ISSN 0258-7025

([ﬂp D E I EH CN 31-1339/TN
CHINESE LASER PRESS

CODEN ZHJIDO

E845% | $288
Vol.45 | No.2

CHINESE JOURNAL OF LASERS [2 55494 HA]
“CYEFNFEREARSHE T ()

JURRINT A R R 2



a5 % 2 oo E O Ot Vol. 45, No. 2
2018 4F 2 A CHINESE JOURNAL OF LASERS February, 2018

BEAXEYIB e -85 1F 5 & 45¢
RO BER, A R, B

TEERFR T TR, JLE 100084;
EYE AR MOR R BE . dE T 100084

WE MAXBFEERSCHNEDR AR REIFIEIRY HA TSN THE, UAARCRFRES RS
Sy R AR T T 1) A BE T ARG A R R A 20 TR AR 1 AT TR A A A AT R A TS SR R A A AR SR S L KA A
THAZCH TR MR G B EH TR IENEYEFWR M HATF MR TEAEREEMHARGE T
RG ., BT MR T IA 0T EME AR IG5 52 bR 0 H R AE YA TR, T B4 T S PR T B WA
R R SR 19 T T e AR T I 17 kG

KR BEADLE; el RS MAZOCR A G E Y SO

FESES TN29 XEkERIREG A doi: 10.3788/CJL201845.0207001

Implantable Optoelectronic Devices and Systems for Biomedical Application
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Abstract Implantable electronic devices have become indispensable tools for biological science research and medical
clinical applications. Focusing on the implantable optoelectronic devices and systems, we introduce the material
fabrication, technique integration and implantable strategies of various implantable passive and active devices for
biomedical applications. The energy and information transmissions in implantable optoelectronic devices are
classified. In addition, the examples of typical implantable electronic systems are showcased from the perspective of
biomedical research and applications. Current methods and technologies are discussed comprehensively. In addition,

the characteristics, future development trend and challenges of various technique schemes are analyzed and

summarized when the requirements of practical applications and biocompatibility are considered.
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Fig. 1 Application schematic of implantable optoelectronic devices (a) Optogenetics with optical fiber

(¢) intracranial fluorescence imaging device''

WM A B R AR T TR, ST
YA 5 A5 L v B8 78 Ak AT LA S e b 22 3% s,
W 20 Fia S 8 48 78 8 11 (GCaMP)
FEAETEE B A TG AF A A D X L U s SR AR
b S BRATS BS F175 5 B A AR Ak . SO Y 8 R RN
5T R BT DA E 2 ] — £ 2R S L B 2 (D) R
TERFHRGWEYREICERLE, BT HEN
(473 nm) 5AEW PG (510 nm) KK 22 5%, &4
1y 1) 0 5 ) 43 6 I A L 2k 6 58O B 11 (GFP)
UE R RAE R G B0 F F) 510 nm A4 A 0, HER
NSRRI T, EHE MK BAA R 400 pm WA
S ZF A A BN /N B 1) 5 5 X3, o B 28 0T 1 T
B AT L DL X Bl W K D RE #EAT RO, T A
B At 17 R 255 B i A B
32 FUBHTFESHEEXST
BARATOLAE Y LI P E SN H
JEH T E MR EE (E AR 220 pm BERIEEZ) R 2.4 X
10° N/m) AR K H AT DATE A= 9 0 o K B0 B A7 7 . I
AT B LT 45 X A 0 210 20— T HL 2 i 4 45 43
B0 Ay TR R A R K, — S 4 M
BHEA O B A% W, 18 & 1B WA A OB EF b KL,

; (d) retinal prosthesis stimulator™® ; (e) extravascular oxygen monitor

sﬂq:unf
pe
'S
sﬂigone
stripe 2
2 m

o (@ILEFIEIBAE T 5 (b)Yt i A Y

; (b) optogenetics probe* ;

[17]

BEAh  ZREAL B 5 43 F N T T 25 R e £F By 45 #
MR E A AR AL T IR U 19 451

2 E FEE T T2 Be B9 Canales PRI & 2T
Hil s i ALl A S i TR AR A
HTE L FE 2 ORI 25 W) 1% 3% Th B SE LB AT L 5
BT X 5 A0 G 8 1) s 3k A2 2 ) ORI el A B SR
gm0l Ol A X R Z DRk e kAT T —
A2 r3 i (= S 2 0 S N 2 R LS W D o e o |
HLAE B 2 — A O M & 8 B, =T
AR R 3402 A W MR A M g, T 2 v T S AL 2 A
IR OR EALNE L VNS /S =B L Ry

IXEERF S TR (9 ik 2 R FH AR A ok 1 4% ) 2
RESCEF T, FA Aok SR S [ R A (9 bR L
FRABLIY) 77 2 A 3R AE P B, () B DG 2F (0 9 81 2 4 kL 7
BEARAREE LRI ARG ER ., B
N B 306 P R R i (PO AR I e L 4 (COC) 43
BIAE A £F 0 R A 2 b kL, 3B R TR A 5 A e
2.38 GPa, B{ B fL 5 A5 1R B o 145 °CL, T S K
158 B M I8 B & W Xt B /9 = T00 5 4 A A
3.0 GPa,158 CFl 1.52, ¥ /& #4474 vk il £ 6 27 11
FR ., E 2Ce) JBIR T LT Pl B 1 ] £ o A L 2

0207001-3



i ot

silica fiber

()

100 pm

.......... laser on
0 0.5 1.0 L5 2.0

Time /s

Kl 2 AYCE e E Y B R S R A F IR RGE . (0 FITOLBHE % LR A 3P 5 (b AL A
/N B P 5 Cod B £F R A Ml DX 28 A7 A 0 9Ot AE SR A n B Y5 (D A9 R 5 R AR R 5 (o) il 5 B
BEDO 5 (DB TN 5 (@ G 2R B B 5 Ch G EF BREHRLA /N BUR RS 5 (OIS & i Pl 28 s o3 s

Fig. 2 Biomedical applications of silica fibers and multifunctional flexible polymer fibers. (a) Silica fibers for optogenetics

[22] ,

23],

experiments™* ; (b) mouse brain implanted with silica fibers”* ; (¢) schematic of fiber implanted in specific brain

sections for biological {luorescence photometry™ ; (d) biological {luorescence photometry system™" ; (e) [abrication

of preforms™
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321,

brain“" ; (i) electrophysiological recordings during optical stimulation
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Fig. 3 Hydrogel optical waveguides and biodegradable optical devices. (a) Light-guiding hydrogel of encapsulating cells

(b) optimizing waveguides by adjusting molar weights®*;

Hﬂ

(c) schematic of comparing between hght—scattermg

profiles at mouse back with (top) and without (bottom) hydrogel implant™ ; (d) fabrication steps of hydrogel

fibers®* ; (e) hydrogel fibers with different core sizes

porcine slices (right)®Y ;
degradable poly(-L-lactic acid) waveguides®™ ;

natural silk waveguides®® ;

[34] .

(g) transparent films of poly (-L-lactic acid)®* ;

() cross section of fiber made of phosphate-calcium bio-glass

; (D) light guidance of hydrogel fiber in air (left) and

(h) films after laser-cutting®; (i)

(j) in vivo degradation of poly (D, L-lactide-co-glycolide)“” ; (k)

[37]

0207001-5



th i

i ot

JEXT AR MR AR 43 T 5 19 PEGDA /K88 I 617
A RAE A B 10657 7 205 Ve o e U0 1 7K B
MR A 3 PR . 43 F it A 5 kDa(l Da=1 w)
) 7 B J A W 4 % B (450~ 550 nm) [ 245 27 43
FEH 0.23 dB/cem., R ISR 58 A0 52 Bk 1 5 12 1l
LT, IR AR 17 B A K 7 1R 2% L 38 3o I8 S R
5 A S 2F i AT %, L S AL IR R G
5 IR 7K EE B A4 B A LN TR A B S
RAEEALIR W] LGB A M, 78 S g v, A 6 DX Ay T
2 P 0 2 R K R B v )P £ 5 O R 1 Y Ok
15 0 P LS 0 A48 A7 3% 23, 1 0 G b d R AR
YR PRSI A . A, 2% AT DR A S I %) 4
WECE S bl S A 455 nm ML, SEH T
FIR AR B B EE R H . B 3o JRR T
I FHEANRET RS LW SERT OCEAEY
PP o AAE L. R G IS AT OB L 5 AR
P AH T AR I T A 5 4 R o a7 B L DRI ORI
FEBEAR . /KB e o il S T DS g K L s A
2R A T RE  H R AT SEI ELE R AR B SE R

L . S E MR R & ZBE(PEG) /K
G T S5 TR 6 K R R AT S 3 1 22 01, 8 1 A% i B BR
KAEA XL, PEG AKEERAE ML SR 2o
SR 1,46 £ A7 5 0T 5 T2 400 7K 6 JE 1) e B ARAIG
HAR S 5 5K A HE T (29 1.34) , BRIk AR ok 2F
AL R IRt 2 )2 . B 3(D Fimh
LT A L B . T LR R R R A AL,
N8 7K U T K A s Y E N G o, R R 5 A 2k TR A
AT 3CI 5 B S B B LV e, VR U 1) T A 2 T B TR
B KSR R T 2 1 ol YA 95 TR 5 K R VA 35 TR 45 7K
EEIE, IR R TR B0 WA AR . B’ 3Ce) T
TN PPN TR £F 088 AR 10 /K B8 S 6 45, T LR H %
FOCEF BA R4 SO M Be LA 0% B i oG i #E
FHOTUALE 0.30 dB/em. B 3(H R T K EEIK
LT HE 23 SRAE W 20 20 (1 32 645 B0, A S5 5 4
M FE 76 il % &F 72 41 20 ) B R R AL
0.49 dB/cm., “F#FATH X FhoOG 28 52 8L T A ik
DAL R A W SR K BE I G AT Y g 2R R
BRI AR, B KRR & B2 KK,
IO A5 K BE G LT FERE A R A B 35 25 1 B IR
PRI I 12 8 K R I D' 1 1) g 2 v IO R AR S M A A
GERY I 1]

BEAE s Guo 55 R FF & T AT fir A ) 2K B R O
ZF L FH R0 R 2 AR R R (%) K B ' AT A 3k T K
JE R B R B ML ET

3.4 EYAEBHLESSHG

AR A= W] B A bR S S AN W A e . LLZY
WGk A W) ST AR A IR 0 1T o A 445 ) P 2 1 2 R A
B R BT DARE s Ak T AT R S A 2
DIRERE 0, PRI ZRE M TT B A M B — L dE &
B A R ARAE WA R TCHLAE A Ry T I A D ik
AT A R R AR AL T 2R e

RIM(PLA) (R IR & WL R (PLGA)
A W Ay M ORE, BT LA Bk Ok & Ok U AR
P, anlE 3Cg)  (h) iR, % 3 A1 38 ik 1 il 28
(0 75 2K 0 1 3 bR 78 Sy i W IR SR J5 R
JEU) F B I vk, A3 B WS B Y 45 OB R
3D BT 3 Ay =i A5 5 0% S T %
PO IOLL 5AMOCIEM A KOt AL,
RIRIZHE R CIRIT AL TIERE . R T AR R
PLA PLGA # BH 1 W ' BE AR AR L 47 5 46 (1.47 /&2
FORTEYHL N X MG SEAYHAL D AR
R 5 G P e o (W) A 38 2ok 152 T 45 10 1 2R TH 2544 L AT
DA BRSNS OGTE AR MR N I R BB B . PLA,
PLGA & 53T A8 B fife o B8 ml o] LI TR G
Yy AR LB R Sy AR . R 3D R, DL
PLGAS50/50 (FL 2 1 £ BE 1R B4 1K 19 ) o 1 5 1L o
50:50) il £ 14 5 ik 5 A ), 3 ol Y S A A P
oAl DGR — 8 A A 0B B B, B S B D AR AR OR
A, T2 R S R 4 A A S AT R A

IR R 22 (AR 2 R AR R AR AL Wbt kL
PR LR/ NG =2 1 LR U R v e N PO cE |
(7 ¥, Al LA £ 1R 3 (k) FiF s 1Y A 22 % i S0,
P R AR O BORREAR T B T R 1 6 2 i
FE » 3P 4 22 3% T AE 23 P A 19 4% B 450 FE T DL IR
£ 0.25 dB/em, A2z 4Ty 1,54, [MAER T4
WAL, A 223k ] L T e dl A 2o B 45
. W2 E AR BRI, R TG
5B REE 1 b B A A L B X R b B A A B
Yy A 2 W] B KA W 21 AURE S B 3L AE AR
GAME DT T KA HEAER], 2P 4R & — Pk
PTER)RIRAEMM B, AR S TR AR E
T (TSR 1 AT VE N B RIMEY 2 T S 4F
e (i 1L3TDOAE RO AEF g R 1P
S AR AR B DL EAT AR AR AR 450 pm
(A T ARG AR RO I AR SR AR AR 1~
2 dB/cm Z (8], [A] B £F 05 R AN 3P 2 Z [P B 2
FLEEFG RSO A AR BN 25 ) B R AR L T T BB L 2F
O TR A8 T AT DAVE S 25 4% 3 i Ji s, X RO

0207001-6



th i

i ot

LG T 6 A AL R 25 W) B B T RE . Sl T
fif Z D RE G EF R AL T BT L

T TCHUME RE AR W ] B SO AT, LB R 45 1
Sk Y S A A R T O O B AR K Y
BEREAS P FH IR 2 ] 2 AR BB L B 3D
Fim A gt lm R, R B EHREN
120 g 17 £2F 585 BARAH 12 pom, 16 21 41 3% B AT
RHREGER X Bl A B 5 O 2 1 A% B RE AT LAAIG
% 1.86 dB/m (K 1300 nm), ) 4K SME 14 By
IRBE IR AT R e D3 DL SR BB 2T 1 142 5 7 A5 /N iF
B 3K ROV £F BLAT A= ) I fifk 1) e
3.5 I 2

BN EBEAG T A SO S A0 T & A
TEALENL o R A= 0 b Rk 2% T e B i 22 Kk (4R
B2 | HL 2 RN 25 )AL S D RE A ) AE M T A T
B ff) AR ARG 22 88 0F . 5 1R 7O A+ M R RIAE
WIBE 25 A2 R e . B G R E AR =
I7 R R W 4 R L B A A SO SR R 2
A Y R R A ]

4 A TG AR

5 =R S A A TR A TC IO I S AR
T 04w 3 55 8 o A YR 2 R AO g A
A g g P A 1 o st Oy X B 3 T 1 A i ok S
P A LTI A . I R H AT TR 3 il Y
FEAR T T /NS A 2 T S B e HE S A
ARBE BN GESE B0 S B AR L. DRI, 2 3 A 3k B
HEA Z M TR A 0 R R B T kR . b g
0RO FE 6 L = RO SRR R AR L
BAF . OREA R R T2 A AR R,

e R AR 0 8 vk 2 fi ) LSRR U
TR Tl R FH 48 SR Tk A (SOD) B2 58 f9 Hp 1] — 48 Ak ik
HZ A 4 s, DLH TR 2R R A 8] R R
FRAR 5 A AE g AL, 220 ok PR ke 3 2 A 45 ) Yy —
AL RE 2 R 5R  OR  H LR M A R R W K
V] P18y AR o 2 4 S ol T S0 3 R T R 1 A
W, FR SOT WK il 28 A b B 5% FL7E fif v
FI B 5 R E AR A TR 2 % T T BRI £ 1
AL R & A K 8. ik, Ko 2807 41 i 3 7
Tk R S ke RS 10 9 9% O v R Rk E UK
PR ek A (110 T A 220 R L (11D TH AR 100
i R L At A A v RS 840 i R R
. A 4 (b) i DA 8 AR REVE R 3L ) T
I S8 T RN 7 0K (11D B b A 20 o o 3R

T TE AR XA AR 3l T Y R A L AR
Ty W 2 e 7 0k 220 ] 400 15F ) 25 2 0, Al 1 I 3B
o) B T 2 A S5 A, 8RR (110D TH . HEE .
FHLFHRZE R IR DR 4 8 5% 5 4 . 7 78 & I 0l ik
v B AR I L A T A A 2 T R B £ gk £
R 2RI XY % 5 4. K AR S W 3 20 ol e
B, FH SR A B 20 P 5 1 S P 20 DRk R R L R
w14 (110) T A9 Z1) il B 38 78 KT (111D [ i 0 2
TR hb 2 3 M K 0 (110D T bR S ok 8 R VTSP AT
o T 149 7 ] 56 42 8 38, DA R 22 2 bk 2y L 15 51
o T ARV . SRR O AR R R H AR T
1) 1 FH 23 PR A o o A% 22 1 RS A ) Y 4 B L
AT AR TS

=R AR R I R0 O LED B H
FAAERE R R I 2 W A PRI O A AR AR 5
FAN T A FIRE S5 2 AR 45 A A0 AU B R A
BB R OGRS AR P R GaN A4 2 7 5
Rt L B Ao s il g A i SR
[ 5 A 7 ok F A B GaN SME 2 5] Si4E
PR LE 0 AR b B T AR E I ke
PO 2R A B3R 8 A /GaN B BT, GaN 1
WO g B LS R A v IR 43 AR BT A 4 D B
A GaN ARSI T A RTIE /5, 15 8] GaN
JRE o O S B T — R I T A& A i HL
KK, ML, FH R T FE 5k B AR K E LM
B 72 %0736 T DL B R RE BB 0 4 1) Sk
HEAT B 20 il s AN AL B B AR 1T B L T LR R B AIG
T A A R B A B 4D AR, (111)
07 ] B RE il i SRR B A 1) S o T
BT 1) JLF- 3 A 8 ik 17 C110) 5 10 U 45 10 7 7] R g
Hb g B 2, AT A5 B B A S P 5 R 1 A R
{2 B R SR B 22 T 19 A AN DE L 1 8 1) AR AR
Ji A R

TGRSR K R (1 T A 21 S AR LA 1 B2 17 iR
Shky . HCH T 0 gh R & Y e VE 2 0 B L
MR PE i, ik AL a0 ik 2 DL AR
VR T ok 2T B AT A5 ) A R R
4Ce) W iR T R AL S SO DURR 7 T8 ) b Ak 3%
A AL 4 18] B 3 B 1) 14 J2 ANESE R 5 41 DL ST
1 P 58 43 e, 3 B 220 ol A A AR L R AT B8R A2 Y
B 1) 4 R0 R 220 b R 3 P 2 el e 1 45 e 2 1Y
J5 i al R AR P v R A AR L R R S AL O B
P T AR R 2R O S B R R A A 1Y
F PR T A,

0207001-7



B4 e T E BRI (o HT SOT J7 530 B 45 B A9 il 5 (o) K 22 )2 Mk B 9 (111 ik i J 8 5 1 20 ok iy K

T A 45 0 1 25 B R BT 5 (o) TR 52 40 i A5 RUAL B P R B SO B D vk R Y () 4% 1) S 1k 22 ok
ek A AR BRI A AT 5 (e AT Ak 4R b e S 06 4k J2 o 4% T A 5 T IR e 10 7 9 7 B PRI 5 (D) R B4R TN 28 0 5
(@ EZE R BHAE AL B 5 () 2 T AL B L LEDS) 5 (D206 LEDS 5 () #f Ak 45 K BH BE s B 5 (o ik L il 4%
551 14 B AR B O 0 5 (D B B R R B T 5 (o) 321 5 85 24 ) 5 0 Ak 4 4 T

Fig. 4 Fabrication of thin films for optoelectronic devices. (a) Silicon thin film obtained by method of SOI stripping®' ; (b)

schematic of steps for selective fabricating bulk quantities of silicon micro-nanoribbons in multilayer stacked Si(111)
wafert™ ; (c¢) schematic of laser lifting off of GaN thin films from sapphire"® ; (d) anisotropic etching of silicon to
fabricate GaN thin film™* ; (e) schematic of method for preparing gallium arsenide by using aluminum arsenide as
sacrificial layerP ; (I) silicon detector™ ; (g) silicon solar cell®™ ; (h) blue LED based on GaN" ; (i) thin film red

LEDP ; (j) GaAs solar cell®”; (k) GaAs laser on silicon substrate™ ; (1) schematic of transfer printing

[59] .

technology™ ; (m) protection anchor structure during device stripping™”

PAE 73009 40 1 ik L A0 BRI AL B =l i
T AR IR T2 X T R T
JEBLE T RLA . R a2 JRE A L T ) 22 ROl
HL RS e 1 1 LED O H SR I 8% L HOL R 5

F (4 B T dRe 32, R T SOT 6 a3 4% 1) = Mk
Z20 b 2 AR A ) A o 9 P B AR AN AT U T A 4
e P B T L A T R B AN e R R

FAR(CMOS) HL B, o al R £ 18] 4 CD e 7R (7]
DG BERI 5 o 53 8h s ) A K BH AR L b
TR R RE T2 U F 5 T AR e AR Y
Bl A5 2003 R K RS ) AR A B R L PR
PF 2% 1) e A 220 o 2 A T 4 9 A BT A P T
AC@ PR o B A R v T L ) A AR
L2 3E HT T o

0207001-8



th i

i ot

I EAC B R BE AT DUAE B 50 4 IS B IS 1
il £ R B W O LEDMS Yy T R 6% /)N T
I HAREE T R AP A6 B R RE . T LOKE A A 6 0 8
TR oE B A Kt W 4 h) TR B
Pl Y O 5 A% A BF ST AR I TSR ) i B 5T
TH,

BT LR R 2 SR S A R 2 AN F Y
IO7FH 51 B A B B 4 T 2 5 0K 37 2800 i A4 RN
BT GE LA SR A a0 LED E SRS 2%
JGAR H A5 B 4 (D I s O g I B B £
LED"™ ,a] LA & % LED BA ¥ 5] () & 645 1k
A I 7 Sy AT v O F B AR Y 22 4G i AL R
TR R BH A HL -7, 5 1% 58 1 B A5 AH LL L X Fb £ 25
H T 25 R R R 0K BH G B 1 e B AR O HL 2 R
B BT S 2 0 IS b i, B £k 5K s 1 19 06+ AT 4
A AT 7T i R . B Ao BT 7R O ik AR
fif A B U BB VRO 28 A/ S TR TR Y TR Rl Y e A B
HOtR B B GE M  B . O TR R PERE UL
for FUEE Z 18] HTEH AR & 2 AE 0 Pl S & B . 7E
iz T XM O AR TE L0 AN Be g & R i S O
PERE 5 TE BRI B &R A Y

WAV RO T a1 R R G T
filt o 7 2R 4 Y Bk 2 4R 0T AT R Y R i R A
LN 257 A2 B F AT Y S5 AR R IR A L X A 2
TAEMN B2, Langumir-Blodgett 4% & 7] LA il
a4 ) R A TR R LR — R B 2R 4
Fgtot Bl ar DL oo 1B %8 Ak 0 Rg Pk 3R L 4R
il AR 2 L L R /N R AR 0 D B 45 O] 2Ok 45
1 SRR B0 7 L DA A AR R H . AR T X 2
15 B REA T b BE AL R 6T 3R CE R
JE. M Z R B AR 4 O g oK R AT L
B2 P o G R B BRI AR LB TS ) AR
b HA A R RS A RE L X R RE ) R R M T
S50 Bl b AN ] A, H I g5 S ik 8 O 2 A
JH 2 B 33 R B of 5 A VR B O e D ROR L
A S ] g R BN 7 D DU S BT i T Y
SRR W AD PR K R BRI B 1) T 59
B a5 2 fih s FEAR RS BORE SPETT , LU 98P i) 3 B2 )
P FRE B 7% A 1 AL A IS B B R Ok AR S T
= AE Ty ) ARG AR 0 B 7R B R T Bk
Fe R 1 a5 He W i LR R B R B R 5L R R R
Fefih AR5 LA U845 00 3 B2 18 B R 0T, 58 UG B8 i
o X A EBR AT DATE B IR T K T AR b e
51 IR Ao IV e 7% AT 7 0 25 TR A Ry b, OF R = 4k

FTHRAERF 65 52 B0 e B W VR BRSO S 1
BT R R A T e R T AL,

Bt g A 53 A — A~ T B ) RE R AR 4 R
W AR 4 G JF 718 £ 25 P B9 00 A i A o) 2501 200 Jie
PRAPR S5 K L 7Rl O 1815 T o i R IR 9 7 g
Z20 ok v ) PR TR oA A R R ok e L AR B
PR 5 [ 5 16 40 G A B 10y v I 2 0T 4 B B
TR P 55 T TR W 7 5 R T L TR B 1 R
W51 g Ji o DR T Ak R ] e O A 4 R 4 2 A T 2R
K W A5 R TR R LR R ok . XM IEE M T
AT AT ) FH AT T2 A 114 9 IS8 45 A B 245 ) 5 B
I 4% Bl et I mT A A [ R A

o T PAPERE 4 15 T 20K A5 8 A 1 DA R B A S
SR e R ARCRE SR A R A R A R B R
PERFIR B 3K PR R O SR R ST A S BB E
TAEAN . TS BUAT R b A F 00 SR R DR R AR F
P18 S F000 P R S 8 P A o R {5 A v B K O
FNE LR REAE 5 MR 5 AT I AT (R 5 A2 408 1 R AR
SEPERE ™ T SV AT LR A

Fe kT f A i B 7 X 2 b 2 4 Khang 550
R Al T B % 21 UL ) 3R Y B i 4R e (PDMIS)
PR b RS (7 PDMS 2 HE BL% IR B AR, W
Bl S Ze R BT 7S o 3 Bl P dRR 7 ik T AR % — E
T B2 AR A 7 R 4 7 o i AN 0 1 T A L O L
PERE R IR T R 9 30 4 ik

PRIE F Ve R G e i A7 2 L 2 AL i fiE
R 2 S BE Heh — Rt R R — 4
PIRAE A O AL Ty — 2 P IR 25 1 8 N B
A 5 Cad A7 BT 7 o ik R e B BUAE o Ly il 1)
[Fi) P e o0 97 At T3 6% 93 SR JEE S M O L A £ 3L
HE e R Al A% B B L 35X B 45 44 1] L TR] I 7R 52 0k
A T7 ) B8 37 {6 R e 455 7, A 5 T LR 4
1020 ~2006 B BEAE o HJ2: 3 b 45 4 119 Bk Bt AR 1]
T RSN AR BRI 2 AR T P R
E IR i AT

ST /N TN R AT T 2 S R B R BE B R
SEHEMR T R G A 5 (W) TR,
W B BB AR LA G PDMS |, o] H 4 )8 26 5%
ks PDMS Ji, 4 @ 278 g #0484 i)
P LR AR T IL-F a5 AY 7, 100 S AL LR A
KA FEAL TS /N 1 X B 7 2 AF B PEBE R I, X
ol LA 7 AN AT LR 52 850K B B AL 257 A
e 71 3 T DL BAE A% Bl 254 . (HUE PDMS
R FITAE A R B BR A T SRR AR 1 B R B RE

0207001-9



P S 2B R LA A Ay R ) 17 T

S T island
S~ hatch

et wh

Ca) — 2 (7 PR 020 00 2 Cf TR 00 = B ROIR ™ A ke 9 S 285 4 5 (o) W s 4 7 i ¢

PEHLFE5H 5 (o M8 B EE A 1 5 (D 3 AR L PR 0 HE A A R /N 5 D000 s (oo T B AR M TR il 2R 1 T 4k Sy R AR
JRLS s (DR ENE 205 3 F B4R R X BAYIE Y 4 8 I 0 2056 LED FEFIS 5 (@) 2L BRIE i 3% T 3 F RO f 35 00 2% 10
HL P AR RS 5 (h) ELAT 302 35 30 TRORE 77 19 152 4 22 00 I 45 7 2 BBk R TE0 70 5 () 2 206 8 A DRI 1 v A I 90 TR 7 5 (D
HHY Y = 4 22 T g B TR IR PG AR RO AE A O 1 AR T

Fig. 5 Flexible interconnect andits applications in biology. (a) One-dimensional (left)"* and two-dimensional (right)t®*

nl64] |
;

"wave-shaped" silicon thin films; (b) flexible electronic structure with " bridge structure (c¢) serpentine

[65] .

[66-67] .

interconnect structure®” ; (d) raised islands arranged on elastic substrate ; (e) two-dimensional fractal layout of

U-shaped serpentine curvest® ; (f) red LED array with serpentine metal bridges transfer printed on fingertip region

[69] .

of vinyl glove® ; (g) hemispherical electronic eye camera based on single-crystalline silicon photodetectors™™ ; (h)

[70] .,

device with near field communication functionality softly fitted on skin surface”” ; (i) image of electrode array on

feline brain®™ ; (j) representative three-dimensional multifunctional integumentary membrane integrated on ex vivo

perfused rabbit heart'"”
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Fig. 6 Devices 1 for energy transmission. (a)(b) Microscopy system of biological brain imaging

1 cm, respectively; (c¢) (d) miniaturized high-resolution two-photon brain imaging system

.8 with scale of 5 mm and

821, (e) schematic of

achieving optogenetics virus import by FUS® ; (f)(g) schematic of devices using solar cells for power supply™* ;

(h) structural diagram of fully degradable metal battery™® ;

battery™!
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Fig. 7 Devices 2 for energy transmission. (a) Schematic of working principle of thermoelectric device™" ; (b) schematic of

working principle of piezoelectric device getting energy from heart™” ; (¢) schematic of deformation of piezoelectric

devices getting energy from skin®" ; (d) schematic of coil coupling device™” ; (e) structural diagram of capacitive

coupling receiver™ ; (f) photograph of capacitive coupling device™ ; (g) schematic of device using solar cells for

power supply™ ; (h) photograph of non-directional RF energy transmission device®™ ; (i) schematic of neuron

dust™; (j) structural diagram of device using ultrasonic for energy and information transmission'*"
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*1
Table 1

RE (5 B AL sm r L B &

Summary of transmission modes for energy and information

Method

Characteristic

Advantage

Disadvantage Reference

Optical fibers

Non-radiative
electromagnetic

field

Radiative
electromagnetic

field

Infrared

Photovoltaics

Super capacitors

Degradable
battery

Biological
battery

Thermoelectrics

Piezoelectrics

Multisite stimulation and
recording, fiber arrays for high

spatiotemporal resolution

1.5 GHz,

cylindrical resonator

Available combination with
battery, RF band (13.56 MHz,
2.4 GHz, etc.), RF

cavity volume of 0.03 m®

Available combination with
battery, transmission

distance of about 10 m

Ambient light for energy,
multiple cells in series

for higher voltages

Physical energy storage,
voltages of 1.2-3.5 V and
related to electrolyte

Chemical reaction, power

density related to material, metal

electrodes. electrolyte of tissue fluid

Electrodes of biomolecules,
power density of pWeem ™ ? level,

current density of mA<cm ™ level

Thermal energy to electrical
energy. power density of

pWeem ™2 level

Mechanical energy to

electrical energy

Adjustable intensity,
low loss, anti-interference,

real-time detection

No effect to activities,

real-time control

No effect to activities,

flexible control

Multi-channel
real-time control, no

effect to activities

Sustainable power,
no effect to

activities

High output power,
high current, repeatable

charge and discharge
Completely degradable,

biocompatible

Biocompatible

Self-powered

Self-powered

Wired connection, _
o .. [3.13,75-82]
restriction of activities

Restriction of activity [97]

range, uneven intensity

Poor stability,
89,98,102
high loss L ]

Light dependency,

influences from [87]
light source
Light dependency,
influences from [89]
light source
Low power density [86]
L density,
ow pOW.er ensity [90]
one-time use
Low voltage [91-93]
Low power, toxicity [94]
Poor biocompatibility, [95-96]

toxicity, difficult to integrate

Note: Frequencies are approximate value. related to systems and image pixels.
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Fig. 8 (a) Schematic of implantable optical sensor developed by Animas for blood glucose measurement based on near-

infrared absorption spectrum™™ ; (b) design block diagram of implantable near-infrared optical device for blood
glucose measurement with high precision and high sensitivity"'?” ; (¢) photograph of miniature electronic platform
for long-term implantable fluorescent biosensor, implanted in animals, inset: structural diagram of implantable
electronic platform™? ; (d) glucose reactive fluorescent hydrogels for implantable fluorescent glucose sensors, inset:
schematic of glucose reactive fluorescent hydrogels!'?® ; (e) photograph of implantable photoelectric glucose sensor
using glucose {luorescent hydrogel, implanted in mouse ear, inset: structural diagram of sensor*” ; ([) definition
diagram of PTTMY ; (g) photograph of two radially opposite extravascular optical blood pressure sensors mounted
on pig’s arteries, inset: photograph of sensor™; (h) two kinds of implantable sensors for measuring PPG signals

subcutaneously!® %) ; (i) photograph of extravascular optical oxygen sensor mounted on pig's carotid artery, inset:

5

conceptual diagram of sensor'”
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JIREN DTN RS S (I CPYS PN (- T i EER A 1| A R e S N SR o i N oo (NE bR e
P A SRR R JE A% KA o R LA S8 7E Sl Dk i A5 TR R L O AR SO 09 Bl Dk A R EE AT S R s T S
DR AW LED, 53 — DR EGOLE = mIMAMRE S VX br el 2298 120, il s
WA Ot R 3 A1 T X T X v S B I RO T e T ARG I it A D U5 i B R B TR B K

0207001-18



th i

i ot

- ARATY R T B — 20 WM IR A AR A ) R
J 5 0
6.2 HEYWHRENE MK

FEL BT AE R AR 5T b, A ) 0 R IR TN 5 1%
(4 7 15 B AT — e R PR T A AR 0 2 A
ZER A B AR, N B R R AW o, R B A5 A AR
B #R 0 LA BRI TR IL , SR JE H B 1 6
S RGAG 4 B AT B B A% . T AR 9 R
D55 A5 0 7 A A AR 22 Bl s JHE b e BRI I B 1Y
JETE AT M A W A P B AL 200 ok AT R I 5 AR
15, 50 LU R IR 55 Hp 0 40 i R et 20 Rl Oy vk
AR T LUAR S 0 (8 0 3R X IR AT RO . 2R
J5 ] LA FH 2R B PR B S 40 38 i R R T O Ok
S5 0L AN 0 R ABDGIR FZ Zot % R Gl AT IR
D55 A5 B A 3 i o A5 R (A E A K
i IR] AN H R RS 2 1 sh 4 b 1E 4T B9 5 ] DLl
JGEF FEAT I A 26 FR I S A R e N
AT et o 23R A 005 R £ 1 5 iy T A 455
7 I A R 0 R A s 38 B AR LA
A 3T DL FH A 3 e ke B a0 5 AN R i T
[¥) R0 S AR T T o 3K T vk 1 S ) A S S B e
TR FVRS I 25 #B A T Sh W R A . 55 = by i g2 1 F it
R g R A A SRR X R A RN I
R AT AR A HRS S s b dh AT 4l 2GR AR 1 5
PRI SRS, I ELRE 8% [F) B ff FH 224N 3XRE 1) 3 45 it 47
EA1 i UNDEEE SR E: Bun -

HE A U T £ T 2 FH RO A 1) ARG I 28 > R
A& % R G 5 F 2O, nf LA e —
W, —F e TR ZOE Yk Cys.5 BRI A
LB ME i 9 i, T Cy5.5 B
KW 5 S 0y 230 L R LR FR AR LR FE ) VCSEL
VR R R A T i oA R T AR A 28 O A L1
FRUPINDOGHL & I I A T %24 Cy5.5 Bt
ORI ) S 1 A 1L I T D O S N N D
100 nmol/L(100 L) B H5 I A5 0 e B2 45 I Cy5.5
Oy F o 2k e N VR BB R 3K 25 pmol/L; 7E AR N L
RIS AE L 1 pmol /(50 L) B F5 EAG ) e J35 46
M Cy5.5 43 F . AR5 55 2 6 i A o 4 D00 25 25
2 B WEFE (R 5E R, Ry T SR A DU 2E Y, 24 ATTF
ST TSGR I A L AT LU sh iz 3 5 R Y B R
MRS A 9(b) PR, FE B S BRI &% 4 SE Al E L
AT T CMOS H A & il HF K& 0 52 4R i it
(ROIC) » AT DA R I 074k Sy v U A% TR AR A5 5, o
JR M P G AR P . A% R A /DN BT S R AT 3 2

BN AW ZECIRI MR 2 3 2 SR s 4, B B 2%
1T 25 DL/ N H B8 3l 5 S b AR R e
PA2.5 nmol/ LA e ARG v J3E A6 2 6 ek

XFF 2% . 1T LUE A CMOS A& IR 25T
BN AR 255, CMOS B A% IR 2% 2 —Fh DL i
AMEZEBES g AR 0 AR % B T i B AR R ]
LK 8 ASEADL R T 2% £ TR 7 ) 25 0 A TR o s bk
F#]., Tokuda %M ZAESKE ) F 4 F CMOS
PG A% s i A S48 T & 3R CMOS %
LR BT TF R TR FHAE T R4 Ul . ]
F BT A A T G TR G 2 A
GALEY D mE 9o i % R CMOS Bl& 1%
TS 2 Tl A AR O E B RAE B T OGUE LED
RG] FEL A 14 FEL AR AR 15 ke i IR, o LR A
ZIN BB VR S A o 1 S B T A R O . b AT
WAL T — Bl A 2 21 I 1 5 O B 1% 7
A B G LED B T 41 213w vE 17 A R G, 77
A A BB RO B S U8 R A CMOS BIE 1% &
AT DL T i 2% T 8 A A I A1 SR Ak AT AR
mE 9(d) s . A AT7E 5 ok B 55 b IF & 1 %
e B AT LAY Sk - T YR R PR Fb L OF- T R GE R T
2R 1T AR AT 5 KV T 1 AR, T AR S R A
HAGRAE AT AR . — 7 AL B AR 9 Ce) BT
A, Z A LED L CMOS 1% 1% 1% 2% S ot [
E T BUONE USRS [FEIF & T /N BT DA
NV AR . AE sh ) S5 b, b AT RS AN S T
T2 AR /DN LAY R R 2 T 3 ok R A T
AL EE B T /N BRI 0 A7 ' o 33 e A 1 ) 1 S
IO, I 38 A XU R R G R R T B T 25 5 R
B, — B EF B R 9 (D TR RN
CMOS FEUG AL BRI 42 %€ T LED, /N # 19 4ME
il TR AAL A et 72 /N R 5 mm PR AT
745 2135 B A PG MG . R T TR A A £ X3
PEAT DI AR AT E B 2 N R R IR R 55
— WK Z A CMOS 1% 1% 18 & I T 36 1k K
o B 9 () s . CMOS EIG AL 2% 5 #5 e
(9 LED 78 58 Bt 0 e 3% A b 4 A T & 48 . imi
CMOS 5 5 3% 19 AR & St e 0 O 2 4 15 B 25 )
B A T a2l . AT Hs R Ge A A /N BB K il
Bz 2 A8 /0N B Jn ) s st e 224 PR A% s oL
SEB T S JE B B B L GE B X AN R 48 AT L
25 (8] FE [B] B SR — R AN oeiG s, 739k, X
ol 25 " 1 85 A R P A A5 1 PT UI A At B 22 1 el 7Y
1 S B 22 Th BE B AT AL T A R 9 (ho

0207001-19



4

flexible print
(deircuit of LED

. LED TS~
-

. ) . z
A .
scattering of excitation light*®
in biological tissue .

T -
J flexible print

. s t of image sensor
fluorescent substance image sensor
thin-film absorption filter

brain tissue

implanted device

implantable sensor

9 Ca) ] VCSEL Sy i A 5 i AT AR A A= 91 9 e 4RI &5 1) IR 4 P JRR O 17 9 B 18 I 25 9 P9 3R 45 4 5 (b) T CMOS
ROTC #9557 AE A A= W09 e R0 A8 R A B i A% 3l /s BRUARY R 360 14« A% SRR A 1) A A 45 1 R DL BB R 5 (o)
FIHT CMOS [EI§ A% BRS04 18 T8 50 98 06 1 1508 AR A /DN SO 1) ¥ T A P 0% SR, 96 2T o AR 15 8 1 IR R 00 5 (D) M
LLYUHT B J5 15 5 B 3R T/ R AR . A AL S CMOS T 5 A% R 28 1 T A A BB 26 BT 5 Co) 47 1 7 1T 280 T A
AT G BB B s 22 P A A A D RO B 2 v 0 ) R A T S B A Y R R R
CO B YT AR A 5 16 B AZHE 470 AT T I L A 7 T PR 3 L« R 0 A5 i T R 4 g PR 5 () 2 L T A i o
20 XA A FTABL A ¢ Dl A% e B TR 1 A AT K IR R B A AN BB IR R R R OR TR E N 8 A
CMOS IG5 &8 76 13 R 9 43 A5 0 5 (DAL CMOS B AL B8 8 W Fh €6, LED 1) 22 2 g il 4 A &5 15

Fig. 9 (a) Photograph of implantable bio-luminescence detector using VCSEL as excitation source, inset: internal structure

of fluorescence detectort®;

(b) photograph of implantable bio-luminescence detectors using CMOS ROIC,

implanted in free-moving mouse, inset: internal structure and appearance of sensor™ ; (¢) photograph of deep brain

fluorescence imaging device using CMOS image sensor,

photograph of shank imaging device!" ;

implanted in hippocampus of mouse brain, inset:

(d) method of brain external illumination and brain surface/deep brain

JE R o CMOS BB & & T2k 1 8

imaging, inset: implantable imaging device containing CMOS image sensor!'”® ; (e) inset: photograph of flat
implantable fluorescent imaging device, left: photograph of two imaging devices placed on both sides of mouse visual
cortex, right: double imaging system carried by mouse!"™ ; (f) schematic of needle implantable fluorescent imaging
device inserted into deep brain tissue, inset: photo and structure of needle imaging device™™; (g) left: photograph
of implantable fluorescent imaging devices that can image in multiple regions of brain, right: photograph of imaging

device implanted in mouse brain, which shows distribution of 8 CMOS image sensors in imaging device™; (h)

multi-functional implantable platform with CMOS image sensor and two-color LEDs!®

gt LED, YA KA FRITBE R 3 4~ LED
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(a) Schematic of fiber guide system based on cannula guide in earlier optogenetics research!™ ; (b) photograph of

fiber-LLED-coupled implantable optogenetics stimulator, with fiber implanted into mouse brain, inset: each part and

overall structure of stimulator!®; (c¢) schematic of nerve probe with integrated LED light source and

microelectrode, implanted into brain tissue, inset: SEM of probe, scale of 400 ;Lm“”; (d) microscope image of

complex neuro-probe by combining electrical recording and light stimulation with high spatial-temporal resolution,
scale of 70 pm, inset: (top) structure of tip of one handle, (bottom) SEM image of interconnection of probe, scale
of 6 ‘um:lszi ; (e) left: structural diagram of injectable multifunctional optogenetics probe, right: photograph of
probe for connecting an external RF power receiver implanted into brain of free-moving mouse'™ ; () photograph in
power launcher of free-moving mouse with miniature wireless optogenetics probe implanted, inset: schematic of
micro probe and power launcher®™ ; (g) wireless miniature flexible optogenetics system, schematic of membrane
system implanted in mouse sciatic nerve site (left) and filamentous system implanted in mouse spinal epidural
(right), inset: internal structure of {lexible system™"” ; (h) photograph of implantable optogenetics platform that

[163] .

provides planar addressable localized light stimulation using CMOS image sensor (i) left: schematic of

implantable optical prosthesis that can transmit light to any 3D position in brain, right: schematic of single one-

dimensional probet®;

controlled by smart phone"®;
[16]

(j) schematic of blood glucose monitoring and drug treatment optogenetics system

(k) schematic of retina stimulator based on CMOS microchip and implanting

stimulator in eye"'™ ; (1) schematic of retinal stimulator based on micro photodiode array containing external light

transmission device, inset: structural diagram of array of single/ riple photodiode configurations®
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