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ABSTRACT: In vivo the application of optogenetic manipulation in deep
tissue is seriously obstructed by the limited penetration depth of visible light
that is continually applied to activate a photoactuator. Herein, we designed a
versatile upconversion optogenetic nanosystem based on a blue-light-mediated
heterodimerization module and rare-earth upconversion nanoparticles
(UCNs). The UCNs worked as a nanotransducer to convert external deep-
tissue-penetrating near-infrared (NIR) light to local blue light to noninvasively
activate photoreceptors for optogenetic manipulation in vivo. In this, we
demonstrated that deeply penetrating NIR light could be used to control the
apoptotic signaling pathway of cancer cells in both mammalian cells and mice
by UCNs. We believe that this interesting NIR-light-responsive upconversion
optogenetic nanotechnology has signi�cant application potentials for both
basic research and clinical applications in vivo.
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Optogenetic manipulation provides spatiotemporally
precise control over molecular processes, cellular
signals, and animal behavior by genetically encoded

light-dependent receptors.1�3 In these applications, the
majority of photoreceptors can only be activated by visible
light (such as blue or yellow light), which makes it essential to
surgically implant LEDs in vivo because the epidermis is di�cult
to penetrate with visible light.4 However, the LED implantation
surgery inevitably causes healthy tissue damage, and the
penetration of the visible light emitted from LEDs is still
poor in vivo, which leads to the low e�ciency of optogenetic
manipulation and seriously restricts the further application of
optogenetics in vivo. Hence, how to avoid implanting LEDs is
essential for further employment of optogenetic manipulation
in vivo.

Many researchers have been looking for alternative ways to
solve the serious invasiveness problem for in vivo organisms. In
recent years, near-infrared (NIR, 700�1000 nm) light with
deep tissue penetrability and minimal invasiveness for
organisms had already been successfully applied in imaging
and therapy in vivo.5 Based on this idea, some NIR-light-
photosensitive proteins were found for making a noninvasive
optogenetic system that can be used in vivo, such as bacterial
phytochrome BphP1 and its partner Ppsr2, which are sensitive
to 740 to 780 nm NIR light.6 Although this phytochrome can
implement optogenetic manipulation, it is still hard for plenty
of more e�cient photoactuators to be used in vivo without

surgically implanting LEDs, such as BLUF (blue light using
FAD) domain proteins,7�9 LOV (light�oxygen�voltage)
domain proteins,10,11 and plant phytochromes.3,12 Hence, it is
urgent to �nd an approach that can e�ectively convert NIR
light to visible light to noninvasively utilize these conventional
photoactuators in vivo.

Interestingly, rare-earth upconversion nanoparticles (UCNs)
can harvest highly penetrating NIR light in vitro to visible light
in vivo.13�15 On account of their fascinating photoluminescence
characteristics, upconversion nanoparticles have been exten-
sively used as NIR-triggered mediators for photothermal
therapy (PTT) and photodynamic therapy (PDT) in vivo.16,17

Therefore, the UCNs can act as nanotransducers that absorb
NIR light with deep tissue penetrability and minimal
invasiveness and thus convert it into local blue light or other
visible light used in optogenetic manipulation.

In this work, we set out to combine photoreceptor and
upconversion nanoparticles to control protein interactions with
NIR light. This noninvasive upconversion optogenetic nano-
system consists of two parts. One is the Arabidopsis �avoprotein
cryptochrome 2 (Cry2) and its interacting partner Cib1
plasmids, which can express blue light photoreceptor Cry2
and its partner Cib1. The other part is the upconversion
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nanoparticles, which can deliver plasmid DNA and emit local
blue light after excitation by 980 nm NIR light at the same time.
In this upconversion optogenetic nanosystem, external NIR
light could penetrate the epidermis and stimulate UCNs
emitting local blue light to noninvasively induce Cry2 and Cib1
interaction to activate an apoptotic signaling pathway of cancer
cells in vivo (as shown in Scheme 1). Hence, the upconversion
optogenetic nanosystem was expected to trigger conventional
photoreceptors for both basic research and clinical applications
in vivo without surgically implanting an LED light source.

RESULTS AND DISCUSSION
Physicochemical Characterization of Upconversion

Nanocarriers. The most attractive point of the upconversion
optogenetic nanosystem is the ability to convert external deep-
tissue-penetrating NIR light to local blue light to activate
photoreceptors without implanting an LED light source in vivo.
The key of upconversion optogenetic manipulation is whether
the UCNs coud e�ectively convert NIR light to blue light and
successfully deliver plasmids to cells. In Figure 1, the synthesis
process of lanthanide-doped NaYF4:Yb, Tm@NaGdF4:Yb, and
Tm core�shell upconversion nanoparticles is shown (Figure
1a), and their physicochemical properties such as morphology,

nanostructure, optical performance, and gene delivery e�ciency
were tested by TEM, energy-dispersive X-ray spectroscopy
(EDX), Fourier transform infrared spectroscopy (FTIR),
�uorescence spectrometry, and electrophoretic mobility shift
assay. As seen in Figure 1b�g, these nanoparticles had good
monodispersity with an average diameter of 35 nm and a very
clear pro�le (Figure 1, Figure S1). The peaks of amino groups
increased at 1580�1650 cm�1 after poly(ethylene imine) (PEI)
was conjugated with the UCNs (UCNs@PEI) in the FTIR
spectra of the gene nanocarriers (Figure 1 h, Figure S3).
Meanwhile, upon excitation by a 980 nm NIR laser, the UCNs
displayed a strong emission band near 475 nm, which could
provide the light source for optogenetic manipulation (Figure
1i). These results illustrated that upconversion nanoparticles
had been successfully prepared and had excellent upconversion
performance, which could convert NIR light to blue light with
the expectation of realizing the applications of optogenetics in
vivo.

To examine the complex formation of nanocarriers and
plasmid DNA and gene delivery e�ciency, the zeta potential,
binding DNA property of UCN nanocarriers, and the
biocompatibility of the upconversion gene nanocarriers were
evaluated (Figure 1j, Figures S4�S7). Moreover, HeLa cells

Scheme 1. Schematic diagram depicting the application of an upconversion optogenetic nanosystem. In this schematic
illustration, Arabidopsis �avoprotein cryptochrome 2 (Cry2), the photoreceptor of blue light, will quickly interact with its
partner Cib1 after irradiating by blue.7,8 The upconversion nanoparticles (UCNs) can deliver plasmid DNA into the cell and
then work as a nanotransducer to convert external deep-tissue-penetrating near-infrared (NIR) light to local blue light to
noninvasively activate photoreceptors for optogenetic manipulation in vivo, whereas it is hard for blue light to e�ect this
manipulation because of its low tissue penetrability. In this upconversion optogenetic nanosystem, external NIR light can
penetrate the epidermis and stimulate UCNs emitting blue light to noninvasively trigger photoactuators for activating apoptotic
signaling pathways of cancer cells in vivo, which is unachievable with visible light.
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were transfected with a nanocarrier�DNA complex. The
plasmid DNA of Cib1-EGFP-CAAX and Cry2-mCherry could
be better expressed and the protein could locate to the plasma
membrane and cytoplasmic, respectively (Figure 1k, Figure S8).
The transfection e�ciency of plasmid DNA was up to 61.0%
and 54.5%, detected by the �ow cytometry method (Figure 1,
Figure S9). The results showed that the gene nanocarriers had
been successfully prepared with excellent biocompatibility and
high gene delivery e�ciency for blue-light-mediated hetero-
dimerization.

Cellular Protein�Protein Interactions by the NIR-
Controlled Upconversion Optogenetic Nanosystem.
Upconversion nanoparticles could e�ectively convert NIR
light to blue light as previously stated. Nevertheless, whether
NIR light could trigger the conventional photoactuators by
UCNs was essential in our next work. So we constructed three
pairs of plasmid DNA containing a blue-light-mediated
heterodimerization module, Arabidopsis �avoprotein crypto-
chrome 2 (Cry2) and its interacting partner Cib1.7,8 They were
used for the subcellular localization of protein in the plasma,

Figure 1. Preparation of gene nanocarriers. (a) Schematic diagram of the preparation process for gene nanocarriers. The TEM picture of (b)
the lanthanide-doped NaYF4:Tm,Yb upconverting nanocrystal cores, (c) the epitaxial core�shell upconversion nanocrystals NaYF4:Yb and
Tm@NaGdF4:Yb, and (d) the UCNs modi�ed with PEI on the surface to form gene nanocarriers (UCNs@PEI). Scale bars, 100 nm. (e) High-
resolution TEM image of UCNs@PEI. Scale bar, 5 nm. (f) STEM-HAADF test for inspection of the element distribution of UCNs@PEI. (g)
EDX test for element analysis of UCNs@PEI. (h) FTIR spectra of upconversion nanoparticles (UCNs), citric-acid-modi�ed upconversion
nanoparticles (UCNs@CA), and PEI-modi�ed UCNs@CA (UCNs@PEI). (i) Emission spectra of UCNs (red line), UCNs@CA (blue line),
and UCNs@PEI (purple line). Inset photograph is the laser beam traveling through the UCNs@PEI aqueous solutions. (j) Electrophoretic
mobility shift assay of Cry2-mCherry and Cib1-EGFP-CAAX plasmids and UCNs@PEI. “1” means only 100 ng of Cry2-mCherry plasmid
DNA; “2” means only 100 ng of Cib1-EGFP-CAAX plasmid DNA; “3” means 100 ng of Cry2-mCherry plasmid DNA and 100 ng of Cib1-
EGFP-CAAX plasmid DNA; and “4” means 100 ng of Cry2-mCherry plasmid DNA, 100 ng of Cib1-EGFP-CAAX plasmid DNA, and 6 �g of
UCNs@PEI. (k) Cell transfection experiment of the preparation of gene nanocarriers with Cib1-EGFP-CAAX and Cry2-mCherry plasmids
(1:2 ratio). The image of cell transfection was observed for EGFP and mCherry with 488 and 561 nm laser excitation under confocal
microscopy, respectively, through a 100× oil immersion objective. Scale bars, 10 �m. (l) The gene expression e�ciency was quanti�ed by �ow
cytometry (FCM) for per 10 000 cells. Data represent mean ± SD (n = 5); *P < 0.05 and **P < 0.01 (one-way ANOVA).
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mitochondrial, and nuclear membranes by NIR with the help of
UCNs (Figure 2).

First, we fused Cib1 with EGFP and CAAX plasma
membrane localization motifs and fused Cry2 with mCherry

Figure 2. Near-infrared-light-activated translocation of Cry2 in mammalian cells. (a) After the Cib1-EGFP-CAAX (located in the plasma
membrane) and Cry2-mCherry plasmids (1:2 ratio) were cotransfection in HeLa cells using UCNs for 48 h, they were irradiated using near-
infrared light (980 nm, 4 W). The EGFP and mCherry were observed at various time points under confocal microscopy, through a 100× oil
immersion objective. Scale bars, 10 �m. (b) After the Tom20-Cib1-EGFP (located in the mitochondria) and Cry2-mCherry constructs (1:2
ratio) were cotransfection in HeLa cells using UCNs for 48 h, they were irradiated using NIR light (980 nm, 4 W). Scale bars, 5 �m. (c) After
the importin �-Cib1-EGFP (located in the nuclear membrane) and Cry2-mCherry constructs (1:2 ratio) were cotransfected in HeLa cells
using UCNs for 48 h, they were irradiated using NIR light (980 nm, 4 W). Scale bars, 10 �m. (d) After the Cib1-EGFP-CAAX and Cry2-
mCherry constructs (1:2 ratio) were cotransfected in HeLa cells using UCNs for 48 h, they were irradiated outside of 2 mm pork tissue using
near-infrared light (980 nm, 4 W). Scale bars, 10 �m. (e) After the Cib1-EGFP-CAAX and Cry2-mCherry plasmids (1:2 ratio) were
cotransfected in HeLa cells using UCNs for 48 h, they were irradiated outside of 2 mm pork tissue using blue light (475 nm, 4 W). Scale bars,
10 �m.
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