UNIVERSITA DI NAPOLI FEDERICO II
Dipartimento di Scienze Fisische

INTERNATIONAL PHD SCHOOL IN NOVEL TECHNOLOGIES
FOR MATERIALS, SENSORS AND IMAGING

XXI COURSE

Phase-sensitive detection
in Raman Tweezers:
biological applications

Anna Chiara De Luca

TUTOR: Prof. Antonio Sasso

CO-TUTOR: Prof. Paolo Russo

ACADEMIC YEAR 2007-2008






Contents

Introduction XV
I Theoretical Background 1
1 Optical Tweezers 3
1.1 Introduction to the Optical Tweezers . . . . . . ... ... ... ..... 3

1.2 Theory of the Optical Tweezers . . . . .. ... .............. 6
121 Rayopticsregime . ... .. ... ... ... ... ..., 7

122 Rayleighregime . ... ... ... ... .............. 9

123 Electromagneticregime . . . . .. ... .............. 10

1.3 Optimization of an Optical Trap . . . . .. .. ... .. ... .. .... 11

14 Forcemeasurement. . . .. ... .. ... ... ... . ... ... 13

1.5 Calibration of detector signals . . . . .. ... ... ... ........ 14

1.6 ApplicationsinBiology . . . . . .. ... ... ... o oo L. 17

1.7 Conclusion. . ... ... ... .. ... .. 18

2 Raman Spectroscopy 19
2.1 Introduction to the Raman scattering. . . .. ... ... ......... 19

2.2 C(lassical theory of Raman scattering. . . . . . ... ... ......... 20

2.3 Quantum theory of Raman scattering . . . .. .............. 24

24 Ramantechniques. . . ... ......... .. ... ... ... ... 27
24.1 Resonance Raman scattering. . . . ... ... ... ........ 27

2.4.2 Surface Enhanced Raman scattering (SERS). . . ... ... ... 28

25 RamanTweezers . ... ... ... ... ... .. ... . . ... 31

2.6 ApplicationsinBiology . . . . . ... ... ... . oo L oL 33



ii

I1

CONTENTS

2.7 Conclusion . . . . . . . e

Method and Experimental Section

Raman Tweezers setup

3.1 Introduction to the experimentalsetup . . . . ... ... ... ... ...
3.1.1 The Raman spectrometer . . . ... ................
3.1.2 TheOptical Tweezers . ... ... .................
3.1.3 Thedetectionoptics . . . ... ... ... ... ... .....

3.2 Samplepreparation . . . . ... ... . L Lo o

Method and data analysis
41 Standard confocal Raman microscopy . . ... ... ... ... .....
42 Phase-sensitivemethod . ... ... .. ... ... ... .. .. ... ..

4.3 Data processing and analysis . . ... ... .. .. ... .. ......

IIT Results and Discussion

5

Phase-sensitive detection: results

51 Introduction . . ... ... ... ... ... .. L o
5.2  Standard confocal microscopy and background-subtraction procedure
5.3 Phase-sensitive detection . . .. .. ... ... ... ... 0 .
5.4 Phase-sensitive detection applied to immobilized particles . . . . . . .
5.5 Study of the formation of the Ramansignal . . . . ... .........
56 Spatialresolution . . . . . ... ... Lo oo
5.7  Resolution of the standard confocal Raman microscopy . . . . . . . ..

58 Conclusions . . . . . . . .. e

37

39
39
41
43
45
47

49
49
53
58

61

Spectroscopical characterization of normal and thalassemic red blood cells 81

6.1 Introduction . .. ... ... . . ... ... e
6.2 Resonance Raman spectroscopy of trapped erythrocytes . . ... ...
6.3 Resonant Raman characterization of normal and thalassemic RBCs . .
6.4 RBCsand photo-oxidation . . . ... ....................

6.5 Conclusions . . . . . . ... e

81

87



CONTENTS

7 Raman imaging of single erythrocytes
71 Introduction . ... ... ... ... ... .
7.2  Experimentalmethod . ... ... .. .. ... ... ... .. ... ...
7.3 ~Raman imaging of normal and thalassemiccells . . . . ... ... ...

74 Conclusion . . . . . . . . e

8 Mechanical characterization of healthy and diseased red blood cells
81 Introduction . ... ........ ... ... .. .. . L.
8.2 Experimentalmethod ... ........... ... . ... . ... ...
8.3 Response to applied stretching for normal and thalassemic RBCs

8.4 Conclusion . . . . . . . . e e
9 Conclusion

Bibliography

IV List of Publications
Appendix

Ringraziamenti

iii

103
103
105

. 107

108

111

114

127



iv

CONTENTS



1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

2.1
2.2

List of Figures

Yearly number of publications about the topic "Optical Tweezers" in-
dexed within Web of Science. . . . . . ... ... ... .. .. ..., 5
Qualitative view of the origin of the trapping force. Part A: figure
shows the axial gradient force towards the focus of the trapping beam.
Part B: figure shows the lateral gradient force of a non-uniformly dis-
tributed laserbeam. . . . . ... ... o oo L Lo 7
Geometry needed to calculate the force due to the scattering of a sin-
gle incident ray of power P by a dielectric sphere, showing the re-
flected ray PR and infinite set of refracted rays PT?R™. . . ... .. .. 8
Computed efficiency Q4. as a function of sphere radius. . . . . . . . 11
Scheme of a laser beam focused by an objective lens for different
beam diametersd. . . . . ... ... o oL oo 12
Configuration for the detection of lateral displacement of a trapped
sphere from the trap center. The back focal plane of the condenser is
imaged onto a quadrant diode. QPD signals are constructed from the
signals of the four individual segments of the QPD. . . . . . . ... .. 13
Voltage response versus the displacement of the bead (x), where the
linear range is determined by scanning a region of 1 ym with a step
sizeof 100nm. . . . ... ... L 15
Power spectral density (PSD) of a bead in an optical trap. The PSD

can be used to determine the stiffness of the trap. . . . . . .. ... .. 16

Schematic diagram of Raman scattering by molecules. . . . . ... .. 20
Visualization of an induced dipole momentum before and after an

electric fieldisapplied. . . . . ... ... ... ... ... ... ... 21

v



Vi

2.3
24

25

2.6

3.1

3.2
3.3
34
3.5

3.6
3.7
3.8

3.9

LIST OF FIGURES

Schematic representation of the quantum theory for Raman scattering. 24

Comparison of "normal" (top) and "surface-enhanced" (bottom) Ra-

man scattering. For normal Raman scattering, the conversion of laser

light I, into Stokes scattered light I rs is proportional to the Raman

cross section aﬁree, the excitation laser intensity I, and the number

of target molecules N in the probed volume. For "surface-enhanced":

olt describes the increased Raman cross section of the adsorbed molecule
("chemical" enhancement); A(v;) and A(vg) are the field enhance-
ment factors at the laser and Stokes frequency, respectively; N” is the
number of molecules involved in the SERS process. . . . . . .. .. .. 28
Simple schematic diagram to understand the concept of electromag-

netic SERS enhancement. . . . . ... ... ... ... . 0 L. 30
Four main configurations of Raman Tweezers that are characterized

by the propagation directions of the trapping beam(s) (red) and Ra-

man excitation beam (green). . . . . .. ... .. L L L L 33

Experimental setup of the combined Optical Tweezers and Raman
Spectrometer: L, lens; M, mirror; DM, dichroic mirror; GM, galvom-

irror; NF, notch filter; PZT-stage, piezoelectric stage; QPD, quadrant

photodiode. . . . . . ... o o 40
Photograph of our Raman Tweezers system . . . ... ... ... ... 41
Scheme of the Millennia XsJ laserhead. . . . . .. ... ... ...... 41
Scheme of the sampleholder. . . . . . .. ... ... ........... 43
Sketch of the experimental configuration of the spatial modulation of

the optical trap position. . . . . ... ... ... . o oL 44
Spectral response of Hamamatsu R6357 photomultiplier.. . . . . . . . 45
Spectral response of Pixis CCD camera. . . . . ... ... ... ..... 46

A): afloating polystyrene bead of 4.25 jzm. The particle is out of focus.
B) The same bead trapped about 4 pm above the coverslip. The filter
for trapping radiation is excluded. C) The same trapped polystyrene
bead when the filterisputin. . ... ... ... ... ... 000, 47
A trapped red blood cell: the RBC reaches a trapped position and
floats slightly aroundit. . . . ... ..................... 47



LIST OF FIGURES Vii

4.1

4.2

4.3

44

4.5

4.6

4.7

4.8
49

4.10

Spatial filtering with the pinhole aperture of the horizontal (A) and
vertical (B) out-of-focusrays. . . . . ... ... 0oL L 50

The distribution pattern looks like a disc with a central high intensity
spot and many concentric rings, a pattern called Airy disc. Airy pat-
tern describes the light intensity distribution as a function of distance

from the optical axis. . . .. ... ...... .. .. ... .. ..., 51

The axial intensity distributions of a typical widefield (a) and confo-

cal (b) fluorescence microscope. . . . . . ... ... L. 52

Sketch of the experimental configuration of the phase-sensitive detec-
tion method. Z is the propagation axis of both pump and trap laser
beams. The bead moves sinusoidally along the y-axis, crossing peri-
odically the pump laser. The trap laser, used to move the bead, is not

shownin this figure. . . . .. ... ... .. ... . . 00 L. 54

(a) Bead position, as function of the time. Modulation frequency has
been fixed at 33 Hz. (b) Raman signal originated by the trapped
object. The reported values have been obtained by a Monte Carlo
numerical simulation, calculated using the program Mathlab frame-
work for a 1pm-diameter bead crossing the Gaussian pump laser
with a waist of 0.53 pm. (c) Calculated intensity of the Raman sig-
nal produced by the solvent volume periodically occupied by the bead. 56

Calculated Raman signal of a trapped bead as a function of the time
obtained for modulation amplitudes ranging between 0.4 and 2.0 ym. 57

Raman spectrum of a trapped polystyrene bead of 4.25 um acquired
by using the CCD camera and visualized using the WinSpec software.
The power of the Raman probe on the sample is 2 mW, the acquisition

time is set to 20 s with 1 accumulation. . . . . .. ... ... ... ... 58
Raman spectrum of polystyrene from McCreery group [117]. . . . . . 59

Raman peaks position in pixel as a function of the wavenumber val-

ues [117]. A linear fit of the experimental data is also shown. . . . . . 60

Calibrated Raman spectrum from a trapped polystyrene bead. The

acquisition time is 20 s. Laser power on the sampleis2mW. . .. .. 60



viii

51

52

5.3

54

5.5

5.6

LIST OF FIGURES

(a): Raman signal of the trapped bead, as acquired by using the stan-
dard confocal method. The peaks 1 and 2 are due to polystyrene,
while peaks 3 and 4 to water. (b): Reference spectrum. The features
are due to water scattering contribution. (c): Difference between trace
(a) and (b). The estimated resolution of all the spectra is 6 cm™1.
In the inset the reference spectrum has been shown in the range be-
tween 300 and 4000 cmm !, where the water fluorescence contribution

isclearlyevident. . . .. ... ... .. .. .. ... ... .. . ...

Polystyrene (squares) and water (triangles) Raman signal Sraman as

a function of the bead levitation distance h from the coverslip.

Spectra acquired by modulating the bead position at f=15 Hz fre-
quency and by detecting the scattering signal at 2f. Trace (a) corre-
sponds to the signal acquired by choosing the detection phase in or-
der to maximize the polystyrene Raman peaks, while in trace (b) the
phase has been shifted by 90°. For the sake of clarity, this last signal
has been vertically shifted and multiplied by a factor 10. . . . . . . . .

(A): SNR of the polystyrene Raman peak at 3055 cm™! as a function
of the pump laser power acquired by using the phase-sensitive tech-
nique (red dots) and the standard confocal technique (blue dots). In
the insets, we show the spectra recorded at different pump laser pow-

ers by phase-sensitive (B) and standard confocal (C) techniques. . . .

(a) Raman spectrum of polystyrene bead attached on surface acquired
by using the standard confocal technique. (b) Raman spectrum of the
same sample acquired by modulating the sample holder at the fre-

quencyof 80Hz. . . ... ... .. ... L

Trends of the Raman signal Sgraman for the 3055 em ™! polystyrene
peak as a function of the modulation amplitude A. The different sets
of data correspond to different bead levitation heights h from the cov-
erslip. The continuous curves correspond to a numerical fit of the

data, obtained by a Monte Carlo simulation. . . . . ... ... ... ..

67

69



LIST OF FIGURES

5.7

5.8

59

5.10

511

6.1
6.2

6.3
6.4

6.5

(dots) Pump laser beam waist at the focal plane as a function of the
height h from the coverslip, that has been estimated by the fit proce-
dure of the curves of Fig. 5.6. (squares) Raman signal SE*  for the

3055 cm ! polystyrene peak. (triangles) Pump laser intensity Iraman

as calculated by eq. 5.1 in the text. Irgman and S are normalized

Raman
tothevalueath=4pum. .. ... ... ... ... . ... ... ...
Raman signal Sreman (3055 em 1) versus the modulation amplitude
A. The different sets of data correspond to different bead diameters:
1.25,2.00, 3.00, and 4.25 pim. The continuous curves correspond to a

numerical fit of the data, obtained with a Monte Carlo simulation. . .

Raman signal S%9% as a function of a®. The dashed line corre-

Raman
sponds to the straightliney =a3. . . . ... ... ... . ... ... .
(A)Normalized polystyrene Raman scattering at 1004 cm~! versus
position of the focus above the coverslip surface (or scan depth). (B)
Zoom on the region between 0.4-1.5 ym. By way of a linear fit of the
experimental data, it is possible to estimate the distance correspond-

ing to the increase of the Raman signal from 20% to 80%. . ... ...

(A) Normalized polystyrene Raman scattering at 1004 cm~! versus
the position of the focus along the x-y plane (or x depth). (B) Zoom
on the region between O-1 pm. . . . . .. ... ... ... ... .....

Humanredbloodcells. . . . . . .. . . .. . . . .. . . . ... .

Structure of the human hemoglobin. The protein’s o and 3 subunits
are in red and blue,respectively, and the iron-containing heme groups

INGIeeN. . . . . . . . .
Heme group consists of an iron ion held in a heterocyclic ring.

Binding and release of ligands induces a conformational (structural)
change in hemoglobin. Here, the binding and release of oxygen illus-
trates the structural differences between oxy- and deoxy-hemoglobin,

respectively. Only one of the four heme groups has been shown. . . .

Visible absorption spectra of living erythrocytes recorded in the oxy,
deoxy and met states showing the major visible electronic transition

bands and the excitation wavelengths used in this study [18]. . . . . .

X

73

74

76

82

83



6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

LIST OF FIGURES

Upper part: Typical Raman spectrum of an healthy RBC, obtained
with an integration time of 10 s. The solid line corresponds to a fit
with 14 Lorentzian profiles, while the dashed lines indicate the de-
convoluted curves. Lower part: Residual obtained as the difference

between the experimental and the best-fit spectrum. . . ... ... .. 86

Comparison between the Raman spectra of normal, o and 3-thalassemic
RBC. The arrows indicate the spectral features affected by intensity

changes, while the dashed lines give evidence of the observed energy

Trends of the relative intensity for selected Raman peaks (v37, v19 and

v13) corresponding to the three types of cells (see text for details).. . . 90

Comparison between the Raman spectra (in the spin state marker
band region) and statistical distributions of the ratio R = I,,,/1,,,
of normal(A), a-(B) and S-thalassemic RBC (C). The arrows indicate
the spectral features affected by intensity changes, while the broken

lines highlight the observed energy shift. . . . .. ... ... ...... 91

A: Statistical distributions of the ratio R = I,,,/1,,, obtained by ana-
lyzing 300 RBCs from a single normal (pink histogram) and 3-thalassemic
(blue histogram) donor. The fit of these distributions with Gaussian
profile is also shown. B: Gaussian profiles obtained by fitting the ex-
perimental distributions relative to 6 normal (Hi) and 6 3-thalassemic
(Ti) volunteers. The weighted-mean and the standard deviation for

the two kinds of cells are evidenced by horizontal bars. . . . ... .. 92

Intensity of the Raman v;; band, as a function of the exposure time
to the trapping radiation for normal (e), (-thalassemic (o) and o-
thalassemic (A) RBCs. The intensity values are normalized to the
valueatt=20s. . . . . . ... 93

Intensity of the Raman v;; band, as a function of the exposure-time to
the Raman probe for normal (e), 3-thalassemic (o) and a-thalassemic

(A) RBCs. The intensity values are normalized to the value att=3s. . 94

The Raman spectra of a normal RBC exposed to 532 nm radiation for
10 and 150 s. Solid lines are the best fit lineshape convolutions. . . . . 95



LIST OF FIGURES

7.1

7.2

7.3

74

8.1
8.2

8.3

8.4

Scheme of the experimental method: the two double-trap systems fix
the RBC in four points and by applying an offset signal to the galvo-
drivers it is possible to scan the sample across the Raman probe. . . .
Normalized intensity of Hb v37 peak along a diameter of the equa-
torial plane of a normal and thalassemic RBC. The error bars are ob-
tained by the fitting procedure of the Raman spectrum. In the insets,
their characteristic shapeisshown. . . . ... ... ... .. ... ...

Hb distribution in the equatorial plane of a thalassemic and a healthy

Scanning electron micrograph of blood smear with two target cells or

codocytes (white arrows). . . .. ... ... Lo L L L

Sketch of the RBCs membrane. . . . . ... ................
A: Sketch of the stretching procedure used for the present investiga-
tion. B: Same frames of a video recorded during the stretching of a
normal RBC. . . ... ... ... ...
Representation of the elongation of a red blood cell as a consequence
of two diametrically opposite applied forcesF.. . . . . ... ... ...

Response to applied stretching for normal and abnormal RBCs. . . . .

xi

99

106
107



xii

LIST OF FIGURES



3.1
3.2

6.1

6.2

List of Tables

Millennia Xs] Laser output characteristics. . . . . .. ... ....... 42

Ventus Laser output characteristics. . . . . . ... ... ... ... ... 44

Assignment and spectral position (cm~!) of the Hb Raman bands ob-
served in our work [126]. For comparison, we also report the bands
observed by Wood et al. [19] for both oxy- and deoxy-Hb with excita-

tionatbl4dnm. . . . . . . ... e 88
Observed wavenumber (cm™1) relative to 4 Raman peaks for normal,
a-thalassemic and S-thalassemicRBCs. . . . . .. ... ... ... ... 920

xiii



Xiv

LIST OF TABLES



Introduction

In the biomedicine field, scientists act as detectives working hard to unravel the
mysteries surrounding cells. To this end, Raman spectroscopy has revealed itself
particularly useful, providing information concerning both the chemical composi-
tion and the structural conformation of the investigated samples. If compared to
many other techniques devoted to the identification of microorganisms (as for in-
stance fluorescence spectroscopy), Raman spectroscopy presents the relevant advan-
tage of providing sharp peaks correlated to vibrational modes of the investigated
sample. Moreover, it is a noninvasive technique, not requiring the addition of chem-

ical agents or labels for a sample identification.

Therefore, Raman spectra behave as the fingerprints of the analyzed sample.
Hence, the Raman spectroscopy technique represents a powerful tool to detect cel-
lular transformations in real time, contributing to elucidate many biochemical pro-

cesses even in living cells [1].

However, the analytical capabilities of Raman spectroscopy are limited by its in-
ability to manipulate, and therefore analyze the samples without making physical
contact or disturbing their unique environment. This limitation has been resolved
by coupling Raman spectroscopy to a technology called Optical Tweezers (OT). The
new method, termed Raman Tweezers (RT), employs Optical Tweezers to trap a mi-

crosized object in order to confine its motion for Raman spectroscopic analysis [2].

Optical Tweezers are based on the force exerted on micrometer-sized particles by
a strongly focused laser beam. They allow trapping and manipulation of single par-
ticles without any mechanical contact [3]. The technique, which was first developed
by Arthur Ashkin et al. in 1970 [4], has the ability to control objects ranging in size
from 5 nm to over 100 ym, among which atoms, viruses, bacteria, proteins, cells,

or other biological molecules [5-7]. In such a way, a single selected particle can be

XV
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spectroscopically analyzed in its natural environment, without any need to fix it to a
substrate.

Therefore, Raman Tweezers have the capability to analyze a molecule from each
angle and therefore provide more accurate information about identity, structure, and
conformation. In addition, sample confinement in the laser beam focus maximizes
the excitation and collection of Raman scattering and, at the same time, reduces the
intrinsic interference effects due to the cover plate [8]. This optical trap also allows
Raman Tweezers to easily separate molecules for an isolated study, such as their
response to different conditions and/or treatments [9].

The first publication on using Raman Tweezers for living cells dates back to
2002 [10]. In their work, Ajito and Torimitsu, by combining the laser trapping tech-
nique with near-infrared Raman (NIR) spectroscopy, analyzed single cellular organelles
in the nanometer range. The samples were synaptosomes, nerve-ending particles
(about 500-700 nm in diameter) isolated from a neuron in a rat brain, dispersed in
the phosphate buffer solution. The NIR laser Raman trapping system captured a sin-
gle synaptosome without photochemical damage and provided a Raman spectrum
of the sample with less fluorescence background.

Over the course of the next six years, the techniques of Raman Tweezers have made
unique and revolutionary contributions to the experimental studies in the fields of
biophysics. Raman Tweezers has been applied for the identification and characteri-
zation of single optically trapped microparticles, red blood cells, yeast cells, bacterial
cells, and liposomal membranes [11,12]. For instance, a Raman Tweezers system was
used to control and to characterize the coagulation of two liquid aerosol droplets and
to investigate the formation and properties of multiphase aerosol [13]. Recently, RT
has also been reported to identify the bacterial spores in aqueous solution, in which
bacterial spores are discriminated from non-biological particles, such as polystyrene
spheres, on the basis of Raman signature [14]. Unilamellar phospholipid vesicle were
optically trapped and the effect of optical forces on the lipid membrane shape was
investigated by using confocal Raman microscopy [15]. Near infrared laser tweez-
ers Raman spectroscopy system was also applied to study the effect of alcohol on
single human red blood cells [16] and to distinguish activation-dependent phases of
T cells [17]. As matter of fact, Raman Tweezers has the potential to become an in-
credibly effective diagnostic tool, and therefore holds great promise in the field of

biomedicine for distinguishing between normal and diseased cells.
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In my PhD-work, mainly performed in the Laser Spectroscopy and Optical Manipu-
lation group of Prof. A. Sasso, I have started a new research activity consisting of the
Raman analysis of single particles of bio-technological interest. To achieve this goal,

the following steps have been followed:

e Build-up of a RT system allowing Raman analysis of an optically trapped cell

in a non-invasive way.

e Implementation of a novel electronics method, allowing an optimum suppres-
sion of scattering signal from the environment surrounding the optically trapped

object.

e Applicability test of the Raman Tweezers technique to model experiments. In
particular, I have focused my research on the characterization of normal and

thalassemic red blood cells.

Since the aim of my thesis is to study living cells in vivo, with particular reference
to red blood cells (RBCs), the main challenges have been to find correct laser wave-
length and intensity, alignment and calibration of the Raman Tweezers system and
finally its application to demonstrate its usefulness.

Erythrocyte are used as model organism in these Raman Tweezers experiments.
In fact, the human RBCs represent a very simple cell, they are devoid of the nucleus
and are rich in hemoglobin (Hb), a protein composed of four globular protein with
an embedded heme group. The heme group presents a strong Hb-absorption band in
the visible region [18]. This feature gives rise to a resonant enhancement of the Hb-
signal, when it is an excitation wavelength closed to the heme electronic absorption
bands. In such a way, it becomes possible to acquire the Raman spectrum of the Hb
inside a single erythrocyte without any influence of the surrounding globin or other
parts of the RBC crossed by the Raman probe [19-21]. This is a quite interesting issue
for the characterization of Hb-related blood diseases, such as thalassemias. There-
fore, it has been chosen a doubled frequency Nd:YVO laser (at 532 nm) to excite the
Raman spectra.

The most widespread RT systems use two separate beams for trapping and the
Raman excitation (for example [22]) with a single objective. This configuration has
the advantage that the wavelength and the power of the trapping beam and the Ra-

man probe can be adjusted independently. Also in the present work, it has been
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used a two-wavelength Raman Tweezers system, where an IR laser (Nd:YAG at 1064
nm) has been used to trap the sample. This selection has revealed to be quite useful,
mainly because it becomes possible to study living cells (RBCs) for long time periods,
keeping the level of photo-damage low.

After building the RT set-up, it has been possible to characterize the system by ac-
quiring the Raman spectra of trapped polystyrene beads. By this preliminary study;,
it has been clear the presence of a general problem affecting both Raman spectrom-
eters and Raman Tweezers systems, i.e. the background caused by the environment
surrounding the sample under investigation. It is possible to find many practical
experimental situations in which the inelastic as well as elastic scattering from the
solvent, in which the sample is embedded, can affect severely the reliability and re-
producibility of the measurements. This happens, for instance, when the solvent has
strong Raman-active bands that spectrally overlap with the sample Raman features.
In this case, reasonable but often distorted spectra are created using either manual or
automatic subtraction procedures [23]. This drawback is particularly relevant when
Raman spectroscopy is used to monitor the health state of single microorganism. In
fact, the diagnosis of cellular disorders is often performed by monitoring the rela-
tive intensities of selected Raman peaks. Therefore, it is required a high accuracy in
subtracting the solvent contribution [2,24]. To tackle this problem, during my PhD
work, I have implemented a novel method that allows acquiring Raman spectra of a
single trapped particle free from any background contribution [25,26]. The method is
based on the use of two collinear and copropagating laser beams. The first is devoted
to trapping (trap laser), while the second one is used to excite the Raman transitions
(pump laser). The trap laser moves the trapped particle periodically, by means of a
galvomirror, back and forth across the pump laser. The back-scattered photons are
analyzed by a spectrometer and detected by a photomultiplier. Then, the resulting
signal is sent to a lock-in amplifier for phase-sensitive detection. The obtained re-
sults demonstrate that our Raman Tweezers system may find valuable applications
in rapid sensing of biological samples in aqueous solutions.

Finally, it has been demonstrated the potential of the developed Raman Tweezers
system as a diagnostic tool to study a specific disease related to oxygenation capa-
bility of individual red blood cells, known as thalassemia. Thalassemia is the name
of a group of genetic blood disorders. In thalassemia, the genetic defect results in
reduced rate of synthesis of one of the globin chains that make up the Hb. If there is
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a reduced synthesis of one of the globin chains, the RBCs do not form properly and
cannot carry sufficient oxygen. By way of a resonant excitation of Hb Raman bands,
it has been examined the oxygenation capability of both normal and thalassemic ery-
throcytes. A reduction of this fundamental erythrocyte function for thalassemia has
been shown. Raman spectroscopy has been also used to draw hemoglobin distribu-
tion inside single erythrocytes. The results have confirmed the characteristic anomaly
(target shape), occurring in thalassemia and some other blood disorders. Finally,
the deformability of thalassemic erythrocytes has been quantified by measuring the
membrane shear modulus using an Optical Stretcher (double-trap system).

The success of the spectroscopical and mechanical characterization of normal and
thalassemic RBCs reported in this thesis provide an interesting starting point to ex-
plore the application of Raman Tweezers systems in the analysis of several blood
disorders.

The structure of the thesis can be summarized as follow.

Chapter 1 describes the basic physical principles of Optical Tweezers, its biological
application and its current state of the art.

Chapter 2 gives an overview of the theory and of the applications of Raman Spec-
troscopy. The aim of this chapter is to demonstrate the capability of Raman
spectroscopy to provide microscopic information especially of biological ma-
terials. Particular interest is devoted to describe a combination of Raman mi-

croscopy with Optical Tweezers (Raman Tweezers).

Chapter 3 describes in detail the experimental setup developed to characterize spec-

troscopically and also mechanically single-cells.

Chapter 4 introduces Raman measurement methods based on standard confocal and
phase-sensitive techniques. In particular, in this chapter, they are described the
benefits of the novel phase-sensitive method to analyze a single trapped particle

in aqueous solution free from any background contribution.

Chapter 5 shows the use of Raman Tweezers combined with a phase-sensitive detec-
tion scheme. This chapter is mainly devoted to a systematic characterization
of the novel technique. In particular, it is described in detail the formation of

the Raman signal and its dependence on several parameters, such as the height
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from the coverslip surface, the size of the bead, the amplitude of the spatial
modulation of the trapped particle, and the pump laser intensity. Finally, a

comparison with the standard confocal Raman microscopy is also shown.

Chapter 6 presents the results of the characterization of the RBCs from normal and
thalassemic donors obtained by using an Optical Tweezers system integrated
with a Raman probe. In particular, it is compared the Raman spectrum of a
single thalassemic RBC with that obtained from an healthy subject, relating the
observed differences to the analyzed disease. They are also investigated the
photo-induced effects caused by the laser radiations used for both trapping

and Raman excitation.

Chapter 7 shows how Raman analysis can be used to map the hemoglobin distri-
bution inside single erythrocytes (Raman imaging). In particular, the results
shown in this section reveal the characteristic anomaly (target shape) occurring

in thalassemia.

Chapter 8 describes the cellular response to applied mechanical stress, by using an
Optical Stretcher system (double-trap system). Some significant difference in
the functionality of the thalassemic RBCs with respect to normal erythrocytes
are highlighted.

Chapter 9 contains the conclusions based on the performed experiments.

Finally, the thesis includes the list of the publications related to the work here
described.
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Optical Tweezers

Using a strongly focused laser beam, dielectric particles with size from several nanometers
up to tens microns can be trapped and manipulated without any mechanical contact. These
so-called "Optical Tweezers” are an important tool for the research in chemistry, physics and
biology.

In this chapter I will discuss the basic physical principles of the Optical Tweezers and the
main calibration procedure. Finally, I will briefly show an overview on the theory and show

some applications based on the Optical Tweezers.

1.1 Introduction to the Optical Tweezers

The Optical Tweezers (OT) trace their origin back to the time of the discovery of
significant radiation pressure forces on dielectric spheres using lasers. Although this
technique can be considered relatively recent, the physics behind the OT has been
known for a long time.

In his manuscript "De Cometis" of 1619, the German astronomer Johannes Kepler

wrote that the comets tails point away from the sun because they are "pushed" in

3
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that direction by the sun radiation. Two centuries later, James Clerk Maxwell, in his
theory of electromagnetism, confirmed theoretically that light itself can exert an op-
tical force (radiation pressure) on matter. The existence of the radiation pressure was
demonstrated experimentally only in the first decade of the twentieth century by Pe-
ter Lebedev in a series of experiments showing that parallel plates in vacuum rotated
when illuminated with light. The advent of lasers in the 1960 finally enabled re-
searchers to study the radiation pressure through the use of intense, collimated light
beams. An early pioneer of such studies was Arthur Ashkin of Bell Laboratories.
By focusing laser light, Ashkin et. al in 1970 showed that micrometric polystyrene
spheres could be levitated against gravity using the force of radiation pressure [4,27].
Radiation pressure forces are those arising from the momentum of the light itself.
Ashkin and Chu also worked on trapping and manipulation of atoms [5], and Steven
Chu received the Nobel Prize in Physics for the development of methods to cool and
trap atoms with laser light in 1997 [28]. In 1987, Ashkin began to trap living biological
objects in a three-dimensional trap using a single laser [6,7]. Over the course of the
next 20 years or so the techniques of optical trapping and manipulation have made
unique and revolutionary contributions to the experimental studies in the fields of
light scattering, atomic physics, biophysics and chemistry (see Fig. 1.1).

These optical manipulation techniques can be applied to neutral particles as diverse

as:

1. small dielectric spheres in the size range from tens nanometers to tens microns
(including biological particles such as viruses, bacteria, living cells, organelles

within cells and macromolecules),

2. atoms and molecules at temperatures ranging from hundreds of degrees Kelvin

down to about one nanokelvin,
3. atomic particles in Bose-Einstein and fermionic condensates in atomic vapors.

Among the unique capabilities of the optical manipulation there is the simple abil-
ity to non-invasively hold single particle fixed in space, free from any mechanical
support, using a single beam of light. A submicrometer particle in a trap, can be
localized to within a small fraction of a wavelength of radiation [29] or moved over

long distance of many centimeters [30].
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Figure 1.1: Yearly number of publications about the topic "Optical Tweezers” indexed within Web of

Science.

Optical Traps are also well suitable to study the mechanics or dynamics at cellular
and subcellular levels. In fact, although optical forces (few pN) are minuscule on
the scale of larger organism, they can be significant on the scale of macromolecules,
organelles and cells. A force of ten piconewtons can stretch, bend or distort single
macromolecules, such as DNA and RNA, or macromolecular assemblies, including

microtubules and actin filaments.

There are many excellent review papers that give an overview of the optical tweez-
ers, the theory underlying them, their construction, their application, and recent de-

velopments [31].

In particular, in this chapter, I will introduce the principles behind the Optical

Tweezers and examine the forces on a bead trapped by a laser.
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1.2 Theory of the Optical Tweezers

An optical trap is formed by tightly focusing a laser beam with an objective lens of
high numerical aperture (NA). As matter particles do, also light quanta or photons

carry a momentum p:

h
== (1.1)

where E = hv is the energy of a photon of frequency v and wavelength A. The op-
tical trap is based on the transfer of momentum between the beam of radiation and
the object that it is passing through (radiation pressure). For macroscopic objects, the
radiation pressure exerted by typical light sources is many orders of magnitude too
small to have any measurable effect. However, a focused laser beam can be used to

trap small objects (<100 xm) in a three dimensional "potential well".

The resulting optical force has traditionally been decomposed into two compo-
nents: a scattering force, in the direction of light propagation and a gradient force, in
the direction of the spatial light gradient. For stable trapping in all three dimensions
the axial gradient component of the force pulling the particle towards the focal re-
gion must exceed the scattering component of the force pushing it away from that
region. This condition needs a very steep gradient of the light produced by sharply
focusing the trapping laser beam to a diffraction-limited spot using an objective of
high NA. As a result of this balance between the gradient force and the scattering
force, the axial equilibrium position of a trapped particle is located slightly beyond

the focal point.

The theoretical description of this effect depends on the size of the trapped objects.
One refers to a ray optics regime when the diameter of the particle is greater than the
wavelength of light (4 > )). In this case diffraction effects can be neglected and the
trapping forces of the light can be understood in terms of geometric or ray optics. If
the diameter of the particle is smaller than the wavelength of light (d < \), one needs
a description based on electromagnetic dipoles. This regime is called the Rayleigh
regime. For particles that are in between these two models, an additional model

must be used.
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1.2.1 Ray optics regime

When the diameter of a particle is much larger than the wavelength of the trapping
laser (d > )), the forces on a particle can be described using ray optics, as it was done
by Ashkin in 1992 [32]. When a light ray, travelling in a medium with refractive index
ni, impinges on a dielectric sphere with refractive index ny, the light ray is refracted
according to Snell’s law. The light ray is again refracted when it leaves the particle.
The momentum of the light ray is changed because of the refraction by the particle.

This change in momentum is transferred to the particle because the momentum is

conserved.
A) Axial gradient force B) Lateral gradient force
Dim ray Bright ray
Kout Ko%ﬁ
Km Kin
— a b AK
AK —
F 1‘ r
ﬁa Fz; Dim ray
Bright ray
a b

Figure 1.2: Qualitative view of the origin of the trapping force. Part A: figure shows the axial gradient
force towards the focus of the trapping beam. Part B: figure shows the lateral gradient force of a non-

uniformly distributed laser beam.
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The ray-optics diagram used in Fig. 1.2 gives a qualitative description of the trap-
ping. In this figure, the trap action on a dielectric sphere is described in terms of the
total force due to a typical pair of rays a and b of the converging beam, under the
simplifying assumption of zero surface reflection. In this approximation the forces
F, and Fj, are entirely due to refraction and are shown pointing to the direction of the
momentum change. One sees that for arbitrary displacements of the sphere origin
O from the focus f the vector sum of F, and F; gives a net restoring force F directed
back to the focus (Fig. 1.2-part A), and the trap is stable (axial gradient force). The
lateral gradient force (Fig. 1.2-part B) can be understood as follows. If bright and dim
rays come from parts of the beam with different intensity, the momentum changes of
the rays differ in magnitude, causing a net reaction force on the refracting medium

in the direction of the high intensity.

A light beam is described as a collection of light rays and each individual ray
is weighted according to its intensity. The contributions of all rays are summed to

calculate the total optical force on a particle.

PR

normal

PT2

PT2R

Figure 1.3: Geometry needed to calculate the force due to the scattering of a single incident ray of

power P by a dielectric sphere, showing the reflected ray PR and infinite set of refracted rays PT*R".

Let us consider first the force due to a single ray of power P hitting a dielectric sphere
at an angle of incidence ¢ with incident momentum per second of n; P/c (see Fig. 1.3).
The total force on the sphere is the sum of the contributions due to the reflected ray

of power PR and the infinite number of emergent refracted rays with decreasing
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power PT2, PT?R, ... PT?R"... .The quantities R and T are the Fresnel reflection and
transmission coefficients of the surface at §. The net force acting through the origin
O can be broken into Fz and Fy, given by:

ni P T?[cos(26 — 2r) + R cos 26)

Fy = Foqn = 1+ Rcos260 — , 1.2
d t c {1+ Rcos 1+ R2+2Rcos2r } (1.2)
ny P . T?[sin(26 — 2r) + Rsin 20)
F = F rad — 29 - ) 1
Y grad c {£sin 14+ R2 4+ 2Rcos2r } (1.3)

where 0 and r are the angles of incidence and refraction. These formulas sum over
all scattered rays and they are exact therefore. The forces are polarization dependent
since R and T are different for rays polarized perpendicular or parallel to the plane
of incidence.

In Eq. 1.2, Fiz indicates the component pointing to the direction of the incident ray,
also known as scattering force component Fi.q. Similarly, in eq. 1.3, Fy indicates the
component pointing to the direction perpendicular to the ray, also known as gradient
force component Fy,qq.

The vectorial sum of these two trapping force components gives the total force due
to a single ray of power P:
n1 P

TZlP 2
C

T
Fy = Fgrad = scatt T Qgrad = Q(97 Fjv R7 T) s (14.)

where Q is the dimensionless efficiency and the variables determining the effective
Q-value have been explicitly stated. The total force exerted on the object is found by
summing over all rays passing through it. Ashkin has worked out these calculations

for a laser beam with a Gaussian profile [32].

1.2.2 Rayleigh regime

When the diameter (d) of a particle is much smaller than the wavelength of the
trapping laser, the optical forces on the particle can be calculated by treating the
particle as an induced point dipole which scatters light elastically.

The trapping light exerts a scattering force on the induced dipole as it absorbs
and reradiates light from the trapping beam. The scattering force is proportional to
the optical intensity and points toward the propagation of the laser light [6]. The
scattering force is described by the equation below [33]:

< S > Oscatt

Focatt = npp———, (15)
C
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where

m? —1
m?2 + 2
is the scattering cross section of a Rayleigh sphere with radius r [34]. The quantity

>, (1.6)

8
Oscatt = g?T(]CT')4T'2(

<S> is the time averaged Poynting vector, where 7 is the refractive index of the par-
ticle, n,, is the refractive index of the medium, m = n/n,, is the relative index, and k =
27,/ is the wavenumber of the light.

As the laser polarizes the object, the object experiences a force in the direction of
gradient of the electromagnetic field. This gradient force is proportional to the gra-
dient intensity and points to the direction of the intensity gradient [6]. The gradient
force is the polarizability of the particle. It is defined by the following equation [33]:

Flrad = %v <E*> | (1.7)

where the polarizability o of the particle is:

m? —1

; S(W) : (1.8)
The object then experiences a force directed toward the brighter region of light.

A particle with a large dielectric constant within the laser beam will exert a force,
which is directed toward the focus of the beam. Thus, a trapped particle can be

manipulated, by moving the focus of the beam.

1.2.3 Electromagnetic regime

For particles between Ray optics and Rayleigh regimes (A/20 < d < 3)), theoreti-
cal calculations are used to describe the trapping power. This is the region of most
interest, yet it is the least described. Biological application of the Optical Tweezers
often use spherical dielectric particles with diameters of 0.2-1.0 um. The previous
calculations are not consistent with the experimental data in this region. For such
particles, diffraction effects are significant. Moreover, the vector character of the elec-
tromagnetic field cannot be neglected, for highly focused laser beams. These factors
increase enormously the difficulty of computing realistic forces in the intermediate
regime. The time-averaged force due to an arbitrary electromagnetic field, that acts

on an arbitrary particle, is given by the following integral over the particle surface:

F;, =< f Tide >, (19)
S
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where the brackets denote a temporal average and T;; [35] is the Maxwell stress ten-

sor:
1 1
Tij = ZkEz‘Ej + B;B; — i(EEiEi + B;B;)di5] (1.10)
7

where ¢ is the electric permittivity.
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Figure 1.4: Computed efficiency Qmqqe as a function of sphere radius.

In related work, Wright et al. used the Electromagnetic and Ray optics theory to
compute the maximal axial trapping efficiency Qy,q., for polystyrene beads (n=1.57),
as a function of particles size (see Fig. 1.4) [36]. For small radii (r < 0.1 pm), trapping
force scale with 73, as expected by Rayleigh theory. The experimental measurements
of Qpax for beads with different diameter showed that the Electromagnetic theory
gives better estimates for r < 1 pm than Ray optics theory, and that the Ray optics
theory gives good results for r > 10 pm (at A = 1064 nm).

1.3 Optimization of an Optical Trap

From equations 1.2-1.4 it is clear that, at least for the ray optics approach, the
trapping forces can be optimized by increasing the laser power P, the refractive in-
dex of the surrounding medium 7, or the Q-values. The laser power can only be
increased up to a certain limit, above which more laser light would lead to heating
or photo-damage of the optics of the examined system (especially delicate biomate-

rials). Increasing the refractive index is hardly ever an option, because most samples
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require an aqueous solvent of n; ~ 1.3. This leaves the geometric Q-values as the

parameters to be optimized.

Figure 1.5: Scheme of a laser beam focused by an objective lens for different beam diameters d.

The maximum incidence angle 6,,,, is determined by the optics used to focus
the laser beam, that usually is a microscope objective lens, as in our case. One of
the specifications of an objective is the so-called numerical aperture (NA). This is a
measure of the solid angle over which the objective lens can gather light. It is defined

as:
NA =ngsinf , (1.11)

where nj is the refractive index of the immersion medium (i.e. the medium between
the sample and the objective lens) and 6 is one-half the angular aperture (see figure
1.5). The value of n3 varies between 1.0 for air and ~1.5 for most immersion oils. The
NA of the objective in our setup is 1.4. Another parameter which influences 6,4, in
a similar way is the beam diameter d. As indicated in the figure 1.5, an expanded
beam yields a larger 6,,,,, and therefore a stronger intensity gradient in the focus.
In order to optimize the trapping quality with a Gaussian profile beam, the beam
should overfill the back aperture of the objective lens. This increases the intensity
of the highly convergent rays coming from the edge of the aperture compared to

the configuration where the aperture is just filled. These convergent rays contribute

z

largely to F,qq, enabling it to overcome FZ,;;.
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1.4 Force measurement

Quadrant
photodiode

Y

Condenser T N
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Figure 1.6: Configuration for the detection of lateral displacement of a trapped sphere from the trap
center. The back focal plane of the condenser is imaged onto a quadrant diode. QPD signals are

constructed from the signals of the four individual segments of the QPD.

The Optical Tweezers can be used to measure directly forces on trapped object.
These external forces tend to push or pull the particle from the center of the trap. In
turn, the refractive object refracts the rays passing through it. Gittes and Schmidt [37]
have developed a model based on the far-field interference of the outgoing laser light
with the scattered light from the trapped particle. This model describes intensity
shifts due to the lateral (i.e. off-axis) displacement of the particle. The illuminating
and scattered light is collimated by a condenser lens of focal length f. In the back focal
plane (BFP) of this lens, the intensity distribution does not change when moving the
optical trap around in the sample. The distribution is only affected by the motion
of the trapped object with respect to the trap. This is the reason why this plane is
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imaged onto a quadrant photodiode (QPD), a light sensitive diode divided into four
equal segments which is used to detect changes in the intensity distribution. This
method of displacement or force detection of a trapped object is known as back-focal-
plane interferometry.

Figure 1.6 shows the configuration for the detection of the lateral displacement
from the trap center. The voltage signal given by the QPD is constructed by the four
individual segments of the detector (/;, i=1,...4) [37]:

Vo= (L +12)— I3+ 1) , (1.12)
Vy= U+ 14) — (I2+ I3) (1.13)
‘/Z:(Il+12+13+f4) . (1.14)

The hypothesis of the theoretical work of Gittes et al. [37] are essentially two: i) the
diameter of the trapped particle is smaller than the wavelength of light (Rayleigh)
and ii) the incident beam can be described as a gaussian beam.

The response function from equation 1.12 is plotted in figure 1.7 for a 1 um sphere
diameter. For small displacements the response is approximately linear (z = SV;).
From a linear fit of the experimental data it is possible to calibrate the response 3 of
the detector.

If a force of known magnitude and direction is applied to the trapped bead (prefer-
ably within the linear range) and one observes the response of the quadrant diode
signals, one can calibrate the detector to physically relevant units of force or dis-

placement. This procedure will be treated in the next section.

1.5 Calibration of detector signals

The detector response to external forces can be calibrated by using several meth-
ods [38]. In this work, we have used the Brownian motion calibration [39]. For this
method, we measured displacement fluctuations x(¢) of a trapped bead due to the
continuous and random collisions with solvent molecules.

A trapped bead in a viscous fluid will feel both the diffusional forces and a restoring

optical force, confining its motion within the laser focus. Assuming the confining
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Figure 1.7: Voltage response versus the displacement of the bead (x), where the linear range is deter-

mined by scanning a region of 1 um with a step size of 100 nm.

force to be linear in the displacement with a proportionality constant k,, the Langevin

equation of the bead’s motion becomes:

dx

F(t) :’YE

+ kyx . (1.15)
F(t) represents the random thermal force, which averages to zero over time. The
power spectrum of F(t), Sp(f), contains the contribution to F(t) of motions with dif-
ferent frequencies. After calculating the Fourier transform of Langevin equation 1.15,
the power spectral density (PSD) of these fluctuation is found to have a Lorentzian

shape:

kpT

~ R (116

Sx(f)
where kp is the Boltzmann factor, T is the temperature, v = 37nd is the Stokes drag
coefficient for a sphere of diameter d immersed in a fluid of viscosity n and f. =

k. /2m7 is called the corner frequency. The corner frequency can now be found fitting

the measured PSD with a Lorentzian profile. Because of the linear relation of the
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detector signal x(t) = [V,(t) for small displacement x(t), the PSD of the detector
signal SY (f) is given by:

1 kgT A

SRR PP 117)

SY(f)

and one can see that &, can be found estimating the corner frequency f., by way of a

fit procedure, once the solvent viscosity is known.
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Figure 1.8: Power spectral density (PSD) of a bead in an optical trap. The PSD can be used to

determine the stiffness of the trap.

Figure 1.8 shows an example of the power spectral density SY (f) for an optically
trapped 2-um polystyrene bead. A Lorentzian fit is plotted in the same figure. At
low frequencies, the PSD function will rich a plateau value SY (0) that can be used to

calculate sensitivity 3. In fact, the equation:

kgT

— s (1.18)

Sy (0)

can be used to calibrate the response 3 of the detector if the bead diameter and the

solvent viscosity are known.
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1.6 Applications in Biology

Since their development in 1986, the optical tweezers have had a multitude of
applications [40-52].

An early application of the Optical Tweezers in biology involved the measurements
of force generation of organelle transport [53]. In particular, Ashkin at. al. have
trapped single mitochondria (the diameter is 320 nm) and studied the driving force
of mitochondria moving along microtubules, allowing them to estimate the force
generated by a single motor to be 2.6x10~" dynes.

Experiments were performed with tweezers to manipulate live sperm cells in 3-D
and to measure their swimming force [54].

One of the most important biological applications of the Optical Tweezers is to
study of molecular motors. These mechanoenzymes interact with microtubules or
actin filaments of the cell to generate the forces responsible for cell motility, muscle
action, cell locomotion, and organelle movement within cells. In early works using
the Optical Tweezers, Block et al. [33,55] attached single kinesin motor molecules to
spheres, and placed them directly onto microtubules where they could be activated
ATP. Later they studied the detailed motion of a kinesin motor molecules into a se-
quence of 8-nm steps as it advanced along a microtubule by using an optical trapping
interferometric position monitor with sub-nanometer resolution [56]. Finally, Block
et al. measured the complete force-velocity relationship of single kinesin motors as
a function of ATP concentrations [57]. A maximum force of ~ 5-6 pN was observed.
Simmons et al. [58] shortly thereafter introduced a new feedback enhanced tweez-
ers trap with a detection capability of sub-nanometers in position, piconewtons in
force and ms in time response. They studied the interaction of actin with myosin in a
dual trap scheme which suspended the actin filament over a single myosin molecule.
They observed stepwise motion of about 11 nm and forces of about 3-4 pN.

The optical tweezers have been also applied to single-molecule manipulation or de-
tection. Bustamante et al. , for example, used the OT to study the folding/unfolding
of RNA hairpins [59-61]. A recent exciting advantage in the field is the extension of
tweezers force measuring technique to a new class of motors, the nucleic acid motor
enzymes. Using an optical trap the force generated by a single RNA polymerase en-
zyme has been measured as it pulled itself along a DNA molecule while synthesizing

an RNA transcript [62]. The motion is slow, but the motors is surprisingly powerful.
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It has been observed to stall reversibly at 14 pN.

In 1999 Henon and Lenormand [63] determined the shear modulus of human ery-
throcytes by using the optical tweezers to apply force. The optical tweezers were
used to trap small silica beads diametrically positioned on the red blood cell mem-
brane. The trapping beam was split into two separate beams: the cell was deformed,

increasing the distance between the trap.

1.7 Conclusion.

Looking ahead early to the years of new century, it seems fair to predict that
the use of optical manipulation techniques will continue to grow at an increasingly
rapid pace in the many subfields of physics, chemistry, and biology involving small
particles.

In recent years, massive efforts have also been made to combine the Optical
Tweezers with several spectroscopic techniques, such as fluorescence [64], absorp-
tion [65] and Raman spectroscopy [8]. Among these techniques, the Raman analysis
of a trapped object has revealed particularly useful, providing information relative
to both the chemical composition and the structural conformation of the investigated
samples.

In the next chapter we focus our attention to the theory of Raman scattering.



Raman Spectroscopy

The Raman spectroscopy has revealed to be a powerful tool for microscopic analysis of
organic and biological materials. When it is combined with the Optical Tweezers (Raman
Tweezers), it allows to investigate single, selected micrometric particles in their natural envi-
ronment. Therefore, unwanted interferences from the cover plate are reduced.

In this chapter I will give an overview of the theory, and show some applications of the

Raman Spectroscopy.

2.1 Introduction to the Raman scattering.

When the light is scattered from a molecule, most photons are elastically scat-
tered (Rayleigh scattering). The scattered photons have the same energy (frequency)
and wavelength of the incident photons. However, a small fraction of the light (ap-
proximately 1 in 107 photons) is scattered at optical frequencies usually lower then
the frequency of the incident photons. The process leading to this inelastic scatter is
termed Raman effect.

The effect of the inelastically scattering of the light was first reported by the In-

19
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dian physicist C. V. Raman [66] and independently by G. Landsberg and L. Man-
delstam [67], in 1928. By monitoring the light scattering from various crystalline and
amorphus solids, fluids and gases with a mercury arc lamp, Raman succeeded to dis-
tinguish elastic scattering from additional spectral bands. He described this findings
as a "spectrum of the new radiation", and deemed it as the result of energy exchange
between the incident light and the scattering medium. Raman received the Nobel
Prize in 1930 for his work and in 1998 the Raman Effect was designated an ACS Na-
tional Historical Chemical Landmark as a recognition of its significance as a tool for
analyzing the composition of liquids, gases, and solids.

The introduction of the laser in the 1960s allowed Raman spectroscopy to be more
accessible to the scientific community [68-70]. In the mid 1990’s, the next generation
of smaller, more compact instruments started to evolve. They utilized newer lasers,

optics and detectors and began the micro Raman revolution [71-75].

2.2 Classical theory of Raman scattering.

Rayleigh
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Figure 2.1: Schematic diagram of Raman scattering by molecules.

The Raman effect occurs when light impinges upon a molecule and interacts with
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the electron cloud of the bonds of that molecule. The incident photon excites one of
the electrons into a virtual state. For the spontaneous Raman effect, the molecule will
be excited from the ground state to a virtual energy state, and relax into a vibrational
excited state, which generates the Stokes Raman scattering. If the molecule is al-
ready in an elevated vibrational energy state, the Raman scattering is then called anti-
Stokes Raman scattering. A simplified energy diagram that illustrates these concepts
is shown in Fig. 2.1. Stokes radiation occurs at lower energy (longer wavelength)
than the Rayleigh radiation, and anti-Stokes radiation has greater energy. The en-
ergy increase or decrease is related to the vibrational energy levels in the ground
electronic state of the molecule, and, the observed Raman shift of Stokes and anti-
Stokes features are a direct measure of the vibrational energies of the molecule.

A simple classical electromagnetic field description of the Raman spectroscopy can
be used to explain many of the important features of the Raman band intensities [76].

When a molecule is introduced into an electric field E, an electric dipole momentum
P is induced in the molecule (see Fig. 2.2). If « is the polarizability of the molecule,

then the induced dipole moment is given by:

P=aoE . 2.1)

Figure 2.2: Visualization of an induced dipole momentum before and after an electric field is applied.

When electromagnetic radiation of frequency 1y falls on the molecule, this intro-

duces a varying electric field E whose dependence on the time f is given by:
E = Eycoswot , (2.2)

where Ej is the equilibrium value of the electric field. Hence, from equations 2.1 and
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2.2:

—

P = aEjcoswot . (2.3)

Thus, the electromagnetic radiation induces a varying electric dipole moment which
then permits emission of light identical in frequency the one that of the incident ra-
diation. This is the Rayleigh scattering.

In the equation 2.1 both E and P are vectors, and in case of an isotropic molecule
both their direction are identical. This makes « scalar. However, for non-isotropic
molecules the application of an electric field in a fixed direction induces a moment in
different direction, and o becomes a tensor. In general, molecules are non-isotropic,
and the three equations which take account of the unequal polarizability along dif-

ferent principal axes of the molecule are:

P, = oz By + axyEy +ag B, (24)
P, = oy, By + ayy By + oy B, (2.5)
P, =, B, + azyEy +a.FE, (26)

where for example P, is the induced electric dipole moment in the direction of the z-
axis. The tensor «a is defined by these nine coefficients o;,, azy... o-.. However, since
Oy =0tyz, Oy =0y and o=, the tensor a is really defined by six coefficients. If any
of these six polarizability coefficients changes during a rotation or a vibration, then
the theoretical criterion for a Raman spectrum is satisfied. For very small vibration
amplitudes, the polarizability of the molecule is related to the normal vibrational

coordinate g, by the equation:

0
a=ag+ <§>oqn , 2.7)

where the label zero refers to the coordinate value at equilibrium configuration.
Equation 2.7 holds for each of the six coefficients which define a.
The dependence of the normal vibrational frequency v, on the normal coordinate

qv is given by:

q = qo cos(wnt) , (2.8)
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where ¢q is the normal coordinate of the initial position. Substituting eq. 2.2 in eq. 2.4

we obtain:
P, = (0za BY + amyEg + 0tz E?) cos(wot) . (2.9)

Taking o from eq. 2.7 and ¢,, from eq. 2.8 the following expression is obtained:

P, = (o, E%+ agyES + a2, EY) cos(wot) +

Oa da Ja
G ), 2 (Ge), 5 (5), 2
0qn /o o0y /o Y Iqn /g

qo cos(wpt) cos(wpt) . (2.10)

Equation 2.10 may be readily transformed into:

P, = (angg + agyEg + angS) cos(wot) +

q0 0oy 0 <605xy > 0 < 0oy, > ()}
— E —= | FE )
+2{(8Qn)0 =t Oqn /o v Iqn Jo ©

{cos(wy + wp )t + cos(wp — wy)t} . (2.11)

The first term of eq. 2.11 contains only one frequency factor wy, that is the one of
the incident radiation. This term is interpreted in terms of the Rayleigh scattering. In
addition to the incident frequency, the second term contains the frequencies wg %+ wy,.
Thus, the induced dipole moment can also oscillate with two frequencies wy £ wy,
interpreted as the vibrational frequencies. The wy — w, and wy + w,, frequencies are
known, respectively, as the Stokes and anti-Stokes lines.

Equation 2.11 is important since the o in the first term determines the properties
of the Rayleigh radiation, while in the second term (J«/0gy ), determines the prop-
erties of the Raman scattering. In fact, it is clear that if (0a/0qy ), equals zero, so do
the Stokes and anti-Stokes terms and there will be no Raman scattering. This gives

a selection rule for the Raman-active motions: for a vibration to be Raman active,
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the polarizability of the molecule must change with the vibrational motion. Thus,
Raman spectroscopy complements the IR spectroscopy (which is based on dipole-
moment changes).

Although very simple classical considerations can explain the appearance of the
Stokes and anti-Stokes lines, once the intensity of Stokes and anti-Stokes lines is consid-
ered the classical theory is most unsatisfactory. In fact, the classical theory predicts
that the Stokes and anti-Stokes lines should be of equal intensity, whereas in practice
the latter are very much less intense than the former.

A quantum mechanical approach is necessary to describe the intensity in the Stokes

and anti-Stokes lines.

2.3 Quantum theory of Raman scattering
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Figure 2.3: Schematic representation of the quantum theory for Raman scattering.

In the quantum theory [77,78], the Raman scattering process is viewed as an excita-
tion to a virtual state lower in energy than a real electronic transition with nearly co-
incident de-excitation and a change in vibrational energy, as schematically reported
in Fig. 2.3.
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The expectation value of the component «;; of the polarizability tensor is given by:

(o = [ ui(@asua(@)da 12)

where the function u(q) represent the molecular eigenfunctions in the initial level a
and the final level b. The integration extends over all nuclear coordinates. This shows
that a computation of the intensities of Raman lines is based on the knowledge of the
molecular wave function of the initial and final states.

For small displacement ¢,, the molecular potential can be approximated by a har-
monic potential, where the coupling between the different vibrational modes can be

neglected. The functions u(q) are then separable into a product:

Q
u(q) = [ wn(an,vn) . (2.13)
n=1

th

of vibrational eigenfunction of the n'" normal mode with v, vibrational quanta,

where Q=3N-6 (or 3N-5 for linear molecules) gives the number of normal vibrational

mode for N nuclei. Using the orthogonality relation:

/wnwmdq =dum (2.14)

of the functions wy, (¢, ), one obtains from eq. 2.12 and eq. 2.7:

Q
aOéi‘
<aij>ab=a9j+§j< J) / Wn (s Va) G Wn (G U5)ddn - (2.15)
0

The first term is a constant and responsible of the Rayleigh scattering. For nonde-
generate vibrations the integrals in the second term vanish unless v, = v = 1. In this
cases its value is [ (v, + 1)]/2 [79]. The basic intensity parameter of the vibrational
Raman spectroscopy is the derivative (0c;;/0q), which can be determined from the
Raman spectra.

The intensity of a Raman line at a Stokes or anti-Stokes frequency (wg & wy,) is
determined by the population intensity N;(E;) in the initial level E;, by the intensity
I1, of the incident pump laser, and by the Raman scattering cross section or(i — f)

for the Raman transition F; — Ey:

IRaman = Ni(Es)or(i — f)IL . (2.16)
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At the thermal equilibrium the population density N;(E;) follows the Boltzmann
distribution:

Ni(E;) = & gie Bk (2.17)

with N = 3 N,, the partition function Z = ¥ gie%/*T, and g; is the statistical
weight.

In the case of the Stokes radiation, the initial state of the molecules may be the
vibrational ground state, while for the emission of anti-stokes lines the molecules
should have initial excitation energy. Due to the lower population density in these

excited levels, the intensity of the anti-Stokes lines is lower by a factor:

Istokes _ o(—hwn/KT) (2.18)

Iantifstokes

The scattering cross section depends on the matrix element of the polarizability
tensor 2.15 and contains furthermore the w* frequency dependence, and it can be

written as follow [80]:

2
onli — f) = 8m;*5 3 loggeriaplés | logier{agy)és (2.19)
Ohet | (wij —wr —i7;)  (wip —wr —17;)
where é7, and ég are the unit vectors representing the polarization of the incident
beam and the scattered light. The sum extends over all molecular levels j with ho-
mogeneous width «; accessible by single-photon transitions from the initial state 1.
We see from eq. 2.19 that the initial and the final states are connected by two-photon
transitions which implies that both states have the same parity. For example, the vi-
brational transitions in homo-nuclear diatomic molecules, which are forbidden for
single-photon infrared transition, are accessible to Raman transitions.
Raman scattering is a relatively weak process (typical cross section of 1073°-1072°
em? /molecule). The number of photons Raman scattered is quite small. However
there are several processes which can be used to enhance the sensitivity of a Raman

measurement.
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24 Raman techniques.

2.4.1 Resonance Raman scattering.

According to eq. 2.19 the Raman scattering cross section increases considerably if
the laser frequency wy, matches a transition frequency w;; of the molecule (resonance
Raman effect) [81]. If the wavelength of the exciting laser is within the electronic
spectrum of a molecule, the intensity of some Raman-active vibrations increases by
a factor of 10 — 10%. This resonance enhancement or resonance Raman effect can be

quite useful.

Metalloporphyrins, carotenoids and several other classes of biologically important
molecules have strongly allowed electronic transitions in the visible. The spectrum of
the chromophoric moiety is resonance enhanced and the one of the surrounding pro-
tein matrix is not. This allows the physical biochemist to probe the chromophoric site
(often the active site) without spectral interference from the surrounding protein. The
resonance Raman spectroscopy is also a major probe of the chemistry of fullerenes,
polydiacetylenes and other "exotic" molecules which strongly absorb in the visible.
Although many more molecules absorb in the ultraviolet, the high cost of lasers and

optics for this spectral region have limited UV resonance Raman spectroscopy.

The vibrations whose Raman bands are resonance enhanced fall into two or three
general classes. The most common case is Franck-Condon enhancement, in which
a component of the normal coordinate of the vibration is in a direction along the
molecule expands during an electronic excitation. The more the molecule expands
along this axis when it absorbs light, the larger the enhancement factor. The easily vi-
sualized ring breathing (in-plane expansion) modes of porphyrins fall into this class.
Vibrations which couple two electronic excited states are also resonance enhanced.
This mechanism is called vibronic enhancement. In both cases enhancement factors

roughly follow the intensities of the absorption spectrum.

Resonance enhancement does not begin at a sharply defined wavelength. In fact,
enhancement of 5X-10X is commonly observed if the exciting laser is even within
a few hundred wave numbers below the electronic transition of a molecule. This

pre-resonance enhancement can be experimentally useful.
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Figure 2.4: Comparison of "normal” (top) and "surface-enhanced” (bottom) Raman scattering. For
normal Raman scattering, the conversion of laser light Iy, into Stokes scattered light In rg is propor-
tional to the Raman cross section of..,., the excitation laser intensity I, and the number of target
molecules N in the probed volume. For "surface-enhanced”: ot describes the increased Raman cross
section of the adsorbed molecule ("chemical” enhancement); A(vy) and A(vg) are the field enhance-
ment factors at the laser and Stokes frequency, respectively; N’ is the number of molecules involved in

the SERS process.

2.4.2 Surface Enhanced Raman scattering (SERS).

Surface Enhanced Raman scattering (SERS) [82] is a phenomenon which is ob-
served when a molecule is absorbed onto, or is closed to a roughened metal sur-
face. It was observed for the first time in 1974 [83], but only recently it has revealed
to be effective to overcome the low-sensitivity problems inherent in Raman spec-
troscopy [84]. Within a few years, strongly enhanced Raman signals have been ver-
ified for many different molecules, which had been attached to the so-called "SERS-

active substrates" [85,86]. These SERS-active substrates are various metallic struc-
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tures with sizes on the order of tens of nanometers. The most common types of
SERS-active substrates exhibiting the largest effects are colloidal silver or gold parti-
cles in the 10- 150 nm size range, silver or gold electrodes or evaporated films of these
metals (for a general overview on SERS, see refs [87,88]). It is generally agreed that
more than one effect contributes by many orders of magnitude to the observed total
enhancement. Figure 2.4 presents a schematic of "normal" and "surface-enhanced"
Raman scattering. In a normal Raman scattering, the total Stokes Raman signal Iy rg

is given by:
Ings = Nof . I(vL) , (2.20)

i.e. it is proportional to the Raman cross section aﬁme, the excitation laser inten-
sity I(v,), and the number of molecules N in the probed volume. Because of the
extremely small Raman cross sections, at least ~ 108 molecules are necessary to gen-
erate a measurable normal Raman scattering signal. In a SERS experiment (see Fig-
ure 2.4, bottom), the molecules are attached to a metallic nanostructure. The surface-

enhanced Stokes Raman signal Isgprs is:

Isgrs = N'of | A(vr) P |A(vs) P (vr) (2.21)

ads

i.e. it is proportional to the Raman cross section of the adsorbed molecule o, , the
excitation laser intensity I(v,), and the number of molecules which are involved in
the SERS process N’. N’ can be smaller than the number of molecules in the probed
volume N.

The enhancement mechanisms are roughly divided into so-called "electromag-
netic" field enhancement and "chemical first-layer" effects [89]. Figure 2.5 shows a
simplified schematic diagram to understand the concept of electromagnetic SERS
enhancement. The metallic "nanostructure” is a small sphere with the complex di-
electric constant ¢(v) in a surrounding medium with a dielectric constant ¢y. The
diameter of the sphere (2r) is small compared to the wavelength of light (Rayleigh
limit). A molecule in the vicinity of the sphere (distance d) is exposed to a field EM,
which is the superposition of the incoming field Ey and the field of a dipole Ej, in-
duced in the metal sphere. The field enhancement factor A(v) is the ratio of the field
at the position of the molecule and the incoming field

EM E—£&0 ( r )3
Alv) = —/— = . 2.22
(V) Ey e+2e9 \r+d ( )




30 Chapter 2. Raman Spectroscopy
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Figure 2.5: Simple schematic diagram to understand the concept of electromagnetic SERS enhance-

ment.

A(v) is particularly strong when the real part of £(v) is equal to —2¢y. Additionally,
for a strong electromagnetic enhancement, the imaginary part of the dielectric con-
stant needs to be small. This conditions describe the resonant excitation of surface
plasmons of the metal sphere. In such a way, the scattered Stokes or anti-Stokes field
will be enhanced if it is in resonance with the surface plasmons of the metal sphere.
Taking into account enhancing effects for the laser and the Stokes field, the electro-

magnetic enhancement factor for the Stokes signal power G(vg) can be written as

2<Tid)12 . (223)

This formula based on a very simple model already describes important properties

e(vs) —eo
e(vs) + 2¢9

e(vp) —eo 2
e(vp) + 2e9

G(vs) = [A(L)PlA(vs)]” =

and peculiarities of the electromagnetic SERS enhancement. It shows that the en-
hancement scales as the fourth power of the local field of the metallic nanostructure,
and that it is particularly strong when excitation and scattered fields are in resonance
with the surface plasmons. This is automatically the case of low-frequency Raman
modes, and explains that the scattering powers of different Raman bands in a spec-
trum fall off with increasing vibrational energy. Electromagnetic SERS enhancement
does not require direct contact between molecule and metal, but it strongly decreases
with growing distance described by the decay of the field of a dipole over the dis-
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tance [1/d]? to the fourth power, resulting in [1/d]'2. Maximum values of the elec-
tromagnetic enhancement for isolated single colloidal silver and gold spheroids are
of the order of 10% — 107 [90]. Theory predicts a stronger enhancement (10'! — 1014)
of electromagnetic fields for sharp features and large curvature regions, which may
exist on silver and gold nanostructures [91].

In Figure 2.4 (bottom), chemical SERS enhancement is expressed as an increased Ra-
man cross section ot of the adsorbed molecule compared to the cross section in
a normal Raman experiment cr]]?r ce- Possible electronic SERS mechanisms involve a
resonance Raman effect due to a new metal-molecule charge-transfer electronic tran-
sition or a dynamic charge transfer between the metal and molecule, which can be
described by the following four steps: (a) photon annihilation, excitation of an elec-
tron into a hot electron state, (b) transfer of the hot electron into the LUMO (Lowest
Unoccupied Molecular Orbital) of the molecule, (c) transfer of the hot electron from
the LUMO (with changed normal coordinates of some internal molecular vibrations)
back to the metal, (d) return of the electron to its initial state and Stokes photon cre-
ation. "Roughness" seems to play an important role by providing pathways for the
hot electrons to the molecule. The magnitude of chemical enhancement has been

estimated to reach less than factors of 10-100.

2.5 Raman Tweezers

The Raman spectroscopy is one of the most powerful analytical techniques in
physics, chemistry, biology and corresponding interdisciplinary branches of science [73,
92-94]. It is obvious that this technique may be applied when the sample to be an-
alyzed is immobilized [3]. However, there is a large class of objects of micrometer
sizes, in particular living cells (red blood cells, for instance) and aerosol particles,
which need to be in a liquid or gaseous environment for their normal functionality.
Brownian motion and motility (for some living cells), as well as fluxes in the sur-
rounding medium, prohibit the direct use of the Raman analysis without combining
it with an immobilization technique. One can use a pipette or apply known physical
or chemical methods to immobilize living cell on planar surfaces. However, in many
cases this may induce undesirable perturbations of chemical reactions in living cells.
Chemical immobilization can change the chemical micro-environment of the living

cell and may yield to other unknown effects. Surface effects become more important
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as the size of the micro-object decreases, so it is crucial to protect the surface of a
studied particle from any changes caused by the measurement procedures.

A very elegant approach to immobilize micro-sized samples in suspension consists
of using radiation forces that an optical beam exerts on the studied sample (Optical
Tweezers). The tight focus required by both micro-Raman spectroscopy and the op-
tical trap makes combining the two techniques straightforward. The first commu-
nication on combining the two techniques was published in 1984 [95], when "a new
Raman microprobe technique where micron-sized solid particles are trapped in sta-
ble optical potential wells using only the force of radiation pressure" was realized.
The combination of Optical Tweezers with Raman Spectroscopy (Raman Tweezers)
presents relevant advantages when characterizing objects in aqueous solution: a sin-
gle, selected particle can be investigated free by surface interferences and in a regime
where the Brownian motion is strongly reduced. As a matter of fact, it becomes pos-
sible to analyze the sample over time intervals of several hours [96] and to monitor
its conformational changes caused by external agents or interaction with the environ-
ment [97,98].The technique holds all the promise of Raman spectroscopy, including
the potential to identify almost any biological molecule and disease [99], and adds to
it both a greater level of control and analytical capability as well as the capability of
observing a sample in its natural state [100]. As such, Raman Tweezers is likely to
surpass Raman spectroscopy in use for biological analysis [12,14,17,101].

Let us consider now the possible configurations of Raman Tweezers (RT) (fig-
ure 2.6). The simplest technique uses one microscope objective and one optical beam
that at the same time traps a microparticle and excites its Raman spectra (figure 2.6(a)).
This configuration has been widely exploited since the 1980s. Using two separate
beams for trapping and Raman excitation (for example [102]) with a single objec-
tive has the advantage that the wavelength and the power of the trapping beam and
the Raman beam can be adjusted independently to optimize the functionality (fig-
ure 2.6(b)). This technique also permits one to record resonant Raman spectra from a
single trapped object. The size of the Raman beam and trapping beam may be varied
independently with either an adjustable aperture or a telescope. The most universal
Raman Tweezers systems use two separate beams for trapping and Raman excitation,
and each of the beams is focused on the particle by a separate objective (figure 2.6(c)).
Two counter-propagating optical beams can create a stable optical trap even with ob-

jectives with relatively small numerical apertures, because in this case the scattering
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Figure 2.6: Four main configurations of Raman Tweezers that are characterized by the propagation

directions of the trapping beam(s) (red) and Raman excitation beam (green).

radiation force of one beam is equal in value and opposite in sign to the scattering
radiation force exerted by the second beam. Raman scattering is excited by a third
beam focused on the trapped particle through an individual objective, which also
collects Raman spectra (figure 2.6(d)). Recently, this variant of Raman Tweezers was
realized in [103]. The dual-beam trap was created by two optical fibres and, due to
their divergent light fields, offers the ability to hold and move large cellular objects
with reduced prospects of photodamage.

2.6 Applications in Biology

One of the most promising and powerful applications of the Raman Tweezers is
the study of single living cells [3,16,104,105]. The biological cells contain complex

mixtures of bio-molecules enclosed within the cell membranes. These bio-molecules
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include the nucleic acid, the proteins, the polysaccharides and the lipids. Under-
standing various cellular processes requires identification of these molecules inside
the living cells. The Raman spectroscopy provides a convenient means of attain-
ing this information because of its ability to detect and identify molecules in a small
space. Valuable information about the composition, secondary structure and interac-
tions of DNA-protein complexes inside living cells can be attained from the position,
intensity and line width of the Raman peaks in the spectra. However, the Raman
spectra suffer from several drawbacks in studying single living cells, especially for
motile and floating cells in a liquid medium. This problem arises from the fact that
living cells may move away from the region of excitation because of Brownian diffu-
sion motion since relatively long acquisition times are required to obtain an adequate
Raman spectrum. The use of optical trapping can alleviate these problems and pro-
vide adequate time to acquire Raman spectra.

The first publication on using Raman Tweezers for living cells dates back to
2002 [10]. In their work, Ajito and Torimitsu, by combining the laser trapping tech-
nique with near-infrared Raman (NIR) spectroscopy, analyzed single cellular organelles
in the nanometer range. The samples were synaptosomes, nerve-ending particles
(about 500-700 nm in diameter) isolated from a neuron in a rat brain, dispersed in
the phosphate buffer solution. The NIR laser Raman trapping system trapped a sin-
gle synaptosome without photochemical damage and provided a Raman spectrum
of the sample with less fluorescence background.

In another study published almost simultaneously [8], Raman spectra of a single
yeast cells were obtained using low power trapping (2 mW) and high power Raman
excitation (20 mW during 5 s). The difference between the Raman spectra of living
and dead cells was demonstrated.

The first attempts to observe dynamical biochemical processes in optically trapped
living cells were made in [2,11]. Real-time Raman spectra were recorded during a
heat-denaturation process, while the temperature of the surrounding medium was
increased.

Recently, it was demonstrated how a Raman Tweezers system may be used for
sorting cells and bacteria [15,106,107]. Furthermore, Xie et al. employed a Raman
Tweezers system to study cellular processes and for diagnosis of cellular disorders.
This kind of analysis is usually performed by comparing the relative intensity of the

different Raman features. To realize this issue, it is crucial to remove correctly the
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background signal due to the environment. The problem of the background signal
subtraction has been recently faced by Creely et al. [22]. They suggested to use a
two-wavelength Raman Tweezers system, where a first laser is simultaneously used
to trap a cell and to excite its Raman scattering, while a second laser is employed to
move away the cell in order to acquire the reference spectrum.

In the next chapter, we introduce our experimental method which allows the ac-
quisition of the Raman spectrum of a trapped object, free from any background con-
tribution and which does not require any background subtraction procedure.

In many cases, determining where certain biochemical changes take place inside
a cell may be just as desirable as learning when these changes occur. Raman images
show the distribution of chemicals within a cell. Biomedical researchers who are fa-
miliar with imaging techniques can interpret these images more easily than spectra
alone. In addition, such images contain more information than those obtained using
conventional microscopy. However, in a single-beam trap a cell continues to move
and rotate to a certain degree due to Brownian motion and organelle motility. During
the acquisition time, one measures time-averaged Raman signals, but Raman imag-
ing cannot be performed. A more stable configuration for trapping is realized by us-
ing multiple beams around the periphery of the cell [108]. This should not only allow
to immobilize larger or asymmetric cells, but also distribute the trapping power more
evenly throughout the volume, limiting the damage to the cell. Holographic Opti-
cal Tweezers (HOT) can be used to produce such multiple tweezing sites easily and
rapidly and allow immobilization, manipulation or controlled rotation of trapped
objects. To produce a Raman image using HOT the cell is trapped and scanned back
and forth across the focus of the stationary excitation beam and in this way builds up
an image of the entire cell, requiring no moving mechanical parts in the experiment.

In this way a Raman image of a floating cell can be constructed [108].

2.7 Conclusion

The Raman spectroscopy has revealed a powerful tool for the microscopic analy-
sis of organic and biological materials. When combined with the Optical Tweezers
(Raman Tweezers), it allows investigating single, selected micrometric particles in
their natural environment, therefore, reducing the unwanted interferences from the

cover plate. A general problem affecting both the Raman spectrometers and the Ra-
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man Tweezers systems is the background caused by the environment surrounding
the sample under investigation. In next Chapter, I report on a novel method that al-
lows acquiring Raman spectra of a single trapped particle free from any background

contribution.
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Raman Tweezers setup

For various single-cells experiments that will be presented in this thesis, we have built a

Raman Tweezers setup. In this chapter, I will introduce this setup.

3.1 Introduction to the experimental setup

A sketch of the Raman Tweezers setup, assembled in the Laser Spectroscopy and

Optical Manipulation laboratory of Prof. A. Sasso is shown in Figure 3.1. The system
is essentially a homemade micro-Raman system (inverted configuration), equipped
with a second laser for the trapping and manipulation of the sample [25,26].
The combination of two laser beam, of different wavelength in the same microscope
provides better sensitivity to a Raman Tweezers (RT) setup and helps to avoid incur-
ring damage to biological sample [9]. The main advantage of this combined system
is that an object in the trap can be kept stable for a long time. Thus it is possible to
obtain the Raman spectrum of a living cell, selected out of a population, and study
the biochemical processes occurring inside it for several hours.

To build the Raman Tweezers system three parts can be considered essentially: the

39
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Galvo driver
(f) Lock-in amplifier (2f)
Figure 3.1: Experimental setup of the combined Optical Tweezers and Raman Spectrometer: L, lens;

M, mirror; DM, dichroic mirror; GM, galvomirror; NE, notch filter; PZT-stage, piezoelectric stage;
QPD, quadrant photodiode.

Raman spectrometer, the Optical Tweezers and the detection optics.
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Microscope

Figure 3.2: Photograph of our Raman Tweezers system

3.1.1 The Raman spectrometer
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Figure 3.3: Scheme of the Millennia Xs] laser head.

The Raman probe is a frequency-doubled Nd-YVO laser (Millennia Xs]J, Spectra
Physics). The neodymium yttrium vanadate (Nd : YV O,, Nd** ions doped in a yt-



42 Chapter 3. Raman Tweezers setup

trium vanadate crystalline matrix) laser crystal is the "driving engine" of the laser.
The crystal is pumped by two 40 W fiber-coupled diode bar (FCbar) modules. The
diode pump light is absorbed by the crystal and emitted as output at 1064 nm. This
output radiation is resonated in the Millennia cavity and amplified through stimu-
lated emission. The resulting 1064 nm light is converted to the visible (A = 532nm)
through frequency doubling or second harmonic generation in a lithium triborate
nonlinear crystal (temperature-tuned LBO crystal), see Fig.3.3. The Millennia XsJ
provides greater than 10 W of light, and exhibits extremely low noise performance
with very high reliability, and a doubled beam that has a smooth intensity distribu-
tion and is near diffraction limited. Millennia Xs]J Laser output characteristics are

reported in Tab.3.1.

Table 3.1: Millennia Xs| Laser output characteristics.

Power >10W

Wavelength 532 nm

Spatial Mode TE Moy

Beam diameter at 1/e* points 2.3 mm

Bandwidth <10 GHz
Polarization >100:1, vertical
Noise(10 Hz - 0.1 GHz) <0.08% rms
Power stability +1%

The radiation from the Raman laser is injected into an oil immersion 100X mi-
croscope objective (Olympus, NA = 1.4, infinity-corrected) through a dichroic mir-
ror, reflecting near-IR radiation and being transparent to visible radiation. Scattered
photons are collected by the same focusing objective; by going back along the in-
coming walk, this light passes through an holographic notch filter, which reflects the
Rayleigh scattered radiation and transmits the Raman-shifted photons. The result-
ing filtered radiation passes through a pinhole (50 um) and, finally, is focused onto
the spectrometer entrance slit; this was a Jobin-Yvonne monochromator (TRIAX 180),
equipped with a 1800 lines/mm grating (630-nm blaze wavelength). The photode-
tector is placed at the monochromator exit slit, set at an aperture of 50 pim.

The sample chamber is constituted by two 150 um glass coverslips (Knittel Glasser,

thickness no.1), sealed with parafilm stripes which also act as ~ 200 um spacer (see
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Figure 3.4: Scheme of the sample holder.

Fig.3.4). The chamber was mounted on a double translational stage: the first pro-
vides the coarse sample movement (micrometer translator Newport, HR-13, step
size: 2 um, travel: 13 mm), the second is a piezoelectric stage (Physik Instrumente
1-517.3CL), with a nominal resolution of 2 nm.

The light from a green-filtered LED, focused on the sample by a 10X objective, is
used to illuminate the sample; an image of the trapped cell is obtained by using a

CCD camera, coupled to the microscope.

3.1.2 The Optical Tweezers

The trap laser beam is a Nd:YAG laser (Ventus, Laser Quantum), based on a YAG
(yttrium aluminum garnet) crystal. This diode-pumped solid state laser emits light
at A = 1.064m with a maximum power of 3 W. Ventus Laser output characteristics
are reported in Tab.3.2.

A telescope, formed by lenses L (fi = 10em) and Lo (f2 = 30cm) in Fig. 3.1, gives a

linear magnification of:

_f2 g (3.1)

M=% =
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Table 3.2: Ventus Laser output characteristics.

Power 3W
Wavelength 1064 nm
Spatial Mode TE Mgy
Beam diameter at 1/e? points 2.5mm
Bandwidth < 80 GHz
Polarization >200:1, horizontal
Noise(1 Hz - 0.1 GHz) <1.5% rms
Power stability +1%

As matter of fact, the laser beam diameter at the end of the telescope is around 10 mm,
that allows overfilling of the objective input pupil and optimization of the trapping

quality.

Laser

= f;bj fabj

conjugate
planes

Figure 3.5: Sketch of the experimental configuration of the spatial modulation of the optical trap

position.
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Spatial modulation of the optical trap position is achieved by using a galvomirror
(Cambridge Technology Inc., model 6220), driven by an external signal and placed at
a distance from the telescope following the relation

ap = ﬁ <f1 + fo— ;;00) (3.2
where q is the distance between the objective pupil and lens Lo, see Fig. 3.5. Ac-
cording to ABCD law for Gaussian beam propagation, when Eq. 3.2 is satisfied, the
objective pupil becomes a pivot point for the oscillating trap beam, so that a constant
matching of the trap laser into the sample is achieved, whatever the incidence angle
of the beam onto the objective input plane. When no signal is applied to the galvom-
irror, the trap beam is completely overlapped to the pump laser. As far as the voltage

increases, the movement of the optical trap in the x-direction is given by:

S
Ly
fa

where 60, denotes the tilting angle of the galvo-mirror.

Or = —2fob 3.3)

3.1.3 The detection optics
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Figure 3.6: Spectral response of Hamamatsu R6357 photomultiplier.

The Raman radiation can be detected by using a photomultiplier (Phase-sensitive

detection) or by using a cooled CCD camera.
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In phase-sensitive detection, the Raman radiation was revealed by exploiting a
photomultiplier (Hamamatsu, model R6357), whose output signal is analyzed by us-
ing a lock-in amplifier. In such a case, the pinhole is not included. The photocathode
material used in this photomultiplier is Multialkali (Na-K-Sb-Cs) and has a high,
wide spectral response from UV to near-IR region. Figure 3.6 shows the spectral re-
sponse of Hamamatsu, R6357 photomultiplier. The photomultiplier is placed at the
monochromator exit slit, set at an aperture of 50 pm. A complete Raman spectrum
of the trapped object is achieved by scanning the radiation wavelength coupled onto

the output slit, by a micro-controlled grating rotation.
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Figure 3.7: Spectral response of Pixis CCD camera.

The inelastically scattered photons can be alternatively detected by using a front-
illuminated charge-coupled device (Pixis 1024, Princeton Instruments, 1024x1024 pix-
els), thermoelectrically cooled at -70 °C' and placed at the spectrometer exit. Thanks
to the cooling technology, PIXIS cameras offer extremely low dark current. In Fig-
ure 3.7 it is reported the spectral response of Pixis CCD. The detector was interfaced

to a personal computer, where spectra were stored and analyzed.

The experimental setup was also completed by the position detector to measure
the relative motion of the trapped bead within the trap. The trapping light, in fact,
is reflected by dichroic mirror D M5 and detected by the quadrant photodiode (QPD)

placed in the condenser back focal plane, see Fig. 3.1.
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3.2 Sample preparation

After building of Raman Tweezers set-up, in order to test and characterize the

system we used polystyrene latex beads (SERVA Electrophoresis).

Figure 3.8: A): a floating polystyrene bead of 4.25 pym. The particle is out of focus. B) The same bead
trapped about 4 pm above the coverslip. The filter for trapping radiation is excluded. C) The same
trapped polystyrene bead when the filter is put in.

To start with, a polystyrene beads (4.25 yim-sized) was trapped and its Raman spec-
tra recorded in real time for the alignment of the system (see Fig. 3.8). Polystyrene
beads were diluted in distilled water (the pipette tips used for making the solutions
were sterile). Few microliters of this solution were transferred in the home-made

chamber.

Figure 3.9: A trapped red blood cell: the RBC reaches a trapped position and floats slightly around it.

Red Blood Cells (RBCs) were, instead, used as model biological organism in the
Raman Tweezers experiments. Fresh blood was obtained by fingerprint needle prick
from several voluntary donors. A drop of blood was then diluted in a physiolog-
ical solution such that a single red blood cell (RBC) could be trapped without in-

terference from other cells in the surrounding (see Fig. 3.9). In particular, blood
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samples were prepared according to the following procedure: blood (5 ul) antico-
agulated by K-EDTA, was diluted in 10 ml of isotonic aqueous NaCl solution and
0.5 ml of human albumin (used as membrane protection). The used thalassemic
cells (o and ) were kindly provided by the consenting patients of Prof. B. Rotoli
(Department of Biotechnology and Biomedicine of University of Naples "Federico
II"). All 3-thalassemic donors (n=6) showed typical pathological features such as re-
duced MCV (red cell mean corpuscular volume) and elevated HbA?2 electrophoresis
fraction; serum ferritin was normal in all of them. Only one patient affected by a-
thalassemia was treated. In fact, this kind of thalassemia is quite rare. Main blood
parameters of a-thalassemia donor were: Hb 12.5 ¢g/dl, RBC 4.600.000/ L, MCV 83.7
fl, MCH 27.2 pg, MCHC 32.5 %, RDW-SD 39.1; Hb electrophoresis was normal and

an alpha-thalassemia genomic pattern was found at molecular level aa/a—;



Method and data analysis

In this chapter, I will describe Raman measurement methods based on standard confocal and

"phase-sensitive” techniques. In addition, data processing and analysis will be also shown.

4.1 Standard confocal Raman microscopy

A widely used method to subtract the background contribution in Raman Tweezers
experiments is based on confocal microscopy [109].

Confocal microscopy is a standard optical technique used to increase micrograph
contrast and/or to reconstruct three-dimensional images by using a spatial pinhole to
eliminate out-of-focus light or flare in specimens [110]. In fact, the pinhole aperture
placed between the microscope objective and the image plane rejects the residual
scattered rays originated from any out-of-focus points on the sample and functions
as a spatial filter (see Figure 4.1). Confocal microscopy offers several advantages over
conventional widefield optical microscopy, including the ability to control depth of
field, elimination or reduction of background information away from the focal plane

(that would lead to image degradation), and the capability to collect serial optical

49
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Pinhole aperture
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Out-of-focus
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Figure 4.1: Spatial filtering with the pinhole aperture of the horizontal (A) and vertical (B) out-of-

focus rays.

sections from thick specimens.

As with conventional microscopy, confocal microscopy has inherent resolution
limitations due to diffraction. In particular it is assumed that the point source used
produces a point of light on the specimen. In fact it appears in the focal plane as
an Airy disk, whose size depends on the wavelength of the light source and the
numerical aperture of the objective lens [111].

The optical resolution of a lens is determined by the size of the inner dark ring
of its Airy disk. The diameter of the inner ring is related to the aperture of the lens.
The smaller the aperture, the larger the Point Spread Function and the bigger the
inner ring, thus the lower its optical resolution [112]. When single point resolution is
concerned, the diameter of the inner ring, as shown in the figure 4.2, is used to define
the resolution, thus called resolution element:

1.22)

dairy - ﬂ . M . 36 5 (41)
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dAir

Figure 4.2: The distribution pattern looks like a disc with a central high intensity spot and many
concentric rings, a pattern called Airy disc. Airy pattern describes the light intensity distribution as

a function of distance from the optical axis.

where ) is the wavelength of emitted light (532 nm), NA is the objective numerical
aperture (1.4) and M is the objective magnification (100).

When point-to-point resolution is concerned, the resolution is defined as the dis-
tance of the two points where the maximum of one point is just above the first min-
imum of the second point (Rayleigh criterion). The standard formula used for the

lateral resolution, that is found in many optics and microscopy textbooks [113] is:
(4.2)

In our case, the expected lateral resolution is R, = 0.23pum. In confocal microscopy,
due to its improved contrast, there is a slight gain in resolution but it is still diffraction
limited. When pinhole has typical dimension < 0.25 Airy Unit, lateral resolution is
calculated by:
0.37X
NA

By comparing eq. 4.2 with eq. 4.3, you can see that, in theory, a confocal system

Rlat = (43)

provides higher resolution than conventional system. It comes from the ratio of
(0.61/0.37), roughly, about 1.6 times of conventional system. When pinhole is be-
tween 0.25-1 Airy Unit, a value between 0.37-0.61 is used to replace 0.37 in the for-

mula 4.3.
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The resolution formula 4.3 is useful for assessing resolution in the image plane,
but not along the optical axis (z-axis) of the microscope, information that is critical
to successful analysis by the deconvolution technique. Therefore, the axial Rayleigh
criterion can be defined by taking the distance from the point of maximum intensity
to the first point of minimum intensity of the central bright region along the z-axis.

This value can be estimated using the following formula:

2\n
R .. — _ 4.4
azial (N A )2 ) ( )

where 7 is the refractive index of the medium between the objective and the sample
(n = 1.515 for immersion oil and glass). In our case, the expected axial resolution is
Razial = 0.82um. When pinhole is close to zero (typical dimension < 0.25 Airy Unit),
the formula 4.4 can be replaced by [114]:

0.64 > (vappH\’
Ramial = $ (’I’] _ \/7’]2—(7]\714)2) + (M) 5 (4:5)

where PH is the pinhole diameter (in Airy Units) divided by the magnification fac-
tor. When pinhole is between 0.25-1 Airy Unit, a value between 0.64-0.88 is used to
replace 0.64 in the formula 4.5.

A practical demonstration of the micrograph contrast increase obtained by using a
confocal microscope is shown in Fig. 4.3. Presented in Fig. 4.3 are the axial intensity
distributions for a typical widefield (Figure 4.3(a)) and confocal (Figure 4.3(b)) fluo-
rescence microscope. Note the dramatic reduction in intensity of the "wings" in the

confocal distribution as a function of distance from the central maximum.

(b)
.

Figure 4.3: The axial intensity distributions of a typical widefield (a) and confocal (b) fluorescence

microscope.
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It is tempting to assume that making the pinhole as small as possible is the best
choice. However, as the pinhole size is reduced, so it is the rate of photons that ar-
rive at the detector from the specimen. This may lead to a reduced signal-to-noise
ratio. To offset the weaker signal, more Raman scattering is needed from the spec-
imen. This usually can be done by raising the intensity of the excitation light. But
high intensities can damage the specimen. Moreover, it has been shown that optical
sectioning does not improve considerably with the pinhole size below a limit that
approximates the radius of the first zero of the Airy disk.

In our case the pinhole dimension is set to 50 pm (0.33 Airy Unit), and the expected

axial and lateral resolution are:
Roziat = O57,um ’ (46)
Ryt = 0.18um . (4.7)

The experimental results can deviate from the theoretical values, in such a case it
becomes necessary to subtract the background contribution in Raman Tweezers ex-
periments. A widespread method used to subtract the background is based on the
acquisition of two spectra. In the first one, the sample is placed in the focus of the
pump laser, in order to achieve the maximum excitation intensity. The sample is suc-
cessively removed and the "blank" spectrum acquired. The final data are obtained by
the background subtraction procedure [22,115].

In particular, we have used this background-subtraction criterion to acquire the
Raman spectrum of a trapped 4.25-um-diameter polystyrene bead in aqueous solu-
tion. Off-line subtraction of these two spectra sometimes fails in giving the correct
background-free signal, as will be widely illustrated in the next Chapter. To over-
come this drawback, we have developed a new experimental method which allows
the acquisition of the Raman spectrum of a trapped object, free from any background

contribution and which does not require any background subtraction procedure [25].

4.2 Phase-sensitive method

As mentioned above, in ref. [25,26] we demonstrated the possibility of getting
Raman spectra of single optically trapped microparticles in the absence of back-

ground noise. Here, I briefly resume the basic idea of this method-denominated
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phase-sensitive. It is based on the use of two collinear and copropagating laser beams:
the first is devoted to trapping (trap laser), while a second one is used to excite the
Raman transitions (pump laser). The trap laser periodically moves the trapped par-
ticle back and forth across the pump laser. The trap laser power is much stronger
than the pump laser, so that the photonic force of the pump beam does not interfere
with the harmonic oscillation of the trapped object. The back-scattered photons are
detected by a photomultiplier, whose output signal is analyzed by using a lock-in

amplifier.

Figure 4.4: Sketch of the experimental configuration of the phase-sensitive detection method. Z is the
propagation axis of both pump and trap laser beams. The bead moves sinusoidally along the y-axis,

crossing periodically the pump laser. The trap laser, used to move the bead, is not shown in this figure.

The oscillation geometry is sketched in Figure 4.4, in which the sample is a dielectric
bead of radius a placed close to the focal region of the pump laser. For the sake of
clarity, the trap laser is not shown. The coordinate axis origin center O is placed at the
beam-waist center. In a paraxial Gaussian beam description, the pump laser intensity

is given by

B 2P _x2 + 92
I(r,z) = (7rw(z)> ex‘p( (2) ) , (4.8)
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where P is the laser power and w(z) is the spot size given by

1+ (;)21 v . (4.9)

In the previous relation, wy is the diameter of the laser section at its beam waist

w(z) = wo

and zy = mw}/\ is the Rayleigh length () is the pump laser wavelength). In order
to describe the Raman signal formation, we have developed a method based on a
standard Monte Carlo simulation (see Appendix). By using it, we have calculated
the time-dependent scattering signal from the trapped sample and from the solvent
in which it is placed. The simulation assumes that the Raman signal is proportional
to the illuminated part of the bead; each irradiated point of the bead is weighed by
the pump laser profile given by eq. 4.8. Let us consider that the bead oscillates at a

given frequency f along the y-axis following the law
y(t) = Asin(27 ft) , (4.10)

where A is the modulation amplitude.

When the bead oscillates across the pump laser, the Raman signal is also modu-
lated. Figure 4.5-(a) reports the bead position as a function of time while Figure 4.5-
(b) illustrates the behavior of the generated Raman signal (Sraman). In particular, it
is easy to understand that when the pump and the trap beams are completely over-
lapped (positions 1 and 3) Sgraman is maximum; on the contrary, it reaches a mini-
mum when the modulation amplitude is A and —A (positions 2 and 4). During each
oscillation, the bead crosses the pump laser twice so that Sryman results modulated
at frequency 2f. The peak-to-peak value of the oscillation appearing in Figure 4.5-
(b) represents the phase-sensitive signal as processed by a lock-in amplifier. Finally,
we report in Figure 4.5-(c) the Raman signal produced by the solvent (water in our
case) where the bead is immersed (in our analysis the Raman cross section of solvent
and bead are assumed equal). The solvent Raman signal increases when the bead
moves away from the pump laser beam waist. Following the whole oscillation, it
is found that the solvent Raman signal is 90° shifted with respect to that relative to
the bead. This means that a phase-sensitive detection allows discrimination of the
two Raman signals. In Figure 4.6, we report the behavior of Sguman generated again
by the Monte Carlo obtained in the same condition of Figure 4.5, but varying the

modulation amplitude A between 0.4 and 2 pim.
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Figure 4.5: (a) Bead position, as function of the time. Modulation frequency has been fixed at 33 Hz.
(b) Raman signal originated by the trapped object. The reported values have been obtained by a Monte
Carlo numerical simulation, calculated using the program Mathlab framework for a 1pum-diameter
bead crossing the Gaussian pump laser with a waist of 0.53 pum. (c) Calculated intensity of the Raman

signal produced by the solvent volume periodically occupied by the bead.

As can be seen, the peak-to-peak value increases as A increases but it reaches
a saturation for large modulation amplitude. For such values, the bead oscillates
between two limit regions far away from the beam waist (4 > wy), and the maximum
contrast is achieved.

The main advantages of the trapping modulation method can be summarized as

follows.

1. Background photons originated by the solvent surrounding the trapped parti-
cle, such as Raman and fluorescence scattering, are completely suppressed, in-

cluding those coming from the volume occupying the particle, being 90° phase-
shifted.
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Figure 4.6: Calculated Raman signal of a trapped bead as a function of the time obtained for modula-

tion amplitudes ranging between 0.4 and 2.0 pm.

2. Spurious stray-light contribution from the coverslip, not being modulated, is
also suppressed by the lock-in filter. This avoids the use of a second Notch

filter (normally present in micro- Raman systems).

3. The method is also suitable to investigate Raman response of the medium sur-
rounding the trapped particle. Therefore, it is possible to scan the Raman
pattern of the medium by translating the bead. From this point of view, the
method exhibits an intrinsic spatial resolution that is comparable with confocal
microscopy. The estimated spatial resolution is of the order of the bead volume,

that is, a few femtoliters.

4. The particle under investigation is illuminated by the pump beam only for a
short time, corresponding to the transit time across the pump laser waist. In

this way, sample photodamage can be reduced.

It is interesting to note that the trapped bead could be set in oscillation considering
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other different geometries. For instance, the centers of the trap and pump beams can
be slightly translated from each other by a distance of the order of their spot sizes; in
such way, two independent optical traps are created. By modulating the trap laser
at a frequency f, the bead jumps periodically from one trap to the other one. In this
case, SRaman results modulated at the same frequency f. Holographic multitraps
created by spatial light modulators could be another alternative to produce such os-
cillations [116].

4.3 Data processing and analysis

The Raman spectrum of the trapped object can be achieved by scanning the ra-
diation wavelength coupled onto the output slit, by a micro-controlled grating rota-
tion and collected by using the Photomultiplier. The obtained spectrum is displayed
directly on the oscilloscope, saved as ASCII file and analyzed by using Origin 7.0
software.

The Raman spectrum of the trapped particle can be alternatively acquired by using
the CCD camera (Pixis 1024). In this case, the standard software interface WinSpec
is used to control and acquire data from CCD camera. After data acquisition halting,
the image reported in Fig. 4.7 is displayed. Finally, the collected data are saved as
ASCII files and analyzed by using the same Origin 7.0 software.

s.¢ WinSpecf32 - poly20s
fcquisition  Calbration Took Display Spectrograph  Process

Setup Window Help

¢, poly20s (1340 X 100 X 1)

S| @] 7 | @[z

M= 1340 ¥=24 7= 1 = 1008

Figure 4.7: Raman spectrum of a trapped polystyrene bead of 4.25 pm acquired by using the CCD
camera and visualized using the WinSpec software. The power of the Raman probe on the sample is 2

mW, the acquisition time is set to 20 s with 1 accumulation.

The Raman spectrum of the trapped polystyrene bead was used to precisely as-

sign a wavenumber to each individual detector pixel. In fact, the polystyrene Raman
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Figure 4.8: Raman spectrum of polystyrene from McCreery group [117].

spectrum is well known. In particular, there is an extensive collection of over 1000
Raman spectra compiled by Professor Richard L. McCreery’s research group at The
Ohio State University [117]. The spectra cover a wide range of compounds including
polystyrene, see Fig. 4.8. For a typical experiment, the surface of the coverslip was
first located by detecting the focus spot of the laser beam reflected from the surface of
the glass coverslip [118]. Then the objective was moved at a height of 4 ;zm above the
coverslip. At this distance, the optical aberrations are reduced and the Raman collec-
tion efficiency is maximized [26]. Finally, a polystyrene bead of 4.25 ;ym was trapped.
Spectra were recorded each for 20 s exposure time. As shown in Fig. 4.9, calibration
points distributed over the whole spectral region of interest were fitted by a straight
line. In this way, the pixels were converted to the appropriate relative crn ! values.

The final spectral resolution was 2 cm ™1

, as estimated from the polystyrene spec-
trum by measuring the FWHM of the 1001.4 em ™! peak. In Fig. 4.10 is reported the
Raman spectrum from a trapped polystyrene bead which was used for wavelength

calibration of the system acquired by using the CCD camera.
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Figure 4.9: Raman peaks position in pixel as a function of the wavenumber values [117]. A linear fit

of the experimental data is also shown.
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Figure 4.10: Calibrated Raman spectrum from a trapped polystyrene bead. The acquisition time is 20

s. Laser power on the sample is 2 mW.
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Phase-sensitive detection: results

The purpose of the present chapter is to give a detailed description of the phase-sensitive
method and to supply a systematic study concerning the formation of the Raman signal.
In this chapter, 1 will show the dependence of the Raman signal of a trapped polystyrene
bead on several parameters, such as the height from the coverslip surface, the bead size, the
modulation amplitude, and the pump laser intensity. The obtained results establish a direct
and practical approach for background suppression in the spectroscopic analysis of optical

trapped microsized samples.
51 Introduction
Background noise due to the environment can represent a serious obstacle for

Raman spectroscopic analysis, even in single-particle experiments. The main contri-

butions to this signal are as follows:

1. the fluorescence of the solvent in which the trapped particles are immersed;

63
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2. the fluorescence from the medium used for index matching between the micro-

scope objective and the specimen;
3. the fluorescence from the coverslip itself;

4. the stray light of the pump laser, which is not completely suppressed by optical
filters (Notch filters).

Generally, the use of near-IR lasers as pump laser can help to reduce the fluorescence
component, minimizing, at the same time, sample photodamage. Nevertheless, it
is possible to find many practical experimental situations in which the inelastic as
well as elastic scattering from the solvent can severely affect the reliability and re-
producibility of the measurements. This happens, for instance, when the solvent has
strong Raman-active bands that spectrally overlap with the sample Raman features.
In this case, reasonable but often distorted spectra are created using, either manual
or automatic, subtraction procedures [23]. This drawback is particularly important
when Raman spectroscopy is used to monitor the health state of single microorgan-
ism. In fact, the diagnosis of cellular disorders is often performed by monitoring the
relative intensities of selected Raman peaks; therefore, high accuracy in subtracting
the solvent contribution is required [2,24]. The background subtraction is also crit-
ical when studying the diffusion of molecules into microsized particles, especially
for living organisms. This is a challenging issue in both biology and medicine, hav-
ing interesting applications related to the drug delivery problem. Recently, Bridges
et al. [119] investigated the penetration of solvents (acetonitrile) into a 75-um-sized
polystyrene bead by using a confocal Raman system. The necessary spatial resolu-
tion was given, in that case, by the confocal configuration itself; in particular, the
authors estimated that more than 90% of the observed signal arises within a distance
from the focal plane of the order of the pump laser wavelength.

During this thesis work, it has been demonstrated a new technique to acquire
Raman spectra of optically trapped particles [25,26]. Our method presents two im-
portant advantages. First, Raman spectra do not require any background subtrac-
tion. In particular, both scattering and fluorescence from the solvent and spurious
stray light are completely suppressed thanks to a phase-sensitive detection scheme.
Therefore, only scattered photons coming from the trapped particle contribute to the

final Raman spectrum. The present chapter is focused on a full characterization of
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this method. We supply a systematic study of the formation of the Raman signal and
its dependence on several parameters, such as the height from the coverslip surface,
the size of the bead, the amplitude of the spatial modulation of the trapped particle,
and the pump laser intensity. The benefits of the application of phase-sensitive detec-
tion are explored. In addition, a model based on a Monte Carlo simulation provides
theoretical estimation of the Raman signals, which are successfully compared with

our experimental results.

5.2 Standard confocal microscopy and background-subtraction

procedure

A widely employed method to subtract the background contribution in Raman
Tweezers experiments is based on the acquisition of two spectra [22,24,120]. In the
first one, the sample is placed in the focus of the pump laser, in order to achieve the
maximum excitation intensity. The sample is successively removed and the "blank"
spectrum acquired. Off-line subtraction of these two spectra gives the correct background-
free signal. In particular, Creely et al. [22] recently suggested to use a two-wavelength
RT system, where a first laser is simultaneously used to trap a cell and to excite its
Raman scattering, while a second laser is employed to move away the cell in order
to acquire the reference spectrum. As a matter of fact, this background acquisition

procedure is based on two basic assumptions:

1. the scattering contribution coming from the solvent volume previously occu-

pied by the cell (V..;;) is negligible;

2. no significant variation of the cell micro-environment occurs in the time inter-

val between the acquisition of the two spectra.

Although the second assumption may be true for most practical applications, the
first one may be not satisfied in several cases. Indeed, despite V. is usually smaller
than the whole solvent volume irradiated by the Raman probe, it gives rise to a large
number of scattered photons, since it is placed in the laser focus. These issues be-
come particularly relevant in the investigation of cells in physiological solutions in
the presence of nutritional supplements: in fact, amino acids in solution can exhibit

many common Raman peaks with the cell itself.
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To test this drawback, we used this background-subtraction criterion to acquire the
Raman spectrum of a trapped 4.25-m-diameter polystyrene bead in aqueous solu-
tion. To the purpose, the Raman signal passed through a pinhole (50 ym) and was
detected by using a cooled CCD camera. This approach will be hereafter indicated
as standard confocal technique.

In the spectral region chosen for this test (2700-4000 cm™ 1Y), there are two prominent
peaks, corresponding to C-H bond stretching sp? (2900 cm™!) and sp? (3055 cm™1) of
the polystyrene polymer. In addition, two broad Raman peaks, corresponding to the
symmetric (3420 cm~!) and asymmetric (3630 cm~!) water vibrational stretching lie
in this region; the intensity of these peaks is comparable to that corresponding to

polystyrene, giving rise to a quite strong background contribution.
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Figure 5.1: (a): Raman signal of the trapped bead, as acquired by using the standard confocal method.
The peaks 1 and 2 are due to polystyrene, while peaks 3 and 4 to water. (b): Reference spectrum.
The features are due to water scattering contribution. (c): Difference between trace (a) and (b). The

estimated resolution of all the spectra is 6 cm~'. In the inset the reference spectrum has been shown in

the range between 300 and 4000 cm=", where the water fluorescence contribution is clearly evident.
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In Fig. 5.1, curve (a), we report the Raman spectrum of the trapped bead recorded
by using the CCD camera. The acquisition time is 20 s. The power of the trapping
beam impinging on the sample is around 30 mW, while the Raman laser power is
only 0.5 mW. The bead was trapped at a distance of 4 ym from the coverslip. The
background contribution is ascribed to the solvent fluorescent contribution and to
residual laser wing (see inset of Figure 5.1, where we show a bead-free Raman spec-
trum recorded over a wide spectral range). We removed the particle to record the
control spectrum. The result is shown in Fig. 5.1,(b). The final background-subtracted
spectrum is reported in Fig. 5.1,(c). As it can be seen, the difference spectrum is still
affected by a not-flat background (see depression between 3100 and 3500 cm™!). This
is consistent with the fact that the scattering contribution arising from the water vol-
ume previously occupied by the bead is not negligible. Spectrum distortions due to
solvent contribution become more evident when the bead is trapped well above the

coverslip surface.
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Figure 5.2: Polystyrene (squares) and water (triangles) Raman signal Sgaman as a function of the

bead levitation distance h from the coverslip.

A quantitative investigation of this effect is shown in Fig. 5.2, where Sgrgman val-
ues of both polystyrene (3055 cm~—!) and water (3420 cm 1) peaks are plotted versus

the trapping distance / from the coverslip surface (h = 2 um corresponds to contact
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position for a 4-um-diameter bead). The two sets of data exhibit different behavior.
The polystyrene peaks increase from the contact position up to 4 um, where Sraman
reaches its maximum. Sggman begins to fall off at larger distances. This is due to both
the decrease of photon collection efficiency and optical aberrations, which lead to a
broadening of the spot size (as will be discussed later on). Unlike the polystyrene
peak behavior, the water peak decreases slowly, because aberrations and collection
efficiency are partially compensated by a larger water volume probed by the pump
beam. As a direct consequence, the effective spectrum resulting from background

subtraction depends on the levitation distance /.
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Figure 5.3: Spectra acquired by modulating the bead position at f=15 Hz frequency and by detecting
the scattering signal at 2f. Trace (a) corresponds to the signal acquired by choosing the detection phase
in order to maximize the polystyrene Raman peaks, while in trace (b) the phase has been shifted by

90°. For the sake of clarity, this last signal has been vertically shifted and multiplied by a factor 10.

The same spectral region is therefore investigated by modulating sinusoidally the
bead position and detecting the signal by using a photomultiplier. The detected sig-
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Figure 5.4: (A): SNR of the polystyrene Raman peak at 3055 cm™" as a function of the pump laser
power acquired by using the phase-sensitive technique (red dots) and the standard confocal technique
(blue dots). In the insets, we show the spectra recorded at different pump laser powers by phase-

sensitive (B) and standard confocal (C) techniques.

nal modulated at frequency 2f is finally processed by using a lock-in amplifier. The
modulation frequency is adjusted by keeping the dragging force exerted on the bead
by the fluid smaller than the trapping force. The Raman signal is acquired setting the
modulation frequency f at 35 Hz. The maximum excursion A,,,, of the modulation
is about 3 pm, that is larger than the bead radius. In Fig. 5.3, trace (a), we show the
polystyrene Raman spectrum around 3050 cm ™!, optimized by changing the lock-
in amplifier phase. The spectrum is acquired in the same experimental conditions
(acquisition time, lock-in integration time, Raman probe power) as the spectrum of
Fig. 5.1. The acquired spectrum is now background-free. In particular, it is also im-
portant to underline that the water Raman and fluorescence features are, in real time,
completely removed. Actually, water peaks appear by acquiring the spectrum by
shifting the lock-in detection phase by 90° (trace (b) in Fig. 5.3). The residual slope
overlapped to the water spectrum may be due, in this case, to water fluorescence

contribution. Comparing the spectrum (a) in Fig. 5.3 with the spectrum (c) in Fig.
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5.1, we see that the phase-sensitive method not only removes the background, but it
also presents a better signal-to-noise ratio (SNR). This results from the propagation
of random noise in the subtraction procedure. In particular, form a multi-peaks fit
of the experimental spectra it has been extrapolated the SNR = Iruman/N, where
IRaman is the height of an assigned Raman peak and N is the noise fluctuations ob-
tained by comparing the experimental data with the theoretical fit (residual). In order
to estimate the sensitivity of the standard confocal and phase-sensitive techniques, we
determined the SNR of one polystyrene peak (3055 cm™!) as a function of the pump
laser power. The results are shown in Fig. 5.4. By fitting the two straight lines of
Fig. 5.4, we found that the slope of the phase-sensitive technique was 6 times greater
than the standard confocal technique. It is also worth noticing that, since in the trap-
ping modulation technique the sample is exposed to a shorter time, higher pump
laser power can be employed, keeping low the thermal damage. This is particularly

advantageous for biological material.

5.4 Phase-sensitive detection applied to immobilized parti-

cles

Generally, immobilization of living organisms on a coverslip may yield changes
in the electrochemical potential across the cell membrane which, on the other side,
affects cellular functions. Nevertheless, there are several practical situations (very
heavy samples, low particle refraction index, etc.) in which optical levitation beside
the surface becomes more problematic. In these cases, background-free spectra can
still be achieved using phase-sensitive detection by directly modulating the stage
where the specimen is placed. To test this method, the sample cell, consisting of
4.25-ym polystyrene beads suspended in water, was mounted over a piezoelectric
stage. After ~1 h, several beads were found to have spontaneously adhered onto
the surface. At this point, we applied a sinusoidal voltage signal to the piezoelec-
tric stage. The amplitude was regulated to obtain an excursion larger than the bead
radius while the frequency was 80 Hz. In Fig. 5.5(a), we report a typical Raman spec-
trum of one of these beads recorded by using the standard confocal technique; part
(b) shows the same Raman spectrum obtained by setting in oscillation the PZT stage

and detecting the 2f component with the lock-in amplifier. As can also be noted, in
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Figure 5.5: (a) Raman spectrum of polystyrene bead attached on surface acquired by using the stan-
dard confocal technique. (b) Raman spectrum of the same sample acquired by modulating the sample
holder at the frequency of 80 Hz.

this case, when the sample is spatially modulated, the background is removed. Nev-
ertheless, unlike trapped beads, the SNR is now slightly poorer. This could be due
to intrinsic interference effects on the surface where the particle is attached. Stage
modulation can also be useful when the medium where beads are embedded is par-

ticularly viscous and dragging force limits oscillations at too low a frequency.

5.5 Study of the formation of the Raman signal

In Fig. 5.6, we report the intensity of the polystyrene Raman peak at 3055 cm ™! as
a function of the modulation amplitude A. The different sets of data, all obtained by
using 2-pm-diameter beads, correspond to several heights from the coverslip, rang-
ing from 3 to 12 um. A common feature for all the experimental curves is the pres-
ence of two regions. In the first one, the signal increases almost linearly and then

reaches a plateau. This trend can be easily understood: as the modulation amplitude
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Figure 5.6: Trends of the Raman signal Spaman for the 3055 cm™1 polystyrene peak as a function of
the modulation amplitude A. The different sets of data correspond to different bead levitation heights
h from the coverslip. The continuous curves correspond to a numerical fit of the data, obtained by a

Monte Carlo simulation.

increases, a larger part of the bead volume is periodically illuminated by the pump
laser, approaching the position in which the whole bead is completely shining. By

further increasing A, Sraman reaches a saturation plateau (Sper

may ). As can be seen in

Fig. 5.6, as the trapping height /1 increases the modulation amplitude value, in which

is reached saturation plateau, also increased and at the same time, SF ~ decreases.

Raman
Both trends can be attributed to a broadening of the pump laser spot size in the focal
plane. In order to treat this phenomenon quantitatively, we have fitted the experi-
mental curves with our Monte Carlo simulation. We considered the beam waist wyq
as a free parameter in a best-fit procedure. The fitting curves so obtained are drawn
in Fig. 5.6 with continuous lines; these curves satisfactorily match the experimental

data.

The wy values determined from the fits are plotted in Fig. 5.7 (dots). Apart from a
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Figure 5.7: (dots) Pump laser beam waist at the focal plane as a function of the height h from the
coverslip, that has been estimated by the fit procedure of the curves of Fig. 5.6. (squares) Raman signal
Spaz - for the 3055 em ™" polystyrene peak. (triangles) Pump laser intensity I paman as calculated

by eq. 5.1 in the text. Ipaman and STT  are normalized to the value at h=4 pm.

Raman

slight narrowing effect, observed very close to the glass surface, the laser spot broad-
ens as the penetration inside the sample increases. This dependence of wg on the
beam penetration can be mainly ascribed to optical aberrations caused by the re-
fractive index mismatch at the glass-water interface. This effect has been already
observed in typical Optical Tweezers experiments where the quality of the trap de-
teriorates when trapping deep inside the sample [121,122]. In particular, the force
constant (trapping stiffness) decreases as a function of the axial position [123]. In
Fig. 5.7 (squares), we also plot the behavior of S7* (as estimated from the plateau

of Fig. 5.6) versus h. A direct explanation of this behavior can be given if we remem-

ber that the broadening of the laser spot diminishes the pump laser intensity Iraman
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and, hence the Raman signal. Irgmaqn can be directly calculated by the relation
IRaman = 7T('UP;Z))2 s (51)
where w} is the spot size as estimated from the fitting procedure. For comparison in
Fig. 5.7, we report the values of Iryman as estimated from eq. 5.1. Although the two
behaviors look quite similar, the discrepancy demonstrates that the decreasing of the
Raman signal cannot be explained only in terms of the diminishing of I rgman; further

effects, such as the collection efficiency, could have some role in this phenomenon.

5.6 Spatial resolution
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Figure 5.8: Raman signal Sraman (3055 cm™1) versus the modulation amplitude A. The different
sets of data correspond to different bead diameters: 1.25, 2.00, 3.00, and 4.25 ym. The continuous

curves correspond to a numerical fit of the data, obtained with a Monte Carlo simulation.

As already discussed above, the trapping modulation technique allows to spa-

tially select the Raman signal of the solvent in a small region surrounding the mod-
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ulated trapped bead. We have investigated this feature by analyzing a series of
polystyrene beads of different sizes (1.25-4.25 um). In Fig. 5.8, we report Sraman
of the polystyrene Raman peak as a function of the modulation amplitude, at a fixed
levitation height (h =4 ;um); the experimental data were again compared with the the-
oretical values determined from our Monte Carlo simulation algorithm. Also, in this
case, experimental data fit the theoretical curves quite well. The smaller the bead, the

smaller is the modulation amplitude that we need to reach Sio>

may - In particular, for

a 1-pm bead, this occurs for A = 0.53 um. Under these experimental conditions, the
90° shifted lock-in output provides the maximum Raman signal of a solvent volume
of

4
Vphase—sensitive = 577(14)3 =0.62+0.05f1 . (5.2)

This spatial resolution is comparable to that obtainable with a Raman confocal sys-
tem, as shown in the next section. In addition, a three-dimensional mapping of the
sample could be reconstructed by scanning the position of the trapped bead. This
three-dimensional spatial resolution makes our method suitable for spatial investi-
gation of an inhomogeneous medium.

Finally, we return to Fig. 5.8 to discuss the dependence of the maximum Raman

signal S;o7 does not scale as the bead volume

Ty m on bead size. As expected, S7o”

Raman

as depicted in Fig. 5.9, where S79 is plotted versus a®. The deviation from the
straight line y = a® (see dashed line in Fig. 5.9) is simply due to the fact that the pump
laser only partially illuminates the bead volume. Again, a Monte Carlo simulation

gives good agreement with experimental data (see continuous line in Fig. 5.9).

5.7 Resolution of the standard confocal Raman microscopy

In this section, the small-volume sampling capabilities of standard confocal Ra-
man microscopy are evaluated by acquiring depth profiles of single, surface attached,
4.25-pum polystyrene beads in water. In particular, the sensitivity and spatial selectiv-
ity for confocal microscopy is compared with that obtained with our phase-sensitive
method.

To test this issue, it has been measured the Raman signal from a discontinuous
medium (polystyrene/water). By choosing a single 4.25-;ym polystyrene bead, it is

possible to consider almost plane the surface of polystyrene bead. In such a way,
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it has been reconstructed the axial resolution by acquiring Raman spectra in 0.5 ym
steps in z direction starting at the coverslip surface and scanning through the par-
ticle into the solution. Spectra were acquired with 20-s integrations to provide an
adequate signal-to-noise ratio. The same procedure has been repeated by focalizing
the spot laser in the center of the particle and by scanning the Raman probe in the
x-y plane, to obtain information on radial resolution. Measurement of the axial res-
olution for confocal Raman method is reported in Fig. 5.10, where it is shown the
intensity of polystyrene peak at 1004 cm ™! as function the position of the laser focus
from bottom to top of the particle. The Raman intensity was normalized to the high-
est number of counts observed along any scan. The intensity reaches a maximum
at a depth of ~ 2 um and falls off very slowly with distance from the coverslip (see
the scan range between 2-8 ym in Fig. 5.10). This falloff in the intensity is due to
a decrease in collection efficiency of the objective as the focal plane moves into the

sample. Spatial resolution was calculated as the distance corresponding to the in-
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Figure 5.10: (A)Normalized polystyrene Raman scattering at 1004 cm™" versus position of the focus
above the coverslip surface (or scan depth). (B) Zoom on the region between 0.4-1.5 pim. By way of a
linear fit of the experimental data, it is possible to estimate the distance corresponding to the increase
of the Raman signal from 20% to 80%.

creasing of the Raman signal from 20% to 80% (see Fig. 5.10, (B)). The resulting axial

resolution is:
Ruzial = 0.89 £ 0.05um | (5.3)

which slightly deviates from the expected value in eq. 4.5.

The results concerning radial resolution are reported in Fig. 5.11. In such a case,
the intensity of Raman peak at 1004 cm ™! reaches a maximum at a position of ~ 1
pm from the bead surface. By fitting the experimental data and by calculating the
distance corresponding to the increasing of the Raman signal from 20% to 80%, the

obtained radial resolution is:
Ryadiar = 0.36 £ 0.03um . (5.4)

As for the axial resolution, the obtained experimental radial resolution is greater than

the expected value in eq. 4.3. Therefore, the experimental confocal volume is given

by:

Veonfocal = (1)%/% - R2 Rugial = 0.64 & 0.04f1 | (5.5)

radial



78 Chapter 5. Phase-sensitive detection: results

> -1,0
2 B .
3 1,0(A) g0 @ o © © ¢e0e (B) +
(O]
o e . o8
S 0,8 o ° Y
c . +
© ' 40,6
g 0,6] o +
! ° +
_né 0al ®! {0,4
q) 1
= * R dial + 0,2
© 0,24~ | radia P t- i lo,
°

0,0la+ : : : P : : : — o0

Z 70 1 2 3 4 5 00 02 04 06 08

X Scan (um)

Figure 5.11: (A) Normalized polystyrene Raman scattering at 1004 cm™* versus the position of the
focus along the x-y plane (or x depth). (B) Zoom on the region between 0-1 pim.

which is comparable with that obtained by using the phase-sensitive detection in

eq. 5.2.

5.8 Conclusions

We have demonstrated the use of Raman Tweezers combined with a phase-sensitive
detection scheme. Within this approach, the background due to the scattering of
the environment is completely removed. The sensitivity enhancement was used to
record Raman spectra of single polystyrene microbeads suspended in aqueous solu-
tion. This chapter has been mainly devoted to a systematic characterization of the
technique. We have described in detail the formation of the Raman signal and its
dependence on several parameters, such as the height from the coverslip surface, the
size of the bead, the amplitude of the spatial modulation of the trapped particle, and
the pump laser intensity. In addition, a model based on a Monte Carlo simulation has
provided a theoretical estimation of the Raman intensities, which are in good agree-
ment with our experimental results. Finally, a comparison with standard confocal
Raman microscopy has been also shown.

Our results demonstrate that this method may find valuable applications in rapid
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sensing of biological samples in aqueous solutions.
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Spectroscopical characterization of normal

and thalassemic red blood cells

In this chapter, I will demonstrate the capability of the developed Raman Tweezers system
to characterize biological sample. In particular, the effects of thalassemia, a blood disease quite
diffuse in the Mediterranean sea region, will be investigated at single cell level. By resonant
excitation of hemoglobin Raman bands, it will be examined the oxygenation capability of nor-
mal and thalassemic erythrocytes. Moreover, the response to photo-induced oxidative stress

of diseased cells with respect to the normal ones will be analyzed.

6.1 Introduction

Erythrocytes, also referred as red blood cells (RBCs), perform the most impor-
tant blood duty and play an essential role in human respiratory function. They can
be schematized as a vesicle (cell membrane) in which is enclosed a viscous solu-
tion of hemoglobin (Hb). Hemoglobin is the oxygen-carrying metalloprotein of the
RBCs, and is a protein made up of four polypeptide subunits (two alpha and two beta

81
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Figure 6.1: Human red blood cells.

chains), as seen in Fig. 6.2. Each subunit is composed of a protein chain tightly

o-chains

Figure 6.2: Structure of the human hemoglobin. The protein’s o and 3 subunits are in red and

blue,respectively, and the iron-containing heme groups in green.

associated with a prosteic heme group. Each protein chain arranges into a set of alpha-
helix structural segments connected together in a globin fold arrangement, so called
because this arrangement is the same folding motif used in other heme/globin pro-

teins such as myoglobin. This folding pattern contains a pocket which strongly binds
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the heme group. A heme group consists of an iron (Fe) ion (charged atom) held

HOGT COOH

Figure 6.3: Heme group consists of an iron ion held in a heterocyclic ring.

in a heterocyclic ring, known as a porphyrin (see Fig. 6.3). The iron ion, which is the
site of oxygen binding, coordinates with the four nitrogens in the center of the ring,
which all lie in one plane. The iron is also bound strongly to the globular protein via
the imidazole ring of the F8 histidine residue below the porphyrin ring.

Figure 6.4: Binding and release of ligands induces a conformational (structural) change in
hemoglobin. Here, the binding and release of oxygen illustrates the structural differences between

oxy- and deoxy-hemoglobin, respectively. Only one of the four heme groups has been shown.



84 Chapter 6. Spectroscopical characterization of normal and thalassemic red blood cells

When oxygen binds to the iron center (see Fig. 6.4), it causes contraction of the
iron atom, and causes it to move back into the center of the porphyrin ring plane. At
the same time, binding and release of oxygen induces a conformational (structural)
change in the porphyrin ring plane itself.

The high symmetry and the chromophoric structure of the heme result in strong
enhancement of the Raman Scattering using laser wavelengths close to the heme elec-

tronic absorption bands [9,18,124,125] (see Fig. 6.5).  The occurrence of resonance
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Figure 6.5: Visible absorption spectra of living erythrocytes recorded in the oxy, deoxy and met states
showing the major visible electronic transition bands and the excitation wavelengths used in this
study [18].

Raman scattering (RRS) from the Hb prostheic group allows the investigation of Hb
within erythrocytes without interference by other RBC component scattering [19-21].
This is a quite interesting issue for the characterization of Hb-related blood diseases,
such as thalassemias.

Thalassemia is a disease of RBC inherited as a semidominant trait, quite diffuse
in the populations of the Mediterranean sea. This geographical association was re-
sponsible for its naming: Thalassa (OdAaco«) is Greek for the sea, Haema (o picv) is
Greek for blood. In thalassemia, the genetic defect results in reduced rate of synthesis
of one of the globin chains that make up hemoglobin. Reduced synthesis of one of
the globin chains can cause the formation of abnormal haemoglobin molecules, and

this in turn causes the anemia which is the characteristic presenting symptom of the
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thalassemias.

The thalassemias are classified according to which chain of the hemoglobin molecule
is affected. In a-thalassemia, production of the a globin chain is affected, while in (-
thalassemia production of the 3 globin chain is affected. As a consequence, /3 chain
ratio is imbalanced, leading to an excess of the normal chain, which may be more in-
jurious to the cell than the defect of the affected chain. Indeed, free globin chains
bind to the cell membrane, damaging it and rendering the cell more vulnerable to
mechanical injuries. 3-thalassemia is the most common of this disease; its incidence
can be as high as 1 in 10 in some Mediterranean areas.

In this chapter we present the results of the characterization of RBC from (n=6)
B-thalassemic and (n=1) a-thalassemic patients obtained by using an OT system in-
tegrated with a Raman probe [126-128]. In particular, we compare the Raman spec-
tra of single thalassemic RBCs (t-RBCs) with those obtained from healthy subjects,
relating the observed differences to the analyzed disease. We also investigate photo-
induced effects caused by the laser radiations used for both trapping and Raman

excitation.

6.2 Resonance Raman spectroscopy of trapped erythrocytes

Fig. 6.6 shows a typical Raman spectrum, between 1100 and 1750 cm ™!, of a single
optically trapped functional erythrocyte from a healthy volunteer. It was obtained
with an excitation power of 0.2 mW and an integration time of 10 s. The contribution
due to the buffer solution, taken by removing the RBC from the trap, was subtracted.
No averaging was performed, in order to minimize the exposure time to the Raman
probe and, hence, to reduce photo-induced effects. The obtained Raman bands are
due to the resonantly enhanced hemoglobin contribution; in particular, enhancement
of the inelastic scattering comes from the coupling of Raman excitation with the por-
phyrin macrocycle Q band. Although the relative intensity of the different Raman
bands are strongly affected by the excitation wavelength [19], numerous spectral fea-
tures can be clearly identified, according to their spectral positions. Band assignment,
reported in Table 6.1, follows the work by Abe et al. [129] and Hu et al. [130] and the
successive work of Wood et al. [19]. For a better estimation of both spectral position
and intensity of the observed Raman features, the spectral region between 1100 and

1750 cm ™! was fitted with 14 Lorentzian profiles, each corresponding to an expected
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Figure 6.6: Upper part: Typical Raman spectrum of an healthy RBC, obtained with an integration
time of 10 s. The solid line corresponds to a fit with 14 Lorentzian profiles, while the dashed lines indi-
cate the deconvoluted curves. Lower part: Residual obtained as the difference between the experimental

and the best-fit spectrum.

Raman feature [19]. All parameters (intensity, spectral position and width) were al-
lowed to vary in the fitting procedure. The 14 deconvoluted profiles are reported as
dashed lines in Fig. 6.6, while the envelope of this curves is shown with a solid line.
As it is possible to see from the residual, calculated as the difference between the ex-
perimental and fitted spectra and shown in the lower part of Fig. 6.6, the Lorentzian
profiles approximate quite well the experimental data.

The spectrum exhibit numerous bands associated with the porphyrin macrocycle
and proteinaceous component of Hb molecule and can be divided in essentially three

region.

Core size or spin state marker band region (1500-1650 cm ™). The core size (or spin state
marker band) region (1500-1650 cm™!) is comprised of four principal bands ap-
pearing at 1548, 1588, 1604, and 1640 cm ™! assigned to v11, v37, V19, and vy re-
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spectively. As a matter of fact, the v37 and v¢ bands provide information about
the Hb oxidation state: when the Fe atom in the porphyrin heterocyclic ring is
linked to oxygen, it is in the low spin state (5=1/2), while in the deoxygenated
heme, Iron is in the up spin state (5=2). In these two cases, the porphyrin ring
exhibits different symmetries, so that the strength and the spectral position of

its vibrations are sensitive to the oxygenation condition.

Pyrrole ring stretching region (1300-1400 cm~!). The region between 1300 and 1400
cm~!
brations with different phasing [130]. These include v4; (1336 cm™ 1Y), vy (1356

cm~!) and vy (1397 cm ™).

contains three principal modes assigned to pyrrole ring stretching vi-

Methine C-H deformation region (1200-1300 cm~'). The methine C-H deformation re-
gion (1200-1300 cm ') consists of two bands assigned to v13 or v43 (1228 cm™1)
and v (1301 cm™1).

6.3 Resonant Raman characterization of normal and thalassemic
RBCs

The prominent Raman features occur in the spectral region between 1500 and
1650 cm ™!, which corresponds to the core size or spin state marker band region. These
strong bands, as highlighted in the last section, provide information on the oxygena-
tion state of the hemoglobin. This issue has been also pointed out by Wood et al. [19]
in their investigation on the wavelength dependence of human erythrocyte Raman
bands. In particular, the authors found that some Raman peaks were absent in de-
oxygenated RBC, while others shown a valuable energy shift (see Table 6.1). This
evidence constitutes the starting point in the interpretation of the erythrocyte Raman
spectrum from thalassemic patients.

Figure 6.7 compares the Raman spectrum of a healthy RBC and that corresponding
to heterozygous « or (-thalassemic cells. It is possible to highlight some interesting
differences. First of all, Raman bands characteristic of oxygenated Hb (oxyHb) are
depressed in the a-thalassemic RBC spectrum and are vanishingly small for the -

thalassemic ones. For instance, the v band, clearly visible in the spectrum of normal
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Table 6.1: Assignment and spectral position (cm~") of the Hb Raman bands observed in our

work [126]. For comparison, we also report the bands observed by Wood et al. [19] for both oxy-

and deoxy-Hb with excitation at 514 nm.

Band Local Hb Oxy Hb Deoxy Hb

Assignment coordinate 532nm 514 nm 514 nm
[129] [130] [126] [19] [19]

20 V(CoCm)asym 1640 1638 Absent
Vig V(CaCm)asym 1604 1604 1604
V37 V(CoCm)asym 1588 1585 1580
281 v(CsC3) 1548 1547 1546
-CHos(scissor) -CHys(scissor) 1467 1471 1471
V28 V(CoCm)asym 1430 1430 1425
Vo v(pyrquarter — ring) 1397 1397 1394
vi v(pyrhal f — ring)sym 1356 1356 1356
Vi v(pyrhal f — ring)sym 1336 1336 1336
V21 0(CH) 1301 1301 1301

Vi3 1248 1245 Absent
V13 OF Vg2 0(CH) 1223 1228 1220
V30 v(pyrhal f —ring)asym 1170 1171 1172
V99 v(pyrhal f — ring)asym 1131 1134 1124
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Figure 6.7: Comparison between the Raman spectra of normal, o and [3-thalassemic RBC. The arrows
indicate the spectral features affected by intensity changes, while the dashed lines give evidence of the

observed energy shift.

RBC, can be resolved in the spectrum of thalassemic RBCs only after deconvolution
from the stronger 119 band by the fitting procedure.

A quantitative analysis of this effect is shown in Fig. 6.8, where we compare the
intensity of selected Raman features (v37, v19 and v3 bands), normalized to the vy
band intensity, for healthy and thalassemic cells. Moreover, numerous Raman bands,
affected by oxygenation condition, are energy-shifted (see Table 6.2). Both experi-
mental outcomes clearly mirrors a lower efficiency of t-RBC in carrying out their
natural role, namely oxygen transportation from lungs to all the organism.

To test the reproducibility of these results, we performed a statistical analysis on
RBCs, collected from normal individuals and heterozygous thalassemic patients. For
each sample we performed the Raman analysis described above, estimating the ratio
between the intensity of the 137 and that of the v, bands (R = 1,,,,/1,,,).

In Fig. 6.9 we report the statistical distributions, relative to 300 spectra, of the ratio
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Figure 6.8: Trends of the relative intensity for selected Raman peaks (vs7, v19 and v13) corresponding

to the three types of cells (see text for details).

Table 6.2: Observed wavenumber (cm™1) relative to 4 Raman peaks for normal, a-thalassemic and
(B-thalassemic RBCs.

Band Assignment Normal a-thalassemic (-thalassemic

V37 1588 1580 1581
V28 1430 1425 1426
V13 OF V49 1223 1214 1215
V22 1131 1122 1125

R for normal and thalassemic cells. Overlapped to them, we also show the fits with
a Gaussian curve. From Fig. 6.9, it is clear that the distributions are well separated;
more precisely, they are not overlapping within two standard deviations. For defini-
tive assertions of the effect of thalassemia on the Raman spectrum, more statistical
analysis is required. At this purpose, in cooperation with the Haematology Unit of
our University (Prof. B. Rotoli), we have analyzed a statistically significant number
(n=6) of donors affected by -thalassemia. It was not possible to make the same kind

of analysis regarding a-thalassemia, because this variation of the disease is quite rare.
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Figure 6.9: Comparison between the Raman spectra (in the spin state marker band region) and sta-
tistical distributions of the ratio R = 1,,,. /1,,,, of normal(A), a-(B) and (3-thalassemic RBC (C). The
arrows indicate the spectral features affected by intensity changes, while the broken lines highlight the
observed energy shift.

However, the aim of the present work is demonstrate that Raman Tweezers are able
to provide an unequivocal evidence of differences between healthy and thalassemic
red blood cells.

In Fig. 6.10, part A), we report the statistical distributions of the ratio R corre-
sponding to a normal and a beta-thalassemic donor (each distribution is relative to
300 spectra). This analysis was repeated for 6 volunteers for each kind of cells (see
Fig. 6.10, part B)). From this investigation, two interesting features emerge. First of
all, the distributions are again well separated; more precisely, they are not overlap-
ping within three standard deviations, as evidenced by the horizontal bars, which
show the weighted-mean and the standard deviation for the normal and the tha-
lassemic cells [126]. In addition, all t-RBCs distributions present a much wider spread
around their mean values with respect to that of healthy RBCs. The wider dis-
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Figure 6.10: A: Statistical distributions of the ratio R = I,,,./1,,,, obtained by analyzing 300 RBCs
from a single normal (pink histogram) and (3-thalassemic (blue histogram) donor. The fit of these distri-
butions with Gaussian profile is also shown. B: Gaussian profiles obtained by fitting the experimental
distributions relative to 6 normal (Hi) and 6 (-thalassemic (Ti) volunteers. The weighted-mean and

the standard deviation for the two kinds of cells are evidenced by horizontal bars.

tribution found for diseased RBCs clearly mirror the higher heterogeneity of beta-
thalassemic RBCs, which can be also observed in the dimension and shape of these
erythrocytes.

We think that these experimental outcomes provide an interesting starting point
to explore the application of a Raman Tweezers system in the clinical diagnosis of
Hb-related blood disorders.

6.4 RBCs and photo-oxidation

During our experiments a particular care was put in order to reduce photo dam-

ages induced by the trap and Raman lasers. Indeed, more generally, when biological
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Figure 6.11: Intensity of the Raman v11 band, as a function of the exposure time to the trapping
radiation for normal (e), G-thalassemic (o) and a-thalassemic (A) RBCs. The intensity values are

normalized to the value at t=20 s.

samples are exposed to laser radiation it is important to be aware of possible photo-
induced effects. These last have been investigated for normal RBC exposed to visible
and IR radiation [19]. In general, it has been established [19] that exposure to high-
power radiation in the green region leads to protein denaturation and Hb transfer
into the metHb state, in which the oxygen is irreversibly bound to the heme. In our
study we extended this investigation to thalassemic erythrocytes. We first analyzed
the effects of exposure of both normal and thalassemic RBC to radiation at 1064 nm,
which corresponds to the wavelength of our trapping laser. At this purpose, a sin-
gle erythrocyte was placed in the optical trap for different time intervals, ranging
between 20 and 300 s; at the end of each interval, we monitored RBC vitality by
recording its Raman spectrum for 3 s. To avoid the superposition of effects induced
by the Raman probe, the RBC was changed after each measurement. The power of

the IR beam was taken fixed at 15 mW, while the Raman probe power was 0.2 mW.
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Figure 6.12: Intensity of the Raman v, band, as a function of the exposure-time to the Raman probe
for normal (e), B-thalassemic (o) and a-thalassemic () RBCs. The intensity values are normalized

to the value at t=3 s.

In Fig. 6.11 we report the intensity of the v, peak at 1548 cm ™!, normalized at
the maximum value (I}AX ) for healthy, a-thalassemic and j3-thalassemic RBC. The
latter Raman feature is the stronger one for the three kinds of cells and its relative
intensity is not affected by Hb met transition. For each trapping time we repeated
ten measurements using distinct cells. The points plotted in Fig. 6.11 represent the
average values while the error bars are the standard deviations. As it can be seen,
the normalized Raman intensity changes by 12 % for normal cells and 18 % for the
thalassemic ones on a period of 300 s. In addition, we observed that the relative in-
tensities of the different peaks in the Raman spectra were not affected. This indicates
that, at power level used in our experiment, the photo-damage by IR laser trapping

is quite low.

The photo-induced effects at 532 nm are, instead, much stronger. Figure 6.12 shows

the intensity of the same Raman feature (1) as a function of exposure time to the
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Figure 6.13: The Raman spectra of a normal RBC exposed to 532 nm radiation for 10 and 150 s. Solid

lines are the best fit lineshape convolutions.

Raman probe, at a power of 0.3 mW (the trapping laser power was kept at 15 mW).
Again, the measurements were done trapping one fresh cell and exposing it to 532
nm radiation for a time varying from 3 to 150 s. As for Fig. 6.11, the measurements
were normalized to the intensity of the maximum Raman signal, observed at t=3 s.
As it can be observed in Fig. 6.12, the photo-damage is different for the three kinds
of cells. For an exposure time of about 80 s, the reduction of the Raman signal is
~50 % for normal cells and ~80 % for a- and [S-thalassemic cells. Therefore, our
investigation shows that thalassemic RBCs are more sensitive to photo-oxydation.
This result confirms a more general trend of thalassemic RBCs to be sensitive to
oxidant stress [131,132]. From a medical point of view, this may be attributed to an
excessive oxidation of the unstable free globin chains and the subsequent release of
oxygen radicals, that might damage the cell membrane [133]. This information has

to be taken into account in all optical analysis of t-RBCs.

Another evidence of the photo-damage is represented by the modification of the
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whole Raman spectrum. In Fig. 6.13 are compared the spectra for normal RBC ob-
tained at 10 and 150 s exposure time, respectively. Both spectra were normalized to
the highest Raman peak. As it can be seen, for long exposure a background appears
and the relative bands intensities are modified. In particular, cellular photo-damage
leads to spectral changing in the spin-sensitive region, where an increase of the Ra-
man v37 band is observed, indicating irreversible Hb transition to the met state. Sim-
ilar effects have been already reported for healthy erythrocytes exposed to radiation
at 514 nm and they have been attributed to protein denaturation, resulting in heme

aggregation within the cell [124].

6.5 Conclusions

This chapter reports the characterization of heterozygous thalassemic red blood
cells, at single cell level, by using a Raman Tweezers system. The study has been
performed by analyzing the resonantly enhanced inelastic photons scattering from
hemoglobin. Some significant difference in the functionality of these cells with re-
spect to normal erythrocytes have been highlighted. In particular, the oxygenation
capability of Hb has revealed to be reduced in thalassemic RBCs. The two types of
cells also present a different response to photo-induced oxidative stress. Our results
confirm medical predictions regarding thalassemia, such as the reduced oxygenation
capability of t-RBCs. Moreover they provide an interesting starting point to explore
the application of a Raman Tweezers system in the analysis of others blood disor-
ders. Unlike the traditional diagnostic tools, our approach is able to provide with the
same apparatus both chemical and mechanical properties (as demonstrated in the
next chapters), even at single RBC level. That allows to extol heterogeneity, which is

instead hidden by bulk-based techniques.



Raman imaging of single erythrocytes

In this chapter, I will show how Raman analysis can be used to draw hemoglobin distribu-
tion inside single erythrocytes. In particular, the experimental outcomes reveal the character-
istic anomaly (target shape) occurring in thalassemia. The obtained results in vivo show the

potential of our technique as a diagnostic tool for other hemopathies.

7.1 Introduction

In the last section, it has been demonstrated how a RT system becomes an incredi-
bly powerful diagnostic tool for cellular sorting and monitoring drug-therapy effects
at single cell level. In particular it serves to study cellular processes as they progress.
This capability of immediate and detailed analysis has potentially great applications
in medicine allowing for quick diagnosis of diseases. As such, Raman tweezers could
prove to be an effective analytical tool not only for research purposes, but also as a
clinical protocol [126-128].

In many cases it may not be just desirable to have time resolved information about

biochemical changes taking place inside a cell but also to have information about
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where these changes are occurring. Raman imaging or mapping of cells plots the con-
centration of various bio-chemicals as a function of position [108]. The Raman cell
images can be more easily interpreted than spectra alone by biomedical researchers
already familiar with microscopy. The data are acquired either by scanning the laser
back and forth across the sample or by scanning the sample across the laser beam,
and taking the Raman spectrum at each point [134]. The values of the intensity at
a certain peak or peaks are plotted as a function of position. These images provide
more information than conventional microscopy images alone as they contain infor-
mation on all cell components and different cell components can be visualized by
post-processing of data. So far, single living cells and subcellular compartments can
be molecularly examined rapidly, non-invasively, and without the use of external
markers or fluorescent dyes. This novel technique has great potential in medical ap-
plications (even for in vivo applications), tissue engineering, for determining where
assignment biochemical transformations occur inside a cell with spatial resolution of
a few nanometers. Indeed, Raman chemical imaging has been used in cell biology, to
detect the differences between normal and diseased cells.

In this chapter we present an application of Raman imaging when we reconstruct
the hemoglobin distribution within a single Red Blood Cell (RBC). We demonstrate

that it can be useful for early diagnoses of hematic diseases such as thalassemia.

7.2 Experimental method

Raman imaging can yield spatially resolved biochemical information from living
cells. To realize this goal, in particular, to acquire space-resolved spectra, it is neces-
sary to immobilize the cells. In our work, in order to overcome this problem the use
of two double-trap systems is proposed and implemented, and data are shown for
spatially resolved Raman spectroscopy of a live RBC in suspension.

Raman Imaging in the equatorial plane of a RBC was performed by scanning
the trapped cell through the Raman probe (see Fig. 7.1) [128]. At this purpose, two
double-trap systems were created by applying a square voltage signal at a frequency
of 1 kHz to two galvomirrors (Cambridge Technology Incorporated, mod. 6220),
placed on the optical path of the trapping beam. In such a way, the four optical traps
share the beam power and their relative distance was controlled by the voltage signal

amplitude. These two double-trap systems allow to fix the cell in four points. Finally,
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Figure 7.1: Scheme of the experimental method: the two double-trap systems fix the RBC in four

points and by applying an offset signal to the galvo-drivers it is possible to scan the sample across the

Raman probe.

by simply applying an offset signal to the galvomirrors drivers it is possible to scan

the RBC through the excitation probe.

In such a way, the trapping laser was used to move a living cell back and forth

across the focus of the laser beam for Raman excitation and a spectrum was recorded

at each position. The cell was not observed to rotate during the duration of our

experiments. For each image a band of interest was selected and the intensity plotted

as a function of position.
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and thalassemic RBC. The error bars are obtained by the fitting procedure of the Raman spectrum. In

the insets, their characteristic shape is shown.

7.3 Raman imaging of normal and thalassemic cells

An observable trait in different hematological diseases, including thalassemia, is re-
lated to the Hb distribution inside the cell. Although several experimental techniques
provide the morphology of single cells, only few of them are able to reconstruct the
distribution of an assigned protein within the cell itself.

In particular, during recent years optical phase-based and fluorescence techniques
have advanced considerably [135]. However, this last techniques requires staining
with specific fluorophores, such as GFP, which, in some cases, can affect the normal
cellular function. On the contrary, Raman imaging allows the investigation of the
distribution of a given protein, such as haemoglobin, within cells, avoiding the use
of fluorescent labels. So far, we have investigated the Hb distribution inside both
normal- and t-RBCs.
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Figure 7.3: Hb distribution in the equatorial plane of a thalassemic and a healthy RBC.

At this purpose, by scanning the sample through the Raman probe focus, we were
able to reconstruct the Hb distribution within a single erythrocyte. In figures 7.2 we
show the distribution obtained along a diameter of the equatorial plane for two dif-
ferent RBCs. It was reconstructed by monitoring the 37 peak intensity. The sample
was scanned with a spatial step of 0.5 um. For an easier comparison, the two distri-

butions were normalized to their maximum value.

Figure 7.3 shows two separate Raman images of a healthy and a thalassemic cell.
The Raman image obtained for a normal RBC, reflecting the Hb distribution within
the cell, presents the classical ring-shape. No Hb-Raman signal can be detected in the
cell center. An erythrocyte with this normal Hb distribution is ordinary referred as
discocyte. This distribution is modified in diseased cell. In particular, for a statistically
significant number of thalassemic RBCs (~ 15%), it is possible to detect Hb also in
the middle of the RBC, so that the obtained RBC Raman image resembles a target
shape. These RBCs are referred as target RBCs or codocytes. This effect is associated
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with a reduced RBC size.

Figure 7.4: Scanning electron micrograph of blood smear with two target cells or codocytes (white

arrows).

The anomalous Hb distribution here found may be seen also in patients with

obstructive liver disease, iron deficiency or post-splenectomy [136].

7.4 Conclusion

This initial study demonstrates the feasibility of Raman imaging using double-
trap systems to immobilize and manipulate the cells relative to the exciting beam.
Raman imaging was used to reconstruct the hemoglobin distribution inside single
erythrocytes. The obtained results show that a RT system may be used for rapid and
non-invasive cellular sorting and pave the way for the development of new diagnos-

tic tools for both research and clinical applications.



Mechanical characterization of healthy and
diseased red blood cells

A double-trap system, termed optical stretcher is used to deform objects. In particular in this
chapter, I will show how an optical stretcher can be used to measure the elastic properties of
red blood cells membrane, with the sensitivity necessary to distinguish even between healthy

and diseased one.

8.1 Introduction

The deformation capability of RBC is mainly due to the elasticity of its membrane.
The inner fluid of the RBC is purely viscous and has no elasticity. The RBC mem-
brane is made of a lipidic bilayer, covering a protein network essentially composed
of spectrin tetrameres linked by actin and protein 4.1 to form complex junctions (see
Fig. 8.1). These are the principal component of the cytoskeleton that underlies the
RBC membrane accounting for its biconcave shape and its flexibility.

The mechanical properties of such structure has been largely investigated from
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Figure 8.1: Sketch of the RBCs membrane.

both theoretical [133,137,138] and experimental [139-141] points of view. In the first
case, the studies were devoted to develop, through computational simulations, re-
liable models for the architecture of the spectrin network, able to simulate the ery-
throcyte mechanical properties. In the second case, the investigations relied on the
measurement of cellular distortion in response to an applied mechanical stress. This
issue has been addressed by using many different experimental techniques, includ-
ing mainly micropipette aspiration [142]. This last is based on the creation of a pro-
trusion from the cellular membrane, which is drawn into the pipette. The relation
between the protrusion extension and the pressure gives the shear elastic modulus.
Recently, Hénon et al. [141] have measured this parameter for normal human ery-
throcytes by using an Optical Tweezers system: in this case, calibrated forces were
applied via small silica beads bound to the RBC membrane. The necessity to use
such beads arises from the need to exert known forces, in order to obtain an abso-
lute measurement of the RBC shear modulus. Indeed, an absolute force calibration
requires trapping of objects of well known shape, size, and composition. Similar
measurements have been also performed by Lenormand et al. [140] on the free spec-

trin skeleton, extracted from the membrane of a RBC .

In the present section, it is reported on the mechanical response of t-RBCs compared
to healthy ones. It is important to underline that, although thalassemic syndromes
concern mainly a genetic defect in hemoglobin synthesis, precipitation of free globin
chains leads to various membrane dysfunctions [143]. This is also proven by the
presence of defects in morphology and shape of RBC affected by this disease.
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8.2 Experimental method

Figure 8.2: A: Sketch of the stretching procedure used for the present investigation. B: Same frames
of a video recorded during the stretching of a normal RBC.

For the mechanical characterization of RBCs, a double-trap system was created by
applying a square voltage signal at a frequency of 1 kHz to a galvomirror (Cambridge
Technology Incorporated, mod. 6220), placed on the optical path of the trapping
beam. In such a way, the two optical traps shared the beam power and their relative
distance was controlled by the voltage signal amplitude.

A sketch of our stretching mechanism is illustrated in Fig. 8.2-A, while in the
part B of the same figure some frames of a recorded video are shown. When the
voltage applied to the galvomirror is zero, we have a conventional single trap: the
RBC reaches a trapped position and floats slightly around it. As the distance between
the two traps is increased, the RBC firstly starts orientating along the axis passing
through the center of the two traps. After the RBC is fully aligned, it begins to be
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stretched.

For a given trapping laser power P, we apply an increased stress to the mem-
brane by slowly incrementing the distance between the two traps. The cell becomes
elongated, and its diameter D increases in the direction of the applied force. RBC
elongation (D — Dy) was extracted by hand, using an image software (NIH Image]).
In particular, we recorded 20 images for each erythrocyte elongation. From each im-
age we estimated the major axis of the RBC shape and computed the average length

over all the 20 frames. The final accuracy of D is ~ 200 nm.

Figure 8.3: Representation of the elongation of a red blood cell as a consequence of two diametrically

opposite applied forces F.

By varying the laser power P, we collect a set of images of the same cells submitted
to different forces, as shown, for instance in Fig. 8.2. If the measurements are quickly
repeated, no hysteresis behavior of the shape is observed after the power P is in-
creased and decreased. Actually, when the cell is trapped for several minutes at high
power (P>100 mW), some membrane stiffening is observed, and the cell elasticity is
affected. Thus we make sure that all of the manipulations on the same cell take place
in less than 15 min.

In the small deformation regime of the RBC membrane, which has a constant area

in a first approximation, it is possible to demonstrate that [141]:

F
D—Dy= 7 (8.1)

where (D — Dy) is the diameter elongation, F is the applied force (see Fig. 8.3) and k

is the elastic shear modulus of the membrane.
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The force exerted on a trapped object depends on its size and shape, and on the
refractive indices of the object and the surrounding medium. It is proportional to the
incident laser power. However, it is difficult to calculate ab initio the restoring force.
Furthermore, because of the optical aberrations of the objective, the exact shape of
the trap is not well known. Thus a preliminary force calibration is necessary. Due to
the comparative character of this investigation, it is not necessary to estimate the cal-
ibration F(P). In addition, it is not indispensable to exert the mechanical stretching by
using microbeads as handles. Of course, this simplifies the measurement procedure,
avoiding the difficulty to obtain RBCs with microbeads adherent to the membrane in

a proper relative position [140].

8.3 Response to applied stretching for normal and thalassemic
RBCs

O B-thalassemic
A -thalassemic
® Normal

Stretching (um)
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Figure 8.4: Response to applied stretching for normal and abnormal RBCs.



108 Chapter 8. Mechanical characterization of healthy and diseased red blood cells

Our investigation was performed by stretching single erythrocytes by using a
double Optical Tweezers system.

In Fig. 8.4 we report the RBC elongation as a function of the trapping beam power
for healthy and thalassemic RBCs. Each value results from an average of 25 mea-
surements performed on different cells. The error bars correspond to the standard
deviation. The data plotted in Fig. 8.4 reveal a quite different mechanical response
of normal cell with respect to t-RBCs. From a linear fit of the experimental data, it
was possible to estimate the ratio of the shear modulus k for the three kinds of cells.
These results were: k,,/k,=0.714+0.06 and k,, /k3=0.684-0.05.

If we assume k,,=2.5£0.4 pN/um, as found by Hénon et al. [141], we obtain
k4=3.5+0.8 pN/pum for a-thalassemia and kg=3.7£0.9 pN/um for g-thalassemia.
Previous measurements on [-thalassemic cells, performed with standard micropipette
aspiration, brought out an elastic shear modulus in beta-thalassemia 33 % [144] higher
than the normal one, against the 48% found here.

Some consideration can be done to explain this difference. First of all, as already
pointed out in the ref. [141], since the two methods (double-trap and micropipette)
do not operate in the same deformation regime, they are not expected to lead to the
same result. Moreover, in micropipette aspiration measurements the friction force
between the cellular membrane and the glass pipette wall may have a significant
role in force balance.

Finally, in more than 10 % of the total measurements in 3 thalassemic cells, we
observed an evident damage to RBCs by applying strong deformation. In such cases,
the stretching caused a membrane fragmentation and a consequent cell death. In all
the other cases, the vitality of normal cells was not affected, as also proved by Raman

measurements performed before and after application of the mechanical stress.

8.4 Conclusion

In this chapter, it has been showed that Optical Tweezers are a powerful tool not
only for manipulating cells, but also for applying forces in the pN range. Measuring
the induced deformation allows researchers to investigate cell elastic properties. As
such, a new determination of the membrane shear modulus k at small deformations
for normal and thalassemic erythrocytes has been obtained. In particular, the mem-

brane shear modulus for thalassemic erythrocytes have revealed to be higher than 40
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% with respect to healthy cells. These results confirm medical predictions regarding
thalassemia, such as higher rigidity of RBCs. Moreover they provide an interesting
starting point to explore the application of a Raman Tweezers system in the analysis
of others blood disorders. Unlike the traditional diagnostic tools, our approach is
able to provide with the same apparatus both chemical and mechanical properties,

even at single RBC level.
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Conclusion

Raman Tweezers has revealed an extremely powerful analytical tool that provides
physicist, chemist and biologists with a fingerprint of the agent they are studying
and whose immense future applications are only now being fully understood. The
technique holds all the promise of Raman spectroscopy, including the potential to
identify almost any biological molecule and disease, and adds to it both a greater
level of control and analytical capability as well as the capability of observing a sam-
ple in its natural state. As demonstrated in this work, Raman Tweezers is likely to
surpass Raman spectroscopy in use for biological analysis.

However, even in single-particle experiments, background noise due to the envi-
ronment can represent a serious obstacle for Raman spectroscopic analysis. In this
thesis, it has been introduced a novel experimental method (phase-sensitive) which al-
lows the acquisition of the Raman spectrum of a trapped object, free from any back-
ground contribution and which does not require any background subtraction proce-
dure. In particular, the phase-sensitive method has been used to record Raman spectra
of single polystyrene microbeads suspended in aqueous solution. In this work, it

is reported a systematic characterization of the technique: it has been described in
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detail the formation of the Raman signal and its dependence on several parameters,
such as the height from the coverslip surface, the size of the bead, the amplitude of
the spatial modulation of the trapped particle, and the pump laser intensity. The ob-
tained results demonstrate that this method may find valuable applications in rapid
sensing of biological samples in aqueous solutions.

The developed Raman Tweezers system has been used to characterize heterozy-
gous red blood cells (RBCs), at single cell level. The study has been performed by
analyzing the resonantly enhanced inelastic photons scattering from hemoglobin.
Moreover, it has been investigated the cellular response to mechanical stress, by us-
ing a double-trap system (optical stretcher). In particular, in this work, it has been re-
ported the results on the characterization of erythrocyte from normal and thalassemic
volunteers. Some significant difference in the functionality of the thalassemic cells
with respect to normal erythrocytes have been highlighted. In particular, the oxy-
genation capability of Hb has revealed to be reduced in thalassemic RBCs. The two
kinds of cells also present a different response to photo-induced oxidative stress. The
developed experimental technique has allowed to reconstruct, in addition, the distri-
bution of Hb within the cell itself, avoiding the use of fluorescent labels. It has been,
finally, measured the membrane shear modulus for thalassemic erythrocytes, which
have revealed to be higher than 40 % with respect to healthy cells.

The results, shown in this thesis, confirm medical predictions regarding tha-
lassemia, such as the reduced oxygenation capability of t-RBCs and their higher
rigidity. Moreover they provide an interesting starting point to explore the appli-
cation of a Raman Tweezers system in the analysis of others blood disorders. Unlike
the traditional diagnostic tools, the applied approach is able to provide with the same
apparatus both chemical and mechanical properties, even at single RBC level. That
allows to extol heterogeneity, which is instead hidden by bulk-based techniques.
The advantages of the Raman Tweezers system, developed in this thesis work, in-

clude the following:
e only a pinprick of blood is required for the analysis;

e the diagnosis is rapid, taking only a few seconds to acquire the RBC Raman

spectrum,;

e no staining or fixing to glass substrate is required, allowing RBCs analysis in
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physiologically-relevant conditions;

e information on oxygenation state of the RBC can be obtained, at single cell

level;
e both chemical and mechanical properties can be provided with same set-up.

As matter of fact, in vivo Raman micro-spectroscopy analysis combined with the
use of Optical Tweezers offers enormous potential in the diagnosis and treatment
of red blood cells disorders including thalassemia. It is up to biologists, however,
to realize the full scope and magnitude of these applications and to press for the

development of this seemingly unrelated technology in biomedicine.
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Publications related to the work described in this thesis

1. G. Rusciano, A. C. De Luca, G. Pesce and Sasso A. "Phase-sensitive detection in
Raman Tweezers" Appl. Phys. Lett. 89, 261116 (2006).

Abstract:

We discuss on a method to acquire the Raman spectrum of a single optically
trapped particle. The method makes use of two laser beams: one laser traps
the particle and moves it back and forth in a plane perpendicular to the laser
beam propagation; a second laser acts as Raman probe and it is fixed in space.
The Raman spectrum is obtained by phase detecting the back-scattered Raman
photons using a lock-in amplifier. Within this approach, the background due to
the scattering of the environment is completely removed. We apply this method

to 4.25 pm-diameter polystyrene beads in aqueous solution.

2. G. Rusciano, A. C. De Luca, G. Pesce and Sasso A. "Enhancing Raman Tweez-
ers by Phase-Sensitive Detection" Anal. Chem. 79, 3708 (2007).

Abstract:

Raman spectroscopy has become a powerful tool for microscopic analysis of
organic and biological materials. When combined with optical tweezers (Ra-
man tweezers), it allows investigating single, selected micrometric particles in
their natural environment, therefore, reducing unwanted interferences from the
cover plate. A general problem affecting both Raman spectrometers and Raman
tweezers systems is the background caused by the environment surrounding

the sample under investigation.

In this paper, we report on a novel method that allows acquiring Raman
spectra of a single trapped particle (polystyrene microspheres) free from any
background contribution. The method is based on the use of two collinear and
copropagating laser beams: the first is devoted to trapping (trap laser), while

the second one is used to excite the Raman transitions (pump laser). The trap
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laser moves the trapped particle periodically, by means of a galvomirror, back
and forth across the pump laser. The back-scattered photons are analyzed by
a spectrometer and detected by a photomultiplier; finally, the resulting signal
is sent to a lock-in amplifier for phasesensitive detection. The purpose of the
present work is to give a detailed description of our method and to supply
a systematic study concerning the formation of the Raman signal. We trap
polystyrene beads and study the dependence of the Raman signal on several
parameters, such as height from the coverslip surface, the bead size, the mod-
ulation amplitude, and the pump laser intensity. Our results establish a direct
and practical approach for background suppression in the spectroscopic analy-

sis of optical trapped microsized samples.

A. C. De Luca, G. Rusciano, R. Ciancia, V. Martinelli, G. Pesce, B. Rotoli and A.

Sasso "Resonance Raman spectroscopy and mechanics of single red blood cell

manipulated by optical tweezers" Haematologica 92, 174 (2007).

Abstract:

The analysis of single cell in a physiological environment is a challenging
topic for many biomedical applications. Optical Tweezers (OT) have revealed
to be a quite useful tool to monitor address this issue. Based on the use of a
strongly focused laser beam, they allow trapping and manipulation of micro-

sized objects in absence of mechanical contact.

An interesting aspect of optical tweezers is that they can be integrated
and combined with different imaging systems and spectroscopic techniques.
Among this, vibrational Raman spectroscopy, i.e. inelastic light scattered from
vibrational modes, is an attractive optical method, providing direct access to
the identity and relative concentration of molecules. We have developed a Ra-
man tweezers system to characterize red blood cells (RBCs) from both healthy
and beta-thalassemic volunteers. The obtained results are quite promising for

the development of new clinical protocols for the diagnosis of Thalassaemia.
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4. A.C.De Luca, G. Rusciano, R. Ciancia, V. Martinelli, G. Pesce, B. Rotoli and A.
Sasso "Spectroscopical and Mechanical Characterization of Normal and Tha-
lassemic Red Blood Cells by Raman Tweezers" Opt. Express 16, 7943 (2008).

Abstract:

In this work, the effects of thalassemia, a blood disease quite diffuse in the
Mediterranean sea region, have been investigated at single cell level using a
Raman Tweezers system. By resonant excitation of hemoglobin Raman bands,
we have examined the oxygenation capability of 5-thalassemic erythrocytes. A
reduction of this fundamental erythrocyte function has been found. The mea-
surements have been performed on a significant number of red blood cells;
the relative statistical analysis is presented. Moreover, the response to photo-
induced oxidative stress of diseased cells with respect to the normal ones has
been analyzed. Finally, the deformability of thalassemic erythrocytes has been
quantified by measuring the membrane shear modulus by using a double-trap
system: the measurements have revealed an increase in membrane rigidity
of more than 40%, giving evidence that the genetic defect associated to tha-
lassemia, which manly relies on hemoglobin structure, also strongly affects the
erythrocyte mechanical properties. Our results demonstrate that the developed
set-up may have potential for the monitoring of blood diseases and their re-

sponse to drug therapies.

e Also included in the Virtual Journal of Biomedical Optics 3, n.6 (2008).
e Highlighted in the Optics and Laser Europe Magazine.

5. A.C. De Luca and G. Rusciano "Monitoring cellular disease by Raman Tweez-
ers" Nuovo Cimento B 122B, 731 (2008).

Abstract:

We present a spectroscopic analysis of Red Blood Cells (RBCs). The anal-
ysis was carried out at the level of single cells, which were optically trapped
by means of a near-infrared laser (A = 1064 nm). Resonance Raman excitation

of hemoglobin (Hb) was performed with a second laser, emitting at A = 532



132

nm. The aim of this study is to compare the Raman response of normal RBCs
with thalassemic cells. Raman analysis is used to draw hemoglobin distribu-
tion inside single erythrocytes. In particular, the experimental outcomes reveal
the characteristic anomaly (target shape) occurring in thalassemia. These re-
sults in vivo show the potential of our technique as a diagnostic tool for other

hemopathies.

G. Rusciano, A. C. De Luca, G. Pesce and A. Sasso "Raman Tweezers as diag-

nostic tool of hemoglobin-related blood disorders" Sensors (submitted)

Abstract:

This review presents the development of a Raman Tweezers system for
detecting, at single cell level, hemoglobin-related blood disorders. The study
demonstrates that the molecular fingerprint insight provided by Raman analy-
sis holds great promise in the field of biomedicine for distinguishing between
healthy and diseased cells. Herein a Raman Tweezers system has been ap-
plied to investigate the effects of thalassemia, a blood disease quite diffuse in
the Mediterranean sea region. By resonant excitation of hemoglobin Raman
bands, we examined the oxygenation capability of normal, alpha- and beta-
thalassemic erythrocytes. A reduction of this fundamental red blood cell func-
tion, particularly severe for beta-thalassemia, has been found. Raman spec-
troscopy was also used to draw hemoglobin distribution inside single erythro-
cytes; the results confirmed the characteristic anomaly (target shape), occurring
in thalassemia and some other blood disorders. The success of resonance Ra-
man spectroscopy for thalassemia detection reported in this review provide an
interesting starting point to explore the application of a Raman Tweezers sys-

tem in the analysis of several blood disorders.
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Other publications:

. G. Rusciano, A. C. De Luca, F. Pignatiello, and A. Sasso "Doppler-free spec-

troscopy of xenon in the mid-infrared using difference-frequency radiation"
Opt. Express 13, 8357 (2005).

Abstract:

We report on the first Doppler-free spectroscopy investigation of an atomic
species, xenon, performed in the mid-infrared using difference-frequency ra-
diation. The absorption saturated spectrum of the xenon 6p[3/2]o—5d[5/2]3
transition (2pg — 3d} in Paschen notation) at 3.1076 xm was investigated us-
ing about 60 microwatts of cw narrowband radiation (Av=50 kHz) generated
by difference-frequency mixing in a periodically-poled Lithium Niobate crys-
tal. A single frequency Ti:Sapphire laser (power 800 mW) and a monolithic
diode-pumped Nd:YAG laser (300 mW) were used as pump and signal waves
respectively. We used natural enriched xenon, which contains nine stable iso-
topes, two of which, 29 Xe and 13! Xe, exhibit a hyperfine structure owing to
their nuclear spin. The small isotope displacements expected for this atom and
the complex hyperfine structure of the odd isotopes make it difficult to fully re-
solve the recorded saturated-absorption spectra. In spite of this, we have been
able to analyze the isolated '*Xe F” = 5/2 — F’ = 7/2 hyperfine component

by means of first-derivative FM spectroscopy.

. A.C.De Luca, G. Pesce, G. Rusciano and A. Sasso "Detection of HCl and HF
by TTEMS and high frequency WMS" Spectrochimica Acta Part A 63, 923 (2006).

Abstract:

In this work we discuss on a compact spectrometer based on DFB diode
lasers for detection of chloridric and fluoridric acids. HCl and HF concentra-
tions are determined through optical absorption of the P(4) line (A= 1.7 um)
and the R(3) line (A= 1.3um), respectively. Both lines belong to first overtone
vibrational bands and their linestrengths are 7.8 - 102! cm/molecule for HCI

and 2.8 - 10~%° cm/molecule for HE. We chose these lines for their relative high
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10.

intensities and because they are quite far from water vapour lines which repre-
sent the main interfering gas for trace-gases analysis. To detect these species we
used two different high frequency modulation techniques: two-tone frequency
modulation spectroscopy (f1 = 800MHz and f» = 804 MHz) was used for HCl
while for HF we followed a simpler approach based on wavelength modulation
spectroscopy (f = 600 kHz).We demonstrate that the two techniques provide
comparable detection limit of about 80 ppbV at atmospheric pressure. Posi-
tive testing of our spectrometer makes it suitable for in situ measurements of

exhaust gases coming from waste incinerators.

A. C. De Luca, G. Volpe, A. Morales, M. I. Geli, G. Pesce, G. Rusciano, A. Sasso

and D. Petrov "Real-time actin-cytoskeleton depolymerization detection in a

single cell using optical tweezers" Opt. Express 15, 7922 (2007).

Abstract:

The cytoskeleton provides the backbone structure for the cellular organiza-
tion, determining, in particular, the cellular mechanical properties. These are
important factors in many biological processes, as, for instance, the metastatic
process of malignant cells. In this paper, we demonstrate the possibility of mon-
itoring the cytoskeleton structural transformations in optically trapped yeast
cells (Saccharomyces cerevisiae) by tracking the forward scattered light via a
quadrant photodiode. We distinguished normal cells from cells treated with
latrunculin A, a drug which is known to induce the actin-cytoskeleton depoly-
merization. Since the proposed technique relies only on the inherent properties
of the optical trap, without requiring external markers or biochemical sensi-
tive spectroscopic techniques, it can be readily combined with existing optical

tweezers setups.

A. C. De Luca, G. Rusciano, S. Guido, S. Caserta, G. Pesce and A. Sasso "Diffu-
sion in polymer blends by Raman microscopy" Macromolecules 41B, 5512 (2008).
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Abstract:

In this work, we tackle the problem of diffusion in polymer blends by us-
ing Raman microscopy. In particular, we have investigated the concentration
profiles of the diffusing species outside a micron-sized droplet of the dispersed
phase, by using a micro-Raman optical set-up. This approach allows the inves-
tigation of the diffusion process, occurring at a micrometric scale, in a polymer
blend of two "immiscible" phases (the polyisobutylene/poly-dimethylsiloxane
pair). In our case, we have measured the concentrations in the mixture due to
molecular diffusion as a function of both time and distance from the droplet
interface, in a geometry which has a close correspondence to the actual mi-

crostructure of a polymer blend.

e Highlighted in Optics & Photonics Focus (www.opfocus.org).

G. Rusciano, A. C. De Luca, A. D’Alessio, P. Minutolo, G. Pesce and A. Sasso

"Surface Enhanced Raman Scattering study of nano-sized organic carbon par-

ticles produced in combustion processes" Carbon 46, 335 (2008).

Abstract:

Surface-enhanced Raman scattering (SERS) has been employed for the first
time to characterize nano-sized organic carbon (NOC) particles produced in
ordinary combustion processes. Ag-coated glass microparticles, used as SERS
substrate, provide a Raman scattering cross section enhancement up to five
orders of magnitude, which allows sample investigation at low concentration
level. The observed spectral features supply a deeper insight on the chemical
properties of the investigated combustion product. In addition, the high sensi-
tivity of the SERS technique might be useful to test and characterize the toxicity
of NOC particles.

e Also included in the Virtual Journal of Nanotechnology Environment, Health
and Safety n.2 (2008).
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12.

13.

G. Pesce, A. C. De Luca, G. Rusciano, P. Netti, S. Fusco, A. Sasso "Microrheol-
ogy of complex fluids using optical tweezers: comparison with macrorheologic

measurements"]. Opt. A: Pure Appl. Opt. (In press)

Abstract:

The increasing interest for investigating complex systems at mesoscopic scale
has opened to new experimental techniques usually indicated as microrhe-
ology. Unlike bulk-based approaches (macrorheology) these new techniques
make use of micrometric probes (usually microspheres) which explore the me-
chanical properties of the surrounding medium. In this paper we discuss the
basic idea of microrheology and we will focus on one specific technique based
on Optical Tweezers. Our discussion starts from Newtonian fluids to tackle the
more general case of complex fluids (hyaluronic acid solutions in this paper).
A part Optical Tweezers we use also a macrorheological technique in order to
compare micro- and macro-responses and to verify the reliability and comple-

mentarity’s of OT.

In this work we study the viscoelastic properties of low molecular weight HA
(155 KDa) at low ionic strength over an extended frequency range (0.1-1000 Hz)
and in a wide range of concentrations (0.01-20 mg/ml). This excursion crosses
the transition from dilute to semi-dilute regime. In the interval of concentra-
tions here explored and within the frequency range covered by our techniques
samples prevalently exhibit a viscous behavior while the elastic contribution
becomes significant at high concentrations. We find good agreement between
the macro and micro-rheological techniques used in our investigation although

they cover different frequency ranges.

Submitted paper:

A. C. De Luca, A.Jonas, G. Rusciano, G. Pesce, S. Guido and A. Sasso "Diffusive
mixing of polymers investigated by Raman microspectroscopy and microrhe-
ology" Soft Matter (submitted)
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14. G. Pesce, L. Selvaggi, A. C. De Luca, G. Rusciano, L. Santella and A. Sasso "Vis-
coelastic studies in living starfish oocytes by laser and video tracking" Biophys.
J. (submitted)

15. G. Rusciano, A. C. De Luca, G. Pesce and A. Sasso "Study of the interaction of

carbon-based nanoparticles with lipid membranes by using Optical Tweezers
and SERS spectroscopy" PNAS (submitted)
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Raman signal generated by the Monte Carlo simulation

at the modulation amplitude A = 0.5

r =1; "sphere radius"

f =35; "oscillation frequency"
wk=0.534; T"parameters of beam profile"
zk=3.14% (wk)"2/0.532;

Aj=0.5; "modulation amplitude"

contl = zeros(1l,29); "HIT"

tnocl zeros (1,29); "MISS"
N=10000000;

for t=1:29

y0= Ajxsin (2+pixf*t);

for i=1:N

X =rand*2+r-r;

y= rand*x2xr-r+y0;

z= rand*2xr-r;

if x*2 + (y-y0) .72 4272 < r"2 "sphere control"

if x"2+y"2 < (wk/2)7"2% (1+(z/zk)"2) "beam profile control"
contl(t) = contl(t) + 1;

else

if x"2+y72 < (wk) "2x (1+(z/2zk)"2) & x"2+y"2>(wk/2) "2x (1+(z/zk)"2)
contl(t) = contl(t) + (0.78)"2;
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else
if x"2+y7"2 < (3*wk/2)"2x (1+(z/zk)"2) & xX"2+y"2> (wk) "2+ (1+(z/zk)"2)
contl(t) = contl(t) + (0.36)"2;
else
if x"2+4y"2 < (2xwk) 2% (14+(z/2k) "2) & X"2+y"2>(3xwk/2) 2% (1+(z/zk)"2)
contl(t) = contl(t) + (0.10)"2;
else
continue
end
end
end
end
end
end
end
contl=contl/N;
plot (contl)

Raman signal as function of the modulation amplitude,

the beam waist is a free parameter

89090090000000600900090000600900000000000o

f=input ('Which file analyze?: ’',’s’);
wmin=input ('Wo min: ') ;
wmax=input (' Wo max: ’);
p=input (' step: ’);

np= (wmax—-wmin) /p;

npp=int8 (np) +1;

%$Experimental file

F=load (f);
X=F(:,1);
Y=F(:,2);

nf=max (Y) ;
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Yn=Y/nf;

1=length (X);

r = 2; "Sphere radius"

f =1/60; "Oscillation frequency"
xgm = X (1)+1;

for k=1:npp

wk=wmin+ (k-1) *p; "beam profiles parameters”

zk=3.14x (wk)"~2/0.532;

$%%%%%%%% Calculate the values of Y "theoretical"$%%%%%%%%
$%%%%%%%%%%%% to all points X "experimental"%%%$%%%%%%%

for j=1:1

AJ=X(J);

cont = zeros(1,180); HIT

N=100000;

for t=1:180

y0= Aj*xsin (2+pixfx*t);

for i=1:N

X =rand*2xr-r;

y= rand*x2xr-r+y0;

z= rand*2xr-r;

if x*2 + (y-y0) .72 +z72 < r"2

if x"2+y"2 < (wk/2)7"2% (1+(z/zk)"2)

cont (t) = cont(t) + 1;

else

if x"2+y72 <(wk) "2 (1+(z/2zk)"2) & xX"24+y"2 >(wk/2)"2x (1+(z/zk)"2)
cont (t) = cont(t) + 0.78;

else

if x"2+4y72 <(3xwk/2)"2% (1+(z/2zk)"2) & x"2+y"2 >(wk) " 2% (1+(z/zk)"2)
cont (t) = cont(t) + 0.36;

else

if x"2+4y72 < (2xwk) 2% (1+(z/2zk)"2) & x"2+y"2 >(3*wk/2) " 2% (1+(z/zk)"2)
cont (t) = cont(t) + 0.10;

else

continue
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end
end
end
end
end
end
cont=cont/N;
end
MAX=max (cont) ;
MIN=min (cont) ;
Amp (j) =MAX-MIN;
Amp_norm () =Amp (J) /MAX;
end
Diff (3j)=Yn(j)-Amp_norm(7j);
Diff2 (3)=(Diff(3))"2;
Sum_diff (k)=sum(Diff2);
end
best_sum = min (Sum_diff);
k_best = find(Sum_diff == best_sum);
k_opt = k_best (1)
wk_best = wmin+ (k_opt-1) *p
zk_best=3.14% (wk_best)”*2/0.532
plot (X,¥Y¥n,’"-ro’,X, Amp_norm,’'—-.b’");
h = legend(’experimental’,’calculated’, 2)
xlabel ('modulation amplitude ($\mu$m)’);
ylabel (' Raman signal (arb. un.)’);

title (' Comparison theoretical/experimental’);
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