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Introduction

Since its invention in 17th century, microscopy has dramatically
changed biology by allowing the visualization of biological targets
in their physiological environments. [1] Nowadays, several opti-
cal microscopy techniques suitable for biological investigations are
available, differing in the types of radiation employed or the con-
trast mechanisms used to visualize samples. For instance, micro-
scopes can utilize electromagnetic radiation (e.g. UV-Vis, infrared),
acoustic radiation, or matter waves (such as electrons or protons).
They can also exploit various contrast mechanisms, such as phase
contrast, polarization, or fluorescence to generate images.

Nevertheless, among the various microscopy techniques, fluo-
rescence microscopy drawn major attention since 1871, i.e. when
the first fluorescent stainer was developed. [2]

This work mainly describes the application to various biological
investigations of two fluorescence microscopy techniques: confocal
fluorescence microscopy (CFM) and two-photon microscopy (2PM).
Moreover, a work employing micro-Raman spectroscopy (mRS) is
also presented.

These techniques differ mainly in the phenomena involved in
the generation of the detected signal. Indeed, CFM exploits lin-
ear interactions between radiation and matter, while 2PM and mRS

9
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exploit nonlinear ones.
The term "linear interaction" refers to a phenomenon in which a

single photon of the incident radiation interacts with one molecule
of the sample at a time. Conversely, the term "nonlinear interaction"
describes a phenomenon in which multiple photons interact simul-
taneously with the same molecule of the sample. As a consequence,
linear interaction refers to phenomena in which the response of
the system is directly proportional to the intensity of the incident
light, while nonlinear interaction refers to phenomena where the
response of the system depends nonlinearly on the intensity of the
incident light.

In CFM, the only signals detected are fluorescence or phospho-
rescence, both of which are generated by one-photon absorption.
Usually, it exploits a focused laser beam falling in the UV-vis spec-
tral region that illuminates a small region of the sample. The focus
of the laser is then moved in the x and y directions to scan the whole
sample. The out-coming emission collected in each illuminated re-
gion generates the final image. [3]. Moreover, the term "confocal"
indicates the presence of a pinhole that selects the plane from which
the fluorescence signal arise, giving to the technique a 3D resolu-
tion. Unfortunately, the 3D resolution achieved is limited. Indeed,
the closer the pinhole, the better the resolution but the lower the
intensity of the signal collected. Thus, CFM is better applied to thin
samples than to deep imaging. [4]

On the other hand, 2PM exploits nonlinear phenomena. No-
tably, two nonlinear phenomena are exploited in the studies pre-
sented in this thesis: two-photon excited fluorescence (TPFE) and
second harmonic generation (SHG) (see Sec. A.1 for further details).
Considering the same type of fluorescent probe used in the CFM,
the photons involved in TPFE and SHG have half the energy of the
photon involved in linear phenomena. Thus, 2PM usually exploits
focused laser beam falling in the near infrared (NIR) spectral region.
NIR radiation is less absorbed and less scattered by biological sam-
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ples compared to UV-vis light, giving to 2PM several advantages
compared to CFM:

• Better penetration in biological tissues

• Lower photobleaching

• Lower scattering

Moreover, the exploitation of nonlinear phenomena gives to 2PM
an intrinsic 3D resolution. Indeed, a high photon density is needed
for the simultaneous interaction of two or more photons with one
molecule. Only in a small volume around the laser focal point, i.e.

the voxel, the proper photon density is reached and by moving the
voxel in the three dimensions, 3D images can be acquired. Thus,
2PM is a widespread technique for imaging thick biological sam-
ples. [5]

Unlike CFM and 2PM, mRS does not detect a fluorescence sig-
nal. Indeed, this technique relies on the light scattering produced
by the sample. The term "Raman scattering" indicates an inelastic
scattering of light that entails an energy exchange between the inci-
dent radiation and the molecule. The amount energy exchanged be-
tween the sample and the radiation matches the vibrational energy
of the molecule itself. Thus, by recording the scattered light and
knowing the incident radiation, information regarding the molecule
vibrations are gained. This technique allows to obtain a spectrum
that is unique for the molecule that produced the scattering, leading
to its identification. [6, 7, 8]

In this doctoral work, I focused on utilizing the microscopy tech-
niques introduced earlier, particularly 2PM, to study complex bio-
logical systems. The 2PM microscope was acquired by the Chem-
istry, Life Sciences and Environmental Sustainability Department
of the University of Parma just before the start of my doctoral re-
search, and part of my work was therefore dedicated to studying
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the operation and potential of the instrument, including the mea-
surement of correction curves for the acquisition of excitation and
emission spectra. Additionally, leveraging the expertise of the re-
search group that hosted me, I integrated the information derived
from the images with spectroscopy data by collecting emission and
excitation spectra and/or performing hyperspectral image analy-
sis, which allows for capturing spectral information for each pixel
in an image. In this case, each pixel not only represents a single
color value but a series of spectral values at different wavelengths.
This type of analysis therefore provides a vast amount of informa-
tion about the materials under investigation, as well as the physical
and chemical properties of the observed samples.

This thesis is organized in 4 chapters, one dedicated to the ex-
ploitation of each technique in biological investigations and one
describing two different collaborations with non-academic institu-
tions. Chapter 1 describes the characterization of two novel dyes for
mitochondria tracking using CFM. Chapter 2 presents four stud-
ies in which 2PM was exploited for the characterization of topi-
cal formulations. Notably, Sec. 2.2 focuses on the information that
can be gained thanks to the advantage of acquiring 3D and hyper-
spectral images through 2PM. While, Sec. 2.3 focuses on how 2PM
deep penetration in biological tissues can be exploited for the study
of formulation permeation. Chapter 3 describes the exploitation
of micro-Raman spectroscopy to detect and identify microplastics
present in feline placentas and fetuses. Chapter 4 describes two
case studies stemming from the collaboration with non-academic
institutions, where I learned how microfluidics can be applied to
cells culture with the aim of exploiting this technology in future
permeation studies and I explored the potentialities of 2PM for the
investigation of a novel formulation for respiratoy diseases.

A technical section (see Appendix. A) describing the nonlinear
phenomena exploited in 2PM and the physiological structure of
non-treated eye and skin tissues is present at the end of this work
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of thesis.
All the studies were carried out thanks to the collaboration with

different research groups:

• Prof. Daniel T. Gryko and Kateryna V. Vygranenko from the
the Institute of Organic Chemistry – Polish Academy of Sci-
ences. They synthesized the fluorescent mitochondria trackers
investigated in Chapter 1

• Prof. Luca Grisanti and Juraj Ovčar from Rud̄er Bošković In-
stitute that collaborated in the development of the model for
neutral mitochondria trackers presented in Chapter 1

• Prof. Kevin D. Belfield and Shupei Yu from the New Jersey
Institute of Technology that provided the necessary expertise
for cell cultures and CFM presented in Chapter 1

• The group of Prof. Silvia Pescina and Prof. Sara Nicoli from
the Food and Drug Department of the University of Parma,
which provided the ex vivo animal tissues, contributed to the
development of the experimental set-up for the 2PM anal-
ysis and provided the expertise and facilities necessary for
the permeation experiments (Chapter 2). Moreover, they pre-
pared the formulation designed for drug delivery discussed
in Sec. 2.2.1

• the Nanomol-Bio group of Prof. Nora Ventosa (ICMAB-CSIC)
and Marta Alacaina Hernando of Nanomol Technologies S.L.,
Spain, that synthesized and characterized the formulation in-
vestigated in Sec. 2.2.2

• The group of Prof. Fabio Sonvico from the Food and Drug
Department of the University of Parma, that prepared the for-
mulation and the biological tissues presented in Sec. 2.3.1
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• Prof. Rocío Herrero-Vanrell, Prof. Irene Bravo-Osuna and
Marco Brugnera from the Complutense University (UCM),
Madrid, Spain that synthesized and characterize the formu-
lation presented in Sec. 2.3.2

• The group of Prof. Giuseppina Basini, Prof. Alessandro Vetere
and Prof. Enrico Bigliardi from the Department of Veterinary
Science of the University of Parma, that prepared the samples
presented in Chapter 3

• Elvesys, in particular Dr. Lisa Muiznieks from the Microflu-
idic Innovation Center (MIC) that supervised the activities de-
scribed in Sec. 4.2.

• An international pharmaceutical company was involved in the
project presented in Sec. 4.3.

The activities presented in Chapter 1 and in Sec. 4.3 were car-
ried out at New Jersey Institute of Technology (New Jersey, USA)
and at Elvesys (now the Microfluidic Innovation Center) (Paris,
France) during two separate secondments undertaken as part of
a Research and Innovation Staff Exchange (RISE) funded by the Eu-
ropean Commission, the project Micro4Nano (Grant agreement No:
101007804).



Chapter 1

In vitro experiments: tracking
mitochondria with a new family
of neutral dyes

1.1 Introduction

The term "in vitro", literally meaning "in glass", usually refers to
studies conducted in a Petri dish on microorganisms, cell lines or
biological molecules outside of their biological environments. [9]
The isolation of these samples from their native environment is one
of the major limitations of in vitro assays. However, in vitro experi-
ments allows scientists to have greater control over the experiments
and facilitates the study of fundamental biological functions im-
possible to assess in the complexity of a whole tissue or organism.
Thus, in vitro tests are a necessary step in the preclinical drug devel-
opment, especially considering the high-throughput screening that
can be achieved and the low cost associated with conducting these
tests. [10] Several studies can be conducted through in vitro models
such as the determination of drug toxicology and activity towards a
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16 CHAPTER 1. IN VITRO EXPERIMENTS

selected target as well as preliminary binding studies, prediction of
pharmacokinetic parameters or drug resistance. [11] Indeed, cells
cultured in a plate are easily marked, stained, visualized through
optical microscopes or confocal ones, enabling the exploitation of
several techniques to analyze them. [12]

In the study presented in this chapter, in vitro assays were ex-
ploited to test the cytotoxicity and the biological activity of two
novel dyes designed for mitochondria tracking by our collaborator
at the Institute of Organic Chemistry – Polish Academy of Sciences.
[13] In particular, the cytotoxicity of the target molecules was eval-
uated on HeLa cells line through cell viability assay, the stained
cells were imaged through confocal microscopy and colocalization
assays were carried out to assess the capacity of the dyes to track
mitochondria. The work was developed in the framework of the Re-
search and Innovation Staff Exchange (RISE) project Micro4Nano,
funded by the European Commission. The work has been carried
out at the New Jersey Institute of Technology (USA), under the su-
pervision of prof. Kevin D. Belfield, and in collaboration with the
Institute of Organic Chemistry – Polish Academy of Sciences and
the Rud̄er Bošković Institute, all Partners of Micro4Nano.
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1.2 Characterization of a novel dye for stain-

ing mitochondria

Mitochondria are organelles present in the cytoplasm of most eu-
karyotic cells. They generate ATP molecules, the "fuel" of metabolic
energy, and they participate in other crucial activities such as: reac-
tive oxygen species production, ionic homeostasis, biosynthesis of
several substances and thermo-regulation. [14]

Thus, mitochondria dysfunctions severely impact the cells well-
functioning and therefore the health of living beings. Indeed, sev-
eral diseases have been associated with mitochondria dysfunctions,
[15] highlighting the critical importance of monitoring and study-
ing these organelles.

Mitochondria are motile organelles that control their morphol-
ogy to carry out the vital processes they are involved into. The four
main actions that regulate the mitochondria functioning (fission, fu-
sion, degradation and transport) are commonly referred to as "mi-
tochondrial dynamics". [16] Therefore, the study of mitochondrial
dynamics can reveal crucial information for the development of dis-
ease treatment strategies.

The use of fluorescent probes, i.e. trackers, is a valuable method
for following mitochondrial dynamics in their native environment,
the cell. [17] The vast majority of commercially available mitochon-
dria trackers are positively charged. [18, 19, 20] They exploit the
electrochemical potential difference generated across the mitochon-
drial inner membrane due to the proton gradient established by the
respiratory chain to enter into the organelle. [21] Unfortunately,
cationic trackers exhibit several drawbacks, e.g. chemical instability
and high cytotoxicity due to mitochondrial membrane depolariza-
tion. [22] A possible alternative route to track mitochondria is by
exploiting neutral trackers that do not present the same limitations
as cationic ones.
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Namely, their accumulation in mitochondria does not lead to
membrane depolarization, [23, 24] allowing for the investigation of
mitochondrial morphology in a minimally perturbed environment.
Despite the advantages, there have been far fewer reports of neutral
tracking probes compared to charged ones. [19, 22, 23, 24, 25, 26,
27, 28, 29, 30, 31] In fact, the physical mechanisms of the localiza-
tion of neutral molecules in mitochondria are not fully understood.
The lack of understanding of the physical processes underpinning
mitochondrial localization of neutral trackers from a fundamental
point of view is detrimental to the formulation of improved strate-
gies for rational design of novel trackers, as well as to the integrity
of the interpretations of mitochondrial tracking experiments.

In this section, the photophysical and biological characterization
of two potential neutral mitochondria trackers, as well as a theoret-
ical model providing a plausible explanation of their interaction
with the mitochondrial membrane, is presented.

FM and MOFM are two red-fluorescent sulphone rhodol-based
dyes which structures differ only for the substitution of their upper
ring moiety (Fig. 1.1).

Figure 1.1: Chemical structures of (A) FM and (B) MOFM.

Their photophysical properties were studied in commonly used
organic solvents as well as in biological relevant environments like
PBS and cell culture medium. The results are reported in Tab. 1.1.
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Table 1.1: Quantum yields (QY) and maxima of absorption (¼max
abs )

and emission (¼max
em ) spectra of FM and MOFM measured in various

solvents
Compound Solvent QY ¼max

abs (nm) ¼max
em (nm)

FM

Toluene 0.05 548 642
DCM 0.46 576 680
DMSO 0.28 605 699
PBS 0.04 669 717
Cell medium 0.01 669 717

MOFM

Toluene 0.06 548 647
DCM 0.45 574 680
DMSO 0.30 601 698
PBS 0.02 668 717
Cell medium 0.01 669 717

Both molecules share a common backbone that determines their
photophysical properties. Indeed, both MOFM and FM present
quantum yields that vary from ∼0.45 in DCM to less than 0.05 in
water, PBS and cell culture medium, and similar solubility. More-
over, their emission and absorption maxima shift towards higher
wavelengths when going from non- to more polar solvents.

The shift of absorption and/or emission spectra in polar sol-
vents is a phenomenon called "solvatochromism" and indicates that
the ground and/or the excited state have non-negligible dipole mo-
ments that are stabilized by polar solvents. When the shift is to-
ward the red edge of the UV-vis spectrum, the solvatochromism
is referred to as "positive solvatochromism". Solvatochromism is
usually associated with the presence of charge-transfer transitions,
which involve a partial transfer of charge among different molecu-
lar moieties.

To further study the MOFM and FM excited states, anisotropy
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studies were performed on both molecules in glycerol (Fig. 1.2).
Anisotropy measures can unveil important information regarding
the number and relative orientation of states involved in the absorp-
tion and emission processes (see Sec. 1.6.1 for technical description
of the measurements performed). [32]

Figure 1.2: Emission and excitation spectra; emission and excitation
anisotropy acquired in glycerol of FM and MOFM.

The spectra reported in Fig. 1.2 show that the emission and ex-
citation anisotropy of both molecules are constant within the whole
respective band. A constant value of excitation anisotropy indicates
that only one excited state is involved in the absorption transition.
Moreover, an equal value of the emission and excitation anisotropy
reveals that the same excited state is involved in both transitions.
Finally, the value of anisotropy close to 0.4, which is the limiting
value for anisotropy, points out that the ground and excited states
transition dipole moment are almost parallel. [32]

Additionally, to fully characterize the excited states of FM and
MOFM, the two-photon absorption (2PA) cross sections were mea-
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sured (see Sec. 1.6.1). The bandshapes of one-photon absorption
and 2PA spectra overlaps, confirming that the same excited state is
involved in the two processes, as expected for non centrosymmetric
dyes. [33]

Figure 1.3: Two-photon absorption cross-section (black lines) and
normalized one-photon absorption (red lines) of FM and MOFM

in DCM.

Both molecules exhibit appreciable values of the 2PA cross sec-
tion Ã (Ã¼max

FM = 120 GM and Ã¼max
MOFM = 110 GM), enabling a potential

exploitation also for two-photon microscopy experiments.

Once the photophysical properties of the target molecules were
determined, we evaluated the biological features of FM and MOFM

in term of cytotoxicity and ability to track mitochondria.
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1.3 In vitro experiments: cell viability stud-

ies and mitochondria tracking

Cytotoxicity refers to the potential of a compound to induce cell
death and is, therefore, the primary characteristic that must be eval-
uated for compounds interacting with biological samples. Cytotox-
icity tests are pivotal to determine the amount of compound that
can come in contact with cells without damaging them. [34] In cyto-
toxicity tests, cell viability is the parameter commonly determined.
[35] Cell viability assays aim to define the number of healthy cells
present in a sample. [36]

The cell viability of FM and MOFM was assessed after 24 hours
of incubation in HeLa cells at different concentrations as reported
in Fig. 1.4 (see Sec. 1.6.2 for technical description of the procedure).

Figure 1.4: Cell viability after 24 hours incubation with FM (blue)
and MOFM (grey).

Fig. 1.4 shows that cell viability severely decreases at concentra-
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tion above 1 µM, indicating an increase in the toxicity of the com-
pounds.

In order to maximize the signal of the dyes without incurring in
undesired effects, for imaging experiments the dyes were used at
a concentration of 1.5 µM but the incubation time was reduced to
30 minutes.

To evaluate weather FM and MOFM were internalized by the
cells, the cells incubated with the dyes were imaged with a confocal
microscope. The images obtained, reported in Fig. 1.5, confirmed
the uptake of both FM and MOFM.

40 µm 40 µm 40 µm

40 µm 40 µm 40 µm

Figure 1.5: Images of cells after 30 minutes of incubation with FM

and MOFM, using a concentration of 1.5 µM, an excitation wave-
length of ¼=561 nm and a detectable range of 600 nm-750 nm.

The emission spectrum of MOFM in cells was collected exploit-
ing a dedicated detector of the confocal microscope (Fig. 1.6). Al-
though the emission spectrum in cells could not be entirely ac-
quired due to a limitation of the detector spectral range, the over-
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lap with the spectrum acquired with the fluorometer on MOFM in
a PBS solution indicates that the uptake did not damaged the dye
which experienced a similar polarity in both PBS solution and cells.

Figure 1.6: Emission spectra of MOFM in cells (red line) acquired
with a confocal microscope and in PBS solution (black line) ac-
quired with a fluorometer.

From Fig. 1.5 it is clear that the dyes do not localized ubiqui-
tously in the cells, e.g. no signal is detected in the nucleus. To
determine weather FM and MOFM were able to localize in specific
organelles, colocalization experiments were carried-out.

Colocalization experiments are frequently used in cell biology
studies to analyze the distribution of different dyes in the same
cell. [37] Therefore, we investigated the colocalization of FM and
MOFM with MitoTrackerTM Green (MTG), a commercial mitochon-
dria tracker. The spatial overlap between the fluorescence signals of
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the commercial dye and of our compounds provided information
about the ability of FM and MOFM to track mitochondria.

40 µm40 µm40 µm

40 µm 40 µm40 µm

Figure 1.7: colocalization of FM and MOFM with MTG in HeLa
cells. Panels A and D: MTG images. Panels B and E: FM and
MOFM images. Panels C and F: merged images.

The images obtained from the colocalization assay are reported
in Fig. 1.7. Panels C and F show the merging of MTG and FM or
MOFM signals, respectively. Since MTG emission falls in the green
spectral region and the emissions of FM and MOFM fall in the red
spectral region, we obtain a yellow signal when the two dyes are lo-
cated in the same region, i.e. are co-localized. Qualitatively, it is evi-
dent that both dyes are localized in the same spatial region as MTG,
suggesting that they work as mitochondria tracker. However, from
Fig. 1.7.C and F, it can be observed how the overlap between MTG
and FM signals is worse that the one between MTG and MOFM

ones. Indeed, the yellow signal in panel F is homogeneous while
in panel C we can distinguish more reddish regions (higher con-
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centration of FM) and more greenish ones (higher concentration of
MTG).

The Pearson correlation coefficient (PCC) is often used to eval-
uate the degree of colocalization between two fluorophores. [38]
The PCC values (rP) range from −1 (worst colocalization) to 1 (best
colocalization) and it is calculated automatically by images analysis
softwares, e.g. ImageJ, following Eq. 1.1:

rP =
∑i(Ri − Rav) · (Gi − Gav)

√

∑i(Ri − Rav)2 · ∑i(Gi − Gav)2
(1.1)

where Ri is the intensity of the first fluorophore in individual pixels
and Rav the arithmetic mean, while Gi and Gav are the correspond-
ing intensities for the second fluorophore in the same pixels.

The rP calculated from the acquired images are rP = 0.79 for FM

and rP = 0.89 for MOFM. Since both values are close to 1, it shows
that both compounds selectively localize inside mitochondria, with
MOFM having a stronger localization tendency compared to FM.
For FM, having a lower Pearson coefficient, another colocalization
experiment was performed using LysoTracker Green (LTG), a com-
mercial lysosomes tracker.

40 µm 40 µm40 µm

Figure 1.8: colocalization of FM with Lysotracker Green in HeLa
cells. Panel A: Lysotracker Green image. Panel B: FM image. Panel
C: merged image.
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The images reported in Fig. 1.8 show the results obtained by
the colocalization between FM and LTG: Fig. 1.8.C appears more
orangeish compared to Fig. 1.7.C indicating a worse colocalization.
Indeed, the rP calculated for FM and LTG is 0.6, lower than the one
calculated for FM and MTG.
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1.4 A model for localization of neutral polar

dyes in mitochondria

While for cationic trackers the physical localization mechanism is
well understood, reports of neutral mitochondrial trackers often
remain unclear or silent on their localization mechanism. In col-
laboration with Juraj Ovčar and Luca Grisanti, we developed a
model for unveiling the mechanism of localization of polar neutral
molecules in mitochondria.

The interior of the inner mitochondrial membrane was modeled
as a phospholipid bilayer of palmitoyl-oleyl-phosphatidylcholine
(POPC), while the intermembrane space and the mitochondrial ma-
trix were considered aqueous solutions. [39, 40, 41] The total elec-
trostatic potential of a one-dimensional inner mitochondrial mem-
brane is then given by:

Φ(x, ∆ΨNP) = ΦP(x, ∆ΨNP) + ΦW(x, ∆ΨNP), (1.2)

where ΦP is the electrostatic potential generated by the POPC bi-
layer, ΦW is generated by water and ∆ΨNP is the voltage drop across
the membrane induced by a homogeneous electric field, stemming
from the proton gradient established during the Krebs cycle. To fit
a functional form of Φ, we utilized results from molecular dynam-
ics (MD) simulations of the water-POPC bilayer system. [42] We
set the origin (x = 0) to be at the center of the POPC bilayer, with
the intermembrane space being located in the −x̂ direction from
the phospholipid bilayer (i.e. x → −∞) and the mitochondrial ma-
trix being located in the +x̂ direction (x → +∞). The fitted curves
obtained are shown in Fig. 1.9.

As can be seen from Fig. 1.10, the calculated electric field across
the membrane indeed exhibits significant variation on the length
scale of FM and MOFM (≈ 10 Å), allowing for a net electrostatic
force on the polar molecules. We considered a model in which we
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Figure 1.9: Functional forms of the inner mitochondrial membrane
(full lines) and the data (scatter points) used to obtain them, shown
for ∆ΨNP = 0.0 V (left panel) and ∆ΨNP = −0.8 V (right panel). The
"Total" fitted curve is calculated as a sum of "Water" and "POPC"
ones. The region containing predominantly water (POPC) is high-
lighted by the light blue (orange) background.
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Figure 1.10: Electric field across the inner mitochondrial membrane
for ∆ΨNP = 0.0 V and ∆ΨNP = −0.15 V. The region containing pre-
dominantly water (POPC) is highlighted by the light blue (orange)
background.
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represent a molecule as a collection of N rigidly connected particles
with respective masses mi and partial charges qi. The equations of
motion for these particles in a spatially varying one-dimensional
electric field E⃗(x) = E(x)x̂ are:

mi ẍi = qiE(xi), (1.3)

where xi is the x-component of the position of particle i. Introduc-
ing a coordinate for the center of mass of the molecule as X, we can
sum the equations of motion (1.3) to obtain:

MẌ =
N

∑
i

qiE(X + li), (1.4)

where M is the mass of the molecule and li = xi − X. Therefore, the
net force experienced by the polar molecule is F(X) = ∑

N
i qiE(X +

li).
In a stationary state, the molecule will be oriented in such a

way that the dipole moment µ⃗ is aligned with E⃗(x). Let us fix
{l1, . . . , lN}, so that the dipole moment is parallel to the x-axis,
i.e. µ⃗ = µx̂. Then, the respective electrostatic potential energies
E±

p (x) for the two configurations with the dipole moment being
(anti)parallel to the x-axis are simply:

E±
p (x) = −

∫ x

−∞
F(x′ ± li)dx′ =

N

∑
i

qiΦ(x ± li). (1.5)

Note that x in eqn. (1.5) denotes the position of the molecu-
lar center of mass. To obtain the ionic point charges qi, we cal-
culate Mulliken charges from the ground state electronic density
obtained by DFT optimizations of FM and MOFM in vacuum and
water. We test different environments as it is not trivial to deter-
mine which is the most representative environment of the relevant
realistic physical system. [43] It is known that the center of the
inner mitochondrial membrane is non-polar, with the value of the
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relative permittivity being ϵ ≈ 2, while the relative permittivity of
the aqueous solutions representing the intermembrane space and
the mitochondrial matrix is ϵ ≈ 80. [44, 43, 41]

Table 1.2: Ground state dipole moments (in Debye) of FM and
MOFM in different solvents, calculated using the electronic density
obtained with DFT (µρ) and Mulliken charges (µM); electrostatic
binding energies (in meV), calculated using Mulliken charges ob-
tained in different solvents for dipole moments parallel (E+

b ) and
antiparallel (E−

b ) to the x-axis

Molecule Solvent µρ µM E+
b E−

b

FM
Vacuum 12.346 13.253 -347 -326
Water 22.918 23.084 -598 -561

MOFM
Vacuum 12.638 13.716 -353 -332
Water 23.211 23.492 -606 -570

From Table 1.2, we can see that the dipole moments calculated
using Mulliken charges agree well with the dipole moments cal-
culated directly from the electronic density obtained using DFT.
Furthermore, we note that both molecules have large dipole mo-
ments and are highly polarizable. The large dipole moment is a
result of donor and acceptor groups connected at the two ends of
the conjugated molecular unit, similarly to push-pull molecules.

The electrostatic potential energies calculated as per eqn (1.5),
using Mulliken charges obtained in different solvents and using
∆ΨNP = 0.15 V, are shown on Fig. 1.11, with the binding energies
E±

b (minimal values of E±
p (x)) being listed in Table 1.2. We find

that two binding sites at x ≈ ± 16 Å exist for both FM and MOFM.
These positions are found within the phospholipid bilayer, as the
lipid heads are located at x ≈ ± 20 Å. [42] From Table 1.2, we
observe that the binding energy of the site near the mitochondrial
matrix (E+

b ) is consistently lower than the one of the site near the
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Figure 1.11: Electrostatic potential energy across the inner mito-
chondrial membrane as a function of the position of the molecular
center of mass, calculated using Mulliken charges in vacuum and
water for dipole moments parallel (left panel) and antiparallel (right
panel) to the x-axis. The binding sites are shown magnified in the
insets. The region containing predominantly water (POPC) is high-
lighted by the light blue (orange) background. The voltage drop
across the membrane was set to ∆ΨNP = −0.15 V.

intermembrane space (E−
b ). This asymmetry in the binding energies

between the two sites stems from the polarization of the POPC and
water subsystems due to ∆ΨNP. Notably, we find that all calculated
binding energies for MOFM are lower than the corresponding ones
for FM, consistent with the experimental observation that MOFM

has a larger tendency to localize in mitochondria compared to FM.
Because of the difficulty in determining the most appropriate ionic
charges (see discussion above), we consider the binding energies
calculated using Mulliken charges obtained in vacuum (water) to
represent the upper (lower) bound of the real electrostatic binding
energy; however, we note that, due to the large solvatochromism of
the considered molecules, the similarity in the measured emission
spectra of MOFM in PBS (ϵ ≈ 79) and cells (Fig. 1.6) indicates that
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the relevant physical environment could be best approximated by
water.

To calculate the total binding energy, it is necessary to account
for all molecule-membrane interactions other than the electrostatic
one (e.g. hydrophobic, Van der Waals, steric and specific chemical
interactions). This is difficult to achieve without the use of more
complex methods, i.e. a detailed study of molecular permeation
through the inner mitochondrial membrane. Thus, we decided to
focus on a qualitative assessment of the aforementioned factors. Us-
ing a simple lipophilicity model, [45] we obtain log P = 3 for both
FM and MOFM, meaning that both molecules are significantly hy-
drophobic. This further enhances localization to the POPC bilayer.
[40, 41] Steric and other factors have been shown to be of secondary
importance in modeling hydrophobic ion interactions with mem-
branes [43] and are unlikely to hinder localization within the POPC
bilayer, especially considering the large electrostatic binding en-
ergy, high lipophilicity and the comparatively small size of FM and
MOFM with respect to some of the larger lipophilic mitochondria
trackers. [18, 19, 20]

Finally, we estimated the ratio of the concentrations of FM and
MOFM localized in mitochondria. Due to the structural similar-
ity of the considered molecules, we assume that the total binding
energies of the two molecules significantly differ only in the elec-
trostatic contribution. We can then use the following expression to
approximate the ratio of concentrations of localized molecules:

γ =
e−´E+

b, FM + e−´E−
b, FM

e−´E+
b, MOFM + e−´E−

b, MOFM

, (1.6)

where we calculated the thermodynamic ´ parameter using a tem-
perature of 36 ◦C. The values of γ, calculated using the Mulliken
charges obtained in vacuum and water are respectively 0.78 and
0.73, comparable to the ratio of the measured Pearson correlation
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coefficients (PCCFM/PCCMOFM ≈ 0.89), which can also be inter-
preted as an approximation to the ratio of concentrations of local-
ized molecules, showing that our model is quantitatively sound.
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1.5 Conclusions and future perspectives

In this chapter was presented the full characterization of two novel
neutral dyes synthesized by Kateryna V. Vygranenko and Daniel T.
Gryko. The photophysical characterization was successfully per-
formed both experimentally and theoretically thanks to the collab-
oration with Luca Grisanti and Juraj Ovčar. The cytotoxicity was
determined thanks to in vitro assays performed by Shupei Yu, and
the colocalization experiments allowed us to assess the ability of
FM and MOFM to track mitochondria. Our study was pubblished
on Organic & Biomolecular Chemistry on May 2024. [46]

In vitro assays are of paramount importance for assessing the
features of new molecules of biological interest. Nevertheless, in

vitro characterization presents several limitations for the full char-
acterization of complex formulations. The main one is that culti-
vated cell lines oversimplify organ structures and sometimes are
unable to reproduce the features even of the same cell type in an
organism. [47] Not to mention the limitation in reproducing inter-
actions between different cell types, extrapolating in vivo doses or
determining the consequences of long term exposure. [48]

These limitations are partially overcome by 3D in vitro cultures:
in 3D in vitro models the cells can grow in the three dimensions,
respecting their native morphology; 3D models offer the possibility
to cultivate different cell types and, thus, reproduce their relative
interactions; lastly, in 3D models condition resembling the biolog-
ical environment, like mechanical stimuli, nutritional and oxygen
conditions etc. can be mimicked. [49]

One of the strategies to fabricate 3D in vitro models exploits mi-
crofluidic technology. To further explore the use of 3D models in
our studies, I spent three months at Elvesys (now the Microfluidic
Innovation Center) in Paris, to acquire the knowledge necessary to
perform elemental tests on microfluidic chips (see Sec. 4.2).

Another approach to overcome limitations of in vitro experi-
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ments involves the use of ex vivo animal models, that allow to test
new formulations on almost intact tissue before moving to the in

vivo phase. This is particularly interesting for drug delivery stud-
ies regarding topical applications, and requires specific microscopic
techniques that allow the collection of 3D images, as multiphoton
microscopy. In chapter 2 this strategy is applied to various drug
formulations and tissues.
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1.6 Materials and Methods

1.6.1 Spectroscopic measurements

UV-vis absorption spectra were recorded with a Tecan Infinite M200
PRO plate reader (at NJIT) or with a PerkinElmer Lambda650 spec-
trophotometers, in 1 cm path length cuvettes.

Fluorescence emission spectra were measured using an Edin-
burgh FLS980 (at NJIT) or an Edinburgh FLS1000 fluorometers on
solutions with absorbance < 0.1 in 1 cm path length cuvettes.

Fluorescence quantum yields of FM and MOFM were measured
using Cresyl Violet in ethanol (ϕ = 0.578, from Ref. [50]) or Fluo-
rescein in NaOHaq 0.1 M (ϕ = 0.90) as standard.

Fluorescence anisotropy measurements were carried out using
the Edinburgh FLS1000 fluorometers with two automatic polarizers
(one in the excitation light path and the other in the emission light
path). The anisotropy was measured for two glycerol solutions of
FM and MOFM by exciting the sample with linearly polarized light
and collecting the emission signal with parallel (IVV) and orthog-
onal (IVH) polarization with respect to polarization of the exciting
light. Fluorescence anisotropy (r) is defined as follows:

r =
IVV − G · IVH

IVV + 2 · G · IVH
(1.7)

where IVV indicates the intensity of the light emitted parallel
to the excitation light polarization, and IVH indicates the intensity
of the light emitted orthogonal to the excitation light polarization.
The G factor correction accounts for the different sensitivities of the
detector to the vertical and horizontal polarization of the emitted
light and it is defined as:

G =
IHV

IHH
(1.8)



38 CHAPTER 1. IN VITRO EXPERIMENTS

Anisotropy values can range from −0.2 and 0.4 depending on
the fluorescence depolarization. When the anisotropy is measured
on a rigid system, e.g. a molecule in a viscous or glassified solvent,
the value is defined as "fundamental anisotropy", and depends on
the relative orientation of the ground state and excited state tran-
sition dipole moments. If the two transition dipole moments are
parallel, the anisotropy assumes its maximum value. [32]

Two-photon absorption bandshapes and cross section

The two-photon absorption (TPA) cross sections of two solutions of
FM and MOFM in dichloromethane (DCM) were measured with
the two-photon microscope available at University of Parma. A
technical description of the two-photon microscope is reported in
Sec. A.1.

The TPA bandshape was obtained by collecting the intensity of
the emission falling in the detector dedicated to the red spectral
region as a function of the excitation wavelength adopted to gener-
ate the signal. The correction curve for the wavelength dependent
sensitivity of the excitation optics was applied to obtain the correct
bandshape.

The absolute value of the cross sections was obtained by com-
paring FM and MOFM two-photon excited fluorescence (TPEF) in-
tensity to that of a reference, a 12.4 µM (for FM) and a 10.9 µM
(for MOFM) solution of Nile Red in DMSO, following a procedure
described in the literature. [51, 52] The TPEF signal was acquired
using the spectral detector (see Sec. A.1) and the correction for the
wavelength dependent sensitivity of the detector was applied. The
measurements were carried out using 1 cm quartz cells placed hor-
izontally under the microscope objective. Distilled water was em-
ployed to dip the objective and the focal point was moved as close
as possible to the upper cuvette wall, maximizing the signal inten-
sity for each sample. The concentrations of the sample solutions
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were 12 µM and 11.6 µM for FM and MOFM, respectively.
Due to the limited spectral range of the microscope detector,

the emission spectra of FM, MOFM and the reference were only
partially acquired. Nevertheless, in the acquired range the spectra
were superimposable with the ones acquired with the fluorometer,
confirming that the emitting state is the same for one- and two-
photon excited fluorescence. Moreover, the TPEF integrated sig-
nal was multiplied for a correction factor accounting for the ratio
between the integrated areas measured with the microscope and
the fluorometer, respectively. Therefore, for each sample and for
the reference, we assumed the same fluorescence quantum yield
for one- and two-photon excited fluorescence. Following the pro-
cedure reported in the literature, [53] the TPA cross section of the
sample (Ã2,new) as a function of the excitation wavelength ¼ can be
obtained as reported:

Ã2,new(¼) =
ϕref

ϕnew

Cref

Cnew

P(¼)2
ref

P(¼)2
new

F(¼)new

F(¼)ref

nref

nnew
Ã2,ref(¼). (1.9)

where Ã2 is the TPA cross section, ϕ is the fluorophore quantum
yield, C is the solution concentration, n is the refractive index, P(¼)
is the laser power at wavelength ¼, and F(¼) is the integral of the
TPEF spectrum, evaluated after correcting the emission spectrum
for the detector sensitivity. The subscripts “new” and “ref” refer to
the sample and to the reference, respectively. The absolute values of
Ã2,ref(¼) of Nile Red in DMSO were calculated using the same pro-
cedure using rhodamineB in methanol as reference (Ã2,rhodamineB(¼)
taken from the literature [54]). TPA cross sections are expressed in
Goeppert-Mayer units: 1 GM=1050 cm4·s · photon−1.

1.6.2 Cell viability

To perform the cytotoxicity assay, HeLa cells were cultured in the
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
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10% fetal bovine serum, 1% penicillin/streptomycin at 37 ◦C in a
humidified 5% CO2. Cells were placed in 96 well plates and incu-
bated until there are no fewer than 5 · 103 cells per well for the exper-
iments. Stock solutions of FM and MOFM dissolved in DMSO were
prepared at a nominal concentration of 1 mM respectively. Then,
the stock solutions were diluted to the desired concentrations with
DMEM (DMSO final concentration f 1% to avoid its cytotoxicity).
[55] Next, cells were incubated with different concentrations of FM

and MOFM (0.25 µM, 0.5 µM, 1 µM, 2.5 µM, 5 µM, 10 µM, 20 µM
and 40 µM). After 22 h of incubation, the cell culture medium was
replaced with a fresh one into each well and then 20 µL of the Cell
Titer 96 Aqueous One solution reagent (for MTS assay) was added
into each well, followed by further incubation for 2 h at 37 ◦C. The
respective absorbance values were read on a Tecan Infinite M200
PRO plate reader spectrometer at 490 nm. Cell viabilities were cal-
culated based on the following equation:

Cell viability(%) =
AbsS

490 nm − AbsD
490 nm

AbsC
490 nm − AbsD2

490 nm
· 100%, (1.10)

where AbsS
490 nm is the absorbance of the cells incubated with differ-

ent concentrations of experimental probe solutions, AbsD
490 nm is the

absorbance of cell-free well containing only FM and MOFM at the
concentration that was studied, AbsC

490 nm is the absorbance of cells
alone incubated in the medium and AbsD2

490 nm is the absorbance of
the cell-free well.

1.6.3 Live cell imaging

All cells were seeded on confocal dish (MatTek) at the density of
4 · 104 cells per dish and incubated for 24 h at 37 ◦C and 5% CO2.
Stock solutions of FM and MOFM dissolved in DMSO were pre-
pared at a nominal concentration of 1 mM respectively. The stock
solutions were diluted to 1.5 µM with DMEM cell medium (DMSO
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final concentration f 1% to avoid its cytotoxicity) [55] and freshly
placed over cells for a 30 min incubation period. Cells were washed
three times with PBS, then the live cell imaging solution (Molecular
Probes) was added to confocal dishes and the cells were imaged.

For colocalization assays after the three washes with PBS, the
cells were further incubated with MitoTrackerTM Green (working
concentration: 100 nM) or LysoTracker Green (working concentra-
tion: 75 nM), washed with PBS three times, and the live cell imaging
solution (Molecular Probes) was added before the cells imaging.

1.6.4 Confocal imaging

Cells images were recorded with a Zeiss LSM 780 confocal micro-
scope equipped with a C-Apochromat 40x/1.20 W Korr FCS M27
objective (pinhole 42.5 µm, airy 1 with respect to the blue channel;
numerical aperture 1.20), available in the laboratory of Prof. K.
Belfield at New Jersey Institute of Technology.

The confocal images were obtained detecting FM and MOFM

by exciting the sample at 633 nm and acquiring the emission in
the range between 645 nm and 750 nm (unless otherwise specified);
MitoTrackerTM Green and LysoTracker Green by exciting the sam-
ple at 488 nm and acquiring the emission in the range between
495 nm and 550 nm.

Captures were taken at 40X magnifications (without zoom, pixel
dwell 1.58 µs) to obtain detailed pictures of few cells with a field of
view of 212.5 µm x 212.5 µm (512 x 512 pixels resolution, with a
pixel size of 0.41 µm x 0.41 µm). The software ImageJ was used to
process the images acquired and to determine the Pearson’s corre-
lation coefficients.
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Chapter 2

Ex vivo experiments:
characterization of drug
delivery formulations in thick
tissues

2.1 Introduction

Experiments conducted ex vivo, literally meaning "out of the living",
are studies that involve the use of tissues or fluids extracted from
their native environment. [56] Ex vivo analysis represents a bridge
between in vitro and in vivo testing. [57] Indeed, while the first is
useful but limited because of the simplicity of the model, the latter
provides the most complete information but is complex, expensive,
and could present ethical limitations. [58] On the other hand, ex vivo

models have the advantage of preserving the structure of the native
tissue under controlled conditions without the actual use of a living
being. [59] Ex vivo animal models can be particularly useful for
gaining insight on the mechanism of action of the drug in contact

43



44 CHAPTER 2. EX VIVO EXPERIMENTS

with a target organ. [60] In particular, these models are valuable
for the permeation study of drug delivery systems, especially for
topical applications. [61]

One of the most used diffusion model to study drug permeation
across tissues is the Franz diffusion cell, where the tissue is located
between a donor chamber (where the formulation is placed) and a
receiving one (where the permeated formulation accumulates and
samples for quantification via HPLC or UV-vis are withdrawn). [62]

Analytical techniques used to characterize drug formulations
can be combined with imaging to gain valuable information regard-
ing the interactions between formulations and tissues. [63] Among
imaging techniques, two-photon microscopy is suitable to image
permeated thick tissues. [64, 65]. A detailed description of two-
photon microscopy (2PM) is reported in Sec. A.1.

In this chapter, four different case studies are presented, fo-
cussing the attention on the advantages that two-photon microscopy
can give in the study of formulation-tissue interaction compared to
confocal microscopy.

The first two studies demonstrate the crucial role of 3D images
and hyperspectral images in the characterization of formulations
for drug delivery in ocular and skin tissues (see Sec. A.3 for the
characterization of non-treated tissues with 2PM). On the other
hand, the later studies illustrate how the ability to acquire images
and spectra deep within thick tissues enables the investigation of
formulation permeation capabilities.
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2.2 3D resolution and hyperspectral images:

the formulation fate

2.2.1 The hyaluronic acid - PVA film case

In the study presented in this section, two-photon microscopy is
applied to the investigation of the interactions between the formu-
lation and ocular tissues, specifically cornea and sclera.

Drug delivery to ocular tissues is a challenging topic due to the
physiological features of this organ. Indeed, several static, dynamic,
and metabolic barriers present in the eye prevent the effective per-
meation of drugs and an adequate retention time, leading to limited
bioavailability. [66] For these reasons, our collaborators at the AD-
DRes lab of the Food and Drug department of the University of
Parma are developing new formulations for improved delivery of
drugs in ocular tissues. Among the various administration routes,
inserts and implants answer predominantly to the need of a reduc-
tion of the administration frequency, since they allow for increased
residence time in the site of application and a controlled release of
the drug. [67, 68] The reduction of the administration frequency is
of outmost importance since it increases adherence to the treatment
while reducing fluctuations in drug tissues concentration and re-
lated side effects. Thus, both efficacy and patient’s compliance are
increased.

Taking these considerations into account, our collaborators de-
veloped an ocular film composed of polyvinyl alcohol (PVA) and
hyaluronic acid (HA) for the controlled release of dexamethasone
(DEX) and levofloxacin (LVX). Polymeric films containing PVA or
HA have been previously investigated as ocular drug delivery sys-
tems: PVA is well known for its excellent film-forming proper-
ties and has been used, for instance, in combination with PVP
to prepare films for the ocular release of progesterone, [69] while
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films containing HA have demonstrated biocompatibility and an
extended release profile. [70]

DEX is one of the most potent corticosteroids used for the treat-
ment of diseases affecting both the anterior and the posterior eye
segments, [71] while LVX is a drug approved in 1996, belonging to
the fluoroquinolones family, a group of antimicrobial agents useful
in the treatment of infections. [72] Since DEX is a poorly water-
soluble drug, its loading in the HA and PVA hydrophilic films was
possible thanks to the inclusion in cyclodextrins (HPCD).

Spectroscopic characterization

Two different films were prepared using HA, HPCD and PVA with
different hydrolysis degree (PVA87 or PVA98) by our collaborators
of the ADDRes lab (Fig. 2.1).

�

Figure 2.1: Molecular structure of PVA films components.

The films obtained were evaluated by our collaborators in terms
of swelling, drug loading/release, and delivery capability. The
physicochemical properties of the films changed with the type of
PVA: PVA87-based films showed 3D swelling and a slower DEX
release, while the PVA98-based film showed a 2D swelling and a
faster DEX release. [73] On the other hand, when the release prop-
erties were evaluated on ex vivo tissue, no significant differences
were observed between the two films interacting with cornea and
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sclera. Thus, further 2PM analysis was carried out, testing only the
PVA87-based film.

Once the physicochemical properties were fully addressed, 2PM
analyses were performed to further study the penetration of the
HPCD in two ocular tissues: sclera and cornea.

For this purpose, DEX was replaced by Nile Red (NR) that was
solubilized in HPCD and loaded in PVA87-based films. NR was
selected as fluorescent probe since it shares with DEX a low water
solubility and similar size (DEX MW: 392.5 Da vs NR MW:318.4 Da).
Additionally, the formation of an inclusion complex between NR
and HPCD has been already reported in the literature [74, 75].

The preparation of PVA87-based film loaded with NR was con-
ducted by our collaborators starting from the formation of NR-
HPCD complex. To assess whether the inclusion of NR in the
HPCD was successful, an emission spectrum was acquired on the
obtained suspension and compared to the emission spectrum of a
NR solution in water1. In fact, being NR a solvatochromic probe,
[76] the spectral position of its emission changes with the polarity of
the environment, allowing the differentiation between NR included
in the HPCD and NR in water.

Fig. 2.2 shows emission spectra of NR in water and of NR-loaded
HPCD in water. The spectrum of NR-loaded HPCD is blue shifted
compared to the spectrum acquired on the NR solution in water,
indicating that NR is experiencing different polarities when loaded
in HPCD or in water solution. More specifically, the blue shift is
ascribed to a less polar environment, a result that is compatible
with the inclusion of NR in HPCD.

1Solution obtained by diluting in water a NR solution in DMSO until the
percentage of DMSO in the final solution was <1%.
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Figure 2.2: NR emission spectra acquired on NR-loaded HPCD and
NR in water solution with the fluorometer (¼exc = 540 nm).

Two-photon microscopy characterization

Once the NR inclusion was confirmed, the PVA87-based films loaded
with NR were prepared and the ocular tissues were treated (see
Sec. 2.2.4 for details regarding the tissues treatment).

After the treatment, the tissues were placed in a dedicated plex-
igalss holder and imaged with an excitation wavelength of 1100 nm
to maximize NR signal. The images collected on the corneal epithe-
lium and stroma are reported in Fig. 2.3.

Panel 2.3.A shows corneal epithelial cells in orange. The or-
ange color is the result of the superposition of the green cell aut-
ofluorescence [77] and the red emission of NR. On the other hand,
Fig. 2.3.B shows corneal stroma characterized by the presence of
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Figure 2.3: Two-photon microscopy images obtained on corneal tis-
sue after irradiation at 1100 nm. Laser power and detector gains
were adjusted for each sample.

collagen fibers detected thanks to the Second Harmonic Generation
(SHG) signal (green for excitation at 1100 nm). [77, 78] For further
details about SHG and the tissue structure see Sec. A.1 and Sec. A.3.
Moreover, in the stromal matrix, several orange spots were detected:
the orange signal is attributed to the presence of fibroblasts, cells
that are commonly present in the stromal region (see Sec. A.3.1).
From the images acquired, it is clear that NR accumulates inside
the cells present in the corneal tissue.

A different outcome is obtained from the permeation in the scle-
ral tissue. In Fig. 2.4 are reported the images acquired on the surface
of scleral tissue and 50 µm below it.

In both images, an intense green signal was detected, due to the
SHG generated by scleral collagen filaments (see Sec. A.3.1), and
a less intense red signal, due to the presence of NR in the space
between collagen fibers.

Thanks to the images acquired with the two-photon microscope,
a first difference in the interaction between the film and the tissues
was highlighted: in the cornea, NR is clearly localized in cells, both
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Figure 2.4: Two-photon microscopy images obtained on scleral tis-
sue after irradiation at 1100 nm. Laser power and detector gains
were adjusted for each sample.

epithelial cells and fibroblasts of the stroma, while in the sclera, an
inter-fibrillar localization is observed.

Further information regarding the permeation mechanism can
be inferred by the comparison of the NR emission spectra acquired
on the tissues and on the water suspension of NR-loaded HPCD,
exploiting NR solvatochromism. The emission spectra acquired on
the treated tissues with the microscope are reported in Fig. 2.5.

The spectrum recorded on the treated cornea (Fig. 2.5, red line)
is sizeably blue-shifted (25 nm) compared to the spectrum of NR-
loaded HPCD (black line), suggesting that NR has been released
from HPCD and is located in a less polar environment. [64] This is
compatible with the NR localization inside the lipophilic domains
of the epithelial cells.

A similar spectrum profile of NR is obtained also from the corneal
stroma, confirming that the NR-HPCD complex dissociates in con-
tact with the corneal surface or in the epithelial cells.

The spectral profiles obtained from the scleral surface (Fig. 2.5,
blue line) and 50 µm below it (Fig. 2.5, green line) are not superim-
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Figure 2.5: Emission spectra acquired on tissues (¼exc = 1080 nm)
and on NR-loaded HPCD water suspension (¼exc = 540 nm).

posable: the one acquired on the surface resembles the spectrum ac-
quired on the cornea, while the spectrum acquired 50 µm below the
surface is slightly red-shifted. Since sclera is strongly hydrophilic,
in case the NR was released from the HPCD, we would expect an
emission spectrum resembling the NR emission in water (i.e. red
shifted compared to NR-loaded HPCD). [64] However, the spectra
recorded on the scleral tissue (blue and green line) are both blue-
shifted compared to the NR-loaded HPCD and NR in water.

The blue-shift has been ascribed to the diffusion into the tis-
sue of other film components such as HA, PVA or glycerin. These
compounds would affect the hydrophilicity of the tissue and thus
change the environment polarity and the position of NR emission.
Moreover, it is reasonable to assume that the accumulation of those
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compounds is higher in the first strata of the tissue altering the
environment polarity on the surface more and, thus, leading to a
greater blue-shift. While going deeper in the sample, the environ-
ment polarity tends to return to its native hydrophilicity and the
NR spectrum shifts toward higher wavelength. Unfortunately, from
the spectra acquired it is not possible to conclude whether NR is
still included in the HPCD or not or if both conditions coexist.
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2.2.2 New nanovesicles for topical skin delivery

Skin is the outermost and largest organ of our body and it is the
first layer of defense against external elements such as pathogens,
temperature, radiation etc. [79] Since skin is designed as a barrier,
topical drug delivery is far from being trivial and has attracted the
interest of many researchers. [80]

Nanotechnology-based drug delivery systems became remark-
ably popular in the past years due to their capacity of increasing
drugs solubility and absorption and, thus, improving their bioavail-
ability. [81] The most exploited nanotechnology in both drug deliv-
ery and cosmetic sectors are liposomes. [82] Although the several
advantages that liposomes offer, e.g. protection of the loaded drug,
controlled drug release and biocompatibility [83], their greater lim-
itations concern the physicochemical properties and the stability
that limit their application. [84]

Our collaborators from ICMAB and NanoMol Technologies SL
designed a new self-assembled nanovesicle (NV) systems for drug
delivery starting from ´-sitosterol (Sit), a plant-based sterol, and
lauryl glucoside (LGL), a sugar based surfactant (Fig. 2.6).

Figure 2.6: Molecular structures of the nanovesicles components.

Sit is a widely used phytosterol approved for cosmetic, food
and pharmaceutical use. Sit is normally employed as a skin condi-
tioner and shows several interesting properties for topical applica-
tion such as antioxidant or anti-inflammatory activities. [85, 86, 87]
LGL is a green, biocompatible and biodegradable non-ionic surfac-
tant composed by a sugar moiety and fatty alcohol, [88] that is also
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used and approved for cosmetics. Finally, to improve the colloidal
stabilization, lauryl glucose carboxylate (LGC) was used as addi-
tive.

NVs composed by Sit:LGL:LGC in 1:0.8:0.2 ratio were produced
by Marta Alcaina-Hernando (NanoMol Technologies SL) through
the DELOS method, a single-step green methodology that uses
compressed CO2 as a co-solvent. [89, 90, 91] With this method, ho-
mogeneous, opalescent colloidal dispersions of NVs in water with
15% of ethanol (v/v) were obtained. Our collaborators produced
the formulation and performed its physicochemical characteriza-
tion.

Evaluation of skin integrity and of permeation with 2PM imaging

To better understand the interaction between the whole formulation
and the skin tissue, four different studies were carried out employ-
ing 2PM:

1. skin treated with the dispersion medium

2. skin treated with the whole formulation (dispersion medium
+ NVs)

3. skin treated with the whole formulation loaded with Nile Red
(NR)

4. skin treated with a NR solution in water as control

Although the in vitro skin irritation test carried-out by Marta
Alcaina-Hernando at the ADDRes Lab of the University of Parma
showed that the formulation had no irritant effect, it was pivotal
to test whether the high percentage of ethanol could lead to un-
desired effects on ex vivo samples. Thus, skin tissues were treated
with the dispersant media (experiment 1.) and with the whole for-
mulation (experiment 2.) for 3 h and 6 h, and then imaged with the
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two-photon microscope (Fig. 2.7). These experiments were carried
out without staining: tissues were imaged using ¼exc = 850 nm to
enhance tissue autofluorescence (due to endogenous fluorophores
of skin tissue), while keeping the SHG signal (that at this excita-
tion wavelength is at 425 nm) in a spectral region that is accessible
by our experimental set-up (see Sec. A.1). The colors observed in
Fig. 2.7 are due to the tissue autofluorescence (green) and to the
SHG generated by the dermal collagen (blue) (see Sec. A.3.2).

Figure 2.7: 3D renderings of the different skin samples. Panels A
and B: dispersant media treatment (experiment 1.) and panels C
and D: blank NVs treatment (experiment 2.). All images were col-
lected exciting the samples at 850 nm, the laser power and detector
gains were adjusted for each sample to prevent detector saturation.

The first stratum of skin epithelium looks different in the tis-
sues treated with the dispersant media compared to the one treated
with the whole formulation. Indeed, the stratum corneum (see
Sec. A.3.2) in Fig. 2.7.A and B appears damaged, while in Fig. 2.7.C
and D it looks intact. To highlight the status of stratum corneum
after 6 h of treatment, the XY view of the previous 3D images were
extrapolated and reported in Fig. 2.8.

Panel 2.8.A reports skin images collected from the tissue ex-
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Figure 2.8: Panel A: XY view of a 3D reconstruction acquired on
skin sample treated with the dispersant medium for 6 h. Panel B:
XY view of a 3D reconstruction acquired on skin sample treated
with whole formulation for 6 h. Images acquired exciting the sam-
ples at 850 nm.

posed to the dispersant medium: only a small portion of the stra-
tum corneum (light green) appears intact and the inner strata of
cells are visible (dark green). On the other hand, in Fig. 2.8.B,
that shows the skin exposed to the whole formulation, the stra-
tum corneum is well preserved and covers the whole surface of the
sample.

This comparison allowed us to highlight the first important ef-
fect of the interaction between the formulation and the tissue: al-
though the percentage of ethanol in the dispersant medium is high
enough to lead to skin dehydration and the following disruption of
the first layers of epithelial cells, the presence of NVs can actually
mitigate this effect and protect the stratum corneum of the tissue.
Moreover, we noticed that the treatment duration does not affect
the tissue, as observed from the comparison between 3h and 6h
experiemnts in Fig. 2.7.

To further investigate the permeation of NVs through the skin,
NVs loaded with NR were prepared by our collaborators. As men-
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tioned in Sec. 2.2.1, NR is a fluorescent probe extremely useful to
highlight carrier-tissue interactions thanks to its solvatochromism.
Thus, two full-thickness porcine skin specimens were treated with
NR-loaded NVs for 3 h and 6 h while other two specimens were
treated with a solution of NR in water/DMSO 1% (v/v)2 and eval-
uated as controls. Both treatments were prepared to have the same
final concentration of NR, i.e. 1.6 µM.

The samples were imaged using the same excitation wavelength
employed in previous experiments (850 nm) and the 3D reconstruc-
tions obtained are reported in Fig. 2.9. The blue signal is SHG due
to the presence of collagen (detected only in deep strata); the aut-
ofluorescence is green, while NR emission is orange/red.

Figure 2.9: 3D renderings of the different skin samples. Panels
A and B: NR water/DMSO 1% (v/v) solution treatment. Panels
C and D: NR-loaded NVs treatment. All images were collected
exciting the samples at 850 nm, the laser power and detector gains
were adjusted for each sample to prevent detector saturation.

Looking at the images acquired on the specimens treated with
the NR in water/DMSO solution (Fig. 2.9 panels A and B), it is clear

2Solution prepared by diluiting in water a solution of NR in DMSO until the
proper concentration is reached. Final amount of DMSO < 1%
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that the signal detected from epithelial cells is not homogeneous.
Indeed, after 3 h of permeation (Fig. 2.9.A), the fluorescence signal
detected on the surface presents regions with a more intense NR
emission (orange/yellow regions) and others with a more greenish
emission due to autofluorescence. On the other hand, after 6 h of
permeation (Fig. 2.9.B), the signal acquired on the surface and in the
first strata of the skin is more homogeneous and reddish, indicating
a higher accumulation of NR. Nevertheless, the signal arising from
the deeper strata of epidermis is mostly green, and hence is due to
autofluorescence, indicating that the dye permeation is limited to
the most superficial skin layers.

On the contrary, in Fig. 2.9.C and D the cells autofluorescence
cannot longer be observed and the NR emission is the predominant
signal throughout the whole epithelium.

From the 2D images reported in Fig. 2.10 more detailed informa-
tion regarding the penetration of the treatments can be inferred. In-
deed, the images acquired on the surface of the tissues (Fig. 2.10.A,
E, I and M) show that the NR signal is homogeneous in all the sam-
ples but brighter when the tissue is treated with NR-loaded NVs.
Conversely, from the images acquired 20 µm below the surface of
the samples (Fig. 2.10.B, F, J and N) some differences between the
treatments can be noticed. While the tissues treated with NR-
loaded NVs still exhibit a homogeneous NR signal, those treated
with NR in a water/DMSO suspension show both the dye signal
and the tissue autofluorescence. Notably, the tissue treated for 6 h
shows a stronger NR signal. The images acquired at both 40 µm and
at 60 µm reveal a similar trend, with the tissues treated with NR-
loaded NVs displaying a bright and homogeneous red emission,
while the others exhibit a green signal over most of the imaged
area.

Thus, the comparison between the images acquired on the dif-
ferently treated specimens unveils another important feature of the
formulation: the NVs enhance NR permeation and emission inten-
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Figure 2.10: XY images acquired at different depths on skin samples
differently treated. Panels A to D: NR in water/DMSO solution for
6 h. Panels E to H: NR-loaded NVs for 6 h. Panels I to L: NR in
water/DMSO solution for 3 h. Panels M to P: NR in water/DMSO
solution for 3 h. Images acquired exciting the samples at 850 nm,
the laser power and detector gains were adjusted for each sample
to prevent detector saturation.

sity by preventing the dye aggregation and thus, they increase the
amount of active compound that is delivered in the tissue. Indeed,
NR is a lipophilic dye with low solubility in polar solvents, that
leads to aggregation and a decrease in its emission intensity in hy-
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drophilic environments. [75]
From Fig. 2.10, it is also possible to gain insight about the NR

location within the tissue. Interestingly, the treatment does not in-
fluence the final localization of NR: the dye is detected inside ep-
ithelial cells in all the images reported in Fig. 2.10.

To assess whether NR is released from NVs, the emission spectra
acquired on both samples were compared with the emission spec-
trum collected on a water suspension of NR-loaded NVs (Fig. 2.11).

Figure 2.11: Emission spectra acquired on the differently treated
skin samples 40 µm below the surface (red and blue lines) with the
two-photon microscope exciting the sample at 850 nm and emission
spectrum acquired on a water suspension of NR-loaded NVs (black
line) with a fluorometer exciting the sample at 520 nm.

The emission spectra of the tissues treated with NR-loaded NVs
and NR in water/DMSO solution fall in the same spectral region
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and their maxima are shifted towards higher wavelength compared
to the spectrum acquired on the water suspension of NR-loaded
NVs. This spectral shift, combined with the images, indicates that,
regardless of the vehicle, NR permeates in the tissue and enters the
cells without the carrier. Thus, the comparison between the spectra
acquired indicates that the NVs release NR once in the tissue.
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2.2.3 Conclusions and future perspectives

The case studies presented in Sec. 2.2.1 and Sec. 2.2.2 show how the
acquisition of 3D images and emission spectra can be exploited to
gain pivotal information regarding the interaction between formu-
lation and tissues.

In both studies, the location of the fluorescent probes in the tis-
sues was clearly inferred from the 2D and 3D images. Moreover, the
use of solvatochromic dyes allowed us to obtain crucial informa-
tion regarding the release of the fluorescent cargo from the delivery
system. By coupling the results obtained from the two measures
important insights on the carrier behavior inside the target tissue
can be gained.

In Sec. 2.2.1 the characterization of a novel formulation for the
topical administration of dexamethasone and levofloxacin in ex vivo

eye tissues was presented. Two-photon microscopy allowed to vi-
sualize the treated tissues complementing the characterization per-
formed by Martina Ghezzi at the ADDRess lab at the University of
Parma. Notably, thanks to the acquisition of hyperspectral images
at different depths of both tissues, different interactions between the
formulation and the corneal and scleral tissues were observed. In-
deed, in cornea a clear location of NR in cells after the release from
HPCD was evaluated, while the interaction with the scleral tissue
was more complex to assess. From the images, it was observed the
accumulation of NR in the space between collagen fibers and from
the spectra an influence from the other film components was high-
lighted, although it was not possible to clearly demonstrate whether
NR was released from HPCD.

The work presented in Sec. 2.2.1 was published on the Interna-
tional Journal of Pharmaceutics in May 2023. [73]

In Sec. 2.2.2, the characterization of a novel formulation for the
topical administration in skin tissue was evaluated on ex vivo porcine
samples. The two-photon analysis complemented the characteriza-
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tion performed by Marta Alcaina-Hernando at ICMAB, Nanomol
and at the ADDRess lab and helped to unveil crucial information
regarding the formulation interactions with the tissue. The compar-
ison between the 3D images acquired on differently treated tissues
allowed to highlight the capacity of the nanovesicles to prevent skin
dehydration caused by the high percentage of ethanol in the formu-
lation and their ability to enhance NR permeation and prevent its
aggregation. Moreover, the hyperspectral images acquired on the
tissues were pivotal to understand that the NVs released NR in-
side the epithelium, a pivotal feature for carriers exploited in the
treatment of topical diseases or in the cosmetic sector.

The work presented in Sec. 2.2.2 was published on Applied Ma-
terials Today in December 2024. [92]

Further information in drug delivery investigations could be
achieved by conducting experiments with fluorescent drugs that
would allow to directly study the interaction between the whole
formulation and the tissue and to assess the final location of the ac-
tive pharmaceutical ingredient inside the biological target. Indeed,
ongoing studies are exploiting formulations containing ofloxacin, a
fluorescent antibiotic.
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2.2.4 Materials and Methods

Ex vivo permeation of NR-loaded PVA87-based film

Porcine eyes handling was performed by Martina Ghezzi. Porcine
eyes were provided by a local slaughterhouse and were explanted
within 3 h from animal death (pig breed, Large White and Lan-
drance; weight, 145–190 kg; age, 10–11 months; sex, male and fe-
male). Eye bulbs were transported to the lab in PBS buffer; the ad-
herent muscle and the conjunctiva were removed. Porcine eyes were
dissected to isolate the sclera. For corneal experiments only bulbs
with macroscopically intact corneas were employed, whereas eyes
showing opaque corneas were discarded. During the dissection to
isolate sclera, the anterior segment of the eye was circumferentially
cut behind the limbus and discarded. The vitreous was removed,
the eye cup was cut into two halves and retina and Retinal Pigment
Epithelium (RPE) were removed by using a cotton swab to obtain
the trilayer composed of sclera, choroid and Bruch’s layer. When
the isolated sclera was used, the choroid was eliminated by careful
removal with tweezers.

The permeation experiments were performed by Martina Ghezzi
using a Franz-type vertical diffusion cells (area 0.6 cm2 for sclera
and 0.2 cm2 for cornea). The tissues were clamped between the
donor and the receptor compartments. The receptor compartment
contained 4 mL of pH 7.4 PBS kept at 37 ◦C, and magnetically stirred.
Before film application, the tissues were wetted with 24 µL of PBS
to favor film adhesion to the tissue. Then, the NR-loaded films were
applied to cornea and sclera for 4 h. After the permeation experi-
ments, the samples were frozen at −20 ◦C until 2PM imaging.

Ex vivo permeation of NR-loaded NVs

Skin experiments were carried out by Marta Alcaina-Hernando and
Silvia Pescina using porcine tissues. Porcine skin samples come
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from a local slaughterhouse. They were isolated through a scalpel
from the cartilage and correspond to the outer part of pig ears (both
10–11 months age male and female from Large White and Lan-
drace, ranging in weight from 145 kg to 190 kg). Skin samples were
frozen at −20 ◦C and used within 3 months. Thawed skin sample
was mounted on glass Franz-type diffusion cells (DISA, Milano,
Italy; 0.6 cm2 surface area) with the stratum corneum facing the
donor compartment. Donor compartment was filled with 200 µL of
NVs systems Sit/LGL/LGC (1:0.8:0.2) or NR-loaded NVs systems
Sit/LGL/LGC (1:0.8:0.2) or the dispersant medium water/EtOH
15% (v/v) or the water solution of NR. The receiving compartment
was filled with saline solution (0.9% NaCl) previously degassed and
kept at 37 ◦C under magnetic stirring. After 3 h or 6 h the donor
was carefully removed, the surface washed three times with saline
solution and gently cleaned with filter paper. Then the cell was
dismantled and the area of the skin sample in contact with formu-
lation punched (area 0.6 cm2), placed in the dedicated plexiglass
holder and visualized via two-photon microscopy.
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2.3 Deep strata imaging: how efficient is the

formulation penetration?

2.3.1 siRNA trimethyl chitosan nanoparticles case

In this section the study of a novel formulation for the intranasal
delivery of RNA interference to the brain is presented.

The group of Prof. Fabio Sonvico at the Food and Drug depart-
ment of the University of Parma is specialized in the drug deliv-
ery through nasal tissue. They synthesized and characterized the
physicochemical properties of trimethyl chitosan nanoparticles for
the delivery of siRNA to the brain. 2PM analysis was exploited to
study the mucopenetration and mucoahdesion of the formulation
on rabbit nasal mucosa.

RNA interference (RNAi) is a promising therapy for genetic dis-
eases and cancer. The term "RNAi" indicates a pathway capable of
silencing specific gene expression in mammalian cells. [93] RNAi is
mediated by three kinds of small RNA: microRNA (miRNA), small
interfering RNA (siRNA) or short hairpin RNA (shRNA). siRNA
is a synthetic short double-stranded RNA that can be directly in-
corporated into the RNA-induced silencing complex (RISC). Once
activated, RISC is able to identify and degrade messenger RNA
(mRNA) or block its translation, leading to the gene suppression.
[94]

Although gene therapy reduces the side effects of non-targeted
treatments, its main limitation is the delivery. [95] Indeed, siRNA
is an anionic macromolecule which struggles to cross the cellu-
lar membranes and has a very short half-life due to its enzymatic
degradation. [96] For the delivery of siRNA both viral and non-
viral vectors have been considered: while viral vectors are more
effective, non-viral vectors represent a safer option for the patient
since they are less immunogenic and easier to synthesize. [97]
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Among the several vectors, nanoparticles (NPs) are a valuable
RNA delivery system. Specifically, NPs based on cationic lipids or
polymers have been frequently studied for gene delivery. [98]

Chitosan is a natural cationic polysaccharide, studied in gene
therapy for its absorption enhancement, excellent mucoadhesive
properties, biocompatibility, biodegradability, and low cost of pro-
duction. [99] However, the primary amine of chitosan (pKa = 6.5)
limits its solubility, that indeed is low at neutral and alkaline pH, al-
lowing its use only in body areas with acidic pH. [100] To overcome
this limitation, synthetic derivatives of chitosan were developed and
investigated. Notably, trimethyl chitosan (TMC) conserves the qual-
ity of its precursor with improved solubility and permeability. [101]

Thus, our collaborators developed and characterized a novel
TMC nanoparticle formulation capable of encapsulating siRNA for
intranasal delivery. Two-photon microscopy was exploited to eval-
uate the adhesion and penetration of the formulation on ex vivo

rabbit nasal tissues. To perform 2PM analyses the formulation was
labeled with cyanine3 (Cy3).

Mucoadhesion characterization

Mucoadhesion studies were performed by comparing the images
and spectra of tissues exposed to the Cy3-siRNA loaded TMC NPs
with blank tissues and tissues exposed to Cy3-siRNA solution. Ex

vivo rabbit nasal mucosa was prepared following the procedure de-
scribed in Sec. 2.3.4 and imaged at t = 0 and after t =30 min of
washing (Fig. 2.12).

Both tissue autofluorescence and Cy3 emission fall mainly in
the green spectral region (Fig. 2.12). Although some differences
between blank and treated tissues can be observed, the acquisition
of emission spectra is pivotal to assess the presence of the Cy3 dye
on tissues surface (Fig. 2.13).

The difference between autofluorescence and Cy3 emission is



68 CHAPTER 2. EX VIVO EXPERIMENTS

Figure 2.12: Images acquired on the rabbit nasal mucosa surface.
Panel A: Blank mucosa. Panels B & C: mucosa treated with Cy3-
siRNA solution. Panels D & E: mucosa treated with Cy3-siRNA
loaded TMC NPs. The images reported in panels B-E were acquired
in the same experimental conditions with ¼exc =1000 nm.

clear from the analysis of emission spectra (Fig. 2.13): the first is
a broad band, while the second presents the characteristic shape
of Cy3 emission, with the resolved vibronic structure. [102] Aut-
ofluorescence is significantly less intense than Cy3 emission, and in
samples containing Cy3, the autofluorescence signal becomes indis-
tinguishable. The Cy3 emission is present on both treated samples
even after the 30 min washing period. Nevertheless, after washing,
the intensity of Cy3 emission was much lower for the free Cy3-
siRNA compared to the Cy3-siRNA loaded TMC NPs, confirming
the better mucoadhesion of the formulation.
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Figure 2.13: Emission spectra acquired on rabbit nasal tissue as
such (black line) or treated with Cy3-siRNA loaded TMC NPs (red
line) or the free Cy3-siRNA (blue line). All the emission spec-
tra have been acquired in the same experimental conditions with
¼exc =1000 nm.

Additionally, after the treatment with Cy3-siRNA loaded TMC
NPs, several aggregates were visible on the tissue, possibly because
of the interaction between the NPs and the mucins present on the
surface of nasal mucosal tissue (Fig. 2.12.E), further confirming an
increased adhesion to the mucosa.

Mucopenetration characterization

To evaluate the mucopenetration of the formulation two nasal tis-
sues have been analyzed by 2PM acquiring 3D images at different
time points after the deposition of 20 µL of Cy3-siRNA loaded TMC
NPs or free Cy3-siRNA on the mucosal surface. A blank tissue was
also imaged as reference. For these analyses, the excitation wave-
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length was set to ¼exc =950 nm with the aim to detect the SHG
that arises from collagen present in the deepest strata of the tissue,
while maintaining a good excitation of Cy3 (at 1000 nm SHG cannot
be detected with NDD detectors, since the NDD detectors are blind
around 500 nm, see Sec. A.1).

In Fig. 2.14 the 3D reconstructions, acquired on the blank tis-
sue on the tissue treated with Cy3-siRNA loaded TMC NPs, are
reported.

On the surface of the blank tissue (Fig. 2.14.A) a green emission
was detected, similar to the one already observed in Fig. 2.12.A,
while deeper in the tissue a blue signal was observed due to the
SHG generated by the collagen. When looking at the 3D reconstruc-
tions of the tissues treated with Cy3-siRNA loaded TMC NPs, a
strong green-yellowish signal, due to Cy3, is detected. In Fig. 2.14.B
(t = 0) the Cy3 signal is mainly located on the surface, while after
only 20 min its intensity decreases on the surface and increases in
the deeper strata.

Thanks to the 3D images acquired at different time points, the
data about the progressive penetration of the formulation across
the tissue over two hours were accessible. Moreover, as indicated
by the white arrows in Fig. 2.12, the penetration of the formulation
seems to be promoted by the presence of channels generated by the
cell organization in the tissue.

A further evidence of the mucopenetration of TMC NPs loaded
with Cy3-siRNA was obtained thanks to the acquisition of emission
spectra on both the treated tissue and the blank one at 300 µm below
the surface after 60 min of permeation (Fig. 2.15).

In Fig. 2.15 two distinct signals are detected: the Cy3 emission
indicated by the green arrow and the SHG of collagen pointed-out
by the blue arrow. As expected, in the spectrum acquired on the
blank tissue, only the SHG signal is detected while, in the spectrum
acquired on the treated tissue, the Cy3 signal is present together
with the SHG one.



2.3. DEEP STRATA IMAGING 71

Figure 2.14: 3D images of the nasal mucosa treated with Cy3-siRNA
loaded TMC NPs obtained with ¼exc=950 nm. Panel A: blank tissue.
Panel B: t = 0. Panel C: t =20 min. Panel D: t =40 min. Panel E:
t =60 min. Panel F: t =90 min. Panel G: t =120 min.

Thus, the spectra confirmed what was observed from the im-
ages: the TMC NPs promoted a deep penetration of Cy3-siRNA.

On the other hand, the sample treated with free Cy3-siRNA was
analyzed with an excitation wavelength of 1000 nm. Indeed, in this
case we preferred to maximize the Cy3 signal since no SHG could
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Figure 2.15: Emission spectra acquired at 300 µm of depth in the
blank mucosa and after the permeation of Cy3-siRNA loaded TMC
NPs with ¼exc =950 nm. Blue arrow indicates the SHG signal, while
green arrow shows Cy3 emission.

be detected.
The images in Fig. 2.16 show the XZ view of the 3D reconstruc-

tions acquired on the tissue treated with free Cy3-siRNA at different
time points.

In all XZ views, two distinct regions are present: a brighter one
at the top, corresponding to the Cy3-siRNA solution, and a darker
one at the bottom, corresponding to the mucosal tissue. Comparing
the images at different time points, it is evident that the thickness
of the Cy3-siRNA signal decreases over time, but no changes are
observable on the surface of the nasal tissue. This behavior is com-
patible with the spreading of the treatment on the mucosal tissue
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Figure 2.16: XZ views of the 3D images acquired on the nasal tis-
sue treated with the free Cy3-siRNA at different time points with
¼exc=1000 nm. Panel A: t = 0. Panel B: t =10 min. Panel C:
t =20 min. Panel D: t =35 min. Panel E: t =45 min.

and indicates that the penetration of the solution inside the tissue
is limited.

To assess the differences in the permeation of the treatments
over time, the comparison between the signal collected in the green
channel for both experiments was performed (Fig. 2.17). From
Fig. 2.17, it is clear that the NPs enhance the permeation of Cy3-
siRNA within the nasal tissue. After only 20 minutes of permeation,
the signal observed from the NPs at a depth of 200 µm showed an
almost 4-fold increase when compared to the initial value, while the
signal of the free Cy3-siRNA remained almost constant throughout
the experiment.
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Figure 2.17: Comparison of Cy3 signal variations after treating
the rabbit nasal tissue with Cy3-siRNA loaded TMC NPs acquired
200 µm below the surface with ¼exc = 950 nm or free Cy3-siRNA,
acquired 150 µm below the surface with ¼exc = 1000 nm.
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2.3.2 Testing the permeation ability of phosphatidyl-

choline liposome in ocular tissues

In this section the permeation ability of two formulations for ocular
delivery of latanoprost (LAT) is presented. Marco Brugnera from
the faculty of Pharmacy at the Universidad Complutense de Madrid
synthesized and characterized phosphatidylcholine liposomes for
LAT delivery in ocular tissue. Moreover, in collaboration with Prof.
Silvia Pescina from the ADDRess lab at the University of Parma,
he carried out the characterization of the carrier in ex vivo animal
models.

Latanoprost (LAT) (Fig. 2.18), a small hydrophobic molecule,
is an isopropyl ester prodrug similar to prostaglandin F2³. LAT
showed a remarkable ability to reduce intraocular pressure (IOP)
and received the approval from European Medicines Evaluation
Agency and the USFDA as a first-line treatment for ocular hyper-
tension or primary open-angle glaucoma. [103]

Figure 2.18: Chemical structure of latanoprost

Unfortunately, due to the physiological structure and function
of the eye, the delivery of ophthalmic drugs is limited. Indeed, the
main challenge for this route of administration is the drug bioavail-
ability, estimated to be only 5%. [104]

Thus, it is pivotal to increase the uptake of LAT close to the tar-
get site and its penetration across the ocular surface. [105] To over-
come these challenges, LAT was included in phosphatidylcholine
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(Fig. 2.19) liposomes. Liposomes are frequently used as carriers for
the delivery of lipophilic topical ophthalmic drugs, such as LAT.
[106]

To enhance retention time and stability of the formulation, our
collaborators employed hyaluronic acid (HA). Indeed, HA is an an-
ionic polymer that exhibits biocompatibility and biodegradability
with low toxicity. [107] Moreover, it has the ability to retain water,
forming a viscous polymeric chain dispersion with mucoadhesive
properties that can enhance the residence time of the drug in ocular
tissue. [108, 109]

Furthermore, the chronic applications of preserved topical hy-
potensive medicines induce a progressive instability and disruption
of the preocular tear film, which results in increased tear hyper-
tonicity and desiccation of the ocular surface, inducing the devel-
opment of dry eye disease (DED). [110] Thus, to increase the protec-
tion against DED, osmoprotective agents,specifically betaine (BET)
and leucine (LEU) (Fig. 2.19), were incorporated into the aqueous
dispersion of the liposomal formulation.

Figure 2.19: Chemical structure of liposomes components.
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Evaluation of the effect of HA on the permeation ability via 2PM

2PM experiments were carried out to evaluate the effect of HA on
the permeation ability of the formulation.

To this aim, two formulations were prepared: one without HA
(LAT-LIP) and one with HA at a final concentration of 0.2% w/v
(LAT-HA-LIP). For two-photon microscopy studies, both formula-
tions were stained with coumarine6 (COU). COU was dissolved in
chloroform and included into the lipid mixture to a final concen-
tration of 0.005‰w/v. The two formulations were characterized by
Marco Brugnera in terms of physicochemical properties, stability
and retention inside ocular tissues. [111]

Corneal and scleral tissues were treated with either COU-LIP
or COU-HA-LIP for a duration of 2 h with a Franz cell (Sec. 2.3.4
for details on the treatment procedure). Images and spectra were
acquired by exciting the sample at 900 nm to minimize tissue aut-
ofluorescence and, at the same time, maximize the COU signal.

Images acquired at different depths of corneal tissues treated
with both formulations and a 3D reconstruction of the samples are
reported in Fig. 2.20.

Figure 2.20: Two-photon images taken at different depths of cornea
treated with either COU-LIP or COU-HA-LIP (¼exc= = 900 nm).



78 CHAPTER 2. EX VIVO EXPERIMENTS

The intense green fluorescence signal arises from both epithelial
cells and stromal region. The emission spectra acquired from the
tissues indicated that the green signal was entirely due to COU
emission. Moreover, from the images acquired at 150 µm, a first
evidence of the different penetration ability of the two formulations
can be noticed, since a more intense green signal can be observed
for the formulation without HA.

Emission spectra were acquired at different depths in specimens
treated with both formulations (Fig 2.21). Moreover, the endothe-
lium (i.e. the deepest stratum in cornea see Sec. A.3.1) was analyzed
by flipping the sample upside down and collecting the emission
spectrum.

Figure 2.21: Emission spectra acquired at different depth in corneal
tissues treated with COU-HA-LIP or COU-LIP (¼exc= = 900 nm).

Two different signals are present in the spectra acquired from
the treated tissue: the SHG signal of stromal collagen at 450 nm
and the COU emission with a maximum peak at 500 nm.

The COU signal can be detected up to 270 µm below the sur-
face of the sample treated with the formulation with HA, and up
to 360 µm in the sample treated with the formulation without HA.
Moreover, the emission spectrum acquired on the endothelium of
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Figure 2.22: Two-photon images taken at different depths of sclera
treated with either COU-LIP or COU-HA-LIP (¼exc= = 900 nm).

the sample treated with COU-LIP indicated the presence of the flu-
orophore in the deepest stratum of cornea. The bandshape is more
broadened than in the other spectra probably because of the aut-
ofluorescence contribution, that has a similar intensity compared to
COU at this depth. On the opposite, in the spectrum acquired on
the endothelium of the sample treated with the formulation with-
out HA, the contribution of COU signal cannot be observed.

A similar investigation was conducted also on scleral tissue. Im-
ages acquired at different depths of scleral tissues treated with both
formulations and a 3D reconstruction of the samples are reported
in Fig. 2.22.

Blue and green signals were detected: the blue signal is due to
the SHG generated by the collagen fibers that compose the scleral
tissue, while the green signal is the COU emission. The analysis of
2D images suggests that the COU is located between the collagen
fibers and, as in the corneal tissue, that the formulation with HA
permeates less than the one without it.

To confirm what observed in the images, emission spectra at
different depths of the samples were acquired (Fig. 2.23). The COU
signal was detected up to 60 µm below the surface of the sample
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Figure 2.23: Emission spectra acquired at different depth in scleral
tissues treated with COU-HA-LIP or COU-LIP (¼exc= = 900 nm).

treated with the formulation with HA, and up to 120 µm on the
sample treated with the formulation without HA, indicating that
also in scleral tissue COU-LIP permeates deeper.
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2.3.3 Conclusions and future perspectives

The case studies presented in 2.3.1 and 2.3.2 showed the importance
of acquiring images deep into thick tissues when evaluating the
penetration ability of novel formulations. Both works are currently
under revision in Journal of Controlled Release.

In Sec. 2.3.1, the evaluation of mucoadhesion and mucopene-
tration properties of TMC NPs was presented. Notably, the pos-
sibility to acquire hyperspectral images deep in the sample with
the two-photon microscope, allowed us to follow the permeation
of formulations in the tissue and to highlight that the the presence
of TMC NPs increased both the adhesion on and the penetration
into the nasal tissue of Cy3-siRNA. Moreover, from the 3D recon-
structions acquired on the nasal mucosa treated with Cy3-siRNA
loaded TMC NPs a possible penetration mechanism was inferred.
Indeed, the 3D images suggested that the formulation was capable
of permeate through inter-cells channels.

In Sec. 2.3.2, the effect of HA in the permeation ability of the for-
mulation was assessed thanks to the acquisition of both spectra and
images at different depths of thick samples with the two-photon
microscope.

From images, it was possible to infer the localization of COU
inside each sample and to visually assess which formulation had
the best permeation ability. The acquisition of emission spectra up
to 360 µm in the cornea and up to 120 µm in the sclera allowed us
to determine up to which depth the COU emission was detectable
in our experimental conditions. The obtained results indicate that
the formulation without HA penetrates the most in ocular tissue,
probably because HA increases the adhesion property of the for-
mulation preventing an efficient permeation inside the samples.

Two-photon microscopy is the technique of choice for visualiz-
ing biological tissues in depth. This is because the near-infrared
light used to excite samples in 2PM experiments penetrates biolog-
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ical tissues much more effectively than UV-visible radiation, allow-
ing the acquisition of images over 1 mm deep in the samples.

Nonetheless, the penetration can be limited by the intrinsic char-
acteristics of the tissues such as transparency and pigmentation. In-
deed, in the studies presented here, the penetration of light, i.e. the
maximum depth we could image, across sclera, a white, opaque tis-
sue was always less efficient compared to the penetration into the
non-colored, transparent cornea.

Furthermore, the choice of the fluorescent probe is of paramount
importance for the specific investigation. In this chapter, three dif-
ferent commercial dyes have been tested. Solvatochromic dyes, like
Nile Red, offer the opportunity to exploit their sensitivity to the
environment to investigate the fate of the carrier in biological tis-
sues, as shown in Sec. 2.2. Cyanines (Cy3) are widely employed
for their high extinction coefficient and good fluorescence quantum
yield. The choice of Coumarine 6 for labeling liposomes was actu-
ally done by the group in Spain, since they had already experience
with this dye. Remembering that scattering decreases with increas-
ing wavelengths (both excitation and emission), and that tissues
have transparency windows in the infrared spectral region, the use
of higher excitation wavelengths combined with more red-emissive
fluorescent probes, will further increase the ability to image deep
strata also in non-transparent tissues (always considering that the
maximum penetration achievable is equal to the working distance
of the objective). For this purpose, efficient red/near infrared fluo-
rescent probes for bioimaging have been developed to improve the
in-depth imaging of samples. [112, 113]
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2.3.4 Materials and Methods

Mucoadhesion study on rabbit nasal mucosa

Handling of nasal mucosa was performed by the group of Prof.
Fabio Sonvico. Fresh nasal mucosal tissue was isolated from rab-
bit heads kindly provided by a local slaughterhouse (Bertoni Carni
S.r.l., Busana, Reggio-Emilia, Italy). The heads were stored in ice
and used within 4 h from animal death. Nasal mucosa discs (8 mm)
were attached on a Petri dish with a double-sided tape (Tesafix®
4934, KaiserKraft, Stuttgart, Germany) and treated with 20 µL of the
Cy3-siRNA included in TMC NPs (∼332 ng Cy3-siRNA: ∼6640 ng
of TMC) or the free Cy3-siRNA solution. The tissues were imaged
immediately after the formulations deposition and after 30 min of
washing with ultrapure water.

Nasal mucosal tissue penetration studies

The mucopenetration of Cy3-siRNA loaded TMC NPs (siRNA:TMC
ratio of 1:20 w:w) and the free Cy3-siRNA used as control was eval-
uated by placing 20 µL of each formulation on a different 8 mm
diameter disc of rabbit nasal mucosa. The samples were imaged
immediately after the deposition of the formulations and then after
selected time points.

Liposomes preparation

Liposomes were elaborated according to the lipid film hydration
protocol explained by Bangham et al. with some modifications by
Marco Brugnera. [114, 115] The lipid bilayer was composed by a bo-
rate buffer (0.84% w/v H3BO3, 0.14% w/v Na2B4O7·10H2O), 1.04%
w/v TREH, 0.40% w/v BET and 0.90% w/v LEU, DOPC (0.75%
w/v), DMPC (0.25% w/v), CHOL (0.125% w/v) and VE (0.01%
w/v). To assess the impact of mucoadhesive HA, two formulations



84 CHAPTER 2. EX VIVO EXPERIMENTS

were prepared: one without HA (LAT-LIP) and one with a final
concentration of 0.2% w/v HA (LAT-HA-LIP). For two-photon mi-
croscopy studies, COU-loaded liposomes with (COU-HA-LIP) and
without (COU-LIP) 0.2% w/v HA were elaborated. COU was dis-
solved in chloroform and included into the lipid mixture to a final
concentration of 0.005‰w/v.

Ex vivo liposomes study

Handling of porcine tissues was performed by Marco Brugnera and
Silvia Pescina. Fresh porcine ocular bulbs (Sus scrofa domestica,
female and male animals, age 10−11 months, weight 145−190 kg)
were taken from a local slaughterhouse (Macello Annoni S.p.a.,
Busseto, Italy), transferred under refrigeration in physiological so-
lution (0.9% w/v NaCl) and manipulated within 4 h from the enu-
cleation. Muscular and connective adnexa around the ocular bulbs
were meticulously removed with scissors. Only eyes with macro-
scopically intact corneas were used. Corneal and scleral tissues
were mounted on a Franz cell with a 0.6 cm2 permeation area. The
donor chamber was filled with 400 µL of the COU-HA-LIP or COU-
LIP formulations, whereas N-2-hydroxyethylpiperazine-N’-2-
ethanesulphonic acid (HEPES) 65 mM at pH 7.4 was gently pipetted
in the receptor chamber and kept under magnetic stirring. After 2 h,
COU-LIP or COU-HA-LIP was removed, the tissues were washed,
dismantled from the Franz-type cell, punched to obtain 9 mm di-
ameter discs, placed in a dedicated plexiglass holder and imaged.
Saline solution was used to dip the objective and avoid dehydration.



Chapter 3

Micro-Raman spectroscopy for
microplastics identification

3.1 Introduction

During the XX century, plastic production reached more than 320
million tons per year. [116] Atmospheric agents such as abrasion,
waves and UV radiation in combination with bacteria degrade plas-
tic fragments in micro- and nanosized particles. [117, 118]

These particles are pervasive across various ecosystems and were
detected in marine, [119] freshwater, [120] terrestrial, [121] and air-
borne environments [122], generating global concern.

As a consequence, microplastics (MPs) have also been detected
in both animal and human samples. [123, 124] MPs accumulation
in tissues may lead to various adverse effects, such as immune re-
sponses, [125] physical injury, [126] inhibition of growth and devel-
opment, [127] metabolic disorders [128] and genotoxicity. [129]

In the last years, many studies demonstrated that MPs can be
found in the human placentas. [130, 131, 132, 133, 134, 135, 136] The
placenta finely regulates the equilibrium between fetal and mater-
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nal compartments, acting as a crucial interface via distinct complex
mechanisms. [137] The presence of MPs in this organ and in this
stage of life may lead to improper differentiation between nonself
and self-compartments. [138] Moreover, the presence of MPs was
demonstrated also in human amniotic liquid [139] and carbon black
particles were found in maternal blood, cordon blood and fetal or-
gans, [140] proving that particles can cross the placenta and reach
the fetus.

The study presented in this chapter aims to assess whether mi-
croplastics are present in the placentas and fetuses at an early stage
of pregnancy. Thanks to the collaboration with the Department of
Veterinary Science of the University of Parma it was possible to an-
alyze stray cats that were used as a model of a real in vivo exposure.
Our collaborators used a standardized protocol for the digestion
of biological matter, as well as a plastic-free approach for sample
collection and manipulation. The sample collected were analyzed
using micro-Raman spectroscopy immediately after the digestion
to avoid any contamination. Raman microscopy is one of the most
widely used techniques for detecting and identifying MPs across a
broad range of samples, from environmental [141, 142] to biolog-
ical [143, 144], due to its ability to acquire spectra unique to the
compounds being analyzed.
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3.2 Results and discussion

Eight animals before the thirtieth day of pregnancy, numbered from
1 to 8 based on the chronological order of the analysis, were used
in this study. For each animal, a placenta and a fetus were ex-
ported, digested, and filtered following the procedure described in
Sec. 3.4. Two portions (700×500 µm) of each filter, selected with a
10× objective lens, were then analyzed with a 50× objective lens
to better detect and characterize the particles present. Only col-
ored particles were considered in our study since they present a
better contrast compared to the filter. Moreover, only particles be-
tween 1 and 10 µm were selected since they are more likely to be
transported by the bloodstream and pass the placenta barrier. Four
of eight animals showed contamination of colored particles of size
≤10 µm, with a total of 19 MPs detected in both fetal and placental
samples. Specifically, fetuses from cats 4 and 7 were contaminated,
as were the placentas from cats 5, 6, and 7.

Table 3.1 summarizes the main results, reporting the particle
number, the cat and the organ (F= fetus, P= placenta) where they
were detected, their size, and, where possible, the identified pig-
ment and the polymer matrix.

Particle 11 is the only particle for which, despite its orange color,
the pigment could not be identified. However, the Raman spec-
trum (spectral region 850 cm−1−450 cm−1) of this particle, that is
shown in Fig. 3.1 together with the microscope image, is very inter-
esting: the Raman peaks are indeed attributable to a polyethylene
(PE) polymeric matrix. Specifically, C − C stretchings are respon-
sible for 1061 and 1130 cm−1 peaks, 1297 cm−1 is the CH2 twisting
peak, and the peaks at 1420, 1440, and 1464 cm−1 are associated to
the CH2 bending. [145] Similar Raman peaks are identified also in
particles 2, 3, 6, 8, 9, 10.

Fig. 3.2 shows the microscope images and Raman spectra of the
other colored particles found in the placentas and fetuses. The spec-
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Figure 3.1: Microscope image and Raman spectrum of Particle 11.

tra show only the spectral region where bands of dyes and pigments
are detected (for particles 2, 3, 6, 8, 9, and 10, the peaks attributed
to PE are reported in Fig. 3.3). Seven different types of dyes and ad-
ditives were recognized: Anatase, Mars Red, Raw Sienna, Goethite,
Haematite, Burnt Umber and Alcian Blue.

According to their Raman spectra, the analyzed microparticles
could be divided into seven groups based on their additives:

1. Particles 1, 7, and 10 (Fig. 3.2.A): The Raman spectra of these
particles are composite spectra resulting from the superpo-
sition of different components. The Raman bands match the
bands of Anatase (145, 198, 401, 640 cm−1) and Mars Red (224,
291, 407, 496, 611 cm−1). Anatase and rutile are two different
forms of titanium dioxide and are known for their use in plas-
tics as inexpensive, efficient, chemically and biologically inert
additives. [146] Mars pigments, which were synthetically de-
veloped in the eighteenth century, are part of the iron oxide
group of additives. They cover a large range of colors ranging
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Figure 3.2: Microscope images and Raman spectra of colored parti-
cles smaller than 10 µm detected in feline placentas and fetuses.

from yellow to red, purple and black. [147]

2. Particles 2, 3, 12, and 13 (Fig. 3.2.B): The Raman spectra of
these particles share the main peaks at 226, 293, 409, 499, and
611 cm−1 with one pigment among the iron oxides, Mars Red,
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Figure 3.3: Raman spectra acquired on particle 2 (panel A), parti-
cle 3 (panel B), particle 6 (panel C), particle 8 (panel D), particle 9
(panel E), and particle 10 (panel F) in the spectral region where the
polymer matrix bands are detected.

as determined by KnowItAll software.

3. Particles 4 and 5 (Fig. 3.2.C): The peaks at 302, 396, 559, and
708 cm−1 are superimposed onto those of the pigment known
as the Raw Sienna. This additive contains manganese oxides
and is also rich in iron hydroxides, which are responsible for
the brownish-yellow shades. [147]
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4. Particles 6 and 9 (Fig. 3.2.D): The Raman spectra of these par-
ticles are composite spectra resulting in the sum of the poly-
mer matrix and the pigment bands. In particular, the peaks at
290 and 392 cm−1 are assigned to the pigment iron hydroxide
oxide yellow (Goethite). [148]

5. Particle 8 (Fig. 3.2.E): The peaks at 226, 247, 294, 412, 497,
and 612 cm−1 are attributed to a pigment classified as an iron
oxide, Haematite (α − Fe2O3). [148]

6. Particles 14, 18, and 19 (Fig. 3.2.F): Raman peaks at 216, 276,
387, and 590 cm−1 are ascribed to a common iron oxide pig-
ment called Burnt Umber. Generally, umber contains man-
ganese oxide along with iron oxides in a fraction that makes
it different from ochres and siennas. [147]

7. Particles 15, 16, and 17 (Fig. 3.2.G): The bands at 683, 745,
1198, 1328, 1432, 1525, and 1601 cm−1 are related to Raman
signals of a phthalocyanine blue pigment, Alcian Blue, accord-
ing to KnowItAll software.

Under the same experimental conditions, blank filters did not
show the presence of colored particles with a Raman spectrum com-
patible with the presence of plastic matrices or pigments.

Out of the 16 investigated samples (8 placentas and 8 fetuses),
5 were found contaminated by colored MPs. 6 colored MPs were
found in fetal samples while 13 were found in placentas.

It is worth noting that the methodology applied underestimates
the real number of MPs, possibly leading to false negatives. Only
colored particles were considered in our study since they present
a better contrast on the white filter and can be distinguished from
the inorganic salts derived from the digestion process (KOH can
react with atmospheric CO2 generating KHCO3 and K2CO3). More-
over, only particles between 1 and 10 µm were selected since they
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are more likely to be transported by the bloodstream. Nonetheless,
the aim of this work was to determine whether MPs can be found
in placentas and fetuses in the early stage of pregnancy and not to
quantify them. Therefore, even if underestimated, MPs were found
in 2 fetuses out of 8, hinting that this contaminant can overcome
the placental barrier and reach the fetus even in the early stages of
pregnancy. Through the comparison with spectra reported in the
literature (the SLOPP library and peer-reviewed publications) and
using the KnowItAll software, it was possible to identify the dye
in 18 particles and the backbone of the polymeric matrix in 7 par-
ticles (out of 19). Since Raman response is usually more intense
for dyes then polymer matrices, it is common [133, 144, 149] to de-
tect the pigment but not the polymer. For the same reason, it is
not surprising that the polymer matrix was always identified as PE.
PE is structurally composed by the repetition of the CH2 motif, a
building block present in the backbone of several polymers such as
polypropylene, nylon 6, polyethylene terephthalate, etc. Since the
backbone is the most repeated feature in a polymer, it is reasonable
that the peaks associated with the CH2 motif arise the strongest sig-
nals of the polymeric matrix, leading to the identification of those
signals as PE.
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Table 3.1: List of the main features of the detected color particles.
First column: particle number; second column: information regard-
ing where they were found (cat number; F: fetus and P: placenta);
third column: dimension of the particle; fourth column: identi-
fied pigments (n.d.= not determined); fifth column: polymer matrix
(n.d.=not determined).

Particle Cat Size Pigment Polymer matrix

1 4 - F ∼2 µm Mars Red+Anatase n.d.

2 4 - F ∼2 µm Mars Red PE

3 4 - F ∼2 µm Mars Red PE

4 5 - P ∼5 µm Raw Sienna n.d.

5 5 - P ∼5 µm Raw Sienna n.d.

6 5 - P ∼3 µm Goethite PE

7 5 - P ∼2 µm Mars Red+Anatase n.d.

8 5 - P ∼10 µm Haematite PE

9 5 - P ∼5 µm Goethite PE

10 5 - P ∼2 µm Mars Red+Anatase PE

11 5 - P ∼5 µm n.d. PE

12 6 - P ∼5 µm Mars Red n.d.

13 6 - P ∼10 µm Mars Red n.d.

14 6 - P ∼5 µm Burnt Umber n.d.

15 7 - F ∼5 µm Alcian Blue n.d.

16 7 - F ∼10 µm Alcian Blue n.d.

17 7 - F ∼5 µm Alcian Blue n.d.

18 7 - P ∼10 µm Burnt Umber n.d.

19 7 - P ∼5 µm Burnt Umber n.d.
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3.3 Conclusions and future perspectives

The high production and consumption of plastics is a serious and
practical issue. MPs are pervasive across global ecosystems, are
capable of contaminating water and animals and can be detected in
the internal organs of the human body.

In the study presented in this chapter, we demonstrated for the
first time that MPs can accumulate in feline placentas at the early
stage of pregnancy, and, even more interestingly, also in fetuses.
The dimensions of all the MPs detected were ≤10 µm, which is
compatible with transportation via the bloodstream.

The use of micro-Raman spectroscopy was pivotal in this study.
Indeed, thanks to the images it was possible to visualize and detect
the colored particles present on the filter but only with the spectra
acquisition, it was possible to identify the dye and/or the polymer
matrix. This study is currently under revision in PlosOne.

This work represented a first approach for the research group to
the investigation of microplastics. While the results were promis-
ing, we encountered several challenges during the experimental
analysis. First, we found that the filters were not optimal for this
application due to the presence of fibers, which made particle iden-
tification very challenging. Additionally, the size of the filters was
too large to conduct the analysis within a reasonable time, forcing
us to image only a small portion of them. In future analyses, we
plan to use silicon filters with defined pore sizes and smaller di-
mensions. Furthermore, we will explore the use of software tools
to facilitate particle detection.
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3.4 Materials and Methods

Animals

For this study, 8 pregnant queens (before day 30 of pregnancy) were
brought to the Obstetrics Unit at the Veterinary Teaching Hospi-
tal (OVUD) at the Department of Veterinary Medicine of the Uni-
versity of Parma. The total number of placentas and fetuses was
16 (8 placentas and 8 fetuses). All queens were stray cats who
came to the hospital for the population control program of the
Emilia–Romagna Region. All cats were clinically healthy on physi-
cal examination, and the gestational ages were estimated to be be-
tween 15 and 30 days. The Ethical Commission of the University
of Parma, approved the present study on February 2022 (protocol
number 3/CESA/2022). The surgical procedure carried out by the
group at the Department of Veterinary Science of the University of
Parma was performed without the use of plastic.

Sample digestion

The digestion procedure was conducted by the group at the De-
partment of Veterinary Science of the University of Parma follow-
ing a plastic free method previously published, with some mod-
ifications. [150] Briefly, both types of samples were incubated in
a glass container with a 10% (w/v) KOH water solution. The ra-
tio between the grams of sample and the volume of KOH was 1:8
(w/v). The water used for the preparation of the KOH solution had
been previously filtered three times through a 1.6 µm pore-size fil-
ter membrane (Whatman GF/A) under vacuum. The samples were
then stored at room temperature for 3 days. To avoid contamination
of the samples, all the protective devices (laboratory coats, gloves,
glasses, masks, etc.) employed were rigorously plastic free. Filtered
water (1.6 µm) was used to prepare the 70% ethanol (v/v) solu-
tions employed for cleaning bench working surfaces and for rinsing
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(three times) all the glassware and instruments (scalpels, scissors,
and tweezers) used for the preparation of the samples. After the
end of the incubation, the digested samples were filtered under
vacuum through the same type of 1.6 µm pore-size filter used for
the preparation of the water. The filters were dried at room temper-
ature and then stored in a glass Petri dish until further processing.
Three samples of the same KOH solution used for the digestion of
the biological samples were subjected to the same procedure, and
the resulting filters represented the blanks used to assess the even-
tual environmental contamination by plastic particles. [151]

Microplastic identification by micro-Raman spectroscopy

Raman spectra were acquired with a Horiba LabRAM HR Evolution
Raman microspectrometer equipped with a liquid nitrogen-cooled
CCD and a 600 mm grating blazed at 750 nm. Daily calibration was
performed with a silicon slice using the 520.7 cm−1 band. The fil-
ters containing the digested were first imaged with a ×10 objective
to locate all the particles. Two distinct sections of the filter surface
were selected for examination to analyze several filters in a reason-
able amount of time. A 50× magnification objective was then used
to focus a 785 nm laser diode, with a spot radius of 2 mm, on the
sample and collect higher-quality Raman spectra. The acquisition
parameters were modified to ensure the best signal-to-noise ratio
always starting from the minimal laser power (below 0.1 mW) to
prevent thermal degradation of the materials. Only colored parti-
cles smaller than 10 µm were considered for the analysis. A blank
filter was prepared and analyzed under the same operating condi-
tions as the specimen filters to track potential contamination during
sample preparation. Raman spectra were collected for each parti-
cle, and identification of the pigment and/or of the polymer matrix
was performed via comparison with spectra reported in the litera-
ture (the SLOPP library and peer-reviewed publications) and with
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KnowItAll software. Spectra were subjected to baseline correction
before the fitting procedure to ensure data comparison between the
acquired Raman spectra and those reported in the literature.
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Chapter 4

From basic research to applied
research in collaboration with
the non-academic sector: two
case studies

4.1 Introduction

During my PhD, I had the opportunity to collaborate with vari-
ous non-academic partners. In this chapter, I present the work
(Sec. 4.2) developed in collaboration with Elvesys (now the Mi-
crofluidic Innovation Center (MIC)), a French SME and partner of
the Micro4Nano European project, with renowned expertise in flow
control and a mission focused on accelerating European research
projects to enhance the impact of European scientific achievements.
The work presented here represents a preliminary step towards
combining microfluidics with imaging, a cutting-edge research ac-
tivity that could eliminate the use of animal tissue in preliminary
drug formulation tests, replacing it with ’organ-on-a-chip’ models.

99
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The second work was carried out in the framework of a collabo-
ration with an international pharmaceutical company, with a strong
focus on research and development in the field of respiratory dis-
eases (for confidentiality reasons, the name of the company will not
be mentioned in this thesis). The company was interested in test-
ing the potentialities of 2PM for their needs, and conducted some
experiments on pulmonary tissues exposed to formulations labeled
with a fluorescent probe (Sec. 4.3).
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4.2 Combining microfluidics with bioimag-

ing: cells culture in microfluidics chips

In this section the application of microfluidics to cells culture is
exploited. The term "microfluidics" indicates the science and en-
gineering that deal with small volumes of fluids (from 10−9L to
10−18L) confined into micro-scale channels. [152]

Microfluidics attracted the attention of several researchers, from
life science to engineering, thanks to the advantages that the han-
dling of such small volumes of fluid provides (e.g. low reagent
consumption). The main advantage of microfluidics is related to
the controlled flow that is generated in micro-scale channels. A
flow can be described as laminar or turbulent, depending on its
Reynolds number (Re) value: when Re ∼ 2000 the flow is laminar,
when Re > 2000 the flow is turbulent. The Re is defined as:

Re = ρvd/µ (4.1)

where ρ is the fluid density (g/cm3), v is the fluid velocity (cm/s),
d is the channel hydraulic diameter (cm) and µ is the fluid viscos-
ity (g/(cm · s)). The difference between laminar or turbulent flow
is depicted in Fig. 4.1. In a laminar regime, the flow is organized,
predictable and thus, controllable; while, in a turbulent regime, par-
ticles move randomly. The micro-scale dimensions of channels used
in microfluidics result in low values of Re and thus, in a flow regime
that is always laminar. [153, 154] Hence, the use of microfluidics al-
lows to precisely control the flow, use low amount of reagents and
run parallel experiments. Moreover, the set-up dimensions are com-
patible with biological systems (e.g. cells) making these devices a
valuable tool for life science investigations. [155] Indeed, microflu-
idics systems enabled the culture of cells in a highly controlled en-
vironments and in more physiological-like conditions. [156] These
advantages led to the development of the so called "organ-on-a-
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Figure 4.1: Laminar and turbulent flow regimes

chip", i.e. cultures of cells in 3D models that mimic the structure
and physiology of tissues. [157, 158, 159]

In this section, two microfluidic experiments are presented: the
culture of cells for 24 h on a microfluidic chip and the introduction
of a recirculation system in the same circuit. These basic analyses
were performed at Elvesys (now the Microfluidic Innovation Cen-
ter) in Paris, with the purpose to acquire the expertise necessary to
conduct permeation tests on cultured 3D models instead of animal
ones.

Independently from the complexity of the experiment, three set-
up components are fundamental to achieve a precise control over
the flow during the experiments: the Elveflow software, the pres-
sure controller and the flow sensor.

The Elveflow software is connected to the pressure controller
and is the device through which the operator can control the exper-
iment. From the software interface, the flow rate can be selected as
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well as the flow profile (steady, pulsatile etc.) and the reservoir to
which apply the pressure.

The pressure controller is connected to the source of pressure
(in our experiments, compressed air), to the Elveflow software, to
the flow sensor and to the circuit reservoirs. This device applies the
proper pressure to the selected reservoir to make the fluid flow.

The flow sensor is placed inside the circuit and it is connected
to the pressure controller to form a feedback loop. Indeed, this
device measures the actual flow rate in the circuit and transmits
the information to the controller that adjust the pressure applied to
keep the flow as desired.

4.2.1 Experiment 1: 24 h cells culture

For culturing cells on a microfluidics chip, the set-up shown in-
Fig. 4.2 was employed. The circuit was composed by two reservoirs
and a chip: the culture medium flowed from one reservoir to the
other, passing through a seeded chip.

Figure 4.2: Schematic view of the set-up used for culture cells for
24 h.

Before assembling the circuit, the following preliminary proce-
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dures were executed:

1. The chip was seeded with U-251MG cells (human glioblas-
toma astrocytoma transfected with Green Fluorescent Protein
(GFP)) and left in the incubator overnight

2. All the tubings and connectors were placed in the autoclave

When all the components were sterilized, the circuit was assem-
bled and rinsed with ethanol, water and culture medium. As last
step, the seeded chip was connected with the circuit. We set a con-
stant flow rate of 10 µL/min for 24 h and all the non-electric part
of the circuit were placed in the incubator. After 24 h the chip was
disconnected from the circuit, the reservoirs were drained and the
circuit was rinsed with water and, then, with ethanol.

To monitor the cells viability after the perfusion, cells were im-
aged with an Axio Observer inverted microscope (Zeiss). For the
imaging, the cells were stained with DAPI to visualize cells nu-
clei and Propidium Iodide (PI), a stainer that cannot permeate the
membrane of healthy cells. [160]

Fig. 4.3 shows that only few cells were stained by PI meaning
that the majority of cells was still healthy after the 24 h perfusion.

4.2.2 Experiment 2: medium recirculation

In order to obtain organ-on-a-chip, long lasting experiments are
needed. Medium recirculation is a valuable option to conduct long
lasting experiments without a high consumption of reagents.

To this aim, four check valves were introduced in the perfu-
sion set-up to achieve medium recirculation while keeping a uni-
directional flow inside the chip. A check valve is a conical device
that allows fluid to flow in only one direction (from the wider end
to the narrower end) while preventing backflow. The valve has a
movable membrane that displays based on the pressure difference
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Figure 4.3: Images acquired on seeded cells after 24 h of perfusion.
Panel A: GFP, λexc = 498 nm, λmax

em = 517 nm. Panel B: Propidium
Iodine, λexc = 535 nm, λmax

em = 617 nm. Panel C: DAPI, λexc =
358 nm, λmax

em = 461 nm. Panel D: merged image.

on the two sides of it, allowing or blocking the flow depending on
the direction. The four check valves system is designed as a squared
device with one check valve placed on each side and one T-junction
placed on each edge to split the incoming flow (Fig. 4.4).

If the check valves are placed correctly, one corner (corner 1
in Fig. 4.4) of the square should only allow the flow to exit from
the four check valves system and that corner should be the one
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Figure 4.4: Four check valve system. The red arrows indicate the
direction in which the fluid can flow.

connected to the chip inlet, while the opposite corner (corner 2 in
Fig. 4.4) should only allow the flow to enter the four check valves
system and that corner should be connected to the chip outlet to
be sure to obtain always a uni-directional flow, the other two cor-
ners (corners 3 and 4 in Fig. 4.4) should be connected to the two
reservoirs.

Thanks to the four check valves system, two different paths are
created depending on which reservoir the pressure is applied to
(Fig. 4.5).

Before starting the perfusion, the same steps described in the
previous section were carried out:

1. The chip was seeded with U-251MG cells (human glioblas-
toma astrocytoma transfected with GFP) and left in the incu-
bator overnight

2. All the tubings, connectors and valves were placed in the au-
toclave
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Figure 4.5: Schematic view of the two paths generated thanks to the
4 check valves system. Panel A: path generated when the reservoir
1 is pressurized. Panel B: path generated when the reservoir 2 is
pressurized.

3. The circuit was assembled and rinsed with ethanol, water and
cells culture medium

4. The chip was connected to the circuit

To obtain medium recirculation with the four check valves, both
reservoirs needed to be pressurized alternately. Thus, we created a
sequence on Elveflow software that automatically pressurized one
reservoir for 6 h keeping a constant flow rate of 10 µL/min and then
pressurized the other one in the same way for other 6 h. The exper-
iment lasted a total of 22 h. After 22 h the chip was disconnected
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from the circuit, the reservoirs were drained and the circuit was
rinsed with water and, then, with ethanol.

In Fig. 4.6 are reported the profile of the pressure applied to each
reservoir and the profile of the total flow rate that were recorded by
the Elveflow software.

Figure 4.6: Graphs of recirculation pressure profiles (black and red
lines) and total flow rate (blue line).

The total flow rate remained constant during the whole exper-
iment (with some fluctuations only at the moment of the pressure
switch), while the pressure applied to each reservoir is perfectly
alternated.

Once the chip was disconnected, the cells were stained with PI to
evaluate their viability and imaged with an Axio Observer inverted
microscope (Zeiss): Fig. 4.7 shows that only few cells were stained
by PI meaning that the majority of cells was still healthy after the
22 h perfusion.
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Figure 4.7: Images acquired on seeded cells after 24 h of perfusion.
Panel A: GFP, λexc = 498 nm, λmax

em = 517 nm. Panel B: Propidium
Iodine, λexc = 535 nm, λmax

em = 617 nm. Panel C: merged image.

The set-up and procedure used in this section were published
as a non-peer-reviewed application note on the MIC website. [161]
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4.3 Evaluating the potentialities of 2PM for

industrial research applications

This section presents the collaboration with an international phar-
maceutical company that involved the use of 2PM to investigate
a novel pharmaceutical formulation for drug delivery in rat pul-
monary tissue. The formulation was constituted by poly(lactic-co-
glycolic) acid (PLGA) particles - the carrier - and by a patented
small molecule (SM) - the active pharmaceutical ingredient (API).
The aim of the work was to evaluate the distribution of the car-
rier and of the API in the pulmonary tissue at different times after
administration.

In order to visualize the formulation with the 2PM, the SM was
labeled with BODIPY 650/665 and 10% of PLGA was labeled with
Rhodamine B. Although labeling the SM with BODIPY could alter
its physical properties, such as for example the diffusion coefficient
of the SM, the analyses presented in this chapter serve as a prelim-
inary test to evaluate the potential of 2PM for this type of investi-
gation, rather than a reliable assessment of the SM location within
the tissue.

4.3.1 Preliminary characterization

A preliminary analysis was carried out on non-treated lung tissue
with 2PM to visualize its physiological structures and the respective
autofluorescence spectra (Fig. 4.8).

Two main signals are detected from pulmonary tissue: a green-
yellowish autofluorescence and SHG. Although the images show
very different structures, the spectra reported in Fig. 4.8.D show
that the autofluorescence band is the same for all the images while
the SHG signal differs only for its intensity.

The comparison between the images acquired with the two-



4.3. PULMONARY TISSUE 111

Figure 4.8: Images and spectra acquired on non-treated pulmonary
tissue λexc = 820 nm.

photon microscope and similar images reported in literature, al-
lowed us to identify the structure in Fig. 4.8.A as an alveolar struc-
ture, [162] and the circular structures in Fig. 4.8.B and C as vessels
and airways. [163] The difference in the edges of the circular struc-
tures allows us to distinguish between the two. Specifically, airways
have thicker edges due to the epithelial lining while the edge of
vessels are composed of a thin endothelium. Moreover, around air-
ways, sub-epithelial collagen is usually present, that can be easily
detected due to its SHG signal. [164]

Once the non-treated tissue was characterized, we analyzed a
solution of the formulation in Pluronic 1% p/v with the two-photon
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microscope and the fluorometer (Fig. 4.9).

100 µm

Figure 4.9: Image and spectra acquired on the formulation solu-
tion. Panel A: image acquired with the two-photon microscope
with λexc = 820 nm. Panel B: spectra acquired with the fluorometer
(blank line, λexc = 350 nm, a bandpass filter at 395 nm was used)
and with the two-photon microscope on the field of view reported
in panel A (red line, λexc = 820 nm).

Fig. 4.9.A reports an image of the formulation: red and yel-
low fluorescent particles are clearly visible. Looking at Fig. 4.9.B,
three distinct signals were detected with the fluorometer: the band
around 450 nm was attributed to the SM, the band at ∼580 nm is
due to the rhodamine B while, the band at 665 nm is the BODIPY
one. Unfortunately, when the same spectrum was acquired with the
microscope, only the rhodamine band was fully recorded. Indeed,
only a tail of the BODIPY emission falls in the spectral detector
range, while the SM signal was not detected. The differences be-
tween the emission spectrum collected with the fluorometer (one-
photon excitation) and the emission spectrum collected with the
microscope (two-photon excitation) can be attributed to the dif-
ferent excitation wavelengths, that selectively excite different flu-
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orophores. Specifically, the two-photon excitation at λexc = 820 nm
cannot excite the SM, that absorbs in the UV. Moreover, energy
transfer phenomena could be responsible for excitation-dependent
emission.

4.3.2 Pulmonary tissue treated with the fluorescent

formulation

As introduced at the beginning of this section, the aim of this work
was the evaluation of the spatial and temporal distribution of the
formulation different components (nanocarrier and API). Moreover,
the formulation was administered at two different concentrations
(high and low). Samples were divided into four groups and han-
dled as follows:

• Animals suppressed after 15 min from the administration of
the formulation at high concentration (2 mg/mL)

• Animals suppressed after 6 h from the administration of the
formulation at high concentration

• Animals suppressed after 15 min from the administration of
the formulation at low concentration (0.5 mg/mL)

• Animals suppressed after 6 h from the administration of the
formulation at low concentration

The formulation at low concentration was obtained by diluition
of the one at high concentration. In all cases the administration was
performed via aerosol.

In order to highlight different behaviors of the formulation due
to differences in treatment, a comparison between images and spec-
tra acquired on the tissue of each group was performed. For the
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sake of clarity, here we report only one image of the alveolar struc-
ture and one of the airways structure for each group, and the com-
parison will be presented between two groups at a time. Moreover,
the blue signal visible in the images mainly due to SHG generated
by collagen was not recorded in the spectra to focus on the dyes
emission. A comparison between the blue signals will be discussed
in a separate section.

Low concentration: 15 min vs 6 h

The images and spectra acquired on tissues treated with the low
concentration formulation for 15 min or 6 h are reported in Fig. 4.10.

The treated tissues present an intense red emission due to the
formulation. Notably, when looking at the alveolar structures
(Fig. 4.10.A and B) an extended diffusion of the red signal can be
observed. On the other hand, in the airways structures (Fig. 4.10.D
and E) the red signal is mainly located in the epithelium.

Another interesting feature that can be noticed when comparing
Fig. 4.10.A and B is that the formulation signal becomes less diffuse,
intense round spots are observable and overall the emission seems
less red after 6 h of treatment. Unfortunately, from the images is
hard to tell what is causing the change. Thus, the acquisition of
emission spectra was necessary to explain this behavior.

The spectra reported in Fig. 4.10.C show three different types
of signal: the emission band at ∼500 nm due to tissue autofluores-
cence (see Fig. 4.8), the one at ∼600 nm due to rhodamine emis-
sion and the partial band at 650 nm due to BODIPY emission (see
Fig.4.9). All the spectra reported in this image are normalized, thus
no information can be gained regarding the absolute amount of
each dye. Nevertheless, it is possible to gain information regarding
the relative amount of two dyes. By comparing the spectra acquired
on the tissues treated for 15 min or 6 h, it is clear that despite hav-
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Figure 4.10: Images and spectra acquired on tissues treated with
low concentration formulation at different time points. Panel A:
image of alveolar structure treated for 15 min. Panel B: image of
alveolar structure treated for 6 h. Panel C: spectra acquired on the
images in panel A and B. Panel D: image of airways treated for
15 min. Panel E: image of airways treated for 6 h. Panel F: spectra
acquired on the images in panel D and E. λexc = 820 nm.

ing a similar intensity for the BODIPY signal, the one acquired on
Fig. 4.10.B shows a higher intensity in rhodamine emission, indicat-
ing that a higher concentration of this dye was present with respect
to the BODIPY one. Since both animals were treated with the for-
mulation at the same concentration, the most reasonable explana-
tion for this phenomenon is that in the 6 h between the administra-
tion and the animal sacrifice, the tissue was able to metabolize part
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of the SM (that was labeled with BODIPY).
The comparison between the images and spectra acquired on

the airway structures did not reveal significant differences, except
for a slight increase in rhodamine emission intensity in the sample
exposed to the formulation for 6 h.

High concentration: 15 min vs 6 h

The images and spectra acquired on the tissues treated with the
formulation at high concentration for 15 min or 6 h are reported in
Fig. 4.11.

From the images, a yellowish emission due to the formulation
can be observed both in alveolar structures and in airways ones. As
in the previous comparison, the signal in Fig. 4.11.A and B seems
to be randomly diffuse on the alveolar structures. The accumula-
tion of the formulation in the airways epithelium is in accordance
with what observed in the previous comparison. The spectra ac-
quired on these samples present the same kind of emission signal
as the ones reported in Fig. 4.10. C and F. Nonetheless, in this case
the comparison between spectra acquired on structures treated for
15 min or 6 h did not present relevant differences.

An interesting feature can be inferred when looking at Fig.4.11.E.
Indeed, a non-stained circular structure can be observed at the
higher edge of the image. This structure could be identified with a
vessel that, in contrast with airways, is not stained by the formula-
tion since the administration was performed via aerosol.

15 min: low vs high concentration

The images and spectra acquired on the tissues treated for 15 min
with the formulation at high or low concentration are reported in
Fig. 4.12.

As already observed in the previous comparisons, the formula-
tion is differently distributed in the alveolar or airways structures.
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Figure 4.11: Images and spectra acquired on tissues treated with
high concentration formulation at different time point. Panel A:
image of alveolar structure treated for 15 min. Panel B: image of
alveolar structure treated for 6 h. Panel C: spectra acquired on the
images in panel A and B. Panel D: image of airways treated for
15 min. Panel E: image of airways treated for 6 h. Panel F: spectra
acquired on the images in panel D and E. λexc = 820 nm.

Moreover, looking at Fig. 4.12.A and B it is clear that the formu-
lation signal is more yellowish in the sample treated at higher con-
centration. Although in the comparison shown in Fig. 4.10 this phe-
nomenon was attributed to an higher concentration of rhodamine
compared to BODIPY, the spectra reported in Fig. 4.12.C does not
indicate any differences in the relative intensities of the two dyes
signals. Thus, the difference in the two images (Fig. 4.12.A and B)
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Figure 4.12: Images and spectra acquired on tissues treated for
15 min with different formulation concentration. Panel A: image
of alveolar structure treated with formulation at low concentration.
Panel B: image of alveolar structure treated with formulation at
high concentration. Panel C: spectra acquired on the images in
panel A and B. Panel D: image of airways treated with formulation
at low concentration. Panel E: image of airways treated with for-
mulation at high concentration. Panel F: spectra acquired on the
images in panel D and E. λexc = 820 nm.

can be ascribed to the higher concentration of the whole formu-
lation and a probable saturation of the detector dedicated to the
red spectral region. Since the BODIPY emission falls within the
detectors assigned to both the red and green spectral regions, sat-
uration in the red detector would result in an increase only in the
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signal recorded by the green one, leading to an overall shift toward
a more yellow signal.

On the other hand, the comparison between the spectra reported
in Fig. 4.12.F indicates an higher concentration of rhodamine with
respect to BODIPY in Fig. 4.12.E compared to D.

6 h: low vs high concentration

Images and spectra acquired on the tissues treated for 6 h with the
formulation at high or low concentration are reported in Fig. 4.13.

The main difference observable between Fig. 4.13.A and B is
the intensity of formulation signal. Indeed, both images show a
yellow emission, diffused on alveolar structures with the presence
of several spots. Nevertheless, the comparison between the relative
spectra (Fig. 4.13.C) reveals that in Fig. 4.13.A there is an higher
concentration of rhodamine with respect to BODIPY.

This phenomenon has been already observed in the first com-
parison (see Fig. 4.10.C) but in this case both tissues were treated
for 6 h, thus the sole explanation given in that section is not enough
to justify what observed in Fig. 4.13.C. Indeed, the different concen-
tration of the formulations administered has to have contributed to
this behavior.

Since the low concentration formulation was obtained by dilu-
tion of the high concentration one, it is reasonable to hypothesize
that the dilution step starts to solubilize the PLGA that composes
the particles leading to their partial degradation and to a conse-
quent leak of the labeled SM. The labeled SM is then metabolized
by the animal in the 6 h between the administration and the organ
excision.

As seen in Fig. 4.12.F, the tissue treated with the formulation at
high concentration presents a higher concentration of rhodamine
with respect to BODIPY (Fig. 4.13.F).

Moreover, in both Fig. 4.13.D and E a non-stained vessel struc-
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Figure 4.13: Images and spectra acquired on tissues treated for 6 h
with different formulation concentration. Panel A: image of alveo-
lar structure treated with formulation at low concentration. Panel
B: image of alveolar structure treated with formulation at high con-
centration. Panel C: spectra acquired on the images in panel A
and B. Panel D: image of airways treated with formulation at low
concentration. Panel E: image of airways treated with formulation
at high concentration. Panel F: spectra acquired on the images in
panel D and E. λexc = 820 nm.

ture can be observed.
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Blue signals comparison

To better analyze the nature of blue signals observed in each tis-
sue a comparison between images acquired with different excitation
wavelengths was performed.

The use of two different excitation wavelengths was needed to
distinguish between SHG signal and blue signals due to emission.
Indeed, due to the blue detector sensitivity range, SHG at 460 nm
(obtained with λexc = 920 nm) results more intense than SHG at
410 nm (obtain with λexc = 820 nm). Nevertheless, in the images
there are blue particles (indicated in Fig. 4.14 with white arrows)
that show a more intense emission when excited at 820 nm.

Unfortunately, it was not possible to record the spectrum of the
blue particles because of their low photo-stability. Nevertheless,
since the blue particles were never detected in non-trated tissues
and their signal it is not SHG, it is reasonable to link the presence of
these particles to the presence of non-labeled SM, whose emission
falls in the blue spectral region (see. Fig. 4.9).
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� �

Figure 4.14: Images acquired on each sample with λexc = 820 nm
and λexc = 920 nm. The white arrows indicate the blue signals that
increase when going from λexc = 920 nm to λexc = 820 nm.
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4.4 Conclusions and future perspectives

In Section 4.2, the description of two simple perfusion experiments
is reported. The experiments were carried out at Elvesys to cul-
ture cells in a microfluidic chip and introduce a medium recircu-
lation device into a microfluidic circuit. The main goal of these
experiments was to enhance our knowledge and expertise in han-
dling microfluidic devices. Both cell perfusion experiments, with
and without medium recirculation, were successfully conducted, as
confirmed by the presence of only a few dead cells at the end of
each experiment (Fig. 4.3 and Fig. 4.7). The next step in advancing
our understanding of microfluidic devices involves culturing cells
on membrane chips. These chips consist of two chambers separated
by a semipermeable membrane, which can mimic physiological bar-
riers. Culturing cells on both sides of the membrane could provide
a valuable alternative for performing permeation studies without
the need for animal models.

In Sec. 4.3 the characterization of novel pharmaceutical formu-
lation in terms of spatial and temporal distribution was performed
thanks to 2PM analysis. Thanks to the comparisons described above
it was possible to gain important information regarding the formu-
lation behavior in pulmonary tissue:

• The formulation free diffuses in alveolar structure, stains the
airways epithelium but is not present around vessel struc-
tures.

• The dilution step compromises the particles integrity leading
to a leak of SM

• The presence of blue particles could indicate the diffusion of
non-labeled SM

Further investigations could focus on tracking the diffusion of the
individual components of the formulation to determine the time
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point at which the SM is released from the PLGA particles. Indeed
with 2PM it is possible to observe the spectrum of a selected region
of interest (ROI). In Fig. 4.15 is reported an example.

Figure 4.15: Image and spectra acquired on the tissue treated for 6 h
with the formulation at high concentration. Panel A: whole image
with ROIs highlighted (small colored circles). Panel B: emission
spectra acquired on the whole image (black line) and on ROIs (light
blue, yellow and green lines). λexc = 820 nm.

The spectra reported in Fig. 4.15.B highlight how the spectra
acquired on ROIs can be severely different from the one acquired
on the whole image. Indeed, in the example here reported, the
most intense signal of the whole image is autofluorescence (peaked
at ∼500 nm), but when looking at the ROIs spectra the dyes signals
become predominant.

The light blue ROI selects a limited portion of the airway epithe-
lium and its spectrum reflects the high amount of BODIPY present
in that region. In the same way, the spectrum of the green ROI,
placed on a red/yellowish spot in the alveolar structure, is charac-
terized by both dyes signals. Interestingly enough, from Fig. 4.15.A
we could suppose that the yellow ROI selects a non-stained portion
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of the alveolar structure but the spectrum acquired in that region
reveals a high accumulation of rhodamine.

Thus, the following information can be inferred by Fig. 4.15:

• The airway epithelium is mostly stained by BODIPY, probably
due to the released of the SM from the particles

• The round emissive spots in the alveolar structure are com-
posed by both dyes, probably indicating the presence of the
whole formulation

• In the alveolar structure there are regions stained by the sole
rhodamine, indicating the possible disaggregation of PLGA
particles.

Therefore, this kind of image analysis represents a valuable tool
to monitor each dye separately and retrieve pivotal information
about their diffusion.
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4.5 Materials and methods

Chip seeding

For the chip seeding U-251 MG GFP cells (human glioblastoma as-
trocytoma transfected with GFP) were cultured in the Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum, 1% penicillin/streptomycin at 37 ◦C in a humidified
5% CO2. The cells were suspended, counted using a Burker cham-
ber and immediately used. The chip was seeded by pipetting the
cells suspension in the chip chamber. For the perfusion experiments
a solution of 7.5 × 105cells/mL was used. The chip was, then, left
in the incubator overnight to let the cells adhere to the chip surface.

Cells staining

After the perfusion, the cells were stained inside the chip chamber
by pipetting the dyes solutions inside the chamber while with an-
other pipette the medium inside the chamber was removed. This
step was repeated three times to completely replace the medium.
Then, the cells were left in the incubator for 5 min and washed with
PBS before the imaging.

For the experiments a solution of PI at 75 µM and of DAPI at
36 µM were used.

Imaging of pulmonary tissues

The synthesis of the tested formulation, the animal treatment and
the slicing of lungs was fully performed by the company.

We were provided with at least 3 lung slices (12 µm thick) for
each type of treatment. The slices were placed on a microscope slide
and imaged without dipping the objective in water (see Sec. A.1) to
avoid any samples movements.
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Due to technical reasons the scan of a whole lung slice would
have been impractical, so only a central longitudinal portion (1 mm
wide) of each sample was imaged.
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General conclusions

In this work of thesis the application of three microscopy tech-
niques to biological targets has been presented. Notably, this work
aims to highlight the several advantages that the combination of
microscopy and spectroscopy can bring. Indeed, the acquisition
of hyperspectral images as well as the exploitation of dyes spec-
troscopic properties, e.g. solvatochromism, allowed us to retrieve
information difficult to obtain with other analyses.

Each technique was applied to the investigation it was more suit-
able for. Thus, confocal fluorescence microscopy was applied to the
characterization of two novel mitochondria trackers with in vitro

experiments while, two-photon microscopy was mainly applied to
permeation studies of novel formulations in thick biological sam-
ples (ex vivo models). Finally, micro-Raman spectroscopy was ap-
plied to the detection and identification of microplastics in digested
biological tissues.

Regarding two-photon microscopy, my PhD work contributed
to demonstrate the potential and effectiveness of this technique in
applications related to drug delivery. The images and spectra col-
lected using the two-photon microscope not only allowed for the lo-
calization of fluorophores within tissues but also provided specific
insights into the interaction between the fluorophore and its carrier
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in the tissue, as well as the carrier’s fate within the tissue—a crucial
aspect for drug delivery. These promising results were achieved
thanks to a fruitful multidisciplinary collaboration with the AD-
DRes Lab at the Food and Drug Department of the University of
Parma. The lab not only supplied the animal tissues but also played
a key role in interpreting the acquired images, particularly those of
blank tissues.

As spectroscopists, our expertise in fluorophores, nonlinear phe-
nomena, and environmental effects enabled us to design experi-
ments specifically tailored to extract non-trivial information from
microscopy studies.

Confocal microscopy experiments were conducted at NJIT dur-
ing a secondment carried out within the framework of the Mi-
cro4Nano European project. The secondment involved researchers
from different European institutions (ICHO-PAN and RBI) with en-
tirely different areas of expertise, namely organic chemistry and
theoretical chemistry.

This secondment provided me with the opportunity to utilize
a microscopy technique not available at my hosting lab. At the
same time, it allowed me to collaborate in a multidisciplinary and
international environment, which significantly contributed to the
development of various soft skills.

The work conducted with micro-Raman spectroscopy for the
identification of microplastics provided another opportunity to ex-
ploit "chemical imaging" for detecting contaminants in biological
tissues.

This project was particularly challenging due to the research
group’s limited experience in this field. Nonetheless, we obtained
satisfactory results that will be published soon. At the same time,
the challenges we encountered helped identify several areas for im-
provement, such as the use of different experimental procedures
(e.g., improved filters and automatic particle recognition), which
will be implemented in future analyses in this field.
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Lastly, I had the opportunity to collaborate directly with two
companies that are highly active in research and development. This
experience allowed me to gain exposure to non-academic research
environments and to understand some of the potential applications
of the research I conducted in a different context.

In conclusion, this PhD work has demonstrated how the integra-
tion of advanced microscopy and spectroscopy techniques can offer
unique insights into biological systems and contribute to address-
ing complex scientific challenges. Each method was carefully cho-
sen and applied to specific problems, showcasing their versatility
and effectiveness in diverse applications. The experiences gained
through multidisciplinary collaborations, international exchanges,
and industry partnerships have enriched this research journey,
broadening both scientific knowledge and professional skills.
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Appendix A

Technical section

A.1 Two-photon microscope

The two-photon microscope primarily exploits two nonlinear phe-
nomena to generate image contrast: two-photon excited fluores-
cence (TPEF) and second harmonic generation (SHG).

TPEF refers to a fluorescence signal generated by two-photon
absorption (TPA), a nonlinear phenomenon that implies the simul-
taneous absorption of two photons by one molecule. In Fig. A.1 the
Jablonski diagrams of one-photon excited fluorescence and TPEF
are reported.

As shown in the picture, the main difference between one-photon
absorption (OPA) and TPA is the energy of the photons involved.
Indeed, if the OPA involves photon with energy falling in the UV-
vis spectral region, the energy of TPA photons falls in the NIR
spectral region. Thus, exciting photons used for TPA can better
penetrate in biological tissue, are less scattered and produce less
photobleaching. [165]

Moreover, the probability of two-photon absorption (TPA) to oc-
cur is proportional to the square of the excitation intensity (I2),
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Figure A.1: Panel A: Jablonski energy level diagram of one-photon
excited fluorescence. Panel B: Jablonski energy level diagram of
two-photon excited fluorescence.

whereas linear absorption is proportional only to I. This quadratic
dependence on excitation intensity implies that TPA can occur only
within a small volume around the focal point of the excitation light,
i.e., the voxel, where the photon density is sufficiently high to allow
TPA to take place. [166]

The second nonlinear phenomenon exploited in the application
of 2PM was SHG. The SHG process does not involve the absorption
or emission of photons but, the conversion of two photons at ω

frequency in one photon at 2ω frequency due to the interaction with
the sample. In Fig. A.2 the Jablonski diagram of SHG is reported.

SHG has some symmetry constraints regarding the samples by
which it can be generated. Indeed, due to the specific selection
rules of this phenomenon, only non-centrosymmetric samples can
generate a SHG signal. [167] In the projects presented in this thesis
only SHG generate by collagen was detected (see Sec. A.3).

As stated for TPA, also SHG requires a high photon density,
since two photons interact in the same place at the same time with



A.1. TWO-PHOTON MICROSCOPE 135
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Figure A.2: Jablonski energy level diagram of second harmonic gen-
eration.

the samples. The photon density needed for TPA and SHG are
reached only in the voxel of a focused laser beam with ultrashort
pulses (<1 ps).

The two-photon microscope employed in this thesis is a Nikon
A1R MP+ multiphoton upright microscope equipped with a Co-
herent Chameleon Discovery femtosecond pulsed laser (∼ 100 fs
pulse duration with 80 MHz repetition rate and a tunable excitation
range of 700-1300 nm). A schematic representation of the instru-
ment is shown in Fig. A.3. A 25× water dipping objective with
a numerical aperture of 1.1 and 2 mm working distance was em-
ployed for focusing the excitation beam and for collecting the TPEF
and SHG. Due to a temporary unavailbility of the objective, for the
analysis described in Sec. 4.3 a 20× water dipping objective with a
numerical aperture of 0.75 and 0.33 mm working distance was used.
For the acquisition of images, the TPEF/SHG signal was detected
by four non-descanned detectors (NDDs). Three of the NDDs are
high sensitivity Gallium Arsenide Phosphide (GaAsP) photomul-
tiplier tubes (PMTs) while the fourth is a Multi-Alkali PMT. All
the NDDs are preceded by a specific filter cube in order to de-
tect different spectral regions simultaneously: blue channel (415-
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485 nm), green channel (506-593 nm), red channel (604-679 nm) for
the GaAsP PMTs and far-red (698-750 nm) for the Multi-Alkali PMT.

For the acquisition of spectra, the TPEF/SHG the signal was
directed by a dichroic mirror to a high sensitivity photomultiplier
GaAsP detector, connected to the microscope through an optical
fiber and preceded by a dispersive element. This detector allowed
the acquisition of the TPEF/SHG signal spectrum in the range of
430 to 650 nm and with a bandwidth of 10 nm.

Images were acquired with a field of view of 500 µm×500 µm
with 1024×1024 pixels definition.

Figure A.3: Two-photon microscope set-up used for the analysis
presented in this thesis.
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A.2 Spectroscopic measurements

Fluorescence emission spectra were measured using an Edinburgh
FLS1000 fluorometers on solutions with absorbance < 0.1 in 1 cm
path length cuvettes.

A.3 Non-treated tissues

In this appendix the images acquired on non-treated ocular and
skin tissues are reported. For the characterization of formulations
in ex vivo tissues, it was necessary to study the physiological struc-
tures of those samples. Thus, the imaging of the non-treated tissues
was performed as a preliminary step at the beginning of all studies
reported in this thesis (the preliminary studies performed for the
investigation described in Sec. 2.3.1 and in Sec. 4.3 are reported in
the respective section for clarity).

Notably, in Sec A.3.1 the characterization of ocular tissues is
presented, while in Sec. A.3.2 the analysis of non-treated skin tissue
is reported.

All the images reported in this section were acquired on porcine
tissues provided by a slaughterhouse (Macello Annoni S.p.a., Bus-
seto, Italy) thanks to the collaboration with the Food and Drug de-
partment of the University of Parma. Notably, the group of Prof.
Silvia Pescina and Prof. Sara Nicoli handled and prepared the tis-
sues before the imaging.

A.3.1 Ocular tissue

The permeation studies reported in Sec. 2.2.1 and Sec. 2.3.2 evaluate
the interaction between the formulation and two different ocular
tissues: sclera and cornea.
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Sclera

The sclera, commonly known as the “white of the eye”, is a connec-
tive tissue that represents a protective outer layer for the eye. Sclera
is important to maintain the eye shape and provides resistance from
both internal and external stimuli. Sclera is mainly composed by
collagen fibers arranged in irregular bundles, but also fibroblasts
can be found in the collagen matrix. Indeed, fibroblast are cells
dedicated to the collagen biosynthesis. [168]

Collagen is a protein organized in non-centrosymmetric fibers
which originates the SHG signal. SHG, as described above, falls at
half the wavelength used for excitation (Fig. A.4).

Figure A.4: Sclera SHG signal when exciting the sample at 900 nm
(A), 1050 nm (B) and 1280 nm (C).

Indeed, as shown in Fig. A.4, when the samples is excited at
900 nm, the SHG signal falls in the detector dedicated to the blue
spectral region, as well as when the sample is excited at 1050 nm or
at 1280 nm the SHG falls in the green or red spectral region.

In Fig. A.5 it is reported a 3D reconstruction of the scleral tis-
sue acquired with the two-photon microscope. In the 3D image of
the scleral tissue, a green-yellowish fluorescence was detected on
the sample surface. This is probably due to residues of choroid,
a highly pigmented tissue to which the sclera is in contact with.
Notably, the emission is ascribable to elastin fibers and fibroblast.
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Figure A.5: Images acquired on the scleral tissue with the two-
photon microscope. Panel A: 3D image. Panel B: 2D image acquired
on the sample surface. λexc = 820 nm.

Cornea

Cornea is the transparent structure that covers the iris and the pupil
in the anterior segment of the eye. It is constituted mainly by three
layers: epithelium (the outermost layer), stroma and endothelium
(the inner layer). [168]

The epithelium (thickness in porcine: 55 µm-105 µm) is made by
several strata of cells that get smaller and smaller the deeper they
are located. The stroma (thickness in porcine: 900 µm) is composed
by collagen lamellar fibers and corneal fibroblasts, called kerato-
cytes and responsible for collagen generation. Lastly, the endothe-
lium (thickness in porcine: 30 µm) consists in a mono-layer of cells.
[168, 169]

When imaged with the 2PM with λexc =850 nm, the corneal tis-
sue shows two main signals: a green signal detected on the sam-
ple surface and a blue signal detected deeper. In the 3D render-
ing reported in Fig. A.6, both signals can be observed: in the first
∼50 µm only the green signal is detected, while below it, a blue
signal with green spots is present. Looking at the 2D images re-
ported in Fig. A.7, it is clear that the green signal arises from the
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epithelium cells while the blue signal is due to the collagen fibers.
Moreover, the green spots present in the collagen matrix are ascrib-
able to keratocytes.

Figure A.6: Corneal tissue 3D rendering imaged with two-photon
microscope. λexc = 850 nm.

Unfortunately, the endothelium could not be detected in Fig. A.6
but it was imaged by flipping the sample upside down (Fig. A.8).

Furthermore, thanks to the acquisition of spectra on the epithe-
lium cells, it was possible to identify the endogenous fluorophore
that is responsible for the green emission: the spectrum reported in
Fig. A.9 shows a broad band superimposable with the emission of
flavoproteins, a class of proteins present in cells. [170]

A.3.2 Skin tissue

The skin is a physical barrier that protects the organism from the
external environment, but it also maintains the temperature, elec-
trolyte and fluid balance. [171] The skin is divided in three main
layers: epidermis, dermis and hypodermis.



A.3. NON-TREATED TISSUES 141

Figure A.7: Images acquired with the two-photon microscope on
corneal tissue. Panel A: non flat region of the tissue, showing ep-
ithelium cells layers and the initial region of the stroma. Panel B:
corneal stroma with keratocytes. λexc = 850 nm.

34 µm

Figure A.8: Endothelium cells imaged with the two-photon micro-
scope. Image size: 170 µm×170 µm. λexc = 850 nm.
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Figure A.9: Normalized emission spectrum acquired on corneal ep-
ithelium with the two-photon microscope. λexc = 850 nm.

Epidermis is the outermost layer of the skin, made of several
types of cells, and can be classified into five strata, from the outer to
the inner: the stratum corneum, the stratum lucidum, the stratum
granulosum, the stratum spinosum and the stratum basale. Epithe-
lial cells, called keratinocytes, are generated in the inner strata and
slowly move up to the outer ones, becoming bigger and fuller of
keratin. When the stratum corneum is reached, the cells are named
corneocytes and are flattered and elongated cells lacking the nuclei
and undergoing de-squamation. [172]

Dermis consists mainly of a connective tissue layer that contains
hair follicles, different types of glands and blood and lymphatic
vessels. The border between dermis and epidermis is not flat but
portions of the connective tissue penetrate into the epidermis, gen-
erating ridge-like structures. Because of that, this dermis region
is called “papillary region” while the inner dermis region is called
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reticular dermis. [172]
Hypodermis is the skin innermost layer, composed mainly of

subcutaneous fat that contains blood and lymphatic vessels. [172]
The tissue used for the permeation studies presented in this the-

sis, only had the epidermis and dermis layers.
The images obtained when non-treated skin tissue was imaged

with the two-photon microscope are reported in Fig. A.10.

100 µm 100 µm

100 µm100 µm

100 µm

Figure A.10: Images acquired on non-treated skin tissue with the
two-photon microscope. Each image was taken 10 µm deeper than
the previous one, increasing depth from panel A to panel E. λexc =
850 nm.

From the images acquired on skin tissue, it can be noticed as the
epithelial cells are visible due to their autofluorescence falling in the
green spectra region. Fig. A.10.A shows the sample surface where
the stratum corneum cells are found. In the images, it is possible to
observe how the cells on the surface are bigger, flat, without nuclei
and present a more intense emission, while when looking at deeper
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strata the cells look smaller and smaller and the nuclei are visible as
darker circles. Indeed, the autofluorescence comes mainly from the
cells cytoplasm and thus, the nuclei remain darker. In Fig. A.10.C
the papillary region starts to be visible, while the blue SHG signal
arising from dermis collagen is observable from Fig. A.10.D.

A 3D image of the skin tissue is reported in Fig. A.11.

Figure A.11: 3D reconstruction acquired on skin tissue with two-
photon microscope. λexc = 850 nm.
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