the second and weaker term
2Afc|Frplq)v(g)|, which depends on the counterion
distribution. As evident from the expression for the
cation-distribution-dependent intensity, the shift of
the minima positions to lower g is due to [v(qg)]. This
is because the positions of the sharp minima for [F,,(q)]
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must be the same as that for [an(q)]2 and are primarily
determined by the Au core size. Note, the lower g
positions for the minima implies a larger radial spread.
Therefore, the above-mentioned changes in the mini-
ma positions reflect that Au cores have a much smaller
radial extent than the counterions. Further, at g = 0,
the term 2Afc|Fnp(q)v(q)| contributes 9.5% to the
overall SAXS intensity (Figure 1B). The corresponding
values for Rb™, K*, and Na™ are 6.5%, 3.1%, and 1.9%,
respectively. The small contributions due to the cations
to the overall SAXS intensities again highlight the
challenge in extracting the cation distribution sur-
rounding SNA-AuNPs. Nevertheless, the above obser-
vations imply that, when the ion in the solution is
changed from Na*t to Rb™ or Cs™, the SAXS intensity
can change by ~5% or ~8.5%, respectively. We show
that such changes are measurable above the counting
statistics uncertainties for our experiment and can be
used to quantitatively examine the radial distribution
of cations surrounding the SNA-AuNPs.

Figure 2A shows the four processed SAXS intensity
profiles for 70 nM SNA-AuNPs in 30 mM MCl solutions,
where M represents Na, K, Rb, or Cs. The intensity
profiles are not visually separable unless the vertical
scale is greatly magnified (inset, Figure 2A). This ex-
perimentally demonstrates how scattering from the Au
cores dominates the overall SAXS pattern. Based on SAXS
from a solid homogeneous sphere,'® the position for
the first minima at gmin ~ 1.0 Nm ™' corresponds to a Au
core radius of R ~ 4.5/Gin ~ 4.5 nm. The qualitative fea-
tures of the SAXS scattering from SNA-AuNP-counterion
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systems are independent of the cation species in
the solution. However, one can see from the inset in
Figure 2A that, at low g, the SAXS intensities follow the
sequence Alcs > Algp, > Alg > Aly,. These cation-depen-
dent differences are qualitatively consistent with the
linear dependence of SAXS intensities Aly, on the cation
scattering power Afy, (eq 1). This suggests that, over the
measured g range (Figure 2A), the cation-independent
and cation-distribution-dependent SAXS intensities,
[an(q)]2 and /,(q), can be separated out via the linear
fit procedure outlined above. Figure 2B shows an exam-
ple of such a fit to the Aly vs Afy, data at g = 0.083 nm ™,
and Figure 2C—D show the extracted [an(q)]2 and |lca(q)|
profiles for 70 nM SNA-AUNPs in 30 mM MCl and 80 nM
SNA-AuUNPs in 50 mM MCI, respectively (for further details
see “Data processing” section in Sl). For both samples,
the |l.ae(q)| profiles are shown for g < 0.8 nm™" because
above this g, the uncertainties are typically 70—100% of
the extracted |I..(g)| values, as more readily evident in
Figure 2D (a more extended range is shown in Figure S3).

Visual inspection of the cation-distribution-dependent
SAXS intensity |l.(q)| (Figure 2C—D) reveals that HIRSAXS
is sensitive to the distribution of counterions surrounding
SNA-AuNPs. To elaborate, the first minimum in |lc.(q)|
is at g ~ 0.38 nm~", which is significantly smaller than
the position of the first sharp minima at g ~ 1.0 nm™'
for [an(q)]z. As discussed above, the minimum position
is inversely related to the spatial extent. Therefore,
this experimentally demonstrates that the radial extent
of cation distribution far exceeds the size of the Au core.

Quantitative details of the cation distribution pro-
files n. (r) could be directly obtained from the SAXS-
extracted profiles (Figure 2C—D), if the SNA-AuNPs
were monodispersed in size. Specifically, the excess
cation density [n(r) — ny] is the Fourier transform of
leat(@)/2[Fnp(@)°1"?. However, as is typical with synthetic
nanoparticles, the SNA-AuNPs are polydispersed
(Figure 3). Therefore, a two-step approach is used
to determine the cation distribution profile. First, we
quantify the SNA-AuUNP size distribution and the Au-
core-size-dependence of oligonucleotides per SNA-
AUNP [Npna(R)1,'7'® which directly influences the cation
distribution. These model SNA-AuNP parameters are
used to derive the Au-size-dependent F(q), required
for the calculation of the theoretical polydispersity-
averaged lea(q) = 2{Fnp(q)v(q)), which will be compared
to our HIRSAXS-measured I..(q). For polydispersity-
averaging, the Fourier transforms of the excess cation
distribution [v(qg)] are obtained from DFT for the appro-
priate range of Au core sizes, as described below (see
also Materials and Methods).

To determine SNA-AuUNP structural characteristics,
HIRSAXS-derived cation-independent intensities [an(q)]2
are fitted to a model based on Au core sizes following
a Schulz distribution (Figure 3, inset).'® The contribution
from the SNA shell to [an(q)]2 is calculated by treating
oligonucleotide strands as radially extended cylindrical
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Figure 3. Characterization of the SNA-AuNP structure.
HIRSAXS-extracted [an(q)]2 for SNA-AuNPs in 30 mM MCI
(black circles) and the corresponding best fit (solid red line)
based on Schulz distribution (inset) for Au core sizes. For
comparison, [F,,p(q)]2 corresponding to monodisperse Au
cores with R = 4.5 nm is shown (dotted blue line).

TABLE 1. SNA-AuNP Structural Characteristics®

maj (R) (nm) % PD tona (nm) Pona (e/nm?) Nona
30 mM 449 84 8.22 446 55
50 mM 452 8.7 8.16 44 55

“The number of oligonudleotides per SNA-AUNP Npyy is listed for the mean size of
the Au core.

rods. Each rod has a 1.0 nm radius, a length equivalent to
the SNA shell thickness tpna, and a fixed electron density,
pona- To account for salt concentration-dependent
changes in the oligonucleotide conformation, tpya and
Ppna are fitted independently for the case of SNA-AUNP
in 30 and 50 mM MCI. Finally, for each Au core size, a
maximum DNA loading is assumed (for further details
on the model see SI). By fitting the previously published
data'” for the minimum footprint of the oligonucleotide
on the Au core (Figure S4A, S), it can be shown that the
number of oligonucleotides per SNA-AuNP is Npna(R) =
471R%2/2.19 (Figure S4B, SI), where R is the radius of the Au
core in nanometers. The best-fit parameters for SNA-
AuNPs in 30 and 50 mM MCI solutions are summarized
in Table 1. As can be seen from Table 1, no large changes
in the SNA-AUNP structural characteristics occur in going
from 30 to 50 mM salt concentration. The key results are
that the mean Au core size (R) ~ 4.5 nm is consistent with
the size of the Au core derived from the position gmin ~
1.0 nm~" in the SAXS profile. The polydispersity (PD) is
~8.5%. Further, the best-fit values for the oligonucleotide
electron densities ({opna) ~ 435 e/nm?) are consistent
with previously published values for the electron densities
of proteins.'® Similarly, the thickness for the oligonucleo-
tide shell (topnya ~ 8.2 nm) corresponds approximately to
the previous SAXS-derived average rise per base or base
pair of dpya ~ 0.26 or 0.28 nm observed in the DNA-
programmed crystalline assemblies of spherical or planar
Au nanoparticles.?>?! Therefore, the fit-derived ppya and
tona are reasonable as effective parameters for the oligo-
nucleotides that cap the Au core.

Figure 4A shows the classical density functional
theory (DFT)-derived distribution of Na™ [n per(n]
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Figure 4. Comparisons of DFT-derived and SAXS-extracted
cation-distribution-dependent intensities. (A) For SNA-
AuNPs in 30 mM MCI, and for three different Au core sizes,
the DFT-derived Na' distribution as a function of distance
from the Au surface (green, blue, and red curves) and the
DNA charge density for R = 4.5 nm Au core (brown curve). (B)
Comparisons between the DFT-derived and the SAXS-
extracted |l.(q)| for SNA-AuNPs in 30 mM MCl and (C)
50 mM MCI. To match the SAXS-extracted |/..(q)|, the corre-
sponding DFT-derived intensities were multiplied by 0.53.
(An explanation for this scale-factor is given within the text.)

(assumed to be valid also for K*, Rb™, and Cs* under
the heavy ion replacement approach) surrounding
SNA-AuUNPs as a function of the distance from the Au
surface, for three different Au core sizes and for 30 mM
NaCl. The effective radius for solvated Na™ is taken
to be 0.3 nm, similar to that in ref 9. Additionally,
we assume an oligonucleotide shell thickness tpya =
8.2 nm (Table 1) and a maximum loading of oligonu-
cleotides on Au nanoparticles, described above. The
lengths for the oligonucleotide shell components,
namely, the propyl-thiol linker, the Ao single stranded
spacer, and the 18 base pair duplex (Figure 1A and
Methods and Materials), are chosen to be Dy, = 0.3 nm,
Lss=1.8nm,and Lys = 6.1 nm, respectively. Lys=6.1 nm
corresponds to an average rise per base pair of
0.34 nm, similar to the B-conformation of DNA in bulk
solutions,?? implying that the double-stranded oligo-
nucleotide segments are radially pointing outward.
The assumption regarding Lys is appropriate because
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of the large persistence length (~50 nm) of double-
stranded DNA in salt solutions.?®* The resulting DNA
charge density for Au core of radius of 4.5 nm is shown
in Figure 4A. The key features of the DFT derived cation
distribution profiles are described briefly. Figure 4A
shows that the modulations in n_ per are smeared in
contrast to the corresponding sharp changes in the
oligonucleotide charge density. This is because entro-
pic forces oppose sharp discontinuities in the cation
distribution. Further, despite Au-size-dependent differ-
ences in the cation distribution profiles (Figure 4A), the
fraction of oligonucleotide charge that is compensated
by the cations is nearly independent of the Au core
size. In particular, within the SNA shell thickness tpna,
the cations compensate 87% (43%) of the oligonu-
cleotide charge for SNA-AuNPs in 30 mM as well as
50 mM salt solutions. Finally, we note that the cation
density reaches the bulk solution density at a distance
~3 nm outside the SNA shell (Figure 4A). This is
because the SNA-AuNP charge is not fully compen-
sated by the counterions. The spatial extent of excess
cation density beyond the SNA shell is qualitatively
consistent with the Debye length of ' = 1.75 nm for
30 mM MCI solutions. Such DFT-derived cation distri-
bution profiles in conjunction with SNA-AUNP charac-
teristics (Table 1) are used to compute the theoretical
polydispersity-averaged cation distribution dependent
intensities I.,:(q). Specifically, for Au core radii ranging
from 2.6 to 7.0 nm, we calculate F,5(q) by assuming the
best-fit values for tpya and ppna for the DNA (Table 1)
and by taking into account the Au size-dependent
variations in DNA coverage, described above. The Au
radius was changed with a step size of ~0.126 nm.
The calculations use the core—shell model described
in the SI. For each Au core size, the corresponding
Fourier transforms of the cation distributions, i.e., v(g),
are obtained from the DFT calculations (examples
are shown in Figure 4A). For polydispersity-averaging
of I.a(q), the weighted sum of the products 2F,,(q)v(q)
is computed. The probability of the occurrence of a Au
particle of a given radius is calculated from a Schulz
distribution (e.g., Figure 3, inset), which is based on the
mean sizes and the polydispersities in Table 1.

Figure 4B—C shows comparisons between the DFT-
based and SAXS-extracted |/..(g)| for SNA-AUNPs in
30 and 50 mM salt solutions, respectively. It should
be noted that, despite having two different concentra-
tions, the two data sets serve as only a test for repro-
ducibility in the experimental /..:(q) (Figure S5, SI). This
is because no significant changes are expected or
observed for the cases of 30 and 50 mM salt concen-
trations (SI). The key observation from Figure 4B—C is
that, for both cases, reasonable shape agreement
between the experimental and the theoretical inten-
sity profiles is found. This observation implies that the
distribution of cations surrounding SNA-AuNPs have
the same shapes as the DFT-derived n_ per(r), which are
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based on the oligonucleotide model, described
above. This observation also provides information on
the DNA-conformation (discussed below). However, to
quantitatively match the experimental /..«(g), the DFT-
derived intensity profiles for both concentrations were
multiplied by a scale factor SF = 0.53 & 0.07. The scale
factor suggests that, in contrast to DFT, the SAXS-
derived intensity I.,(q) corresponds to an apparent
lower total number of cations in the oligonucleotide
shell. We argue that the scale factor SF is likely due to
unaccounted cation hydration effects and not due to a
reduced number of cations in the SNA shell. In parti-
cular, three factors that should be considered as causes
for this SF are: (1) DNA coverage reduction, (2) duplex
melting, and (3) cation hydration. The first two factors
would cause the total number of cations in the DNA
shell to be diminished, whereas the third effect would
not cause the number of cations to be reduced but
could cause the effective scattering power Afy, for each
cation to be reduced. Previous studies on DNA-loading
calibration'” suggest that reduced DNA coverage
should not be the likely cause for the observed SF.
Furthermore, fitting of SAXS-extracted [an(q)]z, under
the “maximum-loading” assumption, yields reasonable
values for tpna and ppna, Which correctly predict the
effective number of electrons for the oligonucleotides
(SD). Therefore, the “maximum-loading” assumption is
reasonable. Duplex dehybridization can also be ruled
out, since the melting temperature for these duplexes
is estimated to be T,, ~ 50 °C (Sl), well above room
temperature (RT).2*%> However, cation hydration ef-
fects have been previously measured in an ASAXS—
HIRSAXS combined study for the counterion distribu-
tion around short synthetic oligonucleotides.'® Their
study showed a reduction of 20% in Afy, and 50%
in Afgp, Which in light of the uncertainties of these
measurements is comparable to our ~50% average
scale-factor derived from a combined DFT—HIRSAXS
analysis. Their paper argued that a reduction in Afy
should be expected for the M cations used in our
study, and in general for all ions that are chaotropic
(have a disordered hydration shell).?® These observa-
tions suggest that hydration reduces the effective
scattering power from our M" cations. The reductions
in Afy for cations can fully explain the observed scale
factors in I.a1(g). Recall that the cation profile depen-
dent intensities I.5(q) are extracted from the slopes of
the scattered intensity Al\(q) vs the scattering power
Afy, of the cations. Therefore, a 50% reduction in Afy,
would cause I,(q) to double. Thus we tentatively
conclude that our HIRSAXS measurements agree with
the DFT calculations for the cation radial distributions
in both shape and absolute magnitude.

The above observations show that the DFT-derived
n_ per(r) are adequate descriptions of the cation distribu-
tion surrounding SNA-AuNPs. Note that DFT calculations
are only for Na* distributions, whereas SAXS-derived

KEWALRAMANI ET AL.

l.atlq) are obtained from a combined analysis of SNA-
AuNPs in four different salt solutions; NaCl, KCl, RbCl,
and CsCl. Furthermore, a similar good match between
SAXS- and DFT-derived I.,(q) was observed for cases
where the theoretical intensities were calculated with
Na™ effective radius of either 0.1 or 0.2 nm (Figure S6, SI).
These observations again validate the underlying HIR-
SAXS assumption; namely, that the distribution of mon-
ovalent counterions surrounding the SNA-AuNP does
not depend strongly on the ion size.

Within our experimental spatial-resolution, the DFT-
derived n_ per(r) is consistent with our HIRSAXS results.
Figures S7—S9 show that other suitable models will
only have subtle differences from the above-described
DFT-derived cation distribution. We therefore can use
our DFT model (Figure 4) to extract three key features:

(1) The thickness of the SNA shell is ~8.2 nm, the
average rise per base for the ss-DNA segment is
~0.18 nm, and the rise per base pair for the duplexed
segment is ~0.34 nm. The SAXS intensities calculated
with cation distributions based on this DNA conforma-
tion best fit the experimental I.,(q) (Figure S9 and
accompanying text, SI). Even ~1 nm deviations in the
thickness of oligonucleotide shell or the length of the
duplexed segments lead to simulated intensities that
do not match the SAXS-extracted /...(g) (Figures S8B,C).
These observations are based on a systematic analysis
of cation distribution, and hence the DNA conforma-
tions that can describe the experimental cation-de-
pendent intensity. Specifically, we simulated /..(q)
by varying Ls from 1.0 to 3.4 nm with a 0.2 nm step
and Ly from 3.6 to 6 nm with a 0.4 nm step. Additional
calculations with Ly = 6.1 nm, which corresponds
to 0.34 nm rise/base-pair, similar to B-DNA,** were also
performed (Figure S9). Reasonable match with SAXS-
extracted I.,.(q) were obtained for L= 1.8154 nm, Ly, =
6.1733 nm, and thickness of the oligonucleotide shell
tona = 8.215:3 nm. Thus, the experimental I,(q), even
over the limited g-range (<0.8 nm~"), senses with an
accuracy of ~1 nm: the thickness of the oligonucleo-
tide shell, the length of the A,y single-stranded
segment, and the length of the duplexed segment.
The uncertainties in the DNA conformation likely arise
from our limited experimental resolution but may also
reflect the size fluctuation of the SNA shell. This issue is
important, but beyond the scope of the present work.
Future experiments with polyvalent nucleic acids,”’
which are SNAs without Au core should allow direct
measurement of the SNA form factor. Such experiments
along with the use of high-resolution DNA models®>?®
may shed light on this issue. Nevertheless, for the
present case, we note that the observed L and Ly
correspond to a 0.18534 nm rise per base in the single-
stranded Ao segment and a 0.34395 nm rise per base-
pair for the duplex segment of the oligonucleotide. Note
that the best match rise per base pair for the duplexed
segment corresponds to the B-DNA conformation.
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The HIRSAXS-derived DNA conformation suggests
a possible origin for the average rise per base
or base pair of 0.26—0.28 nm observed in SNA-AuNP
assemblies.?>?" Notably, the reduction in the oligonu-
cleotide length as compared to the B-DNA arises in
part due to a reduction in the projected length of the
ss-DNA segment along the surface normal. This argu-
ment is consistent with the known rigidities of ss-DNA
and ds-DNA in salt solutions. In particular, at high
salt concentrations such as 500 mM (see below), the
persistence length for ss-DNA is expected to be less
than 1 nm,?® as compared to the persistence length of
~50 nm for ds-DNA.Z It should be noted that there
have been no prior experiments or conclusive theore-
tical models?? explaining the DNA conformation in the
SNA-AuUNP systems. The observations presented here
should provide guidelines for refining the theoretical
models for DNA conformation in various SNA-AuNP
systems.

(2) Within the SNA shell, the monovalent cations
compensate ~87% of the oligonucleotide charge.

(3) For the SNA-AuNPs used in the study, the average
cation concentration in the SNA shell is ~450 mM.
The cation concentrations near the Au core and near
the outer periphery of the SNA-AuNP are ~1150 mM
and ~140 mM, respectively. For the specific case of Au
cores with R =4.5 nm (the mean size), oligonucleotides
with 46 bases per strand, and a SNA-shell thickness
of 8.2 nm, the DFT-derived 87% charge compensation
corresponds to an average cation concentration
of ~450 mM in the SNA shell. This implies that the
average cation density in the SNA shell is ~15x and
~9x higher than the bulk-solution cation concentra-
tions of 30 mM and 50 mM, respectively. Based on the
DFT analysis of the HIRSAXS data, for SNA-AuNPs with
small Au cores (R < 10 nm), an empirical formula for the
average cation concentration in the SNA shell can be
derived: (M")(R) = CINpna(R)((Np + 2Npp)/0.6023V,)],
where C = 0.87 is the DFT-derived extent of oligonu-
cleotide charge compensated by cations. The multi-
plicative factor 0.6023 converts the concentration
to mol/L. Npna(R) is the DNA loading on the AuNPs
(Figure S4B), Ny, is the number of bases in a single-
strand segment, N, is the number of base-pairs in the
duplexed segment of the oligonucleotide, and Vi,
is the volume of the SNA shell. Figure 4A also shows

MATERIALS AND METHODS

Samples. To demonstrate reproducibility, we performed two
separate experiments on two separate sample sets. All DNA strands
were synthesized on a MM48 DNA synthesizer (BioAutomation)
using reagents from Glen Research. Two oligonucleotide se-
quences were utilized: a thiol-modified strand that was covalently
attached to the surface of the gold nanoparticle (sequence:
5'-AACAATTATACTCAGCAAAAAAAAAAAA-C3SH-3, where C3SH
denotes a propyl-thiol modification), and a complementary strand
that hybridized to the thiol-modified strand to create a DNA duplex

KEWALRAMANI ET AL.

that, for such SNA-AuNPs, the cation concentration
is ~1150 mM close to the Au core surface, which
is ~38x and ~23x higher than the cation concentra-
tions of 30 nM and 50 mM, respectively, in the bulk
solution. Another region of interest is the SNA-AuNP
outer periphery, where the SNAs interact with the
surrounding environment. For example, proteins in a
cellular environment or other SNA-AuNPs in the for-
mation of crystalline SNA-AuNP assemblies.>**! Based
on Figure 4A, the cation concentration at the outer
periphery of the SNA-AuNPs is ~140 mM, correspond-
ing to ~5x and ~3x enhancements over the bulk
concentrations of 30 and 50 mM, respectively.

CONCLUSIONS

To summarize, we have probed the distribution
of monovalent cations surrounding SNA-AuNPs by a
combined HIRSAXS-DFT approach. This approach
yielded key insights into the cation distribution and
the DNA conformation. In particular, an average en-
hancement of ~15x and ~9x in the local cation con-
centration was observed for SNA-AuNPs in of 30 mM
and 50 mM salt solutions, respectively. Furthermore,
the cation distribution was found to be nonuniform,
directly dependent on the radial charge distribution
of oligonucleotides and with an overall extent corre-
sponding to the approximate oligonucleotide shell
thickness tona ~ 0.3 + 0.18 x Ny, + 0.34 x Ny, (nm),
where 0.3 nm is the length of the thiol linker, N, is the
number of bases in the single-stranded segment, and
Npp is the number of base-pairs in the duplexed
segment of the oligonucleotide strand capping the
Au core. Our studies also demonstrate the feasibility
of HIRSAXS in probing the monovalent counterion
distribution around electron-dense colloids such as
polyelectrolyte coated metal (for example, Au, Ag)
nanoparticles.

The results presented here should be useful for
studies aimed at explaining the effects of high local
counterion concentrations, such as the stability of SNA-
AuNPs against degradation by nucleases,” as well as
the conformation of oligonucleotides in SNA-AUNPs.?2
A worthy extension of the current study would be to
test the validity of the heavy ion replacement approach
for the distribution of multivalent cations surrounding
SNA-AUNPs.

(sequence: 5'-TTGCTGAGTATAATTGTT-3'). Both of these se-
quences have been used previously** and exhibit no off-target
effects such as mismatched hybridization or particle instability.
Au nanoparticles from TedPella were used without further purifica-
tion or treatment. Thiol-modified oligonucleotides were attached
to the Au nanoparticles per literature precedent'® to achieve maxi-
mum DNA loading. A high density of DNA coverage on the Au
nanoparticles was qualitatively inferred during the functionaliza-
tion process. Specifically, the DNA functionalization process for
synthesizing the SNA-AUNPs required incubating the nanoparticles
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in high salt concentrations. If the DNA density was indeed sig-
nificantly low, the particles would not be stable at these elevated
salt concentrations. Since no aggregation was observed during
the particle preparation process, the nanoparticles must have
high DNA coverage. Prior to SAXS measurements, the DNA-
functionalized nanoparticles were combined with the com-
plementary strand at a ratio of 60 complements per nano-
particle in the appropriate salt solution (MCl, M = Na*t, K™,
Rb™, Cs™). Salt concentrations of 30 and 50 mM were chosen
because for these concentrations significant contrast be-
tween the cation concentration in the SNA shell and the bulk
solutions is expected. Further, at these low salt concentra-
tions, no aggregation of SNA-AuNPs is expected, ensuring that
the SNA-AuNP solutions were uniform dispersions of isolated
nanoparticles.

X-ray Analysis. SAXS measurements were carried out at
beamline 5ID-D* of the Advanced Photon Source. To avoid
strong fluorescence from the Au cores, X-ray energy was tuned
to 11.5 keV (A = 0.108 nm), which is below the L absorption
edges for Au (11.9—14.3 keV). The X-ray spot size at the sample
position was ~0.25 mm, and the incident flux was ~8 x 10"
photons/s. For normalizing the scattered intensities, the inci-
dent X-ray flux and the transmitted intensities were monitored
by an ion chamber just before the flow-cell and a cadmium
tungstate scintillating crystal and a pin diode embedded in
the beam stop just before a Mar165 2D detector used for
collecting the SAXS patterns. To avoid air scattering, we used
an in-vacuum flow cell to enclose the capillary tube.>® For a
given salt concentration, the same capillary tube was used for all
measurements. The beam paths were also under vacuum
during the measurements. To reduce radiation damage, during
measurements, the sample solutions were continuously flowed
through the capillary tube. All measurements were performed
at room temperature. SNA-AuNP aggregation or sticking of
SNA-AuNPs to the capillary walls was not observed for the salt
concentrations used. However, as a precautionary step, the
capillary was washed by using an iodine solution (for dissolving
any residual AuNPs), an aqueous solution of sodium dodecyl
sulfate (SDS) and copious amounts (~10 mL) of pure water after
each set of measurements. Furthermore, before each new
measurement, the SAXS from capillary, empty and with pure
water, were taken to ensure that the background signal did not
change between measurements. A zero beam detector signal
was also collected and appropriately subtracted from the
measured scattered intensity. For SNA-AUNP samples, the ex-
posure time for each measurement was 0.5 s, and five sets of
scattering data were collected per sample. Azimuthal integra-
tion of the 2D SAXS profiles (using Fit 2D) yielded the 1D
intensity profile /(26). Similarly, with 10 s exposure, five sets
of scattering data were collected from empty capillary and MCI
(M = Na, K, Rb, or Cs) salt solutions (without SNA-AuNPs)
for background subtraction and from pure water for converting
the intensities on the absolute scale, following standard
procedures.* Specifically, pure water scattering and salt solu-
tion scattering (after capillary scattering subtraction) were
nearly flat for ¢ > 0.15 nm™". For conversion to an absolute
intensity scale, or more precisely, a differential scattering cross-
section per unit volume, the intercept of the best-fit line through
the near constant water scattering was set at 0.0165 cm™, and all
subsequent data was scaled accordingly.>* The scattering from
the salt solutions was only slightly higher than that for pure
water (e.g., by ~0.001 cm™" for 50 mM RbCl). By contrast,
the scattering from SNA-AuNPs in 30 mM NaCl (e.g.) varied from
9.26 to 022 cm™', over a g-range of ~0.07—08 nm~'. The
background-subtracted data on the absolute intensity scales
shown are the average of the five measurements for each sample.
To account for small differences in the SNA-AuNP concentra-
tions in different MCl solutions, the SAXS intensities Aly(q) were
rescaled (Figures S10—S11).

DFT. Within the framework of classical DFT, we derive the
Boltzmann distributions of salt ions surrounding a single SNA-
AuNP by a functional minimization of the grand potential
functional:

pL{n}l = ﬂQid[{n}]Jr% / dré0Qm + RS} @)
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that includes the ideal gas contribution

drna(r)<lnn;(r) - 1) (5)

s

pQul{in}l = 3

a=+, -

where ng is the salt concentration in the bulk solution. A local
density approximation is made for the hard core excess free
energy, derived from the Carnahan—Starling excess free energy
for a homogeneous system of hard spheres,

: 4n7(r) — 31(n)
QS [{n}] = / drn(r) ——=—
BQeH{n} (1 0 — 0P
where n = n, + n_ is the total density of ions, 7 = vpn is the
total volume fraction of salt, and v, is the particle volume. The
electrostatic contribution is accounted for by a self-consistent
field ¢,

6

é() = / dr Q) @)

Ir —r|

that satisfies Poisson's equation, where Q =n, — n_ + npya is
the total charge, and npya is a fixed charge density imposed by
the oligonucleotide linkers. The linkers are considered to be stiff.
The Boltzmann distributions of ions derived from eq 4 are

ne = neexp(F ) —uSn) ®)

that are solved self-consistently with eq 7 in a conical unit cell
that contains exactly one oligonucleotide linker. The apex of
the cellis located at the center of the Au core, and the axis of the
cone coincides with the direction of the linker, as described in
detail in ref 9. At the boundary of the unit cell, we impose the
conditions

lim 2200 _ iy 900 _

aq

r—e  or rla ar
ap(r, 6 ao(r, 6
lim 9200 _ oy 3000 )
oo, or oo or

which guarantee global charge neutrality. Here, a is the minimal
distance of an ion to the center of the Au core, and 6, is the
angle between the surface of the cell and the central axis set
by the total surface density of linkers. To account for cation
hydration the size of Na™ ions in the DFT calculations is chosen
to be 0.3 nm. With a spatial resolution of 0.1 A, we evaluate the
azimuthally averaged ion concentrations for core radii between
2.6 and 7.0 nm using the maximal grafting density determined
from Figure S4. The entire set of calculations are performed
within ~20 min on a single CPU.
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