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Abstract Optogenetic nanoprobes are an important technique in optogenetics, utilized to deliver precise light stimulation
to neurons in organisms, aiding neuroscientists in investigating the working mechanisms of the brain. Optogenetic
nanoprobes have the potential to be used in the diagnosis and treatment of neurological disorders. To fulfill stimulation
requirements such as stimulation intensity, stimulation range, stimulation patterns, and temporal and spatial resolution,
researchers have developed probes capable of performing various optical functions. To fulfill functional requirements such
as in-situ electrophysiological recording and delivery of chemical or biological molecules, scientists have developed multi-
functional probes. In order to overcome the disadvantages of traditional optoelectronic devices, as they are rigid and easy
to cause severe damage to organisms, flexible optical neural probes have been invented. This type of probe causes minimal
harm to the organism during implantation and maintains a consistent level of light illumination, ensuring a prolonged life

span. This paper provides an overview and the prospects for different types and functions of optogenetic probes, as well as
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their flexible technologies.
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Fig. 1 Different kinds of photosensitive proteins with corresponding ion flow inside the channels
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Fig. 2 Rigid optical fiber probe. (a) First successful in vivo experimental demonstration™; (b) a longer fiber and a shorter fiber set on

the upper and lower sides of the shank, respectively™™; (c) the use of image bundle with digital micromirror device or scanning

galvanometer™’; (d) tapered optical fiber based on the mode-division multiplexing””
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Table 1 Several kinds of rigid optical fiber probes and their parameters

Material (refractive Output light Working .
Ret] - . . . . . Number of Experiment
Year*'  index n /numerical Dimension intensity / wavelength .
. channels condition
aperture NA) (mW-mm ) A /nm
2007 Silica (NA=0. 37) 200 pm (core diameter) 380 1 473 In vivo
. . . 28 um (core diameter) ,
2008 Silica/silicone resin . - - 450-492 In vivo
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3.5 pm (core diameter) ,
o 125 pm (fiber diameter) , )
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5-20 um (after etching fiber diameter) ,
250 pm (shank separation)
8 pm (core diameter) ,
[69] ngon=1.53, i 148+56,
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Ngio,=1. 46 200
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2015 NA=0. 64 70 pm (core diameter) 12 473 In vitro
50 pm (core diameter) ,
o n,=1.464, . . .
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n,=1.

25 pm X 25 pm (window size)
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Table 2 Several kinds of flexible optical fiber probes and their parameters

Year ] Material (refractive index Stiffness Dimension Working Experiment
ear "
n/numerical aperture NA) (Young’s modulus) (fiber diameter /um) wavelength A /nm  condition
20187 Patginate-pAAm hydroger — 1. 3454 —1. 3533 48.234-90. 849 kPa 75,150,300 472 In vivo
3-5 GPa, )
- , In vitro,
2018 oty Lncic iy — 1. 47 1.5X10° N /m 220 473,488 )
. . In vivo
(bending stiffness)
(51] nppys=1. 4109, .
2021 1.22 MPa 200 472 In vivo
01y (vinyl alcohol) /poly(acrylic acid) hydrogel =1. 3440
- ) In vitro,
2022 Silk 3.53-38.7 MPa 200 465 o
in vivo
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A3 B R 2 R L L 3 A R X R BRL %) 15 G 3k
VTR 8 g X, Pl 1% S B TET B 45 A A S e A A i
7 H A B0 SR A AR A 25 4 . JF HLX AR IR LED

(a)

Interstitial uLED
MLED a8y yeodie-aligned pLED

F 6055 13H/2023 F£7 B/ ERBEFEHRE
WK, T REE & IR, N T RE B8 I I K TR
o, w-LED B & A BFp % am E . H— B
w-LED 8y ¥ & % — /DN BOG A (B F)™ s FH L il
e A A Ca) firs , DO p-LED 3% R 5t
& 2 0 TR B A7 5 o ) 40 Schwaerzle 25 5 B
O LED B & A 6l /9 6 5872 8% 74 LED H 5 /9%
A I — MG . AR 7 S A SR AR w AL,
XS il o P e AT B g ) 0K, ilE — 2P S S R T R
R ) 8, I HaxX FhoRS G 7 22 40 TR AR X Z Bl A RE 2
ANF1 o p-LED 7= #4 n) 055 2238 i 32 T+ T4 sk %ok
BB, H TR wLED 2B FE AR AT B o L
FEE S8 17 o 491 G McAlinden 455 78 45 41 45 1 B
i A B T 54 p-LED, SE AN [R U BE 9 0% . %07
R T P G 0 B T A AT, AR R T — i
) B H R T A T K R A 2 g AR AR v ™
RN . WuZE" 2 u-LED Fc s A A — i il
PR T RESE NI RER W 4(b) i o 54— 3843 1Y
AL B EA A p-LED L BESE BN T 1 um 19 28
PR, £3Gnh T LR A A JLFEE R p-LED
R M S8, IWE3IFALIE BT GaN 5
InGaN il 7E LED B 2 83 , 35 2 BB B AT Rk K
AE 0] DY B P25 S JR A LA R SEORE B Y ' i G AR
oo HENT MR £ A R, 5 H 3 E A Mk ik ik
(SIC) W/ 485 2% B, Horp i 2 0 S e Ly B s A
A i 2K 5 w0t , & 5 BURE A5 18 4 PR AR
IF HWE 55 A b B L R SR R BN 7 iR I A R
JE A LED 56 82 2 H A A AL 1, 3 F oy i 1E & i 7 32
PERE R EER S —.

(b)

P4 B p-LED B4R (a) DU 52 A A IS 76 - LED BEFIS A AR A6 A i ™ 5 (b) B34 1 7 ot 42 A 34~ - LED™
Fig. 4 Rigid p-LED probes. (a) Sapphire as the substrate material with the optrodes coupled to an w-LED array chip™; (b) the tip of

each shank contained three p-LEDs""

F Ak w-LED B 5 1 i it g b 5 00 27 B4R £
AL FEARTIANB Y A5 BT AR ZREAR
B R p-LED G IR BRI, 2R A R B A 15

ot P T 5 e R B e e AL e ) o B R
UL Rk p-LED B PRET 254 LUAE 9 30 45 1 44 R 2
FMERT IR A U7 B p-LED FUHAB G 2E 5 oL 221
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Table 3 Several kinds of rigid p-LLED probes and their parameters

. Output light Working Light .
(Ret.] Material . ) ) ) Number of : Experiment
Year Dimension intensity / wavelength  delivery .
(LED/walfer) . channels . condition
(mW-+mm ') A/nm  efficiency /%
o . ) 20 pm (LED diameter), .
2010° GaN/sapphire . 250 64X 64 470+22 — In vitro
50 pm (LED separation)
. InGaN/SiC 105 pm (core diameter), 0.88
2014 . . . . 0.89-1. 28 3X3 456 —
glass(optical fiber) 125 pm (fiber diameter) 1.27
80 pm X 80 pm (LED size),
o) . ) 1.5 mm (needle length), )
2019 GaN/sapphire . >80 181 450 — In vivo
75 pm X 75 pm (needle base size) ,
400 pm (needle pitch)
1.3 mm X80 um (tip size),
o . pm P s 446417,
2013 GaN/sapphire 40 pm (LED diameter) , 350,600 5X1 4434 21 2 —
250 pm (LED separation) o
10 pm X 15 pm (LED size),
60 pm (LED separation) ,
2015 GaN/Si 250 pm (shank separation), 353 4X 3 460 0.87 In vivo

70 pm X5 mm
(shank width X shank length)

SERYU L H B 32 M AR WA A B 4G PDMS |\ SU-
8. WL W iz (PT) . Parylene C .3 % B fI§ %, Kim
SEUTE T T BB AT 4 2 T BE R M 2 R AR,
FE5(a) iR, BRET B 22 J2 22 P SR T 445 40 266 A i i, 2
BN T AR IRFEESRA p-LED A2 A Fid B/
TR [ B 2 IR R T A R AR 2 DG A O
B 2 DR T R R 1 — 2 0 S 454
Fan 25" /5 9 p-LED B 4541 B A SU-8-4: J& -SU-8
B = WA S5, R = E B LED. Cao % ¥ 7y
FHE G R =X w-LED % 2% 21 1] PLSIAE 09 58 514K 1 o , I
HELEDRI F L% T M REWESGEH T LED H 4
B RO SRR . N TP T T2 % 1 1)
Reddy &5 FF A1 2 H $2  T — Fh— R b 45 B8 5 5K
1 OB G Bl i TP 4 i p -LED. At AT A
Parylene C #5403 LED 35| Aft e F 19 4 )8 H B%
o J 45 R DR R 3% TR R T 8 5 3K 1) 2 T i 2 R
B, Aan € S(b) Prn % BR A T8 B8 B 32, 2018 4F
Klein % D)4l 584500 i o4 4ef JES A4 ), &1 X M ke it T
— O 2 T e 2 R SR SE B 220k 144 S E TR Y
Fl e, B 5Ce) i o 1% % LED TAERUCR &, #F
BAEHAE T 1K E A, f# T p-LED & fh 2 558
Bl 3 A A B 7 AR, A SRR | 2 A 0 A
AR A2 RAR L T 2% A LIS LA P A
S, WF R T — Fh3E i HE B InGaP p-LED & Ak ik /& 1k
O 82 . InGaN p-LED , & XU (206 5% %)
Y TG 2R M 2 0 SRR AT, A 5 (d) TR, S S B WL )
P (LB DR EE ) R T R . Bk

WHJLA M - LED B M S B ES Z5 R 4,

ROk 25 M B 51 B IR w-LED 9 7= $45%
N BT OEROCRAR M TR T R, Xie HFUE p
-LED #REF B 5 AT 12 P Aef JiS 42 1l 3 25 0 1 v Al i
LS5+, R A T A A R R 8 700~2200 W/ (m+K)
1SR R T p-LED BUEREF I EL R RE . Klein
FEUE N p-LED H G & 0RO B R AT T AR
BOR . AR e A S B A R 1 T R
YA w-LED # B4 B3 i T PDMS 34038 53 B
G|, R 2 B TE 25 K I B RO SR B R 43 Sl
T T 115% 183 %%, H S S W i 5 B 43 il $2 T+ T 145 %
F195% o Liu %0 & T — Fh A= 4 3 25 10 6 27 D8
JEE, B 7E 420~550 nm X [8] P A S 303 2402 99 %, AT
L3E 3 %5 B Ay 7 25 p-LED (470 nm %K) 35 10 45 4
T390 p-LED B H OG5 E . X e ih 528 T T p
-LED 7 2 B 19 G R0CR | BEAIRIK ) p-LED P 7
) EL I B0 B, 2% i - LED [ 7 B n) B,

F M p-LED B pf 2 PR T 1Y & AR H ol B4
72 I T 4% 2 i AL i 2w Sz g b AR R
TR T —RAC I T4 R T 48 82 8 1 7= #h nl &t 1Y)
L D SRS S 3N T B AT AR H R T
PR BB ThRESE . HE X T p-LED & #2458 5 i
HLOARRMEBKIBEE— 2P . BT p-LED 4
PO & v BT R AT RORG B e 2R R o 1Y R
T, BRI K OERE BE p-LED (9 R SFBEE 45 &= 10~
20 pm , {5 RCSFU/N 19 TR 25 458 20 O 80R  IF B4 5
P A AR R R R R AR
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microelectrode

u-ILEDs

(CINBEIENTIER | ayer #4
sensor

multifunctional, integrated system

Glass rod @ 1 mm
Wrapped oCl

Inactive uLED

K5 ZFtkuLED &R . (a) 3T PDMS%TT“E’J%F%*’J%%’HE%”%I
U5 () HE TSR B O Ao R P R B
Fig. 5 Flexible u-LLED probes. (a) A multilayer and multifunction probe based on the PDMS substrate™™”

(1) 22 38 T8 2 H R

Parylene C substrate"’;

£ 605FE 138/2023F 7 B/BAESXBEFZHE

blue LED

filter

Cl c|

+
Experiment
Simulation =200 pm

both LEDs on

- , o
i !
. | \ ‘
- A 4
-
blue on red on

Iy
"-'I'l

(¢) a multichannel optical cochlear implant based on the epoxy substrate"”;

bothon  lateral LEDs

5 (b) BT Parylene C Aot JiR M ARET" 5 (o) 2 F IR AU B AT IR

; (b) a probe based on the

(d) a bicolor light emission

probe based on the PI substrate!

A A R BE RN ECRE 1 A9 R N RSE w-LED B 4R
A B S B e s 0 R )OI A 3R
2.3 HSERER

P T A R R BT A9 RBUR RAS 45 TR T
BN W7 3R 20, AR L I ol 26 2 B R B B OB AN D 2
JLE ROE R PR R 8 BT O TR
5 B /N ROSE G BE B T DG I B0 40 i f RO, 32 39 5 4
JRS FE BRI . R BEIE AL I Y B R R g L RE 1] R
G BT WG & (MMD 4 ST 5 36 iy 43 3
B I AU B A I T T 52 B 22 A e 6 R 22 18
TR AE R b2 RO TR AR B &
HAMSL A AT o RET T 1AM B B 9 178 1 o7
AR M (OPA) B G5 1, BEAZ (il th 31 O A A e, 97 K
TR B RT3 A, DS AR U AR B B

A F BRI i 1) 6 U5 A E N BEAR I 5, X 28 IR
TR AR AL 2L 2 A1, 0 A T X 4] 4 a3 B AR R R
AT

2010 4F-, Cho %""38 i >R JH SU-8 I 5+, B I A 2%
16 A5 R A AR AR SE BT B G A D S 4 R
RUERET o (R ER BT AR 5 B 5 2 A W Bt e 2= oo
RESEPREAA LA R T — MRG0t 5o R TSR
Jenl kPSR R T B G — R A A
BB TT a1 o Son VI A Y B R AR T T T
SU-8 Ui 3 1 4 38 18 £ 3L % 1t AL B4, Al 6 (a) T &
BT A B 43 R o8 0t 30 3 B0 R T (EDE ik
S R RBE T R A B9 7 AL G R fE RS IR AT Y
JE i DX sk, I FL MR B 4 BR D S s, 7R A R
P T . Sacher Z 5] A YGHHRE A& #% 5% B 3 1
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Table 4 Several kinds of flexible p-LLED probes and their parameters

Material

Output light Number  Working Light

[Ref - . . . . Experiment
Year *" (LED/ Dimension Intensity / of wavelength delivery .
,1 . condition
substrate) (mW-+mm ') channels A /nm efficiency /%
50 pm X 50 pm (LED size) , 177
2013 GaN/PDMS 20 pm (probe thickness), Zé 5’ 4X1 450 — In vivo
400 pm (probe width) ’
0.55 mmX0.29 mmXx0.1mm
(LED size),
2014 —/SU-8 4.2 mm (shank length), 0.8 1 450-460 — In vivo
0.86 mm (shank width),
0. 28 mm (shank thickness)
1 mmX0.6 mmX0.2mm (LED size),
2012 InGaN/PI 12 mm (shank length), 0.7 1 465 — In vivo
900 pm (shank width)
o GaN/ 22 pm X 22 pm (LED size), )
2019 ) >1 32 445 6.5 In vitro
Parylene C 1 mm (shank width)
50 pm X 50 pm (LED size) ,
(o 1.5 cm (shank length),
2018 GaN/epoxy . 407 144 462 — —
350 um (shank width),
26 pm (shank thickness)
125 X180 (LED size),
L InGaP+ p pim e e 50, 630, In vitro,
2022 120 pm (shank thickness), 1 —
InGaN/PI . 200 480 n vivo
320 pm (shank width)
I, 6(b) it o A AT LA A i R O S AR TR AR Bk AR 6] — P AT S 2 4 O, A& B oo A A i

PRAEE, 21 MR U S AR v 9 S0 AR & 8 O 3 BT AR
95,91 B SR e s [ BER s . (IR BT
i i A5 5 R R (8 2 06 4F ) F A i R e (s
[i) S 9 ) 2% ) 7 Bk E AT 2 A A B SRR R
ZR P, RS0 5 ms WG I ] R JC 3 DT T 22 b i
NG D AR (D ¥/ = N | LR T &2 v o KN
B HC A 3 1 1 A5 TG — A b A T R AN RO A0 B 1
BUBE B, 7 5 T DS 4 W R0 R A %) ) 33 5 1 80 T
B EL AR B, Shim &5 09 9 38 AL RE T R BT
SEAGE 1 Rl A 4% 528 2 B 43O, [A) Bl o SR OGRS A
o mE 6(c) i, HEmMBERN T 252
AN g AR e L IF Bl TGRS AR TR A
4,9 i 38 T Y O 2 R E  AE B EE E )S TH B = %
B AT . Mohanty 25148 TR B 5E 56 G i Bk
2, mE 6(d) Fros o AT R M fE T AR i MM i
T R_AAH, IFRR 3 TH WA 2X2 MML S —
A Ih k- 88 18R T AL (MZT) 45 09 20 i Y #8016 JF 56 .
MZUH i — b7 HEAG T R, 38 F S F AR R I
P PR AR P S B ORE T SR, DA T R 2 A MZT P Y Ot
AR HE AT 8 i, 2 177 A DR AN S0 T DG A% 4 Hh 59 Y
I %t G 3 PO IR B AL T X 4 i
I8 TE A S PR o S A AT A B OGRS G AR SE B
T/NEHURM Ot SR R TF O % th 22 36 Y e
7R [A] 3K 20 ps o

e 22 1) [ A A e Rz, A ST IR A HE Y 2 ] Y
PO SEW i”ﬂ%i_iﬁﬂﬁ%ﬁﬂﬁfﬁ Lanzio %"'5| A
T ICVRR IR 25 450, W& 6 (e) FF /R o IR BT 75 15
'f;ﬁwaﬁmIﬂkﬁﬁauﬁ?%lﬁl#&aﬁmw ¥, LA
H AR ) 3 4 06 Hl o S R %) £2 0 AR AT e IR T IR £
JRUSE R O 1 80 2 8] 1 i 249 56 & O DOV R B AR

KAy 77 ) G HES o 17 Segev S5 HE HUAR IR BN I
B P UM (AW G) S5 4, Fie 2080 A [l e K35 4k

BG4y 2 9 AR I T b, F AU I B 9 AN S S B R &
B E 6 CH BRI B /IS A6 il 41 20 AL 1%
70 pm AL 5, S H TE AR 17 pm, JEBE K /N RE % T
B A B2 T0 1 RS o SRR A 1 1 5 5 T 1) Ry
PREFAR AR U Z 9 s ool i 17 4. n L Ah
ERLBED R LN O ECE e B B UN - E et I
SR

BOHLCMEAR A AR B A R B TAE R, R
J7 HE E A T G HEE [0] 19 F 5 4R THIR & Ok py T
M, TSI OPA B 6. OPA i i 7 il A G i
o, HETT I E OPA N[5 38 8] H SR A7 22, R K
15— AQ&FL@%&ET%EE%FE’J Ak, 20194F,
Sacher "3 T 2 — A A AL RE OPA /E N R
JE O S i 1 AT AR A SO I  ] b R, R 6(g)
s o BREF AN L&A 4 OPA, 4 OPA i i 1Y %
PRI o 5 T RO P ALBOR E T2 (MEMS) B9 AL 45
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1. Thick embedded
cladding

Optical fibre

2, Guide for
alignment

Optical splitter

£ 605FE 138/2023F 7 B/BAESXBEFZHE

4 OPA emitters

K6 T MRFE . (a) YRS A, 4 385 (b) SEHHRE A 4 e, 21 ™5 (o) % M ERA #2306, 9 il s (d) & #O I %
A B AL S A 5 (o) JC VB SR IS B % 2 I O T (B R % 40 2 5 i B R B R AWG £, 9l s (@) 15 B OPA
WA FOE R FE 15 ()51 H b & X T OPA F 5 (1) 52 30 38 L i 58 L 25 0 3% 2 S T g™ 5 () B 6 I

JEH S (k) B AMUR S 85 19 3 T 22 2 Parylene C/PDMS MG 4REH 15 (1D 4 T 24k SU-8/PMMA 162 H- #3531

Fig. 6 Waveguide-integrated probes. (a) Y splitter, four channels™; (b) grating couplers as emitters, 21 channels""; (c) directional

coupler to splitting the light, nine channels”"”; (d) thermal optical switch, reconfigurable eight channels""; (e) light emission via

passive micro-ring resonators'’”; () light delivery based on the theory of wavelength division multiplexing and demultiplexing,
nine channels”"; (g) the steer of the light beam achieved by OPA technology""”; (h) FPR used in front of the OPA design"";

(i) optical probes with several additional functions including optical stimulation, electrical recording and drug delivery™";

(j) bicolor light emission"""""

; (k) the optical probe based on the flexible Parylene C/PDMS substrate with the utilisation of

micromirrors™?; (1) optical cochlear implant based on the flexible SU-8/PMMA"!

PSR . A G R FH AWG &5, (H i TR H
B AWG SGH B K T2 K, B OPA B4
ey AE T T A AN S, XA R E o AR
W AWG, $2 TH 0k 5 2 B 58 7 ¥k m LAl . 78 OPA
iR LA I, Chen %" TE B OB A T — AN HETE
19 A R AR B X (FPR) BRI 5 2 0 3 5 Al DF 42 , o
& 6(h) i o MU OPA % i 9 % 77 A2 1Y 22 4 9 ik
P AT 56 O BE LA R A8 K 04 FR BE A% 3, O RT A 00 B AH B
VEF G H B e 2 B T — A7 5 2ok B s
T DT A B0 T BR S5 Y Y

ULANE T 2 D) AR BT 1Y & J 75 2R, Shin 251 F 1
T A RO G R A [ 81 DA % 2 W ik 3% G T
— R HEER, QA 6 () B o 35 0L R 3R 28 T 1Y

7 oK, Kampasi 28" DA FP O 4 00 19 A SO s
(ILD)EOGIR , M MR i 2 R Pl A IR A B 2% —
AL AE(SION) IS, niE 6 () s . IR I = 58
B XBURH %, Fe 2 L — AR I S 10 5T A I L 1Y XL £,
O, SEBE T X TR CAT X S A 4 Y % A0
il o Hod JTLD A e LED 2589 S A B K, 5ol R
7 P R A R . 2018 4F , Kampasi 451 48 1%,
T 8ANILD, SEHL T 44~ 18 86 ot TR f 4oT
4 3 61 185 K, AB 4% [7) B 8 43 501 0% Vi 5 1k C AL IX A 4
RN BE AN /NS RN ML . % 5 Bah T _Lid g i ik S 4
WIS S H

R ERE LA SU-8 i AR Y LR R, AR
IR SE AR b TR T S RN & B 0 A R
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Table 5 Several kinds of rigid waveguide-integrated probes and their parameters

Material
(waveguide/
substrate)

[Ref. ]

Year Dimension

Output light Number
Intensity / of
(mW-mm ') channels

Working
wavelength
A /nm

Light
delivery
efficiency / %

Experiment
condition

5 um (waveguide thickness) ,
80 pm (shank width),

12 pm (shank thickness)
30 um X 20 ym
(waveguide cross-section) ,
86 pm (shank width),

30 pm (shank thickness)
340 nm X 135 nm
(waveguide cross-section) ,
4 mm (shank length),
100 pm (shank width) ,
92 pm (shank thickness),
10 pm X 20 pm (grating size)
400 nm X 200 nm
(waveguide cross-section) ,
0.7 cm (shank length),
90 pm (shank width),

20 pm X 15 pm (grating size )
350 nm X 200 nm
(waveguide cross-section) ,
250 pm X 100 pm (tip size) ,
20 pm X 20 pm (grating size )
250 nm X 160 nm
(waveguide cross-section) ,
45 nm X 20 um (tip size),

2010 SU-8/Si

2014 SU-8/Si

2019 SiN/Si

2016 SiN/Si

2020 SiN/Si

20211 SiN/Si

5pmX 10 pm (grating size)
240 nm X 200 nm
(waveguide cross-section) ,
20 pm (shank width),

18 pm (shank thickness) ,
10 pm X 10 pm (grating size)
240 nm X 200 nm
(waveguide cross-section) ,
3 mm (shank length),

50 um (shank width),

18 pm (shank thickness) ,
30 um X 10 pm (grating size)

2017+ SIN/Si

2019 SiN/Si

200 nm (waveguide thickness),
4 mm (shank length),

100 um (probe thickness) ,
150 pm X 100 pm ( slab size)
40 pm X 15 pm
(waveguide cross-section) ,
128 pm (shank width),

40 pm (shank thickness)

30 pum X7 pm
(waveguide cross-section)

2021 SiN/Si

2019 SU-8/Si

2016 SION/Si
30 pm X7 pm
(waveguide cross-section) ,
70 pm (shank width) ,
22 pm (shank thickness)

2018 SiON/Si

=60 1 475 12.4 -

In vivo

430-645 - -

630 3X3 473 24.4 -

15 4,8 473 — In vivo

In vitro,

100 5) 449-452.5 ~0.375

nvivo

473

In vivo

— 4 X4 484. 3-491 — In vitro

460-492 - -

167 1 473 1.4

In vivo

1928, 2905 1 405, 635  6.75,10.2 In vivo

1714, 2523 4 405, 635 5,8.2 In vivo

BORGAR TR TR o AR HEATT =, AR RE £ nT L
Je W BB W, A% F 45 A I, JF Bl LU AT CMOS Jie %
£ g o SR B 2] 2ok e AR S D R R AR

B AR T B
JRAE bR BT AR T T B R B R
SO BE RIS SO SRORT R VR S DT A VR 2 L E
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Un b PR 249 SR B T R AT IS A AR IR B AR T (i RS
HEE AL, 2 X AR A B g i o R TOber i
5 p-LED BT, 75 2T K AR L A 28 1 35 5 58 i 2R 45

BEok it — 20 ¥ B0 N FH AT S o BUARAH DG AIF 58 R AP B
{22 P U A AR R T AT AT A 6 Al 28 O s AR 4R 4
R T LI L 2 2 M R R (3 A RN A

Nizamoglu 25" il i 3 F 72 e 28 LR A 90 i
Yy ) IR S A U 5 1T DA Tk A U A Y A
WIZHA G T e b N . BRI AN H Tk (L Hil
W, AH K Rh SR MR U A RO A R R T 2% L
9y RJE 6 9 S 45 A8 O T 00 AR S 6], 4 4G 1 6
ARG TR I P 48, 2 Pk i S 1 TR R IR B . b ke, o 4
S A R PR 11 T2 T T I R AR B SRS b i — 2 R
WOZ (BFRAAE 2 ), Rk I 5 B X — 2454 |,
S BUR IV RS i g L M G 3 A s O
2020 4F , Reddy 25" LA SR AL 1k B2 1 4 T — Ff 3
T 4 ¥ M %5 #1 Bl Parylene C (1. 5~4 GPa) #l PDMS
(1.32~2.97 MPa) 1) & P I T 48 B R ET , an 5] 6 (k)
Ji s o A BT — il BT A B}, Parylene C #1 PDMS (1)
oy IR A it 5 i 20 20 A R A 4t (0. 9~3. 1 kPa) B 4%
VT EAR YRR BT B 78 HOR 56 B B, S A T A
K, A% T KRR R T 9 R X L K (An=
0.239), ALK FHAA/NE 1 pm X1 pm, 5L
PARE AT T ARAEA . ZIRE R 5T AT U ST 551
SR8 O SIS A LT GRS RN R
Wi SO S K . 2022 4F |, Helke 25 [ #f & F 48016 A
SRR HIAE TR RN R B R (PMMA) 2,
SU-8 M I T 2 A A i 6 (D) firs o A i1
T TIREZ N 10~15 pm KR 11.5 mm 19624 H
IR AL IFR AR ABE S P VD BRUCE I IR R TIREHE A
B AT AT M (H R T R L 5 . BR TR AR
TR BE 19 T R R CE MR A, ] R T A S
RN ECR 196 W38 1l — S8 (GeO,) ', 20234F,
Singer 25 BI85 19 PDMS 2238 I /E 2 v &, i
TTUABE B AR, TR IO KB 583 o . Ie b, A
ATt 2 R T DL O 2R 47 SRS 4 1l D0 %1 A ¢ A o
I

Fe PR AR T R AL O T A B Y W EE
SRR R OR A A A S R A A ) mT WO
P R0 AT AR RO HCKE DS o 0 kR B
/NN b BE L NN i g

H A G 22 M 0 5 4 BB O 35t A% R A 1 BIF 5T 4R
A TEAE R AT 6 B RS R AT RS e K )
M JF HY TSR 245 B AR HOR Bk By B, SR A R T
JEAARNL AP0 . R TR A 2 4 6 BT AR A
IGe 2 FE M T Ee 1, T SR AT B = O e AT A
PRI, 22 1 O 5 4 A BB A 1 T 5 iR 0 A B 1BE 3T O T
FN; 7% -

£ 605FE 138/2023F 7 B/BAESXBEFZHE

3 ZIIREMC AL IRE

Sk B bl R IR AR R TS B AR B O R L,
WA T T AR AR AN RS B 2 ik ik ot
REFVECIE AL M SF 45 4, X e i F=E & T IREF T ae il
A SR TN . AT X — Oy R AR
(IR 2N ST DIt R 7 L Sl e e e
P 19 Z2 T RE A 28 R A %) o FH R 9 0 g
3.1 HBAEEIERINEE

AR A AR L S T R Y R 2 AR ATl T AR DU A
ZIUHE G RN Ol . FEM A R G, i 48 Il i i o
ZonZ YRR SOk b AR E R X
S A Yy L Al A R 28 e b i I R A R T
ARSI Ol i A T AR R o0 R A i
FvEg 52 4t B 7= A A W MR 5 L D SRk SE AR Y L fR
SORIL R M AN B B T — B AR G L
P R AR I 2 —" L Bl B A H R B
HIE SRR AR T DLW X S H A S H R I 2R T
S0 HAERE T R A AR 1T o I B SR A R
AL R E A AE AT 5 R, O T A O s A IR
JF TR FARMA LSRR S, R A EE AL
H bR 4 i 5% 4 4 vl RER I B (55 . B ¥ &
PRAEE I 42 WG v A B0 S5 H Bl A T A SE Rl R X T
A ST R, 3 A A i X 2 TR A AR BT A L HE
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attached to the optical waveguide, rigid u-LED™; (e) flexible electrodes array attached to the silk fiber, flexible optical fiber'™;
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Fig. 8 Integrated probes with delivery functions of biological and chemical signals. (a) Hollow struture designed to be microfluidics

channels and formed via the thermal drawing process, flexible optical fiber"™; (b) microfluidic and other functional channels

surrounded by hydrogel, flexible optical fiber™; (¢c) microfludic channels formed via the sandwiched two PDMS layers,
flexible u-LED™""
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