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Abstract

Gold nanostars functionalized with Gd(l11) have shown significant promise as contrast agents for
magnetic resonance imaging (MRI) because of their anisotropic, branched shape. However, the
size and shape polydispersity of as-synthesized gold nanostars have precluded efforts to develop a
rigorous relationship between the gold nanostar structure (e.g., number of branches) and relaxivity
of surface-bound Gd(I11). This paper describes the use of a centrifugal separation method that can
produce structurally refined populations of gold nanostars and is compatible with Gd(l11)
functionalization. Combined transmission electron microscopy and relaxivity analyses revealed
that the increased number of nanostar branches was correlated with enhanced relaxivity. By
identifying the underlying relaxivity mechanisms for Gd(I11)-functionalized gold nanostars, we
can inform the design of high-performance MRI contrast agents.
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INTRODUCTION

Control over the geometry of anisotropic gold nanoparticles (Au NPs) enables tunability
over a variety of properties, such as optical response and surface characteristics.1=3 Altering
the aspect ratio of Au rods or bipyramids, for example, can tune the localized surface
plasmon (LSP) from the visible to near-infrared (NIR) region.*8 Additionally, Au NP
surface curvature can affect the physicochemical properties of conjugated ligands, such as
the effective acid dissociation constant (pKj).210 As-synthesized anisotropic Au NPs are
polydisperse in size and shape, however, which prevents detailed analysis of shape-
dependent phenomena in ensemble measurements.1112 Density gradient centrifugation
(DGC) is an emerging postsynthetic separation method that has been used to refine
structural distributions of nanomaterials.12-19 Anisotropic Au NPs that have been sorted by
DGC have primarily been coated with cetyltrimethylammonium bromide (CTAB)4-16 or
cetyltrimethylammonium chloride (CTAC),12 which hinder conjugation with ligands.20-22
Expanding DGC to separate anisotropic Au NPs without these strongly bound surfactants is
crucial for investigating shape-dependent properties of functionalized nanoconjugates.

Gold nanostars synthesized by reducing gold salts by a biocompatible Good’s buffer (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid, HEPES) are a class of anisotropic Au NPs
that can be readily functionalized with thiolated biomolecules.23-26 Recently, we found that
the anisotropic shape of gold nanostars had a critical role in enhancing the 73, or
longitudinal, relaxivity (r;) of surface-bound MRI contrast agents. In particular, the r; of
Gd(l)-conjugated DNA (Gd(I11)-DNA) bound to the surface of nanostars (DNA-Gd@stars)
was 3-fold higher than that of the analogous spherical nanoconjugates (DNA-
Gd@spheres).23 Since r; is an ensemble-averaged property, however, the broad distribution
of nanostar branch numbers in as-synthesized samples prevented specific identification of
which structural features were primarily responsible for the observed relaxivity
enhancement.

Paramagnetic Gd(111) chelates produce positive (bright) contrast in 7;-weighted MRI scans
by shortening the longitudinal relaxation time of nearby water molecules. The efficiency of a
71 contrast agent is quantified by 1, the longitudinal relaxation rate normalized to the
concentration of the ion (e.g., Gd(l11)). Typical methods to alter r; according to Solomon-
Bloemergen—Morgen (SBM) theory include changing the rotational correlation time (<), the
inner-sphere water exchange rate (ty,), or the number of coordinated water molecules
(9).27-31 Optimization of T, and changing g are realized by alteration of the chelate
design,39:32-34 \while elongation of <, is frequently achieved by coupling the Gd(lll) to
larger, slow-tumbling species such as a biomolecules3>-41 or NPs.31:42-48 1, contributions
from second- and outer-sphere relaxivity depend on the lifetime of water molecules in these
coordination spheres.30:3549.50 Molecular confinement and the hydrophilic
microenvironment have been proposed to explain second-sphere effects observed for some
protein->1:52 or NP-23:45.53 hound Gd(l11) contrast agents with large ;.

Although Gd(l11)-conjugated NP contrast agents have shown size-dependent r;
enhancements based on T, effects,31:46.47 few studies have explicitly examined how particle
shape and surface curvature affect ;. Gd(I11) chelates that were selectively bound to the
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exterior surface of rod-shaped virus particles, for example, showed larger r; compared to
chelates that were bound to the interior surface.3° The difference was due to rigidity of the
amino acids that were targeted for the site-selective attachment,39 which affects the coupling
of the Gd(l11) to the tumbling of the NP and therefore the effective <,.3046 Confinement of
Gd(1) chelates, gadofullerenes, and gadonanotubes within the pores of mesoporous silica
particles resulted in r; enhancements from elongated <, and reduced mobility of outer-sphere
water molecules.53

Unlike 7; contrast agents, 7, contrast agents generate negative (dark) contrast in MRI scans
by shorting the transverse relaxation time of nearby water molecules. Shape-dependent
enhancements in 75 relaxivity () of superparamagnetic NPs such as iron oxide have been
observed previously.54:55 Importantly, the effects of NP shape on r, cannot be translated to 1,
because enhancements in 7> and 1, are achieved via different mechanisms. Branched
octapod®* and rod-shaped®® iron oxide NPs, for example, showed increased 7, relative to
spherical NPs of similar volume. In both reports, the enhancement was due to an increase in
the effective radius of the superparamagnetic core, a parameter that is known to depend on
morphology and directly influences 7,.54:55

Previously, we reported nuclear magnetic relaxation dispersion (NMRD) analysis of as-
synthesized DNA-Gd@stars.23 The exceptionally high r; was due to a large contribution of
second-sphere relaxivity related to elongated residence times of water molecules in the
second coordination sphere. Although shape was the only difference between the DNA-
Gd@stars and DNA-Gd@spheres, second-sphere enhancements were not observed for the
spherical conjugates.23 Based on these results, we hypothesized that confinement of Gd(l11)-
DNA in regions of negative curvature between the nanostar branches created a hydrophilic
environment that could promote second-sphere effects. Hence, we expected that that r;
would depend on the number of branches on the nanostars. Here, we explicitly examine how
populations of nanostars with different branch numbers contribute to the relaxivity of
surface-bound Gd(I11)-DNA. The enrichment of DNA-Gd@stars as a function of branch
number was achieved by performing DGC in a sucrose density gradient, where up to 2-fold
differences in 1, between structurally enriched populations was found.

EXPERIMENTAL METHODS

Materials

All reagents were purchased from Sigma-Aldrich unless otherwise noted. Detailed
procedures are located in the Supporting Information.

Nanostar Synthesis

Nanostars were synthesized by reduction of HAuCl, (0.2 mM) by HEPES buffer (100 mM,
pH 7.2). NP characterization was performed with UV-vis-NIR spectroscopy (Agilent
Technologies), dynamic light scattering (Brookhaven Instruments), transmission electron
microscopy (TEM) (JEOL), and inductively coupled plasma-mass spectroscopy (ICP-MS)
(Thermo Fisher).
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Gd(lI)-DNA Synthesis

The Gd(I11) chelate was synthesized according to previously reported protocols and contains
a pendant alkyne to facilitate conjugation via click chemistry.23 This chelate had one
coordinated water molecule (¢ = 1) and an optimized inner sphere t, (22 ns at 37 °C).23 The
Gd(111)-DNA is a poly deoxythymidine (dT) oligonucleotide (24-mer) that contains a 3’
disulfide modification (for Au functionalization) and five covalently bound Gd(l1l) chelates
per strand. Oligonucleotides were purified by reverse phase HPLC and characterized using
MS-MALDI.

Conjugation of Gd(lll)-DNA to Nanostars

Nanostars were functionalized with Gd(I11)-DNA by deprotection of the disulfide and salt-
aging. Functionalized NPs were purified by three rounds of centrifugation (10 000 rpm, 10
min) and resuspension in Milli-Q water with 0.01% TWEEN.

Stability Testing of Nanostars in Gradient Media

As-functionalized DNA-Gd@stars were prepared by functionalizing nanostars with Gd(I11)-
DNA and purifying by centrifugation (no exposure to gradient media). For pre-sucrose and
preiodixanol functionalized conditions, these DNA-Gd@stars (8—10 nM) were then mixed
into solutions of sucrose (55% wi/v) or iodixanol (30% w/v) and exposed for 2 h. Then the
solutions were dialyzed overnight in ultrapure deionized water to remove the excess gradient
media. Particles were recovered and concentrated via centrifugation prior to analysis. For
post-sucrose and post-iodixanol functionalized particles, bare nanostars (8—-10 nM) were first
exposed to the gradient media and dialyzed under the same conditions. Then, the sucrose-
exposed and iodixanol-exposed nanostars were functionalized with Gd(I11)-DNA and
purified for analysis.

Density Gradient Centrifugation

Sucrose density gradients were formed using a linear density gradient maker (Hoefer, Inc.)
with 9 mL starting solutions of 50% and 60% w/v (density: 1.42-1.45 g/cm3) on top of a 4
mL underlayer of 90% w/v sucrose in water. 500 pL of a concentrated solution of bare Au
nanostars (8-10 nM) was loaded on top of the density gradient medium in an Ultra-Clear
centrifuge tube (Beckman Coulter), then centrifuged at 4400g for 2 h at 22 °C using a
Beckman SW32Ti rotor in a Beckman Optima L-80XP ultracentrifuge. The samples were
fractionated at intervals of 2 mm from the meniscus (Biocomp Instruments). This
centrifugation and fractionation was repeated in 26 different tubes. After each round, the
corresponding fractions from the 26 sorted tubes were combined and dialyzed (20 000
MWCO, Thermo Scientific) overnight against ultrapure deionized water. The fractions from
26 tubes were combined to obtain sufficient concentrations for structural analysis and
relaxivity measurements (typically 200-400 uL of 5-8 nM nanostars per fraction).

Branch Number and Volume Analysis

Structural characterization was based on analysis of TEM images of DNA-Gd@stars (Figure
S1) which were taken from several areas on the grid to obtain representative populations.
The branch number was manually counted from at least 10 different zoomed-out images for
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at least 400 particles in each fraction. Nanostar volumes were approximated from TEM
images of at least 300 particles per fraction using the Analyze Particles plug-in of ImageJ.
Details regarding the assumptions and calculations are in the Supporting Information.

r, Relaxivity Measurement

The r; was calculated by measuring the 7; relaxation times (Bruker MiniSpec60) and
Gd(111) concentrations (Thermo iCap Qc ICP-MS) of 3 to 5 different dilutions of each
sample at a clinically relevant temperature (37 °C) and field strength (1.41 T, 60 MHz).
These data were plotted as 1/ 77 versus [Gd(I11)] (mM) followed by linear regression
analysis. The resulting fit of the line is defined as the r; relaxivity of the agent (Figure S6-
S8). The r; was measured twice for each fraction.

RESULTS AND DISCUSSION

First, we explored different density gradient media (i.e., sucrose6:19.56 and
iodixanol12-14.17.18) to ensure compatibility with the nanostar shape, colloidal stability, and
surface functionalization with thiolated DNA (Figure 1, Figure S3-S5). These stability tests
were performed without centrifugation to isolate the effects of exposure to the density-
gradient media (Experimental Methods). We compared two procedures for gradient media
exposure and functionalization of the nanoconjugates: (1) post-exposure functionalized
nanostars were first exposed to sucrose or iodixanol and then functionalized with Gd(lI1)-
DNA (Figure 1b); and (2) pre-exposure functionalized nanostars were first functionalized
with Gd-(111)-DNA and then exposed to sucrose or iodixanol (Figure 1c). Subsequently, the
gold nanostar dispersions were dialyzed to remove the gradient medium (Experimental
Methods). As a control, we compared the results to as-functionalized DNA-Gd@stars that
were not exposed to any gradient media. TEM (Figure 1b,c, Figure S3), optical absorbance
spectroscopy (Figure S4a), and dynamic light scattering (Figure S4b) analysis revealed that
sucrose had no effect on the shape or stability of the DNA-Gd@stars during either the pre-
or post-sucrose functionalization methods. We also found that sucrose was compatible with
nanostar surface functionalization and did not alter relaxivity of the DNA-Gd@stars (Figure
S5-S6). In contrast, iodixanol induced dramatic particle reshaping, leading to reduced DNA-
loading and relaxivity under all conditions tested (Figure 1b,c, Figure S3-S5).

Since sucrose showed excellent compatibility with the anisotropic nanoconjugates, and the
DNA loading on post-sucrose functionalized particles was higher than that of the presucrose
functionalized DNA-Gd@stars (Figure S5), post-sucrose functionalization conditions were
chosen for the following DGC sorting experiments. Unsorted post-sucrose functionalized
DNA-Gd@stars showed a broad distribution of shapes (0-8 branches) and sizes (Figure 2a,
top), thus sucrose-based DGC was used to refine the shape populations of the
nanoconjugates. A linear sucrose gradient with a narrow change in density was chosen
instead of a step gradient since the latter is more suitable for the separation of a few distinct
populations.1517.57 After layering the as-synthesized nanostar population on top of the
gradient (Figure 2b, top) and centrifuging at 4400g for 2 h, we observed continuous
spreading of nanostars throughout the centrifuge tube (Figure 2b, bottom). The formation of
colored bands showed high reproducibility for 26 rounds, and the corresponding fractions
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from each tube were combined and dialyzed overnight in ultrapure deionized water. The
separated populations were then functionalized with Gd(111)-DNA for relaxivity
measurements (Supporting Information).

The sedimentation rate of objects in a viscous fluid depends on both mass and shape.12.16
For example, nanorods with the same mass but different aspect ratios have been separated,
but some rods and spheres with different masses may sediment at the same rate.16 Since
nanostars with many branches typically have a larger mass than those with fewer branches,
we expected that particles with higher branch numbers would sediment farther in the sucrose
gradient. Although the distribution of both sizes and shapes leads to some competition in the
sedimentation rate, representative TEM images of the sorted DNA-Gd@stars (Figure 2a
bottom, Figure S1) revealed improved particle homogeneity. We note that the reproducibility
and scalability of this technique is demonstrated by the uniformity of the fractions, which
were combined from 26 separate rounds of DGC. The structural analysis thus incorporates
the distribution of nanostars that sedimented the same distance in each sucrose gradient. To
compare the shape distributions quantitatively, the branch number was manually counted on
at least 400 particles per fraction on TEM images taken from several areas on the grid
(Supporting Information). We defined different populations of interest based on branch
number: particles with 0-2 branches are defined as “few-branched” population, and particles
with =6 branches are defined as “many-branched” population. Nanoparticles with 3-5
branches are not discussed in detail here since these populations are mostly evenly
distributed in all fractions. Few-branched particles resemble spheres (0 branches) and rods
(1-2 branches), which primarily contain regions of positive and neutral surface curvature. In
contrast, many-branched particles contain several regions of negative curvature between
adjacent branches. Within each fraction, TEM images were analyzed to determine various
structural features such as average size (Feret diameter, mass) and the percentage of many-
and few-branched particles (Figure 2c, Table S1).

Unsorted DNA-Gd@stars had a relatively even distribution of branch number populations:
the few-branched particles made up 27% of the batch and the many-branched particles made
up 31%. In general, the average size and percentage of many-branched particles increased
while the few-branched particles decreased with increasing fraction number (sedimentation
distance). Fractions #22-24 showed the highest percentage of many-branched particles,
which was nearly double that of unsorted DNA-Gd@stars. The maximum percentage of
few-branched particles was achieved in fractions #6—12. Near the bottom of the nanostar
band (fractions #27-28), the structural uniformity began to decrease (i.e., decreased ratio of
many- to few-branched particles relative to fractions #22—24, Table S1). This trend can be
explained by the competition between mass and shape since the average particle mass began
to level off between fractions #20-28 (Table S1). This evolution of shape population was
also confirmed by monitoring the ensemble optical properties of each DNA-Gd@star
fraction (Figure S2).

To correlate this structural analysis of the refined DNA-Gd@star populations with relaxivity,
r, was measured (37 °C, 1.41 T) on each sorted fraction and the unsorted control (Figure 3a,
Figure S7). The r; of the unsorted DNA-Gd@stars (post-sucrose functionalized) was 45.2
mM~1s71 (Table S1) and reflects contributions from the broad distribution of nanostar
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shapes. This 1 is within the standard deviation of our previously measured DNA-
Gd@stars.23 After structural refinement via DGC, the relaxivity of DNA-Gd@stars
increased as the percentage of many-branched particles increased, and decreased as the few-
branched particles increased (Figure 3b). In particular, the fraction with the highest
percentage of many-branched particles showed over a 2-fold increase in , (57.3 mM~1s71,
#22) compared to the fraction with the lowest percentage (27.9 mM~1 s1, #6) (Figure 3a).
When considering only one of the branch populations, however, some deviations in this
trend emerged. For example, the relaxivities of fractions #27-28 were lower than that of
fraction #20 despite having a similar percentage of many-branched particles. We
hypothesize that the slight increase in few-branched particles in fractions #27-28 was
responsible for bringing down the ensemble r; of these fractions. Therefore, we also
analyzed the relationship between the ratio between many- to few-branched nanostars
(many:few) and the relaxivity to take into account how the mixture of both populations
might contribute to the ensemble r; of each fraction (Figure 3C). A clear positive trend
emerged between the many:few branch ratio and r,, which further supported our hypothesis
that nanostar shape influences the relaxivity of conjugated Gd(I11)-DNA.

Since NP size is typically exploited to enhance r; of conjugated Gd(l11) chelates based on
elongation of ©,31:3741:46 and because DGC separates particles by both shape and size,12:15
we needed to confirm that the ; trends were not simply based on NP size. Figure 4 shows
the stars fraction (red) compared to the analogous DNA-Gd@spheres of different sizes
(black). We measured the r; of large (80 nm diameter) spherical Au NPs after conjugating
with Gd(111)-DNA. The r; of 15- and 40 nm DNA-Gd@spheres was previously reported.2
The average nanostar volumes and standard deviation were determined from analysis of over
275 particles in TEM images (Supporting Information). The volumes of the spherical NPs
were calculated based on the diameters reported by the manufacturers. TEM images of
sorted DNA-Gd@stars (fraction #22) and 80 nm DNA-Gd@spheres are shown at the same
scale in Figure 4a to visually compare the NP sizes and shapes.

As expected, the DNA-Gd@spheres showed a modest increase in r; (14.623 to 25.2 mM™1
s~1) with a 150-fold increase in volume (Figure 4b, Table S1). In contrast, a clear trend
between size and 7, was not observed for DNA-Gd@stars. For example, the volumes of
DNA-Gd@stars fractions #22-28 are similar (no statistical difference), yet the r; ranges
from 40.9 to 57.3 mM~1 s71. Importantly, the relaxivities of all DNA-Gd@stars fractions
were larger than those of DNA-Gd@spheres of any size (Figure 4b, Table S1), indicating
that even few-branched nanostars could enhance the relaxivity of surface-bound Gd(lll).
These results support our interpretation that nanostar branch number, rather than size, is
primarily responsible for influencing the r, of DNA-Gd@stars.

Finally, for NP-based Gd(l11) contrast agents, there are clear differences between the ionic
(per-Gd(l11)) r; and per-particle r1. The ionic r is the standard way to report contrast agent
performance since it reflects the average relaxation efficiency of each Gd(I1) chelate and is
neither a function of NP surface area nor Gd(I11) loading. The per-particle  is often
reported to encompass the high Gd(l11) payload that can be achieved in or on NPs.%8-60 |n
this manuscript, we exclusively discussed the ionic r; to demonstrate how NP shape
fundamentally influences the performance of surface-bound Gd(l11) chelates. These results
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are significant because NP shape was not previously expected to affect the ionic r; of Tq
MRI contrast agents.

CONCLUSION

In conclusion, we have characterized the structure—property relationship between relaxivity
and shape distribution of many-and few-branched DNA-Gd@stars and found that relaxivity
increases with the percentage of many-branched particles. This study was enabled by a
sucrose-based DGC separation protocol that maintains compatibility with subsequent
biomolecule surface conjugation. The r; of the population enriched in many-branched DNA-
Gd@stars reached levels as high as 57.3 mM~1 s™1. Importantly, this relaxivity is 19-fold
higher than that of clinical Gd(l11) agent, ProHance®! and is among the highest reported for
NP-2345 or protein-bound3®:52:62 Gd(111) chelates containing only one inner-sphere water
molecule (g = 1). Furthermore, the relaxivity trends as a function of shape support the
principle that negative curvature between branches facilitates a long-lived second hydration
sphere surrounding the Gd(I11)-DNA, leading to enhanced relaxivity. Thus, shape is a new
parameter that can be tuned in the development of NP-based 7; MRI contrast agents. We
anticipate that these sucrose-based DGC methods can also improve the performance of
functionalized anisotropic hanoconjugates in a variety of other applications such as lowering
detection limits for sensors and diagnostics or enabling new modes of self-assembly.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Sucrose is compatible with nanostar stability and surface functionalization. (a) Scheme of

different methods of exposure to sucrose or iodixanol and surface functionalization with
Gd(I11)-DNA. TEM images for (b) post- and (c) pre-exposure functionalized DNA-
Gd@stars.
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Figure 2.

DGC refines shape populations of DNA-Gd@stars. (2) TEM images of unsorted DNA-
Gd@stars (top) and different fractions after DGC (bottom). (b) Photographs of a centrifuge
tube before (top) and after (bottom) centrifugation of a concentrated nanostar solution in a
sucrose linear density gradient. (c) Distribution of different DNA-Gd@star populations
within each fraction based on branch counting of at least 400 particles per fraction.
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Figure 3.
Distribution of many- and few-branched gold nanostars influences the relaxivity of Gd(I11)-

DNA. r, measured at 37 °C and 1.41 T (60 MHz), (a) for each fraction, (b) as a function of
the percentage of many- or few-branched DNA-Gd@stars (solid lines: linear fit), and (c) as a
function of the ratio of many:few-branched particles. Error bars are the standard deviation
from two r; measurements of each sample.
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Figure 4.
NP size is not the primary factor influencing r;, of DNA-Gd@star relaxivity. (a) TEM

images of fraction #22 of DNA-Gd@stars (red) and 80 nm DNA-Gd@spheres (black). (b)
Relationship between NP volume and r; of DNA-Gd@stars and DNA-Gd@spheres. Error
bars (x) represent the standard deviation of average NP volumes within each fraction. Error
bars ()) are the standard deviation from two r; measurements of each sample. * ref 23.
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