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Detection of protein expression by MRI requires a high payload of
Gd(lll) per protein binding event. Presented here is a targeted
AuDNA nanoparticle capable of delivering several hundred Gd(lll)
chelates to the HaloTag reporter protein. Incubating this particle
with HaloTag-expressing cells produced a 9.4 contrast-to-noise
ratio compared to non-expressing cells.

The field of molecular imaging is motivated by the need for
techniques that enable in vivo visualization of biochemical
processes, biomarkers, and gene expression.l'3 Magnetic resonance
imaging (MRI) is an appealing modality for molecular imaging
because it provides excellent spatial resolution (<100 um), detailed
anatomical information, and does not require exposing the subject
to potentially harmful ionizing radiation.® Where native MR contrast
is insufficient, contrast agents (CAs), such as those based on
paramagnetic gadolinium, are used to shorten water proton
relaxation times, increasing image contrast. However, the low
sensitivity of Gd(l11) CAs has limited their utility in molecular imaging
due to the high concentrations required to produce contrast (10-
100 |.1M).5 Crucially, present at
concentrations (0.1-1 uM) that are below the detection limit of

many biomolecules are
Gd(l) CAs.t To date, molecular imaging using Gd(lll) has been
limited to a small number of biomarkers present at high

. . . 7-13
concentrations in vivo.

The low sensitivity of Gd(lll) CAs has made it challenging to
develop MR reporter genes. Many of these genes are from
endogenous proteins, produce negative contrast (bright-to-dark),
and generate only modest contrast overall.*** Furthermore, none
of the genes in these systems have been integrated into existing
reporter gene platforms. As such, their utility is limited because
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they require a unique genetic element dedicated solely to MR
detection.

An ideal reporter platform for MR monitoring of gene
expression presents extracellularly, integrates into an existing
reporter gene platform, provides irreversible binding of molecular
probes, and contains the necessary signal amplification to
overcome the low sensitivity of Gd(lIl) probes. The HaloTag reporter
gene system addresses these challenges.20 HaloTag is an engineered
haloalkane delahogenase that can be expressed on the outer
surface of the plasma membrane.” The enzyme active site has been
modified to catalyze covalent bond formation with terminal
haloalkanes, promoting superior probe retention.”’ Because
haloalkanes are virtually absent from eukaryotic systems, HaloTag
and its targeting group create an orthogonal binding pair.
Furthermore, HaloTag can readily form functional fusions with a
variety of proteins. 2 The specificity and versatility of the HaloTag
system make it attractive as an MR reporter gene. In addition, it
operates as a variable-output reporter whereby the
researcher can select the nature of the output by choosing the
appropriate HaloTag-targeted agent. For this reason, a variety of

gene,

imaging agents, including fluorophores, PET agents, MR agents, and
quantum dots have been successfully targeted to HanTag.ZI’ 2325
However, coupling HaloTag expression to the production of T,
contrast demands significant signal amplification.

Spherical nucleic acids (SNAs) have the potential to address
this design requirement.26 Extensive work on over 100 cell types
showed that SNAs exhibit high biocompatibility and low toxicity in
vitro and in vivo.””* Furthermore, previous work with SNAs
developed a multiplexing strategy to deliver a high payload of
Gd(In) chelates.® In this case, the SNAs were not targeted and their
cellular uptake was a result of SNAs binding to scavenger receptors

on the cell surface.™ Although SNAs can be targeted

J. Name., 2013, 00,1-3 | 1



ChemComm

%xﬂ\é}ﬁ @ =3-H-T,-TTTTTTTTTTTTITIT-5-

NG b
NZ :
SN i
m)—/ 7?” "N
SN 70
é

o

H
E/NNN/\/O\/\O/\/\/\/CI
3 H

@

= 15 nM Gold Nanoparticle

Scheme 1. Schematic of AuDNA-Gd(l11)-HA binding to HaloTag on the cell surface. Each
particle delivers a high payload of Gd(lll) to a single protein. The nanoparticle consists
of a 15 nm gold core that is bound to several copies of single stranded DNA. Each
strand contains five covalently attached Gd(lll) complexes. The 3’ end is functionalized
with a thiol for gold binding and the 5’ end is modified to include a haloalkane (HA)
moiety for HaloTag targeting. Azide functionalized Gd(lll) chelates are used to label the
DNA with Gd(1ll).

using antibodies or aptamers, there is no precedent for SNA

323 \We demonstrate that

targeting using small molecule ligands.
HaloTag-dependent MR contrast enhancement can be achieved by

using a HT-targeted AuDNA-Gd(IIl) nanoparticle.

HaloTag-targeted AuDNA-Gd(II) nanoparticles
synthesized according to Scheme 1. A 24-mer polydeoxythymidine

(dT) oligonucleotide bearing a protected 3’ thiol and a 5’ terminal

were

haloalkane (HA) moiety for HaloTag binding was synthesized
(Scheme S1 and S2). The oligonucleotide included modified dT
bases bearing terminal alkyne functionality at five positions internal
to each strand. Using a Gd(lll)
functionality, a Cu(l)-catalyzed 1,3 dipolar cycloaddition was
conducted to produce the complete HaloTag-targeted Gd(lll) DNA
(Scheme S3). The purified oligonucleotide was deprotected to

chelate bearing an azide

expose the 3’ thiol and conjugated to gold nanoparticles using a salt

. 34
aging procedure.

The density of oligonucleotide loading on the particle surface
was determined by calculation of the Gd/Au ratio using Inductively
Coupled Plasma Mass Spectrometry (ICP-MS).30 Results indicate
that the average loading of DNA was 100 + 10 strands per particle,
yielding a Gd(lll)-chelate payload of 500 + 60 per particle. The T;
relaxivity (r;) was measured to be 16 + 3 mMm™s? per Gd(lll) at 37 °C
and 1.41 T, and the T, relaxivity (r,) was measured to be 28 + 3 mM’
gt per Gd(lll)  (Fig. S3 and S4). We hypothesized that this degree
of signal amplification would enable visualization of surface

2| J. Name., 2012, 00, 1-3

receptors that would be below the detection limit of individual
Gd(lll) chelates.
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Fig. 1. AuDNA- Gd(Ill)-HA nanoparticles bind the HaloTag protein on the cell surface.

Figures 1a and 1b display the transmission electron microscopy images of HT+ cells and
HT- cells, respectively, after incubation with 20 nM AuDNA-Gd(Ill)-HA. The expression
of surface HaloTag changes the subcellular localization of AuDNA- Gd(Ill)-HA
nanoparticles. AuDNA- Gd(lIl)-HA nanoparticle binding to HaloTag can be monitored by
flow cytometry. HaloTag expressing cells labeled with HaloTag-targeted AlexaFluor488
after incubating with AUDNA-Gd(II1)-HA at c) various concentrations for 24 hours or for
d) various times at 40 nM. The percent of HaloTag proteins bound to nanoparticles can
be extracted from this data. Figures 1le and 1f show the binding curves corresponding
to the concentration gradient and time course respectively.

The U-2 OS HT-ECS (HT+) cell line constitutively expresses
extracellular HaloTag. Flow cytometry was used to quantify the
number of HaloTag proteins expressed on the outer surface of the
plasma membrane by using cell-impermeable HaloTag-targeted
AlexaFluor488 dye. Unlike antibody-based cell surface stains, each
HaloTag protein binds irreversibly to only one molecule of
AlexaFluor488.° Therefore, the number of HaloTag proteins
present on the surface of these cells could be quantified by
fluorescence. The HT+ cell line was observed to express 1,800,000 +
500,000 copies of HaloTag on its surface (Fig. S5). Using the
common volume approximation of 2 pl/cell, this vyields a
concentration of 1.6 + 0.4 uM HaloTag that is accessible to the cell
surface.® Though this concentration of HaloTag corresponds to the
top decile of protein expression in the mammalian cell, a Gd(lll)
agent bound to HaloTag in one-to-one stoichiometry would still fail
to achieve a detectable concentration (Fig. 59).36

To directly observe AuDNA-Gd(lIl)-HA binding to HaloTag,
transmission electron microscopy (TEM) was used to identify
membrane binding. A change in the subcellular localization of
AuDNA-Gd(lll)-HA was observed when comparing HT+ cells to

This journal is © The Royal Society of Chemistry 20xx
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otherwise identical cells that do not express HaloTag (U-2 OS (HT-))
(Fig. 1a, 1b, and S10). Both cell lines showed intracellular clusters of
nanoparticles, which are likely endosomes or lysosomes (Fig 1b).
This observation is consistent with the previously proposed
mechanism of scavenger receptor uptake.31 However, only HT+ cells
showed large numbers of particles adjacent to the plasma

membrane (Fig. 1a).

Flow cytometry was used to measure binding of AuDNA-
Gd(I11)-HA to HaloTag on the plasma membrane. HT+ cells were first
incubated with AuDNA-Gd(lll)-HA, followed by labeling with
HaloTag-targeted AlexaFluor488. When AuDNA-Gd(III)-HA binds to
HaloTag on the cell surface, fewer sites remain for AlexaFluor488
binding. Therefore, AuDNA-Gd(IIl)-HA binding to HaloTag was
monitored by the loss of AlexaFluor488 fluorescence in both a time
and dose dependent manner (Fig. 1c and 1d).

After a 24-hour incubation period, HaloTag binding was
observed to plateau at an incubation concentration of 40 nM
nanoparticles, with greater than 60% binding as low as 10 nM (Fig.
le). In addition, HaloTag was saturated after 8 hours of incubation
at 40 nM (Fig. 1f and S11). The binding kinetics of AUDNA-Gd(lIl)-HA
are slower than HaloTag-targeted small molecules. 2 This is likely
the result of a complex protein corona that forms around
nanoparticles when exposed to serum proteins and reduces access
to targeting groups. 37, 38 Importantly, these data suggest that
saturated cells will have an average of 1,730,000 nanoparticles
associated with the cell as a result of HaloTag binding. If each
particle contributes 500 Gd(lIll) chelates, we predict that HaloTag
saturation will result in 1.5 fmol Gd(lll)/cell. This concentration is an
order of magnitude above the most conservative estimates for the
detection limit.°

To determine the accuracy of these uptake approximations,
HT- and HT+ cells were incubated with AUDNA-Gd(I1)-HA and Gd(Ill)
uptake was measured using ICP-MS. These data can be used to
determine the signal contributions that depend on the expression
of HaloTag and untargeted uptake of AUDNA-Gd(III)-HA. It is likely
that untargeted uptake of AuDNA-Gd(Ill)-HA is due to AuDNA
nanoparticles binding scavenger receptors, as previously reported.31
HT- cells display saturation for both incubation concentration and
time, which is the expected trend as available scavenger receptors
are depleted (Fig. 2a and 2b). The Gd(lll) uptake values for HT+ cells
continue to increase beyond the measured values for HT- cells at
several time points and concentrations (Fig. 2a and 2b). After 8
hours of incubation with 40 nM AuDNA-Gd(lll)-HA, HT+ cells
accumulated threefold more Gd(lIl) than HT- cells (Fig. 2b). HaloTag
expression resulted in an additional accumulation of 1.16+0.08 fmol
Gd(lll)/cell over HT- cells. This value is very close to the predicted
value of 1.5 fmol Gd(lll)/cell calculated from the expression level of
HaloTag (Fig. 1). A likely explanation for the reduced uptake is slow
degradation of the nanoparticles over the course of the incubation.
While AuDNA nanoparticles are resistant to the activity of DNase,

. . 39
the reaction still proceeds at a measurable rate.

This journal is © The Royal Society of Chemistry 20xx

Cell pellet MR images were taken to verify that the additional
uptake conferred by HaloTag expression would effectively translate
to contrast in an MR image acquired at 7 T. As expected, both cells
lines showed an increase in signal intensity over unlabeled cells
after incubation with AuDNA-Gd(lIl)-HA (Fig. 2c). Significantly,
HaloTag-expressing cells are clearly distinguishable from cells that
do not express HaloTag. This contrast enhancement was apparent
in both the greyscale T, weighted image (Figure S7) and the
corresponding intensity map (Fig. 2c). The observed T, shortening
was significant both for the image slice shown and for the average
of 4 slices (Fig. 2c and S5). From this image the contrast-to-noise
ratio (CNR) between HT+ and HT- cells was calculated to be 9.4.
Based on the clinical standard for
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Fig. 2. Cellular uptake of Gd(lll) is measured for both HT- (black bars) and HT+ (white
bars) cell lines using ICP-MS. a) The concentration dependence of uptake was
measured using a 24 hour incubation for each concentration. b) Cells were incubated
with 40 nM nanoparticles for the indicated time. The expression of HaloTag results in
measurably higher uptake of Gd(lll). Error bars show standard error of the mean. c)
HaloTag-dependent contrast enhancement is clearly visible after incubation with
AuDNA-Gd(Il1)-HA at a concentration of 52 nM nanoparticles for 8 hours. Gradient bar
denotes signal intensity.

MR imaging, CNR values above 5 are considered to be visually
“obvious.”®

We have shown that a Gd(lll)-conjugated AuDNA nanoparticle
can be targeted the HaloTag protein and produce detectable MR
contrast.  The signal amplification afforded by nanoparticle

targeting enabled delivery of Gd(Ill) at millimolar cellular
concentrations for a 2 pL cell. As a result, HaloTag’s reporter gene
functionality has been expanded to include an MR output. Beyond
HaloTag, this technology has shown that in principle, cell surface
receptors can be detected using a T, contrast agent. The
straightforward chemistry and broad applicability of SNA’s suggests
that these nanoparticles can be easily adapted to other surface

receptors that bind to a small molecule ligands.
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