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Fig. 1. Schematic of two-pulse coherent excitation TPPL and energy level diagram of AuNRs: (a) Schematic diagram of two-pulse
coherent excitation TPPL for AuNRs (DM, dichroic mirror; OBJ, objective); (b) energy-level diagram illustrating TPPL in AuNRs,

where F; and F, represent the electric field vectors of the two pulses.

e)
1 ; y Single 0=0 l A

- —)

—

_— e e
Pu——

Normalized intensity/arb. units

J
J«
J
J
|

-——)

J

Laser polarization/nrad =3 Single =*%» Pulse 1 =% Pulse 2

Bl 2 AuNRs MR mMIRMEBARE  (a) BRIk & B, AuNRs %658 B B %5 92 /1 0 28 AL 80T (b)—(d) 4518 2R Aty = 0,
Aty = 0.5 ps fl Ate = 10 ps i}, Pulse 11§ K 25, JiE 7 Pulse 2 /9 i 9% 25 15 ) AuNRs & 658 B 83 5 (e), (f) WOt IR 5
AuNRs KAl e f 1 A8 40 R ZE, bl @ S 3878 Bk R, L @R OF R38R T Pulse 1 (21 G B L i k) Al Pulse 2 (% (0
R H %) MRS AuNRs BB 3 R

Fig. 2. Excitation polarization dependence of AuNRs: (a) Polar plot of the AuNRs’ TPPL intensity as a function of the angle  un-
der single-pulse excitation. (b)—(d) Polar plots of the AuNRs’ luminescence intensity acquired by maintaining the polarization of
Pulse 1 fixed and rotating the polarization of Pulse 2 at delay times of Aty = 0, Atz = 0.5 ps and Atz = 10 ps, respectively.
(e), (f) Schematics illustrating the variation of the angle between the laser polarization and the long axis of the AuNRs. The blue
arrow indicates single-pulse excitation; the red and purple arrows indicate the orientational relationship between the polarization of
Pulse 1 (red dashed arrow) and Pulse 2 (purple dashed arrow) relative to the AuNRs.
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Fig. 3. Schematic diagram of amplitude projection. (a) When the relative phase between Pulse 1 and Pulse 2 is modulated at a fre-
quency of 0.5 Hz, the TPPL intensities of AuNR 1 and AuNR 2 exhibit opposite-phase response characteristics. (b) The electric
field vectors of Pulse 1 and Pulse 2 are oriented along the a-axis and y-axis, respectively. Their projections parallel to the long axis

of AuNR 1 are denoted as b and ¢, while the perpendicular projection is denoted as a. The case for AuNR 2 is different.
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Fig. 4. CMAPI imaging of AuNRs. Panel (a) and (b) show the TPPL intensity image and the Fourier-transform intensity image, re-
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200 nm

spectively. A coordinate system, determined by the polarization states of the pulse pair, is indicated by the yellow arrows. (c) Phase

image obtained from the Fourier transform. (d) Corresponding SEM image of the same region. The locations of the gold nanorods

are marked by red circles, with an enlarged view of the area displayed on the right.
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Fig. 5. CMAPI imaging within the diffraction limit: (a) The
Fourier-transform-based amplitude image; (b) the Fourier-
transform-based phase image; the inset shows the SEM im-

age of the corresponding region.
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Abstract

Gold nanorods (AuNRs) have become highly promising biomedical probes due to their tunable plasmonic
properties, but their real-time, high-resolution imaging of subcellular behavior, particularly their orientation
dynamics reflecting critical nano-bio interactions, is hindered by the diffraction limits and drawbacks of existing
super-resolution methods, such as reliance on high-intensity lasers and exogenous labeling. To solve this
problem, we develop coherent modulation amplitude projection imaging (CMAPI), a novel label-free technique
that uses spatially and temporally modulated pairs of femtosecond pulses to coherently control the two-photon
photoluminescence (TPPL) of AuNRs. By using AuNRs as three-level systems with a measurable intermediate
state, CMAPI encodes sub-diffraction-limit spatial and orientational information into the frequency domain
through precise manipulation of inter-pulse delay, phase, and polarization. Experimental results confirm the
nonlinear excitation nature of AuNRs, with single-pulse polarization response following a cos? dependence.
Under two-pulse excitation, the emission exhibits obvious coherence-dependent behavior: at zero delay, the
response is controlled by quantum superposition; under a delay that matches the intermediate state lifetime
(0.5 ps), the three-level model accurately describes the response; under a longer delays (10 ps), the system
returns to incoherent emission. CMAPI retrieves nanoscale information through Fourier analysis of photon
arrival times, producing simultaneous amplitude and phase images that reveal AuNRs’ precise positions (about
60 nm localization precision), in-plane orientations (e.g. quadrant-specific arrangement inferred from phase
sign), and local environmental coupling, such as plasmon-induced phase jumps, all under ultralow excitation
power (<5 pW/pm?) to avoid light damage. This approach enables visualization of features beyond the
diffraction limit, distinguishing multiple AuNRs within a single diffractive spot, as validated by scanning
electron microscopy. CMAPI provides a powerful, non-invasive platform for quantifying dynamic biological
processes involving anisotropic nanoparticles. These process include conformational shifts during endocytosis,
torque transmission in molecular motors, and real-time tracking of nanoscale interactions, thereby offering
profound insights into theranostic probe design and fundamental biophysical research.

Keywords: two-photon photoluminescence, coherent modulation imaging, gold nanorods, ultrafast

spectroscopy
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