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Introduction

In recent years, the study of nanoparticle suspensions has become fundamental in
different fields, from medical biotechnologies (e.g. development of innovative vec-
tors for the intracellular drug delivery), to the food industry (e.g. study of new active
probiotical agents) and, in general, for the development of new materials.

For such applications, the knowledge of the physical properties of the suspended
nanoparticles, in particular size, shape, polydispersity, concentration, and volume
fraction, is of paramount importance. Electron and Scanning Probe Microscopies
have been widely used for the morphological characterisation, providing essential
information on the structure, shape and size of single nanoparticles. However, these
techniques usually provide a non statistically meaningful information on size par-
ticle distributions, since the study is based on a limited number of images. The
statistical significance can be improved by the acquisition of a very large number of
images, which, nevertheless, are cost and time expensive, and not representative of
the macroscopic level. For these same reasons, microscopy cannot provide quanti-
tative information, indispensable in many applications, on the concentration of the
suspended particles.

The statistically significant information of a particle suspension is typically ob-

tained from measurements of light scattering. The traditional technique of Dynamic
Light Scattering (DLS) is extremely efficient for this purpose and is extensively em-
ployed. However, DLS has three important limitations: i) it does not provide abso-
lute concentration values but relative to the different components only; ii) size deter-
mination is provided in terms of hydrodynamic radius that generally overestimate
the real one, as strongly depends on suspending fluid properties (i.e., temperature
and viscosity) and fluid-particle interactions; iii) scattered light intensity shows a
high power dependence on the particle radius. Thus a limited number of large par-
ticles (often even just impurities or dust particles) can mask the contribution of a
large number of small particles.
To overcome these drawbacks, alternative techniques based on the measurement
of turbidity of the suspension have been proposed. However, although these tech-
niques are conceptually quite simple, their practical implementation has presented
rather significant difficulties, which have severely limited their applications.

Only in the last ten years, thanks to the development of the tunable lasers, a new
technique based on Laser Transmission Spectroscopy (LTS) has been proposed by
Li et al., who realised the first LTS apparatus in 2010. LTS allows to determine the
density distribution of colloidal suspensions measuring the transmittance of a laser
beam as a function of the wavelength. The particle density distribution, as a function
of their radius, can be calculated through the Beer-Lambert law and the Mie scatter-
ing theory. The transmission data can be analysed and inverted by a mean square
root-based algorithm that outputs the particle density distribution as a function of
size.

In principle, this method allows to determine the size distribution of the particles



with a radius in the 10 nm — 2 um range, and the absolute concentration, with val-
ues between 10° part/ml and 107 part/ml. The possibility of measuring such low
concentrations represents a great advantage, particularly important for samples dif-
ficult to prepare, such as purified proteins, constructs of oligonucleotides, exosomes
and microvesicles. Moreover, LTS allows to have information also on particles of
different shape, e.g. shells, rod-like particles, etc.

During my PhD program, I have designed and assembled an innovative exper-

imental apparatus for LTS, which allows to obtain much better performances with
respect to that one proposed by Li et al. Furthermore, I have developed a Fortran
code for data analysis. The optical source emplyed in this apparatus is a pulsed
laser equipped with a Nd: YAG pump laser (pulse duration 3-5 ns), tuned through
an optical paramentric oscillator over a wide range of wavelengths (from about 410
to about 2600 nm). This source is a complex optical system which, using a pump
laser and the technology based on non-linear optics (parametric optical oscillators,
generators of second and third harmonics), is able to produce a laser beam that can
be tuned on a large wavelength range. The whole optical system is able to produce
two identical beams: the first impinges on the sample, i.e. particles + solvent, and
the second on the solvent only (reference).
Following the method proposed by Li et al., in order to cancel out the wavelength
dependence of the optical components and detectors, the currents generated by the
photodetectors are collected two times, by swapping the sample and reference po-
sitions. The transmission coefficient is then calculated as the double ratio of these
measured signals. With this configuration, LTS performances appear significantly
better than ones obtained with DLS and electron microscopy. LTS capability to
provide size and absolute concentration of particles has revealed fundamental for
some interesting cases of study in different field as pharmaceutics, biophysics, and
cultural-heritage. In particular, we studied liposomes for drug delivery, microvesi-
cles derived from Microglia cells in brain mice cancer, and nanocapsules as biocide
container for stone manufacts preservation.

Although the absolute concentration estimate results to be accurate and rather
robust, a close inspection of the results obtained from test measurements on stan-
dard polystyrene nanoparticles showed not negligible inaccuracies. In particular,
the width of the size distributions was partly uncontrolled, due to the strong depen-
dence of the analysis on the experimental errors.

To overcome this drawback, in collaboration with the Department of Industrial
and Information Engineering of the University of L’Aquila, we developed an in-
novative lock-in amplifier for the detection of the signal. Standard techniques for
small-signal detection indeed typically employ lock-in amplifiers whose sensitivity
and resolution are limited by the selected full-scale. These characteristics maximise
the apparatus sensitivity and resolution respect to the small amplitude variations of
the input signal. In particular, we designed a new, highly performant, variable gain,
lock-in amplifier that, optimized for repetition rate and pulse duration of our laser,
allows to detect small changes of the input signal.

Thanks to this custom variable gain lock-in amplifier, we proposed an alternative
method based on a calibration procedure, in which the gain of the new custom lock-
in is tuned, for each wavelength, to balance the transmitted intensity in both the
experimental optical paths. After the calibration run, it is possible to obtain the
transmittance, and the related extinction coefficient, as the single ratio between the



measured intensities. The performances of the new balanced method, which ex-
ploits the custom lock-in amplifier, result to be better than those ones obtained from
the double ratio procedure. In particular, the width of the size distribution is re-
markably reduced, providing a more reliable system characterisation.

In view of a future LTS analysis, a strong effort has been also devoted to the
study of Outer Membrane Vesicles (OMVs) produced by Escherichia Coli bacteria
(i.e. the analogous of exosomes for bacteria) by DLS and Small Angle X-rays Scatter-
ing (SAXS). DLS results showed interesting membrane properties, such as tempera-
ture driven phase transition, which could allow to relate OMVs with the progenitor
cells. Furthermore, SAXS analysis allowed to determine the membrane thickness
variation across the transition.

In these last months, thanks to a new funding, we were able to extend the acces-
sible laser wavelength range down to the ultraviolet region. At present, indeed, the
wavelength ranges from 210 nm to 2600 nm. With this upgrade, we hope to reach
LTS higher performances both in terms of minimum size (10 nm of radius) and in
concentration (3 — 4 order of magnitude lower). We believe that these enhanced LTS
performances could be particularly useful for a deeper insight of this kind of sys-
tems.

The outline of the thesis is herein presented.

Chapter 1: Laser Transmission Spectroscopy: theory and analysis software

In this chapter the basic concepts of Laser Transmission Spectroscopy (LTS) are re-
ported. In particular, the theoretical model that allows to calculate the extinction
matrix and solve the inversion problem, needed to obtain the particle density distri-
bution, is described in details. Finally, the basis of the algorithm for the data analysis
is introduced.

Chapter 2: Experimental setup and measurement technique

Here, I present the experimental setup and the detection system developed for the
transmission measurements. I report the method developed by Li. et al. [1] to obtain
the particle transmission coefficient from the measured transmitted intensities.

Chapter 3: LTS test measurements of standard samples

In the present chapter, I report the measurements and the computational analysis
to determine the sensitivity of the apparatus and the error associated with the de-
termination of the radius and concentration. To compare the peroformances of our
experimental setup with other standard techniques (DLS and SEM), we measured
samples with different size and concentration.

Chapter 4: Cases of study

Some interesting cases of study, for which LTS ability to provide size and absolute
concentration of particles has been revealed fundamental, are presented. In particu-
lar, I report the results obtained in different field as pharmaceutics, biophysics and



cultural-heritage. The studied samples are liposomes for drug delivery, microvesi-
cles derived from Microglia cells in brain mice cancer and nanocapsules as biocide
container for stone manufacts preservation.

Chapter 5: Variable gain lock-in amplifier for a new "balanced" measurement
method

In this chapter, I explain the new "balanced" method, implemented thanks to the de-
veloped tunable-gain lock-in amplifier, and report the test measurements to validate
the method itself.

Chapter 6: Towards LTS measurements of exosomes

In this chapter, I report a preliminary biophysical characterisation performed by
DLS, TEM and SAXS of OMVs. The results showed interesting membrane prop-
erties (phase transitions) that allowed to discriminate OMVs from Escherichia coli
grown at different temperatures.

These properties will deeply studied through LTS technique in the next future.



Chapter 1

Laser Transmission Spectroscopy:
theory and analysis software

In this chapter the basic concepts of Laser Transmission Spectroscopy (LTS) are re-
ported. This technique allows the study of the dimension and the absolute con-
centration of particles in suspension through the measurement of the transmission
coefficient as a function of the probing laser wavelength and the computation of the
extinction matrix.

In the first part of the chapter, we present the theoretical model that allows to cal-
culate the extinction matrix and solve the inversion problem, needed to obtain the
particle density distribution. Finally, we introduce the basis of the algorithm for the
data analysis.

1.1 The Beer-Lambert law

Our interest is focused on the interaction of a laser beam with a suspension of par-
ticles. As shown in figure 1.1, it is possible to assume a sample with optical path z
and particle density 7.

FIGURE 1.1: Laser beam trasmitted through a suspension of particles

The laser beam impinges the sample with intensity Iy, interacts with the sample
and then comes out with an intensity I;. The process of attenuation of the inci-
dent beam involves both scattering and absorption phenomena. The cross section
Oext(Ai, ) depends on the laser incident wavelength A; and on the radius of sus-
pended particles . Furthermore, the light attenuation process depends on the num-
ber of particles of radius r inside the scattering volume. This quantity is defined by
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the particle density n(r).

The relation between the transmitted intensity for a determined wavelength T(A;)
and the particle density n(r) is obtained by dividing the optical path through the
sample in slices of thickness dz. By intensity variation for each increment dz can be
obtained by the following equation [2]

Al = —0pxt (A, r)n(r)ldz (1.1)

where the minus sign is due to the decreasing intensity. Integrating the relation 1.1

I z
/1 ar _ —/ dz0uxt (A, )0 (7) (1.2)
L 1 0
we obtain the Beer-Lambert law
L(A) R
T\ — —e Oext(Ajr)n(r)z 13
( l) IO (/\l) ( )

where T(A;) is the transmittance at wavelength A;.

The equation 1.3 assumes a sample of suspended particles with identical radius (ho-
mogeneous sample). For a non-homogeneous sample, i.e. particles of different sizes,
T(A;) is the product of the transmittances for each “class” of particles grouped by
different radius r; and density n;. Therefore, for each wavelength A; we have

N
T(A;) = [T (i) = e b oenhomnz (1.4)
j=1

Employing the logarithm we obtain the effective sample extinction coefficient

In T()\l)

N
- = (Text(/\i/ 1’]')71]' (15)

=1

Kext = —

The relation 1.5 connects in a simple way the measured laser transmission as a func-
tion of wavelength T(A;) with the density of particles #; of radius r;. Therefore, to
obtain the density distribution of particles as a function of size n(r;), we have to

e calculate the extinction matrix ooyt (A, 7})
e invert the linear equations system .y = Zf\il Text (A, rj)nj

In next sections we will explain these two problems in detail.

1.2 Scattering by spherical particles: Mie theory

In order to calculate the extinction matrix, we can use the Mie theory that allows
to obtain a complete analytical solution for the scattering of an electromagnetic ra-
diation from homogeneous spherical particles. The Mie theory moves by Maxwell
equations to calculate a solution that takes into account the structural and symmetry
properties of the system.
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Following the reference [3] for the Mie theory it is useful to define the Maxwell
equations as

= o 4]  1dD
_ - 1dH

E=——— 1.7
V x % (1.7)
V-D=4mp (1.8)
V-H-= (1.9)

with the addition of charge conservation equation !

= - d

VT+ % =0 (1.10)

where ] and p are the current and charge densities, resepectively. Writing the Fourier
components for the electric and magnetic fields in complex forms,

E = Epe'! (1.11)
H = Hye'! (1.12)

defining the propagation constant in vacuum (i.e. the wavevector of the electromag-
netic radiation) as
w 2n
k=—=— 1.13
c )\0 ( )
and the complex refractive index of medium in terms of the dielectric constant € and
conductivity o,

m? = ¢ — S0 (1.14)
w
The Maxwell equations do result:
V x H = ikm*E (1.15)
V x E=—ikH (1.16)

From this, a relevant result is represented by the possibility to decoupling the Maxwell
equations. By applying the curl operator to equation 1.15 and using the following
relation,

—

Ax (BxC)=(BxC)x A=B(A-C)-C(A-B) (1.17)

we can write
V(V-H)—(V-V)H = ikm*(—ikH) (1.18)

and, using relation 1.9, we obtain
V2H = —k*m?H (1.19)
The same procedure can be applied for the electric field E

V2E = —k*>m’E (1.20)

IFor completeness of information we report also the relation between the electric field in medium
and in vacuum D = eE
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where in this case is assumed the absence of charge, i.e. p = 0. In conclusion, from
the electromagnetic theory both the fields are solution of the wave equation

V¥ = —Pm*¥ (1.21)

The electric and magnetic fields are mutually perpendicular. Moreover, in the free
space (as the case of the transmission measurements) one solution is a plane elec-
tromagnetic wave. For the measurements purposes, we neglect the Gaussian beam
behaviour of the laser beam used for the experiments therefore, the fields can be
represented as plane waves

Yy — ei(km)z+iwt (122)

with a propagation constant in the medium (k - m).

Boundary conditions

We consider two isotropic and homogeneus media divided by a sharp surface as
shown in figure 1.2, characterised by the costants €1,01,m; and €3,02,m, (where € and
o are the dielectric constant and conductivity respectively, and m is the refractive
index). If we define 71 as the unit vector normal to the interface between the two

Y

€2, 02, M2
n
; pud
4
a l\\
.\‘ x
: £
0
Z €1, 01, My

FIGURE 1.2: Sketch of a homogeneous sphere with radius a, refractive

index mj, the real part of dielectric constant e; and conductivity oy,

in a medium of refractive index mj, the real part of dielectric constant

€7 and conductivity . The vector 7 is a unit vector normal to the
surface of the sphere.

media, directed into medium 2, the field components tangential to surface verify the
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following relations

A x (Hy—H) =0 (1.23)
ix(E,—E)=0 (1.24)

The boundary conditions for the normal components are given by

fi-(Hy—Hy) =0 (1.25)
X (mzzgz — TTZ12E1> =0 (126)

The set of equations must be completed by adding the boundary conditions on the
surface charge. Defining ¢ as the surface charge density and J; the surface current
densities at the interface between two media, the equation 1.10 becomes

- o dé
(o= T1)+ 5 =0 (127)

which, combined with equation 1.26, gives the following relation
- (e2Ey —e1Ey) = 476 (1.28)

If we consider two non absorbing media, the refractive indices my e m; are real
and finite, implying null surface charge density and null surface current. For this
reason, to obtain the solution, only the field boundary conditions are applied. For a
discussion of the case of metallic particles, see the reference [3].

Wave equation solution in spherical wave functions

Since we are interested to study the scattering process from spherical particles, we
write the previous equations in spherical coordinates to fully exploit the advantage
to use this symmetry. For simplicity, in the following calculations we will indi-
cate with m the particle refractive index (m = m;) and we will assume the external
medium as vacuum (mp = 1).

Since spherical waves are a complete orthonormal system of functions, it is pos-
sible to expand the plane waves, solutions of the equations (1.19, 1.20), in terms of
spherical waves.

First of all, using spherical coordinates

7 = [rcos¢sing, rsingsinb, rcost)] (1.29)
the solutions of the scalar wave equation
¥ = —kK*m*Y¥ (1.30)
can be expressed as linear combination of such elementary solutions

Y1, = cos[l$p] P, (cos®)Z, (mkr) (1.31)
Y1, = sin[lp| Py (cos) Zy, (mkr) (1.32)
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Here, n and | are integers that follow the relationn > [ > 0, P,! are the associated
Legendre polynomials and Z,, are the spherical Bessel functions

Pl = (1) ) (1.39)

Zy(x) = \/§ZH+%(x) (1.34)

The wave functions are in scalar form, whereas equations of our interest (1.19,
1.20) are in vectorial form. Elementary solutions of our vectorial equations can be
found bearing in mind that if ¥ is the solution of the scalar wave equation, then the
fields M and N defined by the following relations

My = A x (7¥)
mkNy¢ = A x (My) (1.35)
mkA_)qu =AX (N\y)

are solutions of the corresponding vectorial wave equation.
Writing the fields in spherical coordinates,

- 1 6(rY) 10(rY

N = (M,, Mg, My) = (o, Lo ] (&))) (1.36)
o _(8A(rY) 16%(rY) . 6% (rY)

N = (N,, Ny, Np) = < 572 "7 ro0 ,rsinf 5169 ) (1.37)

if u and v are two solutions of the scalar wave equation, it is possible to express the
electric and magnetic fields in terms of M and N fields using the following expres-
sions

E = M, +iN, (1.38)
H = m(—M, +iN,) (1.39)

The solution to the problem is thus reduced to search scalar functions u and v.

Considering the scattering from a homogeneous sphere, we set the origin at the
center of the sphere, the positive z-axis along the propagation direction of the inci-
dent wave and the x-axis in the plane of electric oscillations of the linearly polarized
incident wave.

We can write the incident wave components as

E — ﬁxefikaLiaJt (140)
FI — ﬁyefikquiwt (141)

where 4, and 4, are the unit vectors along x and y directions.
As discussed above, the incident waves in scalar form can be written as

a 2n+1

“teose 2 Tl) 1 (cos8)j, (kr) (1.42)
“tsing Z —i) 2211) 1 (cos8)j (kr) (1.43)

where j, are spherical Bessel functions of first kind.
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A complete solution, outside the sphere, has the same form of the incident wave.
Indeed, the field outside the sphere is the sum of the incident and the scattered
wave. Therefore, the scalar wave functions are

; = an 2n+1
s _ lwt o _A\n 1 (2)
u' =e cosgbnE:1 an(—1) 7n(n+1)P" (cosO)h, ' (kr) (1.44)
05 = eising n; —bn(—i)”mPnl(cose)hn(z)(kr) (1.45)

where h,'?) are the spherical Bessel functions of second kind.

The series above, as well as those for the incident wave, contain only simple
solutions in terms of the Legendre polynomials of the first order P}. The coefficients
a, and b, have to be determined through the boundary conditions. The choice of the
spherical Bessel functions of second kind @) is due to their asymptotic behaviour,

@) A
hy, " (kr) ~ P (1.46)

which, combined with the factor %!
for the scattered wave.

Likewise, the waves propagating inside the sphere are given by the series

, gives an outgoing spherical wave, as required

a 2n+1

usPh — eiwtCOS(P n;l mcn(—i) mpnl(cosf))jn(ﬂﬂﬂ’) (1.47)
v = e“sing Y md,(—i)" 2n+ 1 P, (cos)j, (mkr) (1.48)

= nn+1)

where ¢, and d,, are other two undetermined coefficients.

To obtain the analytical solution, the coefficients a,, b,, c,, d, must be calcu-
lated. We note that the field tangential components Eg,Ey,Hg,Hgp, obtained combin-
ing equations 1.36, 1.37 with 1.38, 1.39, exclusively depend by

1 6(ru) d(rv)
m or ' s or

0, (1.49)
Since on the surface of the sphere (r = a , where a is the sphere radius) the field
tangential components do not change, we can impose boundary conditions simply
matching the functions u and v and their first derivatives.

To simplify the notation, we can introduce the Riccati-Bessel functions

D) = 2@ = (Z) @ (1.50)
&z) = zh,P(z) = (ZZ)%HH%(Z) (z) (1.51)

and the dimensionless variables
x = ka = 27 (1.52)

u = mka (1.53)
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Using this notation, the boundary conditions are

n(x) — anGn(x) = menipn (1) (1.54)
¥’ () — andu' (x) = cath’ (1) (1.55)
(%) = bun(x) = duipu(p) (1.56)
P (x) = buGn’ (x) = mduip () (1.57)

from which we derive the coefficients

L/ 09n(x) — (09 ()
" (1) (x) — i (1) (x) (1.55)

_m¢n<> o) — P ()
o = o (1)En(x) — P (1)’ () 159

. — Yo' ()8 (x) — Pu ()G’ (x)
T 0 (10 (x) — mpn ()2 (1) (1.60)
(1080 () = (108 (2 e

o (18 () — P () (x)

These coefficients complete the analytical solution to the problem; the electric
and magnetic fields can be expressed through analytical functions in each point of
the space inside and outside the sphere. We, then, generalise the solution for parti-
cles suspended in a medium different from vacuum (for simplicity in the previous
treaties we have assumed medium refractive index as 1). If we assume that the
surrounding medium has real refractive index m; (not absorbing medium) and the
spheres have refractive index m; (real or complex), we can generalise the solution
by replacing the refractive index m (used above) with

mq
=— 1.62
o (162)
and the wavelength in vacuum with
)L — )\'UQCMMWZ (1.63)
ms
and, consequently, the Mie parameter with
2ra _ 2mams (1.64)

/\ )\vucuum

Using these parameters, all functions described before remain in the same form.
For our purpose, we are interested in solutions outside the sphere and therefore in
the coefficients a,, and b;,.

1.2.1 Scattering by shelled spherical particles: Adan-Kerker theory

As for spherical particles with Mie theory, also for coated spheres it is possible to
give a complete analytical solution for the scattering of electromagnetic radiation
through the Adan-Kerker theory [4].

Differently from the case of homogeneous spheres (see figure 1.3) there are three
propagation constants ki, ko, k3 (and different refractive indices m1, my and ms3) for
different materials of core, shell and external medium. We also have a radius a for
the core and a radius b for the total sphere. From the formal point of view, the
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FIGURE 1.3: Sketch of a coated sphere with core radius a and shell
radius b. ki and my, ko and mjy, and k3 and mj3 are the propagation
constants and the refractive indices for the core medium, the shell
medium, and the external medium, respectively. The vector 7 is a
unit vector normal to the external surface of the coated sphere.

problem is analogous to that one of homogeneous spheres. In terms of scalar waves,
the incident radiation is represented by

u = “teose Z( 21:1 i 1) L(cos0)j, (ksr) (1.65)
o = e“sing Z %Pnl(cose)jn(kgr) (1.66)

the scattered wave in the external medium by

2n + 1 (2)
s _ _an
o= wleose Z i) n(n 1 1) L (cosB)anhy,' (ksr) (1.67)
v = e“sing Z 2n——i_i:;Pnl(cos@)anhn(z) (ksr) (1.68)
the wave in the shell by
uh = “teosg E M P, (cos8) [cnjn(kar) + dunn (kr)] (1.69)
n(n+1)

sh . iwtgz: _-n2n+1 :
o = —e tsmgbng:l( i) —n(n+1)Pn1(cos(9)[en]n(k2r)—|—fnnn(k2r)] (1.70)
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where 1, are also Bessel funtions, and wave in the core by

u® = cosqbz —i) 2211) 1 (c080) gujin (k17) (1.71)
v = szmpz %Pnl(COSG)hn]'n(klf) (1.72)

Also in this case, to calculate a;, by, ¢y, dyu, €n, fn, §n, hu coefficients, we impose
boundary conditions simply matching the wave equations and their first derivates
atr = a (i.e. the interface between core and shell) and at r = b (i.e. the interface
between the shell and the external medium). Introducing the Riccati-Bessel funtions
already described before (see equations 1.50,1.51) combined with

TZ\ 3
n

x(2) = —zm(e) = = () 'Noyy () (1.73)

the boundary conditions can be expressed as

0
= 0

myCppy, (max) 4 mydy X, (max) — magnpy, (myx)
Cntpn (max) + dy)xn(max) — guipyn(mix)
Cntpy (may) + duxy (may) — maanly(y) = —magp,(y)
Cntpn(may) + dnxn(may) — anln(y) = —¢u(y)
entpy (max) + fuxy (max) — hupy, (mx) = 0
myen Py (max) + my fuxn(mox) — mohy P (mx) = 0
entpy (may) + fuxn(may) —buGy(y) = —9(y)
enPu(may) + fuxn(may) — mabplu(y) = —mapu(y)

Here we have assumed a non-absorbing external medium and we defined the
parametres x = kza = 2ma/A and y = kzb = 27tb/ A, and the refractive index of the
core my = ki/ks and of the shell m, = k,/k3 relative to the external medium. The
above system of equations can be easily analytically solved but, for better readability,
we report only the coefficients of our interest a,, and b,,.
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myy, (mox)  max, (mox)  —moy (max) 0
Pn(max)  xu(mox) — —pu(mix) 0
Yn(may)  xu(may) 0 —mapy, (y)
gy = | nlmay)  xn(may) 0 —¢n(y) (1.74)
myy, (max)  max;, (max)  —maipy, (max) 0
P (m2x) Xn(m2x) —n(1m1x) 0
Yn(may)  xu(may) 0 —m28,(y)
P (m2y) Xn(m2y) 0 —&n(y)
Pn(max) — xp(max) — —y(mx) 0
My (max)  mixu(max) —motpy(mix) 0
%Emzyg x;Emzyg 8 —%(y()>
P (may Xn(M2y — Moy
DT g xmy) gm0 (1.7
my Py (max)  mixn(max) —mop,(mix) 0
Yu(may)  xn(may) 0 —&u(y)
Yu(may) — xn(may) 0 —m28n(y)

1.3 Extinction cross section

From the previous calculations, it is now possible to calculate the extinction cross
section Opy;.

We consider asymptotic wave functions for the scattered radiation [3]. This pro-
cess is equivalent to write the Bessel functions as @) (kr) ~ 1L pikr

kr
The wave functions thus result

_ _i —ikr+iwt = _a\n 2n+1 1
= —ie cosgbn;l {( i) a”n(n - 1>Pn (cosh) (1.76)
__i —tkr+iwt - _\n _ 2n+1 1
v=—pe Slmp; [( i) bnin(n - 1)Pn (cos6) (1.77)
To simplify the notation we introduce the quantities
71, (cos0) = ﬁlﬁ(cos@) (1.78)
T, (cosh) = ;;P,}(COSB) (1.79)
The field tangential components (1.38, 1.39) become
Eo = Hy = —ée_ikr““’tcosngQ(B) (1.80)
—Ep = Hy = —-—e ¥ +lsingpg, (6) (1.81)

kr
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where S1(0) and S,(0) are the amplitude functions

$1(0) = im (03700 (c0s8) + byt (c056)] (182)
S»(0) = i nz(zj—:i) [0y 7T, (c086) + a,, T, (cos0)] (1.83)

directly related to the amplitude of the scattered electromagnetic radiation at a given
angle.

Since we are interested to the trasmitted radiation, the angle of interest is 6 = 0,
therefore

(1) = (1) = %n(n +1) (1.84)

and

N\)—\

Z (2n+1)(an + by) (1.85)

Using the foundamental extinction formula, the extinction matrix ¢,y can be ex-
pressed as

4 o0
ont = ,77;% - i; Z (21 + 1)R(ay + by) (1.86)

1.4 The inversion problem and Tikhonov regularization

The most delicate problem of this treatment is that one related to the inversion of the
equation 1.5, which its integral version is known as Fredholm integral.

.
Noxt = / ! Oext (A, 1)n(r)dr (1.87)

Written in terms of operators, the linear system of equations 1.5 becomes

Rext = Oext * 11 (1.88)

This problem results ill-posed and overdeterminated, whereby it can not be solved
analytically. Indeed, the inverse operator ,,; * exists but it is not continuous [5].
The experimental error of measured a,y; introduces multiple solutions, of which
only some of them have physical meaning [6]. From LTS measurements we get a
number of equations (corresponding of the number of wavelengths) that in general
is larger than the number of unknowns (i.e. the number of the radii r; of particles)
to be reconstructed. This generates overdetermination, therefore if the simple ma-
trix inversion was used to calculate the system, the solution obtained would be not
unique and unstable. In other words it would be a non-physical solution.

To solve ill-posed problems, algorithms based on least squares are generally em-
ployed. This kind of algorithms are based on the minimization of the quantity

= 2
| Gext - 71" — Rext | (1.89)
so as to choose as solution the vector 7’ closest to the analytical solution provided

by
= Rext * 516}(1‘71 (190)
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In the case of the Fredholm integral, the solution is extremely sensitive to small
perturbations and a classical least-squares algorithm fails to compute it. A possi-
ble method to calculate the solution was proposed by Tikhonov and it is known as
Tikhonov regularization method [6, 7]. This is a least-squares method where the
quantity to minimize is
= S o2 Fooq2

|Text - 1 — &ext||” + || AL - 71| (1.91)
The parameter A and the operator L, if properly chosen, permit to regularise the
system and to select non-oscillatory solutions.
Tikhonov regularization is based on the general idea that the least deviation of the
quantity G,y - 71 by the measured vector @y is stabilized through a non-negative
functional Q)(7), defined on a subspace of the set of solutions as long as it is a metric
space.
The approximate solution is calculated minimizing the quantity

P%q (‘iﬁxt -1, fiext) + Aﬂ(ﬁ) (1.92)

where p4 is the metric of the space A of the measured extinction coefficients vector
&. If Gext is a linear operator and the spaces A, N of &,y and 7 are Hilbert spaces,
regularization method is reduced to search the solution of the following equation

(‘=7ext*5ext + Ai)ﬁa == &*&ext (1-93)

where i, is the approximate solution and L is the matrix representation of the oper-
ator ().

In the next section we introduce a possible method to estimate the regularization
parameter A.

Estimation of the regularisation parameter

A possible method to estimate the regularisation parameter A is the so called Self-
Consistente Method [8].
Considering the system

Roxt = Opxt - 1 (1.94)

the quantity to minimise is

N
Xﬁ = Z((fxext)i - (Eext : ﬁ)i)z + A|ﬁ’2 (195)
i=1

The Singular-Value-Decomposition [9] allows us to decompose the matrix Fex¢ and
write the estimated solution as

M
A
in=1Y_ mﬁv(ﬁv - Rext) (1.96)

v=1
where 1, are the eigenvectors of the matrix GoxtGoxt |, Uy those ones of Goyt ! Fext and
Ay are the square roots of the eigenvalues of (thTFTgxt. To take into account that &,
is a measurement with an experimental error, we introduce the quantity a. with

components
o = (Qext)i + €1 (1.97)
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where 7; are Gaussian variables with mean equal to zero and variance J;;.
Therefore, it is possible to write the solution as

M
Np= Y —o,(a, ) (1.98)
v=1 )‘V +A

and define the expected error in terms of mean square root between the quantities
defined by equations 1.96 and 1.98

(Du(A)) = ((71a — Na)?) (1.99)
The minimised quantity is chosen as the regularisation parameter

5
A (Du(A) =0 (1.100)

1.5 LTS.f analysis software

In the first part of this chapter we have analysed the theory behind the functioning
of LTS. Two problems have to be solved computationally, one relating to the calcula-
tion of the extinction matrix o,y (A, r]-) and the other one to the inversion of the linear
equations system a,y; = Zfil Oext (A, rj)n j (in continuous form in equation 1.87). We
have seen that it is possible to calculate o, for homogeneous spheres via Mie theory
and for shelled spheres via Adan-Kerker theory. For the inversion problem we have
analysed the Tikhonov theory that allows to solve the linear equations system and
obtain physically meaningful distributions.

On this theoretical background, we have written a Fortran code, i.e. LTS.f, which
calculates the particle density distribution by reading the measured extinction co-
efficient as a function of the wavelength of the impinging laser beam. Our code is
based on the use of subroutines available in litereture for the o0,,; calculation, i.e.
MIEVO.£f [10] for homogeneous spheres, BHCOAT.f for the shelled spheres [11] and
the FTIKREG.f program for the Fredholm integral solution [12]. In figure 1.4 is re-
ported the flow chart of the LTS.f program, where the blocks relative to the three
routines are highlighted with different color. In the following the details of the pro-
gram are well explained.

1.5.1 MIEVO0.f: extinction matrix for homogeneous spheres

In LTS code, we use MIEVO0 subroutine to calculate the extinction matrix o.,;. The
algorithm of this routine is based on the Mie theory for homogeneous spherical par-
ticle scattering, discussed in the section 1.2.

MIEVO is able to compute different quantities and, in particular, as explained in
MIEV documentation [13], is able to calculate, among various things,

o the scattering and extinction efficiencies;
o the asymmetry factor;

e the forward and back-scattering amplitudes;
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main program
FTIKREG.f

/ read the extinction coefficient Et{,_ﬂ/

shelled
sphere

homogeneous

sphere compute the

extinction matrix

al‘xf p—

MIEVO.f

minimise the quantity evaluate the
1Fext - 78 — ext|* + |AL - A7 parameter A

¥

/ write the density distibution j7 /

FIGURE 1.4: LTS.f flow chart: in blue are highlighted the blocks rel-
ative to FTIKREG.f, in red the ones relative to MIEVO0.f, in orang the
ones relative to BHCOAT.f.

e the scattering amplitudes vs. the scattering angle for incident polarisation par-
allel and perpendicular to the plane of scattering;

e the coefficients in the Legendre polynomial expansions of either the unpo-
larised phase function or the polarised phase matrix.

Our interest is focused on the extinction efficiency Q. (according to the notation
of Bohren & Huffman [11]) because it is directly related to the extinction matrix

Oext = <7T72)Qext (1101)

where r is the radius of homogeneous sphere.

In details, the subroutine requires eleven input variables and provides eleven
outputs. In input, we have only two variables with physical meaning, i.e. the Mie
parameter XX and the complex refractive index of the sphere CREFIN. These vari-
ables are defined in the main program LTS.f within a double cycle that allows to vary
the radius of the sphere and the wavelength of the incident light.

Considering the presence of an external medium different from vacuum, we have
preliminarly defined the dispersion relation m(A) (i.e., the complex refractive index
as function of wavelength) of the materials outside the sphere beyond that one in-
side. In particular, for all the samples studied in this thesis, the external medium
used is water and the associated dispersion relation is taken from literature [14]. For
the sphere materials, indeed, we have used Polystyrene, Cellulose, Silver and Silica
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SUBROUTINE MIEVO( XX, CREFIN, PERFCT, MIMCUT, ANYANG,
& NUMANG, XMU, NMOM, IPOLZN, MOMDIM, PRNT, QEXT, QSCA,
& GOQSC, PMOM, SFORW, SBACK, 351, 52, TFORW, TEACK, SPIKE )

IMPLICIT NONE

LOGICAL ANYANG, PERFCT, PRNT(#)

INTEGER IPOLZN, MOMDIM, NUMANG, NMOM

REAL#8 GOSC, MIMCUT, PMOM{ O:MOMDIM, # ), QEXT, QSCA, SPIKE,
& AMU(#), XX

COMPLEX CREFIN, SFORW, SBACK, Si(=#), 852(%), TFORW(#), TBACK(%)

FIGURE 1.5: MIEVO subroutine heading as declared in LTS.f main
program

with different dispersion relations, respectively from references [15, 16, 17].
Considering the cited dispersion relations and definitions 1.62 and 1.64, we have
defined the two input paramenters as

XX = (1.102)

CREFIN = —— +i— (1.103)

where RE and CE are the real and imaginary components of the external medium
dispersion relation, while R and C are the correspective for the sphere material.

As to the output parameters, we are interested at the QEXT value, which, through
the relation 1.101, provides the extinction cross-section for a given sphere radius and
a given wavelength.

1.5.2 BHCOAT.f: extinction matrix for shelled spheres

For shelled spheres extinction analysis, we have modified the first version of LTS.f
program sobstituing MIEV0.f subroutine with BHCOAT.f.

In this case, the routine algorithm is based on Adan & Kerker theory [4] reported
in section 1.2.1. BHCOAT subroutine has four input parameters XX, YY, REFRELI,
REFREL?2 and four output parameters QQEXT, QQSCA, QBACK, GSCA. All these
parameters have physical meaning and, in particular, the input parameters are de-
fined as

27-[7’607%3REmedium

x — k (1.104)
Yy — Zﬂrshelllemedium (1.105)
REF,
REFREL1 = - (1100
RE yedium
REFREL? = Ckshe (1.107)

REmedium



1.5. LTS.f analysis software 21

where 7 and 74, are the radius of the core and shell, respectively, REF., and
REF;p,; are the compex refractive indices of the core and shell, and RE,; 4y, is the
real part of the medium refractive index.

The two parameters XX and YY are the analogous of Mie parametres but for a
sphere with the core radius and for another with the shell radius. The others pa-
rameters REF.,,, and REFy,,;; are the refractive indices of core and shell, relative to
the medium.

The output parameters, instead, are the extinction and scattering efficiencies QQEXT
and QQSCAT, the backscattering efficiency QBACK and a parameter that evaluates
the cosine of the scattering angle GSCA.

Also in this case, we define the input parameters in the main program LTSshell .,
and compute XX and YY within a double cycle that varies the radius and the light
incident wavelength. Actually, to simplify the algorithm, the shell radius rg,; is
computed inside the cycle that varies the core radius 7. by the relation

Fenell = Teore + SHELL_THICKNESS (1.108)

where SHELL_THICKNESS is the thickness of the shell, which is screen required
during the execution of main program.

As for the homogeneous sphere program, we are interested only at the extinc-
tion efficiency QQEXT that allows us to calculate the extinction matrix through the
relation 1.101.

1.5.3 FTIKREG.f: inversion of the equations system

The program FTIKREG.f developed by Jurgen Weese [12] allows us to calculate this
solution using the Tikhonov regularisation.

In general, this program is written to extimate the function f in an extended version
of the Fredholm integral of first kind

o(t) = / K ) f(s)ds + iajbj(t) (1.109)
. o

Smin

Considering the errors o7, ..., 0, of the experimental data g”(t1), ..., g7 (t,), Tikhonov
regularisation allows to obtain the function f by minimising the quantity

via) =Y & (gf - ( / " K(tys)f(s)ds + flajbf(ti))) +A|LfI?  (1110)
P

=o? Smin

where L is the non-negative operator, i.e. usually the identity (Lf = L) or the first
derivative (Lf = f”), and A is the regularisation parameter. Choosing a proper
value for A, the first term on the right hand side of equation 1.110 forces the func-
tion f to be compatible with the experimental data whereas the second term drives
the function f to be smooth, not-oscillating and not-divergent. To do this, FTTIKREG.f
program offers the possibility to estimate the optimal value of A by using the Self-
Consistent method described above.
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In LTS.f code we have adapted the FTIKREG main program to solve our problem
1.5. In particular, in the equation 1.110 we have imposed

j=1

and defined the Kernel function as
K(t,S) = Uext(A/ T') (1112)

through the subroutines MIEV0 (homogeneous spheres) and BHCOAT (shelled spheres).
Beyond that, we have defined as function g(¢) the extinction coefficient a(A) and,
consequently, the experimental input data and errors as the measured a** (A1), ..., a®%(A)
and Aay, ..., Aay. In such a way, the obtained solution function f(s) from LTS f is the
particle distribution density n(r).

The program FTIKREG (and conseguently the program LTS) reads both the in-
put data and parameters by two ASCII files that in our case are called LTS.dat and
LTS.par. After the computation, the program writes the estimated solution in a out-
put file called LTS.sol (ASCII).

The data file (LTS.dat) must contain three numerical columns, because whichever
non-numeric value cannot be read by the program. The first column must contain
the wavelengths at which the extinction coefficients are maesured. The second and
the third columns, instead, are reserved to the measured extinction coefficient val-
ues and the associated experimental errors respectively. In principle, the number of
lines in this file, i.e. the number of experimental data, is not fixed and the only limit
is rapresented by the size of the available memory of the computer.

The parametre file (LTS.par) must contain two columns (numerical values and name
of parameters respectively) with 8 lines. In this file all the parameters nedeed by the
program are defined, as shown in figure 1.6.

400 ns

320 smin
1200 Smax
360 n

13 e rrmod
1 error
43 regmod
leld lambda

FIGURE 1.6: Example of parameters file read by LTS.f

The meaning of these parameters is explained in the following list:

¢ ns (integer)
Number of points at which the density distribution n(r) should be calculated
(2 < ns < 7000)

e smin (real)
Minimum radius at which the density distribution 1(r) should be calculated
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e smax (real)
Maximum radius at which the density distribution #(r) should be calculated

e n (integer)
Total number of data points (number of measured «(A) in LTS.dat)

e errmod (integer)

Type of data errors used for calculation. The parameter has two digits. The
tirst digit determines if the error must be multiplied by a scaling factor defined
by the parameter error (digit value equal to 1) or by a scaling factor calculated
by the program (equal to 2). The second digit determines if the data errors
(multiplied by the scaling factor) are read from LTS.dat (digit value equal to
1) or the data are assumed with an absolute error (equal to 2) or relative error
(equal to 3)

e error (real)
Error scaling factor. This value is used only if the first digit of errmod is equal
to 1. For errmod = 12 or errmod = 13, this parameter is an extimation of the
absolute or relative error, respectively

e regmod (integer)

Choice parameter for the regularisation method. The parameter has three dig-
its. The first determines whether in regularisation parameter calculation the
constraints that the tails of the function () vanishes smoothly, must be con-
sidered (digit equal to 2) or not (equal to 1). The second digit determines if
the regularisation parameter A is taken by the parameter lambda (digit equal
to 1) or calculated through the SC-method (equal to 2). Finally, the third digit
determines if the operator L is the identity Ln = n (digit equal to 1), the sec-
ond derivative Ln = n” (equal to 2) or the second derivative with the previous
contraints on the function n(r) (equal to 3)

e lambda (real)
Given value for the regularisation parameter A. This parameter is used only if
the second digit of regmod is 1.

The output file LTS.sol contains ns lines. The results are written in four columns
where the first one contains the radii r; where the density distribution is recon-
structed. The second and third columns, in our case, contain exactly the same values
of the calculated n(r;), whereas the fourth column contains the errors associated to
n(r;). The two identical columns in the output file are due to FTIKREG program,
that allows to calculate two different set of data, with two different solutions. For
the details we refer to the Weese user manual [18].
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Chapter 2

Experimental setup and
measurement technique

In the first chapter, we have seen how to obtain the density distribution function of
a sample of suspended particles from the measure of the transmission coefficient at
different wavelengths of the incident laser beam.

In this chapter, we present the experimental setup and the detection system devel-
oped for the transmission measurements. In particular, we report the particle trans-
mission coefficient obtained from the measured transmitted laser intensities [1].

2.1 Experimental setup

Thanks to the advances both in light source technology and in detector performances,
we have developed a relatively simple experimental setup for the measurement of
the transmission coefficients in the wavelength range from 410 nm to 1100 nm, which
is the range of interest for the characterisation of different samples (e.g. suspensions
of nanoparticles and nanovesicles).

The scheme of the LTS setup is reported in figure 2.1. The setup can be ideally di-
vided in four parts:

e light source (i.e. the tunable laser)
e optical components

e sample holder

e detection system

The principal component is a tunable laser that provides a pulsed light beam that
is partially reflected by an optical window (only few percent of the emitted beam is
reflected) to avoid both sample damage (particularly in biologial applications) and
damage of the optical components. The laser intensity can be further reduced by
neutral density filters. A mirror directs the beam on a broadband beamsplitter that
splits it in two parts. Each one of the two resulting beams, focalised by a pair of
lenses, passes simultaneously through the sample and reference channels, and is
detected and analysed by the detection system, composed by two detectors and a
lock-in amplifier. In the next sections, all the setup components are descibed in more
details.

2.1.1 Lightsource

The light source is a Tunable Nd:YAG-Laser System mod. NT342B (Ekspla, Vil-
nius, LT)[19]. This laser system is tunable in the wavelength range from 410 nm
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BD Laser
W |
410 nm - 2600 nm
(extendible to 210 nm - 2600 nm)
F
m L %
. ™ 3
= A— g =
' Ls =] PDs gz
44— /B— ] —
BM B | Ve

FIGURE 2.1: Scheme of the Laser Transmission Spectroscopy appara-
tus; the principal components are the tunable laser (Laser), the irises
(I), the optical windows (W), the beam dumper (BD), the filters (F), the
broadband fully reflecting mirrors (BM), the broadband 50/50 beam-
splitter (BS), the lens collimating systems (Ls), the rotating sample
holder (RSH), the Si photodetectors (PDs) and the electronic condi-
tioning circuit. This electronic circuit provides two voltage pulses V4
and Vjp proportional to the intensities of the incoming laser beam on
the photodetectors A and B, respectively.

to 2600 nm, and can be upgraded with different tools to extend of the wavelength
range in the UV region (down up to 210nm) 1. It consists of a pulsed Nd-YAG laser
generating a fundamental radiation at 1064 nm, which is converted into the second
and third harmonics (at 532 nm and 355 nm respectively). The laser beam passes
through an optical parametric oscillator (OPO), which generates the various output
wavelengths through the rotation of two nonlinear crystals, generates the various
wavelengths. The principal components of the NT342B laser are reported in figure
2.2. First of all, we focus on the Nd:YAG pump laser. The active medium material
(Nd:YAG rod) is hosted in an unstable optical resonator with a concave rear mir-
ror (99% of reflectivity) and a convex output variable reflectivity mirror. Inside the
cavity, a polariser and a Pockels cell (forming the Q-switch system) are also present,
which allows to provide the nanosecond laser pulses. As known, the Pockels cell
consists of a crystal that becomes birefringent when an electric field is applied. This
device permits to select a particular polarisation at certain voltage and, combined
with the action of the external polariser, allows to fast switch the resonator cavity
Q-factor. While the voltage is applied on Pockels cell,the Q-factor is very low, thus
corresponding to very high intracavity losses. The Nd:YAG rod is pumped by a flash
lamp to reach the maximum population inversion. When the maximum population
inversion is reached, the voltage applied to the crysral drops fastly to zero allowing
for the generation of laser pulses with a duration of about 5 s, at a repetition rate of
10 Hz.

The generation of second (532 nm) and third (355 nm) harmonics is carried out by
two nonlinear crystals of Potassium Dideuterium Phosphate of type II (DKDP-II).

n September 2019, the wavelength extension was carried out and currently the laser is operating
in the range between 210 nm and 2600 nm.
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FIGURE 2.2: Picture of the principal components of the Nd:Yag tun-
able laser.

These crystals are positioned along the Nd:YAG beam optical path at fixed orienta-
tion, thus satisfying the phase matching conditions [20]. Since the angle at which
the phase matching is achieved strongly depends on the crystal temperature, and
the DKDP-II crystals are highly hygroscopic, they are mounted inside two ovens
that mantain them at the constant temperature of 60 £ 1°C.

The harmonic radiation propagates collinearly to the fundamental beam, whereby,
a dichroic mirror is employed to isolate the third harmonic required to activate the
OPO. The generated pulses have a measured energy of ~ 96 m] at 355 nm.

The wavelength tunability is reached by the OPO. This device is based on the
Optical Parametric Amplification process as described in reference [20], and, in our
case, it employs two crystals of f— Barium Borate of type II (BBO-II). The BBO
crystals, pumped by the third harmonic, if suitably rotated (phase matching con-
dition), generate a radiation with tunable wavelength in the range between 410 nm
and 2600 nm. In particular, the process generates two waves, conventionally called
Signal and Idler, with different frequency and polarisation, separated by an exter-
nal Rochon prism to optimize the energy of the output laser pulses over the entire
wavelength range. As an example, the measured output spectrum obtained with the
OPO pumped by 4.2 ns laser pulses at 355 nm with an energy per pulse of 96 m], is
reported in figure 2.3.

2.1.2 Optical components

To partially reflect the laser beam an uncoated N-BK7 glass window (Thorlabs, New-
ton, NJ - USA) is employed. This window has a thickness of 12 mm and a constant
transmittance of about 92% in the range between 400 nm and 1800 nm. As reported
in figure 2.4, the transmittance remains quite flat for wavelength values extended to
the infrared, but rapidly decreases in the UV range [21]. This window is appropriate
for our purpose since it reflects only a few percents of the intensity emitted by the
laser source in the range of wavelength [410 nm;1100 nm].

Nevertheless, to avoid detector saturation, we have added neutral density filters
of different Optical Density (OD) for the different wavelength range. Filters em-
ployed have OD between 0.5 to 3, which correspond to filtering factors of 68% and
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FIGURE 2.4: Trasmittance of a 10 mm thick sample of uncoated N-BK7
as reported by Thorlabs
99.9% respectively.

The used mirrors are Deep Ultra Violet Enhanced type (Edmund Optics, Barring-
ton, NJ - USA), with a 25.4 mm diameter, consisting of a silicon substrate coated by
enhanced aluminum film. These mirrors have a reflectivity higher than 85% in the
170 nm up to 11 um range, so they are particularly suitable for our experimental
purpose, also taking into account the extension to the ultraviolet frequencies (down
to 210nm) of the laser source.

The beamsplitter is a 25.4 mm diameter Polka-Dot Beamsplitter (Edmund Optics,
Barrington, NJ - USA) that nominally reflects and transmits the beam in a 2} ratio.
It consists of a silicon substrate covered by a pattern of aluminum with an over-
coat of magnesium fluoride, with a center-to-center spacing of the coating square of
150 pm. Incident light is reflected by the coated area and transmitted through the
surrounding uncoated substrate. Thanks to this reflection-transmission system, the
beamsplitter covers a wide spectrum ranging from 200 nm to 2000 nm.

Due to the particular optical design, this beamsplitter generates a diffraction pattern.
The typical diffraction pattern is shown in figure 2.5. This pattern changes according
with the different wavelengths, introducing possible differencies in the laser pulse
intensity incoming on the sample and reference channels. To avoid this kind of prob-
lems, the diffraction pattern in the two channels, shown in figure 2.1, is re-focalised
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and suitably collimated in a quasi non diverging beam by two pairs of N-BK7 lenses
positioned along the optical path.

FIGURE 2.5: Diffraction pattern generated by the Edmund optics
Polka-Dot Beamsplitter illuminated by a green laser emitting at 532
nm.

2.1.3 Sample holder

The sample holder is a Turret-400 model of Quantum North West company (Liberty
Lake, WA - USA). This model (shown in figure 2.6) allows to control the sample tem-
perature in a very precise way and to rotate four-position cuvette holder with high
reproducibility. This second aspect is fundamental to our transmission coefficient
measurements, as we explain in details in the following.

The Turret-400 contains a stepping motor drive for rapid position changes between
four perpendicular positions. In each holder a standard square quartz cuvette (Hellma,
Jena, DE) is host, with optical path of 10 mm and a transmittance up to 85% in the
wavelength range between 200 nm and 2500 nm. Optiocal viewports are provided
on 3 sides of each cuvette through 10 mm wide and 10 mm high apertures.

This turret is provided by a TC425 Temperature Controller: a microprocessor-
based controller allows to change the four cuvette positions, to control the tempera-
ture (also programming temperature changes) and to activate the magnetic stirring.
The operative temperature ranges between —10°C to +105°C. Lower temperatures
require additional insulation stages. A cooling water circuit, through a heat ex-
changer, allows to remove heat from the thermoelectric device (Peltier cell) when the
temperature of the holder is lowered. The temperature of the heat exchanger is mon-
itored and, if it exceeds a certain cutoff value, the temperature controller (TC425) is
automatically shut down to protect the holder.

Temperatures lower than —10°C require pre-cooled circulating fluid with a tempera-
ture within 25°C of the target temperature to draw heat from the Peltier device. The
TC425 can control temperature down to —55°C, although about —30°C is the limit
under practical circumstances.

Turret-400 has a variable speed magnetic stirring for each cuvette and dry gas ports
under each optical windows to minimise condensation on the cuvette surfaces.
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FIGURE 2.6: Termalized rotating sample holder Turret-400 of Quan-
tum North West company (Liberty Lake, WA - USA) employed in LTS
apparatus

2.1.4 Detection system

The Laser Transmission Spectroscopy is developed to evaluate both the concentra-
tion and dimension of nanoparticles (or nanovesicles) for biomedical and biophysi-
cal applications. Nowadays, the challenge is to investigate the role of nanovesicles
in activating biological processes when their concentrations are less than 10°part /ml
and their size ranges from few tens to few hundreds of nanometers. In such a situ-
ation, only slight variations of the transmitted laser intensities detected by photodi-
odes are expected, and the resulting minimum variations are mainly limited by the
Signal-to-Noise Ratio (SNR). For this reason, the employed optoelectronic detection
system is based on the use of the phase-sensitive synchronous demodulation tech-
nique carried out by a Lock-In Amplifier (LIA) that maximises the SNR also in the
presence of very noisy conditions [22, 23, 24, 25, 26, 27].

In particular, in collaboration with the Department of Industrial and Information
Engineering and Economics of the University of L’Aquila, an ad hoc LIA, optimized
for our laser source, has been developed. Through this device, the signal detected
by photodiodes is processed and amplified, and the output is a voltage signal pro-
portional to the input intensity. The analog output signal is converted in a digital
one by a Data Aquisition (DAQ) device (National Instruments, a Austi, TX - USA),
and collected by a LabView programm that we developed.

In this section we describe the details of the detectors and lock-in amplifier.

Detectors

Although the laser source provides radiation in a wavelength range up to 2600 nm,
for the study of suspensions of nanometric particles it is sufficient to measure the
transmitted intensities below 1000 nm because the infrared radiation is almost to-
tally transmitted with a negligible content of information.

Therefore, the detectors choosen for our setup are silicon detectors of Thorlabs (model
DET10A2), operating in photoconductive mode, for light signals ranging in the 200nm
to 1100nm wavelegth range. They have an active area of 0.8 mm?, particularly useful
to avoid the detection of radiation scattered by the particles at small angle. Indeed,
in principle we need to collect the radiation transmitted at zero angle only.
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FIGURE 2.7: a) basic DET10A2 detector circuit: voltage regulator, RC

filter and external components are highlighted by red squares; b) the

DET10A2 responsivity in the wavelength range between 200nm and
1100nm.

The detectors operate according to the circuit depicted in figure 2.7a. The de-
tectors are reverse biased [28] to produce a linear response with the applied input
light. The circuit is powered by an A23 12V bias battery and is stabilised by a voltage
regulator to obtain a bias voltage V};,s = 10V. The RC Filter cancels out any high
frequency noise from the input supply, which may contribute to a noisy output.
The photocurrent generated is based upon the incident light and wavelength accord-
ing to the responsivity defined as R(A) = IPTD, where Ipp is the current generated by
the photodiode and P is the power of incident light. In figure 2.7b, the DET10A2
responsivity is shown, as reported by Thorlabs.

The detectors are connected to the two channels lock-in amplifier by BNC cables,
terminated by a load resistence Rj,,; = 50 Q). The output voltages, provided by the
lock-in, thus result

Ia
VA X (21
Rload )
Ip
Vg o (2.2)
Rload

where the proportionality is due to the gain factors introduced by the lock-in.
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Lock-in amplifiers

The lock-in amplifier have two channels with tunable amplification (tunable gain)
and operate at 10 Hz (i.e. at the same repetition rate of the laser) repetition rate
and has been designed to measure input voltage signals with 10 ns pulse duration
(i.e.the same duration of the laser pulses). These characteristics maximise the appa-
ratus sensitivity and resolution with respect to the small amplitude variations of the
input signal, which are related to the changes of intensity of the laser beam passing
through the sample.
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FIGURE 2.8: Block scheme of lock-in amplifier developed for our LTS
apparatus; the inset show the fabricated Printed Circuit Board (PCB)
implementing the proposed lock-in amplifier

To deeply understand how the LIA is designed, we consider the block scheme
reported in figure 2.8. LIA main stages have been designed by employing standard
circuit topologies and configurations for filters, triggers, phase-shifters and ampli-
tiers [29, 30]. The other functions, namely the mixers and the square root operations,
have been directly implemented by commercial active devices, as described in detail
in the following. All the LIA internal blocks have been optimized to achieve the best
enhancement of the detection sensitivity, resolution and SNR, measuring the small
variations of the amplitude of short pulsed signals with a non-zero mean value. In
particular, referring to the two input stages (i.e. the Input S and Input R paths),
the fourth-order band-pass filter reduces the harmonic content of the input signal as
well as the input noise bandwidth. Moreover, they remove the input disturbs and
interferences and, extract and amplifies the main harmonic components of the input
pulsed signal. It is based on a cascade of two active second-order multiple negative
feedback inverting filters, centered at fo = 10 Hz with a quality factor Q = 12.5
(i.e., a bandwidth BW = 0.8 Hz) and a maximum gain equal to 560. This block is
combined with two amplifiers implemented with operational amplifiers (OA) in a
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non-inverting configuration. The first one, the input stage of the LIA, provides a
fixed gain equal to 11, while the second one is a variable gain stage whose ampli-
fication value can be properly tuned from 11 up to 271, through the regulation of
an external resistor acting on the non-inverting amplifier topology. Furthermore, re-
ferring to the output stages, low-pass filters have been implemented to extract the
DC components and regulate the system response time. They are based on a fourth-
order passive topology composed by a cascade of four RC-cells whose resulting cut-
off frequency f; is about 10 mHz, much smaller than the LIA input pulsed signal
repetition frequency fop = 10 Hz and its main harmonics. Moreover, additional am-
plifiers have been also included providing a further gain to the overall architecture
thus strongly enhancing the overall LIA detection sensitivity and resolution. These
stages have been implemented with OA in a non-inverting configuration having a
fixed gain equal to 6 for all the branches of LIA. Finally, the phase shifter block is in-
troduced to add a fixed 90° phase shift between the two paths of the reference signal
(i.e., Phase P, and Quadrature Q), while the trigger blocks have been implemented
through OA in an open-loop comparator configuration to square the signal.

Based on this scheme, a Printed Circuit Board (PCB) prototype of LIA, reported
in figure 2.8, has been realised by using commercial discrete electronic components.
In particular, the active components employed for the implementation of the differ-
ent blocks composing LIA are AD711 BiFET high speed OA (Analog Devices, Nor-
wood, MA - USA). The mixers are AD633 analog multipliers, while the square root
has been implemented through AD734 high speed four-quadrant analog multiplier.
All the OA and the other active components are powered at a dual DC voltage equal
to+15 V.

2.2 Transmission coefficient measurement

The experimental apparatus described in the previous sections, allows to measure
the radiation intensity transmitted through the sample.
From the theory (chapter 1) it is known that, to obtain the particle density distribu-
tion n(r), we need to measure the extinction coefficient a.y (A, which is given by the
relation

Koy t( /\) = M

z

where T is the transmission coefficient.
Therefore, the experimental problem is reduced to find the appropriate method to
obtain the particle transmission coefficient from the intensity measurements.
The LTS apparatus (figure 2.1) allows the simultaneous light intensity measurement
on the sample and on the reference, i.e. the fluid in which the particles are suspened.
This is sufficient to calculate the transmittance as the ratio of these two quantities.
On the contrary, the light intensities, as well as the corresponding voltages obtained
by the lock-in amplifier, show differencies between the two measurment channels,
due to the peculiar wavelength dependences of optic components and detectors sen-
sitivity. In particular, in the case of the beamsplitter, the reflection-transmission co-
effcients are not the same for all the considered wavelengths. Moreover the mirror,
needed to reflect part of the splitted laser beam, introduces another asymmetry be-
tween the two beams. The detectors are not perfectly indentical since they have two
different responsivity curves and the lock-in amplifier introduces a different gain on
the two acquisition channels. Measured voltages as a function of wavelength of the

(2.3)
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FIGURE 2.9: Measured voltages as a function of wavelength for the

two channels in absence of sample and reference; light intensities

variations have been limited by using neutral density filters, to keep
the output voltage under the saturation limit of 10V

two channels in absence of sample and reference, reported in figure 2.9, clearly show
this behaviour.

To overcome this problem, it is possibile to collect the transmission spectra two
times, by turning the Turret-400 to change the sample-reference order.
With this approach we measure four output voltage signals V; j that are proportional
to the laser beam intensity passing through the cuvettes and impinging on the de-
tectors. The four voltage signals are

V,p = the signal through the particle sample P measured by the detector A
V3 r = the signal through the suspending fluid F measured by the detector B
Vg p = the signal through the particle sample P measured by the detector B
Va r = the signal through the suspending fluid F measured by the detector A

which, following the sketch shown in figure 2.10, can be defined as a function of
wavelength by

where Pj are the intensities of the two beams impinging on the cuvettes, T the trans-
mission coefficients of the particles and suspending fluid, €; the sensitivity of the
detectors and g; the gains of the LIA channels.
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FIGURE 2.10: Sketch of measurement configuration: Py are the inten-

sities of two beams, T} the transmission coefficients of particles and

suspending fluid, €; the sensitivity of the detectors, g the gains of the
two LIA channels and V}; the output voltage signals.

Computing the product of ratio of the two pairs of voltage signals V4 p, Vpr and
Vi.p, Var

Vap  Vep _ ga€a(M)Tr(Ai)Tr(Ai)Pa(Ai) | gren(Ai) Tp(Ai) Tr(Ai) Pp(Ai) _ T2

Ver Var g8€B(Ai)Tr(Ai) Pp(A;) 84€A(Ai)Tr(Ai)Pa(As) 04

all the wavelength dependent contributions of the optics and detectors cancel out,
and only the squared transmission of particles survives.

Consequently, despite the different lock-in channel gains g4, g (which are canceled
in the product of the two ratios), the particle transmission coefficient is given by

 [Vard)_ Vae()
)= \/ Voo0) Ve (1)

(2.5)

Resuming, we have that measuring two times the intensities transmitted by sample
and reference (changing their positions), it is possible to obtain the particle transmis-
sion coefficient, which analised with LTS.f program allows us to obtain the particle
density distribution.
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Chapter 3

LTS test measurements of standard
samples

In order to verify the performances of our experimental setup, we measured the
transmission coefficient of different standard samples, with different size and con-
centration. Here, we report the measurements and the computational analysis, which
allow to determine the sensitivity of the apparatus and the error associated with the
values of both the standard particles radius and concentration.

3.1 Uncertainity and sensitivity determination

To verify the performances of the LTS apparatus, we measured the size and con-
centration of a polystyrene particle acqueous suspension DUKE STANDARD by
Thermo Scientific (Waltham, MA - USA). In particular, the sample used for these
measurements has a nominal mean radius of 254 nm + 4 nm and a concentration
of about 1 x 10° particles per ml. All the characteristics of this sample are certified
by the National Institute of Standard and Technology (NIST). The mean diameter
is obtained from the distribution calculated by analysing the Transmission Electron
Microscopy (TEM) images. The associated uncertainty is the standard deviation of
the TEM distribution multiplied for a factor k = 2, to define an interval with a level
of confidence of the 95%. In the following, we analyse the LTS results obtained for
this standard sample and for two dilutions.

3.1.1 Comparison between the measured and nominal size and concen-
trations

In figure 3.1a we report the measured transmission coefficient in the wavelength
range between 410 nm to 1010 nm. We collected 70 data points with a 10 nm
wavelength spacing. Each point results from a double intensity measurement, as
explained in section 2.2, and has an error bar obtained from the propagation of the
measured intensity experimental error. The measured transmission function is quite
smooth and continuous within the error bars of the experimental data, as expected
for a non-absorbing sample. In the inset of figure 3.1a the respective extinction coef-
ficient is reported. Notice that the error of the extinction coefficient is amplified by
the error propagation. Because the LTS.f program analyses the extinction coefficient
taking into account its associated error (see chapter 1), some problems in the analy-
sis results can be expected.

Analysing these data we obtain the particle density distribution shown in figure
3.1b. The program builds the density distribution n(r) as a histogram with a proper
bin-width defined by the number and the interval of radii (see section 1.5). The
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FIGURE 3.1: a) Transmission coefficient measured for a NIST

polystyrene standard sample of nominal radius of 254 nm and nom-

inal concentration of 1 x 10° part/ml. In the inset the respective ex-

tinction coefficient is shown. b) Particle density distribution obtained

analysing the transmission coefficient with LTS.f program; the distri-

bution is a histogram (in black) with an associated error for each bin
(in blue).

height of each bin (i.e. the concentration of particle of the same radius) has an error
bar (in blue in figure 3.1) calculated by the program by propagating the uncertainty
of input data.

The first catching thing is the asymmetric shape and the broadening of the LTS dis-
tribution respect to the very narrow distribution provided by NIST (254 nm £ 4 nm).
This is certainly an artifact introduced by the program, which does not correctly re-
produce the distribution, mainly due to the measurement uncertainty but, also, for
the reduced measurement wavelength range. Indeed, in this wavelength window,
we can only appreciate the tail of the scattering peak (dominant in the region below
400 nm) of the transmission coefficient, with a lower content of information. To re-
duce significantly the measurement uncetainity, we developed a new measurements
method (see chapter 3) and, recently, extended the laser wavelength range down to
210 nm.

Despite the LTS distribution width is distorted, the obtained avarage particle radius
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and the value of the sample concentration are in good agreement with those pro-
vided by the factory. In particular, to take into account the asimmetry of the distri-
bution, we calculated the mean radius as the weighted average of the concentration
of the different bins. This allowed us to obtain a mean radius of 258 nm.

As to the concentration, we calculated the discrete sum of the bin concentrations
(i.e. using the rectangle rule for numerical integration). Through the propagation of
the error of each bin, it is also possible to compute the error of the calculated sam-
ple concentration. We thus obtained the concentration of 1.03 = 0.09 x 10° part/ml
for the measured sample, in excellent agreement with the nominal value. This is
of great importance because, while the radius can be measured with different other
techniques, the absolute concentration measurements is the peculiar characteritics
of the LTS tecnique.

To further validate the results, and also to estimate the uncertainity associated with
the mean radius, we performed other measurements on the same sample (NIST stan-
dard polystyrene particle suspension, r = 254 +4 nmand C = 1 x 10° part/ml). The
average radius and concentration from the analysis of the five performed measure-
ments are reported in figure 3.2. The measured radii (back squares) are reported in
figure 3.2a with the avarage value 252 £ 13 nm (in blue), where the error bar repre-
sent the 95% confidence interval. All the measured average radii are in accordance
with the nominal ones, and, as shown in figure 3.2b, contained under the 6% of vari-
ation from the expected value. We can assume this relative variation as the relative
error associated to measured radius.

We obtain analogous results also for the concetrations, as shown in figures 3.2c and
3.2d. The average value of the five concetrations is equal to 1.0 & 0.1 x 10° part/ml
with a relative variation of the measured concentration of about 10%. This result con-
firms what has been obtained for the single measurement, and allows to consider the
value calculated from the error propagation as a good estimate of the concentration
€error.

3.1.2 Concentration sensitivity

Starting from the results obtained for the NIST sample at 1 x 10° part/ml concen-
tration, we measured also other diluted samples to check the sensitivity of our LTS
apparatus.

In particular, we prepared two samples diluting 100 u! and 10 ul of NIST 10° part /ml
in 900 pl and 990 ul of distilled water, respectively. These dilutions have been car-
ried out using pipets of PIPETMAN L series by Gilson (Middeleton, WI - USA),
which guarantee a systematic error below the 0.8%.

The measured transmission coefficients for the two diluted samples are reported
in figure 3.3, together with that one measured for the previous sample (C = 1 X
10° part/ml). Decreasing the particle concentration, the transmission coefficient ap-
proach to 1, in the measurement wavelength window.

Nevertheless, we analysed the transmission data and the resulting particle density
distributions to provide the particle concentrations and radii as reported in figure
3.4. The measured concentration values as a function of nominal values were fitted
with a linear function with the constrain of the intercept equal to zero. As expected,
the slope resulting from the fitting procedure is 1.00 £ 0.03. The data show a per-
fect matching with the fitting line for the values of the nominal concentrations of
1 x 10° part/ml and 1 x 10® part/ml. Only the value obtained at low concentration
shows some differences and bigger uncertainty (2.4 + 0.5 x 107 part/ml). This may
be related to a transmission coefficient very close to 1 that is associated to a very low
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FIGURE 3.2: a) Particle radius as obtained from five measurements of
NIST polystyrene standard sample ( Ryiinat = 254 nm, Coomina =
1 x 10° part/ml; the mean value is reported in blue with the as-
sociated error bar (95% confidence interval). b) Relative variation
between the measured and the nominal radius for the five mea-
surements. c¢) Particle concentration as obtained from five measure-
ments of NIST polystyrene standard sample ( Ryopminag = 254 nm,
Coominal = 1 x 10° part/ml; the mean value is reported in blue with
the associated error bar (95% confidence interval). d) Relative varia-
tion between the measured and the nominal concentration for the five
measurements.

content of information. For semplicity, the results are reported in log-log scale in
figure 3.4a.

The particle radii obtained by the analysis are in accordance with the nominal value
within the error (figure 3.4b), and the average value (reported in blue) is of 260 +
10 nm. From the results discussed above, particle suspension with concentrations
lower than 107 part/ml cannot be measured in the wavelength region allowed by
the employed laser source. In this regards, the palanned extension in the ultraviolet
region will permit to measure sample at lower concentrations and with smaller size.
Therefore, we can assume this concentration (10’ part/ml) as the sensitivity limit of
our LTS apparatus.
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3.2 Comparison with other techniques: measurements on dif-
ferent samples

Moving from the results obtained for the NIST standard sample, we studied other
samples of polystyrene and silver, at different size and concentration.

To further validate the performances of the LTS technique, we performed Scanning
Electron Microscopy (SEM) and Dynamic Light Scattering (DLS) measurements. These
two techniques are considered as reference for the particle size analysis, even if
they are limited by several problems and they do not give information on the ab-
solute sample concentrations. As known, indeed, the SEM technique requires the
sample deposited on a conductive substrate, a measurement performed under vac-
uum and, finally, provides results with poor statistic. The DLS technique, despite be
non-invasive with good statistic, furnishes the size distribution in terms of hydrody-
namic radius, which generally over-estimates the real radius. More details on SEM
and DLS techniques are discussed in appendix B.

Nevertheless, the comparison between SEM, DLS and LTS results allowed us to ver-
ify the size resolution performances.

In this section, we report the results obtained from LTS, DLS and SEM measure-
ments for different polystyrene samples in a wide range of radii, from a few tens of
nanometers up to a micrometers. We also report the LTS measurements for a sample
of silver particles of 50 nm of radius, in order to compare the results from different
materials.

3.2.1 Polystyrene samples of different size and concentration

First of all, we show the results obtained for a polystyrene sample with nominal ra-
dius of 50 nm (Sigma-Aldrich, St. Louis, MO - USA). In figure 3.5a is reported the
normalised density distributions provided by the three techniques. The LTS analysis
provided a density distribution with a mean radius of 54 nm and a Full Width Half
Maximum (FWHM) of 20 nm, which is visibly asymmetric towards smaller radii.
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lines represent the linear fit (reported in log-log scale) and the aver-

age radius (reported in linear-log scale) for concentration and radius
dependence, respectively.

Although, in this case, the asimmetry seems to be attributable to the sample, as sug-
gested by the SEM image reported in figure 3.5b, we have to keep in mind that the
shape of LTS distribution is strongly influenced by the experimental error propaga-
tion. Therefore it is not possible to extract information from this parameter.

The avarage radius is further confirmed by the SEM distribution, reported as the red
histogram in figure 3.5a. The distribution, extracted from the analysis of about 100
particles through the Gwyddion analysis software [31], provides a mean radius of
51 nm. The mean radius value obtained from LTS is also confirmed by DLS results
(R = 59 nm), although with a very slight difference. The obtained avarge radii are
summarised in table 3.1 (for completeness are reported also the FWHM). A similar
behavior is also observed for the polystyrene sample of nominal radius of 163 nm
(Seradyn, Indianapolis, IN - USA). The measurement results are reported in figure
3.6a. In this case, the LTS distribution shows a mean radius of 148 nm, different
from the nominal ones. However, the LTS mean radius is confirmed by the analysis
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FIGURE 3.5: a) Particle density distribution for polystyrene sample

of nominal radius 50 nm as results from SEM, DLS and LTS mea-

surements. b) SEM image of polystyrene sample (R,,ppinar = 50 nm)
deposited on silicon substrate.

of some SEM images (a typical image is shown in figure 3.6b). Indeed, the obtained
SEM distribution provides a radius of 145 nm. Also DLS distribution, although it is
very broad, confirm the LTS result, providing a mean value of 169 nm for the radius.
Distribution parametres measured by LTS, SEM and DLS are reported in table 3.2.
Also for this sample, LTS technique provides results confirmed by SEM and DLS, in
terms of avarage radius. To support this result, we also measured other polystyrene
sample of nominal radius of 230 nm, 411 nm and 1100 nm. The measured mean radii
as a function of nominal ones, are shown in figure 3.7a. This plot shows a very good
accordance between the LTS measured radii and nominal ones (as highlighted by the
black dashed line). Moreover, the LTS distribution mean radii are consistent with the
SEM ones, and are definitely better than the corresponding DLS distribution. In par-
ticular, focusing on the results for the sample of 1100 nm radius, it is clear that DLS
fails, whereas LTS provides very good results. The reason behind this behavior is
that LTS measures the static light scattering while DLS the dynamic light scattering.
Therefore, DLS is inevitably influenced by the motion (dynamic) of the suspended
particles. The analysis behind DLS technique is based on Brownian motion and the
results are reliable only for particles subject to this behavior. For particles of 1100 nm
of radius, the motion is not really Brownian and the resulting radius is distorted.
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LTS SEM DLS

radius 54nm 51nm 59 nm
FWHM 20nm 10nm 108 nm

TABLE 3.1: Radius and FWHM of polystyrene particles with nominal
radius of 50 nm and concentration of 1 x 10'2 part/ml, obtained from
LTS, SEM and DLS techniques.

LTS SEM DLS

radius 148nm 145 nm 169 nm
FWHM 18unm 16 nm 100 nm

TABLE 3.2: Radius and FWHM of polystyrene particles with nominal
radius of 163 nm and concentration of 7 x 10° part/ml obtained from
LTS, SEM and DLS techniques.

All the results discussed above, demonstrate that the LTS technique provides size
resolution definetly better than DLS. These performancies are comparable with SEM,
but with the advantage of a wide radius statistic. Moreover, the LTS has the peculiar
characteristic of providing the absolute concentration with an extreme affidability.
As a matter of fact, the comparison between nominal and measured concentrations,
for all the polystyrene sample are shown in figure 3.7b.

The measured values are in excellent agreement with the nominal ones over a wide
range of concentrations, from 10'2part /ml down to 10” part /ml, according to the dif-
ferent particle sizes. For all the samples, the measured and nominal concentrations
are equal within the uncertainity (about 10%), which is calculated as described in
the section 3.1.
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FIGURE 3.6: a) Particle density distribution for polystyrene sample of
nominal radius of 163 nm from SEM, DLS and LTS measurements. b)
SEM image of a polystyrene sample deposited on a silicon substrate.

3.2.2 Measurements on Silver suspended nanoparticles

Besides the polystyrene samples, we also measured a sample of silver particles of
nominal radius of 50 nm and nominal concentration of 1 x 10° part/ml (Ted Pella,
Altadena, CA - USA).

Unlike the polystyrene, silver has a non-null immaginary refractive index and it thus
absorbes a fraction of the incident light. Therefore, the transmittance of suspended
silver nanoparticles, shown in figure 3.8, is influenced not only by the scattering but
also by the absorption (as clearly visible in the region between 450 nm and 600 nm
of wavelength). For these reasons, the content of information of the transmission
coefficient is higher respect to non-absorbing particles and this is reflected on an
achievable higher concentration sensitivity. Indeed, in this case we are able to mea-
sure concentration of the order of 10° part/ml, much lower than the measured value
for the analogous size polystirene sample (of about 10'? part/ml). Also for the silver
sample, we compared the density distribution obtained from LTS with those ones
frome DLS and SEM. The LTS avarege radius results in very good agreement with
SEM distribution and is much better that one obtained from DLS. The distribution
parameters are reported in table 3.3. As to the absolute concentration obtained by
LTS, the resulting value is 1.2 + 0.3 x 10° part/ml, which confirms the resolution
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observed for polystyrene particles.
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of 1 x 10° part/ml from SEM, DLS and LTS measurements.

In conclusion, the apparatus developed for the LTS measurements allows to
study suspended particles over a wide range of size and concentration. In partic-
ular, although with the used laser source the apparatus provides measurement be-
tween 410 nm and 1100 nm only, with the double ratio measurement method the
propagation of the experimental error prevents to obtain reliable information on the
shape and width of the distribution, the LTS average radius determination provides
results better than those ones achieved from DLS and comparabale with those ones
of SEM. Regarding the concentration, LTS allows to easily measure concentration of
particles that are hardly detectable with DLS, and provides the absolute concentra-
tion value. From the experimental results, although the FWHM does not provides
stable informations, the LTS determination of the average distribution radius and of
the absolute concentration results to be very robust.
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LTS SEM DLS

radius 54nm 51nm 61 nm
FWHM 8wnm 12nm 112nm

TABLE 3.3: Radius and FWHM of a sample of silver particles with
nominal radius of 50 nm and concentration of 1 x 10° part/ml from
LTS, SEM and DLS.
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Chapter 4

Cases of study

Here, we present and discuss some interesting cases of study for which the LTS capa-
bility to provide size and absolute concentration of particles has been revealed fun-
damental. In particular, we report on the results obtained in different fields such as
those ones of as pharmaceutics, biophysics and cultural-heritage. The studied sam-
ples are liposomes for drug delivery, microvesicles derived from Microglia cells in
brain mice cancer and nanocapsules as biocide container for stone manufacts preser-
vation. It is worth to notice that the broadness of the applications confirms the great
potential of the LTS technique.

4.1 Liposomes characterisation for drug delivery

In the last fifty years, liposomes have become one of the most widely used vector
systems for drug delivery (see the statistics provided by the Pubmed database [32]).
This is basically due to their versatility, biocompatibility and possibility of modu-
lating chemical-physical properties ( e.g. size, surface charge, fluidity and thickness
of the double layer, permeability to solutes, etc). It is also important to notice that
owing to the above carge property of tunability, they are able to transport both hy-
drophobic and hydrophilic drugs [33]. Moreover, thanks to the lipid composition
similar to that one of biological membranes, liposomes are able to cross the barrier
represented by cell membranes and release the drug inside the cell. Another their
important property is represented by the possibility of functionalising their mem-
brane with different types of molecules and to direct them specifically towards a
target system [34, 35]. In that way, they are able to improve the therapeutic index of
a drug and its kinetics, allowing to reduce the dose of drug to employ, decreasing
the toxicity of the molecule. In the lung disease field, one of the main effort from the
pharmaceutical point of view is represented by the production of new drug deliv-
ery systems against pulmonary tuberculosis. Isoniazid is one of the main antibiotic
agents active against tuberculosis as it is able to suppress the formation of mycolic
acid, which is fundamental for the cell membrane of mycobacteria. Unfortunately,
its efficacy is accompanied by serious side effects [36]. For this reason, the use of
liposomes as vectors for isoniazid can be an application of remarkable interest.

In general, liposomes are employed to administration of several classes of drugs
like antiviral, antifungal, antimicrobial, vaccines and gene therapeutics. They are
applied in the immunology, dermatology, vaccine adjuvant, eye disorders, brain tar-
geting, infective disease and in tumour therapy [37].

The strategy mainly used for the preparation of drug encapsulating liposomes
can be summarised in three distinct phases:

e Preparation of liposomes and drug trapping,
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o Purification of the solvent from the drug not trapped in liposomes,
e Check of the encapsulation efficiency.

As to the efficiency of encapsulation, it allows us to characterise the trapping capac-
ity of a vector system. It is generally defined as the ratio between the mass concen-
tration of drug trapped in the system (Cy4ppeq) and that one of drug present in the
final suspension (Cgy,,). This parameter is of fundamental importance since the ef-
fective quantities of encapsulated liposomes can be very different from those ones
expected, for reasons related to the preparation of the sample itself, i.e. the loss of
material during the preparation and purification processes.

Considering that drug-trapping liposomes are a colloidal suspension characterised
by a certain volume fraction, it is possible to define in a more appropriate way the
encapsulation efficiency by means of the volume fraction of liposomes

4
¢ = Z\]lipogrfR3 (4.1)

defining the concentration of drug trapped as

Ctmpped = CM¢ = CMI\]lipo?-‘)’1:77:123 (4.2)
where Cy is the drug concentration employed at the beginning of the preparation,
Njipo and R are the absolute concentration and the inner radius of the suspended
liposomes, respectively.

Therefore, it is necessary to measure the amount of drug at the final stage of the
preparation (Cg,q) and, also, the absolute concentration (Nj;p,) of a certain size (R)
of the vesicles in which it was encapsulated. While the final drug concentration is
typically measured by UV-Vis spectroscopy [38], the proper measurement of abso-
lute concentration and size is more debating.

To date, for this purpose, microscopy techniques such as Scanning Electron Mi-
croscopy (SEM), Transmission Electron Microscopy (TEM) and Atomic Force Mi-
croscopy (AFM) are used [39]. Alternatively, methods based on size separation were
also emplyed. Typical examples of such techniques are the Size Exclusion Chro-
matography (SEC), Differential Centrifugal Sedimentation (DCS) and Flow-Field
Fractionation (FFF) [40]. Each of these techniques has strong limitations in the char-
acterisation of absolute concentration and characteristic size of liposomes. Indeed,
liposomes are structures composed of perishable organic materials and are sensitive
to environmental conditions (temperature, pH, etc.). The structure of the liposome is
held together by the entropic forces that are created in polar solvents and it is there-
fore difficult to preserve it in different environments. The vesicles are also sensitive
to mechanical stresses. When studying loaded liposomes, it must also be taken into
account that any disturbance (due to measurement techniques) can lead to losses of
the included substance. It is therefore very difficult to develop techniques capable
of performing efficient and non-invasive measures for such systems.

High Performance Liquid Chromatography (HPLC) is certainly a widespread method
with better performances than previous techniques. This is an analytical chemistry
technique: it allows to break down a sample into its fundamental chemical com-
ponents by providing an estimate of the weight concentration (mg/ml) of the lipid
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components of the liposomes. The sample is injected at fairly high pressures (hun-
dred of atmospheres) into a column filled with adsorbent material and the less in-
teracting molecules with the internal phase are first eluted. The output materials are
typically quantified by UV-Visible (UV-VIS) spectroscopy [41]. In particular, through
the Beer-Lambert low, the measured absorbance gives information on the concentra-
tion of the sample molecules. Therefore, this technique is sensitive only to molecules
with absorptions in this spectral range, thus limiting the tipology of the samples to
be analysed. Moreover, the HPLC does not provide direct information on the num-
ber of the objects in suspension, which can only be estimated by combining lipid
concentration results with geometric models for liposomes.

In this scenario, LTS is certainly the optimal technique for obtaining the required in-
formations, i.e. liposomes concentration (part/ml) and liposomes size. For this, we
performed LTS measurements on liposomes of diffeterent compositions, both empty
and loaded. The aim of this study is to confirm the applicability of LTS on these
vesicular systems, comparing the results with the more established HPLC method.
In order to compare LTS liposomes concentration (part/ml) with respect to HPLC
lipid concentration (mg/ml), a conversion model has been introduced. Moreover,
we demonstrated that LTS provides useful information also on liposomes that are
not detectable with HPLC, for example unilamellar isoniazid encapsulating lipo-
somes.

4.1.1 Materials

Samples were prepared in the Physics Department of the Sapienza University by
the group of Prof. Federico Bordi. In the following, some characteristics of the two
investigated samples are described.

Soy-Phosphatidylcholine - Cholesterol (SPC:Chol)

These liposomes are prepared with a composition ratio of SPC:Chol 80:20 in HEPES
medium. Phosphatidylcholine, thanks to its amphiphilic nature, guarantees the for-
mation of vesicles, while cholesterol in these molar proportions has the function of
stabilising the membrane by raising the transition temperature [42]. The lipids of
this preparation are detectable by the HPLC method. This allows the comparison
between the HPLC and LTS results on the same system.

Hydro Soy-Phosphatidylcholine - 1,2-Dipalmitoyl-sn-glycero-3-Phosphoglycerol
(HSPC:DPPG) with isoniazide (ISN)

These liposomes are prepared with a composition ratio of HSPC:DPPG 60:10 in
HEPES medium with ISN, in molar concentration of 0.026 M. This formulation has
a low percentage of negatively charged lipid with the advantage of decreasing pos-
sible interactions of the membrane with the drug (positively charged) but guaran-
teeing electrostatic repulsion between liposomes, useful for preventing aggregation.
This is a preparation of interest for isoniazid encapsulation but it is not suitable for
HPLC measurements. For this reason, it represents the kind of system for which the
use of the LTS technique is more useful.

4.1.2 SPC:Chol liposomes as function of lipid concentration: LTS vs HPLC

To verify the applicability of LTS on liposomes, the SPC:Chol 80:20 sample was mea-
sured at different concentrations. LTS measurements are performed on liposomes



52 Chapter 4. Cases of study

suspended in HEPES medium at a constant temperature of 25°C, collecting the trans-
mission data in the wavelength range between 410 nm and 1010 nm. For the anal-
ysis, the shelled sphere model was used, with a shell thickness of 5 nm (typical di-
mension of lipid bilayer). In figure 4.1 we report, as example, the transmission coef-
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FIGURE 4.1: Density distribution as obtained from LTS measure-
ments for SPC:Chol 80:20 liposomes suspension. In the insets the
measured transmission coefficient is reported.

ficient (inset) and the distribution obtained by measuring SPC:Chol 80:20 liposomes
suspended in HEPES medium whit a nominal lipid concentration of 0.95 mg/ml.
The obtained distribution has a mean radius of 48 & 3 nm and a concentration of
1.7+ 0.1 x 103 part /ml. This is the lower concentrated sample measured in this ex-
periment but it does not represent the sensitivity limit, as clear by the transmission
coefficient reported in the inset of figure 4.1 (that is far from the limit of T = 1 over
the entire spectral range).

We also analysed other samples with different (higher) nominal lipid concentration.
LTS results (concentrations of liposomes per milliliter, part/ml) are shown in fig-
ure 4.2a as a function of the nominal lipids concentration (milligrams of lipids per
milliliter, mg/ml). A clear linear dependence is observed and the data show a rather
small scattering around the blue line in figure 4.2a, which represents the best fit line
of a linear regression obtained with the intercept constrained to zero. The obtained
angular coefficient is 1.78 4- 0.08 x 10'3part/mg where the error represents the 95%
of confidence interval. Notice that, according with the above linear dependence, the
average radius plotted as a function of the nominal concentration shown in figure
4.2b does not change appreciably over the whole concentration range. The blue line
in 4.2b represents the average radius value of 47 + 4 nm.

The same samples were also measured with HPLC technique obtaining in this case
directly the weight concentration of lipids in mg/ml. In order to have a direct com-
parison between LTS and HPLC results, the former expressed in number densities
of liposomes (part/ml) have to be converted into weight concentration of lipids in
(mg/ml). To perform the conversion, a simple geometrical model has to be intro-
duced. Once known the peculiar lipid species, the basic parameter to calculate the
liposome weight is the number of lipid molecules per liposome.
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We define the number of molecules per liposome as

47t(R?, + R?
Mlipids /liposome = (onut) (4.3)

where R;, and R, are the inner and outer radii of the liposome, respectively, while
A represents the occupation area of each lipid.

With this definition, the concentration of lipid molecules relative to each bin of the
LTS distribution is calculated as

bin

Clz’pid(lipid/ml) = Cliposomes(part/ml> * Wiipids /liposome (4.4)

Adding the contribution of all the distribution bin and taking into account the molar
ratio f and the molecular weight My of the membrane components, it is possible to



54 Chapter 4. Cases of study

obtain the mass concentration

in ) M, (m /mol
Clmg/ml) = Y i ( zzpzd/mZ)ijw(z\}i) (4.5)
)

bin

The more critic parametre of this simple model is the area per lipid A. Its determi-
nation, indeed, is extremely complex, as it depends on the geometry, the chemical
structure of the system and the environmental conditions. As a reference value of
this quantity, the molecular area and the headgroup area are usually used. These
quantities are generally measured through the Langmuir method [43]. However,
these quantities are measured in a condition (membrane formed by a planar lipid
monolayer) very far from the reality, in which there is a double-layer and, the area
per molecule is different between the internal and external face, due to curvature
effects [44]. Furthermore, if the vesicles are composed of different lipids with differ-
ent molecular geometries, the lipids can be disposed in an inhomogeneous manner,
for the internal or external face. Cholesterol, for example, having a very different
structure from phospholipids, can lead to a lack of homogeneity of the lipid species
in the internal and external surfaces of the liposome [45]. All these problems can be
reflected in a higher value of the real area occupied by a lipid, with respect to the
values measured as above [46, 47].

For the mass concentration values, calculated from liposome LTS distributions, we

used an area per lipid value of 96.5 A”. The results of LTS concentration espressed in
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FIGURE 4.3: Lipid concentration for SPC:Chol 80:20 sample from LTS
and from HPLC measurements as a function of nominal concentra-
tion. The dashed lines are linear fits.

mg/ml, in comparison with HPLC results, are shown in figure 4.3. The LTS results
are in very good agreement with those obtained by HPLC. Moreover, for high lipid
concentration, LTS results seem to be better than HPLC ones. Looking at the two
titting lines, the agreement between the techniques is further highlighted, but, more
interstingly, the close correspondence with nominal values is clear. In particular, the
titted angular coefficients for LTS and HPLC values are 1.02 4= 0.02 and 1.03 £ 0.02,
respectively. These results are very interesting, especially given the simplicity of the
model used and the critical issues concerning the estimation of the area per lipid.
They suggest the use of LTS technique also for the estimation of the occupation area
per lipid in a vesicular system.
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4.1.3 HSPG:DPPG isoniazide encapsulating liposomes as function of lipid
concentration: LTS

The LTS characterisation was extended to the more complex system, i.e. the drug
loaded liposomes. The studied liposomes have a lipid composition of HSPC: DPPG
6:1 with ISN in a molar concentration of 0.026 M. This system is characterised by
both electrostatic interactions (inter- and intra-particle) due to the lipids and interac-
tions with the solvent due to the presence of the drug. As mentioned above, the lipid
composition used in this preparation does not allow HPLC measurements. There-
fore, the LTS technique becomes fundamental for their characterisation. Also for this
sample we performed LTS measurements at differerent concentration. The liposome
measured concentration as a function of lipid nominal concentration is reported in
figure 4.4a. Also in this case, the LTS results show a linear response, with an angular
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FIGURE 4.4: a) Particle concentration measured for HSPC:DPPG

60:10 liposome suspension prepared with a lipid nominal concentra-

tion between 1 mg/ml and 10 mg/ml, and corresponding measured

radius (b). The error bars are the propagated errors and the relative

error of 6%, respectively. The blue lines represent the linear fit and the

average radius for concentration and radius dependencies, respec-
tively.
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coefficient of 2.1 £ 0.1 x 10®part/mg. The radius does not have concentration de-
pendence, as shown in figure 4.4b, with an average value of 43 +=1 nm.

In conclusion, the results obtained for both liposome systems provide the great
unique ability of LTS technique also for the characterisation of systems of pharma-
ceutical interest.

4.2 Microglia-derived microvesicles in Glioma: study of their
dimension and concentration

Extracellular-released vesicles (EVs), such as microvesicles (MVs) and exosomes (Exo)
provide a new type of inter-cellular communication, directly transferring a ready to
use box of information, consisting of proteins, lipids and nucleic acids. In the central
nervous system (CNS), microglia cells are responsible for the main form of active im-
mune defense. In particular, their EVs participate in the neuron-glial cross-talk, an
important two-way communication to preserve brain homeostasis and, when dys-
functional, involved in various diseases of the CNS.

Within a large collaboration including different departments of Sapienza University
and "Istituto Italiano di Tecnologia", the possibility of using microglia-derived EVs
could be used to transfer a protective phenotype to dysfunctional microglia in the
context of a brain tumor (as the glioma) has been investigated [48].

Microvesicles (MV) released by microglia BV2 line cells in inflammatory conditions
were isolated and analysed for their in vitro and in vivo effects in glioma bearing
mice. In particular, MV released by untrated BV2 cells (control), BV2 cells treated
with LPS/IFNvy (lipopolysaccharide and y-interferon) and IL4 (Interleukin-4) were
tested to verify their ability to interfere with glioma cell migration and proliferation.
The results demonstrated that in vitro microglia derived LPS/IFNvy-MVs reduces
the glioma cell movement and invasion. In vivo, LPS/IFN7-MVs injected in the
brain of mice with glioma reduces the anti-inflammatory phenotype of Tumor As-
sociated Myeloid cells (TAMs) and significantly reduces tumor size and tumor in-
duced neurotoxicity. This suggests that the cargo of LPS/IFN--MV, which contains
specific mRNA for inflammatory genes, transfers this information to recipient cells
modifying their gene expression profile toward a protective one. Altogether, these
findings demonstrate that the administration of exogenous MVs could be a valuable
approach to transfer protective signals to TAMs, restoring the homeostatic microglia
phenotype.

In this context, we performed DLS and LTS measurements, which have been of fun-
damental importance for the size characherisation and for quantification of MVs
employed both for in vivo and in vitro experiments. In particular, to avoid a differ-
ent amount of MVs employed in the experiments, we measured the LTS absolute
concentrations of MVs released by i) untrated BV2 (C-MVs), ii) BV2 treated with
LPS/IFN~y (LPS/IFN+y-MVs) and iii) IL4 (IL4-MVs). In this section, we report in
details the dimension and concentration analysis carried out [48], particularly high-
lighting the LTS contribution. The complete version of the paper is reported in ap-
pendix A.

4.21 LTS and DLS analysis of MVs derived from BV2 cells

The extraction procedure allowed to obtain vesicle samples of different volumes
from a different number of BV2 cells. In particular, for untrated BV2, a volume of
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480 ul of vesicles is obtained from a culture of about 1.3 x 10° cells. For the stimu-
lated cells, indeed, the obtained volumes are of 150 u/ and the number of cells are
4.6 x 10° (LPS/IFN7) and 7.2 x 108 (IL4). These samples were diluted of a factor 4,
10 and 8 respectively, in order to optimize DLS and LTS measurements.

Microvesicle sizes were preliminary characterised by DLS performed at a constant
temperature of 15°C on MVs suspended in KRH medium. The distributions, ob-
tained by CONTIN analysis, are shown in figure 4.5. In particular, for C-MVs, the
intensity-weighted distribution of hydrodynamic radius (figure 4.5a) shows that the
main population is centered around 95 nm, providing the totals of the scattered
intensity, as evidenced by the integral of the distribution reported in the inset. The
obtained distribution has a polydispersity of about 36%, which attests the good qual-
ity of the isolated microvesicle sample. Simililar results are obtained also for MVs
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FIGURE 4.5: Hydrodynamic radius distribution as obtained from

CONTIN analysis of the intensity autocorrelation curves (see ap-

pendix B), for microvesicles obtained from BV2 microglia cells (con-

trol) (a), from BV2 microglia cells treated with LPS/IFN+ (b) and IL4

(c). In the insets are reported the integrals of the intensity distribu-
tions.

isolated from stimulated cells. The distributions for LPS/IFN+-MVs and IL4-MVs
are centred around 170 nm and 140 nm respectively, with polydispersities of 5% and
35%, confirming also in these cases the presence of narrow populations of vesicles
in the samples.

How to concern the LTS, our measurements not only confirmed the sizes obtained
by DLS, but also provided the unique possibility to quantify the amount of MVs iso-
lated from BV2 cells.

LTS measurements are performed on MVs suspended in KRH medium at a constant
temperature of 15°C, collecting the transmission data in the wavelength range be-
tween 410 nm and 1010 nm. Also in this case the shelled sphere model with a shell
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thikness of 5 nm has been used.

In figure 4.6 are reported the distributions obtained for C-MVs (4.6a), LPS/IFN-
MVs (4.6b) and IL4-MVs (4.6¢), with the relative transmission coefficients (shown
in the insets). The distributions obtained from the analysis provides mean radii of
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FIGURE 4.6: Density distribution obtained from LTS measurements,

for microvesicles obtained from BV2 microglia cells (control) (a), from

BV2 microglia cells treated with LPS/IFN+y (b) and IL4 (c). In the
insets the measured transmission coefficients are reported.

102 £ 6 nm (C-MVs), 190 £ 10 nm (LPS/IFENgamma-MVs) and 109 +7 nm (IL4-MVs),
in good accordance with DLS results!.

For the concentrations, in the case of BV2-derived microvesicles (C-MVs), LTS mea-
surements showed that the number of MVs per ml of solution is 9.95 x 10*2vesicles /ml.
Taking into account the dilution factor, we found that the number of vesicles in
480 ul is about 1.9 x 10'3. Therefore, the number of vesicles produced by each cell is
N =15 x10%

LTS measurements performed on BV2-derived MVs stimulated through LPS/IFN+y
showed that the number of microvesicles per ml of solution is 4.05 x 10'%vesicles /ml.
Analogously, we found that the number of vesicles in 150 u!l is about 6.1 x 103,
meaning that each cell produces N = 1.3 x 10* vesicles.

Similar results were obtained for BV2-derived MVs stimulated through IL4. In this
case, indeed, the number of microvesicles per ml of solution is 1.16 X 10'3vesicles /ml.
Taking into account the dilution factor, we found that the number of vesicles in
150 ul is about 1.4 x 10'3, meaning that each cell produces N = 1.2 x 10* vesicles.
The results here reported, allowed us to conclude that the number of microvesicles
per cell is comparable in the three cases. Therefore, considering that for both in vivo
and in vitro experiments we employed microvesicles produced from a fixed number

1The error bar of each mean radius is the relative error of 6%
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of cells (1 x 10°), we can conclude that the response of the microvesicles stimulated
with LPS/IFNv, with respect to control and IL4-stimulated ones, is not influenced
by a different amount of infused vesicles. This result was fundamental to achieve
that LPS/IFN--MVs effectively transfer their cargo of mRNA to recipient glioma
cells, modifying their genes and, consequently, their response in terms of movement,
invasion and proliferation.

4.3 Silica nanostructures as biocide container in cultural har-
itage: their dimension and concentration characterisation

Most of the worldwide Cultural Heritage monuments are built using stone materi-
als. Different types of natural and man-made stone materials (concrete, brickwork,
mortar) have extremely variable physical and chemical properties (texture, high
porosity etc), resulting with widely different abilities to resist weathering (durabil-
ity) [49]. Decay of stone materials is due to their interaction with the environment:
weathering and atmospheric conditions (such as light, temperature, humidity, pol-
lutants, acid rain) [50, 51]. The most immediate consequence of this interaction is a
chemical and physical alteration followed, in most cases, by biological colonisation.
The biodeterioration of stone is associated to nearly all environmentally induced
degradation processes in a synergic manner, as the presence of one deterioration
process enhances the effectiveness of the others [52, 53]. Currently, to reduce the
biological colonisation on outdoor surfaces, the biocides are applied directly on the
stone surface or added into coating formulations [54]. These methods, however,
have several important drawbacks. When the biocides are directly applied on the
stone surface, the treatment is effective for a limited period of time and the bio-
cides easily deteriorate and /or are washed away. When small biocide molecules are
added into the coating formulation, they are subject to fast self-diffusion in the coat-
ing matrix [55, 56]. These disadvantages can be smartly faced by the encapsulation
of biocides in nanocontainers and by uniformly dispersing them in the coating. The
dispersed nanocontainers can release the biocide on demand, during the life of the
applied coating. Literature [57] reports the synthesis and characterisation of a few
systems, such as mesoporous silica-based materials, for controlled release of bio-
cides over time.

In particular, our collegues of Liquid group (Science Departement of Roma Tre Uni-
versity) have synthesised silica-based nanocontainers, namely a core-shell nanocap-
sule (Si-NCs), loaded with one of the most common commercial biocide, i.e.
2-mercaptobenzothiazole (MBT) [58]. The formation of the nanocapsules involves
the dripping of the TEOS (silicon oxide precursor) in a constantly stirred water bath.
In particular, the quality of silica nanocapsules results influenced by the dripping
and stirring speeds. To characterise this behaviour and choose the best syntesis
parametres to obtain suspension of nanocapsules useful for stone material protec-
tion, we performed LTS measurements on suspension of Si-NCs obtained at different
stirring speeds. The obtained density distributions, compared with DLS distribution
and SEM images, are reported below.

4.3.1 Materials

The analysed silica nanocapsules are synthesised at dripping speed of 300 ul/min,
with three different stirring speeds of the water bath (450 rpm, 400 rpm and 350 rpm).
Since the syntesis products are dried nanocaspules (powder form), to perform our
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measurements, we suspended the nanocaspules in deionised water. Immediately
after the suspension preparation, a high amount of deposited material is observed.
Therefore, preleveting the supernatant, we escluted from the samples all the non-
suspended residuals. To control the mass concentration of suspended nanocapsules,
we weighted the nanocapsule initial powder and the dessicated corresponding sus-
pension residual. With this procedure, we obtained stable samples with mass con-
centrations of 4.5 mg/ml, 1.7 mg/ml and 1.8 mg/ml, for samples relative to stir-
ring speeds of 450 rpm ((450rpm)Si-NCs), 400 rpm ((400rpm)Si-NCs) and 350 rpm
((350rpm)Si-NCs), respectively.

4.3.2 Characterisation of samples synthesised with different stirring speed

LTS measurements on suspended Si-NCs were performed collecting the transmis-
sion data in the wavelength range between 410 nm and 1010 nm, at a constant tem-
perature of 25°C (the same temperature is used also for DLS measurements). For
the shelled sphere model analysis, in this case, we used a thikness of 20 nm, as exti-
mated from SEM images [59].

The LTS density distribution obtained for the (450rpm)Si-NCs sample is reported
in figure 4.7a. This distribution shows a mean radius of 145 £ 9 nm, with a rel-
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FIGURE 4.7: a) LTS density distribution compared with DLS

intensity-weighed distribution of silica nanocapsules obtained with

a stirring speed of 450 rpm. b) the corresponding SEM image of the
silica nanocapsules. Scale bar: 2000 nm.

ative error of 6%, and an absolute concentration of 1.3 4- 0.6 x 10'part/ml. The
size value is confirmed by the DLS intensity-weighted distribution (figure 4.7a) but
observing the SEM image (figure 4.7b) some problems become evident. Indeed, be-
yond the nanocasules, a great amount of granules (probably unstructured silica) is
present in the sample. These granules strongly influence the LTS and DLS measure-
ments, which furnish a mean radius lower than that one obtained from microscopy
(350 £ 40 nm). The analyses of the other two samples are reported in figure 4.8
and 4.9. For what concern the (400rpm)Si-NCs, LTS provides a mean radius of
290 + 18 nm and a concentration of 2.3 4 0.8 x 108part /ml. In this case, the LTS
results are confirmed not only from the DLS, but also from the SEM images (figure
4.8b). On this basis, the (400rpm)Si-NCs seem better than the previous one, in terms
of lower amount of unstructurated silica, but show very broad distributions as ob-
served from both the LTS and DLS analysis.

Looking, instead, at the SEM image (figure 4.9b), granules seem to be strongly re-
duced, and the nanocapsules have sizes more similar to each other. The LTS anal-
ysis provides a more narrow distribution with respect to the previous sample, but
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intensity-weighed distribution of silica nanocapsules obtained with

a stirring speed of 350 rpm. b)the corresponding SEM image of the
silica nanocapsules. Scale bar: 2000 nm.

with the same radius of 290 & 18 nm, also confirmed by DLS. However, the most
interesting result is represented by the nanocapsule concentration. Indeed, although
the mass concentrations of the two samples ((400rpm)Si-NCs and (350rpm)Si-NCs)
are essentially the same (1.7 mg/ml and 1.8 mg/ml respectively), the (350rpm)Si-
NCs concentration is 9.9 + 0.2 x 10%part /ml, which is almost an order of magnitude
greater than that one of the (400rpm)Si-NCs. This result implies that the highest
number of nanocapsules per milligram of powder is achieved for a stirring speed of
300 rpm, indicating that this is the better stirring speed for the syntesis.
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Chapter 5

Variable gain lock-in amplifier for
a new "balanced" measurement

Nowadays, the challenge is to investigate the role of nanoparticles or nanovesicles
involved in biological processes, when their concentrations are less than 10° part/ml
and/or their size ranges from few tens to few hundreds of nanometres. These char-
acteristics are peculiar of the so called exosomes, extracellular vesicles that have re-
cently attracted the growing interest of a vast community of researchers for their role
of intercellular messengers with implications, for example, in cancer metastatisation,
cell and bacteria differentiation, and infectious response [60, 61, 62, 63]. Moreover,
the possibility of enhancing the sensitivity and, consequently, decreasing the mini-
mal detectable concentration, is particularly important for samples difficult to pre-
pare, as for example, purified proteins, oligonucleotides constructs or exosomes.

As previously discussed, when the nanoparticles size and concentration are small,
also the light scattering and absorption processes that influence the transmittance are
small, and the value of the transmission tends to one. In this cases, it is of paramount
importance to develop methods to perform measurements with very low indetermi-
nation, in order to distinguish as much as possible slightest differences. Moreover, a
higher quality of the transmission measurements can positively affect the results of
the data analysis, providing more realiable density distribution. Among the possi-
ble experimental solutions, a double channel Lock-in amplifier with a tunable gain
(that one proposed in chapter 2) allows to implement a new "balanced" method for
performing LTS measurements. In this chapter we explain the balanced method and
report the test measurements to validate the method. Finally, we report the compar-
ison with the standard approach.

5.1 New "balanced" measurement method

As presented in chapter 2 and developed by Frank Li [1], to obtain the transmission
and make it independent from random laser power fluctuations, the laser intensities
are simultaneously measured in the sample and reference channels, before perform-
ing the sample-to-reference ratio calculation. Moreover, to avoid any differences in
the sample and reference channels due to optical components that can affect the LTS
measurements, an identical second set of data is acquired by inverting the sample
channel respect to the reference one. This allows to calculate a second sample-to-
reference ratio for each laser wavelength. However, this approach ("double ratio"
method) to determine the extinction coefficient presents the drawbacks to propagate
the total measurement indetermination and, consequently, to increase the associated
final relative error.

The latter is particularly detrimental in measuring concentrations lower than 10° part/ml
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and particles sizes ranging from few tens to few hundreds of nanometres. The possi-
bility to vary the LIA gain allows to perform a calibration measurement ("balanced"
method) to avoid the use of the double ratio method described before.

The basic idea is that, for each laser wavelength, the calibration measurement bal-
ances the amplitude of the voltage signals generated by the two silicon photodiodes,
by acting on the LIA gain of each of its channels. In particular, for the calibration, we
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FIGURE 5.1: Sketch of measurement configuration: P; are the inten-

sities of two beams, T} the transmission coefficients of particles and

suspending fluid, e the sensitivity of the detectors, g; the gains of the
two LIA channels and Vj ; the output voltage signals.

measure the voltage signals proportional to the light intensity of the beams imping-
ing on the detectors, after passing through the suspending fluid for each wavelength.
Following the sketch reported in figure 5.1, for the calibration we obtain:

Va r = signal through the suspending fluid F measured by the detector A
Vg r = signal through the suspending fluid F measured by the detector B

which can be defined as function of wavelength by the equations

Var(Ai) = ga€a(Ai)Tr(Ai)Pa(A;)
Ver(Ai) = gep(Ai)Tr(Ai)Pp(As)
By tuning the gain of each LIA channel, it is possible to force the LIA output signals

to be equal for each wavelength. This is equivalent to affirming that the voltage
signals on the detectors are equal

Va(Ai) = Va,p(Ai)
and, consequently, that

84€A(Ai)Tr(Ai)Pa(Ai) = gBer(Ai) Tr(Ai)Pp(Ai) =
gaea(Ai)Pa(Ai) _ 5.1)
g5€p(Ai) Pp(A:) '

The relation 5.1 represents the balancing condition and corresponds to a perfect sym-
metry of the optics and detectors of the two channels.
Now, with this calibration, it is possible to obtain the transmission coefficient from
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a single ratio between the voltages measured through the sample and the reference.
Considering the sketch of figure 5.1, we have that the only difference in the mea-
surement configuration is the presence of the particles to be investigated. The signal
voltage

V,p = signal through the particle sample P measured by the detector A

is defined by the relation
Vap(Ai) = ga€a(Ai)Tp(Ai)Te(Ai)Pa(Ai)

Therefore, dividing the intensity through the sample V4 p by the intensity through
the reference V3 r, we obtain the transmission coefficient of the particles in suspen-
sion:

Vap _ 8a€a(Ai)Tp(Ai)Tr(Ai)Pa(Ai) _ ga€a(Ai)Pa(Ai)

VB F ge(Ai)Tr(A))Ps(A;)  gpes(Ai)Pp(Mi)

The simplified form of the equation 5.2 results in a lower impact of the propaga-
tion of experimental error with respect to the "double ratio" method.

«Tp = Tp (5.2)

5.2 Channel balancing: calibration measurement and tempo-
ral reproducibility

The calibration procedure consists in choosing the proper gains that make the inten-
sities of the two channels equal to each other (as described in section 5.1). In detail,
for each wavelength, we measure the voltage (proportional to the light intensity) of
each channel of the LIA and, tuning its gain, we compensate the difference between
these two values. Once the voltage difference becomes lower than the 1% for each
wavelength used in the LTS measurement, we save the value of the proper gains
with the corresponding wavelength. These values are collected in an external file
and then automatically applied in the measurement of suspended particles, to en-
sure to achieve the balancing condition described above.

To verify the goodness of this method, we performed the calibration procedure using
deionaized water as suspending medium. The ratio between the measured intensi-
ties obtained by the calibration procedure for seven wavelength, between 410 nm
and 1010 nm, is reported in figure 5.2a. The ratio between the LIA output voltage
pulses is very close to 1 and the error bars, calculated by the propagation of the
maesured uncertainity, are within the 2%. The red line represents the mean value
of 0.999 £ 0.006, where the error represents the 95% confidence interval. These re-
sults show that the calibration procedure guarantees a very good compensation of
the differences between the two optical channels and allows to obtain the particle
transmission coefficient from the single ratio of the voltage amplitudes coming from
the sample and reference channels.

After the calibration, we checked its temporal reproducibility, measuring the same
NIST standard polystyrene nanoparticle suspension (nominal radius of 254 nm and
concentration of 1 x 10° part/ml), already employed for the double ratio test mea-
surements (see section 3.1). The extinction coefficients obtained by performing three
balanced measurements on NIST sample, for different times after the calibration pro-
cedure, are reported in figure 5.2b. The results obtained at times of 0, 6 and 24 hours
after the calibration are very similar, with a relative error less then 7%. These data
demonstrate that the "balanced" method is powerful, reliable and reproducible.
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sion (Ryominal = 254 11, Cpominat = 1 x 10° part/ml), measured at 0,
6 and 24 hours after the calibration procedure.

The excellent temporal reproducibility allows to avoid the LIA calibration immedi-
atly before the measurement for each wavelength, and, moreover, to performs the
calibration only one time, at least during 24 hours of measurements.

This is the first interesting result that implies a halved measurement time with re-
spect to the double ratio method.

5.3 Comparison with the standard method

In order to compare the "balanced" method with respect to the "double ratio" one, we
measured the transmission coefficient of the NIST sample already analysed in sec-
tion 3.1.1 employing the two methods. The comparison between the transmission
coefficients are shown in the inset of figure 5.3a. However, a more suitable compar-
ison can be done considering the calculated extinction coefficients, which represent
the input data of the analysis software. Looking at figure 5.3a, it is evident that the
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error propagation induces an uncertainity much lower for the balanced method re-
spect to the double ratio method, in particular in the low wavelength region. More-
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a NIST standard polystyrene particle suspension (Ryppming = 254 nm,

Chominal = 1 x 10° part/ml) obtained by the balanced method (black)

and the double ratio method (red). In the inset the respective trans-

mission coefficients are shown. b) Comparison between the extinc-

tion coefficient relative error for the balanced (black) and double ratio
(red) methods.

over, analysing the wavelength dependence of the relative errors (figure 5.3b), it is
more evident that the uncertainty significantly decreases, especially in the region of
the lower wavelengths. This region is the most interesting in the perspective of mea-
suring low concentrated samples and small size particles in view of the biological
and biomedical applications. The relative error obtained from the balanced method
for wavelengths below 450 nm is almost six times lower than that one from the dou-
ble ratio method, while for the higher wavelengths the difference is less evident.
On this bases, we expect an increased resolution in the analysis, which strongly de-
pends on the error of the input data (as discussed in section 1.5.3). The analysis
of the balanced method data (black circles in figure 5.3a) furnishes the density dis-
tribution reported in black in figure 5.4. If compared with the density distribution
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obtained by using the double ratio method (red), it is evident that the new method
provides a particle shape distribution much narrow and much more similar to that
one expected from the NIST specification (refer to section 3.1). In particular, from
the balanced method, the mean radius of the distribution is 253 nm and the FWHM
is 20 nm, in very good agreement with the nominal values (254 &= 8 nm). The double
ratio corresponding values, indeed, are 258 nm (radius) and 143 nm (FWHM). Thus,
by using the balanced method, the particle size indetermination respect to the nom-
inal value is equal to 0.3%, which is four times lower than the corresponding value
calculated by the double ratio method.

As to the concentration, the balanced method furnishes a value of 1.01 &+ 0.03 x
10° part/ml, while the analogous with the double ratio is of 1.03 4 0.09 x 10° part /ml.
As already observed, the estimate of the concentration is anyhow very robust.

The FWHM decreases and the symmetric shape of the distribution, marks a very
significant enhancement of the performances. The density distribution in now more
reliable and very close to the real one, differently from what observed and discussed
in section 3.1.1. Moreover, the possibility of reducing the measurement time must
not be neglected. For these reasons, we can assert that the balanced method repre-
sents an important improvement for the LTS technique.

This new method, combined with the recent extension of the usable wavelength
range, is fundamental for the study of low concentrated samples. In the next future,
we will perform preliminary studies of low concentrated sample.
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Chapter 6

Towards LTS measurements of
exosomes

In all domains of life, Eukarya, Archaea and Bacteria produce and release mem-
brane vesicles for reasons that are still not completely understood [64]. In humans,
many cells such as dendritic cells, lymphocytes and tumor cells actively release (i.e.,
by exocytosis) small (from 30 nm to 100 nm of diameter) membrane vesicles, re-
ferred as exosomes, into biofluids (i.e., plasma/serum, urine, cerebrospinal fluid and
saliva). These vesicles are powerful cell-to-cell messengers as they transfer lipids,
proteins, DNA and ribonucleic acids (i.e., mRNA, microRNA, IncRNA and other
RNA species) between cells [60, 65, 61]. In the last few years, exosomes and their
inner content (i.e. nucleic acids, proteins and other small molecules) have been also
exploited as innovative and effective biomarkers for the diagnosis of many different
diseases (i.e., tumors, obesity, gastrointestinal disorders, fibromyalgia, etc.) [66],[62,
63, 671].

For these reasons, quantitative and label-free analysis of membrane vesicles and,
more in general, of their progemitor cells is very challenging and widely investi-
gated nowadays. In particular, articulated imaging techniques based on the refrac-
tive index contrast analysis are recently developed [68]. Laser Transmission Spec-
troscopy, instead, can be considered as a relatively simple technique with very pow-
erful applications in this field. LTS, indeed, allows to measure with high precision
both size and concentration of the vesicles produced by cells grown at different en-
vironmental conditions.

Similarly to human cells, either gram-negative and gram-positive bacteria produce
extracellular vesicles, referred as Outer-Membrane Vesicles (OMVs) and Membrane
Vesicles (MVs), respectively.

In this chapter, we report a preliminary biophysical characterization perforemed
by Dynamic Light Scattering (DLS), Transmission Electron Microscopy (TEM) and
Small Angle X-ray Scattering (SAXS), which showed interesting membrane prop-
erties (phase transitions) that allowed to discriminate OMVs from Escherichia coli
grown at different temperatures and to distinguish vesicles coming from different
bacteria (i.e., gram-positive and gram-negative bacteria), with great relevance in
biomedical applications.

These properties will be deeply studied through LTS technique in next future.
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6.1 Membrane phase transitions of E. coli Outer Membrane
Vesicles (OMVs)

Gram-negative bacteria (e.g. Escherichia coli, Pseudomonas aeruginosa, etc.) spon-
taneously secrete OMVs, small (from 20 nm to 100 nm of diameter) spherical bi-
layered vesicles, delivered in a variety of environments, including planktonic cul-
tures, fresh and salt water, biofilms, inside eukaryotic cells and within mammalian
hosts [69, 70, 71, 72]. Also gram positive bacteria (Lactobacillus rhamnosus, Staphy-
lococcus aureus, Bacillus subtilis, Bacillus anthracis, Streptomyces coelicolor, Liste-
ria monocytogenes, Clostridium perfringens, Streptococcus mutants, and Strepto-
coccus pneumoniae) spontaneously produce MVs, as reported by [73, 74, 75, 76, 77,
78,79, 80].

Owing to the recent employ of OMVs and MVs as adjuvants in vaccines [80, 81] or
as novel vaccines platform [82], to regulate pathogenic processes [83], an in depth
biophysical characterization (i.e., identification, discrimination and quantification)
of these types of vesicles is highly desired for biomedical applications.

Here, we report the characterisation of morphology and size and the study of ther-
motropic properties of the lipid membrane vesicles. Indeed, although DLS is gener-
ally used to determine vesicles size, at the same time it provides information about
the reorganization of lipid molecules of the membrane bilayer with a turbidimetric
method [84]. Actually, the intensity of light scattered at a fixed angle by particles in a
suspension depends on their size and on their optical properties, and concequently
on the structure and on the refractive index of the components. By measuring the
time-averaged intensity of scattered light as a function of the temperature, the ap-
paratus allows the determination of thermotropic lipid phase transitions (with tran-
sition temperature Tc), related to the lipid organization and their remodeling within
the bilayer, which affect the membrane optical properties (refractive index) [85]. In
principle, observed differences in their thermotropic behaviour can be used to dis-
criminate vesicles of different compositions, different bacterial origins or different
culture conditions. In fact, it was previously known that E. coli bacteria show a
phase transition due to conformational changes of the lipid component of the outer
membrane [86] and that lipid composition modifications have been also observed in
their membrane when the environmental conditions change (i.e. growth tempera-
ture) [87, 88]. Similar behaviour is expected also for vesicles.

6.1.1 Extraction procedure and analysis techniques
Bacterial culturing conditions and isolation of extracellular vesicles

E. coli (ATCC8739) was cultured at three different temperatures: 20°C, 27°C and
37°C in essential M9 microbial growth medium consisting in Na, HPOy4 (6.8 g/L),
KHyPO4 (3 g/L), NH4CI (1 g/L) and NaCl (0.5 g/L). To M9 medium, a solution
containing D-glucose (4 g/L), MgSOy (241 mg/L) and CaCl, - 2H,0 (15 mg /L) was
added and the resulting solution was adjusted to pH = 7.

Bacteria were cultured overnight until the culture reached an Optical Density at
600 nm of wavelength (OD600) of approximately 1. Lactobacillus rhamnosus (L.
rhamnosus) LGG (ATCC53103) (Dicoflor 60, DICOFARM, Rome, IT) was cultured
overnight in a De Man, Rogosa and Sharpe medium (MRS broth, 51 ¢/L) at 37°C
in anaerobic conditions up to an OD600 of approximately 2. Aliquots (5 ml) of the
bacterial culture (both E. coli and L. rhamnosus) were retained for further analysis
and to be used as controls.
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To isolate either OMVs or MVs, bacteria were removed from culture media by cen-
trifugation (Beckman Avanti | — 25 centrifuge, JA — 10 rotor, 6000 x g, 15 min), and
the supernatant was filtered through a 0.45 pm filter unit (Sartorius, Goettingen,
DE). The supernatant, which contains vesicles, was concentrated by ultrafiltration
(Vivaflow 200, Sartorius) up to small volume (50 mL) then filtered through a 0.45 um
filter.

Bacterial vesicles (OMVs or MVs) were separated by ultracentrifugation (107000 g
for 3h at 4°C) (Optima XPN — 100 Ultracentrifuge, Beckman Coulter, SW40 Ti-rotor)
of the ultrafiltered solution obtained previously. The pellet was washed once in
phosphate buffered saline and suspended in the same buffer. At the end of the iso-
lation protocol, a drop of the purified solution was cultured on agar plates at 37°C
for one day to exclude the presence of residual bacteria.

Dynamic Light Scattering and turbidimetric analyses

DLS experimental set-up has been employed to provide vesicles size, as in its most
common use, and to characterise the bilayer organisation because its sensitivity to
the sample refractive index. In this case, we use the term “turbidimetric” measure-
ments for this unconventional way of using a light scattering apparatus, although
this term is not strictly appropriate, because we observe changes in the refractive
index of the lipid membranes, concerning the scattered light and not the transmit-
ted light, as in conventional turbidimetric measurements. DLS and turbidimetric
measurements were performed employing a MALVERN Nano Zetasizer appara-
tus equipped with a 5 mW HeNe laser (Malvern Instruments LTD, UK). This sys-
tem uses backscattering detection, i.e. the scattered light is collected at 173°. To
obtain the size distribution, the measured autocorrelation functions were analyzed
using the CONTIN algorithm [89]. The values of the radii shown in this work corre-
spond to the average values on several measurement and are obtained from intensity
weighted distributions [89, 90]. The thermal protocol used for OMVs, MVs, and bac-
teria in DLS measurements consists of an ascending ramp from 10°C to 45°C with
steps of 1°C and thermalisation time chosen to obtain reproducible transitions with
the shortest overall measurement time. The optimal thermalisation time for sam-
ples grown at 37°C was 360 s, for those samples grown at 27°C and 20°C was 720 s
and 1080 s, respectively. These different time intervals are probably related to dif-
ferent concentration and size of the samples which in turn depend on the different
growth temperature of the bacteria. For the turbidimetric determination of vesicle
membrane thermotropic behaviour, we measured the mean count rate of scattered
photons (i.e. the time-averaged intensity of the scattered light), I, as a function of
temperature, T, and fitted the data to a Boltzmann sigmoidal curve:

(I — Io)
(1 + e((T-To) /AT))

I=1I+ (6.1)
where the fitting parameters are Iy and I;, the minimum and maximum intensity
respectively, the transition temperature Ty , and the so called “slope” AT which de-
scribes the steepness of the curve. AT roughly measures the transition width.

Small Angle X-ray Scattering

SAXS experiments were performed at the Austrian SAXS beamline of the Elettra
Synchrotron in Trieste, Italy [91]. SAXS images were recorded with a 2D pixel
detector Pilatus3 1M spanning the Q-range between 0.1 nm~! and 6 nm~!, with
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Q = 4msin (20)/A, where 20 is the scattering angle and A = 0.0995 nm the X-
ray wavelength. The image conversion to one-dimensional SAXS pattern was per-
formed with FIT2D [92]. Detector calibration was performed with silver behenate
powder (d — spacing = 0.05838 nm). Samples were held in a 1 mm glass capillary
(Hilgenberg, Malsfeld, DE). Experiments were carried out between 10°C and 45°C,
by using the same heating rate already adopted in DLS experiments. Each measure-
ment was performed for 1 s and followed by a dead time of at least 10 s in order to
avoid radiation damage. We obtained a set of SAXS curves resulting from the av-
erage of overlapping SAXS spectra obtained at about the same temperature (£1°C),
in order to analyse data with an improved signal-to-noise ratio. SAXS data were
titted according to a core-shell model [93] by GENFIT software [94], and taking into
account the vesicle polydispersion, in agreement with the DLS results. The fitting
parameters are OMVs radius R and thickness d, as well as the electron densities of
the core and of the shell, p; and p,, respectively.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) was used for the morphological characteri-
sation of OMVs. Measurements were carried out at Department of Occupational and
Environmental Medicine, Epidemiology and Hygiene of INAIL-Research in Rome,
by using a FEI TECNAI 12 G2 Twin (FEI Company, Hillsboro, OR, USA). This instru-
ment operate at 120 kV and is equipped with an electron energy loss filter (Biofilter,
Gatan Inc, Pleasanton, CA, USA) and with a slow-scan charge-coupled device cam-
era (794 IF, Gatan Inc, Pleasanton, CA, USA). Samples for TEM measurements were
prepared by depositing 20 ul of vesicle suspensions on a 300-mesh copper grid for
electron microscopy covered by a thin amorphous carbon film. Samples were de-
posited at room temperature. TEM images were performed both in the absence and
in the presence of negative staining to test if the same structural information could be
obtained and check the presence of possible artefacts, as already performed in a pre-
vious investigation on mammalian exosomes [95]. For negative staining, 10 u!l of 2%
aqueous phosphotungstic acid (PTA) solution (pH-adjusted to 7.3 using 1 N NaOH)
was added before samples were completely dried.

Scattering intensity simulations

To better understand the behaviour of phase transitions in OMVs and bacteria, Mie
scattering simulations were performed using the MiePlot 4.6 simulator by P. Laven
[96, 97]. This simulator allows to calculate the scattered intensity as a function of
scattering angle for inhomogeneous spheres where the refractive index is a func-
tion of the radius. For simplicity sake, both OMVs and bacteria were described
as multiple-shelled spheres. In all the calculations, we assumed a wavelength of
633 nm for the incident light and a scattering angle of 173°. For the refractive index
of the aqueous core (of both vesicles and bacteria), we used the value n¢ytoprasm =
1.367 according to the literature [98], whereas for the bacterial cell wall we used
Neellwanr = 1.455 [99]. Finally, we assumed that the dependence of the refractive in-
dex as a function of the temperature of the lipid membrane (both of vesicles and
bacteria) was described by a Boltzmann sigmoidal curve (equation 6.1).
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6.1.2 Vesicle characterisation and membrane phase transition study
DLS and TEM characterisation of OMVs

Size and shape of isolated OMVs at the three growth temperatures have been char-
acterised by DLS and TEM measurements. Figure 6.1 shows the intensity-weighted

(a) ; (b)

intensity (a.u.)

diameter (nm)

FIGURE 6.1: a) Dynamic Light Scattering intensity-weighed distribu-

tion of vesicles by E. coli grown at 37°C. b) Transmission Electron

Microscopy image of vesicles by E. coli grown at 37°C obtained with-

out negative staining. In the inset is shown a detail of a TEM image
obtained with negative staining

size distribution of OMVs from E. coli grown at 37°C obtained by DLS measure-
ments (panel a) and the morphological characterisation carried out by TEM mi-
croscopy, considering both the case of absence of any staining (panel b) and the
PTA staining (inset of panel b). In both imaging conditions, we observed spherical
vesicles. As shown in panel b, we observed a heterogeneous population of unil-
amellar spherical vesicles with size ranging from ~ 15 nm to ~ 65 nm, in agreement
with DLS intensity weighed distribution average values of 48 £ 12 nm. Notably, the
DLS analysis revealed that the vesicle size decreases as the growth temperature is
lowered (Table 6.1). OMVs grown at 27°C and 20°C have a mean hydrodynamic

growth temperature mean diameter =~ FWHM

37°C 48 =3 nm 24+ 2 nm
27°C 37 +4 nm 32+2nm
20°C 24 +£2 nm 203 nm

TABLE 6.1: Mean hydrodynamic diameter and Full Width Half Maxi-

mum (FWHM) of DLS intensity weighed size distribution obtained

by CONTIN analysis of correlation function measured at 23°C of

OMVs by E. Coli grown at different temperature; reported errors are
the standard deviation of three measurements.

diameter of 37 + 16 nm and 24 + 10 nm, respectively. Typical TEM images and DLS
intensity weighed distributions for vesicles grown at 27°C and 20°C are reported in
figure 6.2. Such a reduction of the size of the OMYV is probably related to a different
lipid composition of the membrane of the vesicles released by the bacteria grown
at different temperatures. Actually, it is well known that as the growth tempera-
ture is reduced, the content of unsaturated lipids, which confer a higher flexibility
to the membrane, increases. However, once the vesicles are formed, their size is not
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FIGURE 6.2: Dynamic Light Scattering intensity-weighed distribution

of OMVs by E. coli grown at 27°C(a) and 20°C (c). Transmission Elec-

tron Microscopy image of vesicles by E. coli grown at 27°C (b) and

20°C (d) obtained without negative staining. In the insets details of
TEM images obtained with negative staining are shown.

influenced by successive changes of the temperature, i.e. the size of the vesicles pro-
duced by bacteria grown at a given temperature does not change significantly over
the range of temperature (10°C to 45°C) of interest for our measurements (see for
example the lower panel of figure 6.3 of the section 6.1.2).

Turbidimetric experiments on Gram-negative OMVs

The intensity of light scattered at a fixed angle by particles in a suspension depends
on their size, geometry and optical properties (structure and refractive index of the
components). In particular, the refractive index of a lipid bilayer depends on the
conformational state of the lipids and on their ordering in the bilayer. Hence, by
measuring the time-averaged intensity of scattered light as a function of the tem-
perature, it is possible to determine the thermotropic lipid phase transitions (with
characteristic transition temperatures Tc), related to the lipid organization and their
remodeling within the bilayer [85, 86]. In figure 6.3 the results obtained from tur-
bidimetric measurements for vesicles (figure 6.3a) and, as comparison, E. coli (figure
6.3b) grown at 37°C are reported. How to concern the vesicles, the mean scatter-
ing intensity (figure 6.3a, upper panel) decreased significantly (about 25%) when the
temperature was increased. We determined a transition temperature by fitting with
a Boltzmann sigmoidal curve (equation 6.1) the experimental data (red line in fig-
ure 6.3a, upper panel). The fitting procedure provided a transition temperature of
32 £ 2°C, where the uncertainty is the fitted slope AT. In principle, the observed
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FIGURE 6.3: a) Mean scattering intensity (upper panel) and hydrody-
namic diameter (lower panel) resulting from DLS measurements of
vesicles grown at 37°C; red lines results from Boltzmann fit and lin-
ear fit, respectively, while the red dashed line highlights the transition
temperature. b)DLS mean scattering intensity at increasing tempera-
tures between 10°C and 35°C of E. coli bacteria grown at 37°C. In the
inset the mean scattering intensity until 45°C is show (above 35°C the
bacteria start to grow).

change of the scattered intensity, could be ascribed to different factors [100]: a de-
crease of the concentration, the size of the suspended particles, or a variation of
vesicles refractive index [84]. However, we did not observe any phase separation
(flocculation or precipitation of the particles) and the hydrodynamic diameter of the
particles determined by DLS (lower panel of figure 6.3a) did not show any appre-
ciable dependence on temperature. Hence, we ascribed the observed decrease of the
scattered intensity to a change of the refractive index of the particles, likely due to
a phase transition of the membrane lipid bilayer or, more in general, to a structural
reorganization of the membrane [84]. The results obtained from a suspension of E.
coli are reported in figure 6.3b. Again, also with bacteria, a rather steep variation of
the scattered intensity was observed within the same temperature range observed
in the case of OMVs, suggesting the occurrence of a similar membrane transition.
However, in the case of E. coli, the scattered intensity increased, whereas in the case
of OMVs decreased. The scattered intensity measurements were unreliable above
35°C because of bacterial proliferation increased and the concentration increase pre-
vented the separation of this contribution from that due to variations of bacterial
optical properties. Although this, a transition temperature of 30 & 3°C was obtained
(figure 6.3b). We attributed the opposite behaviour of the scattered intensity to the
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FIGURE 6.4: Normalised scattering intensity as a function of temper-

ature: comparison between membrane phase transitions of OMVs (a)

and E.Coli bacteria (b) grown at 37°C, 27°C and 20°C; vertical dashed
lines highlights the transition temperatures.

different structures of the bacteria cell wall and, as a consequence, of the OMVs
membrane.

Similar results were obtained also for samples (vesicles and bacteria) grown at 27°C
and 20°C. At these growth temperatures, OMVs were smaller (diameters were
37 £16 nm and 24 + 10 nm, respectively, compared to 48 £ 12 nm at 37°C) and
their concentration (estimated by absorbance measurements) was found to be sys-
tematically lower than that obtained for the samples grown at 37°C. Therefore, also
the mean scattering intensity was significantly lower. Nevertheless, also in these
conditions, the trend of the registered data suggested the presence of a phase transi-
tion. In figure 6.4 we compared the scattering intensity of vesicles (figure 6.4a) and
bacteria (figure 6.4b) grown at different temperatures. For each sample, we reported
the normalised scattering intensity, the fitting curve (solid line) and vertical dashed
line that highlights the transition temperature. All the samples analyzed showed a
similar behaviour in terms of phase transitions. Interestingly, for both OMVs and
bacteria, a strong correlation between the growth temperature and the transition
temperature of the membrane was found (figure 6.5). From previous E. coli stud-
ies, we know that, by reducing the temperature of the growth medium, the content
of unsaturated lipids, which confer a higher flexibility to the membrane, increases.
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FIGURE 6.5: Comparison between phase transitions temperature of
OMVs and E. coli bacteria grown at 37°C, 27°C and 20°C; the error
bars represent the transition widths.

Moreover, bacteria membranes show thermotropic phase transitions whose char-
acteristic transition temperature depends on the lipid composition [86], which, in
turn, is related to the growth temperature [101]. It is reasonable to think that OMVs,
originated from the bacterial outer membrane, may have a similar composition and
similar thermotropic behaviours, but, to the best of our knowledge, this is the first
experimental observation of this behaviour.

Scattering intensity simulations on Gram-negative OMVs

To better understand the different optical response observed for vesicles and bac-
teria, we calculated the scattering cross section of different structures simulating
vesicles and bacteria by through Mie theory [97, 96]. Vesicles and bacteria have been

Cartoon Core & Shell
scheme scheme

FIGURE 6.6: Outer membrane vesicle and E. coli bacterium schema-
tization as core and shell of different densities (SAXS analysis) or dif-
ferent refractive index (scattering intensity simulations).

represented and modeled as shown in figure 6.6. In particular, OMVs have been
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modeled as single-shelled spheres, where the core is the cytoplasm (assumed ho-
mogeneous) and the shell represents the lipid membrane, whereas in the case of E.
coli also a second (internal) shell is added, which represents the cell wall, mainly
composed of peptidoglycans. To take into account the thermotropic behaviour and
evaluate the refractive index n(T) of the lipid bilayer, we assumed the Boltzmann
function dependence on the temperature (see equation 6.1) with the Tp and AT val-
ues determined from experimental turbidimetric measurements. We also imposed
the ratio of the asymptotic values of the refractive index (Z—?) equal to the ratio of the

measured intensities (%’). Finally, we constrained the Boltzmann curve to assume
the value of 1.44 at T = 23°C according to the literature [102]. As to the refraction
index of cytoplasm and peptidoglycan, for the sake of simplicity we neglect any
temperature dependence assuming the constant values of 1.367 and 1.455 respec-
tively. The results of the calculations obtained using MiePlot 4.6 simulator were re-
ported in figure 6.7. In particular, figure 6.7a shows the transitions of OMV models,
whereas figure 6.7b shows the corresponding curves calculated for the E. coli mod-
els. Notably, the simulations clearly confirmed not only the temperature-dependent
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FIGURE 6.7: Normalized scattered intensity as a function of tempera-
ture: comparison between simulated membrane phase transitions of
OMVs (a) and E. coli bacteria (b) grown at 37°C, 27°C and 20°C.

transition trend but also the opposite scattering intensity behaviour of OMVs and
bacteria, as previously experimentally observed. Simulations gave us the possibility
to identify the reason behind the transition differences observed in the case of OMVs
and bacteria and ascribe this behaviour to the presence of a second "layer" beneath
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the outer membrane (the cell wall comprising the peptidoglycan layer) with a fixed
refractive index. In fact, this is the only difference between these two models (at
least from the optical point of view). This strongly supports the hypothesis that the
trend of the transition temperature represents a characteristic "fingerprint" of OMVs.
This behaviour could be thus employed as a characteristic "marker" to distinguish
vesicles from the bacteria that originated them.

Small Angle X-ray Scattering experiments on Gram-negative OMVs

To deeply investigate the temperature effects on OMVs structure, we performed
SAXS experiments. Also in this case, we performed measurements on OMVs iso-
lated by E.coli grown at three different temperatures but, due to the low concen-
tration obtainable for vesicles grown at 27°C and 20°C, we obtained a signal suffi-
ciently intense only for OMVs grown at 37°C. We reported SAXS patterns in figure
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FIGURE 6.8: a) SAXS spectra corresponding to vesicles at tempera-
tures between 10°C and 45°C. b) Vesicles bilayer thickness as result-
ing from SAXS data fitting procedure, as a function of temperature.

6.8a. The overall SAXS pattern, which is typical of shelled spheres, did not change
significantly when the temperature increased. This evidence confirmed that OMVs
size did not vary in the temperature range investigated and no membrane damages
were reported. However, the smooth peak centered at Q ~ 1 nm~! (inset of figure
6.8a) is related to the thickness of the membrane and has been already detected by
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SAXS on Alix-positive exosome-like small extracellular vesicles [103]. This peak sig-
nificantly changed the shape and moved towards higher Q values at increasing tem-
peratures. In order to better understand the significance of this peak position shift,
SAXS curves were analysed considering the simplified model of OMVs reported in
figure 6.6. Although OMV membrane contains a mixture of different lipids, choles-
terol, and proteins, this simple model appeared to be able to reasonably reproduce
our SAXS data. The thickness and, the radius and the electron densities, as a function
of temperature obtained from the fitting procedure are reported in figure 6.8b and
6.9, respectively. The thickness of the OMV membrane is the only parameter that
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FIGURE 6.9: a) Vesicle radius as resulting from SAXS data fitting pro-

cedure, as a function of temperature. b) Vesicle core (black square)

and shell (red circle) electron densities as resulting from SAXS data
fitting procedure, as a function of temperature.

significantly changes as the temperature increases. This result confirms that vesicle
size is not affected by temperature (at least in this range) and that vesicles remain in-
tact, as indicated by the core electron density as well as the shell one. These findings
suggest that temperature induces a rearrangement of membrane structural motifs,
linked to the lipid membrane reorganization and/or to conformational changes of
its components.
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Turbidimetric experiment on Gram-positive MVs

In order to assess the feasibility of using the phase transition profile to discriminate
extracellular vesicles coming from different bacteria (i.e., gram-negative and gram-
positive bacteria) and potentially use this information for diagnostic purposes in the
microbiology field, we also measured the phase transition properties of MVs from
the gram-positive Lactobacillus rhamnosus LGG (LGG) compared to those obtained
from the gram-negative E.coli. In this specific case, we studied only the phase tran-
sition of MVs from LGG by turbidimetric measurements, as this technique is easy
to reproduce, does not require expensive equipment, is cheap and also relatively
fast. In figure 6.10 (upper panel), we reported the results of the scattering intensity
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FIGURE 6.10: Mean scattered intensity (upper panel) and hydrody-

namic diameter (lower panel)of a DLS measurement at increasing

temperatures between 10°C and 45°C of vesicles by Lactobacillus
Rhamnosus grown at 37°C.

measurements in the temperature range between 10°C and 45°C. By examining the
profile of MVs from LGG, we observed the presence of multiple transitions, two of
them ata T < 35°C and probably another one less clear around 37°C. DLS analysis
confirmed that the diameter remained constant (as show in figure 6.10 (lower panel))
throughout all the temperature range. Similarly to what observed for OMVs, floccu-
lation or precipitation of MVs did not occur, confirming that the transitions are only
related to membrane modifications. The intensity data were fitted with a double
Boltzmann function in the region at T < 35°C, providing two transition temper-
atures of 16 4= 2°C and 28 & 3°C. Interestingly, the scattering profile of MVs was
completely different than that of OMVs, suggesting that MVs and OMVs have a dif-
ferent lipid composition of the membrane.

The analysis of mean scattering intensity as a function of the temperature has
shown the presence of peculiar membrane phase transitions characteristic of both
OMVs and bacteria. In particular, the transition temperature that we measured al-
lowed to discriminate not only vesicles of different composition (i.e., OMVs and
MVs) but also to correlate them to bacteria that originated them and to their culture
conditions (i.e., temperature). The results have shown that it is possible to distin-
guish vesicles coming from different bacteria (i.e., gram-positive and gram-negative
bacteria) by simply studying the phase transitions of their membranes. In a close
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future, by implementing this technique, it could be possible to perform microbio-
logical analysis by discriminating different bacteria in complex mixtures or matrices
(i.e., biological fluids, stool, blood, tissues, etc.) More generally, this technique could
be also employed in fields such as oncology, for example to discriminate human ex-
osomes originating from tumors from that produced by normal cells and help clini-
cians to diagnose different form of tumors.

Thanks to the wavelength extension carried out in this last period, and to the
development of the new balanced measurement method, we are currently able to
performe LTS measurements on the OMVs. In particular, we plan to measure the
radius and the concentration of OMVs across the transition. In such a way, we expect
to evidanziate the membrane refractive index modification during the transition and
estimate their temperature dependence. At present, preliminary measurements are
underway.
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Conclusions

This thesis is based on the design, realisation and testing of an apparatus for Laser
Transmission Spectroscopy (LTS), a novel technique based on the analysis of the light
intensity transmitted by a particle suspension as a function of the incident radiation
wavelength. FORTRAN and LabView codes were properly developed for the data
acquisition and analysis. Eventually, the LTS apparatus has been used for the deter-
mination of particle radii and absolute concentrations in different systems.

The core of the apparatus that has been designed and realised is a pulsed Nd:YAG
tunable laser (emission wavelength in the range 410nm < A < 2600nm). The whole
optical system is able to produce two identical beams: the first impinges on the sam-
ple, i.e. particles + solvent, the second on the solvent only.

The detection system, which simultaneously analyses the two beams in order to

obtain the particle transmittance, is based on two Si photodiodes whose output volt-
age pulses are the input signals of a two channel variable gain lock-in amplifier. At
first, the apparatus was realized following the seminal work of Li et al.. With this
conventional setup, different series of measurements have been carried out on several
systems obtaining rather good results. Although the estimation of the absolute con-
centration results to be accurate and rather robust, test measurements performed
on standard polystyrene nanoparticles of different size and concentration showed
significant inaccuracies. In particular, the width of the size distributions, relevant
for the characterisation of suspensions, was partly uncontrolled, due to the strong
dependence of the analysis on the experimental errors. To overcome this drawback,
we developed an innovative lock-in amplifier for the detection of the photodiode
voltage pulses. Standard techniques for small-signal detection indeed typically em-
ploy lock-in amplifiers whose sensitivity and resolution are limited by the selected
full-scale. These characteristics maximise the apparatus sensitivity and resolution
respect to the small amplitude variations of the input signal. In particular, we de-
signed a new, highly performant, variable gain, lock-in amplifier that has been op-
timised to operate at the repetition rate and pulse duration of our laser, so allowing
to detect small changes in the input signal amplitudes.
In order to increase the signal-to-noise ratio of the transmission spectra, has been
implemented an innovative balanced measurement method, based on a calibration
procedure, in which the gain of the new homemade lock-in amplifier is tuned, for
each wavelength, to balance the transmitted intensity in both the optical paths of
the experimental setup. The collected gain values are then employed to obtain the
sample transmittance, and the related extinction coefficient, from the ratio between
the two measured intensities. In this new balanced method, the error propagation is
greatly reduced, thus obtaining a huge improvement in the distribution quality, in
terms of both width and shape, and reliable and accurate estimates of the radii and
absolute concentration of the samples under investigation.

Size and absolute concentration LTS measurements have been performed on
sample belonging to three different fields: pharmaceutics, biophysics and cultural-
heritage. In particular, the study of liposomes for drug delivery showed that LTS is
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very useful to measure the liposome concentration, regardless of the lipid composi-
tion. This capability represents an unicum among the techniques applied in this field
at present. The results of this study are reported in a paper to be submitted to an
international journal.

LTS has also been applied to determine the absolute concentration of microvesi-
cles derived from Microglia cells. This kind of study is, in principle, relevant for de-
veloping a new strategy for a proper cancer therapy. As a matter of fact, microvesi-
cles, stimulated with different molecules, were employed for both in vivo and in vitro
experiments, with the aim of studying the modifications induced in the glioma cell
response, in terms of cell movement and proliferation. In particular, the measured
concentration of the stimulated microvesicles allowed to conclude that the num-
ber of microvesicles per cell is almost the same, regardless the specific molecular
treatment, and the response of the microvesicles stimulated is effectively due to the
transfer of their cargo of mRNA to recipient glioma cells. These results are recently
published in an international journal [48].

LTS technique has been also applied for the optimisation of the synthesis of sil-
ica nanocapsules used as biocide containers for stone artwork preservation. The
nanocapsule synthesis procedure involves the dripping of the silicon oxide precur-
sor in a constantly stirred water bath. In particular, the quality of silica nanocapsules
results influenced by the dripping and stirring speeds. To choose the best syntesis
parametres, we performed LTS measurements on suspension of nanocapsules ob-
tained at different stirring speeds. The obtained density concentrations, compared
with the Dynamic Light Scattering (DLS) distributions and electron microscopy im-
ages, allowed to find the best stirring velocity and obtain nanocapsules of good qual-

ity.

The present performances obtained by the new balanced LTS measurement
method could be of paramount importance for the study exosomes, one of the recent
hot-topics in biology. Within this context, we carried out a preliminar characterisa-
tion of Outer Membrane Vesicles (OMVs), bacterial vesicles analogous to exosomes.
This study, performed by DLS and Small Angle X-rays Scattering, showed interest-
ing membrane properties, which relate vesicles with progenitor cells. The analysis of
mean DLS intensity as a function of the temperature showed the presence of mem-
brane phase transitions characteristic of both vesicles and bacteria. This allowed to
discriminate vesicles of different composition and to correlate them to progenitor
bacteria.

The implementation of a recognition technique for membrane phase transitions

could, in principle, allow to perform microbiological analyses to discriminate dif-
ferent bacteria in complex mixtures, such as biological fluids, blood or tissues. In
an optimistic view, this method could allow the discrimination of human exosomes
produced by cancer cells from those ones by normal cells, in diagnostic applica-
tion. The results of this study are reported in a recently submitted paper entitled
"Biophysical characterization of membrane phase transition profiles for the discrimination of
Outer Membrane Vesicles (OMV's) from Escherichia coli grown at different temperatures”.
In these last months, thanks to a new funding, we were able to extend the accessible
laser wavelength range down to 210 nm. With this upgrade, we hope to reach higher
performances both in terms of minimum size and in concentration. On these bases,
we plan to perform LTS measurements on OMVs, around the transition tempera-
ture, to deeply characterise the membrane behaviour with particular attention to the
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membrane refractive index variation. Presently, preliminary LTS measurements on
these vesicles are in progress.
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In this appendix we report the paper "Microglia-Derived Microvesicles Affect Mi-
croglia Phenotype in Glioma" published on February 2019 [48], in which our Laser
Transmission Spectroscopy measurements were fundamental to discriminate the amount
of microvesicle per cell injected in the different experiments, for microvesicle ex-
tracted by non stimulated BV2 cells and stimulated BV2 cells (with LPS/INFy and
IL4).
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Extracellular-released vesicles (EVs), such as microvesicles (MV) and exosomes (Exo)
provide a new type of inter-cellular communication, directly transferring a ready to use
box of information, consisting of proteins, lipids and nucleic acids. In the nervous
system, EVs participate to neuron-glial cross-talk, a bidirectional communication
important to preserve brain homeostasis and, when dysfunctional, involved in several
CNS diseases. We investigated whether microglia-derived EVs could be used to transfer
a protective phenotype to dysfunctional microglia in the context of a brain tumor.
When MV, isolated from microglia stimulated with LPS/IFNy were brain injected in
glioma-bearing mice, we observed a phenotype switch of tumor associated myeloid
cells (TAMs) and a reduction of tumor size. Our findings indicate that the MV cargo,
which contains upregulated transcripts for several inflammation-related genes, can
transfer information in the brain of glioma bearing mice modifying microglial gene
expression, reducing neuronal death and glioma invasion, thus promoting the recovery
of brain homeostasis.

vesicles, tumor associated myeloid cells, brain tumors, glioma

INTRODUCTION

Cellular communication has been recently enriched by a new mechanism, that use the cargo
transported by extracellular membrane vesicles (EVs). EVs include exosomes (Exo, 10-100 nm
diameter), microvesicles (MV, 100-1000 nm) and apoptotic “blebs” (1-2 mm). EVs are produced
by all cell types and their production dynamically changes in number and content in response to
specific environmental signals. The content of EV', considered true metabolic units, is released into
the cytoplasm of receiving cells, where they mediate several functional effects (Iraci et al., 2017).

In the brain, EVs modulate synaptic activity and neuronal communication (Korkut et al., 2013;
Chivet et al,, 2014), and also contribute to spreading disease in several CNS pathologies, such
as multiple sclerosis (Carandini et al., 2015), Alzheimer’s disease (Aguzzi and Rajendran, 2009;
Gouwens et al., 2018), prion disease (Fevrier et al., 2004), and Huntington’s disease (Zhang et al.,
2016). Neurocentric vision in acute and chronic diseases of the CNS turned out to be insufficient to
explain the mechanisms responsible for several disease onset and progression. The role played by
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non-neuronal cells, such as astrocytes and microglia, which
are in constant communication with neurons to monitor brain
parenchyma through their processes, actively contribute to
maintain cerebral homeostasis.

EVs released by microglia, similarly to EVs released by
macrophages, recapitulate, in their cargo, the inflammatory
information of the donor cell (Garzetti et al, 2014;
Cunha et al., 2016).

Microglial cells acquire a dysfunctional phenotype in many
CNS pathologies, losing their ability to monitor and preserve
brain homeostasis. In the context of glioma, tumor associated
myeloid cells (TAMs) modify their phenotype and local
microenvironment toward a pro-tumor, anti-inflammatory state
supporting tumor cell proliferation, survival, and invasion (da
Fonseca and Badie, 2013).

In this work, we investigated the role of MV released by
polarized microglia on the modulation of microglia state in vivo,
to verify the hypothesis to use MV to help host microglia to
reacquire a homeostatic state in the context of glioma. At this aim
EVs, and in particular microvesicles (MV) and exosomes (Exo)
released by microglia in inflammatory conditions were isolated
and analyzed for their in vitro and in vivo effects in glioma
bearing mice. We demonstrated that in vitro, microglia derived
LPS/IFNy-MVs reduced the expression of anti-inflammatory
genes in IL4-treated microglia. In vivo, LPS/IFNy-MVs injected
in the brain of mice with glioma reduced the anti-inflammatory
phenotype of TAMs and significantly reduced tumor size and
tumor induced neurotoxicity. We suggest that the cargo of
LPS/IFNy-MV, which contains specific mRNA for inflammatory
genes, transfer this information to recipient cells modifying their
gene expression profile toward a protective one. Altogether, these
findings demonstrate that the administration of exogenous EVs
could be a valuable approach to transfer protective signals to
TAMs, restoring the homeostatic microglia phenotype.

RESULTS

Dimensional and Morphological

Analyses of EVs Derived From Microglia
EVs, in particular microvesicles (MV) and exosomes (Exo), were
obtained from BV2 cell line and primary mouse microglia.
EV sizes were measured by Dynamic Light Scattering (DLS)
performed at a constant temperature of 15°C. The CONTIN
distribution demonstrated that BV2-derived MV (Figure 1A) had
a polydispersity of 20%. The intensity-weighted distribution of
hydrodynamic diameter shows that the main population peaked
around 300 nm, providing 90% of the total scattered intensity, as
evidenced by the integral of the distribution reported in the inset
of Figure 1A. In MV released by primary microglia (Figure 1B) a
polydispersity of 30-40% was obtained and two main populations
were identified: the first peaked at 250 nm and the second at
880 nm. The distribution integral (inset of Figure 1B) highlights
that 20% of the total scattered intensity is due to the smallest
population, while 50% is due to the largest one. Exo had a
polydispersity around 30-40%. Due to their size, the volume-
weighted is the most accurate distribution to obtain qualitative

information on sample composition. Seventy percent of Exo has
amean size of 34 & 4 nm (derived from BV2 cells, Figure 1C) and
of 39 & 4 nm (derived from primary microglial cells, Figure 1D),
while larger aggregates provide little contribution to the volume-
weighted distribution, as evidenced in the insets of Figures 1C,D.
For both populations there is a 30% of contribution to the overall
scattered intensity due to larger aggregates.

EVs derived from BV2 cells were analyzed at the transmission
electron microscopy: data shown in Figure 1E identify the
typical round vesicle morphology and underlined a scattered
composition in size, with the presence of aggregates (Figure 1E),
that confirmed DLS data above reported.

MV Derived From Microglia Treated With
LPS/IFNy Reduce Migration and Invasion
of GL261 Glioma Cells and Are
Neuroprotective Against Glioma
Excitotoxicity in vitro

Cultured primary microglia and BV2 cells were treated with
LPS/IFNYy or IL 4. We previously verified microglia polarization
by mRNA analysis (Grimaldi et al., 2016); we confirmed these
data showing that LPS/IFNy-treated cells increased NO release
and that IL-4-treated cells increased Argl expression and
activity (Supplementary Figure S1 and related Supplementary
Methods). Quantification of MV released by control (C-MV),
LPS/IFNy-treated (LPS/IFNy-MV), and IL4-treated BV2 cells
(IL4-MV) was measured by Laser Transmission Spectroscopy
(LTS) (Li et al, 2010). LTS measurements showed that the
number (N) of MV/cell in these three conditions was not
significantly different (Figure 2A). MV were then tested to
verify their ability to interfere with glioma cell migration
and proliferation. Data shown in Figure 2B illustrate that
GL261 migration was impaired by LPS/TFNy-MV, while GL261
migration increased upon IL 4-MV treatment, at 24 and 48 h.
In contrast, neither LPS/IFNy-Exo nor IL 4-Exo (released by
primary microglia) affected GL261 migration (Supplementary
Figure S2). Based on these results, for successive experiments we
decided to focus our interest only on the effect of MV. Similarly to
migration, results obtained on CXCL12-induced GL261 invasion,
demonstrated inhibitory effects of LPS/IFNy-MV and no effects
of IL 4-MV (Figure 2C). Note that basal GL261 invasion
was significant reduced in the presence of LPS/IFNy-MV and
was significant enhanced in the presence of IL 4-MV. These
data indicate that microglia-derived MVs modulate glioma cell
movement and invasion.

To investigate the effect of MV on glioma cell viability and
proliferation, MTT assay and BrdU staining were performed.
Results reported in Figure 2D show that neither LPS/IFNy-MV
nor IL 4-MV directly modulate GL261 viability, at 24, 48, 72, or
96 h. Similarly, no changes in proliferation rate were induced by
LPS/TFNy-MV or by IL 4-MV, measured by bromodeoxyuridine
(BrdU) staining after 24 h (Figure 2E) and 48 h (data not
shown). To investigate whether microglia-derived MV could
exert indirect effects on glioma, cells were co-cultured with a
mixed neuroglia culture in the presence of LPS/IFNy-MV, for
18 h: in these conditions a reduction of GL261 viability was
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observed (Figure 2F), indicating an indirect effect of MV on
glioma cell viability. In these same co-culture experiments, we
also analyzed the effect of MV on neuron survival and observed
(Figure 2G) that LPS/IFNy-MV counteracted GL261-induced
neurotoxicity, while IL 4-MV were ineffective.

Microglia-Derived LPS/IFNy-MV Reduce

Tumor Size in Mice
The above reported data prompted us to investigate the
effect of LPS/IFNy-MV in a mouse model of glioma. At

this aim, GL261 cells were brain injected in the striatal
region of the right hemisphere and, after 7 and 14 days,
primary microglia-derived MV were infused in the tumor
region via an implanted cannula. Fifteen days after tumor
injection (Figure 3) LPS/IFNy-MV treated mice had a
significant reduction of tumor size while mice treated
with IL 4-MV significantly increased the size of their brain
tumors. Similar results were obtained with BV2-derived MV
(Supplementary Figure S3). To investigate whether these
effects on tumor size were mediated by alterations of GL261
cell proliferation, mice treated as in Figure 3 were given BrdU
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FIGURE 2 | (A) Density distribution of BV2-derived MVs, together with the transmission coefficient as a function of the wavelength (inset). The integral of the density
distribution showed the number of MV per ml. Normalizing, the number of vesicles produced by each cell in control condition is N' = 1.5 x 10% (C-MV), with LPS/IFNy
isN'=1.4 x 10* (LPS/IFNy-MV), with IL4 is N = 1.2 x 10* (IL4-MV). (B) GL261 glioma cells were treated with MV obtained from untreated microglia (C-MV),
microglia treated with LPS/IFNy (LPS/IFNy-MV) and IL 4 (IL 4-MV) and a wound healing assay was performed. GL261 migration was measured 24 and 48 h after
treatment, data are expressed as mean percentage of wound healing area & SE, N = 4, *P < 0.001 vs. C-MV (one way analysis of variance, Holm-Sidak method).
On the right, representative wound healing assay on GL261 cells at O h and after 24 and 48 h of C-MV, LPS/IFNy-MV and IL 4-MV treatment. (C) GL261 cells were
assayed for basal invasion (C) and CXCL12-induced invasion in presence of MV obtained from untreated microglia (C-MV), microglia treated with LPS/IFNy
(Continued)
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FIGURE 2 | Continued

(LPS/IFNy-MV) and IL 4 (IL 4-MV) in a Boyden chamber system. GL261 invasion was measured as mean percentage + SE, N = 4; *P < 0.05 and **P < 0.001 (one
way analysis of variance, Holm-Sidak method). (D) GL261 cells were assayed for cell viability without MV (no-MV), in presence of MV obtained from untreated
microglia (C-MV), microglia treated with LPS/IFNy (LPS/IFNy-MV) and IL 4 (IL 4-MV) by MTT analysis. Cells were analyzed 0, 24, 48, 72, and 96 h after plating.
Viability was reported in optical density (OD) mean =+ SE, N = 4; no statistical significance vs. C-MV (one way analysis of variance, Holm-Sidak method). (E) GL261
cell proliferation was measured as % mean =+ SE of BrdU* GL261 cells untreated (no-MV), treated with MV obtained from untreated microglia (C-MV), microglia
treated with LPS/IFNy (LPS/IFNy-MV) and IL 4 (IL 4-MV) for 24 h, N = 4, no statistical significance vs. C-MV (one way analysis of variance, Holm-Sidak method).
(F) GL261 cells, co-cultured with hippocampal neuroglial cultures (as depicted in the inset) were treated for 18 h with MV obtained from untreated microglia (C-MV),
microglia treated with LPS/IFNy (LPS/IFNy-MV) and IL 4 (IL 4-MV), were analyzed for viability by trypan Blue staining. Data are expressed as number of viable
cells/field + SE, N = 3; ** P < 0.05, Student's t-test. (G) Hippocampal neuroglial cultures alone or co-cultured with GL261 cells (as depicted in the inset of panel F)
were treated with MV obtained from untreated microglia (C-MV), microglia treated with LPS/IFNy (LPS/IFNy-MV) and IL 4 (IL 4-MV) for 18 h and were analyzed for
neuronal viability. Data are expressed as number of viable cells/field + SE, N = 3, *P < 0.001, Student’s t-test.

— LPSIIFNY-MY L All these{ data f:lemonstrated that' LP.S/IFNy-Il\/IV carry
anti-tumor information that are effective in reducing tumor
size in vivo.

Microglia-Derived LPS/IFNy-MVs Modify
the Phenotype of Tumor-Associated
Microglia
504 . To understand the mechanisms of action of the injected MVs,
T we first decided to investigate their cellular localization upon
. 404 brain injection. At this aim, MVs derived from primary microglia,
E were stained with the membrane-selective dye PKH26 and brain
E 304 injected in glioma bearing mice. Cerebral slices obtained from the
A tumoral region show the presence of PKH26-MV on both Ibal~
- a0 and Ibal™ cells (Figure 5A). We never observed PKH26 staining
g outside the tumor area. It is known that a high amount of tumor
2 il associated microglia/macrophages (TAMs) are present in glioma,
and may represent up to 50% of tumor mass (Hambardzumyan
A et al, 2016). TAMs exert tumor supporting function releasing
i LPSIFNY-MY  IL4- MV factors that facilitate tumor proliferation and migration (Fonseca
et al., 2012). We wonder whether the interaction of MVs with
FIGURE 3 | Tumor size in the brain of GL261-bearing mice treated with TAMs could modulate their pro-tumor activity, and inVESﬁgatEd
vehicle or MV obtained from microglia treated with LPS/IFNy (LPS/IFNy-MV) the effect of LPS/IFNy-MV on gene expression of CD1 17 cells
and IL 4 (IL 4-MV). Tumor size (in mm®) was reported as mean =+ SE, isolated from the brains of glioma-bearing mice. As shown
N = 7/experimental group, *P}< 0.05, **p 510.001 vs. vehicle, Studem»‘s in Figure 5B, the expression of argl, cd163, cd206, ﬁzzl, and
t-test. On the top, representative coronal brain sections of GL261-bearing . P
mice treated as above, stained with hematoxylin-eosin; tumor area in the ’Vm] genes all correlated with ?n antl—mﬂammaAtory, P'roitumor
dashed line. phenotype, were up-regulated in CD11b* cells in the ipsilateral

hemisphere of glioma bearing mice and were significant reduced
upon LPS/IFNy-MV treatment (with the exception of fizzI).
Similar modulatory effects were observed in vitro: as shown
in Figure 5D, LPS/IFNy-MV (derived from primary microglia)
significant reduced the microglial expression of all analyzed
genes (argl, cd163, cd206, ym1, and fizz1) except ym1, indicating
a direct modulation likely induced by MV cargo that enter
microglia also in vitro (Figure 5C).

All these data suggest that LPS/IFNy-MVs might directly
signal to microglia and instruct these cells toward an
antitumor phenotype.

2 h before euthanasia. Quantification of BrdU-labeled cells,
normalized for tumor area, revealed a significant reduction
of cell proliferation in the tumoral region (Figure 4A) of
LPS/IFNy-MV treated mice. Treatment with LPS/IFNy-MV
also reduced glioma cell migration in vivo, as reported in
Figure 4B, where tumor cell invasion was calculated as the
number of cells protruding more than 150 pwm from the
main tumor mass. In the peritumor region, we evaluated
neuronal death by Fluoro Jade staining, comparing mice

treated with LPS/IFNy-MV with control mice. Data shown in
Figure 4C demonstrate that neuronal death was significant
reduced in LPS/IFNy-MV treated mice, demonstrating
in vivo a neuroprotective effect of LPS/IFNy-MV against
tumor-induced excitotoxicity.

mRNA Analyses of Microglia-Derived
LPS/IFNy-MV

To investigate the nature of the cargo transported by
LPS/IFNy-MV  that could help the understanding of the
above described mechanisms, the mRNA content of MVs
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FIGURE 4 | (A) Cell proliferation, measured as BrdU* cell area/tumor area in GL261-bearing mice treated with vehicle or MV obtained from microglia treated with
LPS/IFNy (LPS/IFNy-MV), data are expressed as mean percentage + SE, N = 3, **P < 0.001 vs. vehicle, Student's t-test. On the right: representative
immunofluorescence on coronal brain slices of GL261-bearing mice treated as above (BrdU in green; Hoechst in blue), scale bars, 20 pm. (B) Glioma cells invading
the brain parenchyma for more than 150 pwm beyond tumor border 17 days after glioma cell transplantation in GL261-bearing mice treated with vehicle or MV
obtained from microglia treated with LPS/IFNy (LPS/IFNy-MV), data are expressed as mean cell number + SE, N = 3/experimental group, **P < 0.001, Student’s
t-test vs. vehicle. On the right, representative brain peritumoral sections stained with haematoxylin/eosin; white arrows indicate glioma cells invading the brain
parenchyma beyond the main tumor border for more than 150 m (dashed line); scale bars, 20 pum. (C) Neuronal death, measured as Fluoro Jade™ cells/tumor area
in GL261-bearing mice treated with vehicle or MV obtained from microglia treated with LPS/IFNy (LPS/IFNy-MV), data are expressed as mean percentage =+ SE,

N =3, **P < 0.001 vs. vehicle, Student’s t-test. On the right: representative immunofluorescence on coronal brain slices of GL261-bearing mice treated as above
(Fluoro Jade in green; Hoechst in blue), scale bars, 20 um.

released by primary microglia was analyzed by NanoString chip  involved in defense responses (irf7, 3, ccl4, ccl5, cxcl2, cxcl9, tnf,

for the expression of 243 key inflammation-related genes and
compared with MVs released by control, unstimulated microglia.
As shown on Figure 6A, 18 genes were significantly up-regulated
in LPS/IFNy-MV. Data were confirmed by RT-PCR for tnf-a and
il1b genes (Figure 6B), validating the immune panel system.
Pathway analysis, performed on the 10 most significant
functional categories defined by the Gene Ontology Biological
process (Figure 6C) indicated that LPS/IFNy-MV contain 12%
of genes involved in inflammatory responses (c3, ccl4, ccl5, cxcl2,
cxcl9, tnf, ptgs2, ccl7, illb, ccl2, ccl3, illrn, hifla), 14% of genes

ptgs2, mxl, ccl7, il1b, ccl2, ccl3, illrn, hifla), 12% of genes involved
in responses to wounding (c3, ccl4, ccl5, cxcl2, cxcl9, tnf, ptgs2,
ccl7,illb, ccl2, ccl3, illrn, hifla), 12% of genes involved in immune
responses (irf7, ¢3, ccl4, ccl5, cxcl2, cxcl9, tnf, mx1, ccl7, il1b, ccl2,
ccl3, csf3), 4% of genes involved in regulation of natural killer cell
chemotaxis (ccl7, ccl4, ccl3, ccl2, ccl5), 8% of genes involved in
positive regulation of response to external stimuli (c3, ccl4, ccl5,
tnf, ccl7, ptgs2, il1b, ccl2, ccl3), 10% of genes involved in regulation
of cytokine production (irf7, ¢3, ccl4, ccl5, tnf, ptgs2, il1b, ccl2, ccl3,
hifla, cebpb), 13% of genes involved in immune system process
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FIGURE 5 | (A) Immunofluorescence analysis for Iba1 (in green) of coronal brain sections from GL261-bearing mice treated with PKH26-stained MV (in red; Hoechst
in blue) obtained from microglia. Tumor region at the right of the dashed line. In the merge, identification of two tumor regions shown at higher magnification. Scale
bar: 20 um (B) RT-PCR of anti-inflammatory genes (arg7, cd163, cd206, ym1, and fizz1) in CD11b™ cells extracted from brains of GL261-bearing mice treated with
vehicle or MV obtained from microglia treated with LPS/IFNy (LPS/IFNy-MV). Data are the mean =+ SE of fold increase (normalized vs. contralateral cerebral
hemisphere of each animal; gene expression was normalized vs. gapdh), N = 5, **P < 0.001, *P < 0.05 vs. vehicle treated mice, Student’s t-test. (C) Merged of
bright and fluorescence fields of microglia treated with IL 4 and incubated with PKH26-stained MV (in red) obtained from LPS/IFNy-treated microglia. (D) RT-PCR on
mRNAs of untreated or IL 4-treated microglia incubated with or without MV obtained from LPS/IFNy-treated microglia, and analyzed for the expression of
anti-inflammatory genes (arg7, cd163, cd206, fizz1, and ym1). Data are the mean =+ SE of fold increase (normalized vs. gapdh), N = 3, **P < 0.001, *P < 0.05
Student’s t-test.

(irf7, €3, ccl4, ccl5, cxcl2, excl9, tnf, mx1, ccl7, illb, ccl2, ccl3, hifla, 7% of genes involved in leukocyte migration (ccl4, ccl5, cxcl2, tnf,
csf3), 8% of genes involved in positive regulation of cytokine  ccl7, illb, ccl2, ccl3). These data demonstrated that the MV mRNA
production (irf7, ¢3, ccl4, ccl5, tnf, ptgs2, illb, ccl3, hifla), and  content is highly complex, covering genes coding for proteins
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FIGURE 6 | (A) mRNAs isolated from MV released by untreated microglia (C-MV) or microglia treated with LPS/IFNy (LPS/IFNy-MV) were analyzed by NanoString.
Heat map analysis of NanoString data show hierarchical clustering of 18 differentially expressed genes between C-MV and LPS/IFNy-MV, N = 4. The signals were
normalized and transformed to the log2 scale. The color scale indicates the gene expression standard deviations from the mean, with black/blue for low expression
and green/orange for the high expression levels. Eighteen genes (listed on the right) were considered significant because with at least 2.8-fold changes with

P < 0.05 (Wilcoxon test) at the 95% confidence level. Dendrograms illustrate the relationship-distance between samples and genes. (B) RT-PCR on mRNAs isolated
from MV derived from untreated microglia (C-MV) or microglia treated with LPS/IFNy (LPS/IFNy-MV) analyzed for the expression of ilTb and tnf genes. Data are the
mean + SE of fold increase (normalized vs. gapadh), N = 3, *P < 0.05, Student’s t-test vs. C-MV. (C) The pie chart illustrates the distribution of the 18 differentially
expressed genes across the 10 most significant functional categories defined by the Gene Ontology Biological process. The percentage numbers represent the
frequency of genes in each category. Data were analyzed using FIDEA tool.
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related to different pathways of the inflammatory process, and
that their delivery to TAM might contribute to re-activate the
immune response, which oppose glioma growth.

MATERIALS AND METHODS

Primary Brain Cells Cultures

Neuroglial cultures were prepared from 0- to 2-day-old (p0-
p2) C57BL/6N mice as already described (Lauro et al,
2010); neurons-astrocytes-microglia ratio is 60-35-5%. Microglia
cultures were obtained as already reported (Grimaldi et al., 2016)
and were 98% Ibal™ positive (Lauro et al., 2010).

Cell Lines

BV2 murine microglial cells and GL261 murine glioma cells were
cultured in DMEM supplemented with 10-20% heat-inactivated
FBS, 100 TU/ml penicillin G, 100 jvg/ml streptomycin, 2.5 jLg/ml
amphotericin B and grown at 37°C in a 5% CO, and humidified
atmosphere.

Microglia Stimulation (Polarization)

Primary microglia and BV2 cells were treated for 24 hours with
IFN-y (20 ng/ml) and LPS (100 ng/ml), or with IL-4 (20 ng/ml)
or with EVs.

Extraction of EVs

Cytokine-treated microglia were stimulated for 30 min with
ATP (1 mM) in KRH (125 mM NaCl; 5 mM KCl; 1.2 mM
MgSOy; 1.2 mM KH;POy4; 2 mM CaCly; 6 mM D-glucose;
25 mM HEPES/NaOH, pH = 7.4). Cell supernatant was
collected and centrifuged at 800 g for 5 min to remove cell
debris. The obtained supernatant was centrifuged at 10000 g
for 30 min at 4°C and the resulting pellet, containing
MVs, was re-suspended in KRH buffer for DLS, LTS and
transmission electron microscopy, in PBS for in vivo experiments
or in serum-free DMEM for microglia stimulation, MTT,
wound healing and BrDU proliferation assays. Remaining
supernatant underwent ultracentrifugation at 100,000 g for
1-h at 4°C. The Exo, present in this second pellet, were
re-suspended in KRH buffer for DLS measures and in
serum free DMEM for wound healing assay. The same
protocol permits to eliminate EVs from the medium used
to re-suspend MVs and Exo and guarantees that the EVs
obtained only derived from polarized microglial cells. In
some experiments, EVs were labeled with PKH26, a lipophilic
membrane red fluorescent dye (PKH26 GL-1KT, Sigma-
Aldrich) according to manufacturer protocol. Briefly, PKH26
dye was re-suspended in diluent C to a final concentration
of 0.6 uM (dye solution). MV were re-suspended in 500 pL
of dye solution and incubated for 5 min, while mixed with
gentle pipetting. Excess dye was bound with 500 pL EVs-
depleted bovine serum albumin (1%, Sigma-Aldrich). MV
pellet, obtained by centrifugation (10000 x g, 30 min, 4°C)
was washed twice in PBS. PKH26-stained MV were re-
suspended in PBS for in vivo administration and in serum-
free DMEM for in vitro treatment. In all the experiments,

the same procedure of staining minus MV was performed as
control condition.

Dynamic Light Scattering and Data
Analysis

Dynamic light scattering (DLS) measurements were performed
using a standard optical setup. The monochromatic and
polarized beam emitted from a He-Ne laser (10 mW at
X = 632.8 nm) was focused on the sample placed in a capillary
of 2 mm of diameter positioned in a cylindrical VAT for
index matching and temperature control. The scattered
intensity was collected at a scattering angle 6 = 90°that,
according to the relation Q = (4mn/\) sin(9/2), corresponds
to a scattering vector Q = 0.0187 nm~!. A single mode
optical fiber collected the scattered light as a function of
time and the signal was detected by a photomultiplier.
In this way the normalized intensity autocorrelation
function g(Qt) = < I(QHIQ0)>/<I(Q0) >2 with a
high coherence factor close to the ideal unit value was
measured. Measurements were performed at fixed temperature
around 15°C. Reproducibility has been tested by repeating
measurements several times on different samples. The intensity
correlation curves obtained from DLS experiments have been
analyzed with the Laplace inversion through the CONTIN
algorithm weighted as overall contribution to the scattered
intensity. However, the scattered intensity depends on the
squared volume of the scattering particle, thus leading to an
overestimation of the large particles. Therefore, this approach
has good reliability for samples of EVs, whose hydrodynamic
diameter is expected in the range D = 100--1000 nm. On
the other hand, small particles are under-represented in the
intensity-weighted distribution and Laplace transformation
can be very inaccurate. To represent the hydrodynamic
diameter distribution of Exo with size expected in the range
Dy = 10+100 nm the volume-weighted distribution has
been chosen. The mean size of each population has been
calculated by fitting the scattering intensity distribution with a
Log-normal function.

Laser Transmission Spectroscopy

Laser Transmission Spectroscopy (LTS) allows to obtain the
density of MV in suspension by measuring the transmission of
laser light (at zero angle with respect to the incoming beam)
through the suspension as a function of wavelength (Li et al.,
2010). The transmission of light through the MV sample (re-
suspended in KRH) is recorded along with that of KRH. The
fundamental data-acquisition process involves measuring the
wavelength-dependent transmission of light through an aqueous
suspension of vesicles. Given the extinction information, and
the known wavelength-dependent properties of the vesicles,
Mie theory can be used to accurately determine their density
distribution as a function of diameter. The extinction data are
analyzed and inverted by a mean square root-based algorithm
that outputs the particle size distribution. The integral of the
density distribution provides the number of MV per ml of
solution and the absolute number (N) of MV per cell is calculated
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as the ratio between the number of MV in a given volume and the
total number of MV donor cells.

Transmission Electron Microscopy
Microvesicles derived from BV2 cells (extracted as above) were
fixed by glutaraldehyde 2.5% in PBS buffer pH 7.4 at least 2 h and
gently resuspended in PBS buffer. A drop of the solution was put
on a Formvar copper grid 200 mesh for 10 min. After drying with
filter paper, uranyl acetate aqueous solution (1%, 1 min) was used
for negative staining. Samples were observed with a ZEISS EM 10
transmission electron microscope equipped with a Gatan CCD
camera at 60 kw.

Neuronal Viability Assay

Neuroglial cultures at 9-11 days in vitro were co-cultured with
GL261 cells (5 x 10%/well) in the presence or absence of EVs with
aratio of donor:target cells 1:1. After 18 h, cells were treated with
detergent-containing buffer and counted in a haemocytometer as
already described (Lauro et al., 2010).

MTT Cell Viability Assay

GL261 cells were seeded into 24-well plates and treated with
vehicle (untreated), IFN-y /LPS- or IL 4-MV for 3 days. MTT
(500 pg/ml) was added into each well for 1.5 h. DMSO was
then added to stop the reaction and the formazan produced
was measured at 570 nm. Viability of cells was expressed
relative to absorbance.

Wound-Healing Assay

GL261 cells (5 x 10°/ml) were seeded into the inner wells
of cell culture inserts (ibidi, Germany) placed in a Petri dish.
Once attached to the substratum, the inserts were removed,
leaving a central 500 m cell-free septum in which cells could
migrate. Cell medium with MV released by IFN-y /LPS- or
IL 4-treated microglia (ratio 1:1 = donor: target cells) was
added. Cells were incubated with a cell cycle blocker (cytarabine,
10 uM) to prevent GL261 proliferation for all the time of the
experiment. Dishes were maintained at 37°C, 5% CO,. Pictures
of the starting point (0 h) and 24 and 48 h after treatment were
taken at a phase contrast microscope (Nikon) and processed
through MetaMorph 7.6.5.0 software (Molecular Device). GL261
migration was evaluated by the area between the two cell fronts
(by Image] software) and data are expressed as % of area
occupied by cells.

Invasion Assay

GL261 cells (7 x 10° cells/cm?) were plated on matrigel-coated
polycarbonate membranes (8 um diameter pores, Corning) of
a Boyden Chamber system in presence of IFN-y /LPS-MV or
IL 4-MV (ratio 1:1 donor:target cells) and incubated for 48 h at
37°C with CXCL12 (100 nM, Peprotech) in the lower chamber as
chemoattractant. The experiments were performed in presence
of cytarabine (10 wM). Cells adhering to the upper side of the
membranes were scraped off, whereas cells that have invaded
through the pores were stained with a solution containing 50%
isopropanol, 1% formic acid, and 0.5% (wt/vol) brilliant blue R
250 and counted in more than 20 fields with a 20 x objective.

In vivo Experiments

Experiments were approved by the Italian Ministry of Health,
in accordance with the ethical guidelines on use of animals
from the EC Council Directive 2010/63/EU. Eight-week-old
male C57BL/6N mice were injected with GL261, as previously
described (Grimaldi et al., 2016), in the right striatal brain region.
During surgery, a guide cannula was placed 2 mm deep in the
striatum and it was fixed with quick-setting cement. After 7 and
14 days, mice were infused via cannula with MV obtained from
1 x 10° microglia cells re-suspended in 4 pl PBS). The day
after the second infusion, animals were sacrificed and analyzed
for tumor size (Grimaldi et al., 2016). Alternatively, mice were
deeply anesthetized and CD11b* cells were isolated as already
described (Grimaldi et al,, 2016). Obtained cells were lysed in
Trizol reagent (Invitrogen, Milan, Italy) for RNA extraction and
Real Time PCR analysis.

BrdU Proliferation Assay

GL261 cells were grown on glass coverslips (1.5 x 10* cells/cm?)
in 24-well plates for 18 h. Cells were exposed to vehicle or
EV for 24 h, cellular proliferation was analyzed adding BrdU
(10 uM, Sigma-Aldrich, B5002) for 30 min. Cells were washed
in PBS, fixed (4% PFA, 30 min), permeabilized (1% Triton X-100,
15 min), blocked (1% BSA, 1 h) at RT and incubated overnight
with anti-BrdU (1:200, Novusbio, NB500-169). Hoechst was
used to stain all nuclei. BrdU positive cells were counted out
of 800 cells for condition. Proliferation rate is calculated as
BrdU™ cells respect to Hoechst stained cells. In vivo, 15 days
after glioma cell injection, BrdU was i.p. injected (50 mg/kg).
Two hours later, mice were killed and their brains processed
for immunofluorescence.

Immunofluorescence

Coronal brain sections (20 jum) were washed in PBS, blocked (3%
goat serum in 0.3% Triton X-100) for 1h at RT and incubated
with anti-Ibal (1:500, Wako, 019-19741, 4°C) or anti-BrdU
(1:200, Novusbio, NB500-169, RT). Brain slices were stained
with the fluorophore-conjugated secondary antibodies (1 h,
RT) and Hoechst for nuclei visualization and analyzed using a
fluorescence microscope. For Fluoro Jade-C staining, we followed
the manufacturer instructions (Millipore, AG325).

Real Time PCR

RNAs extracted from all samples were quantified and retro-
transcribed using IScriptTM Reverse Transcription Supermix
(Bio-Rad). Real time PCR (RT-PCR) was carried out in an
I-Cycler IQ Multicolor RT-PCR Detection System (Bio-Rad)
using SsoFast Eva Green Supermix (Bio-Rad). The PCR
protocol consisted of 40 cycles of denaturation at 95°C
for 30 s and annealing/extension at 58°C for 30 s. The Ct
values from each gene were normalized to the Ct value
of GAPDH. Relative quantification was performed using
the 2722C method and expressed as fold increase. Primer
sequences: argl, forward: CTCCAAGCCAAAGTCCTTAGAG,
reverse: AGGAGCTGTCATTAGGGACATC; cd163 forward:
GCTAGACGAAGTCATCTGCACTGGG, reverse: TCAGCCT
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CAGAGACATGAACTCGG; ¢d206 fw: CAAGGAAGGTTGG
CATTTGT, reverse: CCTTTCAGTCCTTTGCAAGT; yml
forward: CAGGTCTGGCAATTCTTCTGAA, reverse: GTCT
TGCTCATGTGTGTAAGTGA; fizzl forward: CCAATCCA
GCTAACTATCCCTCC,  reverse: ACCCAGTAGCAGTCA
TCCCA; gapdh forward: TCGTCCCGTAGACAAAATGG,
reverse: TTGAGGTCAATGAAGGGGTC.

RNA Isolation and NanoString nCounter
Analysis

Total RNA was isolated from microglia-derived MV by Total
Exosome RNA Protein Isolation Kit (# 4478545, Invitrogen)
and concentrated using the Microconl0 centrifugal filters
(#MRCPRT010, Merck Millipore). Gene expression raw data
were normalized considering housekeeping genes via nSolver
Software (NanoString). Statistical analysis was conducted in R
(version 3.5.0) with RStudio (version 1.1.383'). On normalized
and log2-transformed data, differential expression was tested
applying the Wilcoxon test (P < 0.05) and filtering by
log2FC > 1.5. All differentially expressed genes were classified
into several catalogs according to the Gene Ontology (GO)
annotation. The over-representation analyses of GO terms,
including biological process and molecular function, were
performed using the FIDEA tool*.

Statistical Analysis
Statistical analyses were performed using SigmaPlot 11.0
Software unless otherwise stated.

DISCUSSION

The present study demonstrated that microglia-derived
LPS/IFNy-MV  transfer a protective-antitumor phenotype
to the brain of glioma bearing mice. We demonstrated that
LPS/IFNy-MV, which contain the transcripts for a number
of inflammation-related genes, can modify TAMs phenotype
reducing the expression of anti-inflammatory genes, exert
protective effects on neurons and reduce glioma cell proliferation
and invasion in surrounding parenchyma.

We have shown that LPS/IFNy-MV contain 18 genes
upregulated in comparison with MV isolated by unstimulated
microglia. The majority of these genes referred to the immune
response that could underlie the robust effect of MV on the
modification of microglia phenotype. It is known that many
solid tumors, such as colon-rectal, epithelial ovarian, brain and
lung cancers, release EVs which are involved in supporting TAM
reprogramming toward an anti-inflammatory, tumor-supporting
phenotype (Fabbri et al., 2012; Challagundla et al., 2015; Neviani
and Fabbri, 2015; Chen et al., 2017; Shinohara et al., 2017;
Cooks et al,, 2018). Our findings demonstrated that in the
context of a brain tumor, microglia-derived MV can be used
in reverse, as a tool to contrast glioma progression, modulating
local microenvironment.

"http://www.rstudio.com/
Zhttp://circe.med.uniromal.it/fidea/

Previous reports described that EVs released from LPS
stimulated BV2 cell line contain cytokines such as TNF-a
and IL-6, as well as ribosome, focal adhesion, extracellular
matrix, and membrane proteins (Yang et al, 2018). BV2-
derived EVs expressing the cytokine IL-4, delivered in a mouse
model of multiple sclerosis, propagated an anti-inflammatory
response, upregulating microglia and macrophage expression of
chitinase 3-like 3 (yml) and arginase (arg-1), which reduced
neuroinflammation with protective effects on tissues (Casella
et al,, 2018). Consistently, we observed that the EVs released
by cytokine-stimulated microglia maintain the phenotype of
the donor cells. This result is in line with the evidence that
vesicles released by macrophages and dendritic cells reflect the
inflammatory state of original cells (Kim et al., 2005; Viaud et al.,
2009; Garzetti et al., 2014).

Microvesicle are supposed to transfer their cargo by docking
at the plasma membrane of target cells, nevertheless the exact
mechanism is not fully revealed. This interaction is neither
stochastic nor unspecific because MV do recognize the target
cells (Losche et al, 2004). The recognition takes place by
activation of specific surface receptors (Gasser and Schifferli,
2004; Bianco et al., 2005), or by transfer of membrane receptors,
as demonstrated for the chemokine receptor CCR5 (Mack
et al,, 2000) and the growth factor receptor EGFRVIII (Al-
Nedawi et al., 2008). MV could function as messengers, being
enriched in specific miRNA, mRNA, and proteins, to start
an angiogenic program (Deregibus et al., 2007), to spread a
danger signal through HMGB1 (Tucher et al, 2018) or to
induce a developmental program (Ratajczak et al, 2006). In
our experiments, we measured mRNA content of microglia
released LPS/IFNy-MV, but we cannot exclude additional
transfer elements (such as membrane or signal proteins) from
MV to glioma and TAM, responsible for the antitumor effects.

In addition to a modulation of TAM phenotype, we observed
that LPS/IFNy-MV affect glioma cell properties. We observed
direct effects on glioma cell migration and invasion capability,
and indirect effects on tumor cell viability, which requires the
presence of parenchymal cells, likely microglia, as preferential
target of microglia-derived EVs (Verderio et al., 2012). The
effects of microglia-derived MV on GL261 cells could reflect
the transfer of cell-donor information as reported for the first
time for antigen-presenting cells that secrete exosomes able to
stimulate T cell proliferation (Raposo et al., 1996) or, more
recently in Alzheimer disease, for microglia released MV that
exert toxicity on neurons (Joshi et al., 2014). In our experiments,
EV-mediated reduction of tumor mass could be the cause of the
EV-induced decreased neurotoxicity in the presence of glioma.
However, we cannot exclude that EVs also directly target neurons,
as shown by other authors (Antonucci et al, 2012; Chivet
et al,, 2014), but the lack of detectable PKH26-MV staining in
extra tumoral regions of glioma bearing mice would suggest a
direct or local paracrine effect. In addition, in vitro experiments
demonstrated that microglia-derived MVs did not directly affect
neuron viability.

The dimensional analyses of EVs extracted by primary
mouse microglia and BV2 cell line reflect data reported on
nervous system-released vesicles (Basso and Bonetto, 2016;
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Zappulli etal,, 2016) and underline the similarity between
primary microglia and cell lines, at least for EV dimension.
Our TEM analysis shows that single particles have a spherical
morphology; in addition to single EV, multiple aggregates are
observed confirming size and shape already reported for EVs
derived from microglial cells (Turola et al., 2012; Gouwens et al.,
2018). In comparison with more physiological conditions (in vivo
or ex vivo), cell lines and primary cultures of microglia display
many differences in term of gene expression and response to
stimuli (Horvath et al., 2008; Henn et al., 2009). However, there
are evident advantages in using EVs derived from microglia cells
lines, such as the possibility to obtain sufficient EVs for potential
therapeutic application and the similar results obtained with MV
from BV2 or from freshly isolated microglia encourage in this
direction. However, a detailed analysis of the cargo differences
in MV obtained from cell lines, cultured or freshly obtained
microglial cells is lacking.

The choice to deliver MV in situ into the tumor region allowed
us to use a relatively small amount of vesicles per infusion and to
observe a direct effect on tumor mass. Different brain delivery of
EVs, as into the cisterna magna (Casella et al., 2018), would give
additional information on the effects of EVs in the contralateral
hemisphere, for the multicellular targets of EVs. Additional
delivery methods were tested for EVs, such as the intravenous
(Alvarez-Erviti et al., 2011) and intra-nasal (Zhuang et al., 2011)
approach. Intravenous administration permits indirect access of
MV to the brain through the initial absorption in different cells
(Laso-Garcia et al., 2018). Intranasal delivery might reduce the
final brain concentration due to lungs and gastrointestinal tract
dilution. Nevertheless, both delivering routes would be easily
reproduced in humans, while intratumor transfer would be only
possible upon surgery procedures during glioma removal. For
that reason, alternative EV injection routes, in glioma models,
need further investigations. For brain tumor treatment, EVs
have been tested to convey specific molecules such as small
interference RNAs for TGF beta 1 and VEGF (Zhang et al., 2014;
Yang et al., 2017), pro-apoptotic peptides (Ye et al., 2018), and
chemotherapeutic drugs (Tang et al., 2012; Yang et al.,, 2015).
EVs are preferred to artificial nanoparticles for their low toxicity
(Lewinski et al., 2008; Shvedova et al., 2010).
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In this appendix we report the bases of the experimental techniques employed in
this thesis. In particular we describe the Dynamic Light Scattering (DLS), the Trans-
mission Electron Microscopy (TEM), and the Scanning Electron Microscopy (SEM).

B.1 Dynamic Light Scattering

Consider a scattering medium, such as a suspension of colloidal particles, illumi-
nated by coherent light. At any instant, the far-field pattern of scattered light com-
prises a grainy random diffraction, or “speckle” pattern (figure B.1). The interfer-
ence of the phases of the light scattered by the individual particles yields regions
of large and small intensity, for constructive and destructive interference, respec-
tively. Furthermore, since the scattering medium evolves in time, as in the case of
particle positions Rj(t) which change due to Brownian motion, the phase changes,
and the speckle pattern fluctuates from one random configuration to another. Thus,
as sketched in figure B.1, the intensity I(7,t) scattered to a point in the far field
fluctuates randomly in time. Clearly, information on the motions of the particles is
encoded in this random signal: at the simplest level, the faster the particles move,
the more rapidly the intensity fluctuates (figure B.1 b).

In DLS, significant information is extracted from the fluctuating intensity by con-
structing its time correlation function, defined as

_ ~ I - ~
(7, 0)I(7,7)) = lim = | = dtl(q,H)I(q,t+7) (B.1)
This quantity effectively compares the signal I(7, t) with a delayed version I(§,t + T)
of itself, for all starting times t and for a range of delay times 7.
Typical behaviour of the intensity correlation function is shown in figure B.1 b.
At zero delay, equation (B.1) reduces to
lim (1(3,0)1(7,7)) = (1@)?) (B2)
For delay times much greater than the typical fluctuation time T of the intensity,
fluctuations in I(g, t) and I(g, t + T) are uncorrelated, so that the average in equation
(B.1) can be separated:

lim (I(7,0)1(7,7)) = (I@){1(@, 7)) = (I(@))* (B.3)
The intensity correlation function decays from the mean-square intensity at small
delay times to the square of the mean at long times; the characteristic time T¢ of this
decay is a measure of the typical fluctuation time of the intensity (figure B.1c).
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FIGURE B.1: a) Coherent (laser) light scattered by a random medium,
such as a suspension of colloidal particles, gives rise to a random
diffraction, or speckle, pattern in the far field. b) The fluctuating in-
tensity observed at a detector with the size of about one speckle. c)
The time-dependent part of the correlation function decays with a
time constant T equal to the typical fluctuation time of the scattered

light. Figure adapted from reference [104].
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In the next sections we consider the properties of the scattered field and of the
associated correlation functions, all of which underlie the theory of dynamic light
scattering. For more detailed descriptions of dynamic light scattering and its appli-
cations, consult the references [105, 106, 107].

The correlation functions

To investigate the properties of the fluctuating scattered field, we consider the sim-
ple situation of a dilute suspension of identical spherical particles. The instanta-
neous amplitude of the field E(g, t), for identical homogeneous spherical particles,
omitting the pre-factors, can be espressed as

E(,t) = Y exp[—if - Rj(t)]. (B4)
)

The total scattered field E(7,t) is the (vectorial) sum of the individual “phase vec-
tors” exp[—iq - Rj(t)] making an angle § - Rj(t) with the real axis. Since the particles
are randomly distributed throughout the sample, the phase angles are randomly dis-
tributed between 0 and 27t and, thus, the field E(7,t) can be pictorially represented
as a two-dimensional random walk of N vectors in the complex plane. Due to the
motion of the particles, positions ﬁj(t) and phase angles {7 - ﬁj(t)} change, and the
total scattered field has fluctuations which become totally uncorrelated over times,
such that the phase angles change by ~ 27. In such conditions, the average value of
the scattered field (E(7,t)) is zero.
The average of the scattered intensity is

N N
(1@ 1) =(E@ D) = 3 Y (exp{—i - [Rj(t) — Re(1)]})
j=1k=1 (B.5)
=) 1+ ) (exp[—i7 - R;(t)]){exp[—i7 - Re()]) = N

where, in averaging the cross-terms separately, we assume that the suspension is
dilute, so that the particles position are uncorrelated. If the number N of parti-
cles in the scattering volume is large, the scattered field E(7,t) is a complex (two-
dimensional) random variable having a gaussian probability distribution.
Let’s define the normalised time correlation function of the scattered field as
ﬁ (=
(E,0))E*(,7) -

In the case of isotropic samples, the averaged quantity ¢! (g, T) depends only on
the modulus g of the scattering vector. Substituting eq. (B.4) into (B.6), after some
manipulations, we obtain

g (g, 1) = N1 Y (exp{—ig - [R;(0) — R;(7)]})
j (B.7)

= (exp{—ig - [R(0) — R(7)]})

The last step follows from the fact that the average motions of identical particles is
obviously identical for each particle.
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The normalised time correlation function of the scattered field ¢(!)(g,7) can be
directly measured only with a heterodyne experimental setup, by mixing the dif-
fused beam and a portion of the incident beam at the surface of the detector. When
only the scattered light impinges on detector, in the homodyne setup, DLS measures
the time correlation function of the scattered intensity. Using eq. (B.4), the time
correlation function of the scattered intensity can be written as

{(I(7,0)1(7,7)) =

ﬂ;m exp{—i7 - [R;(0) — Re(0) + R (1) — Ryu(7)]}) = (B.8)

-

(I(7,0)1(G,7)) = N* + N?|(exp{—iF - [R(0) — R(7)]})I?

where we exploit the independence of particle positions in a dilute suspension and
consider the limit N — co.
We define the normalised time correlation function of the scattered intensity by

@) (I1(,0)1(7,7))
g7 (q,1) (107,002 (B.9)

and, using equations (B.5), (B.6), (B.7), and (B.8), we obtain that

§P@.t) =1+ (q 1) (B.10)

This result, called the “Siegert relation”, reflects the factorisation properties of the
correlation functions of a complex Gaussian variable.

The results derived until now correspond to the situation of "far-field", since they
are derived considering the amplitude of the electric field scattered to a point in the
far field. Actually, a detector has a non-zero active area and, therefore, sees different
scattered fields (or intensities) at different points on its surface. Then, it can be shown
that eq. (B.10) is modified to

@, t) =1+ BlgW (g, 1) (B.11)

where B is a factor which represents the degree of spatial coherence of the scattered
light over the detector and is determined by the ratio of the detector area to the
area of one speckle. When this ratio is much less than 1, as in the case of a “point
detector”, B — 1. On the contrary, when itis large, corresponding to the detection of
many, independently fluctuating speckles, B — 0. In practice, the detector aperture
is usually chosen to accept about one speckle and 8 ~ 0.8. Inverting eq. (B.11) gives

B2eW(q,7) = /@ (g,7) — 1 (B.12)

where f is usually regarded as an uninteresting parametre, fitted during data anal-
ysis.

Particle sizing is one of the main applications of DLS. It is done by measuring the
diffusion constant of particles undergoing Brownian motion in dilute suspension.
Here, we first consider the simplest case of identical spherical particles, and then the
more realistic situation where spherical particles are “polydispersed”, i.e., they have
a distribution of size.
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Dilute suspension of identical spheres in Brownian motion

For a dilute suspension of identical, non-interacting spheres, with uncorrelated par-
ticles position, the field correlation function is given by

g"(q,7) = (exp{~if - [R(0) = R(1)]}) = (exp - [AR(1)]) (B.13)

where AR(7) = R(7) — R(0) is the displacement of the particle in time 7.
The displacement of a particle in Brownian motion is a real three dimensional
random variable having a Gaussian probability distribution:

- 3 3/2 3AR?(7)
PR = sy o 2] .
where the particle mean-square displacement in time 7 is
kgT
2 _ _ ks
(AR*(7)) = 6DoT Dy = 67 R (B.15)

where Dy is the diffusion constant for a free particle, given by the Stoke-Einstein
equation, with kg the Boltzmann constant, T the temperature, 1 the viscosity of the
suspending medium and R the particle radius. Evaluation of the average in eq.
(B.13) over the distribution of eq. (B.14) gives

(4 0) = exp [~ L8R ()] = exp(—Dur) (B.16)

In this simple case, ¢! (g, T) is measured by means of equation B.12 and fitted to
an exponential in delay time T giving the decay rate g°Dy. Since the scattering vector
g can be calculated from the known setup of the experiment, the diffusion constant
of the particles can be obtained and their radius calculated from equation B.15.

Dilute suspension of polydisperse spheres in Brownian motion

In a more realistic situation, the approximation of monodisperse system may be not
verified, for example, in the presence of colloidal particles or for aggregates built up
by particles with different masses. Since the scattering amplitude of a Brownian par-
ticle depends on the size of the particle, scattering data are affected by polydispersity.
Here, we consider the effect of size polydispersity in the case of dilute systems, for
which interactions between Brownian particles can be neglected and particle posi-
tions are uncorrelated. The assumption of dilute suspension of particle in Brownian

motion leads to ) )
_ Ljbi(g)"exp(—¢°Dj7)
Z]' bj (9)?
with D; = kgT /67 R; the diffusion constant of particle j having radius R;.
This result means that the intermediate scattering function for a dilute suspen-
sion of spheres is a sum of exponentials, each corresponding to particles with a def-

inite size, weighted by the intensity scattered by that particles. Eq. (B.17) can be
rewritten as

§V(q,7) (B.17)

(1) _/ D2 - /1 _
¢ (q,t)= [ P(D)exp(—Dg°1)dD  with ; P(D)dD =1 (B.18)
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where P(D) is the normalised intensity-weighted distribution of diffusion constants,
which is determined by the distribution P(R) of particle sizes. We note that ¢! (g, T)
(see eq. (B.18)) for polydisperse systems is written as the Laplace transform with re-
spect to D of the intensity-weighted distribution of diffusion constants P(D). Thus,
in principle, inverse Laplace transformation of the measured fu(g, T) with respect
to time yields P(D), and hence information on the distribution of particle sizes. The
difficulty with attempting this operation in practice is that the inverse Laplace trans-
formation is a well-known “ill-conditioned” process, i.e. there exist many and often
different distributions P(D), whose transforms fit the measured data within experi-
mental error [105]. Possible inversion procedures employ constrained regularisation
methods to get the simplest (smoothed) solution, which is the least probable to show
artefacts, being yet compatible with data. The most popular methods has been en-
coded in the program package, CONTIN, by Provencher [89].

DLS experimental setup

The DLS measurements reported in this thesis were performed employing a MALVERN
Nano Zetasizer apparatus equipped with a 5 mW HeNe laser (Malvern Instruments
LTD, UK). This system uses backscatter detection, i.e. the scattered light is collected
at an angle of 173°. The main advantage of this detection geometry, when compared
to the more conventional 90°, is its inherent larger insensitiveness to multiple scatter-
ing effects [108]. Intuitively, since nor the illuminating laser beam, nor the detected
scattered light need to travel through the entire sample, chances that incident and
scattered photons will encounter more than one particle are reduced. Moreover, as
large particles scatter mainly in the forward direction, the effects on the size distri-
bution of dust, or of large irregular aggregates, are greatly reduced. To obtain the
size distribution, the measured autocorrelation functions were analysed by means
of the CONTIN algorithm.

B.2 Transmission Electron Microscopy

The resolution p of a microscope, defined as the smallest distance between just re-
solvable specimen points, is limited by the wavelength A of the radiation employed
and the numerical aperture nsina of the objective lens, p = 0.6A/nsina. An im-
provement of the resolution is only possible by decreasing the wavelength, i.e. using
ultraviolet or X-rays, ultrasound waves, electron and ions.

However, resolution is meaningless if we do not have enough image contrast,
which originates as a result of interactions with the specimen. Absorption, refrac-
tion, phase shift, diffraction, birefringence and fluorescence are some examples of
the light-specimen interactions used in normal, interference and polarizing light mi-
croscopes.

In electron microscopy, we have to consider the different types of electron-specimen
interactions that influence the obtainable information and also the instrumental de-
sign of microscopes. Elastic scattering at atomic nuclei trough large angles 6 > «g
results in scattering contrast. Interference of elastically scattered electron waves re-
sults in phase contrast. Inelastic scattering of electron beam with the electron of the
specimen atoms is accompanied by the excitation of electrons of the valence or of the
inner shell, and it gives analytical information about the chemical composition of the
specimen. Since in a specimen the number of electron is higher than that of atoms,
inelastic scattering is the most important phenomenon in the image formation.
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Contrast in the TEM depends not only on the thickness of the sample, but even
on the atomic number of the atoms in the specimen. The higher the atomic num-
ber, the more electrons are scattered, and the greater is the contrast. Hence, to make
biomacromolecules - composed mainly of carbon, oxygen, nitrogen, and hydrogen
- visible, they are usually stained with heavy metal salts containing osmium, ura-
nium, lead or tungsten. In negative staining, macromolecules or supramolecular
assemblies are adsorbed from their suspension onto a thin carbon supporting film
and then briefly washed with an aqueous solution of a heavy metal salt (e.g., 1%
uranyl acetate or 2% Na-phosphotungstate), before the sample is allowed to dry. A
very thin film of metal salt now covers the support film everywhere except where
it has been excluded by the presence of an adsorbed macromolecule or supramolec-
ular structure. Because the macromolecule allows the electrons to pass much more
readily respect to the surrounding heavy metal film, a reversed or negative image of
the molecule is created, hence the name “negative staining”.

In general, in TEM the energy of the electron beam employed is around 100keV
and the overall obtainable resolution is of the order of 0.1 — 0.2nm.

Elements forming a TEM

A transmission electron microscope is composed by an electron-optical column, formed
by a system of illumination (the electron source), a system of lens and condenser
lenses, an objective, a specimen support, and a projection system. Then, a series
of electric and electronic devices and circuits allows the control of the system of
illumination. A vacuum producer and controller system is employed to keep the
electron-optical column free from gas and impurity, which could damage the elec-
tron beam. The most critical parts of the instrument are the objective and specimen
support, since the resolution power depends on them [109].

The illumination system is composed by the electron gun, the electromagnetic
lenses, two condenser lenses, and a moving diaphragm.

The electron gun is formed by a cathode emitting electron into the vacuum and
accelerates them through a voltage U between cathode and anode. The result is a ki-
netic electron energy E = eU. Thermionic emission from heated tungsten filaments
or lanthanum hexaboride tips is the usual electron source for electron optical instru-
ments. Operative parametres as the beam diameter, the total current, the brightness,
and the energy distribution of the electron are extremely important for the resolution
and the image formation.

Electron passes through a system of electromagnetic and condenser lenses, which
allows to vary the angular aperture of the beam and fix the density of current and
the exposition time. Electromagnetic lenses are the magnetic equivalent of the glass
lenses in an optical microscope, while the double condenser system, consisting of
two or more lenses and an aperture, controls spot size and beam convergence. More-
over, it focuses the beam on the specimen, so that only a small portion of the sample
is illuminated, and the contamination and damage is reduced.

From condenser lenses the beam is focused on the specimen support. The prepar-
ing support grids are mounted in a specimen cartridge, which is introduced into the
specimen stage from the top of the objective lens, or mounted on a specimen stub.
The specimen stage enables to shift the specimen, special cartridges can tilt or rotate
the specimen.

The image formation is realised by means of the objective lens, coupled with the
projection and magnification system. The objective lens forms an inverted initial
image, which is subsequently magnified. In the back focal plane of the objective
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FIGURE B.2: a) Schematic view of a TEM apparatus. b) Schematic
representation of the image formation system. Figure adapted from
reference [109].

lens a diffraction pattern is formed. The objective aperture is placed in the back
focal plane of the image, its function is to select the electrons that contribute to the
image, and thereby affect the appearance of the image, improving the contrast of
the final image (see fig. B.3). The first intermediate lens magnifies the initial image
that is formed by the objective lens. The lens can be focused on the initial image
or on the diffraction pattern formed in the back focal plane of the objective lens.
This determines whether the viewing screen of the microscope shows a diffraction
pattern or an image.

The system of projection transfers and magnify the image, or the diffraction pat-
tern, formed on the objective. Magnification in the electron microscope can be varied
from hundreds to several hundred thousands of times. This is done by varying the
strength of the projector and intermediate lenses.

Imaging modes

The image is realised by collecting a portion of the scattered beam by means of the
diaphragm of the objective. The image obtained in this way is called “bright field
image”. If the incident beam is tilted, the image in “dark field” is collected. This
image presents bright region in correspondence to the region of the specimen which
originates the diffracted beam, and, conversely, dark region corresponding to the
other region. The image realised in bright field is complementary to the dark field
image. The bright field image is the most employed procedure to collect sample
images, since it reproduces as well more sensibly the regions which do not produce
the well defined orientation of the diffraction beam. The contemporary application
of the two modes makes the observation of nanometric object possible, so the mor-
phology of the sample is easily observable.
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The diffraction pattern of the specimen at the focal plane of the objective lens
can be magnified on the viewing screen by changing the excitation (focal length) of
the intermediate (or diffraction) lens and by selecting a specimen area by means of a
diaphragm in front of this lens.

B.3 Scanning Electron Microscopy

SEM is an electronic microscopy which uses an electron beam as illumination source
with whom scans the sample surface to obtain an image of its topography [110]. The
incidents electrons can interact with the specimen atoms through elastic scattering
in which the electrons are scattered by atomic nuclei or outer shell electrons with
similar energies. Those having a scattering angle more than 90° are called backscat-
tered electrons. The electrons can also undergo inelastic scattering, in which the
atoms are ionised and emit secondary electrons, together with characteristic X-rays,
Auger electrons and cathodoluminescence. The electrons mainly used for imaging
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FIGURE B.3: Schematic view of a SEM apparatus.

are the secondary and the backscattered ones. Secondary electrons have low ener-
gies (3 — 5 eV) and propagate for a distances of few nanometres, thus allowing to
resolve surface structures with a precision of the order of 10 nm; for this reason, they
are used for imaging surface textures and roughness. Backscattered electrons can
undergo single or multiple scattering and have a energy greater than 50 eV. Because
the number of backscattered electrons depends on the atomic number of the sam-
ple (elements with high atomic number scatter more electrons), they provide atomic
contrast in the SEM images. Chemical information about the specimen’s could be
obtained through the analysis of the X-rays signal, by means the so called "micro-
analysis". X-rays are emitted when a primary beam electron causes the ejection of
an inner shell electron from the sample. This vacancy is filled by an outer shell elec-
tron which emits an X-ray, whose energy is related to the energy difference between
the electron orbitals involved in the transition [111]. The main component of the
SEM experimental setup is the electron gun. In the first experimental setup tungsten
filament or lanthanum hexaboride cathodes were used, but recently field emission
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sources are employed. To avoid electron scattering by air, a high-vacuum environ-
ment is needed. A field emission gun is composed by a single crystal tungsten wire
with a very sharp tip which is the electron source. The emitter tip is placed between
two anodes connected to two different voltages: the first is used to extract the elec-
trons and the second to accelerating them. The emitted electron beam is guided
towards the sample by a magnetic field generated by a system of condenser lenses
made of copper. The beam is further focused by objective lenses which reduce the
diameter of the electron beam and enhances the image resolution. This process de-
creases the beam size from 50 ym to 1 — 100 nm. The laser beam scans the sample
surface thanks to a system of scanning coils, which deflect the probe spot allowing
his motion on the plane. In proximity of the specimen, different kinds of detectors
are placed, each specific to the type of object to be revealed: solid state backscattered
electron detectors, secondary electron detector, X-ray spectrometers for characteris-
tic X-rays.
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