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Fig. 1. Cell membrane surface single-molecule fluorescence imaging technique: (a) Optical setup diagram for single-molecule fluores-
cence imaging on the upper leaflet of the cell membrane, in this diagram, € and p represent the actual parameters adjusted by mir-
ror M1 to focus the light spot, rotation of mirror M1 along the fixed axis (red-marked axis) enables precise control over the p para-
meter; (b) normalized intensity distribution of single-molecule imaging spot images and white reference line cross-section in carboxy-
fluorescein (CF) solution; (c) schematic diagram of focused laser spot position adjustment via mirror M1 parameters (bottom right)
in CF solution, with experimental validation (bottom right). Dashed-line boxes denote: (top right) side cross-sectional view and
(bottom left) top-down view; (d) alignment of the focused imaging laser spot with a probe tip via positional adjustment, where the

tip image is overlaid as a reference marker, and white dashed boxes denote the focal spot location.
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Fig. 2. Single-molecule fluorescence imaging of the upper leaflet of the cell membrane: (a) Schematic diagram of expanded imaging

field optical path design, the black dashed box in the upper panel is zoomed in as the lower panel, where the red dashed line indic-

ates the front focal plane of the objective lens; (b)—(d) adjustment of the adjustable aperture diameter influences both the imaging

spot size and the SNR; (e) variation in imaging spot diameter with aperture size; (f) SNR of single-molecule free diffusion signals

under varying aperture diameters.

138702-5


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. 74, No. 13 (2025) 138702

H BRI &S, dEm T BRSS9 147
NFTE. AR TAERE R SR A BRI U A M i 2
LR TRV ORI XEL, SILRIE, 4R 6R
WL B B, A A ] D' R A 40 L ) R R I X
s, DLCSE BRI, A R T T,
I R RE ARG IR T3 M A0 i B AN RS
FeA Tt — o BRI AR S, i SR M S B A
HLOOB IR SE B S (] R A B0 Tk, 3 2
I B 2 S DR B T IR i i A R (10
B PR Y E R SRR O AL, H Bk
FADEILR T Y B RaTR I, JERCR OB, 21
Bl 3(a). i Bk —iseit, D RS A SR A R
240 I N o X S DXk B, A A AT ST X
SRR AR A TR, A AR A M AR AR 22 LA
M. MO .o g ey s 0L
PR OO S, a0 BRBDEHUAR 25
RAERCR, I REME KM% Jif A DXy BRI,
FREE AT RIOCRIEC. TEBOL T, 4
I B . s DRI A B AR 2O, X I B i 15
M8 AT HA DI, 20 BRI Rl 1 i &R o+

(a) Amplifier

Current
oypedid

A Objective p— ‘—*\E '

Image

' EMCCD Signal

600 |

<____

Single molecule

400
SNR = 14

200

Intensity/arb. units

(=)

5kt 5 10 15
Time/s

Concave lens

3. WAHSIE T, 250 HRWDE O N 52
SRR, B AEE, AR T
SRS FRBE, TR TR B IR, (B4
RS R,

185 B 22 AV T LT T B £
b 9B T R K T IR I3 FE 00% FY
S L2200 2 o, -5 20 LS Y2 30 7
[ 2 RS 85 FE DL . 7845 T B ROBBE I £ s
P, 7% X BRAE BT L5 1 (0 B IR R B 720
WBE - A5/ FEL A, AR S5 B i 9 23 T
HEHUR (P 3(b)), FOIRME L F T4 10 40 Pl 1
(R FORE S R IR W1 e AT 7
BUFR s, ELHRA 0 2 8 e B
R bl 28 (121 3(c)).

3.4 WHERHASHHIEIBEICREE

B T TSR — TR RS R I R,
i RE 1 ) 2 81 22 AP B IR AR DR 3R i 2 ). A
eI PR, F M A B R SR (E TR
EREIIRIT T — R B FRAEML. BARSLgd v,

Aperture

Bleaching

—
5 jui

K3 FOLMR A SRR E R R (a) PO HTIE R B BIE; (b) 78R FOUEE A 52 B 53 55 ' miAg i 52 1) B HEOs JR o ;

(c) R EH AT S I E ML LR RIVOLIRE T I H

Fig. 3. Fluorescence-patch-clamp system configuration: (a) Schematic diagram of fluorescence-patch-clamp system; (b) examples of

single-molecule fluorescence imaging at focused laser spots and corresponding data; (c) colocalization of the probe tip and its fluores-

cence signal, along with photobleaching of the tip fluorescence.
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Fig. 4. Performance evaluation of the patch-clamp system in fluorescence-patch-clamp system: (a) The focused laser spot has no
measurable impact on single-channel electrophysiological recordings, as demonstrated by statistical analysis; (b) schematic of
mpiezol activation using yodal and single channel signaling of mPiezol; (c¢) by changing the pressure, mechanical stress is gener-

ated on the cell membrane to activate mPiezol; (d) pressure change tests on cells not transfected with mPiezol; (e) application of

differential mechanical pressure to mPiezol-transfected HEK293 cells to induce region-specific activation of mPiezol.
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Abstract

Channel proteins act as precise molecular regulators of transmembrane transport, which is a fundamental
process essential for maintaining cellular homeostasis. These proteins dynamically modulate their functional
states through conformational changes, thereby forming the structural basis for complex physiological processes
such as signal transduction and energy metabolism. Single-molecule fluorescence spectroscopy and single-channel
patch-clamp electrophysiology represent two cornerstone techniques in modern biophysics: the former enables
molecular-resolution analysis of structural dynamics, while the latter provides direct functional characterization
of ion channel activity. Despite their complementary capabilities, integrating these techniques to simultaneously
monitor protein conformational dynamics and functional states remains technically challenging, primarily due to
the strong autofluorescence background inherent in single-molecule imaging in cellular environments. To address
this limitation, we develop a spatially selective optical excitation system capable of localized illumination. By
integrating tunable optical modules, we generate a dynamically adjustable excitation field on living cell
membranes, achieving precise spatial registration between the excitation volume and the patch-clamp recording
site. This system achieves submicron-scale alignment between the excitation zone and the micropipette contact
area, enabling simultaneous electrophysiological
recording and background-suppressed fluorescence
detection within the clamped membrane domain.
Experimental validation demonstrates that the
systemcan perform single-molecule fluorescence imaging
and trajectory analysis within a specified observation

Colocalization

areas, with imaging resolution inversely related to the ; “Pipel ‘Fluorescence
size of the illuminated region. Optimized optical design ;
allows for precise excitation targeting while minimizing
background illumination, thereby achieving high signal-

to-noise ratio single-molecule imaging and significantly
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reducing photodamage. Integration with cell-attached patch-clamp configurations establishes a dual-modality
platform for synchronized acquisition of single-molecule fluorescence images and single-channel recordings. The
validation using mechanosensitive mPiezol channels confirms the system’s compatibility with single-channel
recording, indicating that optical imaging induces no detectable interference to electrophysiological signal
acquisition. This method overcomes longstanding challenges in the simultaneous application of single-molecule
imaging and electrophysiological techniques in live-cell environments. It establishes a novel experimental
framework for investigating the structure-function relationships of channel proteins and membrane-related
molecular machines through spatially coordinated optoelectronic measurements on live-cell membranes, which

has broad applicability in molecular biophysics and transmembrane transport mechanism research.

Keywords: channel proteins, live-cell dynamic imaging, single-molecule fluorescence imaging, cell-attached

recording, single-molecule tracking
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