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We present a setup of optical tweezers combined with linear and nonlinear microspectroscopies that en-
hances the capabilities of capture and analysis of both techniques. We can use either a continuous-wave �cw�
Ti:sapphire laser for Raman measurements or a pulsed femtosecond Ti:sapphire laser that permitted the obser-
vation of nonlinear results such as hyper-Raman, hyper-Rayleigh, and two-photon luminescence. Only the high
peak intensity of the femtosecond laser allows the observation of all these nonlinear spectroscopies. The
sensitivity of our system also permitted the observation of morphology-dependent resonance �MDR� modes of
a single stained trapped microsphere of 6 �m. The possibility of performing spectroscopy in a living micro-
organism optically trapped in any desired neighborhood would mean that one can dynamically observe the
chemical reactions and/or mechanical properties changing in real time.
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Single-beam optical tweezers have been used as a tool to
manipulate biological material at cellular level, as well as to
measure mechanical properties such as femtonewton force
and stiffnesses or elasticity of membranes and single DNA
macromolecules �1–6�. Also the recent review by David
Grier �7� shows their application in many fields of research
ranging from physics to life sciences. We used optical twee-
zers to study diseases related to the mechanical properties of
individual red blood cells �8� and we showed the importance
of using spectroscopic techniques while manipulating par-
ticles and living cells. The ability of performing spectros-
copy in a living microorganism optically trapped in any de-
sired neighbourhood means that one can dynamically
observe the chemical reactions and/or mechanical properties
changing in real time.

In this paper we present a combined setup using optical
tweezers for micro spectroscopy measurements, including
Raman, hyper-Raman, hyper-Rayleigh and two-photon lumi-
nescence. Our setup consists of femtosecond and/or cw
Ti:sapphire lasers for trapping and spectroscopic measure-
ments, another Nd:YAG laser only for trapping and a home-
made confocal spectrometer using a monochromator
equipped with a liquid nitrogen cooled CCD. The use of a
femtosecond laser, with or without another cw laser for trap-
ping, opens up a great number of different applications and
spectroscopies as compared with previous works �9–12�.
Two photon optical processes depend on the square of the
laser intensity, thus there is virtually no luminescence signal
out of the focal spot �a spot already smaller than the focal
spot for one photon only�. Therefore the signal collection
optics are not so important as in the conventional confocal
techniques what leads to confocal multiphoton microscopy
�13�. Some of the advantages of using an infrared laser for
two-photon luminescence of living cells are the resolution
and the absence of damage caused by the heat. The drawback
of luminescence for living cells is that the nonradiative de-

caying usually requires cell staining that can kill them. How-
ever not only luminescence can be excited by the femtosec-
ond laser, but also hyper-Rayleigh and hyper-Raman. These
spectroscopic techniques and the optical tweezers mounted
as a one system can provide a thorough analysis from visible
to infrared regions of all kinds of living cells �flagellate or
immovable� and other single trapped particles such as single
trapped polystyrene microspheres and red blood cells.

We also observed morphology-dependent resonance
modes �or Mie resonances� on the two-photon luminescence
of a single 6 �m polystyrene microsphere captured by the
optical tweezers which demonstrates the sensitivity of our
system. Agate et al. �14� have also first shown two-photon
fluouscence on a trapped microsphere. However, to the best
of our knowledge, this is the first time that the MDR modes
are excited, observed and generated by two-photon absorp-
tion in a polystyrene microsphere captured by an optical
tweezers. The microcavity spectral response, the long optical
paths of the trapped light and their very high Q values can be
used for several applications, such as quantum optics, optical
amplifiers and lasers or dynamic filters �15–17�. The micro-
cavity enhancement of the linear and nonlinear spectral sig-
nal of substances bonded to cavity surface allows the con-
struction of biosensors �18,19�. The water droplets cavity
enhancement can also be used to perform environmental at-
mospheric studies such as measurement of pH or chemicals
in the troposphere and stratosphere �20,21�. The quantum
optics studies require very high Q values only obtained with
large spheres ��50 �m� in air or vacuum �15�. These are not
possible with few micrometers spheres suspended in liquids
with close refractive indexes, but Q value of order of 103 are
good enough to enhance the linear and nonlinear spectral
signals. On the other hand, the microcavity can be placed
inside biological solutions or, for small beads, even inside
big living cells. Our setup can address the two important
issues of how to hold a single microcavity and how to couple

PHYSICAL REVIEW E 72, 012903 �2005�

1539-3755/2005/72�1�/012903�4�/$23.00 ©2005 The American Physical Society012903-1

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Repositorio da Producao Cientifica e Intelectual da Unicamp

https://core.ac.uk/display/296698536?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1103/PhysRevE.72.012903


the light in, for which tapered optical fibers or prisms have
been used �16,22,23�. The spherical geometry of the wave
equation problem would be spoiled if the cavity must touch a
supporting surface. The use of two lasers, one as the optical
tweezers that holds a single cavity suspended and another,
cw or pulsed, laser to couple light into the microcavity, pro-
vides enough freedom to perform all kinds of linear and non-
linear microcavity enhanced spectroscopies.

The lasers used in our micro-spectroscopy optical twee-
zers setup are a cw Ti:sapphire laser �700–900 nm, model
3900S, Spectra Physics�, a femtosecond Ti:sapphire laser
�700–900 nm, Tsunami, Spectra Physics�, and a Nd:YAG
laser �1064 nm, model 3800S, Spectra Physics�. The cw
Ti:sapphire laser was used for the optical tweezers and the
Raman excitation. The femtosecond laser was used to per-
form the two-photon luminescence measurements. Both la-
sers were operating at 785 nm. The Nd:YAG laser was used
just for the optical tweezers. The laser beams were focused
through a 100� oil immersion �SPlan� or 60� �Apochro-
matic� objective in an Olympus microscope �BH2, Olympus
Optical CO., Ltd.�. The images of the particles were recorded
using a camera �TK1085-U, JVC-Victor Company of Japan,
Ltd.�. We used the translation motorized stage Prior Scien-
tific, model ProScan� to control the x, y, and z microscope
movements by a computer or joystick. The signals were col-
lected in a back-scattering geometry using the microscope
objective and sent to a 30 cm monochromator �Acton Re-
search, model 300i� equipped with a back-illuminated refrig-
erated CCD detector �Princeton Instruments-LNCCD 1340/
100 EB/1�, as shown in Fig. 1. The metallic beam-splitter
BS1 reflectivity is about the same for all lasers of the system.
A super notch filter �NF-Kaiser Optics Super Notch Plus
with 350 cm−1 rejection bandwidth� was used as a mirror to
reflect both the femtosecond and the cw Ti:sapphire laser
beams to the microscope and to act as a notch filter for the
backscattered light. The Nd:YAG laser beam is 100% trans-
mitted to the microscope and rejected to the CCD by using a
dichroic mirror �BS2�. A set of telescopes are part of the
system to capture and to generated the signal on the micro-
scope focal plane. The hyper-Raman, hyper-Rayleigh and the
two-photon fluorescence system are confocal by themselves,

since all of them need the absorption of two photons that
occurs only at the laser focus. The Raman system, which is
not a self-confocal system, was done to be confocal by
�focusing� the backscattering signal, coming from the micro-
scope focal plane, at the monochromator entrance slit. For
the Raman spectroscopy we had to use a band pass filter
�BP-Omega Filters� to decrease the spectral width of the la-
ser beam and another notch filter �NF� in front of the mono-
chromator. For the hyper-Raman, hyper-Rayleigh and two-
photon luminescence experiments there was no need to use
neither the band pass nor the additional notch filter. We used
only a short pass colour filter �SP-Newport� that transmits
the visible and cuts the infrared region.

We performed the spectroscopies for samples captured
and not captured by the optical tweezers. Before we obtained
the new results of hyper-Raman, hyper-Rayleigh and the
MDR modes, we first tested the system measuring known
samples. We acquired a set of the Raman spectra for a range
of samples such as: silicon, TiO2 �anatase�, ZnSe, single
trapped polystyrene microspheres �Polysciences� and a
single captured living red blood cell. The microspheres, di-
luted in water, and the red blood cell, diluted in 1:100 �L in
saline solution, were placed in a Neubauer chamber. The
hyper-Raman spectra were obtained for SrTiO3. The mea-
surements of two-photon luminescence was done for ZnSe,
fluorophores and a set of stained microspheres of 2.5 and
6 �m �molecular probes�. We observed the MDR modes for
a microsphere of 6 �m which emits in the blue region.

The test of the calibration and performance of the setup
was done acquiring the Raman spectrum of a crystalline sili-
con sample, showing a sharp TO mode at 521 cm−1, with a 1
s acquisition time at the same experimental conditions as the
other spectra acquisition. Figure 2 shows the Raman spectra
for a single trapped polystyrene microsphere, Fig. 2�a�, and a
single red blood cell, Fig. 2�b�. The spectra were obtained for
a cw laser power of 20 mW and an acquisition time of 2 s
�microsphere� and 120 s �red blood cell�. The fresh blood
sample was obtained from donors at the Hematology and
Hemotherapy Center of Campinas. The microsphere and the
red blood cell solutions were analyzed in a 100 �m depth
Neubauer slip at the position of approximately 20 �m from
the bottom plate. The red blood cell peaks at 667, 751, and
995 cm−1 correspond, respectively, to �7 haem, �14 haem,
and ��CbC1� bands �10�. The microsphere peaks, around
1001 and 1030 cm−1, are attributed to phenyl groups of poly-
styrene �24�.

FIG. 1. Complete system for microspectroscopy �Raman, hyper-
Raman, hyper-Rayleigh and two-photon luminescence� plus optical
tweezers. BS1 is a metallic beam-splitter, BS2 is a dichroic mirror
of Nd:YAG, BP is the band pass filter for Raman, SP is the short
pass filter for hyper-Rayleigh/hyper-Raman, T is the telescope, and
M is the monochromator.

FIG. 2. Raman spectra of a single polystyrene microsphere of
6 �m �a� and a single red blood cell �b� captured by optical
tweezers.
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Figure 3 shows the hyper-Rayleigh and hyper-Raman of
SrTiO3. The hyper-Raman peak is multiplied by a factor of
10 to be presented at the same plot as the hyper-Rayleigh.
The hyper-Raman peak position compares well with the
Vogt’s and Inoue’s results �25,26� and was acquired with
only 60 s, a very short time compared to another systems
�27–29�. The high peak intensity of the pulsed laser allows
one to access the second order tensors and only femtosec-
onds lasers can provide these short acquisition times. The
high repetition rate of 80 MHz also helped. Typically, pico-
second lasers with repetition rates as low as few kHz were
used to perform hyper-Raman measurements, which leads to
acquisition times of the order of a few hours. Inoue, for
instance, spent almost 2 hours to measure a peak and Tezuka
spent one day. These are the first studies of hyper Raman
using femtosecond lasers.

Figure 4 shows the two-photon fluorescence emission in
the blue region for the trapped polystyrene microspheres,
curve 1 for a 2.5 �m microsphere and curve 2 for a 6 �m
microsphere. The spectra were obtained with an integration
time of 60 s. One can see peaks in the blue fluorescence
spectra of the larger microsphere that are not present in the
spectra of the smaller microsphere. These peaks are the
MDR modes of a single trapped microsphere excited by two-
photon absorption.

In Fig. 5 we show the experimental results of the MDR
modes compared with the theoretical calculation using the
Mie theory �30,31�. The experimental MDR results were ob-
tained by removing the background fluorescence, curves �2�
of Fig. 4. The nominal diameter of the manufacturer is
�6±0.6� �m.

We compared our experimental results with Mie theory
using a similar method described by Chylek �32� comparing
the shapes and locations of the peaks. The theoretical calcu-
lation was performed using the following dispersion relation
n2=1.5683+10.087�103/�2 for polystyrene and n1=1.324
+3.046�103/�2 for water, obtained from Ref. �33�. The best
agreement was found for the microsphere diameter of
5.44 �m, that is well within the nominal diameter range. The
diameter adjustment was done by a code written in the Math-
ematica software. The peak maxima are obtained from the
experimental curve and compared with the theoretical
maxima values for a range of diameters. The theoretical
peaks are calculated using the efficiency function Q for back-
scattering light:

Qb = ��
n

�2n + 1��− 1�n�an − bn��� x2,

with the size parameter x=ka, where a is the microsphere
radius, and wave number k=2�n1 /�, where � is the wave-
length and n1 is the fluid refractive index. The an and bn are
the Mie coefficients for the transverse magnetic �TM� and
transverse electric �TE� modes, respectively,

an =
m2jn�mx��xjn�x��� − jn�x��mxjn�mx���
m2jn�mx��xhn

1�x��� − hn
1�x��mxjn�mx���

,

bn =
jn�mx��xjn�x��� − jn�x��mxjn�mx���
jn�mx��xhn

1�x��� − hn
1�x��mxjn�mx���

.

The TM and TE modes begin with a57, b57 and finish with
a50, b50. To find the correspondent modes we plot the coef-
ficients an and bn of the Mie theory and compare the values
of wavelength for the experimental and coefficients peaks.

In conclusion, we have presented a setup of an optical
tweezers combined with linear and nonlinear microspectros-
copy capable to perform measurements of Raman, hyper-
Raman, hyper-Rayleigh and two-photon luminescence. We
observed Raman and two-photon luminescence for a single
stained trapped microsphere of 6 �m diameter. The sensitiv-

FIG. 3. Hyper Rayleigh and hyper Raman ��10� of SrTiO3

measured in only 60 s.

FIG. 4. Spectra of two-photon fluorescence for trapped polysty-
rene microspheres, curve �1� diameter of 6 �m and curve �2� diam-
eter of 2.5 �m. Curve �1� also shows the microsphere MDR modes.

FIG. 5. Comparison between the theoretical and experimental
MDR data.
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ity of our system permitted the observation of the Mie reso-
nances excited by two-photon absorption in the same trapped
microsphere. We were also able to obtain a variety of Raman
spectra and we observed hyper-Rayleigh and hyper-Raman
peaks of SrTiO3 in only 60 s. These spectroscopic tech-
niques and the optical tweezers together in only one system

can provide a thorough analysis from visible to infrared re-
gions of all kinds of living cells and other single trapped
particles.
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