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Riboflavin and its derivatives are the most important coenzymes in vivo metabolism, and are closely related to
life activities. In this paper, the first photolysis 129% e biosensor was developed by combining cryptophane-A with
riboflavin moiety, which showed photosensitivity recorded by hyperpolarized '2°Xe NMR/MRI technology with
an obvious chemical shift change of 5.3 ppm in aqueous solution. Cellular fluorescence imaging confirmed that

the biosensor could be enriched in MCF-7 cells, and MTT assays confirmed that the cytotoxicity was enhanced
after irradiation. Findings suggested that the biosensor has a potential application in tumor targeting and the
inhibition of tumor cell proliferation after photodegradation.

1. Introduction

Magnetic resonance imaging (MRI) is a valuable medical diagnostic
technology, which is non-invasive, non-ionizing radiative, high tissue
penetrative, and it has been increasingly used [1]. The traditional MRI is
derived from the proton signal of water, and it is difficult to detect
samples at physiological concentration because of the lack of sensitivity
[2]. Through spin-exchange optical pumping (SEOP) technique, the
nuclear spin of the xenon atom can be hyperpolarized and the detection
sensitivity can be promoted by more than 100,000-fold compared with
the 12°Xe of thermal polarization [3]. Besides, 129%e is very sensitive to
environmental changes, and it lacks background noise as a hetero-
nucleus, making it an excellent candidate for ultrasensitive biosensors to
detect biological target molecules at low concentrations [4]. In 2001,
Pines proposed a Xe biosensor format, that is, a functionalized supra-
molecular cage (cryptophane-2,2,2 derivative) for hyperpolarized 2°Xe
(HP '?°Xe) encapsulation, which provided distinct encaged '2°Xe NMR
signals changes for high sensitivity detection of avidins [5]. Great
development in HP 12°Xe NMR/MRI biosensors has been achieved in the

past years [6-11]. Xe biosensors based on supramolecular cages are
widely used at present for the detection of molecules/ions [12-16],
chemical environment [17,18], and enzyme activities [19-22]. How-
ever, no photolysis probe based on HP 12°Xe has been developed yet.
Photolysis probes are widely used for photoactivated chemotherapy
in specific therapy contexts, such as hypoxic tumors [23]. By applying
suitable irradiation, more toxic photolysis byproducts, such as H20,
could be generated to enhance the toxicity of the probes to kill the cells.
In neuroscience research [24], they could also regulate protein activity
or make protein crosslink through photoproducts. Riboflavin, a
water-soluble vitamin [25], could undergo photodegradation, which is
classified as an important class of photosensitizers [26,27]. It could be
excited to singlet and triplet states, resulting in vast ROS production that
causes cell damage and induces apoptosis and intramolecular photo-
degradation [28] through suitable irradiation. The photoproducts of
riboflavin could also inhibit the growth of tumor cells [29,30]. Ribo-
flavin is a component of two coenzymes, flavin adenine dinucleotide and
flavin mononucleotide, which both play important roles in biological
redox and energy metabolism [31] Miranda-Lorenzo [32] found that
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Scheme 1. CrA-2 mechanism of photolysis. Carbon, nitrogen, oxygen, and hydrogen atoms are in gray, red, blue and white, respectively. While the yellow ball refers

to the different substituent group, such as -H, -CHgs, or -CH;CHO.

riboflavin could be enriched in some tumor cells, such as MCF-7 cells
(human breast cancer cells, breast cancer resistance protein/BCRP
overexpression). A biosensor modified with riboflavin and its de-
rivatives could be propitious to uptake by tumor cells, which was
authenticated in Jabadurai’s work [33] thus making biosensor a
photosensitizer for the research of cell targeting and tumor cell damage.

In this paper, a novel HP 2°Xe biosensor that combined the prop-
erties of cryptophane-A and riboflavin was proposed. The design stem-
med from the applications of riboflavin and its derivatives as follows.
They were potential ligands for tumor targeting. And they also exhibited
a certain photochemical response under suitable irradiation to be
involved in intramolecular reactions, which could produce photoprod-
ucts to enhance the toxicity of the biosensor. In addition, the crypto-
phane cage acted as a host for the capture of Xe and could serve as the
biosensors to monitor the process of reaction via HP 2°Xe NMR tech-
nology [34]. The present study aimed to establish a biosensor with
phototoxicity that could target tumor cells by modifying cryptophane-A
with riboflavin derivatives. The prodrug (CrA-1) and the biosensor
(CrA-2) synthesis process are shown in Figure S1.

2. Experimental
2.1. Synthesis of riboflavin derivatives

As shown in Scheme 1, CrA-2 was synthesized by riboflavin and
cryptophane-A about five steps. The reaction products were character-
ized by 'H NMR, '3C NMR, and high-resolution mass spectrometry
(HRMS; see the Supporting Information). All chemicals and solvents
were purchased from the commercial supplier and used without further
purification. Room temperature 'H and 3C NMR spectra were recorded
in CDCl; and DMSO-dg, using a Bruker AMX-500 NMR spectrometer.
High-resolution mass spectrometry (HRMS, ESI) spectra were obtained
on an Agilent LC/MS QTOF instrument.

2.2. Lamp-house of photolysis

A 250 W high-voltage mercury lamp was used in this work, the
emission at 350-450 nm, and the quantum number N = 1.39 x 10?7 s
(It was determined by potassium ferrioxalate actinometry).

2.3. Sample preparation

The CrA-2 was dissolved in PBS buffer (pH = 7.4, 20 mM) and 20%
DMSO (v/v) to make 50 uM concentration. The solution was illuminated
for different time keeping about 25 °C by water bath and then prepared
for the measurement of UV-visible/fluorescence or NMR spectrometer.

All pH measurements were carried out by Mettler Toledo SevenEasy pH
meter. The UV-visible absorption spectra measurements were per-
formed using an Evolution 220 spectrophotometer (Thermofisher Sci-
entific). All solutions and buffers were prepared with distilled water
passed through Milli-Q ultrapurification system. Thermo Scientific
evolution 220 UV-vis spectrometer, and fluorescence spectra were
recorded on an Edinburgh FS5 fluorescence spectrophotometer. The
samples for absorption and fluorescence experiments were stored in
quartz cuvettes (2 mL volume). The excitation wavelength was 444 nm,
and the excitation and emission slit widths were kept at 2 nm.

2.4. ?°Xe NMR experiments

Hyperpolarized 1?°Xe fluid was polarized by the spin-exchange op-
tical pumping method with a home-built polarizer and gas mixture
consisting of 10% Nj, and 88% He. 2% Xe (86% enriched 129%e or
natural abundance 12°Xe). The hyperpolarized gas mixture was bubbled
for 20 s in a 10 mm tailor-made NMR tube containing the solution of
interest at the rate of 0.08 standard liters per minute followed by a 3 s
delay (to allow bubbles to collapse) prior to signal acquisition. All NMR
experiments were conducted on a 9.4 T NMR spectrometer (Bruker
Avance 400, Ettlingen, Germany). Unless otherwise stated, The dis-
solved Xe gas did not escape significantly from the solution during the
NMR measurements, as determined by measurements of the partial
pressure of the Xe gas, which remained stable. Sample temperature was
held 298 K by using a flow of heated N5 gas. NMR spectra were acquired
in PBS buffer (pH = 7.4, containing 20% DMSO-ds, 10% D30). NMR
spectra for direct detected were processed using a 10 Hz line broadening
filter.

3. Results and discussion

As shown in Scheme 1, considering the photochemical instability of
riboflavin ligands in aqueous solution [35], CrA-2 was speculated to
have photochemical properties similar to that of riboflavin. As shown in
Figure S2, after CrA-2 was exposed to light, its absorbance at 373 and
446 nm obviously decreased. A new absorption peak at 355 nm was
generated after applying irradiation. The riboflavin glycosyl chain of
CrA-2 was considered to be broken down after photolysis and the
chemical structure of CrA-2 to be changed [36]. The 1-hydroxyl of CrA-1
was converted to an acetyloxy group, which made it difficult to accept
photoelectrons and generate oxygen free radicals for intramolecular
degradation reactions taking place [35,36]. As shown in Figure S2b, the
maximum absorption peak of CrA-1 slightly changed after being exposed
to long-term irradiation. This result revealed that CrA-2 could provide a
theoretical decomposition reaction by applying irradiation but CrA-1
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could not proceed because its glycoside chain was protected. The
photodissociation dynamics of CrA-2 was also characterized at a narrow
pH range of 7.0-8.0, which could affect its ionization states in the so-
lution and susceptibility to excitation [37]. As shown in Figure S2c, the
rate of photolysis of CrA-2 followed apparent first-order kinetics and it
was the slowest in neutral pH (half-life of 102 min) and then obviously
increased (half-life 45 min) in alkaline range. This finding was probably
due to the higher reactivity of the flavin triplet in the alkaline range
[38]. With the occurrence of photolysis reaction, the concentration of
CrA-2 biosensor decreased gradually with fluorescence quenching
(Figure S3). These results indicated that CrA-2 was completely photo-
lysed after 3—4 h of irradiation in physiological pH range.

As shown in Figure S4, the 12°Xe NMR of CrA-2 was measured, and
the results showed encapsulated Xe signal at 66.7 ppm. The HP '°Xe
chemical exchange saturation transfer (hyper-CEST) NMR spectrum
showed approximately 30% CEST effect when the concentration of CrA-
2 was as low as 500 nM. This result implied that the photolysis perfor-
mance of biosensors could be studied by HP '2°Xe NMR technology.
After 3 h of irradiation, the spectra exhibited almost the same trend as
UV-vis spectra, as shown in Figure S5. The spectral peak of CrA-1 at 72
ppm remained unchanged, while that of CrA-2 remarkably changed.
Accurate 2°Xe NMR spectral analysis of signals (Fig. 1a) revealed that
the original single signal at 66.7 ppm became four main signals located
at 66.7, 62.8, 62.0, and 61.4 ppm. These results suggested three main
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Fig. 1. CrA-2 was used in photolysis after
applying irradiation. (a) '**Xe NMR spectra
(50 pM, ns = 64) of CrA-2 under 3-h irra-
diation. (b) Hyper-CEST spectra (12.5 pM)
under 4-h irradiation at 10 s of saturation
pulse and amplitude of 3.0 pT. The fre-
quency interval from 54 ppm to 84 ppm is 1
ppm, and that of the remaining spectra
(0-54, 84-258) is 3 ppm. (c) Hyper-CEST
MRI images of a 10 mm tube before and
after photolysis of CrA-2. Images were ac-
quired with a saturation pulse excitation
centered at § = 66.7 and 61.4 ppm.

mechanism was that irradiation caused the gradual breakage of the
glycosyl chains on riboflavin moiety, and the electron-withdrawing ef-
fect of the original glycosyl chains on the conjugated groups of riboflavin
moiety gradually weakened to disappear. As a result, the electron cloud
density of the conjugated groups of riboflavin moiety and its influence to
the shielding effect of the encapsulated Xe in cryptophane-A cage
gradually increased. The increase made the chemical shift of the
encapsulated Xe move up-field. The three main photoproducts were
collected and analyzed via liquid chromatography-mass spectrometry,
as show in Figure S7.

On this basis, the changes in hyper-CEST and MRI before and after
photolysis of CrA-2 at pH 7.4 were studied. On the one hand, the
chemical shift range from O to 258 ppm was selectively saturated and
swept, as seen in Fig. 1b, and the hyper-CEST spectra [39] of CrA-2 and
its photoproducts were determined. On the other hand, as seen in
Fig. 1c, the hyper-CEST MRI images of CrA-2 after 4 h of irradiation were
recorded on a 400 MHz Bruker AV400 wide bore spectrometer at satu-
rated resonant frequencies of —145.6 and —150.8 ppm and symmetrical
positions of 145.6 and 150.8 ppm (the “cage” Xe signal of CrA-2, the free
Xe at 0 ppm) [40]. In virtue of the photochemical reaction of CrA-2, the
signal of hyper-CEST changed from 66.7 ppm to 61.4 ppm after
photolysis. Analysis of the characteristic of MRI images revealed that the
CEST effect at 66.7 ppm before irradiation was 69.3%. It decreased by
72% after complete photolysis. By contrast, the CEST effect at 61.4 ppm
increased from 10% to 50%, which realized the transition from “OFF” to

Fig. 2. Uptake of CrA-2 by A549 cells and
MCF-7 cells. (a) Fluorescence images of
A549 and MCF-7 cells treated by CrA-2 (5
pM) at 37 °C for 3 h. The medium was
replaced by fresh medium containing DAPI
(0.2 pg/mL), and the cells were incubated
for another 5 min; Aoy = 405, 488 nm. (b)
Hyper-CEST spectra of CrA-2 (50 pM) in
MCEF-7 cells (black line) and A549 cells (red
line) with its photoproducts in MCF-7 cells
(blue line, with the note as MCF-7*). The
spectrum was measured with a 10-s satura-
tion pulse and amplitude of 6.5 pT, and the
frequency interval from 30 ppm to 106 ppm

photoproducts, including intermediate products. The possible
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Fig. 3. CrA-2 and its photoproducts were incubated with cells for MTT assay. (a) Photoproducts may be more cytotoxic than CrA-2 in tumor cells. A549 (black line)
and MCF-7 (red line) cells after treatment with increasing concentrations of (b) CrA-2 and (c) its photoproducts. Viability was measured using MTT. assay after 24 h
of incubation. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

“ON”. These signal changes were also consistent with those in Fig. 1a.

Fluorescence imaging was used to study whether the biosensors
could be absorbed by tumor cells. CrA-2 was co-incubated with A549
cells (human lung cancer cells) and MCF-7 cells (BCRP overexpression
[41,42]) respectively to investigate whether they could be accumulated
by breast cancer resistance protein. In Fig. 2a, at low concentrations, the
green fluorescence of MCF-7 cells was much brighter than that of A549
cells. CrA-1/CrA-2 and CrA-1/CrA-2@Elacridar (a BRCP inhibitor) were
also incubated with the first two cells. As shown in Figure S8, both went
into the cells and showed green fluorescence. In the presence of in-
hibitors, a remarkable decrease in green fluorescence of biosensors was
found in the cells. This result indicated that similar with riboflavin,
biosensors, particularly CrA-2, were ingested more effectively by MCF-7.
This finding has a positive effect on the study of effective detection of
MCF-7 cells.

Hyper-CEST was used to confirm the characteristics of CrA-2 in A549
and MCF-7 cells. The chemical shift of 12°Xe NMR range from 32 to 106
ppm was selectively saturated and swept in steps of 2 ppm to test the
129% e @CrA-2 signal in the cells. As shown in Fig. 2b, in the MCF-7 cells,
only one hyper-CEST signal appeared at approximately 68 ppm, which
corresponded to '2°Xe@CrA-2, whereas a similar weakened signal was
found in A549 cells. This result was consistent with the data of fluo-
rescence images, indicating that CrA-2 could be better accumulated by
MCEF-7 cells than A549 cells. This finding also showed its targeting due
to the overexpression of breast cancer resistance protein in the MCF-7
cells. Therefore, MCF-7 cells were selected for further detection to
confirm whether the change of biosensors after photolysis could be
probed in the cells by '2°Xe hyper-CEST. After irradiation was con-
ducted, the intensity of the CEST signal of CrA-2 attenuated by
approximately 40%, whereas that of CrA-1 demonstrated a slight change

(Figure S9), and the signal width significantly widened. This result
indicated that because of the complex intracellular environment [17,18,
43], the CrA-2 and photoproducts could not be accurately distinguished
by the chemical shifts. However, the photodegradation of CrA-2 in
MCF-7 cells could still be investigated depending on the change in in-
tensity and width of the 12°Xe hyper-CEST signal.

In addition, the cytotoxicity of CrA-1/CrA-2 and their photoproducts
to A549 and MCF-7 cells were determined by MTT assay. As shown in
Figure S10, after the CrA-1 incubated with MCF-7, the cells viability was
only approximately 60% at 60 pM, after the photoproducts of CrA-1
incubated with cells, the cells viability almost had not any change. On
the contrary, before irradiation, when the concentration of CrA-2 was
not more than 40 pM, the viability of both cells remained above 90%, as
shown in Fig. 3b. When the concentration of CrA-2 reached 60 pM, the
viability of both cells decreased slightly to around 80% but still main-
tained a high level. This finding indicated that CrA-2 had lower cyto-
toxicity than CrA-1. As shown in Fig. 3c, the photoproducts of CrA-2 was
incubated with A549 and MCF-7 cells. When the concentration of pho-
toproducts was less than 10 pM, the viability of MCF-7 cells was kept in
good condition. But the tolerance of MCF-7 cells suddenly dropped when
the concentration was increased from 10 pM to 60 pM, and the viability
was only 40% after 24 h of incubation at 60 pM concentration. And
resembling phenomena was observed in A549 cells (balck line). Results
suggested that the photoproducts of CrA-2 were able to inhibit the
viability of A549 and MCF-7 cells, especially MCF-7 cells. Most photo-
sensitizers were reported to focus on supplying singlet oxygen after
short-term irradiation to inhibit the activity of tumor cells, in which
riboflavin and its derivatives were utilized [44]. Only few studies on the
effect of photoproducts on tumor cells were carried out [29,30]. The
photoproducts of riboflavin and its derivatives could also inhibit tumor
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cell proliferation. Therefore, CrA-2 has a potential to be a photosensitive
drug that could target MCF-7 cells and inhibit them by applying
appropriate irradiation.

4. Conclusion

In summary, a new photosensitive biosensor was developed. It could
target MCF-7 cells specifically compared with A549 cells by intracellular
hyper-CEST experiments and fluorescence imaging. The MTT assay
showed MCF-7 cells had more than 80% cell viability when incubated
with CrA-2 at 60 pM for 24 h. When incubated MCF-7 cells with the
photoproducts in the same condition, significant inhibition of cell ac-
tivity can be observed. The results above indicated that the CrA-2 can
target MCF-7 cells and inhibit tumor cells proliferation after photo-
degradation. It has potential to be applied as a photosensitizers for
targeting inhibition of tumor cells.
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