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MRI with hyperpolarized '?°Xe can achieve low-concentration
detection. Herein, nanoparticle-coated perfluorooctyl bromide
(PFOB) was developed as a 1?°Xe MRI contrast agent with a moderate
exchange rate, sufficient stability and feasible surface modification.
The a,f3 integrin overexpressed by non-small-cell lung cancer A549
cells was successfully detected by 2°Xe MRI with high specificity
through adequate surface modifications.

Magnetic resonance imaging (MRI) is a versatile cross-sectional
imaging modality with excellent penetration depth and non-
ionizing radiation for opaque biological tissues.' Nevertheless,
conventional "H MRI suffers from poor sensitivity and the
influence of background signals (e.g. water) in the case of
detecting molecules at low concentrations, such as in molecular
imaging and cell labeling.'* To overcome these challenges, one
approach is to use MRI with hyperpolarized (HP) nuclei.> **Xe
is chemically inert and has no background signal in vitro and
in vivo. The detection sensitivity of **Xe increases by four to five
orders of magnitude via spin-exchange optical pumping techniques,
resulting in the utility of MRI with low-concentration *°Xe in gas
and dissolved phases.>® HP '*’Xe can dissolve in tissues and
blood. Several host molecules have been developed to capture
12%Xe atoms to realize targeted >Xe MRI>” '*Xe atoms that
undergo non-covalent interactions with host molecules resonate
far from '*°Xe atoms in solution. Meanwhile, the captured **Xe
atoms reversibly bind to host molecules, and they can be detected
at ultralow concentration through hyperpolarized ***Xe chemical
exchange saturation transfer (Hyper-CEST).® With the advantage
of Hyper-CEST, HP '*°Xe-based biosensors are endowed with
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great nuclear magnetic resonance (NMR) sensitivity and high
specificity of the ligand linked to host molecules, rendering new
possibilities for molecular imaging.

The typical HP "*°Xe biosensors were developed based on
cryptophane-A that had been functionalized to bind the desired
target. Such a '*Xe biosensing approach has already been
employed for cell labeling,**” or the detection of metal ions,*
pH3d and bio-thiols.>** Meanwhile, new molecular cages, such as
cucurbit{n]uril,* a perfluorocarbon (PFC) nanoemulsion,’ bacterial
gas vesicles® or hydrophobic cavities of proteins,” were developed.
Among all these candidates, the PFC nanoemulsion had various
attractive characteristics as a ***Xe MRI contrast agent because of
the well-separated signal (99 ppm), high Ostwald solubility of "**Xe
and good biocompatibility.**® However, a high power saturation
pulse was preferred to efficiently saturate '*Xe in the PFC
nanoemulsion because of the relatively fast exchange of '**Xe,”
resulting in the risk of overheating in biological applications.’
The instability of the nanoemulsion could also cause signal
loss.”” Therefore, designing a new '?°Xe biosensor becomes an
important but challenging issue for HP *°Xe MRI.

Several factors should be considered for the rational design
of a new '*°Xe biosensor. The capacity to accommodate multiple
12%Xe atoms is favourable to achieve a low detection threshold
by using NMR and Hyper-CEST detection. In addition, the
captured '*°Xe atoms should have a well-separated chemical
shift from '*°Xe atoms in solution and experience a moderate
exchange condition, which is important for efficient Hyper-CEST
detection. Furthermore, the safety and stability of the biosensor
under the physiological environment should be guaranteed, and
the biosensor should be convenient to synthesise and modify for
targeted imaging.

Mesoporous silica nanoparticles (MSNs) have served as ideal
platforms for biomedical applications due to their unique
chemical and physical properties.'® MSNs have several attractive
features that are well suited for a '**Xe biosensor: (1) the mesopore
structure can hold multiple *°Xe atoms; (2) tunable pore sizes,
which enable the adjustment of the exchange rate of **°Xe; and
(3) sufficient stability and feasible surface modification to realize

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Design of FLAME for 2°Xe MRI and synthetic scheme of
FLAME. Abbreviations: CTAB, cetyltrimethylammonium bromide; TEOS,
tetraethyl orthosilicate.

targeted imaging.'°*® To further improve the '2°Xe loading
capacity of MSNs and enlarge the chemical shift difference of
captured '*°Xe, we propose MSN coated perfluorooctyl bromide
(PFOB) (also termed fluorine-accumulated silica nanoparticles for
MRI enhancement [FLAME]) to host *Xe atoms with a PFOB
liquid core and adjust the exchange rate with a silica shell
(Scheme 1).'°“° PFOB, as an alternative to blood, is able to dissolve
oxygen and xenon efficiently.’*? The ***Xe dissolved in PFOB is
10 times higher than the '*°Xe dissolved in water, and more
importantly features a relatively long T1 relaxation time.””
Moreover, the chemical shift of **’Xe in PFOB is well-separated
from "*°Xe in water by about 90 ppm. We hypothesized that FLAME
with a core-shell structure is an efficient *Xe MRI contrast agent.
In this work, we characterized the NMR and Hyper-CEST signal of
MSNs and FLAME. The possibility of FLAME to specifically target
lung cancer A549 cells was demonstrated via *Xe MRI through
adequate surface modification.

Firstly, we investigated the NMR characteristics of *?Xe in
MSNs. MSNs were synthesised via an emulsion template method
and dispersed in PBS (pH 7.4)."" The mesoporous structure of
MSNs was observed via transmission electron microscopy (TEM,
Fig. S1, ESIt). However, no obvious signal of *’Xe@MSNs was
observed in the NMR spectrum of '*Xe. The Hyper-CEST
technique using a selective continuous-wave (CW) saturation
pulse (3.23/6.5 uT, 5 s) revealed a broad peak at 210 ppm in the
Hyper-CEST spectrum, which was only 15 ppm separated from
the peak of '*?Xe@solution (Fig. S2, ESIf). The broad peak
indicated the fast exchange rate of **Xe or the inhomogeneous
distribution of chemical shifts for captured '*°Xe atoms. However,
FLAME remarkably improved the performance as a '*Xe MRI
contrast agent by encapsulating PFOB with a silica shell. The size
distribution of FLAME was measured by transmission electron
microscopy (TEM) and dynamic light scattering (DLS; Fig. S3,
ESIT). The core-shell structures of FLAME were clearly observed
via TEM images (Fig. 1a and b). FLAME was composed of a PFOB
liquid core and a silica solid shell; therefore, TEM images with a
light inner and dark outer are observed. The average diameter
was about 325 nm for FLAME and about 250 nm for the PFOB
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Fig. 1 (a and b) TEM image of FLAME, the liquid inner core structures are
brighter than the solid outer shell. (c) **°Xe NMR spectra of FLAME in PBS
with four scans (pH 7.4). (d) Hyper-CEST spectra for quantitative chemical
exchange saturation transfer with hyperpolarized xenon (qHyper-CEST)
analysis of FLAME. (e) Zoomed-in sample of hyper-CEST spectra.

liquid core. The N, adsorption/desorption isotherms of FLAME
revealed a typical mesoporous structure with a pore volume of
0.63 cm® ¢! and an average pore diameter of 6.9 nm (Fig. S4,
ESIY). The pores in the silica shell formed the entrance and exit
channels for '*°Xe atoms to enter and exit from the liquid
core.'? In this type of spherical nanoparticle, the chemical shift
of the entrapped '*°Xe is the result of the interaction with the
PFOB liquid core, and the chemical exchange of '*°Xe was
regulated by the silica shell. Compared with the PFC nanoemulsion
reported in Pines and Schroder’s work,””* the exchange area in the
surface of the PFOB liquid core was greatly reduced by the core-
shell structures and thus slowed down the exchange of '*°Xe,
revealing the ability of the shell to adjust the exchange rate. As
shown in Fig. 1c, a unique signal at 106 ppm was obtained
through four scans in the '>*Xe NMR spectrum. The Hyper-CEST
spectra of FLAME using different saturation pulse strengths
were fitted using the Lorentz function as shown in Fig. 1d and e.
The Hyper-CEST signal of FLAME was quite similar to *°Xe in
the PFC nanoemulsion, but FLAME provided a relatively narrow,
well-resolved signal. We used the gqHyper-CEST method to
quantify the **°Xe exchange kinetics in FLAME to verify the role
of the silica shell."> Hyper-CEST spectra with different satura-
tion pulse strengths were fitted using the Bloch-McConnell
(BM) equation in the case of HP nuclei (Fig. S5 and S6, ESI)."?
The determined ratio of captured *°Xe to free >*Xe was 0.0063
(Table S1, ESIt), indicating that the concentration of FLAME is
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Table 1 Characteristics of xenon hosts

Concentration NMR

AS® kex for cell direct
Host (ppm) (5%  Nx2 labeling detection
FLAME -88 131 29 x 10°°  nM Yes
Cryptophane-A —1327 307 1 pme? Yes
Nanoemulsion —72¢ 20000° 14.9 x 10°¢ nM“ No

“ AJ is the relative chemical shift between Xe@solution and Xe@host.
5 Ny. is the number of xenon atoms in each xenon host, which is
calculated from the Ostwald solubility for PFOB (pressure = 5.45 atm,
temperature = 37 °C). ° The volume equivalent diameter of the liquid
PFOB core in FLAME is about 250 nm. ¢ Ref. 5¢. ¢ Ref. 5b.

on the picomolar scale (10! M). The determined exchange rate
kex of 131 Hz was well within the slow exchange regime (Table S1,
ESIt). By comparison, the chemical exchange of **Xe is on the
order of 10* Hz for the PFC nanoemulsion and about 30 Hz for
cryptophane-A in aqueous solution.”” Table 1 outlines the
relevant properties of the above three xenon hosts. The fast
chemical exchange of "*°Xe in the PFC nanoemulsion resulted
in low saturation efficiency.”” Consequently, the Hyper-CEST
contrast was inadequate unless high power saturation pulses
(e.g., 20 puT) were applied. The relatively slow chemical exchange
of "°Xe in FLAME avoided extensive line broadening and
increased the spectral resolution. Low saturation pulses were
also suitable for biological application due to low specific absorption
rate (SAR) values.’ These properties indicated that FLAME could be
a potential "*’Xe nanocarrier in vitro and in vivo.

In order to explore the application of FLAME in biological
systems, we carried out cell experiments after its modification.
FLAME-RGD was synthesized to target o,f; integrin, which is
overexpressed by non-small-cell lung cancer A549 cells."** McF7
human breast cancer cells were selected as a negative control
because this cell line expresses a low level of a,f; integrin.**>
Dynamic light scattering (DLS) data showed a slight growth of
the hydrodynamic diameter of FLAME-RGD over the course of
seven days at 25° (Fig. S7, ESIf). FLAME-RGD had a zeta
potential of +4.76 mV and showed low toxicity in the MTT
assay (Fig. S8 and S9, ESIt). The cellular uptake of FLAME-RGD
was validated via fluorescence imaging using confocal laser
scanning microscopy (Fig. 2). The nanoparticles were internalized in
A549 cells. Almost no fluorescence was observed from MCcF7 cells
incubated with FLAME-RGD, indicating that RGD on the FLAME-
RGD surface was efficient for the targeted internalization of the
nanoparticles. The spot-like fluorescence image also indicated that
FLAME-RGD was internalized via endocytosis, and nearly all nano-
particles remained in the endosomes.

The "*°Xe NMR spectra were obtained to confirm the FLAME-
RGD uptake by cells. FLAME-RGD was incubated with a sample of
5 x 10° A549 or McF7 cells in binding buffer (containing 1%
bovine serum albumin in Dulbecco’s PBS) for 2 h on ice. The cells
were rinsed to remove unbound FLAME-RGD and transferred into
a tailored NMR tube. Hyper-CEST detection was performed as
shown in Fig. 3a (sampling step, 5 ppm; saturation pulse,
6.5 UT, 5 s). As expected, a region of saturation centred at
106 ppm, characteristic of *’Xe@FLAME, was observed in A549
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Fig. 2 Confocal laser scanning microscopy images of A549 and McF7
cells. 2 x 10° ml™ A549 cells and McF7 cells were incubated for 12 h and
then treated with FLAME-RGD at 0 °C for 2 h. The red fluorescence comes
from the Cy7 of the FLAME-RGD, the average red fluorescence intensity
was 37.97 for A549 cells and 11.12 for MCF7 cells. Measurement conditions:
Cy7 was excited at 647 nm and detected at 660-760 nm. Scale bar: 20 um.
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Fig. 3 NMR experiments with cell suspension samples. FLAME-RGD was
incubated with A549 (o, B3 integrin+) or McF7 (o, B3 integrin—) cells for 2 h
on ice. The cells were washed, trypsinized, resuspended in 2 ml of media
and transferred to an NMR tube for NMR/MRI analysis, the final density of
cells is about 2.5 x 10° cells per ml determined using a hemocytometer.
(a) Schematic diagram of 12°Xe NMR experiments in vitro. (b) Hyper-CEST
spectra corresponding to A549 and McF7 cell samples. The data indicated
that FLAME-RGD remained in the A549 cell samples more than in the McF7
cell samples. (c) The signal depletion versus saturation time for A549 and
McF7 cell samples.

cells (Fig. 3b, red line). The same feature was not observed with
MCcF?7 cells (Fig. 3b, black line), which established the specificity
of FLAME-RGD. The effect of changing the saturation time was
also measured using the same saturation pulse scheme with
different saturation times (Fig. 3c). A saturation time of 2 s was
sufficient to generate 24% signal depletion in A549 cell samples.
Long saturation times produced additional contrast for the
A549 and McF7 samples. Compared with MSNs, FLAME is much
more suitable for "*°Xe Hyper-CEST MRI because the chemical
shift of ">**Xe@FLAME (Ao ~ 106 ppm) is well-separated from

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 12°Xe Hyper-CEST MRI of A549 cells and McF7 cells treated with
FLAME-RGD. The density of cells is about 2.5 x 10° cells per ml deter-
mined using a hemocytometer.

129%e@solution (Aw =~ 195 ppm), and the relatively slow
chemical exchange of '*°Xe is highly suitable for signal assignment
and a low SAR value in Hyper-CEST.

Frequency-selective Hyper-CEST MRI was performed on a
400 MHz Bruker AV400 wide-bore spectrometer to explore the
potential of FLAME-RGD as a targeted **Xe MRI contrast agent.
A fast spin-echo sequence was employed with a 10 s 6.5 pT CW
saturation pulse after the delivery of HP '*°Xe into the cell samples.
The saturation pulse was applied at 284 ppm for off-resonance
Hyper-CEST images and 106 ppm for on-resonance Hyper-CEST
images (Fig. $10, ESIt). The Hyper-CEST contrast was calculated by
pixel as shown in Fig. 4. An obvious Hyper-CEST effect was
generated in the A549 cell samples (mean value of 41%), and
low contrast appeared in the McF7 cell samples (mean value of
15%). This result demonstrated that receptor-mediated endo-
cytosis greatly increased the internalization of FLAME-RGD and
enhanced the Hyper-CEST contrast. FLAME can indeed report
biologically relevant levels of a specific biomarker as a multi-
modal probe for Hyper-CEST MRI and fluorescence imaging.

We demonstrated that FLAME displayed excellent Hyper-
CEST MRI properties, including a suitable exchange rate and
large chemical shift from '*Xe@solution. Although the PFC
nanoemulsion had established potential biological application,
the lack of stability and impractical surface modifiability are
still unsolved problems; moreover, the relatively fast exchange
rate is still limiting the application of a saturation pulse and
reduces the spectral resolution and contrast.>® The residence
time of xenon atoms in the PFC nanoemulsion mainly depends
on the diameter of the droplets, the diffusion coefficient of
xenon in PFC and the escape probability when xenon atoms
reach the boundary of the nanoemulsion.”® In FLAME, the
core-shell structures greatly reduce the surface exchange area
of the PFOB liquid core and decrease the escape probability of
xenon atoms. The core-shell structures provide a pathway that
can regulate the chemical exchange between the two pools and
allow robust detection, especially under high pressure during
the "**Xe NMR/MRI experiment. Although FLAME had a similar
exchange rate to cryptophane A, FLAME was much more effective
because the liquid PFOB core of FLAME could accommodate
10°-10" xenon atoms under standard conditions (xenon Ostwald
solubility coefficient in PFOB ~1.2 and in water ~0.08 at
37 °C).*’ Indeed, this approach was analogous to the approach
of LipoCEST or CellCEST agents by Aime and colleagues,
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where liposomes or red blood cells were encapsulated with a
large number of paramagnetic shift reagents to maximize the
per-agent PARACEST contrast.'* Furthermore, FLAME is convenient
to synthesise and perform surface modification with various
functional groups for targeted imaging or drug delivery.

In summary, we successfully developed a targeted FLAME-
based '*°Xe biosensor that recognizes o,B; integrin with high
specificity. FLAME was proven to be an excellent Hyper-CEST
reporter because of the core-shell structures. FLAME could
overcome the following two major limitations by coating the
surface with silica: (1) the rapid chemical exchange of '**Xe between
the PFC nanoemulsion and solution and (2) the impractical
modifiability of the surface of the nanoemulsion. After living
cell NMR experiments, we demonstrated its use for targeted live-
cell molecular imaging via Hyper-CEST MRI. The coated PFOB
nanoparticles have considerable potential for further biological
imaging.
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