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Targeted and efficient activation of
channelrhodopsins expressed in living cells via
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Optogenetics is an innovative technology now widely adopted by researchers in different fields of biologi-

cal sciences. However, most light-sensitive proteins adopted in optogenetics are excited by ultraviolet or

visible light which has a weak tissue penetration capability. Upconversion nanoparticles (UCNPs), which

absorb near-infrared (NIR) light to emit shorter wavelength light, can help address this issue. In this report,

we demonstrated the target selectivity by specifically conjugating the UCNPs with channelrhodopsin-2

(ChR2). We tagged the V5 epitope to the extracellular N-terminal of ChR2 (V5-ChR2m) and functionalized

the surface of UCNPs with NeutrAvidin (NAv-UCNPs). After the binding of the biotinylated antibody

against V5 onto the V5-ChR2m expressed in the plasma membrane of live HEK293T cells, our results

showed that the NAv-UCNPs were specifically bound to the membrane of cells expressing V5-ChR2m.

Without the V5 epitope or NAv modification, no binding of UCNPs onto the cell membrane was observed.

For the cells expressing V5-ChR2m and bound with NAv-UCNPs, both 488 nm illumination and the

upconverted blue emission from UCNPs by 980 nm excitation induced an inward current and elevated

the intracellular Ca2+ concentration. Our design reduces the distance between UCNPs and light-sensitive

proteins to the molecular level, which not only minimizes the NIR energy required but also provides a way

to guide the specific binding for optogenetics applications.

Introduction

Optogenetics, the integration of the two important techniques
of optics and genetics, opens a new avenue for accentuating or
attenuating the well-defined functions in the designated cells
of live animals.1 Optogenetics involves two steps, first, the
expression of a light-sensitive protein in the specific cells,
and second, the illumination of those cells at appro-
priate wavelengths to activate light-sensitive protein-conjugated
ion channels or enzymes.2 Channelrhodopsin-2 (ChR2) is a
transmembrane protein found in green algae (Chlamydomonas
reinhardtii).3 Upon excitation with blue light, ChR2 (maximum
response peaked at ∼460 nm) undergoes a conformational
change of the incorporated retinal from all-trans to 13-cis-retinal
and opens the channel pore for cation passage.4 After light-exci-
tation, retinal relaxes to its all-trans form within milliseconds,
closing the pores and stopping the ion flow.5

ChR2 and other similar proteins with different ion selectiv-
ities have been widely adopted by neuroscientists to character-
ize circuit connections in the nervous system and to verify the
effectiveness of therapies for neurological disorders.6 By acti-
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vating or inhibiting neurons expressing light-sensitive chan-
nels in the central nucleus of the amygdala, one can regulate
anxiety levels in murine models.7 With optogenetic control of
neuronal activity in the basal ganglia, researchers could allevi-
ate or exacerbate Parkinson’s disease symptoms in rodents.8,9

By expressing ChR2 in the dopaminergic neurons of Rhesus
monkey, researchers can control the reward-learning behav-
ior.10 Additionally, the expression of targeted genes could be
controlled by conjugating a DNA-binding protein with a light-
sensitive transcription factor-binding protein.11 Henceforth,
upon illumination, optogenetics could provide precise tem-
poral and spatial manipulation of activities in cells expressing
light-sensitive proteins.

Despite the advantages of optogenetics, one major limit-
ation of this technique is that visible and ultraviolet (UV) light
cannot penetrate deeply into biological soft tissues unless an
invasive guide is used to introduce light to the target tissues
expressing light-sensitive proteins. Lanthanide-doped up-
conversion nanoparticles (UCNPs), which absorb NIR radiation
and emit visible light, may serve as a non-invasive light source
for deep-tissue optogenetic purposes. UCNPs have excellent
biocompatibility, chemical and photostability, minimal auto-
fluorescence, and low toxicity.12–14 The physical (e.g., size,
emission wavelength, etc.) and chemical properties (e.g., solu-
bility, surface charge, etc.) of UCNPs are easily tailored by con-
trolling reaction conditions and surface modifications,
respectively.12–17 Recently, UCNPs have been employed in
various biological applications, such as imaging,18–22 photo-
dynamic therapy,22–25 biomolecule delivery and detection,26–28

fluorescence resonance energy transfer (FRET),29–32 photoacti-
vation of various biomolecules,33,34 and control of the cellular
signal transduction pathways35 and cell adhesion.36

Recently, UCNPs with different modifications, such as poly-
lactic-co-glycolic acid-UCNPs,37 collagen/poly-L-lysine-UCNPs,38

UCNP-embedded poly(methyl-methacrylate),39 and silica-
UCNPs,40 have been applied to activate various types of ChR2s.
However, these modified UCNPs have no specific targeting
and are not in close proximity at the molecular level to the
light-sensitive ChR2s. Instead, UCNPs are randomly biodistri-
buted40 or coated on a substrate that is distant away from the

ChR2s, hence requiring a higher UCNP/ChR2 stoichiometric
ratio to provide sufficient energy for the ChR2 activation.37–39

To minimize or prevent the collateral damage on healthy
tissues, nanoparticle-based therapeutics should have specific
targeting to pathologic tissues.41–48 and also necessitate low
NIR power, thus avoiding thermal damage.49,50 Therefore, to
improve UCNP-based photoactivation of ChR2, a design invol-
ving the uniform distribution of UCNPs within tissues and
specific molecular recognition of UCNPs to the ChR2 should
be a preferred approach that can create an effective and less
invasive nanotransducer system.

Taking the target specificity and low NIR power into
account, our present study is about constructing an NIR-acti-
vating UCNP-conjugated ChR2 system on the cell surface to
bring a UCNP in close proximity to the ChR2. We first functio-
nalized the UCNPs with NeutrAvidin (referred to as NAv-
UCNPs) (Scheme 1) and employed a molecular biology tech-
nique to tag a V5 epitope at the extracellular N-terminal of a
ChR/H134R (ChR2), which had also been fused with mCherry
at the intracellular C-terminal (ChR2m). The whole construct
was referred to as V5-ChR2m (Scheme 2). Subsequently, the
V5-ChR2m was expressed in the cell membrane and was
tagged with a biotinylated antibody against the V5 epitope
(referred to as bV5-Ab). Consequently, the NAv-UCNPs could
recognize and link efficiently with the bV5-Ab through the
biotin–avidin interaction. With this design, low NIR power was
enough to activate the NAv-UCNP-bound V5-ChR2m as evi-
denced by the ionic current through the conjugated channel
and the elevation of the intracellular Ca2+ concentration
([Ca2+]i). These results demonstrate the feasibility of this
experimental design for the target-specific binding of UCNPs
to ChR2 and efficient activation of the conjugated channel by
low NIR illumination power in live cells.

Results and discussion
Experimental design and UCNP characterization

To functionalize the UCNPs for the NIR-optogenetics
approach, we first tuned the dopant concentration in UCNPs

Scheme 1 Surface modifications of UCNPs. UCNPs were modified sequentially with tetraethyl orthosilicate (TEOS) and aminopropyltriethoxysilane
(APTES) to generate the amine-functionalized silica surface. An N-hydroxysuccinimide-(polyethylene-glycol)4-biotin (NHS-(PEG)4-biotin) conjugates
with the exposed –NH2 group on the silica-UCNP surface (to form bPEG-UCNPs) for the subsequent binding of NeutrAvidin (NAv) via the strong
biotin–avidin interaction.
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to 30% Yb3+ and 1% Tm3+ to achieve luminescence at 453 and
474 nm, respectively (Fig. 1a), which overlap with the spectral
absorption of ChR2 (∼460 nm).4,51 Second, the UCNPs were
coated with polyethylene glycol (PEG) to enhance the colloidal
stability, prevent particulate aggregation in a biological buffer
solution, and reduce non-specific binding for subsequent cel-
lular experiments.47,52,53 Third, the conjugation between NAv-
UCNPs and V5-ChR2m shortened the distance from UCNPs to
ChR2 (Schemes 1 and 2), compared to previous reports.37–39

Therefore, integrating the UCNPs with ChR2 not only compen-
sates the disadvantage of traditional short-wavelength acti-

vation of ChR2 but also provides an effective approach in
manipulating optogenetic experiments.

The detailed procedures to generate NAv-UCNPs along with
their respective characterization are described in the
Experimental section and ESI (sections S1–S5 and S9 in the
ESI†). A ninhydrin assay was used to determine the concen-
tration of amine groups on the UCNP surface to be 84
nmol mg−1. The transmission electron microscopy (TEM)
images of NAv-UCNPs revealed a bright layer surrounding the
UCNPs in contrast to the bare silica-coated UCNPs (referred to as
silica-UCNPs) (Fig. 1b), indicating successful conjugation of the

Scheme 2 Schematic illustrations of the experimental design. (a) Binding of NAv-UCNPs to ChR2 on a cell membrane. ChR2 is fused with the fluor-
escent protein of mCherry at the intracellular C-terminal and is tagged with a V5 epitope at the extracellular N-terminal (referred to as V5-ChR2m).
After the binding of bV5-Ab to the V5-ChR2m, the NAv-UCNPs then anchor to bV5-Ab and transfer the upconverted blue light upon 980 illumina-
tion to activate the conjugated ion channels of ChR2. (b) The protein sequence at the N-terminal of the V5-ChR2m system.

Fig. 1 Characterization of UCNPs. (a) The emission spectrum of UCNPs (NaYF4:30% Yb3+, 1% Tm3+) was scanned in cyclohexane solution (1 mg
mL−1) under 980 nm excitation at 1 W. The inset shows a luminescence image of the UCNPs in a cuvette upon 980 nm illumination, where the arrow
indicates the direction of an incident laser beam. (b) TEM images of the UCNPs were taken after silica coating (silica-UCNPs) and NeutrAvidin modifi-
cation (NAv-UCNPs), in which the samples were negatively stained with 2% uranyl acetate. The insets show enlarged images of the corresponding
UCNPs. Scale bar: 100 nm (applicable to both panels).
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NAv-protein on the UCNP surface. In addition, the zeta poten-
tial varied after each surface modification (Fig. S4 in the ESI†),
demonstrating the distinctive surface charges on the different
functionalized molecules.

V5-ChR2m localizes in the cell membrane

To verify the localization and the orientation of V5-ChR2m in
HEK293T cells, we used a primary antibody against the V5
epitope (V5-Ab) followed by a secondary antibody conjugated
with fluorescent Alexa Fluor-488 (Fig. S6 in the ESI†). The fluo-
rescence was observed only at the cell boundary of the live
cells expressing V5-ChR2m, but not ChR2m, indicating that
the V5 epitope was in the extracellular region (Fig. S6a in the
ESI†). After cell fixation and membrane permeabilization, the
antibody can reach the V5 epitope at the lumen of the endo-
plasmic reticulum (ER) and Golgi body;54 therefore, the fluo-
rescence signals were present in both plasma membranes and
intracellular organelles in the cells expressing V5-ChR2m
(Fig. S6b in the ESI†). For the cells expressing ChR2m which
has no V5 epitope, there was no fluorescence signal observed,
indicating the specific binding of the antibody to the V5
epitope. Therefore, attaching the V5 epitope to the extracellular
N-terminal of ChR2m neither distorts the structural orien-
tation, nor interferes with the membrane targeting capability
of ChR2.

Specific binding of NAv-UCNPs to V5-ChR2m

On confirming the specific binding of NAv-UCNPs to the V5-
ChR2m in cell lysates using both immuno-dot and pull down
assays (section S7 and Fig. S7 in the ESI†), we further investi-
gated this binding of NAv-UCNPs to the V5-ChR2m expressed
in live cells. We first incubated live HEK293T cells expressing
either V5-ChR2m or ChR2m with bV5-Ab and then the NAv-
UCNPs (Fig. 2a, b and Fig. S8 in the ESI†). The successful cel-
lular expressions of V5-ChR2m and ChR2m could be deter-
mined by the presence of mCherry fluorescence. As expected,
NAv-UCNPs only bound the membrane of the cells expressing
V5-ChR2m (in the presence of bV5-Ab), but not in those
expressing ChR2m. To further confirm the specificity, several
controls were also conducted, in which we either eliminated
bV5-Ab (Fig. 2c and d) or used the biotinylated PEG-coated
UCNPs (referred to as bPEG-UCNPs) without NAv-modification
(Fig. 2e and f) in the binding assay. The UCNP luminescence
was not detected in these control groups (Fig. 2c–f ), thereby
signifying the specific binding of NAv-UCNPs to the cells
expressing the bV5-Ab-labeled V5-ChR2m. Recently, Ai et al.
introduced a copper-free click chemistry approach to conjugate
the dibenzyl cyclooctyne-modified UCNPs with membrane glyco-
proteins tagged with an azido functional group.55 Their
approach, like ours, could anchor the UCNPs to the plasma
membrane in close proximity to ChR2. Despite convenience,
the method by Ai et al. modifies every live cell. In contrast, our
design, though required molecular biology to add an epitope
at the ChR2, ensures the direct and specific binding of UCNPs
to the V5-ChR2m in the cell membrane of transfected cells.

Optogenetic activation of ChR2

(a) Optogenetic activation of ChR2 validated by electro-
physiological measurements. To verify that the upconverted
blue light from UCNPs could activate V5-ChR2m, we used an
electrophysiology technique to measure the inward current via
the ChR2-conjugated ion channel under NIR illumination
(Fig. 3). After the binding of NAv-UCNPs (via bV5-Ab) to the
live cells expressing V5-ChR2m and forming the NAv-UCNP/V5-
ChR2m complex, we patched the cell in whole-cell mode
under a voltage clamp with a holding potential of −70 mV
(Fig. 3a). By exciting the same patched cells with 488 nm
(603 μW mm−2, the direct activation of ChR2) and 980 nm
(22.6 mW mm−2, the upconverting activation of ChR2) illumi-
nation via the optical path of the microscope, we could detect
an inward current from the cells expressing V5-ChR2m at both
wavelengths (Fig. 3b). To ensure that the observed results were
due to the UCNP-assisted ChR2 activation, two different con-
trols were performed. As expected, NAv-UCNPs did not bind
the cells expressing either V5-ChR2m without bV5-Ab pretreat-
ment (Fig. 3c and d) or ChR2m (without the V5-modification)
with bV5-Ab pretreatment (Fig. 3e and f). The control tests
showed that an inward current was induced under the 488 nm
illumination, but not under the 980 nm illumination. On
average, the 488 nm illumination induced a larger inward
current (51 ± 5 pA) than the 980 nm illumination (35 ± 3 pA,
n = 7, p < 0.05) for the cells expressing V5-ChR2m bound with
NAv-UCNPs (Fig. 3g). For the cells expressing V5-ChR2m but
without NAv-UCNPs binding, the 488 nm, but not 980 nm,
excitation induced an inward current of 40 ± 8 pA (n = 7, p <
0.001). For the cells expressing ChR2m and treated with NAv-
UCNPs, an excitation at 488 nm induced an apparent inward
current of 61 ± 8 pA (n = 7, p < 0.001), in contrast to no current
observation with 980 nm illumination. These results evidence
that the NAv-UCNP conjugation with V5-ChR2m in the cell
membrane brings the components in close proximity, where
the NIR power at 22.6 mW mm−2 is sufficient to activate the
ChR2-conjugated ion channels. The results support the fact
that our system provides an efficient upconversion of the NAv-
UCNPs upon NIR illumination in activating light-sensitive
proteins.

(b) Optogenetic activation of ChR2 confirmed by monitor-
ing [Ca2+]i. Because the ChR2-conjugated ion channels are per-
meable to Ca2+ ions,5 the intracellular Ca2+ concentration
([Ca2+]i) in HEK293T cells was monitored with a Ca2+-sensitive
dye (Fura-2) to characterize the activation of ChR2 under opto-
genetic excitation. In this experiment, the expression of
HEK293T cells included a voltage-gated Na+ channel (NaV1.4)
together with either V5-ChR2m (referred to as V5-ChR2m +
NaV1.4), or ChR2m (ChR2m + NaV1.4). As shown in Fig. 4a,
after the binding of NAv-UCNPs (via bV5-Ab) to the cells
expressing V5-ChR2m + NaV1.4, the [Ca2+]i increased upon
980 nm illumination (at 6.5 mW mm−2). In contrast, because
NAv-UCNPs could not bind in both control tests of the ChR2m
+ NaV1.4 cells pretreated with bV5-Ab (Fig. 4b) and the NaV1.4
cells without V5-ChR2m expression (Fig. 4c), NIR illumination
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could not elicit any [Ca2+]i response. As demonstrated in
Fig. 4d, the average change of the normalized fluorescence
intensity (ΔF/F0, excited at 340 nm) in the cells expressing V5-
ChR2m + NaV1.4 is 0.32 ± 0.02 (n = 15), which is significantly
higher (p < 0.001) than that of the above-mentioned control
groups, 0.0024 ± 0.0003 (n = 15) for ChR2m + NaV1.4 and
0.0024 ± 0.0005 (n = 15) for NaV1.4 (without V5-ChR2m). The
co-expression of NaV1.4 was necessary to have an apparent

elevation of [Ca2+]i in this series of experiments but the exact
reason is not clear.

It is important to mention that we applied NIR illumination
at 45° from the top of the recording chamber rather than
through the optical path of the microscope in activating the
UCNPs. Therefore, the NIR had to penetrate the solution
(∼1 mm) above the cells before reaching the cell surface to
excite the UCNPs for ChR2 activation. This experimental

Fig. 2 Specific binding of NAv-UCNPs to V5-ChR2m on a cell membrane. The HEK293T cells expressing V5-ChR2m (a, c, e) or ChR2m (b, d, f ) were
first stained with bV5-Ab (bV5-Ab (+); a, b, e, f ) or without bV5-Ab (bV5-Ab (−); c, d) and then were incubated with (a–d) NAv-UCNPs or (e–f )
bPEG-UCNPs. The images shown in each panel from left to right are bright field, mChery fluorescence, blue emission from UCNPs, and the merged
fluorescence image from a confocal microscope. Scale bar: 20 µm.
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design could represent a practical approach for activating
UCNPs under tissues for optogenetic applications. Additionally,
the low NIR power intensity (6.5 mW mm−2) required in this
study for ChR2 activation further demonstrates the importance
of the proximity of UCNP–ChR2 at the molecular level. Our
system using surface modified UCNPs conferred with target
specificity will not only shorten the distance between UCNPs
and ChR2 but also reduce the NIR power needed for the ChR2
activation. Thus, a lower UCNP concentration (50 µg ml−1) is
enough for the photoactivation of the ChR2 performed in this
report than others published elsewhere.37–40

Conclusions

In this proof-of-concept report, we first demonstrated the
specific binding of the NAv-UCNPs to the V5-ChR2m expressed

on live cells and also in the cell lysates through both immuno-
dot and pull-down assays; subsequently, we showed the suc-
cessful activation of ChR2 by the NIR-upconverted blue light
from UCNPs. With distinctive dopants (e.g., Tm3+, Er3+, Ho3+,
and Ce3+) within UCNPs, this NIR-activation platform could
provide different emissions to activate light-responsive mem-
brane proteins/ion channels with various excitation wave-
lengths. The direct and specific conjugation of UCNPs with
ChR2 brings them in close proximity and facilitates the
channel opening under a low NIR power, which in return
could minimize the thermal damage and lower the amount of
UCNPs employed. Consequently, the demonstrated strategy
provides a generic approach that can be duplicated for various
light-sensitive proteins and optogenetic experiments with high
target specificity and low required illumination power to
achieve satisfactory efficacy in activating light-sensitive pro-
teins with NIR illumination.

Fig. 3 NIR-upconverted blue light activates the V5-ChR2m. Cells expressing V5-ChR2m (a–d) or ChR2m (e–f ) were first stained with (bV5-Ab (+),
a–b, e–f ) or without (bV5-Ab (−), c–d) bV5-Ab and then incubated with NAv-UCNPs. Subsequently, the cells were whole-cell patched in voltage-
clamp mode with a holding potential of –70 mV and the current traces were recorded. (a, c, and e) In the patched cells, the bright field images (left)
showed the glass pipette and the patched cells. The middle and right images indicated the UCNP and mCherry fluorescence emissions, respectively.
Scale bar: 20 µm. (b, d, and f) The recorded current traces from a patched cell excited by 488 nm (upper panels, blue bars, 603 μW mm−2) or
980 nm (lower panels, red bars, 22.6 mW mm−2) illumination as indicated. (g) The average inward currents induced by 488 or 980 nm illumination.
The data presented are the mean ± standard deviation and their statistical significance was determined by using the paired t-test; *: p < 0.05 and ***:
p < 0.001.
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Experimental section
Materials

All solvents and reagents used for particle synthesis, spectro-
scopic characterization, protein modification, and biochemical
assays were purchased from Sigma-Aldrich Inc. (St Louis, MO,
USA) and were used as received, unless otherwise indicated.
The Lipofectamine™ 3000, mouse monoclonal antibodies
against the V5 epitope, Dulbecco’s modified Eagle’s medium,
and other chemicals for cell culture were obtained from
Invitrogen Inc. (Carlsbad, CA, USA). The Fura-2 acetomethoxyl-
methyl ester (Fura-2 AM) was purchased from TefLabs (Austin,
TX, USA).

Instrumentation

Electron microphotographs were recorded on a JEOL JEM-1400
(120 kV) TEM. X-ray diffraction (XRD) measurements were per-
formed with a Rigaku XRD DMAX-2200VK diffractometer. The
zeta potentials of the UCNPs were measured by using a
Zetasizer Nano-ZS (Malvern Instrument Inc., UK). Confocal

images were obtained by using an LSM 510 Duoscan system
(Zeiss Inc., Germany). The upconversion luminescence was
measured using a Cary Eclipse fluorescence spectrometer
(Varian Inc., CA, USA) coupled with a continuous wave (CW)
diode laser at 980 nm with a tunable power range of 0.5–8 W
(ChangChun New Industry, China). For the electrophysiology
study, patch-clamp studies were performed using an EPC10
amplifier (HEKA Inc. Germany) controlled by using Pulse soft-
ware while cells were placed on an Olympus IX-71 fluorescence
microscope. For [Ca2+]i measurements, a Ti microscope (Nikon
Inc. Japan) equipped with DG4 (Sutter Instrument Inc., CA,
USA) was used to provide the excitation wavelength and a
charge-coupled device (CCD) camera (Photometrics Inc., AZ,
USA) was employed for imaging; the system was controlled by
using NIS Element software.

Hydrodynamic size and zeta potential measurement

Displayed in Fig. S4 in the ESI† are the zeta potentials of
UCNPs with different surface modifications, including: –silica
(−30.5 mV), –NH2 (+31.7 mV), –bPEG (−0.278 mV), and –NAv

Fig. 4 NIR-upconverted blue light elevates the [Ca2+]i in the cells conjugated with UCNPs. The HEK293T cells expressing V5-ChR2m + NaV1.4 (a),
ChR2m + NaV1.4 (b), and NaV1.4 only (without V5-ChR2m, c) were pretreated with bV5-Ab followed by incubation with NAv-UCNPs. The cells were
then loaded with Fura-2 and placed at the stage of an inverted microscope. The changes in [Ca2+]i were represented by the fluorescence emission
excited at 340 nm and the intensity was normalized to the average value before NIR illumination (F/F0). The decaying phase between 42th and 120th
s was fit with a single exponential function and the fit values at the 42th s were adopted as the maximum response. (a–c) The representative F/F0
traces from the cells transfected with different plasmids. The red bars indicate the period (5 s) of the 980 nm laser excitation (6.5 mW mm−2) with an
incident angle of 45-degree from above and directly onto the recording chamber. The pink line in (a) was the fit curve. (d) NIR-induced maximum
changes of the fit F/F0 traces (ΔF/F0). The data presented are the mean ± standard deviation and their statistical significance was determined by
using one-way ANOVA with a Fisher’s post hoc test; ***: p < 0.001.
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(−20.4 mV). The high negative charge on the NAv-UCNPs can
be accounted for by the low isoelectric point of NAv (pI = 6.4)
in an HBSS buffer (pH = 7.4), which also agrees with the high
NAv substitution from the Bradford assay (Fig. S3 in the ESI†).
Additionally, as shown in Fig. S5 in the ESI,† the hydro-
dynamic sizes of different surface-modified UCNPs in buffer
are –silica (83.4 nm), –NH2 (85.6 nm), –bPEG (92.5 nm), and
–NAv (99.5 nm). The increase in size and the variation of zeta
potential indicate the successful modification in each step of
functionalization.

Molecular biology

We modified the pcDNA3.1/hChR2(H134R)-mCherry (referred to
as ChR2m, a gift from Dr Karl Deisseroth, Addgene Plasmid
#20938)56 construct with a V5 epitope at the N-terminal (referred
to as V5-ChR2m) using Phusion DNA polymerase. The primers
used for the cloning were 1. 5′-tgcccttgggccaccatggactatggcggc,
2. 5′-ttcattttggggcccgaaggtttt, 3. 5′-ggtaccatggaggcctactgccac, and
4. 5′-tgttgcggtggcggctgcccttgggccacc. We first used primers
1 and 2 to amplify the V5 segment from the pLenti6.2/V5-DEST
plasmid and primers 3 and 4 to amplify the ChR2m by polymer-
ase chain reaction (PCR), then mixed the products as the tem-
plate for another round of PCR using primes 1 and 4 to obtain
the V5-ChR2m. The amplified products were then subcloned in
the pcDNA3.1 plasmid and sequenced.

Cell culture and transfection

HEK293T cells were maintained in Dulbecco’s modified
Eagle’s medium and were supplemented with 10% of fetal
bovine serum. We used the Lipofectamine™ 3000 reagent to
introduce plasmids into the cells in accordance with manufac-
turer’s instructions. In brief, we used a total of 2 μg of each
plasmid for HEK293T cells grown in a 35 mm dish.
Experiments were performed for 24–36 h after transfection.

Protein extraction

To isolate the membrane fraction, we resuspended cells (∼107)
in Hank’s balanced salt solution (HBSS, 1.26 mM CaCl2,
5.33 mM KCl, 0.44 mM KH2PO4, 0.50 mM MgCl2, 0.41 mM
MgSO4, 138 mM NaCl, 4 mM NaHCO3, 0.3 mM Na2HPO4, and
5.60 mM glucose, pH 7.4) and then centrifuged at 600g for
10 min. Cells were then lysed with RIPA buffer (Bioman,
Taiwan). The lysates were then centrifuged at 1000g for 20 min
and the supernatant was collected for the immuno-dot and
pull-down assays. Finally, the protein concentration was deter-
mined with a Bradford kit (Bio-Rad Inc., Hercules, CA, USA).

Binding of NAv-UCNPs to live cells

Live cells were washed with HBSS and incubated in HBSS con-
taining 1% BSA for 5 min. We then washed the cells with
HBSS and incubated them in HBSS containing bV5-Ab (1 : 500
dilution) for 30 min. After washing the unbound antibody
away with HBSS containing 1% BSA for three cycles, the cells
were incubated with NAv-UCNPs (50 µg ml−1) for 30 min fol-
lowed by washing three times. The cells were then used either

for whole-cell electrophysiological experiments and [Ca2+]i
measurement or for confocal imaging analysis.

Immunostaining

For antibody staining on cells, we fixed cells in PBS containing
4% paraformaldehyde for 20 min at room temperature. After a
PBS wash, we placed the cells in PBS containing 1% BSA for
1 h; to permeabilize the cell membranes, 0.5% Triton X-100
was added. Triton X-100 can completely permeabilize the cell
membranes including the ER and Golgi body; therefore, anti-
body can access and bind to the antigen inside the lumens of
these organelles.54 We then washed the cells with PBS and
incubated them in PBS containing a V5-Ab (1 : 500 dilution,
InVitrogen Inc.) at 4 °C overnight. After another PBS wash, we
incubated the cells in PBS containing the secondary antibody
(goat anti-mouse immunoglobulin) conjugated with Alexa
Fluor-488 at a 1 : 2000 dilution for 1 h at room temperature.
After washing the unbound antibodies away, we visualized the
subcellular fluorescence distribution with a Leica SP5 confocal
microscope. For live cell immunostaining, the same protocol
was followed as above, except the fixation and Triton X-100
treatments.

Electrophysiological measurement

Cells bound with NAv-UCNPs bathed in HBSS solution were
transferred to a recording chamber mounted on the stage of
an inverted fluorescence microscope. Electrophysiological
recording was performed as reported previously.57 To activate
ChR2, we illuminated the recording chamber with a 488 nm/
980 nm laser, which was guided through the optical path of
the microscope. We measured the applied 980 nm laser inten-
sity by using a thermopile power meter at the stage of an
Olympus IX-71 microscope equipped with a 980 nm laser
diode at the right-side port of the second tier light path with
customized upconversion filter/mirror settings. The output of
the NIR laser intensity along the optical path through the
microscope objective lens (20×) was measured to be 22.6 mW
mm−2. Similarly, the resulting power intensity of the focused
blue light through an objective lens (20×) is estimated to be
about 603 μW mm−2.

[Ca2+]i response

Cells transfected with V5-ChR2m together with NaV1.4 were
bound with NAv-UCNPs (via bV5-Ab) and were loaded with
Fura-2 AM (5 μM) for 15 min at 37 °C in HBSS. We then
mounted the cells on the stage of a Nikon Ti inverted micro-
scope. The excitation energy (340 nm) for Fura-2 was provided
by using a DG4 and the emission was collected with an
EM-CCD camera.58 The system was controlled by the Nikon
NIS Elements software. To activate ChR2 activity, we shone the
NIR laser for 5 s with an incident angle of 45° from above and
directly onto the Nikon Ti inverted microscope stage, but not
along the optical path inside the microscope. The fluorescence
intensity was normalized to the average value before NIR illu-
mination (F/F0); to obtain the maximum changes, the decay
phase of the F/F0 trace was fit with a single exponential func-
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tion and the maximum fit value was taken as the maximum
response.

The laser intensity of 6.5 mW mm−2 was obtained using a
thermopile power meter at the microscope stage without a
recording chamber. During the experiment, cells were placed
in a recording chamber containing a buffer of about 1 mm in
depth. Therefore, the NIR intensity illuminated on the cell
surface should be attenuated by the buffer solution.

Data analysis

Data are presented as the mean ± standard deviation from at
least three different experimental batches and were analyzed
by one-way ANOVA with a Fisher’s post hoc test and paired
t-test. Differences were considered to be significant when the
p-value was under 0.05.
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S1. Electron microscopy and X-ray diffraction characterizations of UCNPs 

 

 

Fig. S1 Characterization of the UCNPs of NaYF4:30 % Yb3+, 1 % Tm3+. (ab) TEM images 

of bare UCNPs without any surface modification. (c) A TEM image of Silica-UCNP. (d) A 

comparison was made for the powder X-ray diffraction patterns between bare UCNPs (upper 

panel) and the standard hexagonal reference (lower panel). 
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S2. A ninhydrin assay for the presence of amine groups on UCNPs 

 

 

 

 

Fig. S2 A ninhydrin assay was conducted to confirm the presence of amine groups on the 

UCNP surface. The color change from (a) colorless to (b) purple indicates the presence of 

amine groups on the UCNP surface. 
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S3. A Bradford assay for NAv-UCNP 

 

 

 

Fig. S3 A Bradford assay was applied to monitor the presence of protein (NeutrAvidin) on the 

UCNP surface (NAv-UCNP). The NAv-UCNPs were centrifuged at 10,000× g for 10 min. 

The samples presented are (a) an HBSS buffer at pH 7.4 as a control test, (b) the NAv-UCNP 

pellets resuspended in HBSS, (c) the supernatant, and (d) bPEG-UCNP in HBSS buffer.  
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S4. Zeta potentials on different surfaces of UCNPs 

 

 

Fig. S4 The measured zeta potentials indicate different surface charges on (a) Silica-UCNP, 

(b) NH2-UCNP, (c) bPEG-UCNP, and (d) NAv-UCNP. 
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S5. Hydrodynamic sizes of UCNPs with different surface modifications 

 

 

 

Fig. S5 Dynamic light scattering measurements show the hydrodynamic sizes of UCNPs with 

different surface modifications: Silica-UCNP (red), NH2-UCNP (blue), bPEG-UCNP (pink), 

and NAv-UCNP (green). The measured hydrodynamic sizes are presented in the parentheses. 
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S6. Localization of V5-ChR2m on a cell membrane 

 

 

 

Fig. S6 The localization of V5-ChR2m on a cell membrane. The HEK293T cells expressing 

V5-ChR2m or ChR2m were stained first with an antibody agaisnt the V5 epitope and then an 

Alexa Fluor-488-conjugated secondary antibody. (a) Live cells. (b) Permeabilized cells. For 

permeabilization, cells were fixed and treated with Triton X-100 before staining. The images 

were taken in a confocal microscope. Scale bar: 10 µm (applicable to each panel).  
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S7. Specific binding of NAv-UCNP to V5-ChR2m in cell lysate 

To evaluate the binding specificity of NAv-UCNPs to V5-ChR2m, we expressed V5-

ChR2m or ChR2m (as a control) in HEK293T cells and collected the lysates for immuno-dot 

and pull-down assays. For the immuno-dot assay, lysates were immobilized on a 

nitrocellulose membrane (i.e., NCM) followed by the addition of bV5-Ab and incubation with 

NAv-UCNPs. As shown in Fig. S7a, the V5-ChR2m lysate interacted with NAv-UCNPs via 

bV5-Ab to form the NAv-UCNP/V5-ChR2m complex, which emitted blue light (from 

UCNPs) upon NIR illumination. In contrast, the ChR2m lysate control (instead of V5-ChR2m) 

emitted no blue light, because ChR2m did not bind with bV5-Ab and NAv-UCNP, which 

were washed out before imaging. For the other control test without lysate, no upconverted 

blue emission was observed because NAv-UCNPs were not bound on the NCM. 

In another test, a pull-down assay was carried, where the cell lysates were incubated with 

the NAv-UCNP associated with bV5-Ab (i.e., bV5-Ab/NAv-UCNP). The pull-down NAv-

UCNPs showed the fluorescence signals of UCNP and mCherry, only when they formed the 

NAv-UCNP/V5-ChR2m complex (Fig. S7b). These results demonstrated the capability of 

NAv-UCNP to bind specifically to the V5-ChR2m. 
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Fig. S7 Specific binding of NAv-UCNP to V5-ChR2m in cell lysate. (a) An immuno-dot 

assay shows the specific binding of NAv-UCNP to V5-ChR2m. The cell lysate isolated from 

the cells expressing V5-ChR2m or ChR2m was immobilized on a nitrocellulose membrane 

(NCM) and incubated in a buffer containing bV5-Ab. NCM (with V5-ChR2m, ChR2m, or no 

lysate) was then incubated with NAv-UCNPs and was illuminated with NIR at 980 nm. Scale 

bar: 200 μm (applicable to each panel). (b) A pull-down assay shows the specific binding of 

NAv-UCNP to V5-ChR2m. The cells expressing V5-ChR2m or ChR2m were then lysed to 

collect the membrane fractions. The fractions were mixed with bV5-Ab/NAv-UCNPs; after 

centrifugation, the pellets containing the pull-down complexes were spread on a coverslip and 

the fluorescence images were observed in a confocal microscope with different excitation 

wavelengths. Left to right: bright field, mCherry under 560 nm excitation, UCNP under 980 

nm excitation, and the merged pictures. The insets show the amplified images as indicated by 

the dashed squares. Scale bar: 50 µm (applicable to each panel). 
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S8. Specific binding of NAv-UCNPs to the V5-ChR2m on a cell membrane 

 

 

 

 

 

Fig. S8 Two more representative images show the specific binding of NAv-UCNPs to the V5-

ChR2m on a cell membrane (a continuation of Fig. 2). In the bright field images, the yellow 

circles indicate the cells without mCherry expression, representing the absence of NAv-

UCNP binding. Scale bar: 20 µm (applicable to each panel). 
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S9. Experimental Section 

Synthesis of UCNPs: Oleate-capped UCNPs (NaYF4: 30 % Yb3+, 1 % Tm3+) were 

synthesized following the procedures reported previously with minor modifications.S1 

Y(CH3CO2)3 hydrate (99.9 %, 0.69 mmol), Yb(CH3CO2)3 hydrate (99.9 %, 0.3 mmol), and 

Tm(CH3CO2)3 hydrate (99.9 %, 0.01 mmol) were added to a 100-mL three-necked round-

bottom flask containing octadecene (15 mL) and oleic acid (6 mL). To remove residual water 

and oxygen, the solution was stirred and heated slowly to 120 °C in a vacuum for 30 min. The 

temperature was then lowered to 50 °C and the reaction flask was placed under a gentle flow 

of N2 gas. Meanwhile, a methanol (10 mL) solution containing ammonium fluoride (4 mmol) 

and sodium hydroxide (2.5 mmol) was prepared via sonication and added into the reaction 

flask. The resulted cloudy mixture was stirred at 50 °C for 30 min and then at 75 °C followed 

by increasing the N2 flow to enhance the methanol evaporation from the reaction mixture. 

Subsequently, the temperature was increased and maintained at 300 °C for 60 min under a 

gentle N2 flow. Meanwhile, a slightly yellowish solution was obtained and allowed to cool to 

room temperature. The as-synthesized UCNPs were precipitated by adding ethanol and 

isolated via centrifugation. The resultant pellets were dispersed in a minimal amount of 

hexane and then precipitated with an excess of ethanol. The UCNPs were again isolated via 

centrifugation (8000× g, 15 min) and then dispersed in cyclohexane for the subsequent silica 

coating. TEM images show that UCNPs were highly monodispersed and possessed a nearly 

hexagonal morphology with a diameter of 30 ± 1.5 nm (Fig. S1a,b). XRD pattern of the 

UCNPs shows well-defined sharp peaks and matches fairly well with that of the hexagonal β-

NaYF4 reference, indicating their high crystallinity (Fig. S1d). 

Synthesis of Silica-Coated UCNPs (Silica-UCNPs): The oleate-capped UCNPs were 

subsequently coated with tetraethyl orthosilicate (TEOS) by a microemulsion methodS2 with 

slight modifications to obtain a thin, uniform silica layer on the UCNPs (referred to as Silica-

UCNP) to improve the solubility and biocompatibility of UCNPs. This coating provided the 

silanol groups (Si–OH) on the UCNP surface for the next modification of the silane-based 

functionalization. About 25 mg of UCNPs were dissolved in 7 mL of cyclohexane and 

sonicated for 30 min. At the same time, 500 μL of Igepal dissolved in 2 mL of cyclohexane 

was stirred for 30 min and then added into the solution containing UCNPs. Next, 80 µL of 

ammonium hydroxide was added to the mixture and sonicated for another 30 min, followed 

by adding 25 µL of TEOS and stirring the mixture for 18 hr. Finally, the solution was 

precipitated by acetone and isolated via centrifugation. The pellets were washed twice with an 
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ethanol:water (1:1) mixture to remove impurities. TEM image of the as-synthesized Silica-

UCNPs shows the average diameter to be 35 ± 1 nm (Fig. S1c). 

Surface modification for APTES-Conjugated UCNPs (NH2-UCNPs): Silica-UCNPs 

were functionalized with aminopropyltriethoxysilane (APTES) to introduce amine groups 

(NH2) on the UCNP surface (referred to as NH2-UCNPs) using a previously reported method 

with some modifications.S3 Silica-UCNPs (25 mg) were added into 15 mL of water:ethanol 

(5:95 %) solution containing  (25 μL) APTES. The solution was transferred to a three-necked 

round-bottom flask (50 mL), followed by stirring and heating at 60 °C for 12 hr under a N2 

atmosphere. Finally the solution was precipitated by acetone (20 mL) and isolated via 

centrifugation. The pellets were washed twice with an ethanol:water (1:1) mixture to remove 

impurities. A ninhydrin assay was conducted for the amine quantification, where the 

successful surface modification of amine groups was confirmed by the presence of purple 

color (Fig. S2) and the substitutional level of amino groups on the Silica-UCNP was 

estimated to be 84 nmol/mg of UCNPs. 

Surface modification for NAv-Conjugated UCNPs (NAv-UCNPs): The NH2-UCNPs 

were further functionalized with NeutrAvidin (NAv) following a previous method with some 

modifications.S4 First, NH2-UCNP reacted with N-hydroxysuccinimide-(polyethylene-

glycol)4-biotin (denoted by NHS-(PEG)4-Biotin) for the surface biotinylation and was then 

incubated with excess NAv to ensure the maximal NAv binding. In the sample preparation, 

NH2-UCNPs (1 mg) were suspended in 1 mL of dimethylformamide (DMF), to which 2.5 

mM of NHS-(PEG)4-Biotin was added and stirred for 12 hr at room temperature. The bPEG-

modified UCNPs (referred to as bPEG-UCNPs) were isolated by centrifugation and washed 

with water four times. The bPEG-UCNPs were then dissolved in 10 mM of HEPES buffer 

(pH 8.0) to have a concentration of 1.0 mg/mL and mixed with 9.5 μM of NAv to be stirred 

for 1 hr at room temperature. The resultant NAv-UCNPs were isolated by centrifugation and 

washed with water three times. The pellets were resuspended in HBSS buffer overnight and 

then centrifuged. Both supernatant and pellets were examined by the Bradford assay to check 

if any NAv protein had detached from the bPEG-UCNP surface. The substitution level was 

analyzed to be ~9.2 nmol NAv/mg of UCNPs and the appearance of purple color suggested 

the successful and stable protein conjugation (Fig. S3). TEM images of NAv-UCNPs show 

the average diameter to be 39 ± 1.5 nm (Fig. 1b). 

mailto:NH2@UCNPs
mailto:NH2@Si.OA.UCNPs
mailto:NH2@Si.OA.UCNPs
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Immuno-dot Assay: Cell lysates were dotted on a nitrocellulose membrane (NCM) and 

incubated in a buffer containing bV5-Ab at 4 °C overnight. After PBS wash and the addition 

of NAv-UCNPs, the fluorescence was visualized under NIR illumination. 

Pull-down Assay: We mixed the bV5-Ab/NAv-UCNPs with cell lysate at room 

temperature for 1 hr in PBS containing a Protease Inhibitor Cocktail (Set V, 1:100 

dilution, CalBiochem, La Jolla, California, USA). The UCNPs were centrifuged and washed 

with PBS three times and the pellet was placed on an inverted microscope (Zeiss LSM 510) 

for fluorescence imaging. 
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