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the context of theranostics[1] (a portman­
teau of the words therapeutics and dia­
gnostics). Here, they have been employed 
for in vivo diagnostics and subsequent 
treatment of cancer,[2] and the protection 
against viral infections.[3] The possibilities 
for the design of nanoagents are vast.[4] 
Examples include, but are not limited to 
multifunctional nano-carriers based on 
organic molecules and nanoparticles,[5] 
metal based nanoagents,[6] carbon dots,[7] 
radio-labeled probes,[8] photo-switchable 
systems,[9] as well as hybrid bio-active 
materials and frameworks[10] and smart 
substrates that interact specifically with 
living cells.[11] Amongst these many 
intriguing examples, plasmonic nano­
particles and nanosystems distinguish 
themselves as nanoagents by three main 

features that arise from their optical properties: They are highly 
susceptible environmental sensors, they have superior applica­
bility as nanoscale sources of heat, and they can be moved in 
a controlled manner by means of light. It is the combination 
of these properties, that paves the way for the development of 
plasmonic nanoagents towards applications in biophysics and 
biomedicine.[12]

The aim of this article is to review a seminal selection of 
strategies for the design and development of plasmonic nano­
agents to manipulate and monitor biological functions. For this, 
we begin with a brief overview of the physical mechanisms gov­
erning plasmonic nanoparticles. We continue with the evolution 
of plasmonic sensing from single biomolecule detection towards 
in vivo applications. Here, to keep the article concise, we restrict 
ourselves to sensing applications that do not involve surface-
enhanced Raman scattering (SERS) spectroscopy,[13] although 
we acknowledge that SERS has been widely applied in biological  
studies[14] and plays an important role in medical applications 
such as cancer imaging and treatment, as well.[15] Second, we 
discuss the potential of light-controlled plasmonic heating, 
for manipulating biomolecular systems in combination with 
sensing. Finally, we highlight examples of plasmonic nanosys­
tems that take advantage of a combination of sensing, tempera­
ture control as well as optical forces, through which plasmonic 
particles unfold their full potential as nanoagents. This leads 
us to an outlook on the future of plasmonic nanoagents as 
advanced optical materials in biophysics and biomedicine.

2. Main

The optical properties of plasmonic nanoparticles are covered 
in great detail in numerous review articles[16] and textbooks.[17] 

The significant rise in implementation and applications of plasmonic nano-
systems in biophysics, biochemistry, and medicine has culminated in the 
emergence of refined plasmonic enabling reagents, or “nanoagents”. These 
are defined as tools that allow researchers to not only investigate, but also 
actively manipulate biological processes and complex biosystems, such as 
living cells, on the nanoscale. This development is based on a combination 
of sensing capabilities, photothermal control, and optical force manipula-
tion offered by metallic nanoparticles. The article reviews the trajectory that 
plasmonic nanoagents have taken in recent years and highlights seminal 
recent examples of their application, such as optical sensing both in vitro and 
in vivo, optical control of biomolecular interactions and protein function, the 
manipulation of lipid membrane properties, and the possibility of guiding 
cellular behavior
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1. Introduction

The challenge for nanoscience today involves the development 
and design of nanoscale systems and tools that are capable of 
sensing and detecting, as well as executing specific tasks on 
demand. Nanomaterials are in this case no longer defined by 
mere physical characteristics, such as size, shape, and mate­
rial properties. Instead, they can be seen as multifunctional 
enabling reagents, more specifically “nanoagents”, that are 
useful for monitoring and regulating molecular processes and 
complex operations with high spatio-temporal control and effi­
ciency. Multifunctional nanoagents are widely discussed in 
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We will therefore limit ourselves to a brief introduction to the 
fundamentals on which plasmonic sensing, heating, and force 
are based and refer to corresponding references. These distinct 
optical characteristics are founded on collective oscillations of 
metallic nanoparticle’s conduction electrons, termed localized 
surface plasmons or particle plasmons.[17a] Noble metal parti­
cles, made of gold or silver for example, feature large scattering 
and absorption cross sections, which allows for single nano­
particle imaging and spectroscopy with a dark-field microscope 
(DFM). Furthermore, the particle polarizability is highly suscep­
tible to the particle’s immediate environment.[18] Even a minute 
change of the surrounding refractive index, can be detected by 
a shift of the plasmon resonance frequency. The measurement 
stability is high, since plasmonic properties are not prone to 
photobleaching and the chemical inertness inherent to most 
noble metal particles ensures biocompatibility with living cells 
or small organisms.[19] At the same time, the chemical addressa­
bility is straightforward, which allows for functionalization with 
biomolecules.[20]

Large absorption and scattering cross-sections do not only 
render plasmonic particles useful for sensing applications but 
also open up pathways to actively manipulate them with light. 
Light absorbed by plasmonic particles is converted into heat 
efficiently and fast. Gold nanoparticles, for example, can feature 
significant temperature increases within nanoseconds when 
they are irradiated with light at their plasmon resonance fre­
quency.[21] When using a focused, continuous wave (cw) laser, 
this grants temperature control over a wide range of up to sev­
eral hundred degrees Celsius on a single particle level. This 
thermal energy quickly dissipates into the environment. For a 
small spherical particle, temperatures fall with the inverse of 
the distance from its surface.[22]

In recent years, plasmonic heating has been employed in a 
variety of applications[23] such as control of nanoscale flows,[24] 
material science,[25] water treatment,[26] biomedicine,[27] and 
nanochemistry.[28] Some of these examples take advantage of 
the extremely high temperatures achievable, to the point of 
particle melting and deformation. For most biological applica­
tions, however, high temperatures are often not necessary or 
desired.[29] Here, heating by a few degrees Celsius and con­
trolled temperature cycles are required, to avoid thermal degra­
dation or irreversible damage to the studied system.[30]

Spatial manipulation of plasmonic particles by optical 
force is the third concept employed for devising plasmonic 
nanoagents. There are two kinds of forces that act on a metal 
nanoparticle in a focused laser beam:[31] A scattering force that 
originates from momentum transfer of scattered and absorbed 
photons as well as a gradient force, which is proportional to the 
intensity gradient of the Gaussian beam. Both forces act on a 
nanoparticle in different ways. The scattering force is directed 
along the energy flux of the light beam (in the direction of the 
Poynting vector), whilst the gradient force (when attractive) 
pulls the particle towards the beam center. A plasmonic par­
ticle can thus be trapped in the focus of a laser beam when the 
attractive gradient force exceeds the scattering force, which is 
the principle behind optical tweezers.[32] The contribution of 
scattering and gradient force can be balanced by the laser wave­
length. Optical trapping is best achieved with laser wavelengths 
that are red shifted far from the plasmon resonance frequency. 

However, it should be noted that with a laser wavelength blue 
shifted from the plasmon resonance, the gradient force can also 
become repulsive.[33] For a laser wavelength closer to the parti­
cle’s plasmon resonance, the scattering force becomes increas­
ingly strong up to the point where it dominates and the particle 
is pushed out of the beam focus. Put simply, gold(but also 
other metallic)-nanoparticles can be trapped or pushed by light, 
depending on the illumination conditions.[31]

The important aspect to keep in mind is that sensing, 
heating, and force manipulation can occur at the same time, 
however with varying significance. These concepts should thus 
not be considered as strictly parallel modes of operations but 
are often intertwined. This has both notable benefits, as well as 
some drawbacks for plasmonic nanoagents, as we will discuss 
in the following.

2.1. Plasmonic Sensing: A Journey from In Vitro to In Vivo

With the global pandemic in 2020, caused by severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), it became 
apparent that the fast identification of pathogens is imperative 
for medical self-testing, as well as clinical diagnostics.[34] Optical 
screening tests, that use plasmonic nanoparticles for reliable 
detection of specific biomolecular recognition events, have long 
been used, in this regard.[35] On the most basic level, an assay 
can be designed where one type of binding partner, that is, spe­
cific antigens or single-stranded oligo-nucleic acids, is bound 
to gold nanoparticles that are either in solution or at a spe­
cific location on a diagnostic chip. When exposed to molecular 
antagonists (e.g., antibodies or the complementary nucleic acid 
strands) these analytes immobilize the gold particles at the 
target location via specific molecular recognition (Figure 1). The 
strip-chromatography design has been utilized successfully for 
the last 6 decades in the form of commercial lateral flow assays 
(LFA) for biomedicine, agriculture, food, and environmental 
sciences.[36] The popularity of these platforms relies on their 
low-cost, rapid diagnostic, and ease of use. These qualities arise 
from two characteristics of the tests: The sensitivity and speci­
ficity derived from biorecognition and the direct readout by the 
naked eye, originated from the gold nanoparticles’ large optical 
cross sections. Arguably, this rather simple approach is also the 
most wide-spread commercial application, to date. Especially, as 
plasmonics-based LFA has played a crucial role in COVID-19 
self-diagnostics worldwide.[37]

More sophisticated plasmonic nanoparticle sensors have 
been designed by following two complementary strategies. 
As described previously, any change in the particle’s dielectric 
environment leads to a shift of the plasmon resonance, which 
enables the detection of molecular binding events. This ren­
ders plasmonic nanoparticles excellent biosensors, with many 
review articles[38] and books[39] published on this topic over the 
years. The first example of plasmonic biosensors was based on 
bulk solutions of dispersed gold nanoparticles. Almost two dec­
ades ago, light scattering spectroscopy of single gold nanopar­
ticles was introduced[40] and the observation of specific binding 
events on a single particle level became feasible.[41] This greatly 
improved the sensitivity of such particle plasmonic sensors, 
as single particle spectra do not suffer from inhomogeneous 
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broadening (like bulk spectra) and even single nm spectral 
shifts could be observed in a basic streptavidin/biotin assay 
(Figure 2a).[42] Strategies to improve the sensor design further 
employed nanoparticles that display sharp resonance peaks 
and high field enhancement in the vis-NIR range such as gold 
nanorods,[43] nanotriangles,[44] nanocubes,[45] and nanostars.[46] 
An exciting development in this area has been the applica­
tion of plasmonic nanoparticles to obtain enhanced circular 
dichroism (CD) spectra from chiral molecules.[47] Chirality is 
ubiquitous in nature and found in almost all biomolecules.[48] 
CD signals from organic molecules typically appear in the UV 
spectral region and are weak, which means that large ana­
lyte concentrations are required to conduct a measurement. 
Plasmon-enhanced CD enables a threefold improvement in this 
regard. Coupling between chiral molecules and the plasmonic 

near-field yields an enhanced CD excitation as well as signal 
intensity and can shift optical chirality to visible frequencies. As 
an example, core-shell nanocubes of gold and silver have been 
used for ultrasensitive chiral detection.[49] Furthermore, Link 
and colleagues could reveal by single particle circular differen­
tial scattering (CDS)[50] spectroscopy that individual nanorods 
covered with chiral proteins are CDS-inactive. Instead, aggre­
gates of gold nanorod/BSA that display structural chirality 
and plasmonic hot-spots are required to obtain a strong CDS 
signal.[51] These findings pave the way for the design of plas­
monic reporter materials that display strong amplification of 
chirality detection, which is essential for pharmaceutical appli­
cations and drug development.

A second strategy for plasmon-based biosensors relies on 
“radiative decay engineering”[52] via the interaction between 
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Figure 1.  Scheme of a LFA. a) The sample potentially containing relevant analyte flows through the chromatography membrane and mixes with gold 
nanoparticles functionalized with anti-analyte recognition molecules. The test line contains a second anti-analyte molecule to retain the analyte bound 
to the nanoparticles. The control line is functionalized to recognize and retain the recognition molecules attached to the nanoparticles and determine 
the quality of the assay. b) Pictures of a SARS-CoV-2 antigen test with positive (up) and negative (down) results and their corresponding LFA schemes.

Figure 2.  Single plasmonic nanoparticle biosensing. a) Top: Schematic illustration of nanoparticle functionalization with biotinylated BSA and subse-
quent streptavidin binding. Bottom: Plasmon energy redshift calculations of a single gold nanoparticle from bare to biotin and streptavidin bonding. 
(Reproduced with permission.[42] Copyright 2003, American Chemical Society.) b) Schematic illustrating the working principle of the cTnT immunoassay. 
c) The cTnT concentration detection by measuring fluorescence quenching. (Reproduced with permission.[60] Copyright 2003, American Chemical 
Society.)
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plasmonic nanoparticles and fluorescent dyes. Plasmonic 
nanoparticles manipulate the radiative rate of close fluoro­
phores,[53] which can result in either quenching or enhance­
ment of fluorescence, depending on the separation distance, 
and the nanoparticle material.[54] Radiative quenching of dyes 
with small gold particles was shown to be more efficient com­
pared to energy transfer between individual molecules and the 
distance between fluorescent dyes and a gold nanoparticle can 
thus be larger than the typical Förster radius.[55] Applications 
for fluorescence quenching with plasmonic nanoparticles have 
been demonstrated for oligonucleotides,[56] proteins,[57] small 
aptamers,[58] and even haptens such as the digitalis glycoside 
digoxin, a drug used for cardiac arrhythmia treatment that can 
induce severe side effects upon mis-dosage. As an example, 
nanoparticle-fluorophore conjugates have been applied to 
monitor digoxin levels in a nanomolar dynamic range of 
0.2–5 ng mL−1.[59] The first immunoassays for the detection of 
pathogens or biomolecules via fluorescence quenching were a 
further important step towards more medically relevant diag­
nostic applications. A seminal example has been the detection 
of cardiac troponin T (cTnT), a cardio-specific intracellular pro­
tein that regulates cell contraction. Plasmatic levels of cTnT are 
routinely scanned in hospitals, since elevated levels are an indi­
cation of heart damage and can be associated with a current or 
future myocardial infarction. In 2009, a “sandwich assay” was 
demonstrated by the Feldmann group, where cTnT proteins in 
solution were trapped between a gold nanoparticle and a fluo­
rescent dye via specific antibodies (Figure 2b,c).[60] The weaker 
dye emission as a result of the cTnT/antibody-mediated teth­
ering to fluorophores to the gold nanoparticle functioned as a 
readout for the cTnT concentration in the sample. Nanomolar 
cTnT concentrations could be reliably detected, which is excel­
lent, even by today’s standards. Achieving such high sensitivity 
renders plasmonic sensors highly useful for applications that 
involve monitoring of the plasmatic levels of drugs within a 
narrow therapeutic window. Plasmonic nanosensors have also 
been employed within competitive hybridization assays for the 
detection of short, noncoding microRNAs (miRNAs),[61] which 
have pivotal regulatory functions in a diverse range of biological 
processes such as gene expression, cell differentiation, and dis­
ease development.

Fluorescence enhancement, instead of quenching, can be 
employed for single molecule detection as well. Anger et al. 
reported that for a single gold nanoparticle the variation of 
distance leads to a continuous transition from fluorescence 
quenching to enhancement, illustrating that both are indeed 
competitive effects.[62] Large enhancements and the shaping 
of fluorescence spectra can be obtained with plasmonic reso­
nators, such as nanoparticle dimers[63] and bowtie antennas[64] 
that create highly localized electric fields in the so-called “hot-
spot” region of the particle gap. Strategies to employ single 
molecule fluorescence detection for diagnostic assays heavily 
rely on the appropriate methodology to form stable dimers with 
well-defined spacings and the option of positioning the analyte 
precisely in the hot-spot region. These challenges can be solved 
elegantly with DNA-origami nanotechnology (Figure 3a).[65] 
Dynamic biophysical systems, such as lipid membranes, where 
individual components are in a perpetual state of motion, can 
be studied by embedding the bilayer within arrays of plasmonic 

nanoantennas. As an example, bowtie nanoantenna arrays have 
been employed to investigate the membrane diffusion of single 
SOS (Son of Sevenless), a guanine nucleotide exchange factor 
(GEF) enzyme that activates membrane-linked Ras by cata­
lyzing the exchange of Ras-bound GDP for GTP (Figure 3c).[66] 
This SOS-catalyzed nucleotide exchange in Ras is important for 
many health-related aspects. Combining bowtie nanoantenna 
arrays with the supported membrane platform has enabled 
quantitative studies of the diffusion of single dye-labeled 
enzymes in a bilayer via fluorescence enhancement, as they 
pass through individual plasmonic “hot-spots”. (Figure 3d).

Not only dimer antennas, but also other particle shapes such 
as nanocubes and nanorods have been used for label-free moni­
toring of protein binding events[45,67] and membrane receptor 
interactions,[68] on lipid bilayer membrane by plasmonic 
sensing. An example that displays this capability for studying 
dynamic systems, has been the observation of MinDE pattern 
formation on supported bilayer membranes. MinDE is a pro­
tein system involved in the bacterial cell division process of 
Escherichia coli.[69] With real-time plasmon monitoring, Sön­
nichsen and colleagues could analyze fluctuations of local pro­
tein concentrations and dynamic Min protein oscillation over 
hours, and reveal that the oscillation periods were dependent 
on membrane curvature.[69b] These seminal studies on synthetic 
lipid membranes pave the way for the ultimate goal of using 
plasmonic nanosensors for personalized medicine and clinical 
diagnostics. Towards this objective, Ortega et  al. developed a 
plasmonic islet-on-a-chip (IOC) that mimics the native pan­
creas host, quantifying insulin levels under different glucose 
concentrations (Figure 4a).[70] This organ-on-chip represents a 
non-invasive biosensing method for continual bioanalysis of 
microtissue behaviors. Finally, Kaefer et al., recently described 
the use of plasmonic tags for diagnostics by demonstrating 
the application of gold nanoparticle sensors embedded in a 
tissue-integrating hydrogel scaffold.[71] In this work, the authors 
avoided some of the inherent problems of diagnostic implants 
and in vivo biomarker monitoring, by combining the high bio­
compatibility of hydrogel scaffolding with the long-term optical 
and chemical stability of gold nanoparticles. Real-time, non-
invasive measurements of biomolecule concentrations could 
be achieved, through the skin of a living rat (Figure  4b). The 
authors measured the concentration of kanamycin, an antibi­
otic that was injected into the abdominal skin of the rat’s tail, 
for up to 4 weeks.

These examples highlight the tremendous progress that has 
been made in the field over the years, culminating in a reliable 
approach for in vivo measurements. However, one could argue 
that these plasmonic systems described do not strictly qualify 
as nanoagents, since the particles are still, for the most part, 
passive elements. The combination of sensing with tempera­
ture control, as outlined in the following chapter, grants a more 
active influence on biological systems and environments.

2.2. Sensing and Heating

One of the best-known examples for optothermal applications 
in biomedicine is probably photothermal therapy, where gold 
nanoparticles are injected into a growing tumor and optically 
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heated to destroy malignant tissue in situ.[72] In particular, par­
ticles that display strong resonances in the near-infrared are 
suited for such a purpose, since they can be heated by using 
tissue penetrating red light. So far, various particle shapes, for 
example, gold nanorods,[73] nanostars,[74] nanotriangles,[75] and 
plasmonic core-shell nanoparticles,[76] have been tested as light-
to-heat transducers for photothermal therapy.

Thermal cell damage is comparatively easy to accomplish, 
with the main requirement being that sufficient heat is gener­
ated in a specific area. Using temperature to guide or regulate 
a molecular process or biological function, ideally in a revers­
ible fashion and without inducing permanent damage, requires 
more precise and sophisticated temperature control. Living 
cells, for example, are highly complex compartmentalized sys­
tems where small temperature variations on the nanoscale can 
affect local reaction kinetics or molecular transport,[77] which 
ultimately feeds back to cellular function. Many fundamental 
properties of cells, including stiffness,[78] membrane perme­
ability,[79] and gene expression levels[80] can be influenced by 
temperature. Studying these processes requires a strategy to 

not only apply heat in a controlled way but to also measure local 
temperature differences. The latter can be achieved by fluo­
rescence methods[81] but also directly by measuring thermally-
induced refractive index variations around heated particles.[82] 
Photothermal microscopy,[83] based on light absorption of gold 
particles that are only a few nanometers in size, has been used 
for label-free particle tracking and super-resolution imaging in 
biological systems.[84] This further adaptation for temperature 
mapping greatly expands the applicability of plasmonic nanoag­
ents for comprehensive photothermal control.

Temperature dependent biophysical processes, for example, 
enzyme kinetics, membrane dynamics, or biopolymer assem­
blies are often studied in reconstituted systems by changing 
the experimental conditions globally. In contrast, plasmonic 
materials that combine sensing with optothermal manipula­
tion are capable of addressing biological systems in situ, on 
the nanoscale. A seminal example for the potential of plas­
monic particle heating for controlling biomolecular interactions 
via temperature has been the introduction of DNA melting[85] 
and executing ultrafast polymerase chain reactions (PCR).[86] 

Adv. Optical Mater. 2022, 10, 2200572

Figure 3.  Plasmonic fluorescence enhancement for imaging. a) Scheme of DNA-origami Au-nanoparticle pillar for fluorescence enhancement assembly. 
b) Fluorescence intensity tracks display transients of binding and unbinding events. (Reproduced with permission.[65b] Copyright 2012, Science.) 
c) Schematic of single molecule fluorescence enhancement of freely diffusing fluorescently labeled proteins, as they pass through the nanogaps of a 
plasmonic bowtie nanoantenna array embedded in a bilayer membrane. d) Fluorescence intensity peaks of three molecules, as they diffused through a 
nanogap (indicated by the white arrow in the reflectance interference contrast microscopy (RICM) image). (Reproduced with permission.[66] Copyright 
2012, American Chemical Society.)
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Methods for DNA replication and detection, including PCR, 
rely on thermal cycling to melt DNA double helices and to acti­
vate specific DNA replication enzymes. A sample containing 
the DNA in solution is exposed to temperature ramps that 
are generated by an external heating element. The processing 
speed is a limitation in this procedure, since the whole system 
needs to be heated until a thermal equilibrium is reached and 
then subsequently cooled down. Typical time scales for DNA 
melting analysis are therefore in the range of several minutes 

or even hours. However, in clinical diagnostics, processing time 
is of the essence. A high sample throughput and a fast anal­
ysis of DNA melting and hybridization is therefore desirable. 
Rather than driving temperature ramps of the whole sample, 
gold nanoparticles embedded in DNA aggregates have been 
used as nanoscopic stoves to apply controlled and reversible 
heating (Figure 5a).[87] The heat generated in a nanoparticle/
DNA aggregate with a laser pulse is accumulated homogene­
ously between the particles, which almost instantaneously 

Adv. Optical Mater. 2022, 10, 2200572

Figure 4.  Bio-medical applications of plasmonic sensing. a) Image of organ-on-chip sensing platform and scheme of insulin quantification principle 
via plasmonic nanoantenna islets. (Reproduced with permission.[70] Copyright 2021, MDPI.) b) Top left: Schematic of the measurement setup through 
the rat’s skin in transmission mode. Top right: Image series skin embedded sensor stripes (R = reference stripe; S = Sensor stripe). Bottom left: In 
vitro calibration curve: Kanamycin concentration versus plasmon resonance shift. Bottom right: Time-dependent increase of subcutaneous kanamycin 
concentration after continuous infusion of 3 doses of the antibiotic (pink lines), with modeled predictions (black lines). (Reproduced with permission.[71] 
Copyright 2010, American Chemical Society.)
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melts the DNA. Notably, the gold particles not only control 
temperature ramping, but simultaneously function as spec­
troscopic reporters of the hybridization state. The extinction 
spectrum of gold particle aggregates is broader and red-shifted 
compared to that of dispersed gold nanoparticles. The change 
from an aggregate to free particles, associated with the melting 
of the interlinking DNA, is thus detectable by a blue shift of 
the sample’s extinction spectrum. This “nanostove” approach is 
so sensitive, that it allowed for distinguishing between a per­
fectly matching target DNA strand, and strands that were mis­
matched by only a single nucleotide, via slight differences in the 
dehybridization temperature.[85] With a millisecond observation 
window and the potential for multiplexing and mutant iden­
tification, this approach provides one of the highest turnover 
rates for DNA melting analysis and has led to the development 
of ultrafast PCR.[86a] In a recent report, the concept for nucleic 
acid detection via differences in melting temperatures was fur­
ther expanded for the realization of a biosensor chip that com­
bined photothermal control with plasmonic sensing for highly 
accurate SARS-CoV-2 detection (Figure 5c).[88] The sensor chip 
was designed by coating a substrate with small, separated gold 
nanoislands that were functionalized with single stranded 
DNA complementary to the nucleotide target sequence of 
the coronavirus. The label free detection of a matching virus 
sequence from solution was monitored by plasmonic sensing 
upon hybridization with the anchor strand. At the same time, 
the sample was illuminated through a second channel with 
laser light matching the plasmon resonance frequency of the 
gold islands to control the hybridization temperature. This 
sensing/heating combination allowed to distinguish between 

the binding of two similar target sequences, one of SARS-
CoV-2 and a second target sequence from a different corona­
virus, which was slightly mismatched to the anchor sequence. 
Given this high specificity, it appears feasible that the sensor 
chip could potentially be designed in such a way, that it would 
even allow for a fast and reliable distinction between occurring 
SARS-CoV-2 variants.

Photothermal control is further suited to probe lipid bilayers, 
cell membranes and associated membrane channels. For 
example, gold nanoparticles have been attached to the capsaicin 
transient receptor potential cation channel subfamily V member 
1 (TrpV1), a sensitive membrane ion channel that opens at 43 °C 
and triggers neuron stimulation.[89] This is a typical example 
for an experiment, where excessive particle heating must be 
avoided, since temperatures above ≈45–50  °C could lead to 
irreversible damage and denaturation of the channel protein. 
Alternatively, the membrane’s physical properties can be tar­
geted directly. Moderate plasmonic heating with a cw laser has 
been used to control gel-fluid phase transitions in synthetic 
bilayer membranes via temperature gradients on the nanoscale 
(Figure 6a).[90] The increase in bilayer fluidity was observed by 
an onset of a random particle movement within the bilayer area 
that was heated above the phase-transition temperature. The 
temperature profile stemming from single particle heating on 
a membrane can be visualized with fluorescence microscopy, 
as shown by Bendix et al.[91] They analyzed the preferential dis­
tribution of fluorescently labeled lipid molecules between fluid 
and gel phase domains in a supported bilayer to determine 
the boarder and size of the membrane phase transition with 
respect to the particle temperature. However, local temperature 

Adv. Optical Mater. 2022, 10, 2200572

Figure 5.  Plasmonic heating for nucleic acid detection. a) Schematic of the DNA nanostove approach for DNA melting analysis. b) Extinction spectra 
for heating of DNA-linked gold nanoparticle clusters. (Reproduced with permission.[87] Copyright 2010, American Chemical Society.) c) SARS-CoV-2 
detection by plasmonic heating and sensing. d) Plasmonic heating and sensing allow for discrimination between complementary (left) and mismatched 
nucleotide sequences (right). (Reproduced with permission.[88] Copyright 2010, American Chemical Society.)
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manipulation does not only influence the membrane fluidity, 
but has also an effect on lipid bilayer permeability and rigidity. 
Localized nanoparticle heating has been applied to reversibly 
control ionic currents flowing through a synthetic lipid bilayer, 
and even cell membranes, in the pA range (Figure 6b).[92] Bendix 
et al. have further demonstrated that membrane expansion and 
change in bending stiffness associated with membrane phase 
transitions can trigger the fusion of synthetic liposomes,[93] and 
even living cells.[94] Cells are indeed able to adapt their behavior 
directly with respect to elevated temperatures in their surround­
ings. Zhou et al. demonstrated that localized heating of nano­
particle arrays can hinder cell migration.[95] They observed the 
movement of fibroblasts that were seeded onto a linear pattern 
of gold nanoparticles. The particles were functionalized with a 
cysteine-terminated linear arginine-glycine-aspartic acid (RGD), 
a polypeptide that promotes integrin mediated cell adhesion and 
migration. Heating a spot of the particle pattern to ≈44 °C, put an 
instant halt to any cell spreading or migration. Notably, the cel­
lular behavior was fully reversible by removing the heat source. 
The cells did not appear to suffer from irreparable damage 
during the process. However, in a later report, the Baffou group 
showed that plasmonic heating of a nanoparticle pattern under­
neath single cells triggers a heat-shock response.[96] In an ele­
gant approach, the particles were used as a source of heat, while 
temperature measurements were simultaneously conducted by 
measuring the temperature dependent wavefront distortions. 
Very recently, Carrillo-Carron et al. then moved from the extra­
cellular space towards optical control of thermal-driven pro­
cesses inside living cells. Using gold nanostars encapsulated in 
metal-organic framework nanoparticles they demonstrated the 
feasibility of plasmon mediated nucleophilic substitution (i.e., 
thermocyclization) reactions (Figure 7a–c).[97]

Additional work on plasmonic heating of gold nano­
particles includes time-controlled triggering of drug release 
from liposomes or microcapsules in photopharmacology.[98] In 
an extension of this idea, Delcea et al. studied the triggered 
release of intracellular molecules from red blood cells (RBCs) 
via thermally assisted opto-poration.[99] The authors used laser 
light to locally heat nanoparticle clusters on the surface of indi­
vidual RBCs and to thereby induce permeability. This effect 
was attributed to the formation of transient hydrophilic pores 
in the cell membrane due to a combination of local phase 
transitions, the denaturation of membrane glycoproteins and 
lipid peroxidation via free radicals. If nanoparticle heating 
exceeds the spinodal decomposition temperature of water, the 
formation of nanobubbles can be also observed.[29a,100] These 
fast-expanding bubbles can serve two purposes. First, vapor 
expansion leads to instantaneous membrane rupture. Second, 
the vapor surrounding the particles acts as a protective shield 
due to a much lower thermal conductivity compared to liquid 
water.[100,101] The transient pores formed by vapor bubbles dis­
play a lifetime of only a few µs and cause no further thermal 
damage to the surrounding area. In a direct comparison, it 
was shown that vapor nanobubbles greatly outperform other 
modes of thermally induced photoporation for the transport 
of molecules in and out of living cells, without introducing 
any notable cytotoxic effects.[102] The technique was applied 
for the selective labeling of neurons[103] and targeted drug and 
gene delivery[104] and the delivery of small interfering RNA 
to cytotoxic T-cells.[105] These examples have all in common 
that the molecules and drugs had to pass the photothermally 
generated membrane pores passively, via diffusion, which is 
highly dependent on molecule type, the concentration and the 
pore size. In the following, we will discuss how active delivery 

Adv. Optical Mater. 2022, 10, 2200572

Figure 6.  Membrane manipulation via plasmonic heating. a) Top: Local melting of gel-phase lipid membranes is achieved by plasmonic heating of 
a single gold nanoparticle. The particle temperature controls the region of melting. Bottom: Increased particle diffusion is observed after thermally 
induced membrane phase transitions. (Reproduced with permission.[90a] Copyright 2009, American Chemical Society.) b) Top: Photothermal control of 
ion currents across a phospholipid bilayer membrane. Bottom: Trans-membrane current versus laser intensity measured with and without (control) a 
gold nanoparticle attached to the bilayer. (Reproduced with permission.[92] Copyright 2016, Springer Nature.)
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of nanosystems into cells can be achieved when additional 
optical forces are applied.

2.3. Nanoagents Controlled by Optical Force

Balancing of optical gradient and scattering forces allows for 
controlled trapping and positioning of individual nanoparticles 
with a single focused laser beam. This adds an important ele­
ment to the nanoagent toolbox. Small particles immersed in a 
liquid are subject to Brownian motion. Inside an optical trap 
this motion is limited by strong gradient forces induced by the 
focused laser.[106] The trap stiffness and the particle confinement 
can be tuned by the laser power. Examining the particle motion 
then allows to characterize the trapping potential and analyze 
the behavior of molecules interacting with the particle.[107] This 
basic concept has been employed to detect tiny acoustic vibra­
tions in liquid media. By utilizing a single gold nanoparticle 
optically trapped in water and processing video sequences of its 
motion in the frequency domain, it was possible to detect faint 
acoustic vibrations at sound power levels down to −60 dB; more 
than six orders of magnitude more sensitive than the human 
ear.[108] This approach was later expanded upon and employed 
to monitor the rotation frequency of flagellar bundles of single 
bacteria cells,[109] the swelling state of red blood cells,[110] and the 
fitness of aquatic nauplius larvae.[111] Further, by introducing a 
quasi “lock-in” approach for particle tracking and analyzing the 
particle motion in the frequency domain, the sensitivity of force 
measurements with an optically trapped gold particle could be 
shifted to the fN range.[112] At this point, it should be noted that 
gold nanoparticles themselves can be used to generate acoustic 
waves.[113] Gold nanorods, for example, have been used as optoa­
coustic contrast agents for imaging and diagnostics applica­
tions in vivo.[114] Heating particles embedded in biological tissue 

with a short laser pulse resulted in the thermoelastic expan­
sion of the surrounding matrix and the generation of travelling 
acoustic waves that were detectable by an acoustic transducer.

Force and temperature can be combined for manipulating 
binding and interactions between biological molecules. The 
simultaneous trapping of gold nanoparticles functional­
ized with complementary strands of DNA, for example, was 
explored as a tool to fine-tune and control DNA hybridization 
kinetics in an optical trap.[115] In the experiment, two types of 
nanoparticles were labeled with nucleotide strands of either 
adenine or thymine via thiol chemistry. When two comple­
mentary particles were trapped by the laser beam at the same 
time, particle dimerization occurred, which was detectable in 
situ by a red-shift of the plasmon resonance frequency due to 
plasmonic coupling. Larger trapping powers led to a stiffer, 
more stable optical trap, but at the same time, generated higher 
particle temperatures. This lowered the hybridization rate and 
hindered the formation of nanoparticle dimers that displayed 
binding energies lower than the thermal energy.

A precise measurement of intermolecular binding forces 
between DNA strands was achieved by a combination of heat 
and force with the aid of plasmonic Janus particles.[116] These 
particles feature a metallic and a dielectric side. Spherical 
Janus particles can be prepared by coating one hemisphere of 
a micron-sized silica particle with a metal layer. When illumi­
nated with light at the resonance wavelength, the metal-coated 
hemisphere absorbs light directly, and heats up significantly 
more than the dielectric side. The resulting temperature gra­
dient along the particle axis can drive particle motion via self-
thermophoresis.[117] Inside a laser trap, the additional optical 
forces further determine the orientation and directionality of 
particle motion. The range of this added optical force control 
can be adjusted to a certain degree by changing the concentra­
tion and type of electrolytes in the surrounding medium.[118] 

Adv. Optical Mater. 2022, 10, 2200572

Figure 7.  Plasmon assisted control of reactions inside a living cell. a) Gold nanostars encapsulated in a metal-organic framework (MOF) forming 
a nanoreactor. Plasmonic heating controls photo-thermocyclizaton of thermolabile probes (1 and 3) into fluorophores (2 and 4) inside a living cell. 
b,c) Confocal microscopy images of nanoreactor pre-loaded cells without (b) and after (c) plasmonic heating with a NIR laser. Scale bars correspond 
to 20 µm. (Reproduced with permission.[97] Copyright 2021, American Chemical Society.)
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Thermophoretic and optical forces in combination result in a 
laser power-dependent upward or downward movement of the 
Janus particle with respect to the axis of the optical trap; in 
analogy to an elevator that is, in this case, driven by light.[119] 
Thus by modulating the laser power, Janus particles can func­
tion as a highly sensitive light-to-force transducer with an 
additional heating capability. Light-controlled Au–silica micro­
spheres were, for example, used to simultaneously stretch and 
partially melt a single double-stranded DNA (dsDNA) molecule 
(Figure 8a,b).[116] In this experiment, the optical force acting on 
the dsDNA molecule was in the pN range, well suited to probe 
the entropic stretching regime of DNA. At the same time, plas­
monic heating induced a measurable partial dehybridization of 
the DNA strands, in another effective combination of several 
plasmonic nanoagent features.

By taking advantage of scattering forces, one can also devise 
a strategy to actively transport nanoagents labeled with mole­
cular cargo. The all-optical injection of nanoscopic objects into 
living cells is a valuable prospect in the development of novel 
molecular delivery strategies and intracellular biosensor appli­
cations. In the first demonstration of this idea, it was shown 
that individual gold nanoparticles from the solution can be 
patterned onto the surface of living cells using a cw laser and 
later also injected.[101] This was achieved in a two-step process. 
First, gold particles were optically printed one-by-one onto spe­
cific locations on the surface of a chinese hamster ovary (CHO) 
cell. In a second injection step, short plasmonic heating with a 
laser matching the plasmon resonance frequency was applied 
to initiate vapor nanobubble formation around the particles 
and thus perforate the cell membrane. Strong scattering forces 
concomitant with the heating step simultaneously injected the 
particles into the cell. This was confirmed by Rayleigh scat­
tering spectroscopy and dark-field imaging. Although the gold 

particles reached significant temperatures during injection, a 
cell survival rate of >70% could be determined for moderate 
laser power between 5–10  mW. There is, however, a funda­
mental downside to the approach of using mere gold parti­
cles. High temperatures are required to generate nanobubbles, 
which excludes any labeling of the particles with heat-sensitive 
biomolecules. Proteins, nucleic acids, or fluorescent tags would 
be thermally destroyed or desorbed from the nanoparticle sur­
face in the nanobubble formation step.

This obstacle can be avoided with nanocarriers, where only a 
part of the particle is heated by light. This way, the “cold” part 
can be functionalized with any molecule of interest, while the 
“hot” side aids the injection process. The controlled optical 
injection of genetic material with a plasmonic shuttle into living 
cells was accomplished with “Janus nanopens”, which were 
composed of a gold nanosphere attached to a dielectric alumina 
shaft (Figure 9a–c).[120] The complete injection process, moni­
tored by DFM, also involved two steps. First, single fluores­
cently (via ssDNA) labeled Janus nanopens were trapped with 
a focused NIR laser, red-shifted significantly from the plasmon 
resonance frequency. Optical trapping of the dielectric rod 
assisted in this, and also introduced the aforementioned, “plas­
monic elevator” height adjustment component to the scheme. 
The pens could be positioned just above a cell by the laser beam 
at first and then lowered onto the cell surface by decreasing the 
power of the trapping laser. The subsequent nanopen injection 
was then accomplished with a focused green laser, matching 
the plasmon resonance frequency of the gold particle at the 
tip. The strong heating neither destroyed the Janus particle, 
nor the ssDNA label on the alumina shaft. Identifying single 
Janus nanopens with fluorescence microscopy and DFM inside 
the cells validated this concept of active biomolecule injection. 
Hence, using Janus nanopen as light-controlled nanocarriers is 
a prime example for a nanoagent where applications take full 
advantage of combined optical sensing, photothermal control, 
and optical force manipulation.

3. Conclusion & Future Perspectives

In summary, we have explored the development, implementa­
tion, and potential applications of plasmonic nanoagents. The 
use of plasmonic nanomaterials for bio-sensing has been a rap­
idly expanding field of research for the past two decades. Here, 
the combination and optimization of effects that arise from 
light-particle interaction, temperature control, and force manip­
ulation, have allowed them to take on a more active role in bio­
physical and biomedical research. This progress is perhaps best 
highlighted by the emergence of commercial applications, such 
as pathogen detection with LFAs and ultrafast plasmon-assisted 
PCR. Furthermore, plasmonic nanoagents for in vivo studies 
have become a reality, and their use for personalized medicine 
and photo-pharmaceutical applications in humans appears tan­
gible at the time of writing. We believe that upcoming research 
directions and applications will expand the wider use of plas­
monic nanoagents in the future, some of which should be also 
highlighted as a future perspective.

One exciting concept is the use of plasmonic core-shell 
nanoreactors to enhance the throughput and sensitivity of 

Adv. Optical Mater. 2022, 10, 2200572

Figure 8.  Probing DNA with a thermo-optically controlled Janus micro-
sphere. a) Schematic of a gold-silica Janus sphere illustrating the balance 
between thermophoretic and optical force acting on the particles in the 
optical trap. b) Optical manipulation of the DNA-tethered Janus particle. 
With increasing thermophoretic force, the Janus particle moves upwards 
in the laser beam and the DNA tether is extended to its maximum con-
tour length. At high laser powers, a rupture of the DNA helix is observed. 
(Reproduced with permission.[116] Copyright 2017, American Chemical 
Society.)
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established methods for clinical diagnosis such as mass spec­
trometry.[121] The strong light-particle interaction enables soft-
ionization of the analyte and its efficient ablation from the 
particle surface at lower laser energies in surface-assisted laser 
desorption/ionization mass spectrometry (SALDI-MS).[122] The 
clinical applicability of this strategy has already been demon­
strated by in vitro metabolite diagnostics from patient sam­
ples.[123] Further improvements, such as varying the shape, size, 
and composition of the plasmonic matrix materials, will extend 
their use in biomedicine.

In terms of fundamental research, plasmonic nanoagents 
already thrive as flexible tools to guide cellular behavior and 
interactions. Whilst the influence of temperature on cells or 
cell populations on a macroscopic scale is well investigated, the 
knowledge on temperature effects on a sub-cellular level is still 
scarce. A living cell is a highly complex, enclosed environment. 
It stands to reason that small temperature changes on the 
nanoscale can have a significant impact on local phenomena. 
Detecting and manipulating these in further studies, using the 
described contactless, all-optical approach for the active delivery 
of nanoobjects into living cells, represents a promising direc­
tion for future nanotheranostic strategies. Examples have been 
reported, where plasmonic nanoparticles enable light-driven 
control of enzyme activity via temperature.[124] Also, refined 
hybrid nanoreactors have been used to enhance enzymatic 
processes and perform metabolite monitoring via SERS in a 
single assay,[125] emphasizing the idea of plasmonic nanoagents 
as multifunctional tools to control and monitor a biomolecular 
process simultaneously.

Beyond photothermal control, the generation of “hot” charge 
carriers for bio-catalysis is possibly an even more promising 
future direction.[126] The non-radiative decay of particle plas­
mons results in the generation of hot carriers with high kinetic 
energies, which can be employed to drive photo-catalytic reac­
tions on a single particle level. To date, enhancing biochemical 
reactions with hot charge carriers is only scarcely explored. 
Examples include the plasmon enhanced generation of mole­
cular radicals and reactive oxygen species (ROS) at laser power 
densities to induce controlled cell death by mere photochemical 
effects.[127] The application of plasmonic nanoagents to drive 
enzymatic and biochemical processes with hot electrons in 
living cells is an exciting prospect, as it might ultimately grant 
remote control of specific cell functions.

Finally, high precision manipulation of single biomole­
cules offered by plasmonic nano-tweezers is an exciting pros­
pect.[128] Dimer antennas made from gold nanospheres[129] or 
nanorods,[130] as well as nanocavities[131] and nanoapertures[132] 
in metal films have been used as optical near-field traps to 
suppress Brownian motion of dielectric spheres beyond the 
capability of conventional diffraction limited optical tweezers 
and to monitor the nanoobjects positioning with high accu­
racy. Further improvements of molecular nano-positioning, 
manipulation, and sensing combined with the potential of 
large-scale patterning and the integration of plasmonic nano-
tweezers into lab-on-chip devices will be instrumental to 
future applications.[133] Employing optical arrays for trapping 
plasmonic nanoparticles with the potential of steering paral­
lelized and automatized nanoagent operations using machine 

Adv. Optical Mater. 2022, 10, 2200572

Figure 9.  Injection of ssDNA labeled Janus nanopens into living cells. a) Representative SEM image of a nanopen composed of a spherical gold nano-
particle connected to a dielectric alumina shaft. b) Positioning (off-resonant red laser beam) and injection (resonant green laser beam) of a nanopen 
functionalized with fluorescently labeled ssDNA. c) Left: DFM and fluorescence microscopy image (squared region) of a fluorescently labeled nanopen 
injected into a living cell. Right: DFM and scanning electron microscopy images of a cell injected with three nanopens. Micrographs 1–3 display SEM 
images of the nanopen injection sites at a cell membrane. Micrograph 4 shows an un-injected nanopen on the cell surface. (Reproduced with permis-
sion.[120] Copyright 2018, American Chemical Society.)
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learning are further examples for future directions of optical 
manipulation toward scalable applications in biophysical 
research and biomedicine.
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