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Optical trapping of optical nanoparticles:
Fundamentals and applications
Fengchan Zhang1,2, Pablo Camarero1,2, Patricia Haro-González1,2,3,
Lucía Labrador-Páez4* and Daniel Jaque1,2,3*

Optical nanoparticles are nowadays one of the key elements of photonics. They do not only allow optical imaging of a
plethora  of  systems  (from cells  to  microelectronics),  but,  in  many  cases,  they  also  behave  as  highly  sensitive  remote
sensors. In recent years, it has been demonstrated the success of optical tweezers in isolating and manipulating individu-
al optical nanoparticles. This has opened the door to high resolution single particle scanning and sensing. In this quickly
growing field, it is now necessary to sum up what has been achieved so far to identify the appropriate system and experi-
mental set-up required for each application. In this review article we summarize the most relevant results in the field of
optical trapping of individual optical nanoparticles. After systematic bibliographic research, we identify the main families
of optical nanoparticles in which optical trapping has been demonstrated. For each case, the main advances and applica-
tions have been described. Finally, we also include our critical opinion about the future of the field, identifying the chal-
lenges that we are facing.
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 Introduction
In recent  years,  optical  nanoparticles  (ONPs)  have  be-
come building blocks of modern photonics. An ONP can
interact with  light  through  processes  of  dispersion,  ab-
sorption,  and  luminescence.  These  abilities  have  made
them essential  in numerous fields of  application includ-
ing solar energy1−4, anti-counterfeiting5−7, cosmetics8, wa-
ter  treatment9,  biomedicine10,  etc.  In  most  cases  ONPs
are sensitive to the conditions of the surrounding envir-
onment.  This  characteristic  turns  ONPs  into  remote
sensors, as an appropriate analysis of their optical prop-
erties  gives  information  about  the  physical-chemical

properties of  their  environment  without  the  need to  es-
tablish  physical  contact  between  that  environment  and
the measurement  system.  ONPs  have  been  used  as  re-
mote  sensors  for  temperature11−14,  viscosity15,
chemistry16−18,  composition19,  and  pressure20.  Moreover,
the  lower  limit  of  the  spatial  resolution  that  can  be
achieved when using an ONP as a sensor is the size of the
ONP itself21,22, i.e.,  below 100  nm.  Reaching  such  nano-
meter resolution implies that the analyzed signal corres-
ponds  to  an  individual  ONP.  In  most  applications,
however, the optical signal used for sensing is generated
by  multiple  nanoparticles.  In  these  cases,  the  spatial 
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resolution  of  the  measurement  is  determined  by  that  of
the optical system used for detection. For example, when
ONPs  are  used  as  sensors  in  cells,  the  resolution  of  the
measurement  is  limited  by  the  resolution  of  the  optical
microscopes,  typically  in  the  order  of  the  micrometer.
Therefore,  achieving  nanometer  resolutions  when  using
ONPs  as  sensors  requires  single  particle  spectroscopy
(SPE) techniques. SPE studies on ONPs allow to achieve
not only nanometric spatial resolutions, but also reliable
calibrations of ONPs as sensors. When the analyzed op-
tical signal comes from many ONPs, any variation in the
detected  optical  signal  may  be  caused  not  only  by
changes in their environment but also by the interaction
between ONPs23,24. In other words, when the optical sig-
nal generated  by  many ONPs is  analyzed,  bias  mechan-
isms may interfere to the extent of reducing the reliabil-
ity of the sensor. Therefore, to achieve reliable and high-
resolution measurements based on ONPs, it is necessary
to  assess  the  luminescence  of  individual  ONPs  through
SPE techniques.

kBT

SPE is relatively easy when ONPs are immobilized on
a substrate. In these cases, it is “just” necessary to local-
ize the ONPs by additional techniques (such as scanning
tunneling  microscopy25,26 or  atomic  force
microscopy27−29)  to  subsequently  analyze  their  optical
properties using conventional optical systems. If the sep-
aration  between  ONPs  is  greater  than  the  resolution  of
the  optical  system,  it  is  possible  to  access  to  the  optical
response of  a  single  ONP.  The  situation,  however,  be-
comes  more  complicated  when  it  is  intended  to  make
SPE of a colloidal single ONP. In this case the Brownian
motion  of  the  ONPs  makes  it  impossible  to  immobilize
them, to assess their optical signal. SPE of colloidal ONP
requires  a  technology  capable  of  immobilizing  a  single
ONP in aqueous solutions while its optical properties are
analyzed.  In this  sense,  Optical  Tweezers (OTs) seem to
be the ideal solution. In its basic configuration, OTs con-
sist of a focused laser beam. Due to the optical forces that
appear  in  the  surrounding  of  the  beam  focus,  colloidal
particles  in  its  surroundings  are  attracted  towards  it.
Once  within  the  laser  focus,  they  remain  immobilized
provided  the  optical  potential  created  by  the  focused
laser beam is larger than the thermal energy ( ) of the
colloidal particle30. Since it is a pure optical technique, it
opens  the  possibility  of  analyzing  the  optical  signal
(transmission,  scattering,  or  luminescence)  of  the
trapped ONP by coupling the system to a spectrometer.
Although  optical  trapping  of  microparticles  is  relatively

Fopt

easy,  indeed  optical  trapping  was  firstly  discovered  in
microparticles by A. Ashkin in 197031, trapping of ONPs
becomes  challenging.  When  the  size  of  the  trapped
particle  is  much  larger  than  the  wavelength  of  trapping
radiation,  optical  forces  that  appear  due  to  transfer  of
momentum  can  be  as  large  as  nanonewtons.  However,
when  dealing  with  nanoparticles,  the  particle  size  is
much smaller than the wavelength of trapping radiation.
The optical force arises from the interaction of the polar-
ized  particle  and  the  field  gradient.  In  these  conditions
the optical force,  can be written as32: 

Fopt =
1
4
ε0α∇E2 , (1)

ε0 α
E2 = EE∗

E

where  is the dielectric constant of vacuum,  is the real
part  of  ONP  electronic  polarizability,  and  be-
ing  the electric field of trapping radiation.

(α)

Due to the reduced electronic polarizability of nanos-
ized  particles,  optical  forces  acting  on  nanoparticles  are
in the order of piconewtons, which can be considered as
weak.  Furthermore,  the stability of  the optically trapped
nanoparticles  is  generally  compromised  by  the  thermal
energy  of  nanoparticles  (Brownian  motion  could  make
the nanoparticles to escape from the trap). To date, vari-
ous methods have been developed to improve the optic-
al forces and thus the stability of optically trapped nano-
particles. These methods can be classified as based on in-
creasing  either  the  electronic  polarizability  of  the
nanoparticle or the magnitude of the electric field (E) of
trapping radiation.  The  electric  polarizability  of  nano-
particles can be increased by enhancing their zeta poten-
tial  via  adequate  surface  modification33,34. The  enhance-
ment  of E term in  expression  (1)  requires  the  improve-
ment to  the  optical  trapping  setup,  for  instance,  plas-
monic nanostructures35−37, photonic resonators38,39 or mi-
crolenses40,41. Additionally,  single  particle  trapping  re-
quires  the use of  very diluted colloids so the probability
of  multiparticle  events  is  minimized.  The  drawback  of
working with  such  diluted  suspensions  is  that  the  fre-
quency  of  trapping  events  is  very  low.  Therefore,  it  can
take several minutes to incorporate a single nanoparticle
into the  trap.  Despite  optical  trapping  of  a  single  nano-
particle is  challenging,  numerous  works  have  demon-
strated  that  optical  trapping  of  individual  nanoparticles
is possible42. Furthermore, it has been demonstrated how
it  is  feasible  to  assess  the  optical  properties  of  ONPs
while being isolated by an OT23. This makes remote sens-
ing at the nanoscale possible.

Despite  the  promising  results  reported  by  pioneering

Zhang FC et al. Opto-Electron Sci  2, 230019 (2023) https://doi.org/10.29026/oes.2023.230019

230019-2

 



works, the use of  OTs for  SPE of  ONPs is  still  in its  in-
fancy. Bibliographic research reveals the limited number
of reports  on  optical  trapping  of  individual  ONPs  be-
longing  to  different  families  (ranging  from  plasmonic
nanoparticles to nanodiamonds), in diverse experiment-
al  configurations,  and for  a  great  variety  of  applications
(from thermal  sensing  to  single  particle  dynamics).  The
next steps towards improving the results obtained so far
require a  critical  analysis  of  the  state  of  the  art,  discus-
sion about the solutions to challenges proposed by differ-
ent authors,  the  advances  in  the  design  of  the  experi-
mental set-up,  and  the  adequate  selection  of  the  nano-
particle depending on the intended application.

In  this  review  article  we  aim  to  summarize  the  main
results  published  so  far  in  the  optical  trapping  of  single
ONPs so that novel researchers get a general view of the
state of the art while experienced researchers can get in a
shot all  the  information  to  design  their  future  experi-
ments. The review is structured in two sections in addi-
tion  to  this  introduction.  In  Section Optical  trapping  of
single  ONPs,  according  to  different  materials  and  their
optical properties, the ONPs are classified into five famil-
ies: plasmonic  nanoparticles,  lanthanide-doped  nano-
particles, polymeric nanoparticles,  semiconductor nano-
particles, and nanodiamonds. For each case we have de-
scribed  the  experimental  set-ups  used,  the  applications
developed,  and  the  challenges  faced.  In  Section Conclu-
sions and perspectives we include a critical analysis of the
state of  the  art  based  on  the  results  highlighted  in  Sec-
tion Optical trapping of single ONPs and we include our
personal view of the future of the field.

 Optical trapping of single ONPs
As  mentioned  in  the  introduction,  optical  trapping  and
manipulation at the single particle level has been demon-
strated in  a  great  variety  of  systems,  under  different  ex-
perimental  approaches,  and  for  diverse  applications.  To
give a  general  idea  of  the  state  of  the  art  and  the  chal-
lenges  the  field  is  finding,  we  have  grouped  the  results
obtained so far according to the material constituting the
ONPs optically trapped and employed as sensor. According
to  this  criterium,  we  have  classified  the  results  obtained
so  far  into  5  different  groups:  plasmonic  nanoparticles,
lanthanide-doped nanoparticles,  semiconductor  nano-
particles, polymeric nanoparticles, and nanodiamonds.

 Plasmonic nanoparticles
The  optical  trapping  forces  experienced  by  plasmonic

nanoparticles (PNPs) are usually larger than for dielectric
nanoparticles of the same size due to their larger polariz-
ability  (7.33 × 10−17 cm3 for 36 nm diameter  gold nano-
sphere)43. Such superior polarizability obeys to the coup-
ling of the electric field of light and the surface plasmons,
i.e. the collective resonant oscillations of the electrons of
the  conduction  band  of  the  metal44.  Indeed,  when  the
wavelength of incident light matches the plasmon reson-
ance of  the  PNP,  it  may  lead  to  enhanced  light  absorp-
tion, Rayleigh light scattering, and intense local field en-
hancement  near  the  surface44.  PNPs’ large  polarizability
is not only wavelength-dependent, but it also varies with
the particle  shape,  volume,  frequency-dependent  dielec-
tric response of the metal, and refractive index of the en-
vironment.  The  optical  gradient  force  results  large  and
attractive  when  the  metallic  particle  is  trapped  by  light
with a lower frequency than the plasmon resonance and
repulsive if it has a larger frequency. Therefore, the selec-
tion of the optical trapping laser wavelength is critical for
this type of nanomaterials. Another crucial point for this
type of ONP is their inherent high light-to-heat conver-
sion  efficiency.  When the  collective  motion of  electrons
is excited, the subsequent electron relaxation via Joule ef-
fect leads  to  heat  generation.  This  may  lead  to  deleteri-
ous Brownian thermal motion and reduce the stability in
the  optical  trap.  An  increase  in  the  local  temperature
may reduce the viscosity of the medium surrounding the
PNP.  This  in  turn  reduces  the  hydrodynamic  resistance
acting  on  the  PNP,  allowing  it  to  escape  from  the  OT.
Thus, local  heating  may  interfere  with  the  ongoing  re-
search or application44,45.

Despite  the  difficulties  listed  above,  OT  of  PNPs  has
been  achieved  by  different  groups  in  a  great  variety  of
configurations.  Typical  applications  of  optically  trapped
metallic  nanoparticles  are  based  on:  spinners46,  single-
molecule  surface-enhanced  Raman  spectroscopy
(SERS)47,  particle-particle  interaction  (dimers)48,  and
temperature sensing49.  In this section we limit the scope
to  overview the  main results  obtained in  the  last  two of
those applications, as they are the only ones based on the
optical properties of the trapped PNPs. For that purpose,
usually  darkfield  spectroscopy  or  imaging  devices  are
coupled  to  the  optical  tweezer  setup.  That  can  be  easily
achieved by adding illumination with a cone of light and
then  spectrally  analyzing  the  light  scattered  by  the  PNP
or  by  performing  hyperspectral  imaging  of  the  optical
trap,  respectively50,51.  In  that  way,  single  PNP  scattering
spectra can be recorded52,53.
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 Temperature sensing with optically trapped plasmonic
nanoparticles
Some  nanoparticles,  including  plasmonic  nanoparticles,
behave as  optical  nanothermometers.  An  optical  nano-
thermometer  is  a  nanoparticle  whose  optical  properties
are strongly temperature dependent so the analysis of the
radiation absorbed,  scattered,  or  emitted  by  the  nano-
particle can be used to obtain a remote thermal readout.
As  we  will  describe  in  Section Thermal  sensing  with  an
optically trapped lanthanide-doped nanoparticle and Sec-
tion Fluorescent nanodiamonds, lanthanide-doped nano-
particles  and nanodiamonds can also  behave  as  thermal
sensors when being optically trapped. The comparison of
the different  nanothermometers  can  be  found  in  previ-
ous reviews54−56.

As it  was  mentioned  previously,  the  plasmon  reson-
ance wavelength of  a  PNP depends on the refractive in-
dex  of  surrounding  medium,  which  in  turn  depends  on
temperature. Thus,  measuring  the  variation  of  the  plas-
mon resonance wavelength of a single PNP provides in-
formation  about  the  medium  temperature  so  that  the
PNP becomes  a  remote  thermal  sensor.  Usually,  an  in-
crement  in  the  medium  temperature  is  detected  by  a
blueshift  of  the  plasmon  resonance.  The  easiest  way  to
determine the plasmon resonance wavelength of an indi-
vidual PNP is to immobilize it  on a substrate.  However,
the temperature of a PNP deposited over a substrate may
be  different  depending  on  the  material  of  the  substrate,
which may act as a heat dissipator and have a variation of
refractive  index  with  temperature  different  from that  of
the medium57. For that reason, if a PNP is to be used as a
thermal sensor,  it  should  be  kept  away  from  the  sub-
strate, i.e. the PNP has to be isolated and analyzed while
being suspended in the medium by an OT.  Optical  ma-
nipulation of individual PNPs opens the possibility of an
alternative  way  for  remote  thermal  sensing  through  the
scattering  spectra  of  the  trapped  PNP,  which  can  be
monitored by darkfield spectroscopy.  However,  in these
cases there is a risk that their large light-to-heat conver-
sion efficiency may alter the temperature reading by arti-
factually increasing the temperature of the sensor itself50.

Alternatively, temperature can be estimated by the ro-
tation of the PNP within the optical trap, as the spinning
velocity  is  determined  by  the  temperature-dependent
medium viscosity.  Spinning originates  because  light  can
exert torque  on  an  object  through  absorption  and  scat-
tering.  In  the  case  of  the  spinning  of  PNPs,  the  angular
momentum  is  in  general  maximized  for  trapping

wavelengths close to the plasmon resonance46.  However,
the  self-heating  of  PNPs  due  to  their  absorption  of  the
trapping laser may alter the viscosity of the fluid around
it, and therefore its rotation speeds may experience arte-
facts in temperature estimation49,58.

The  most  representative  example  of  the  potential  of
optically  trapped  PNP  for  thermal  sensing  is  the  work
published  by  D.  Andrén  et  al.49 They  employed  gold
nanorods  as  optically  trapped  nanothermometers.  They
monitored both the longitudinal plasmon wavelength by
darkfield spectroscopy  and  the  spinning  velocity  to  de-
termine  the  temperature  of  an  individual  gold  nanorod
within  an  optical  trap.  Both  methods  rendered  similar
results  for  the  estimated  temperature  (Fig. 1(a, b)).
Through this process they observed a slight deviation in
the tendency of  the plasmon wavelength with temperat-
ure. They observed that the gold nanorod was producing
so much heating over certain threshold of trapping laser
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fractive index (RI) temperature variation and subsequent λLSPR vari-
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power, that it experienced a progressive reshaping, lead-
ing to rods of a lower aspect ratio.

 Nanoparticle-nanoparticle interaction
When two PNPs  approach each  other  forming  a  dimer,
their  coupling  leads  to  a  shift  of  the  resulting  surface
plasmon  resonance  towards  lower  energy  (Fig. 2(a–f))
and  to  a  significant  increment  of  the  intensity  of  the
scattered light. This phenomenon also creates a hot spot,
i.e., a region of intense electric field in between the inter-
acting PNPs. Such a hot spot can be used to enhance the
Raman signal or the fluorescence of a fluorophore, mak-
ing  plasmonic  dimers  useful  for  applications  in  single-
molecule  spectroscopy  and  sensing47,59. Next  we  high-
light the most relevant works dealing with the use of op-
tical traps for the study of the formation, dynamics, and
applications of plasmonic dimers.

Optical  traps  are  an ideal  tool  to  study the  formation
of plasmonic  dimers,  as  they  allow  the  controlled  ap-
proaching of  the  interacting  PNPs  and  their  simultan-
eous  characterization  by  darkfield  spectroscopy.  A.
Ohlinger et al.48 observed the sequential incorporation of
silver  nanospheres  to  an  optical  trap  (Fig. 2(a)) and  re-
corded  a  spectral  shift  of  over  100  nm  (Fig. 2(b)), sup-
ported by the simulated spectra in (Fig. 2(c)), due to the
formation  of  a  dimer  of  PNPs  within  the  optical  trap.
Such  a  large  variation  of  the  plasmon  resonance
wavelength can be detected even by simply observing the
color of the light scattered by the PNPs in the optical trap
by  means  of  a  CCD  camera  coupled  to  the  set-up  (Fig.
2(d–f)).  However,  the  formation  of  dimers  also  implies
an enhancement of the heating produced by the trapped
particles,  which  destabilizes  them  in  the  optical  trap.
Later,  H.  Kermani  et  al.60 demonstrated  that  a  dimer  of
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ent times (left and center) and time-lapse image (right) illustrating the optical transport of several 60 nm diameter silver nanospheres around a 3

μm radius ring-shaped optical trap. Darker blue for monomers, lighter blue for close-standing nanospheres, light green for dimers. (h) Illustration

of the thermo-responsive behavior of the core (purple)-satellite (orange) plasmonic nano-assemblies incorporating thermo-responsive polymers.

Figure reproduced with permission from: (a–f) ref.48, Copyright 2011 American Chemical Society; (g) ref.62, Copyright 2021, Chinese Laser Press.
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silver nanospheres orients along the electric field of a lin-
early  polarized  trapping  laser.  Therefore,  it  can  stably
spin  in  the  plane  perpendicular  to  the  trapping  laser
propagation direction if the polarization direction rotates.
They developed a method to obtain the interparticle dis-
tance and  the  azimuthal  angle  of  the  dimer  with  an  ac-
curacy of a few degrees independent of the wavelength or
the  distance  between  the  interacting  nanoparticles.  In
this way, they could explore the effect of spinning speed
on the interparticle distance of the PNPs dimer.

Dimers can be also exploited as sensors of the dynam-
ics  and  interactions  of  PNPs  in  an  optical  trap61.  J.  A.
Rodrigo et al.62 achieved the controlled transport of mul-
tiple  silver  PNPs  within  a  freestyle  optical  trap  (struc-
tured single-beam trap shaped as a diffraction-limited ar-
bitrary curve).  They  could  detect  regions  of  slower  mo-
tion of the PNPs along the freestyle optical trap path due
to  the  formation  of  dimers  when  PNPs  circulating
through the  trap  approached  each  other  as  they  experi-
enced less propulsion in those regions. They directly ob-
served the formation of dimers in real time by means of a
CCD  camera  (Fig. 2(g)). They  observed  that  PNPs  di-
mers move on average 2.8 times faster than single PNPs.
This is due to the large extinction cross-section of the di-
mers  (2.6  times  larger  than  for  the  monomer),  which
therefore  should  experience  an  optical  propulsion  force
about 2.6 times stronger than a single PNP.

Furthermore, as the plasmon resonance wavelength of
a  dimer  is  highly  sensitive  to  the  separation  among  the
interacting PNPs,  dimers  are  therefore  also  called  plas-
monic rulers63,64.  F. Han et al.64 optically trapped a core-
satellite  plasmonic  system  joined  by  a  thermo-respons-
ive  polymer  (Fig. 2(h)).  They  modified  the  heating
achieved by the trapped plasmonic system by varying the
applied  trapping  laser  power.  Then,  when  the  collapse
temperature (Tc)  of  the thermo-responsive polymer was
reached, the system underwent the irreversible approach
of the core and the satellites PNPs, which coupled exper-
iencing  a  shift  of  their  plasmon  resonance  wavelength.
However,  some  core-satellite  plasmonic  systems  tended
to disassociate into the constituent gold PNPs when irra-
diated at  large  laser  powers.  The authors  attributed that
to  the  instability  of  the  thiol  bond  used  to  join  the
thermo-responsive polymer to the PNPs.

 Lanthanide-doped nanoparticles
The  specific  electronic  configuration  of  lanthanide-
doped nanoparticles leads to narrow emission bands and

long lifetimes,  typically  between  micro-  and  milli-
seconds.  Fluoride-based  crystalline  matrices  are  being
more frequently used as hosts because fluorides are char-
acterized  by  low-energy  phonons.  Consequently,  the
number  of  phonons  required  to  depopulate  the  excited
energy levels of Ln3+ ions is larger than in other hosts and
so the probability  of  non-radiative  decays  is  minimized.
Among  Ln3+ doped  fluoride  nanocrystals,  Er3+-Yb3+ co-
doped  ONPs  (so-called  upconverting  nanoparticles,
UCNPs)  have  attracted  special  attention  due  to  their
ability to  convert  infrared  radiation  into  visible  and  ul-
traviolet (UV) emission. This allows to excite UCNPs in
the  infrared  biological  transparency  windows  for  deep
tissue imaging65. Moreover, they can be excited using low
power  and  inexpensive  near-infrared  (NIR)  lasers  and
their  luminescence  can  be  detected  with  cost-effective
silicon detectors66. Optical trapping of UCNPs was firstly
demonstrated  by  P.  Haro  et  al.,  where  dielectric
NaYF4:Er3+,Yb3+ nanoparticles  were  trapped and excited
using a 980 nm single-laser beam67. As shown in Eq. (1),
the  optical  force  experienced  by  ONP  is  determined  by
their electronic  polarizability.  For  dielectric  nano-
particles, as lanthanide-doped nanoparticles, the polariz-
ability is defined as34: 

α′ = 4πr3 nNP
2 − nm

2

nNP
2 + 2nm

2 , (2)

r nNP

nm

r3

α

where  and  are the radius and the refractive index of
the  trapped  nanoparticle,  respectively,  and  is the  re-
fractive index of the surrounding medium. As polarizab-
ility  is  proportional  to , typical  UCNPs  undergo  trap-
ping forces  of  femtonewtons.  Although these  forces  can
be used  to  trap  particles,  they  may  be  too  weak  for  ap-
plications in  viscous  media  such  as  intracellular  con-
trolled trapping. Thus, an enhancement of optical forces
is needed. As an increase in trapping beam intensity can
damage  the  cells  by  heating  and  an  increase  in  particle
size can reduce the ability of UCNPs to be internalized in
living  cells,  innovative  strategies  have  been  developed.
First,  polarizability  can  be  optimized  by  increasing 
through  UCNPs  surface  modification.  The  effect  of  a
coating covering a nanoparticle on the electronic polariz-
ability is given by34: 

α′ = 4πr3 (ε2 − εm) (ε1 + 2ε2) + f (ε1 − ε2) (εm + 2ε2)
(ε2 + 2εm) (ε1 + 2ε2) + f (ε1 − ε2) (2ε2 − 2εm)

,

(3)
ε1 ε2where  and  are  the  permittivity  of  the  nanoparticle

and the coating, respectively.  A suitable coating leads to
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αan increment of  and, consequently, an enhancement of
the  optical  force.  This  strategy  has  been used  by  several
authors  to  easily  manipulate  UCNPs33,34. An  enhance-
ment of optical forces can also be achieved by increasing
the doping of lanthanide ions. X. Shan et al.68 found that
highly  doped  UCNPs  can  generate  a  strong  oscillation
resonance effect in the electromagnetic field, resulting in
a  significant  enhancement  of  the  optical  trapping  force.
Both  strategies  are  essential  for  3D  controlled  optical
trapping  of  UCNPs,  allowing  simultaneously  imaging
and sensing.

 Thermal sensing with an optically trapped lanthanide-
doped nanoparticle
In  addition  to  the  above-described  properties,  UCNPs
are also sensitive to temperature. Such ability is based on

the specific energy level diagram of UCNPs (Fig. 3(a))69.
After excitation of Yb3+ with infrared (980 nm) radiation,
energy  is  transferred  to  Er3+.  Subsequent  absorption  of
980  nm  photons  from  excited  states  of  Er3+ ions popu-
late  their  high  energy 4F7/2 level  from  which  both 4S3/2

and 2H11/2 states  are  populated.  Radiative  de-excitation
from these states  to the ground level  are responsible  for
the  green  emission  bands  at  520  and  540  nm
(2H11/2→4I15/2 and 4S3/2→4I15/2,  respectively).  These  two
states  are  so  close  in  energy  that  they  are  thermally
coupled,  i.e.,  their  relative  populations  follow  the
Boltzmann statistics.  Consequently,  the temperature de-
pendence of  relative  intensities  of  the  emissions  gener-
ated at 520 and 540 nm makes determining temperature
possible from a ratiometric analysis of the emission gen-
erated  by  Er3+-Yb3+ co-doped  UCNPs66,70−75.  Indeed,
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Fig. 3 | Lanthanide-doped nanoparticles for thermal sensing. (a) Energy scheme of Er3+-Yb3+ co-doped UCNP. Black continuous arrows in-

dicate 4F7/2 level population by an energy transfer process. Grey discontinuous arrows indicate energy transfer processes between Er3+ and Yb3+

ions. Dark green (2H11/2→4I15/2), light green (4S3/2→4I15/2), and red (4F9/2→4I15/2) continuous arrows indicate radiative emissions centered at 520

nm, 540 nm, and 660 nm, respectively. (b) Schematic representation of the experimental setup used for thermal scanning in the surroundings of

a HeLa cell subjected to a plasmonic photothermal treatment. The arrow indicates the scanning direction. (c) On the top, the temperature decay

measured from cell surface for three different distances from the substrate. The symbols are the experimental data, and the lines are a guide for

the eyes. On the bottom, the control experiment in absence of the 800 nm heating laser. (d) Functional scheme of the active dual-wavelength op-

tical multitrap setup. The 980 nm beams (orange cones) for trapping of the cell and trapping/reading of the optical microthermometers, while the

1064 nm optical trap (green cone) for optical trapping/heating. (e) Microscope image of the cell, silica microparticles and optical microthermomet-

ers  being  trapped,  activated,  and  read.  Red  rectangles  represent  980  nm trapping  laser,  while  green  rectangles  represent 1064 nm trapping

laser. (f) Time lapse images of the heated cells at 10, 30, and 65 s after switching on the heating. On the bottom-right, graphs of relative Trypan

Blue (TB)  accumulation in  the dying cell  and the corresponding temperature (right  axis).  Figure reproduced with  permission from:  (b,  c)  ref.14,

Copyright 2016 John Wiley and Sons; (d–f) ref.80, Copyright 2017 American Chemical Society.
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NaYF4:Er3+,Yb3+ UCNPs  are  the  most  commonly  used
lanthanide-doped  nanothermometers  because  of  their
superior  luminescence  brightness,  good  chemical  and
physical stability, and low toxicity66,76−79.

Thermal sensing from a single UCNP requires simul-
taneous trapping  and  emission  acquisition.  This  be-
comes  feasible  since  one  of  the  most  common  fiber-
coupled  lasers  used  for  trapping  works  at  980  nm,  so  it
can be used for simultaneous excitation of UCNPs. As it
is mentioned in Section Lanthanide-doped nanoparticles,
the main challenge is the low optical forces typically act-
ing  on  UCNPs.  Indeed,  long  term  trapping  of  a  single
UCNP is not easy. Therefore, it is not surprising that the
first  demonstration  of  simultaneous  trapping  and
thermal sensing was demonstrated in Er3+-Yb3+ co-doped
upconverting  microparticles  (UCΜPs).  P.  Rodríguez-
Sevilla  et  al.14 have used NaYF4:Er3+,Yb3+ UCΜPs to de-
termine the  thermal  gradient  induced  in  the  surround-
ing of a live cancer cell being subjected to a phototherm-
al  therapy.  In  their  experiments,  authors  favoured  cell
heating  by  incorporating  gold  nanorods  and  exciting
them  with  an  800  nm  laser  focused  within  the  treated
cell.  As  it  is  mentioned  in  Section Plasmonic nano-
particles, since gold nanorods are PNPs, they have a high
light-to-heat conversion efficiency. The 800 nm laser was
used as a light source to induce heat generation process.
The heat generated will gradually diffuse into the cancer
cell.  For  the  estimation  of  the  thermal  gradient  in  the
surroundings  of  a  cancer  cell,  NaYF4:Er3+,  Yb3+ UCΜPs
were added to the cell culture medium. A second 980 nm
laser focused within the culture medium was used to trap
and  excite  a  single  NaYF4:Er3+,Yb3+ UCΜP  (Fig. 3(b)).
Translation of the 980 nm laser beam allowed to scan the
upconverting particle away from the cell while perform-
ing continuous acquisition of emission spectra, i.e., sim-
ultaneous  thermal  sensing. Figure 3(c) shows the  tem-
perature  gradient  at  different  horizontal  distances  from
the cells obtained at three different heights. In this figure,
the temperature profile obtained in a control experiment
(800 nm laser beam was switched off) is also included re-
vealing a complete absence of heating. From experiment-
al  data,  author  concluded  that  during  photothermal
treatment of  individual  cells  the  thermal  gradient  cre-
ated  in  the  surroundings  extends  over  10  μm,  affecting
surrounding cells and hindering single-cell treatments.

In  2017,  S.  Drobczynśki  et  al.80 also  scanned  the
thermal gradient in the vicinity of the diffuse large B-cell
lymphoma (DLBCL)  cells  due  to  locally  induced hyper-

thermia. In this  case authors used optical  microthermo-
meters  (OμTs)  fabricated  by  encapsulating  NaYF4:Er3+,
Yb3+ UCNPs with amorphous silica shells of about 6 μm
in diameter.  For  heating,  mesoporous  silicon  micro-
particles (SiμPs)  were  used.  DLBCL cells,  microthermo-
meters,  and  SiμPs  particles  could  be  simultaneously
trapped  by  an  active  dual-wavelength  optical  multitrap
(Fig. 3(d)), where two different 980 nm laser beams (or-
ange cones) were used to trap the DLBCL cells and OμTs
and  a 1064 nm  laser  beam  (green  cone)  is  used  to  trap
the  SiμPs  particles,  simultaneously  converting  light  into
heat. To quantify the damage to the cells due to temper-
ature increase, the accumulation of Trypan Blue (TB) in-
side the  cells  was  simultaneously  measured.  Optical  mi-
croscope  imaging  was  used  to  locate  the  OμTs  close  to
the cells for thermal reading (Fig. 3(e)). As it is shown in
Fig. 3(f), the  temperature  in  the  cells  environment  in-
creases  up  to  almost  100  °C,  thermally  injuring  them.
That  is  also  manifested  by  a  TB  accumulation  in  the
damaged  cells  15  seconds  after  the  temperature  rise.  It
took  another  15  seconds  to  reach  TB  saturation  in  the
damaged cells,  so the damaged cells  respond attempting
to alleviate the damage provoked by heating.

 Intracellular viscosity sensing with an optically
trapped lanthanide-doped nanoparticle
Intracellular viscosity is an essential parameter that plays
a  crucial  role  in  the  diffusion  in  biosystems81.  It  is
strongly related with the mechanical deformability of the
cytoplasm82. In  turn,  this  affects  many  cellular  and sub-
cellular processes such as the translocation of organelles,
partially controlled  by  their  frictional  drag  and  con-
sequently  by  the  viscoelastic  properties  of  the
cytoplasm83−86.  At  cellular  level,  viscosity  is  also  critical
for  protein–protein  interactions  and  transportation  of
small solutes, macromolecules, and other cellular organ-
elles  in  living  cells87. Thus,  changes  in  intracellular  vis-
cosity  are  associated  to  different  diseases,  as  diabetes88,
atherosclerosis89, and Alzheimer’s disease90.

Besides  the  superior  luminescent  properties  of
NaYF4:Er3+,Yb3+,  the  non-centrosymmetric  crystalline
phase  causes  the  luminescence  to  be  polarized91−94.  The
spectral  shape  of  both  green  and  red  bands  depends  on
the  propagating  direction  and  polarization  of  detected
emission. The emission spectra can be explained in terms
of  three  main  polarization  states: σ (light  propagating
along the optical axis (z-axis) with a polarization perpen-
dicular  to  it  (parallel  to x-  or y-axes)), α,  and  π  (light
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propagates  perpendicularly  to  the  optical  axis  of  the
UCNP  with  a  polarization  perpendicular  (α)  or  parallel
(π)  to  it)  (Fig. 4(a)). Figure 4(b) shows,  as  an  example,
the red emission generated by a NaYF4:Er3+,Yb3+ UCNPs
as  obtained  in  each  of  these  states15.  Once  the  emission
spectra  corresponding to  each of  these  configurations is
known,  it  is  possible  to  determine  the  orientation  of  an
UCNP by just analysing their spectral shape92,95. Not only
that, but a real time analysis of emission spectra also gen-
erated by UCNPs can be used to determine the rotation
velocity of the particle while rotating from its initial posi-
tion (optical axis parallel to the propagation direction of
laser beam) to its  steady state position (optical  axis  per-
pendicular  to  the  propagation  direction  of  laser  beam).
For a fixed torque (fixed laser trapping power) the rota-
tion  velocity  depends  on  the  medium  viscosity,  so  that
the analysis  of  the  emission  spectra  can  be  used  to  de-
termine the  medium  viscosity.  This  possibility  was  ex-
plored  by  P.  Rodriguez  et  al.  using  submicrometric
NaYF4:Er3+,Yb3+ particles  within  HeLa  cells  (Fig. 4(c))15.
An analysis  of  the polarization state of  the red emission
of Er3+ ions allowed the authors to access to the orienta-

wl

tion of  the  particle  within the  cell  as  well  as  its  rotation
velocity ( ,  what authors called active determination of
intracellular  viscosity.)  The  intracellular  viscosity  was
obtained from the angular velocity of the particle by just
applying: 

ηcell = 6.7× 10−14 × IL
2π
wl

, (4)

IL

τ

where  is  the laser intensity.  Additionally,  intracellular
viscosity was also determined from the oscillations of the
trapped  particle  around  its  stable  position.  This  is  what
authors  named passive  method,  where  the  mean  square
angular displacement of the particle in the trap (MSAD)
is analysed as a function of the lag time ( ). The intracel-
lular viscosity is then given by: 

ηcell =
RT

3 ·MSAD · Vp · f/f0
τα , (5)

f/f0
(f

(f0) R
T

Vp α

where  is  the  Perrin  friction  factor  for  the  trapped
particle  defined  by  the  friction  factor  of  the  particle )
and  the  friction  factor  of  a  spherical  body ,  is  the
ideal  gas  constant,  represents  the  temperature  of  the
medium,  stands for the volume of the particle, and 
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Fig. 4 | Lanthanide-doped particles for intracellular viscosity sensing. (a) Diagram of the three excitation configurations. σ-polarization state,

defined by propagating light along the optical axis (z-axis) with a polarization perpendicular to it (parallel to x- or y-axes) and α- and π-polariza-
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Emission spectra along the three polarization states. (c) Schematic representation of the rotation of a UCNP inside a HeLa cell. (d) Measured vis-

cosity  as  a  function of  the rotation frequency.  Inset  is  the log−log representation.  Blue data  correspond to  the values measured by the active

method while red data is the averaged value obtained from passive method experiments. The rotation frequency for passive method is estimated

by dividing the accumulated rotated angle by the elapsed drag. Black dashed lines correspond to the best fitting. Figure reproduced with permis-

sion from ref.15, Copyright 2016 American Chemical Society.
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determines  if  the  movement  of  the  particle  is  restricted
(  < 1) or if it experiences superdiffussion (  > 1) (in this
case, they set  = 1). As it can be observed in Fig. 4(d), a
good  agreement  between  both  methods  was  obtained.
Furthermore, authors were able to measure both the stat-
ic  and  dynamic  intracellular  viscosity.  They  could  also
determine how the intracellular viscosity varies with the
rotation frequency, as it can be expected from Eq. (4). A
mean static  value of  2.51 Pa·s  has  been obtained for  the
static  viscosity  in  the  cytoplasm,  which  is  very  close  to
the  value  obtained  (2.3  Pa·s)  by  S.  Chakraborty  et  al.96,
who used  fluorescence  correlation  spectroscopy  meas-
urements of gold nanocluster,  to determine its  diffusion
time in HeLa cells. Both experimental results are similar
to the one obtained by analysing the movement of fluor-
escence  magnetic  nanoparticles  inside  the  cells  under  a
local field (1.45 Pa·s), method developed by I. Ramazan-
ova et al.97

 Chemical sensing with an optically trapped
lanthanide-doped nanoparticle
Adequate  surface  functionalization  of  upconverting
particles can convert them into chemical sensors, in par-
ticular of pH. First UCNPs pH-sensors were obtained by
coating  NaYF4:Er3+,Yb3+ with  polyglutamic  porphyrin-
dendrimers16. The energy transfer from the UCNP to the
porphyrin chromophore  exhibits  a  pH-dependent  ab-
sorption at  660  nm,  leading  to  a  decrease  of  the  red  lu-
minescence  emission  of  the  UCNP  with  decreasing  pH
and so, to a pH-dependent red-to-green emission ratio98.
First  demonstration  of  pH  sensing  based  on  a  single
UCMP was published by K. Suresh et al.17 In their pion-
eering  work  authors  demonstrated  how  an  optically
trapped  polyethyleneimine  capped  UCMP  can  act  as  a

broad range pH probe. With this specific coating, the ra-
tio  between  red  and  green  emissions  of  Er3+ ions be-
comes  strongly  pH-dependent.  The  ratio  between  red
and green emissions of  a  trapped UCMP shows a linear
dependence on pH values (Fig. 5(a)). This behaviour was
confirmed  using  different  buffer  solutions  (Fig. 5(b)).
Nevertheless, it must be considered that the emission ra-
tio  is  different  for  each  buffer  solution,  thus  this  pH
probe is not independent on the composition of the sur-
rounding medium.  In  conclusion,  the  authors  have  de-
veloped a robust reproducible pH sensor, based on red to
green emission ratio  analysis  of  a  single  UCMP trapped
in a microchannel, even though it must be calibrated for
each medium to be measured.

 Fluorescent polymeric nanoparticles
Dielectric  particles  like  polymeric  particles  are  widely
used  in  OTs  experiments  since  they  are  commercially
available.  An  advantage  of  polymeric  particles  is  their
higher refractive  index  at  NIR  wavelengths,  which  en-
hances optical forces and therefore facilitates more stable
optical manipulation in water. However, pure polymeric
nanoparticles  are  non-luminescent,  so  visualizing  them
within the trap is challenging. Incorporation of dyes into
the polymeric nanoparticles is an easy way to make them
luminescent and easy to track within the optical trap. As
it is  explained in next sections,  the tracking of the poly-
meric  nanoparticles  makes  it  possible  to  study  single
particle dynamics and develop biological applications.

 Investigation of single particle dynamics by optically
trapped polymeric nanoparticles
There have been some reports on the dynamics of micro-
particles  in  optical  traps99,100.  For  ONPs  application  in
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aqueous  environment,  it  is  also  essential  to  understand
the  dynamic  process  of  a  nanoparticle  stepping  into  an
optical  trap.  The  visualization  of  ONPs  facilitates  the
study of dynamics at the nanoscale.

The  effect  of  their  own  luminescence  on  the  optical
trapping  forces  is  of  high  interest.  R.  Bresolí-Obach  et
al.101 studied the optical resonance effect (ORE) between
a  single  dye-labeled  polystyrene  nanoparticle  and  the
trapping  laser.  A 1064 nm  laser  was  used  for  trapping,
and  a  488  nm  laser  was  used  for  dye  excitation.  They
found  a  4-fold  trapping  stiffness  enhancement  due  to
resonant excitation under 488 nm irradiation. As shown
in Fig. 6(a),  upon  488  nm  excitation, S1 was  populated,
and  the 1064 nm  laser  was  cyclically  resonant  with  the
S1−S2 excited  state  electronic  transition.  The 1064 nm
photons  absorption  in  the S1−S2−S1 cycle  enhanced  the
polarizability of the system, leading to an increase in the
induced radiation force that  was responsible  for  the ob-
served  ORE.  Theoretical  calculations  in Fig. 6(b) indic-
ate  the  increasing S1(v0)  and S2(v0)  state  population  for

resonance.  When  the  488  nm  excitation  was  off  (Fig.
6(c)) or the particle was labeled with fully photobleached
dye  (Fig. 6(d)),  the  trapping  stiffness  enhancement  was
no longer observed.

In  order  to  study  how  a  particle  incorporates  to  the
circularly  polarized  laser  trap,  B.  Louis  et  al.102 directly
mapped  the  3D  incoming  trajectory  of  NPs  toward  a
stable  optical  trapping  spot  using  a  200  nm  fluorescent
polystyrene  particle.  As  shown  in Fig. 7(a),  they  used  a
widefield  multiplane  microscope  to  achieve  multiplane
fluorescence imaging. The particles followed a Brownian
motion  outside  the  irradiated  area  and  then  exhibited  a
helicoidal motion  once  they  entered  the  “trapping  re-
gion” (Fig. 7(b)).  The shallow cone shape incorporation
of  most  of  the  ONPs  in  OT  was  observed  (blue  lines).
However,  not  all  the  ONPs  followed  the  same  shallow
cone  trajectory.  There  were  some  ONPs  that  happened
to  be  trapped  for  a  short  time  in  a  metastable  position
around 2 μm below micrometers below the optical trap-
ping focus before they were pushed to the focal spot (red
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lines).  This  metastable  position  indicates  that  there  is  a
secondary focal point around 2 μm below the main focal
point.  It  is  induced  by  the  interference  of  the  focusing
beam.  The author  confirmed the  existence  of  secondary
focal point by the calculated electric field intensity distri-
bution.  S.  Ito  et  al.103 demonstrated  the  photoswitching
of radiation  forces  acting  on  a  particle  by  using  photo-
chromic  reactions  of  fluorescent  diarylethene  derivative
(DE1).  DE1 was put  into 300 nm PMMA (poly(methyl-
methacrylate)) particles  by  swelling  method.  Photo-
chromic  reaction  was  controlled  by  UV  irradiation,  as
Fig. 7(c) illustrates.  The  vertical Z position  of  a  trapped
particle was dependent on the scattering, absorption, and
gradient  forces.  The  scattering  and  absorption  forces
were  proven  to  be  affected  by  dramatical  photochromic
reaction,  thus  leading  to  the Z displacement  of  the
particle (Fig. 7(d, e)).

ur

OTs  are  usually  employed  in  flow  conditions.  C.
Hosokawa  et  al.104 revealed  the  fluid  flow  in  an  OT  by
particle-image-velocimetry  of  fluorescent  polymeric
particles. They proposed a new mechanism based on the
ability  of  scattering  force  to  alter  the  fluid  dynamics
through  the  interaction  with  the  laser-induced  particle
motion. Authors were even capable of distinguishing the
relevance of particle number and size in the process.  To
demonstrate it, they recorded the fluorescence images of
500  nm  and  1  μm  fluorescent  polystyrene  particles
around optical traps every few seconds. The radial com-
ponent  of  flow  vector  was  analyzed  (Fig. 7(f)).  The
case of 500 nm nanoparticles exhibited significant smal-
ler  flow  speed  compared  with  the  case  of  1  μm  ones.
Moreover,  for  the  1  μm  nanoparticles,  the  increasing
number  of  particles  increased  the  flow  speed  (Fig. 7(g,
h)).  It  denied  the  conventional  thermal  convection,
which  is  independent  of  sizes  and  number  of  particles.
Instead,  they  found  that  the  fluid  dynamics  result  from
the direct impact of the optical forces acting on the sus-
pended  particles.  Authors  also  found  that  the  optical
force and the resulting particle motion can be used to in-
duce  the  large-scale  fluid  convection  to  accumulate  the
particles to the laser focal spot.

These works show us the dynamic motion of single or
multiple  ONPs  in  an  optical  trap  in  a  visual  way.  They
facilitate a more thorough comprehension of optical and
mechanical interaction between trapping laser and optic-
al particles. The measurement errors that may arise from
such dynamics need to be considered during the practic-
al application of optically trapped ONPs.

 Optical trapping of polymeric nanoparticles for
bioapplications
There are some attempts of using optically trapped poly-
meric nanoparticles for the study and characterization of
biological samples. It was proposed in 1996 by E. L. Flor-
in  et  al.105 Authors demonstrated  the  potential  applica-
tion of fluorescent latex beads for topological imaging of
biological  systems.  In  1997,  they  used  an  optically
trapped 200 nm fluorescent  latex bead as  a  sensing unit
for  scanning  probe  microscopy106.  When  the  trapping
laser  was  fixed  vertically  and  scanned  horizontally,  the
intensity  of  the  fluorescent  signal  varied  because  the
particles were displaced away from the trapping laser fo-
cus  when  scanning  the  surface  of  the  bio-object  (Fig.
8(a)). Therefore,  the  intensity  of  the  fluorescence  emis-
sion from latex bead depended on its displacement. This
feature was utilized to reconstruct a map of the height of
the  bio-object.  In  particular,  the  authors  demonstrated
how a two-dimensional image can be formed by laterally
scanning the trapped latex bead across biological samples
while  recording  the  two-photon-induced  fluorescence
intensity. They successfully obtained a scanning image of
the  outer  surface  of  a  small  neurite  from  a  cultured  rat
hippocampal neuron and converted it to a height profile.

Later,  M.  J.  Lang  et  al.107 developed  an  instrument
combining  OTs  and  single-molecule  fluorescence.  They
used a 500 nm optically trapped dye-labeled polystyrene
bead as the mechanical load to separate the strands of in-
dividual DNA molecules labeled with fluorescent dyes. A
DNA duplex with an overhanging segment was attached
at one  end  to  a  polystyrene  bead.  Its  distal  end  was  an-
nealed at to a 15 base-pair oligonucleotide, anchored dir-
ectly  to  the  glass  surface.  Tetramethylrhodamine  dyes
conjugated to  nucleotides  were  placed  on  complement-
ary bases, one on the 3-end of the shorter 15-mer and the
other  on  the  5-end  of  the  long  strand  (Fig. 8(b)).
Quenching of fluorescence happened due to the proxim-
ity of dye. The DNA-bead complex was trapped, and the
microscope stage was moved at constant velocity to pull
the bead from the center of the trap, which increased the
load  until  rupture.  Both  rupture-force  and  fluorescence
were  monitored  simultaneously.  The  rupture-force  was
converted from bead displacement from the trap center.
The rupture of DNA molecules was monitored thorough
the intensity of dye fluorescence. Before rupture the dye
was  quenched.  However,  upon rupture  the  fluorescence
level  increased  abruptly  as  the  two  fluorophores  were
separated.  This  dye  photobleached  in  several  seconds
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and  the  light  signal  returned  to  background  level  (Fig.
8(c)). These  results  demonstrated  the  instrument  cap-
able of  studying  single  molecule  structure  and  mechan-
ics. They successfully applied this method to measure the
force needed to unzip or shear duplex DNA molecules108.

In  summary,  as  polymeric  nanoparticles  have  been
widely used for bioimaging and theragnostic, the combina-
tion of  optical  trapping of  polymeric  nanoparticles  with
fluorescence  microscopy  or  scanning  probe  microscopy
are promising strategies to broaden their application.

 Semiconductor nanoparticles
Semiconductor  quantum  dots  (QDs),  nanorods,  and
nanowires have recently gained great attention thanks to
their special  photoluminescence  properties  such  as  tun-
able  emission,  lower  susceptibility  to  photobleaching,
high quantum  yields,  and  chemical  stability.  Semicon-
ductor  nanoparticles  are  widely  used  in  biomedicine  as
molecular  sensors109−111 and  photostable  substitutes  for
fluorophores  in  bioimaging112.  The potential  application
of semiconductor nanoparticles can be even expanded if
they can be isolated and manipulated individually by op-
tical traps, as later described in this section. Optical trap-
ping  of  individual  semiconductor  nanocrystals  was
demonstrated  for  the  first  time  in  2007  by  L.  Y.  Pan  et
al.113,  who gave some hints to make trapping easier such
as  to  work  on  D2O medium  to  prevent  the  thermal  in-
crease  of  Brownian  motion  and  therefore  increase  the
trapping stability. This pioneering work motivated other
researchers  to  work  on  the  optical  trapping  of  QDs  for

different purposes  and  in  different  experimental  condi-
tionsl  conditions114−118. As  it  has  been  described  for  bi-
refringent upconverting particles, simultaneous trapping
and rotation  of  no-spherical  semiconductor  nanocrys-
tals  was  also  possible  as  demonstrated  by  C.  R.  Head et
al.119 Optical trapping of semiconductor nanocrystals has
been  also  used  for  the  fabrication  of  complex
structures120. Among the experimental demonstrations of
optical  trapping  of  semiconductor  nanocrystals  in  this
review,  we  summarize  and  highlight  those  works  in
which the  optical  response  of  the  trapped semiconduct-
or  nanoparticle  is  of  relevance,  such  as  those  studying
single particle spectroscopy or achieving cell imaging.

 Optical trapping of semiconductor nanocrystals for
single particle spectroscopy
Before  applying  the  semiconductor  nanocrystals  to  in
vitro applications,  it  is  essential  to  understand  and  im-
prove  the  luminescent  properties  of  single  particles  or
small clusters. P. Pinapati et al.121 proposed the trapping
of 35 nm silica-shelled quantum dots on graphene oxide
(GO)  to  study  the  quenching  behavior  of  QDs.  They
achieved the first optical trapping of QDs at low intensit-
ies, on the order of few μW/μm2, in the presence of GO.
The  emission  quenching  of  the  QD@SiO2 trapped  on
GO  was  studied  (Fig. 9(a)).  As  shown  in Fig. 9(b),  the
emission  of  the  trapped  QD@SiO2 remained un-
quenched  for  120  s  in  the  absence  of  GO.  This  strong
quenching behavior  has  been  attributed  to  a  nonradiat-
ive energy transfer mechanism from the QD to the GO.
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Photobleaching may hinder the use of semiconductor
nanoparticles  in  OTs.  To  tackle  that  problem,  H.
Rodríguez-Rodríguez  et  al.122 demonstrated the  photo-
brightening and bleaching dynamics of optically trapped
silica encapsulated QDs clusters. They studied two types
of  silica-encapsulated  quantum  dots  excited  upon  two-
photon absorption in an optical trap. The first type con-
sists  of  alloyed  CdSeZnS  quantum  dots  were  covered
with  a  silica  shell  (QD@SiO2).  The  second  type  had  an
extra  intermediate  sulfur  passivating  shell  (pQD@SiO2).
Both  tolerated  irradiance  doses  3  orders  of  magnitude
higher than  those  reported  for  bare  core/shell  architec-
tures.  Meanwhile,  the  extra  sulfur  layer  allowed  a  more
gradual intensity decrease under continuous irradiation.
They  concluded  that  the  sulfur  layer  can  provide  better
passivation, suppress  bleaching,  and  enable  higher  lu-
minescence stability (Fig. 9(c, d)).

 Optical trapping of semiconductor nanocrystals for
cell imaging
Optically trapped semiconductor nanocrystals can act as

energy converters  for  local  in  vitro  fluorescence  activa-
tion. P.  J.  Pauzauskie et  al.123 demonstrated the possibil-
ity  to  scan  a  cylindrical  GaN  nanowire  across  the  cell
membrane into living Hela cell  by optical  trapping.  The
position  of  GaN  nanowire  could  be  manipulated  and
maintained  for  arbitrary  time.  They  chose  a 1064 nm
trapping wavelength  because  the  cells  can  tolerate  lim-
ited  infrared  laser.  GaN  emitted  ultraviolet  light  under
the  two-photonexcitation  by  the  trapping  laser.  In  this
way,  GaN  nanowire  could  act  as  a  local  subwavelength
ultraviolet nanolaser to excite local fluorophores for pre-
cisely  positioned  cellular  imaging.  The  feasibility  of
nanowires  as  local  point-like  illumination  source  was
further demonstrated by Y. Nakayama et al.124. The emis-
sion  from  an  optically  trapped  KNbO3 nanowire  was
used to  excite  the  two-photon  absorption  of  a  fluores-
cent  dyed  polystyrene  bead  in  near  field.  H.  Rodríguez-
Rodríguez et al.125 also used optically trapped QDs as loc-
alized  emitters  to  induce  photoluminescence  of  dye-
labeled cells. As shown in Fig. 10(a), the silica-coated col-
loidal QDs were simultaneously excited and manipulated
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to vicinity of labeled Jurkat cell by the trapping laser. The
radiative  energy  transfer  happened  between  QDs
(donors)  and  fluorescent  dyed  cells  (acceptors).  When
the  QD  was  trapped  far  (~10  μm)  from  the  Jurkat  cell,
the emission line shape (black) equaled that of QD (red)
in  the  spectrofluorometer  (Fig. 10(b)).  The  same  line
shape  was  collected  even  when  the  QD540@SiO2 ap-
proached the Jurkat cell up to a few microns (Fig. 10(c)).
If the QD was trapped close to the cell within 1 μm, Al-
exa Fluor  546  emission  from the  cell  dominated  the  re-
corded signal due to radiative energy transfer (Fig. 10(d,
e)). Despite the low efficiency of this method, it is effect-
ive to collect fluorescence signals in far field at relatively
low dye  concentration.  The  low  energy  transfer  effi-
ciency also prevents the biological damage and dye pho-
tobleaching effects.

 Fluorescent nanodiamonds
The  fluorescence  of  nanodiamonds  (NDs)  is  caused  by
point-defects  in  the  diamond  structure,  known  as  color
centers.  The  nitrogen-vacancy  (NV−),  the  most  studied
defect  in  NDs,  consists  of  a  nitrogen  atom  replacing  a
carbon atom, and a vacancy on a neighboring lattice site.
Spin-preserving  optical  transitions  between  the  ground
and the excited states in the NV− center have different re-
laxation pathways depending on the initial spin state, al-
lowing them to be distinguished through optical spectro-
scopy. The NV− of a ND can be excited by a light source
with  a  specific  wavelength  and emit  stable  fluorescence.
In  addition,  as  the  existence  of  extra  magnetic  field  can
cause  NV− ground  energy  level  splitting,  the  optical

properties  can  couple  with  external  magnetic  field.  The
spin-dependent fluorescent readout of ground-state elec-
tron-spin  resonance  (ESR)  transitions  in  NV− has  been
used for magnetic126,127,  electric128,  and thermal129 metro-
logy at the nanoscale. The photostability and biocompat-
ibility  of  NDs130,131 have  also  permitted  to  image  and
characterize  NV− centers  within  living  cells132,  pointing
to potential  applications  in  sensing,  tracking,  and  tag-
ging in submicron biophysical systems.

50 μT/
√
Hz

Combination of OTs and the luminescence generated
by ND has allowed quantum sensing at the single particle
level. The first demonstration of optical trapping of NDs
ensembles by optical trapping in liquid was published by
V.  R.  Horowitz  et  al.133.  The  commercial  100-nm  NDs
were irradiated and annealed to contain ~500 NV− cen-
ters in  one  nanocrystal.  The  optical  trapping  was  per-
formed  with  a 1064 nm  continuous  wave  laser  while  a
separate 532 nm continuous wave laser was used for op-
tical  excitation  of  the  NV− centers.  They  were  able  to
measure  spectral  changes  in  the  presence  of  an  external
magnetic field, thereby demonstrating the first magneto-
metry-based sensing on an ensemble of NDs, obtaining a
direct  current  (DC)  magnetic  field  sensitivity  of

 at  a  magnetic  field  of 5G. R.  Quidant  re-
search group  applied  optical  trapping  to  deterministic-
ally trap and to manipulate in three dimensions an indi-
vidual  ND  hosting  a  single  NV− center134.  The  optical
trapping of a single ND was proven by using a high sens-
itivity fluorescence camera that allows real time monitor-
ing of the diffusion of the ND. Quidant and co-workers
were able to perform vectorial magnetometry on a single
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Fig. 10 | Fluorescent nano-semiconductors for cell  imaging. (a)  Sketch of  the indirect  excitation of  a dye labeled cell.  An optically  trapped

QD540@SiO2 cluster is positioned in the vicinity of a labeled Jurkat cell with Alexa Fluor 546 to induce its photoluminescence. Bright field micro-

scopy images and collected spectra (black curves) from a QD540@SiO2 cluster trapped (b) ~10 μm away from the Jurkat cell, (c) close (a few mi-

crons) to the labeled Jurkat cell membrane, (d) in the vicinity (within 1 μm) of the Jurkat cell membrane, and (e) above the whole Jurkat cell struc-

ture. The optical trap position roughly matches the reticle center. Red curves represent in all cases the emission of the original QD540@SiO2. Fig-

ure reproduced with permission from ref.125, Copyright 2019 American Chemical Society.
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electron spin, by varying the three-dimensional magnet-
ic  field  orientation,  used  to  determine  the  NV− axis,
while  the  NV− axis  was  also  rotated  using  the  electric
field polarization of the trapping beam. The achieved DC
magnetic field  sensitivity  in  this  configuration  was  im-
proved to .

(ΔTmin)

For temperature  sensing  application,  B.  Li  group  fol-
lowed an interesting approach based on the NDs aggreg-
ation  into  a  microsphere135.  The  authors  demonstrated
that the NDs can be aggregated using optical forces in li-
quid medium to form a microsphere, whose size, rates of
formation and  stabilization  are  related  to  the  NDs  con-
centration, trapping laser power, and duration of irradi-
ation.  Then,  the  NDs  microaggregates  remained  stable
after  the  laser  was  turned  off.  To  perform  intracellular
thermometry, the NDs were incorporated into the cell by
endocytosis  process  and  then,  the  NDs  microaggregates
were  formed  intracellularly  by  using  optical  forces.  The
main advantage of the NDs aggregation and electromag-
netic  resonance  between  individual  nanodiamonds  is
that  they  lead  to  a  sevenfold  intensity  enhancement  of
546-nm  laser  excitation.  OT  allows  precise  patterning
and positioning the NDs microaggregates within the cell.
Here,  the  optical  trapping  was  performed  with  a 1064
nm  laser  and  an  additional  546  nm  beam  was  used  for
optical  excitation  of  the  NV− centers. Comparing  to  li-
quid  solution,  to  form  a  stable  NDs  microaggregates  in
the  complex  intracellular  environment,  it  required  a
higher trapping laser power (150 mW) and longer dura-
tion of irradiation (180 s). Under this condition, the NDs
aggregates also remained stable after the laser was turned
off. Then,  intracellular  thermal  probing  was  demon-
strated by  measuring  the  fluorescence  signal  from  ag-
gregated NDs microspheres at different locations within
a  human  brain  microvascular  endothelial  cell  (HMEC-
1). First, after 24 h (Fig. 11(a)), the endothelial cells were
marked to visualize the mitochondria (Fig. 11(b)). Then,
the NDs were intracellularly aggregated at different loca-
tions after  180 s  of  irradiation (Fig. 11(c)).  Temperature
calibration  inside  cell  was  performed  by  measuring  the
luminescence  of  several  NDs  microspheres,  between  20
°C and 60 °C. The zero-phonon line of the NDs aggreg-
ated provided a thermal shift of 25 °C nm−1, with a min-
imum temperature difference  of 0.5 °C at the de-
sired  locations.  In  addition,  temperature  reading  was
performed  at  different  positions  inside  the  cell:  close  to
the nuclear  membrane  and  the  outer  membrane,  indic-
ated  by  I  and  II  in Fig. 11(c), respectively.  This  experi-

ment  revealed  that  the  temperature  at  the  nucleus  was
2.5 °C  higher  than  that  at  the  membrane,  what  the  au-
thors  explained  because  most  of  the  energy-generating
mitochondria  stained  were  gathered  around  the
nucleus136.

 Conclusions and perspectives
In summary, this review article reveals how the combina-
tion of  optical  trapping  and  colloidal  optical  nano-
particles  has  emerged  great  potential  during  the  last
years.  Optical  tweezers  allow  long-term  immobilization
and  manipulation  of  individual  optical  nanoparticles  in
liquid media. In this respect, this makes optical tweezers
a  unique  technology  that  overcomes  other  approaches
capable  of  single  particle  studies.  In  those  approaches,
single particle isolation and manipulation requires either
the use of dried samples or the physical contact between
the  studied  particle  and  the  detection  system  (such  as
scanning  near  field  optical  microscopy  (SNOM)  or
atomic  force  microscopy  (AFM)).  Numerous  examples
described in this work (such as scanning experiments in
the  surroundings  of  microelectronic  devices  or  living
cells106,125)  pointed  out  how  this  single  particle  isolation
and study is possible by using rather simple and cost-ef-
fective  experimental  approaches.  In  most  of  the  cases
only a low power diode laser, a fiber coupled spectromet-
er, and a conventional microscope objective are required
to make single particle studies possible even in laborator-
ies  with  reduced  access  to  tip-scanning  technologies.  In
this sense,  we  are  firmly  convinced  that  in  the  near  fu-
ture optical  tweezers  will  become an  increasingly  popu-
lar tool for single particle studies.

Despite  the  great  potential  of  optical  tweezers  for
single particle studies, this field is still in its infancy. For
most of the research groups working on optical particles,
this technique is still considered as a limited technology.
In our opinion, it is because there are some fundamental
questions that are still open and not faced as most of the
works  focus  on  applications  rather  than  filling  the  gaps
of  knowledge.  For  instance,  there  is  a  lack  of  a  precise
formula that  describes  the  optical  forces  acting  on  col-
loidal particles in a realistic way. Optical forces are typic-
ally calculated  and  described  considering  a  homogen-
eous particle surrounded by a liquid medium. This is an
oversimplification of  the real  situation,  as  the surface of
colloidal  nanoparticles  is  complex since decoration with
organic  ligands  is  required  for  them  to  be  stable.
Controlled  trapping  and  manipulation  require  a  full
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understanding on the role played by surface functionaliz-
ation in the optical forces.

Another  fundamental  question  that  remains  open  is
the  actual  spatial  resolution  that  can  be  achieved  when
an optically  trapped  particle  is  used  for  remote  sensing.
This question  is  not  typically  addressed  as  it  is  con-
sidered that the particle is stably trapped at the laser fo-
cus,  so  the  spatial  resolution  is  assumed  to  be  given  by
the size of the sensing particle during remote sensing ex-
periments. But  this  is  not  the  case,  especially  for  nano-
particles.  In  these  conditions,  experimental  works  have
demonstrated  how  thermal  energy  is  comparable  to  the
depth  of  the  optical  potential  well30,45.  Thus,  Brownian
motion and the position of  the sensing nanoparticle  os-
cillates in the surroundings of the laser focus are not neg-
ligible. Consequently, the sensing readout corresponds to
an average over the volume covered by the motion of the
nanoparticle. If this technology is to be driven to its lim-
its,  achieving  actual  submicrometric  resolution,  the
Brownian  motion  within  the  trap  must  be  minimized.
This can be achieved by increasing the optical forces act-
ing on the nanoparticles. As mentioned in Section Intro-
duction, there are two ways to improve the optical forces.
On  one  side,  the  optical  forces  can  be  improved  by
designing  new  optical  systems  to  enhance  the  electric
field36,41,137,138.  On  the  other  side,  optical  forces  can  be
tailored by  an  adequate  design  of  the  optical  nano-
particles11,33,34.  Here  we  identify  different  directions.
Core-shell  engineering139,140 allows the fabrication of hy-
brid systems that, for instance, could allow the combina-
tion  of  plasmonic  shells  (with  high  polarizability  and,
hence,  creating  large  optical  forces)  with  luminescent
cores (in charge of sensing). At the same time, as already
mentioned, adequate  surface  tailoring  could  be  also  ex-

plored to  improve  optical  forces  by  increasing  the  elec-
tronic polarizability  of  the  nanoparticle-medium  inter-
face33,34.  In  addition,  adjusting  nanoparticle  doping  has
also been revealed as an efficient way for improving nan-
oparticle polarizability and optical forces68. This possibil-
ity has  been  explored  only  in  lanthanide-doped  nano-
particles, but we believe that would be also valid for oth-
er  optical  nanoparticles  studied  in  this  review  such  as
quantum dots and semiconductor nanoparticles.

This  review  article  evidences  that  remote  sensing  is
one  of  the  most  promising  applications  of  optically
trapped  single  particles.  It  is  demonstrated  how  optical
tweezers  allow  remote  thermal  and  chemical  three-di-
mensional sensing. Results highlighted in this review are
promising,  but  must  be  considered  as  preliminary,  as
they do not  consider  the possible  presence of  bias.  That
is an issue that  should be  considered in  any sensing ex-
periment.  It  has  been  revealed  of  special  importance  in
thermal  sensing  experiments24,141.  Chemical  changes  in
the particle  environment can cause changes in their  op-
tical properties that can be erroneous attributed to tem-
perature fluctuations. In addition, the laser-induced self-
heating  of  the  nanoparticle  could  also  give  erroneous
thermal  readouts44. If  we  want  optically  trapped  nano-
particles to be considered by the scientific community as
reliable  sensors,  it  is  imperative  to  start  studying  the
presence  of  bias  mechanisms  at  the  single  particle  level
by establishing standardized procedures.

Finally,  most of  the works included in this review are
based  on  a  quite  simple  analysis  of  the  optical  signal
provided  by  individual  particles  within  an  optical  trap.
So  far,  this  has  been  a  valid  approach  that  has  allowed
particle  tracking and remote sensing.  In some cases,  the
analysis  is  as  simple  as  recording  the  fluorescence
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intensity generated within the trap. Nowadays, advanced
analysis methods based on Artificial  Intelligence are be-
ing  used  for  more  accurate  and  reliable  sensing142,143.  In
this case, the analysis of the optical signal becomes more
complicated, but it  is  worthy as it  would allow accurate,
reliable, and multiparametric sensing without requiring a
sophistication  in  the  experimental  setup  or  without  the
need of developing new materials.
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