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Living cells - Typical experimental situation 

Soluble micro- nano- particles, molecules, 
introduced to change cells environment 
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OUTLINE 

 Optical tweezers – three dimension particle trapping:       
how this works 

 

 Biochemical local cell stimulation using optically 
manipulated vectors (e.g. beads, biodegradable micro-sources, 
liposomes, QDs) 

 

 Biomechanical local cell stimulation and probing using optically 
manipulated beads (e.g. mechanotransduction, force and 
viscoelasticity probing) 



OUTLINE 

 Optical tweezers – three dimension particle trapping:       
how this works 
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beads, biodegradable micro-sources, liposomes, QDs) 

 

 Biomechanical local cell stimulation and probing using optically manipulated 
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Force exerted by a Ray of Light on a micro-sphere of glass  
A simple picture  

Pin 

Pout 
Input ray 

Output ray 

Force exerted 
on the sphere 

dP 

F=dP/dt 

np 

nm 

np > nm 

D ~ 2λ nm – refractive index of the medium 
np – refractive index of the particle 
D – diameter 
P – Linear momentum 
c – velocity of light in vacuum 

Pin 

Pout 

A “ray of light” containing N photons has: 
Energy:  
     and  
Linear momentum: 

E = Nhν 
 

P  =Nhν/c 

Arthur Ashkin, Bell Labs, 1970 

Excellent book by A. Ashkin:  
Optical trapping and manipulation of neutral particles using lasers 

World Scientific Publishing, 2006 



Let us consider some numbers: 
Given: W= 1mW, d=1um (m=1 pg), R=1; how big is F  ? 

Some crude calculation 

N= W/hν - number of photons/second 

p=hν/c    - momentum of a photon  

 

Force F, due to perfect reflection: 
F=dP/dt=2Np=2W/c ~ 0.66 x10-11 N 

Fmax ~ 10 pN   This is small ! 

 

But, acceleration, a, is: 

amax= Fmax/m= 104 m/s2 

amax= 103g  This is big ! 

 
actually F~0.1 Fmax and: 

a ~102 g  This is still big ! 

Pin= Np Pout= - Np 

dP=2Np F= dP/dt 

F= 2Np=2W/c 



Ashkin, Phys. Rev. Lett. 24 156 1970  

3D trapping 

With two counter propagating 

laser beams 

2D trapping 

With single laser beam focused 

through a lens with low NA 

Two dimensional (2D) and  
three dimensional (3D) particle trapping 



3D particle trapping using a single laser beam  
 

Laser beam focused through a high NA lens  
 OPTICAL TWEEZERS 

 



A. Ashkin, J. M. Dziedzic, J. E. Bjorkholm, and Steven 
Chu, Opt.Lett. 11, 288 (1986) 

Observation of a single-beam gradient force optical 

trap for dielectric particles 

Diagram showing the ray optics of 
a spherical Mie particle trapped in 
water by the highly convergent 
light of a single-beam gradient 
force trap.  

Photograph taken in red 
(water fluorescence), of a 10 
um sphere trapped with an 
argon laser beam, showing 
the paths of the incident 
and scattered light rays. 



Optical trapping and displacement   
of a silica bead (2 μm diam) 

c
WnQF m=

F – trapping force 
Q – dimensionless efficiency coefficient 
W – power of the laser beam 
nm – refractive index of the medium 
c – light speed in vacuum 

Ex: F= 1.33 pN for 
W= 1 mW, nm=1.33, Q=0.3  

A. Ashkin et al, Opt.Lett. 11 288 1986 

Beam focusing  3D bead trapping 

Beam deflection  bead displacement 

Sample cell 



OUTLINE 

 Optical tweezers – three dimension particle trapping:       how this works 

 

 Biochemical local cell stimulation using optically 
manipulated vectors (e.g. beads, biodegradable micro-sources, 
liposomes, QDs) 

 

 Biomechanical local cell stimulation and probing using optically manipulated 
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Functionalized beads 
COOH-NH2 

Filled liposomes 

2 um 

micro & nano Vectors 

Biodegradable polymers 



IR Trapping beam 

The vectors are driven to defined location by optical tweezers  

 and delivered by: 

- contact (beads or liposomes) – D’Este et al (2011) Integrative Biology 

Capillary reservoir filled with 
vectors, immersed in the Petri dish Cells in culture 

UV Breaking beam 

-or by breaking the liposome with UV laser pulses (liposomes) 
Sun and Chiu (2003) JACS 



Why local delivery / stimulation ? 

-  ideal for single (selected) cell experiments 

- different compartments of the cell can have different 
behaviors under the same stimulus 

- scale down the stimulation study at the level of very 
few molecules 

- stimulate different compartments of the cell with 
different molecules 

- high spatial and temporal resolution 

- ?????????? Open discussion 



Functionalized/coated beads 
(silica, polystirene, QDs ?) 

COOH-NH2 



in collaboration 
with: 

Brain Derived Neurothrophic Factor 



Experiment  
layout 



Increase of Ca++ level in cell body and stimulated dendrite, 
induced by BDNF local stimulation 



Beside Ca++ we have also proved: 

- the BDNF bead activates the TrkB 

receptor (phosphorilation) 

- c-Fos translocaton in nucleus 

- BDNF bead guides and stimulates 

dendrite /growth cone motility 



What we learned ? 
 
• A single BDNF coated bead is enough to activate the biological 
pathways in neurons. 
 
• BDNF do not necessarily need to be endocyted in order to trigger 
the receptor TrkB pathway (since the molecules are covalently 
cross-linked to the bead surface). 
 
• However, it would be interesting to study what happens when 
these molecules or other molecules are released in the vicinity of the 
cell and are endocyted.     



Microsources:  
beads biodegradable polymers 



Two facts 

Molecular gradients (spatial and temporal) are very important for 
various biological processes including cell polarization. 

Biodegradable polymer μ-sources/beads, which steadily release 
molecules, enable the control of molecular concentrations over 
length scales down to about 1 μm and time scales from 0.1 s to 1 h. 

An example 

PolyLactic-co-Glycolic Acid (PLGA) μ-sources/beads loaded with 
chemo attractant and respectively chemo repellant molecules are 
optically manipulated to study single human neutrophils (HL-60 
cells) polarization and motility.  

Chemoattractant: formyl-methionine-leucine-phenylalanine 

Chemo repellant: cytochalasin D. 





A chemo attractant-loaded particle induces cell motility and 
change of the direction of migration of a neutrophil.  

Movie – download supplementary material 



Migrating cell squeezes between two optically manipulated 
microsources of  cytochalasin D (chemo repellant) 

Movie – download supplementary material 



Take home learned things  
 

•Loaded microbeads allow to create spatial and temporal gradients 
of concentration inducing polarization and migration of the cell 
 
• However, the release of active molecules can be not triggered with 
high temporal resolution 
 



Filled liposomes 

Numerical example: 
1 nM concentration, 1 µm liposome  1 molecule (mean value) !!! 
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Liposomes 
 Spherical vesicles from 50 nm to 50 µm  
 Phospholipid bilayer membrane  
 Aqueous core 

Hydrophilic compounds localization 

Lipophilic compounds localization 

Chemical compounds carriers 

Khan  et al. 2007  
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4 Lipid films hydration 

Very simple and high reproducible 
 
Unilamellar liposomes 1-10 micron 

 
Encapsulation of large spectrum of molecules 

 
Low cost equipment required 

ADVANTAGES 

1. Deposition of lipid film 
 

2. Hydration with aqueous phase 
 

3. Purification in glucose gradient 

MAIN STEPS 

5 µm 

Hub et al, (1982) 

100X bright field Confocal stack 



Technique Validation: Hippocampal neurons stimulation with KCl 

Depolarization and calcium influx 

Return on basal levels 

Cells stained with OGB-488-BAPTA-1-AM 

G. Pinato, T. Raffaelli, E. D'Este, F. Tavano and D. Cojoc Optical delivery of liposome 
encapsulated chemical stimuli to neuronal cells, J. Biomed. Optics 16, 2011. 



Scale Bar = 2 μm 
Acquisition freq= 0.2Hz 

Time in min.sec 
Total time length  ̴ 2 h 

Growth cones ‘flirt’ 

Neurons release cues which are 
interpreted by nearby neurons. 

 

We mimic the release of one type of 
cue molecules and study the 
morphological answer (growth cone 
dynamics) of the neuron . 



Study case: 
Diffusion of the PrPc molecules from a photolysed liposome 

Motivation: 

PrPc - > Prion  neurodegenerative disease not understood 

PrPc was studied only in bulk and shown to have chemo attractant effect 
after 48 hours 

PrPC functions are mostly unknown 
 

Collaboration with Dr. Ladan Amin and  
Prof. Giuseppe Legname SISSA – Prion Lab 



Which is the concentration, c, in a point M(x,y,z) 
at time, t, after photolysis ? 

The liposome is approximated with a point source, unitary concentration, 
Coverslip surface is reflecting (second term) 
D – diffusion coefficient, a – liposome position (center) in z 

Z 

Y 

X 

M(x,y,z) 

a 

Cell 

Coverslip 
Liposome 



Collaboration with  
Prof. Vincent Torre - Lab 

SISSA – Neurobiology Sector 



Growth cones guidance 

10 um 

Netrin – 1 
 

(attractant / 
reppealent) 

Semaphorin 3A 
 

repellant 



Netrin-1 release 

Primary hippocampal neuron 1 DIV 

1 frame every 5 sec 

Before After 

(2:00) (6:00) 
min 



Netrin-1 release 
(different number of molecules) 

 

Number of molecules encapsulated  
in the vesicle (mean), N= 1800  

Scale bar 10 um 

Number of molecules encapsulated  
in the vesicle, N= 900  



Semaphorin-3A release 

1 frame every 5 sec 

Before After 

(2:00) (6:00) 
min 



Semaphorin-3A release 
(different number of molecules) 

Number of molecules encapsulated  
in the vesicle N= 2500  

Scale bar 10 um 

Number of molecules encapsulated  
in the vesicle N= 1100  



So what ? Are there here some facts ?             

 We introduce an optical manipulation technique to deliver with high 

spatial and temporal resolution active molecules for neurons 

stimulation 

 We scaled down to hundreds the number of molecules encapsulated 

by a liposome showing that less than 5 Netrin-1 molecules initiate 

attraction but 200 Sema3A molecules are necessary for repulsion of 

the neuron’s growth cone 

 Vectors as beads, microsources and liposomes can be used 

depending on application for local cell chemical stimulation 



• multiple tweezers with Spatial Light Phase 
Modulator - Hamamatsu 

Allows to implement 
all the schemes 
discussed  before 

SLPM 



 

 

Recent review: 

F. Difato, G. Pinato, D. Cojoc,  

“Cell signaling experiments driven by optical manipulation”,  

 

Int. J. Mol. Sci. 2013, 14(5), 8963-8984;  DOI:10.3390/ijms14058963 

Online (OPEN ACCESS): 

http://www.mdpi.com/1422-0067/14/5/8963 

 

http://dx.doi.org/10.3390/ijms14058963
http://dx.doi.org/10.3390/ijms14058963
http://www.mdpi.com/1422-0067/14/5/8963
http://dx.doi.org/10.3390/ijms14058963
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There are no facts , only interpretations ! F. Nietzsche: 

Miramare Castle, 
Trieste 
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