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Abstract: The targeting of metabolically labeled glycans with
conventional MRI contrast agents has proved elusive. In this
work, which further expands the utility of xenon Hyper-CEST
biosensors in cell experiments, we present the first successful
molecular imaging of such glycans using MRI. Xenon Hyper-
CEST biosensors are a novel class of MRI contrast agents with
very high sensitivity. We designed a multimodal biosensor for
both fluorescent and xenon MRI detection that is targeted to
metabolically labeled sialic acid through bioorthogonal
chemistry. Through the use of a state of the art live-cell
bioreactor, it was demonstrated that xenon MRI biosensors can
be used to image cell-surface glycans at nanomolar concen-
trations.

Glycans play key roles in many biological and pathological
processes, such as cell–cell interactions, virus–host interac-
tions, embryo development, cancer cell metastasis, and
immune function.[1–4] A popular method for observing
changes to the glycome in living organisms is through
fluorescent probes targeted to metabolically labeled glycans
by using bioorthogonal chemistry.[4] These chemical tools
have the potential to extend our understanding of systems
biology and give insight into a variety of pathological
states.[1,2] In addition, they have been successfully used not
only in cells but also in vivo in transparent organisms such as
zebrafish embryos.[5, 6] These results have also been translated

to larger opaque organisms, namely mice, but owing to the
limited penetration depth of optical detection, this was
limited to superficial tissue.[7] The development of magnetic
resonance imaging (MRI) probes targeted to metabolically
labeled glycans would overcome this problem and facilitate
the non-invasive examination of such glycans in mammalian
disease models. Some MRI contrast agents have been
developed to target specific endogenous glycans[8, 9] but to
date, despite numerous attempts, MRI of metabolically
labeled glycans has been unsuccessful.[7, 9] Early attempts
successfully confirmed targeting of conventional MRI con-
trast agents to metabolically labeled glycans but only
indirectly through fluorescence,[10] presumably as a result of
poor MRI contrast. In addition, more recent attempts in vivo
and with cells were also unsuccessful.[7] The lack of successful
published results over many years has even led some to
question whether the imaging of metabolically labeled
glycans could ever be achieved with MRI.[9] Given this, we
investigated whether the unique attributes of 129Xe Hyper-
CEST biosensors could address this gap in the capabilities of
MRI and enable the imaging of metabolically labeled glycans
in cell experiments.

Xenon Hyper-CEST biosensors[11,12] transiently and rever-
sibly bind xenon and confer a large change in chemical shift
upon binding, thus allowing bound and unbound xenon to be
distinguished. Two techniques are used to amplify the signal
from xenon biosensors, namely hyperpolarization and chem-
ical exchange saturation transfer (CEST). Hyperpolarization
increases the detectable signal from xenon by several orders
of magnitude and has been used for the imaging of void spaces
in the human lung[13] and highly perfused organs such as the
rodent brain.[14, 15] CEST is a detection technique that uses the
reversible binding of xenon to the host to greatly amplify the
signal from dilute biosensors. By using CEST, the biosensor
signal can be switched on and off at will and can be acquired
simultaneously with proton MRI anatomical reference
images. When combined as Hyper-CEST,[12] this technique
enables the imaging of xenon biosensors at very low concen-
trations.[16, 17]

Although in vivo applications of xenon Hyper-CEST
biosensors are still on the horizon, their development has
culminated in several recent reports demonstrating MRI of
targeted xenon biosensors in cells.[16–18] However, as one
would expect in an emerging field, initial studies have focused
on improving the sensitivity for biological targets that can
already be addressed with conventional contrast agents. As
a result, the question still remains as to whether this
technology can be used to interrogate specific molecular
targets that are beyond those already addressed using proton
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MRI. Herein, we show it is indeed feasible to image
metabolically labeled glycans on cells using a carefully
designed bioorthogonal MRI probe in combination with
xenon Hyper-CEST imaging.

Three key steps were required to image metabolically
labeled glycans on live cells using xenon Hyper-CEST
biosensors (Figure 1). Metabolic incorporation of azides
into cell-surface sialic acids using Ac4ManNAz[5, 6, 19] was
followed by bioorthogonal labeling of the resulting azidogly-
cans with a biosensor bearing a complementary bioorthogo-
nal functional group and a xenon host. Finally, after the
delivery of hyperpolarized xenon, the biosensor conjugates
were imaged using Hyper-CEST.

We designed the multimodal biosensor 1 with three
functional units (a xenon host, a bioorthogonal targeting
unit, and a fluorophore; Figure 2a). Cryptophane-A (CrA)
was employed as the xenon host because it has favorable
properties for Hyper-CEST detection and has been used in
a diverse array of biosensors.[17, 18, 20–24] The bioorthogonal
labeling unit bicyclo[6.1.0]nonyne (BCN) was chosen because
of its superior reactivity and selectivity in glycan labeling.[25]

Finally, the inclusion of fluorescein permits an alternative
readout to confirm selectivity and quantify biosensor
uptake.[17] We decided to employ a peptide scaffold to
combine these units since many methods are available, both
on solid support and in solution, to produce peptides bearing
multiple functional groups. Furthermore, this scaffold can be
used to tune water solubility and potentially reduce non-
specific binding.[26] Previous studies,[27,28] as well as our own
experience, suggested that BCN is incompatible with the
required acid deprotection conditions during Fmoc-based
solid-phase peptide synthesis. Therefore, to obtain biosensor

1 (Figure 2a), we developed a strategy based on the very acid-
sensitive Sieber amide resin,[29] with orthogonal protecting
groups and sequential modular couplings (see the Supporting
Information and Figure S1 therein). The first moiety, 5,6-
carboxyfluorescein, was attached on solid support after
deprotection of an Alloc-protected lysine side chain. Next,
the peptide was elongated and terminated with a short water-
soluble PEG linker. Peptide cleavage under mild acidic
conditions generated a free N terminus, to which carboxy-
cryptophane-A (CrA-COOH) was coupled in solution.
Finally, after acidic treatment, succinimidyl-activated
BCN[30] was attached to a unique free lysine side chain.
While it was employed in this study for targeting metabol-
ically labeled sialic acid, biosensor 1 could also be used to
detect a wide variety of bioorthogonal azide-labeled targets
beyond glycans.[2, 19,30]

Flow cytometry analysis (Figure 2b) demonstrated that
biosensor 1 is specific and can successfully distinguish
between cells treated with Ac4ManNAz and control cells,
even in the presence of a small amount of nonspecific binding,
while retaining high cell viability (> 90 %; Table S1 in the
Supporting Information). Triplicate measurements (Fig-
ure 2c) revealed that the median fluorescence was 4–5 times
higher in the target cells than in the control cells. The
observed plasma membrane staining (fluorescence microsco-
py, white arrow in Figure 3 j) is consistent with other studies of
hydrophilic BCN derivatives[25, 26] and contrasts with the
overall lower and punctuated staining (suggestive of non-
specific uptake) seen in the control cells (Figure 3 b, e).
Furthermore, since both CrA[31] and BCN[26] are known to
cause unspecific binding, we investigated the effect of these
units on biosensor specificity. Conjugates 2–4 (Figure 2 a)

Figure 1. Xenon Hyper-CEST biosensors targeted to metabolically labeled glycans using bioorthogonal chemistry. Three key steps were required to
image metabolically labeled glycans on live cells with xenon Hyper-CEST biosensors. Metabolic oligosaccharide engineering (left): cells are treated
with Ac4ManNAz, a synthetic sugar bearing a bioorthogonal azide group, which is subsequently incorporated into the glycome as a terminal sialic
acid. Bioorthogonal labeling with the biosensor (center): cells are labeled with the multimodal (xenon MRI/fluorescence) biosensor bearing
a complimentary bioorthogonal functional group, xenon host, and fluorophore. Xenon Hyper-CEST MRI (right): the final step, in which
hyperpolarized xenon is delivered to the sample immediately before measurement. Xenon Hyper-CEST MRI uses the reversible binding of xenon
to the host to greatly amplify the biosensor signal. Of these steps, the first two could occur over the days preceding the measurement while the
administration of xenon is performed immediately before the image is taken.
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Figure 2. a) Constructs 1–4 bearing the xenon host cryptophane-A, bicyclononyne, and fluorescein. b) Flow cytometry analysis shows the binding
of biosensor 1 (measured by fluorescein fluorescence) and cell viability (measured by using the viability dye 7-Aminoactinomycin D (7-AAD)) in
control cells (gray) and Ac4ManNAz-treated cells (green) after 30 min incubation with biosensor 1 (50mm, 37 8C). Untreated cells are shown in
black for comparison. c) Median fluorescence intensity from flow cytometry measurements of both control cells (gray) and Ac4ManNAz-treated
cells (green) after incubation with constructs 1–4 for 30 min (50mm, 37 8C). Results are shown for triplicate experiments; the median is indicated
by a white line and the range denotes the first and third quartile.

Figure 3. Cells were incubated with 1 and embedded in alginate beads at ca. 10 million cells per ml. The images display a region within a single
alginate bead containing many individual cells. a, f) Confocal microscopy transmission images. Fluorescence images confirm good specificity of
1 for the Ac4ManNAz-treated cells [(b) and (g); detected through fluorescein, green] and high cell viability [(c) and (h); dead cells stained with
ethidium homodimer III, red]. d, i) Merge of transmission and fluorescence channels. Although there is only a small percentage of dead cells,
these contribute disproportionately to the unspecific binding (Table S1), presumably owing to loss of membrane integrity. e, j) magnifications of
panels (b) and (g), respectively, as indicated by the white box.
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were synthesized in a manner analogous to that used to
produce 1 but without the attachment of BCN (2), CrA (3), or
both (4). Each functional unit mildly increased the unspecific
binding (Figure 2c), however, the BCN targeting unit confers
sufficient specificity that target cells could still be easily
distinguished from control cells.

We performed preliminary xenon Hyper-CEST measure-
ments in a direct bubbling phantom (Figure S9). Such a high
throughput method can be used to quickly determine whether
the biosensor generates sufficient contrast, albeit at the
expense of cell viability, prior to more sophisticated measure-
ments in a live-cell bioreactor. With this setup, we correctly
localized the Ac4ManNAz-treated cells and confirmed the
ability of xenon Hyper-CEST MRI to image metabolically
labeled glycans (Figure S9 c). By measuring fluorescence, we
quantified the effective NMR concentration of biosensor 1 in
the compartment with labeled cells as approximately 120 nm,
compared to approximately 40 nm in the compartment with
control cells (Figure S2 and Table S2). These values are in line
with the flow cytometry data (Figure 2c) and demonstrate the
exquisite sensitivity of xenon Hyper-CEST biosensors.

The results were confirmed using our previously devel-
oped bioreactor for live-cell imaging (Figure 4).[31] Delivering
media presaturated with hyperpolarized xenon (Figure 4 a)
ensures high cell viability throughout the measurement and
somewhat simulates the in vivo delivery of xenon to tissue
structures.[31] It can thus be considered the system for xenon
biosensors that so far comes closest to in vivo conditions. As
seen in Figure 4b, the reading volume is separated into two
compartments along the direction of media flow, with the cells
encapsulated in alginate beads to immobilize them. Cells
treated with both Ac4ManNAz and biosensor 1 (Figure 4b,
yellow) and control cells only treated with 1 (Figure 4b, red)
are encapsulated at similar cell densities (Figure 3a, f) and
placed into the separate compartments within the reading
volume. The Ac4ManNAz-treated cells were successfully
localized through the large Hyper-CEST effect to the correct

compartment (Figure 4 c). This unambiguously demonstrates
that xenon Hyper-CEST biosensors can be used to image
metabolically-labeled cell-surface glycans on live cells.
Encouragingly this can be achieved even in the presence of
a degree of non-specific binding.

In summary, our work introduces a bioorthogonal Hyper-
CEST xenon biosensor for imaging metabolically labeled
glycans on live cells. We have thus expanded the MRI toolbox
to include the imaging of glycome targets that have been
difficult to investigate with conventional proton MRI contrast
agents. Future work beyond this proof of principle study could
include employing this biosensor to image other biomolecules
carrying an azido bioorthogonal chemical reporter, for
example, proteins, lipids, or cell-surface glycans other than
sialic acids.[2,19, 30] While sialic acid is one of the more abundant
glycans,[8] a combination of already available optimizations,
such as improved xenon polarization, higher xenon gas
fractions, the use of isotopically enriched xenon and, in
particular, the use of scaffold-based biosensors with hundreds
to thousands of CEST sites,[17,18, 22] will enable the investiga-
tion of rarer targets. Furthermore, since different xenon
biosensors have distinct chemical shifts,[11, 16,32] multiple spe-
cific molecular targets could be identified at the same
time,[16, 33] thereby enabling, for example, the simultaneous
imaging of distinct classes of glycans, as recently demon-
strated with fluorescent bioorthogonal probes.[34] Finally,
given the promising pharmacokinetic modeling of xenon
biosensors with a view to future applications in vivo,[16] the
next goal would be to evaluate the conditions necessary to
translate this method to more complex systems such as
isolated perfused organs and from there to in vivo studies.
Given the growing interest in investigating the glycome in
living animals (especially mammals) using MRI, the novel use
of xenon biosensors shown herein presents an excellent test
bed for moving forward with xenon biosensors as they
continue to progress in vivo.

Figure 4. Hyper-CEST MRI with the live cell bioreactor. a) Xenon is bubbled into media in a separate chamber and the xenon saturated medium
then flows over the cells. To keep the cells fixed in the reading volume of the magnet, they are encapsulated in alginate beads. b) Proton MRI of
the live cell bioreactor (digitally colored). Cells treated with both Ac4ManNAz and compound 1 are located in the yellow compartment. Control
cells that only receive compound 1 are located in the red compartment. c) Xenon Hyper-CEST MRI reveals the localization of the cells treated with
Ac4ManNAz, as determined by the higher CEST effect (yellow). The percentage CEST effect is displayed (pseudocolor) overlaid a reference proton
MRI. The raw Hyper-CEST image is displayed as an insert in the lower left of the image. For the Xenon CEST images, a 30-mT 26 s saturation
pulse was used, with 10 averages for each on- and off-resonant image. The dotted line in (b) indicates slice orientation for the xenon images
(slice thickness = 20 mm, matrix size= 32 � 32, in-plane resolution= 625 � 625 mm2, FOV = 20 � 20 mm2).
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