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Fig.1 Genetic working principles and the side effects of current tools using invasive fiber—optic probes
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Fig. 2 Optical properties of upconversion nanoparticles and near infrared light '*’
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Fig.3 UCNP-mediated wireless optogenetics for deep brain stimulation
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Table 1 Summary of the applications of UCNP—-mediated wireless optogenetics
#1 UCNPHSRILLAEEZAEA RS
JetE A UCNPs EJE,  b¥H Rt/ MR- TS R, 5%
(nm)  ®K/% nm (mW-mm~2) CHR
A
ChR2 NaYF,: Yb/Er@NaYF, 980/470 ~4 25  HUCNPHIppE R I ARG HE 20 [30]
ChR2 NaYF,: Yb/Tm@ NaYF,@SiO, 980/470 ~2.4 40 900 nl 200 g/L UCNPERIFEHVTA W3R [4]
(DV: -4.2) 0.72.0 W
ChR2 NaYF,: Yb/Tm@NaYF, 980/470 ~4 25 EHUCNPHIROEHL, A /NLSTR 1.5~7 [25-
(DV: -3.0).VTA(DV: —-4.4) 8 K i 26]
C1Vl1 NaYF,: Yb/Er@NaYF, 980/540 KJZ(DV: -1.0)
Clvl P VDA ST 1) b A 4t A 980/540 0.38  >1000 600 nl 20 g/L UCNPSEfi{EHmPFC  100~400 [28]
ACR1 (DV: -1.4).dSTR(DV: -2.0) 18.6
eNpHR3.0 NaYF,: Yb/Erx@NaYF,@SiO, 980/570 900 nl 200 g/L UCNPE: i 1 WEE D2 [4]
(DV: -1.4) 0.25~3.0 W
eNpHR NaYF,@NaYF,: Yb/Er@NaYF, 980/540 ~10 40 EUCNPHIROGH, AR ELSTN 6 [27]
(DV: =7.8)8/NHM2X (DV: -0.5)
ChR2 NaYF,: Yb/Tm/Nd@NaYF,: 808/456, 40 100 g/L UCNPSBESff#F F 12 h 8 [24]
Nd@PAA@DBCO 480
ChR2 NaYF,: Yb/Tm@SiO, 980/450, ~40  UCNPL 41 fi B4y B sl i g tho h wefETh%.  [21]
475 4W
Chrimson NaGdF,:Yb,Er, Ca @NaYbF,:Gd, 808/520, 26 5 g/L UCNPHMELZE 12 hik BMIAT 640 [22]
Ca@NaNdF,:Gd, Ca, 540, 660
Chrimson and NaNdF4:Yb@NaGdF4:Yb, 808/470, 19x32 5 g/L UCNP/A|MEZE H112 h 5 [23]
miniSOG Tm@NaGdF4: Eu 590
TRPC6 NaYF,: Yb/Tm@NaYF, 980/455, 2 ul 50 g/L UCNPESSSGZ 150 [33]
channel 475 (DV: -1.82 mm)
A4k
ChR2 NaYF,: Yb/Tm/NaYF, 980/450,  ~3.5 50  UCNP5HeLaZllfuis &% 50~350 [34]
470
ChR2 NaYF,: Yb/Tm@NaYF,@ PLGA 980/470 1~3  46.7 UCNPAi TG EmtgMAERK 1w [18]
V5-ChR2m  NaYF,: Yb/Tm@SiO,@PEG@NAv 980 /453, 99.5 50 mg/L UCNP5 4l & £ &30 min 6.5 [35]
474
ReaChR NaYF,: Yb/Er@NaYF,: Yb@IR-806  800/540 ~5 27.5 UCNPRAI T RImALAIAELK  117~1500 [19]
PsChR NaYF,:Sc/Yb/Tm@NaYF, 975/450,  ~0.024 500 UCNP&AiFICH KiK. 4100 [20]
480
C1V1, NaYF,:Sc/Yb/Er 975/543 200 5800
mVChR1
Opto-CRAC  NaYF,: Yb/Tm@NaYF,@PAA@Stv  980/480 2.7 40 20 /L UCNPS &2 h 15 [32]
i B & ZMATIIG . BE AR VBRI R, iR

TR AR AL 2B AU — I i R S
PR, HOCHEIA AL TOCMHUE A A 52 ks
SR BRI AT IR LLAME AT HEUEE AR
AL, AEFEH T IRERHS U a5 S . &
S b, AR LFHROCHORBRAN TR, AL NIR
AR C 2 S TR R T iR, R

ZRIORL A 1 JCLO AL A R AR B HPRE BAT L
NILTT AL -

a. NS . 53T R TR R
ZOCHALHILL, UCNP A GOt LA HoR A
it ZAT A S B A AU T3 s, AR ]
PAAE & K 88 b Al A2 2 A58 B E AT 5 . 4
Jii 1 OCET Y TRE KSR, AT LIAEAR ST S v ]



*656+ EMUFESEYWIRHR

Prog. Biochem. Biophys. 2021; 48 (6)

i XF 22 Py st AL A . [ s g ok
MG ST TS, TEANR LA HAL R 5 sh ik
FAEMTSRE, SRR AR So A At 2 S 56 Hh P ST
TA B LR S A AME 2 Sl i L g5 5, it
— P RO AR N R O B e Sk
k.

b. P& . ME DR RS T
() H R, R T UCNP 8342 5 (OGRS EE . 1]
UNBIF5 530 3 IR At 8 e 2 SR B RS B R 4, B
DISCELT LA A0 S7 () IEAC B4 . 980 nm UK
HTm® 5 7 B R AR PR AN G s 796 nm i &
Er B TR (0 29 A R R O R 5E 4
AHE AT, AT RAE S AP NIR G4 5l E P AN ]
POEEER T, i UCNP A R CZ it fL 2 i 2 6
AR T ATREME . BLAh, GORPURIE AT 1 R 24
Wk, 5ot e R EE . S50 L
TERME sl iRy, BRI GE T UCNP #
5 ALIT 2590 5 NIR S B ™ A= 1) ROS Y[R 2E4 7 g
YRR A VE T . A LTI T A e g%
%, WASEHGE TEOtEH G M2y, 52
XTGBT o 1) 22 T R Re A 28 T TR kA T
AT X gk S UCNP A 3 i B4R e 1%
SRR KT W]

o FEARR T e 4 RAE R B i G R g RE
B = T A2 1Y b e R ORI AR AR A E
{HRFHAB TR, N TR EE MELLAE
VIR . A AEHE R RSN S e R E MRS
(A1, A RHBFR ] e TR R . 4R, B
FE IR BOCFE m A WL LR R R X J5ht
Ak FE A P TR ROG TN = A L e &
. HETFR I 2 A AL S AR A R FE 48K
AR AL T LTSN R R R G55 . B T A
KA ECRAN, X WL R B AT A
HEeEILR, HARGNA:DIREmARIEECE, 15
AP et R T AR —
PR, AW RO A LA TR B 1 X RE
FE P NIR G, BEASKE I G R ZE i 2255 —
ITLLAME 1T (NIR-IT, 1 000~1 700 nm) . 5 H#j
A A9 NIR-TIX AH [, TX NIR O 5 4 M 2H 21 )
FHEAEFHASS, BRI A A 206 A SR
BT AR i, v AR TR Y ) B B AIG T B
S el RS NIR-IAY A 5 % 5 st L2 AR iy
SRR ORI NIRRT, 324 oA WL R AT
%) kA R X NIR-TDGHE T G AL VR P i F 9

el S A Y R ILE, IR i
T LA L B AL FoAR 9 — AT 2T 7
6], B R BT AT

£ % X M

(1] SRBESR DLt — R AT RO R HOR | AR 2255, 2019,
41(03): 197-206
Guo X Q. Optogenetics: a new technology to control behavior
using light. Chinese Journal of Nature, 2019, 41(03): 197-206

[2]  Boyden E S, Zhang F, Bamberg E, et al. Millisecond-timescale,
genetically targeted optical control of neural activity. Nat
Neurosci, 2005, 8(9): 1263-1268

[3]  Deisseroth K. Optogenetics: 10 years of microbial opsins in
neuroscience. Nat Neurosci, 2015, 18(9): 1213-1225

[4] Chen S, Weitemier A Z, Zeng X, et al. Near-infrared deep brain
stimulation via upconversion nanoparticle-mediated optogenetics.
Science,2018,359(6376): 679-684

[5] Wang Z, Hu M, Ai X, et al. Near-infrared manipulation of
membrane ion channels via upconversion optogenetics. Advanced
Biosystems, 2019,3(1): 1800233

[6] All AH, Zeng X, Teh D B L, ef al. Expanding the toolbox of
upconversion nanoparticles for in vivo optogenetics and
neuromodulation. Adv Mater, 2019,31(41): 1803474

[7]  Deisseroth K, Hegemann P. The form and function of
channelrhodopsin. Science, 2017,357(6356): eaan5544

[8] Park S I, Shin G, Mccall J G, et al. Stretchable multichannel
antennas in soft wireless optoelectronic implants for optogenetics.
Proc Natl Acad Sci USA, 2016, 113(50): E8169-E8177

[91  Shin G, Gomez A M, Al-Hasani R, et al. Flexible near-field
wireless optoelectronics as subdermal implants for broad
applications in optogenetics. Neuron, 2017, 93(3): 509-521

[10] Klapoetke N C, Murata Y, Kim S S, et al. Independent optical
excitation of distinct neural populations. Nat Methods, 2014,
11(3): 338-346

[11] Hooks B M, Lin J'Y, Guo C, et al. Dual-channel circuit mapping
reveals sensorimotor convergence in the primary motor cortex. J
Neurosci, 2015,35(10): 4418-4426

[12] Bedbrook C N, Yang K K, Robinson J E, et al. Machine learning-
guided channelrhodopsin engineering enables minimally invasive
optogenetics. Nat Methods, 2019, 16(11): 1176-1184

[13] Gong X, Mendoza-Halliday D, Ting J T, et al. An Ultra-sensitive
step-function opsin for minimally invasive optogenetic
stimulation in mice and macaques. Neuron, 2020, 107(1): 38-51

[14]  Young A T, Cornwell N, Daniele M A. Neuro-nano interfaces:
Utilizing nano-coatings and nanoparticles to enable next-
generation electrophysiological recording, neural stimulation, and
biochemical modulation. Adv Funct Mater, 2018,28(12): 1700239

[15] Gu Z, Yan L, Tian G, et al. Recent advances in design and
fabrication of upconversion nanoparticles and their safe
theranostic applications. Adv Mater, 2013, 25(28): 3758-3779

[16]  ARSEWF, JT IR, 2% 055 . ERAR AR R E Y TP Y
R . A Wik 5 s i, 2018, 45(8): 821-832
Lin G, Wan A, Li H, et al. Prog Biochem Biophys, 2018, 45(8):



2021; 48 (6) XFH, & EREGBHRFHN SHEEABEFRROHRGR <657~
821-832 2015,4:¢10024

[17] Chen G, Qiu H, Prasad P N, et al. Upconversion nanoparticles: [33] Wang M, Xu Z, Liu Q, ez al. Nongenetic optical modulation of
design, nanochemistry, and applications in theranostics. Chem neural stem cell proliferation and neuronal/glial differentiation.
Rev,2014,114(10):5161-5214 Biomaterials, 2019,225: 119539

[18] Shah S, Liu J-J, Pasquale N, ef al. Hybrid upconversion [34] PlissA, Ohulchanskyy T'Y, Chen G, et al. Subcellular optogenetics
nanomaterials for optogenetic neuronal control. Nanoscale, 2015, enacted by targeted nanotransformers of near-infrared light. ACS
7(40): 16571-16577 Photonics, 2017, 4(4): 806-814

[19] Wu X, Zhang Y, Takle K, et al. Dye-sensitized core/active shell [35] YadavK, ChouA C, Ulaganathan R K, ez al. Targeted and efficient
upconversion nanoparticles for optogenetics and bioimaging activation of channelrhodopsins expressed in living cells via
applications. ACS Nano, 2016, 10(1): 1060-1066 specifically-bound upconversion nanoparticles. Nanoscale, 2017,

[20] Hososhima S, Yuasa H, Ishizuka T, ef al. Near-infrared (NIR) up- 9(27):9457-9466
conversion optogenetics. SciRep, 2015,5: 16533 [36] Owen S F, Liu M H, Kreitzer A C. Thermal constraints on in vivo

[21] Bansal A, Liu H, Jayakumar M K G, et al. Quasi-continuous wave optogenetic manipulations. Nat Neurosci, 2019,22(7): 1061-1065
near-infrared excitation of upconversion nanoparticles for [37] Wang Y F, Liu GY, Sun L D, ef al. Nd**-sensitized upconversion
optogenetic manipulation of C. elegans. Small, 2016, 12(13): nanophosphors: efficient in vivo bioimaging probes with
1732-1743 minimized heating effect. ACS Nano, 2013, 7(8): 7200-7206

[22] AoY, Zeng K, Yu B, et al. An upconversion nanoparticle enables [38] Shen J, Chen G, Vu A-M, et al. Engineering the upconversion
near infrared-optogenetic manipulation of the caenorhabditis nanoparticle excitation wavelength: cascade sensitization of tri-
elegans motor circuit. ACS Nano, 2019, 13(3): 3373-3386 doped upconversion colloidal nanoparticles at 800 nm. Adv Opt

[23] Zhang Y, Zhang W, Zeng K, et al. Upconversion nanoparticles- Mater, 2013, 1(9): 644-650
based multiplex protein activation to neuron ablation for [39] Han S, Deng R, Xie X, et al. Enhancing luminescence in
locomotion regulation. Small, 2020, 16(8): €1906797 lanthanide-doped upconversion nanoparticles. Angew Chem Int

[24] Ai X, Lyu L, Zhang Y, et al. Remote regulation of membrane Ed,2014,53(44):11702-11715
channel activity by site-specific localization of lanthanide-doped [40] Zhang D, Wang L, Yuan X, et al. Naked-eye readout of analyte-
upconversion nanocrystals. Angew Chem Int Ed, 2017, 56(11): induced NIR fluorescence responses by an initiation-input-
3031-3035 transduction nanoplatform. Angew Chem Int Ed Engl, 2020,

[25] LinX, Wang, Chen X, et al. Multiplexed optogenetic stimulation 59(2):695-699
of neurons with spectrum-selective upconversion nanoparticles. [41] X125 . 808 nm LA i S A b 4 A SRl K e Sl
Adv Healthc Mater, 2017, 6(17): 1700446 FRATFE[D]. VY0 R2%, 2019

[26] WangY, Lin X, Chen X, ef al. Tetherless near-infrared control of Liu X. Research on 808 nm Infrared Light Triggeredoxide Up-
brain activity in behaving animals using fully implantable conversion Luminescence Materialsand Their Fluorescence
upconversion microdevices. Biomaterials, 2017, 142: 136-148 Enhancement[D]. Xi'an: Northwest University, 2019

[27] Lin X, Chen X, Zhang W, et al. Core-shell-shell upconversion [42] Wu M, Yan L, Wang T, et al. Controlling red color-based
nanoparticles with enhanced emission for wireless optogenetic multicolor upconversion through selective photon blocking. Adv
inhibition. Nano Lett, 2018, 18(2): 948-956 Funct Mater, 2019,29(25): 1804160

[28] Miyazaki T, Chowdhury S, Yamashita T, et al. Large timescale [43] LiX,GuoZ,ZhaoT, et al. Filtration shell mediated power density
interrogation of neuronal function by fiberless optogenetics using independent orthogonal excitations-emissions upconversion
lanthanide micro-particles. Cell Rep, 2019, 26(4): 1033-1043 luminescence. Angew Chem Int Ed Engl, 2016,55(7): 2464-2469

[29] Qin X, Xu J, Wu Y, et al. Energy-transfer editing in lanthanide- [44] Jeong J-W, Mccall Jordan G, Shin G, et al. Wireless optofluidic
activated upconversion nanocrystals: a toolbox for emerging systems for programmable in vivo pharmacology and
applications. ACS Cent Sci, 2019, 5(1): 29-42 optogenetics. Cell, 2015,162(3): 662-674

[30] Wang Y, Xie K, Yue H, et al. Flexible and fully implantable [45]  BZHRSE, AL T, BRWT, 55 AT 2080 X S GARIRE 1 i 45 S
upconversion device for wireless optogenetic stimulation of the AP BUR PR . & 5141, 2020, 51(11): 1275-1284
spinal cord in behaving animals. Nanoscale, 2020, 12(4): 2406- Peng J, Du X, ChenY, et al. Synthesis and bioimaging application
2414 of near-infrared II fluorescence nanoprobes. Acta Polym Sin,

[31] Rao P, Wang L, Cheng Y, et al. Near-infrared light driven tissue- 2020,51(11):1275-1284
penetrating cardiac optogenetics via upconversion nanoparticles [46] Hazra C, Ullah S, Serge Correales Y E, ef al. Enhanced NIR- 1
invivo. Biomed Opt Express, 2020, 11(3): 1401-1416 emission from water-dispersible NIR-II dye-sensitized core/active

[32] HeL,ZhangY, MaG, et al. Near-infrared photoactivatable control shell upconverting nanoparticles. J Mater Chem, 2018, 6(17):

of Ca?" signaling and optogenetic immunomodulation. Elife,

4777-4785



058- EMSESEYYIEHE  Prog. Biochem. Biophys. 2021; 48 (6)

Research Progress of Upconversion Nanoparticles—mediated Wireless
Optogenetics

LIU Ying-Xun, LI Lin-Yuan, HE Yu-Meng, REN Wei"”
(Key Laboratory of Modern Teaching Technology, Shaanxi Normal University, Xi'an 710062, China)

Abstract Optogenetics has been developed to control the activities and functions of neural circuits with high
cell-type specificity and spatiotemporal resolution. However, current optogenetic tools generally rely on visible
light with poor tissue penetration ability that does require invasive optical fiber devices to deliver visible light into
deep inside brain tissue. These often result in a series of side effects, such as tissue damage and restrict free
movement of animals. Fortunately, upconversion nanoparticles (UCNPs)-mediated optogenetic systems facilitate
the optogenetic regulation in complex living systems. In this review, the recent advances on design strategies of
UCNP-mediated wireless optogenetics in biomedical research are summarized and the future perspectives for

refining and advancing UCNP-mediated wireless optogenetics into in vivo for remote therapy are proposed.
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