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Correlate light–matter interactions in different
spectral regimes
Qiaoqiang Gan1,2✉

Abstract
Using mid-infrared plasmons to trigger visible surface enhanced Raman spectroscopy signals within a nanocavity
represents new opportunities for fundamental investigation of light–matter interaction within quantum regimes,
requiring improved sensing capabilities enabled by well-designed nano/microstructures and characterization systems.

The unprecedented ability of light concentration
within metallic nanostructures has attracted significant
research interests in recent years1. Using a variety of
nanoantenna structures, the incident optical field can be
concentrated into deep subwavelength volumes and
realize significant localized-field enhancement (so called
“hot spots”)2, which is promising to develop enhanced
nonlinear optics3, surface photoctalysis4,5 and surface
enhanced spectroscopic sensing technologies6,7. It is
generally believed that smaller gaps between metallic
nanopatterns will result in stronger localized field
enhancment due to optically driven free electrons cou-
pled within the gap. However, due to the diffraction
limit of classic optics, it is a grand challenge to couple
and confine the light into these deep subwavelength
volumes. Therefore, the capability to manipulate light
within these extremely deep subwavelength scales is
promising to introduce revolutionary advances in
light–matter interaction and pave the way towards light
manipulation within extremely small and even quantum
regimes8.
In a recent issue published in 2021, Wang and Tian

et al. overviewed the latest research progress from nano/
micro-photonic structures to macro-optical deisngs, and
explained their implimentations in surface enhanced

Raman spectroscopy (SERS) and infrared absorption
spectrocopy technologies9. Absorption peaks in infrared
absorption spectroscopy generally correspond to Raman
peaks in SERS spectra. These two technologies are usually
considered as complementary technologies that can pro-
duce more sensitive capabilities when performed simul-
taneously. However, since the vibrational absorption
signal of surface enhanced infrared absorption spectro-
scopy is proportional to |E/E0|

2 in contrast to |E/E0|
4 in

SERS, light trapping and localization structures for both
infrared wavelengths and visible to near infrared wave-
lengths are highly desired10–12. In addition to the devel-
opment of better light localization nano/micro-structures,
another key insight is that it is essential to combine
engineered nano/micro-structures with optimized macro-
optical systems to boost the overall sensing capability. In
particular, a well-designed system may introduce new
capabilities to further manipulate the optical field within
the tiny volume, which was not possible before. For
instance, an earlier example employed two atomic-force
microscope tips with metal particles to manipulate the
tip-tip distance accurately13. By characterizing the optical
scattering spectrum and current simultaneously, a quan-
tum scale limit of 0.3 nm was revealed at which tunneling
plasmonics start to dominate, representing the upper limit
for localized plasmonic enhancement. With smaller gaps,
this enhancement will decrease due to the emergence of
quantum-tunneling charge-transfer plasmons, uncovering
new areas for quantum plasmonics8,14 and extreme non-
linear interactions3 within nanometer scales.
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Recentlly, Chikkaraddy and Baumberg reported another
example to demonstrate this type of combination: i.e.
using mid-infrared (mid-IR) plasmons to trigger visible
SERS signals within a nanocavity15. The authors employed
a carefully designed optical system to focus the visible and
mid-IR beams to excite plasmons within a designed
nanogap and correlated the light–matter interaction in
different spectral regimes (i.e., visible and mid-IR). As
illustrated in Fig. 1, the nanocavity is constructed by a
metallic nano-sphere on a planar metal film separated by
a monolayer molecule. This type of cavity has been
explored expensively in recent years to boost the
light–matter interaction and even approach the quantum
upper limit of the localized field enhancement at the
contact point between the sphere and the planar film (e.g.,
ref. 14). By modulating the mid-IR perturbation signals,
the SERS signal at the visible wavelength emitted from the
molecules within the gap between the Au sphere and the
planar film can be controlled, which is similar to the
general principle of optical modulators and/or optical
switches. Relying on advanced characterization cap-
abilities (i.e., the single-photon lock-in detection scheme),
this work observed the time-dependent rise and decay of
the SERS signal in a few hundred nano-seconds, opening a
way to explore the optical manipulation of SERS signals of
trace chemical molecules using mid-IR perturbation.

Although the repeatability of this sophisticated char-
acterization needs further improvement, this combined
sensing system with nanophotonic structures and
advanced detection schemes indicates a new regime for
fundamental investigation. Remarkably, it opens the door
to manipulate the optical signature of chemical molecules
from tiny volumes and study new mechanisms within
quantum regimes. It will also enable the exploration of
building blocks for efficient light trapping and localized
field concentration that will yield important technological
breakthroughs for on-chip integrated photonics and
optical modulators and sensors in bio/chemical systems.

Conflict of interest
The author declares no competing interests.

References
1. Gramotnev, D. K. & Bozhevolnyi, S. I. Nanofocusing of electromagnetic

radiation. Nat. Photonics 8, 13–22 (2014).
2. Schuller, J. A. et al. Plasmonics for extreme light concentration and manip-

ulation. Nat. Mater. 9, 193–204 (2010).
3. Kauranen, M. & Zayats, A. V. Nonlinear plasmonics. Nat. Photonics 6, 737–748

(2012).
4. Linic, S., Christopher, P. & Ingram, D. B. Plasmonic-metal nanostructures for

efficient conversion of solar to chemical energy. Nat. Mater. 10, 911–921
(2011).

5. Zhang, X. M. et al. Plasmonic photocatalysis. Rep. Prog. Phys. 76, 046401 (2013).
6. Aroca, R. Surface-Enhanced Vibrational Spectroscopy. (Willey, Hoboken, 2006).
7. Stiles, P. L. et al. Surface-enhanced Raman spectroscopy. Annu. Rev. Anal.

Chem. 1, 601–626 (2008).
8. Tame, M. S. et al. Quantum plasmonics. Nat. Phys. 9, 329–340 (2013).
9. Wang, H. L. et al. Advances of surface-enhanced Raman and IR spectroscopies:

from Nano/microstructures to macro-optical design. Light.: Sci. Appl. 10, 161
(2021).

10. Le, F. et al. Metallic nanoparticle arrays: a common substrate for both surface-
enhanced Raman scattering and surface-enhanced infrared absorption. ACS
Nano 2, 707–718 (2008).

11. Lal, S. et al. Tailoring plasmonic substrates for surface enhanced spectro-
scopies. Chem. Soc. Rev. 37, 898–911 (2008).

12. Xu, Y. et al. Light-matter interaction within extreme dimensions: from nano-
manufacturing to applications. Adv. Optical Mater. 6, 1800444 (2018).

13. Savage, K. J. et al. Revealing the quantum regime in tunnelling plasmonics.
Nature 491, 574–577 (2012).

14. Ciracì, C. et al. Probing the ultimate limits of plasmonic enhancement. Science
337, 1072–1074 (2012).

15. Chikkaraddy, R. et al. Mid-infrared-perturbed molecular vibrational signatures
in plasmonic nanocavities. Light.: Sci. Appl. 11, 19 (2022).

M
id

-I
R

SERS

Fig. 1 Plasmonic nanocavity for mid-IR perturbation. Schematic
illustration to trigger the SERS signal from a nanocavity using a mid-IR
perturbation15
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New opportunities for light-based tumor treatment
with an “iron fist”
Riccardo Marin 1, Erving Ximendes 1 and Daniel Jaque 1✉

Abstract
The efficacy of photodynamic treatments of tumors can be significantly improved by using a new generation of
nanoparticles that take advantage of the unique properties of the tumor microenvironment.

The exploration of visible and near-infrared photons
(henceforth, light) for diagnostic and therapeutic purposes
is motivated by several considerations. For starter, the use
of non-ionizing radiation has great appeal from a safety
standpoint, reducing the need for protective measures or
equipment on the patient and operator ends alike. Light
sources and optical detectors are much more accessible
and affordable than X-ray, magnetic resonance, and
nuclear-medicine systems for imaging and therapy, both
in terms of acquisition and maintenance. The real-time
capabilities of light-based imaging approaches are another
alluring aspect. The implementation of ever less invasive
endoscopes and catheters1, then, alleviates the Achille’s
heel of these techniques: the shallow penetration depth
achievable—usually less than 1 cm.
Despite the appeal and demonstrated potential of light-

based imaging and diagnostic approaches at the pre-
clinical level, the vast majority of them are a far cry from
the bedside. This bottleneck in terms of translation to the
clinic is incredibly glaring in the case of nanotechnology-
enabled approaches. The disproportion between the effort
poured in the development of nanoparticle-based tech-
niques and their use in humans is a matter that
researchers, investors, and decision-makers should all
look at with concern. Aside from worries regarding the

intrinsic toxicity of nanoparticles and their fate within the
body, one of the main obstacles that prevents their
translation to the clinical practice is failure in demon-
strating that their performance (in the case of imaging)
and efficacy (in the case of therapy) is comparable to the
one of conventional approaches. The burden is on us, the
scientific community, to increase performance and effi-
cacy, so to demonstrate the full potential of these meth-
ods. The recent work by Li and co-workers titled “Light
Amplified Oxidative Stress in Tumor Microenvironment
by Carbonized Hemin Nanoparticles for Boosting Photo-
dynamic Anticancer Therapy” is a stride along this
direction in the field of nanoparticle-assisted photo-
dynamic tumor therapy2.
Photodynamic therapy (PDT) harnesses the capability of

a species (photosensitizer) to generate, when photoexcited,
reactive oxygen species (ROS) that induce localized
damage to malignant cells3. Individually or in combination
with conventional therapies like chemotherapy or radio-
therapy, nanoparticle-assisted PDT was shown to lead to a
significant reduction of tumor size. All this, of course, at
the pre-clinical level. Nanoparticle-assisted PDT entails
the intravenous or oral administration of nanoparticles.
After accumulation in the tumor to be treated, through
extravasation and/or active targeting, the nanoparticles are
irradiated with laser light of adequate wavelength to gen-
erate ROS in situ and induce the death of tumor cells4.
The therapy has minimal unwanted effects on surrounding
healthy tissue, due to the localization of the nanoparticles
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