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Abstract: The spatiotemporal regulation of light-gated ion
channels is a powerful tool to study physiological pathways
and develop personalized theranostic modalities. So far, most
existing light-gated channels are limited by their action spectra
in the ultraviolet (UV) or visible region. Simple and innovative
strategies for the specific attachment of photoswitches on the
cell surface without modifying or genetically encoding channel
structures, and more importantly, that enable the remote
activation of ion-channel functions within near-infrared
(NIR) spectral window in living systems, remain a challenging
concern. Herein, metabolic glycan biosynthesis is used to
achieve site-specific covalent attachment of near-infrared-light-
mediated  lanthanide-doped  upconversion  nanocrystals
(UCNs) to the cell surface through copper-free click cycliza-
tion. Upon irradiation with 808 nm light, the converted
emission at 480 nm could activate a light-gated ion channel,
channelrhodopsins-2 (ChR2), and thus remotely control the
cation influx. This unique strategy provides valuable insights
on the specific regulation membrane-associated activities in
vivo.

Light-gated ion channels are transmembrane protein com-
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plexes that can spatially and temporally regulate cellular
activities through optical control of the movement of ions
across the cell membrane. They have been identified as
valuable tools to explore basic physiological processes on the
cellular level and to facilitate the development of therapeutic
agents for disease treatment.!! By right, several naturally
occurring light-dependent regulatory proteins have been
converted into genetically encoded light-sensitive effectors
for the specific manipulation of cell signaling and gene
expression in various types of cells and tissues. In addition to
utilizing natural photoreceptor proteins, alternative light-
gated channel systems have also been constructed by
chemical modification or mutagenesis of photoswitchable
ligands on channel structures in order to modulate cell
functions with spatiotemporal precision.’! Currently, most of
the established light-gated channels are mainly activated by
UV or visible light, which may raise concerns regarding
photodamage and limited light penetration, as well as
inherent absorption and scattering caused by endogenous
chromophores including hemoglobin, flavins, and melanin.”!
Although two-photon optogenetic stimulation has been
suggested to overcome these obstacles in part, such long-
wavelength excitation usually requires complex experimental
setups and there is limited conductivity for light-sensitive
channels arising from narrow absorption cross-sections.
Recently, some initial studies demonstrated the possibility
of lanthanide-doped upconversion nanocrystals (UCNs) to
enable the activation of channel functions with excitation at
980 nm,”! mainly due to their unique capability to convert
tissue-penetrable near-infrared (NIR) light irradiation into
UV or visible emissions.”! Despite successful attempts, in
principle the manipulation of cellular activities requires
genetically engineering UCNs onto membrane channel
structures,” or the activation can be realized by randomly
mixing hybrid UCN scaffolds within targeted cells.”**! Simple
and rational design that allows specific localization of photo-
switchable platforms on the cell surface without altering
channel proteins, and more importantly, the precise regula-
tion of ion-channel activities under both in vitro and in vivo
conditions via a more secure and effective light source at the
NIR window remains a technical challenge.

Herein, we present a simple and unique approach based
on native metabolic glycol-biosynthesis pathways to cova-
lently localize NIR (808 nm)-light-responsive UCNs on the
cell surface to achieve accurate manipulation of the light-
gated channel activities in living cells and animals. As shown
in Scheme 1, through an intrinsic metabolic process, we
incorporate a monosaccharide precursor, peracetylated N-
azidoacetylmannosamine (Ac,ManNAz) functionalized with
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Scheme 1. Metabolic labeling strategy for site-specific covalent local-
ization of NIR-light-responsive UCNs on the cell membrane to achieve
precise regulation of ion channel function.

a bioorthogonal azido tag, into glycoconjugates (e.g. sialic
acids etc) on the cell membrane.”! NIR-light-sensitive UCNs
doped with neodymium (Nd**) ions that can respond to
808 nm laser excitation were attached to the tag through
a modified dibenzyl cyclooctyne (DBCO) moiety. At this
spectral window, UCNs are known to display minimized
water absorption and overheating effects as compared to
UCNs irradiated at 980 nm."! Based on successive copper-free
click reactions, the UCN conjugates could be site-specifically
anchored onto the plasma membrane.’’ Upon 808 nm light
illumination, the upconverted emission at 480 nm from UCNs
could activate the light-gated channelrhodopsins-2 proteins
(ChR2)," and therefore manipulate cation influx (e.g., Ca>")
across the cell membrane to remotely regulate physiological
processes under living conditions.

First, we started the covalent glycan labeling approach by
incorporation of azido groups into the living cell membrane
via native metabolic biosynthesis. Basically, the N;-tagged
glycans could be introduced to human embryonic kidney 293
(HEK293) cells through intrinsic metabolism by simply
feeding the Ac,ManNAz precursor. A copper-free click
reaction based on the DBCO-conjugated fluorophore (e.g.
DBCO-Cy3) as a bioorthogonal linkage was then performed
in Ac,ManNAz-treated HEK293 cells. The covalent labeling
of the cell surface was monitored by confocal microscopy and
flow cytometry (FCM) analysis. As shown in Figure 1 A, after
feeding the cells with Ac;ManNAz (50 um), the bright red
fluorescence from Cy3 was visualized on the HEK293 cell
membrane. Moreover, similar cell-surface staining was also
confirmed by a standard membrane tracker, CMSK-Cy5
(Figure 1 A)."Y In control experiments no significant signal
was detected in the cells that had not been incubated with
Ac,ManNAz or in the cells that had been pretreated with
reagent (e.g. DBCO-NH,) to block the N5 groups on the cell
surface (Figures S1 and S2), suggesting the high feasibility of
the covalent conjugation of functional moieties on the
membrane through the native metabolic biosynthetic path-
ways.

Furthermore, in order to achieve precise regulation of
membrane channel activities, a light-gated ion-channel pro-
tein, ChR2, was engineered on the cell surface to mediate the
influx of essential signaling ions (e.g. Ca*") in the cytoplasm.
The successful expression of ChR2 on the membrane was
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Figure 1. Characterization of azido groups and site-specific covalent
localization of UCNs on the cell membrane. A) Imaging azido groups
on the membrane of HEK293 cells stained with DBCO-Cy3 (10 um)
after feeding with (top) or without (bottom) Ac,ManNAz (50 um).
Blue: Hoechst 33342 (E,: 405 nm, E,,: 460/50 nm), red: DBCO-Cy3
(E,: 543 nm, E,,: 580/50 nm), violet: CMSK-Cy5 (E,: 633 nm, E,,: 670/
50 nm). Scale bar: 20 um. B) TEM and DLS results of DBCO-UCNs,
scale bar: 50 nm. C) Upconversion emissions of UCNs, PAA-UCNSs,
and DBCO-UCNs (1 mgmL™") under 808 nm excitation. Inset: lumi-
nescence photograph of UCNs with 808 nm irradiation. D) Confocal
imaging of azido-expressed HEK293 cells incubated with DBCO-UCNs
(top) and PAA-UCNss (bottom) for 2 h at 100 uygmL™". Green: ChR2-
Venus (E,: 488 nm, E,: 530/50 nm), blue: UCNs (E,: 543 nm, E: 580/
50 nm), violet: CMSK-Cy5 (E,: 633 nm, E,.: 670/50 nm). Scale bar:

10 pm.

confirmed by the presence of the green fluorescent protein
(GFP) marker (Venus) using confocal microscopy (Figure 1D
and Figure S3). Moreover, to conduct NIR-light-mediated
regulation of ion-channel functions, UCNs doped with Nd*"
ions were used as novel transducers owing to their promising
light-converting property at 808 nm. Basically, the Nd*'-
doped UCNs were functionalized with polyacrylic acid (PAA)
to improve their dispersion stability in buffer and to facilitate
subsequent chemical modification (Figure S4). In order to
covalently anchor UCNs on the azido-tagged cell surface,
DBCO moieties were coupled with a carboxyl group in PAA
to afford DBCO-UCNSs (Figure S4). The fluorescent conju-
gation through 5-carboxyfluorescein-azide (FAM-N;) con-
firmed the effective coating of DBCO on the UCNs surface
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and the optimal amount of DBCO on the UCNs surface was
determined as ca. 320 nmolmg ' (Figure S5). Transmission
electron microscopy (TEM) revealed the spherical morphol-
ogy of core-shell DBCO-UCNs particles with an average
diameter of roughly 40 nm (Figure 1B and Figure S6). Mean-
while, the hydrodynamic diameter in buffer solution was also
determined as 96.44+10.4 nm on the basis of dynamic light
scattering (DLS) analysis (Figure 1B). The DBCO-UCNs
particles displayed strong luminescence at 456 nm and 480 nm
upon light excitation at 808 nm (Figure 1C), which matched
well with the maximum absorption of ChR2 at 480 nm.[""
Finally, the subsequent copper-free click cyclization enabled
the effective linkage of DBCO-UCNs onto the Nj-tagged
HEK?293 cell membrane. As shown in Figure 1D, the UCNs
were obviously visualized on cell surface (blue) after 2 h
incubation, and exhibited similar membrane staining with
ChR2-Venus (green) and the standard membrane tracker
(CMSK-Cys5, red). Furthermore, there were negligible signals
observed in control studies when the Nj-tagged cells were
incubated with DBCO-free UCNs (PAA-UCNs), or when the
cells without N groups on surface were treated with DBCO-
UCNs (Figure 1D, Figures S7 and S8). These results clearly
indicated the metabolic glyco-biosynthesis can site-specifi-
cally localize DBCO-UCNs on living cell membranes through
the copper-free bioorthogonal click reaction.

To further investigate the possibility of NIR-light-respon-
sive UCNs for remote manipulation of membrane channel
activities, 808 nm light was utilized to irradiate the covalently
localized UCNs transducers on the cell surface. The upcon-
verted blue emission was used to activate the light-gated
ChR2 channels to facilitate the Ca®" ion influx across the
membrane. The level of intracellular Ca®" ions was measured
through a standard fluorescent Ca*" indicator, Rhod-3 AM.[*?
As shown in Figure 2 A, 808 nm light irradiation of DBCO-
UCNs-labeled HEK293 cells with ChR2 expression could
lead to a significant increase of red fluorescence in the
cytosol, while no apparent fluorescence increment was
recorded in control experiments for either Nj;-tagged cells
treated with DBCO-free UCNSs, or N;-absent cells incubated
with DBCO-UCNSs (Figure S9). Moreover, the quantitative
FCM analysis also showed that such NIR-light-responsive
fluorescence enhancement was light-dose-dependent, clearly
suggesting that the intracellular Ca" influx could be precisely
regulated by the DBCO-UCNSs located on the membrane
upon NIR-light irradiation (Figure 2B). We also carried out
standard whole-cell patch-clamping studies to measure the
NIR-light-mediated ionic photocurrent flow across the mem-
brane.”®!! As indicated in Figure 2C, after 808 nm light
illumination, a remarkable inward photocurrent response was
immediately observed (ca. 280 pA) in the DBCO-UCNs-
labeled HEK293 cells with ChR2 expression, which was
similar to the results obtained upon illumination at 480 nm.
Meanwhile, there were no significant signals observed in the
ChR2-expressing HEK293 cells without DBCO-UCNs label-
ing and the ChR2-absent cells treated with DBCO-UCNs
(Figure 2C).

Moreover, as a ubiquitous intracellular messenger, Ca*"
ions play significant roles in many physiological processes
including cell proliferation, differentiation, and apoptosis.""”!
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Figure 2. Regulation of cell activities upon 808 nm light illumination.
A) Cellular Ca®" imaging using Rhod-3 AM before and after NIR-light
irradiation (0.8 Wcm™2 for 20 min). E,: 561 nm, E,.: 610/75 nm.

B) FCM analysis of cellular Ca*" with different light dosages. C) Photo-
currents in ChR2-expressing HEK293 cells incubated with DBCO-UCNs
for 2 h under 808 nm (red) and 480 nm (blue) excitation. ChR2-
expressing cells only (black) and UCNs-labeled cells without ChR2
expression (green) were used as controls. D) Live-cell apoptosis
imaging after DBCO-UCNs (100 pgmL™") incubation with (top) and
without (bottom) 808 nm light irradiation (0.8 Wcm™2 for 40 min).
Blue: Hoechst 33342 (E,: 405 nm, E,: 460/50 nm), green: ChR2-Venus
(E,: 488 nm, E,: 530/50 nm), red: Annexin V-Cy3 (E,: 543 nm, E:
580/50 nm). Scale bar: 20 um.

To this direction, we examined the ability of cell-surface-
localized DBCO-UCNSs to mediate Ca**-dependent apoptosis
upon their illumination at 808 nm. Typically, Cy3-tagged
Annexin V was applied as an indicator to study the apoptosis
in HEK293 cells. As shown in Figure 2D, the DBCO-UCNs-
labeled cells presented an obvious red fluorescence on the cell
membrane after 808 nm light excitation. In control experi-
ments, there was no significant fluorescence in cells treated
with DBCO-free UCNs under irradiation at 808 nm, and in
the cells incubated with DBCO-UCNSs but without NIR light
illumination (Figure 2D and Figure S10). Similar NIR-light-
responsive fluorescence enhancement was also obtained
through FCM analysis (Figures S11 and S12), which con-
firmed the occurrence of apoptosis with 808 nm light irradi-
ation of DBCO-UCNs localized on cell membrane. These
results unequivocally indicated that cell-surface-localized
UCNs could serve as a unique photoswitch to precisely
regulate cation movement for the specific manipulation of
cellular functions.

Furthermore, we also exploited the in vivo metabolic
glycan labeling in zebrafish, one commonly used animal
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model for human disease screening and sophisticated imaging
studies.'"" Typically, we implanted N;-tagged HEK293 cells
with ChR2 expression into the yolk sac of zebrafish larvae at
48 hours post-fertilization (hpf). The bright green fluores-
cence in the larvae abdomen indicated the successful implan-
tation of cells in zebrafish (Figure 3 and Figure S13). To study

Bright fled ChR2-Venus Cy5.5

DBCO/Cy5.5-UCNs

PAA/Cy5.5-UCNs

Figure 3. In vivo fluorescence imaging with and without NIR light
treatment (0.8 Wcm™ for 2 h) in zebrafish incubated with DBCO/
Cy5.5-UCNs and PAA/Cy5.5-UCNs (n=20). The Ca’" response in fish
was monitored by Rhod-3 AM and analyzed with pseudo-colored
imaging. Green: ChR2-Venus (E,: 488 nm, E,: 530/50 nm), red: Cy5.5
(E,: 635 nm, E,: 680/30 nm), yellow and pseudo-color: Rhod-3 AM
(Ey: 561 nm, E,: 610/75 nm). Scale bar: 400 pum.

the feasibility of the metabolic glycan labeling for localized
UCNs attachment in vivo, the larvae were further incubated
with DBCO/Cy5.5-UCNs for 12 h, which enabled the effec-
tive click linkage of UCNs onto the Nj-tagged cells in the
abdominal cavity of the larvae (n=20). Moreover, an NIR
dye, Cy5.5, was coated on the UCNs surface to monitor the
localization of particles in vivo. The systematic imaging
studies indicated the bright fluorescence at 0 hour post-
incubation (hpi), suggesting the effective uptake of UCNSs in
larvae (Figure S14). Upon 72 h clearance, the obvious fluo-
rescence in zebrafish incubated with DBCO/Cy5.5-UCNs
could be still observed, while only a very weak signal was
detected in fish treated with the control PAA/Cy5.5-UCNs
without DBCO on the surface. Similarly, the effective cellular
uptake was also confirmed by inductively coupled plasma
(ICP) analysis; a higher Y** ion distribution in zebrafish with
the incubation of DBCO/Cy5.5-UCNs was found at 72 hpi
(Figure S15), clearly indicating that the metabolic glycan
labeling could greatly enhance the efficiency of UCNs
accumulation under in vivo conditions.

More significantly, in order to remotely regulate the
membrane channel activities in vivo, we utilized 808 nm NIR
light to irradiate the larvae and monitored the cation influx in
zebrafish (n=20) by using a Ca?" indicator (Rhod-3 AM). As
shown in Figure 3, after 808 nm light irradiation for 2 h, the
increased fluorescence in the zebrafish that had been treated
with DBCO/Cy5.5-UCNs could be observed, while little
fluorescence change could be found in zebrafish that had been
incubated with PAA/Cy5.5-UCNs but had no DBCO on the
cell surface. This clearly suggests that the localized DBCO/
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Cy5.5-UCN:s labeling could effectively manipulate ion-chan-
nel activities in living animals after NIR light illumination.
Furthermore, western blot analysis also demonstrated that
such NIR-light-gated Ca®" influx in DBCO/Cy5.5-UCNs-
incubated zebrafish could lead to the enhanced expression of
caspase-3, one key executioner enzyme in cell apoptosis
(Figure S16), indicating the feasibility of NIR-light-mediated
activation of ion channels to manipulate apoptosis in living
animals. Additionally, we also used 4 mm thick pork adipose
tissue to further investigate the difference in penetration of
808 nm and 480 nm light irradiation. As expected, the
presence of tissue significantly blocks the fluorescence of
the Ca*" indicator upon illumination at 480 nm, while the
obvious fluorescence could still be found when the tissue was
excited at 808 nm (Figure S17), clearly showing that NIR light
irradiation could penetrate more deeply to activate the ChR2
channel than the excitation in the conventional visible region.
This makes our UCNs-based metabolic strategy suitable for
the effective regulation of physiological activities in living
systems.

In summary, we introduced a novel and simple strategy
based on the native metabolic glyco-biosynthesis to achieve
site-specific covalent localization of NIR-light-responsive
UCNs on the cell surface through a copper-free click reaction
under living conditions. Upon 808 nm light irradiation, the
blue emission (at 480 nm) from UCNs could remotely
activate the photosensitive ion channel (ChR2) and effec-
tively manipulate the cation influx in living cells and zebra-
fish. The present strategy not only provides a site-specific and
effective approach for the covalently labeling of nanoparticles
on the cell membrane, it also holds great potential to precisely
regulate the membrane-associated activities under in vivo
conditions. Thus, these nanoparticles could act as personal-
ized nanomedicines for various pathological disorders in the
future.
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