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Abstract: Owing to sensitive nonlinear plasmonic responses, anisotropic metal
nanoparticles are effective nanoprobes for optical imaging. However, the photo-thermal
instability issues have hindered their further nanophotonics application potentials. In this
letter, we reported the super-resolution imaging and optical memory through suppressing
the plasmonic scattering signal of core-shell gold nanorods (GNRs). Good thermal stability
and conductivity from GNRs coated with 20 nm silica shell supported the super-resolution
imaging with a lateral feature size of 114 nm (A/5.6) via a very low suppressing laser power
(0.9 mW). The GNRs were then employed for achieving super-resolved bio-imaging with
a feature size of 128 nm (A/5). More importantly, we were able to realize the super-
resolution optical recording (feature size: 173 nm) in a GNRs-polyvinyl alcohol sample.
This work further extends our understanding as well as the nanophotonics application of
core-shell anisotropic metal nanoparticles based on nonlinear plasmonic scattering.

1. Introduction

Far-field super-resolution microscopy techniques including stimulated emission depletion
microscopy (STED), stochastic optical reconstruction microscopy and photo-activated
localization microscopy have been developed over the past two decades to provide
abundant information of biological objects with a resolution beyond the diffraction limit of
light via fluorescent nanoprobes/dyes [1,2]. Issues such as high energy consumption of the
laser sources, phototoxicity to the observed bio-samples, photobleaching and low
photostability of fluorescent nanoprobes regrettably surround the aforementioned
techniques. Plasmonic nanoparticles, however, can offer attractive factors such as high
photostability, bright signals at low energy consumption, tunable optical responses, low
phototoxicity due to the material compositions, excellent localized surface plasmon
resonance (LSPR) and scattering features [3]. Consequently, as an alternative to organic
dyes or quantum dots, plasmonic nanoparticles have been explored as novel non-fluorescent
schemes for far-field super-resolution microscopy [4,5]. In addition, noble metal
nanoparticles (such as gold or silver) possess very strong Mie scattering signals [6] and they
have been widely used in chemical and biological sensing [7] data storage [8-11] and
photothermal imaging [12].

Upon the irradiation of an excitation light source, metal nanoparticles exhibit high optical
sensitivity features including plasmonic scattering and LSPR due to the collective
oscillation of free electrons and considerably large electric field enhancement [13,14].



Relevant studies have shown that the nonlinear behavior of plasmonic scattering of metal
nanoparticles is credited to the light absorption enhanced by plasmon and the subsequent
thermal effect [15]. The photo-thermal nonlinearity features of plasmonic scattering is the
foundation of realizing super-resolution nano-imaging. Spatial information can be extracted
from the nonlinear elements of the plasmonic scattering upon the incident Gaussian shaped
excitation laser source to obtain microscopic imaging of the metal nanoparticles via time
modulation and demodulation process [16]. The scattered light outside the effective excited
laser spot can be suppressed by the inhibition laser beam (in a donut shape) in a dual-beam
STED microscope fashion, thereby improving the resolution of individual nanoparticles up
to the sub-diffraction level [17]. The nonlinear plasmonic scattering in noble metal
nanoparticles with various shapes and forms such as nanospheres [18], nanorods [19], and
nanostars [20] has been extensively studied for micro/nano-imaging. Both isotropic shaped
gold nanospheres [21] and anisotropic shaped gold nanostars [5] were employed for non-
fluorescence-based super-resolution optical imaging. A recent study on shell-coated gold
nanospheres has discovered that local heat dissipation plays a key role in nonlinear
plasmonic scattering [4]. The photothermal stability can be significantly improved by
coating the nanoparticles with silica shell, and the plasmon coupling caused by inter-
particle aggregation can be effectively reduced. A recent study demonstrated that pulsed
lasers are sufficient to induce photothermal nonlinear effects in plasmonic nanoparticles
[18]. Furthermore, the gold nanospheres used in the study required larger time constant for
signal demodulation, which results in low-speed nano-imaging. Fast point scanning can
likely lead to incomplete signal demodulation, causing line-by-line drift and slow nano-
imaging when using nanospheres. This limitation can be mitigated by employing
nanoparticles with faster and stronger scattering intensity. In comparison, anisotropic gold
nanoparticles exhibit enhanced extinction cross-sections at resonance wavelengths and
elevated scattering intensities (Fig. S2), attributed to their tunable aspect ratios and tip-
induced "hot spots" with significantly enhanced localized electric fields [22].
Simultaneously, anisotropic nanostructures like gold nanorods (GNRs) typically exhibit
broader LSPR spectral coverage, including the near-infrared (NIR) biological transparency
window (Fig. S3), making them superior candidates for low-power and rapid nano-imaging
implementations [23]. Promising as they seem to be, naked GNRs tend to melt and lose
their excellent nonlinear plasmonic response upon the incident laser beam due to their high
thermal sensitivity yet low thermal stability, hence inhibiting their application potential in
the field of nanophotonics. To the best of our knowledge, the research on solving the
pressing thermal stability issue of anisotropic GNRs for unlocking their potential in super-
resolution imaging and optical memory applications has not been investigated yet [24].
Furthermore, the previous works of metal nanoparticles for optical memory application
have not been shown to reach beyond diffraction limit barrier [8-11].

In this letter, we characterized and compared the plasmonic scattering response and
thermal stability of GNRs coated with silica shell of different thicknesses (0 to 40 nm)
through the irradiation of a Gaussian-shaped picosecond pulsed laser beam (640 nm). The
local thermal conductivity and thermal stability of GNRs coated with different silica shell
thickness were discovered to exert significant effect on plasmonic scattering response.
STED-like microscope imaging method, i.e. suppression of scattering imaging (SUSI) [17]
was employed to perform super-resolution optical imaging of GNRs in a dual-beam
configuration (a Gaussian shaped laser source (640 nm) for excitation and a donut shaped
laser source (760 nm) for inhibition). After the aforementioned characterization processes,
core-shell GNRs with 20 nm silica shell thickness were selected for their balanced thermal
stability, high plasmonic response and low energy consumption for the ensued super-
resolution imaging and laser writing application. Using SUSI imaging method, a lateral
feature size (the full width at half maximum (FWHM) distribution of the plasmonic



scattering signal) as small as 114 nm (~\/5.6) was achieved in a single core-shell GNR with
a suppressing laser power at 0.9 mW. Two adjacent core-shell GNRs with sub-diffraction
distances can be super-resolved respectively as well (feature sizes: 122 nm and 157 nm).
SUSI microscopy method was then utilized to conduct nano-imaging of a Hela cell bio-
sample doped with GNRs, proving the feasibility of applying core-shell GNRs for bio-
imaging scenario. More significantly, we were able to demonstrate the super-resolution
optical information recording (lateral feature size of 173 nm) in a solid film sample of
polyvinyl alcohol (PVA) doped with the core-shell GNRs, surpassing the Abbe diffraction
limit of the single-beam direct laser writing system by two times. Equipped with great
thermal conductivity and highly sensitive nonlinear plasmonic scattering features, our
research of core-shell GNRs represents a feasible pathway for future application of
plasmonic anisotropic core-shell nanoparticles in super-resolution bio-imaging and optical
recording. Further study of the sub-diffraction modulation of plasmonic scattering
mechanism in GNRs-based optical information writing aspect can potentially lead to super-
resolution photoinduced-inhibition nanolithography (SPIN) scheme [25], opening up
broader nanophotonics applications such as nanoscale optical disk [26] and nanophotonic
devices.

2. Methods

Fig. 1(a) illustrates the schematic of the super-resolution optical imaging method i.e. SUSI
microscopy with core-shell GNRs as plasmonic nanoprobes. The experimental device is
based on the Abberior STED super-resolution optical microscopy system, equipped with a
640 nm Gaussian-shaped pulsed laser beam (pulse width: 100 ps) and a 775 nm doughnut-
shaped pulsed laser beam (pulse width:1.3 ns). Both lasers have a repetition frequency of
40 MHz. Plasmonic scattering of the core-shell GNRs is excited by the 640 nm laser beam
and is suppressed or inhibited by the 775 nm laser beam, generating an effective PSF
function at super-resolution level. The naked GNRs and GNRs coated with silica shells of
different thicknesses in our characterization and measurements were purchased from Kiko
Bio, Nanjing. The transmission electron microscope (TEM) image from Fig. 1(b) shows
one representative type of core-shell GNRs used in our experiments. Each one of the GNRs
consists of a core GNR with an average longitudinal diameter of 8543 nm and a latitudinal
diameter of 2442 nm (an aspect ratio of 3.5), and it is coated with a silica shell with a
thickness of 2042 nm. The peak of the LSPR signal from the longitudinal direction of the
GNRs is 760 nm. The core-shell GNR sample was dispersed and fixed on a cover glass
with the help of PVA. Core-shell GNRs were mixed with 20% aqueous solution of PVA,
and the resulting mixture was ultrasonically treated at room temperature for 3 h to reach a
uniform dispersion. The uniformly dispersed mixture was then deposited on a cover glass
and spin coated at 1000 rpm for 30 seconds, and dried at 60 <C for 2 minutes to obtain a dry
state sample. The sample was placed on the OlympusIX83 microscope translation stage,
imaged with an objective (100 NA=1.4, oil | immersion) from the Abberior STED
microscopy system. The to-be-observed backscattered signal of the nanoparticles is
detected through a time-gate control device (gate delay: 850 ps, gate width: 8 ns) and a
single-photon avalanche diode (SPAD) detector located behind the confocal pinhole, as
shown in Fig. 1(c). The gating of both lasers and the SPAD is triggered by a synchronized
transistor-transistor logic (TTL) signal from the same patch module from the Abberior
microscope system. The signal was processed via a software from the microscope system
(Imspector, Specim), and a sub-diffraction limited image was then obtained with a single
pixel size of 10 nm>=10 nm and 10 s of residence time for each pixel. Based on a previous
study of nonlinear plasmonic scattering induced by pulsed beam irradiation [5], the optimal
excitation pulse width of gold nanoparticles is on a time scale of 20 ns. Therefore, all the
optical switching and super-resolution imaging are measured when the nanoparticles have
reached a state of thermal equilibrium.
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Fig. 1. (a) Schematics of super-resolution optical imaging via SUSI microscopy of core-
shell GNRs as plasmonic scattering nanoprobes. A 640 nm Gaussian-shaped excitation laser
beam, a 775 nm doughnut-shaped suppression laser beam and the effective super-resolution
point spread function (PSF) are illustrated for the SUSI microscopy principle. (b) TEM
imaging of 20 nm silica shell-coated GNRs. (c) Schematic diagram of the super-resolution
optical system using a patch module to control double-pulse laser synchronization and time
gate in the time domain.

3. Results

It is imperative to determine which plasmonic scattering peak of GNRs sample is the most
suitable choice for the STED microscope system (a 640 nm laser for excitation and a 775
nm laser for inhibition) in order to conduct SUSI nano-imaging. Fig. 2(a) shows the
measured absorption spectra (by UV-2600i spectrometer, Shimadzu) from custom ordered
4 types of naked GNRs (Kiko bio, Nanjing) with different plasmonic scattering peaks. The
normalized absorption spectrum peaks, in direct correlation with the plasmonic scattering
peaks [27], are at 640 nm, 680 nm, 720 nm and 760 nm for the corresponded longitudinal
diameter sizes (57 nm, 63 nm, 72 nm and 84 nm, as shown in TEM images from Fig. S1 in
Supplemental Document. See Supplement 1) and are at ~520 nm for the same latitudinal diameter
size (~24 nm). The 4 types of GNRs samples were then co-irradiated by 640 nm and 775
nm laser (both in Gaussian shape). We fixed the power (0.5 mW) of the 640 nm laser to
effectively saturate the intensity plasmonic scattering signal of the GNRs sample and slowly
increased the power of inhibition 775 nm laser beam from zero to observe the inhibition
effect. Fig. 2(b) shows the saturation inhibition (inhibition principle of SUSI nano-imaging)
analysis of the plasmonic scattering signal of the four GNRs samples under the co-
irradiation of 640 nm (fixed power at 0.5 mW) and 775 nm (increases from 0 mW) laser
sources (both are in Gaussian shape). One can see that the GNRs sample with 760 nm
plasmonic scattering peak (the purple dots and the purple fitting curve) has the fastest
inhibition rate (highest slope) with the lowest inhibition power (0.6 mW for maxi-mum
inhibition) achieved among all four samples. Fig. 2(c) demonstrates the distribution of the
intensity of plasmonic scattering signal from the four types of GNRs as the irradiation
intensity of the inhibition 775 nm laser beam (Gaussian shape) increases. The intensity of



plasmonic scattering signal of the GNRs sample with 760 nm plasmonic scattering peak
(the purple dots and purple fitting curve) is the highest compared to other GNRs samples
since their scattering peak is the closest to the wavelength (775 nm) of the inhibition laser.
In conclusion, the GNRs sample with the plasmonic scattering peak at 760 nm is most suited
for low-power SUSI nano-imaging with the dual-beam STED microscope system set-up.

Then we conducted characterization tests and studied the thermal effect of core-shell GNRs
samples (all with 760 nm plasmonic scattering peak) with different thicknesses of the silica
shell (0 nm, 10 nm, 20 nm and 40 nm). Fig. 2(d) simulates the electric near-field spatial
distribution of a bare GNR on a glass substrate upon the excitation of the 640 nm laser. The
concentrated field intensity on the nanorod’s both ends contribute to GNRs fast temperature
rises upon optical illumination. The absorption spectra in Fig. S4 (Supplement 1) indicates
that the plasmonic resonance peak of core-shell GNRs (20 and 40 nm silica shell) in
aqueous solution undergoes a ‘red shift” effect. This phenomenon is attributed to the higher
refractive index of the silica shell compared to the surrounding aqueous medium, which
modifies the local dielectric environment and induces a bathochromic displacement of the
surface plasmonic resonance band according to Mie scattering theory. For shell thickness
over 40 nm, no further migration is observed [28].

Fig. 2(e) shows the normalized distribution of the plasmonic scattering signal intensity
of GNRs with four different silica shell thicknesses under laser irradiation at an excitation
wavelength of 640 nm. The experimental results indicate that the bare GNRs reach
scattering saturation first, orderly followed by those with 10 nm, 20 nm, and 40 nm silica
shells. As the thickness of the silica shell increases, the laser power required to achieve
plasmonic scattering saturation shows an increasing trend. The specific laser power values
required to achieve plasmonic scattering saturation are 0.4 mw (0 nm), 0.46 mW (10 nm),
0.5 mW (20 nm), and 0.63 mW (40 nm), respectively. This phenomenon indicates that
thicker silica shells require higher incident light energy to achieve plasmonic scattering
saturation of the GNRs samples (the purple dots and the fitting curve).

Fig. 2(f) systematically studies the regulation of the plasmonic scattering characteristics
of core-shell structured GNRs by the power of the 775 nm inhibition laser. Since the thermal
conductivity of silica is better than that of oil, a thicker silica layer results in enhanced heat
conduction effectiveness. As the silica shell thickness increases, its thermal conductivity
approaches more closely to that of the glass. The experimental data indicate that as the
inhibition laser power gradually increases from zero, the normalized plasmonic scattering
intensity shows a significant positive correlation with the silica shell thickness. The bare
GNRs reach the scattering saturation first, orderly followed by the core-shell GNRs with
10 nm, 20 nm, and 40 nm shells. The specific laser power values required to achieve
saturation are 4.1 mW (0 nm), 4.6 mW (10 nm), 5.7 mW (20 nm), and 6.2 mW (40 nm),
respectively. GNRs samples with thicker silica shells exhibit superior thermal conduction
performance, requiring higher laser power energy to reach plasmonic scattering saturation.
This indicates that the higher the temperature of the GNRs reach, the more readily they
attain saturation. Thicker silica shell provides an effective heat dissipation pathway for the
GNRs, significantly enhancing their thermal stability.

As shown in Fig. 2(g), we conducted the thermal diffusion modeling to simulate the
relationship between nanoparticles’ temperature and the incident laser (775 nm) power for
GNRs with different silica shell thicknesses (simulation details and discussion are listed in
Fig. S5 and Fig. S6 (Supplement 1)). Under the same incident laser power, GNRs in oil
exhibited the highest temperature rise, while 40 nm silica shell GNRs experienced the
lowest temperature rise. GNRs with higher thermal conductivity exhibit faster heat
dissipation rates, consequently leading to lower temperature rise. The temperature evolution
of a single GNR hence depends strongly on the thermal conductivity of the GNR’s



surrounding environment. Benefited from the effective heat dissipation brought by the
thermal conductivity of the silica shell, GNRs with thicker silica shell exhibit better thermal
stability (slower temperature rise) under the excitation laser illumination [4].

It has been observed experimentally that when the excitation laser power exceeds 0.6
mW (approximately 0.4 MW/cm3, bare GNRs and GNRs@10 nm silica shells samples
likely experienced the disappearance of plasmonic scattering features, leading to the
significant loss of scattering signals, as shown in the left panel of Fig. 2(h). This
phenomenon is attributed to the deformation or even fragmentation of the nanorods [29].
Through electron microscope observations, we have identified a laser-induced
morphological transition towards spherical shapes in bare GNRs, as demonstrated in the
right panel of Fig. 2(h). Furthermore, our investigations have discovered that GNRs with
thin silica shells (10 nm) frequently exhibit non-uniform coating coverage and structural
defects during the nanoparticle synthesis process. Consequently, both bare GNRs and thin
shell GNRs tend to aggregate, whereas GNRs with shell thickness exceeding 20 nm
maintain well-defined interparticle spacing, as shown in Fig. S7. These undesired
drawbacks (such as clustering, aggregation and fusion) under the laser illumination can
induce drastic changes to plasmonic properties of naked or thin silica shell GNRSs, resulting
the loss of imaging ability. In contrast, GNRs with 20 nm and 40 nm shells can withstand
higher illumination power and maintain structural integrity, hence demonstrating a more
stable imaging performance. This observation aligns with the previous report [2323].
Uncoated GNRs exhibit a ‘blue shift’ effect and the steep attenuation of resonance peaks
under the increased laser power. This is from GNRs structural deformation where the
longitudinal axis progressively shortens while the latitudinal axis expands, ultimately
transforming into spherical shapes as illustrated in Fig. S8. Thin silica coatings offer merely
partial protection, where hollow interfacial regions emerge between the GNR core and
silica shell as the aspect ratio decreases. In contrast, 20 nm or thicker silica coatings can
effectively protect GNRs under the irradiation of nanosecond pulses during experimental
imaging process.

These characterization results further deepened our understanding of plasmonic
scattering responses as well as photo-thermal properties of GNRs with various silica shell
thicknesses. In summary, the thermal stability of silica-coated 760 nm GNRs can be
significantly improved compared to bare 760 nm GNRs upon the saturation excitation of
the 775 nm pulsed laser beam. However, as the thickness of the silica shell increases, higher
laser power is required to achieve both saturation and inhibition of plasmonic scattering of
the nanoparticles for effective SUSI super-resolution imaging. GNRs with a 20 nm shell
thickness have been experimentally validated to possess sufficient thermal stability for our
application requirements. Taking abovementioned factors into consideration, we chose 760
nm GNRs with 20 nm silica shell for the ensued nano-imaging, bio-imaging and laser
writing tests because they can effectively balance the need for good thermal stability and
low-power SUSI super-resolution imaging by the STED microscope system.
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Fig. 2. (a) Normalized extinction spectra of bare GNRs with four different shapes. (b) The
fitted scattering intensity distribution curves of four types of GNRs with different plasmonic
scattering peaks under the co-irradiation of 640 nm (fixed power at 0.5 mW) and 775 nm
(increases from 0 mW) laser sources. (c) The scattering intensity distribution curves of
GNRs with different plasmonic scattering peaks under the irradiation of varying power of
Gaussian-shaped 775 nm suppression laser beam. (d) Simulation of the spatial distribution
of electric near-field of a bare GNR (760 nm plasmonic scattering peak) on a glass substrate
upon the excitation of the 640 nm excitation laser. () The fitted normalized scattering
intensity curves of the 4 types of GNRs with different shell thicknesses upon the irradiation
of the 640 nm excitation laser. (f) The normalized scattering intensity distribution curve of
the GNRs with different shell thicknesses as the illumination power of 775 nm inhibition
laser increases from zero. (g) The relationship between nanoparticle temperature and
incident laser power (775 nm) for GNRs with different silica shell thicknesses. (h) Example
of photo-thermal instability issue for bare or thin silica shell coated GNRs in SUSI imaging
(left panel) and the TEM image (right panel).

We then performed super-resolution imaging (SUSI method) of GNRs with a 20 nm thick
silica shell based on the nonlinear plasmonic scattering behavior and the results are shown
in Fig. 3. The 640 nm excitation laser beam (power: 0.17 mW) and the 775 nm donut-
shaped suppression laser beam (power: 0.9 mW) were used for super resolution imaging of
the GNRs sample. The FWHM values of GNRs images were obtained by fitting the
distribution curve of plasmonic scattering signal. Fig. 3(a)(i) shows the scattering images
of dispersed GNRs under confocal (left) and SUSI (right) imaging configurations. Fig.
3(a)(ii) compares the confocal and SUSI microscopy imaging of one isolated GNR in the
selected region of Fig. 3(a)(i). The FWHM of Gaussian-fitted profile of the nanoparticle
confocal imaging is 264 nm, while the FWHM of SUSI super-resolution imaging profile



(inhibition laser beam power: 0.9 mW) is compressed to 114 nm (A/5.5), improving the
imaging resolution by 2.3 times. The power density in our SUSI imaging (6.4>10% W/cm?)
is about three orders of magnitude less than a typical dye-based STED microscope (10s
MW GW/cm?) [2]. Fig. 3(b) demonstrates that two adjacent GNRs at sub-diffraction
distance can be resolved by SUSI microscopy imaging. The confocal imaging method
cannot resolve the two closely located GNRs while SUSI imaging can clearly resolve the
two GNRs (FWHM of the fitting profile of each GNR imaging: 122 nm and 157 nm
respectively). The above super-resolution imaging results lays the foundation for the silica
shell-coated GNRs as a nanoprobe option for non-fluorescence based super-resolution
optical imaging
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Fig. 3. Super-resolution imaging (SUSI method) of the selected core-shell GNRs. (a)(i)
Confocal and SUSI microscope imaging of dispersed 20 nm thick silica shell-coated GNRs.
The following figure (ii) shows the confocal and SUSI images of individual GNR and the
corresponding normalized plasmonic scattering intensity profiles. The scattered dots are
from confocal and SUSI im-aging measurements, and the solid lines are Gaussian fitting
curves. (b) Confocal and SUSI imaging of two adjacent core-shell GNRs and the
corresponding normalized plasmonic scattering intensity profiles (the figure below).
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The application of core-shell GNRs in bio-imaging and direct laser writing is exhibited
in Fig. 4. SUSI super-resolution optical imaging of GNRs in Hela cells sample was realized
and shown in Fig. 4(a). The cell structure was scanned by confocal optical microscope and
core-shell GNRs was scanned by SUSI super-resolution microscope. The Fig. 4(a)(i)
contains confocal imaging of Hela cells with the green fluorescent protein marker Life Act-
EGFP staining (left), GNRs staining (middle) and an enlarged confocal image (right) of
dispersed core-shell GNRs that have entered the Hela cells. In Fig. 4(a)(ii) and Fig. 4(a)(iii),
the super-resolution imaging of core-shell GNRs in Hela cells was achieved by SUSI
microscopy at a 775 nm suppressing laser beam power of 0.9 mW (5.4x105 W/cm?). The
FWHM of a single GNR profile can be super-resolved down to 128 nm and the resolution
of two adjacent GNRs can be better distinguished via SUSI microscopy. Fig. 4(b)
demonstrated the sub-diffraction optical recording in a solid-state sample which is a dried
mixture (1:2 wt ratio) of core-shell GNRs aqueous solvent (10 mg/ml) and PVA water
solvent (20%). A femtosecond (fs) laser writing system powered by an 800 nm laser
(Solstice Ace, Spectra-Physics, pulse width:100 fs, repetition rate: 5 kHz, writing power:
80 uW) was focused through an objective (Olympus,1.4 NA, 100x) for sub-diffraction
optical recording of a two-dimensional pattern “USST” in the solid PVA-GNRs sample.
The super-resolution imaging of individual letters was achieved by SUSI micros-copy with



the FWHM of a lateral feature size compressed down to 173 nm (A/3.7), which is half of
the Abbe diffraction limit (348 nm) of laser processing system. Direct laser writing of
gratings and dots in the GNRs-PVA sample was also conducted via a 520 nm fs laser
writing system (Carbide, Light Conversion, pulse width: 205 fs, repetition rate: 1MHz,
objective: 0.95NA 100, writing power: 4.6 uW) and two sub-diffraction limit gratings and
dots were achieved (resolution: 235 nm) as shown in Fig. 4(c).

Notably, anisotropic gold nanoparticles not only facilitate the formation of additional
LSPR modes but also exhibit strong polarization-dependent optical responses. As
evidenced in prior investigations on multidimensional optical storage using GNRs [30],
both plasmonic resonance wavelength and polarization state can serve as important physical
dimensions for information multiplexing purpose. Although the GNRs’ orientation is
randomly distributed in our current super-resolution imaging and optical recording
demonstrations, we still investigated the underlying influence of laser polarization direction
on the orientation of anisotropic GNRs through simulations. As shown in Fig. S9, the
strongest plasmonic enhancement effect occurs at 6=r/2, when the polarization angle of the
incident laser is aligned with the GNR longitudinal axial direction. This finding holds
significant implications for super-resolution applications: Through ordered arrangement of
anisotropic nanoparticles combined with precise polarization control of the incident laser
beam, substantial enhancement can likely be realized in both imaging sensitivity and optical
recording precision.
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Fig. 4. Application of core-shell GNRs in super-resolution bio-imaging and optical
recording. (a) (i) Confocal microscopy image of Hela cells stained with Life Act-EGFP (left)
and GNRs (right) and enlarged confocal image of GNRs (boxed region); (ii) Confocal and
SUSI microscopy images of a single core-shell GNR from the box-selected region
(indicated by white arrows) in the Hela cell and the corresponding normalized intensity
profiles of the plasmonic scattering signal; (iii) Confocal and SUSI microscopy images of
two adjacent GNRs and the normalized intensity profiles of the plasmonic scattering signal.
(b) Confocal and SUSI microscopy imaging of sub-diffraction optical recording of “USST”
letters in a solid PVA-GNRs film sample. The analysis for the normalized scattering
intensity profiles is on the right. (c) Confocal and SUSI microscopy images of laser
recorded two adjacent gratings and two dots processed in the solid PVA-GNRs film sample
and the corresponding normalized intensity profiles for the plasmonic scattering signal.

4. Conclusion

In summary, we investigated the practical applications of core-shell GNRs for non-
fluorescence far-field super-resolution imaging by pulsed-laser sources and sub-diffraction
optical writing. Core-shell GNRs coated with different thicknesses of silica shell were



studied and characterized based on their nonlinear plasmonic scattering response, thermal
stability and power consumption. It is proposed that GNRs with silica shells of 20 nm
thickness possess balanced qualities including good plasmonic scattering response, high
thermal stability, solid maintenance of structural integrity as well as low power
consumption. We then used them as plasmonic nanoprobes for super-resolution optical
imaging and achieved a lateral feature size of 114 nm (A/5.6). Core-shell GNRs have also
been shown to enter biological cells and have rendered super-resolved bio-imaging possible.
More importantly, we demonstrated the super-resolution optical information writing in a
GNRs-PVA solid-state sample. This study extends the practical nano-imaging and
recording scenarios of utilizing core-shell anisotropic metal nanoparticles based on
nonlinear plasmonic responses. Further research into the SPIN writing mechanism of
plasmonic scattering sensitive GNRs-based nanomaterials can be of considerate
significance for nanoscale optical memory and nanophotonic devices applications.
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