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Fig. 1. Photos and schematic diagrams of the photovoltaic testing system and reaction chamber. (a) Photo of the experimental
setup. The system includes a reaction chamber (containing working electrodes and reference electrodes) placed inside an electromag-
netic shielding box, a signal amplification module, a signal acquisition module, a controllable light source, and a computer. Inset
shows simplified settlement of the system. (b) Photo of the reaction chamber. The functional fixture can achieve convenient and
stable sample installation and experimental measurement. (¢) Schematic diagram of the reaction chamber, which consists of a silic-
on wafer immersed in an active molecule solution and its surface covered with a phospholipid membrane (the non membrane part is
covered with insulating glue), a reference electrode, and square wave modulated light. The voltage difference between the working
electrode and the reference electrode is collected in real time. Images are cited and modified from Ref. [38].
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Fig. 2. Simplified equivalent circuit and numerical simulation of photovoltage testing system. (a) Schematic diagram of the working
electrode. The silicon wafer substrate undergoes photoelectric response and generates charges under square wave modulation light,
resulting in charging and discharging of the double layer at the film liquid interface. (b) Equivalent circuit of the test system, where
the parallel connection of variable resistor R; and variable capacitor C is equivalent to the contribution of the working electrode.
(¢) Representative simulation profiles of the input (in blue) and output (red) signals, they are square wave signal and deformed
square wave signal, respectively. (d) Relationship between changes in membrane structure and changes in the output profile. The
input postulated values of Rz, R1; and Ci, as well as the as-calculated 7 value based on the circuit in (b) are shown in each con-
dition. (e) Comparison between photo-voltage pulses due to changes in Rq1 and C1 values. Images are cited and modified from
Ref. [38].
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Fig. 3. Examples of data acquisition and analysis methods in photovoltage transient technology: (a) The charge and discharge curve
of a pure DOPC SLB, voltage is normalized; (b) the charge and discharge curve of the system after adding TAT peptide for
38 minutes, voltage is normalized; (c) the charge and discharge curves of pure DOPC MLB with melittin at different time points of
interaction, voltage is not normalized; (d) the charge and discharge curves of pure DOPC SLB interacting with carbon dots (CDs)
at different time intervals, voltage is normalized. Panels (a)-(d) all exhibit typical curves of pulses, and the duration of the pulses
depends on the experimentally set ON and OFF duration of the light pulses, which does not affect the calculation of the value of
images are cited and modified from Ref. [44,45].

218701-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y 32 2 3R Acta Phys. Sin. Vol. 73, No. 21 (2024)

218701

4 b1 A

41 BEEMZESMEEMNFZMEHMERE

KELESHT

T IE AR MRS AR 2 4y, 2540 S PR A5 D T ) &2
Z M D Ko Ty 52 S PN I I35 5 i) A6 AR s, TR 24 g
JE, R S P o B R R 22 S B Tz T
it R S T A & I 58 . DOPC 2 d5e i A 28
Y MR T A 2 —. AT E Se A 4l DOPC 43
T, fERE R LK B T T4 19 SLB fil MLB
JEE, AR T A G RS A Hr vh ML () FE T R
2k, BRI T e TESK A KA I A 38,
PUAE T AR 33 XRD Al QCM-D 3 A 552 Bisf W i) 2
EMZ)Z WA R, R4t Z 07 1 E ARG
g JEE RN o s AR AT R TG R B S AR )
ik — 2D PR IR R B ) A5 B LA SRR Br =z
8] & A AR A s TE) (5 8. 3% T AR 1 i R RS
B AT S W 00 R A A AR v A A R,
FE IR T DOPC A IRAE L S It rh iy
FROE T8, 0I5 I — 20 A SRt T A Fa A I 45 4
MR f AT VAR AL T AT RE.

(al) SLB-+water
1.0
12} wn
B b=}
=] e
=1 =]
4 05 g
~ -
< <
=) S)
0 L 1 1 1
0 40 80 120
Time/ms
(b1) MLB +water (b
161 a 10°F
. E| 1 P
e AW”M;43i
-
H < 12 min
~ i f RS F
= | V'
8 .P'\[VJV\\/“\/\"V\. 4? 105k 2 min
)] z v S
4l 8 E min (dry
' = 103

0 20 40 60
Time/min 20/(°)

0 2 4 6 8 10 12

Bl 4(a) JE/R T ¥ T 1A 4 DOPC 52 I 5%
& TaliK b, Ot e el 4k 2  (ERERT [E]
AL R AR S R (A ORI
FE (4.8 + 0.4) ms, ZEETTM A DOPC 2B
FEAE 718, FB SLB BEAE KR Rt L I 2 78
PREFAEX RS 2 HoR KA B AR LR, 2 XRD
D2 25 R AE N [AIB 20 30 0E T 3% — 2538 (K] 4(a3)).
SR, DOPC Z 2% (JEEEZ) R 350 nm) EILHA
LS (I 4(b)), H rEAPILHH 4.8 ms
2512 ms (K 5 min %)), 258435t 7 3h
AP, JFFEREZ) 8 ms (10—15 min I %)), &K
Ak TR 9 B W B AR A (515 min), T{HTE
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Fig. 4. Typical charge-discharge curves and hydration processes of pure DOPC SLB (al)—(a3) and MLB (bl)—(b3) membranes in
photovoltage transient analysis. (a) The charge and discharge curves of a SLB at different time points, along with the evolution of 7

value during hydration and XRD curve at various time intervals (typical measurement results). (b) The evolution of T value over

time, indoor XRD curves at different time points, and corresponding hydration process diagram for the MLB. The blue beads rep-

resent water molecules. (bl), (b2) are typical measurement results. Images are cited and modified from Ref. [38].
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K5 OtHEBRSBR DT AR E TTAB 5 DOPC Bifig 52 AR AR I sl SR (a), (d) ST arl Rk ol £, x0T
I 1 2R AR I 220 LA B BB T (b)), (e) T (b)), (e) TTAB SBENG AR I AR T A2 b BE I )i Ak i ML BL il 28 AR R A0 4 + (B )3 — 1k
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Fig. 5. Dynamic interaction between TTAB and a DOPC SLB with varying concentrations under the photovoltage transient analys-
is. (a), (d) Typical photovoltage pulse curves, with the corresponding acquisition time circled in (b), (e). (b), (¢) Typical time evolu-
tion of 7 during the interaction between TTAB and a DOPC membrane. The initial value in each test was normalized to 40 ms.
The concentrations of TTAB used were 1, 5, 10, 100 pmol/L and 10 mmol/L respectively. Different stages of action are indicated by
different background colors. (c), (f) Schematic diagrams illustrating the interaction process between TTAB and lipids. Images are
cited and modified from Ref. [39].
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Fig. 6. Membrane activity of melittin and PEG 9-1*Mel: (a) Conjugation route of the PEG,y-1*Mel complex; (b) typical Uyt
profiles of DOPC membranes exposed to DI water, pure melittin (5.0 pg/mL) or PEG 9-1*Mel (0.5 pg/mL); (c) representative

SEM images of E. coli and S. aureus bacteria after 16 h exposure to native melittin, PEG 5-1*Mel (peptide concentration of

64 pg/mL (in respect to peptide)), or no agent, where arrowheads indicate collapses of bacterial membrane. Images are cited and

modified from Ref. [41].
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Fig. 7. Real-time monitoring the interactions between TAT and a supported DOPC bilayer membrane using photo-voltage transi-
ent test. (al), (bl), (c1) Representative 7-¢ profiles upon TAT exposure at 0, 1.0 and 10.0 ug/mL, respectively. The membrane re-
construction process is marked with a light blue background. The voltage pulses corresponding to the two circled points are repres-
entatively shown. The right figure shows the voltage pulses corresponding to two representative moments (marked in red circles).
(a2), (b2), (c2) Corresponding membrane structures, blue and green arrows respectively mark the pores and adsorbed particles on
the membrane in (b2). (a3), (b3), (c3) AFM topographies of DOPC SLBs after TAT incubation. Images are cited and modified

from Ref. [44].
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Fig. 8. Impact of CDs on the structure and electrical properties of phospholipid membranes. (a) Schematic diagram, transmission
electron microscopy (TEM) and high-resolution TEM images illustrating the morphology of CDs. (b) Asymmetric disruption of the
two leaflets of bilayer membrane due to CD adsorption and perturbation under real-time QCM-D analysis, where arrows indicate
the addition time of ultrapure water or CDs (at 50 pg/mL) to a SLB using a peristaltic pump at a flow rate of 10 mL/min and
25 C. (c¢) Synchrotron radiation XRD analysis of the CD-lipid composite structure. XRD analysis was performed on films com-
posed of mixtures of DOPC lipids and varying concentrations of CDs or melittin, and the in-plane inter-lipid spacing, a, was
demonstrated. The pristine solution contained lipids (at a concentration of 200 pg/mL), CDs ranging from 1 to 50 ug/mL. (d) The
impact of CDs on the electrical properties of SLBs under photo-voltage analysis. Typical output voltage profiles were shown depict-
ing the temporal evolution of the SLB subsequent to the introduction of CDs at different concentrations. (b)—(d) corresponding dis-
play of possible CDs causing membrane structure disturbance. Images are cited and modified from Ref. [45].

218701-12


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y 32 2 3R Acta Phys. Sin. Vol. 73, No. 21 (2024)

218701

Fert. R FCRMAHLE AT 2, (Had g e A TR 58
WA RAESE T CDs XTI SR E5 b4 A P RE T ™
AR

5 RELH5RZ

L RSB Sy B S R AR R ARt
FEPRAE T —FpJRAL  SEnd | B IK AR IR A EHR R
DL e R B S50 F B, B i ] 4y 3R
(A ZF). LITEPESF5 N T 40 M BEAH B4 A
5 MBI, ZFARBEEIE R TG T R AR LA
AR 3 20 B R AR RS 2 (a5
AR EE L SR, H R E — LERR i e (7]
IR

T, HEDGH EBES RS 5 R4 UK
R R PRI LR (<1 nA), B2k
FR ARG S U v Pt AT, R, ARk &
W LA IR TR EE (940 PBS 28 vhiik . 40 b 55 A
85) 7E H RT3 R R PO TE L 9% 0D R Y Ok
AR TRE AT R .

HR, A5 I SRR h 2R e /s AR AR 2R
()53 FAH BAE R A JE R . SRR P
I, BT, HETC RS RARE A ALK 3 AR
FREREG Y  Z RS T, JRBUE R R
B JEE I RN AR R AU 22 ) & A F fer 7 B8 1 | S 1) 2ot 72
LRI R B ; SR0MG, X TR AW 2K, R T
PEFISEIE T, TERBCR IR I A UEE 5 B 2
ZE5E, GRS R P 22 SR T ETARR
MYRRAE P R HAR, AR — i) 220 1) 7 e Ha ity
LR RN R GBI G5 Rt (5 FIE R,
o AR S 18] A S 1 7 40 A A 58 R AL &9
RGBS EAE A FHLEI 2 B A PR 0. R
T v ik g R BR 4, 75 B AL A A 5T k.
B, 54 YR R AR (A0 E 2t s 3 )
W QCM-D %) BRAS AL T IE Mo 7 I i
YEFHPLEI AR DGR, DI SR o' f e S 52 e it
G PR RS B J5 kb TG AR
AR ZE N AR . TRIRS, AFM ., XRD A HEAUR
P05 T B AT AP (L1 00 4% 22 2R 1HTE 35 R N 45 44
(AR SR B o7, B2 ZFpSE g FR T B A
R LA T A W T e ) 23 a) 22 R 2 AR
(AR,

[IF, i IR SR B, HATROER

WS B  TARR A TR I TR0 A 20K
N, AT SR | R T RCR | iR S BRAR I 2 [A]
U RS 49 5 1P L2 R B D P R e 25 PR 3R 2 o i
H 55 B B ™ AR R
HRDEHEBESEAAE TR BB, nIAE N
P S HAR B fi A IE. AR SC B ES,S TIZEOR
TE SCHEWE I NG5 TG 1 1 =22 TB)AH AR AT Y
BT, BEAh, A SRR A v, B S A i Y
T 1] A e e R P T U BB O 5 R R N
WP 1 Z B AR A5 07 I, IZ AR H
R R E BT, BRI IELE THREbtR
AR At i) 14 P SR AN R AR E T, IR RN
PRRVEFEL 535k, FATE SO T s 5T R &
FE Y FE T L e R AT AR TR, /N AR 5
TERASZIEBIEE B MG R B AR #E— PR E,
EAE BT KRR Yl o B L 1
[F1) 20y 25 AH EL AR FH 8 B 0 A ) A TR S5 U 1 A
BIEA ARG ARAT LS.

S Lk

[1] Garcia-Lopez V, Chen F, Nilewski L G, Duret G, Aliyan A,
Kolomeisky A B, Robinson J T, Wang G, Pal R, Tour J M
2017 Nature 548 567

[2] DouY J, LiJ, Yuan B, Yang K 2014 Appl. Surf. Sci. 296 95

[3] De Poli M, Zawodny W, Quinonero O, Lorch M, Webb S J,
Clayden J 2016 Science 352 575

[4] Dawson K A, Salvati A, Lynch I 2009 Nat. Nanotechn. 4 84

[5] Roiter Y, Ornatska M, Rammohan A R, Balakrishnan J,
Heine D R, Minko S 2008 Nano Lett. 8 941

[6] Alexeev A, Uspal W E, Balazs A C 2008 ACS Nano 2 1117

[7] Michel J P, Wang Y X, Kiesel I, Gerelli Y, Rosilio V 2017
Langmuir 33 11028

[8] Xia H, Zhao Y 2020 Artif Cells Nanomed. Biotechnol. 48 197

[9] Shadmani P, Mehrafrooz B, Montazeri A, Naghdabadi R 2020
J. Phys. Condens. Matter 32 115101

[10] Last N B, Miranker A D 2013 Proc. Natl. Acad. Sci. U S A
110 6382

[11] Weissmann G, Hirschhorn R, Krakauer K 1969 Biochem.
Pharmacol. 18 1771

[12] Barbasz A, Ocwieja M, Roman M 2017 Colloid. Surf. B 156
397

[13] Vijayan V, Uthaman S, Park I K 2018 Polymers (Basel) 10
983

[14] Han M L, Velkov T, Zhu Y, Roberts K D, Le Brun A P,
Chow S H, Gutu A D, Moskowitz S M, Shen H H, Li J 2018
ACS Chem. Biol. 13 121

[15] Khondker A, Dhaliwal A K, Saem S, Mahmood A, Fradin C,
Moran-Mirabal J, Rheinstadter M C 2019 Commun. Biol. 2
67

[16] Ista L K, Yu Q, Parthasarathy A, Schanze K S, Lopez G P
2016 Biointerphases 11 019003

[17] Xu Y C, Lin J X, Cui T, Srinivas S, Feng Y J 2018 J. Biol.
Chem. 293 4350

218701-13


https://doi.org/10.1038/nature23657
https://doi.org/10.1038/nature23657
https://doi.org/10.1038/nature23657
https://doi.org/10.1038/nature23657
https://doi.org/10.1038/nature23657
https://doi.org/10.1038/nature23657
https://doi.org/10.1038/nature23657
https://doi.org/10.1016/j.apsusc.2014.01.050
https://doi.org/10.1016/j.apsusc.2014.01.050
https://doi.org/10.1016/j.apsusc.2014.01.050
https://doi.org/10.1016/j.apsusc.2014.01.050
https://doi.org/10.1016/j.apsusc.2014.01.050
https://doi.org/10.1016/j.apsusc.2014.01.050
https://doi.org/10.1016/j.apsusc.2014.01.050
https://doi.org/10.1126/science.aad8352
https://doi.org/10.1126/science.aad8352
https://doi.org/10.1126/science.aad8352
https://doi.org/10.1126/science.aad8352
https://doi.org/10.1126/science.aad8352
https://doi.org/10.1126/science.aad8352
https://doi.org/10.1126/science.aad8352
https://doi.org/10.1038/nnano.2008.426
https://doi.org/10.1038/nnano.2008.426
https://doi.org/10.1038/nnano.2008.426
https://doi.org/10.1038/nnano.2008.426
https://doi.org/10.1038/nnano.2008.426
https://doi.org/10.1038/nnano.2008.426
https://doi.org/10.1038/nnano.2008.426
https://doi.org/10.1021/nl080080l
https://doi.org/10.1021/nl080080l
https://doi.org/10.1021/nl080080l
https://doi.org/10.1021/nl080080l
https://doi.org/10.1021/nl080080l
https://doi.org/10.1021/nl080080l
https://doi.org/10.1021/nl080080l
https://doi.org/10.1021/nn8000998
https://doi.org/10.1021/nn8000998
https://doi.org/10.1021/nn8000998
https://doi.org/10.1021/nn8000998
https://doi.org/10.1021/nn8000998
https://doi.org/10.1021/nn8000998
https://doi.org/10.1021/nn8000998
https://doi.org/10.1021/acs.langmuir.7b02864
https://doi.org/10.1021/acs.langmuir.7b02864
https://doi.org/10.1021/acs.langmuir.7b02864
https://doi.org/10.1021/acs.langmuir.7b02864
https://doi.org/10.1021/acs.langmuir.7b02864
https://doi.org/10.1021/acs.langmuir.7b02864
https://doi.org/10.1080/21691401.2019.1699826
https://doi.org/10.1080/21691401.2019.1699826
https://doi.org/10.1080/21691401.2019.1699826
https://doi.org/10.1080/21691401.2019.1699826
https://doi.org/10.1080/21691401.2019.1699826
https://doi.org/10.1080/21691401.2019.1699826
https://doi.org/10.1080/21691401.2019.1699826
https://doi.org/10.1088/1361-648X/ab5a14
https://doi.org/10.1088/1361-648X/ab5a14
https://doi.org/10.1088/1361-648X/ab5a14
https://doi.org/10.1088/1361-648X/ab5a14
https://doi.org/10.1088/1361-648X/ab5a14
https://doi.org/10.1088/1361-648X/ab5a14
https://doi.org/10.1073/pnas.1219059110
https://doi.org/10.1073/pnas.1219059110
https://doi.org/10.1073/pnas.1219059110
https://doi.org/10.1073/pnas.1219059110
https://doi.org/10.1073/pnas.1219059110
https://doi.org/10.1073/pnas.1219059110
https://doi.org/10.1016/0006-2952(69)90167-1
https://doi.org/10.1016/0006-2952(69)90167-1
https://doi.org/10.1016/0006-2952(69)90167-1
https://doi.org/10.1016/0006-2952(69)90167-1
https://doi.org/10.1016/0006-2952(69)90167-1
https://doi.org/10.1016/0006-2952(69)90167-1
https://doi.org/10.1016/0006-2952(69)90167-1
https://doi.org/10.1016/0006-2952(69)90167-1
https://doi.org/10.1016/j.colsurfb.2017.05.027
https://doi.org/10.1016/j.colsurfb.2017.05.027
https://doi.org/10.1016/j.colsurfb.2017.05.027
https://doi.org/10.1016/j.colsurfb.2017.05.027
https://doi.org/10.1016/j.colsurfb.2017.05.027
https://doi.org/10.1016/j.colsurfb.2017.05.027
https://doi.org/10.3390/polym10090983
https://doi.org/10.3390/polym10090983
https://doi.org/10.3390/polym10090983
https://doi.org/10.3390/polym10090983
https://doi.org/10.3390/polym10090983
https://doi.org/10.3390/polym10090983
https://doi.org/10.1021/acschembio.7b00836
https://doi.org/10.1021/acschembio.7b00836
https://doi.org/10.1021/acschembio.7b00836
https://doi.org/10.1021/acschembio.7b00836
https://doi.org/10.1021/acschembio.7b00836
https://doi.org/10.1021/acschembio.7b00836
https://doi.org/10.1038/s42003-019-0297-6
https://doi.org/10.1038/s42003-019-0297-6
https://doi.org/10.1038/s42003-019-0297-6
https://doi.org/10.1038/s42003-019-0297-6
https://doi.org/10.1038/s42003-019-0297-6
https://doi.org/10.1038/s42003-019-0297-6
https://doi.org/10.1116/1.4939239
https://doi.org/10.1116/1.4939239
https://doi.org/10.1116/1.4939239
https://doi.org/10.1116/1.4939239
https://doi.org/10.1116/1.4939239
https://doi.org/10.1116/1.4939239
https://doi.org/10.1116/1.4939239
https://doi.org/10.1074/jbc.RA117.000924
https://doi.org/10.1074/jbc.RA117.000924
https://doi.org/10.1074/jbc.RA117.000924
https://doi.org/10.1074/jbc.RA117.000924
https://doi.org/10.1074/jbc.RA117.000924
https://doi.org/10.1074/jbc.RA117.000924
https://doi.org/10.1074/jbc.RA117.000924
https://doi.org/10.1074/jbc.RA117.000924
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 73, No. 21 (2024)

218701

[18] Keiderling T A, Lakhani A 2018 Chirality 30 238

[19] Eun H J, Min A, Jeon C W, Yoo I, Heo J, Kim N J 2020 J.
Phys. Chem. Lett. 11 4367

[20] Schwaighofer A, Alcaraz M R, Araman C, Goicoechea H,
Lendl B 2016 Sci. Rep. 6 33556

[21] Hou S G, Liang L, Deng S H, Chen J F, Huang Q, Cheng Y,
Fan C H 2014 Sci. China-Chem. 57 100

22] LiY,Qian ZY,MaL, Hu S X, Nong D G, Xu C H, Ye F F,
LuY, Wei G H, Li M 2016 Nat. Commun. 7 12906

(23] Ma D, Hou W, Yang C, Hu S, Han W, Lu Y 2021 Biophys.
Rep. 7 490

[24] Xu C, Ma W D, Wang K, He K J, Chen Z L, Liu J J, Yang
K, Yuan B 2020 J. Phys. Chem. Lett. 11 4834

[25] Wu J F, Xu C, Ye Z F, Chen H B, Wang Y P, Yang K,
Yuan B 2023 Small 19 2301713

[26] Inoue O, Hasumi K 2019 J. Micro/Nanolith. MEM. 18 021206

[27] Zhang B, Ma X L 2019 J. Mater. Sci. Technol. 35 1455

[28] Eswara S, Pshenova A, Yedra L, Hoang Q H, Lovric J,
Philipp P, Wirtz T 2019 Appl. Phys. Rev. 6 021312

[29] Kosari A, Zandbergen H, Tichelaar F, Visser P, Terryn H,
Mol A 2019 Corrosion 76 4

[30] LiS Q, Chang Y J, Wang Y M, Xu Q, Ge B H 2020 Micron
130 102813

[31] Chen P Y, Huang Y, Zhai X B, Huang Z H, Ma G H, Wei W,
Yan L T 2019 Sci. Adv. 5 aaw3192

[32] Xiao S F, LuX M, Gou L, Li J L, Ma Y Q, Liu J J, Yang K,
Yuan B 2019 Carbon 149 248

(33] Suk H J, Boyden E S, van Welie I 2019 J. Neurosci. Methods
326 108357

[34] de Pauli M, Gomes A M C, Cavalcante R L, Serpa R B, Reis

REVIEW

(35]
(36]
[37]
(38]

[39]

(40]

(41]

[42]
(43]

[44]

(46]

[47]

C P S, Reis F T, Sartorelli M L 2019 FElectrochim. Acta 320
134366

Marchioro A, Bischoff M, Lutgebaucks C, Biriukov D,
Predota M, Roke S 2019 J. Phys. Chem. C 123 20393

Rao Y, Song D H, Turro N J, Eisenthal K B 2008 J. Phys.
Chem. B 112 13572

Eisenthal K B 2006 Chem. Rev. 106 1462

DouY J,Li W W, Xia Y, Chen Z L, Wu Z L, Ge Y K, Lin
7, Zhang M L, Yang K, Yuan B, Kang Z H 2020 ACS Appl.
Bio Mater. 4 620

Xia Y, Sun S Q, Zhang Z H, Ma W D, Dou Y J, Bao M M,
Yang K, Yuan B, Kang Z H 2022 Phys. Chem. Chem. Phys.
24 5360

Ge YK, LiuJ J, DouY J, Chen Z L, Li Z H, Yang K, Yuan
B, Kang Z H 2022 Colloid. Surf. B 209 112161

Yuan B, Liu J J, Deng Z X, Wei L, Li W W, Dou Y J, Chen
Z L, Zhang C, Xia Y, Wang J, Zhang M L, Yang K, Ma Y Q,
Kang Z H 2021 NPG Asia Mater. 13 18

Ma W, Sun S Q, Li W W, Zhang Z H, Lin Z, Xia Y, Yuan B,
Yang K 2020 Langmuir 36 7190

Wei L, Tu W Q, Xu Y, Xu C, Dou Y J, Ge Y K, Sun S Q,
Wei Y S, Yang K, Yuan B 2024 ACS Nano 18 18650

Sun S Q, Xia Y, Liu J, Dou Y J, Yang K, Yuan B, Kang Z
2022 J. Colloid Interface Sci. 609 707

LiWW, MaY,OuLP, XuC, Wei Y S, Yang K, Yuan B
2024 J. Hazard. Mater. 465 133382

Wei Y S, Chen H B, Li Y X, He K J, Yang K, Pang H B
2022 ACS Nano 16 5885

Ou L P, Chen H B, Yuan B, Yang K 2022 ACS Nano 16
18090

Photovoltage transient technique: an alternative approach to
real-time analysis of membrane interface dynamic processes’

Dou Yu-Jiang !
Yang Kai?)?t

Li Wen-Wen 2

Wei Yu-Shuang ?

Yuan Bing ?)?

1) (School of Electronic Information, Dongguan Polytechnic, Dongguan 523808, China)

2) (Songshan Lake Materials Laboratory, Dongguan 523808, China)

3) (Center for Soft Condensed Matter Physics and Interdisciplinary Research & School of

Physical Science and Technology, Soochow University, Suzhou 215006, China)

( Received 5 August 2024; revised manuscript received 14 September 2024 )

Abstract

The dynamic interactions between active molecules and the cell membrane play a crucial role in various

fundamental biological processes. The photovoltage transient technique developed in recent years has provided

an in situ, real-time, and non-invasive approach to studying dynamic processes at the membrane interface. In

this technique, the photoelectric response of silicon wafers is used to generate charges and record voltage

transient pulses in the charging and discharging process of phospholipid membranes. These pulses directly
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reflect the instantaneous structure and properties of the membrane. By analyzing the temporal evolution of
voltage pulses, the dynamic changes in membrane structure induced by molecular actions can be elucidated. In
particular, this technique provides valuable insights into the timing of transitions between different functional
states. In this paper, the working principle, equipment setup, and data processing methods used in photovoltage
transient analysis are comprehensively reviewed. Furthermore, the use of supported phospholipid bilayers as
model cell membranes highlights recent progress of this technique in investigating the mechanisms underlying
membrane interactions of active molecules such as surfactants, polymers, peptides, and nanoparticles. Finally,
its advantages and limitations are evaluated, and its development prospects are discussed.

The photovoltage transient technique is initially used to analyze the charging and discharging curves, as
well as the hydration process, of single- and multi-layered membranes composed of 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) phospholipids. Previously, X-ray diffraction (XRD) and quartz crystal microbalance
with dissipation (QCM-D) technology were commonly utilized for the real-time monitoring of the swelling
process in phospholipid membranes, providing the information about changes in mass and thickness of
Z-direction layers. In contrast, the photovoltage transient technique presents additional insights into the
kinetics of the swelling process and timing of transitions between different stages. The present study
demonstrates the effectiveness of photovoltage transient technique in real-time monitoring of membrane
interface processes, specifically, it quantitatively measures the characteristic 7 value of DOPC phospholipid
membrane, thereby enabling further development of quantitative analysis method for this technique. Then, the
photovoltage transient technique, in conjunction with giant unilamellar vesicle (GUV) leakage assays, atomic
force microscopy (AFM) and QCM-D, is employed to monitor the structural perturbation of surfactants
(TTAB) and polymers (Brij35 and PVPk30) on the membranes. Specifically, Brij35 primarily undergoes an
adsorption-accumulation-penetration process; whereas PVPk30 exhibits a dynamic equilibrium between
molecular adsorption-desorption and/or membrane permeation-healing competing mechanisms. This disparity in
membrane action processes elucidates the discrepancy observed in their cytotoxicity during live cell
experiments. The ability of photovoltage transient technology to investigate the entire membrane as a research
subject along with its high sensitivity enables it to
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