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Abstract

Mid-infrared (MIR) covers many molecular vibration modes, which is highly correlated with the
molecular vibration rotation energy level transition. Through this characteristic, the regulation of
biochemical reactions by light can be realized. Vibrational strong coupling (VSC) and resonance ab-
sorption are gradually maturing as two methods for studying the interaction between light and mat-
ter. Adenosine triphosphate (ATP) is a direct energy source for living organisms, and the energy
released from its hydrolysis can drive various life activities. When the Fabry-Pérot microcavity is
tuned to couple with the O-H stretching vibration mode (3405 cm-1) of water molecules, under the
influence of VSC, the hydrogen bond and hydrophobic interaction change, thus improving the hy-
drolysis efficiency of ATP. When mid-infrared light of the corresponding frequency is applied to an
ATP solution, the hydrolysis efficiency of ATP has also been improved due to resonance absorption
enhancing molecular bond amplitude. This research has opened up a new research path for in-
depth exploration and effective use of physical frequency means to regulate life response, and is
expected to become a revolutionary tool of optics in the field of medicine and biology.
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WAk, W65 1A AH BLAE F 32 3 BORER 2 0 58 N R oRvE, —FhRzh 288 & [1]-[3] (VSC)
(R TTEAE ] AT LLSR ISy TR 30 506 A AR AR A & o i 33 R0 77 72 m] DA 8 1 ks S i R s g
RN X S B SRR T2, NITIE B SR eI 2+ B AR E BRI N RE 0 B Y, 1X
FEAC G S BT B AT Z R, A HLa 4] BRI K#E[S1 A& A B i [6]55. JFH., VSC L
RATEAN ) fe = AEEAT[7].

JRIEIS AL =R — P ATRE S e G4, B RIEIS . AR =R L k. IR EE ] 2
(EE R R B, RAMMNREBEEWRERT, LIPS TIAEMRES). ATP FIKE=YH
TR IR (Adenosine diphosphate, ADP). L% [l £ (Adenosine monophosphate, AMP)#17% £ (Phosphoric
acid, Pi), 7K e BE IR 2B BOH KERE R, RAEVIE N I BAEZREIEYIT, 12V A 4G A n]
BRI A O B HERARSEA AR A, R T A AR AR, R O s . BRI AL
Fiai SRRt iR [8]. M HAERTE, ATP /KfFE— AN IRE RN, A+ B 3T, X713 ATP
B RE AR IR AR > 1. Bk, ATP MIfELER AR anfe DAL I BEAL, W90 ATP AR AU A dn B A H
S FAEY BRI R SRt T B BB SR .

MWOCHINEE 5 3 HRRE E AL S B R B B B RE RO ANEE UL RC I, 73 T BRSO 1 e 2 IR
RACFRER IR IR IR . BT F AR ZE S, ARV N B85 2070 6 A e 38 14 1 i R
AN IR K B S X e IR RSO AR [RIE, atas  AE SEIRIRNL, G RERE e i e Re B T
WOk . HIRBOLH 2 F ISR BIRENBURES, s THRIRE, Fio 78, 5IXBEssS
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R . Wu 5 NGBS 7> T30 71 R B 6.8 um (P24 5 DNA 70 T IS SE4R,  AH Bt
)BT, 51 DNA XUEEZr B3[9]: Zhang %5 A KB 8.5 nm I ZL4MERE S DNA itk g B LR,
Al DL 2210t DNA f#4E[10].

A5 HIR A FP OGS 5 LN ATP KR IEATRIEFE, A8 v 80BAE 1% 4% [11] (High Per-
formance Liquid Chromatography, HPLC)E A&l T. K, W% VSC PRSI ATP 7K S N (1550
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Figure 1. Schematic diagram of vibrational strong coupling. (a) Rabi splitting diagram of molecular vibrational energy
levels; (b) Coupling mechanism diagram of resonant frequency @, and O-H stretching vibration frequency e,
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Figure 2. Composition of FP Microcavity. (a) FP microcavity assembly; (b) Schematic diagram of FP Microcavity
B 2. FP RS HO4E R . (a) FP B4R MF; (b) FP R REE

P AR ( Qg )IZ R T2 T HERL ) A B FE(K) I, W RASEEL VSC RUR . BATR M w1~ &
Fis BN CaFp fER L0 AN BCBAT S e . AR . R A=A R PERH LRGP o Ao 8 7 o
A R R IETIA 10 nm JE 06 2 DO S SO HIRCR . O 1 8 S R0 SIR A RINEE,  FATAE
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BB i B FEE ) 5 PR 5L 1 945 B2 Y G (Polymeethy | Methacrylate, PMMA) G 7E4: 2 b, el e e ek &
AR B BUAT IR PR R IER IR Ba, 8IS F R/ R SRR SRS SRR s (B S, B
DY AR LZEAT RO, Ik 2 Fror .
A FH {0 L A8 Ak 21 M 1% {X (Fourier transform infrared spectrometer, FTIR) 4% 25 [l I £ ANE Bl 1
el 3(a)Fras . FP s it i) R AT DAE S PR 7 R 5
10* *m

T 2%n*y
Horpr L Bon I M, m ol MIREA(L, 2, 3+), n RORHTATE, v RoR . MRS SR & 1 —
ANREEDR SRS R B S, 75 FP SIS th R BN S R T Q IR/, Wi BT IR T, Dl T R A RE gk
SR, RGBT, SR TR AR

€]
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Q=— )
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DAL BRI G o 16 ATP KR SR, ZKBERIEF, SO SRR, FAT5 A T 2 s LA R AR
R G N RIKRILLAMREBOLEE, WlE 3(b)Fras, wLABEE BIK K LLAM B A — > S i i, R
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Figure 3. Verification of vibrational strong coupling. (a) Infrared spectrum of FP Microcavity; (b) Water and infrared
spectrum of FP cavity in strong coupling state

B 3. RENEFEEINIE. (a) FP WAELLIMEIE; (b) KSRMBAIRIST FP =BTSNSk

2.2. BEFRERHNE

BT ZIEHOE A3 (Quantum Cascade Laser, QCL)2 — kT Hy T 7E & T B b 1 [ IR 7= A ok i o
LLAMER . QCL ML R Z E - S E U, BFEENG, Bl — KA EFHHY S0 R
L, BEd—ANFRB— 0T, TR R BN, AR AEZAET, MR EE R,
WK 2.94 pm.y 8.01 pm A1 9.31 pm =FHHOGLES, DIEFEELE 50 mW, FEILIRMILSEIR T, T K
I ) B A SR HRKORE,  SOBEIN TE] A 10 min,  FRSHIS RERG 30 s A FDRRICR R4 6 T 3 s BRI 1)

S o
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2.3. BRERIG ¥ = BBk

il 2% ATP 7K fif S BV : 6 T-1E FP I N I ATP /K Al S8, 8 AX IR IR SR 22 vl (pH o 7.2~7.4)
FCf A5 10 mM 1) ATP #5351 mg/mL (1) ATP B, RRXSCIRTT 30 min 6l 2 BT EE %, -+ 15
— A, A HAH E PBEA VR . T ERE TR BRI, BT SCIRERYE R — R SE . ¥ ATP SRR % 10:1
(1 Ee B 52 AR A TG TR FP S, SRV 30 min J& p HE i P4 S BV, o P R A KR R 22 600 pl i 918 5 £
HPLC il X T £L AN EIEE T (1 ATP BI/KARSLES, N T A5 NS 7R 5emm, {80 e 4K i Bk
JEJ9 1 mM 1) ATP ¥#5 1 mg/mL 1) ATP BB, FEXSEEGHT 30 min il & 58 B, A SEER #7E [A]
—R5EM. ¥ ATP SEEVE W% 10:1 )58 2R & /5 B 20 uL i E A2 4 mm. & 0.3 mm (1) EP & N,
SRS 10 min BUH AR J5 68 HPLC Kl 0T T AN [RIWREE ™ ATP KARIGSESR:, ¥ ATP ISR IEREIR Hh 2%
MR, BCHY 1. 24 5. 10 mM DURPIREE Y ATP ¥, 5 1 mg/mL [f] ATP BiA R 10:1 58 VR A 5
20 uL, B 10 min J5 1 F HPLC 6.

2.4, SR &I

JE I e N — B[R] 5 ATP. ADP I AMP = [\ EL ISR LL#R ATP KRR . 4% HPLC #EATH:
I, v A T AR U A i 4 43 9 HR N AT LIE I S A 43 B,k BRI 4 B BCR o f FH S i LC-
2050C il 3k e 5 22 546 1) ZORBAX 300SB-C18. iNAHAL &y A #H: 25 mM Bi§lE — &40, 0.5%
ZH55 100 mg/L BV T REBRER A, B MM 200 mM R —E4T . 10% 25 5 100 mg/L fIIY T IR A
2, CAHJy 90:10 MM - KIBED . RABAEI 7%, JE®E S 0.8 mL/min, 0~5 min 2y 100%}Y)
A, 5~15min M 100%f1] A B4 40%[F) A AT 60%K B 4, Bti;, ATP. ADP 5 AMP Hr B4
FEA1FE], 15~20 min A 40%[1) A FHAT 60%H) B AH%%#:2 100%H) C #H, 20~30 min £F£E{EH 100%H) C
FH DA A 7 T BEAEAE IR B, 30~40 min 2y 10006 A A FH S - (il A% R — VO RERG I . 284k
K KB BN 254 nmo BT FESASIINRT 758 F 0.45 um  [RIJE A DA< BR AW b o] REAZAE BRI . &2
HPLC # 5 an &l 4 fros,  JLIERV A 70 LUARER &2 70 BT 3 ELs, P S tt ATP BIZK MRS, FE

)
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Figure 4. HPLC Chromatogram. (a) Response signal of the sample after passing through the chromatographic col-
umn; (b) Sample repeatability verification
[ 4. HPLC #&ME. (a) HRELBEREFNMNES; (b) HFRESMIIE

3. &R
K VSC AT RE 2B AL 71 A F J BT [5]. /K TR0 EBR BACR 18] TSR 570
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FHL [ 14] VSC X ATP 7K A 52 1 (1 98 ZE AL P B8 T SV 0 s b 2 245 45 1AAE F 0 00~ P A (e Sl 2
HEGKEH). 75 VSC MM T, FP BN O-H MR MRS SHAS Z MR E S B &, ¥
A T35, A7 5KBERER DG, A K S 510 ATP KRN . JRBN RS G SLie 45 Fan
K5 B, ARIE %A T ATP ZKA# 18%. FRIZEAT N 8 ATP 7K 40%, RAREFINH 2.2 5. fEME
T O-H 4aiRahii=t FP RSN, ATP /KM 50%, ZAEREAM NI 2.7 5. BRIBGRIF R 1.25 5. R
K, BATHCE T ST T Q X ATP /KRR MLz, o] LAE R, AR 55 71 FP R ik AN 2R 3 5 A
AR, MERERMC, PRGIEIE R E DG - PR G BURAMIRAS o I BARS PR 1 FP il
TAERK M BEEAFE, Yo . BT DMK SR 71 FP Sl K A R0 5 IR — 3, P& B TN
iR, ‘iE, AN TULE VSC 52 BFK R, AT ATP. ADP fl AMP HFI &5 5 VSC B iR
XPRL, i 5(0)FR, RIEMKEIC RIEARE O-H MAFHRal K.
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Figure 5. Experimental results of vibrational strong coupling. (a) Non cavity, confinement, FP cavity and quality factor in-
fluence; (b) 8™ Order strong weak coupling effect
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Figure 6. Experimental results of microcavity amplification
6. WAEHARSIINEER

S8 FP i AT LA R i ATP BOZK AR, B & Ul AT A O I R BAR AR A R . BA 6 B 6.6 um
1 FP S ], FmORA RN 2.5 pL ity X — PRI 1 e Sehrrh B AVE . o8 17853
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RAE FP U AT 71 3 SCBBOR I RUR, BATHT B 1 — R G AN, B DA
HREAR A — A A8 ATP ISR RN 2 18], ARSI, HEINAS [ i E F 45 st F 2 18]
PRES . [N 13 AN/ S, &I AHAR AN Fr 2 8] BV R 5 4 HPLC Al 25 Rl 6 Fros. JEIER R
I ATP A KR, (BN A Z T ATP UK B3, F HBEE B 2 181 FE 55 108
NG K o AN T 2 (] PR PR B IR T 1 RIS, T 2 BEE S [A5] ARAE, ARG GIN T S R IR RN,
0L T RGFT, SFEUKBBCRASS, BRI SIERERMR 3G A5 BBy, BBk
(1) FP Jis, ARG RCRBRGT, X B RE A B K

LR A R 7 froR, XTRRZER) ATP /Kfi# 58%, O-H HZaHRaNAE =N M [ 2.94 um H 4L 4R
SR ATP JKfif 86%, RXTHEZH) 1.48 £5. P=0 HXT M 1) 8.01 pm HLLAMGR N ATP 7Kfi# 86% H. — 2%
IKfRF=Y) ADP A5 BIRK K (K7Kff . P-O XN 1) 9.31 um HHZLAMEIEST ™ ATP JKfi# 88%, H —ZRKfi#
7= ADP W45 B /K AR AR o 2.94 pm HHEL AN RK 41 1K) O-H M ZE ks, it /f 7K 5
T O-H 8, kKo a5 B KIER, (21 ATP F7Kf#. 8.01 um HLLAMEXT . ATP 731
1] P=0 %, —A~ ATP 775 =4 P=0 #5754 P-O 8, Fik, HFEIIREE RO sbelE e
ATP 71 E5IRILHRRIL, 8.01 um SRR 9.31 um RUR T . ANFEKRE ATP R 8.01 um 40 4b
FHRS 4 R 7(0) o, WLLEH, BEE ATP IREEIMFBEAC, FLIRMUIERTE ATP 201 LR 3 i,
X ATP 7K e 12t 58 W] 2

(a) ] awp (b) ] Aawp
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Figure 7. Experimental results of resonance absorption. (a) Effect of different frequency laser on ATP hydrolysis; (b) Effect
of 8.01 um laser on ATP hydrolysis at different concentrations
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