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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].
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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].
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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

218701-14


https://doi.org/10.1002/chir.22799
https://doi.org/10.1002/chir.22799
https://doi.org/10.1002/chir.22799
https://doi.org/10.1002/chir.22799
https://doi.org/10.1002/chir.22799
https://doi.org/10.1002/chir.22799
https://doi.org/10.1002/chir.22799
https://doi.org/10.1021/acs.jpclett.0c01081
https://doi.org/10.1021/acs.jpclett.0c01081
https://doi.org/10.1021/acs.jpclett.0c01081
https://doi.org/10.1021/acs.jpclett.0c01081
https://doi.org/10.1021/acs.jpclett.0c01081
https://doi.org/10.1021/acs.jpclett.0c01081
https://doi.org/10.1021/acs.jpclett.0c01081
https://doi.org/10.1021/acs.jpclett.0c01081
https://doi.org/10.1038/srep33556
https://doi.org/10.1038/srep33556
https://doi.org/10.1038/srep33556
https://doi.org/10.1038/srep33556
https://doi.org/10.1038/srep33556
https://doi.org/10.1038/srep33556
https://doi.org/10.1038/srep33556
https://doi.org/10.1007/s11426-013-5014-6
https://doi.org/10.1007/s11426-013-5014-6
https://doi.org/10.1007/s11426-013-5014-6
https://doi.org/10.1007/s11426-013-5014-6
https://doi.org/10.1007/s11426-013-5014-6
https://doi.org/10.1007/s11426-013-5014-6
https://doi.org/10.1007/s11426-013-5014-6
https://doi.org/10.1007/s11426-013-5014-6
https://doi.org/10.1007/s11426-013-5014-6
https://doi.org/10.1038/ncomms12906
https://doi.org/10.1038/ncomms12906
https://doi.org/10.1038/ncomms12906
https://doi.org/10.1038/ncomms12906
https://doi.org/10.1038/ncomms12906
https://doi.org/10.1038/ncomms12906
https://doi.org/10.1038/ncomms12906
https://doi.org/10.52601/bpr.2021.210030
https://doi.org/10.52601/bpr.2021.210030
https://doi.org/10.52601/bpr.2021.210030
https://doi.org/10.52601/bpr.2021.210030
https://doi.org/10.52601/bpr.2021.210030
https://doi.org/10.52601/bpr.2021.210030
https://doi.org/10.52601/bpr.2021.210030
https://doi.org/10.52601/bpr.2021.210030
https://doi.org/10.1021/acs.jpclett.0c01169
https://doi.org/10.1021/acs.jpclett.0c01169
https://doi.org/10.1021/acs.jpclett.0c01169
https://doi.org/10.1021/acs.jpclett.0c01169
https://doi.org/10.1021/acs.jpclett.0c01169
https://doi.org/10.1021/acs.jpclett.0c01169
https://doi.org/10.1021/acs.jpclett.0c01169
https://doi.org/10.1002/smll.202301713
https://doi.org/10.1002/smll.202301713
https://doi.org/10.1002/smll.202301713
https://doi.org/10.1002/smll.202301713
https://doi.org/10.1002/smll.202301713
https://doi.org/10.1002/smll.202301713
https://doi.org/10.1002/smll.202301713
https://doi.org/10.1117/1.JMM.18.2.021206
https://doi.org/10.1117/1.JMM.18.2.021206
https://doi.org/10.1117/1.JMM.18.2.021206
https://doi.org/10.1117/1.JMM.18.2.021206
https://doi.org/10.1117/1.JMM.18.2.021206
https://doi.org/10.1117/1.JMM.18.2.021206
https://doi.org/10.1117/1.JMM.18.2.021206
https://doi.org/10.1016/j.jmst.2019.01.013
https://doi.org/10.1016/j.jmst.2019.01.013
https://doi.org/10.1016/j.jmst.2019.01.013
https://doi.org/10.1016/j.jmst.2019.01.013
https://doi.org/10.1016/j.jmst.2019.01.013
https://doi.org/10.1016/j.jmst.2019.01.013
https://doi.org/10.1016/j.jmst.2019.01.013
https://doi.org/10.1063/1.5064768
https://doi.org/10.1063/1.5064768
https://doi.org/10.1063/1.5064768
https://doi.org/10.1063/1.5064768
https://doi.org/10.1063/1.5064768
https://doi.org/10.1063/1.5064768
https://doi.org/10.1063/1.5064768
https://doi.org/10.5006/3369
https://doi.org/10.5006/3369
https://doi.org/10.5006/3369
https://doi.org/10.5006/3369
https://doi.org/10.5006/3369
https://doi.org/10.5006/3369
https://doi.org/10.5006/3369
https://doi.org/10.1016/j.micron.2019.102813
https://doi.org/10.1016/j.micron.2019.102813
https://doi.org/10.1016/j.micron.2019.102813
https://doi.org/10.1016/j.micron.2019.102813
https://doi.org/10.1016/j.micron.2019.102813
https://doi.org/10.1016/j.micron.2019.102813
https://doi.org/10.1126/sciadv.aaw3192
https://doi.org/10.1126/sciadv.aaw3192
https://doi.org/10.1126/sciadv.aaw3192
https://doi.org/10.1126/sciadv.aaw3192
https://doi.org/10.1126/sciadv.aaw3192
https://doi.org/10.1126/sciadv.aaw3192
https://doi.org/10.1126/sciadv.aaw3192
https://doi.org/10.1016/j.carbon.2019.04.067
https://doi.org/10.1016/j.carbon.2019.04.067
https://doi.org/10.1016/j.carbon.2019.04.067
https://doi.org/10.1016/j.carbon.2019.04.067
https://doi.org/10.1016/j.carbon.2019.04.067
https://doi.org/10.1016/j.carbon.2019.04.067
https://doi.org/10.1016/j.carbon.2019.04.067
https://doi.org/10.1016/j.jneumeth.2019.108357
https://doi.org/10.1016/j.jneumeth.2019.108357
https://doi.org/10.1016/j.jneumeth.2019.108357
https://doi.org/10.1016/j.jneumeth.2019.108357
https://doi.org/10.1016/j.jneumeth.2019.108357
https://doi.org/10.1016/j.jneumeth.2019.108357
https://doi.org/10.1016/j.electacta.2019.06.059
https://doi.org/10.1016/j.electacta.2019.06.059
https://doi.org/10.1016/j.electacta.2019.06.059
https://doi.org/10.1016/j.electacta.2019.06.059
https://doi.org/10.1016/j.electacta.2019.06.059
https://doi.org/10.1016/j.electacta.2019.06.059
https://doi.org/10.1021/acs.jpcc.9b05482
https://doi.org/10.1021/acs.jpcc.9b05482
https://doi.org/10.1021/acs.jpcc.9b05482
https://doi.org/10.1021/acs.jpcc.9b05482
https://doi.org/10.1021/acs.jpcc.9b05482
https://doi.org/10.1021/acs.jpcc.9b05482
https://doi.org/10.1021/acs.jpcc.9b05482
https://doi.org/10.1021/jp802499w
https://doi.org/10.1021/jp802499w
https://doi.org/10.1021/jp802499w
https://doi.org/10.1021/jp802499w
https://doi.org/10.1021/jp802499w
https://doi.org/10.1021/jp802499w
https://doi.org/10.1021/jp802499w
https://doi.org/10.1021/jp802499w
https://doi.org/10.1021/cr0403685
https://doi.org/10.1021/cr0403685
https://doi.org/10.1021/cr0403685
https://doi.org/10.1021/cr0403685
https://doi.org/10.1021/cr0403685
https://doi.org/10.1021/cr0403685
https://doi.org/10.1021/cr0403685
https://doi.org/10.1021/acsabm.0c01180
https://doi.org/10.1021/acsabm.0c01180
https://doi.org/10.1021/acsabm.0c01180
https://doi.org/10.1021/acsabm.0c01180
https://doi.org/10.1021/acsabm.0c01180
https://doi.org/10.1021/acsabm.0c01180
https://doi.org/10.1021/acsabm.0c01180
https://doi.org/10.1021/acsabm.0c01180
https://doi.org/10.1039/D1CP05598D
https://doi.org/10.1039/D1CP05598D
https://doi.org/10.1039/D1CP05598D
https://doi.org/10.1039/D1CP05598D
https://doi.org/10.1039/D1CP05598D
https://doi.org/10.1039/D1CP05598D
https://doi.org/10.1016/j.colsurfb.2021.112161
https://doi.org/10.1016/j.colsurfb.2021.112161
https://doi.org/10.1016/j.colsurfb.2021.112161
https://doi.org/10.1016/j.colsurfb.2021.112161
https://doi.org/10.1016/j.colsurfb.2021.112161
https://doi.org/10.1016/j.colsurfb.2021.112161
https://doi.org/10.1016/j.colsurfb.2021.112161
https://doi.org/10.1038/s41427-021-00287-y
https://doi.org/10.1038/s41427-021-00287-y
https://doi.org/10.1038/s41427-021-00287-y
https://doi.org/10.1038/s41427-021-00287-y
https://doi.org/10.1038/s41427-021-00287-y
https://doi.org/10.1038/s41427-021-00287-y
https://doi.org/10.1038/s41427-021-00287-y
https://doi.org/10.1021/acs.langmuir.0c00194
https://doi.org/10.1021/acs.langmuir.0c00194
https://doi.org/10.1021/acs.langmuir.0c00194
https://doi.org/10.1021/acs.langmuir.0c00194
https://doi.org/10.1021/acs.langmuir.0c00194
https://doi.org/10.1021/acs.langmuir.0c00194
https://doi.org/10.1021/acs.langmuir.0c00194
https://doi.org/10.1021/acsnano.4c05265
https://doi.org/10.1021/acsnano.4c05265
https://doi.org/10.1021/acsnano.4c05265
https://doi.org/10.1021/acsnano.4c05265
https://doi.org/10.1021/acsnano.4c05265
https://doi.org/10.1021/acsnano.4c05265
https://doi.org/10.1021/acsnano.4c05265
https://doi.org/10.1016/j.jcis.2021.11.076
https://doi.org/10.1016/j.jcis.2021.11.076
https://doi.org/10.1016/j.jcis.2021.11.076
https://doi.org/10.1016/j.jcis.2021.11.076
https://doi.org/10.1016/j.jcis.2021.11.076
https://doi.org/10.1016/j.jcis.2021.11.076
https://doi.org/10.1016/j.jcis.2021.11.076
https://doi.org/10.1016/j.jhazmat.2023.133382
https://doi.org/10.1016/j.jhazmat.2023.133382
https://doi.org/10.1016/j.jhazmat.2023.133382
https://doi.org/10.1016/j.jhazmat.2023.133382
https://doi.org/10.1016/j.jhazmat.2023.133382
https://doi.org/10.1016/j.jhazmat.2023.133382
https://doi.org/10.1016/j.jhazmat.2023.133382
https://doi.org/10.1021/acsnano.1c11068
https://doi.org/10.1021/acsnano.1c11068
https://doi.org/10.1021/acsnano.1c11068
https://doi.org/10.1021/acsnano.1c11068
https://doi.org/10.1021/acsnano.1c11068
https://doi.org/10.1021/acsnano.1c11068
https://doi.org/10.1021/acsnano.1c11068
https://doi.org/10.1021/acsnano.2c04774
https://doi.org/10.1021/acsnano.2c04774
https://doi.org/10.1021/acsnano.2c04774
https://doi.org/10.1021/acsnano.2c04774
https://doi.org/10.1021/acsnano.2c04774
https://doi.org/10.1021/acsnano.2c04774
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

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 21 (2024) 218701

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

capture fluctuations in data points that reflect the By
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