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RÉSUMÉ

La motivation de cette recherche réside dans le nombre élevé de personnes affectées par les
maladies endothéliales cornéennes. Plus de 2,2 milliards de personnes souffrent de troubles
de la vision, et pour au moins 1 milliard d’entre elles, ces troubles auraient pu être évités
ou restent non pris en charge. Les maladies endothéliales cornéennes affectent près de 250
millions de personnes dans le monde. Parmi toutes les affections endothéliales, la dystro-
phie cornéenne endothéliale de Fuchs (FEDC) se distingue comme étant la plus répandue et
constitue la principale cause de transplantations cornéennes à l’échelle mondiale.

Pour répondre aux limites associées à la transplantation, notre proposition introduit une
approche de thérapie génique utilisant un laser femtoseconde (fs) cliniquement approuvé
et des nanoparticules d’or (AuNPs) pour délivrer des gènes dans les cellules endothéliales
cornéennes (CECs).

L’hypothèse principale est qu’en utilisant un laser femtoseconde fortement fo-
calisé (actuellement utilisé à des fins ophtalmiques) pour irradier les CECs dont
la membrane sera décorée avec des AuNPs (matériau biocompatible), des pores
transitoires (régis par la présence des AuNPs) peuvent être ouverts dans la mem-
brane cellulaire avec une grande précision, facilitant ainsi la livraison de molécules
exogènes comme l’ARN messager qui permet de réaliser la thérapie génique.

Dans le cadre de ce travail, des expériences in vitro et ex vivo ont été réalisées pour atteindre
quatre sous-objectifs:

(i) établir une preuve de concept en utilisant des cellules oculaires in vitro pour
une application ultérieure chez les souris;

(ii) développer un protocole plus sécuritaire pour l’injection intracamérulaire
chez les modèles murins afin d’améliorer la délivrance des AuNPs dans la
chambre antérieure de l’oeil;

(iii) obtenir une transfection significative d’ARNm dans le modèle murin avec
une haute viabilité cellulaire ex vivo;

(iv) développer une technique adaptable à différentes espèces animales pour
garantir une application future sécuritaire pour les cornées humaines.

Le chapitre 1 offre une vue d’ensemble introductive du sujet, tandis que le chapitre 2 ex-
plore en profondeur une revue de la littérature abordant différents sujets pour ce projet
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multidisciplinaire, allant d’une brève description de l’anatomie de la cornée aux techniques
femtosecondes appliquées en thérapie génique. Le chapitre 3 se concentre sur le test de la
technique proposée en utilisant des cellules oculaires in vitro, basé sur l’hypothèse énoncée.

Après avoir établi la preuve de concept avec divers fluorophores, des expériences ex vivo ont
été réalisées. Comme expliqué au chapitre 4 (article 1), un protocole raffiné pour les injections
intracamérales a été appliqué efficacement au modèle murin. Cette approche a minimisé les
dommages cornéens et maximisé la délivrance des NPs à la couche cornéenne ciblée.

Les injections comprenaient une solution de AuNPs colloïdales fonctionnalisées combinée
à des molécules exogènes, qui ne fluorescent que lorsqu’elles sont internalisées par les cel-
lules cibles. L’impact des matériaux et les dimensions des aiguilles, ainsi la géométrie de
leurs pointes ont été étudiés. Des microaiguilles commerciales ont été usinées au laser pour
améliorer leur pénétration dans la chambre antérieure.

Après avoir affiné avec succès la technique d’injection intracamérale, le protocole développé
a été appliqué dans le chapitre 5, qui explore les deuxième et troisième objectifs principaux
de ce travail. Ce chapitre détaille l’optoporation et la transfection des CECs ex vivo dans
des modèles de souris et de lapin (article 2). Un laser femtoseconde a été utilisé pour étudier
les paramètres d’irradiation pour l’optoporation et la transfection des CECs. Deux types
de modèles animaux ont été choisis pour une étude complémentaire : les yeux de lapin,
sélectionnés pour leur similitude de taille avec les yeux humains et la robustesse de leurs
cellules, et les yeux de souris.

La principale différence entre les CECs humaines et de lapin est que les CECs de lapin
peuvent se répliquer, ce qui les rend idéales pour évaluer rapidement la viabilité des CECs.
Après avoir démontré la preuve de concept en utilisant des cornées de lapin, des tests de
transfection avec des molécules plus grandes comme l’ARNm ont été réalisés avec succès sur
des cornées murines. Les résultats de cette étude conduisent à des injections intracamérales
plus sécuritaires, réussies, avec des dommages cornéens et des saignements négligeables.

L’irradiation transcornéenne ex vivo utilisant la technique proposée a conduit à une optopo-
ration réussie avec une haute spécificité et une efficacité élevée de 49 ± 7 % (moyenne ±DS).
Ce succès est attribué à la combinaison d’une faible fluence (valeur optimale : 100 mJ/cm2

à 80 µm/s comme vitesse de balayage) et à l’utilisation de AuNPs (88 ± 11 NPs/cellule,
moyenne ±DS). La procédure a minimisé les effets secondaires sur la cornée, permettant un
traitement hautement localisé avec une viabilité cellulaire dépassant les 80 %.

L’implémentation de cette technique novatrice assistée par laser femtoseconde et NPs ouvre
de nouvelles possibilités pour la thérapie génique et médicamenteuse dans le tissu endothélial
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cornéen. Cette méthode offre un traitement moins invasif, favorisant une récupération plus
rapide après les injections oculaires chez les modèles murins. Les travaux futurs incluront
l’utilisation de souris knock-out pour créer un modèle de maladie permettant l’internalisation
de l’ARNm dans des expériences in vivo.

La discussion des résultats des chapitres précédents est présentée dans le chapitre 6. Le
chapitre 7 présente également des travaux futurs et les conclusions tirées des recherches
menées dans cette thèse, suivi de la bibliographie et des annexes contenant des figures sup-
plémentaires.
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ABSTRACT

Worldwide, over 2.2 billion people suffer from near or distance vision impairment, and for at
least 1 billion of them, this impairment could have been prevented or remains unaddressed.
Within the various causes of vision impairment, corneal endothelial diseases are affecting life
quality of close to 250 million people worldwide. The only alternative nowadays, is corneal
transplantation, a highly invasive method with undesired side effects such immune response
leading to tissue rejection, enfeebling of endothelial cells and transplant failure.

Among all the endothelial ailing, Fuchs endothelial corneal dystrophy (FEDC) is the most
common and the number one reason for corneal transplantation worldwide. An extra concern
is the shortage of healthy tissue for transplantation. Virus-based therapy and electropora-
tion are under investigation in ophthalmology, nevertheless, high immunogenicity and low
specificity are still a concern. In terms of annual costs, the health care system projects a rise
in cost of 30 billion dollars by 2032 only in Canada.

In order to minimize some of the drawbacks of current procedures, we propose a gene therapy
treatment technique using a clinically approved femtosecond (fs) laser and gold nanoparticles
(AuNPs) for the delivery of genes in corneal endothelial cells (CECs). The main contribution
that our technique offers is the in situ treatment, avoiding transplantation, having a high
efficacy and virus-free technique with double specificity, given by the focalized laser and the
implementation of functionalized AuNPs situated at the membrane of targeted cells.

The main hypothesis is that by using a tightly focused femtosecond laser (cur-
rently used for ophthalmic purposes) to irradiate CECs whose membrane will
be decorated with AuNPs (biocompatible material), transient pores (governed
by the presence of the AuNPs) can be opened in the cellular membrane with
high precision facilitating the delivery of exogenous molecules such as mRNA to
perform gene therapy.

Chapter 1 provides a brief introduction to the topic, followed by a detailed literature review
in Chapter 2. Based on the presented hypothesis, ocular cells were used in Chapter 3 to test
the proposed technique in vitro. To establish the proof of concept with different exogenous
molecules, in vitro experiments were performed followed by ex vivo tests to achieve four main
objectives of this work:

(i) establish a proof of principle using ocular cells in vitro for subsequent ap-
plication in mice;
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(ii) develop a safer protocol for intracameral injection in murine models for
better AuNPs delivery in the anterior chamber;

(iii) achieve a significant transfection of mRNA in the murine model with high
cell viability ex vivo;

(iv) provide a customizable technique between different animal species to ensure
future safe implementation in human corneas.

As detailed in Chapter 4 (paper 1) an improved protocol for intracameral injections was
successfully implemented in the murine model, minimizing corneal damage and ensuring the
maximum number of NPs reaching the desired corneal layer. The injections consisted in a so-
lution of functionalized colloidal AuNPs mixed with exogenous molecules whose fluorescence
is only visualized if the molecules are internalized in the targeted cells.

Studies regarding the material and the dimensions of the needles were made, as well as on
their tip geometry. Commercial microneedles were laser-machined in order to improve the
way the needles were entering in the anterior chamber (AC).

After successfully refining the intracameral injection technique, the developed protocol was
employed in Chapter 5, which details the study of the second and third primary objectives
of this work. Optoporation and transfection of CECs ex vivo in two different species, mouse
and rabbit are detailed. A femtosecond laser was employed to study the parameters of
irradiation for optoporation and transfection of CECs. Two types of animal models were
tested to provide a complementary study.

Rabbit eyes were selected for their similarity in size to human eyes and the robustness of
their cells. The primary difference between human and rabbit CECs is that rabbit CECs
can replicate, making them suitable for quickly assessing viability. Once the proof of concept
of our technique was demonstrated using rabbit corneas, transfection tests were successfully
performed on murine corneas with larger molecules such as mRNA.

Ex vivo transcorneal irradiation using the proposed technique resulted in successful optopo-
ration with high specificity and elevated efficacy (49 % ±7) due to the combination of low
fluence scanning (optimal value: 100 mJ/cm2 at 80 µm/s) and the use of AuNPs (88±11
NPs/cell). Minimized side effects in the cornea are reported, allowing a highly localized
treatment with cellular viability higher than 80 %.

The implementation of this novel femtosecond laser and nanoparticle-assisted technique paves
the way for gene and drug delivery therapy in the corneal endothelial tissue. The technique
resulted in less invasive treatment anticipating a fast recovery after ocular injection in murine
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models. Future work includes the implementation of knock-out mice for a disease model
internalizing mRNA for in vivo experiments.

The discussion of the results of previous chapters is presented in Chapter 6 followed by
conclusions and future work in Chapter 7. As part of future work, several improvements and
suggestions regarding the limitations observed along with the study are discussed.

The bibliography and annexes, which contain supplementary figures are at the end of the
thesis.
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CHAPTER 1 INTRODUCTION

Vision loss can be associated with dystrophies and ocular diseases that are genetically inher-
ited or developed by aging [1]. According to a report from the World Health Organization,
approximately 2.2 billion people are blind or partially sighted around the world of whom
around 800,000 affected people are in Canada [2]. This has an impact not only on the con-
cerned population but also on health-care costs [3]. Globally, the leading causes of vision
impairment are refractive errors, but among all the eye diseases, the corneal dystrophies are
one of the major causes of blindness, especially the endothelial dystrophies [4].

Early treatment is fundamental for dystrophies that can cause vision loss such as Fuchs
(progressive and hereditary disease named in honour of the Austrian ophthalmologist Ernst
Fuchs [5]) and CHED (Congenital Hereditary Endothelial Dystrophy). Those dystrophies
are asymptomatic in early stages, and conversely, when the disease is too advanced, the only
option for the patient is transplantation. Such a surgical procedure has many drawbacks,
including not only cell attrition and graft failure or tissue rejection [6], [7], but also the
elevated cost of the surgery and the lack of tissues for transplantation [8].

Current research involve virus and electric fields to treat the cornea, nevertheless, viral vectors
are a concern in medicine due to high immunogenicity and lack of specificity. On the other
side, electric field-based treatments are highly invasive. Detailed information can be found
in Chapter 2 (literature review).

This project aims to address this major health problem and offer an alternative treatment
minimizing the drawbacks of the current techniques. The main objective is to develop
a non-invasive gene therapy method based on plasmonic nanoparticles (NPs)
made of biocompatible material such as gold, combined to laser therapy. The
main contribution is based on high selectivity of this technique (negligible side
effects) and its translatability to different animal species and humans.

The proposed wavelength is centered in the biological window where the absorption of the
tissue is minimal. By combining the selected wavelength with the gold NPs (AuNPs), we not
only overcome the lack of specificity of the currently investigated transfection methods, but
also provide a less invasive therapy at the same time than decreasing the power used in the
treatment reducing side effects. Experiments were conducted to achieve four sub-objectives
of this work: i) establish a proof of principle using ocular cells in vitro for subse-
quent application in mice;
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ii) develop a safer protocol for intracameral injection in murine models for better
AuNPs delivery in the anterior chamber (specifically corneal endothelial cells -
CECs);
iii) achieve a significant transfection of mRNA in the murine model with high
cell viability ex vivo;
iv) provide a customizable technique between different animal species to ensure
future safe implementation in human corneas.

Laser therapy using femtosecond lasers has been reported in the literature by different groups,
proving that temporary openings can be observed after irradiation in diverse cell membranes.
This is achieved through the precise application of tightly focused beams within the near
infrared (NIR) biological window (650-1350 nm) [9]. Our contribution involves the integration
of plasmonic NPs, aimed at minimizing the required power. This, in turn, mitigates potential
treatment side effects in the surrounding areas.

The general idea is to inject functionalized colloidal AuNPs mixed with the desired gene to
be internalized in CECs into the anterior chamber to subsequently irradiate with a tightly
focused femtosecond laser.

The main hypothesis is that the functionalized AuNPs will specifically bind to the CECs.
When irradiated, AuNPs will concentrate the energy from the laser leading to a nanocavi-
tation effect producing transient pores in the cell membrane. Under this principle, a second
hypothesis is that by increasing the amount of NPs per cell (below toxicity threshold) the en-
ergy needed for optoporation can be lowered. On the same note, the optoporation will allow
the internalization of genes (transfection) with high viability after treatment as a ultimate
goal of the study.

Following the above mentioned objectives, our technique was first tested in vitro using ocular
cells (ARPE-19) to verify the feasibility and optimize parameters with the optical system to
subsequently move to animal models. Chapter 3 is specifically allocated to detail the findings
derived from the research conducted on retinal cells. It is worth mentioning that the selection
of this retinal cell line for initial testing was driven by its availability in the laboratory and
its convenient manipulation regarding higher adherence to the substrate when compared to
CECs.

On the other hand, for ex vivo studies, the rationale using two different animal models relays
in doing a complementary study. The rabbit eyeball is proportional in size to the human
eye, while mice can be used to model the pathology with the phenotypic expression. Several
eye diseases are first reproduced in mice since they provide a broad range of parameters for
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research with responses that are close to human pathologies [10,11].

As previously stated, our focus lies on the cornea, the sole transparent tissue in the hu-
man body. Specifically, our target are the endothelial cells, which form a honeycomb-like
monolayer, constituting the innermost layer of the cornea. To optimize the number of NPs
reaching the endothelium and enhance the treatment efficacy with the femtosecond laser,
intracameral injections were imperative.

This type of injections are a common procedure in humans, not only easy to perform by a
clinician but with minimal discomfort for the patient. As anticipated, achieving successful
injections with rabbit samples was straightforward using the standard needles commonly
used in clinics.

On the other side, due to the anatomy and size of the mouse eye, the injection technique
needed to be studied and adapted, dedicating Chapter 4 of this thesis to intracameral injection
in murine models (submitted article). We have studied the implication of different needle sizes
and tip profiles for intracameral injections in the mouse model. We propose two techniques
that can be implemented in the laboratory to improve reproducibility and reduce leakage
and damage when performing injections in the AC for the murine model.

Following injection, AuNPs presence in rabbit and mouse corneas was assessed using re-
flected light microscopy (RLM). The toxicity of the plasmonic material was evaluated using
a standard cell viability assay (Calcein-AM) followed by fluorescence microscopy imaging.
Subsequently, tissue irradiation was conducted using our proposed optical system, centered
around a Ti-sapphire femtosecond laser operating at 800 nm, equipped with an amplification
system enabling kHz repetition rates (using 1 kHz) and delivering pulses of 45 fs duration.

Negative controls were implemented to exclude laser-induced damage in the absence of
AuNPs. Additional control groups were employed to assess AuNPs toxicity without laser
irradiation, as well as cell viability in the absence of both laser and NPs. High optoporation
rates with high viability is reported. The combination of a femtosecond laser with plasmonic
NPs, resulted in an enhanced effect that facilitates the selectivity of cells for optoporation.
Detailed information can be found in Chapter 5 of the thesis based on a submitted article.

As a future work, it is proposed to evaluate the long-term effect of the gene therapy by
monitoring the presence of fluorescence on the transfected cells in vivo.

As a summary, taking advantage of the plasmonic effect of AuNPs when excited with fem-
tosecond pulses, this thesis presents a successful technique for optoporation and subsequent
transfection. Among the advantages of this technique, it is notable that such lasers are al-
ready approved for clinical use, such as in laser surgery for correcting refractive problems. In
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this case, we propose to extend its use for correcting genetic dystrophies.

The deposited energy is not only within the biological window but also well below the minimal
visible laser lesion threshold of the cornea, making side effects on the rest of the corneal layers
negligible. Additionally, AuNPs are biocompatible, and our toxicity tests have confirmed
that the concentrations used in this work are safe for murine and rabbit CECs. Initially, the
technique was tested in ocular cells, demonstrating proof of concept in vitro.

Ultimately, the technique aims to overcome drawbacks of the only clinically approved treat-
ment in humans, corneal transplantation. To demonstrate the translatability of the tech-
nique to different species and advance to ex vivo experiments, rabbit and mouse models were
selected. The robustness of rabbit CECs and their replicative ability allowed for a quick
viability test post-treatment, with characteristics similar to human anatomy. The technique
was subsequently translated to mice, widely used as models in diverse diseases.

For this study, AuNPs needed to be in contact with CECs, delivered most effectively via
intracameral injection. An improved protocol minimizing damage such as bleeding, corneal
collapse, and cellular death was successfully implemented to subsequently perform the laser
treatment. Several 3D models were designed to improve visualization, incubation, and po-
sitioning of the diverse stages of the samples. The 3D designs are available in appendices.
The results presented in this thesis are solid enough to suggest future in vivo tests in murine
models.

Anticipated limitations include animal breathing when focusing the laser within the sample,
changing the position where the focalized light will interact with the tissue. Thus an autofocus
system is suggested. A consideration for treating diseased mice is that treatment must
occur before the pathology is visible, in the early stages of the disease when the cornea is
still transparent. In vivo experiments will provide a follow-up exceeding 48 hours, helping
determine the final success rate of the transfection technique before translating it to human
samples.
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CHAPTER 2 LITERATURE REVIEW

This multidisciplinary project encompasses three main topics: Ophthalmology, Optics, and
Nanoplasmonics; a brief literature review of each subject is presented in this section. Key
concepts are introduced to provide a comprehensive understanding of the entire thesis.

This literature review begins with an introduction to eye anatomy and its optical properties,
followed by an overview of specific corneal diseases targeted for treatment and current ap-
proaches in gene transfection. Finally, laser-assisted nanosurgery is discussed, including the
proposed nanoplasmonic approach for corneal treatment.

The primary motivation for developing an alternative technique for the treatment of corneal
endothelial dystrophies stems from the high incidence of vision impairment in the population,
the elevated cost of treatments, and the limitations of current methods. To better understand
the impact of this significant health issue, relevant statistics on ocular problems are presented.

2.1 The eye: an optical instrument

The human eye, approximately 24 mm in diameter, functions as an optical system sensitive
to wavelengths between 380 and 760 nm. It comprises three main compartments: the anterior
chamber (AC; between the cornea and iris), the posterior chamber (between the iris, ciliary
body, and lens), and the vitreous chamber (between the lens and retina) [12]. Stable internal
pressure, higher than atmospheric pressure, maintains the eye’s transparency and shape by
regulating aqueous fluid production in the ciliary body [13]. Six extra-ocular muscles enable
rotation. The key components include the cornea, pupil, iris, retina, optic nerve, choroid,
and vitreous (see Figure 2.1).

2.1.1 Image formation

In the eye, light follows a pathway similar to that of a camera lens. It enters through the
cornea, a quasi-spherical structure with an 8 mm curvature radius, then passes through the
aqueous humor to reach the crystalline lens located behind the pupil and controlled by the
iris. The lens refracts the light, which continues through the vitreous humor until it reaches
the retina, an extension of the central nervous system. Here, the image is inverted, and
electrical signals containing information are transmitted via the optic nerve to the brain,
where they are processed and re-inverted into their original configuration [14].

The pupil regulates the intensity of light reaching the retina. Light passes through the
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Figure 2.1 Structure of the human eye.

crystalline lens, which is a dynamic structure capable of adjusting its shape with the ciliary
muscle to enable accommodation, focusing objects at different distances. The light is finally
focused on the retina (the neural portion of the eye), a light-sensitive tissue consisting of
pigmented layers and nerve fibers that forms part of the central nervous system [15].

The cornea and lens work together as an optical system for optimal image quality. Nev-
ertheless, if the cornea presents some alterations in shape or transparency, the image can
be altered. This type of problems are present in people with refractive problems or corneal
dystrophies [16].

2.1.2 The cornea

The cornea is the most anterior surface of the eye, and the only transparent tissue in the
human body, comprising a thin layer of 0.595 ±41 mm thick [17] and 11.71 ±0.42 mm in
diameter [18]. It functions as a lens with fixed optical power and consists of five distinct
layers (see Figure 2.2A), each performing specific roles in maintaining the eye’s pressure and
moisture [16].

Refraction occurs at four surfaces: the anterior and posterior interfaces of the cornea and
the lens. However, two-thirds of the refractive power of the eye is attributed to the cornea.
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Each layer of the cornea has its own refractive index (RI), but conventionally, an RI of 1.37
is used corresponding to the corneal stroma [19].

Starting from the outermost layer of the eye, the first layer is the corneal epithelium, which
consists of about six layers of cells. These cells are kept moist by a tear layer, providing a
smooth surface that enhances image quality. The epithelium is crucial for the eye’s overall
refractive power, its cell regeneration occurs through multiplication in the basal layer.

The second layer of about 14 µm in thickness is known as Bowman’s layer. It is composed
primarily of collagen fibrils and serves to protect the corneal stroma which is the third layer.
The stroma, is a transparent middle layer made of collagen fibers and keratocytes. It contains
around 200 layers of collagen, each 1.5–2.5 µm thick, arranged in parallel orientation, and
constitutes about 90 % of the corneal thickness [20].

The fourth layer, the Descemet’s membrane, is formed of collagen fibrils and its thickness
ranges from 5–20 µm, depending on age. The innermost layer is the endothelium, a 5 µm
thick monolayer of hexagonal cells (see Figure 2.2B.i). This layer is particularly relevant to
the research presented, as endothelial dystrophies mainly affect this cell layer. Dysfunction
of endothelial cells can reduce corneal transparency, potentially leading to blindness in severe
cases.

The primary function of the endothelium is to regulate nutrient transport between the stroma
and the aqueous humor. Unlike epithelial cells, endothelial cells cannot regenerate; instead,
they stretch to cover dead cells (see Figure 2.2B.ii). As individuals age or develop diseases,
dead cells accumulate, and stretching compensates for this loss [12].

However, this compensation reduces cell density and impairs the fluid transport efficiency.
Low pumping efficiency causes the stroma to swell in response to excess fluid, which affects
corneal transparency. Figure 2.2B.iii, shows a fluorescent image of a corneal tissue with the
formation of a guttae, from the Latin drops [21]. A strong fluorescence background is present
at the guttae site as a result of the staining from the collagen produced by stressed CECs.

The average cell density varies by species and age, in adult humans, it typically ranges from
2,500 to 2,700 cells/mm2 [22]. In the case of rabbit, reports suggest 2,307 cells/mm2 [23]
while for mice the numbers range from 2,004 to 2,243 cells/mm2 [24, 25].

For optimal vision, the cornea must remain transparent to effectively transmit and refract
light onto the retina. Proper functioning of all corneal layers is essential to protect intraocular
structures from pathogens and traumas. Nevertheless, patients with corneal dystrophies can
experience poor image quality or vision loss in the most severe cases as detailed in the
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following section of this thesis.

Figure 2.2 Corneal layers: (A) Schematic representation of the different layers of the cornea.
(B) i-Bright field image of healthy murine CECs; ii- stretched cell indicated with a dotted
line in the upper right corner; iii- fluorescence image of a murine tissue with missing cell.
Scale bar corresponds to 20 µm for all images.

2.1.3 Corneal dystrophies

According to a report by the World Health Organization, approximately 2.2 billion people
worldwide are blind or partially sighted, with around 800,000 of these individuals residing in
Canada [26,27]. This widespread vision impairment impacts not only the affected population
but also contributes significantly to healthcare costs [28]. Globally, the leading causes of
vision impairment are refractive errors [29]. Among various eye conditions, corneal diseases,
particularly endothelial dystrophies, are major contributors to blindness [30].

Corneal dystrophies (CD) are typically hereditary and progressive diseases that lead to var-
ious complications for the patients. Currently, more than 20 different corneal dystrophies
have been identified. These are classified based on the affected anatomical site and include
epithelial/subepithelial, epithelial-stromal, stromal, and endothelial dystrophies [31,32].

Among the corneal dystrophies that can cause vision impairment, particularly those affecting
the posterior part of the cornea, Fuchs Endothelial Corneal Dystrophy (FECD) and Con-
genital Hereditary Endothelial Dystrophy (CHED) are the most common. These conditions
involve progressive dysfunction of the endothelial layer, leading to corneal swelling [33].
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In the early stages, symptoms include reduced vision upon waking and blurry images that
often improve throughout the day. As the disease progresses, the vision becomes persis-
tently blurred, and hypersensitivity to light may develop. In the later stages, patients may
experience pain and corneal opacity, severely impairing vision [34,35].

According to the International Committee for the Classification of Corneal Dystrophies
(IC3D), FECD is classified as a category 1 dystrophy, indicating that it is a well-defined
condition with mapped and identified genes and known specific mutations. In terms of ge-
netics, the loss of function of a transporter called SLC4A11 is the main consequence for both
dystrophies [32]. The pathogenic implication in the CECs dystrophies is related to mutations
in several genes such as VSX1 in different diseases such as Posterior Polymorphous Corneal
Dystrophy (PPCD1), COL8A2 in PPCD2 and FECD, ZEB1 for PPCD3 and FEDC, among
others [36].

As mentioned previously, the endothelium is a monolayer of cells that has a honeycomb-
like disposition when viewed from the posterior side. At birth, this monolayer is about 10
µm in thickness becoming 4 µm in adulthood [37, 38]. Its density and topography change
throughout life, nevertheless, there is no evidence about its multiplication or regeneration in
humans. For this reason, it becomes important to have specialized treatments for battling
the associated dystrophies.

Several clinical techniques are used to evaluate the health condition of the cornea. Slit-
lamp biomicroscopy provides a detailed view of the corneal structure [39], while keratometry
and corneal topography offer information regarding its curvature [40]. Pachymetry measures
corneal thickness [41], and in vivo confocal microscopy provides real-time, detailed images of
all corneal layers [42].

In research, reflected light microscopy and fluorescence microscopy are the two most com-
monly used tools to examine different layers of the cornea. Various chromophores and flu-
orophores can be used to visualize specific tissue parts. As shown in Figure 2.3A, alizarin
red combined with trypan blue is used in bright field imaging to evaluate the endothelium
and quantify cell viability. On the other side, fluorophores such as ZO-1 stain membrane
junctions (red fluorescence) [43], while DAPI is used to color cell nuclei (blue fluorescence)
as seen in Figure 2.3B.
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Figure 2.3 Ex vivo CECs staining using (A) chromophores for membrane junction (alizarin
red S) and dead cell nuclei (trypan blue); and their equivalent (B) fluorophores for membrane
(ZO-1) and nuclei (DAPI in blue) - in this case DAPI stains nuclei of live and dead cells.
Scale bar corresponds to 20 µm for all images.

2.1.4 Current treatment techniques in clinics

The different treatments for Fuchs dystrophy include eye drops, ointments, and special con-
tact lenses to help reduce corneal swelling in the early stages of the disease. For more severe
cases, corneal transplantation is the only alternative [44].

A study conducted in Canada and published in the Canadian Journal of Ophthalmology
estimated the cost of corneal transplantation for the Quebec healthcare system to be ap-
proximately CAD 3,171 per patient, including medical follow-up for three years post-surgery.
This represents a significant expense for the healthcare system [8].

In addition to the elevated cost, complications such as ocular hypertension, graft failure, and,
in the worst cases, rejection can occur after transplantation [45, 46]. To address these issues
and reduce both costs and risks, alternative treatments are being explored.

Side effects from current treatments highlight the potential of gene therapy, where genetic
conditions or diseases can be treated by modifying or replacing a defective gene. Gene therapy
offers a solution that addresses the root causes of the disease, aiming for a cure rather than
merely suppressing symptoms [47].
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2.2 Alternative treatments under research: Gene therapy

Since genes responsible for endothelial dystrophies have been identified [32], gene therapy
offers a promising, minimally invasive alternative treatment. This approach typically involves
replacing, inactivating, or introducing genes into cells (transfection) to correct the genetic
disorders.

Nucleic acid therapeutics have garnered global interest due to their potential to address severe
inherited and acquired genetic diseases. Clinical trials have explored gene therapy for various
conditions, including cardiovascular and neurodegenerative diseases, as well as different types
of cancers [48–50]. The biggest challenge is the effective and selective introduction of plasmid
or modified genes into the target cells.

The most common nucleic acids are plasmid DNA (pDNA) or small interfering RNA (siRNA)
to either induce or suppress the expression of a specific protein [51]. Another option is
the use of messenger RNA (mRNA) considered as a promising alternative to pDNA since
it does not need to be inserted into the host genomic DNA (genotoxicity) [52]. Avoiding
genotoxicity issues linked to chromosomal insertion of DNA vectors makes this method a
suitable alternative for transfecting non-proliferative cells in clinical gene therapy [53,54].

Transfection with DNA occurs when the vector enters the cell and is transported to the
nucleus. Once inside the nucleus, the DNA is transcribed by the host cell’s machinery
into RNA. This RNA is then exported to the cytoplasm, where it can either promote or
downregulate the production of a specific protein (see Figure 2.4A) [55].

In the case of mRNA, transfection occurs when the molecule enters the cytoplasm. Once
inside, it is translated by the ribosomes of the cell into the desired protein (see Figure 2.4B).
The expression of the protein can then be observed, often using fluorophores for visualization.
Over time, the mRNA is naturally degraded by cellular enzymes [56].

It has been demonstrated that transfection efficiency decreases as the size of the transferred
molecules increases. Moreover, the tertiary structure of these molecules has also an impact
[57].

The size of plasmid molecules varies based on the length of the encoded protein. pDNA
structures are about 2.5 nm in diameter, nevertheless studies show that some molecules such
as GFP pDNA go up to 4 nm [58]. On the other side, mRNA molecules are about 1,000
to 3,000 nucleotides long, with each nucleotide being approximately 0.34 nm in length. The
average mRNA molecule length can vary from 340 nm to 1,020 nm. However, the physical
conformation is more complex due to the three-dimensional structure and folding of the
mRNA. Considering the overall folded size, an mRNA molecule can have a diameter of about
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Figure 2.4 Transfection mechanisms using (A) pDNA and (B) mRNA.

10-30 nm, depending on its secondary structure and interactions with other molecules [59,60].

In general, the selection of the most effective transfection method depends on the type of
cells, and the introduced nucleic acids [61]. Most of the studies start by using small fluo-
rophores such as propidium iodide (PI) or Calcein free-acid whose molecule size is <1 nm.
Other intermediate molecules can be Dextran or oligonucleotides with associated fluorophores
whose diameter is about 1.5 nm. Various methods have been studied to improve transfection
efficacy. The techniques can be classified by their nature as chemical, biological, and physical
approaches as shown in Figure 2.5 [62,63].

Chemical approaches using liposomes [64,65] and biological methods using viral vectors [66],
often face drawbacks such as lack of specificity and potential toxicity due to viral mutations.
Conversely, among the physical methods, microinjection [67] and electroporation [68, 69]
result in time-consuming and invasive approaches.

In the case of optical transfection, laser-based techniques, particularly femtosecond lasers,
are employed to manipulate cell membranes and facilitate the uptake of various molecules.
This method utilizes high numerical aperture objectives to precisely focus laser pulses to open
transient pores (optoporation) in cell membranes, thereby enhancing the effect at targeted
locations within the tissue [70,71].

The following section aims to summarize the application of various lasers emphasizing the
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Figure 2.5 Chemical, biological and physical transfection methods.

advantages of their use in gene therapy.

2.2.1 Laser-based gene therapy

Different types of lasers are utilized for corneal reshaping by ablating the tissue to correct
refractive errors [72]. Neodymium lasers are employed for treating conditions such as posterior
capsule opacification and for certain corneal modifications [73–75]. Argon lasers are applied
for photocoagulation in retinal disorders, [76] while Holmium lasers offer precision cutting for
various corneal surgeries [77]. Finally, femtosecond lasers, are used to create precise corneal
flaps and advanced procedures like corneal cross-linking [78,79].

It is worth mentioning that to our knowledge, no results have been presented in the literature
for in vivo transfection in corneal tissue. Nevertheless, ex vivo experiments have shown
successful optoporation in cortical axons and retinal cells in murine eyes with femtosecond
(fs) lasers [80,81].

For this reason, we can emphasize the importance of having a research line that provides an
alternative for corneal treatments. The main parameters to consider are the wavelength, the
pulse duration, the energy, and the repetition rate. When working in the near-infrared (NIR)
region, the main advantages are the strong confinement that can be achieved with specialized
optics, as well as the localized matter-light interaction that is only achieved at the focal
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volume. The short pulses have reduced thermal effects and mechanical consequences when
compared to longer pulses [82–85]. The interactions can be laser-induced plasma-mediated
ablation or laser-induced optical breakdown, offering high precision and manipulation of
transparent samples [86–88].

Optoporation has been performed in different wavelength regimes such as continuous laser
(CW), nanosecond (ns), picosecond (ps) and femtosecond (fs). A brief description of the
mechanism of each regime is given in the following sections.

2.2.2 Nanosecond regime

The pulse duration in this regime is longer than the thermalization time of most metals,
for this reason, lasers in this regime are commonly used for micromachining. It has been
demonstrated that the pulse duration has an impact on the penetration depth and ablation
threshold. If long pulse duration is used, the threshold fluence increases and the effective
energy penetration depth decreases [89].

In the case where the pulse duration (τL) is larger than the electron-phonon energy-transfer
time (τi), the electrons and lattice temperatures are at the same thermal equilibrium point
(Te = Ti = T ). Thermal penetration is larger than optical penetration in this regime, which
means that thermal waves can propagate in the target where the energy is absorbed, thus
increasing the temperature in a local volume that depends on the diffusion coefficient. This
could signify side effects if its application is in biological tissues.

On this note, the effect due to the interaction with prolonged energy exposure is mainly
photothermal, turning into cellular vaporization. Lasers operating in this regime are used in
different treatments such as cataracts for material removal [90] and refractive surgery [91,92].

2.2.3 Picosecond regime

When the pulse duration is shorter than the electron-phonon energy-transfer time, the lattice
and the electrons have different temperatures, until the equilibrium condition is reached after
a few tens of picoseconds. In terms of metals, the lattice temperature remains notably lower
than the electron temperature, making the lattice contribution negligible during the non-
equilibrium time range.

In biological media, the cooling down of the electrons gives an energy exchange that pro-
duces a plasma that expands at hypersonic velocity [93]. Subsequently, this plasma creates a
cavitation bubble whose life-time is pulse width-dependent [94–96]. The effect of the bubble
formation allows the rupture of the cell membrane, using this as a tool to produce a pho-
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todisruption in different tissues [97]. In terms of corneal applications, the main use is for the
evaporation of tissue that will lead to the change in the refractive power of the eye [91, 98].
The effect that is expected with this type of lasers is photomechanical or photodisruptive,
where the acoustic waves are produced acting with the thermal expansion after the laser-
tissue interaction.

2.2.4 Femtosecond regime

The effects that are produced at the focal point of a tightly-focused femtosecond laser are
widely used for micromachining of bulk transparent materials. Those effects are due to
nonlinear interactions that produce breakdown offering in biological media a precise tool for
photodisruptive surgery on single cell and tissue [99,100].

In this regime, a femtosecond pulse duration is indeed much shorter than the temporal
dynamics of the electron temperature. This effect permits a highly localized interaction of
the light with the material, reducing the side effects that are usually observed when lasers
are used for micromachining or biomedical applications.

Nowadays, the advantage of the limited side effects is used for the disruption of the cellular
membrane such as optoporation. The aim of optoporation is the internalization of genetic
material (transfection) or drugs that can be delivered locally and will help or contribute to
the improvement of the biological system.

The used wavelength is in the NIR, because of the low absorption and the low scattering
coefficients that biological tissues present when irradiated in this regime (see Figure 2.6A),
thus minimizing the heat transferred by the electromagnetic wave to the cells. Besides, this
approach maximizes the penetration depth, opening the possibility to reach sub-layer cells
on in vivo specimen [101].

As mentioned previously, the use of high numerical aperture (NA) objectives is common due
to the lateral confinement and the depth control that can be achieved. Beam shaping has
been also studied since 1990 when a laser beam delivery system using axicon beam shaping
was implemented in corneal surgery [102]. Since then, it was shown that the uniformity
of the cut in the surgery was directly related to the radial symmetry of the beam, having
different effects due to photothermal, photodisruptive or photochemical interactions based
on the energy exposure and wavelength.

In summary, fs lasers are preferred for their ultra-short pulse duration that allows high peak
power. This minimizes side effects due to the negligible heat diffusion to surrounding tissues.
Additionally, biological tissues exhibit lower absorption in the NIR range, enabling deeper
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penetration [103].

Based on laser-tissue interaction studies, other tools have been tested to increase the effi-
ciency of the treatments, always looking for less invasive methods and producing fewer side
effects. Recently, NPs have been applied in different areas offering the possibility of effectively
delivering more energy for tissue treatment and cell surgery with limited side effects. The im-
plementation of different materials has been studied from carbon-based particles, polymeric
materials and metallic such as gold and silver among others.

The next section is dedicated to the implementation of different nanomaterials to assist
optoporation.

2.3 Fs laser nanoparticle-mediated optoporation

It has been proved that NPs enhance the efficacy of laser-based cell surgery by acting as
contrast agents, which reduces the energy required for treatment. A localized enhancement
of the energy leads to the disruption of cellular membrane when the plasmonic material is in
close contact with cells. On this note, the use of carbon NPs [104], nanorods [105], spherical
NPs [106–109], nanostars [110,111] and, nanoshells [112,113] have been reported.

In light-matter interactions, the oscillation of the collective conduction electrons can be in
phase with the incident field for a certain range of wavelengths thus creating a so-called
localized plasmon resonance as shown in Figure 2.6B. This phenomenon can be described
by Mie theory, with a mathematical formulation to obtain the absorption and scattering
response of a sphere when irradiated with an electromagnetic wave [114]. An example of the
response of a AuNP of 100 nm in diameter can be observed in Figure 2.6C.

Figure 2.6 (A) Absorption coefficient of human skin in the VIS-IR range, adapted from [96].
(B) Representation of an oscillating field around metallic NPs, adapted from [115]. (C)
Representation of the absorption cross-section of a AuNP.

The plasmon peak or plasmonic resonance value depends on size, shape, composition and
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local environment or medium of the particle. For aqueous biological environments, water
is typically used as an approximation for the medium, as biological media is predominantly
composed of water.

Short pulses can locally interact not only with the NP but also the surrounding water and
the energy transfer time (τT ) can be estimated with the equation 2.1, under the condition:
τT ≈ τP where τP is the laser pulse duration.

τT = (ρCr2
0)

(3kw) (2.1)

ρ is the NP density, C the heat capacity of the NP, r0 the radius of the NP and kw the
thermal conductivity of the surrounding water [94, 116].

If the pulse length is shorter than the electron-phonon equilibrium time, which means using
femtosecond lasers, the energy of the laser will only interact with the electrons that are out of
equilibrium with the phonon subsystem. That means that the laser will excite the plasmon
oscillation which will decay into a non-thermal electron distribution that thermalizes to a
Fermi-Dirac distribution in a timescale ≈500 fs (see Figure 2.7A). The heat transfer equation
can be now rewritten using a hyperbolic two-temperature model (HTTM), which at the
same time, can be reduced to the parabolic two-temperature model for femtosecond pulses
interacting with nanostructures as can be seen in equations 2.1 and 2.2 (complete information
and derivation of the equations can be found in Boulais et al. 2013 [94]).

Cl(Te)
(∂Te)

∂t
= −(kl∇Tl) + G(Te − Tl) (2.2)

Where G is the electron-phonon coupling constant with a value of 2.5x1016 Wm−3K−1 for
gold at room temperature.

When the energy absorbed by the NP (short pulse) is transferred into the surrounding media,
the effect can produce a localized phase change of properties that may lead to a transient
bubble formation (normal boiling is due to heterogeneities in the liquid), the timescale where
the energy is transferred to the water corresponds to the phonon-phonon scattering time that
is in hundreds of picoseconds. This phenomenon is called heat-mediated bubble nucleation
(see Figure 2.7B).

On the other hand, when using ultrashort pulses, the cavitation takes place thanks to the
high intensity of the electric field and the near-field enhancement around the NP. A non-
linear absorption occurs directly in the water and plasma is generated. The diffusion takes
place and the energy is transferred to the water molecules producing a pressure increase and
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subsequently, a bubble is formed. This phenomenon is then called plasma-mediated bubble
nucleation and can be visualized in Figure 2.7C. It has been reported that the pulse width has
an important influence on the threshold of the bubble formation. Indeed, when it increases,
the vapour bubble threshold also increases depending on the NP size, because the thermal
confinement is reduced [117,118].

Figure 2.7 (A) Effects produced by electromagnetic ultrafast laser interactions in nanos-
tructures and surrounding medium adapted from: [94]; graphical representation of (B)
Heat-mediated bubble nucleation and (C) Plasma-mediated bubble nucleation adapted
from [94,119].

It is important to determine the temperature of the NP since processes such as melting, and
fragmentation can take place above certain fluence and irradiation frequency values. When
irradiating with femtosecond pulses, the absorbed energy can be high enough to produce
morphological and chemical changes in the nanostructures, as a consequence, melting or
fragmentation processes can take place resulting in smaller particles that could be toxic for
the biological system.

If the laser wavelength is in the regime of resonance of the NPs, the absorption of the
energy is high enough to produce an effect of plasma generation that allows the formation
of transient pores in the cellular membrane [86, 120]. It has been also proved that off-
resonance transfection can be achieved, increasing the applications of the NPs and laser
systems [117,121].

For this work, off-resonance irradiation is considered since it allows for the utilization of
lasers within the therapeutical window (see Figure 2.8) while having an enhanced interaction
of AuNPs. The cornea and the anterior part of the eye are primarily composed of water.
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However, the blood absorption curve was included to emphasize that our technique is safe
for its implementation in ophthalmology due to the low absorption in the highly vascularized
regions of the eye, such as the retina.

Figure 2.8 Hemoglobin (Hb) and water have lower values of absorption at the biological spec-
tral window. Irradiation performed at 800 nm results in off-resonance phenomena minimizing
side effects.

The implication of NPs in different medical treatments became popular due to the possibility
of having localized treatment and selectivity with functionalized NPs [122]. The treatments
are done in vitro and in vivo, opening new possibilities for molecule breaking procedures, cell
nanosurgery, eye disease correction, DNA degradation, cancer treatment among others.

The permeabilization of the cellular membrane is one of the most important applications of
the NP-assisted fs-laser treatment, as cavitation bubbles result in the formation of pores at
the cellular level.

The technique starts by selecting the appropriate NPs, which can be functionalized to improve
attachment (Figure 2.9A). These NPs are then incubated with the desired material to be
internalized by the cells (Figure 2.9B). The next step is irradiation, where various parameters,
such as pulse width, laser exposure time, or repetition rate, can be adjusted.

The membrane disruption is attributed to the formation of low-density plasma in the particle-
enhanced near-field when the laser interacts with the plasmonic material (Figure 2.9C). The
shock wave produced by nanocavitation will transiently disrupt the cellular membrane. Once
permeabilization occurs, plasmids, fluorophores, or drugs for a specific treatment will interact
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with the cell cytoplasm (see Figure 2.9D).

Figure 2.9 Optoporation and cell transfection steps: (A) NP functionalization is followed by
(B) incubation of NPs with the exogenous material in the cell medium. Subsequently, (C)
laser irradiation is performed to achieve (D) optoporation and consequently transfection if
genes are delivered inside the cells.

The mechanisms of internalization are still under discussion, some authors are referring to the
diffusion of the agents or internalization due to resealing. When the membrane is disrupted,
some inner layers are exposed to genes or drugs that can get attached. After the process of
resealing, the cell takes itself the exogenous material into the cytoplasm and plasmids can
adhere to the membrane and being translocated after a certain time [121]. Different studies
have been done in several human and murine tissues, exploring the options of phototherapy
in the regime of fs, ns, ps and CW for a wavelength range between UV – IR.

In terms of eye diseases, experiments have shown that it is possible to treat age-related
macular degeneration implementing AuNPs to target specifically a layer in the retina; ex-
periments were carried out in vivo showing that conjugated AuNPs toward the cell-surface
voltage-gated K+ channel subunit KV1.1 deliver siRNAs [106]. On the other hand, the
treatment of retinoblastoma has been carried out by using AuNPs to kill cancerous cells with
nanosecond and femtosecond lasers [123,124].

Ocular neovascularization has been also studied implementing AuNPs, proving that the pho-
toactivation of nanomaterials is a safe tool that can be implemented in cell surgery with a
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low toxicity rate for certain concentrations of nanomaterials. [125]

Carbon NPs (CNPs) have been used for corneal treatment in combination with femtosecond
lasers to deliver molecules with the aim to modify the characteristics of the CECs and increase
their resistance to apoptosis. So far, the delivery of small molecules such as Calcein AM has
been proved by Jumelle et al. [126], where human cornea explants were used to prove the
optoporation and transfection, reaching a Calcein uptake of 54%.

When doing gene therapy assisted by inorganic material, the delivery path becomes critical
to achieve the highest amount of vectors into the desired part of the body. Since eye drops are
ineffective when delivering drugs or genes into the innermost part of the cornea or posterior
chamber (retina), intravitreal and intracorneal injections are needed to reach different layers
in the eye.

Such injections are common in clinics, nevertheless, in research, rodents, particularly mice,
stand as the most prevalent mammalian models. Intracameral injections become challenging
due to the anatomy and size of the mice, for this reason we have dedicated a chapter to the
development of a protocol to achieve safer intracameral injections in rodents and a section
summarizing current approaches and limitations.

2.4 Intracameral injections

Intracameral injection is a well-controlled procedure in clinics. The utility goes from surgical
procedures such as pupil dilation, to anesthesia and administration of different drugs for the
avoidance of inflammation after surgical procedures [127,128].

Several eye diseases are first modeled in rodents since they provide a broad range of pa-
rameters for research [129, 130], including vast information regarding translation to clinical
tests.

An example of this is gene therapy [131], where animal models are broadly used. There
are some limitations regarding the dimension and anatomy of murine eyes [132, 133]. An
illustration of this is the intracameral injection, where not only small volumes are required
but also precision in the procedure must be increased since abrupt movements inside the AC
might result in damaged tissue [134]. This procedure involves high risks such as iris damage,
bleeding, leakage and wounds that can deteriorate the vision quality and as a consequence,
affect the trustability and reproducibility of the research.

To better visualize the limitations related to the size and anatomy of the murine eye, a table
including ocular metrics of mice and rabbits (the two species used in this thesis) is shown in
Figure 2.10. The characteristics of the human eye are also included for reference.
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Figure 2.10 Ocular dimensions comparison between mouse [133, 135, 136], rabbit [137–139],
and human. [18,140,141].

The reproducibility of the technique and the preservation of the different corneal layers is
critical for the follow-up experiments, especially in the case of the CECs due to their non-
dividing nature. While the anterior chamber depth (ACD) is about 513 ± 65 µm, the
common needles used in clinics are nearly 260 µm in diameter [142] and the clear space for
manipulation inside the AC is limited leading to problems related to the wounds produced
by the needles. The main problems are leakage post-injection and thus collapsing of the AC,
as well as bleeding and permanent damage to the lens or iris. For this reason, it is of utmost
importance to implement a safe technique for intracameral injection in the murine model.

Several authors have tried distinct needle tip configurations to safely inject in ocular models
as well as for diverse applications [143, 144]. The main studied parameters regarding the
needles are their gauge (G), tip profile or number of bevels (needle faces), the bevels angle
and the material as seen in Figure 2.11.

Reducing the size of the needle was shown to reduce pain and increase the chances of having a
successful surgery [145]. For a successful injection, characterized by low penetration resistance
and minimal tissue damage, a higher number of bevels on the needle tip is preferred. However,
this design has limitations related to the rigidity of the material after tailoring the tip.
According to different manufacturers, the ideal configuration is a pointed tip rather than a
flat surface, as seen in single-bevel needles.

A pointy configuration can typically be achieved with a 3-bevel needle, which is commonly
used in many studies. Depending on the wall thickness of the final needle, the number of
bevels can be increased. Studies suggest that the axial force needed to pierce the cornea is
lower when increasing the gauge needle. As an example, the force required to penetrate the
central cornea using a 27 G needle is 0.61 N versus 0.29 N for a 31 G needle. The smaller
the diameter of the needle, the lower the insertion force [148].
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Figure 2.11 Different needle parameters reported in the literature. This image was adapted
from different sources, the studies include piercings in diverse materials such as *PVA phan-
tom, [145] **human skin, [146] ***agar gel, [147] and ****murine stromal cells [134].

On the other side, blunt needles are an alternative in some applications [149]. Researchers
suggest that the use of blunt needles may reduce the incidence of hemorrhage in diverse
tissues including the kidney, renal artery, spinal nerve among others. When compared with
sharp needle punctures, results show in some cases that bleeding can be reduced by using
blunt needles [150].

The mechanical properties of the corneal tissue do not allow for use of blunt needles. In
this case, the piercing must be induced with a sharp tool before introducing the blunt needle
(as explained in Chapter 4). For this specific application, the blunt tip of the needle helps
prevent unwanted tissue tearing when inserted into the AC.

In some ophthalmic interventions, a paracentesis knife is used to create a self-sealing opening,
allowing for the subsequent introduction of blunt needles. Examples of such procedures
include fluid drainage for glaucoma [151], vitreoretinal surgeries, cataract surgeries [152],
among others.

Furthermore, the utilization of established injection techniques is crucial for obtaining re-
liable and meaningful results. These techniques provide a solid foundation for advancing
research and ensuring that findings can be effectively translated to in vivo systems and clin-
ical applications.
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In conclusion, this literature review has highlighted the eye as a sophisticated optical instru-
ment and delved into the crucial role of the cornea and covered its associated dystrophies.
Current clinical treatments and emerging alternative therapies, such as gene therapy and
fs laser NP-mediated optoporation, offer promising advancements. Additionally, the explo-
ration of intracameral injections underscores the ongoing innovations aimed at enhancing
ocular health and treatment efficacy.
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CHAPTER 3 IN VITRO FEMTOSECOND-LASER NANOPARTICLE
ASSISTED INTERNALIZATION OF EXOMOLECULES

3.1 Introduction

Gene therapy approaches become more popular for inherited and non-inherited diseases as
an alternative to current invasive procedures. Virus-based and mechanical treatments are
currently studied using diverse delivery systems and vectors. The general objective of gene
therapy is treating disorders by changing the genetic charge of cells. This can be done by in-
ternalizing attenuated versions of viruses or camouflaged vehicles into the cells. Nevertheless,
possible toxicity due to mutations of the virus vectors is still a concern.

As part of this project, our emphasis lies in researching a virus-free treatment for corneal
endothelial dystrophies, aiming to develop a less invasive technique that can readily transi-
tion into clinical applications. Laser technology has revolutionized various fields, including
ophthalmology, by offering less invasive techniques [153,154].

On this note, biological tissues, typically exhibit weak absorption of visible light, nevertheless,
a tightly-focused laser pulse can induce nonlinear absorption within the tissue. Thinking on
the potential implementation of lasers in ophthalmology treatments, the deposited energy
on the tissues should not overpass the critical intensity threshold to prevent ablation due to
non-linear phenomena.

One of the advantages of using laser beams lies in the fact that procedures are in general less
invasive. Through the utilization of highly focused beams, we not only diminish invasiveness
but also enhance treatment precision. This is achieved by directing a focused beam onto a
specific layer of cells. The implementation of femtosecond lasers has been studied by different
groups due to the possibility of creating low-density plasmas in transparent dielectrics. This
property resulted advantageous when considering the low side effects in tissue [155]. At a
single cell level, the changes in the membrane are pulse duration and repetition rate dependent
[86].

On this note, the combination of lasers with diverse inorganic materials have been studied and
proved to be efficient for drug delivery. An example of inorganic materials are the plasmonic
nanoparticles (NPs), extensively used in different applications of cell surgery. The main
motivation of using the plasmonic material relays in decreasing the laser energy and increase
the resolution of the pores that can be produced in the membrane of the cell. By taking
advantage of the high absorption of the plasmonic material, a local energy enhancement can
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be achieved producing a disruption of the tissue. The selected material in this case is gold due
to its biocompatibility. It is worth mentioning that the concept of biocompatibility strongly
depends on the size and concentration of the particles in contact with the cells [156,157].

In previous studies conducted by our group and other researchers, the significance of spherical
gold nanoparticles (AuNPs) size in plasmonic effects has been demonstrated [107, 119, 158,
159]. For this specific investigation, off-resonance effects were targeted using AuNPs with
a diameter of 100 nm. The concentration of AuNPs represents another crucial parameter
that can be adjusted to optimize treatment efficacy by ensuring the appropriate number of
particles per cell, thereby reducing the deposited energy in the cells.

The initial stage involved in vitro cell studies to assess optoporation efficiency and refine
various physicochemical parameters. These parameters were drawn from literature sources.
The optical setup utilized was based on a femtosecond laser with a central wavelength of 800
nm, coupled with a regenerative amplifier enabling a repetition rate of 1 kHz and a pulse
width of 45 fs (Tsunami-SpectraPhysics).

Control over parameters such as scanning speed and laser fluence was facilitated by custom
LabVIEW software, enabling precise irradiation under various treatment conditions. Param-
eter optimization was guided by assessments of internalized material efficacy and cell viability
where fluorescence and reflected light microscopy were utilized.

The first stage of the treatment consists of the internalization of different small fluorescent
molecules (e.g. PI and Calcein free-acid), which are membrane-impermeable dyes and work
as an indicator of membrane perforation after irradiation. Subsequently, larger fluorescent
molecules were evaluated for internalization such as Oligonucleotides (∼16 kDa), and GFP
plasmid DNA (pDNA - 10 kb). It is worth mentioning that the optimization of laser fluence
was done with PI due to the quick fluorescence expression once cellular uptake is achieved.
The reported uptake of PI helps determine the threshold fluence to be implemented when
using larger molecules, working as a reference for future fine-tuning of the optical parameters
and as a proof of the existence of an interaction between the NPs, the laser and the cell
membrane.

The cell line utilized for preliminary testing was ARPE-19, a human adherent cell type that
forms a stable monolayer and can be propagated for over 30 passages. The decision to use
ARPE-19 for preliminary tests was influenced by both its accessibility in the laboratory and
its superior adherence compared to corneal endothelial cells (CECs). Unlike many CECs
available in the market, ARPE-19 cells exhibit robust adherence, eliminating the need for
additional measures such as thin layers of organic components to prevent detachment during
washing. The implementation of this cell line facilitated the establishment of the energy
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deposition range, as well as the optimal fluorophore and nanoparticle concentrations. While
it is well known that biological parameters and biomechanical properties vary across cell
types, this ocular cell line proves useful for an initial parameter determination. However, it
is essential to fine-tune these parameters when transitioning between different sample types
(e.g., from in vitro to ex vivo) and across various cell or tissue types.

We report an internalization rate between 60-80 % for small fluorophores and <5 % for GFP
pDNA (the largest tested molecule). The reported cell viability is 80 %.

3.2 Materials and methods

3.2.1 Plasmonic material

Colloidal AuNPs were purchased from NanoPartz (A11-100-CIT-DIH-1-50, Colorado, USA).
Bare, PEGylated and functionalized AuNPs were tested to determine the optimal condition
for homogeneous distribution. Subsequently, to obtain better performance at low fluence,
the concentration of NPs was increased, testing low and high concentrations within the
cell culture. The selected concentrations were 2x108 and 2x109 NPs/mL. This change in
plasmonic material concentration was accompanied with a viability assessment to discard
possible toxicity related to the high concentration of NPs.

The incubation of AuNPs with cells was performed during 24 hrs followed by PI (BMS500PI,
ThermoFisher Scientific, Quebec, Canada) and Calcein AM (Invitrogen C3099, ThermoFisher
Scientific, Quebec, Canada) assessment for cell viability. Fluorescent microscopy was imple-
mented for cell identification and viability while bright-field microscopy was used as a tool
to quantify the number of NPs per cell.

Once the toxicity test was performed, bare and functionalized AuNPs were compared to
determine the optimal conditions for achieving a homogeneous distribution on the cells. This
investigation aimed to identify conditions that prevent particle clustering, as clustered NPs
tend to absorb and dissipate energy at higher rates. This elevated energy absorption can
potentially lead to irreversible damage, resulting in increased cell death and undermining the
precision of the technique.

Functionalization of NPs was performed under EDC-NHS standard protocol [160]. The se-
lected antibody was Anti-CD44 (Hermes-1, MA4400, ThermoFisher Scientific). While CD44
is not the main marker expressed in CECs, it is involved in the regulation of essential cellular
processes, including cell-cell and cell-matrix interactions [161].



28

3.2.2 Cells preparation

ARPE-19 cells (purchased from ATCC CRL-2302, Virginia, US) were cultured in DMEM
supplemented with 10 % FBS and 1 % PS as recommended by the supplier. Three days
before the laser treatment, cells were transferred to bottom-glass petri dishes (81218-200,
Ibidi, Wisconsin, USA) achieving a confluence of 80-90 %.

Plasmonic NPs were incubated at different concentrations, followed by gentle stirring to
ensure homogeneous distribution across all cells in the petri dish (Figure 3.1A). After one hour
incubation, samples were washed with PBS (J60465.K2, ThermoFisher Scientific, Quebec,
Canada) to remove excess non-attached NPs (Figure 3.1B).

The incubation time was determined taking into account the replacement rate of the aqueous
humor in vivo, thus, considering that non-attached AuNPs will be washed out off of the eye
within one hour. This consideration is particularly pertinent as the subsequent phase of
this research will be conducted on the corneal tissue. This approach was considered to
provide a more accurate assessment of the potential implications of the parameters in ex vivo
experiments.

After washing the cells with PBS, the medium was replaced with phenol red-free reduced
serum medium (Opti-MEM - 31985062, ThermoFisher Scientific, QC, Canada). By removing
the phenol red of the culture medium, extra laser absorption is avoided.

Right before irradiation, the different solutions with exogenous molecules were added to the
petri dish (see Figure 3.1C). Optimization of the working concentrations of all fluorophores
was performed prior to the irradiation experiments within the range suggested by the sup-
pliers. The optimal concentrations are shown in Table 3.1

Laser irradiation (λ = 800 nm @ 1 kHz) was performed at different fluence values in the pres-
ence of AuNPs and exogenous molecules for uptake evaluation and subsequent cell viability
quantification (see Figure 3.1D). Due to the enhanced plasmonic effect, the cell membrane
can be temporarily perforated. During this period when the pores are open, fluorophores
present in the culture medium diffuse into the cell within minutes following the optoporation
(Figure 3.1E) [162].

Membrane-impermeable fluorophores become visible after internalization through laser op-
toporation, either in the nuclei (e.g., PI and DAPI) or in the cytoplasm (e.g., Calcein free
acid, Oligo-Cy3, and GFP pDNA) (Figure 3.1F).
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Figure 3.1 Protocol for in vitro optoporation treatment with ARPE-19 cells. (A) Incubation
of AuNPs during 1 hour; (B) washing step to remove non-attached NPs; (C) membrane
impermeable molecules added before irradiation; (D) irradiation with femtosecond laser
centered at 800 nm for (E) localized optoporation and subsequent fluorophore uptake; (F)
fluorescence expression can be from cytoplasm or nucleus depending on the type of exogenous
molecule used.

3.2.3 Exogenous molecules

Diverse molecules were tested in order to determine the ease of internalization considering
the molecular weight and as a consequence the size of the material versus the energy used
controlling the size of the pore. Permeable membrane fluorophores were also used to identify
the location plane of the cells in the petri dish such as DAPI that allows identifying the nucleus
of individual cells with an emission wavelength in the blue. Fluorescent small molecules have
been used to evaluate the optoporation process and fine-tune optical parameters, while large
molecules serve as a tool to look for the threshold of energy that can be deposited in the cells
before causing their death.

In the particular case of incubation with GFP pDNA, irradiation was performed in a 96-well
plate containing 100 µL of complete culture medium (Dulbecco’s Modified Eagle Medium
- DMEM) and 10 µL of GFP pDNA (10 ng/mL). The optimal fluence was 150 mJ/cm2

with a beam spot size estimated to be 100 µm full width at half maximum (FWHM). It is
important to note that visualization of GFP internalization should occur at least 20 hours
post-laser irradiation, as this duration allows for the molecule to internalize and interact with
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the cellular DNA.

Table 3.1 Exogenous molecules for evaluation of fs and AuNPs-assisted uptake in ARPE-19
cells.

Molecule name Excitation/
emission wave-
length [nm]

Molecular
weight

Membrane
perme-
able
(Y/N*)

Identification Staining

4’,6-
diamidino-2-
phenylindole
(DAPI)

359/457 350.2 Y Cell
identification**

Nuclei

Calcein-AM 495/515 994.8 Y Live cells Cytoplasm

Calcein free
acid

495/515 622.5 N Optoporation Cytoplasm

Propidium
Iodide (PI)

535/617 668.4 N Cellular
death and
optoporation

Nuclei

Cy3
Oligonu-
cleotide

554/568 507.5 N Optoporation Cytoplasm

GFP pDNA 488/509 10 kb N Optoporation/
Transfection

Cytoplasm

* For the molecules noted as non-permeable, the optoporation needs to be done in order to internalize and
visualize a change in fluorescence in the cell.

** At low concentrations, this can serve as an optoporation indicator.

All fluorophores were used following the supplier recommendations to avoid photobleaching,
degradation and cell toxicity.

3.2.4 Optical setup

The optical setup, outlined schematically in Figure 3.2, incorporates an Nd:YAG (neodymium-
doped yttrium aluminum garnet; Nd:Y3Al5O12) pump laser for exciting the Ti:Sapphire
laser, which generates femtosecond pulses at a high repetition rate of 76 MHz. These pulses
are subsequently directed to a regenerative amplifier (RA), enabling the generation of short
pulses (45 fs) at a reduced repetition rate of 1 kHz. The output from the RA is expanded
and redirected toward the irradiation stage using metallic mirrors optimized for the central
wavelength 800 nm.

The primary objective of the beam expander is to optically clean the beam and ensure
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complete filling of the focusing element, resulting in an optimized focal point (highly focalized
spot). This optimized focal point enhances resolution and specificity in treatment, minimizing
side effects by reducing laser-induced damage to surrounding areas.

Control over the power reaching the sample is achieved using a rotating polarizer and a
wave-plate. Power measurement is facilitated by customized software and a wedge mirror
positioned after the rotating polarizer, allowing for power measurement via reflection of the
main beam. A shutter, placed prior to the microscope’s periscope, permits user interruption
of irradiation, facilitating designation of specific treatment areas.

The selected fluence range for this study was 50 - 250 mJ/cm2. In accordance with the
literature, and foreseeing experiments in tissue, the suggested fluence range do not overpass
the ablation threshold in cornea.

As focusing element, a 4x 0.1 NA microscope objective (Nikon) was used, estimating a beam
spot of 50 µm at 1/e2. A translational stage (Prior Scientific) is used to precisely manipulate
the position of the sample in the x, y and z directions. This stage allows for accurate and
controlled movement following a serpentine pattern across the sample area (see Figure 3.2).

Figure 3.2 Optical setup for in vitro optoporation and imaging: the laser beam is directed to
an inverted microscope for irradiation of samples in vitro.
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3.3 Results

3.3.1 Plasmonic material

Reflected light microscopy images, combined with fluorescent images, were used to evaluate
the optimal distribution of AuNPs in ARPE-19 cells. As shown in Figure 3.3A, a more homo-
geneous distribution was observed in samples with functionalized AuNPs. Additionally, the
number of attached AuNPs increased compared to those with PEGylated material. Despite
the anti-agglomerative properties of PEG on NPs, the aggregation observed with PEGylated
NPs could potentially arise from interactions involving long or densely packed PEG chains on
the nanoparticle surface. Additionally, local pH changes at the cell membrane and the salin-
ity of the medium where the NPs are injected may contribute to this phenomenon. Further
studies exploring the effects of varying PEG chain lengths on NP chemistry could provide
valuable insights into these interactions at the cell membrane. It is noteworthy that a higher
number of AuNPs results in a lower energy requirement for optoporation. In this study,
minimizing energy is crucial to avoid side effects such as cell death.

After determining that antibody-coated AuNPs were the optimal choice, two concentrations
of functionalized AuNPs were tested. The main parameters evaluated were distribution and
toxicity. Calcein-AM staining was used to quantify cell death. As shown in Figure 3.3B-
C, no significant toxicity differences were found between the tested concentrations, making
distribution the deciding factor for selecting the concentration.

As mentioned earlier, a higher number of NPs per cell can lead to a lower irradiation value.
Therefore, the ideal scenario is to have the maximum amount of plasmonic material for
optoporation. Based on these results, the optimal conditions for subsequent steps are using
CD44-AuNPs at concentration of 2x109 NPs/mL.

It can be observed that the standard deviation associated to the number of NPs per cell is
significantly high. This phenomenon can be associated to the protein expression in the cellu-
lar membrane. Immunostaining data found in literature, shows a similar non-homogeneous
expression behavior of CD44.

3.3.2 Internalization and cell viability rates in vitro

As initial step, nucleus identification was performed using DAPI staining (blue fluorescence).
The software ImageJ was used for background subtraction to standardize the images prior to
nucleus quantification. The 3D Object Counter plugin was then utilized for image analysis
[163], determining the number of cells per image.
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Figure 3.3 NP assessment for optoporation optimization. (A) Bare-, PEG- and antibody
conjugated-AuNPs assessment for distribution visualization. (B) Viability assessment for
two different concentrations of AuNPs with its corresponding (C) quantification of NPs/cell.
The scale bar corresponds to 20 µm for all images.
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For optoporation and transfection quantification, fluorescence images from either PI or Cy3-
oligonucleotide (red) and from GFP pDNA (green) were captured both before and after
irradiation to evaluate the efficacy of the laser treatment.

To calculate the optoporation rate, images were taken one hour post-irradiation. In the case
of GFP pDNA, the images were taken 20 hours after the irradiation to allow molecules to
bond with cellular DNA. The efficacy was determined by dividing the number of cells express-
ing fluorescence post-irradiation by the total number of cells indicated by blue fluorescence
(DAPI).

For uptake tests performed with either PI and Cy3-oligonucleotide, cell viability was tested
using Calcein-AM 24 hours after irradiation. The viability rate was determined by quantify-
ing the number of cells expressing green fluorescence versus the total number of cells (DAPI)
inside the irradiated area. The samples were incubated at 37◦C within an atmosphere of 5
% CO2 as suggested by the technical data sheet.

As a quick assessment, PI was used to evaluate the fluence range and determine the optimal
value for subsequent uptake assay with Oligo-Cy3, Calcein acid free and GFP pDNA. Results
of the study performed at different fluences are illustrated in Figure 3.4. High viability was
observed for irradiation performed at 50 and 100 mJ/cm2, reporting 95 ±5% and 91 ±3%
(mean ±SD) respectively. Subsequently, viability values were lower while increasing the
fluence. Cell damage and detachment was observed after irradiation.

As seen in Figure 3.4, for irradiation assay performed at 200 mJ/cm2 some cells were damaged
at the border of the irradiation area. This might be attributed to mechanical factors. Due to
duel time of the translational stage when changing direction, the irradiation exposure time
is slightly higher at the borders of the sample, thus increasing the energy delivered into the
sample. Tests performed at 250 mJ/cm2 resulted highly lethal for ARPE-19 cells reporting
close to 95 % detachment after irradiation.

On the other side, cell viability was also assessed using Calcein-AM. Figure 3.5A illustrates
the tendency of optoporation and viability versus fluence. It is observed that the optimal
value to achieve high optoporation rate with low cellular death corresponds to 150 mJ/cm2. It
is worth mentioning that even though, optoporation rate resulted higher at 200 mJ/cm2, the
viability seems compromised. Thus, to offer a safe treatment with negligible phototoxicity,
further tests of exogenous molecule uptake and controls were performed at 150 mJ/cm2.
Figure 3.5B illustrates the group controls to confirm that PI uptake is entirely due to the
combination of AuNPs and laser irradiation.

It is worth noting that PI staining can be used both for visualizing optoporation and iden-
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Figure 3.4 Fluence assessment for optoporation optimization. DAPI columns show the cells
before and after irradiation (blue). Optoporation assessment shows the fluorescence of PI
(red) while viability images correspond to Calcein-AM 24 hours after irradiation (green).
Dotted lines depict the irradiation area. The scale bar corresponds to 200 µm for all images.
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Figure 3.5 Optoporation and viability tendencies for in vitro assessment. (A) Quantification
of the optoporation percentage versus viability for a fluence range of 50 to 250 mJ/cm2; (B)
control groups showing no toxicity from PI (column 1), no toxicity of AuNPs (column 2),
and no phototoxicity associated to the laser (column 3). The scale bar corresponds to 20 µm
for all images.

tifying dead cells. Differentiating between these conditions depends on the concentration of
PI and the timing of its addition to the samples. For optoporation assessment, PI can be
incubated with the cells immediately before laser irradiation at a concentration of 1 µg/mL,
followed by a washing step prior to imaging. For viability assessment, PI should be added
well after the laser treatment (a 24 hours period was used for this study) to allow the cells
time for membrane recovery; in this case, a concentration of 2 µg/mL is recommended [164].

The perforated membrane can be recovered by self sealing the pores generated from the
irradiation of the NPs with the laser naturally [99, 121]. To obtain better performance at
low fluence, the concentration of NPs was increased keeping a well-distribution of AuNPs
on the cell membrane (higher number of well-distributed NPs per cell). This change in NPs
concentration was accompanied by a viability test to discard possible toxicity related to the
high concentration of the plasmonic materials in the cell culture.

Based on our study, 60-80 % internalization efficacy was reached with the small molecules,
including PI, Oligo and Calcein acid-free. On the other side, when using larger molecules
such as GFP pDNA the reported uptake is <5 %.

A summary of the internalization achieved for each tested exogenous molecule can be observed
in Table 3.2.
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Table 3.2 Uptake percentage of exogenous molecules in ARPE-19 cells using fs and AuNPs-
assisted optoporation. The scale bar corresponds to 20 µm for all images.

Molecule name Approximate
size [nm]

Uptake [%]
mean ±SD Fluorescence imaging

Calcein free-
acid < 1 70 ±5

PI < 1 81 ±8

Cy3-
Oligonucleotide ∼ 1.5 60 ±5

GFP pDNA ∼ 4 4 ±1

3.4 Conclusion and discussion

In this study, we evaluated the distribution and effectiveness of functionalized AuNPs in
ARPE-19 cells using a combination of reflected light microscopy and fluorescent imaging. Our
findings indicated that functionalized NPs provided a more homogeneous distribution and a
higher number of attached NPs compared to PEGylated materials. This higher density of NPs
was associated with a reduced energy requirement for optoporation, minimizing potential side
effects such as cellular death. The variability in nanoparticle distribution is likely influenced
by the heterogeneous expression of membrane proteins such as CD44.

Calcein-AM staining revealed no significant toxicity differences between the tested concentra-
tions, leading us to prioritize nanoparticle distribution in our selection. Although Calcein-AM
is membrane-permeable, a slight photobleaching was observed in optoporated cells, consis-
tent with existing literature. Therefore, it is recommended to perform Calcein-AM viability
tests at least 12 hours post-optoporation to allow for membrane recovery.

This study highlights the dual functionality of PI staining for both visualizing optoporation
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and identifying dead cells. The differentiation between these conditions is achieved by adjust-
ing the concentration of PI and the timing of its addition to the samples. For optoporation
assessment, incubating cells with PI at a concentration of 1 µg/mL immediately before laser
irradiation, followed by a washing step, proved effective.

For assessing cell viability, adding PI at a concentration of 2 µg/mL after a 24-hour recovery
period post-laser treatment allowed for accurate identification of dead cells. These findings
underscore the importance of protocol optimization in experimental setups to accurately
assess cellular responses and ensure the reliability of the results. It is worth mentioning
that PI might result toxic in high concentrations for some cells or tissues. For this reason,
in subsequent chapters where corneal tissue is used, the implementation of PI is limited to
preliminary results.

Results indicate that high cell viability was maintained at low irradiation levels of 50 - 150
mJ/cm2, with 95 ± 5% and 91 ± 3% viability, respectively. However, as the fluence increased,
cell viability decreased, with noticeable cell damage and detachment observed. Especially in
the case of irradiation values of 200 and 250 mJ/cm2.

It was possible to observe in samples with high fluence that some cells were damaged at
the borders of the irradiation area, likely due to increased exposure time from mechanical
factors of the translation stage. This irradiation condition was highly lethal, resulting in cell
detachment. These findings highlight the importance of carefully optimizing fluence levels to
balance effective uptake with minimal cellular damage.

In this study, the optimal combination of parameters for achieving high uptake with negligible
cellular death was identified as using a fs laser centered at 800 nm, with a repetition rate of 1
kHz and a pulse duration of approximately 45 fs, to irradiate ARPE-19 cells at 150 mJ/cm2,
decorated with AuNPs at a concentration of 2x109 NPs/mL.

Additionally, for future studies involving tissue, a circular irradiation pattern is recommended
to prevent abrupt direction changes at the borders of irradiated areas, which can compromise
cell viability.

In our study, we observed that internalizing small molecules, approximately 1 nm in size, was
significantly easier, resulting in higher uptake compared to larger molecules around 4 nm.
This difference is likely due to the membrane pores, which may not be sufficiently large to
accommodate bigger molecules. However, creating larger pores poses a risk of cellular death.
Therefore, while small molecules are efficiently internalized, optimization strategies for larger
molecules must carefully balance the need for effective uptake with the preservation of cell
viability. These optimization strategies for larger molecules are further explored in corneal
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tissue in Chapter 5.

In vitro experiments provide valuable insights into the parameters and potential optimizations
for improving molecule uptake. These experiments offer a controlled environment to evaluate
various factors and make preliminary adjustments. However, it is important to recognize that
in vitro models, which typically involve cell monolayers, do not fully capture the complexity
of ex vivo or in vivo samples. In actual tissues, numerous additional parameters, ligands,
and biological components interact to maintain tissue integrity.

Consequently, while studies presented in this chapter are essential for initial assessments,
slight optimizations were necessary to account for the more complex environment encountered
in tissue studies. This highlights the importance of complementing in vitro findings with
ex vivo studies to achieve comprehensive and effective optimization of molecular delivery
systems.

One of the changes implemented for ex vivo experiments is transitioning from the use of
pDNA to mRNA. As suggested by the literature, mRNA is considered safer due to reduced
risk of mutagenesis. This shift anticipates adjustments in the fluence range to accommodate
the larger molecule size of mRNA.

Typically, mRNA molecules are about 1,000 to 3,000 nucleotides long, with each nucleotide
being approximately 0.34 nm in length. This results in an average mRNA molecule length
ranging from roughly 340 nm to 1,020 nm. However, the actual size in terms of molecular
dimensions is more complex due to the three-dimensional structure and folding of the mRNA.
When considering the overall folded size, an mRNA molecule can have a diameter of about
10-30 nm, depending on its secondary structure and interactions with other molecules [59,60].

For this reason, the following chapters of this thesis are dedicated to the study of different
parameters for ex vivo transfection in corneal tissue.
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CHAPTER 4 ARTICLE 1: OPTIMIZATION OF INTRACAMERAL
INJECTIONS IN THE MOUSE EYE MODEL

This article submitted to the journal Translational Vision Science & Technology (TVST) from
the Association for Research Vision and Ophthalmology (ARVO) on October 24th 2024, cor-
responds to the first part of the animal experimentation where two injection techniques were
studied to improve the subsequent nanoparticle delivery into the anterior chamber of murine
models. Authors: Jennyfer Zapata-Farfan,1,2 Alex de Oliveira Coronel Camacho,2,3 Marilyse
Piché,2 Alexandre Abid,3 Michel Meunier,1,2 Christos Boutopoulos,2,3 Isabelle Brunette.2,3

1 Engineering Physics Department, Polytechnique Montreal, Montreal, QC, Canada;
2 Maisonneuve-Rosemont Hospital Research Center, Montreal, QC, Canada; 3 Department
of Ophthalmology, Université de Montréal, Montreal, QC, Canada.

The author of this thesis and first author of the paper, Jennyfer Zapata-Farfan, performed
the injections, improved the needle tip by laser micromachining, and developed 3D models to
improve the animal stability while performing the injections. Alex Camacho contributed with
the preparation of the second injection technique performing initial injections. Marilyse Piché
assisted with the animal manipulation, Alexander Abid helped with the preparation of the
OCT installation. Michel Meunier, Christos Boutopoulos and Isabelle Brunette participated
in the discussions.

4.1 Abstract

Intracameral injections in mice are challenging due to eye dimension and anatomy. We
present an optimized setup and two different techniques for anterior chamber injections with
improved safety, precision and reproducibility.

A semiautomatic setup with real-time monitoring was developed using an optical coherent
tomograph, a color camera, a motorized manipulator, and 3D-printed pieces to safely im-
mobilize the mice. A series of needles (31-36 G), laser-machined tip profiles (30◦ and 15◦),
corneal puncture sites, and needle orientations were tested. We developed two injection tech-
niques, with a sharp and a blunt needle through a self-sealing corneal microincision. Eighty
eyes of 49 C57BL/6 mice (43 ex vivo and 6 in vivo) were used to validate results following
ethical protocol approval.
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The highest performance achieved with sharp needles in terms of efficacy and safety was ob-
tained with custom tri-surface 15◦ 35 G laser-sharpened needles, injecting at the iridocorneal
angle, parallel to the limbus, allowing piercing in 83% of cases with average tissue damage
rate of 8%. Injections using a blunt needle through a self-sealing corneal incision yielded
successful piercing in 94% of the cases, with average tissue damage of 11%.

We optimized two intracameral injection approaches with increased precision, reproducibility
and safety. Along with 3D-printed pieces specially adapted for head and eye support, we offer
an optimized approach for researchers performing anterior chamber injections, offering more
reliable and consistent results in mouse eye research. Our techniques can be applied to
research in anterior chamber gene therapy and drug delivery, providing safe and reproducible
results.

4.2 Introduction

Mice are favored models in medical research and vision and ophthalmology studies are no
exception. Several eye diseases are modeled in mice due to the broad range of parameters
available for research, [129, 130, 165, 166] as well as their accessibility and ease of handling.
However, studies requiring intraocular injections for the development of drugs or gene thera-
pies face technical challenges due to the small size of the eye and the large volume occupied
by the lens. [132, 167, 168] While injection in the anterior chamber (AC) is a well-controlled
procedure in human subjects, [169–171] AC injections in the mouse eye require special ad-
ditional precision to penetrate the narrowness of the AC mean maximum depth of 470 ±
80 µm) while following the steep curvature of both the anterior surface of the lens and the
posterior surface of the cornea. The risk of damaging the iris and lens and causing bleeding,
inflammation and scarring are therefore very high. The corneal endothelium must also be
protected, as this monolayer of non-dividing cells is of paramount importance in maintaining
corneal transparency. Any disorganization of the anatomy of the anterior segment of the eye
must be avoided as it irreversibly affects not only visual function, but also the reliability and
repeatability of the experiment. Intracameral injections in the mouse model require smooth
injection of small and precise volumes. [134] Additionally, the simple needle puncture of the
thin mouse cornea (the thickness of the peripheral cornea is in the order of 90 µm [133])
results in a high incidence of wound leakage, which significantly complicates control of the
volume and concentration of injected solutions and increases the risk for collapsing the AC.
For all these reasons, it is of utmost importance to implement a safe and efficient methodology
for successful intracameral injection in the murine model.

In this work, experiments were performed in order to determine the optimal conditions for
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intracameral injections in the mouse model, using the best combination of a series of needle
parameters and injection locations and orientations. Injections were assisted by simultaneous
optical coherent tomography (OCT) and color camera monitoring. A 3D motorized manip-
ulator and 3D-printed custom-designed pieces were used to ensure stability of the mouse.
Two injection techniques were developed, one with sharp needles and one with blunt needles,
both of which could easily be implemented in the laboratory to improve the safety, quality
and repeatability of AC injections in the murine model.

4.3 Materials and Methods

All experiments were approved by local animal protection committees in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and guidelines
of the Canadian Council on Animal Care.

4.3.1 Conception of a 3D holder and assembly for the mouse experiments

The essential step before starting the experiments was to develop a set-up that would stabilize
the mouse safely and effectively during the injections. The animal’s lack of tone during
general anesthesia, the high mobility of the globe at the slightest pressure, and the repetitive
movements generated by the animal’s breathing necessitated the development of a 3D-printed
plate custom-designed to hold the mouse and optimize positioning of the head, as well as a
3D-printed custom-designed eye holder to stabilize the globe, facilitate access to the cornea
and improve visualization of the AC during injection.

4.3.2 Optical coherent tomography visualization

As a monitoring technique, we used an OCT (OQ LabScope 2.0, Lumedica, NC, USA) with
a central wavelength of 840 nm and an A-scan line rate of 13 kHz. Real-time images were
used to align the needle with the AC and improve the injection by centring the needle tip
away from the lens, iris, and corneal endothelium.

4.3.3 Injection with a sharp needle puncture

Needle orientation. Commercially available 31 G sharp needles (320440, Becton, Dickinson
and Company, NJ, USA), which are the thinnest needles commonly used in the eye clinic,
were first used to test two different angles of injection, i.e., perpendicular (Figure 4.1A) or
parallel (Figure 4.1B) to the corneal surface at the level of the peripheral cornea. Recorded
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videos of simultaneous OCT and color camera monitoring were used to analyze the impact
of needle orientation. Outcome parameters included changes in AC depth (to assess volume
retention or AC collapse), lens capsule perforation, iris damage, and bleeding.

Needle size. As a second step, 33 to 36 G needles (NanoFil needles, WPI, FL, USA) were
tested with the best orientation obtained from the previous step. The above-mentioned
outcome parameters, AC depth, lens capsule perforation, iris damage and bleeding were used
to determine the best needle diameter to be used in subsequent steps.

Needle tip main bevel angle. Needle tips with a narrower main bevel angle were then tested
in order to compare the commercial specifications against the 15◦ proposed herein (Figure
4.1C). To our knowledge, the smallest commercially available angle for the main bevel of the
35 G is 30◦. In order to reduce the number of wasted needles and to try a narrower bevel
angle, the needles were laser-machined and resharpened after each use. The micromachining
was made in our laboratory with a femtosecond laser centred at 800 nm, with a repetition
rate of 1 kHz (Hurricane, Spectra-Physics, CA, USA).

Needle tip secondary bevels. Subsequently, modifications in the number of bevels (1 and 3)
have been made to commercial needles that resulted from the best previous set of experiments,
as can be seen in Figures 4.1D and E. The needles were laser-machined to change the main
angle and the number of bevels. The best tip geometry for the sharp needle was determined
based on the outcome parameters previously described.

Figure 4.1 Different configurations of injection and needle profiles. (A) Perpendicular and
(B) parallel injections with respect to the corneal surface. (C) Two different angles for the
main bevel of the needles. Comparison of the needle tip geometry with (D) one and (E)
three bevels.
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Motorized micromanipulator and setup. Needles mounted on 10 µL syringes (SGE010RNS,
NanoFil syringe, WPI, FL, USA) were installed on a 4-axis motorized micromanipulator
(QUAD, Shutter Instrument Company Novato, CA, USA) to increase stability and repeata-
bility of the injections and avoid the imprecision and variability of manual manipulations.
A 4 mm diameter hole was punched (33-34, biopsy punch, Miltex Instruments, Integra Life-
Sciences, NJ, USA) in an adhesive transparent film dressing (1624W, Tegaderm, 3M, MN,
USA) that was then applied to the periocular region to gently protrude the ocular globe of
the mouse and improve access to the anterior chamber (detailed information can be found
in Figure A.1 of Appendix A). The speed of the needle was limited to a maximum of 3
mm/s. For visualization purposes, 0.5 µL of OCT contrast agent (LB3-1ML, Latex beads,
polystyrene 0.3 µm; Sigma Aldrich, MO, USA) was injected into each eye. Figure A.2 of
Appendix A shows the setup used for injections using the sharp needles.

4.3.4 Injection with a blunt needle through a corneal incision

For the second injection technique, a corneal incision was made prior to the injection and
a blunt needle was used. McPherson forceps (TMF511, Titan Medical Inc, Toronto, ON,
Canada) were used to gently stabilize the eye at the level of the equator while initiating a
one-plane corneal incision, oblique with respect to corneal surface, using a 1 mm dual bevel
paracentesis knife (8065921540, ClearCut, Alcon Laboratories Inc. Forth Worth, Texas,
USA). In this case, the McPherson forceps were preferred over the eye holder, because pen-
etrating the AC with a knife requires a rapid although controlled release of the intraocular
pressure to avoid wound leakage, and this was more easily achieved with the forceps than
with the eye holder. The blade was barely entered in the AC, aiming at a <1 mm wide
incision on the inner side of the cornea. This oblique incision profile resulted in a clean and
flat corneal wound, typically self-sealing due to the apposition of the posterior flap to the
anterior flap, which was maintained by the intraocular pressure. The paracentesis knife was
stained with a surgical marker (250GPR, Cardinal Health Regular-Tip Skin Marker w/6′′,
OH, USA) before the incision to ease the localization of the wound at the time of injection.

A blunt microneedle mounted on the injection syringe was then applied perpendicular to the
corneal incision surface and the smooth outflow generated during the injection was enough
to reopen the stromal tunnel and inject through the corneal incision. The gauge of the
blunt microneedle was selected from the studies described above (35 G). The injections
were carried out under a stereo microscope, introducing a volume of 0.5 - 1 µL of balanced
salt solution (BSS) (65079550, Alcon, Mississauga, ON, Canada) stained with fluorescein
(G1197, Fluorescein sodium ophthalmic strips USP, FluoStrips) for better visualization of
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the AC expansion during the injection. After injection, the excess fluid was gently wiped
from the corneal surface using a surgical sponge (40410, cellulose eye spear, Beaver-Visitec
International, Inc., MA, USA) and the wound watertightness was checked using a blue filter.
For this injection technique, no OCT monitoring was needed to drive the procedure, as
making the corneal incision was easier under direct visualization and because there was no
need to penetrate the AC with the blunt needle tip. Nevertheless, images of the AC before
and after the injection were taken to measure the AC depth and confirm the integrity of the
ocular structures after the procedure.

4.3.5 Mouse preparation for ex vivo and in vivo experiments

A total of 80 eyes from 49 C57BL/6 adult mice were used for this study, 43 mice for the initial
ex vivo experiments and 6 for the in vivo validation. Ex vivo experiments were performed
within minutes following lethal intraperitoneal injection of pentobarbital sodium (40 mg/kg).
In vivo experiments were performed under general anesthesia following intraperitoneal injec-
tions of ketamine (60 mg/kg) and medetomidine (1 mg/kg), and a heating pad was used to
maintain mice temperature at 37◦C during anesthesia. An ophthalmic gel (Refresh Optive,
Allergan Inc. DUB, Ireland) was applied on all eyes to avoid ocular dryness. Right before
injection, the lashes and whiskers of the animal were trimmed to clear the injection site and
the eye was gently washed out with BSS to optimize visibility.

4.3.6 Outcome parameters

A series of qualitative and quantitative parameters were selected in order to develop a suc-
cessful, safer and more reproducible procedure for intracameral injection. The simultaneous
live OCT and color camera monitoring (Figure 4.2A) allowed to assess the corneal surface
damage induced by the needle (Figure 4.2B), as well as the capacity of the needle to enter the
AC, from which was calculated the percentage of piercing (number of pierced corneas / total
number of attempts; one attempt per eye). Damage to the iris (Figure 4.2C) and/or lens
capsule (Figure 4.2D), bleeding appearing as a turbid fluid filling the AC (Figure 4.2E), and
wound leakage (Figure 4.2F) were the four complications used to calculate the complication
rate (number of complications observed per eye per studied group). OCT measurements
of the AC depth before and after the injection were used to document the stability of the
procedure. The tissue damage was also estimated by counting the number of partially or
totally collapsed AC. In order to compare the damage created by large vs. small gauge
needles, the eyes of representative euthanized animals were enucleated using fine curved for-
ceps (UZ-07387-12, Cole-Parmer, IL, USA) to gently protrude the globe and sever the optic
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nerve. Corneas were dissected (E3386 Vannas scissors, Storz Instruments, Bausch + Lomb,
NY, USA), stained with 10% trypan blue for 2 minutes, gently rinsed x2 with BSS, and
fixed in PFA 4% for 10 minutes. Trypan blue is a selective stain that penetrates only dead
cells. Light microscopy of the corneal endothelial surface was then performed on flat mounts
prepared by making four peripheral radial cuts in each cornea (30◦ stab micro-blade, 7530,
Ambler surgical, PA, USA).

Figure 4.2 Examples of the evaluation of ocular damage caused by intracameral injections.
(A) Simultaneous monitoring of a mouse eye with OCT (left) and color camera (right;
arrows show the line of the OCT that generated the image on the left). (B) Corneal surface
damage produced by an unsharpened needle tip (arrows). (C) Corneal deformation and iris
damage during failed injection. The arrow shows the iris being pushed by the needle. (D)
Visualization of a damaged lens, comparison before (left, the arrow shows no damage) and
after injection (right, the arrow shows the rupture of the lens). (E) The arrow shows a
damaged iris, while the asterisk shows the bleeding in the AC, visualized as a turbid shadow
around the damaged iris. (F) AC depth comparison before (left; double-headed arrow) and
after (right; star) injection showing corneal collapse due to wound leakage. The scale bar
corresponds to 500 µm for all images.

4.4 Results

4.4.1 Stabilization of the mouse, the eye and the syringe

The 3D-printed plate custom-designed to hold the mouse during manipulations has signif-
icantly facilitated the positioning of the mouse head, improving access to the cornea and
visualization of the AC under the OCT during injection (Figure 4.3A). The 3D-printed
custom-designed eye holder also added stability during piercing of the cornea (Figure 4.3B).
CAD files can be obtained upon request, for their reproduction and implementation in similar
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procedures in the mouse model, otherwise, the design can be rescaled for different animal
species.

Figure 4.3 3D printed models for (A) optimized positioning of the mouse head under the
OCT and (B) stabilization of the eye during the injection.

4.4.2 Injection with a sharp needle

Table 4.1 shows the results obtained for the different study parameters, starting with testing
two injection angles with respect to the limbus. Better results were obtained when inserting
the needle parallel to the limbus, with an approximative 1 mm long intracorneal trajectory
prior to entering the AC, the open side of the bevel towards the AC and without pushing the
needle further inside the AC (Figure 4.4A). This approach yielded a 67% successful piercing
rate against 33% when using the perpendicular orientation (Figure 4.4B), with more severe
tissue damage, whether piercing was successful or not, and significantly more wound leakage,
all of which disqualified the perpendicular approach. This configuration was also inconve-
nient because of the co-alignment of the OCT and the needle, which prevented adequate
visualization.

Once the best configuration of injection angle was determined, subsequent experiments were
performed with a parallel orientation. Performance of all needle gauges (31 G, 33 G, 34
G, 35 G, 36 G) was then tested for AC injections of 0.5 µL of OCT contrast agent, based
on the outcome parameters previously described. The 36 G needle was rapidly discarded
since clogging was observed with the viscous OCT contrast agent. As a consequence of the
blockage, higher pressure was applied to the syringe plunger, resulting in eye damage due
to the high-pressure jet when declogging. Another disadvantage of this thin needle was its
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fragility, with easy tip damage and a tendency to bend under pressure (a minimum rigidity
is needed to pierce the cornea). Injections were easier and caused less damage with the 35 G
needles. The 35 G needles were the only ones that did not rupture the lens capsule contrary
to the 31 G, 33 G, 34 G. Figure 4.4C illustrates examples of the corneal endothelial wounds
left by the needles with the largest (31 G; 256 µm puncture site) and smallest (35 G; 160
µm) diameters.

Figure A.3 of Appendix A)shows how OCT imaging of the AC depth before and after re-
moving the needle allowed to measure AC collapse caused by wound leakage. As illustrated
in Figure 4.4D, taking into account the piercing percentage and the complication rate while
controlling for the needle orientation, number of bevels and main bevel angle (parallel pierc-
ing using 30◦ with 3 bevels in all cases), the 35 G needle yielded the highest performance.
They showed a lower incidence of complications and these complications were also less severe,
making it the preferred option for the subsequent stages of the study.

It was also decided to keep the length of the needles at 5 mm. A slight deflection was
repeatedly observed before penetration of the AC with longer needles, reducing guidance
and precision, thus increasing the risk of damage to the ocular structures.

The first approach for laser-reshaping was to reduce the main bevel angle of the commercial
needles from 30◦ to 15◦ in order to flatten the tip and achieve a profile closer to that of
a surgical knife, that would facilitate penetration of the corneal tissue. We report an 86%
successful piercing rate for injections performed with our modified 15◦ needle tips, versus
57% for injections done with the 30◦ needles, with an average damage rate of 50% and 68%,
respectively.

Subsequently, we compared the injections done with a single bevel needle versus a tri-surface
configuration (main bevel angle of 15◦ and two lateral lancets). The single bevel needle
did not enter the tissue as easily, resulting in globe distortion while pushing on the needle
(Figure 4.4E). Once piercing was initiated, however, rapid re-expansion of the compressed
globe proved to be at high risk for traumatizing structures of the anterior segment of the
eye. On the other hand, the tri-surface blade-like configuration allowed easier piercing, with
significantly less globe distortion, if any, and less tissue damage (Figure 4.4F). [172–175] The
piercing percentage using our custom-made needles increased to 83% compared to 17% when
using a single bevel tip, and the complication rate decreased down to 8% compared to 21%.
Data analysis led to the conclusion that the best sharp needle to be used in the mouse model
is the modified tri-surfaced 35 G x 5 mm. However, despite minimal damage to the cornea,
lens and iris, some leakage was still present after the interventions. For this reason, a second
technique of injection was studied, as explained below.
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Figure 4.4 Needle orientation and needle size. OCT imaging of (A) parallel and (B) per-
pendicular injections with respect to the limbus. (C) Histology assessment of the posterior
corneal surface after piercing using 31 G and 35 G needles. The double-headed arrows indi-
cate the maximum diameter of the puncture sites (256 µm and 160 µm, respectively). Trypan
blue staining (arrow) highlights the extent of endothelial cell damage along the needle tra-
jectory. (D) Performance based on needle gauge. Percentages of pierced corneas, outcome
parameters and average damage are shown for each gauge (N = 6 eyes in each group; all
needle tips with a 30◦ main bevel and 3 bevels). (E) Corneal distortion produced by the in-
jection with a single bevel needle. (F) Successful injection with a laser-machined tri-surface
needle.

4.4.3 Injection with a blunt needle through a corneal incision

For this second technique, a paracentesis knife was used to create a full-thickness, self-sealing,
and sutureless corneal incision, through which the blunt needle was inserted without entering
the AC. BSS tinted with fluorescein was injected and subsequent imaging with a blue filter
confirmed the staining of the AC and the absence of wound leakage after the procedure.
The needle gauge was selected based on the best results from the previous studies, and in
this case, no sharp needles were needed since the incision involved the full corneal thickness.
Figure 4.5A illustrates the progression of the injection.

OCT images were taken after injections in order to compare the wounds made with the
conventional sharp needle versus the paracentesis knife, using a 35 G needle in both cases.
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In the representative example illustrated in Figure 4.5B, the sharp needle induced corneal
stromal edema, a gap in the external half of the wound, a thickening of the iris, and a shallow
AC. The knife and blunt needle, on the other hand, left a clean oblique wound, with tightly
apposed anterior and posterior flaps, and the normal anatomy of the anterior segment was
preserved (Figure 4.5C).

Figure 4.5D shows an overall increase in ACD loss as a function of needle diameter, meaning
that wound leakage was maximum with larger needles. Figure 4.5D also shows that the
smallest gauge (35 G) needles performed even better with a blunt tip through a self-sealing
incision made with a paracentesis knife than when piercing the cornea with a sharp tip,
achieving a successful piercing rate of 94%. The OCT images taken before and after injection
with a blunt needle showed a mean increase of 14% (9% to 23%) in ACD in 9 of 14 eyes,
confirming the watertightness of these wounds.

Figure 4.5 Self-sealing corneal incision injection technique. (A) Successive steps including
imaging with the blue filter to confirm the absence of leakage. (B) OCT imaging showing
significant tissue damage following a sharp needle injection. (C) Self-sealing corneal incision
technique resulting in a clean wound with nicely apposed edges (arrow). (D) AC depth
before and after injection with different needle gauges. Mean values ± standard error of the
mean are reported. * Sharp needles with a 30◦ main bevel and 3 bevels; † Sharp needles with
a 15◦ main bevel and 3 bevels. Scale bar: 500 µm.
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Table 4.1 Tested conditions for intracameral injection in the murine model.

Injection
technique Conditions n

(eyes)
Successful
piercing

rate

Average
dam-
age

Highest successful
piercing rate and
lowest damage

Sharp
needle
punc-
ture

Needle orien-
tation with re-
spect to the
limbus (31 G
+30◦ + 3B*)

Parallel 6 67% 63% Parallel to limbus

Perpendicular 6 33% 63%

Needle
gauge (G)
(30◦+ 3B)

31 6 100% 71% 35 G

33 6 100% 54%

34 6 67% 58%

35 6 83% 42%

36 2 -

Discarded
due to
needle
clog-
ging

Needle tip main
bevel angle (35
G +3B)

30◦ 7 57% 68% 15◦

15◦ 7 86% 50%
Needle tip
bevels (35 G
+15◦)

1 6 17% 21% 3 bevels

3 6 83% 8%

Blunt
needle

through
a

corneal
incision

Using a 1 mm
paracentesis
knife (35 G)

16 94% 11%
Performance bet-
ter than sharp
needle

* (G) refers to the needle gauge; (◦) main bevel angle; and (B) number of tip bevels

4.4.4 Statistical analysis

Success being based on an easy piercing in the absence of hemorrhage, capsule rupture,
leakage and AC collapse, the sum of these indicators was used to define a score from 0 to 5,
where a complete success corresponds to a score of 5/5. Using all the data generated in this
study (N = 80 eyes used for 80 experiments), a logistic regression on the complete success
and a linear regression on the numerical score from 0 to 5 were calculated for sharp needles
gauge, main bevel angle and the number of bevels, and the main bevel angle was found to be
an important factor in both cases. The logistic regression estimated that a 30◦ main bevel
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angle (compared with 15◦) increased the risk of tissue damage by a factor of 13.7, and the
linear regression estimated that a 30◦ angle decreased the success score (0-5) by one unit on
average (Table 4.2).

Table 4.2 Logistic and linear regression for sharp needles.

Logistic regression (Success) Linear regression (Score 0-5)

OR p-value β p-value

Intercept 0.00 1.00 3.3840 0.47

Gauge 0.89 0.77 0.0381 0.76

Main
bevel
angle

0.84 0.03 -0.0774 0.0173

Number
of bevels 8501.79 0.99 -0.0577 0.86

The overall performance of the 35 G blunt needles (n = 16) was also compared to that of
35 G sharp needles (n = 32, including 30◦, 15◦, 1 bevel, and 3 bevels). Blunt needles were
found to be superior to sharp needles for all outcome parameters, with statistically significant
differences for iris damage, wound leak and AC collapse and marginally significant differences
for piercing, level of difficulty, and hemorrhage (Table 4.3).

4.5 Discussion

We developed and optimized two techniques for safe and efficient intracameral injections in
the murine model, one with a sharp needle and one with a blunt needle through a self-sealing
corneal microincision. The best results for sharp needles were obtained with injections at
the iridocorneal angle, parallel to the limbus, using a 5-mm long 35 G microneedle, with a
tri-surface tip configuration consisting of a main bevel angle of 15◦ and two lateral lancets,
all of which resulted in an easy piercing, with minimal tissue damage. The second injec-
tion technique, which involved a self-sealing corneal microincision in which the blunt needle
was inserted, resulted in even less tissue damage, higher wound watertightness and less AC
collapse. This paper was meant to serve as a guide for optimizing the repeatability and
safety of intracameral injections while preserving as much as possible the integrity of the
anterior segment structures of the mouse eye. Several studies have explored different nee-
dle tip configurations and injection techniques. In the field of dermal injections, clinical
research has primarily focused on diabetic patients, with the main objective being to reduce
pain caused by insulin needles [146, 176, 177]. Studies have shown that reducing the size
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Table 4.3 Outcome parameter comparison between sharp and blunt needles.

Outcome
parameter Level Blunt Sharp Statistics p-value

Piercing 0 1 (6.2%) 11 (34.4%) χ2(1) = 3.13 0.08

1 15 (93.8%) 21 (65.6%)

Level of
difficulty Difficult 5 ( 31.2 %) 21 ( 65.6 %) χ2(1) = 3.79 0.052

Easy 11 ( 68.8 %) 11 ( 34.4 %)

Hemorrhage 0 14 ( 87.5 %) 18 ( 56.2 %) χ2(1) = 3.39 0.07

1 2 ( 12.5 %) 14 ( 43.8 %)

Iris dam-
age 0 14 ( 87.5 %) 16 ( 50.0 %) χ2(1) = 4.9 0.027

1 2 ( 12.5 %) 16 ( 50.0 %)

Lens
capsule
rupture

0 13 ( 81.2 %) 22 ( 68.8 %) χ2(1) = 0.33 0.57

1 3 ( 18.8 %) 10 ( 31.2 %)

Wound
leak 0 13 ( 81.2 %) 15 ( 46.9 %) χ2(1) = 7.21 0.027

1 3 ( 18.8 %) 7 ( 21.9 %)

2 0 ( 0.0 %) 10 ( 31.2 %)

Cornea
collapse 0 13 ( 81.2 %) 15 ( 46.9 %) χ2(1) = 8.97 0.011

1 1 ( 6.2 %) 7 ( 21.9 %)

2 0 ( 0.0 %) 10 ( 31.2 %)

and modifying the tip geometry of the needle decreases pain and increases the likelihood of
successful piercings in humans [146,178]. In our case, pain was not a factor since all in vivo
experiments were conducted under general anesthesia. Computational simulations have been
developed to facilitate injection in diverse applications [179,180]. Materials of different den-
sities simulating tissues have also been used to analyze how needle gauges impact insertion
dynamics [147,176,181]. The primary variables studied include needle gauge and tip profile,
such as the number and angle of bevels [145,174,182].

In the field of eye research, subconjunctival, retrobulbar, intracorneal, intracameral, intrav-
itreal, and subretinal injections have been used in different species, however only rarely with
the goal of understanding and optimizing the dynamics of the injection itself. In the murine
eye, routes of administration have been studied for glaucoma [165, 183], virus-based gene
therapy [184, 185], and ocular drug implants [186], nevertheless, there remains a gap in the
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literature for a method that allows high precision, safe, and reproducible intracameral injec-
tions in mice.

In our hands, location and orientation of the needle were additional important parameters.
Inserting the sharp needle parallel to the limbus, with an approximative 1 mm long intra-
corneal trajectory prior to reaching the AC and using the smallest diameter needle strong
enough to resist deformation, resulted in the creation of a clean and narrow intracorneal
needle path. Clearing the aperture of the needle main bevel towards the AC while remaining
in the AC angle is all that was necessary and sufficient to allow smooth injection into the
AC. Once the needle is positioned in this way, it is important to remain stable, without
moving backwards to avoid needle extrusion and/or retrograde leakage during injection, and
without pushing the needle forward any further, which could result in lens, iris, endothelium
and angle damage, and even through-and-through perforation. Care should also be taken to
avoid any lateral movement that would tear the wound. Following injection, the needle is
retrieved, leaving behind a collapsed stromal tunnel. Although it was not necessary during
our experiments, this stromal wound can also be hydrated while retrieving the needle, to
increase watertightness. Contrary to the peripheral approach parallel to the limbus, the per-
pendicular approach requires penetration of the sharp needle tip deeper in the AC in order
to free the aperture of the needle, which significantly increases the risk for corneal, iris and
lens damage.

Although the central AC is usually deeper than in the periphery, central injections were
not tested in this study, as they would induce central corneal edema and reduce visibility
of the intraocular structures, to the detriment of the study validity. Some authors and
manufacturers also propose the use of 5 bevels, with two extra bevels on the posterior part of
the needle. It must be remembered however that increasing the number of bevels weakens the
needle tip, and broken needle tips may increase the risk for tissue damage both during piercing
and when withdrawing the needle from the eye. In agreement with the literature [187, 188],
the needle tips in our study were only used once.

The two techniques described herein offer major advantages, however both require a minimum
of training. Injection with a sharp needle through a peripheral corneal tunnel-shaped wound
parallel to the limbus is probably the safest technique in most hands, because when correctly
performed, the needle aperture opens on the AC without penetrating further into the eye.
However, this technique requires control of the needle stability. On the other hand, while
the injection with a blunt needle through a self-sealing corneal microincision offers the best
piercing rate and the lowest risk of wound leakage, the corneal incision with the paracentesis
knife could increase the risk for intraocular tissue damage in inexperienced hands.
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Stability being a key parameter for the precision of the intracameral injection in the mouse
eye, the motorized micromanipulator, our 3D-printed plate designed to optimize positioning
of the mouse head, access to the cornea and OCT visualization of the AC during injection,
our 3D eye holder designed to stabilize the globe during piercing of the cornea, as well as real-
time OCT guidance and color camera monitoring while injecting, altogether have increased
significantly the success of the injections.

Overall, the setup described above was highly effective and it is relatively simple to reproduce.
Furthermore, the two AC injection techniques developed and optimized using either sharp
or blunt needles have allowed improved precision, reproducibility and safety in the murine
model.

In summary, we propose an optimized semi-automated setup and two techniques for safer
injections in the mouse AC, with improved precision and reproducibility. We foresee that
implementation of any of these upgrades could be of significant help in research laboratories
performing intracameral injections in the murine model.1

On this note, the injection technique with a blunt needle through a self-sealing corneal mi-
croincision was used in the following stage of the project to perform the study of optoporation
and transfection in the murine and rabbit cornea, as described in Chapter 5.

1For this specific chapter, submitted as an article, the authors thank Mohand Ouamar Bellil and Fatiha
Azouz for their assistance and the personnel from the animal facility at the Maisonneuve Rosemont Hospital
Research Center as well as Charles-Édouard Giguère for its assistance with the statistical analysis. This
work was supported by the Collaborative Health Research Program (CHRP CPG 1588262), The Canadian
Institutes of Health Research (CHIR 387865), the Nanomedicines Innovation Network (NMIN 22019-T2-04),
and the Réseau de Recherche en Santé de la Vision du Québec.
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CHAPTER 5 FEMTOSECOND LASER GOLD
NANOPARTICLE-MEDIATED EX VIVO MRNA DELIVERY WITH HIGH

SPECIFICITY IN CORNEAL ENDOTHELIAL CELLS

5.1 Introduction

According to the World Health Organization (WHO), at least 2.2 billion people worldwide
have vision impairment [2]. Corneal endothelial diseases are one of the most common prob-
lems, affecting around 246 million people globally. [189] The cornea is the only transparent
tissue in the human body, which is crucial for light transmission to the retina. Its trans-
parency depends on all cells functioning properly, especially the endothelial layer, which is
a monolayer form of non-replicative corneal endothelial cells (CECs) that act as a barrier
and pump. When a CEC dies, it creates an excrescences of collagen produced by stressed
CECs called a guttae, prompting adjacent CECs to stretch and fill the gap, which reduces
cell density. [190] In patients with endothelial dystrophies (genetic and possible progressive
disease of the corneal endothelium), cell density can drop below the critical threshold of
400-500 cells/mm2 (∼20% of corneal cells [191]), leading to functional decompensation, wa-
ter accumulation, tissue swelling, and vision impairment due to corneal opacification [192].
Corneal transplantation is the only option for patients with advanced dystrophies. However,
it is highly invasive, costly, and limited by a shortage of donor corneas. Some of the risks
associated to this procedure are tissue rejection and graft failure. Another approach under
investigation is gene therapy, which involves identifying the responsible gene(s) causing the
dystrophy to deliver the appropriate genetic material. [193] Developing a safe and efficient
method for gene transfer (transfection) into target cells is thus crucial. Various methods, in-
cluding biological, [66] chemical, [64,65] and physical approaches, [67–69] have been studied
to improve transfection efficacy. [194–196] Some drawbacks of current techniques include lack
of specificity, potential toxicity, and issues related to time consumption and invasiveness.

To overcome present limitations, lasers have been implemented as a sub-cellular microsurgery
tool. [99,197] By focusing light on individual cells, transient submicrometer holes can be cre-
ated in cell membranes (optoporation), facilitating transfection or drug delivery. [198, 199]
Several lasers are already widely used in ophthalmology in corneal surgeries for tissue abla-
tion. [72–79] Particularly, femtosecond (fs) lasers in the near-infrared (NIR) range are well-
suited for cell surgery with the possibility of avoiding ablation. Their ultra-short pulse dura-
tion allows for high peak power and minimal heat diffusion to surrounding tissues. Moreover,
biological tissues have lower absorption in the NIR range, allowing for deeper laser penetra-
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tion and reduced side effects. [103] External agents like nanoparticles (NPs) can enhance the
efficacy of laser-based cell surgery by acting as enhancer agents, thereby reducing the energy
required for treatment. [200] Organic [104] and inorganic materials, such as carbon or plas-
monic NPs, have been studied. Among plasmonic materials, [105–113] gold nanoparticles
(AuNPs) have been extensively used in various biological systems. [201, 202] Their chem-
ical stability [203, 204] and possibility for functionalization help target specific cells, [205]
enhancing specificity, and reducing side effects. [106,109,206]

If the NP resonance frequency is aligned with the femtosecond (fs) laser wavelength, the
energy absorption is significantly increased, resulting in a pronounced thermal effect. How-
ever, a major concern is the potential toxicity arising from material fragmentation caused
by the intense laser-matter interaction. [207,208] Conversely, off-resonance optoporation can
be achieved implementing laser systems centered in the NIR range. [158, 209] In this case,
plasma formation occurs around the irradiated nanoparticle, leading to bubble formation
(nanocavitation) and subsequent bubble collapse. This process generates a shock wave that
induces the formation of a transient pore in the cellular membrane. [83, 120, 210] Research
into gene therapy targeting the cornea remains relatively unexplored. In this work, we pro-
pose combining AuNPs with a fs laser to develop a novel therapeutic technique for treating
CECs.

The objective of this study is to provide a less-invasive, translatable and safer alternative
for transfection of CECs, potentially eliminating the need for corneal transplantation in the
future. The primary goal was to achieve significant mRNA transfection in murine CECs
while maintaining high cell viability. Additionally, optoporation was performed in rabbit
corneas to demonstrate the translatability of this technique across different animal species.
Complementary characteristics of both, mouse and rabbit, help to bridge the gap towards
applications in human corneas. Mice are widely recognized as excellent models for corneal
diseases, [11,211] while rabbit corneas are closer to human anatomy. [212] Ex vivo experiments
are presented to provide a controlled environment, enabling precise and stable laser targeting
and thereby enhancing the reliability of the results, which is essential for early-stage research.

The findings presented here offer insights that can potentially guide future in vivo experi-
ments. The high selectivity of this optoporation and transfection technique relies on using
a focused fs laser in combination with AuNPs attached to CECs. Results demonstrate neg-
ligible side effects and low toxicity, with high internalization rates maintaining cell viability
well above the critical threshold for CEC density. This study paves the way for gene therapy
as a safer alternative to corneal transplantation.
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5.2 Results and discussion

Ex vivo experiments, which refers to assessments conducted on biological tissues outside
of their living organism, were performed using both mouse and rabbit eyes to provide a
comprehensive study. Mice were used for a detailed investigation, including nanoparticle
toxicity and optoporation for mRNA transfection. Transfection efficacy was compared with
results obtained from standard lipofectamine assessments. This extensive analysis allows
for a thorough understanding of the effects and mechanisms involved in laser treatment in
CECs. Subsequently, rabbit corneas were utilized to evaluate fluorophore uptake. These
findings are valuable for translating results to both mouse models of endothelial diseases and
human corneas from eye banks, demonstrating the applicability and potential impact of the
research and translatability of the presented technique among different species.

In the first stage, mouse and rabbit eyes were enucleated immediately after euthanasia, in
alignment with international ethical guidelines from the Association for Research in Vision
and Ophthalmology (ARVO). The eyes were maintained in saline solution in custom-made 3D
holders. Additionally, ophthalmic gel was applied to the cornea to ensure hydration (Figure
5.1A).

Subsequently, a mixture of functionalized AuNPs and the corresponding exogenous molecule
was injected into the anterior chamber (Figure 5.1B). Various concentrations of AuNPs were
tested to optimize optoporation. Functionalization was done following an standard EDC-NHS
protocol [160] using anti-CD44 antibody aiming to improve the selective attachment of NPs to
CECs. The eyes were then placed in a prone position (with the cornea facing downwards) for
a one-hour incubation period before laser irradiation. This position privileged the contact of
AuNPs with the endothelial cells (Figure 5.1C). An optical system was engineered utilizing
a fs laser to irradiate mouse and rabbit corneas ex vivo. The eyes were positioned on a
translational stage to irradiate in spiral fashion (Figure 5.1D), implementing a microscope
objective to focalize the energy specifically in CECs. Various energy densities were tested to
optimize optoporation and molecule internalization.

Following laser irradiation, the eyes were kept at 37 ◦C for 48 hours in the holders designed to
maintain the natural curvature of the corneas. This second incubation period allowed passive
internalization of the exogenous molecules into the cells (Figure 5.1E). Corneal dissection
was then performed to flat-mount the tissue for visualization (Figure 5.1F). Imaging and
quantification of the efficacy were achieved through fluorescence imaging (Figure 5.1G). The
efficacy was determined by comparing the total number of irradiated cells to the number of
cells expressing fluorescence. In the case of mouse samples, the internalized molecule was
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Figure 5.1 Schematic representation of ex vivo transfection assessment. Steps include the (A)
Euthanasia and eye enucleation for both, mice and rabbits. Followed by (B) intracameral
injection of a mix of mRNA (for mice) or PI (for rabbits) with AuNPs. (C) One-hour
incubation in prone position at 37 ◦C allowed to ensure the maximum number of NPs in
CECs. The samples are subsequently positioned in a translational stage programmed with
spiral movements for (D) laser irradiation at 80 µm/s. (E) Optoporation happens in a
nanosecond timescale allowing gene/fluorophore internalization, while the pore resealing is
produced in the following hours. Fluorescence can be then detected 48 hours post-irradiation.
(F) Flat mounting of the sample is necessary for (G) imaging to quantify the technique
efficacy and cell viability.

Cy3 EGFP-mRNA, which is approximately 10 nm in size [59, 60]. For the rabbit samples,
the small fluorophore propidium iodide (PI), of approximately 1 nm in size, was selected.
Calcein-AM staining was performed to quantify cell viability.
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5.2.1 AuNP incubation in ex vivo murine eyes

First, concentration and toxicity assessments for AuNPs were performed in murine eyes ex
vivo. Mice were euthanized following ethical protocols to subsequently perform intracameral
injections ex vivo. After one-hour incubation, murine corneas were dissected and flat-mounted
for NP quantification using bright-field imaging. The rationale behind the incubation time
was based on the average duration required for complete replacement of the aqueous humor
for in vivo conditions in the anterior chamber [213].

The optimal number of NPs was determined by considering two main factors: i) negligible
toxicity, and ii) homogeneous distribution (low agglomeration). We report successful AuNPs
attachment to CECs as illustrated in Figure 5.2A. Artificial coloring was applied to the images
for visualization purposes using the software ImageJ. In these images, the cell junctions are
highlighted in red, while NPs appear in yellow. Quantification (n=3 for each concentration)
reveals the presence of 9 ±4, 88 ±11 and 171 ±14 NPs/cell for 2x108, 2x109 and 2x1010

NPs/mL respectively. All values are expressed as mean ±SD.

It is well established that particles interact with the energy from the laser, resulting in a
plasmonic effect off-resonance in this case (λ= 800 nm). Consequently, a cluster or aggregate
of AuNPs could induce a more pronounced localized effect, possibly creating a large pore
in the cell membrane. If this pore exceeds the cell’s self-sealing capacity, cell viability can
significantly decrease. With a higher presence of clusters the technique becomes less con-
trolled. On this note, the presence of clusters of NPs was also verified to select the optimal
concentration for subsequent laser irradiation. The number of clusters per cell was 18 ±1,
4±1, and 17±3 corresponding to the different concentrations of AuNPs/cell above mentioned
(lower to higher).

Bright-field images were taken to confirm the transparency of the cornea 48 hours post-
injection, as can be observed in Figure 5.2B. It was possible to observe the presence of AuNPs
aggregates for a concentration of 2x1010 NPs/mL conversely to the two lower concentrations
injected. In order to consider the presented technique as a potential tool for use in vivo, the
transparency of the cornea must be ensured at every step of the study. Based on the high
viability, low clustering formation and preservation of the cornea transparency, the selected
concentration of NPs used for subsequent experiments was 2x109 NPs/mL.

Viability assessments were conducted 48 hours post-injection, coinciding with the expected

Nevertheless, in the case of 2x1010 NPs/mL, the viability decreased to 37 ±20%. The toxicity
found 95 ±3% and 94 ±2% for the two lowest concentrations (n=3 for each concentration).
time frame for evaluating gene internalization. As can be seen in Table 5.1, cell viability was
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resulted negligible for lower concentrations of particles such as 2x108 and 2x109 AuNPs/mL.
On the other side, the ideal scenario for optoporation tests, is a homogeneous distribution of
particles in the tissue. Using a concentration of 2x109 AuNPs/mL, the quantified number of
NPs per cell is 88 ±11. This corresponds to an approximate density of 3 NPs per 10 µm2,
assuming an average corneal endothelial cell area of 300 µm2 and a mean cell diameter of
20 µm. The percentage of cell membrane surface covered by NPs is estimated to be less
than 1%, suggesting a negligible impact on light transmission. As shown in Figure 5.2B,
the transparency of the cornea was visually determined after the injection of three different
concentrations in murine eyes. The images were taken with a white light source that allowed
analysis of transparency change after injections. No apparent change in transparency was
detected, and scattering effects and absorption from the NPs resulted in negligible for the
visible range given the low density of NPs on the CECs, except for the highest concentration
of 2x1010 AuNPs/mL which was excluded due to reduced cell viability. Further analysis of
the transparency of the cornea is proposed as a follow-up study to determine the long-term
effect of the plasmonic material in the tissue.

Figure 5.2 AuNP assessment in murine eyes ex vivo. (A) CEC images showing AuNP at-
tachment after 1 hour incubation; (B) corneal transparency 48 h after injection of AuNPs.
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Table 5.1 NP assessment in ex vivo murine corneas.

NPs concentrationa [NPs/mL] NPs/cellb CEC viabilityc [%] Clusters/cell [%]

2x108 9 ± 4 95 ± 3 18 ± 1

2x109 88 ± 11 94 ± 2 4 ± 1

2x1010 171 ± 14 37 ± 20 17 ± 3

a Concentration of injected AuNPs; b Quantification made one hour after injection; c CEC viability was
assessed 48 h after injection.

5.2.2 Optoporation and cellular transfection in ex vivo murine corneas

Different conditions were evaluated for optoporation and transfection efficacy. The initial
phase of the study involved the assessment of laser fluence ranging from 50 to 250 mJ/cm2

(with 50 mJ/cm2 intervals and n=3 for each fluence value) to determine the cell viability post-
irradiation in the presence of AuNPs (2x109 NPs/mL). Fluorescent images of the irradiated
sections of murine CECs were taken to evaluate cell death 48 hours after laser treatment.
Figure 5.3A.I shows an example of the viability assessment performed with Calcein-AM
following irradiation at 100 mJ/cm2.

The highest viability was obtained when irradiated at 50 mJ/cm2, achieving 93 ±3% com-
parable to control samples resulting in 95 ±2 %. Conversely, the transfection rate was not
significant at this fluence compared to higher fluence values. As illustrated in Figure 5.3B,
the viability decreases drastically for fluence values ≥150 mJ/cm2. At 200 mJ/cm2, the
highest fluence value used in this study, bubbles and subsequent endothelial cell detachment
were observed post-irradiation (the dashed white line indicates the laser path). On the other
side, the highest transfection percentage was found to be 66 ±18% achieved at a fluence of
150 mJ/cm2.

Due to the non-replicative nature of CECs, the optimal irradiation fluence is determined by
the highest optoporation rate without compromising cell viability. It is important to note
that the minimum percentage of live cells required post-treatment is 20 %, based on the
critical density necessary for proper corneal function. Additionally, the energy used in this
study is well below the minimal visible laser lesion (MVL) threshold for the cornea, which
has been reported as 400 mJ/cm2. [214–217]

The optimal condition for laser and AuNP-assisted transfection in murine corneas was found
to be 100 mJ/cm2 (Figure 5.3A.II). Fluorescence images of viability and transfection for
each evaluated fluence are available in Figure B.2 of Appendix B. Control samples confirm
that Cy3 EGFP-mRNA transfection in CECs is only possible when using a combination of
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AuNPs and laser irradiation at the referred concentration and fluence (Figure 5.3C). Notably,
the internalization of Cy3 EGFP-mRNA was observed exclusively in the irradiated corneal
endothelial layer, with no significant uptake detected in stromal or epithelial cells.

Figure 5.3 Ex vivo murine CEC viability and transfection; (A) I - Viability assessment
using Calcein-AM, II - mRNA transfection using Cy3 EGFP-mRNA, III – Lipofectamine
assessment with Cy3 EGFP-mRNA. Scale bar corresponds to 20 µm. (B) Cell viability and
transfection vs fluence compared with lipofectamine assessment.

5.2.3 Lipofectamine assessment in ex vivo murine corneas

In order to compare the transfection efficacy of the presented technique with a standard
method, lipofectamine was used to evaluate the transfection of Cy3 EGFP-mRNA in CECs ex
vivo. Intracameral injections of a mix of lipofectamine and Cy3 EGFP-mRNA were performed
under the same incubation conditions used for plasmonic particles and laser irradiation. The
results show 81 ±9% (for n=3) internalization with cell viability of 84 ±15% (for n=3).
Figure 5.3A.III shows fluorescent images of CECs after 48 h incubation with the lipofectamine
mix. Its corresponding graph is shown in Figure 5.3B. Even though the transfection rate is
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higher for lipofectamine when compared to our laser-assisted method, a clear advantage is
the selectivity achieved with the combination of the focalized laser and AuNPs. For the
lipofectamine assessment, fluorescence from Cy3 was observed in all layers of the cornea, as
shown in Figure 5.3A.III. Red fluorescence was present not only in CECs but also in the
stromal cells.

5.2.4 Optoporation and cellular fluorophore uptake in ex vivo rabbit corneas

Using the same concentration of AuNPs as with murine samples (2x109 NPs/mL), viability
tests using Calcein-AM were performed on ex vivo rabbit corneas after 48-hour incubation.
Cell viability is reported after 48 hours as 74 ±10% (Figure 5.4A) Even though the same
concentration of AuNPs/mL used for murine samples was implemented (2x109 NPs/mL),
the number of NPs found on CECs after one hour incubation, was lower compared to mice
corneas, resulting 48 ±6 NPs/cell.

Subsequently, irradiation tests were conducted on rabbit corneas using the same fluence range
(50-200 mJ/cm2). However, due to the lower number of AuNPs observed in CECs after 1
hour of incubation, no uptake was observed when irradiating at 50 mJ/cm2. For this reason,
the fluence range was slightly increased to 100-250 mJ/cm2. The percentage of fluorophore
uptake increased with fluence, reaching a maximum at 200 mJ/cm2. Cell viability remains
consistent with control samples up to this fluence value. However, when irradiating at 250
mJ/cm2, CECs sustain significant damage, resulting in a drastic decrease in viability. For
detail information on uptake at different fluences, refer to the Figure B.5 of Appendix B.

Similar to the murine samples, the optimal irradiation condition balances high cellular uptake
with maintaining high cell viability. In this case, we report an optimal viability of 76 ±9%
and fluorophore internalization of 95 ±3% when irradiating at 200 mJ/cm2 (Figure 5.4B). As
shown in Figure 5.4C, the presented technique demonstrates high selectivity, as evidenced by
the correlation between the laser path (indicated by a dashed white line) and the internalized
PI (red fluorescence), maintaining high cell viability (Calcein-AM staining).

Control samples are presented in Figure 5.4D demonstrating that fluorescence from PI stain-
ing corresponds specifically to laser treatment with AuNPs. Tests confirmed negligible toxi-
city and phototoxicity when samples were incubated with AuNPs and irradiated without the
presence of plasmonic material, respectively. The implementation of small fluorophores such
as PI (<1 nm in size) permitted a rapid uptake assessment with the proposed optoporation
technique.
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Figure 5.4 AuNPs in ex vivo rabbit CECs, viability and fluorophore uptake. (A) AuNPs
quantification using alizarin red for cell junctions, DAPI (blue) and Calcein-AM (green) were
implemented for cell viability. (B) Fluorophore uptake at 200 mJ/cm2 with 2E9 AuNPs/mL
using PI (red) with its corresponding DAPI and Calcein-AM assessment; dotted line rep-
resents the laser path (pitch size: 20 µm). (C) A 48-hour assessment for viability and
fluorophore uptake percentage per fluence value. (D) Control samples illustrating the negli-
gible effect of PI toxicity (1 µg/mL), irradiation without AuNPs, and NP incubation without
irradiation. Scale bar corresponds to 50 µm in all figures.

5.3 Conclusion

This study demonstrates an alternative treatment for CECs in both ex vivo murine and
rabbit models with high specificity. The controlled environment that ex vivo experiments
provide allowed for the isolation of different variables to accurately assess the effects of our
technique on CECs. On this note, results of low toxicity and negligible ex vivo side effects of
this transcorneal approach pave the way for further in vivo implementation.

We report a highly selective optoporation and transfection method using a fs laser combined
with biocompatible functionalized AuNPs. The critical threshold of CEC density is known to
be 20% of the cells in the tissue. Our results show that viability under optimized irradiation
conditions exceeds 70% in rabbits and 80% in mice, ensuring a safe treatment for subsequent
in vivo applications.

For the internalization of large molecules, such as mRNA, our solutions containing Cy3
EGFP-mRNA achieved a 49% internalization rate in treated areas. While standard tech-
niques like lipofectamine report higher internalization rates, their lack of specific delivery is a
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significant limitation. Lipofectamine uptake occurs in all cell types in the anterior chamber,
whereas our technique specifically targets only the cells decorated with functionalized AuNPs
that undergo laser irradiation. This high specificity can be advantageous in drug delivery
therapy, enhancing internalization and reducing side effects.

Rabbit CECs demonstrated to be more resistant to optoporation compared to mouse CECs,
necessitating slight modifications to the irradiation conditions to optimize cellular uptake
across different animal models. This complementary study showcases the flexibility of our
technique, enabling its translation across various species. Ex vivo experiments on rabbit
corneas further demonstrate the translatability of the technique to other mammals with
anatomies similar to humans and its potential for future applications to treat endothelial
diseases to avoid corneal transplantation.

5.4 Methods

This ex vivo study was conducted under ethical protocols approved by the local ethical com-
mittee in accordance with the guidelines of the Canadian Council on Animal Care (CCAC)
and the ARVO.

5.4.1 Mouse cornea preparation

Twenty C57BL/6 mice were used for experiments ex vivo. Intraperitoneal injections were
performed to administer pentobarbital sodium at a dosage of 40 mg/kg. After euthanasia,
ophthalmic gel (Refresh Optive, Allergan Inc. Dublin, Ireland) was applied to all corneas to
prevent ocular dryness as shown previously in Figure 5.1A. Following eye enucleation detailed
in Appendix B, the samples were transferred to a custom-made 3D holder designed and
adapted to maintain the curvature radius of murine corneas during incubation. Additionally,
a second holder was created to keep the eye in an optimal position during injection, and
irradiation fitting within a 2.5 cm standard Petri dish aiming to keep the eye moisturized
with a balanced saline solution (BSS purchased from Alcon, 0065080094 Ontario, Canada).

Intracameral injections detailed in Chapter 4 were performed delivering 1 µL of a mix includ-
ing Cy3 EGFP mRNA (1 µg/mL) purchased from Cedarlane (R1008-.1, Ontario, Canada)
and colloidal AuNPs (2x108 - 2x1010 NPs/mL) to each eye to subsequently incubate the
globes in the prone position. This configuration privileged the contact between AuNPs and
CECs during incubation.

The eyes were maintained in BSS to prevent desiccation. In this case, no supplements were
added to the culture media to avoid interference with mRNA molecules. After one hour of



67

incubation, the eyes were repositioned with the corneas facing upwards for laser treatment.
Subsequently, the eyes were transferred to Opti-MEM purchased from ThermoFisher Scien-
tific (31985070) and kept at 37 ◦C and 5% CO2 forty-eight hours post-treatment in prone
position, allowing the Cy3 EGFP-mRNA to be internalized. The corneas were dissected (as
detailed in the Appendix B) and gently transferred to a microscope slide to perform flat-
mounting and staining for cell quantification.

5.4.2 AuNPs

AuNPs of 100 nm in diameter (50 µg/mL), purchased from Nanopartz (A11-100-CIT, Col-
orado, USA) were implemented for all the experiments. Functionalization of AuNPs was done
following standard EDC-NHS protocol. [160] The aim of the functionalization was to increase
the specific attachment of the plasmonic material to CECs. The implemented antibody was
anti-CD44 (Hermes-1, MA4400, ThermoFisher Scientific).

Three different concentrations of AuNPs were tested to determine the optimal amount of
plasmonic material for optoporation and transfection studies: i) 2x108, ii) 2x109, and iii)
2x1010 NPs/mL. Toxicity tests were performed incubating the 3 different concentrations of
AuNPs with CECs for 48 hours.

5.4.3 Fluorophores and chromophores

All fluorophores used for cell quantification were diluted in phosphate buffered saline (PBS)
purchased from SigmaAldrich, Canada following recommended protocols from the manufac-
turers. The nucleus of all cells was identified with blue fluorescence using standard DAPI
staining at 2 µg/mL (62247, ThermoFisher Scientific).

Cy3 EGFP-mRNA (1 µg/mL) was used in combination with DAPI to identify the endothelial
layer and quantify transfection efficacy. The red and blue fluorescence from Cy3 and DAPI
staining correspondingly were compared within the irradiation area to obtain the percentage
of uptake 48 h after irradiation. CEC viability tests were done with standard staining, using
the green fluorophore Calcein-AM 2 µg/mL (C3099, ThermoFisher Scientific).

In the case of rabbit corneas, PI at 1 µg/mL (P1304MP, ThermoFisher Scientific) was used
as a quick assessment for rabbit CECs uptake minutes after laser-AuNP interaction identified
as red fluorescence [218]. Alizarin red S with pH 4.2 at 0.2% (K1186, ApexBio, Texas, USA)
was used to visualize cell junctions [219].
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5.4.4 Optical setup

The optical setup utilizes an Nd:YAG (neodymium-doped yttrium aluminum garnet; Nd:
Y3Al5O12) pump laser to excite the Ti:Sapphire laser delivering fs pulses at a high repetition
rate (76 MHz).

These pulses are then directed into a regenerative amplifier (RA) to produce short pulses (45
fs) at a reduced repetition rate of 1 kHz. The output from the RA undergoes expansion and
redirection using metallic mirrors optimized for 800 nm, before being focused onto the target
stage (A3200 Aerotech) where samples were placed using the customized holders designed
for the eyes. The irradiation was performed in spiral fashion for all samples at 80 µm/s with
a pitch size of 20 µm.

A 5x microscope objective (M Plan Apo; Mitutoyo, Japan) was used to focalize the beam
on CECs. The measured beam spot was 20 µm at 1/e2. The focalized beam enhances
resolution and specificity by minimizing collateral damage to surrounding areas during laser
treatment. A rotating polarizer combined with a waveplate was implemented to regulate the
power delivered to the sample. In terms of the Rayleigh Range (ZR) of the implemented
objective, the calculation can be made following equation 5.1, considering W0 = 10 µm,
refractive index (n) of 1.37 (corresponding to the corneal stroma) and λ = 800 nm. The
result of the calculation is 538 µm. The central corneal thickness in mouse and rabbit is 137
±14 and 376 ±20 µm respectively, which allows optoporation even if the system is focalized
slightly out of the endothelial layers. On the same note, since the fluence is low enough to
avoid optoporation without the presence of the NPs, the surrounding cells to the treatment
and the tissue on the laser path that does not contain NPs are free of optoporation. This
adds to our technique a high specificity product of the combination of plasmonic NPs and
the fs laser.

ZR = πW 2
0 n

λ
(5.1)

Additionally, the potential damage of the rest of the tissues in the optical path, such as
crystalline lens and retina is negligible thanks to the focalization of the beam at the corneal
level. The transmitted light arriving at the crystalline is considered an extended source, thus
minimizing the risk of ablation since no focalization is done at the retinal level. To facilitate
the focusing for laser irradiation of CECs, a CMOS camera is integrated into the system to
provide simultaneous visualization of the sample.
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5.4.5 Optoporation, transfection and viability quantification

Cell counting was carried out from DAPI images (blue fluorescence from cell nuclei) iden-
tifying the number of cells/mm2 using the software ImageJ. Background subtraction was
used as a first stage to homogenize the images prior quantification. Subsequently, the 3D
object counter plugin [163] was used for image analysis. The procedure for optoporation
and transfection quantification was based on the detection of red fluorescence from either
Cy3 EGFP-mRNA (mouse samples) or PI (rabbit tissue). Images of red fluorescence before
and after irradiation were taken to compare the efficacy of the laser treatment. To calculate
optoporation rate, images were taken 1 hour after irradiation. The efficacy was calculated
dividing the number of cells expressing red fluorescence (identified post-irradiation) by the
total number of cells given by blue fluorescence (DAPI). In the case of transfection calcula-
tion, images were taken 48 hours after irradiation. The first step after DAPI counting, was to
establish a baseline fluorescence by taking images with the Cy3 filter of different areas where
no irradiation was performed. This baseline fluorescence was subtracted from the images
taken at the irradiation areas. Subsequently, the number of cells where red fluorescence (Cy3
EGFP-mRNA) was expressed was divided by the number of nuclei (DAPI).

Viability assessments were performed 48 hours after following two techniques: i) for mouse
corneas Calcein-AM standard staining was performed (5 µg/mL); ii) for rabbit samples,
alizarin red S and trypan blue were used considering as dead cells those whose nucleus
appears blue on bright field microscopy.

5.4.6 Transfection by lipofectamine

Transfection tests using Lipofectamine MessengerMAX mRNA Transfection Reagent (LM-
RNA001, ThermoFisher Scientific) were performed to compare with the proposed tech-
nique. Standard transfection protocol proposed by the manufacturer was followed for murine
corneas. Fluorescence imaging was performed 48 hours after incubation of Cy3 EGFP-mRNA
mixed with lipofectamine.

5.4.7 Rabbit corneas preparation

Ex vivo experiments were performed in 10 wild-type rabbits. Eye enucleation was conducted
as detailed in Appendix B. Right after enucleation, the eyes were kept in BSS to avoid
desiccation.

A mix of AuNPs (2x109 NPs/mL) and two different fluorophores: i) DAPI (2 µg/mL) and
PI (1 µg/mL) was injected. The rabbit eyes were then transferred into 3D-printed holders
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(3D model available in Appendix B) specially designed to keep the natural curvature of
the eyes during incubation time. The holders were engineered to fit into a 24-well plate.
The hollow structure of the 3D printed holders allows the culture medium to reach the
tissue, ensuring that the sample remains adequately moisturized during the incubation and
irradiation. The eyes were incubated for one hour in prone position to enhance the probability
of NP attachment to CECs as in the case of murine samples. Complete culture medium
Opti-MEM purchased from ThermoFisher Scientific (31985070) supplemented with 10% fetal
bovine serum (FBS) and 5% penicillin - streptomycin was used for incubation. Samples were
kept at 37◦C and 5% CO2 before and after laser irradiation.

5.4.8 Imaging

Fluorescence and bright-field imaging were performed using an inverted microscope (Eclipse
Ti2, Nikon, Tokyo, Japan). The different types of images were treated and merged using the
software ImageJ.

Reflected light microscopy (RLM) was used to quantify the number of NPs in the tissue,
while fluorescence and bright-field images allowed the identification of CECs. DAPI images
were obtained using a Nikon blue filter cube with excitation 375/28 nm / emission 460/50
nm. For PI and Cy3 images, the red filter implemented was optimized for excitation 554/23
nm / emission 609/54 nm. Alizarin red S and trypan blue images were taken with bright-
field imaging using standard white light source. Three Nikon objectives were used to acquire
images: i) 4X, plan Fluor (0.14 NA), ii) 20X (0.45 NA) plan Fluor and iii) 60X oil immersion
objective (0.5-1.15 NA).

This Chapter represents the proof of optoporation and transfection in murine tissues imple-
menting one of the injection technique developed in Chapter 4. 1

1For this specific thesis Chapter, the authors thank Marilyse Piché, Fatiha Azouz, and Mohand Ouamar
Bellil for their technical assistance. Special thanks are extended to the personnel from the animal facility at
the Maisonneuve-Rosemont Hospital for their support. We also acknowledge from Polytechnique Montréal,
Yves Drolet for his technical assistance, Leonidas Agiotis and Cécile Darviot for their constructive feedback, as
well as Isabelle Largillière and Scott G. Harroun for comments on the manuscript. This study was generously
supported by grants from the Nanomedicine Innovation Network (NMIN) and the Réseau de Recherche en
Santé de la Vision (RRSV).
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CHAPTER 6 GENERAL DISCUSSION

As detailed in the literature review, the currently approved treatment for advanced endothe-
lial diseases is corneal transplantation, a highly invasive intervention with elevated costs
for both patients and health systems. Although some alternative research techniques exist,
certain gaps hinder their application.

By addressing these gaps and aiming to minimize the drawbacks of current techniques, the
main objective of this thesis was successfully achieved. This involved the use of clinically ap-
proved procedures, such as intraocular injections and laser treatment in ocular interventions
for correcting refractive problems. With the presented results, we propose extending this use
to correct genetic dystrophies.

In vitro experiments
The proof of principle was established using ocular cells in vitro. This step was crucial for
refining variables related to biological, optical, and mechanical aspects.

From a biological perspective, variability in NP distribution was observed. As seen in the
literature and confirmed by immunostaining assays, NP distribution is likely influenced by
the heterogeneous expression of membrane proteins. The number of attached NPs can vary
depending on the cell phase and species due to differences in membrane protein expression.
In vitro tests provided a good approximation of the fluence range that can be used; however,
the monolayer nature of the culture does not allow for the prediction of some manipulation
implications, such as tissue fragility. Manipulation of tissue was a critical stage of the project;
minimal folding of the tissue produced wrinkles that translated into dead cells during viability
assessments.

From an optical perspective, the fluence was adjusted to achieve a high optoporation rate
while maintaining high cell viability.

From a mechanical perspective, high fluence samples showed some cell damage at the borders
of the irradiation area, likely due to increased exposure time from mechanical factors of the
translation stage. During irradiation, a serpentine scanning pattern was programmed in the
translational stage (controlled with LabView). The dwell time associated with the mechani-
cal characteristics of the stage resulted in laser overexposure at the borders of the irradiated
area, particularly at direction change points, leading to cell detachment. This observation
highlighted a potential problem for subsequent ex vivo experiments. Therefore, a circular
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irradiation pattern was preferred for the following animal model experiments.

Ex vivo experiments
Mice are one of the most common animal models used in research, so the techniques im-
plemented in this study were adapted to their eye anatomy to overcome limitations related
to size and structure. Since NPs must be in contact with endothelial cells, efficient delivery
is essential. The optimal method for delivering NPs is by injecting them into the anterior
chamber. The anterior chamber depth is approximately 500 µm, while the corneal thickness
is around 160 µm.

Conventional needles used for intraocular injections are about 250 µm in diameter, making
them highly invasive and risky for use in mice eyes. Therefore, two injection protocols were
developed and adapted for intracameral interventions in murine models. The initial approach
involved using a sharp needle. After analyzing various parameters, we determined that the
optimal needle for the murine model is a modified tri-surfaced needle, 135 µm in diameter
and 5 mm in length.

To minimize the number of wasted needles and experiment with a narrower bevel angle, the
needles were laser-machined for resharpening after each use. The goal of laser reshaping was
to reduce the primary bevel angle from 30° (commercial needles) to 15°, flattening the tip
to achieve a profile more similar to a surgical knife, thereby facilitating the penetration of
corneal tissue. The second approach involved the use of blunt needles.

A paracentesis knife was used to create a full-thickness, self-sealing, and sutureless corneal
incision, followed by injection with a needle of the same diameter and length (135 µm and 5
mm respectively). Our results show reduced bleeding, negligible corneal collapse, and high
cell viability post-injection.

Intraocular injections were a crucial initial step for successful optoporation, as they enabled
precise localization of AuNPs in contact with the endothelial cells. Optoporation and subse-
quent transfection were studied in animal models ex vivo. The rationale behind conducting
ex vivo experiments lies in the ability to maintain a controlled environment, which is essential
for early-stage research.

In the case of in vivo samples, the breathing and heart beating of the animals are two
important aspects that increase the complexity of the visualization and irradiation.

The purpose of this study was to demonstrate the proof-of-principle of this new technique
without having to address the compensation for the movements of the animal since sophisti-
cated and often cumbersome adjustments to the setup would be required. This added com-
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plexity can introduce variability and potential inaccuracies in targeting the cells of interest.
Conducting the experiments ex vivo thus eliminates these movement-induced complications,
allowing for precise and stable laser targeting, thereby enhancing the reliability of the results.

Further development would require implementation of adaptive optics or self-focusing sys-
tems.

This research enabled the isolation and study of various variables, including: i) speci-
ficity (targeted delivery of molecules exclusively to endothelial cells), ii) uptake (percentage
of molecule internalization), iii) toxicity (negligible at the recommended concentrations of
molecules and AuNPs), and iv) phototoxicity (minimal within the suggested fluence range).

From an ethical standpoint, due to the lack of data on tissue response after NP incubation
and laser irradiation, it was necessary to evaluate corneal integrity before proceeding with in
vivo assessments. Additionally, the direct evaluation of corneal transparency within 48 hours
post-irradiation is more straightforward in an ex vivo setting.

Our results were compared with standard methods, such as lipofectamine (known for its
toxicity in in vivo environments). Although lipofectamine achieved a higher internalization
rate, the specificity of our technique is invaluable, translating to fewer side effects. Unlike
lipofectamine, our method transfects only the cells in direct contact with both the NPs and
laser irradiation, ensuring no other cell layers are affected.

This study addresses several major issues associated with other techniques like electroporation
and virus-based approaches, namely i) toxicity and ii) lack of specificity.

Additionally, the only clinically accepted method currently is corneal transplantation, which
carries the risks of invasiveness and possible graft rejection. While our method involves in-
traocular injection, the invasiveness is significantly reduced, and cell integrity is preserved,
as demonstrated by our injection protocols. Moreover, our approach eliminates the need for
tissue transplantation, completely removing the risk of graft failure.

Translatability
To demonstrate the translatability of the optoporation technique across different species,
we conducted complementary studies using mice and rabbits. Mice were chosen due to their
genetic similarities with humans, making them an appropriate model to evaluate and compare
responses of the organism to specific stimuli or treatments. This model is cost-effective and
provides accurate disease modeling for a variety of ocular diseases, including endothelial
dystrophies.

Conversely, rabbits are preferred in ophthalmology due to their anatomical and physiological
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similarities to human eyes. The robustness and replicative ability of CECs allowed for quick
viability assessments post-treatment. From a practical point of view, the larger size of rabbit
corneas facilitates easier handling and data collection compared to the smaller mouse eyes.
Additionally, the corneal thickness of rabbit eyes is comparable to corneal thickness in hu-
mans, making this an important parameter in considering the suitability of our transfection
technique for human application in the future.

In summary, with this interdisciplinary research we have successfully demonstrated the valid-
ity of our hypothesis and achieved the established objectives. We hypothesized that using a
tightly focused femtosecond laser to irradiate CECs decorated with biocompatible function-
alized AuNPs would create transient pores in the endothelial cellular membrane with high
precision, thereby facilitating the delivery of exogenous molecules only in the targeted cells.

The proof of principle established in vitro provided critical insights that informed subsequent
steps in animal models. This led to the development of a safer protocol for intracameral
injection in murine models, which enhanced AuNP attachment to CECs. As a result, we
achieved significant mRNA transfection in these models while maintaining high cell viability
in ex vivo studies.

Moreover, femtosecond (fs) lasers, primarily used for ablation in corneal surgery, and in-
traocular injections, whether administered as a single dose or on a monthly basis, are both
well-established and clinically approved practices. The proposed approach complies with reg-
ulations designed to ensure that laser treatments remain within safe energy exposure levels,
thus preventing damage to the corneal tissue and surrounding ocular structures. According
to the literature, the ablation threshold for fs lasers in corneal tissue is 400 mJ/cm2. Based
on the findings of this thesis, it is suggested to implement 100 mJ/cm2 for murine models
and 150 mJ/cm2 for rabbit corneal tissue for 800 nm wavelength at 1kHz repetition rate and
45 fs pulse width.

Furthermore, our research confirmed the translatability of the optoporation and transfec-
tion technique across different species, setting the stage for future experiments using human
corneal tissue from eye banks or specific disease animal models. This interconnected approach
not only validated our hypothesis but also ensured that each stage of the project supported
and advanced the subsequent stages.
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CHAPTER 7 CONCLUSION

7.1 Summary of Work

The ultimate aim was to overcome the drawbacks of the only clinically approved treatment
in humans for advanced endothelial dystrophies, corneal transplantation, and offer a better
alternative when compare with current techniques under research.

As a proof of concept, in vitro studies were conducted in ocular cells, demonstrating successful
internalization rates. A GFP plasmid DNA was tested in the final stage of these studies,
showing low internalization but sufficient for cellular studies. Optimization of the parameters
for optimal internalization was planned for tissue studies.

For the ex vivo stage, the transfection material was switched to mRNA for three main rea-
sons: i) the production of pDNA was complex and time-consuming, requiring fresh stock for
each experiment, which increased research costs; ii) literature indicated the risk of undesired
integration of plasmid DNA into the host genome, potentially leading to harmful genetic mu-
tations (mutagenesis); and iii) mRNA-based gene transfection has been proven more effective
in non-dividing cells, such as CECs, compared to pDNA. This summarizes the achievement
of the sub-objective 1 that was to establish a proof of principle using ocular cells.

In this study, maintaining the integrity of the eye, particularly the cornea, was essential
for subsequent stages. It was crucial for AuNPs to be in contact with CECs, and to avoid
corneal desiccation, intracameral injections were determined to be the most effective delivery
method.

Two improved and safer protocols for intraocular injections were successfully implemented,
thus achieving the second sub-objective of this thesis. The injections in the murine model
resulted with minimized damage such as bleeding, corneal collapse, and cellular death. The
need for improved visualization, incubation, and positioning of the enucleated eyes at various
stages led to the design and 3D printing of customized eye holders, facilitating experimenta-
tion.

In terms of irradiation, the deposited energy (100 and 150 mJ/cm2 for mouse and rabbit
tissues, respectively) falls within the biological window and remains well below the minimal
visible laser lesion threshold of the cornea (reported as 400 mJ/cm2), minimizing side ef-
fects on other corneal layers. Additionally, AuNPs are biocompatible, and our toxicity tests
confirmed that the concentrations used are safe for murine and rabbit CECs. This resumes
the achievement of our third sub-objective which was to achieve a significant transfection of
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mRNA in the murine model (49 ± 7%, mean ±SD) with high cell viability (above 80 %).

Two different species were selected for this research due to their distinct advantages in ocular
studies, providing a complementary ex vivo analysis and demonstrating the translatability of
the proposed technique achieving the forth sub-objective of this work. Mice are widely used in
research because of their well-characterized genetics and availability, while rabbits, with their
larger eyes and physical characteristics similar to humans, offer a suitable model for ocular
studies. The results of optoporation and transfection are promising, showing effective cellular
uptake and high cell viability. These findings support the potential future implementation
of this technique in vivo.

In conclusion, the integration of in vitro and ex vivo testing across two animal models in
this research project has facilitated a thorough evaluation of both procedural efficacy and
biological outcomes. The successful achievement of the four sub-objectives demonstrates that
the primary goal of this thesis was also accomplished. Specifically, this research developed a
non-invasive gene therapy method utilizing biocompatible plasmonic AuNPs, combined with
laser therapy.

Our results confirm the efficacy of this approach, highlighting its potential for precise and
controlled gene and drug delivery in ocular applications for corneal endothelial treatment.

7.2 Limitations

Although this thesis presents robust results, several limitations inherent to ex vivo models
must be acknowledged.

Differences in systemic interactions and environmental conditions between living organisms
and ex vivo tissues can influence tissue behavior and experimental outcomes. For example,
corneal explants and other tissues used in ex vivo studies have a finite viability period outside
the organism. In this study, visualization was limited to 48 hours post-enucleation due to
the limited lifespan of CECs ex vivo, which directly impacts the duration of experiments and
the time available for observation.

Furthermore, removing tissues from their natural physiological context can alter cellular
behavior, gene expression, and tissue function. As a result, slight adjustments in fluence,
molecule and AuNP concentrations, may be necessary when translating findings to in vivo
models, due to the absence of integrated physiological systems and complex interactions in
ex vivo studies.

Despite these limitations, ex vivo studies are invaluable for controlled investigations and can
provide critical insights that complement in vivo research.
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7.3 Future research towards in vivo

For in vivo assessment and potential future applications, the technique involves an intraoc-
ular injection that has been proved to be safe for the most challenging species: the mouse.
The proposed protocol, can be implemented as presented, nevertheless for optoporation and
transfection, slight modifications might be considered. Following the injection, the NPs will
be allowed to incubate for 1 hour while the subject remains in a prone position. This posi-
tioning enhances the contact between NPs and CECs, as supported by the literature.

Another important consideration is the follow-up time. It is essential to evaluate longer
incubation periods after irradiation to ensure the long-term negligible toxicity of NPs and
genetic material. An area that requires further exploration is the pharmacokinetics of NP
distribution following injection into the anterior chamber. Assessing the pathways of NP
excretion from the mouse body could serve as a complementary toxicity analysis.

The implementation of other CECs markers is also suggested to increase the specificity of the
technique. The implemented anti-CD44 does not target the most abundant protein expressed
on the CECs, nevertheless, sufficient binding was observed for the intended application.
Based on literature findings, the future use of CD166, SLC4A11, COL8A2, CYYR1, CD98,
and CD340 surface markers, could increase the number of AuNPs per cell due to their higher
expression in CECs [161,220].

Given that the aqueous humor replacement time is reported to be around one hour, this
could influence the number of NPs per cell after this period. As a result, adjustments to the
fluence may be necessary, potentially requiring an increase. Additionally, precise positioning
of the animal under the optical setup is crucial; therefore, using a stereotaxic instrument is
recommended to minimize undesired movements and enhance precision during irradiation.

Anticipated limitations include animal breathing when focusing the laser within the sample,
changing the position where the focalized light interacts with the tissue. Thus, an autofocus
system or the use of adaptive optics is suggested. A consideration for treating diseased mice
is that treatment must occur before the pathology is visible, in the early stages of the disease
when the cornea is still transparent. In vivo experiments will provide follow-up exceeding 48
hours, helping determine the final success rate of the transfection technique before translating
it to human samples.

Another suggestion is the evaluation of this technique in specific knock-out mice models
for endothelial diseases such as Fuchs’ dystrophy. This approach would allow for the direct
application and assessment of the technique’s efficacy in a relevant disease context. By using
knock-out mice, we can gain valuable insights into the therapeutic potential and mechanistic
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effects of the treatment on endothelial cell function and viability, ultimately paving the way
for targeted clinical applications.

As highlighted in the thesis, when transitioning from in vitro to ex vivo, pDNA, which induces
a permanent effect, was replaced with mRNA to mitigate potential genotoxicity. Further in-
depth evaluation of pDNA toxicity is recommended to assess the potential long-term effects
of the proposed technique
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APPENDIX A SUPPLEMENTARY MATERIAL FOR OPTIMIZATION OF
INTRACAMERAL INJECTIONS IN THE MOUSE EYE MODEL

Figure A.1 Mouse eye globe immobilization. (A) A Tegaderm was cut in two, (B) a 4 mm
hole was made for placing the ocular globe, and (C) a small triangle was cut to facilitate
the access to the needle. (D) The Tegaderm was then placed on top of the 3D-printed eye
holder. (E) The holder and Tegaderm can be placed over the periocular region of the mouse,
in line with the eye.
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Figure A.2 Montage used for OCT and color camera monitoring of injections. The mouse is
positioned on a stage to align the head near the OCT focal point, with fine adjustments made
using the OCT support. The needle is mounted on the micromanipulator close to the eye,
with its angle adjusted parallel to the limbus. The color camera is placed perpendicular to
the OCT axis, allowing simultaneous visualization of both images to monitor the alignment
and the injection.
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Figure A.3 Anterior chamber imaging during injection. Simultaneous visualization by OCT
and color camera of the ACD before (BI; Column 2), during (DI; Column 3), and after
(AI; Column 4) injection. Needle gauge and ACD are detailed in column 1. Eyes were
injected with 0.5 µL of OCT contrast agent (indicated with a star) in procedures involving
a sharp needle and 0.5 µL of a fluorescein-stained solution in those involving a blunt needle.
The double-headed arrows show the AC after injection. For 31 G, image acquisition during
injection was prevented by the large diameter (220 µm) needle deforming and pushing the
globe out of the OCT field, as also illustrated by the color photos on the third row. For
33 G, iris and lens damage resulted in the loss of clear boundaries that prevented ACD
measurements. In the case of blunt needle tests, the injected fluorescein was not visible
with the OCT, nevertheless, ACD images taken before and after injection demonstrated the
absence of leakage using this technique, resulting in an AC deeper after than before injection.
SEM: Standard error of the mean. Scale bar: 500 µm for all images.
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APPENDIX B SUPPLEMENTARY MATERIAL FOR FEMTOSECOND
LASER GOLD NANOPARTICLE-MEDIATED EX VIVO MRNA DELIVERY

WITH HIGH SPECIFICITY IN CORNEAL ENDOTHELIAL CELLS

Murine eyes enucleation and corneal dissection. The eyes were enucleated using
fine curved forceps (UZ-07387-12, Cole-Parmer, Ilinois, US) gently pushing the periocular
region protruding the eye for its isolation. Subsequently, each mouse eye was stabilized by
grasping the sclera with curved forceps, followed by dissecting the cornea with 6 mm straight
Vannas capsulotomy scissors (E3386, Storz Instruments, Bausch + Lomb, Rochester, US).
An incision was carefully made along the limbal level, cutting small sections of the cornea
incrementally to prevent tissue deformation that could lead to corneal tissue deformation or
wrinkles, ultimately affecting cell viability.

Fluorescence images for murine CECs viability at different fluence values. Fig-
ure B.1 shows Calcein-AM assessment for viability including an example of the ocular globe
condition 48 hours after irradiation. The viability percentage (mean ±SD for n=3) is shown
in the upper right corner of the Calcein-AM images for each irradiation condition. At 200
mJ/cm2, the bubbles formed due to laser interaction within the aqueous environment can be
visualized from the full globe picture, anticipating cell damage after the incubation period.

Fluorescence images for murine CEC transfection at different fluence values.
Figure B.2 shows internalization and thus transfection using Cy3-mRNA. An example of
the ocular globe condition 48 hours after irradiation for each fluence condition is presented.
The transfection percentage (mean ±SD for n=3) is shown in the upper right corner of the
Cy3-mRNA images for each irradiation condition.

3D design of holders for mouse and rabbit eyes. Different holders were designed
to improve the positioning for incubation and irradiation of murine and rabbit eyes. Three
different designs were adapted for this study. Two different holders were designed for mice.
The first holder followed the curvature radius of the cornea (1.4 mm) for incubation of AuNPs
(B.3A). Nevertheless, to improve the grip when holding the eye during irradiation, a second
holder was designed where only lateral walls were holding the sample, avoiding the rolling of
the eye ball during laser treatment (B.3B). Conversely, for rabbit samples, one holder was
enough to keep the curvature radius (7.26 mm) during incubation and subsequently perform
irradiation as shown in Figure B.3C.
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Figure B.1 Murine CEC viability 48 hour post-irradiation. The first column indicates the
fluence value for each row. Fluorescent images show the cell nuclei in blue (DAPI) with
the corresponding green counterpart for alive cells (Calcein-AM). Merged images can be
visualized along with transparent corneas incubated for 48 hours at 37◦C and 5% CO2. The
scale bar corresponds to 100 µm otherwise indicated.

Rabbit eyes enucleation and corneal dissection. A lateral canthotomy incision was
made in the lateral canthus of the eye with Steven’s tenotomy scissors (E3562, Storz Oph-
thalmic instruments, Missouri US). Subsequently, an incision was made in the bulbar conjunc-
tiva to cut the rectus muscle followed by the upper and lower muscles, an enucleation spoon
was utilized to hold the eye and cut the optic nerve. Following enucleation, the eyes were
promptly immersed in balanced salt solution (65079550, BSS, Alcon, Mississauga, Canada)
for rinsing and moisture retention. Cornea dissection was performed by decontamination
with povidone iodine 0.1% for 15 minutes followed by BSS washing. The excess muscles and
tissues surrounding the ocular globe were first removed. An incision in the limbus was made
using a dual bevel 1 mm angled knife (8065921541, Alcon, Geneva, Switzerland) while hold-
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Figure B.2 Murine CEC transfection 48 hour post-irradiation. The first column indicates
the fluence value for each row. Fluorescent images show the cell nuclei in blue (DAPI) with
the corresponding red counterpart for transfected cells (Cy3-mRNA). Merged images can be
visualized along with transparent corneas incubated for 48 hours at 37◦C and 5% CO2. The
scale bar corresponds to 50 µm otherwise indicated.

ing the sclera with 0.5 mm suturing forceps (E1798, Castroviejo, Storz Instruments, Bausch
+ Lomb, Rochester, US).

Curved corneal scissors (E3220, Castroviejo, Storz Instruments, Bausch + Lomb, Rochester,
US) were introduced to cut small sections along the periphery of the cornea, keeping the
forceps and scissors close to avoid the deformation or folding of the tissue. The posterior
part of the eye was gently separated from the cornea. The iris was removed from the cornea
using forceps, maintaining close proximity to prevent tissue deformation. Throughout the
procedure, the cornea remained immersed in BSS.

Fluorescence images for rabbit CEC viability at different fluence values. Figure
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Figure B.3 3D design for rabbit and mouse eye holders. (A) Rabbit eye holder for incubation
and irradiation. (B) Mouse eye holder for incubation post-injection. (C) Mouse eye holder
for irradiation and incubation post-irradiation.

B.4 illustrates the viability percentage per fluence value. The first column shows the irradia-
tion condition. Cell nuclei are shown in blue (DAPI) with the corresponding counterpart for
alive cells in green (Calcein-AM). The viability percentage (mean ±SD for n=3) is shown in
the upper right corner of the Calcein-AM images. The dotted line illustrates the irradiation
area. More than 70 % of cells remained alive after irradiation and manipulation of rabbit
corneas for fluences up to 200 mJ/cm2. Detachment of endothelial cells is reported when
exposed at 250 mJ/cm2. Corneas were incubated for 48 hours in Opti-MEM at 37◦C and 5%
CO2.

Fluorescence images for rabbit CEC uptake at different fluence values. Figure
B.5 illustrates the uptake percentage per fluence value. The first column shows the irradiation
condition. Cell nuclei are shown in blue (DAPI) with the corresponding uptake 48 hours post-
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irradiation in red (PI). The internalization percentage (mean ±SD for n=3) is shown in the
upper right corner of the PI images (third column). The dotted line illustrates the irradiation
area. Cell uptake resulted more efficient when irradiated at 200 mJ/cm2. In contrast, for
irradiation at 250 mJ/cm2, the pitch size was increased to 50 µm to reduce energy exposure
in CECs as higher energy levels lead to cellular detachment and subsequent decrease in cell
viability. Corneas were incubated for 48 hours in Opti-MEM at 37 ◦C and 5% CO2 before
imaging.
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Figure B.4 Rabbit CEC fluorophore uptake 48 hour post-irradiation. The first column indi-
cates the fluence value for each row. Fluorescent images show cell nuclei in blue (DAPI) with
the corresponding viability stained in green with Calcein-AM. Merged images can be visual-
ized along with dotted lines indicating laser irradiation areas. The scale bar corresponds to
50 µm.
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Figure B.5 Rabbit CEC fluorophore uptake 48 hour post-irradiation. The first column indi-
cates the fluence value for each row. Fluorescent images show cell nuclei in blue (DAPI) with
the corresponding uptake in red (PI). Merged images can be visualized along with dotted
lines indicating laser irradiation areas. The scale bar corresponds to 100 µm.
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APPENDIX C ARTICLE 2: DYNAMIC MULTISPECTRAL DETECTION
OF BACTERIA WITH NANOPLASMONIC MARKERS

This paper was published in the journal Nanoscale from the Royal Society of Chemistry on
December 31st 2022. A promising analytical method for detecting the presence of bacteria has
been published as part of a side research project. This technique utilizes the optical properties
and dynamics of plasmonic markers when attached to pathogens. Authors: Jennyfer Zapata-
Farfan,1 Morteza Hasanzadeh Kafshgari,1 Sergiy Patskovsky, 1 and Michel Meunier.1

1 Department of Engineering Physics, Polytechnique Montréal, Montréal, Québec, H3C 3A7,
Canada.

The author of this thesis and first author of the paper, Jennyfer Zapata-Farfan, performed the
conception and improvement of the experimental setup, imaging, data analysis and article
writing. Morteza H. Kafshgari, participated in part of the experiments, Sergiy Patskovsky,
and Michel Meunier participated in the discussions and revision of the text.

Abstract

Culture-based diagnosis of bacterial diseases is a time-consuming technique that can lead not
only to antibiotic resistance or bacterial mutation but also to fast-spreading diseases. Such
mutations contribute to the fast deterioration of the patient’s health and in some cases the
death depending on the complexity of the infection. There is great interest in developing
widely available molecular-level diagnostics that provide accurate and rapid diagnosis at the
individual level and that do not require sophisticated analysis or expensive equipment. Here,
we present a promising analytical approach to detect the presence of pathogenic bacteria
based on their dynamic properties enhanced with nanoplasmonic biomarkers. These mark-
ers have shown greater photostability and biocompatibility compared to fluorescent markers
and quantum dots, and serve as both a selective marker and an amplifying agent in optical
biomedical detection. We show that a simple dark-field side-illumination technique can pro-
vide sufficiently high-contrast dynamic images of individual plasmonic nanoparticles attached
to Escherichia coli (E. coli) for multiplex biodetection. Combined with numerical dynamic
filtering, our proposed system shows great potential for the deployment of portable com-
mercial devices for rapid diagnostic tests available to physicians in emergency departments,
clinics and public hospitals as point-of-care devices.
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Dynamic multispectral detection of bacteria with
nanoplasmonic markers†

Jennyfer Zapata-Farfan, Morteza Hasanzadeh Kafshgari, Sergiy Patskovsky and
Michel Meunier *

Culture-based diagnosis of bacterial diseases is a time-consuming technique that can lead not only to

antibiotic resistance or bacterial mutation but also to fast-spreading diseases. Such mutations contribute

to the fast deterioration of the patient’s health and in some cases the death depending on the complexity

of the infection. There is great interest in developing widely available molecular-level diagnostics that

provide accurate and rapid diagnosis at the individual level and that do not require sophisticated analysis

or expensive equipment. Here, we present a promising analytical approach to detect the presence of

pathogenic bacteria based on their dynamic properties enhanced with nanoplasmonic biomarkers. These

markers have shown greater photostability and biocompatibility compared to fluorescent markers and

quantum dots, and serve as both a selective marker and an amplifying agent in optical biomedical detec-

tion. We show that a simple dark-field side- illumination technique can provide sufficiently high-contrast

dynamic images of individual plasmonic nanoparticles attached to Escherichia coli (E. coli) for multiplex

biodetection. Combined with numerical dynamic filtering, our proposed system shows great potential for

the deployment of portable commercial devices for rapid diagnostic tests available to physicians in emer-

gency departments, clinics and public hospitals as point-of-care devices.

1. Introduction

The prevalence of infectious pathogens such as viruses and
antibiotic-resistant bacteria, as the most paramount public
health concern is increasing at an alarming rate.1 The lack of
efficient antiviral therapeutics for treating viral infections,
such as coronaviruses (e.g., SARS-CoV)2 and effective drugs for
managing antibiotic-resistant bacteria drastically affects
normal human habits.3,4 These growing crises are derived
from a series of unhealthy lifestyles, including overconsump-
tion, inappropriate prescription, extensive agricultural use of
antibiotics,5,6 and limited resources and technologies for the
development of effective antiviral therapeutics due to scienti-
fic, economic and regulatory obstacles.7 To address this chal-
lenge, healthy lifestyles, elaborated medical policy workflows,
and improved point-of-care diagnostic approaches must be
implemented, with the aim of achieving a manageable health
and economic burden on the health care system and
patients.8–10 The necessity of a rapid, accurate, and reliable
detection strategy for different infectious pathogens (e.g., viral

and antibiotic-resistant bacterial strains) must therefore be
overcome.

To detect pathogens in biofluids,11 microbiological,
immunological,12 and polymerase chain reaction (PCR)
methods13 are commonly used in clinics, despite their com-
plexity and expensive multi-step processes. For example,
fluorophore-labelled pathogenic strains can be detected,
counted, and examined by using flow cytometry14 and fluo-
rescence imaging.15 To improve the detection accuracy and
sensitivity of Raman16 and fluorescence17 biosensors func-
tional nanomaterials can be incorporated that work as a con-
trast agent with an ability to rapidly interact with pathogens
via a biological component. However, some functional nano-
materials used for fluorescence imaging, such as quantum
dots,18–20 have shown a range of drawbacks, including short
shelf-life, fluorescence instability, toxicity, the need for a
complex bio-functionalization procedures.

In contrast, plasmonic nanoprobes such as gold and silver
nanoparticles, have emerged as an effective alternative to other
biomarkers for the detection of pathogenic organisms.21–26

Due to their strong light scattering efficiency and long-term
stability (without flickering and photobleaching), such nano-
materials can be used in the development of novel sensing
methodology based on the continuous analysis of the free
motion of biofunctionalized particles in dynamic biological
systems.

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2nr03047k
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In this article, we describe the basic concepts of three-
dimensional dynamic detection of a plasmonic NP-bacteria
complex and present its advantages over a conventional static
nanoparticle-enhanced biosensing. We demonstrate the per-
formance of optical darkfield technology for reliable detection
and fast-tracking of even single NPs, which can provide a
single-cell detection limit. The use of different NPs with
different spectral properties will allow the development of mul-
tiplex diagnostics and the differentiation of bacteria in a bio-
logical solution. In addition, we designed and investigated a
simplified optical detection setup based on side-illumination
darkfield NPs imaging and discussed its potential applications
in two portable schemes for personalized and point-of-care
applications. We believe that the presented technology can
improve the quality of healthcare and environmental monitor-
ing of infectious microorganisms.

2. Experimental section
2.1. Plasmonic nanoparticles

The performance of multiplexed nanoplasmonic microscopy
depends on the optical detection method and the choice of
NPs used as markers. In our case, we selected two NPs
markers with similar scattering efficiency and for which the
spectral position of their resonance peak stays in the detection
range of a conventional CMOS camera (400–800 nm). From the
optical point of view, the visualization of NPs above 60 nm in
diameter is achievable with low magnification, which enables
the possibility of reducing the cost and volume of the device.
For the proof-of-concept, AuNPs (50 μg mL−1, 100 nm in dia-
meter, A11-100-CIT) and AuNRs (60 μg mL−1, 40 nm × 80 nm,
A12-40-650-NEG) purchased from Nanopartz (Loveland, CO, U.
S.A.) were used. Citrate-capped AuNPs and AuNRs were stored
at 4 °C in the dark to minimize photoinduced oxidation. With
the appropriate functionalization, the NPs were attached to the
body or flagella of the E. coli, showing a difference in motility
(bacterial dependent). In this case, the change in velocity was
used as an indicator of the presence of bacteria in a sample
whose volume could be less than 1 mL, as shown in the
Results section. The images were taken with a Nikon 60×
objective (NA = 0.7) and colour CMOS PCO-Panda 4.2 camera
(PCO AG, Kelheim, Germany). On the other side, the tracking
of the NPs was made by using the software ImageJ (plug-in
NanoTrackJ27) taking.

2.2. Preparation of bacteria samples

E. coli strain ATCC 25922 purchased from ATCC (Manassas, VA,
U.S.A.) was used in culture-free mode and incubated with func-
tionalized AuNPs. E. coli were thawed and resuspended on
Trypticase soy broth (TSB) at 37 °C for 24 h, followed by sub-
sequently mixing 50 μL of bacterial cells (at a concentration of
1E6 bacterial cells per ml) with 5 μL of functionalized AuNPs
in PBS. After 30 min of incubation, the sample was placed in a
custom-made sample holder, consisting of a microscope slide
with a double-sided tape (5 μm thickness; purchased from

Nitto, Osaka, Japan) cut as an O-ring and a coverslip to seal
the chamber-like sample holder. This simple arrangement was
made to facilitate the visualization of the analyte with the side-
illumination adaptor. Once the NPs are added to the bacteria,
the sample contains free NPs, bacteria, and NPs attached to
bacteria.

2.3. Nanoparticle functionalization

In the first stage of the conjugation, 100 nm AuNPs were
coated with poly(ethylene glycol) (PEG) purchased from
Nanocs (New York, NY, U.S.A.) in order to have a COOH
functional group. Subsequently, the EDC/NHS (1-ethyl-3-
[3-dimethylami-nopropyl]-carbodiimide hydrochloride/
N-hydroxysuccinimide) protocol is performed to conjugate
with the specific antibody.

Our colloidal AuNPs have a concentration of 4.9E9 NPs per
mL, which corresponds to the commercial concentration of
bare NPs. The number of plasmonic markers regarding the
number of bacteria is intended to be in excess so that the
probability of attachment is higher.

In this case, the anti-E. coli polyclonal antibody (Outer
Membrane Protein-A (OmpA) 111120) purchased from
Antibody Research (Saint Charles, MO, U.S.A.) was used at a
concentration of 1 mg mL−1. After conjugation, the AuNPs
were centrifugated and resuspended in Phosphate Buffered
Saline (PBS) purchased from Merck KGaA (Darmstadt,
Germany) to mix with the E. coli. In order to corroborate the
presence of the antibody on the surface of the NPs, ultraviolet-
visible (UV-VIS) spectra were taken from bare and functiona-
lized NPs, observing an expected slight shift in the plasmonic
peak after conjugation as shown in our previous work,23 and
in accordance with the literature.28

2.4. Hyperspectral measurements

A custom-made hyperspectral (HS) camera was used to
measure the spectra of the plasmonic nanomaterial. The HS
images were taken in a range of 400–700 nm. We observed
excellent agreement between the theoretical calculations (Mie
Theory) and the manufacturer data of the plasmonic peak of
the two different markers that were selected for this work.

3. Results and discussion
3.1. Microscopy visualization of bacteria with plasmonic NPs

A 3D multispectral microscopy platform was built based on an
inverted Eclipse Ti microscope (Nikon, Mississauga, ON,
Canada) for the dynamic detection of the immunoplasmonic
marker-decorated bacteria. The microscopy system was
equipped with an oil immersion objective with a magnification
of 100× and a variable numerical aperture (NA = 0.5–1.3) used
for the reflected light microscopy (RLM) method.29–31 The
microscopy illumination was provided by a standard white
light source (Nikon) with a 50 W halogen lamp and a 50/50
beam splitter providing a smooth illumination across the
entire operating range (Fig. 1a). A similar halogen lamp source
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finite element approach (AuNR); solid line: HS measured data, dotted line: simulated response. The scale bars correspond to 1 μm.
section of 100 nm AuNPs and 40 × 80 nm AuNRs measured with the hyperspectral camera in comparison with Mie Theory calculations (AuNP) and
NA objective (100×/1.25); (b–d) Images correspond to three different frames of a video available in the ESI (Video 1, ESI†); (e) scattering cross-
ponding image of NPs using back reflection mode; (d) E. coli visualized with the oblique illumination and backscattering simultaneously using high
ization and hyperspectral camera for NPs multiplexing. (b) Bacteria imaging using oblique illumination mode (plasmonic NPs are invisible); (c) corres-
RLM optical system based on high NA immersion objective for plasmonic bioimaging with integrated oblique illumination mode for bacteria visual-
Fig. 1 Platform for plasmonic optical sensor for bioimaging the dynamics of plasmonic NP-decorated bacteria; (a) schematic representation of the

and the intensity of the objects. In this case, the imaging of
dynamic image limitation mainly relates to the exposure time
omical and fast CMOS cameras are available (50–600 fps), the
camera speed and exposure time. Since a wide range of econ-
the relationship between the velocity of the entities as well as

The detection of dynamic objects is highly dependent on
from a video available in the ESI is shown (Video 1, ESI†).
and spatial tracking of individual bacterial cells, where a frame
visualization of bacteria confirms the real-time recognition
of DF and bright-field microscopy. As shown in Fig. 1b–d, the
when the objective aperture was adjusted to provide the limit
ingly. Herein, the best 3D-like image of bacteria was obtained
angle and adjusting the 100× variable lens aperture accord-
methods and is achieved by fine-tuning the light transmission
OIM.34 OIM can be easily combined with other microscopy
transmission and phase contrast, for this work we selected
microscopy modes used for bacterial imaging,32,33 such as
bacteria decorated with plasmonic markers. Of the various
free-floating and precipitated bacteria, as well as E. coli

80 nm). In the sample, we expect to detect free plasmonic NPs,

−1, 40 nm ×ml−1, 100 nm in diameter) and AuNRs (60 μg ml
teria and two different types of plasmonic NPs, AuNPs (50 μg

We have prepared a sample with the mixture of E. coli bac-
volume of the sample.
nic NPs, as well as the 3D translation stage for analyzing the
bility of spectral identification and differentiation of plasmo-
bacteria detection (E. coli size range: 500–1000 nm), the possi-
fast (up to 50 fps) imaging, high-resolution microscopy for
vided a high-contrast visualization of the plasmonic NPs with
Accordingly, this 3D multispectral bioimaging platform pro-
do, Republic of Korea) placed on the microscope stage.
tor (Live Cell Instrument CU-501, Chamlide TC-W, Gyeonggi-
long-term measurements were provided by a portable incuba-
ditions for samples of a mixture of bacteria and NPs during
plasmonic marker was used. The optimal experimental con-
camera to perform multiplexing when more than one type of
fast-monochromatic CMOS camera or a hyperspectral (HS)
was used for the OLM microscopy. Imaging was done with a



111

3312 | Nanoscale, 2023, 15, 3309–3317 This journal is © The Royal Society of Chemistry 2023

Paper Nanoscale

to have not only common dynamics between them but also a
case (i.e., having an array of NPs) the plasmonic markers need
(Video 2, ESI†), but also with an array of NPs. In the second
bacteria can be quantified not only with a single attached NP
to fixed or dead biological objects. In this case, live dynamic
quantitative analysis of alive and moving pathogens compared
monic markers is a reliable approach permitting a real-time
plexes in the working solution. The dynamic detection of plas-
thereby providing quantitative detection of bacteria-NPs com-
bound to a single bacterial cell, creating an array of NPs,
sensor is also able to differentiate several individual NPs
ing information on the marker type. The proposed optical bio-
the detected intensity of each channel (RGB), thereby provid-
Software assistance can be used to recalibrate and compare
scattering properties of the plasmonic markers (Fig. 3b).37
colour camera (Fig. 3a) and subsequently multiplied by the
mination) is combined with the Bayer filter properties of the
shown in Fig. 3, the spectral response of the source (LED illu-

For multispectral differentiation of NPs, the principle is
simplifies the optical setup miniaturization.
the E. coli, this facilitates the use of larger sample volumes and
view. Since the plasmonic material is on the cell membrane of
plasmonic markers can be easily detected in a wide field of
limit the visualization of bacteria; however, the scattering of
objective) (Fig. 2d). The use of these low-power objectives may
an estimated NPs contrast of ∼7 (4× objective) and ∼30 (10×
detect NPs even when using low magnification objectives with

The DF method provides sufficient contrast to reliably
sented here, AuNPs and AuNRs.
least two independent plasmonic markers as we have pre-
microscopy but, it remains possible to spectrally separate at
method is not as accurate as the HS camera used in traditional
simplified multispectral differentiation of plasmonic NPs. This
tion combined with colour camera detection can be used for a
sufficient resolution to detect individual E. coli. RGB illumina-
differentiated as the objective (60× magnification) provided
tinguishable, free and bacteria-attached NPs can be visually
PCO-Panda 4.2 camera. Since plasmonic NPs are easily dis-
taken using a Nikon 60× objective (NA = 0.7) and colour CMOS
(Fig. 2b) and AuNRs (Fig. 2c) mixed in culture media were
field side-illumination images of bacterial cells with AuNPs
tates the assembly of a high-speed image detector. The dark-
addition, the development of CMOS camera technology facili-
lation to enhance the NPs’ contrast for diagnostic purposes. In
possibility of manual or fast automatic light intensity modu-
LEDs allows direct light coupling to microscope slides and the

Recent progress in the miniaturization of high-intensity
diodes (LEDs) for RGB illumination.
1 mm. The light source is an array of tri-colour light-emitting
guide through a standard microscope slide with a thickness of
implemented by coupling and propagating light in a wave-
based on a lateral sample illumination and it is practically
complex (Fig. 2a).36 The principle of side-illumination is
been developed for dynamic detection of the bacteria-NP
The portable DF imaging method with side-illumination has
sufficient spectral contrast required for multiplex detection.

zation can facilitate the visualization of plasmonic NPs with a
Cost-efficient DF microscopy with the potential for miniaturi-
ble point-of-care setting for fast and affordable diagnosis.
professional operators, are not easily converted to an accessi-
optical biosensors, demanding high-power lenses as well as
entiation of bacteria. However, traditional microscopy-based
nic NPs as selective markers for dynamic detection and differ-
imaging has demonstrated the promising potential of plasmo-
The development of the optical biosensor for rapid DF

3.2. Portable optical setup for dynamic bacteria detection

(Fig. 1e).
the theoretical curves for the corresponding AuNPs and AuNRs
data even for dynamic objects, and exhibits agreement with
angle imaging, it allows temporal NPs tracking, generates HS
spectral scan of the sample, and due to the possibility of wide-
spectral scanning. The camera provides a fairly fast (<1 min)
a dispersion element to separate the different wavelengths for
uses a continuously variable filter (Delta Optical Thin Film) as
optical biosensor is equipped with a hyperspectral camera that
are required for accurate identification. For this reason, the
methods based on multispectral or hyperspectral techniques
but also organic compounds (i.e., bacteria), differentiation
the case of samples composed of not only plasmonic material
looking at the sample under the microscope. Nevertheless, in
tinguished as different colours in the working solution when
Such spectral differences of the plasmonic material can be dis-
580 nm, while the position of the AuNRs peak is at 650 nm.
rods), the theoretical scattering peak of the AuNPs is at
Mie Theory (nanospheres) and finite element approach (nano-
NPs and the simulation of their optical properties by means of
on the size and composition-dependent features of plasmonic
for reliable NP spectral differentiation and multiplexing. Based
to validate the feasibility of the plasmonic optical biosensor

Two types of plasmonic NPs, AuNPs and AuNRs, were used
with bacteria and plasmonic NPs (see Fig. 1d).
OLM, can improve the visualization of the complex system
the combination of microscopy techniques, such as RLM and
low scattering signal from the cellular membrane.35 Accordingly,
information about biological objects in the solution due to the
was found very effective for detecting NPs but provides no
monic NPs detected by RLM. This RLM mode of microscopy
intensity bright spots correspond to the scattering from plas-
image of the prepared bacteria-NP sample, wherein the high-
aperture oil-immersion objective.29–31 In Fig. 1c we present an
using reflected light microscopy (RLM) with a high numerical
monic NPs in a highly diffusive medium can be obtained by

As shown in the literature, high contrast imaging of plas-
(Fig. 1b).
oblique illumination on, only bacteria will be detected
turning off the reflected light illumination and leaving the
free plasmonic NPs in the solution (see Video 1, ESI†). By
time of 15–20 ms. For E. coli with attached plasmonic NPs and
monic NPs to enable fast detection, i.e., at 50 fps and exposure
objective has provided an intense scattering signal for the plas-
plasmonic NPs using RLM with a high numerical aperture
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side-illumination adaptor. The scale bar corresponds to 1 μm (RGB: Red Green Blue; AI = Artificial intelligence).
100 nm AuNPs; (c) image of 40 nm × 80 nm AuNRs attached to E. coli; (d) 100 nm diameter AuNPs visualized at different magnifications with the
optical setup with side-illumination darkfield mode and RGB camera for multispectral NPs detection; (b) dark-field image of E. coli mixture with
Fig. 2 Side-illumination microscopy for detection of the dynamics of plasmonic NPs-bacteria complex; (a) schematic representation of a portable

holes of 1 mm in diameter were laser-drilled to insert a stain-
microscope slide (25 × 75 mm) was used as a base, where two
microfluidic measuring cell was fabricated. A conventional

To study the dynamics of bacteria-NP complexes, a simple
try (PTV) method.
spatial trajectories by means of the particle tracking velocime-
enables the calculation of the size of particles based on their
objects undergoing Brownian motion. By contrast, NTA
exhibited limitations for analyzing the diffusivity of dynamic
field microscopy and particle image velocimetry, has also
implementation of multiplex detection. PSD, based on dark
individual NPs and arrays, as well as the experimental
it faces the major challenge of distinguishing and tracking

The DLS technique has been frequently employed; however,
noplasmonic bioprobes.
adapted for the investigation of bacteria decorated with immu-
try (PSD)42 and nanoparticle tracking analysis (NTA),27 can be

dynamic light scattering (DLS),41 particle scattering diffusome-
stimuli.38–40 In addition, certain approaches, including
live bacteria multiply, and how they interact with external
can evaluate whether bacteria are dead or alive, how quickly
characterization of nano- and microparticles. These methods
Several methods have already been developed for the dynamic

3.3. Dynamic detection of bacteria with plasmonic markers

ment compared to Brownian dynamics of free AuNPs.
and dynamic pattern of the target bacteria during the move-
3, ESI†), where the nanomarkers have kept the same distance
have provided a video of AuNPs bound to E. coli flagella (Video
placement of the E. coli (Fig. 4a and b). As an example, we
showing the same distance between NPs along the whole dis-
mine the above-mentioned characteristics in real-time,
attached to one bacterial cell. The presented device can deter-
constant spatial distribution to be considered as a cluster



less-steel tube fixed with epoxy glue. A thin spacer (1 × 5 mm)
was laser-cut from a double-sided adhesive tape to place it
between the perforated base and a coverslip forming the micro-
fluidic device. To have the optimal volumetric visualization, an
adhesive tape of 5 μm in thickness was chosen, which in combi-
nation with a 10× objective, made possible a volumetric detec-
tion without an additional z-scan. As mentioned before, the
same microscope slide serves as a waveguide to deliver light
coupled with the side-illumination device to the sample.

To demonstrate the NTA method for the tracking spatial
movement of plasmonic NPs, a solution of colloidal AuNPs
(100 nm in diameter) was introduced into the measuring
fluidic cell accompanied by dark-field microscopy (with 60×
objective) and side-illumination (Fig. 5a, and corresponding
Video 3, ESI†). Accordingly, AuNPs with their high scattering
intensity are reliable imaging markers that can be used for
precise bacteria detection. The integrated image sequences
indicate the movement of AuNPs in time (Fig. 5b). By taking
advantage of the tracking analysis, the trajectory of individual
AuNPs (Fig. 5c) has been obtained and used for calculating the
diffusion coefficient and the size of the corresponding tracking
object (e.g., individual, arrays, and agglomerates of AuNPs, as
well as bacteria decorated with plasmonic probes). As a result,

Fig. 3 (a) Spectral specification of the illumination LED (full lines) and
colour camera Bayer filter (dashed lines); (b) measured scattering of
100 nm AuNPs (full line) and 40 × 80 nm AuNRs (dashed line); (c) total
spectral response detected by the camera for both nanoparticles
excited by either the green or red LEDs.

Fig. 4 (a) Dark-field imaging of AuNPs attached to E. coli flagella; (b) AuNPs binding the fimbriae of the E. coli. The scale bar corresponds to 1 μm.

Fig. 5 Dynamic detection of free AuNPs compared to AuNPs-bacteria complex. (a) 100 nm AuNPs visualized with 60× objective under dark-field
side-illumination device; (b) integrated result of a sequence of NPs in movement; (c) trajectories of single AuNPs performed on ImageJ (plug-in
NanoTrackJ1); (d) relative frequency of occurrence of free AuNPs, and NPs-decorated bacteria.
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for large volume sample using continuous flow.
Fig. 6 (a) Schematic representation of a portable optical device with a disposable cartridge for personalized use. (b) Bacteria detection approach

and number of pixels of the camera, the field of view of the
that can be monitored simultaneously will depend on the size
technical point of view, the maximum concentration of NPs
cation, is the concentration of plasmonic biomarkers. From a
parameters, which should be optimal for each type of appli-
differentiate the mix of bacteria. One of the most important
or precise concentration detection) or multiplex capability to
the required operational simplicity or accuracy (Yes/No sensor
on the field of use (health care, environment, water quality),
device for point-of-care or individual application will depend

The protocol for utilization and calibrating a biosensor
tial and the significantly lower cost of industrial realization.
the proposed apparatus lies in the excellent portability poten-
required field of view and sample volume. The advantage of
where the magnification of the optical setup depends on the
can be performed by using side-illuminated darkfield imaging,
attachment of bacteria. The dynamic detection of pathogens
with an adjustable microfluidic cell to reduce the nonspecific
optical focusing and multi-camera systems, can be assembled
These devices, equipped with high-speed optical, electro-
and accurate identification of the target bacteria in biofluids.
of selectively conjugated plasmonic NPs on E. coli, allow rapid
proposed systems, the attachment and dynamic detection, e.g.,
continuous detection of bacteria samples (Fig. 6b).44 In both
oped for analyzing a single drop of small volume (Fig. 6a) and
devices, consisting of a disposable cartridge, are being devel-
lyses. Simplified representative diagrams of the biosensing
care devices due to their simple detection principles and ana-
tative detection, facilitates the assembly of portable point-of-
i.e., as immunoplasmonic markers with multiplex and quanti-
biofilms. The use of plasmonic NPs in a “yes/no” response,
characteristics of plasmonic properties interacting with thin
cal results are obtained by real-time registration of the spectral
perties can work as individual nano-sensors, in which analyti-
tics at a personalized level. Moreover, their unique optical pro-
perties promise to deliver far more accurate and rapid diagnos-
to diseases. Plasmonic NPs with tunable physicochemical pro-
ment of point-of-care diagnostic devices for a timely response

processing methods, open new opportunities in the develop-
ratio, fast and portable imaging based on CMOS, and big data
high-power miniaturized LED illumination and low noise
cations. Many high-tech approaches, by taking advantage of
nostic technique that facilitates numerous biomedical appli-
Dynamic detection of microorganisms is a well-known diag-

4. Discussion

concentration and grew normally.
exposure to our lighting system showed no abnormalities in
the sample. Bacterial cells that were visualized 24 hours after
proliferation of bacteria after continuous LED illumination of
vation of bacterial samples. Experimentally, we observed the
conditions with low phototoxicity for optional long-time obser-
mination darkfield method also provides adequate microscopy

The high-contrast imaging of NPs obtained by the side-illu-
singular and aggregated NPs deposited on the surface.
these motions can be dynamically distinguished from free
slightly move with the bound plasmonic NPs, and therefore
settled down on the bottom of the detection surface, can
target bacteria. The fimbriae and flagella of static bacteria,
of plasmonic NPs bound to the fimbriae and the flagella of the
ated AuNPs with similar dynamics and predict the dynamics
tracking analysis approach has been able to quantify associ-
lysis) as well as the literature.43 In addition, the developed
the accessed bacteria size distribution (microscopy-based ana-
ated with the bacteria, and the obtained distribution follows
while two peaks around 500 nm and 1300 nm can be associ-
bacteria. The free AuNPs generate a peak around 100 nm,
after examining a mixture of functionalized AuNPs and E. coli
sizes with three main dimensional regions is shown in Fig. 5d
The relative frequency of occurrence of objects of different
binding AuNPs, but also agglomerations with reduced motility.
for detecting and quantifying not only free AuNPs and bacteria
with tracking analysis software, has provided an effective tool
fast darkfield imaging of dynamic plasmonic NPs, integrated



image, and the volume of the sample. If the detection time is
not critical in the micro-volume, the method allows the track-
ing of even individual NP for the single molecule resolution.45

This is why we believe that our proposed method can improve
biosensor performance, especially for low bacterial concen-
trations, compared to existing biosensor methods (e.g., surface
plasmon resonance).

5. Conclusions

The growing need for reliable and portable personalized diag-
nostics is pushing researchers and engineers to explore new
approaches and apply the latest technologies. Among various
other approaches, employing immunoplasmonic markers as
the basis for such diagnostics have great potential since plas-
monic NPs can serve as a multiplex and selective bioprobes,
as well as effective optical amplifiers that do not require
additional efforts for individual NP visualization and detec-
tion. We foresee great potential for implementation of the pro-
posed plasmonic-based technology in several fields, taking
advantage of the portability that our device offers and the high
contrast associated with the plasmonic nanomaterials. Our
method also provides flexibility in terms of the volume that
can be analyzed with the two different approaches presented
in this paper. Dynamic detection removes the ambiguity of
conventional static 2D detection and differentiates the bacteria
colocalization or aggregation of plasmonic nanoprobes.

The first approach is the detection platform, where the
identification of pathogens can be done in small sample
volumes (microliters) where the focusing element can be
chosen regarding the desired resolution in the field of view.
With the second approach, we provide a microscopy platform
based on a side-illumination device that can be easily adapted
to different needs and be used with large-volume samples
(millilitres) having a large field of view without compromising
the contrast for optimal detection of the plasmonic markers.
With the proposed devices, we are paving the way for the devel-
opment of a portable technology that has the potential for
in situ bacterial detection. Moreover, future work regarding dis-
posable cartridges ought to open the possibility of implement-
ing this technology not only in research laboratories but also
in hospitals or mobile clinics with limited infrastructure. So
far, we have shown that rapid detection of microorganisms can
be achieved with a research-degree device that is cost- and
time-effective, removing the need for bacteria culturing.
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