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ABSTRACT: We have synthesized targeted, selective, and highly sensitive
129Xe NMR nanoscale biosensors using a spherical MS2 viral capsid,
Cryptophane A molecules, and DNA aptamers. The biosensors showed strong
binding specificity toward targeted lymphoma cells (Ramos line). Hyper-
polarized 129Xe NMR signal contrast and hyper-CEST 129Xe MRI image
contrast indicated its promise as highly sensitive hyperpolarized 129Xe NMR
nanoscale biosensor for future applications in cancer detection in vivo.

■ INTRODUCTION

Magnetic resonance imaging (MRI) is a highly useful medical
imaging tool, affording high-resolution images with minimal
invasiveness. This well-established technique generally detects
the protons of water and lipids in the body, which provides
flexible and detailed anatomical imaging due to the high
abundance of these molecules. However, the imaging of
specific, nonabundant molecules of interest, such as cancer
biomarkers, is significantly limited by the low signal-to-noise
ratio that can be achieved against the background of ubiquitous
water molecules. In these cases other nuclei can be imaged, but
the low polarization under normal conditions limits both
detection levels and dynamic range. To overcome these
problems, various techniques have been developed to enhance
signal intensity and sensitivity, and these are often combined
with molecular sensors to generate localized contrast with high
chemical specificity. In particular, hyperpolarization by spin
exchange optical pumping (SEOP) and dynamic nuclear
polarization (DNP) have been highlighted as methods to
increase polarization, and hence imaging sensitivity, which is
particularly important for nuclei other than protons.1,2

129Xe is an ideal reporter for NMR because it is inert,
hyperpolarizable, and biocompatible, and provides no natural
background signal in living systems.3,4 The use of hyper-
polarized 129Xe as an imaging agent has been demonstrated in
the magnetic resonance imaging of lung tissue,5,6 brain,7,8 and
kidneys.9 For molecular imaging, Cryptophane A (CryA) based
xenon sensors have been developed with chemical exchange
saturation transfer (CEST) to increase the detection sensitivity

by 1000- to 1 million-fold relative to the direct observation of
the caged xenon.3,10−12 In addition, cucurbit[6/7]urils have
recently been reported as xenon sensors.13−15 Molecular
sensors carrying large numbers of CryA moieties coupled to
targeting groups provide a further increase in sensitivity, and
have been applied to the detection of cancer cells. Hyper-CEST
NMR imaging with these multivalent CryA sensors may thus
provide powerful tools for the detection of molecular targets
especially those on cancer cells for which early-stage detection
is highly critical for patient survival.16

Along with several recent reports of carrier structures bearing
sensing groups,17−19 previous studies in our groups have found
that bacteriophage MS2 has a long circulation half-life in vivo,20

and is a promising water-soluble scaffold for encapsulating
hydrophobic CryA entities. Key to its success is the presence of
32 2-nm pores in the 27-nm-diameter protein shell, which
provide rapid access of small reagents and Xe into the internal
volume. This allows over 100 CryA molecules to be housed
inside the sphere in a manner that avoids losses of water
solubility that would otherwise be expected if those were
attached externally.21 Our previous studies with this MS2-CryA
construct were limited to untargeted carriers that could not
engage specific cells.22 More recently, filamentous phage with
genetically encoded single chain antibody (scFv) groups were
used to distinguish between different cell types based on their
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surface markers. In that study, the CryA groups were installed
on the external surfaces of the carriers, accompanied by over
1000 molecules of polyethylene glycol (PEG) to maintain
solubility and prevent aggregation.
The need for solubilizing PEG coatings limits the potential

for the orthogonal attachment of targeting moieties. An
optimized carrier would combine aspects of both designs,
integrating the dense sphere of CryA molecules housed inside
MS2, with large numbers of external targeting groups through a
modular coupling strategy. Here we report the generation and
evaluation of such a system, providing both a high payload of
internal CryA groups and external targeting aptamers for the
highly sensitive detection of lymphoma cells.

■ RESULTS AND DISCUSSION
The MS2 protein monomers used in this study were
engineered with N87C mutations, which created a series of
180 sulfhydryl groups facing the interior surface of each capsid
following assembly.23 To enable the use of oxidative coupling
strategies for the introduction of targeting moieties on the
external surfaces,23,24 p-aminophenylalanine (pAF) residues
were also incorporated into position 19 of each monomer
(resulting in 180 per assembled capsid) using the Schultz
amber suppression technique.23−25 The interior of the N87C-
T19pAF capsids was first modified with CryA-maleimide
(CryA-Mal) (Figure 1B). To increase the solubility of the
conjugate during the conjugation step, five glutamic acids were

incorporated into the CryA-Mal linker, which was prepared
with solid-phase peptide synthesis (SPPS) (Figure 1B and
Supporting Information Figure S1). ESI-TOF-MS analysis of
the MS2 coat protein after coupling with 20 equiv of CryA-Mal
and disassembly revealed that about 60% of the monomers had
been modified, corresponding to an average of 110 CryA
molecules per intact capsid (Figure 1B). Modification with
fewer equivalents of CryA-Mal was attempted with lower
modification levels. In a separate set of capsids, the cysteine
residues were labeled with Oregon Green maleimide to allow
their detection in flow cytometry experiments. Virtually
complete labeling of the 180 cysteine residues was achieved
in this case (Supporting Information Figure S2).
We chose DNA aptamers as targeting agents due to evolvable

specificity and affinity for tumor cell biomarkers.26 The exterior
of MS2 was modified with the TD05.1 aptamer, which targets
membrane-bound mIgM markers expressed on lymphoma
cells.27,28 The DNA aptamers were modified with aminophenol
groups at the 5′-termini, allowing them to be conjugated to the
aniline side chains of the pAF residues via oxidative coupling in
the presence of sodium periodate.23,27,29 SDS-PAGE analysis
indicated that approximately 30% of the 180 monomers were
derivatized with oligonucleotides, which resulted in significant
gel shifts (Figure 1C). Additionally, the addition of the CryA
groups to the MS2 monomers resulted in the appearance of
slower migrating bands that corresponded to both the
unmodified and the DNA-conjugated proteins (Figure 1C).

Figure 1. Scheme of 129Xe-biosensor synthesis and identification. (A) The MS2 viral capsid (PDB ID: 2MS230) was modified with CryA-Mal
(indicated by the green circle, with the structure shown in B) at ∼110 N87C positions on the interior surface of the capsid. This was followed by the
attachment of 54 aminophenol-TD05.1 aptamers to T19pAF residues on the exterior surface. (B) Interior thiol-maleimide reactions on the N87C
positions with the CryA-Linker shown (20 equiv CryA, pH 7.2 phosphate buffer, rt, 6 h) resulted in the modification of 60% of the available
cysteines, as determined using ESI-TOF MS. (C) Exterior oxidative coupling reactions on T19pAF residues with TD05.1 DNA-aminophenol
molecules (10 equiv aminophenol-TD05.1 aptamer, 25 equiv NaIO4, pH 6.5 phosphate buffer, rt, 5 min) led to the modification of 30% of the capsid
proteins, as determined using SDS-PAGE and densitometry analysis after Coomassie staining.
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To verify the ability of the doubly modified MS2 capsids to
target cancer cells, fluorescent versions of the capsids
(Supporting Information Figure S2) were exposed to Ramos
Burkitt’s lymphoma cells, which are positive for the mIgM
marker. Following 1 h of exposure on ice, flow cytometry
analysis indicated strong binding of the TD05.1-labeled capsids
to the targeted cells (Figure 2). A small population of cells

showed minimal capsid binding. This is likely due to the lack of
mIgM markers on some cells. As a negative control, the
TD05.1-labeled capsids were also exposed to Jurkat cells, which
are a T-cell leukemia line that lacks the mIgM groups. In this
case, only a minor increase in fluorescence was observed upon
flow cytometry analysis (Figure 2). In addition, negative
aptamer control (MS2-sgc8c) test was carried out on Ramos
cell and it showed no strong binding result (Figure S6). Taken
together, these experiments indicate that the capsid-bound
aptamer interaction remains specific for the mIgM group.
The ability of the capsids to report the presence of the

targeted biomarker using 129Xe Hyper-CEST NMR was next
demonstrated using the same aptamer sequence. MS2-CryA-
TD05.1 conjugates were incubated with a sample of 2 × 107

Ramos or Jurkat cells in 0.5 mL of a binding buffer that
contained 4.5 g/L glucose, 5 mM MgCl2, 1% BSA, and 0.1 mg/
mL yeast tRNA (see Methods and Materials for details) for 1 h
on ice. Unbound MS2 was then removed using three washes
and cells were transferred to RPMI media (RPMI 1640,
containing 10% fetal bovine serum, 2 mM L-glutamine, 100 μg/
mL streptomycin, and 100 U/mL penicillin) containing 0.2%
L-81 as a detergent to suppress foaming. Hyperpolarized 129Xe
gas was flowed through a tube from the polarizer to the
solution of cells. Hyper-CEST detection was employed by
applying a selective-bandwidth saturation pulse (dSNOB) and
monitoring the degree of saturation transfer. A broad Xe@
CryA peak was identified at 57 ppm (which is consistent with
previous observations)21 in the Ramos cell sample (Figure 3A).

Figure 2. Binding specificity analysis of MS2-TD05.1 conjugates. The
MS2 viral capsids were fluorescently labeled with Oregon Green
maleimide dyes at the interior N87C positions, followed by
modification with aminophenol-TD05.1 aptamers at the T19pAF
sites on the exterior. The MS2-OG-TD05.1 constructs were then
incubated with Ramos (mIgM+) and Jurkat (mIgM−) cells on ice for 1
h. Flow cytometry analysis indicated that the MS2-OG-TD05.1 agents
bound to the Ramos target cells but not the Jurkat cells.

Figure 3. NMR/MRI experiments with cell suspension samples. The MS2-CryA-TD05.1 agents (167 nM in capsids) were incubated with 2 × 107

Ramos or Jurkat cells for 1 h on ice. Following this, the cells were washed three times to remove unbound biosensors. The cells were resuspended in
500 μL of media for NMR/MRI analysis. (A) Hyper-CEST spectra corresponding to Ramos and Jurkat cell samples. The data indicate that MS2
biosensors only remain bound in the Ramos samples. (B) On vs off saturation contrast values were measured for different saturation times using the
two cell samples. (plots with contrast ± standard deviation for four replicates). (C) Hyper-CEST saturation MRI contrast images clearly
distinguished the receptor-positive cell sample (left, proton image; right, Hyper-CEST 129Xe image overlapped onto the proton image). The contrast
color scale bar is included in the SI.
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In contrast, this peak was entirely absent in the Jurkat sample.
This indicated that the targeted capsids were capable of
distinguishing between the cell populations, as observed in the
flow cytometry experiments.
A contrast diagram was produced by comparing the off-

resonance and on-resonance saturation signals for each cell
solution as a function of saturation time (Figure 3B). The result
again confirmed the presence of biosensors only in the Ramos
cell population. Increasing saturation time was found to
enhance the contrast and thus provide higher detection
sensitivity, ultimately reaching a contrast difference of 69.1 ±
9.2% with a 20 s saturation duration.
To explore the potential of the capsid carriers as targeted MR

imaging agents, a 129Xe hyper-CEST saturation MRI contrast
map31 was obtained by comparing the off-resonance and on-
resonance images for a sample comprising three tubes: media
only, media with Jurkat cells, and media with Ramos cells
(Figure 3C). The two cell-containing samples were exposed to
the MS2-CryA-TD05.1 agents as described above. An 8 s
saturation time was used in this experiment (saturation
condition for obtaining ∼50% contrast difference was used).
As expected there was no contrast in the media and Jurkat
tubes. However, strong contrast was generated for the Ramos
cell sample. This result demonstrates that the capsid-based
nanocarriers can indeed report biologically relevant levels of a
specific biomarker in an MR image.

■ CONCLUSIONS

The in vivo use of xenon MRI has been studied previously.32,33

The saturation time that can be applied is largely determined by
the 129Xe relaxation time (T1), which is about 20 s in lung
tissue and 4−13 s in dissolved oxygenated blood.34,35

Furthermore, Mugler et al.36 observed that the transit time of
dissolved 129Xe from lung to brain in humans by blood flow is 5
s. A recent study with modified MS2 showed that more than
8% was distributed in the rat lung 24 h post-dosage, and more
than 20% of the injected MS2 remained in the blood.20 Further,
MS2 has demonstrated no cell toxicity in extensive in vitro
studies.37,38 Together, these findings suggest that hyper-
polarized xenon transfer in the lung will provide sufficient
signal for detection of specific cancer cells targeted with the
MS2-CryA conjugates in MRI images.
Here we describe the synthesis of a high-sensitivity MS2-

based 129Xe NMR nanoscale sensor that selectively recognizes
cancer cells. The biosensor prepared was designed to target a
lymphoma cell line; however, the attachment of other aptamers,
peptides, or antibodies to the exterior of MS2 is straightforward
due to the flexibility of the oxidative coupling strategy. This
suggests broad applicability of this construct as in vivo
explorations commence. We have also demonstrated the
advantage of the internal CryA functionalization strategy for
increasing agent sensitivity, in conjunction with 129Xe Hyper-
CEST. Importantly, along with recent extensive 129Xe sensitive
biomaterial development,32,33 this work provides a strong basis
for the continued exploration of targeted cancer cell imaging
agents with future applications in NMR and MRI.

■ MATERIALS AND METHODS

MS2 Capsid−TD05.1 Biding Assays. Flow cytometry was
used to determine binding ability of all of the MS2−aptamer
constructs. For all samples, 100 μL of 2 × 106 cells/mL of
Ramos or Jurkat cells were used, suspended in binding buffer

(4.5 g/L glucose, 5 mM MgCl2, 0.1 mg/mL yeast tRNA
(Sigma), and 1 mg/mL BSA (Fisher) in Dulbecco’s PBS with
calcium chloride and magnesium chloride (Invitrogen)). To
these cells were added 10 μL of 6 μM MS2-OG-TD05.1
construct solutions (MS2-OG monomer concentration,
Supporting Information Figure S2). The samples were then
incubated on ice for 1 h. The resulting cells were washed twice
with 500 μL of binding buffer and resuspended in 200 μL of
binding buffer. The cells were analyzed by flow cytometry
(FACSCalibur flow cytometer, BD Biosciences) to determine
the amount of Oregon Green fluorescence. For each sample,
10,000 cells were counted.

Analyzing Biosensor by 129Xe NMR. A gas mixture (2%
129Xe natural abundance, 10% N2, 88% He) was hyperpolarized
via spin-exchange optical pumping (SEOP) using a home-built
polarizer.34 After polarization, the gas was routed directly to a 5
mm NMR tube. 129Xe was dissolved into the sample solution
via bubbling through a capillary running down to the bottom of
the NMR tube at a rate of 0.4 SLM for 10 s. Total gas pressure
was maintained at 2.38 atm. The bubbling period was followed
by a 4 s wait period to allow the solution to settle. All 129Xe
NMR data were acquired on a 400 MHz (9.4 T) Varian
VNMRS console. Spectra were acquired with 30.5 kHz spectral
width in 1 s. 129Xe NMR was carried out with 40 million cells
mL−1 concentration of Ramos cells and Jurkat cells,
respectively. After rinsing out unbound biosensors, the
saturation profile of each sample was measured by recording
the Xe@water signal as a function of the RF pulse frequency
train. Twenty million cells in 500 μL media buffer of Ramos
cells and Jurkat cells were prepared for the NMR experiment.
Ramos and Jurkat cells were spun down and resuspended in 4
mL of binding buffer to a final cell density of 5 × 106 cells/mL.
The cell solution was mixed with 400 μL of 30 μM MS2-CryA-
TD05.1 construct solutions and incubated on ice for 1 h with
constant shaking. The cells were then washed twice with 10 mL
binding buffer and washed once with 10 mL NMR media
(RPMI 1640 supplemented with 1% P/S, 1% L-Gln, and 0.02%
L-81). The cells were then resuspended in 500 μL NMR media
for the NMR experiment. dSNOP pulses22,35 with 500 Hz
bandwidth were used with the same pulse sequence previously
used,22,36 except the saturation time was 8 s (Figure 3A).
Contrasts with different saturation time were measured with
saturation on and off pulses (6300 Hz and 35,900 Hz) four
times with 0, 3, 6, 9, 12, 15, and 20 s, respectively (Figure
3B).39 For 129Xe Hyper-CEST saturation MRI, we used a
custom phantom comprising of three 5-mm NMR tubes packed
into a triangular configuration. This custom phantom could fit
inside of a 10 mm NMR probe. Each tube had an individual gas
capillary. Xenon images were acquired using a modified fast
spin−echo imaging sequence that included bubbling and
waiting times, as well as a saturation pulse prior to excitation
as previously used.22 Total gas pressure was maintained at 2.44
atm and the flow rate was 0.4 SLM. The solution was typically
bubbled for 10 s followed by a 6 s wait. The dSNOB pulse was
6.5 μs, a train of 4 echoes was used with an echo time of 10 ms,
and the overall repetition time (TR) was 22.5 s. Signals were
acquired with a 12.02 kHz spectral width and 2.66 ms
acquisition time. All images were acquired in the axial
orientation using 16 averages. The field of view was 20 mm
by 20 mm. Xenon images had a k-space matrix of dimensions
32 readout by 32 phase encode points. A 129Xenon contrast
map (Supporting Information Figure S3-c) was obtained using
custom MATLAB scripts that apodized the signal using a 10 Hz
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exponential function. The k-space of off-resonance (Figure S3-
b) was subtracted from the on-resonance (Figure S3-a)
saturation images voxel-by-voxel. The subtracted image was
then normalized by dividing it by the off-saturation image
(Figure S3-c). The regions of interest defined by the proton
image (Figure S3-d) was used to make the final 129Xe contrast
map (Figure S3-e). Significant 129Xe contrast was only obtained
in the Ramos cell solution. MS2 capsid intactness after Xenon
bubbling was proved with dialysis using spin concentrator
(Supporting Information 7). The status of cells in sample might
be influenced by the experimental pressure or xenon bubbling.
However, this proof-of-principle experiment demonstrated that
this MS2 biosensor had a selective binding on the surfaces of
live cells.
The proton image was obtained using a fast spin−echo

imaging sequence (TR = 1.5 s, TE = 16.7 ms, 4 echoes per
excitation) after 2 ms excitation. The k-space matrix dimension
was 192 points in both readout and phase encode dimensions.
The field of view was 20 mm by 20 mm. Signals were acquired
with a 20.16 kHz spectral width and 9.52 ms acquisition time.
All proton images were acquired using 4 averages.
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