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Abstract in English

Abstract in English

Current cancer treatments beyond surgery include chemotherapies that have limited
success. They typically demonstrate low effectiveness and serious toxicity profiles
leading to a reduced quality of life due to their non-specific targeting of cancerous cells.
Delivery of anticancer therapeutics using nanocarriers (nanomedicine) offers the
promise of increasing the selective delivery of these drugs to specific target sites,
improving their efficacy, and lowering their side effect profiles. Nanomaterials used for
this purpose possess specific and unique physicochemical properties that have a
crucial impact on their biological behavior. Importantly, these properties vary greatly in
comparison to small-molecular drug entities. This means that they require extra and
more complex characterization, particularly at the nanoscale and at a single-particle
level. However, there is currently a lack of suitable state-of-the-art techniques that are
optimized to assess physicochemical properties and biological fates of nanomaterials,
which is one of the main causes for their poor translation to the clinic.

In this Thesis, we propose the development, optimization, and application of advanced
imaging techniques such as super-resolution microscopy (SRM), transmission electron
microscopy (TEM) and correlative light and electron microscopy (CLEM) to
characterize nanocarriers in vitro and to study their biological behavior in cells. Using
these studies, we aim to delve deeper into our understanding of nanocarriers.

Chapter 1 demonstrates the application of DNA-PAINT and gPAINT in quantifying
surface ligand functionalization and heterogeneity in nanomaterials. First, various
PLGA-PEG NP formulations were manually prepared and functionalized with
oligonucleotides as model ligands. Using these techniques, the number of accessible
ligands was quantified and compared between each formulation. DNA-PAINT also
permitted the study of heterogeneity in ligand functionalization by applying information
at a single particle and molecule level. The consequent results prompted the redesign
and reformulation of the PLGA-PEG NPs by modifying the surface PEG architecture,
as to expose more surface functional ligands.

Chapter 2 follows the development of a CLEM technique to study the interplay
between different physicochemical properties in PLGA-PEG NPs in vitro, namely
ligand functionalization and size. To do this, the ligand quantification ability of DNA-
PAINT was correlated with the excellent morphological ability of TEM on the same
field-of-view (FOV) and the information was extracted at a single particle level. Sub-
populations with different ligand functionalization were identified, that could lead to
different and unpredictable biological behaviors. It was also demonstrated that as
opposed to our correlative protocol, characterization by a one-method-at-a-time
approach could limit the information obtained.

Chapter 3 introduces the rational selection and optimization of a dSTORM-TEM
correlative protocol for the intracellular trafficking of PLGA-PEG NPs. The optimized
protocol allowed us to directly visualize fluorescently labelled NPs by dSTORM, in the
complex intracellular milieu offered by TEM. As such, the distribution of NPs in different
endo-lysosomal compartments at different time points was quantified, getting a better
understanding of their trafficking route. Finally, the change in NP distribution upon
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Abstract in English

incubation with the lysomotropic agent chloroquine was studied, demonstrating
quantitatively that it promotes endosomal escape.

Chapter 4 follows on from the previous Chapter, through the application of the
dSTORM-TEM protocol to study the intracellular behavior of pBAE polyplexes. Using
two color dSTORM both carrier (pbBAE polymer) and cargo (pDNA) molecules were
tracked and quantified and using TEM they were localized in different locations in the
cellular milieu. Using this information, the endosomal escape properties of two different
polyplexes were compared, demonstrating the power of correlative imaging in the
rational design and selection of nanomedicines. Lastly, the CLEM images offered
useful information regarding the cellular uptake mechanisms for the two formulations.



Resumen en Castellano

Resumen en Castellano

Los tratamientos actuales contra el cancer mas alld de la cirugia incluyen
quimioterapias que tienen un éxito limitado. La quimioterapia es inespecifica al cancer,
y por lo tanto puede causar efectos secundarios graves que conducen a una calidad
de vida reducida. La administracion de terapia contra el cancer mediante
nanotransportadores promete aumentar la selectividad de estos medicamentos. Los
nanomateriales poseen propiedades fisicoquimicas especificas y Unicas que tienen
un impacto crucial en su comportamiento, y por eso las propiedades y las dianas
biolégicas de estos nanotransportadores deben estudiarse. Sin embargo, las
herramientas utilizadas para caracterizar estas entidades siguen siendo similares a
las que se utilizan para los farmacos de bajo peso molecular. Los nanomateriales
tienen propiedades fisicoquimicas que varian mucho en comparacion con los
farmacos clasicos. Esto significa que requieren una caracterizaciéon adicional y mas
compleja. Actualmente, existe una falta de técnicas adecuadas que estén optimizadas
para evaluar las propiedades fisicoquimicas y las dianas biologicas de los
nanomateriales, que es una de las principales causas de su mala translacion en la
clinica.

En esta tesis, proponemos el desarrollo y la aplicacion de técnicas de imagen
avanzadas como la microscopia de super-resolucion (SRM), la microscopia
electronica de transmision (TEM) y la microscopia correlativa 6ptica y electronica
(CLEM) para caracterizar y mejorar nuestra comprension de los nanotransportadores.

El Capitulo 1 demuestra la aplicacion de DNA-PAINT y qPAINT en la cuantificacion
de la funcionalizacion de los ligandos de superficie y la heterogeneidad en las
propiedades de los nanomateriales. Asi, formulamos varias formulaciones de
nanoparticulas (NPs) PLGA-PEG funcionalizadas con oligonucleétidos como ligandos
modelo y cuantificamos y comparamos el numero de ligandos accesibles en cada
formulacioén. Usando informacién obtenida particula a particula y molécula a molécula,
DNA-PAINT permitié el estudio de la heterogeneidad en la funcionalizacién de los
ligandos. Los resultados nos llevaron a redisefar y reformular nuestras PLGA-PEG
NPs modificando la arquitectura del PEG en superficie, para exponer mas ligandos
funcionales en superficie.

El Capitulo 2 sigue el desarrollo de una técnica CLEM para estudiar la interaccion
entre diferentes propiedades fisicoquimicas en PLGA-PEG NPs, como el numero de
ligandos y el tamafio de la NP. Para hacer esto, correlacionamos la capacidad de
cuantificacion de ligandos de DNA-PAINT, con la excelente resolucién de TEM para
visualizar la morfologia de las NPs. Eso se hizo en el mismo campo de vision y
extrajimos asi la informacion particula a particula. Identificamos subpoblaciones de
NPS con diferentes numeros de ligandos, que conferiran diferentes comportamientos
biologicos. Demostramos que, a diferencia de nuestro protocolo correlativo, la
caracterizacion los dos métodos por separado puede limitar la informacion.

El Capitulo 3 presenta la seleccidon racional y la optimizacién de un protocolo

dSTORM-TEM CLEM para el trafico intracelular de PLGA-PEG NPs. El protocolo

optimizado nos permitio visualizar directamente las NPs fluorescentes en dSTORM, y

posicionarlas con gran resolucién en la ultraestructura celular que ofrece TEM. Con
7
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esta informacion, cuantificamos la distribucién de NPs en diferentes compartimentos
endo-lisosomales en diferentes tiempos. Finalmente, cuantificamos el cambio en la
distribucion intracelular de las NP tras la incubacion con el agente lisomotropico
cloroquina, lo que demuestra que promueve el escape de los endosomas.

El Capitulo 4 incluye la aplicacion del protocolo dSTORM-TEM optimizado para
estudiar el comportamiento intracelular de los complejos poliméricos de pBAE.
Usando dSTORM con dos colores, pudimos localizar y cuantificar las moléculas
transportadoras (polimeros de pBAE) y su cargo (pDNA). Usando TEM localizamos
los complejos con precision dentro del medio intracelular. Con esta informacion,
comparamos la capacidad de escapar de los endosomas entre dos complejos
poliméricos diferentes. Por ultimo, pudimos sugerir una diferencia en los mecanismos
de internalizacion celular entre las dos formulaciones.



Resum en Catala

Resum en Catala

Els tractaments actuals contra el cancer més enlla de la cirurgia inclouen terapies que
tenen un éxit limitat. Aixo és degut a efectes secundaris greus, que condueixen a una
qualitat de vida reduida i una baixa efectivitat. L'administracié de quimioterapia
mitjangant nanotransportadors promet augmentar la selectivitat d'aquests
medicaments. Els nanomaterials tenen propietats fisicoquimiques especifiques i
uniques que tenen un impacte crucial en el seu comportament biologic. Per tant, les
propietats i les dianes bioldgiques s'han d'estudiar. Encara que l'arsenal de
nanomaterials complexos esta en constant maduracio, les eines utilitzades per
caracteritzar amb precisio aquestes entitats continuen sent similars a les que s'utilitzen
per als farmacs de baix pes molecular. Els nanomaterials tenen propietats
fisicoquimiques que varien molt en comparacié dels farmacs classics. Aixo significa
que requereixen una caracteritzacio més complexa, particularment a la nanoescala i
al nivell d'una sola particula. Actualment, hi ha una manca de técniques adequades
que estiguin optimitzades per avaluar les propietats fisicoquimiques i les dianes
bioldgiques dels nanomaterials, que és una de les principals causes de la seva mala
translacié a la clinica.

En aquesta tesi, proposem el desenvolupament, I'optimitzacidé i I'aplicacié de técniques
d'imatge avangades com ara la microscopia de super-resolucio (SRM), la microscopia
electronica de transmissiéo (TEM) i la microscopia correlativa optica i electronica
(CLEM) per caracteritzar i millorar la nostra comprensié dels nanotransportadors.

El Capitol 1 demostra I'aplicaci6 de DNA-PAINT i gqPAINT a la quantificacié de la
funcionalitzacié dels lligands de superficie i I'neterogeneitat a les propietats dels
nanomaterials. Aixi, formulem manualment diverses formulacions de nanoparticules
(NPs) PLGA-PEG funcionalitzades amb oligonucleotids com a lligands model i
quantifiquem i comparem el nombre de lligands accessibles a cada formulacié. Usant
informacié obtinguda particula a particula i molécula a molécula, DNA-PAINT va
permetre l'estudi de I'heterogeneitat en la funcionalitzacié dels lligands. Els resultats
ens van portar a redissenyar i reformular les PLGA-PEG NPs modificant I'arquitectura
del PEG en superficie per exposar més lligands funcionals.

El Capitol 2 segueix el desenvolupament d'una modalitat de CLEM per a estudiar la
interaccio entre diferents propietats fisicoquimiques en NPs de PLGA-PEG, com el
nombre de lligands i la mida de la NP. Correlacionem la capacitat de quantificacio de
ligands de DNA-PAINT, amb I'excel-lent resolucié de TEM per visualitzar la morfologia
de les NPs. Aix0 es va fer en el mateix camp de visié i vam extreure aixi la informacio
particula a particula. Vam identificar subpoblacions de NPs amb diferents numeros de
ligands, que conferiran diferents comportaments biologics. Vam demostrar que, a
diferéncia del nostre protocol correlatiu, la caracteritzacié dels dos meétodes per
separat pot limitar la informacio.

El Capitol 3 presenta la seleccié racional i optimitzacié d'un protocol ASTORM-TEM
CLEM per al transit intracel-lular de PLGA-PEG NP. El protocol optimitzat ens va
permetre visualitzar directament les NP fluorescents a dSTORM, i posicionar-les amb
gran resolucié a la ultraestructura cel-lular que ofereix TEM. Amb aquesta informacio,
quantifiquem la distribuci6 de NP en diferents compartiments endo-lisosomals en
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diferents temps, obtenint una millor comprensié de transit intracel-lular. Finalment,
quantifiquem el canvi en la distribuci6 intracel-lular de les NP després de la incubacié
amb I'agent lisomotrépic cloroquina, fet que demostra que promou l'escapament dels
endosomes.

El Capitol 4 és I'aplicacié del protocol dSTORM-TEM optimitzat per estudiar el
comportament intracel-lular dels complexos polimérics de pBAE. Usant dASTORM amb
dos colors, vam poder localitzar i quantificar les molécules transportadores (polimers
de pBAE) i el seu cargo (pDNA). D'altra banda, usant TEM podem localitzar els
complexos amb precisioé dins del medi intracel-lular. Comparem la capacitat d'escapar
dels endosomes entre dos complexos polimeérics diferents. Per acabar, vam poder
suggerir una diferéncia en els mecanismes d'internalitzacié cel-lular entre les dues
formulacions.
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Introduction

Introduction

Nanomaterials for medical applications and their characterization using
advanced imaging techniques.

This chapter provides a brief introduction to nanomedicine and its role in treating
disease in oncology. It focuses on different nanoformulations with specific examples,
and the impact of their physicochemical properties on their biological behavior. Finally,
it introduces the crucial roles of advanced microscopy techniques such as super-
resolution microscopy, electron microscopy, and correlative light and electron
microscopy on nanoparticle characterization and intracellular studies.

This Introduction contains parts of the following published Review and Book Chapters:

Andrian T., Riera R., Pujals S., Albertazzi L. Nanoscopy for endosomal escape
quantification. Nanoscale Adv. 2021;3(1):10-23. As an author in this paper, |
contributed to the overall organization, literature research, figure preparation and
manuscript writing, together with Riera R. Pujals S and Albertazzi L contributed with
providing periodic feedback and review for the manuscript.

Andrian T., Bakkum T., van Elsland D.M., Bos E., Koster A.J., Albertazzi L., van
Kasteren S.I., Pujals S. Super-resolution correlative light-electron microscopy
using a click-chemistry approach for studying intracellular trafficking. In:
Methods in Cell Biology. Elsevier; 2021. As an author in this paper, | contributed to the
overall organization, literature research, figure preparation and manuscript writing,
together with Bakkum T. The rest of the authors contributed with providing periodic
feedback and review for the manuscript.
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Introduction

1. From nanotechnology to nanomedicine

Nanotechnology has become a foundation for remarkable applications in the
pharmaceutical, cosmetic and food industries, among others. It now encompasses
areas of science and engineering whereby events at the nanoscale are used in the
design, characterization, production and application of materials, structures, devices,
and systems’?. The convergence of nanotechnology with the biomedical and
pharmaceutical sciences has given rise to the field of nanomedicine, incorporating drug
delivery, nanoimaging and theragnostics'3#. Nanocarriers are nanoparticles (NPs)
typically between 1-100 nm in diameter used for the encapsulation and delivery of
therapeutics, due to their unique advantages over conventional medicines. The main
distinctive features of nanocarriers include i) enhanced pharmaceutical properties (e.g.
improved solubility and stability, increased half-life of drug and tumor accumulation)35-
8, ii) improvement of the drug therapeutic index by improving efficacy and/or reducing
their toxicity profile*®-'1, iii) co-delivery of multiple therapeutics to improve efficacy
and/or overcome drug resistance and'? iv) targeted delivery of drugs to specific cells
or tissues™.

These unique and appealing features make NPs particularly useful as drug delivery
systems for different therapeutics: i) small molecular drugs that are poorly soluble,
easily degradable and/or cytotoxic', ii) proteins that are prone to degradation and
toxicity'® and iii) nucleic acids such as mMRNA, DNA and CRISPR/Cas9 that are easily
degradable and require mediated delivery into the target cell'®. Therefore, their clinical
applications as drug delivery systems span from oncology' and cardiology'’, to their
role as vaccine delivery platforms in infectious diseases'®. For these engineered NPs
to successfully achieve site-specific delivery, their design must be carefully tailored to
ensure they overcome various challenges upon entering systemic circulation, such as
the presence of plasma proteins and detection by the immune system3, as well as
various intracellular barriers, as will be later explained.

1.1.  The nanomedicine landscape

Research on nanomaterials within the pharmaceutical field has started as early as the
1960’s, with first clinical authorization of a nanocarrier received in 1995, when the FDA
granted Doxil — a liposomal formulation of doxorubicin — approval for AIDS-related
Kaposi sarcoma’® (Figure 1). Since then, the landscape has steadily evolved, with the
number of new nanomedicine products entering the market considerably increasing in
the past years, with the majority approved as anticancer therapies®®. Most of the
formulations on the market are nanocarriers of already-approved drugs, as this tactic
reduces the time of the approval process by regulatory agencies. Notably, the main
clinical value of these nanocarriers has been a reduction in the toxicity profile
compared to the free drug (such as in the case of Doxil and Abraxane), rather than an
enhancement in the efficacy. However, several formulations currently in clinical trials
are showing promising results with improved efficacy, that are expected to receive
regulatory approval?'. Currently, most approved nanomedicines are anticancer
therapies, but recently more and more formulations in clinical trials are aimed at
different therapeutic applications, that could allow us to see an expansion in the scope
of nanomedicine. For example, the first nanocarrier for RNA delivery was approved in
2018 for the treatment of transthyretin amyloidosis (Onpattro)??, and the recent

13
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emergency use authorization for the mRNA-based liposomal vaccines such as Pfizer-
BioNTech has demonstrated the versatile therapeutic potential of nanomedicine at a
global level?®. The accelerated translation of nanocarriers and the trust placed on
nanomedicine by regulatory agencies is a big push in ensuring that more applications
will soon arrive?3,

S Lipid NP for
Targeted  PLGAPEG @ Albumin NP 388" Iron oxide NP SIRNA delivery
liposomes are NPs improve y approved approved approved

reported circulation (Abraxane) (NanoTherm)  (Onpatto)

Liposomal
structure is
reported

The first
albumin-based
NP is reported

Figure 1 Historical timeline of nanomedicine development. This timeline highlights some of the most
relevant discoveries in nanomedicine including the introduction and clinical approval of various
nanoformulations. Created with Biorender.com.

Liposomal NP Polymeric micelle Liposomal mRNA

approved approved g NP Pfizer-BioNTech
(Doxil) (Genexol-PM) Gl COVID-19 vaccine
receives emergency
use authorization

1.2.  An arsenal of nanomaterials for nanomedicine

A wide range of nanomaterials have been employed as drug carriers with different
physicochemical characteristics. These can be divided into five main groups
depending on the main material used for the formulation: lipid-based, polymer-based,
inorganic, drug conjugates and viral nanoparticles (Figure 2), although combinations
of nanomaterials have also been developed.

4

O Polymeric @
atm,  Micelle g
Micelle ; ." Polyplex
Lipid-based pe Polymer-based
Solid e
@ Lipid NP
Liposome
A} Polymerosome
/ ‘\
f N7 .
Mesoporous \L} Polymer-Protein
Silica NP 4 ‘;‘ I Antibody-Drug
Inorganic . i\ Drug conjugates
Iron oxide il \
NP w
Gol& NP Polymer-Drug

Viral Nanoparticles

O

Figure 2 Main types of nanocarriers used in nanomedicine. Created with Biorender.com.
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1.2.1 Lipid-based

These include liposomes, micelles, and solid lipid NPs (Figure 2), and are typically
spherical and comprise of at least one internal aqueous environment and at least one
surrounding lipid bilayer. Because their structure mimics that of the cell membrane,
they offer biocompatibility and biodegradability, making them almost ideal
nanocarriers, and the most common class of FDA-approved nanomaterials?®*. They
have payload flexibility since both hydrophobic and hydrophilic drugs can be
encapsulated. Their clinical indications include cancer, bacterial, fungal and viral
infections and cardiovascular problems, amongst others?®. However, this class can be
limited by low drug encapsulation efficiency and biodistribution that can lead to high
uptake in the liver and spleen?®.

Liposomes, a subset of lipid-based drug carriers, are nearly-spherical vesicles
composed of an amphiphilic lipid bilayer membrane that allow the encapsulation of
hydrophilic drugs in their aqueous core, or of hydrophobic drugs in their lipophilic
membrane?’. They were the first lipid-based nanocarriers to receive regulatory
approval for human use - PEGylated liposomal formulation of doxorubicin (Doxil) in
1995 for HIV-related Kaposi’s sarcoma - and hence a flagship in the development of
new formulations. Doxil is now routinely used also in cancers of the breast and the
ovary, thanks to the reduction in the side effects profile of the chemotherapeutic drug
doxorubicin (particularly acute cardiac toxicity) and prolonged circulation time?.
Notably, no clear improvement in the antitumor efficacy has been seen in clinical trials
as compared to free drug?®-%°.

Micelles are formed through the aggregation of amphiphilic molecules at a specific
concentration (above critical micelle concentration/CMC), pressure and temperature.
They solubilize hydrophobic molecules in their core, while polar molecules can be
adsorbed on the surface. Depending on the material of the amphiphile, these can be
classified as lipid or polymeric micelles. Up to date, the only approved lipid micelle
nanocarrier is Estrasorb (Novavax), a topical lotion of estradiol in micellar form for the
reduction of vasomotor symptoms in menopausal women'. Transdermal delivery
reduces the side effect profile and avoids first pass metabolism, achieving stable
serum levels for a prolonged time3.

1.2.2. Drug conjugates

This class of nanomaterials is formed through the conjugation of an active drug to a
polymer, peptide, or targeted antibody. Antibody-drug conjugates (ADCs) have shown
the most significant translational progress among the various drug delivery strategies.
They contain a highly selective monoclonal antibody (mAb) that specifically recognizes
tumor-associated antigens, and a potent cytotoxic drug via a chemical linker that is
stable in circulation but able to release the cytotoxic agent at the tumor site, reducing
the risk of off-target toxicity3!. Mylotarg (gemtuzumab ozogamicin) was the first ADC
to receive FDA approval for treatment of acute myeloid leukemia (AML). It comprises
of an anti-CD33 mAb and a specific acid-liable linker that is cleaved within the acidic
environment of lysosomes, releasing the cytotoxic drug calicheamicin32. With the
number of clinical trials having more than tripled in the past years, promising new
treatments are being envisioned?'.
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1.2.3. Viral nanoparticles

Viruses provide an ideal basis as drug delivery systems, owing to their ability to infect
specific cells with excellent efficiency and to deliver their genetic payload directly into
the cell. Itis thus of no surprise that scientists have explored viral nanoparticles (VNPs)
and virus-like particles (VLPs) in nanomedicine. VLPs consist of protein structures that
resemble viruses but that are genome-free, providing in principle a safer alternative to
their VNP counterparts®3. Viral immunotherapy is attractive in various medical fields
such as targeted drug-delivery, biomedical imaging, and vaccines. In oncology, viruses
are particularly attractive, as they offer a combination of selective tumor cell killing
properties (e.g. through specific cellular entry and heightened viral replication in tumor
cells) and antitumor immunity (e.g. through the release of cell waste and viral antigens
in the tumor microenvironment)34. As such, in 2015 the first oncolytic virotherapy
talimogene laherparepvec (Imlygic) was approved by the FDA for advanced
melanoma. It is composed of an attenuated herpes simplex virus type 1 (HSV-1)
engineered to express human granulocyte-macrophage colony-stimulating factor (GM-
CSF)%. Although there is an increasing array of oncolytic viruses in clinical trials, no
new formulations have yet reached the market, probably since thorough biosafety and
cytocompatibility studies must be taken into account®-3”. Nonetheless, VNPs offer us
smart and versatile machinery for applications in medicine, and optimized
combinations with other immune therapies may lead to exciting advances in patient
outcomes.

1.2.4. Inorganic nanopatrticles

These nanomaterials are promising platforms in the clinical trial pipeline for a wide
range of indications, from therapeutics and imaging applications to dental caries in
dentistry and UV-protection in cosmetics. Various materials are being investigated
including iron, gold, silica, calcium, zinc, titanium and hafnium38.

Iron-based nanoparticles (IONPs) have found far-ranging applications in therapeutics
and bioimaging. When coated in low-molecular-weight sugars (e.g. dextran/sucrose),
iron oxide colloids play an important role in iron-deficiency anemia, as they reduce
immunogenicity issues linked to free iron by mouth or IV. A hallmark in this category is
CosmoFer, the first inorganic nanomedicine to be approved by the FDA in 1974; since
then, seven more similar formulations have been authorized?*. Magnetic iron oxide
NPs have an important role as contrasting agents for MR, due to their large surface
area and intrinsic magnetic responsiveness that produces efficient contrast for imaging
of tumors and other pathologies®-3°. Superparamagnetic iron oxide NPs (SPIONs),
have a valuable application as magnetic hyperthermia agents. Nanotherm
(aminosilane-coated SPIONs) is a clinically approved formulation for treatment of
glioblastoma; it is locally injected in the tumor, where a magnetic field is applied to
reach an increase in the local temperature (40-45°C), leading to tumor cell death and
avoiding damage to healthy tissues340.

Gold-based NPs confer several advantages such as optical and thermal and malleable

physicochemical properties, rendering them suitable for various biomedical

applications including diagnostics, site-specific  drug delivery  and

photothermal/dynamic therapy*!. CYT-6091 (Cytimmune Sciences) is an
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investigational gold NP formulation for solid tumor treatment, whereby human tumor
necrosis factor (rhTNF) is bound to colloidal gold via a PEG linker for antifouling
properties and improved accumulation in tumors. Immobilization to gold NPs allowed
the dosage of rhTNF to be three times greater than free rhTNF without displaying toxic
effects and showed effective targeting of tumors*2. Gold NPs are also endowed with
surface plasmon resonance (SPR) properties, and for this reason they have acquired
great interest in the field of mediated tumor photothermal ablation*®. As an example,
AurolLase is a silica-gold NP formulation coated with PEG, showing positive results in
clinical trials for ablation of various solid tumors by near-infrared (NIR) irradiation3844,
However, they face significant challenges in clinical translation, with few formulations
in clinical trials (6 in 2020), and none with regulatory approval®®. One of the main
reasons are inconclusive results at the pre-clinical level on their biological fate and
safety due to differences in NP properties and experimental conditions, highlighting the
need for systematic research.

1.2.5. Polymer-based

Polymeric NPs are widely applicable due to their simple synthesis and extensive data
regarding their efficacy and safety’. These can be either natural (e.g. proteins and
glycans) or synthetic materials (e.g. poly(lactide) and polyesters) and can be
formulated as polymeric NPs, polymeric micelles, polyplexes, polymersomes or
polymer drug conjugates. Drug delivery is possible via different mechanisms, for
example encapsulated in the core, in the polymer matrix or conjugated to the surface
of the nanoparticle, allowing both hydrophobic and hydrophilic payloads to be used’s.
Polymeric NPs make model drug-delivery candidates due to their biodegradability,
solubility, biocompatibility and malleable surface chemistries allowing for additional
targeting®.

The encapsulation of small molecular drugs in protein-based nanocarriers can improve
their solubility and prolong their circulation time whilst circumventing the requirement
for toxic solvents, as seen for albumin-bound paclitaxel (Abraxane)*. Meanwhile,
polymers such as poly(ethylene glycol) (PEG), a well-studied synthetic material, are
commonly applied as surface coatings on NPs (PEGylation) to increase circulation
times by reducing nonspecific protein adsorption, opsonization and consequent
clearance, as seen in the case of Doxil and the recent mMRNA COVID-19 vaccines.

Polymeric micelles are amphiphilic molecules which self-assemble as previously
described. They are attractive delivery vesicles due to their ability to entrap
hydrophobic drugs in their core and allow a controlled cellular release over time.
Genexol-PM® is a polyethylene glycol-poly(D,L-lactide) (mPEG-PLA) polymeric
micelle of paclitaxel, approved for various cancers in South Korea*349, whilst other
promising formulations are currently in clinical trials®.

Despite the fact that polymeric NPs have been regarded as the gold standard of drug
delivery carriers due to their excellent pharmacokinetic properties®!%2, this class of NPs
has not yet moved past clinical trials. However, the future seems bright since several
promising formulations are currently under clinical trials®3. The first polymeric targeted
NP has reached advanced clinical trials (BIND-014) for anticancer therapy®*. This
polylactide-polyethylene glycol (PLA-PEG) nanoformulation encapsulates the drug
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docetaxel and is conjugated to an active ligand, which specifically targets the prostate
specific membrane antigen (PSMA); it has shown an increase in efficacy as compared
to the free drug in phase 1 clinical trials and positive outcomes in phase 2 trials®.
PICN® is a polylactide-polyethylene glycol formulation of paclitaxel that has already
been approved in India®® for metastatic breast cancer and currently in clinical trials in
USA, that circumvents the use of toxic surfactants and solvents.

Polyplexes are complexes which are spontaneously formed between nucleic acids
(e.g. DNA/RNA) and cationic polymers (e.g. poly(lysine) and poly(ethylenimine)). They
have been studied as carriers for gene delivery, whereby they condense their cargo to
a high density and protect it from various physiological barriers including degradation
in systemic circulation and endo-lysosomal pathways®. Although they have not
reached the clinic yet, due to their chemical diversity and potential for functionalization,
these nanomaterials show promise as gene delivery carriers®.

1.3.  Nanomaterials for drug delivery in oncology

Cancer is the second main cause of death worldwide, after cardiovascular diseases,
with the number of cases expected to gradually grow as a result of increased life
expectancy®’%8, For local and regional (non-metastatic) cancers, the mainline
treatments are surgery and radiography, whilst for metastasized cancers therapies
such as chemotherapy, biological molecules and immunotherapies offer the best
efficacy, as they are able to reach target organs via the blood stream®°.
Chemotherapeutics are toxic drugs that generally inhibit the excessive proliferation of
cancer cells, but by doing so and since they have a lack of specificity for cancerous
tissues, they collaterally hinder the necessary growth of healthy cells needed for the
maintenance of the bone marrow, gastrointestinal tract, and hair follicles. This causes
distressing and potentially fatal side-effects such as suppression of the bone marrow,
infertility, mucositis and nausea®-%2. Furthermore, most drugs in this class exhibit
disadvantageous properties such as poor solubility and bioavailability, and thus require
high and toxic doses to achieve a therapeutic effect.

Nanocarriers, as already described, have a clear role to play in the delivery of
anticancer therapeutics. As of 2019, there are at approximately 15 cancer NP
formulations on the market, and 75 in clinical trials®3. Due to their tunable properties,
they can encapsulate both hydrophobic and hydrophilic drugs, including small
molecular weight drugs and macromolecules such as genes or proteins. In principle
they are expected to achieve targeted delivery, to improve drug accumulation at the
tumor site and to avoid healthy tissues during their biological journey®'-64. By
encapsulating the drugs, they can improve their solubility, protect them from
degradation, reduce their clearance, enhance their half-life in the circulation, and even
offer controlled release properties®2':%. In terms of tumor targeting capabilities of
nanocarriers, two crucial processes are involved, namely “passive targeting” and
“active targeting”®®, that promote the delivery of nanocarriers directly to the tumor site
and even inside cancerous cells. Thereafter, the intracellular trafficking of these
nanocarriers plays a significant role in how the cargo is processed and transported
(Figure 3).
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Figure 3 Passive and active targeting processes as promising transporters of anticancer drugs to
tumors. Passive targeting makes use of the leaky vasculature and poor lymphatic drainage of tumors
via the Enhanced Permeation and Retention (EPR) effect to allow the permeation of nanocarriers in
the tumor environment. Active targeting refers to the conjugation of functional ligands on the surface
of nanocarriers typically encapsulated with chemotherapy drugs, that allow the selective recognition
of receptors or antigens overexpressed on the surface of cancer cells. Reprinted with permission
from reference 65. © 2014 Peer; licensee BioMed Central Ltd.

1.3.1. Passive targeting — size matters

A possible explanation to how nanocarriers achieve specific accumulation at the tumor
site is via a process called Enhanced Permeability and Retention (EPR) effect®. This
process can be described by analyzing the pathophysiological differences between
healthy and tumor tissues. As opposed to healthy tissues, tumors have a damaged
vasculature and microenvironment; in particular they show large fenestrations between
endothelial cells (mainly between 1-100 nm®’) that allow the extravasation of
nanocarriers within that specific size range into tumor tissues, and a reduced lymphatic
drainage which promotes nanocarrier accumulation and penetration® (Figure 3).
However, although the aim of this thesis is not to elucidate passive targeting, it is
necessary to point out that recent literature has revealed rather controversial results
regarding the EPR effect as a “gold standard” in nanomedicine. Notably, it is greatly
heterogenous, with NP showing differences in accumulation depending on the tumor
type®368, but even in patients with the same kind of cancer®. In a recent article, Warren
Chan and colleagues found that up to 97% of NPs are in fact transported into solid
tumors via a transcytosis process by endothelial cells - rather than through inter-
endothelial gaps, and that the frequency of fenestrations between cells is too low to
allow NP accumulation’®”!. These findings may lead to active transcytosis being
studied further to boost delivery of nanocarriers to tumors, for example using tumor-
penetrating peptides’®2,
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1.3.2. Active targeting — affinity matters

An approach that shows greater promise in improving specific cellular uptake of
nanocarriers is active targeting. This referes to the conjugation of functional
groups/ligands on the surface of NPs that interact with antigens or receptors
exclusively found or overexpressed on the surface of cancer cells. There are various
types of ligands that have been explored such as proteins and oligopeptides, small
targeting molecules, vitamins, antibodies and aptamers’77, depending on the
characteristics of the target receptor. Conjugation can be achieved through various
approaches such as covalent binding of lingands to target groups present on the NP
surface (e.g. via maleimide-thiol chemistry) or to surface-coating polymers such as
PEG’®7°, as was achieved for the BIND-014 polymeric formulation (Figure 4).

As of 2019, thirteen targeted nanomedicines are found in clinical trials. Trastuzumab
is a standard immunotherapy agent in HER2-positive breast cancer patients and is
generally combined with chemotherapy for this purpose. Despite the initial positive
response, cancers generally progress and acquire resistance over time. Doxorubicin
is a well-established and effective chemoterapeutic, but with life-threatening side-
effects limiting its use in the clinic. MM-302 is a HER2-targeted PEGylated liposome
currently in phase 3 clinical trials — the liposome is conjugated via a PEG spacer to
anti-HER2 antibodies on its surface and encapsulates doxorubicin crystals in its core
(Figure 4). Pre-clinical and clinical trial data combining trastuzumab and MM-302 have
shown promising results in terms of efficacy and improved safety profile.8'.82,

A BIND-014 B MM-302
Polymeric NP Liposomal NP
anti-HER2 scIFv-PEG-DSPE Iip!d pEIG

membrane

Targeting ligand (PLA-PEG-GL)
4~ binds PSMA

Stealth layer (PLA-PEG)
for long circulation

75-110 nm

Active pharmaceutical ingredient
Docetaxel

FDA-approved polymer (PLA)

for controlled release

Doxorubicin crystals

Figure 4 Schematic representations of A) BIND-014 and B) MM-302 nanoparticle formulations.
BIND-014 is a polymeric NP formulation encapsulating docetaxel, consisting of PLA-PEG together
with the targeting polymer PLA-PEG-GL that is functionalized with a small molecule that selectively
targets PSMA, a cell-surface protein expressed on prostate cancer cells®. Figure adapted from
reference 83 with permission from Dove Medical Press Limited, Copyright © 2014. B) MM-302 is a
HERZ2-targeted antibody-liposomal doxorubicin conjugate consisting of doxorubicin encapsulated in
a liposomal nanocarrier that is conjugated to anti-HER2 scFv antibody via PEGspacer, currently in
clinical trials for HER2-positive breast cancer®*. Figure adapted from reference 84 with permission
from BioMedCentral, copyright © 2016.

It is important to point out however, that the concept of active targeting has first been
envisoned more than four decades ago with targeted-liposomes?3; still, since then no
targeted nanomedicine has moved past the clinic. There are clearly many complex
questions that must be answered to ensure the benefits of active targeting are
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translated to patient care, many of them regarding the optimal physicochemical
properties required and their biological effects.

1.4. The impact of nanomaterial properties on drug delivery to tumors

To ensure quality, safety and efficacy of nanomaterials, a comprehensive
characterization of their physicochemical properties is of utmost importance. This may
not be particularly relevant for small-molecular drugs, whereby information on their
chemical identity and molecular structure is generally sufficient to identify and
characterize the drug. Due to the complexity and variety between nanocarriers, small
changes in physicochemical properties such as size, shape, surface charge and
surface composition including targeting ligands can have a significant impact on their
systemic delivery to tumors®38:87 These can influence their targeted delivery
properties, interaction with blood proteins, circulation lifetime, biodistribution, cell
targeting and intracellular trafficking and their drug release profile (Figure 5)86-°,
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Figure 5 The impact of NP physicochemical properties (e.g. size, surface charge, material type and
functionalization with targeting ligands) on biological processes. Inspired from reference 88 and
created with Biorender.com

1.4.1. Size and size distribution

Size is a major contributing factor of a nanocarrier’s in vivo fate: it determines the

cellular uptake®®°1.92 half-life in the blood circulation®3%4, biodistribution87-95% tumor

permeability®”, and immune response® (Figure 6). For example, a nanocarrier should
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be greater in diameter than approx. 5 nm (as tested on quantum dots using the
hydrodynamic radius®) to avoid renal filtration but no larger than 150-200 nm to avoid
excessive liver and spleen accumulation'%.1%" | arge spherical particles with diameters
>2000 nm display preferential accumulation in the spleen, liver and lung capillaries.
NPs smaller than 100 nm display reduced protein attachment and hence extended
blood half-lives in vivo'02103,

a b G
Ve — <\ o g, | -
QDo @\® iho
W WY W& g W
>150 nm 20-150 <5nm " b 4 T :
nm 20-150 nm 20-150 nm
Lungs
it ‘ [—I [ _en ‘ | — Ol |_| | = 1 M
,”u_|\\ Liver \I_I M ‘ m ﬂ | N r
Lungs q_ -]’E _}'I = | [ IO i |
‘ =[] H | n o [

- ﬁsm i (M.
Kidneys Kidneys l jl

Figure 6 The effect of various physicochemical properties such as a) size, b) shape and 3) surface
charge on the biodistribution of nanocarriers to different organs including the lungs, liver, spleen, and
kidneys. Reprinted from reference 87 with permission from Nature Publishing Group, a division of
Macmillan Publishers Limited, copyright © 2015.
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For this reason, reliable size analysis is essential in nanomaterial science. Size
analysis at the nanoscale can be achieved via different techniques depending on the
material evaluated, including Dynamic Light Scattering (DLS), Laser Diffraction
spectroscopy (LD), Atomic Force Microscopy (AFM), Electron Microscopy (EM) and
size exclusion chromatography. For example, DLS allows analysis of the
hydrodynamic radius of NPs in suspension and is probably the most used method for
NP size determination due to its ease of use and cheap cost. Contrary to DLS and LD,
AFM and EM allow NP analysis at a single particle level and with nanoscale
morphological detail (Figure 7). It must be noted that it is recommended to use multiple
methods to characterize the size and size distribution of nanomaterials, to ensure the
most reliable description is given'®. For instance, inorganic metal NPs tend to have
the same size in both wet and dry conditions, and therefore quantification using only
one method may be appropriate. In contrast, organic NPs may display different sizes
depending on their state (e.g. dry vs wet), such that results measured by TEM (size in
dry form) and DLS (hydrodynamic radius in solution) will give substantially distinct
values'%.
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Figure 7 Nanomaterial characterization by electron microscopy. A) PLGA-PEG NPs by TEM;
adapted from reference 106 with permission, copyright © 2021 PLOS ONE; scale bar 200 nm. B)
Albumin-bound paclitaxel NPs (Abraxane) by TEM; adapted from reference 107 with permission,
copyright © 2021 PLOS ONE; scale bar = 100 nm. C) Doxorubicin loaded liposomal NPs
(Doxil/Caelyx) by cryo-TEM; adapted from reference 108 with permission, copyright © 2014 New
York Academy of Sciences; scale bar = 100 nm.

1.4.2. Shape

Shape also heavily influences the in vivo fate and cellular uptake. Different NP shapes
display specific flow characteristics that can alter their circulation lifetimes and target
cell interactions, leading to variable biodistributions to organs (Figure 6)¥’. Rod and
filamentous-shaped NPs have been shown to have longer circulation times as opposed
to spherical NPs, due to a greater difficulty in removing non-spherical NPs from the
reticuloendothelial system (RES)'%° but also due to a generally lower RES uptake''°.
For example, filamentous polymer micelles displayed a much longer circulation half-
life post-administration (> 1 week) compared to spherical NPs (2-3 days)'"''. Shape
can also influence cellular uptake, for example nanorods had a lower uptake in HelLa
cells as opposed to the same spherical nanomaterial, since greater aspect ratios can
affect the contact area between NPs and cellular receptors, reducing cellular uptake''2.
Like size characterization, EM techniques are also used for the morphological
characterization of nanoparticles due to their excellent resolutions.

1.4.3. Surface charge

This is an important factor for the stability of NPs in suspension and is a critical factor
in biodistribution®” (Figure 6) and the adsorption of NPs on the cell membrane''3.
Surface charge is customized via different surface chemistries to prolong the
circulation half-life and to improve accumulation of NPs at the tumor site. Specifically,
neutral and negatively charged NPs show longer circulation lifetimes through a
reduction in serum protein adsorption to their surface', and exhibit lower
accumulation in liver and spleen''®. Positively charged NPs also display attractive
properties; for example, better uptake in non-phagocytic cells due to less electrostatic
repulsion with the negatively charged cell membranes''¢-""8 a preferential uptake in
angiogenic tumors compared to normal vasculature''®20 and can achieve endosomal
escape via processes such as the ‘proton sponge effect’ (e.g. cationic polymers)'?.122,
With this said, zwitterionic nanoparticles with a tunable charge depending on
environmental factors can be used to improve tumor accumulation and cellular
uptake '3,
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Zeta potential analysis is typically used to determine the surface charge of NPs in
solution. It is also predictive (but not an absolute measurement) of NP stability, as it
describes the degree of repulsion between charged particles in the solution. It is
measured using electrophoretic light scattering and electroacoustic determination
techniques'?. Atomic Force Microscopy (AFM) could also be potentially used for this
purpose; using the relationship in the forces acting between a nanoparticle surface and
the tip of the microscope, one can derive the surface charge density and show charge
variation over heterogeneous surfaces'?®,

1.4.4. Ligand functionalization

Ligand type, number and density, conjugation strategy and orientation are also of
critical importance in nanomedicine, as NP functionalization with target ligands
governs the active targeting mechanisms required for cancer cell specificity. Generally,
an increase in the ligand density leads to an increase in the cellular attachment, up to
a specific threshold, after which it either remains constant or it decreases'?6. In several
studies, the highest degree of receptor targeting was achieved by NPs that had an
intermediate number of ligands per NP%0.126.127 Higher targeting ligand densities can
in fact cause steric hinderance and a higher consumption of cellular receptors per
binding event, leading to decrease in cell binding'?8. Furthermore, surface ligands are
not useful unless they are orientated correctly as to bind their target receptors. In a
recent study it was found that only 3.5% of proteins on the surface of a NP formulation
had the correct orientation for target receptor recognition’?8,

1.4.5. Heterogeneity in physicochemical properties

It is important to mention that all synthesis methods yield mixed populations of NPs
leading to variations (heterogeneity) in their physicochemical properties, such as in
size and functional ligand numbers. In an extensive review, Rabanel et al. explained
that particle heterogeneity can be divided into two separate groups: i) at suspension
level, whereby heterogeneity is displayed in subpopulations within the same batch and
thus these different NP subpopulations can have different efficacies, and ii) at a NP
level, whereby heterogeneity is found within the core or surface of individual NPs'%°.

As previously discussed, physicochemical properties govern the biological fate of NPs,
and hence their safety and efficacy. Thus, small changes can have a great impact on
the formulation’s biological performance, and in hindsight can lead to poorly predicted
effective doses. Particularly, reporting only average values of physicochemical
properties is insufficient, as these mask the whole NP population within the formulation.
For example, polyamidoamine (PAMAM) dendrimers are generally considered to have
narrow distributions, but even so, upon quantification at a single particle level using
HPLC it was demonstrated that the average ligand number per NP was very different
from the median or mode values (Figure 8)'30.131,
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Figure 8 The importance of ligand quantification at a single particle level'?%'30, A) Average results
can mask the true heterogeneity of a population. B) Dendrimer-ligand distributions highlighting
differences in mode, median and mean numbers of ligands per NP. Figure A adapted from reference
130 with permission, copyright © 2011 American Chemical Society. Figure B adapted from reference
129 with permission, copyright © 2019 The Royal Society of Chemistry.

It is therefore expected that when a functionalized nanocarrier is reported, a
quantitative assessment of the system should be given, particularly at a single particle
level, in terms of size, and ligand number and density of functional ligands on the NP
surface. However, as opposed to studying size, quantification of ligand numbers and
distribution is a more challenging task, and in fact is still generally carried out based
on average values from ensemble techniques that mask the heterogeneity of
formulations'?°. This is in large part due to a lack of analytical techniques that allow
quantification at a single particle level'®®. This poses a serious challenge for the
development of functionalized nanomaterials, and the absence of rigorous protocols
may hamper large-scale manufacturing of such formulations and slow down their
translation to the clinic'3%.132.133  \With this said, it is envisioned that with the
development of more meaningful characterization tools — that allow quantification of
biologically functional ligand number and density — the smart engineering of
nanoparticles will also improve'34,

1.4.5. The interplay between ligand density and other parameters

Despite recent efforts in elucidating the effect of ligand density on the biological
outcome of NPs, not much information is available on the interplay between ligand
density and other properties such as size and shape. It is highly envisaged that the
effects of ligand density are entangled with other parameters, and that the in vivo
distributions will undeniably vary depending on the relationship between these various
physicochemical properties. A multiparametric understanding of such physicochemical
properties would shine light on fundamental information to improve the design and
formulation of smarter nanocarriers'2.

For example, the effect of ligand density on NP internalization and tumor targeting was

studied for similar rod-shaped NPs (80 x 320 nm) and spherical NPs (55 x 60 nm

nm)'26.135 An increase in the ligand density on the surface of rod-shaped NPs led to a
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rise in the number of NP bound to the target cell membrane receptors. However, this
result did not reflect an increase in cellular uptake, and in fact, after a ‘maximum ligand
density’, the number of NPs entering cells decreased. This reduction in cell uptake was
assumingly due to more rigid ligands at higher densities and thus less favorable
interactions with receptors, and large contact area of the rod-shaped NPs that leads to
receptor-depletion and restricted receptor-mediated endocytosis’. In contrast, the
internalization of targeted spherical NPs (50 nm) was not affected by an increase of
ligand density. This highlights the importance of considering the dependence and
relationship between different parameters, however current characterization
techniques lack in the ability to characterize different properties at a single particle
level.

1.5. Intracellular fate of nanomaterials

The aim of nanocarriers is to deliver their therapeutic cargos directly to the target site.
For example, a pre-requisite for RNA and DNA delivery is for these molecules to reach
the cytoplasm or nucleus, respectively'??. However, the cellular journey of nanocarriers
to their final destination is riddled with biological barriers. With a focus on cellular
barriers, these NPs must be taken up by their target cells, and depending on their
shape, size, surface charge and functionalization the cell uptake mechanism will
differ®.116.120.136  Generally, NPs get taken up in cancer cells by endocytosis (clathrin
dependent and independent, and caveolae-mediated), macropinocytosis and
pinocytosis'®”. Notably, following uptake, intracellular trafficking determines the final
destination within cellular compartments of the nanocarrier, which is in fact one of the
most limiting bottlenecks in drug delivery using nanocarriers'38-142. Once NP are taken
up via endocytosis, they are generally distributed to endocytic vesicles'?2143-146_ Within
these acidic vesicles, the carrier-drug ensemble can be degraded, and its
bioavailability within the intracellular milieu reduced#’. Within these organelles, the pH
gradually drops from neutral to acidic, owing to membrane-incorporated vacuolar-type
ATPases. The cargo is first transported into the early endosome (pH ~ 5.5), followed
by the late endosome and lysosomes; in the latter, the cargo is degraded by hydrolytic
enzymes present in the low pH environment (pH 5-4.5) (Figure 9). Whilst the recycling
endosome may direct some cargo back to the outer cellular space, the majority
remains entrapped in the endo-lysosomal pathway where it gets degraded45.146.148,
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Figure 9 Typical route of NP entry and trafficking within the cell. NP are generally first internalized
by endocytosis into early endosomes, where they are trafficked through the endo-lysosomal pathway
and ultimately degraded into the lysosomes. Some NP formulations can escape endosomes to avoid
degeneraiton and deliver their therapeutic cargo into the cytoplasm'48. Reprinted from reference 146,
with permission from The Royal Society of Chemistry, copyright © 2021.

Therefore, although cellular entry is necessary for the cargo to exert its effect, the
subsequent endosomal entrapement represents a significant bottleneck in using NP
systems for gene delivery'38.139.149 'where cargo is normally delivered to the nucleus or
cytoplasm, and proteins or small moleclar drugs that exert their therapeutic effect
outside of the endo-lysosomal system, for the treatment of a variety of diseases'40-142,

It thus comes as no surpirse that research is focusing on NP formulations that can
achieve endosomal escape. Various mechanisms have been proposed and reviewed
thoroughly in literature, such as the “proton sponge” effect, membrane fusion, pore
formation, membrane disruption and vesicle budding and collapse'??14%150  For
example, cationic polyplexes are believed to achieve endosomal escape through
several mechanisms (Figure 10). The first is the “proton sponge” effect: the polymer
amino groups become protonated in the acidic compartments, leading to an enhanced
chloride ion influx. This osmotic balance causes swelling of the endo-lysosomal
compartment through water influx, followed by its rupture. Another mechanism is that
after protonation of their amino groups, they are able to interact with the endo-
lysosomal membrane, and consequently cause disintegration and local hole formation,
allowing polyplex escape'?.
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Figure 10 Overview of endosomal escape strategies of cationic polymers and polyplexes'?. The
“proton-sponge effect” states that the presence of weakly basic molecules can lead to bursting of
endosomes by an osmotic effect. The polyplex-mediated mechanism wrorks by a time-dependent
protonation of amino groups present in the polyplex whilst inside the endosome, leading to an
interaction with the endosomal membrane and permeability/local hole formation. Polymers can
mediate membrane permeability and hole formation by intercalation with the plasma membrane of
the endosome. Adapted from reference 122 with permission from The Royal Society of Chemistry,
copyright © 2018.

Thus, it is critical to be able to localize nanomaterials within the cellular milieu, whether
they are membrane-bound, endosome-entrapped or in the cytosol/nucleus, as this will
allow the identification of intracellular barriers that prevent the successful delivery of
therapeutic cargo. However, techniques to study the uptake and intracellular fate of
nanomaterials rely greatly on ensemble methods such flow cytometry and assays
using fluorescence microscopy'4”:151-153  Notably, flow cytometry is an appropriate
option for cellular uptake assays as it measures relative fluorescence intensity per cell,
particularly when used in conjugation with fluorescence microscopy (FM) since it is
unable to distinguish between internalized vs membrane-bound NPs. However, it
cannot discriminate the intracellular location of NPs. Traditionally, fluorescence
microscopy (FM) has been used to determine the uptake mechanism and intracellular
localization of NPs, as it allows specific labelling of different structures of
interest®1:.154.155  Notably, its spatial resolution is limited by light diffraction to a few
hundreds of nanometers, hampering its use in the field of nanomedicine, whereby
resolutions of 100 nm and less are required to reliably identify, track, and quantify
nanomaterials at a single particle level. Furthermore, co-localization may be falsely
assigned when sub-resolution objects that are found closer to each other than the
resolution limit of the microscope’?. Recent advances in the field of super-resolution
microscopy (SRM) have overcome this limitation, enabling unique imaging of
nanomaterials at the nanoscale.

The next sections will focus in more detail on the advantages and drawbacks of
advanced microscopy techniques such as super-resolution microscopy (SRM),
transmission electron microscopy (TEM) and correlative light and electron microscopy
(CLEM) for the in vitro characterization and intracellular trafficking of nanomaterials.
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2. Super-Resolution Microscopy

Fluorescence microscopy (FM) offers multicolor imaging properties in native conditions
and enables the study of dynamics in real-time, but unfortunately is diffraction-limited,
such that two fluorescent structures that are closer than 250 nm cannot be individually
distinguished (Figure 11), as described by Abbe in 1873 and later by Lord Rayleigh%.
This poses a problem in nanomedicine since nanomaterials cannot be resolved nor
reliably quantified.

Separation of 500 nm 250 nm <250 nm

fluorophores: @@ =0 Abbe's diffraction limit
o9

o9

d=\/2NA

A =wavelength

NA = numerical aperture
>

Resolved Rayleigh Unresolved
criterion
Figure 11 Resolution and its limits in light microscopy'®. Rayleigh’s criterion states that an optical
microscope can resolve two objects if they are separated by a minimum separation distance of 250
nm or more but will not be resolved if they are closer than this distance (<250 nm). Abbe’s diffraction
limit explains that the minimum resolved angle between two fluorescent dyes (d) is determined by
the wavelength of the light excitation (A) and the numerical aperture (NA) of the microscope’s
objective (1.4-1.6). Inspired from reference 156 and created with Biorender.com.
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An advancement in FM is super-resolution microscopy (SRM), or nanoscopy, a group
of far-field optical techniques that bypass the diffraction limit and are able to reach
nanoscale resolutions (1-100 nm)'57:158, The SRM family encompasses three different
groups of techniques that work on different principles and instruments'®®. These
include structured illumination microscopy (SIM)'®°, stimulated emission depletion
(STED)'® and single-molecule localization microscopy (SMLM)'¢'. SMLM techniques
offer some of the best resolutions, single-molecule sensitivity, and quantitative
molecular counting and for these reasons this group has been chosen in this thesis
and discussed more extensively in the following paragraphs.

2.1.  Single-Molecule Localization Microscopy

SMLM techniques have an excellent resolutions ranging from 5-20 nm lateral (x,y) and
50 nm axial (z) depending on technique, they offer multi-color imaging and can achieve
quantification at a single molecule and particle level'%8.162163 They are based on the
localization of single molecules (Figure 12), such that only scarce number of emitting
molecules are in an “on” (emitting) state at one time, whilst the majority are in an “off”
(dark) state. To perform an accurate fit, the emission profile must display minimal
overlap in each image. A centroid position of each emitting molecule is identified and
statistically fitted to a Gaussian function, and the localization precision is determined
by the number of photons identified. The centroid positions from thousands of frames
are superimposed into one super-resolved image. Several techniques form part of the
SMLM family, and they differ mainly by how the “on” and “off” switching is achieved.
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SMLM techniques include Photoactivated Localization Microscopy (PALM)'64,
Stochastic Optical Reconstruction Microscopy (STORM)'®® and Points Accumulation
for Imaging Nanoscale Topography (PAINT)'6.167 each displaying different methods
of achieving temporal separation of emitters.
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imaging e

Figure 12 The principles of Stochastic Optical Reconstruction Microscopy (STORM)'%8. A) Only a
scarce number of fluorescent dyes are in the emitting “on” state at one time, whilst the majority are
in a dark “off” state, achieving imaging of individual fluorophores without spatial overlap and with high
resolution. The centroid position of each emitting dye is identified and plotted with a gaussian fitting
and its exact position is localized. B) The positions of many emitting dyes are determined over
thousands of frames. C) A super-resolved image is reconstructed made up of localizations (red
crosses). Reprinted from reference 168 with permission, copyright © 2020 Elsevier Inc..

2.1.1. dASTORM

Direct Stochastic Optical Reconstruction Microscopy (dISTORM) is a SMLM technique
that is gaining popularity in cellular biology and material science. It is based on the
photoswitching and photoactivation of organic dyes, fluorescent proteins and even
quantum dots'®. In dSTORM, fluorophores are intermittently switched “on-off’ as a
result of the photoswitching behavior of the dyes used and special buffer solutions'®®
(Figure 12). The dSTORM buffer solution consists of i) reducing agents (e.g.
mercaptoethylamine MEA) that induce photochemical reactions which cause most of
the dyes to be transferred to an “off” state, ii) oxygen scavenging systems (e.g. glucose
oxidase, glucose and catalase) to reduce photobleaching and iii) buffer (e.g. PBS) for
pH control. Unfortunately, different dyes blink optimally in different imaging buffers,
hence multi-color acquisition with dISTORM is challenging ', but possible in 2-3 colors
through the use of specific buffers such as Oxyrase/MEA (OxEA)'®'. Alternatives to
these limitations include sequential labeling and imaging using a single fluorophore'”’
or spectral demixing dSTORM (SD-dSTORM), that combines the benefits of red-
emitting carbocyanine dyes with spectral demixing'’2.

Through the use of spectrally distinct photoswitchable fluorophores, dISTORM enables
multi-color imaging with reduced cross-talk'”>-174, Still, although two-color dSTORM
has been achieved by imaging different structures using spectrally separated
dyes'75176 the limited availability of spectrally different photoswitchable fluorophores
hinders the use of more colors. Most organic fluorescent dyes display photoswitching
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properties, but not all of them meet the criteria required for dSTORM imaging.
Generally red fluorophores such as Alexa Fluor 647 and Cy5 perform significantly
better than the best-performing dyes in other spectral regions. Therefore, even if one
chooses four spectrally different dyes, those in the blue (480-540 nm), yellow (545-600
nm) and NIR (740-805 nm) will be considerably dimmer than those in the red (640-700
nm) spectrum, which may negatively affect the image resolution. It is important to note
that in order to improve multi-color imaging, the longer wavelength color (i.e. 647 nm)
should be imaged first to reduce the cross-talk caused by the shorter wavelength laser
(i.e. 561 nm) due to the overlapping spectra of the two dyes'’’.

dSTORM has proved its potential initially in cellular biology, with important discoveries
made regarding intracellular structure and protein organization'”® and more recently it
has also contributed to the study of various complex molecular nanostructures'”.
Albertazzi and Meijer were the first to report the use of SRM to study the monomer
exchange in supramolecular polymers, using 2-color dISTORM imaging. Following this,
other studies used similar approaches to reveal how hydrophobicity and chirality'®, as
well as functional groups'®!, affect supramolecular polymers'”®. dSTORM was also
applied to investigate the inner and surface morphology of polystyrene and poly(methyl
methacrylate) (PMMA) blends'82.

Apart from material characterization, dISTORM has also been applied to quantify NPs
cellular interactions and trafficking, for example polystyrene NPs of diameters 80-800
nm and HelLa cells. Using 2-color imaging, co-localization studies were used to assess
the interactions of these NPs with the cellular membrane'’® (Figure 13), and to quantify
the molecular interactions between nanomaterials and biomolecules present in
biological fluids such as the protein corona'®?,
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Figure 13 dSTORM images showing uptake of fluorescently tagged polystyrene NPs (red) by
membrane-stained Hela cells (membrane, green)'’®. A) large view of a cell by dSTORM compared
to conventional wide-field (WF) image. B) Zoomed in images of NPs of different diameters (80 nm,
230 nm and 330 NP) by conventional wide field imaging (upper row) and dSTORM (lower row),
highlighting the difference in resolution between the two imaging modalities. Adapted from reference
176 with permission, copyright © 2016 American Chemical Society.
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2.1.2. DNA-PAINT

Despite the numerous advantages of dSTORM, it is limited by photobleaching and a
lack of dyes that can be concomitantly used, hence has restricted multicolor imaging.
These limitations have been overcome with the introduction of other SMLM techniques.
In 2006, Sharonov et al.'® described Points Accumulation for Imaging in Nanoscale
Topography (PAINT), a SMLM technique that relies on the diffusion and stochastic
transient binding of a fluorophore conjugated to a probe and the target structure. In
2010, Jungmann et al. developed a variant of this technique named DNA-PAINT66. |n
contrast to other SMLM techniques, here fluorescent blinking is produced by transient
hybridizations between two complementary single DNA strands (Figure 14).
Specifically, DNA strands attached to structures of interest (docking strands) are
imaged using complementary DNA strands attached to a fluorescent dye (imager
strand). Since there is no actual photoswitching of dyes, this technique is independent
from the dye’s photophysics, is less impacted by photobleaching and attains high
multiplexing ability63.185.186 including one of the best resolutions in SRM'®’. Due to
controllable kinetics in DNA strand hybridization, quantification of molecules is possible
using quantitative PAINT (qPAINT), an approach previously developed by Jungmann
et al. on DNA origami’®3,

~—— docking strand

e imager strand

intensity

Figure 14 The principles of DNA-PAINT. Single-stranded DNA (oligo/docking strand) is conjugated
to structure of interest. Dye-labelled complementary single-stranded DNA (imager strand) is added
in solution and leads to transient binding (DNA hybridization) with the docking strand. The transient
binding is detected as “blinking” over a certain time trace. When in the bound state it is “on’/emitting
fluorescence and when in the unbound state it is “off/dark. Adapted from reference 166 with
permission, copyright © 2010 American Chemical Society. Created with Biorender.com

Delcanale et al. applied DNA-PAINT and gPAINT to quantify and map functional
ligands on the surface of 330 nm streptavidin-coated carboxyl-polystyrene NPs. A high
variability in the number of ligands/NPs was discovered, with a significant number of
NPs exposing ligand numbers outside the Gaussian distributed population'818° A
similar approach was used to quantify functionalization of gold NPs for a range of
ligand densities, observing just as in the previous example significant heterogeneity in
functionalization'®®. These studies shine light on the particle-to-particle variations that
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could affect the performance of functionalized NPs in vivo, and the importance of
SMLM techniques as characterization methods in nanomedicine.

Indeed, SMLM techniques are revolutionary tools in nanomedicine unveiling the
structure, dynamics and function of complex synthetic nanomaterials. Yet it is worth
mentioning that the lack of fluorophores with minimal spectral overlap, particularly in
dSTORM, limits imaging of more than two simultaneous targets'®', preventing the
localization of NPs in more than one specific location at a time. DNA-PAINT has been
able to overcome this issue through the use of different sequences of docking strands,
demonstrating 124-color imaging on DNA origami'®, and the application of eight color
imaging in cells has been achieved'®; however, these highly multiplexed experiments
are limited by complicated labelling procedures, considerably long acquisition times
(so fixed samples are used), sample penetration depth and low-throughput.

3. Electron microscopy

EM is an irreplaceable tool in the physicochemical and intracellular study of
nanomaterials'#6.192-195  Compared to light microscopy, EM uses a beam of electrons
rather than a beam of light, and since electrons have a shorter wavelength than visible
light, this group of microscopes offer significantly improved resolutions'®. Several EM
techniques have been successfully applied in nanomedicine, including Scanning
Electron Microscopy (SEM), cryo-EM and Transmission Electron Microscopy (TEM).

SEM is typically used for NP size and shape characterization. In this case, electrons
interact with the sample to produce and reflect secondary electrons, backscattered
electrons and characteristic X-rays. SEM offers 3D information and characterization of
a nanomaterial’s morphology and composition, but generally suffers of a lower
resolution and inability to study material crystallinity or intracellular processes'®’. Cryo-
EM offers the best preservation of biomaterials in a near-native frozen hydrated state,
eliminating the need for chemical fixation or resin embedding, both of which can lead
to loss of ultrastructure. Various methods exist to study nanomaterials with 2D cryo-
TEM being the most common one to study virus-like NPs'% and lipid-based NPs'®°;
3D cryo-TEM and cryo-Electron Tomography (cryo-ET) offer powerful alternatives to
study 3D structures of complex structures such as icosahedral symmetries'® but rely
on heavy data processing and specialized equipment8.

3.1.  Transmission electron microscopy

In TEM an electromagnetic lens is used to focus electrons into a thin beam which is
transmitted through an ultrathin sample (70-150nm); electrons then either scatter off
the sample or pass through and hit a detector at the bottom of the microscope. The
un-scattered electrons recreate an image of the footprint of the sample, with darker
and brighter areas of the image representing that fewer or more electrons are
transmitted through, respectively. Therefore, higher atomic mass/denser structures will
be observed as darker since they absorb more electrons instead of allowing them to
transmit through.

Thanks to its exquisite resolution, TEM has unmasked information on the morphology
of various nanomaterials'%6:107:200 and has become a standard technique in the material
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characterization pipeline. Notably, it is simple to visualize inorganic nanoparticles such
as gold NPs without any further staining, since they provide high contrast against the
underlying supporting films found on TEM grids (e.g. carbon/formvar). However,
organic nanomaterials require negative staining, in which a thin layer of heavy metals
(e.g. uranyl acetate) is applied on top of the material, leading to a dark staining of
surrounding regions, whilst the specimen itself is left unstained and its morphology is
elucidated.

TEM has been widely used to study the fine relationships between NPs and
cell/tissues, offering some of the most valuable information of uptake mechanisms?°!
and intracellular voyage'46.193.202203  For example, TEM has been used to identify
caveolin-mediated endocytosis as the main uptake pathway of polymeric coated gold
NPs?%4 and to quantify the amount of siRNA-conjugated colloidal gold NPs that escape
from different endo-lysosomal compartments®3. Plaza-GA et al. took inspiration from
nature to functionalize gold NPs with a bacterial toxin, and demonstrated the
formulation’s endosomal escape properties using TEM'%4, as seen in Figure 15.
Furthermore, TEM allows the visualization of morphological changes within the cell
such as shrinkage or swelling of mitochondria/endo-lysosomal compartments that are
important hallmarks of cell damage, not easily detectable by light microscopy?°°.
Markedly, the majority of cellular NP studies using TEM have been carried out on
electron dense materials such as inorganic NPs (e.g. gold, silica, silver NPs, quantum
dots)'36:194,206.207 gince semi-transparent materials (e.g. polymeric/protein-based NPs)
generally do not offer enough contrast to be accurately differentiated from the complex
intracellular milieu.

Furthermore, it must be pointed out that dynamic changes cannot be studied since only
fixed or frozen samples can be imaged. Since TEM requires thin, dehydrated samples,
preparation of biological samples such as cells requires several stages, with various
techniques and processes available, some of which can be exceptionally complicated.
Typically, samples are first fixed, dehydrated and embedded in a resin, then sectioned
into ultrathin sections of 70-150 nm thickness, before being contrasted with heavy
metals and imaged?°8. Specificity is also a problem, making it difficult to distinguish
between organic nanomaterials and cellular milieu.
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Figure 15 TEM images of mouse embryonic fibroblasts (MEFs) incubated with a) gold NPs and b)
with gold NPs functionalized with a bacterial protein. In b) the endosomal/lysosomal membrane is
perforated because of the bacterial protein, allowing endosomal escape of the gold NPs. Bottom
panels are zoomed in areas seen in top panels. Where N = nucleus, M = mitochondria and E =
endosomes/lysosomes. Highlights the power in resolution of TEM to reliably identify nanomaterials
within the cellular context. Reprinted from reference 194 with permission, copyright © 2019, Springer
Nature, Ismael Plaza-GA et al.

Advanced imaging techniques come with plenty of strengths but also weaknesses, and
as such, a synergistic approach between different techniques would allow us to gain a
much more comprehensive understanding of NP properties and biological behaviors.

4. Correlative Light and Electron Microscopy

As previously discussed, FM offers chemical specificity of molecules, multicolor
imaging and ability to study biological processes. However, localization of molecules
is not always straightforward due to many molecules remaining unlabeled, and
multicolor imaging only allowing the detection of a couple of simultaneous
targets/structures. Additionally, no information on ultrastructure can be gained, and the
resolution of conventional FM does not provide detection of individual biomolecules or
nanomaterials. A way to overcome the resolution gap is through SRM, but if
ultrastructural content is needed, EM is the method of choice. EM however only offers
analysis on grayscale images, making the detection of molecules cumbersome;
biological samples are normally fixed and finding rare events in space and time is
almost impossible.
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Correlative light and electron microscopy (CLEM) are a group of techniques that
integrate images of the same sample from both microscopies, overcoming their
individual limitations by combing the strengths of the two imaging techniques, allowing
the analysis of molecules in their cellular/morphological context?°®2'0. In practice,
CLEM protocols span to a variety of techniques, whereby FM can be wide-field,
confocal, or SRM, whilst EM can expand to TEM, SEM, volume EM, cryo-EM and dark-
field energy filtered TEM?''. Due to the plethora of information that CLEM can provide,
various advances in biology have been made such as the study of the segregation of
chromosomes during cell division?'?, membrane trafficking and organelle dynamics?'?,
, and identification of particle-rich cytoplasmic structures (PaCSs) in human disease?'.

A major limitation in conventional CLEM is the difference in resolution limits between
the two microscopes. With the development of SRM, the resolution gap between FM
and EM has narrowed, allowing molecular structures in cells to be imaged within the
ultracellular context with unprecedented nanoscale resolution. Examples of
established protocols include PALM-TEM for imaging intracellular fluorescent
proteins?'s, 3D interferometric PALM-SEM for studying organization of mitochondrial
nucleoids?'® and STORM-TEM to track intracellular pathogens'682'7 (Figure 16).

3

Figure 16 Correlative STORM and SEM images of resin-embedded sections of filamentous influenza
viruses budding from infected cells?'®. Left panels show STORM only images, middle panel show
correlative images and right panel SEM only images. Lower panels are zoom-in images of upper
panels. Yellow box is a dSTORM image of an influenza virus filament, immuno-stained for
haemagglutinin. Scale bars 500 nm. Figure adapted from reference 218 with permission, copyright
© 2015 PLOS ONE.

4.1.  Applications of CLEM in nanomedicine research

As we have previously seen, quality control that ensures the safety and effectiveness
of nanomaterials requires their thorough and quantitative in vitro characterization at a
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single particle level, and intracellular trafficking with detailed ultrastructure of the cell.
Whilst advanced techniques such as TEM and SRM contribute greatly to this need, no
single technique can achieve these tasks. The ability to combine the advantages of
these two powerful techniques, whilst minimizing their individual weaknesses, opens
many doors to better understanding and predicting nanomaterial properties and
intracellular behaviors.

First, SRM-TEM correlative techniques could contribute with relevant information on
the interplay between different physicochemical properties at a single particle level.
However, no super-resolution CLEM protocols have been developed for this purpose.
Secondly, it offers a means to specifically label a variety of nanomaterials and achieve
high resolution analysis of their intracellular behavior within exquisite cellular context.
At the start of writing this thesis only three articles using CLEM to study intracellular
trafficking had been published. A 3-fold correlative microscopy approach between FM,
SEM and ion beam analysis (IBA) was developed by Le Trequesser et al. to detect,
track and quantify titanium dioxide NPs inside/outside of cells?'°. Han et al. developed
a FM and energy-filtered TEM (EFTEM) correlative protocol with 3D tomography to
allow the quantification of fluorescent nanodiamonds at a single particle level within
different cellular compartments (Figure 17). Very recently and within the same
research group, Frey et al. applied confocal laser scanning microscopy (CLSM)-TEM
correlative microscopy to analyze protein-based nanocarriers intracellularly,
demonstrating the relevance of CLEM in understanding metabolic pathways of
nanocarriers??. Yet, it is important to note that no SRM-TEM protocols have been
developed for nanomaterial tracking.

Figure 17 Correlative light and electron microscopy (CLEM) of fluorescent nanodiamonds (fNDs) in
HelLa cells??'. A) LM and TEM correlative microscopy image, whereby the localization of fNDs by LM
is shown in red and cell nucleus appears in blue. B) Electron tomogram section of the same region
where black arrows indicate the disappearance of endosomal membrane. C) 3D EM model of fNDs
clusters inside endosomal vesicles, where fNDs appear in red and the cellular membrane is shown
in green. Scale bar: (A,B) 500 nm and C) 250 nm. Reprinted from reference 221 with permission,
copyright © 2019 American Chemical Society.
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Whilst the aforementioned research clearly demonstrates the power of CLEM in
understanding NP intracellular metabolism, only NPs visible by EM techniques were
quantified; as such, a variety of NP formulations cannot be accurately analysed with
these techniques. A main issue is that there is still a resolution gap between the FM
and EM techniques used, preventing the assignment of fluorescently labelled single
particles not visible in EM alone to specific compartments. We believe that there are
still crucial unanswered questions in nanomedicine that could be answered using
CLEM. To achieve this, it is necessary to go one step further and correlate the
information given at a single particle and molecular level by SRM techniques such as
DNA-PAINT and dSTORM with the excellent morphological detail offered by TEM. We
aim to develop such correlative techniques that can allow the nanomaterial community
to a) better characterize nanocarriers at a single particle level and understand the
interplay between different physicochemical parameters that govern nanoparticle
behavior, and b) to track their intracellular distribution and thus better predict their
efficacy and safety. Furthermore, due to the complexity of these correlative techniques,
apart from describing the developed protocols and discussing the importance of the
findings, another important objective will be to highlight some of the difficulties that
arise from combining two different microscopies and to suggest how to overcome
these, with the aim of guiding other scientists on how to apply these techniques to their
own research.
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This Chapter summarizes the main objectives of this Thesis.

40



Objectives

41



Objectives

The Introductory Chapter highlights the promise that nanomedicine holds in treating
various diseases, with a focus on cancer. However, despite the hype around this field
in the last decades, the translation to the clinic has been relatively slow. Nanomedicine
aims to increase the selective delivery of therapeutics to specific target sites such as
a tumor, in turn improving the effectiveness of the encapsulated therapeutic and
lowering its side effect profile. The ability of nanomaterials to act as effective and safe
drug carriers relies on very specific physicochemical properties and biological
behaviors that must be well controlled and studied. However, whilst the complexity of
nanocarriers expands day by day, the types of methods used to accurately
characterize their physicochemical properties and biological pathways remain
generally the same as the ones used for small molecular entities. Yet, nanocarriers
display intricate and complex characteristics as opposed to common therapeutics,
which pose numerous problems to their efficacy and safety if not well understood.
Some of these are mentioned in the main Introduction and include increased
heterogeneity in crucial properties such as size and surface functionalization, and poor
delivery of cargo to site of action due to intracellular barriers such as endosomal
entrapment. There is currently a lack suitable techniques optimized to assess and
quantify such parameters at a single particle level (rather than average values), to
evaluate parameters in relation to each other, or track individual NPs within the
intracellular milieu to understand their biological fate. In turn, this leads to poor
clarification of regulatory standards for characterization of physicochemical properties
and biological activity of nanomaterials. This is one of the main reasons why we are
still seeing an unsatisfactory translation of nanocarriers from bench to clinic. To help
fill part of this gap, we propose the development, optimization, and application of
quantitative advanced imaging techniques such as SRM, TEM and CLEM to
characterize, study and advance our understanding of nanocarriers more accurately.
Chapters 1 and 2 focus on the characterization of nanomaterials in vitro, whilst
Chapters 3 and 4 on the localization, quantification, and trafficking of nanomaterials
within the cellular milieu.

In Chapter 1 the main objective is to optimize and implement the novel DNA-PAINT
technique for the quantification of ligand functionalization in various manually
formulated PLGA-PEG formulations with increasing target group content. The aim is
to first use DNA-PAINT and gPAINT to quantify the number of accessible functional
ligands on the surface of these NPs and to account for interparticle heterogeneity in
ligand functionalization. Using these results, we want to rationally redesign our current
PLGA-PEG formulation as to achieve a greater exposure of accessible functional
ligands.

In Chapter 2, the main objective is to develop, optimize and apply a super-resolution
CLEM method consisting in the correlation of DNA-PAINT and TEM. Using this
technique, the interplay between ligand functionalization and size at a single particle
level will be studied, as well as the multiparametric heterogeneity between these two
parameters in PLGA-PEG NPs. We further intend to show the advantage of our
correlative technique as opposed to a one-method-at-a-time approach in studying NP
sub-populations. Then finally to demonstrate the applicability of CLEM protocols in the
characterization of other nanomaterials, such as supramolecular polymers.
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In Chapter 3 the first main objective is to assess different dISTORM-TEM CLEM
protocols for biological samples, and to select and optimize a suitable protocol for the
intracellular trafficking of PLGA-PEG NPs, with the goal of preserving cellular
ultrastructure and fluorescence signal. The second objective is to use the optimized
correlative protocol to quantify the distribution of NPs in different endo-lysosomal
compartments at specific time points. Lastly, we aim to quantify the change in NP
distribution (i.e. endosomal escape) upon the application of a lysomotropic agent.

In Chapter 4 the main objective is to apply the optimized dSTORM-TEM correlative
protocol in Chapter 3 for the intracellular trafficking of polyplexes. The aim is to quantify
both polymer and cargo molecules using two color direct STORM and to track their
specific location using TEM. Another objective is to quantify and compare the
endosomal escape properties between two polyplexes with rationally designed
polymeric backbones.

43



Chapter 1 | Quantifying the effect of PEG architecture using DNA-PAINT

Chapter 1 | Quantifying the effect of PEG architecture on
nanoparticle ligand availability using DNA-PAINT

This chapter reproduces almost literally the following published article:

Andrian T, Pujals S, Albertazzi L. Quantifying the effect of PEG architecture on
nanoparticle ligand availability using DNA-PAINT. Nanoscale Adv. 2021; 3: 6876-
6881. As the first author of this paper, | performed all the experimental protocols, |
contributed to protocol design, data analysis and manuscript writing. All authors
participated in the planning, writing, and correction of the written work.

Supportive information for this chapter can be found in Appendix 1.

Abstract: The importance of PEG architecture on nanoparticle (NP) functionality is
known but still difficult to investigate, especially at a single particle level. Here, we apply
DNA Point Accumulation for Imaging in Nanoscale Topography (DNA-PAINT), a super-
resolution microscopy (SRM) technique, to study the surface functionality in
poly(lactide-co-glycolide)—poly(ethylene glycol) (PLGA-PEG) NPs with different PEG
structures. We demonstrated how the length of the PEG spacer can influence the
accessibility of surface chemical functionality, highlighting the importance of SRM
techniques to support the rational design of functionalized NPs.
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1. Introduction

Nanomedicine aims to improve clinical outcomes and reduce the adverse side
effects caused by the lack of selectivity for target tissues of small molecular
drugs’??2. A popular strategy to achieve this aim is the tethering of functional
moieties on the surface of nanoparticles (NPs), which improves the interaction
between the drug delivery system and the target cells’®223. The grafting of
targeting ligands to the surface of polymeric NPs is commonly implemented by
using PEG as a spacer??*. The hydrophilic nature of PEG also endows the
formulation with “stealth” properties, reducing fouling by plasma proteins??® and
improving circulation times??®. However, the architecture of PEG chains has
been shown to influence the association of nanoparticles to their target
receptors??” and in turn their cellular uptake®?®.22°, Notably, covering the surface
of NPs with identical length PEG chains can reduce the ligand free motion and
hinder the accessibility towards target receptors, whilst ‘cocktail’ PEGylation —
where ligand-free shorter PEG chains and ligand-tethered longer PEG chains
are covering the NP surface — can increase ligand mobility and improve its
accessibility to target receptors, as well as maintaining stealth properties??7-230,

Despite the acknowledgement of this phenomenon, the effect of PEG
architecture on ligand accessibility has mainly been studied with ensemble
assays based on average population results. In a pioneering study using
transmission electron microscopy (TEM) and antibody fragments conjugated to
gold nanoparticles, the authors were able to map the accessible epitopes on the
surface of NPs at a single-particle level'?®. Although TEM offers excellent
resolution, quantification is limited by the density of ligands that can be
quantified, and low throughput information that makes data analysis
cumbersome.

Super-resolution microscopy (SRM) based on single-molecule localization
(SMLM) techniques have demonstrated their superiority in the quantification of
functional ligands'88190.231" due to their nanoscale resolution (10-20 nm),
molecular specificity and single-molecule sensitivity. DNA Point Accumulation
for Imaging in Nanoscale Topography (DNA-PAINT) is a type of SMLM
technique which offers various advantages over other microscopy techniques,
such as greater multiplexing possibility'®>186 lower photobleaching rates and
accurate molecule counting for a variety of functionalization densities’66.1%0,
Consequently, DNA-PAINT has been used to map functional ligands on the
surface of polystyrene'.18 and gold'® NPs, exposing ligand distribution and
heterogeneity on the NP surface. The exact number of functional ligands can be
quantified using quantitative PAINT (qPAINT)'88189 g technique initially
developed for the quantification of docking strands in DNA origami63.

In this work we used qPAINT to quantify the number of functional ligands on the
surface of PLGA-PEG NPs and to study the role of spacer PEG length and target
group content on their targeting ability. Finally, we studied the ligand availability
(%) by comparing the number of available functional ligands quantified using
qPAINT with the number calculated using commonly applied theoretical
calculations. First, we formulated different NP formulations via the
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nanoprecipitation method?32, by mixing PLGA, PLGA-PEGsk-maleimide and
PLGA-PEGx polymers, varying the amount of target group (maleimide) content
and spacer PEG length in the PLGA-PEGXx polymer (where x denotes molecular
weight of 1k or 5k). Then, we conjugated the NPs to our model ligands - thiol-
oligonucleotides (docking strands) — and quantitatively studied the number of
available ligands and distribution using DNA-PAINT and gPAINT for the different
formulations, highlighting marked heterogeneity within the formulations. Finally,
we demonstrated at a single particle and molecular level how PEG architecture
can influence ligand number and availability.

2. Results and Discussion
2.1.  Nanoparticle formulation, ligand conjugation and characterization

A brief outline of the NP formulation and DNA-PAINT and gPAINT quantification
protocols is given in Figure 1. NP were formulated manually via the nanoprecipitation
method?*? by mixing of PLGA-PEGsk, PLGA and PLGA-PEGsc-Maleimide polymers
with increasing maleimide content (10-100%) (1). Then they were conjugated with an
excess of thiolated oligonucleotides (docking strands) via a thiol-maleimide reaction?33,
which were used as DNA-PAINT probes and as a model for biological ligands (2).

1. NP formulation 2. Ligand conjugation

Available
Hindered
group
nﬁw """ *g%z %:ﬁ “ X 2(«‘66

10%  20%  30% 50%  70%  100%
PLGA-PEG-Maleimide content (%) in formulation

3. DNA-PAINT imaging 4. qPAINT
\/ Available Quantification of
X — ligand available ligands
- g (KonCiTas) ™
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Hindered P eemee > s ONTitd
ligand a5
2
w
Ligands/NP
PEGsk PLGAgs.35k wuult Thiol-ssDNA (ligand, docking strand)
N™"@ PEGsc-Maleimide mrr® Complementary strand-ATTO-647N (imager strand)

Figure 1 Outline of DNA-PAINT and qPAINT protocol. (1) PLGA-PEG NPs were first
formulated using varying maleimide contents (10-100%), then (2) functionalized by
conjugation with a thiol-oligonucleotide (docking strand). (3) During DNA-PAINT imaging,
complementary imager strands attached to ATTO-647N dye transiently bind and unbind to
the available ligands on the NP surface, leading to the acquisition of a super-resolved image,
whilst the hindered ligands are undetected. Red localizations are representative of ligands,
and yellow of the encapsulated dye (Dil) used as a reference marker and drift corrector. Scale
bar 100 nm. (4) QPAINT achieves quantification of the exact number of available ligands (n)
by using the mean dark time between the binding events (1d*), the second-order association
rate constant (kON) between the complementary strands, and the known concentration of
imager strands (Ci) through the equation n = (kONCird*)™".
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Extensive NP characterization was carried out, including hydrodynamic diameter and
polydispersity index (Pdl) by DLS and zeta potential (ZP) measurements for surface
charge for all formulations before ligand conjugation, immediately after conjugation and
7 days after conjugation, as shown in Figure 2. Control PLGA-PEG NPs were also
formulated, without PLGA-PEG-Maleimide, but with the same PLGA ratio of 15%. Prior
to conjugation the diameter was generally stable between all formulations, whilst after
conjugation there was a slight increase with maleimide content. This increase could be
caused by an increase in docking strands attached to the surface of the NPs with
increased maleimide content. All formulations showed good stability, including after 7
days at 4 °C storage, as seen by the Pdl values (less than 1) (Figure 2B). The ZP
values were generally between -10 and -30 mV (Figure 2C), in range with previously
reported values for PLGA-PEG NPs234235 suggesting colloidal stability of NPs in
dispersion?®. There was a slight decrease in ZP with maleimide content post-
conjugation, which can be explained by the fact that docking strands are negatively
charged due to their DNA nature, thus at higher maleimide contents a higher content
of conjugated docking strands will lead to a decrease in ZP. For this reason, we also
expected to see a decrease in ZP from pre to post conjugation, but this was not the
case. We believe that this may be because the formulation of NPs is done in water
whilst the conjugation is done in PBS; although ZP measurements are done in water,
we believe that some PBS may remain near the NP surface, leading to a neutralization
in ZP. Notably, the 20% maleimide batch was formulated on a different day to the rest
of the formulations and could explain why it does not follow the general trend.
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Figure 2 Analysis of the A) hydrodynamic diameter (nm) and B) polydispersity index (Pdl) by Dynamic
Light Scattering and C) zeta potential (mV) using a Zetasizer Nano ZS (Malvern Panalytical) at 25°C
in milliQ water pH 7.0 for the PLGA-PEG (PEGskx) NP formulations (i) before conjugation, (ii)
immediately after conjugation and (iii) 7 days after conjugation with functional ligands (docking
strands). The diameter is given as the z-average (intensity). The standard deviation (+/-) for 3 repeats
is given. See Materials and Methods for details on both maleimide and control NP formulations.

Ligand conjugated NPs were also characterized by TEM, which offers size and
morphological information at a single particle level as can be appreciated in Figure 3.
Notably, since TEM requires samples to be under vacuum, NPs are imaged in a dry
state with no interaction with the solvent, and hence their diameter is smaller as
compared to the hydrodynamic diameter which is measured in solution.
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Figure 3 a) Normalized frequency histograms of NP diameter (nm) from TEM images, of ligand-
conjugated PLGA-PEG (PEGsk) NPs with varying maleimide content (10, 20, 30, 50 and 100%). The
number of NPs analyzed (N), and median and mean diameters are given for each. Bin widths=5 nm.
b) TEM image representative of a 10% maleimide formulation (scale bar 500 nm).
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2.2.  DNA-PAINT and qPAINT quantification protocols

After NP formulation and characterization, we then studied the availability of the
conjugated functional ligands to the complementary imager strands using DNA-
PAINT imaging® as depicted graphically in Figure 1 (3). During imaging, DNA
hybridization mediates the transient binding and unbinding of the
complementary imager strands to the docking strands. This allows the imaging
and localization of single ligand molecules, depicted as red localizations in
Figure 1 (3). An important aspect is that if the functional ligand is not properly
exposed to the imager strands, it will not be available for detection and thus the
localizations identified reveal the number of available functional ligands. It
therefore offers useful information on orientation of functional ligands, which is
of particular interest in more complex antibody approaches used for targeting
and diagnostics, where wrong orientations can have detrimental effects on their
activity?37-239,

Finally, whilst the number of localizations gives an estimation of the total number
of ligands, the exact number can be quantified using qPAINT (4), which uses
kinetic information based on the dark time between binding events to quantify
available ligands. Specific parameters used are the mean dark time between the
binding events (14+), the second-order association rate constant (kon) between
the complementary strands, and the known concentration of imager strands (Ci)
through the equation n = (konCiTq4-)™! 183, The kon value relies on an experimental
calibration, which is done by analyzing the reversible binding kinetics of one
docking site (n=1) using a known concentration (Ci) as previously
described'3.188_ To calculate the kon value, ideally the calibration is done on NPs
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bearing one single active docking site. To achieve this, we formulated PLGA-
PEG NPs with 1% maleimide content and conjugated them with a low docking
strand concentration, whilst DNA-PAINT imaging was carried out using a higher
than usual complementary imager strand concentration (10 nM) to improve the
signal-to-noise ratio. Figure 4 shows an example NP chosen for calibration,
where the docking site signal is shown in red and the Dil reference signal in
green. Furthermore, the chosen NP shows a clearly identifiable localization
cluster with a size of a few tens of nm consistent with that of a subdiffraction-
sized docking site, found within the expected diameter of a NP. We chose NPs
with clusters between 15-40 localizations, numbers above those expected from
non-specific background signal as seen in our control experiments (Figure 5).

To obtain 14+, a cumulative distribution function (CDF) of individual dark times
from calibration NPs was required which was fitted with an exponential model
(Figure 4b). The respective kon was calculated as 2.3 x 108 M-! s*!, a value in
agreement with those reported by Delcanale et al. on polystyrene NPs (3.3 x 108
M-1 s-1)188_Using the known kon, Ciand 14~ values, we were then able to quantify
the number of ligands per single NP, as described later.

0 200 400
o

Kon glass = 2.3 x 105 M1 -1

Figure 4 qPAINT calibration for PLGA-PEG NP imaging on glass. a) Representative PLGA-
PEG NP used for the gPAINT calibration and b) corresponding cumulative distribution function
(CDF) of individual dark times (tp) obtained for the calibration NP (grey circles) and calculated
kON value for glass measurement (2.3 x 106 M'" s''). For calibration, NPs were loaded with
approximately a single thiol-docking strand. DNA-PAINT localizations are seen in red and Dil
in green. Analysis was done in MATLAB.

We also carried out two control experiments for our data, the first by using a non-
complementary imager aimed to demonstrate that the DNA-hybridization
between the docking and imager strand is specific, and the second control by
imaging non-functional NPs using the correct imager aimed to demonstrate low
non-specific attachment of imager strands to NPs. Both controls (Figure 5) show
a much lower number of localizations compared to the experimental results in
Figure 6, confirming the specificity of the method. Notably, DNA-PAINT offers a
relatively high-throughput analysis, with 200-500 NPs analyzed per field of view,
a clear advantage when compared to other single-particle microscopy
techniques such as TEM.

50



Chapter 1 | Quantifying the effect of PEG architecture using DNA-PAINT

Q
(o8

PLGA-PEG-Mal. 100% Control

< PLGA-PEG Control (Imager 1) g (Imager 3)

Q

N 1.0 N=1296 21.0 N=551

g Median=3 g Median=2

E Mean=5 ’g‘ Mean=8

05 0.5

(4] 0

[ = =

@ Q

= =

gooMm gooMow oo

@« 0 100 200 300 400 500 i 0 100 200 300 400 500
Localizations/NP Localizations/NP

Figure 5 a) Normalized frequency histograms of DNA-PAINT localizations for control PLGA-
PEG (PEGsk) NPs (with no maleimide content) after imaging with imager strand 1, and b) for
PLGA-PEG (PEGsk) NPs with 100% maleimide content after conjugation to functional ligands
(docking strands) and imaging with imager strand 3 (non-complementary pairing). The
number of nanoparticles analyzed (N), the median and mean number of localizations are also
shown. The data were analyzed using MATLAB Software.

Furthermore, since NPs are bound to a glass substrate, it is useful to know the
amount of docking strands inaccessible to imager strands. Our group previously
studied 330 nm polystyrene NPs by DNA-PAINT in 3D showing that the whole
NP is clearly visible'®. We also carried out a control experiment on PLGA-PEG
NPs using longer docking strands and irreversible hybridization that showed only
~ 6% of conjugated docking strands to not be detected by the imager (Figure
A1.1).

2.3.  Ligand quantification using DNA-PAINT and qPAINT

Using the described protocol, we first showed DNA-PAINT and gqPAINT results
on the quantification of the number of available ligands per NP on 6 different
PLGA-PEG NP formulations with increasing maleimide content (10-100%) and
conjugated to an excess of functional ligand. Please note a constant time was
kept between NP formulation and imaging for all formulations. Figure 6a shows
a DNA-PAINT image of localizations clusters in red representative of surface
ligand number. The localization clusters in yellow are illustrative of Dil dye
encapsulated in the NPs, which was used for mechanical drift correction and as
a reference for NP identification. In Figure 6b we observe images of
representative NPs from each formulation, illustrating a visual increase in
number of localizations with maleimide content, and thus an increase the
number of conjugated ligands per NP. This demonstrates that DNA-PAINT can
discriminate formulations with different contents of surface functionalization.

We then analyzed the x,y,t coordinates of the localizations using a previously
described mean-shift clustering algorithm in MATLAB'8.189 and plotted the data
of localizations/NP in frequency distribution graphs. The distributions showed a
clear increase in localizations/NP with maleimide content but also an increase
in the distribution width (i.e. heterogeneity), which is expected with greater target
group contents. This emphasizes that the average number of ligands is not and
should not be used as a representation of the whole NP population. Notably,

51



Chapter 1 | Quantifying the effect of PEG architecture using DNA-PAINT

ligand conjugation and imager hybridization processes are both stochastic
(random) in nature, therefore, ligand distributions should follow a Poisson
distribution. However, what we observe are generally non-symmetrical (i.e. non-
Poissonian) localization distributions. These results agree with previous results
from Post et al. using dSTORM quantification, whereby they found a negative
binomial fit in ligand distribution and suggested this occurs due to additional
heterogeneity?3!. Although the authors did not conclude the reasons for the
overdispersion, we recently have recently attributed these results to an
entanglement between ligand and size distribution using correlative
microscopy?4%, as will be explained in Chapter 2. In addition, we observed that
for NPs with greater maleimide content the distributions tail towards higher
localization numbers. As will be described later in Chapter 2, the sub-populations
of NPs at the extreme right of the localization distributions generally represent
NPs with larger than expected diameters.
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Figure 6 a) Representative DNA-PAINT image of ligand-conjugated PLGA-PEG (PEGsk) 50%
maleimide NPs displaying the number of localizations (red) per NP (scale bar = 200 nm). The
yellow signal is Dil dye encapsulated in NP, used for mechanical drift correction and as a
reference in NP identification. b) Normalized frequency histograms of DNA-PAINT
localizations for PLGA-PEG-Maleimide (PEGsk) NP at various maleimide contents (10-100%),
the number of NP analysed (N) and the mean number of localizations. Close-up images of
representative NP for each formulation (scale bar = 100 nm), whereby DNA-PAINT
localizations are seen in red and Dil in green. c) The number of available ligands/NP per
formulation as retrieved by qPAINT. The data were analysed using MATLAB Software.

We then counted the exact number of available ligands on the NP surface using
the previously established method gPAINT163.188.189  Figure 6c¢ illustrates a
general increase in the quantified number of ligands per NP with maleimide
content up to 70%, followed by a saturation in the number of ligands at 100%
maleimide. Despite expected general increase in ligand number with maleimide
content, unexpectedly low numbers of available ligands were observed for all
formulations. For this reason, we next calculated the conjugation efficiency of
our thiolated docking strands with the NPs.
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We selected 3 formulations with maleimide contents typically used in literature
(10%, 20% and 30%)?*' and calculated the docking strand conjugation efficiency
(CE%) using spectrophotometry to be between 20-30% and confirmed the
results by studying the CE% of a smaller molecule L-cysteine, with results
between 40-50% (Table 1). For information on how CE% was calculated see
Materials and Methods. Although the hydrophobic PLGA chains are assumed to
form the core, and the hydrophilic PEG chains the outer layer, we expect that
not all maleimide groups are be available for conjugation on the NP surface,
since due to the miscibility of PEG and PLGA, some of the PEG-maleimide
chains will be embedded in the NP core?*'242_ |t has been shown that on
average, only 50% of the maleimide groups are available for ligand
conjugation?*', values which agree with our ligand CE% and L-cysteine assay
results.

Table 1 Conjugation efficiency (CE%) of PLGA-PEG NPs (PEGsk) formulations with varying
maleimide content after conjugation with the thiolated docking strand and as comparison with
the molecule L-Cysteine, to study maleimide availability. For protocol and calculations see
Materials and Methods.

Formulation Docking strand CE (%) Cysteine CE (%)
PLGA-PEG-Mal. 10% (PEGs«k) 25 46
PLGA-PEG-Mal. 20% (PEGsk) 21 41
PLGA-PEG-Mal. 30% (PEGsk) 31 49

Then, as depicted in Table 2, average number of theoretical maleimide groups
per NP per formulation was calculated, taking into account the potential number
of ligands that could cover the surface of a NP, given its surface area and other
relevant properties. Next, the average number of estimated ligands per NP
(theoretical ligand number/NP) was calculated by considering the specific CE%
values for each formulation. Finally, these values were compared with our
qPAINT results. For all calculations see Materials and Methods. The
experimental numbers were significantly lower than the estimated numbers e.g.
6 vs 77,8 vs 129 and 9 vs 293 for 10%, 20% and 30% maleimide formulations,
respectively. In addition to the issue of maleimide availability, it has also been
reported that with increasing molecular weight (e.g. at 5 kDa), the PEG chain
becomes more flexible?43, leading to conjugated ligands to be entangled in the
PEG chains?*4, a phenomenon which could explain the low numbers of
quantified ligands compared to the expected numbers. This prompted us to
analyze further the role of PEG length on the targeting ability of NPs.
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Table 2 Properties of PLGA-PEG NPs (PEGsk) with varying maleimide content. For
calculations of theoretical maleimide molecules/NP, CE%, theoretical ligand number/NP and
ligand availability (%) see Material and Methods.

Formulation Diameter by | Theoretical CE (%) | Theoretical Quantified

TEM (nm) maleimide ligand ligands by
molecules/NP number/NP qPAINT

PLGA-PEG-Mal. 64 +/- 12 307 25 77 6

10% (PEGS5k)

PLGA-PEG-Mal. 64+/- 15 612 21 129 8

20% (PEG5k)

PLGA-PEG-Mal. 65 +/- 23 962 31 293 9

30% (PEG5k)

PEG (typically 5 kDa??®) is a common linker used for the tethering of target
groups (e.g. maleimide) on the NP surface, and used as a spacer to improve
formulation stability and to decrease the adsorption of serum proteins225:245,
Despite this, it has been argued that the effect of PEG length on NP targeting
ability must also be seriously considered?28227.229,230,244,246  Pgrticularly, it has
been shown that PEGylation of NPs with identical spacer and ligand-tethered
chain lengths at higher molecular weights can lead to a reduced number of
accessible tethered ligands on the NP surface'?8246, as well as reduced target
receptor accessibility?27:229230 This phenomenon is thought to be due to
hampered ligand free motion?2722°| as well as an increase in the flexibility of the
PEG chain with increasing molecular weight?>43 which can lead to entangling of
surface ligands into the PEG chains?#4.

We used DNA-PAINT and qPAINT to quantify at a single particle and molecular
level the effect of spacer PEG chain length and on ligand availability. To this
end, we tested the effect of substituting the 5 kDa PEG (PEGsk) spacer chain in
the PLGA-PEGsk polymer with a shorter 1 kDa PEG (PEG+k) chain whilst
maintaining the length of the PLGA and PLGA-PEGsk-Maleimide strands
unchanged, at 3 different maleimide concentrations (10, 20, 30%). Whilst the
polydispersity index (Table A1.1) and TEM diameter (Figure A1.2) were similar
to the PEGsk formulations, we did note an increase in the hydrodynamic diameter
prior to and post conjugation in the new PEG1 NPs (Table A1.1). It has been
suggested that longer PEG chains such as 5 kDa can entangle among each
other via Van Der Waals forces and hydrogen bonding, leading to a reduction in
the size of the outer layer and thus hydrodynamic radius, as compared to shorter
PEG chains??%247_ This effect would not be visible in TEM since the NP are in
dry condition.

With this approach we wanted to promote the sticking out of the PEG brushes
bearing the maleimide groups for an improved conjugation efficiency (CE%) with
ligands (docking strands) and increased ligand availability to imager strands
(graphically shown in Figure 7a). Using spectrophotometry, we found on
average a 2-fold increase in CE% at all maleimide contents using the shorter
PEG1k chains (Table A1.2). Using qPAINT, we observed on average a 7-fold
increase at both 10% and 20% maleimide and a 3-fold increase at 30%
maleimide contents in quantified ligands using the shorter PEG+k chains (Figure
7b, Table A1.2). For localization distributions and negative controls see Figure
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A1.3. These results indicate that varying surface PEG chain lengths can improve
the exposure of target groups (e.g. maleimide) which in turn improves
conjugation efficiency to the ligand, and can enhance the exposure of
conjugated functional ligands on the surface of NPs, which is expected to
improve target cellular receptor recognition.
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Figure 7 a) Schematic representation of the influence of spacer PEG chain length on the
conjugation efficiency (CE%) and ligand availability (%) of PLGA-PEG NPs. Shorter PEG
chains (PEG1k) are expected to achieve better CE% and imager availability due to improved
maleimide and ligand free motion, and reduced flexibility and entanglement of PEG chains.
b) Quantification of ligand number/NP by qPAINT with increasing maleimide content (10-30%)
and varying spacer PEG chain length (PEGsk— blank, PEG1«— lined). Standard deviation bars
are given for each formulation.

Lastly, we calculated the ligand availability (%) for each formulation by dividing
the number of quantified ligands by qPAINT by the number of theoretical ligands
(Table A1.2). A 3-fold average increase was found in ligand availability using the
lower PEG1k chain, meaning that more docking strands were available in
solution for binding with the imager strands. Notably, for both PEGskx and PEG 1«
ligand availability (%) was greater at lower maleimide contents. This is expected
to be because at lower target group contents there are generally less conjugated
ligands on the surface of the NPs, and therefore a reduced hindering effect,
leading to an increase in ligand availability to imager strands/target receptors.

3. Conclusions

In summary, we demonstrated at a single-particle and single-molecule-level that
ligand number and availability in polymeric NP could be greatly impacted by
PEG architecture, with regular long PEG chain architecture causing
entanglement of tethered groups and ligands within the polymeric chains. Still,
although modification of PEG chain length generally improved ligand availability
(maximum of 21% at 10% maleimide content), the overall picture is that the
standard formulation method to conjugate functional ligands to polymeric NPs
leads to NP with a low number of available ligands. Due to the unique single-
particle and single-molecule properties and high-throughput capabilities of
SMLM techniques, we strongly believe these results highlight their potential to
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be used in the routine design, quality control and optimization of nanomaterials
with improved biological efficacy.

4. Materials and Methods

Materials

Poly(lactide-co-glycolide)-methoxy-poly(ethylene  glycol) GCW301 (Mw
PLGA:PEG, 30:1 kDa, L:G in PLGA 50:50) was supplied from GenoTech.
Poly(lactide-co-glycolide) AP082 acid endcap (PLGA, 50:50 LA:GA, Mw 25-35
kDa) and poly(lactide-co-glycolide)-poly(ethylene glycol) AK102 (Mw
PLGA:PEG 30:5 kDa, L:G in PLGA 50:50) were purchased from PolySciTech.
Poly(D,L-Lactide-co-glycolide)-poly(ethylene glycol)-Maleimide SKU 2794 (Mw
PLGA:PEG:Maleimide 20:5:0.09707 kDa) was purchased from Nanosoft
Biotechnology LLC. Tris(2-carboxyethyl) phosphine hydrochloride (TCEP, 0.5
M, pH 7.0) and Amicon Ultra-4 filters (regenerated cellulose, 100 kDa) were
supplied from Merck Life Sciences. Acetonitrile (HPLC grade) was purchased
from Carlo Erba Reagents.

Thiol-modified DNA strands (docking strands 1) and Atto647N-labelled DNA
strands (imager strands 1 and 3) were designed and purchased from Integrated
DNA Technologies. Docking strand 1 and imager strand 1 were used for DNA-
PAINT imaging and qPAINT quantification of PLGA-PEG NPs, whilst docking
strand 1 and imager strand 3 were used for control experiments. DNA strands
were dissolved and stored in sterile TE buffer and used fresh. The DNA strands
used have the following DNA sequences, and only 9 bases contribute to
hybridization:

Docking strand 1: 3’ATC TAC ATA TT/thiol

Imager strand 1: 5’-CTA GAT GTA T/Atto647N/-3’

Imager strand 3: 5’-GTA ATG AAG A/Atto647N/-3’

Sterile phosphate-buffered saline PBS buffer pH = 7.4 was used for sample
preparation. Buffer B which consists of 5 mM Tris-HCI, 10 mM MgClz, 1 mM
EDTA, 0.05% Tween-20 pH=8 was used to dilute imager strands for DNA-PAINT
imaging.

Nanoparticle formulation

PLGA-PEG NPs were formulated via the precipitation-solvent evaporation
(nanoprecipitation) method according to literature?3? and to our previously
reported data?*°. Briefly, 5 mg of polymers and 1.1 mM Dil (reference dye) were
dissolved in 500 mL acetonitrile at room temperature. PLGA25.35¢ polymer was
maintained at a ratio of 15% and mixed with PLGA3w-PEGsk (long PEG) or
PLGA30k-PEG1k (short PEG) and PLGA2k-PEGsk-Maleimide polymers at
alternating concentrations (10-100%). For example, for the PLGA-PEG 30%
maleimide (PEGsk) formulation: 75.0 mL PLGA from stock 10 mg/mL (0.75 mg),
PLGA3z0k-PEGsk 152.8 mL from stock 18 mg/mL (2.75 mg), 100.0 mL PLGA20«-
PEGsk-Maleimide from 15 mg/mL stock (1.5 mg) and 4.5 mL Dil from stock 10
mM (1.1 mM) were dissolved and made up to 500 mL with acetonitrile. The
polymer solution was stirred at 200-300 rpm with a magnetic stirrer whilst milliQ
water was pipetted at a 1:10 ratio (500 mL polymer solution is pipetted into 5 mL
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milliQ water). Solvent extraction (evaporation) continued for 5 h under in a fume
cupboard at room temperature. NPs were centrifugated and collected (Avanti J-
26 XPI, rotor JA-14) using Amicon Ultra-4 filters according to manufacturer’s
instructions for 10 min at 5,000 x g at 20°C with milliQ water. NPs were stored
in milliQ water at 10 mg/mL concentration at 4°C until further use. For the control
PLGA-PEG (PEGsk) formulation, no PLGA20-PEGsk-Maleimide was added, the
PLGA ratio was maintained at 15%, and PLGA30-PEGsk was increased to 85%.
For the control PLGA-PEG (PEG+k) formulation, no PLGA20k-PEGs«-Maleimide
was added, however it was replaced with PLGA30-PEGsk, whilst the PLGA ratio
was maintained at 15%, and PLGAs3w-PEGi varied depending on the
formulation.

Conjugation to functional ligands (docking strands)

In order to remove the protective disulphide bonds on the thiol group of the
docking strands, the reducing agent TCEP was used at a 10:1 molar excess
compared to thiol?*®. Briefly, for a PLGA-PEG 30% maleimide formulation, 2.6
pL of 0.5 M TCEP and 116.6 uL of 1.1 mM thiol-docking strand were added to
380.9 uL PBS (pH=7.4) and allowed to stir for 20 min at room temperature. To
prevent the re-formation of disulphide bonds?*8, argon gas was bubbled inside
the glass vial before closing the lid. Then, optimal conjugation was achieved by
using a 3:1 molar ratio of thiol to maleimide. During the conjugation process, 500
ML of 10 mg/mL NP stock was added to the solution and mixed for an extra 2 h
in the absence of oxygen. Unconjugated docking strands were separated via
centrifugation using Amicon Ultra-4 filters as per filter instructions for 10 min at
5,000 x g (rcf) at 20°C with filtered milliQ water. NPs were stored in milliQ water
at a concentration of 10mg/mL in the dark at 4°C.

DNA-PAINT chamber preparation

A 40 mL volume flow chamber was assembled from a glass microscopy slide
(FisherBrand) and a coverslip (Corning Cover Gass, thickness 1 72, 22 x 22mm),
attached by double-sided tape. Prior to assembly, the coverslips were cleaned
first with acetone, then with ethanol 96% for 10 min each by bath sonication,
then dried under nitrogen flow. This process removes impurities and improves
the NP retention on the coverslip. A 1000x dilution in PBS of the 10mg/ml NP
stock was pipetted into the chamber, which was then turned upside down and
allowed to adsorb for 20 min. PBS promotes the adsorption of NPs. Unattached
NP were washed away with Buffer B. Finally, the chamber was filled with imaging
buffer solution (Imager strand diluted in Buffer B to the required concentration)
and sealed with nail varnish to avoid evaporation. An imager concentration of 5
nM and 2.5 nM was used for PLGA3o-PEGskx and PLGAz0«-PEG1k respectively.

DNA-PAINT
DNA-PAINT imaging

Imaging was carried out with a Nikon N-STORM system configured for highly
inclined and laminated optical sheet (HILO) imaging using a Perfect Focus
System (PFS). Atto647N-Imager strand signal was collected using the 647 nm
(160 mW) laser at 60% laser power and the Dil drift correction signal using the
561 nm laser (80 mW) at 2% laser power. No UV activation was required.
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Fluorescence was collected using a Nikon 100x, 1.49 NA oil immersion objective
and passed through a quadband pass dichroic filter (97335 Nikon). Images were
acquired onto a 256 x 256-pixel region (pixel size 0.16 mm) of a Hamamatsu
ORCA Flash 4.0 camera at 70 ms integration time. For the Atto647N-Imager
strand 20,000 frames were acquired in the 647 channel and for the drift
correction one frame was acquired every 100 frames in the 561 channel. The
time taken for each image acquisition was ~ 25 min.

DNA-PAINT analysis

DNA-PAINT analysis on NPs was previously described by our group'88189,
Briefly, A MATLAB script was used to count the number of localizations in the
647 channel and the 561 (Dil-fiducial marker) channel from the x,y,t coordinates
of the txt files. Firstly, the localization clusters from the fiducial 561 channel were
identified using a mean-shift clustering algorithm. These clusters were used to
identify the center of each individual NP. A second filter was applied allowing the
user to manually select specific parameters such as maximum size/minimum
localizations per NP to filter out noise/aggregates/elongated shapes. In this
case, the manually selected parameters were: minimum points=10,
bandwidth=50, maximum particle diameter=160. Then, the localizations from the
647 channel found within a distance of 160 nm from the center of the NP were
detected, and then the number and x,y,t coordinates of the localizations and
diameter were calculated for each NP. The radius of each NP was estimated as
the distance from the mass center making up 90% of the cluster localizations.

Dirift Correction

This parameter was previously described in detail by our group'®.18°_ Briefly,
Dil was encapsulated within PLGA-PEG NPs as it is spectrally different to the
dye used on the imager strand, allowing two channel acquisition for two reasons:
1) it allows the correction of the mechanical drift during image acquisition, 2)
since the Dil dyes labelling the same NP are simultaneously emitting upon
photoexcitation, the resulting clusters of Dil localizations in the reconstructed
image correspond, with an uncertainty of a few tens of nm, to the center of the
NP. This is an important parameter for further analysis, especially when few
docking strands are available on the NP surface. Finally, the amount of Dil dyes
per NP is rather low and there is no evidence that it significantly affects the
docking—imager interaction. Thanks to the emission of Dil, the NPs themselves
acted as subdiffraction-sized fiducial markers for the correction of the
mechanical drift, without the need for introduction of additional probes. The low
frequency (100 times lower than for imager strand excitation) and power of Dil
excitation ensured negligible bleaching of the dyes during image acquisition. To
obtain the multicolor images found in Fig. 1 and Fig. 2, the drift-corrected one-
color images of the same field-of-view, acquired using different imager strands,
were merged and aligned using Imaged software, using the clusters of Dil
localizations to align the centers of the single NPs.
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qPAINT analysis

Data analysis for gPAINT on NPs was previously described by our group'88.189,
Briefly, the x,y,t coordinates of 647 localizations belonging to each NP was
analyzed in MATLAB using a mean-shift cluster algorithm whereby the diameter
and number of localizations was analyzed for each NP. A binary intensity versus
time trace was created for each NP, assigning a value of 0 to the frames with O
localizations and a value of 1 to the frames with one localization. The individual
dark times were calculated for each NP, acquiring the corresponding CDF, then
fitted with the exponential model and the value of the mean dark time 1d* was
extracted. The number of ligands per NP was quantified using the equation
n=(konciTs*)"! using kon to be 2.3 x 106 M-' s-' as previously calculated on PLGA-
PEG NPs?% and the known imager concentration, of 5 nM for PLGA-PEG
(PEGsk) NPs and 2.5 nM for PLGA-PEG (PEGu1k). Furthermore, linking is
performed using the Nikon software, such that localizations in the very same
position that are detected in 10 consecutive frames are counted as 1, while
longer are rejected. Thus, if a binding event lasts longer than 1 frame and less
than 10 itis counted as one. This affects ON-times but does not affect dark times
and gPAINT.

TEM imaging

An in-house carbon-coated copper TEM grid (CF200-CU, 200 mesh, Electron
Microscopy Sciences) was first treated using UV glow discharge for 30s using BAL-
TEC CTA 005 Glow Discharge Unit to improve the attachment of NPs. Using a fine
tweezer, the grid was placed on top of a 40 pL drop of NP solution (2mg/mL) (10mg/mL
diluted x5 in MilliQ water) for 3 min for NP attachment. Please note NP solution was
vortexed well before attachment to the grid to avoid aggregates. Then the grid was
washed to remove impurities and unattached NPs on 40 uL MilliQ water drops for 1
min, 30 sec and 30 sec, then negatively stained using filtered uranyl acetate 2% (UA
2%, in MilliQ water) for 1 min. Excess UA was removed by tapping the edge of the grid
on Whatman filter paper. The grid was then allowed to dry overnight in a desiccator.
Next, the grid was imaged using a Jeol 1010 (Gatan, Japan) from the Electron
Cryomicroscopy Unit from the CCiTUB, equipped with a tungsten cathode. Images
were acquired at 80kV with a CCD Megaview 1k x 1k, with a magnification of x20 000-
50 000. The NPs diameter was measured using ImagedJ software.

Calculations for Table 1 and Table S2
Calculation of Conjugation Efficiency (CE%)

After conjugation of PLGA-PEG NPs to 3-fold molar excess of docking strands,
the NP solution was spun down via centrifugation using a bench-top centrifuge
(Eppendorf Microcentrifuge 5415 R Sigma-Aldrich) for 20 min at 16.1 x g (rcf) at
20°C leading to a NP pellet formation. The supernatant was collected, then spun
down again and the process was repeated for 2 times more to the resulting
supernatant until no pellet was observed. The negative control consisted of
PLGA-PEG NPs (no maleimide) undergoing the conjugation process and
centrifugation steps identically to the test NPs. The final supernatant solutions
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were analyzed using a NanoDrop ND-1000 Spectrophotometer (at 260 nm) and
the CE % was calculated as:

( Thiol-oligo in Test supernatant (abs) X 3) x 100% (Equation 1 )

- Thiol—oligo in Control supernatant (abs)

Where x 3 denotes the 3-fold molar excess of docking strands compared to
maleimide content.

Calculation of theoretical maleimide groups per NP:
Based on Spherotech’s instructions?4°:

Calculating the number of particles in suspension:

6 x Polymer Weight .
( it ©) x 1012 (Equation 2)
(3.14 x Polymer Density(cm—3) x NP Diameter (um)3

Calculating the number of maleimide molecules in suspension:

Polymer Mass (g)
Polymer Molecular Weight (#

)>xAvogadro’s Number (Equation 3)

Calculating the number of theoretical maleimide molecules per NP:
Number of Maleimide Molecules .
(Equation 4)

Number of Particles in Suspension

Calculation of theoretical ligands per NP:
Theoretical number of maleimide molecules/NP x CE% (Equation 5)

Calculation of ligand availability (%):

Quantified ligands x 100 (Equation 6)

Theoretical number of ligands

Cysteine assay protocol and calculation:

NP were conjugated with x5 molar excess of L-Cysteine (Sigma Aldrich,
MW=175.63 g/mol) in comparison to maleimide content, for 2h in PBS and at
RT. under spinning conditions. Then, the NP solution was spun down via
centrifugation (Eppendorf Microcentrifuge 5415 R Sigma-Aldrich) for 20 min at
16.1 x g (rcf) at 20°C leading to a NP pellet formation. The supernatant was
collected, and the process was repeated on the supernatant for 2 times more
until no pellet was observed. The negative control consisted of PLGA-PEG NP
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(without maleimide) undergoing the conjugation process and centrifugation
steps identically to the test NP. The final supernatant solutions were analyzed
using Ellman’s test as per manufacturer’s instructions?°. Each sample was then
analyzed using a NanoDrop Spectrophotometer at 412 nm and using the molar
extinction coefficient of TNB (14,150 M-'cm-'). The conjugation efficiency was
calculated as per Equation 1 in Supplementary Information.

gPAINT calibration on grid and glass

For the calibration experiment, PLGA-PEG 1% maleimide NP were conjugated to thiol-
docking strands 1 at a 1:1 molar ratio under the usual conditions and imaged with 10
nM and 20 nM imager 1 in Buffer B for glass and grid samples, respectively.
Experiments were carried out according to a previously published protocol by our
group'8, with some differences. Briefly, under TIR conditions using a 647 nm laser
(~30 mW) 40% power for the excitation of imager strands; emission was detected in a
256 x 256-pixel region of the camera for 20 000 frames at a rate of 10 Hz (camera
exposure time 100 ms); a 561 nm laser (~3 mW) power 2% was used for Dil excitation;
one frame in the 561 channel was collected every 100 frames in the 647 channel. The
time for acquisition of one image was roughly 30 min; temperature was controlled at
25°C. Firstly, the localization clusters from the fiducial 561 channel were identified
using a mean-shift clustering algorithm. These clusters were used to identify the center
of each individual NP, with an uncertainty of a few tens of nm from the center of the
NP. Another filter was used allowing the user to select parameters to filter out
noise/aggregates/elongated shapes. Then, the localizations from the 647 channel
found within a distance of 120 nm from the center of the NP were detected, and then
the number and x,y,t coordinates of the localizations and diameter were calculated for
each NP. Using a gPAINT algorithm, a binary intensity time trace was reconstructed
for each NP, designating a value of 0 to the frames without localizations and a value
of 1 to the frames with 1 localization. Individual CDF were assigned per NP from
individual dark times (corresponding to consecutive 0 values in the time trace), fitted
with an exponential model y(t) = 1 — Ae™""¥". gPAINT uses kinetic information based on
the mean dark time (14+) between binding events to quantify accessible ligands, which
is associated to the number of ligands (n) through the equation n = (konciTe+)™". This
requires a calibration to calculate the second-order association rate of the docking
strand-imager strand pair (kon). Using PLGA-PEG 1% maleimide NP conjugated to
thiol-docking strands at a known imager concentration (ci) in Buffer B, we calculated
the kon for the binding kinetics of a single docking strand to be 2.3 x 106 M~" s for
glass measurements and 8.8 x 10> M~" s™" for grid measurements.
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Chapter 2 | Correlating super-resolution microscopy and
transmission electron microscopy reveals
multiparametric heterogeneity in nanoparticles

This chapter reproduces almost literally the following published article:

Andrian T, Delcanale P, Pujals S, Albertazzi L. Correlating Super-Resolution
Microscopy and Transmission Electron Microscopy Reveals Multiparametric
Heterogeneity in Nanoparticles. Nano Lett. 2021;21(12):56360-5368. As the first
author of this paper, | performed all the experimental protocols, | contributed to protocol
design, data analysis and manuscript writing. Dr. P. Delcanale was responsible for
statistical analysis. All authors participated in the planning, writing, and correction of
the written work.

Supportive information for this chapter can be found in Appendix 2.

Abstract: The functionalization of nanoparticles with functional moieties is a key
strategy to achieve cell targeting in nanomedicine. The interplay between size and
ligand number is crucial for the formulation performance and needs to be properly
characterized to understand nanoparticle structure-activity relations. However, there
is a lack of methods able to measure both size and ligand number at the same time
and at the single particle level. Here, we address this issue by introducing a correlative
light and electron microscopy (CLEM) method combining super-resolution microscopy
(SRM) and transmission electron microscopy (TEM) imaging. We apply our super-
resolution CLEM method to characterize the relationship between size and ligand
number and density in PLGA-PEG nanoparticles. We highlight how heterogeneity
found in size can impact ligand distribution and how a significant part of the
nanoparticle population goes completely undetected in the single-technique analysis.
This protocol holds great promise for the multiparametric analysis of other parameters
and nanomaterials.
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1. Introduction

The field of nanomedicine is rapidly expanding in light of its expected impact on health
care'%0.251  Nanoparticles (NPs) conjugated with functional ligands have been
developed for various applications, including imaging and diagnosis?®>2%3, and
targeted drug delivery8%-2%4, Yet, despite many optimization efforts, only a small fraction
of the injected dose has shown to reach the target site’*, exposing the gap in our
understanding of how the properties of ligand functionalized NPs can affect their
biological responses. Common methods to characterize ligand functionalized NPs rely
on average results, which do not provide an accurate picture of the material at a single-
particle level, and generally underestimate the magnitude of heterogeneity in ligand
number and distribution3.

It is particularly important to study the heterogeneity in size and functional ligand
distribution as they are the main determinants of the formulation’s in vivo fate. As
previously described in the Introduction of this thesis, firstly, NP size is a major
determinant of cellular uptake?3°2%, blood circulation half-life®3257, biodistribution®%9,
tumor permeability®” and immune response®. Secondly, the functionalization of NP
surface with targeting ligands is the most used strategy to achieve tissue and cell-
selective delivery of drug carriers through the recognition of biomarkers on the cell
surface. In this context, ligand number, affinity and distribution govern the NP
biodistribution, cell selectivity and internalization and as a consequence its therapeutic
efficiency?%8259,

Size is generally characterized by dynamic light scattering (DLS), whilst electron
microscopy (EM) and atomic force microscopy (AFM) are used to reinforce the results
as they can provide direct characterization of the size distribution and morphology of
nanomaterials at the single particle level®2260.261 On the contrary, quantification of
ligand numbers and ligand distribution proves to be more challenging and it is often
carried out with indirect assays based on averaged values which mask the
heterogeneity in a nanoparticle formulation'2%130.133 Moreover, analysis at a single
particle level with high throughput is still suffering from a lack of accurate and
standardized techniques'?°.

Recently, super-resolution microscopy (SRM) techniques based on single-molecule
localization (SMLM) have been used for the analysis and quantification of synthetic
nanomaterials in vitro and within cells'83.188.262-264 55 wel| of functional ligands88.190.231,
thanks to their superior resolution (10-20 nm), molecular specificity and sensitivity'®.
DNA Points Accumulation for Imaging in Nanoscale Topography (DNA-PAINT), a type
of SMLM technique'®, can be used to quantify single molecules (i.e. molecular
counting) and achieves high multiplexing, low photobleaching and is accurate for a
wide range of functionalization densities'6-2%5. |t been applied to map the functional
sites on the surface of polystyrene NPs, and to explore the spatial distribution and
surface heterogeneity of the active sites on their surface'@®. In Chapter 1 of this thesis,
we have applied this technique to quantify functional ligands on the surface of PLGA-
PEG NPs, and to make rational decisions on their surface architecture design to
improve ligand availability?®®. Quantitative PAINT (qPAINT) - a technique originally
used to quantify docking strands in DNA origami'®3 - can quantify the exact number of
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functional ligands on the surface of NPs'8-190.266 highlighting the applicability of SMLM
in nanomedicine research.

Still, despite the advances in SRM that allow us to characterize NPs at a single particle
level, we are only able to study the population of NPs that are labelled and thus lose
information on NP size and morphology. Consequently, the relationship between
various physiochemical properties (i.e. multiparametric) such as size and ligand
number and distribution remains unclear. Although it is good practice to characterize
samples with multiple techniques, a correlation between individual physiochemical
parameters and biological performance cannot be made. As such, we lose important
information on the entanglement between different physicochemical parameters?67-268,

Correlative light and electron microscopy (CLEM) are a powerful and well-established
group of multimodal imaging systems that combine the benefits of both microscopies
through detailed images of the same region?®®. CLEM has proved its potential in
structural  biology?11215217.218,269.270  gnd  recently to track specific NPs
intracellularly?2%-22' but to the best of our knowledge, it has not yet been explored for
the structural characterization of nanomaterials. To address this issue, we have
developed a correlative super-resolution microscopy (SRM) and transmission electron
microscopy (TEM) (super-resolution CLEM) method. It combines the ability of SRM to
quantify the number of surface ligands, with the potential of TEM to characterize the
size and morphology with nanometric precision and at a single particle level.

Here, we propose a super-resolution CLEM workflow for the characterization of
functionalized polymeric poly(lactide-co-glycolide)-poly(ethylene glycol) PLGA-PEG
NPs. Polymeric NPs have been applied in targeted drug delivery systems due to their
biocompatibility, biodegradability, and general ease in surface customization®”'-273, A
common strategy for surface grafting of NPs with targeting ligands is by surface
modification with the spacer PEG?’#4, which also offers stealth behavior?’5276, In
Chapter 1 of this thesis, we demonstrated using DNA-PAINT that a ‘cocktail’
PEGylation of PLGA-PEG NPs — where ligand-free shorter PEG chains and ligand-
tethered longer PEG chains are covering the NP surface — improves the functional
ligand availability. For this reason, we formulate NPs via the nanoprecipitation
method?*? consisting of PLGA, PLGA-PEGsk-maleimide and PLGA-PEG+« polymers,
using the ‘cocktail’ PEGylation approach. Then, we functionalized PLGA-PEGs-
maleimide chains to thiol-oligonucleotide ligands (model ligand) via a maleimide-thiol
conjugation, a conjugation approach that provides high reactivity and good final
stability under most conditions?41:277.278,

We first described our super-resolution CLEM method and its applicability in
investigating the relationship between ligand number, ligand distribution and ligand
density versus size, at a single-particle level and with nanometric resolution. We
surprisingly discovered the presence of a large population of NPs with no ligands on
their surface, as well as ‘invisible NPs’ that go undetected by DNA-PAINT imaging
alone. Finally, we quantified the amount of accessible surface ligands per particle using
our multiparametric correlative method and demonstrate its advantage over a one-
method-at-a-time approach. The applicability of our correlative method spans to a
plethora of other different nanomaterials, with the only requirement being the
attachment of docking strands to the ligands of interest, although other DNA-free
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PAINT approaches could also be used?”®28, Therefore, our approach holds great
promise for the multiparametric analysis of various other parameters and
nanomaterials.

2. Results and Discussion
2.1 Introducing super-resolution CLEM methodology

Our super-resolution CLEM method is outlined in Figure 1 and extra information can
be found in Figure A2.1 and in the Materials and Methods. Briefly, polymeric NPs were
formulated manually via the nanoprecipitation method?*? using combinations of PLGA-
PEG1k, PLGA and PLGA-PEGsk-maleimide polymers (1). Then, NPs were conjugated
to functional ligands through a thiol-maleimide reaction?33241. The ligand consisted of
a thiol group conjugated to a short (9 bases) oligonucleotide strand (i.e. docking strand)
(2). The NPs were attached to a carbon-coated copper TEM grid previously treated
with UV glow discharge and prepared into a glass imaging chamber. Then, a
complementary oligonucleotide strand labeled with Atto-647N (i.e. imager strand) was
flown into the chamber (3). To relocate the region of interest (ROI) later in TEM, we
collected large field-of-view (FOV) bright field (BF) images of the grid to distinguish its
orientation (4). In DNA-PAINT imaging, DNA hybridization drives the transient binding
of the imager strands to the docking strands on the surface of the NPs, leading to
fluorescence signal and localization of single molecules over thousands of frames'®
(5). After image acquisition, space-time coordinates of individual molecules were
analyzed to precisely quantify the number of available surface ligands per NP through
the quantitative PAINT method (qPAINT)'63.188.1%0 " a5 thoroughly described in Chapter
3 (6). Following negative staining with 2% uranyl acetate, the grid was transferred to
TEM, for size analysis and morphological inspection. Using the reference images, the
ROI was established and sequentially imaged, since the FOV in TEM is smaller due to
its higher resolution. Then the sequential images were stitched manually in Adobe
Photoshop to create a ‘TEM canvas’ of the ROI (7). Then, the SRM image was scaled
and rotated to match the size and orientation of the TEM stitched image, and manually
correlated to obtain a TEM canvas with overlapping clusters of localizations per single
particle (8). The number of surface ligands as quantified by qPAINT and size of each
NP as analysed by TEM was correlated at a single-particle level (9).
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5 - DNA-PAINT imaging 6 - Ligand quantification by qgPAINT
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and size quantification
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Figure 1 Overview of the super-resolution CLEM method. Formulation of PLGA-PEG NPs via
nanoprecipitation (1). Conjugation of NP maleimide groups to thiol-DNA 9-mer oligonucleotides
(docking strands) acting as functional ligands (2). NPs are attached to a TEM grid, which is
assembled into a chamber, followed by flow of complementary imager strand buffer solution (3). A
reference image of the region of interest (ROI) is taken using a stitching function (4). Then the DNA-
PAINT image is acquired, through transient binding and unbinding of the complementary imager
strands attached to ATTO-647-N fluorophore (5). The txt. file consisting of the x,y,t localizations
coordinates is extracted and analyzed into number of localizations per NP. The exact number of
available ligands is quantified using QPAINT analysis (6). For TEM imaging, the NP-coated TEM grids
are negatively stained, then the ROl is imaged sequentially. The sequential images are manually
stitched, and NP size can be quantified (7). DNA-PAINT and TEM images are correlated manually
(8). Size and ligand number are quantified and correlated at a single-particle level (9). Schematic NP
and arrow in (9) were created with BioRender.com.

2.2 Characterization of NPs at a single-particle level

We first tackled the characterization of PLGA-PEG NPs with DNA-PAINT and TEM
separately. We formulated NPs with 5% and 30% maleimide content and conjugated
them to an excess of ligand and used DNA-PAINT and qPAINT to quantify and analyze
the ligand number and distribution. For further characterization see Tables A2.1 (DLS),
and Figure A2.2 (ZP). To demonstrate that the DNA-hybridization is specific between
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the docking strand and imager strand we carried out control experiments whereby the
formulations were imaged under the same conditions using non-complementary
imager strands (Figure A2.3). Furthermore, to accurately quantify ligand numbers by
gPAINT, we recalculated the kon value from Chapter 1 for ‘on-grid’ measurements, to
account for any changes in binding events on the TEM grid compared to a glass
substrate (Figure A2.4).

Figure 2A shows a reconstructed DNA-PAINT image where the functional groups are
represented as red localizations, and the encapsulated reference Dil dye as yellow
localizations. Notably, NPs without the corresponding Dil signal get disregarded as
since they correspond to unspecific signal in the MATLAB algorithm used for NP
analysis, as described in Materials and Methods. Interparticle heterogeneity in surface
ligand distribution was found, as can be seen by the distinct number of localization
events between different NPs. Figure 2B and Figure 2C present quantification of the
number of localizations/NP by DNA-PAINT and the average number of ligands per NP
by gPAINT, for formulations with 5% and 30% maleimide content, respectively. Since
a higher number of localizations ligands were quantified for the 30% maleimide
formulation, these results reflect the expected increase in relation between maleimide
content and number of ligands conjugated to the surface of the NPs.
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Figure 2 Characterization of localization distribution and ligand number and diameters for PLGA-
PEG nanoparticles conjugated to thiol-docking strands using DNA-PAINT and TEM. A) DNA-PAINT
images of PLGA-PEG 30% maleimide NPs in a large field (scale bar 1000 nm) and a small field
(upper left, scale bar 100 nm). DNA-PAINT localizations are shown in red and Dil signal used for drift
correction and as a reference in yellow. Normalized frequency histograms of DNA-PAINT
localizations per NP for B) PLGA-PEG 5% and C) 30% maleimide formulations, including the number
of NPs analyzed (N) and the mean number of localizations per NP (Mean), as well as a bar graph
depicting the number of ligands per NP quantified with gPAINT, and the average number of ligands
per NP. Bin widths=40. D) Transmission Electron Microscopy (TEM) images of PLGA-PEG (30%
maleimide) NPs a large field (scale bar 1000 nm) and a small field (upper left, scale bar 200 nm).
Normalized frequency histograms of NP diameter (nm) for E) PLGA-PEG 5% and F) 30% maleimide
formulations, including the number of NPs analyzed (N) and mean diameter in nm (Mean). Bin
width=10.
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A non-symmetrical and broader distribution (i.e. more heterogeneous) is observed at
the 30% maleimide content compared to 5%. By calculating the coefficient of variation
(CV) of number of localizations per NP, we found that NPs formulated in the same way
and in the same batch display a number of localizations that spans by 60-90% from
the mean value, highlighting marked ligand heterogeneity in these formulations (Figure
A2.5). It must be noted that manual bulk mixing methods for NP formulation are
inherently prone to heterogeneity in both size and surface functionalization'?, since
the mixing of the polymer solution and antisolvent phase is not homogeneous.
Advances in formulation such as by microfluidic and Particle replication in non-wetting
templates (PRINT) technologies offer more precise control over NP composition and
size'06.135.281 "and would indeed offer interesting comparisons in these studies.

Notably, DNA-PAINT is a fully random process, as the DNA strand molecules in
solution have equal probability to attach to a complementary strand on a NP?%'. The
conjugation process of ligands to maleimide groups on NP surface is also expected to
be stochastic (Poissonian), unlike the distributions observed here. A possible reason
is that the stochastic process of ligand conjugation is entangled with other parameters,
such as size, resulting in non-Poissonian distributions. We therefore used TEM to
study NP size heterogeneity. A typical TEM image depicting PLGA-PEG NPs is seen
in Figure 2D. Figure 2E and Figure 2F show the distributions in diameter at a single-
particle level for the PLGA-PEG 5% and 30% formulations, respectively. Although a
nearly symmetrical distribution is seen for particles formulated with 5% maleimide
content, at 30% we observe a more heterogeneous distribution, similar to that
observed in localizations/NP with DNA-PAINT.

Observing heterogeneity in both size and functional ligands, we next correlated DNA-
PAINT with TEM images to identify a possible relationship between NP size and the
ligand functionalization at a single particle level.

2.3 Multiparametric characterization of NPs using super-resolution CLEM

In Figure 3, we introduced a representative correlative image obtained using the
proposed super-resolution CLEM method on ligand conjugated PLGA-PEG NPs. We
first obtained a DNA-PAINT image (Figure 3A) prior to sample preparation required for
TEM, to preserve the surface docking strands intact for the hybridization with the
complementary imaging strands. In this image, particles are visible as red clusters of
localizations — representative of the number of surface ligands - with an appreciable
heterogeneity among them. Then, a TEM image was acquired on the same field of
view (Figure 3B), clearly highlighting NPs of different sizes. The merging of these two
images results in the final super-resolution CLEM image (Figure 3C), which allowed us
to make two important qualitative observations: a marked heterogeneity in both
number of localizations and size per NP, and the presence of particles without the
reference Dil signal, that would otherwise be invisible to DNA-PAINT imaging alone
(i.e. ‘invisible particles’).

Furthermore, we used highly inclined and laminated optical sheet (HILO) as the mode
of imaging in DNA-PAINT that results in a greater imaging depth than total internal

69



Chapter 2 | Correlating SRM-TEM reveals multiparametric heterogeneity in NPs

reflection fluorescence (TIRF) mode. This is necessary to be able to image NPs that
are on the surface of a TEM grid and not directly on a glass slide.

A) DNA-PAINT C) Super-resCLEM

&

Figure 3 Correlative DNA-PAINT and TEM (super-resolution CLEM) image of PLGA-PEG NPs. A)
DNA-PAINT image where red localizations are representative of ligand number and yellow
localizations of encapsulated Dil dye used as a reference marker and B) TEM image, both
corresponding to the same PLGA-PEG 30% maleimide NPs. C) Overlaid super-resolution CLEM
image. NPs without the reference Dil signal (‘invisible particles’) would be discarded in DNA-PAINT
imaging alone. All scale bars=500 nm. For details of image acquisition and data analysis see
Materials and Methods. Arrow was created with BioRender.com.

Using the correlative images for both 5% and 30% formulations (Figures 4A and 4B,
respectively), we studied the relationship between the number of ligands per NP versus
TEM diameter at a single particle level for both formulations (Figure 4C and 4F,
respectively). By observing these scatterplots — where every NP is one cross —we saw
that the number of surface ligands per NP increased exponentially with increasing NP
size, but also that both formulations displayed heterogeneity in the trend as shown by
the broad data clouds. To better understand the trend, particles were binned according
to their diameter and the average ligand number was obtained for particles within each
bin (Figure 4C and 4F, black circles). The obtained averaged data were well fitted with
a power model (grey line). The results demonstrated that the number of ligands per
NP increased roughly as a power of 2 (1.8 for 5% and 2.5 for 30% maleimide
formulations) with increasing diameter. This suggests that the number of ligands is
directly proportional to the area of a particle, approximated as a sphere. Although the
averaged bins clearly followed the power law, the single particle data (i.e. the crosses)
showed a much broader relationship, notably, with more heterogeneity observed for
NPs with 30% maleimide content and greater than 120 nm in diameter. For more
statistical information see Figure A2.6. Next, we plotted a scatter graph of ligand
density per NP versus diameter for both formulations. At 5% maleimide (Figure 4D),
NPs with diameters between 50-120 nm showed the expected trend between these
parameters i.e. the number of ligands per um? does not generally change with
diameter. A similar trend is observed at 30% maleimide (Figure 4G) albeit with a much
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broader heterogeneity, particularly for diameters >120 nm. In both formulations we also
observed a cloud of NPs with 0 ligand density for nearly all NP sizes.

A 5% Maleimide B 30% Maleimide
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Figure 4 Multiparametric characterization of PLGA-PEG NPs using super-resolution CLEM. Super-
resolution CLEM image of A) PLGA-PEG 5% and B) 30% maleimide NP formulations (scale
bars=1000nm). The relationship between the number of ligands per NP as quantified by qPAINT,
and the corresponding diameter as measured by TEM of C) PLGA-PEG 5% and F) 30% maleimide
formulations. Black dots show the same data binned on TEM diameter (bin size 10 nm) where the
average number of ligands is shown for each bin. Grey lines show the results of the fitting of binned
data with a power-law model. The relationship between ligand density (number of ligands per NP
surface area in um?) and the corresponding diameter by TEM for D) PLGA-PEG 5% and G) 30%
maleimide NP formulations. Distributions of ligand number per NP based on diameter ranges by TEM
of 0-99 nm and 100-199 nm for E) PLGA-PEG 5% and H) 30% maleimide formulations. Note: The
Dil signal is not present in the CLEM images in A and B as it was not used as a reference in the
analysis. In this case, TEM is used to confirm true NPs in DNA-PAINT. Details of image acquisition,
data analysis and surface area calculation can be found in the Materials and Methods section.

To better understand these results, we analyzed the distributions of ligands per NP for
smaller (0-99 nm) and larger (100-200 nm) NP populations in both formulations. We
noted that the ligand distribution was more heterogenous at 30% maleimide (Figure
4H) than at 5% maleimide (Figure 4E) content, particularly in the larger size population;
this was similar to the results observed in the relationship between ligand number and
ligand density versus diameter. These findings - as well as other previously published
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studies?82:283 - may suggest that heterogeneity found in NP size can affect the surface
composition, and as described here, disrupt the expected trends in ligand number and
in ligand density. Consequently, the presence of NP populations with distinct
physiochemical properties in the same batch can lead to different outcomes in
therapeutic efficacy'?°.

Super-resolution CLEM endows us with the possibility to study the whole NP
population at a single particle level, including those NPs without any reference signal
that would otherwise be invisible if analyzed solely by SRM as depicted in Figure 3. To
better understand the various sub-populations within our formulations, we subdivided
the whole NP population according to the quantified number of ligands on their surface,
then calculated the percentage of each sub-population with respect to the total amount
of NPs. We found a remarkably substantial percentage of NPs without any functional
ligands: 42% and 28% at 5% (Figure 5A) and 30% (Figure 5B) maleimide contents,
respectively. Similar results were observed also on dendrimers, whereby over 45% of
the entire material showed no surface ligands and very heterogenous
populations'3%:284 which opens up the door to a multitude of questions regarding the
performance of these nanoparticle sub-populations that are in fact non-functional,
which could also lead to toxicity and undesirable biological immune responses'?®. This
highlights the need to better characterize and understand physicochemical properties
in NPs and the impact these can have on their biological fates.

A B
5% Maleimide 30% Maleimide
1%, 0.4% Ligands/NP 7% Ligands/NP
‘@ 0 % ™ 0
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Figure 5 Pie charts depicting NP populations (%) with 0, 1-20, 21-40, 41-60 or >60 ligands/NP in A)
PLGA-PEG 5% and B) 30% maleimide NP formulations, as quantified and analyzed by super-
resolution CLEM. The total number of NPs analyzed per formulation is shown below each pie chart.

We then compared our results for the number of ligands per NP with the average
theoretical calculations that are normally used in literature (Table 1). Firstly, we
calculated the conjugation efficiency (CE%) of our NP formulations to the functional
ligands (Table 1) and found these values to be 23% and 70% at 5% and 30%,
respectively. Theoretical calculations assume that all the hydrophilic PEG-maleimide
chains will migrate and be exposed to the NP surface, whilst the hydrophobic PLGA
will form the core. However, due to the miscibility of PEG and PLGA?42285 the NP core
in fact also includes PEG-maleimide chains. It has been estimated that only about 50-
60% of the maleimide groups added are available for conjugation on the NP surface?*!,
values in close accordance with our results. We then calculated the ligand availability
(%) (i.e. the percentage of surface ligands per NP accessible to imager strands) for
both formulations with the results obtained by a one-method-at-a-time approach using
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TEM and gPAINT data separately (Table 1, white rows) and compared these with the
results calculated by super-resolution CLEM (Table 1, grey rows). The ligand
availability (%) is generally lower than the CE (%), meaning that not all conjugated
surface ligands are accessible to the imager strands, which could be due to various
reasons. Firstly, there is still a risk of ligand embedding in the PEG brush after
conjugation?46286 and secondly, the functional ligands could be poorly orientated to
the imager strands. For these reasons, these results show that the accessibility of
therapeutic ligands can be hampered by such factors.

Table 1 Calculation of ligand availability (%) values using DNA-PAINT alone and super-resolution
CLEM.

Formulation Diameter Theoretical CE Theoretical | Accessible | Ligand
TEM maleimide (%) | ligand ligands availability
(nm) molecules/ number/NP | (qPAINT) (%)
NP
5% Mal. 74 +/- 26 321 23 49 26 47
30% Mal. 78 +/- 29 1630 70 1141 54 5
5% Mal. 77 +/- 25 357 23 83 8 10
30% Mal. 82 +/- 31 2746 70 1922 19 1

Average TEM diameter, theoretical maleimide molecules per NP, conjugation efficiency (CE %),
theoretical ligand number per NP, accessible ligands per NP as quantified by qPAINT, and resulting
average ligand availability (%) for PLGA-PEG 5% and 30% maleimide formulations. These results
were obtained either by a one-method-at-a-time approach using qPAINT and TEM separately (white
rows) or by a correlative method using super-resolution CLEM (grey rows). For calculations see
Materials and Methods.

We observed a general 5-fold overestimation in ligand availability (%) with a one-
method-at-a-time approach compared to our super-resCLEM method. Using the latter
approach, we are not limited to only imaging the population of NPs with a reference
signal, but are indeed able to analyze the whole population, including the ‘invisible
particles’ as generally all particles are visible in TEM. As depicted in Table 1, a single
parametric approach would also overemphasize the therapeutic performance of the
formulation and prevent the determination of a sufficiently effective NP dose.

3. Conclusions

In the present work, we introduced an efficient method based on super-resolution
CLEM imaging to study the relationship between size and ligand number and density
at a single particle level and with nanometric resolution. Firstly, we demonstrated that
the heterogeneity found in NP parameters may be a result of the collective impact
between different physiochemical properties such as size and surface ligand number.
Secondly, we found a remarkable percent of NPs without any surface ligands, which
in a therapeutic formulation would be ineffective and could even lead to toxicity and
undesirable biological immune responses. Thirdly, we showed that the characterization
of nanomaterials using a one-method-at-a-time approach limits the information
obtained as compared to a multiparametric technique. For example, omitting sub-
populations of NPs with no reference signal and importantly no surface ligands. The
latter leads to an over-estimation of the number of ligands and ligand availability (%)
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as observed by DNA-PAINT alone, which in hindsight would prevent the determination
of an adequately efficient therapeutic dose.

The study of other nanomaterials using super-resolution CLEM — particularly with
different morphologies — would shine light on the relationship between size and
morphology and surface functionalization; and although the multiparametric
characterization of the tens of different physiochemical properties relevant to
nanomaterial performance is still out of our reach, we hope that this work will pave the
way to a more robust characterization using correlative imaging techniques.

4. Outlook

The versatility of CLEM protocols such as the one described in this Chapter has
prompted us to optimize and apply a similar correlative technique to study a more
complex type of nanomaterial, namely supramolecular polymers. This group of
polymers have been gaining importance because of their non-covalent nature that
grants them various advantages as opposed to conventional polymers e.g. easy
formulation, high processability, fine tuneability and responsiveness?®’-289, This last
feature is exploited to externally control the supramolecular polymers, changing their
properties upon exposure to different stimuli such as temperature, pH, or light?8.
Albertazzi et al. have designed a method using dSTORM to study the molecular
exchange pathways and mechanical properties of a specific group of supramolecular
polymers?®, highlighting the significance of this technique in the analysis of such
polymers. For this reason, we chose to optimize a dSTORM-TEM correlative approach,
that could be used to study the changes in these properties as a function of their
supramolecular nature.

We specifically used a supramolecular polymer designed in our group, based on the
C3-symmetric benzene-1,3,5-tricarboxamide (BTA) core, extended with a linear
peptide-like amphiphile (BTA-Azo-Csg). This monomer was labelled with a Cy3 dye for
microscopy purposes. Monomers were formulated in water to obtain fibrillar
aggregates, and then attached to a nickel-hexagonal 200 mesh TEM grid coated with
a formvar-carbon layer. The grid choice is particularly important when carrying out
dSTORM imaging (as opposed to DNA-PAINT imaging) since grids made from reactive
metals such as copper can react when in contact with reducing components in the
dSTORM buffer, leading to peeling of the supportive layer. Next, the grid was imaged
by dSTORM and TEM microscopy, as detailed in Materials and Methods of this
Chapter.

We first obtained a dSTORM image of a supramolecular polymer fiber (Figure 6A, left
panel), and then a TEM image of the same field-of-view (FOV) (Figure 6B, middle
panel), and successfully overlapped the respective images, to create a correlative
dSTORM-TEM image of supramolecular polymers (Figure 6A right panel).
Interestingly, initially dSISTORM showed fibers of greater lengths (> 3000 nm) compared
to previously reported sizes on a similar fiber system?88 (250-1000 nm). To understand
this better, we acquired higher resolution images by TEM of the same fiber and carried
out the dSTORM-TEM correlation on a smaller FOV (Figure 6B). The results
demonstrated that the fibers were in fact polymer bundles (~ 80 nm) made of much
smaller fibers, roughly 8 nm in diameter. Since the resolution of ISTORM is ~ 20 nm,
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molecules with a smaller size will not be distinguished from one another when closer
to each other by less than 20 nm. For this reason, dSTORM alone was unable to show
the true structure of these fibers.

A

Figure 6 A) Large field views of BTA-AZO-Cs supramolecular fibers by dSTORM, TEM and by
correlative STORM-TEM, of the same area. B) Zoom-in images of the area highlighted with the lined
red box in A), showing that the single fiber observed by dSTORM is a bundle of smaller fibers. Scale
bars = 500 nm.

As a next experiment, it would be interesting to study the monomer exchange of a
highly stable polymer such as BTA-Azo-Cgs. Monomer exchange between these fibers
has been demonstrated to be extremely slow, and CLEM could provide some valuable
information on this process. To do so, fibers including BTA-Cy3 and BTA-Cy5 would
be assembled separately. Upon mixing the two fibers, monomers would start to
exchange between fibers, mixing BTA-Cy3 with BTA-Cy5. By this means we could
study the monomer exchange along the fiber using dSTORM, whilst TEM could offer
an insight on whether the monomers pack together onto a single fiber or remain in
separate fibers in a bundle. Notably, we could also identify if the exchanges occur
isotopically along the fiber (monomer intercalation) or localized at the ends (monomer
addition). We foresee the application of dSTORM-TEM in polymer science to go
beyond the results shown here and to give unique insight into their morphology.
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5. Materials and methods
Materials
Materials for nanoparticle formulation

The polymer poly(lactide-co-glycolide)-methoxy-poly(ethylene glycol) GCW301 (Mw
PLGA:PEG, 30:1 kDa, L:G in PLGA 50:50) was supplied from GenoTech. The polymers
poly(lactide-co-glycolide) AP082 acid endcap (PLGA, 50:50 LA:GA, Mw 25-35 kDa)
and poly(lactide-co-glycolide)-poly(ethylene glycol) AK102 (Mw PLGA:PEG 30:5 kDa,
L:G in PLGA 50:50) were supplied from PolySciTech. The polymer poly(D,L-Lactide-
co-glycolide)-poly(ethylene glycol)-Maleimide SKU 2794 (Mw PLGA:PEG:Maleimide
20:5:0.09707 kDa) was supplied from Nanosoft Biotechnology LLC. Amicon Ultra-4
filters (regenerated cellulose, 100 kDa) were purchased from Merck Life Sciences. The
solvent acetonitrile (HPLC grade) was purchased from Carlo Erba Reagents. The
reducing agent Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) 0.5 M pH 7 was
supplied by Merck Life Science.

Materials for DNA-PAINT imaging

Thiol-modified DNA oligonucleotides (docking strands 1) and Atto647N-labelled DNA
oligonucleotides (imager strands 1 and 3) were designed and purchased from
Integrated DNA Technologies. Docking strand 1 and imager strand 1 were used for
DNA-PAINT imaging, whilst docking strand 1 and imager strand 3 were used for control
experiments. DNA oligonucleotides were dissolved and stored in sterile TE buffer (10
mM Tris-HCI pH 8, 0.1 mM EDTA) and used fresh. The DNA oligonucleotides used
have the following DNA sequences, and only 9 bases contribute to hybridization:
Docking strand 1: 3ATC TAC ATA TT/thiol

Imager strand 1: 5’-CTA GAT GTA T/Atto647N/-3’

Imager strand 3: 5’-GTA ATG AAG A/Atto647N/-3’

Sterile phosphate-buffered saline PBS buffer pH = 7.4 was used for NP sample
preparation in the imaging chamber. Buffer B (5 mM Tris-HCI, 10 mM MgClz, 1 mM
EDTA, 0.05% Tween-20 pH=8) was used to dilute the imager strands for DNA-PAINT
imaging.

Materials for TEM imaging

Copper TEM grids (200 mesh) were coated with a carbon layer in-house. Microscopy
slides (dimensions 76x26 mm, thickness 1/1.2 mm) were supplied by RS France and
coverslips (dimensions 24x24 mm, thickness 0.13-0.16 mm) were supplied by
Deltalab, and used for DNA-PAINT measurements. Uranyl acetate 2% in MilliQ water
was prepared in-house and used within 3 months for TEM negative staining.

Nanoparticle formulation

PLGA-PEG NPs were formulated via the precipitation-solvent evaporation
(nanoprecipitation) method according to literature?®2. Briefly, 5 mg of polymers and 1.1
mM Dil (reference dye) were dissolved in 500 pL solvent phase (acetonitrile) at room
temperature. PLGA polymer was maintained at a ratio of 15% and mixed with PLGA3o-
PEG1 and PLGA-PEG-Maleimide polymers at 5% or 30% maleimide content. For
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example, for the PLGA-PEG 30% maleimide formulation: 75.0 yL PLGA from a stock
of 10 mg/mL (0.75 mg), PLGA-PEG 152.8 uL from a stock of 18 mg/mL (2.75 mg),
100.0 yL PLGA-PEG-Maleimide from a stock of 15 mg/mL stock (1.5 mg) and 4.5 pL
Dil from a stock of 10 pM (1.1 mM) were dissolved and made up to 500 pL with
acetonitrile. For control PLGA-PEG formulations, no PLGA-PEG-Maleimide was added
and was instead replaced with PLGA3u-PEGsk, whilst the PLGA amount was
maintained at 15%, and PLGAsz0-PEG1k varied depending on the formulation. The
polymer solution was stirred at 200-300 rpm whilst the anti-solvent phase (MilliQ water)
was pipetted at a 1:10 ratio (500 uL polymer solution is pipetted into 5 mL milliQ water).
Solvent extraction (evaporation) continued for 5 h under magnetic stirring in a fume
cupboard at room temperature. NPs were then collected by centrifugation (Avanti J-26
XPI, rotor JA-14) using Amicon Ultra-4 filters as per filter instructions for 10 min at
5,000 x g at 20°C with filtered MilliQ water. NPs were stored in MilliQ water at a 10
mg/mL concentration in the dark at 4°C until further use.

Conjugation of docking strands to NPs

First, the protective disulphide bonds on the thiol group were reduced using TCEP at
a 10:1 molar excess compared to thiol*8. Briefly, for PLGA-PEG 30% maleimide, 2.6
pL of 0.5 M TCEP and 116.6 pL of 1.1 mM thiol-DNA docking strand were added to
380.9 pyL PBS pH = 7.4 and allowed to stir for 20 min at room temperature. Prior to
closing the lid, argon gas was bubbled in the glass vial, to prevent reformation of
disulphide bonds?#8. Then, the conjugation between thiol-DNA oligonucleotide and NP
maleimide was carried out at a 3:1 molar ratio of thiol-DNA oligo to maleimide, to
ensure optimal conjugation. For this, 500 uL of 10 mg/mL NP stock was added to the
solution and mixed for 2 h more in the absence of oxygen. Unconjugated thiol-DNA
oligos were removed via centrifugation using Amicon Ultra-4 filters as per filter
instructions for 10 min at 5,000 x g (rcf) at 20°C with filtered milliQ water. NPs were
stored in milliQ water at a concentration of 10mg/mL in the dark at 4°C.

Calculation of ligand density per NP

For Figure 4D and Figure 4G, the ligand density was calculated for each NP
individually, by dividing the number of ligands per NP (quantified by qPAINT) by the
surface area (SA) of that NP, in turn calculated using its respective TEM diameter. The
SA was calculated as per surface area of a sphere:

Surface area (um?) = 4nr? (1)

Super-resolution CLEM protocol on TEM grids
DNA-PAINT chamber preparation

The carbon-coated copper TEM grid was first treated using UV glow discharge for 30s
using BAL-TEC CTA 005 Glow Discharge Unit to improve the attachment of NPs.
Using a fine tweezer, the grid was placed on top of a ~ 40 uL drop of NP solution
2mg/mL (10mg/mL diluted x5 in milliQ water) for 20 min for NP attachment. The grid
was then washed through a drop of imager strand 1 in Buffer B solution (5 nM) and
placed on a microscopy glass slide with the NPs attached side facing upwards. The
coverslip was then placed on top of the grid and sealed using quick dry transparent
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nail varnish to prevent evaporation. Prior to the experiment, coverslips were thoroughly
cleaned in acetone and ethanol 96% for 10 min each in bath sonication, then dried
using nitrogen gas flow. Prior to DNA-PAINT imaging, reference images of the region
of interest were taken. These consisted of 1) a large view of the grid, by acquiring a
13x13 stitched image in bright field using the NIS-Elements stitch function and if
required a large bright field image of the ROI (1024 x 1024) using the 100x oil objective.
To remove the grid from the chamber, the nail varnish was gently removed using a
tissue embedded in acetone, then it was placed in a petri dish filled with MilliQ water
to aid in the smooth separation of the coverslip from the microscopy slide. The grid
was then gently picked up using a tweezer. Please note these steps must be carefully
carried out, as to not accidentally peel off the carbon film on the grid (Figure S1).
DNA-PAINT acquisition and drift correction

Imaging was carried out with a Nikon N-STORM system configured for highly inclined
and laminated optical sheet (HILO) imaging, using a Perfect Focus System (PFS).
Atto647N-Imager strand signal was collected using the 647 nm (160 mW) laser with
60% power and the Dil drift correction signal using the 561 nm laser (80 mW) with 2%
power. No UV activation was required. Fluorescence was collected using a Nikon
100x, 1.49 NA oil immersion objective and passed through a quadband pass dichroic
filter (97335 Nikon). Images were acquired onto a 256 x 256-pixel region (pixel size
0.16 mm) of a Hamamatsu ORCA Flash 4.0 camera at 70 ms integration time. For the
Atto647N-Imager strand 20,000 frames were acquired in the 647 channel and for the
drift correction one frame was acquired every 100 frames in the 561 channel. The time
taken for image acquisition was ~ 25 min. For super-resolution CLEM, NPs were
imaged using 5 nM imager strand 1 in Buffer B. During image acquisition, the NIS
Elements Nikon software generates a list of localizations by Gaussian fitting the
fluorescent blinking dyes of the conventional diffracted images. To avoid overcounting,
blinking detected in consecutive frames are counted as single blinks by the software.
The generated localization list is filtered to remove background due to free dyes
attached to the glass, by applying a density filter of 5 localizations in a radius of 120
nm. The fluorescence signal of the encapsulated dye Dil is spectrally different from
that of the imager strand, and thus was acquired in a different channel (561 nm). This
allowed the correction of the mechanical drift during image acquisition without the
addition of extra probes. Furthermore, there is no evidence that Dil significantly affects
the interaction between docking strand and imager strand.

gPAINT calibration on grid

Unlike DNA-PAINT, gPAINT uses kinetic information based on the mean dark time (14+)
between binding events to quantify accessible ligands, which is associated to the
number of ligands (n) through the equation n = (konciTe+)™!. This requires a calibration
to calculate the second-order association rate of the docking strand-imager strand pair
(kon). Using PLGA-PEG 1% maleimide NPs conjugated to thiol-docking strands at a
known imager concentration (c;) of 5nM in Buffer B, we calculated the kon for the
binding kinetics of a single docking strand to be 8.8 x 10° M~' s7', a value similar to
previously reported values'®3188. For full experimental procedure see Figure S5.

TEM imaging
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In preparation for TEM imaging (Figure S1), the grid was first washed to remove buffer
salts on MilliQ water drops for 1 min then 30 sec, then negatively stained using filtered
uranyl acetate 2% (UA 2%, in MilliQ water) for 1 min. Excess UA was removed by
tapping the edge of the grid on Whatman filter paper. The grid was then allowed to dry
overnight in a desiccator. Next, the grid was imaged using a Jeol 1010 (Gatan, Japan)
from the Electron Cryomicroscopy Unit from the CCiTUB, equipped with a tungsten
cathode. Images were acquired at 80kV with a CCD Megaview 1k x 1k. Firstly, the ROI
was located using a low-magnification function. Then, sequential images were taken
of the ROI at a magnification of x20 000, which were stitched manually in Adobe
Photoshop CS9.

Image correlation

The DNA-PAINT image was correlated to the stitched TEM image in Adobe Photoshop
CS9. First, it was re-scaled according to the TEM image resolution. Then, a ‘vividlight’
layer filter was applied and the transparency was increased to 57% of the DNA-PAINT
image, to allow better visualization of the CLEM image. This process also included
rotation of the SRM image. At no point prior to data analysis are the original TEM
images modified in any way, as these must be used for size and morphology analysis.
However, for the purpose of showing super-resolution CLEM images the contrast of
the TEM images was modified as to allow the correlation to be clearly seen.

Data analysis correlation

Diameters of individual particles were correlated to the number of ligands quantified by
gPAINT from DNA-PAINT images. Data analysis for gPAINT on NPs was previously
described by our group'®18  Briefly, the x,y,t coordinates of 647 localizations
belonging to each NP was analyzed in MATLAB using a mean-shift cluster algorithm
whereby each NP was assigned an identification number, and its diameter and number
of localizations. For qPAINT analysis, a binary intensity versus time trace was
reconstructed for each NP, assigning a value of 0 to the frames without localizations
and a value of 1 to the frames with one localization. The individual dak times were
computed for each NP, obtaining the corresponding CDF, which was then fitted with
the exponential model and the value of the mean dark time 14- was extracted. The
number of ligands per NP was quantified using the equation (1): n = (kONcitd*)™! using
Kon (grig) to be 8.8 x 10° M~' s™" and the known imager concentration (Figure S5). Then,
the diameter of each individual NP was measured in ImagedJ from the stitched TEM
image. Using the identification numbers of each NP in the DNA-PAINT image, each
NP was correlated in terms of diameter by TEM and ligand number by gPAINT. Note
that the Dil (561) channel is not used as a reference (unlike in the DNA-PAINT
characterization measurements done on glass), as some NPs show to not encapsulate
any Dil. In this case, the TEM stitched image is used as reference.
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The following calculations are for the results described in Table 1
a. Calculation of conjugation efficiency (CE%):

This was achieved using a NanoDrop ND-1000 Spectrophotometer. Briefly, after
conjugation of PLGA-PEG NPs to thiol-DNA oligos, the NP solution was spun down via
centrifugation using a bench-top centrifuge (Eppendorf Microcentrifuge 5415 R Sigma-
Aldrich) for 20 min at 16.1 x g (rcf) at 20°C leading to a NP pellet formation. The
supernatant was collected, and the process was repeated for 2 times more until no
pellet was observed. The negative control consisted of PLGA-PEG NPs (no maleimide)
undergoing the conjugation process and centrifugation steps identically to the test NPs.
The final supernatant solutions were analyzed by NanoDrop spectrophotometry (at 260
nm) and the CE % was calculated as per Equation 2:

( ___Thiol-oligo in Test supernatant (abs) X 3) x 100% (2)

Thiol—-oligo in Control supernatant (abs)

b. Calculation of theoretical maleimide groups per NP as per Spherotech’s
instructions®*°:
Number of particles in suspension:

( (6 x Polymer Weight (g)) ) x 1012 (3)

(3.14 x Polymer Density(a%) x NP Diameter (um)3

Calculation of number of maleimide molecules in suspension:

Polymer Mass
24 9) 5 | x Avogadro’s Number (4)
Polymer Molecular Weight (m)

Number of theoretical maleimide molecules per NP:

Number of Maleimide Molecules ( )
Number of Particles in Suspension

c. Calculation of theoretical ligands per NP:

Calculated by multiplying the theoretical maleimide molecules/NP by the CE % of the
formulation.

d. Calculation of ligand availability:

Calculating the percentage of ligands quantified by gqPAINT out of the theoretical
ligands per NP.
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DNA-PAINT measurements on glass
i) Preparation of imaging chamber

A 40 mL volume flow chamber was assembled from a glass microscopy slide and a
coverslip, attached by double-sided tape. Prior to assembly, the coverslips were
cleaned first with acetone, then with ethanol 96% for 10 min each by bath sonication,
then dried under nitrogen flow. This process removes impurities and improves the NP
retention on the coverslip. The NP 10mg/mL (x1000 dilution in PBS) were pipetted into
the chamber, which was then turned upside down and allowed to adsorb for 20 min.
PBS promotes the adsorption of NP. Unattached NP were washed away with Buffer B.
Finally, the chamber was filled with imaging buffer solution (Imager strand diluted in
Buffer B to the required concentration) and sealed with nail varnish to avoid
evaporation.

i) DNA-PAINT for NP imaging on coverslips

This was carried out with a Nikon N-STORM system configured for total internal
reflection (TIR), using a Perfect Focus System (PFS). Atto647N-Imager strand signal
was collected using the 647 nm (160 mW) laser 60% laser power and the Dil drift
correction signal using the 561 nm laser (80 mW) 2% laser power. No UV activation
was required. Fluorescence was collected using a Nikon 100x, 1.49 NA oil immersion
objective and passed through a quadband pass dichroic filter (97335 Nikon). Images
were acquired onto a 256 x 256-pixel region (pixel size 0.16 mm) of a Hamamatsu
ORCA Flash 4.0 camera at 70 ms integration time. For the Atto647N-Imager strand
20,000 frames were acquired in the 647 channel and for the drift correction one frame
was acquired every 100 frames in the 561 channel. The time taken for image
acquisition was ~ 25 min. All PLGA-PEG-Maleimide formulations were saturated with
a 3:1 molar excess of thiol to maleimide. PLGA-PEG-Maleimide PEG NP were imaged
with 2.5 nM Imager strand 1 in Buffer B or Imager strand 3 in Buffer B for the negative
control.

TEM imaging protocol (no CLEM)

An in-house carbon-coated copper TEM grid (CF200-CU, 200 mesh, Electron
Microscopy Sciences) was first treated using UV glow discharge for 30s using BAL-
TEC CTA 005 Glow Discharge Unit to improve the attachment of NPs. Using a fine
tweezer, the grid was placed on top of a 40 uL drop of NP solution (2mg/mL) (10mg/mL
diluted x5 in MilliQ water) for 3 min for NP attachment. Please note NP solution was
vortexed well before attachment to the grid to avoid aggregates. Then the grid was
washed to remove impurities and unattached NPs on 40 uL MilliQ water drops for 1
min, 30 sec and 30 sec, then negatively stained using filtered uranyl acetate 2% (UA
2%, in MilliQ water) for 1 min. Excess UA was removed by tapping the edge of the grid
on Whatman filter paper. The grid was then allowed to dry overnight in a desiccator.
Next, the grid was imaged using a Jeol 1010 (Gatan, Japan) from the Electron
Cryomicroscopy Unit from the CCiTUB, equipped with a tungsten cathode. Images
were acquired at 80kV with a CCD Megaview 1k x 1k, with a magnification of x20 000-
50 000. The NPs diameter was measured using ImageJ software.
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NP diameter and localization script:

A MATLAB script was used to count the number of localizations in the 647 (Imager
strand) channel and the 561 (Dil-fiducial marker) channel (Figure 1) and the diameter
of the NP. Firstly, the localization clusters from the fiducial 561 channel were identified
using a mean-shift clustering algorithm. These clusters were used to identify the center
of each individual NP, with an uncertainty of a few tens of nm from the center of the
NP (this is obvious when the 561 signal is not found on the center of the NP). Another
filter was wused allowing the user to select parameters to filter out
noise/aggregates/elongated shapes. Then, the localizations from the 647 channel
found within a distance of 160 nm from the center of the NP were detected, and then
the number and x,y,t coordinates of the localizations and diameter were calculated for
each NP. The radius of each NP was estimated as the distance from the mass center
making up 90% of the cluster localizations.

dSTORM-CLEM correlative imaging on supramolecular polymers

BTA-Azo-Cg monomers with 10% Cy3 dye labelling, with a final concentration of 50 uM
in milliQ water were prepared by PhD student Edgar Fuentes at IBEC. The following
steps were carried out by myself and Guillem Bracons, master student at IBEC. The
polymers were allowed to reach equilibrium at RT. for 24 h, then placed in a water bath
at 70°C for 1 h and allowed to settle at RT. for a further 24 h. A final polymer solution
with 5% Cy3 dye labelling and a concentration of 25 yM were prepared by mixing equal
volumes of monomer solution and milliQ water. Prior to dSTORM imaging, another hot
water bath was performed at 50°C, to push the equilibrium towards fiber formation.
Glow discharge was carried out for 30 sec at 5 mA on a nickel-hexagonal 200 mesh
grid with formvar-carbon coating, to improve fiber attachment. Fibers were diluted to 1
MM in milliQ water, then attached for 1 min onto the TEM grid, followed by a 30 second
milliQ water wash to remove unattached polymers. The grid was prepared into a
microscopy chamber as previously described, and a STORM buffer was flown in,
consisting of a) 100 mM mercaptoethylamine (MEA), b) an oxygen scavenger system
consisting of 5% glucose (wt/vol), 0.5 mg/mL glucose oxidase (Sigma-Aldrich) and 40
mg/mL catalase (Sigma), c) 15% glycerol, in PBS at pH 8.5. Fibers were imaged by
STORM on a Nikon N-STORM system configured for highly inclined and laminated
optical sheet (HILO) imaging using the 561 (80 mW) laser at 20 ms exposure for 10
000 frames. The grid was then removed from the chamber and washed on a milliQ
water drop for 30 sec before negative staining for 1 min using 2% uranyl acetate. The
same region was later imaged by TEM, and correlation was carried out manually using
Adobe Photoshop CS9.
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Chapter 3 | Development of a correlative dISTORM-TEM
method to track nanoparticles intracellularly

This chapter reproduces almost literally the following manuscript in the process of
being submitted for review:

Andrian T, Pujals S, Albertazzi L. A super-resolution and transmission electron
microscopy correlative approach to studying intracellular trafficking of nanopatrticles.
As the first author of this paper, | performed almost all the experimental protocols, |
contributed to protocol design, data analysis and manuscript writing. High-pressure
freezing, freeze substitution and ultramicrotome sectioning was carried out by the staff
at the TEM facility in Parc Cientific de Barcelona. Dr Silvia Pujals and Dr Lorenzo
Albertazzi participated in the planning, writing, and correction of the written work.

Supportive information for this chapter can be found in Appendix 3.

Abstract: Nanopatrticles (NPs) are used to encapsulate therapeutic cargos and deliver
them specifically to the target site. The intracellular trafficking of NPs dictates the NP-
cargo distribution within different cellular compartments, and thus governs their
efficacy and safety. Knowledge in this field is crucial to understand their biological fate
and improve their rational design. However, there is a lack of methods that allows
precise localization and quantification of individual NPs within distinct cellular
compartments simultaneously. Here, we address this issue by proposing a correlative
light and electron microscopy (CLEM) method combining direct stochastic optical
reconstruction microscopy (dSTORM) and transmission electron microscopy (TEM).
We aim to combine the advantages of both techniques to precisely address NP
localization in the context of the cell ultrastructure. Individual fluorescently-labelled
poly(lactide-co-glycolide)-poly(ethylene glycol) (PLGA-PEG) NPs were directly
visualized by dSTORM and assigned to cellular compartments by TEM. We first
tracked NPs along the endo-lysosomal pathway at different time points, then
demonstrated the effect of chloroquine on their intracellular distribution (i.e. endosomal
escape). The proposed protocol can be applied to fluorescently labelled NPs and/or
cargo, including those not detectable by TEM alone. Our studies are of great relevance
to obtain important information on NP trafficking, and crucial for the design of more
complex nanomaterials aimed at cytoplasmic/nucleic drug delivery.
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1. Introduction

Nanoparticles (NPs) are used in medicine to encapsulate therapeutic molecules (e.g.
chemotherapeutics, protein inhibitors and nucleic acids) in order to improve their target
selectivity?®'292, solubility”-8, and to reduce their toxicity'®112%3, Yet, although several
NP formulations have been successfully marketed, achieving efficient intracellular
delivery remains a significant bottleneck in nanomedicine 142-144.2%4_Following cellular
uptake, the next critical stage in NP delivery is intracellular trafficking, which
determines the NP-cargo distribution within cellular compartments and hence the
therapeutic efficacy and safety®.'5*. For example, a pre-requisite for RNA and DNA
delivery is for the molecules to reach the cytoplasm or nucleus intact to perform their
therapeutic function. Thus, NPs carrying such degradation-prone molecules must
overcome several cellular barriers, including trafficking to acidic endosomes and
lysosomes that can lead to NP disassembly, cargo degradation and loss of
efficacy'%1482% |n order to improve the therapeutic efficacy of nanomaterials it is thus
essential to understand their biological interaction with cells, including intracellular
trafficking146.296.297,

However, considerable uncertainties still remain about the exactintracellular pathways
taken by nanocarriers, and this largely stems from a lack of reliable methods to
visualize and quantify with enough resolution NPs at a single particle level within the
ultracellular environment'6-148 NP uptake and intracellular trafficking are typically
assessed using flow cytometry, fluorescence microscopy (FM) and/or transmission
electron microscopy (TEM)'46:147.151.152  Notably, flow cytometry measures relative
fluorescence intensity and does not distinguish the NPs location (e.g. membrane-
bound, endosomal, cytosolic). FM lacks the adequate resolution to resolve individual
NPs, and objects that are found closer together than the resolution of the microscope
(= 250 nm) can falsely appear co-localized®?. It is also limited by the number of targets
that can be labelled and lacks ultrastructural information. An upgrade to classical FM
are super-resolution microscopy (SRM) techniques that allow localization of single
molecules and single NPs down to tens of nanometres'®. For example, direct
stochastic optical reconstruction microscopy (dISTORM) is based on the localization of
individual, photoswitchable fluorophores, offering a resolution of = 20 nm, and has
been previously applied for the intracellular trafficking of several types of
nanomaterials'762%8-392 Despite this achievement, it still lacks cellular ultrastructural
information, and can typically be used to image co-localization in only two
simultaneous targets. In contrast, TEM offers a powerful approach to study intracellular
trafficking pathways, due to its excellent resolution (< 1 nm) and ultracellular detail, but
it only offers analysis on grayscale images and is restricted to nanomaterials with
adequate atomic contrast (e.g. metallic NPs)?203.205,303,

To overcome the individual limitations of FM and EM, a group of techniques that
combine both microscopies through detailed images of the same field-of-view (FOV)
have been developed, namely correlative light and electron microscopy (CLEM)?209-211,
Despite the potential of combining two very powerful techniques, only a handful of
articles demonstrate the applicability of CLEM on intracellular trafficking of
nanomaterials?2%22', Whilst these studies clearly demonstrate the power of CLEM in
understanding NP intracellular metabolism, there is still a resolution gap between the
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FM and EM techniques used, preventing the assignment of single particles to specific
compartments.

To bridge the resolution gap between FM and EM, the correlation of SRM-EM has
been established, albeit not in the nanomedicine field, substantially improving image
quality?09-211.304 " Various combinations of SRM-EM approaches have been used in
biology to image intracellular fluorescent proteins?'S, track intracellular pathogens 68217
and to study budding of influenza viruses from infected cells?'8. Recently, we have
developed a DNA-PAINT-TEM correlative approach to study the relationship between
NP functional ligand numbers and size at a single particle level?*°. However, despite
the potential of CLEM in this field, and to the best of our knowledge, SRM-TEM
correlative approaches have not yet been applied for the intracellular trafficking of NPs.
At a cellular level, SRM-TEM correlation would offer a means to specifically label a
variety of nanomaterials including their cargo, and to track them within specific cellular
compartments with nanoscale precision.

To address this issue, we propose a dSTORM-TEM correlative protocol to track
fluorescently labelled polymeric poly(lactide-co-glycolide)-poly(ethylene glycol)
(PLGA-PEG) NPs at a single particle level within different cellular compartments.
Polymeric NPs were chosen as a standard NP formulation for this protocol due to their
well-studied properties; however they also show great promise for targeted drug
delivery systems due to their biocompatibility, biodegradability, design flexibility and
safety!351:52_ Notably, these NPs are undetectable by TEM alone in the cellular milieu
due to their low contrast, highlighting the relevance of this correlative approach for
imaging a wide range of nanomaterials.

We first discuss the roadmap of CLEM techniques available, considering their
strengths and weaknesses, and optimize the most suitable protocol for our biological
question. We then describe our adapted dSTORM-TEM correlative method and
demonstrate that the superior resolution of dSTORM, as opposed to low-resolution
FM, offers localization of single NPs within specific cell compartments in TEM. First,
we use the proposed technique to track NPs within different compartments (early and
late endosomes, lysosomes and non-endosomal compartments) at different time
points. Second, we study the effect of the lysomotropic agent chloroquine on the NP
intracellular distribution. We envision that this technique will be applicable to answer
various questions on intracellular trafficking and endosomal escape, and to study more
complex nanomaterials such as polyplexes for nucleic acid delivery, overall offering
unique information that we are currently lacking on the biological fate of nanomaterials.

2. Results and Discussion
2.1 Overview of CLEM Protocols

A variety of CLEM workflows exist for cell biology applications?!', and despite their
initial complexity to novice scientists, they typically follow TEM sample preparation
steps (Figure 1). This section will only briefly discuss the main protocols, and for more
extensive  information readers are directed to specialized CLEM
handbooks/reviews?09-211.305-307,
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Figure 1 Standard correlative light and electron microscopy (CLEM) workflows in cell biology.
Created with Biorender.com

The first step in TEM sample preparation is typically fixation and this can be done via
chemical fixation or cryo-fixation using high-pressure freezing (HPF) or plunge
freezing. Chemical fixation is normally achieved at room temperature (RT) and thus
does not require any special equipment and is normally followed by further fixation and
staining with osmium tetroxide (OsQO4). These harsh fixing conditions and heavy metals
can lead to fluorescence quenching if fluorescence is present. HPF allows the
vitrification of samples with a thickness of 200-300 um at high pressures, freezing the
specimen whilst avoiding the formation of ice crystals, and preserving an almost intact
ultrastructure, as opposed to chemical fixation3%®. Following HPF samples can be
either further prepared at cryo-temperatures for cryo-imaging or using freeze
substitution (FS) for RT imaging. Plunge freezing achieves vitrification of samples
thinner than 5-10 pym, by plunging into liquid ethane at cryogenic temperatures. The
samples can be sectioned using cryo-focused ion beam milling.

The second step is resin embedding, a step necessary to harden the biological sample
and to dehydrate it prior to TEM imaging. At RT, dehydration typically includes gradual
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exposure to a solvent such as ethanol, which is then progressively replaced with a
resin, that will eventually be polymerized into a hard block. Samples prepared by HPF
are normally hard enough to allow direct sectioning using a cryo-microtome, or if the
sample must be eventually processed at RT, freeze substitution (FS) is used instead.
The latter includes the exposure of the sample to a solution containing typically acetone
and a fixative/contrasting agent, which is then gradually replaced by slow resin
infiltration and polymerization; these steps are carried out for several days whilst the
temperature slowly increases to RT. The advantage of FS is that as opposed to
chemical fixation, the cellular structure and membranes are much more well preserved.
Several resins are available, with epoxy resins being probably the most common,
offering hard resin blocks with great contrast in TEM, but that cause protein
denaturation and thus cannot be used for immunolabelling. Softer resins include
Lowicryl and LR White, that allow better preservation of protein structure and hence
immunolabelling?'%3%°. One can also remove the need for resin embedding, by using
the Tokuyasu method®'?, whereby the fixed sample is infiltrated with a cryo-protectant
and frozen in liquid nitrogen, followed by cryo-sectioning. This allows for
immunolabelling, but results in inferior preservation of ultrastructure.

Sectioning is required to ensure that samples are thin enough to allow the electron
beam in TEM to pass through. This step can be done using a normal ultramicrotome if
imaging is to be done at RT, or a cryo-ultramicrotome for subsequent imaging in
cryogenic conditions. Typically, successive sections of a thickness of 50-100 nm
(ultrathin sections) are cut and collected on the surface of metal grids or glass
coverslips for TEM and SEM, respectively. Post-staining is then done using heavy
metals such as uranyl acetate (UA) and lead citrate (Reynolds) for samples aimed at
TEM. Cryo-EM does not require further staining since the contrast is provided by the
native cellular environment, but as a result has much lower contrast. Notably,
consecutive sections can be imaged individually by 2D TEM, or by 3D using serial
sectioning. Electron tomography (ET) also offers 3D images but uses thicker sections
of roughly 200-300 nm, which are imaged from different directions that are later
automatically aligned to offer a 3D projection of the sample.

For CLEM protocols, FM can be combined with TEM at different time points in the
protocol. FM imaging can be carried out i) before resin embedding, ii) on the resin
block or on thin sections after embedding or iii) on thin sections for cryo-EM without
embedding. The first protocol allows for dynamic data from live-cell imaging or imaging
on whole cells, and the issue of fluorescence quenching due to certain fixation and
staining protocol is circumvented. However, structural changes can occur during the
fixation steps between FM and TEM imaging, leading to correlation mismatches and
poorly understood data. The second protocol allows much more precise correlation
between the two images and is particularly useful for imaging small structures that
move fast. However, if the fluorescent label is present before sample preparation, then
the fixation and heavy metal steps can lead to quenching of fluorescence 209269311 go
parameters (e.g. heavy metal content, labelling percentage) must be optimized. For
near native state imaging in both microscopes, the third protocol is the most suitable,
however it requires very specific and expensive equipment and offers much lower
sample contrast.

89



Chapter 3 | Development of a correlative dSTORM-TEM method to track NPs
intracellularly

In CLEM, matching the region of interest (ROI) between the two microscopes is a
necessary yet sometimes complicated task. TEM grids containing markings (finder
grids) can be used for a coarse alignment and ROI identification. More specialized
sample holders are available from Carl Zeiss and Jeol/Nikon with navigation markers
recognized by the microscope software that offer automated ROI retrieval?®®. For high
precision overlay of FM and EM images, fiducial markers recognizable in both imaging
techniques are used, such as nanoparticles'®®, quantum dots®'?, and polymer
beads®'3, that can be correlated either manually or through automated software such
as ec-CLEM?3'*. Commercially integrated microscopes are also available, such as iLEM
(iCorr) which contains an integrated single-color wide-field FM microscope in a TEM3'®
or airSEM which comprises FM and SEM3'6, These microscopes avoid problems
related to ROl identification, precision overlay, and sample distortion between imaging
techniques, but are expensive and are not commercially available.

2.2 Choosing the right protocol

Clearly, there are a variety of different protocols that one can choose from. However,
in practice not many research laboratories have the liberty to pick and choose the
winner, due to a lack of available equipment and trained personnel. For this project,
we attempted 3 different protocols found in literature for CLEM imaging?'é, and these
are described more thoroughly in Figure A3.1. They all shared some common aspects,
that fluorescently labelled NPs were present in the sample from the start, ISTORM
imaging was carried out directly on the thin sections and both FM and EM were done
at RT. Notably, we were interested in imaging small NPs that are rapidly taken up by
the cell and distributed to different compartments, thus we chose to carry out dISTORM
on ultrathin sections (after resin embedding) as it reduces the risk of morphological
changes between the two microscopies. However, for 2 out of the 3 protocols, we had
the issue of fluorescence quenching due to harsh fixation steps and the use of osmium
tetroxide.

For the first protocol we chose the typical RT. pathway using an epoxy resin (Figure
A5.1A) but using a lower OsO4 concentration (0.6% as opposed to the typical 2%) to
reduce the risk of fluorescence quenching. As seen in Figure A3.1B, the ultrastructure
preservation was poor, probably due to using milder fixation protocols, and the
fluorescence signal quenched in the process as can happen even at low osmium
tetroxide concentrations and upon epon resin embedding. The second protocol
consisted of a soften hydrophilic acrylic resin, namely LR white, that has been
previously used for both EM and LM. No osmium tetroxide was used as per
manufacturer’s instructions3'”. Whilst the ultrastructure preservation was slightly better
than with the previous resin (Figure A3.1C), the fluorescence signal was once again
guenched which came as a surprise since no osmium was used but could have been
caused by the high temperatures used during resin polymerization.

The third and final protocol we attempted was using Lowicryl HM20 resin together with
high-pressure freezing (HPF) and freeze substitution (FS) as explained below and
seen in Figure A3.1D. This combines a great structural preservation with the
advantage of imaging with high numerical aperture lenses at RT.3'8, We hoped that
aside from the ultrastructural preservation, the reduction in chemical fixatives used,
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avoidance of both osmium tetroxide and high temperatures would also prevent
fluorescence quenching.

2.3 dSTORM-TEM correlative method

To track NPs within different cellular compartments at a single particle level, we
developed a dSTORM-TEM correlative approach that benefits from nanometer-scale
resolution in both techniques. The method described here (Figure 2) is an adaptation
of the confocal microscopy — TEM correlative protocol used by Katheder et al. to
assess autophagy in Drosophila tumor growth3'® and based on previous findings that
demonstrate that fluorescent signal is maintained and ultrastructure is preserved in
cells which have been high-pressure frozen, freeze-substituted and embedded in
lowicryl resin sections?13:320.321,
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Figure 2 Overview of dASTORM-TEM correlative protocol. After the formulation of PLGA PEG Dil
loaded NPs, the NPs were incubated with HelLa cells for specific time periods, and mildly fixed. Then,
after scraping, the cells were centrifuged, and the resulting pellets were high-pressure frozen, and
freeze substituted, then thin-sectioned (70-100 nm sections) using an ultramicrotome. The thin
sections were picked up on a TEM grid and fiducials markers attached to aid in correlation. The grids
were first imaged by dSTORM microscopy using a dSTORM buffer, and reference images of the
region of interest (ROI) were acquired. The sections were then post-stained using the heavy metals
2% uranyl acetate and 3% lead citrate (Reynolds). Then, the ROl was found in TEM and imaged by
sequential imaging, followed by stitching of the sequential images. Finally, the respective dASTORM
and TEM images of the same ROI were overlapped using the open-source software ICY (ec-CLEM)
by using the fiducial markers in both images.

Briefly, PLGA-PEG Dil loaded NPs were formulated via the nanoprecipitation
method?32240.266 and characterized using TEM for diameter and morphology (Figure
A3.2), dynamic light scattering (DLS) for the hydrodynamic radius (Figure A3.3) and
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zeta potential for the surface charge (Figure A3.3). HelLa cells were then incubated
with the NPs for specific time points. The cells were then mildly chemically fixed as this
aids in cross-linking cellular structures and preserving membrane structures, without
quenching fluorescent signal®'®. The cells were then pelleted and high-pressure frozen
(HPF), ensuring vitrification at high pressures without the formation of ice crystals. The
samples were then processed by freeze-substitution (FS; Table 1 Materials and
Methods). During this process, cells were further stained and fixed and resin
embedded at low temperatures which were gradually increased to ambient
temperature. As a fixing and staining agent uranyl acetate (0.1% UA) was used, since
stronger fixatives such as osmium tetroxide can strongly quench fluorescence even at
low concentrations?'8269 A lowicryl HM20 resin was chosen, as it is designed for low-
temperatures and due to its low viscosity, it can allow penetration of dISTORM imaging
buffers into the resin-embedded samples. The resin-embedded cells were then
sectioned to ultrathin sections (70-100 nm) using an ultramicrotome and sections were
picked up on formvar-coated nickel TEM grids. These specific grids were used since
formvar layer allows an easier pick up of ultrathin sections, whilst the nickel grid does
not react with any chemicals in the dSTORM buffer. 100 nm Tetraspeck beads were
then attached to the thin sections and used as fiducial markers, due to their visibility in
both microscopes. Next, the grid was sandwiched between a coverslip and a glass-
slide with the dSTORM buffer and sealed. The sample was firstimaged by dSTORM,
as subsequent staining steps for TEM quench fluorescence, and reference images
were acquired showing the location of the region of interest (ROI) on the grid. To
enhance the contrast, the grids were post-stained after dISTORM imaging with 2% UA
and 3% lead citrate (Reynolds), then later imaged by TEM. Due to its superior
resolution, the field-of-view (FOV) is smaller than that in dSTORM, thus consecutive
images were acquired to cover the required FOV, and later stitched automatically in
Adobe Photoshop CS9. The dSTORM-TEM image correlation was achieved using the
open access eC-CLEM software package®'“. For extra protocol details see Materials
and Methods in this Chapter.

2.4 NP intracellular trafficking

An example CLEM image using both low-resolution FM and dSTORM images is shown
in Figure 3. The TEM canvas of the cells is appreciated in Figure 3A, with the
respective PLGA-PEG NP fluorescence visible in green in Figure 3B and fiducial
markers in red in Figure 3C. The resulting low-resolution FM-TEM overlap of these
images is shown in Figure 3D. Whilst the low-resolution FM images gives a clearer
representation of the NP signal at larger FOVs (Figure 3D), the superior resolution of
dSTORM is better appreciated at greater magnifications (Figure 3E vs Figure 3F). Due
to the greater match in resolutions between dSTORM and TEM, single NPs can be
accurately assigned to specific cellular compartments as observed in Figure 3F.
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Figure 3 Correlative low-resolution FM/dSTORM and TEM images of PLGA-PEG Dil loaded NPs
internalized in HelLa cells. Large view images of the ROl of A) the stitched TEM image, B) PLGA-
PEG NPs (Dil) signal and C) fiducial markers both in low-resolution FM, and D) correlative low-res
FM-TEM image (scale bars A-D = 5 um). Magnified views of the boxed region in D), where E) low-
resolution FM-TEM correlated image of PLGA-PEG NPs and F) dSTORM-TEM correlated image of
PLGA-PEG NPs, highlighting the difference in resolution between the two FM techniques (scale bars
Eand H =1 um).

The ultrastructure in TEM was very well maintained even after using high laser power
by dSTORM (Figure 4), allowing the morphological detection of various cellular
organelles, including early endosomes (EEs), late endosomes (LEs), lysosomes,
mitochondria, and nuclei.
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Figure 4 Ultrastructural preservation after dSTORM-TEM protocol treatments. A) Ultrastructure of
Hela cells incubated with PLGA-PEG Dil loaded NPs and imaged with dSTORM. B) ultrastructure of
Hela cells without NP incubation and without dSTORM imaging (control).

Markedly, the mild chemical fixation protocol prior to HPF and FS did not lead to
background autofluorescence (Figure A3.4). Additionally, our protocol did not rely on
the use of osmium tetroxide (OsQ4) as a contrast enhancer/fixative, whilst the use of
low concentration of UA (0.1%), resin and UV polymerization treatments maintained
an adequate fluorescence signal viable for further measurements and did not affect
cellular ultrastructure. These are necessary pre-requisites when optimizing a CLEM
technique, and due to their successful realization, we were able to assign single NPs
within specific cellular compartments and track their cellular voyage at different time
points.

The accuracy error in correlation was calculated automatically using the eC-CLEM
plug-in in ICY3'* which ranged between 40-60 nm depending on the number of fiducial
markers in the FOV. For this image, 20 fiducial markers were present, and the accuracy
was of 52 nm (Figure A3.5), in line with other values reported using super-resolution
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CLEM and fiducial markers of similar size3??. Briefly, if the registration error of the
fiducials is greater than the predicted registration error, a non-rigid transformation is
applied (warping), which is useful if any deformations occur during preparation steps
such as chemical fixation/dehydration3'4. Notably, correlation between two techniques
can be limited by i) the limit of resolution of the least resolved technique and ii) the
correlation accuracy between the two techniques. Since the correlation accuracy error
is slightly greater than the resolution limit of SISTORM (approx. 20 nm)'6%, dSTORM-
TEM provides a more accurate assignment of single NPs to specific organelles as
opposed to correlation with low-resFM (approx. 250 nm). This can be clearly visualized
in Figure 3E and 3F.

We used the proposed correlative protocol to explore the intracellular fate of PLGA-
PEG NPs. To do this, we first incubated HelLa cells with NPs for different periods of
time (1 h, 8 h and 24 h) and treated the cells as described in the previous section. A 4
h pulse was done for the 8 h and 24 h time-points and then NPs were chased for the
remaining respective time. We first correlated the low-resolution FM images with the
respective TEM images as this allows a clearer correlation at a large FOV (Figure 5).
Notably, at 1 h NPs were still found attached to/surrounding the cell membrane, which
reduced with increasing incubation times. Punctate intracellular signal was seen at all
time points, indicating NP uptake into endo-lysosomal compartments had started prior
to 1 h, agreeing with previous results under similar conditions323-325,

We then correlated the dSTORM and TEM images, since the increase in resolution
from dSTORM allowed precise tracking of individual NPs within the cellular milieu and
understanding of their intracellular pathways. Briefly, NPs are typically taken up via
endocytosis, an energy-dependent mechanism (caveolae- and clathrin mediated),
phagocytosis, macropinocytosis and pinocytosis’’. After endocytosis, NPs are
engulfed by endocytic vesicles that fuse to form early endosomes (EEs), and then
mature to late endosomes (LEs) and lysosomes'%4:326-329 (Figure 5A). This intracellular
pathway is thought to be an important limiting step for various formulations that require
cytosolic/nuclear delivery of cargo such as chemotherapeutics/RNA/DNA. The lack of
methods that allow single NP tracking within the ultrastructure of the cell prevents
gaining important insights into their intracellular trafficking and developing more
effective nanomaterials. Although in this work we use standard non-functionalized
PLGA-PEG NPs to demonstrate the capability of super-resolution CLEM, the protocol
is extendable to other fluorescently labelled nanomaterials and/or their cargo.

NPs were imaged during their cell uptake (Figure 6B, left panel), to their distribution in
EE (Figure 6C), LE (Figure 6D) and lysosomes (Figure 6E). The NPs were assigned
to different compartments by morphological comparison between distinct vesicles as
previously described by Fermie et al. using a CLEM approach?'3. EE typically have a
diameter between 100-500 nm with an electron-lucent lumen and loosely packed
intraluminal vesicles (ILVs); LE have a diameter between 250-1000 nm with densely
packed ILVs; lysosomes have diameters between 200 to >1000 nm with an electron-
dense lumen and membrane whorls. For extra correlative images at 1 h, 8 h and 24 h
see Figure A3.6, Figure A3.7 and Figure A3.8, respectively. Occasionally we were also
able to detect non-endosomal NPs (NE), i.e. found inside the cell but not in any of the
three compartments/nucleus. Notably, polymeric NPs such as PLGA-PEG may be
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slightly visible at the cell membrane but not at all visible within the cellular milieu by
TEM alone, showing the suitability of this method to a wide range of nanomaterials.

Figure 5 CLEM (Io resolution-TEM) images of PLGA-PEG NPs incubated with HelLa cells at
different time points (1 h, 8 h and 24 h). NP signal is seen in green and fiducial marker (Tetraspeck)

signal is seen in red/orange. Scale bars = 5 um.
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Figure 6 dSTORM-TEM correlation for intracellular trafficking of PLGA-PEG NPs. Scheme of A)
Endo-lysosomal pathway consists of NP endocytosis, and trafficking by early endosomes (EE) to late
endosomes (LE) and to lysosomes in Hela cells. B) PLGA-PEG Dil loaded NPs detected by
dSTORM and localized within different cellular compartments by TEM: B) during endocytosis, C) in
EE, D) in LE and E) in lysosomes. F) Time course of quantitative dSTORM-TEM analysis of PLGA-
PEG NPs progressing through EE, LE, lysosomes and non-endosomal compartments (NE).
Normalization was done using the total number of NPs at each time point. At 1 h N=223, at 8 h N=145
and at 24 h N=141. Scale bar B = 1 um, C-E = 500 nm.
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For the quantification, NP clusters were counted in each compartment and normalized
based on the total number of NPs (Figure 5F). At 1 h, most NPs were found within the
EE (~ 48%), followed by LE (~ 26%) and NE (~ 20%), with the minority in lysosomes
(~ 5%). This suggests that PLGA-PEG NPs were taken up by cells via endocytosis
and then transported through the classic endocytic pathway, as has been previously
reported3?933°, As the incubation time increased to 8 h, the population of NPs in EE
decreased to ~ 13%, whilst it increased in LE to ~ 50% and in lysosomes to ~ 23%,
suggesting that NPs have progressed along the endo-lysosomal pathway. At 24 h the
distribution of NPs within the specific compartments remained similar to that at 8 h.
This could be explained by the fact that at 8 h more NPs were still found at the
membrane compared to 24 h (Figure 5, Figure A3.9), suggesting that between 8-24 h
NPs were still being endocytosed and transported through the endocytic pathways,
agreeing with previously reported results3?’.

As previously stated, NPs were also found in NE compartments (Figure 7A), albeit in
small amounts. Since PLGA-PEG NPs are not expected to achieve endosomal
escape, we believe these results could be due to broken organelles releasing NPs into
the cytoplasm as previously shown33', as partially broken endo-lysosomal
compartments containing NPs were seen by dSTORM-TEM (Figure 7B). However,
these results could also be due to NPs that have degraded and released the dye — this
could be tested by labelling the polymer using a spectrally different dye, in order to
track both carrier and cargo. Although in this experiment we were not interested in
studying endosomal escape, being able to localize and quantify NPs outside of endo-
lysosomal compartments indicates that our technique is well-tailored to study this
process as will be demonstrated later.
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Figure 7 dSTORM-TEM images of PLGA-PEG NPs incubated with Hela cells. A) White arrows
highlight NPs found outside of endo-lysosomal compartments and denoted as ‘non-endosomal (NE)’
throughout the main article (NPs found on the cell membrane were not included in this group). Scale
bars = 1 um. B) White arrows highlight ruptured cellular compartments. Scale bar = 500 nm.

Notably, a 72-h incubation was also carried out, which showed no visible fluorescence
signal in 500 nm semi-thin sections, as opposed to the other time points (Figure 8).
This result was surprising since Dil loaded PLGA-PEG NPs were previously shown to
still be internalized at 72 h in MCF7 cells'%; however, the authors of this paper used a
6-fold greater NP concentration for the incubation as compared to our experiment.
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24 h 72 h

Figure 8 Fluorescence signal of PLGA-PEG NPs incubated for different time points (1 h, 8 h, 24 h
and 72 h) with HelLa cells in 500 nm semi-thin sections after CLEM protocol. At 1 h signal looks
diffuse around the cells, with some localized signal inside cells. At 8 h and 24 h the signal looks more
localized in specific intracellular compartments. At 72 h there is a lack of signal. Scale bar = 10 um.

To get a better understanding of NP internalization at the different time points, a flow-
cytometry assay was carried out (Figure 9). As expected, the lowest internalization is
seen at 1 h, followed by a significant increase at 8 h. At 24 h there was a decrease in
the number of internalized NPs, followed by a further decrease at 72 h, comparable to
the uptake at 1 h. These results agree with the decrease in fluorescence seen at 72 h
in Figure 8 and could be due to a release of NPs from the cells through the recycling
endosome system and/or through the exocytosis pathway as demonstrated previously
for PLGA NPs322330 and other nanomaterials'37:332-334 Since these NPs reach the
lysosomes, it is also possible that they are degraded, as previously shown for PLGA
NPs32°. Another possible reason is that since HelLa cells have a doubling time of
roughly 33-35 h33, after this time intracellular NP load is expected to decrease as a
result of cell division33. Finally, CLEM is still a low-throughput technique, meaning that
if the NP load is low or has been diluted/degraded, there is a high chance that NP
presence will not be detected. Further systematic analysis of more time points would
be required to fully understand these observations.
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Figure 9 Cellular uptake using flow cytometry of PLGA-PEG NPs in Hel a cells at different incubation
times. The highest number of NPs within/on the cells is found at 8 h (purple) > 24 h (grey) > 1h (blue)
> 72 h (green). The red color indicated background fluorescence due to cells only (control).

Using the information from dSTORM-TEM correlative images, we were able to assign
and quantify the distribution of NPs among different cellular compartments at a given
time point. This is not possible with the classical confocal colocalization analysis that
is generally limited to two structures at a time and suffers from resolution issues
(structures in proximity tend to colocalize due to lack of resolving power). Overall, these
results demonstrate the applicability of AISTORM-TEM correlative imaging in tracking
individual nanomaterials and/or their cargo intracellularly, for a better understanding of
their biological fates. However, there is a clear need to develop more high-throughput
protocols that would result in more user-friendly technique, more significant statistics,
and the ability to catch rare events in the act.

2.5 The effect of chloroquine on NP intracellular distribution

Our previous results showed that PLGA-PEG NPs were mainly entrapped within the
endo-lysosomal pathway. Endosomal entrapment is a process that typically happens
after endocytosis, whereby the carrier-drug ensemble is entrapped and degraded in
endo-lysosomal compartments, and thus presents a key bottleneck in ensuring
effective therapeutic delivery using nanocarriers'22143.146.147 ' As previously mentioned,
current ensemble techniques used in this field prevent the thorough understanding of
endosomal escape mechanisms. We therefore wanted to demonstrate the applicability
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of our proposed dSTORM-TEM protocol on studying endosomal escape. To promote
the escape of PLGA-PEG NPs from endo-lysosomal compartments, we used the
lysomotropic endosomal escape enhancing compound chloroquine337:338 (Figure 10).
Cells were incubated with 100 uM chloroquine for 4 h, followed by a 4 h NP pulse and
a 4 h chase (total 8 h), before being treated and thin sectioned (+CQ, Figure 10B), and
compared with an identical sample without chloroquine treatment (-CQ, Figure 10 A).
After imaging by dSTORM-TEM, NP clusters were counted in each compartment and
normalized according to the total number of NPs (Figure 10C).

For the cells not treated with chloroquine (-CQ), PLGA-PEG NPs were found mainly in
LE and lysosomes, with a minority found in EE and NE compartments. In contrast,
chloroquine treatment (+CQ) caused a 4-fold and a 2-fold decrease in NPs found in
lysosomes and LE, respectively, whilst causing a 3-fold and a 2-fold increase in NPs
found in EE and NE compartments, respectively (Figure 10C). For extra dSTORM-
TEM images see Figure A3.10. These results agree with the documented behavior of
chloroquine as a damage-inducing agent for vesicles in the late stages of the endo-
lysosomal pathway (low pH compartments), leading to less NP found in LE and
lysosomes, but more within the EE and cytoplasm.
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Figure 10 dSTORM-TEM correlation for studying the effect of chloroquine on PLGA-PEG NP
intracellular trafficking. PLGA-PEG Dil loaded NPs were detected by dSTORM and localized within
different cellular compartments using TEM. dSTORM-TEM correlative images of A) NPs incubated
with HelLa cells for 8 h, and B) Hela cells treated with 100 uM chloroquine for 4 h prior to 8 h NP
incubation. A 4 h NP pulse and a 4 h NP chase were carried out for both samples. Scale bars = 1000
nm. C) Quantitative analysis of NP distribution within different cellular compartments without (-CQ)
and with chloroquine treatment (+CQ). Normalization was done using the total number of NPs at each
condition: -CQ N=145, + CQ N=236.
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Endosomal entrapment is a recognized bottleneck in drug delivery and for this
increasing research is aimed at designing formulations with endosomal escape in
mind. However, whilst the arsenal of nanomaterials is increasing, there is still a
tendency in the field to use qualitative and inconsistent techniques (e.g. co-localization
studies using confocal microscopy) to study their endosomal escape properties. To be
able to design more successful nanocarriers, we must be able to track their intracellular
pathways using more quantitative and direct techniques, and this work highlights the
relevance of dISTORM-TEM in achieving this quest.

3. Conclusions

In this work, we have introduced an efficient dAISTORM-TEM correlative protocol to
study the intracellular pathway of PLGA-PEG NPs in HelLa cells, that allows the
localization of single NPs (dSTORM) within cellular compartments (TEM) with
nanometric resolution in both microscopies, whilst maintaining NP fluorescence and
preserving cellular ultrastructure.

PLGA-PEG NPs were localized in different cellular endo-lysosomal and in non-
endosomal compartment at several incubation times. We showed that at early time
points, NPs were found mainly in EE, whilst at later time points in LE and lysosomes.
After 72 h however we were unable to image NPs by CLEM due to a loss of
fluorescence, which we attributed to various already proven factors, including
exocytosis, cell division and/or particle degradation. Since PLGA-PEG NPs were
entrapped within the endo-lysosomal pathway, we then studied their endosomal
escape upon incubation with the lysomotropic agent chloroquine. Using our dSTORM-
TEM protocol we quantified the cellular distribution of NPs, and showed a decrease of
NP localization within low pH compartments (LE and lysosomes), and an increase in
EE and NE compartments (i.e. endosomal escape).

Importantly, the proposed dSTORM-TEM protocol can image and localize NPs that are
not detectable by TEM alone and thus we envision that it could be applied to track
many fluorescently labelled nanomaterials and/or their cargo within the ultracellular
environment. Particularly, limiting steps in intracellular delivery such as endosomal
entrapment could be studied for more complex nanomaterials such as polyplexes or
lipoplexes that require nucleic acid delivery to the nucleus. We believe that advanced
microscopy techniques such as CLEM are of great relevance in obtaining complex
information that we are currently lacking and could facilitate the rational and efficient
design of nanomaterials for drug delivery.

Although commercial systems for integrated microscopy have been developed?®®, they
are still a long way from being incorporated into general laboratories. Our protocol
requires only equipment typically found within light and electron microscopy facilities,
thus allows a wider implementation by the scientific community. Yet, for correlative
techniques to be picked up as standard techniques in nanomaterial characterization
and demonstrate their worth, more automated, and high-throughput imaging protocols
will be required. We believe that a synergistic effort from various scientific disciplines
could soon make this a reality.
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4. Materials and Methods
Nanoparticle formulation:

PLGA-PEG NPs were formulated via the precipitation-solvent evaporation
(nanoprecipitation) method according to literature?3? and to our previously reported
data'06240.266 p| GA (PLGA, 50:50 LA:GA, Mw 25-35 kDa; PolySciTech, Akina) and
PLGA-PEG (PLGA LA:GA 50:50, Mw. 30 kDa and PEG 5kDa; PolySciTech, Akina)
were dissolved in the solvent acetonitrile (ACN, Chem-Lab, HPLC grade, Sigma
Aldrich) to give stock solutions. To ensure maximum dissolution, the solutions were
maintained at RT. for 2h, with 1 min vortex every 30 min, followed by a final 10 min
bath sonication. Fresh milliQ water was filtered with a 0.22 pm sterile filter (Merck
Milipore, Millex GP) and used as the antisolvent phase. 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine Perchlorate (Dil, lipophilic cationic carbocyanine dye;
Sigma Aldrich) was weighed and dissolved in ACN to a concentration of 1.1 mM and
used as a stock solution. PLGA and PLGA-PEG stock solutions were mixed to give a
15:85 (wt:wt) ratio, respectively, and Dil stock solution was added to give a final
concentration of 30 pM.

4 mL of the anti-solvent phase (water) was added to a glass vial (5mL) with a magnetic
stirring bar (VWR, 8x3mm) and placed on a magnetic stirring plate (IKA3050009 Big
Squid White) at 200-300 rpm. Maintaining a 10:1 ratio between antisolvent and solvent,
400 pL of the solvent phase (polymeric solution) was added dropwise to the stirring
antisolvent phase using a 20-200 uL pipette. The final NP suspension was allowed to
stir for 5h to enhance solvent evaporation. The capped glass vial was then kept in the
fridge at 4-8 °C until further use.

Cell plating and nanopatrticle incubation:

Hela cells (ATCC) were seeded on a 92 x 17 mm cell culture dish (Nunc™, Fisher
Scientific) and incubated for 24h in Dulbecco’s Modified Eagle Medium (DMEM, with
L-Glutamine 10 mM, 4.5 g/L D-glucose and pyruvate, Gibco) supplemented with FBS
5% (Gibco) and penicillin/streptomycin 1% (Biowest), at 37 °C and 5% COg, to full
confluency. After the incubation, the medium was removed and the cells washed thrice
with warm PBS (1x, pH 7; Thermo Fisher). Then PLGA-PEG NPs diluted to 1.5mg/5mL
in OptiMEM™ (Thermo Fisher) were added to the cell plate and incubated for either
1h, 8h, 24h or 72h at 37 °C and 5% CO.. For the latter 3 time points, the NP solution
was removed after 4h and washed thrice with PBS (at 37 °C), then replaced with
medium for the remaining incubation time.

Next, the cells were first fixed for 30 min at RT. by adding an equal volume of Fixative
1 (4% paraformaldehyde, 0.1% glutaraldehyde, in 0.1M PHEM (240 mM PIPES, 100
mM HEPES, 8 mM MgCI2, 40 mM EGTA; pH 6.9)), in an equal volume of the FDMEM
found in the cell culture dish. Then, fixative solution was discarded and replaced with
5mL Fixative 1 for another 30 min at RT. Then, the solution was removed and replaced
with 1.5mL of Fixative 2 (2% paraformaldehyde in 0.1 M PHEM) for 5 min at RT.,
ensuring that the cell dish is evenly covered. The cells were then scraped off (whilst in
Fixative 2) using a cell scraper and transferred to a 1.5mL Eppendorf. These were then
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pelleted using a centrifuge (Eppendorf 5804 R) at 2500 rpm (1200 rcf) for 10 min at
RT. The supernatant was replaced with 1 mL Fixative 2, then centrifuged again. The
pellet was kept in Fixative 2 at 4 °C and covered from light until next steps.

High-pressure freezing, freeze substitution, resin embedding and ultramicrotomy:

The following protocol is an adaptation of the protocol used by Katheder et al.3'®, with
some modifications. Briefly, pellets were suspended in 20% dextran (in PBS), pipetted
to 200-um-depth planchettes and high-pressure frozen (Leica HPM100). The freeze
substitution and resin embedding steps were carried out using a temperature-
controlled AFS2 (Leica). For full details on freeze substitution protocol see Table 1.
Briefly, sample carriers were transferred to 4 mL freeze substituent (0.1% (w/v) uranyl
acetate in acetone) inside the pre-cooled AFS2 chamber, and the freeze substitution
steps occurred from -140 °C to -45 °C (steps 1-5). Then, the samples were washed 4
times in acetone at -45 °C (steps 6-9), followed by infiltration with increasing
concentrations of Lowicryl HM20 resin (25%, 50%, 75%, and 100%; steps 10-14;
Electron Microscopy Sciences). Finally, two last steps of HM20 infiltration take place,
whilst the temperature is increased slowly from -48 °C to 22 °C (steps 15-16). UV-
polymerization occurred in steps 14-16.

Two semithin sections (500 nm) were obtained for each sample on an Ultracut UC7
ultramicrotome (Leica). One was stained using methylene blue, for a first visual check-
up of cell morphology. The second semithin section was stained using 20 upg/mL
Hoechst (Sigma-Aldrich) in PBS for 10 min at RT. and imaged using a Nikon N-STORM
microscope to check for fluorescence. Then, ultrathin sections (70-100 nm) were
obtained and collected on a 200-mesh formvar film-coated hexagonal nickel grids.

Table 1. Freeze substitution steps.

Step | Tstart | Tend Slope Time Reagent % uv
(°C) | (°C) (°C/h) (hh:mm)

1 -140 -140 0 01:00 Acetone/UA 0.1% 100%

2 -140 -90 50 09:00 Acetone/UA 0.1% 100%

3 -90 -90 0 80:00 Acetone/UA 0.1% 100%

4 -90 -45 5.6 08:00 Acetone/UA 0.1% 100%

5 -45 -45 0 04:00 Acetone/UA 0.1% 100%

6 -45 -45 0 01:00 Acetone 100%

7 -45 -45 0 01:00 Acetone 100%

8 -45 -45 0 01:00 Acetone 100%

9 -45 -45 0 01:00 Acetone 100%

10 -45 -45 0 24:00 3 Acetone/1 Lowicryl HM20 100%

11 -45 -45 0 08:00 2 Acetone/ 2 Lowicryl HM20 100%

12 -45 -45 0 24:00 1 Acetone/ 3 Lowicryl HM20 100%

13 -45 -45 0 24:00 Lowicryl HM20 100%

14 -45 -45 0 24:00 Lowicryl HM20 100% | +
15 -45 22 4.7 14:24 Lowicryl HM20 100% | +
16 22 22 0 48:00 Lowicryl HM20 100% | +
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Preparation for dSSTORM imaging:

As per Figure 11, the grids were first placed on top of 40 pL drops of nuclei stain
Hoechst 20 pg/pL (in PBS) for 10 min at RT. using a fine tweezer. The grids were then
washed in 40 pL x3 consecutive milliQ water drops (1 min each). Next, for addition of
fiducial markers, the grids were placed on a 40 uL drop of Tetraspeck (0.1 um diameter,
~1.8 x 10" particles/mL in 2 mM sodium azide; Invitrogen) diluted x500 in PBS for 10
min, then washed through a drop of milliQ water.

A 40 uL drop of GLOX imaging buffer was placed on top of a glass microscopy slide
(FisherBrand), containing a) 100 mM mercaptoethylamine (MEA), b) an oxygen
scavenger system consisting of 5% glucose (wt/vol), 0.5 mg/mL glucose oxidase
(Sigma-Aldrich) and 40 mg/mL catalase (Sigma), c) 15% glycerol, in PBS at pH 8.5.
This was covered with a glass coverslip (Corning Cover Glass, thickness 1 V2, 22 x
22mm). The imaging chamber was then sealed using transparent nail polish to prevent
buffer evaporation.

@
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Parafilm

[£) - microscopy slide
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Hoechst MiliQ Tetraspeck MiliQ GLOX ——
(20 pg/mL) 1 min (x3) (x500 dil. PBS) 1 min 1 min ‘E A\
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nail polish sealed
microsocpy chamber

Figure 11 Preparation of grids for dSSTORM imaging.
dSTORM imaging:

First, several reference images were taken as seen in Figure 12. The EPI lamp on
DAPI filter was used to take a 13x13 stitch (1024x1024) of the distribution of the thin
sections on the grid, using the NIS-Elements stitch function. 2) The second reference
image was taken using the same lamp and filter at 1024x1024 inside the grid hexagon
of interest, showing the cell nuclei, then 3) one image was acquired at 256x256, which
gives the exact FOV that will be imaged by dSTORM. Then, using the Nikon N-STORM
system configured for highly inclined and laminated optical sheet (HILO) imaging, a
low-resolution image of NPs was taken using the 561 nm (80 mW) laser, and a low-
resolution image of the fiducial markers using the 647 (160 mW) laser, both at 2% laser
power and 300 ms. These latter two images are used for correlation of low-resCLEM
images.
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Figure 12 Reference image acquisition in STORM. Where FOV is field of view.

NPs were imaged by dSTORM by illuminating the sample with the 561 nm (80 mW)
laser at 100% power, and the fiducial markers with the 647 nm (160 mW) laser at 5%
power. Fluorescence was collected using a Nikon 100x, 1.49 NA oil immersion
objective and passed through a quadband pass dichroic filter (97335 Nikon). Images
were acquired onto a 256 x 256-pixel region (pixel size 0.16 mm) of a Hamamatsu
ORCA Flash 4.0 camera at 20 ms integration time. For the 561 channel 10,000 frames
were acquired, and for the fiducial markers one frame was acquired every 100 frames
in the 647 channel. Single molecules localization movies were analyzed with NIS
element Nikon software. Data was analyzed with NIS Elements (Nikon) and ImageJ.
No filters were applied to the STORM images presented in the article.

Preparation for TEM imaging:

To remove the grid from the microscopy chamber without ripping/damaging the grid, it
is important to be as gentle as possible whilst doing the following steps. First, tissue
embedded in acetone was used to gently remove the nail polish around the edges of
the coverslip, trying to not move the coverslip whilst doing this. Then, as seen in Figure
13, the microscopy chamber was placed in a petri dish filled with milliQ water, and the
coverslip was gently moved left and right, until detached from the microscopy slide,
then with a tweezer, gently lifted. Next, the grid was picked up using a tweezer and
washed to remove buffer salts on 5 x 40 yL milliQ water drops for 1 min each. The grid
was allowed to dry for at least 15 min, and then stained.

For staining of the ultrathin sections, the grid was first placed on a 20 pL drop of 2%
uranyl acetate (in milliQ water) for 30 min at RT. Then, the grid was removed using a
tweezer and rinsed thoroughly in 200 mL milliQ water using a jet of water. If the grid
dropped in the beaker, it was gently removed and washed with another 200 mL of
milliQ water. The grid was then allowed to dry for at least 15 minutes. To prevent
precipitation of lead in Reynolds’ solution (prepared in house) by exposure to
atmospheric CO,, a pellet of NaOH was placed underneath a small petri dish, to
exclude atmospheric COz. Then, a 20 pyL drop of 3% lead citrate (Reynolds’) was
placed quickly underneath the petri dish, next to the NaOH pellet. The grid was then
stained for 1 min and washed thoroughly using a 200 mL jet of milliQ water. The grid
was then allowed to dry inside a desiccator for at least 2 h before imaging in TEM.
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Figure 13 Grid retrieval and contrasting steps for TEM imaging.

TEM imaging:

The grids were imaged using a Jeol 1010 (Gatan, Japan) from the Electron
Cryomicroscopy Unit from the CCiTUB, equipped with a tungsten cathode. Images
were acquired at 80 kV with a CCD Megaview 1k x 1k and the Analysis 3.2 software.
First, the ROl was located using a low-magnification function and the reference images
acquired previously. Then, sequential images were taken of the ROI at a magnification
of x15 000, which were later stitched using the ‘photomerge’ function in Adobe
Photoshop CS9. Images were also taken at greater magnifications such as x30 000 to
highlight in better resolution structures of interest.

Correlation and data analysis:

The low-resolution/STORM and TEM images were first pre-processed to enhance
contrast and brightness, and overlay was achieved using the open access eC-CLEM
plugin using the ICY bioimage analysis platform. To do this, fiducial markers visible in
both images were selected, and the program would achieve the correlation. Typically,
a non-rigid (warping) transformation would be carried out if the registration error of the
fiducials was greater than the predicted registration error. Briefly, as seen in Figure 14,
around 20-30 fiducial markers were localized in both images, and a non-rigid
transformation was applied. The correlation accuracy (in nm) was calculated and was
between 40-60 nm when using 20-30 fiducial markers. Note that the greater the
number of fiducials per image, the greater the accuracy and vice versa.
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@ Fiducial marker selection and non-rigid transformation

Figure 14 CLEM correlation using ec-CLEM.

STORM images were reconstructed using the NIS Elements software in Nikon using a
2D Gaussian fitting and a threshold of 180 for both channels. The threshold is the
difference between the photon number in the peak pixels and the background pixels.
The trace length parameter was set to 5 to avoid different molecules blinking
consecutively, meaning that molecules identified in 5 consecutive frames would be
counted as 1, or removed if more than 5 frames.

For NP quantification, STORM signal with 50-300 nm diameter and 10 or more
localizations was considered a true NP. If signal of 2 or more NPs was clearly
distinguishable as single NPs, then these were counted as independent NPs. Larger
signal (200-300 nm diameter) was considered a single NP. As opposed to TEM, if NPs
are closer to each other than the resolution limit of STORM (~ 20 nm) they are not
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distinguishable as individual NPs, and thus a limitation of this method is that the
number of NPs may be understated.

Flow cytometry assay:

A 12-well NuncTM cell culture plate (dDBiolab) was seeded with HelLa cells (ATCC)
and incubated for 24 h in Dulbecco’s Modified Eagle Medium (DMEM, with L-
Glutamine 10 mM, 4.5 g/L D-glucose and pyruvate, Gibco) supplemented with FBS
5% (Gibco) and penicillin/streptomycin 1% (Biowest), at 37°C and 5% CO2, to achieve
an approximate confluency of 100 000 cells/well. After the incubation, the medium was
removed and the cells washed x3 with warm PBS (1x, pH 7; Thermo Fisher). Then,
the PLGA-PEG NPs were diluted as to achieve the original concentration of NPs per
number of cells in the CLEM experiments (20 pg/mL, 1 mL per well) in OptiMEMTM
(Thermo Fisher). NPs were added to the wells and incubated for either 1 h, 8 h, 24 h
or72 hat37 °C and 5% CO2. For the latter 3 time points, the NP solution was removed
after 4 h and washed x3 with PBS (at 37 °C), then replaced with full medium for the
remaining incubation time. One well was kept as control (no NP incubation). Next, the
medium was removed, and the cells were washed x3 with PBS (at 37 °C). Then, cells
were detached by incubating with 500 uL of trypsin-EDTA (0.25%; Thermo Fisher) for
5 min at 37 °C. 1.5 mL of full medium was added per well to inactivate the trypsin. The
cells were then centrifuged at 5000 rpm (Eppendorf 5415 R) for 3 min at 4 °C, and
resuspended in cold PBS, followed by two more rounds of centrifugation and
resuspension. The final resuspension was done in 400 uL cold PBS and the samples
were stored on ice until analysed. Data was analysed using a SA3800 (Sony) spectral
flow cytometer equipped with 4 lasers (405, 488, 561, and 635-640 nm), using the 561
laser for NPs. A total of approx.10 000 counts were acquired per sample.

110



Chapter 3 | Development of a correlative dSTORM-TEM method to track NPs
intracellularly

111



Chapter 4 | Two-color dISTORM-TEM correlative microscopy for the intracellular
trafficking of polyplexes

Chapter 4 | Two-color dSTORM-TEM correlative
microscopy for the intracellular trafficking of polyplexes

This chapter was carried out in collaboration with Navalén Lépez Maria, Dr Cristina
Fornaguera Puigvert and Dr. Salvador Borrés Gémez at Institut Quimic de Sarria,
Universitat Ramon Llull. Maria synthesized and fluorescently labelled the polymers and
plasmid DNA. My work consisted of polyplex formulation, cell incubation and imaging,
dSTORM-TEM correlative protocol and data analysis. High-pressure freezing, freeze
substitution, resin embedding and ultramicrotomy was carried out by the staff at the
TEM facility in Parc Cientific de Barcelona.

Abstract: Successful gene therapy relies on the design and formulation of efficient
and safe gene carriers. Cationic polymers such as poly(B-aminoesters) (nBAEs) can
be complexed with nucleic acids to form polyplexes, allowing nucleic delivery into the
cell and specifically into the cell nucleus, where the gene is expressed. Tailoring
polyplexes with cationic polymers can overcome endosomal entrapment, a major
bottleneck in nanoparticle-mediated drug delivery. However, there is still much debate
regarding the endosomal escape mechanisms, limiting the rational design of effective
and safe polyplexes. One of the problems is that intracellular trafficking is typically
studied using methods that do not provide single-particle information or enough
ultrastructural detail. In this work, we propose a super-resolution correlative light and
electron microscopy (CLEM) method combining two-color direct stochastic optical
reconstruction microscopy (dSTORM) and transmission electron microscopy (TEM).
We selected two polymers, the first containing a combination of two end-capped
pBAEs with tri-RH (arginine — histidine), and a second polymer with only tri-R end-cap.
Using qualitative correlative images, we were able to demonstrate that RH polyplexes
achieved endosomal escape at 6 h, whilst the R polymers may have been trafficked
through the endo-lysosomal pathway and exocytosed/degraded. Then, we quantified
the number of RH polymer and cargo molecules using dSTORM in different cellular
locations to demonstrate endosomal escape. Finally, using dSTORM-TEM, we were
able to capture macropinocytosis cellular uptake for larger RH polyplex structures.
These results confirmed the reason for improved transfection efficiency observed in
RH polyplexes from previous studies. Although these studies are still in their infancy,
they could enable a more thorough understanding of intracellular pathways of
polyplexes, and hence a more polymer rational selection.
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1. Introduction

Gene therapy — the delivery of nucleic acids to cells - has gained importance at a
preclinical and clinical stage in different therapeutic areas such as oncology, infectious
or cardiovascular diseases®®, whilst the recent COVID-19 pandemic has
demonstrated the global impact that gene delivery can achieve. Despite the potential
in this field, the delivery system has been a significant bottleneck in ensuring
successful gene delivery#9. Typically, RNA and DNA must be delivered to the
cytoplasm or nucleus, respectively (Figure 1). For these sensitive molecules to reach
the site of action intact, they must overcome different physiological barriers: i) resist
degradation in systemic circulation, ii) reach the target cells, iii) get taken up by the
cells, iv) evade degradation by the endo-lysosomal system and v) deliver cargo to
cytosol/nucleus. Unsurprisingly, nanomedical research has been heavily aimed at
formulating synthetic delivery systems that are stable and efficient enough to deliver
these nucleic acids, and these mainly include positively charged cationic polymers and

lipids®®.
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Figure 1 The delivery of genes (siRNA, miRNA and pDNA) using cationic polymers (polyplexes).
Cellular uptake mechanisms include macropinocytosis and various endocytosis pathways and can
dictate intracellular pathways. Intracellular trafficking via different routes, endosomal escape into the
cytoplasm and exocytosis are also illustrated. Finally, endosomal escape into the cytoplasm, polymer
release of cargo and delivery to the specific site (cytoplasm/nucleus) is depicted. ER: endoplasmic
reticulum, NPC: nuclear pore complex. Reprinted with permission from reference 122, Copyright
©The Royal Society of Chemistry 2018.
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As emphasized in the Introduction of this Thesis, polyplexes are nanocarriers that
form through the complexation of cationic polymers and nucleic acids through
electrostatic interactions. This class of nanomaterials typically offers low toxicity,
flexible design chemistry and promising transfection rates®*'. Despite this, polyplexes
have still not reached the clinic, and this is partially due to a limited knowledge on their
interactions with biological components and varied activity profiles3*2. For this reason,
it is necessary to gain more in-depth information on their biological fate. We previously
described in our review3#? and in the Introduction that achieving efficient intracellular
delivery remains a significant challenge in nanomedicine. One of the main causes is
endosomal entrapment, leading to degradation of the carrier-drug ensemble, and loss
in bioavailability in the intracellular environment'4%.147.148.343  This phenomenon
represents one of the main bottlenecks for using NPs as drug carriers in gene
delivery38.139.145.337 The careful design of polyplexes with cationic polymers with a high
buffering capacity in the endosomes has been shown to increase transfection
efficiency. This is believed to be due to an increase in osmotic pressure that disrupts
the endosomal membrane338344.345  glthough this mechanism has also been
disputed'22:346-348  Additionally, their intracellular trafficking pathways are still not well
understood, and several suggestions include endo-lysosomal, the Golgi or
endoplasmic reticulum (ER) pathways345349-351  These pathways are also heavily
influenced by their uptake mechanism as depicted in Figure 1, which can consist of
endocytosis (clathrin dependent and independent, and caveolae-mediated) and
macropinocytosis'??. Therefore, a thorough understanding of both uptake mechanisms
and intracellular pathways is required to gain a full picture of polyplex behavior.

Notably, intracellular trafficking studies are still limited to indirect and qualitative
methods such as flow cytometry, inhibition of specific pathways, transfection assays
and/or co-localization studies using fluorescence microscopy346:350-3%4 QOne of the main
issues of co-localization techniques is that they test one pathway at a time and miss
out on the greater ultrastructural picture, as well as being unable to track NPs at a
single particle level.

Furthermore, due to their nanometric size (50-200 nm), commonly used techniques
cannot discriminate between nucleic acid and polymer and thus cannot be used to
reliably track their complexation state intracellularly. Recently, our group has
demonstrated the applicability of two-color dSTORM for structural characterization'”®
and intracellular trafficking at a single particle and molecule level of both polymer and
cargo390:3%5_Yet, despite the ability of ISTORM to identify nanocarrier and cargo at a
single particle level, due to a lack of spectrally distinct fluorophores, in practice it cannot
image more than 2 or 3 targets, and thus does not offer the ultrastructural context
necessary to accurately localize these nanocarriers and their cargo within the cellular
milieu.

Whilst in the previous chapter we applied one-color ~ISTORM-TEM to track PLGA-PEG
NPs, in this chapter we proposed the use of two-color dISTORM-TEM imaging to unveil
the intracellular trafficking of more complex nanomaterials that are formulated with
endosomal escape in mind. Furthermore, dSTORM was applied to track both carrier
and cargo. We focused on two types of polyplexes consisting of poly(B-aminoesters)
(pBAE) polymers complexed with plasmid DNA (pDNA). pBAE polyplexes have
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demonstrated high transfection efficiency and biodegradability as well as low toxicity
both in vitro and in vivo, making them promising gene delivery nanocarriers344.356-3%,
The first polyplex was formulated using both tri-arginine (R) and tri-histidine (H) end
capped pBAEs and pDNA and was expected to achieve endosomal escape due to its
buffering capacity at endo-lysosomal pH, whilst the second consisting only of tri-R end-
capped pBAE and pDNA was not. The structure of the polymers is depicted in Figure
2A. To track both polymer and cargo, we labelled the polymer using a Cy5 dye and the
cargo using a spectrally distinct dye Cy3 (Figure 2B). Whilst these results have been
demonstrated using indirect and qualitative transfection assays344, our —ISTORM-TEM
correlative approach offers direct quantification of intracellular polyplex distribution
(Figure 2C).

A é .
NH

N7 NH,

i)
HISTIDINE HN- ARGININE H

%)) R*pDNA

Figure 2 A) Chemical structure of the polymers used for polyplex formulation. Polymers were
oligopeptide end-modified poly (betaaminoesters) consisting of terminal peptides composed of a
cysteine plus three arginine (R) or histidine (H). B) Formulation of two different polyplex formulations
consisting of either R and H or R only polymers. For the RH formulation the H polymer was labelled
and for the R formulation the R was labelled. Polymers were labelled with Cy5 (red) and pDNA with
Cy3 (green). C) Correlative imaging allows localization of polyplexes or decomplexed polymer/pDNA
(by dSTORM) within the intracellular environment (by TEM). Adapted from Reference 355 © 2022
Riera et al. ChemMedChem published by Wiley-VCH GmbH. Created with Biorender.com.

First, we used dSTORM to image cellular internalization of RH-pDNA polyplexes in
A549 (cancerous human lung epithelial) cells at different incubation times, to pick
valuable time points and to optimize labelling percentages. A549 cells were chosen
due to their good polyplex transfection34* and large cytoplasmic area suitable for TEM
imaging. Second, we applied our dSTORM-TEM correlative method to track both RH-
pDNAand R-pDNA polyplexes at 2 h and 6 h incubation times. We used a mixture of
qualitative correlative images and quantitative molecular data from dSTORM to
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compare intracellular trafficking between the two polyplexes. Third, we shine light on
the possible uptake mechanisms for the RH and R polyplexes. In this work, we show
the potential of ISTORM-TEM gain useful information on the uptake mechanisms and
intracellular behavior of polyplexes which is expected to lead to rational design of
optimized polyplex formulations.

2. Results and Discussion

In this work, the intracellular behavior over time of two different polyplex formulations
with different pBAE compositions (Figure 2, Table 1) was studied using dISTORM-TEM
correlative imaging. The cargo consisted of plasmid DNA (pDNA; 5.3 kb) codifying for
the GFP gene typically used as evidence of transfection. Notably, transfection was not
assessed in this study but elsewhere®®. The optimization and detailed steps of the
dSTORM-TEM correlative protocol have been described in Chapter 3 and will
therefore not be discussed in this Chapter. Notably, the protocol has demonstrated to
be very robust, allowing two-color imaging of polyplexes without modifications, proving
its capability to evaluate different types of nanomaterials. Physicochemical
characterization of hydrodynamic diameter, polydispersity (Pdl) and labelling are given
in Table 1. Both formulations presented the expected diameters between 50-200 nm,
and Pdl values within the accepted range, implying formulation stability. The labelling
strategies will be explained in the next section.

Table 1 Polyplex formulations, physicochemical characterization of size and polydispersity and
labelling. Size and polydispersity were measured using Dynamic Light Scattering at 25°C in milliQ
water pH 7.0. The labelling refers to the percentage % of polymer/oDNA molecules labelled.

Polyplex Zeta-average (nm) | Polydispersity Polymer Labelling (%)
index (Pdl) combination (%)
RH-pDNA 189.3 +/-2.9 0.340 +/- 0.013 R 60:H 40 H-Cy5 (12%)
pDNA-Cy3 (25%)
R-pDNA 188.8 +/-4.8 0.180 +/-0.006 R 100 R-Cy5 (12%)
pDNA-Cy3 (25%)

2.1 dSTORM imaging of polyplexes in vitro and in cells

Polyplexes were formulated by nanocomplexation as previously described in
literature3#* and in Materials and Methods. Example dSTORM images of RH-pDNA
polyplex are shown in Figure 3 to highlight the ability of this technique to detect the two
components with nanometric resolution. The polymers and pDNA were labelled using
spectrally distinct dyes, compatible with dSTORM imaging; Cy5 was used to label
polymers and Cy3 to label pDNA. dSTORM imaging was previously optimized by our
group, such that the average dye:polymer ratio was 1:1 and dye:plasmid ratio was
10:139°, The labelling density (i.e. ratio labeled: unlabeled molecules) of the polymer
was increased from the original 1% to 12%. The pDNA labelling was maintained at
25% in both formulations. We increased the labelling % of polymer to account for the
loss of area imaged in dSTORM-TEM correlative imaging (thin section as opposed to
larger cell areas) as well as any possible photobleaching during the CLEM protocol, to
ensure polyplex identification. Please note that the optimal dye labelling is still under
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optimization for CLEM experiments. The size of the polyplexes by dSTORM is
approximately 200 nm, in agreement with DLS measurements (Table 1).

RH* Polymer-Cy5 pDNA-Cy3 Overlapped (polyplex)

Figure 3 dSTORM images of RH-pDNA polyplexes on a glass, whereby the H polymer is labelled
using Cy5 and pDNA using Cy3. Zoom-in images in each channel and overlayed of a single polyplex
are shown in the upper rows, whilst multiple polyplexes are shown below. * Denotes which polymer
is labelled (H). Scale bars top = 200 nm, scale bars bottom = 2 um.

Next, we studied the internalization of labelled RH-pGFP polyplexes at different time
points in A549 cells by dSTORM alone (Figure 4). After 1 h polyplex incubation in low-
serum medium (pulse), cells were washed and allowed to incubate for 1 h, 5 h and 11
h (chase) in full medium, then fixed and stained using Hoechst for nuclei recognition.
We were able to detect single polyplexes, which seemed to be internalized after the 1
h pulse, such that at 2 h some complexed polyplexes and free polymer/pDNA were
found in the cytoplasm. At 6 h, polyplexes were observed nearer to the nucleus with
more freely dispersed polymer in the cytoplasm, whilst at 12 h more polyplexes are
seen near the nucleus and even inside it. As we will see later on, dISTORM imaging is
quantitative in nature, such that the number of polymer and pDNA molecules can be
quantified at different time points as shown by Riera et al. previously300-355,
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Hoechst (nucleus)
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RH* Polymer-Cy5
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Figure 4 dSTORM images of RH-pDNA polyplexes in A549 cells at 2 h, 6 h and 12 h incubation time
points. Left panels show cell nuclei stained with Hoechst by EPI lamp, center left and right panels
show dSTORM localizations of RH polymer and pDNA, respectively, and right panels show all panels
combined. * Denotes which polymer is labelled (H). Scale bars = 5 um.

Itis important to note that when carrying out multi-color imaging, the longer wavelength
dye (i.e. Cy5) should be imaged first to reduce cross-talk caused by overlapping
spectra of the shorter wavelength dye (Cy3). To check if there is crosstalk between the
two dyes Cy3 and Cy5, two control formulations were prepared and imaged (Figure 5),
whereby Polyplex 1 consisted of RH polymers with unlabeled polymer and labelled
pDNA, and Polyplex 2 of RH polymers with labelled polymer and unlabeled pDNA. As
it can be appreciated from the dSTORM images, there was insignificant crosstalk from
either channel. For this reason, no further action (i.e. subtraction of background) was
necessary.
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Hoechst (nucleus) RH* Polymer-Cy5  pDNA-Cy3 Overlapped

Polyplex 1 — . . -
Polyplex 2 . . .

Figure 5 Control dSSTORM images showing no crosstalk between Cy5 and Cy3 signals. Polyplex 1
(top row) consisted of RH-pDNA where only pDNA was labelled using Cy3, and Polyplex 2 (bottom
row) consisted of RH-pDNA where only RH polymer was labelled using Cy5. Both polyplexes were
incubated for 12 h with A549 cells. Left panels show nuclei labelled with Hoechst by EPI lamp, center
left and right panels show dSTORM localizations of RH polymer and pDNA respectively, and right
panels show all panels combined. * Denotes which polymer is labelled (H) Scale bars = 5 ym.

2.2 Correlative imaging of polyplexes in cells

Despite the extremely useful quantitative information provided by dSTORM on polyplex
complexation, it offers little information on their intracellular location, since FM imaging
generally lacks ultrastructural detail. For this reason, we correlated the information
gained from dSTORM with that from TEM, by overlapping the same field-of-view (FOV)
in both microscopies. For this experiment, polyplex internalization was studied at 2 h
and 6 h, with an initial 1 h pulse followed by a chase for the remaining time. These
specific times were chosen since at 6 h polyplexes were already expected to have
achieved endosomal escape, based on previous unpublished results. The intracellular
distribution of both polyplexes described in Table 1 (i.e. RH-pDNA and R-pDNA) was
studied and compared using this technique. As previously stated, the RH-pDNA
polyplex was expected to achieve endosomal escape due to its buffering capacity at
endosomal pH.

Briefly, sample preparation for this imaging protocol consisted of i) a mild fixation step,
ii) high-pressure freezing (HPF) to vitrify the sample, iii) freeze substitution (FS) to
further fix, contrast and resin-embed the sample, iv) sectioning the sample using an
ultramicrotome down to 70-100 nm ultrathin sections and v) preparing the sample for
imaging in each technique and correlation. For full methodology on CLEM protocol see
Materials and Methods in Chapter 3.

This protocol can be carried out using low-resolution (Figure 6A) or dISTORM imaging
(Figure 6B) and TEM on the same FOV. However, as previously explained and as can
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be seen in Figure 6, dSTORM offers a much better resolution that more closely
matches that of TEM, whilst being able to offer relevant quantitative information on the
number of polymer and pDNA molecules, as previously demonstrated3®. For this
reason, we have chosen to present the dSTORM-TEM correlative images in this
Chapter, whilst the low-resolution-TEM images can be found in Appendix 4.

A

-
Figure 6 A) Low-resolution FM (left panel) and correlative low-resolution FM-TEM (right panel)
images, and B) dSTORM (left panel) and correlative dSTORM-TEM (right panel) of RH pBAE
polyplexes in A549 cells. The difference in resolution can be clearly appreciated between FM and
dSTORM. Green signal depicts pDNA and red signal pBAE polymer. Scale bars = 2 um.

First, AISTORM-TEM correlations were carried out and analysed at 2 h incubation time
with the RH-pDNA (Figure 7A) and R-pDNA (Figure 7B) polyplexes. For the RH
formulation, polyplexes were seen close to the cell membrane (outside) as well as
inside the cells entrapped within endo-lysosomal compartments, as pointed out by the
white arrows. In contrast, the R formulation was found both inside and outside of the
cells, mainly outside the cells near the cell surface, depicting a slighter slower cellular
uptake. Please note, that at this incubation time point only, the labelling % of the R
polymer was 24% instead of 12%, as can be seen from the increased number of red
(Cyb) localizations in Figure 7B. Currently the optimal labelling percentages are still
being optimized for CLEM experiments.
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A) RH* + pDNA

Figure 7 Correlatlve dSTORM TEM images of pBAE polyplexes consisting of complexed A) RH*
polymer and pDNA and B) R* polymer and pDNA, incubated for 2 h with A549 cells. Left panels show
TEM images, middle panels show dSTORM images of the same region of interest, and right panels
show the correlation between dSTORM-TEM images. Asterix (*) denotes the polymer labelled.
Green signal depicts pDNA and red signal the respective pBAE polymer. White arrows depict
polyplexes found in endo-lysosomal vesicles. Scale bars = 1 um.

At 6 h incubation time, the RH polyplexes were mainly found inside the cell and as
expected mainly in the cytoplasm (Figure 8A). The histidine (H) groups provide a higher
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buffering capacity in the endosomes as compared to arginine (R) alone, thus can lead
to polyplex endosomal escape through processes such as the proton sponge effect,
agreeing with the results observed here at 6 h. These results also agree with previous
data showing that cationic polymers delivering nucleic acids can escape the endo-
lysosomal pathway within 8 h3%°. Notably, bigger aggregates still seem to be intact
polyplexes, whilst individual polyplexes seem to have disassembled suggestive of
degradation, in agreement with previous dSTORM results3%°.

A) RH* + pDNA

.l

Figure 8 Correlative dSTORM-TEM images of pBAE polyplexes consisting of complexed A) RH*
polymer and pGFP and B) R* polymer and pDNA, incubated for 6 h with A549 cells. Left panels show
TEM images, middle panels show dSTORM images of the same region of interest, and right panels
show the correlation between dSTORM-TEM images. Asterix (*) denotes the polymer labelled.
Green signal depicts pDNA and red signal the respective pBAE polymer. White arrows depict
polyplexes found in endo-lysosomal vesicles. Scale bars = 2 um.
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The R polyplexes were found predominantly outside of the cell at both time points,
although at 2 h they were found mainly attached to the cell membrane (Figure 7B),
whilst at 6 h they were found further away from it (Figure 8B). Since R polymers are
more positively charged than their RH counterparts®*4, they have better cell
penetration''®-18 thus we hypothesize that R polymers could have achieved cellular
uptake. We expect that during the blind 2 h — 6 h time points, the R polyplexes may
have been taken up and distributed via the endo-lysosomal pathway — since they do
not achieve endosomal escape and were potentially expulsed via exocytosis into the
intercellular space, a process previously documented in nanomaterials'37:329.330.332,
This could also explain why the NPs found outside of the cells at 6 h are much further
away from the cell membrane (NP cellular expulsion) than at 2 h (NP cellular uptake).
However, polyplexes that have entered the cell could have also been degraded. To
truly understand these results further investigation is required, such as carrying out
shorter time points to study the early stages of the intracellular pathway.

Importantly, dISTORM does not just offer well-resolved images of nanostructures, it
also enables extraction of quantitative information at the single molecule level. Such
information cannot be gained with other techniques used in polyplex characterization
(e.g. DLS/confocal microscopy). Using our correlative images, we quantified the
number of polymer and pDNA molecules for the RH-pDNA polyplex formulation at 2 h
and 6 h incubation time points, in non-endosomal compartments (NE) and in
endosomes per cell, to demonstrate quantitatively its endosomal escape. Notably, NE
consisted in the dSTORM localizations found in the whole cell minus those in endo-
lysosomal compartments. To do this, we used a MATLAB script designed in-house by
Gutierrez et al®%°,

At 2 h incubation, both RH and pDNA generally showed higher values in endosomal
compartments, although some molecules were also found in NE compartments (Figure
9A). These results suggest that polyplexes were trafficked through the endosomes,
and that some molecules had already achieved endosomal escape within 2 h. At6 h
incubation, the amount of both polymer and pDNA increased notably in the non-
endosomal space (NE) and reduced drastically in the endosomal compartments,
suggestive of endosomal escape. Furthermore, at 2 h there was greater dispersity
between number of localizations in different compartments and between cells. This is
probably because at shorter time points there were still many polyplexes found on the
cell membrane which were still achieving cellular uptake, whilst others were
dynamically progressing through endo-lysosomal routes, and some were already
achieving endosomal escape, leading to a greater general variability in localizations.
Even though cellular uptake can still happen at later time points, we noticed that at 6 h
the dispersion in localizations between compartments and cells was lower, which was
probably because the majority of polyplexes already achieved endosomal escape by
this point and were thus mainly found in NE compartments.
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Figure 9 Quantification of polyplexes from dSTORM-TEM images for the RH-pDNA polyplex at A) 2
h incubation and B) 6 h incubation with A549 cells. Localizations for RH polymer are shown in red
(non-endosomal) and red-lined (endosomal) bars and for pDNA in green (non-endosomal) and green-
lined (endosomal bars). Non-endosomal refers to all intracellular localizations minus endosomal
localizations+nucleus, and endosomal refers to all localizations found in endo-lysosomal
compartments. Results are shown for 6 different cells.

Markedly, these results do not account for the type of endosomal escape mechanism,
a topic which is under current debate in the scientific community338:344-348_Specifically,
the non-endosomal (NE) compartments in this work consisted of all intracellular areas
besides endosomes/lysosomes, therefore an assumption on cytosolic escape cannot
be made. In fact, several studies have showed that polyplexes can have various fates
after endosomal trafficking, such as Golgi or recycled vesicles®*5349-3%1 Further CLEM
analysis could shine light on such information. Moreover, it must also be noted that
only 6 cells were studied for each condition, and as such a more systematic study will
yield better statistics; however, such an undertaking is beyond the scope of this project
and would require a significant amount of time to achieve.

2.3 Correlative imaging of polyplex uptake

Uptake of cationic polyplexes can be described by various routes, as depicted in detail
in Figure 1. During the analysis of the correlative images of RH polyplexes, we
surprisingly discovered plasma membrane extensions engulfing the polyplex
structures, a phenomenon indicative of macropinocytosis (Figure 10), a route that
provides efficient uptake for nonselective endocytosis. These results agree with others
in literature3°3-3¢1-363 glthough some authors have reported additional routes such as
clathrin-dependent and independent endocytosis, and caveolae-mediated
endocytosis361.364.365 Notably, we did not notice macropinocytosis uptake behavior for
the R polyplexes, which could be because macropinocytosis is a rare event to be
observed by EM, or it could be indicative of other uptake mechanisms. This uptake
mechanism in RH polyplexes agrees with our other results in two ways. First, RH
polyplexes were found in larger and more compact structures compared to R
polyplexes as can be seen clearly in Figures 8, 9 and 10, which we attributed to their
more neutral charge that causes increased NP aggregation?®. Since macropinocytosis
typically involves engulfing of large structures (= 1 um), size results by TEM agree that
RH polyplexes were taken up via this route. Second, we hypothesized that the R
polyplexes found outside of the cells at 6 h were exocytosed, which typically occurs for
structures taken up via the endocytotic routes, once again agreeing with a lack of
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macropinocytosis observed in R polyplexes. However, it must also be noted that RH
polyplex aggregation probably occurred upon cell incubation with low-serum medium,
due to the impact of the complex biological medium consisting of proteins and high ion
content®%®, particularly for RH polyplexes that already have a lower colloidal stability
due to more neutral net charge. DLS and dSTORM measurements showed smaller
sizes prior to incubation (Table 1), but it must be noted that the measurements were
carried out in milliQ water and PBS respectively, and thus extra measurements in the
same medium should also be carried out to test their stability before cell incubation.

Figure 10 Correlative dSTORM-TEM images showing plasma membrane extrusions around RH
polyplex aggregates indicative of macropinocytosis cellular uptake. Scale bars = 1 ym.

Uptake pathways are typically studied using specific pathway inhibitors (e.g.
cytochalasin D for macropinocytosis®”) and/or fluorescence co-localization with
fluorescently-tagged fluid phase markers (e.g. dextran/albumin)33368 whilst live-cell
imaging offers time information on fast uptake processes and indeed remove any
doubts as to whether fixation protocols affect the uptake route. However, these
techniques are typically qualitative in nature and do not allow the imaging of more than
2 targets simultaneously nor morphological detail. Electron microscopy can also be
used for this purpose with added resolution and ultrastructural detail, but care must be
taken when analyzing images, since precipitations formed by heavy metal staining can
resemble polyplex structures. Therefore, to give an accurate representation of cell
uptake mechanisms, a combination of CLEM with the aforementioned techniques
would be the most appropriate.

As technical notes and points for further optimization, as opposed to PLGA-PEG NPs,
these polyplexes give a much greater dark contrast in TEM. This is because the pH of
uranyl acetate in water is between 4.2 - 4.9 depending on the concentration, and uranyl
species are mainly positively charged, thus negatively charged molecules such as the
pDNA in the polyplexes stain more. Whilst this proved useful in the correlation and
validation of fluorescent signal, it did hamper with the ability to discriminate between
different endo-lysosomal compartments, since the dark staining overshadowed the
intrinsic morphological characteristics of different compartments such as early
endosomes, late endosomes and lysosomes, that were clearly distinguishable in the
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correlative images in Chapter 3 of this thesis. Probably this problem could be
overcome by optimizing the percentage of uranyl acetate used and/or the time of
contrasting, or even by switching to another staining agent such as Uranyless.
Furthermore, some of the dark polyplex structures in TEM seemed to not be
fluorescently labelled, which could be due to photobleaching occurring during the
CLEM protocol leading to a loss of fluorescence. Since these are preliminary results,
the next logical step is to compare the difference in photon intensity between
polyplexes in fixed cells (no CLEM protocol) vs intensity after CLEM protocol in order
to find a more optimal labelling percentage.

3. Outlook

Future work that could be considered using the developed correlative protocol could
be to show whether polyplex decomplexation occurs outside or inside of the cell, and
to study uptake at shorter time points to better understand the behavior of R polymers.
Another important intracellular barrier to be overcome is the nuclear membrane since
nuclear entry is required for the pDNA to reach its target site. This is typically studied
using transfection experiments using fluorescence microscopy to quantify GFP
expression309344  glthough dSTORM has also been applied to quantify the number of
polyplex molecules in the nuclear region. This would typically require longer incubation
times up to 48 h. Since our correlative protocol images ultrathin sections made by
slicing of cells, it could be used to reliably quantify molecules found within the nuclear
space and thus to study and quantify delivery of nucleic acids to the nucleus.

4. Conclusions

This Chapter demonstrates the flexibility of dSTORM-TEM protocols in studying
nanomaterial trafficking in cells. In this instance, qualitative images showed that RH-
pDNA polyplexes were found on the cell membrane and internalized mainly in endo-
lysosomal compartments at 2 h, whilst R only polyplexes were mainly found on the cell
membrane. At a longer incubation time of 6 h, the RH polyplex already demonstrated
endosomal escape, whereas the R polyplex was found generally still outside of the
cells, suggesting possibilities such as that they had achieved exocytosis, were
degraded intracellularly, or did not achieve cellular uptake at all. We took advantage
of the molecular counting properties of ISTORM to quantitively determine endosomal
escape of the RH-pDNA polyplex by counting the number of RH and pDNA molecules
within endo-lysosomal and within non-endo-lysosomal compartments at 2 h and 6 h
time points. Finally, dSSTORM-TEM allowed us to capture macropinocytosis of large
RH polyplex structures. We also highlighted some of the limitations of our technique
such as low throughput and heavy staining of polyplexes in TEM, and made
suggestions to overcome these in the future, as well as discussing other experiments
that could be potentially achieved with this technique. Overall, we believe that
advanced imaging techniques, particularly when used in correlation, can bring further
important information on the intracellular trafficking of nanocarriers for gene therapy,
such as studying their decomplexation over time in the extensive intracellular milieu,
clarifying the intracellular pathways taken by different formulations and designing
formulations with better endosomal escape properties. Although this work is still in its
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infancy, further commitment could lead to a more comprehensive understanding of
polyplex behavior and the design of more effective nanocarriers for gene delivery.

5. Materials and Methods
Polyplex formulation

Arginine (R) and histidine (H) end-modified poly(B-aminoester) (pBAE) polymers were
synthesized as previously described in literature via a two-step procedure344:358.369
Briefly, a C6 acrylate-terminated polymer (ref) was synthesized by using a primary
amine:diacrylate addition reaction (1:1.2 M). The resulting acrylate-terminated polymer
was further modifyed by end-capping modification with either 3 arginine (R) or 3
histidine (H) molecules, through a thiol attachment of a terminal cystein. The polymer
was later labelled with Cy5 at a 1 dye per pBAE molecule ratio, as previously
described300-35%5, Plasmid pMAX-GFP (plasmid DNA - pDNA) (3486 bp) was produced
and purified from E. coli and labelled with Cy3 Label IT® Tra2cker™ Intracellular
Nucleic Acid Localization Kit (Mirus Biotech), as per supplier instructions. Labelling
density was adjusted to 10 dye molecules per pDNA. This was determined from the
ratio of Cy3 and DNA concentrations measured in Tecan Infinite 200 Pro instrument
(Tecan, Barcelona, Spain), as previously described®®. Polyplexes were formulated as
previously described3#4. Briefly, equal volumes of pGFP (plasmid-DNA):pBAE polymer
were mixed at a 1:25 weight ratio (w/w) in NaOAc buffer solution (12.5 Mm, pH 5.2).
Notably, the pGFP solution was added to the pBAE solution, mixed vigorously by
pipetting, then incubated for 30 min at RT. The mixture was then added to an equal
volume of mili-Q water and mixed vigorously as described and used fresh. For optimal
dSTORM imaging for CLEM studies, polyplexes were prepared using 12% Cy5-
labelled pBAE polymer and 25% Cy3-labelled pGFP.

Sample preparation for STORM imaging of free polyplexes

A microscopy chamber was prepared by sealing a microscopy slide (FisherBrand) and
a coverslip (Corning Cover Glass, thickness 1 %2, 22 x 22mm) using double sided tape.
Approximately 40 uL of freshly prepared polyplexes diluted in 1/100 PBS was flown
into the microscopy chamber and allowed to attach for 15 min at RT. Then, unbound
polyplexes were removed by washing the chamber twice with PBS. To image the
polyplexes, dSTORM GLOX buffer was added to the chamber, consisting of: 5%
glucose (wt/vol), 0.5 mg/mL glucose oxidase (Sigma-Aldrich) and 40 mg/mL catalase
(Sigma), ¢) 15% glycerol, in PBS at pH 8.5.

Sample preparation for in vitro dASTORM imaging of polyplexes

A549 cells (ATCC) were seeded at a density of 30 000 cells per well with 400 uL
Dulbecco’s Modified Eagle Medium (DMEM, with L-Glutamine 10 mM, 4.5 g/L D-
glucose and pyruvate, Gibco) supplemented with FBS 5% (Gibco) and
penicillin/streptomycin 1% (Biowest), at 37°C and 5% COy, for 24 h. The medium was
washed out and polyplexes were incubated at a concentration of 1.9 ng pGFP/uL in
OptiMEM™ (Thermo Fisher) (400 uL per well). The cells were incubated first for 1 h
with the polyplex solution (pulse) before being washed with PBS and incubated in full
DMEM for an extra 1 h, 5 hand 11 h before fixation (chase). The fixation step consisted
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of 15 min of RT. incubation with 4% paraformaldehyde (200 pL per well). The cells
were then washed 3 times with PBS and stored in 400 yL PBS at 4°C in the dark or
imaged in 400 yL GLOX STORM buffer. Before imaging, Nuclei were stained with 10
pg/mL Hoechst (Sigma-Aldrich) in PBS for 10 min then washed 3 times with PBS.

Sample preparation for —ASTORM-TEM correlative imaging of polyplexes

A549 cells were seeded on a 92 x 17 mm cell culture dish (Nunc™, Fisher Scientific)
and incubated for 24h in full DMEM at 37 °C and 5% CO, to full confluency. The
medium was removed, and the cells were washed with PBS, then the polyplexes were
incubated at a concentration of 1.9 ng pGFP/uL in OptiMEM™ (Thermo Fisher) (4 mL
per well). The cells were incubated first for 1 h with the polyplex solution (pulse) before
being washed with PBS and incubated in full DMEM for an extra 1 h and 5 h before
fixation (chase). The next steps were followed in accordance with the same protocol
as in Chapter 5: mild fixation using Fixative 1 and Fixative 2 (2), high-pressure freezing
(HPF) (3), freeze substitution (FS), cutting of ultrathin sections (70-100 nm) using an
ultramicrotome and preparation steps for dISTORM imaging (4), preparation for TEM
imaging (6) and TEM imaging (7).

The steps for dISTORM imaging and correlation and data analysis differ from those in
Chapter 3 and are thus explained:
dSTORM imaging

First, several reference images were taken as seen in Figure S17: 1) The EPIl lamp on
DAPI filter was used to take a 13x13 stitch (1024x1024) of the distribution of the thin
sections on the grid, using the NIS-Elements stitch function. 2) The second reference
image was taken using the same lamp and filter at 1024x1024 inside the grid hexagon
of interest, showing the cell nuclei, then 3) one image was acquired at 256x256, which
gives the exact FOV that will be imaged by dSTORM. Then, using the Nikon N-STORM
system configured for HILO (highly inclined and optical sheet) imaging, a low-
resolution image of pGFP was taken using the 561 nm (80 mW) laser, and a low-
resolution image of the polymer using the 647 (160 mW) laser, both at 2% laser power
and 300 ms. These latter two images were used for correlation of low-resCLEM
images. NPs were imaged by dSTORM by illuminating the 561 nm (80 mW) and 647
(160 mW) laserS sequentially at 100% power. Fluorescence was collected using a
Nikon 100x, 1.49 NA oil immersion objective and passed through a quadband pass
dichroic filter (97335 Nikon). Images were acquired onto a 256 x 256-pixel region (pixel
size 0.16 mm) of a Hamamatsu ORCA Flash 4.0 camera at 20 ms integration time.
10,000 frames were acquired in each channel. Single molecules localization movies
were analyzed with NIS element Nikon software. Data was analyzed with NIS Elements
(Nikon) and ImagedJ. No filters were applied to the dSTORM images presented.

Correlation and data analysis:

For low-resolution/dSTORM and TEM image overlay, correlation was achieved
manually using Adobe Photoshop CS9, by rotating and scaling the dISTORM image on
top of the TEM image. dSTORM images were reconstructed using the NIS Elements
software in Nikon using a 2D Gaussian fitting and a threshold of 180 for both channels.
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The threshold is the difference between the photon number in the peak pixels and the
background pixels. The trace length parameter was set to 5 to avoid different
molecules blinking consecutively, meaning that molecules identified in 5 consecutive
frames would be counted as 1, or removed if more than 5 frames. For the quantification
of localizations, a MATLAB code developed in our group by Gutierrez et al. 30 was
used. Briefly, a XYT-coordinate file of the dSTORM image is imported in MATLAB,
from which the number of localizations are extracted. A second file, which is the
representative dSTORM-TEM correlative image is used to trace the region of interest
(ROI). ROI or multiple ROIs are selected around the cells of interest (from the
dSTORM-TEM image), and a list of the number of localizations and area are reported
(from the XYT file). To count the localizations inside endo-lysosomes, the same script
is used and the ROIs with polyplex signal inside these compartments are selected
instead. To calculate the number of localizations in non-endosomal (NE)
compartments, the number of localizations per endosomal compartments are
discounted from the number of localizations per whole respective cell.
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Discussion

This section summarizes and discusses the work presented in the previous Chapters.
It focuses on the applications of super-resolution microscopy, transmission electron
microscopy, and correlative light and electron microscopy on the characterization and
intracellular studies of nanocarriers. Their strengths and limitations are assessed, as
well as the impact their application would have on the nanomedical field.
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Nanomedicine offers the promise of selective delivery of therapeutics to specific target
sites, and thus an increase in the effectiveness of the encapsulated drug, with a
minimized toxicity profile. So far despite the extensive arsenal of nanocarriers
developed, the field is still lacking in regulatory approvals and successful translation to
the clinic, particularly for active targeting formulations?®7".143, One of the main issues
is that more clarification is required in terms of physicochemical characterization and
biological activity of nanomaterials. Currently, this is achieved similarly to small
molecular entities, using ensemble techniques that only offer bulk measurements and
average values'?%147.148343  Yet, the physicochemical complexity of these entities
spans way beyond that of regular therapeutic compounds. Firstly, the properties of
individual NPs prepared in the same batch are far from uniform, and present high
heterogeneity in size, surface chemistry, encapsulation efficiency and ligand
functionalization, among others; this is in part due to manual synthesis protocols that
lead to incoherent trends in NP properties. As such, average values lead to
understudied heterogeneity and poorly characterized nanomaterials, with
unpredictable biological outcomes'?%130284 Secondly, nanocarriers must be able to
successfully enter their target cells and overcome intracellular barriers to release their
therapeutic cargo, ideally in the cytoplasm or nucleus'?2147.148 Tracking their biological
pathways early in the design process would allow stratification of promising
formulations, saving time and money and lead to more successful regulatory
approvals. However, characterization tools must keep up with the complexity found in
nanotechnology formulations. Bulk measurements and/or qualitative information
provided by techniques such as DLS and flow cytometry and microscopies with
insufficient resolutions should not be the sole characterization tools in this field.
Advanced microscopy techniques can overcome various drawbacks intrinsic in
ensemble techniques, including improved resolution and quantification, and as such
have ever-growing applications in nanomedicine. These are particularly promising in
expanding our understanding of their physicochemical properties and intracellular
pathways, and thus the formulation of more effective nanocarriers.

The aim of this thesis was to develop and apply advanced imaging techniques such as
SRM, TEM and CLEM, to characterize and track nanocarriers intracellularly at a single
particle level. These techniques are of crucial importance to move away from bulk
characterization using average values, and towards more accurate quantitative
approaches. SRM allowed us to quantify at a single particle and molecule level the NP
surface functionalization and to demonstrate the effect of surface PEG architecture on
functional ligand availability (Chapter 1); as such, rational changes were made to
improve the design of the nanocarrier formulation. The developed SRM-TEM
technique was aimed to shine light on the relationship between surface
functionalization and size at a single particle level, and to establish the importance of
multiparametric analysis in nanomaterial characterization (Chapter 2). Similarly, the
rational optimization and development of an SRM-TEM correlative protocol led to the
study the intracellular pathways of PLGA-PEG NPs, allowing localization of single NPs
in specific cellular compartments (Chapter 3). The applicability of the same technique
to study polyplexes formulated with endosomal escape properties was also
demonstrated (Chapter 4). The following paragraphs will serve as take home
messages from the previously presented Chapters.
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Chapter 1 of this thesis introduced and discussed how SRM techniques are emerging
as revolutionary tools in nanomaterial characterization; due to their excellent resolution
and molecular counting properties, they are able to image and track NPs at a single
particle level, to quantify single molecules such as functional ligands and to account
for heterogeneity in NP populations'8:190:302370.371 " Quantification of functional
molecules is pivotal if the intended use of the nanomaterial is drug delivery and
molecular biosensing, since these applications require NPs to have sufficient well
orientated functional groups to selectively recognize targets. However, studies in
literature rarely consider the dispersity in ligand number per NP; instead, average
values are used that are not a reliable measure since they leave a large population of
NPs in the dark. It comes to no surprise that no nanomaterial formulations with active
targeting properties have been approved so far if their functionalization is not
accurately studied. Despite the advances in quantitative microscopy techniques, their
application towards the study of nanomaterials, particularly polymeric ones, remains
poorly explored.

In Chapter 1 DNA-PAINT and gPAINT were employed to quantify the surface
functionalization of various PLGA-PEG NP formulations with increasing target group
content?®. As opposed to standard techniques (e.g. spectrophotometry or theoretical
calculations based on particle properties) DNA-PAINT permitted the clear visualization
of the interparticle heterogeneity in ligand functionalization and the comparison
between different formulations. In contrast to the results from theoretical calculations
(i.e. the potential amount of ligands that could cover the surface of a NP, given its
surface area and other relevant properties), the experimental ligand numbers were
significantly lower. Importantly, since DNA-PAINT only identifies ligands that are well
exposed in solution, it was hypothesized that the low experimental values could be due
an entanglement of the ligands in the long PEG linker chains to which they were
attached. This prompted the redesign of the PEG architecture in the original
formulation using a ‘cocktail’ approach (i.e. combining shorter spacer PEG length with
longer ligand-tethered PEG length), which resulted in a notable increase in the number
of accessible functional ligands. Without information at a single-particle level, the true
targeting abilities of a formulation cannot be properly understood. Since this parameter
heavily governs the specific distribution and toxicity of nanomaterials, poor
characterization can lead to unnecessary time spent on formulations that do not
possess the expected biological behaviors. Size is a major determinant of NP
biological fate%2%5-257 and as such, characterization and morphological assessment
at a single particle level is fundamental to predict and understand a nanomaterial’s
destiny. TEM was chosen for this purpose, since it confers the best possible resolution,
and allows analysis of heterogeneity. These findings demonstrated that the structural
characterization using quantitative techniques such as SRM and TEM should be more
universally utilized in the rational design and formulation of nanocarriers.

The results in Chapter 1 highlighted another important finding. Since ligand
conjugation and imager hybridization processes are both stochastic (i.e. random) in
nature, ligand distribution was expected to be Poissonian. However, upon DNA-PAINT
quantification, the ligand distributions observed were non-Poissonian, suggesting that
functionalization is not as random as previously thought, and that there is an extra
factor inducing heterogeneity in these parameters. We hypothesized that the
stochastic process of ligand conjugation could be entangled with other parameters
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such as size, leading to increased variability and poorly predictable results. Despite
the importance of understanding the relationship between various physicochemical
properties, such information is not available in literature, mainly due to a lack of
methods that can assign different parameters on the same particle. Since a single
technique cannot provide all the answers; thus, a synergistic approach was
implemented.

CLEM techniques were presented in the Introduction as powerful multimodal imaging
systems that combine the benefits of both types of microscopies by sequential imaging
of the same region?%%21°, Remarkably, no such CLEM techniques were explored for
the structural characterization of nanomaterials at the time of drafting this thesis. To
address this gap in literature, and to study the interplay between ligand
functionalization and NP size, Chapter 2 described the development of a correlative
technique combining the power of DNA-PAINT and gPAINT to quantify surface
functionalization, with the ability of TEM to characterize the size and morphology at a
single particle level?*°. The results obtained with this technique established that the
heterogeneity found in surface functionalization and size may be a result of the
collective impact between different physicochemical properties. The results also found
sub-populations of NPs that did not expose surface ligands, which in hindsight means
that part of the formulation would be ineffective in cellular targeting and could pose a
risk of systemic toxicity. Moreover, the characterization of NPs using a one-method-at-
a-time approach resulted in the omission of sub-populations of NPs, leading to the
overestimation in the number of surface ligands, that could lead to poorly calculated
efficient doses. Thus, adopting comprehensive characterization tools that elucidate the
interconnections between parameters is crucial when optimizing nanocarrier designs.
To prove the applicability of correlative protocols for the characterization of more
complex nanomaterials, a similar technique was applied, whereby dSTORM was
applied and correlated with TEM instead of DNA-PAINT (dSTORM-TEM), to study
supramolecular polymers. Although this work is still in its infancy, it stands as a pillar
to show that with some optimization, correlative protocols can go beyond the
characterization of polymeric NPs. Notably, dSTORM imaging alone suggested that
the signal observed corresponded to single fibers, but through the correlation of this
information with the morphological detail of TEM, it was found that the single fibers
were in fact bundles of smaller fibers, undetectable by the resolution of dSTORM.

Nevertheless, a two-way relationship study is more than simplistic, when considering
the vast number of parameters that could influence the biological fate and safety of
these nanomaterials. Particularly, one must be careful when choosing which size
characterization technique to use, since different techniques will result in incompatible
values, depending on the material in question. In this case, we characterized the size
of the nanomaterials in dry conditions, which may not realistically represent the
formulation in biological conditions. Although the multiparametric characterization of
tens of different relevant physicochemical parameters is still out of reach, we hope that
Chapter 2 will pave the way to more robust and innovative nanomaterial studies.

In theory, NPs offer great promise for the systemic delivery of therapeutics that have
unfavorable physicochemical properties. However, in practice this is not easily
achieved since the nanocarrier must overcome a variety of cellular barriers before
releasing the cargo at the target site, some of which include crossing the plasma
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membrane, escaping the endo-lysosomal system and in specific cases even cross the
nuclear membrane'??. In fact, extensive research has shown that less than 0.1% of the
median 1.V. administered NP dose is delivered to cancer cells®’?, which is also
observable in the lack of translation to the clinic, despite the great budget invested in
this field. Nanomedicine success stories such as Abraxane and Doxil have been
clinically approved due to their ability to reduce the toxic profiles of the encapsulated
therapeutics but did not show clear or consistent enhancement in drug delivery®.
Clearly, if we want to market nanocarriers that aim to improve the targeted delivery of
their cargo, we need to better understand their biological behavior, starting with their
cellular uptake and intracellular delivery. Some of the challenges in viable intracellular
delivery of NPs were described in the Introduction, where we saw that NP entrapment
in the endo-lysosomal system is a crucial bottleneck in the effective delivery of the
therapeutic cargo to the cytoplasm/nucleus. A lack of reliable methods to visualize and
quantify NPs at the nanoscale within the intracellular milieu worsens the matter, as it
hampers the rational design and formulation of effective nanocarriers.

Typically, NP intracellular tracking is studied using co-localization with fluorescently
tagged targets by confocal microscopy, which does not possess the necessary
resolution to identify single NPs. Even if a SRM technique such as dSTORM is used
instead for improved resolution, due to a lack of spectrally distinct dyes, it is not
possible to image more than 2-3 consecutive targets. Furthermore, if different targets
are measured using sequential labelling, this greatly reduces the ability to track NPs
within several compartments at the same time and in the same cell. TEM is the only
technique that can be used to differentiate all the organelles in a field-of-view, and thus
can be applied for the precise localization of NPs at a highly subcellular level.
Nevertheless, for accurate localization by TEM, NPs typically must be electron dense
enough to be discriminated from other cellular components; for this reason,
polymeric/protein based nanocarriers that are semi-transparent are not typically
studied intracellularly by TEM. Thus, the applicability of correlative imaging spans to a
wider variety of nanomaterials that would otherwise not be identified by TEM alone.

In Chapter 3 super-resolution CLEM, specifically SSTORM-TEM, was employed as an
efficient tool in tracking individual nanomaterials and/or their cargo within specific
cellular compartments. First, a typical CLEM roadmap was presented, highlighting the
most popular techniques used in cell biology including their individual advantages and
weaknesses. Through rational optimization and by accounting for the biological
question to be answered, a dSTORM-TEM correlative method was developed that
successfully maintained cellular ultrastructure preservation and NP fluorescence. As a
proof of concept, the technique was first used to track non-functionalized PLGA-PEG
NPs without endosomal escape properties. As such, these NPs were found
progressing along and eventually entrapped in the endosomal pathway over a 24 h
period. A lysomotropic agent (chloroquine) was then added to induce endosomal
escape, prompting the quantification and comparison of intracellular distribution of NPs
using our correlative approach. These results stand to show the promising value of
super-resolution CLEM techniques in studying intracellular fates, as well as endosomal
entrapment and escape of NPs.

Following on, Chapter 4 confirmed the applicability of the developed dSTORM-TEM
technique for the intracellular tracking of more complex nanomaterials designed with
endosomal escape in mind. For this purpose, two types of polyplexes were first
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formulated consisting of distinct pBAE polymers complexed with plasmid DNA.
Labelling each component with distinct fluorophores allowed the tracking and
quantification of both nanocarrier and cargo by dSTORM, and their cellular localization
by TEM. This further permitted us to compare the endo-lysosomal escape properties
between the two different formulations at different time points. Surprisingly, the
correlative images allowed us to catch macropinocytosis uptake in the act for the larger
polyplex structures, opening up a path of possibilities for such techniques in studying
cellular uptake mechanisms of nanomaterials. The COVID-19 pandemic has placed
nanocarriers for gene delivery in the spotlight, but we must remember that their
translation to the clinic is still limited. Employing techniques such as CLEM for their
characterization at early stages of drug development could improve the logical design
and selection of nanomaterials that aim to deliver their cargo more efficiently to the
cytoplasm or nucleus.

The aim of this thesis was to develop advanced imaging techniques to characterize
nanomaterials and gain a better understanding of their intracellular fate and highlight
the relevance of correlating information from different techniques as opposed to using
a one-method-at-a-time approach. However, this does not imply that CLEM should be
used in isolation for nanomaterial studies. In fact, to improve the quality of reported
research, it is recommended to use multiple standard characterization tools that offer
the necessary required information on material and biological characterization'®*. For
example, we envision uptake mechanisms to be studied using a combination of 1) live-
cell imaging using specific pathway inhibitors and co-localization experiments, 2)
correlative imaging for a much in-depth quantitative and morphological analysis, and
3) flow-cytometry for high-throughput NP uptake studies and binding specificities.
What is clear is that correlative techniques will empower us to obtain unique and in-
depth understanding of NP batch characteristics, multiparametric information, as well
as the ability to better understand the relationship between physiochemical properties
and biological outcomes. What we propose is the introduction and standardization of
advanced imaging and correlative techniques alongside other necessary and powerful
techniques. Although this task is still in its infancy, a synergistic effort from various
scientific disciplines must be made for the potential benefits of nanomedicine to be
realized.
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Outlook

This section presents new directions for the research Chapters presented in this Thesis
as well as more generally for the nanomedicine and CLEM field.
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Carrying out most of this research during a global COVID-19 pandemic has been
challenging but it has also highlighted important messages in our field of research.
First, the tremendous efforts made by the nanomedicine community in the last decade
were not futile, in fact they were the solution to a devastating pandemic that has
affected us all. Second, the innovative nature of the nanomedicine field is still to unlock
its full potential in the treatment a variety of other diseases. For this to happen, a
collaborative effort such as the one seen during this pandemic is required from all
disciplines involved, from material science to biology and microscopy, to regulatory
agencies. One of the main issues is that bench research as well as regulatory approval
standards are still highly based on ensemble methods used for small molecular drugs.
However, as explained in this thesis, nanomaterials cannot be accurately
characterized based solely on standard ensemble techniques. Day by day, we witness
the design of more complex nanomaterials, but to expand the potential of such
formulations and provide patients with access to state-of-the-art and life-changing
therapies, we must also pave the way for the standardization of more intricate
techniques that will allow a more accurate characterization of nanomaterial
physicochemical properties and a better prediction of their biological behavior.

In Chapter 1, the potential of SRM to characterize interparticle ligand heterogeneity,
and to rationally design and optimize a nanomaterial formulation with increased
accessible functional ligands was demonstrated. In addition to the results showed in
this Chapter, there is a vast amount of other useful information that could be gained
using SRM, and which we hope to see in the future. SRM could be used to compare
various other PEG architectures to have a more robust understanding of the effect of
PEGylation on ligand accessibility. To study the effect of different PEGylation
approaches and even percentage of surface functionalization on the targeting abilities
of NPs, one could conjugate NP formulations with an actual therapeutic ligand (rather
than an oligonucleotide) and study their cell uptake in cells expressing the respective
target receptors. Furthermore, although in our research maleimide was used as target
group to which a model ligand was conjugated, DNA-PAINT would be particularly
interesting for studying functional antibody orientation on the surface of NPs targeted
for tumor imaging and treatment. Also, the multiplexing ability of DNA-PAINT using
different oligonucleotides could be applied for the study of multivalent nanoparticles.
Indeed, once NPs are injected into systemic circulation, they can lose their functionality
upon biomolecular corona formation, and thus it would be interesting to study ligand
availability in a more biological environment. Answering such questions would give the
nanomedicine community a better insight into targeted nanomedicine.

In Chapters 1 and 2, we highlighted the presence of heterogeneity in different NP
physicochemical properties and discussed the negative impact that omitting such
information from research can have on their clinical translation. Notably, we formulated
PLGA-PEG NPs via a bulk (manual) nanoprecipitation method, prone to reproducibility
errors and inherently heterogeneous formulations. A useful comparison would be
characterization of NPs formulated via a microfluidic device or PRINT technology, both
of which offer more precise control over NP composition and size. It would be also
extremely valuable to characterize the heterogeneity and interplay between
physicochemical properties of already approved nanocarriers, as this would offer
important information to researchers as to what level of heterogeneity is acceptable in
a formulation. Importantly, regardless of the formulation method (e.g. manual vs.
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microfluidic), there will still be some heterogeneity present. Therefore, until we find
more accurate and scalable synthesis methods, we must focus on thoroughly
characterizing nanocarriers, agreeing on an acceptable level of heterogeneity and
ensuring it is maintained, and advanced microscopy techniques offer great potential
for this purpose.

The development of a DNA-PAINT-TEM protocol for nanomaterial characterization in
vitro was highlighted in Chapter 2 and applied to study the entanglement between
ligand functionalization and size in PLGA-PEG NPs. Then, in Chapter 3 and 4, a
dSTORM-TEM correlative protocol was optimized for the intracellular trafficking of
PLGA-PEG NPs and polyplexes, respectively. Yet, our results and applications merely
scratched the surface of the potential of such techniques, since there are numerous
other nanomaterials to be studied and questions that these could help answer.
Correlative protocols such as the one in Chapter 2 could be applied characterize the
relationship between other physicochemical properties e.g.
functionalization/encapsulation efficiency and different morphologies, and cellular
uptake. Using the protocol in Chapter 3, since both carrier and cargo can be imaged
using dSTORM, one could track specific site release of cargo of a multitude of other
formulations, ranging from polymeric to lipid NPs and micelles. For example, instead
of using non-functionalized carriers, it would be extremely useful to label and track
more applicable formulations that target specific receptors on cancer cells e.g.
fluorescently labelled NPs functionalized with labelled FDA approved antibodies (e.g.
trastuzumab/cetuximab). A dSTORM-TEM protocol would offer powerful resolution
and information on the intracellular trafficking of both carrier and cargo.

Since this thesis referred to endosomal entrapment as a major bottleneck in clinical
translation of nanomedicines, one could also apply advanced imaging techniques to
explore this field further. Exciting topics to be explored would be i) how, and which NP
physicochemical properties affect cellular uptake mechanisms and hence influence
endosomal entrapment/escape, ii) confirm endosomal escape mechanisms and use
the information to improve NP formulation design to exploit them, iii) study the time and
location at which endosomal escape occurs intracellularly, and iv) study the
degradation of the carrier/drug release over time.

In the correlative protocols in Chapter 3 and 4 pre-labelled NPs were used. However,
other protocols are possible if different biological questions are to be answered. For
example, post-sectioning immunolabelling/labelling via biorthogonal click-chemistry
using the Tokuyasu method are also possible alternatives, and such an example is
described thoroughly in Appendix 6. The latter serves as an excellent method for
tagging structures of interest with oligonucleotides for DNA-PAINT imaging, allowing
fluorescent visualization of many more targets than by dSTORM, and a much lower
risk of fluorescence quenching, since fluorescence labelling is done after the sectioning
step. Correlative microscopy can also be expanded beyond SRM and TEM. For
example, whilst TEM offers morphological characterization in the dry state, atomic
force microscopy (AFM) studies morphological and mechanical properties at a single
particle level in solution. To overcome the risk of fluorescence loss/detachment of dye
from NPs, label-free alternatives could be used instead of SRM, for example Raman
imaging, that allows study of potential vibrational modes of the nanomaterial and thus
could offer information on their chemical composition.
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Furthermore, drawing conclusions based on 2D cell experiments does not provide
sufficient translatable pre-clinical information. Bioengineered organs or tissues on
microfluidic chips (e.g. cancer-on-a-chip) offer a much more accurate 3D alternative,
as a precursor to in vivo studies. CLEM on tissues has been routinely carrier out, albeit
not in the nanomedicine field. Also, TEM on thin sections of cellular 3D microfluid chips
has been achieved, meaning that its correlation with other imaging techniques is only
a matter of time. Such experiments would consider other drug delivery barriers such
as the interaction of NPs with serum proteins and their extravasation through
endothelial cells. Lastly, array tomography, comprising of sequentially cut and imaged
thin sectioned tissue, could be implemented for a powerful 3D representation of
nanomaterials intracellular trafficking in thicker samples.

In this Thesis, it was explained how the introduction of advanced imaging techniques
- particularly super-resolution CLEM - as standard characterization techniques in
nanomedicine could aid in NP translation to the clinic. Yet, it must be stressed that
correlative techniques are inherently difficult and time consuming, with a whole
protocol (such as the one discussed in Chapter 3) taking roughly 3-4 weeks to
complete. The mostimportant and cumbersome part is protocol optimization, to ensure
that cellular ultrastructure preservation does not suffer at the expense of maintaining
NP fluorescence, and vice versa. Thus, it is necessary to spend a good amount of time
optimizing experimental conditions. The correlation of the images is also tedious task.
Luckily, registration programs such as ec-CLEM (ICY) and Adobe Photoshop make
this process slightly more automated. Needless to say, fast, and high-throughput data
acquisition and analysis are necessary to achieve an unbiased characterization and
statistically significant results, and the CLEM community must improve in this area. For
example, microscopes that can automatically image large FOVs would reduce the
amount of time spent by user at the microscope, whilst integrated microscopes would
aid massively in improving retrieval of regions of interest and correlation, but these are
not yet commercially available. Also, these complex protocols require good knowledge
of both imaging techniques, as well as biology and nanomaterial science to ensure
errors can be prevented and that results are well analysed; the most effective way to
achieve this is through a strong collaboration across disciplines. We believe that by
improving automatization of several steps and throughput in image acquisition, as well
as supporting a greater collaboration between disciplines, advanced imaging
techniques could become a critical part of standard protocols in nanomedicine studies.
This in turn could pave the way for more effective and groundbreaking nanocarriers,
including targeted ones, finally reaching the clinic.
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Conclusions

This section summarizes the research findings in Chapters 1-4.
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In Chapter 1 PLGA-PEG NPs were formulated with increasing target group content
and functionalized with surface ligands. Using DNA-PAINT and gPAINT, the number
of accessible ligands at a single particle level was quantified and compared between
each formulation. It was stressed that the average number of ligands should not be
used as a representation of the overall NP formulation as it masks heterogeneity.
Furthermore, it was observed that the ligand distributions were not stochastic in nature,
suggesting that this could be an effect of interplay with other parameters. Surprisingly,
a much lower number of accessible ligands were quantified compared to theoretical
values, that was hypothesized to be due to ligand embedding into surface PEG chains.
This prompted the redesign of the nanocarrier by modifying its PEG architecture,
resulting in increased numbers of accessible surface ligands.

In Chapter 2, the interplay between ligand functionalization and diameter at a single
particle level was explored. To do this, a CLEM method was developed combining the
single molecule quantification properties of DNA-PAINT with the morphological
analysis of TEM. First, this method allowed the study of multiparametric heterogeneity
between NP ligand number and size at different target group contents. Second, large
subpopulations of NPs with no accessible surface ligands were identified, which would
offer no specific targeting in a biological setting. Third, it was demonstrated that
characterization using a one-method-at-a-time approach limits the information
obtained as compared to a multiparametric technique, which could lead to poor
predictions of efficient therapeutic doses. As an outlook, the flexibility of correlative
techniques was demonstrated by developing a dSTORM-TEM correlative protocol to
image and characterize supramolecular fibers.

In Chapter 3 a CLEM roadmap used in cell biology was provided that prompted the
optimization of a dSTORM-TEM method for the intracellular trafficking of fluorescently
labelled PLGA-PEG NPs. The resulting protocol maintained cellular ultrastructure and
fluorescence signal. Single NPs by were directly identified by dSTORM and assigned
to specific cellular compartments using TEM. The results showed that at early time
points NPs were found mainly early endosomes, whilst at later time points in late
endosomes and lysosomes. Finally, chloroquine was used to promote NP endosomal
escape, and its effect on the NP intracellular distribution was quantified.

In Chapter 4 two different types of polyplexes were formulated using either RH or R
pBAE polymers complexed with pDNA. Using our dSTORM-TEM protocol, RH
polyplexes were shown to achieve endosomal escape by 6 h, whilst the results for R
polymers suggested trafficking through the endo-lysosomal pathway and
exocytosis/degradation or no cellular uptake at all. Using dSTORM, the number of RH
polymers and pDNA molecules in different cellular locations was quantified at different
time points, demonstrating endosomal escape. Finally, CLEM revealed that cellular
uptake of RH polyplexes may occur via macropinocytosis.
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Appendix 1

This Appendix provides supportive information for the results described in Chapter 1
of this Thesis. It Includes a control experiment to quantify the amount of docking
strands inaccessible to imager strands and characterization of the PLGA-PEG (PEG

1«) formulation.

150



Appendix 1

=

N

21.0' B sequential
S 0 pre-annealed
c

. 0.51

(8]

c

Q

=

o 0.0

2 0 200 400 600

L

Intensity (photons)

Figure A.1.1. Distribution of emission intensity in photons of imager strands from individual PLGA-
PEG-Maleimide (100%) NP acquired using low resolution images with two distinct labeling modalities,
respectively ‘sequential’ (blue bars) and ‘pre-annealed’ (yellow bars).

In this particular set of results, the NP formulation was conjugated to docking strands
21 oligos in length and imaged with a complementary imager strand also 21 oligos in
length (as opposed to the normal 9 NT length), with 67% GC content to ensure
irreversible hybridization between docking and imager strands. For the ‘sequential
labelling the NP were conjugated to the thiol-docking strands at 3:1 excess of thiol to
maleimide molar ratio, washed and then directly imaged with the imager strand. For
the ‘pre-annealed’ labelling, the dockings strands were first mixed with the imager
strands at a 1:1 molar ratio to achieve permanent hybridization. Then the pre-annealed
strands were conjugated to the PLGA-PEG 100% Maleimide NPs at a 3:1 molar ratio
thiol to maleimide, washed and imaged directly. Low resolution images were collected
and roughly about 300 NP per labelling technique were detected and their fluorescence
intensity (in photons) was measured. There is a clear overlap between the two
distributions, suggesting that the number of active sites between both labelling
modalities is similar, with comparable means of 68 and 72 for ‘sequential’ and ‘pre-
annealed’ modalities, respectively. Therefore, there is only a low number of docking
strands that target maleimide groups but that are not detected by imager strands
(~6%).
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PLGA-PEG NPs (PEG1x) characterization

Please note that the PLGA-PEG 20% Maleimide formulation was formulated on a
different day to the rest of the PLGA-PEG (PEGjk) formulations.
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Figure A1.2. (a) Normalized frequency histograms of NP diameter (nm) from TEM images, of ligand-
conjugated PLGA-PEG NPs (PEG1x) with varying maleimide content (10, 20, 30%). The number of
NPs analyzed (N), and median and mean diameters are given for each. Bin widths=10 nm. (b) TEM
image representative of a 10% maleimide formulation (scale bar 500 nm).

Table A1.1. Analysis of the hydrodynamic radius (diameter nm) and polydispersity index (Pdl) by
Dynamic Light Scattering and zeta potential (ZP, mV) using a Zetasizer Nano ZS (Malvern
Panalytical) at 25°C in milliQ water pH 7.0 for the PLGA-PEG (PEG1) NP formulations (a) before
conjugation, (b) immediately after conjugation and (c) 7 days after conjugation with functional ligands
(docking strands). The diameter is given as the z-average. The standard deviation (+/-) for 3 repeats
is given. The control formulations contain no maleimide, but the same ratio of PEGsk vs PEG1« (see
Chapter 1, Material and Methods, Nanoparticle Formulation).

alormulation Diameter (nm) Pdl Z-average (mV)
PLGA-PEG 10% control 103.6 +/- 0.4 0.130 +/- 0.017 -29.9 +/- 0.6
PLGA-PEG 10% Maleimide | 152.1 +/- 3.8 0.141 +/- 0.058 -37.5+/-0.5
PLGA-PEG 20% control 114.2 +/-1.9 0.073 +/- 0.040 -18.9 +/- 0.1
PLGA-PEG 20% Maleimide | 183.9 +/- 2.7 0.108 +/- 0.017 -25.4 +/-0.5
PLGA-PEG 30% control 123.0 +/- 2.1 0.197 +/- 0.031 371 +/-1.4
PLGA-PEG 30% Maleimide | 161.4 +/- 9.7 0.157 +/- 0.056 -28.7 +/- 0.6
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b2=ormulation Diameter (nm) Pdl Z-average (mV)
PLGA-PEG 10% control 117.0 +/- 0.9 0.101 +/- 0.018 -30.3 +/- 0.3
PLGA-PEG 10% Maleimide | 165.9 +/- 6.4 0.071 +/- 0.050 -30.3 +/- 0.7
PLGA-PEG 20% control 1134 +/-1.6 0.094 +/- 0.017 -20.3 +/- 0.7
PLGA-PEG 20% Maleimide | 191.3 +/-4.5 0.108 +/- 0.029 -31.9 +/- 0.5
PLGA-PEG 30% control 120.9 +/-1.6 0.142 +/- 0.031 -26.0 +/- 0.4
PLGA-PEG 30% Maleimide | 156.9 +/-4.9 0.157 +/- 0.056 -31.0 +/- 0.2

c)

Formulation Diameter (nm) Pdl Z-average (mV)
PLGA-PEG 10% control 116.5+/-2.4 0.087 +/- 0.057 -23.7 +/-0.4
PLGA-PEG 10% Maleimide | 164.6 +/- 2.0 0.164 +/- 0.059 -26.4 +/- 0.9
PLGA-PEG 20% control 115.6 +/- 0.8 0.101 +/- 0.029 -20.5 +/- 0.7
PLGA-PEG 20% Maleimide | 184.5 +/- 3.6 0.109 +/- 0.013 -30.7 +/- 0.7
PLGA-PEG 30% control 124.3 +/-1.9 0.095 +/- 0.038 -21.6 +/-0.3
PLGA-PEG 30% Maleimide | 158.8 +/- 1-6 0.090 +/- 0.034 -25.0+/-0.4

Table A.1.2. Properties of PLGA-PEG NPs with varying maleimide content and spacer PEG length.

Formulation Diameter Theoretical CE% | Theoretical | Quantified Ligand
by TEM | maleimide ligand ligands by | availability
(nm) molecules/NP number/NP qPAINT (%)
PLGA-PEG-Mal. 64 +/- 12 307 25 77 6 8
10% (PEGS5k)
PLGA-PEG-Mal. 64+/- 15 612 21 129 8 6
20% (PEG5k)
PLGA-PEG-Mal. 65 +/- 23 962 31 293 9 2
30% (PEG5k)
PLGA-PEG-Mal. 77 +/- 25 529 38 203 42 21
10% (PEG1k)
PLGA-PEG-Mal. 76 +/- 25 1025 35 359 54 15
20% (PEG1k)
PLGA-PEG-Mal. 78 +/- 29 1630 70 1141 54 5
30% (PEG1k)

For calculations of theoretical maleimide molecules/NP, CE%, theoretical ligand humber/NP and
ligand availability (%) see Material and Methods in Chapter 1.
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Figure A1.3. (a) Normalized frequency histograms of DNA-PAINT localizations for PLGA-PEG
(PEG1x) NPs with varying maleimide contents (10, 20, 30%) after conjugation to functional ligands
(docking strands) and imaging with imager strand 3 (correct pairing). (b) Normalized frequency
histograms of DNA-PAINT localizations for PLGA-PEG (PEG1) NPs with varying maleimide contents
(10, 20, 30%) after conjugation to functional ligands (docking strands) and imaging with imager strand
3 (non-complementary pairing). Bin width=40 nm. The number of nanoparticles analyzed (N), the
median and mean number of localizations are also shown. The data were analyzed using MATLAB

Software.
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Appendix 2

This appendix provides supplementary information to Chapter 2 of this thesis. It
includes extra graphical description of the CLEM protocol, nanoparticle
characterization, DNA-PAINT controls, gPAINT calibration on TEM grid and extra data
analysis.
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Figure A2.1 Complementary schematic information for the super-resCLEM protocol described in
Figure 1 and in Materials and Methods. Briefly, the carbon-coated copper TEM grid is treated with
UV-glow discharge for 30s to improve the attachment of nanoparticles to the surface. The grid is
immediately placed with the NP side on a 40 uL drop containing nanopatrticle solution 10mg/mL (x5
diluted in MilliQ water) for 15 min. Then the grid is washed through the Imager Buffer solution (Imager
strand in Buffer B). The grid is sandwiched between a coverslip and a microscopy slide with the NP
side facing the coverslip. To prevent imager evaporation, the sides are sealed off using nail varnish.
DNA-PAINT imaging then follows. After, nail varnish is gently removed from the chamber using
acetone and tissue paper, then the chamber is placed inside a petri dish containing MilliQ water, and
the coverslip is gently wiggled around until it detaches from the microscopy slide and is picked up
with a tweezer. It is important to do this step carefully to prevent ripping of the carbon film on the grid.
Then, the grid is placed in MilliQ water drops to remove buffers, for 1 min then 30 sec, then for 1 min
in uranyl acetate (UA) 2% for negative staining. Excess UA 2% is removed by tapping it on Whatman
filter paper. The grid is then left in a desiccator overnight to try. The final step is imaging by TEM,
followed by correlation.

Nanoparticle characterization

Table A2.1 Analysis of the hydrodynamic radius (diameter nm) and polydispersity index (Pdl) by
Dynamic Light Scattering at 25°C in milliQ water pH 7.0 for PLGA-PEG nanoparticles with 5% and
30% maleimide content and their respective controls, (a) before conjugation, (b) immediately after
conjugation and (c) 7 days after conjugation with thiol-DNA oligonucleotides. The diameter is from
intensity distributions. The standard deviation (+/-) for 3 repeats is given.

a)
Formulation Diameter (nm) Pdl
PLGA-PEG 5% Maleimide control 111.1 +/- 0.5 0.104 +/- 0.028
PLGA-PEG 5% Maleimide 142.7 +/- 3.6 0.101 +/- 0.022
PLGA-PEG 30% Maleimide control 123.0 +/- 2.1 0.197 +/- 0.031
PLGA-PEG 30% Maleimide 161.4 +/-9.7 0.157 +/- 0.056
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b)
Formulation Diameter Pdl
(nm)
PLGA-PEG 5% Maleimide control 113.0 +/- 0.8 0.130 +/- 0.037
PLGA-PEG 5% Maleimide 156.5 +/- 2.7 0.076 +/- 0.012
PLGA-PEG 30% Maleimide control 120.9 +/- 1.6 0.142 +/- 0.031
PLGA-PEG 30% Maleimide 156.9 +/-4.9 0.157 +/- 0.056
C=
Formulation Diameter Pdl
(nm)
PLGA-PEG 5% Maleimide control 113.6 +/- 2.5 0.133 +/- 0.023
PLGA-PEG 5% Maleimide 148.3 +/- 2.9 0.130 +/- 0.047
PLGA-PEG 30% Maleimide control 1243 +/-1.9 0.095 +/- 0.038
PLGA-PEG 30% Maleimide 158.8 +/- 1.6 0.090 +/- 0.034
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Figure A2.2 Analysis of zeta potential (ZP, mV) by Dynamic Light Scattering (DLS) using a Zetasizer
Nano ZS (Malvern Panalytical) at 25°C in milliQ water pH 7.0 of PLGA-PEG nanoparticles with 5%
and 30% maleimide content and their respective control formulations, before conjugation (pre-
conjugation), immediately after conjugation (post-conjugation) and 7 days after conjugation (7 days
post-conj.) with thiol-DNA oligonucleotides. The error bars are the standard deviation for 3

measurement repeats.
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Figure A2.3 Distributions of NP diameter obtained by DNA-PAINT imaging of PLGA-PEG NP with
5% and 30% maleimide content conjugated to thiol-oligonucleotides. The x,y,t coordinates were

analyzed by a mean-shift cluster MATLAB algorithm (bandwidth=50, minimum points=20, maximum
particle diameter=160).
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Figure A2.4 (a) Normalized frequency histograms of DNA-PAINT localizations for PLGA-PEG
nanoparticles with 5% (left) and 30% maleimide (right) contents conjugated to thiol-oligonucleotides
after imaging with the correct complementary Imager strand 1. The number of nanoparticles analyzed
(N), the median and mean number of localizations are also shown. (b) Normalized frequency
histograms of DNA-PAINT localizations for PLGA-PEG nanopatrticles with 5% (left) and 30% (right)
maleimide contents conjugated to thiol-oligonucleotides after imaging with the non-complementary
Imager strand 3. The number of nanoparticles analyzed (N), the median and mean number of
localizations are also shown. The x,y,t coordinates were analyzed by a mean-shift cluster MATLAB
algorithm (bandwidth=50, minimum points=20, maximum particle diameter=160).
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qPAINT calibration on grid and glass

For the calibration experiment, PLGA-PEG 1% maleimide NP were conjugated to thiol-
docking strands 1 at a 1:1 molar ratio under the usual conditions and imaged with 10
nM and 20 nM imager 1 in Buffer B for glass and grid samples, respectively.
Experiments were carried out according to a previously published protocol by our
group'8, with some differences. Briefly, under TIR conditions using a 647 nm laser
(~30 mW) 40% power for the excitation of imager strands; emission was detected in a
256 x 256-pixel region of the camera for 20 000 frames at a rate of 10 Hz (camera
exposure time 100 ms); a 561 nm laser (~3 mW) power 2% was used for Dil excitation;
one frame in the 561 channel was collected every 100 frames in the 647 channel. The
time for acquisition of one image was roughly 30 min; temperature was controlled at
25°C. Firstly, the localization clusters from the fiducial 561 channel were identified
using a mean-shift clustering algorithm. These clusters were used to identify the center
of each individual NP, with an uncertainty of a few tens of nm from the center of the
NP. Another filter was used allowing the user to select parameters to filter out
noise/aggregates/elongated shapes. Then, the localizations from the 647 channel
found within a distance of 120 nm from the center of the NP were detected, and then
the number and x,y,t coordinates of the localizations and diameter were calculated for
each NP. Using a gPAINT algorithm, a binary intensity time trace was reconstructed
for each NP, designating a value of O to the frames without localizations and a value
of 1 to the frames with 1 localization. Individual CDF were assigned per NP from
individual dark times (corresponding to consecutive 0 values in the time trace), fitted
with an exponential model y(t) = 1 = Ae """, qPAINT uses kinetic information based on
the mean dark time (14+) between binding events to quantify accessible ligands, which
is associated to the number of ligands (n) through the equation n = (konciTe+)™!. This
requires a calibration to calculate the second-order association rate of the docking
strand-imager strand pair (kon). Using PLGA-PEG 1% maleimide NP conjugated to
thiol-docking strands at a known imager concentration (ci) in Buffer B, we calculated
the kon for the binding kinetics of a single docking strand to be 2.3 x 106 M~" s for
glass measurements and 8.8 x 10° M~" s™" for grid measurements.
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Figure A2.5 qPAINT calibration for glass and grid experiments. (a) Representative PLGA-PEG NP
used for the qPAINT calibration on the glass. (b) Corresponding cumulative distribution function
(CDF) of individual dark times obtained for the calibration NP (grey circles) and calculated kON value
for glass measurements. (c) Representative PLGA-PEG NP used for the qPAINT calibration on the
TEM grid. (d) Corresponding cumulative distribution function (CDF) of individual dark times obtained
for the calibration NP (grey circles) and calculated kON value for TEM grid measurements. The
representative NP images are loaded with a single available thiol-docking strand. DNA-PAINT
localizations are seen in red and Dil in green. The red circle depicts the selected diameter for a true
particle (100 nm) and the numbers 233 and 65 are the identifier numbers of the NPs, as analyzed by
MATLAB.
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Figure A2.6 Distribution analysis of number of localizations per NP for PLGA-PEG NP with varying
maleimide content, as analyzed by DNA-PAINT. A) Distributions for number of localizations per
PLGA-PEG NP with 5% and 30% maleimide content, indicating the interquartile range, median, mean
and outliers. B) The coefficient of variation (CV) of number of localizations per NP with maleimide
content. CV is calculated as CV= o/(n), where o is standard deviation and (7) is the mean number of
localizations per NP. Data used for analysis is the same as data found in Fig. 2B and Fig. 2C.
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Figure A2.7 Extra statistical analysis corresponding to data and fitting model in Figures 4C and 4F.
Note the fitting has been restricted to 50-120 nm diameters.

Cysteine assay protocol and calculation

Briefly, the NP were conjugated with x5 molar excess of L-Cysteine (Sigma Aldrich,
MW=175.63 g/mol) compared to maleimide content, for 2h in PBS and at room
temperature under spinning conditions. The control NP followed the same protocol.
After conjugation, the NP solution was spun down via centrifugation using a bench-top
centrifuge (Eppendorf Microcentrifuge 5415 R Sigma-Aldrich) for 20 min at 16.1 x g
(rcf) at 20°C leading to a NP pellet formation. The supernatant was collected, and the
process was repeated for 2 times more until no pellet was observed. The negative
control consisted of PLGA-PEG NP (no maleimide) undergoing the conjugation
process and centrifugation steps identically to the test NP. The final supernatant
solutions were analyzed using Ellman’s test as per manufacturer’s instructions?°,
Each sample was then analyzed using a NanoDrop Spectrophotometer at 412 nm and
using the molar extinction coefficient of TNB (14,150 M-'cm-'). The conjugation
efficiency was calculated as per Equation 2 in Materials and Methods.

Table A2.2 Conjugation efficiency (CE%) of PLGA-PEG NP formulations with 5% and 30%
maleimide content after conjugation with L-Cysteine, as a way of studying maleimide availability.

Formulation Cysteine conjugation
efficiency (%)

PLGA-PEG 5% Maleimide 67

PLGA-PEG 30% Maleimide 65
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Appendix 3

This Appendix provides supportive information for the results described in Chapter 3
of this thesis.

164



Appendix 3

A)

Cell seeding on cell culture plate and NP incubation

1. Epoxy resin |

]
3. Lowicryl| HM20 resin

| Fixation:4% PFA+0.5% GA25 min |

2. LR white acrylic resin
Fixation: 4% PFA+0.5% GA1h4°C |

[ Reduction: 0.1% NaBH, 10 min |

| Cell scraping & centrifuge in PB* |
I

Fixation &

\ :0.6% 0s0,7 min_|
| Reduction®: 1.5% CoFeK,Ng 10 min |
\
\
\

Wash®: miliQ 10 min |

Wash*: TRIS 02MpHE 10 min |
Stain": 1% UAIn TRIS

| Wash*: miliQ 10 min (x‘fs). PB 10 min (x1) |

Dehydration (in miliQ)*: EtOH 60, 75, 95%
5 min each, then 100% 10 min (x2)

10min |

Dehydration (in miliQ)*: 1% PTAin 50%
EtOH 15 min, 70% EtOH 15 min, 90% then
100% EtOH 10 min each

1h each (x2), then 100% resin overnight

Resin infiltration: 1:1 resin:EtOH overnight,
then 100% resin 2h, then 1h at 60°C

T
Resin infiltration: 1:3, 1:1, 3:1 resin:EtOH ‘

Resin infiltration: 100% resin + catalyser
2h (x2), then 72h at 60°C

Fixation:
2% PFA+0.1% GA30 minin 0.1 M PHEM
4% PFA+0.1% GA30 minin 0.1 M PHEM

|

Cell scraping & centrifuge in 2% PFAin
0.1 M PHEM*

|

High pressure freezing

Freeze substitution
0.1% UA in acetone: -140 to -45°C (102 h)
Acetone: 45°C (4 h)
3 acetone/1 resin: -45°C (24 h)
2 acetone/2 resin: -45°C (8 h)
1 acetone/3 resin: -45°C (24 h)
Resin: -45°C (24 h)
Resin: -45°C (24 h) + UV
Resin: -45 to 22°C (14 h 24 min) + UV
Resin: 22°C (48 h) + UV

Cuﬂmg of 70-100 nm thick sections

‘ Contrasting: 2% UA in 50% EtOH 10 min, ‘

then Reynold’s 5 min

B)

Flgure A3.1. Summary of CLEM protocols attempted and resulting TEM morphology. A)

| Contrasting: 2% UA in milig 30 min, then Reynold’s 1 min ]

Methodology used for 1. an epoxy resin protocol (Embed-812; Electron Microscopy Sciences), 2. a
LR white acrylic resin (medium viscosity, catalyzed; Agar Scientific) and 3. a lowicryl HM20 resin
(Electron Microscopy Sciences). Unless stated otherwise, the steps were carried out at RT. * denotes
a centrifugation step at 2500 rpom at RT. (Eppendorf 5804 R). B) TEM image of cell ultrastructure
using the epoxy resin protocol; structure seems damaged with many empty cytoplasmic spaces
(scale bar = 5 um. C) TEM image of cellular ultrastructure using the LR white acrylic resin protocol;
structure is better preserved than with the latter resin, but organelles are not easily distinguishable
(scale bar = 2 um). D) TEM image of cellular ultrastructure using lowicryl HM20 resin; structure is
well preserved with organelles clearly distinguishable (scale bar = 2 um).
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NP analysis:

A) B)
150+ - N=520
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Figure A3.2. TEM characterization of PLGA-PEG NPs.

For negative staining, a 200-mesh carbon-layered copper grid was treated with UV-
glow discharge (BAL-TEC CTA 005 Glow Discharge Unit) for 1 min to improve
attachment. Using a fine tweezer, the grid was placed on top of a ~ 40 uL drop of NP
solution 1mg/mL for 2 min. The grid was then washed to remove buffer salts using
milliQ water drops for 1 min then 30 sec, then negatively stained using filtered uranyl
acetate 2% (UA 2%, in milliQ water) for 1 min. Excess UA was removed by tapping the
edge of the grid on Whatman filter paper. The grid was then allowed to dry overnight
in a desiccator before TEM imaging.

Size Distribution by Intensity

Intensity (Percent)
>

1000 10000
Size (d.nm)

Record 1: piga peg 1 Record 2: piga peg 2 Record 3: plga peg 3|

Zeta average
(nm) STDEV Pdl STDEV_|ZP (mV)| STDEV
PLGA-PEG
30 uM Dil 100 (+/-)0.6 | 0.089 [(+-)0.009] -20 [(+/-)0.3

Figure A3.3. DLS characterization of PLGA-PEG NPs. Analysis of the hydrodynamic radius (Zeta
average nm) by intensity and polydispersity index (Pdl) using Dynamic Light Scattering (DLS) at 25°C
in milliQ water pH 7.0. Analysis of zeta potential (ZP, Mv) using a Zetasizer Nano ZS (Malvern
Panalytical) at 25°C in milliQ water pH 7.0. Measurements were taken the following day after
formulation. The standard deviation (STDEV) is for 3 measurement repeats.
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Figure A3.4. Fluorescence signal after mild fixation, HPF and FS in preparation for STORM-TEM
protocol on 70-100 nm thin sections for A) HeLa cells incubated with PLGA-PEG Dil loaded NPs for
8 h and for B) Hel a cells without any NP incubation. Left panel is of nuclei, middle panel is the low-
resolution signal of NPs and right panel is the respective STORM image. Contrast for middle and
right panels was kept the same. No significant background fluorescence was detected. Scale bars =
5 um.
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A) Error map

B) TEM C) Low-resolution D) STORM
a5 e e

Figure A3.5. The error map resulting from the correlation of a FM/STORM image with a TEM image
as calculated by the open source ec-CLEM (ICY) software. Color gradient indicates an error of 51.64
nm in the center of the image to 159.98 nm on the extremities of the image. Tetraspeck fiducial
markers were used for the correlation, as they are visible in TEM (B) and in FM (C)/STORM(D).
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Extra CLEM images:
1h

-

Figure A3.6. CLEM (dSTORM-TEM) images of PLGA-EG NPs incubated with HeLa cells for 1 h.
Left panels are dSTORM images, middle panels are TEM images of the same region, and the right
panels are the overlay of STORM and TEM images. Scale bars = 1 um
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Figure A3.7. CLEM (dSTORM-TEM) images of PLGA-PEG NPs incubated with HelLa cells for 8 h.
A pulse-chase was done after 4 h of incubation. Left panels are dSTORM images, middle panels are
TEM images of the same region, and the right panels are the overlay of ASTORM and TEM images.
Scale bars = 1 um
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24 h

- '};: {; ~ ' o ] 4 . E 3
Figure A3.8 CLEM (dSTORM-TEM) images of PLGA-PEG NPs incubated with HelLa cells for 24 h.
A pulse-chase was done after 4 h of incubation. Left panels are dSTORM images, middle panels are

TEM images of the same region, and the right panels are the overlay of ASTORM and TEM images.
Scale bars = 1 um
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Figure A3.9. CLEM (dSTORM-TEM) images of PLGA-PEG NPs on the surface or outside of HelLa
cells, after incubation at different time points (1 h, 8 h and 24 h). dSTORM NP signal is observed in
green. At 1 h, many NPs can be observed on the surface of cells, followed by less at 8 h, with 24 h
showing the lowest number. White arrows are used to direct the reader to extracellular NPs that are
not easily visible. Scale bars = 1 ym.
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¥
Figure A3.10. CLEM (dSTORM-TEM) images of Hela cells incubated with 100 uM chloroquine for
4 h, followed by a 4 h pulse and a 4 h chase incubation with PLGA-PEG Dil loaded NPs. Left panels
are STORM images, middle panels are TEM images of the same region, and the right panels are the
overlay of ASTORM and TEM images. Scale bars = 1 um.
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Appendix 4

This appendix provides supplementary information to Chapter 4 of this thesis. It
includes extra low-resolution FM-TEM correlative images.
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Flgure A4 1. TEM (left panels), low resolution FM (middle panels) and correlative low-resolution FM-
TEM images (right panel) of A) RH-pDNA polyplex and B) R-pDNA polyplex at 2 h incubation time
with A549 cells. Green signal depicts pDNA and red signal pBAE polymer. White arrows point to
polyplexes found within endo-lysosomal compartments. Scale bars = 1 um.
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Figure A4 2. TEM (left panels), Iow resolution FM (middle panels) and correlative low-resolution FM-
TEM images (right panel) of A) RH-pDNA polyplex and B) R-pDNA polyplex at 6 h incubation time
with A549 cells. Green signal depicts pDNA and red signal pBAE polymer. White arrows point to
polyplexes found within endo-lysosomal compartments. Scale bars = 2 um.
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This chapter reproduces almost literally the article Andrian T., Riera R., Pujals S.,
Albertazzi L. Nanoscopy for endosomal escape quantification. Nanoscale Adv.
2021;3(1):10-23. As an author in this paper, | contributed to the overall organization,
literature research, figure preparation and manuscript writing, together with Riera R.
Pujals S and Albertazzi L contributed with providing periodic feedback and review for
the manuscript.

Abstract: The successful delivery of nanoparticles is hampered by their endosomal
entrapment and degradation. To push forward the smart development of nanopatrticles
we must reliably detect and quantify their endosomal escape process. However, the
current methods employed are not quantitative enough at the nanoscale to achieve
this. Nanoscopy is a rapidly evolving field that has developed a diverse set of powerful
techniques in the last two decades, opening the door to explore nanomedicine with an
unprecedented resolution and specificity. The understanding of key steps in the drug
delivery process — such as endosomal escape — would benefit greatly from the
implementation of the most recent advances in microscopy. In this review, we provide
the latest insights into endosomal escape of nanopatrticles obtained by nanoscopy, and
we discuss the features that would allow these techniques to make a great impact in
the field.
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Introduction

Using nanoparticles (NP) to deliver drugs to cells (nanomedicine) was foreseen to be
a true game-changer of the 215t century in improving the prevention, diagnosis and
therapy of various therapeutic areas 5%-373-377, The potential of these nanosized carriers
in pharmaceutical applications has been envisioned since the 1970’s to improve the
delivery of therapeutic and imaging agents to specific target sites 378382 The
remarkable interest in NP is attributed to the plethora of physical and biological
advantages they offer in comparison to conventional medicines, such as: improved
efficacy and safety, enhanced solubility and pharmacokinetic profile, and increased
target selectivity 621,383,384,

Although various NP formulations have been marketed '8, achieving efficient
intracellular delivery still remains a significant challenge 143-145294.295_ Qne of the main
culprits is that the majority of NP — once taken up via endocytosis — are unavoidably
distributed to endocytic vesicles. These acidic organelles can degrade the carrier-drug
ensemble, reducing its bioavailability in the intracellular environment 47:386_ Within
these vesicles, the pH gradually drops from neutral to acidic because of membrane-
incorporated vacuolar-type ATPases. The cargo is first brought into the early
endosome (pH ~ 6.3); this matures into a late endosome (pH ~ 5.5); then finally the
late endosome fuses with the lysosome and the cargo is degraded by hydrolytic
enzymes present in the acidic milieu (pH 5-4.5). The recycling endosome may direct
some cargo back to the cell surface, whilst the majority remains entrapped in the endo-
lysosomal pathway, where they are degraded #5387 (Fig. 1). Endosomal entrapment
thus represents one of the main bottlenecks in using NP systems for gene therapy
138,139,145,149 and proteins or small molecular drugs for the treatment of a variety of
diseases 140—142,145_

o Nanoparticles

Endocytosis

Endosomal
0 escape
ﬁ Y )
Early/late 0 0) 0
endosomes ST o
\ pH 6.3-5.5 (‘ v
Lysosomes Nucleus
pH 5-4.5

Figure 1. Scheme of the route followed by nanoparticles inside the cell. They are first internalized by
endocytosis into early endosomes, where they are trafficked through the endolysosomal pathway
and ultimately degraded in the lysosomes. Nanoparticles escaped from endosomes to avoid
degradation and deliver their cargo into the cytoplasm.
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Mechanisms through which NP — and more importantly the therapeutic cargo — can
escape these degrading vesicles have become the subject of intense research over
the past decades 122145147295 |ngpired by the innate ability of bacterial toxins and
viruses to escape endosomal vesicles, various hypothetical endosomal escape
mechanisms have been proposed and reviewed in literature, such as: the “proton
sponge” effect, membrane fusion, pore formation, membrane disruption, and vesicle
budding and collapse 122.147:149.152,388-390 Numerous strategies to enhance the escape
of NP have also been suggested, including: endosomal buffering agents, membrane
fusogenic peptides, lysosomotropic chemical agents 14%150.386,391-397 " morphological-

dependent changes 3% or external stimuli such as photochemical internalization (PCI)
399,400

It is crucial to note that the endosomal escape hypotheses suffer from many
inconsistencies. For example, the “proton sponge” hypothesis - based on the buffering
capacity of polycations, that are suggested to cause an increase in lysosomal pH - has
been heavily disputed in literature 348401 As a result, the mechanism of action of these
formulation strategies are generally unknown. This is limiting the development of NP
with efficient endosomal escape, and it is further worsened by the absence of effective
methods to detect — and more crucially to quantify — this process. Consequently, it is
challenging to determine which strategies are efficient in improving the escape ability
of NP, hindering the development of successful formulations. Additionally, the lack of
standardized methods leads to poor comparisons between different endosomal
escape studies, leading to contradicting and inconclusive results 348401405,

Standard methods used to assess endosomal escape commonly employ fluorescence
microscopy, flow cytometry or mass spectrometry. However, florescence microscopy
cannot be used alone to quantify the total number of particles inside cells, as this
requires cumbersome calibration of the fluorescence signal, and lacks the resolution
to quantify individual NP below 250 nm. Flow cytometry measures relative
fluorescence intensity rather than individual NP, and mass spectrometry leads to loss
of spatial information 4%, Readers are directed to other available reviews for
information on these techniques and how they may compare with nanoscopy methods
147,151,152,185  Studying endosomal escape brings alongside certain challenges: it is a
fast process, rare and occurs in the nanoscale. All these techniques have limited
spatial resolution, are often poorly quantitative and fail to provide information on
endosomal escape at the nanoscale and quantitative level, or with high molecular
specificity within the cellular biological environment. Therefore, new, and improved
techniques are necessary for quantification of NP-cell interactions to allow comparison
and integration of data and push forward the smart development of NP.

Here we highlight the most prominent nanoscopy techniques and discuss the features
that overcome the limitations of standard methods. We briefly emphasize on how they
can be used for quantification of endosomal escape, and we provide a short
perspective on how these techniques can help us gain more insight into the process
of NP endosomal escape, leading to the development of more effective formulations.
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Discussion

As previously highlighted, endosomal escape is a process that is fast, rare and at the
nanoscale. Here we briefly discuss the pros and cos of various nanoscopy techniques
that can be used to quantitatively study this process. For a summary of the techniques
discussed see Table 1, and for extra information on how quantification can be achieved
using these techniques, see Table 2. We put emphasis on the power of electron
microscopy (EM), super-resolution microscopy (SRM) and correlative imaging to
answer sought-after questions regarding NP endosomal escape, and ultimately on
improving the development of NP with efficient therapeutic cytosolic delivery.

Table 1. Comparison of the selected characteristics of the nanoscopy techniques and confocal
microscopy. Bold indicates the best and italics the worst in each category.

Resolution Live-cell Temporal Overall simplicity
Technique Xy Resolution Z imaging  Multi-colour resolution Quantification  of technique

Confocal ~200 nm ~400 nm Yes Yes (3 colours) ms-s Worst Simple
microscopy

EM ~1 nm NA No No ms Good Complex

SMLM ~20 nm ~80 nm No® Yes (2-124 colours) min Good Complex

STED ~50 nm ~150 nm Yes Yes (3 colours) s Good Simple

SIM ~100 nm ~300 nm Yes Yes (3 colours) ms-s Bad Simple

CLEM ~1nm (EM) Dependenton No Dependent on LM technique  Dependent on  Best Very complex
LM technique LM technique

“ SMLM does not allow live cell imaging in most cases, but there are few examples.**

Electron Microscopy and Cryo-Electron Microscopy

With a near atomic resolution %7, EM is an irreplaceable tool in studying the physio-
chemical properties of NP and quantifying their voyage through the endo-lysosomal
pathway 141,192,194,195,203,391,408-420 EM can even detect a low number (few hundreds) of
single nanoparticles escaping endosomal structures, and since it is a label-free
method, it will localise and quantify NP generally untraceable by standard light
microscopy methods. TEM was demonstrated to quantify approximately 150-times
more NP/cell compared to NP events/cell using a confocal laser scanning microscope
204 EM allows direct visualisation and quantification of NP and endosomal
compartments and can distinguish between
intracellular/extracellular/intramembranous NP, both in 2D and 3D (Table 2).
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Table 2. Overview of different types of quantification methods and how these can be achieved using
nanoscopy and confocal microscopy, including information on throughput and disadvantages of the

methods.

Technique Quantification Quantification process Throughput Disadvantages
“Confocal Co-localization NP endosomal vesicles are Fairly good throughput - (ie. -Limited resolution
tagged with different a few cells, tens of lysosomes <Cannot resolve individual
fluorophores and average and tens of NP clusters) NPs
fluorescence intensity is -Localization precision is
calenlated [eg. using Image] affected by resolution
- Calor2{JACoP). Co-
Iocalization caleulated using
Mander's/Pearson’s
correlation cocfficients™ "
Particle tracking The total number of particles Invisible particles (Le due
and endosome co-localized to bleaching of fluorophores
NPs is tracked and counted or de-coupling of fluorescent
with particle tracking dyes)
software. As NPs cannot be -Number of particles is
individually detected, underestimated
particle events are calculated “Choice of fluorophore can
instead, whereby a single NP influence results (eg pH
event likely corresponds to sensitive dyes can have
one vesicle containing reduced signals in acidic
Npg'tH vesicles)
“Fluorescence must be
quantified in relation to
a control to account for
fluoraphore instability
EM Direct visualization and The ratio between NPs found Low throughput - (Le. one -Complicated sample

quantification

Serial sectioning or electron
tomography

Stereological image analysis

in the cytosol and
endosomes is
mlcujatcdl-llﬂ.lﬂJ. 155

Can distinguish between
intracellularjextracellular/
intramembranous
nanoparticles

Imaging in 3D of sequential
sample sections. Location,
size, and the number of
wesicles as well as NPs can be
calenlated in whale 3D
M";II.I.‘}

Using the relative particle
distribution within cells
(RDM). Tests if NPs are
localizing randomly or
specifically within cellular
compartments. The particle
density of each
compartment is calculated
by relating the number of
particle events in the specific
compartment to the
fractional volume of the
compartment™*

Correlating the total number
of intracellular particles of

a sample with the total cell
number of that sample.
Using the fractionator
principle®****

The density of intracellular
particles is multiplied by the
average cell volume to
calenlate the average
number of NPs per cell™
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cell, tens of NPs and a few
endosomes per field of view)

preparation

-Generally, samples are fived
and sectioned (e no living
cells)

-Difficulty in distinguishing
different intracellular
vesicles

-Particles must be smaller
than the section thickness
[~150 nm)

-Quantification from 3D
reconstructions is difficult

“Restricted to samples with
adequate atomic contrast
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Table 2. continued.

Technigue

Quantification

Quantification process

Throughput

Disadvantages

SMLM

STEDYSIM

CLEM

Spatial analysis and
clustering

Maolecule counting

Stability of NPs and vesicles

Size and shape of NPs

Co-localization

Combination of FM and EM
techniques

Single-molecule localization
microscopy techniques
produce point cloud data as
a result of multiple
localizations in time. These
data ean be analyzed to
identify objects, and
determine densities or
spatial correlations™
Single-miolecule localization
microscopy techniques are
based on the identification
of individual molecules.
Therefore, it is possible to
quantify the exact number of
molecules on a specific
area. "' For example, the
ligands or proteins on the
surface of

a nanoparticle
The increased resolution
and precise molecule
counting of super-resolution
microscopy allow the
determination of the
stability of small objects
such as nanoparticles and
vesicles. It is possible to
establish their shape™ and
observe the degradation in
tme™

The improved resolution of
these techniques allows the
measurements of the size
and shape of smaller objects
compared to confocal
microscopy'® 144
Standard colocalization
cocfficient calculations are
also applied for these
techniques, although better
resolution yields more
precise results™™

Generally, fluorescence
microscopy is carried out
prior to EM. Images can be
manually aligned using
plugins such as eC-CLEM.
Quantification can be
achieved either via EM or
FM, or both. "™ Detection
of ‘invisible particles' in
light microscopy is possible
with CLEM, as wcll as
compartment-specific
quantification

161,162

Intermediate - low
throughput. The field of view
may vary from one to few
cells. The imaging time
would greatly depend on the
specific technique used
(seconds to minutes)

Good throughput - imaging
times in the millisecond-
second range

Low throughput - still
limited by EM

“ Quantification is not absolute (not at a single particle level) due to the resolution of the microscope.

184

-In some cases, there are
undesired non-specific
interactions or background
noise

-High amount of data that
can make the quantification
process slow

-No single-molecule
quantification

-Complex and time-
consuming sample
preparation

-NPs must be detectable
using both light and electron
microscopes

-Alignment mismatch can
affect correlation
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As a pioneering example, Gilleron et al. 3! achieved one of the most promising semi-
automatic approaches using TEM, quantifying the amount of siRNA-conjugated
colloidal gold NP escaping from various endo-lysosomal compartments (Fig. 2A, top
left). The authors developed a gold detection software that automatically detects and
quantifies the total number of gold NP in each image, based on the threshold intensity
of gold. Using this, they quantified the ratio of siRNA-gold within the endosomes and
in the cytosol to calculate endosomal escape and found that only <2% of siRNA-gold
escaped the endosomes in Hela cells. Furthermore, using distinct mathematical
models in combination with a pharmacological blockade of endosomal progression,
they observed that release occurs mainly from the early endosome. Additionally,
developments in staining methods such as photoconversion of diaminobenzene (DAB)
— that allows the conversion of a fluorescent dye into an electron-dense signal - in
combination with immunoelectron microscopy demonstrate that EM can be used to
examine the interactions of NP with cellular organelles and to detect if they are intact
or degraded after endo-lysosomal breakdown 421422,
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B. Super-Resolution Microscopy

STORM Sim

Figure 2. Nanoscopy techniques used to study and/or quantify endo-lysosomal trafficking of
nanoparticles. (A) EM techniques including TEM (upper left)'4°, EFTEM (lower left)*?° and Cryo-ET
(right)*'® can be used to track and quantify nanoparticles in intracellular vesicles. Adapted with
permission from ref. 149 Copyright © 2013 Nature America, Inc., from ref. 420 © 2019 American
Chemical Society and from ref. “1¢ Copyright © Azubel et al. eLife. (B) Super-resolution microscopy
has been used to image nanoparticles bursting out of endosomes with STORM (left)?*® and SIM
(right)*2® Adapted with permission from ref. 299 and 423 Copyright 2018 American Chemical Society.
(C) Correlative imaging combines different microscopic techniques such as CLSM and 3D TEM
tomography (left)*?° or C-CARS and EM (right)*'” and offers spatiotemporal localization of labelled
NPs and biomolecules with high specificity and sensitivity at a highly subcellular level. Adapted with
permission from ref. 420 Copyright © 2019 American Chemical Society and from ref. 417 Copyright
© 2018 The Authors. Biotechnology Journal Published by Wiley-VCH Verlag GmbH & Co. KGaA.
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One of the limitations of conventional EM is that the image acquired corresponds to a
distorted, dehydrated form of the natural specimen, due to the need for drying, staining
or plastic embedding the sample. Using cryo-EM, the specimen exists in a near-native
frozen-hydrated state, maintaining the structures of interest as they would be in
solution 424425, However, up to date, the only paper exploiting cryo-EM to study the
trafficking of NP within the endosomal pathway (albeit indirectly) is by Azubel et al. 416
who employed cryo-electron tomography (cryo-ET) to study the endosomal trafficking
of fibroblast growth factor 21 tagged to gold NP (AuNP-FGF21) (Fig. 2A, right). By
using 3D tomographic reconstruction, they were able to unequivocally identify gold NP
inside/outside various cellular structures including endosomes. Although the authors
did not focus on quantifying the gold NP, this technique has great potential to quantify
the endosomal escape of various inorganic NP, as well as that of different
proteinaceous ligands/protein-based cargo at a single-particle level and with great
localisation precision.

Indisputably, EM is an irreplaceable asset in the visualization and quantification of NP
endosomal escape. However, it can only be used on fixed or frozen samples and it is
inappropriate for studying dynamic changes. Cellular samples must be cut into <200
nm thin sections and exposed to various staining and washing steps that can lead to
the loss of NP 426, Also, at the expense of high resolution, only a small field of view (a
few endosomes and a few tens of NP) can be analysed at one time, making this a low-
throughput technique. Lastly, TEM has reduced molecular specificity, thus makes it

difficult to distinguish between different types of vesicles within the endosomal pathway
194

Super-resolution Microscopy or Optical Nanoscopy

In the history of light microscopy, better lenses were used to improve resolution by
focusing more light onto the sample, such as the pinhole in confocal microscopy 4%’
However, Abbe s diffraction’s law 4?2 determines that the ultimate resolution of any light
microscope is limited to 200-350 nm due to light diffraction. The advent of SRM 42°
allows to overcome this limitation combining the advantages of fluorescent microscopy
with nanometric resolutions. The specific labelling of proteins, multicolor ability and
live-cell imaging at subcellular resolutions transformed this method into a new powerful
tool to study endosome escaping.

i) Single-Molecule Localization Microscopy (STORM, PALM and PAINT)

Single-molecule localization microscopy (SMLM) is a group of fluorescent SRM
techniques based on the localization of single molecules with resolutions down to tens
of nanometres. It was in 2006 when SMLM was introduced bringing in the idea of
stochastically having only a sparse subset of the fluorophores ‘on’ at a time and
repeating the process until the whole sample is analysed '84430-433  Superimposing
those sparse single-molecule images we can reconstruct the initial image at a higher
resolution. The difference between the various techniques relies on how they cause
the fluorophores to switch between ‘on’ and ‘off states. Stochastic optical
reconstruction microscopy (STORM) 432434 and photoactivated localization microscopy
(PALM) 431433 gre based on the photoswitching and photoactivation of organic dyes
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and fluorescent proteins respectively, meanwhile point accumulation for imaging in
nanoscale topography (PAINT) 184.435-437 js based on the binding and unbinding of free
diffusing fluorescent labelled probes to the target molecule.

The main advantages of these techniques are that they have an excellent resolution
(5-25nm) to visualize NP and intracellular vesicles, and they can offer a powerful
quantitative tool with single-molecule precision 438, i.e. molecular counting. Moreover,
they offer multicolor imaging, bringing in the possibility of labelling multiple subcellular
structures as well as delivery carriers at the same time. In particular PAINT, by multiple
rounds of imaging with different target probes 43643 or by kinetic fingerprinting the
binding interaction, has recently proven 124 color super-resolution imaging #4°. The
main disadvantage of SMLM techniques is that they also require long imaging times to
reconstruct the final image (few minutes to an hour), making them generally not
suitable for live cell imaging.

Recently, STORM has been applied to observe endosomal escape of siRNA
polyplexes 44! (Fig. 2B). In this study, they imaged polyplexes carrying siRNA in early
and late endosomes with 2-color STORM to direct visualize the rupture of endosomes
and the release of polyplexes. They first measured the size of polyplexes under
biological environments from 2D STORM images. Then, they observed the shape of
individual endosomes and polyplexes inside cells to establish how the endosomal
escape process was occurring. Finally, they combined 2-color STORM images to
determine the level of colocalization of polyplexes and endosomes by counting
individual polyplexes. In fact, STORM has also been used recently to study the
trafficking and stability of NP in cells 442444 This and other techniques have shown the
capability to image in 3D at the nanometric-scale resolution subcellular structures,
such as endosomes and lysosomes, opening the door to a deeper understanding of
endosomal escape #°.

i) Stimulated Emission Depletion (STED)

Stimulated emission depletion (STED) is a SRM technique initially proposed by Stefan
W. Hell in the 90s %46 and firstly applied on biological samples in 2000 44”. It works by
shrinking the focused excitation of a confocal by a second doughnut-shape laser. This
second beam depletes fluorescence and as a result only fluorescence from the centre
of the doughnut is collected. The main advantage of STED is that it offers diffraction
unlimited resolution at imaging speeds similar to a confocal — seconds — as well as 3D
and tissue imaging, as recently demonstrated by the imaging of NP internalization in
3D 448 and the crossing of the blood-brain barrier in brain tissue samples #4°. However,
to effectively deplete fluorophore emission with the circular shaped beam, it requires a
high intensity laser that may cause photodamage to cells 4%, although live-cell imaging
can be done at some extent 45",

STED nanoscopy has been applied in internalization and trafficking of NP 452454,
Specifically, Li Shang and co-workers investigated the internalization of transferrin NP
and measured the size of NP-loaded early endosomes with STED in live cells to
conclude that particles were clustered inside the vesicles 4°**. STED has not been used
up to date to study endosomal escape of NP, however, due to the multiple advantages
of this technique, we can foresee the potential of STED to contribute to this field.
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iii) ~ Structured lllumination Microscopy (SIM)

Structured illumination microscopy (SIM) is a SRM technique based on the Moiré
effect, in which the sample is illuminated with a known pattern in different orientations
and the resulting images can be deconvoluted into a higher resolution image 4%°. SIM
can achieve a resolution half of Abbe’s theoretical limit, around 100-150nm, as well as
fast imaging speed — below 1 second — and low light exposure to the sample compared
to other SRM methods. This makes it the ideal SRM method for live-cell imaging.

SIM has had a great impact in studying cell-NP interactions due to its fast imaging
speed, live-cell capabilities, and low restrictions on fluorophore selection. It has been
applied to investigate NP internalization 4%, trafficking 4%” — as well as shape 48 and
degradation 4% inside cells — and subcellular dynamic processes at few milliseconds
time resolution 469461 Focusing on endosomal escape, SIM has been recently used to
image the rupture of endosomes and the delivery of siRNA into the cytoplasm in breast
cancer cells 4?3 (Fig. 2B). Moreover, SIM has revealed that PEI polyplexes are found
close to the internal side of the membrane of lysosomes/late endosomes, rather than
a central position in the vesicle 462, These findings prove the potential of SIM to
investigate endosome-NP interactions in live cells, where an intermediate resolution is
sufficient.

Frontiers in Fluorescent Micro-/Nanoscopy

The field of microscopy is constantly evolving and releasing new tools to tackle the
challenges at the micro- and nanoscopic scales. Recent developments have proven to
be powerful techniques to study NP in the biological environment offering better
resolution and live-cell imaging features. Specifically, AiryScan 463 and RESOLFT 464
came into play to reduce photobleaching in confocal and STED microscopy
respectively, for improved live-cell imaging, dynamic studies and higher throughputs.
Moreover, recently developed MINFLUX (minimum photon fluxes) has achieved an
outstanding resolution of 1-3nm with low laser exposure in 3 dimensions 465466,

Dynamic Imaging

Endosomal trafficking and escape of NP not only occurs at the nanoscale, but it is also
a dynamic process. Some microscopy techniques can be combined with other tools to
further investigate dynamic processes, such as fluorescence resonance energy
transfer (FRET) 467469, fluorescence correlation spectroscopy (FCS) 479471 and single-
particle tracking (SPT) 472476 Interestingly, SPT has been extensively used to study
the co-localization and quantification of NP within endocytic vesicles 472477483 For
instance, Zahid et al. 47 used live-cell SPT in combination with multidimensional
analysis to characterize intracellular distributions of quantum dots (QDs) properties
and to quantify their endosomal escape. The knowledge provided by SPT data analysis
- especially when combined with other techniques - can be used to understand the
underlying biological mechanisms of what discriminates formulations that achieve
endosomal escape from those that cannot.
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Correlative Imaging

Various papers study the endosomal escape of NP using several independent
microscopic techniques 141:408:415.484.485 However, a correlative approach is more
desirable, as it bridges the advantages of two distinct techniques by imaging the
same region of interest and overlapping important information from the two methods.
Despite a much greater image interpretation confidence - that would not be possible
with either method individually 333 - there is a very low number of publications in the
area. This is probably related to the complex and cumbersome procedures required
for sample handling and image aligning 4.

Correlative light and electron microscopy (CLEM) are perhaps the most explored group
of correlated techniques. The combination allows spatiotemporal localization of
labelled biomolecules with high specificity and sensitivity (FM), and with (sub)-
nanometer resolution and precise subcellular localization of NP within the cell (EM). In
practice, quantification precision can be greatly improved using CLEM, as ‘invisible
particles’ (i.e. not labelled with a fluorescent dye/semi-transparent in TEM) can be
detected. Also, since it can be difficult to distinguish different endosomal
compartments based just on TEM morphology, correlation with fluorescently labelled
compartments in light microscopy can also improve NP localization precision.

Up to date, the only CLEM approach used to quantitatively study endo-lysosomal
tracking of NP has been developed by Han et al. 4?0 (Fig. 2c, left). Using confocal laser
scanning microscopy (CLSM) and 3D TEM tomography, they were able to demonstrate
the localization of fNDs within endosomes, lysosomes and autophagosomes. Using
the high-resolution TEM tomography results, they precisely quantified single fNDs
found in clusters within the endosomal vesicles. However, quantification of single fNDs
(not within clusters) was only possible at single-particle level by using EFTEM (energy
fitered TEM) as an additional method (Fig. 2A, bottom left). Furthermore, EFTEM
permitted autonomous TEM screening of the whole sample, demonstrating the
potential of this technique to precisely identify and quantify intracellular NP.

Haruta et al. 487 used the local surface plasmon resonance (LSPR) of gold NP as tags
for biological samples in CLEM. To alleviate the problem of the resolution mismatch of
several orders of magnitude between the two techniques, EM has also been correlated
with SRM. Fluorescent nanodiamonds (FNDs) have been studied at nanometer
resolution using STED-TEM 48 and integrated light and scanning EM 8. However, in
these examples NP have been used for correlative purposes rather than to quantify or
answer specific questions regarding intracellular trafficking. SRM-EM in fact offers a
powerful tool to quantify and track endosomal escape and research in this area would
benefit greatly the nanomedicine community.

A more distinct approach was achieved by Saarinen et al. 4’7 who used correlative
coherent anti-Stokes Raman scattering and TEM (C-CARS-EM) to image
glibenclamide-nanocrystals (GLI-NCs) in macrophages (Fig. 2c, right). The
combination of label-free and chemically specific C-CARS technique with the excellent
resolution and precision of TEM, allowed precise localization of GLI-NCs within
endosomal vesicles. Although not achieved in this work, this technique also has the
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potential to be quantitative. For example, using 3D information from C-CARS together
with precise localization of nanocrystals from EM, one can calculate the ratio between
NP found in the cytosol and in the endosomes (endosomal escape).

Conclusions and Perspectives

Whilst significant progress has been made on developing a rich formulation databank
of NP for cytosolic delivery '-38 our understanding of the physiochemical and
biological requisites for achieving endosomal escape has loitered 138-142.145.149 - Qur
grasp of these mechanisms is hampered by the limitations of the standard techniques
used to localise and quantify them. As discussed in this review, nanoscopy techniques
— independently, or in correlation — hold the promise of answering some essential
questions regarding endosomal escape. Some of these questions include: How and
which physiochemical properties of NP influence endosomal escape? Which of the
proposed endosomal escape mechanisms stand true and how can we improve the
formulation of NP to exploit them? Can we relate endosomal escape to the time and
location at which it occurs intracellularly?

Here we have highlighted the relevance of nanoscopy and some of the most recent
discoveries in endosomal escape possible only using these methods. With a plethora
of advanced microscopic techniques available, it is essential that we outweigh the pros
and cons of each technique to best suit the scientific question proposed (Table 1 and
Table 2). For a process such as endosomal escape - that is fast, rare and at the
nanoscale — it may seem challenging to answer the various questions projected using
individual methods. But as we have seen in this review, we are no longer restricted to
a ‘one method at a time’ approach 333417.:420.487-489 The benefits of correlative imaging
— especially of SRM-EM — are of tremendous relevance in obtaining quantitative
information on NP endosomal trafficking. Furthermore, as the amount of imaging data
is increasing, automated quantification is becoming crucial in reducing manual analysis
of images (and increasing throughput) and extracting more valuable data found in
microscopic images, as well as making these techniques available to a broader
research community.

Overall, these new developments in the field of imaging prospect exciting times ahead
for the study of endosomal escape. We prompt the nanomedicine community to adopt
the newest techniques available to achieve a better understanding of NP trafficking as
well as to facilitate the rational design of NP able to overcome endosomal barriers.
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This Appendix reproduces almost literally the article Andrian T., Bakkum T., van
Elsland D.M., Bos E., Koster A.J., Albertazzi L., van Kasteren S.I., Pujals S. Super-
resolution correlative light-electron microscopy using a click-chemistry
approach for studying intracellular trafficking. In: Methods in Cell Biology. Elsevier;
2021. As an author in this paper, | contributed to the overall organization, literature
research, figure preparation and manuscript writing, together with Bakkum T. The rest
of the authors contributed with providing periodic feedback and review for the
manuscript.

Abstract: Correlative light and electron microscopy (CLEM) entails a group of
multimodal imaging techniques that are combined to pinpoint to the location of
fluorescently labeled molecules in the context of their ultrastructural cellular
environment. Here we describe a detailed workflow for STORM-CLEM, in which
STochastic Optical Reconstruction Microscopy (STORM), an optical super-resolution
technique, is correlated with transmission electron microscopy (TEM). This protocol
has the advantage that both imaging modalities have resolution at the nanoscale,
bringing higher synergies on the information obtained. The sample is prepared
according to the Tokuyasu method followed by click-chemistry labeling and STORM
imaging. Then, after heavy metal staining, electron microscopy imaging is performed
followed by correlation of the two images. The case study presented here is on
intracellular pathogens, but the protocol is versatile and could potentially be applied to
many types of samples.
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Introduction
CLEM and super-resolution microscopy

Correlative light and electron microscopy (CLEM) is a group of powerful and well-
established multimodal imaging techniques in biological research. With these
techniques comes a wide scope of methodological advances that stems from the ability
to place the molecular selectivity of fluorescence microscopy (FM) towards specific
proteins and structures, within the subcellular context provided by the high imaging
resolution of electron microscopy (EM) 2°°. However, between the excellent resolution
of EM and that of FM there is a wide gap, that imposes difficulties at the time of
correlation.

An evident development in FM is super-resolution microscopy (SRM), a group of far-
field optical techniques that are able to bypass Abbe’s diffraction limit 157:1%¢ and
achieve a resolution down to tens of nanometers. These techniques can be divided
into three groups: structured illumination microscopy (SIM) %, stimulated emission
depletion (STED) %0, and single-molecule localization microscopy (SMLM) 161, SMLM
methods overcome the diffraction barrier by ensuring that only a number of emitting
particles are in an “on” (emitting) state at a time, whilst the majority are in an “off” (dark)
state. The centroid position of each emitter is identified and statistically fitted to a
Gaussian, with the localization precision being proportional to the number of photons
emitted. By fitting the centroid positions of these emitters over thousands of frames
without spatial overlap, a high-resolution image of single molecules can be produced
(Figure 1). SMLM techniques have an excellent resolution (5-25 nm), offer multi-color
imaging and can achieve quantification with single-particle precision 4. Direct
STochastic Optical Reconstruction Microscopy (dSTORM) 4°! is one of the most
popular choices of SMLM techniques and this is demonstrated through its significant
achievements from cellular biology 4°2 to material science 176179,
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Figure 1. The principles of STochastic Optical Reconstruction Microscopy (STORM,). (A) Only a
number of fluorophores are in the “on” (emitting) state at a time, whilst the majority are in the “off”
(dark) state, allowing the imaging of subsets of fluorophores without spatial overlap and high
resolution. The centroid position of each emitter is identified and statistically fitted to a gaussian. (B)
The positions of many emitters are determined over thousands of frames and (C) a super-resolution
image is reconstructed from these localizations. The diffraction-limited image is shown in the top right
corner as a comparison.
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SMLM-CLEM, advantages over conventional CLEM

The past decade has witnessed the rapid rise of SRM techniques and their correlation
with EM (SRM-CLEM), amongst others 4%3. Each correlative method aims to add a new
dimension of information, with minimal compromise to image quality and resolution
upon correlation. STORM is able to achieve an x-y resolution of about 20 nm and a z
resolution of about 50 nm 494, providing one of the best spatial resolutions in the SMLM
group, compatible with that of TEM. Thus, the improved resolution of STORM leads to
a nanoscale localization precision of the specific fluorescent labels in the ultrastructural
reference space provided by EM 4%, Importantly, it is a powerful quantitative technique
with single-molecule precision (able of molecule counting) 4. Yet, despite its benefits
over conventional CLEM, SRM-CLEM requires sample preparation strategies that
agree with both imaging techniques, with minimal compromise to structure and
resolution. These strategies focus mainly around the type of fixation and the choice of
fluorophore.

Fixation in SRM-CLEM

It is well-established that chemical fixation and consequent dehydration steps used to
preserve ultrastructure in EM can quench fluorescence, and since a strong signal-to-
noise ratio is required for the performance of SRM, this step requires careful
consideration 496:497 Metal staining (e.g. using osmium tetroxide) used to enhance the
structural contrast can further quench fluorescence, thus some SRM-CLEM studies
approach this setback by lowering the osmium tetroxide (OsQ4) concentration during
post-fixation 2'64%8 A more compatible approach is the use of cryo-preparation
techniques, such as the Tokuyasu cryo-sectioning method 4%°. This was initially
developed for immunostaining protocols, but has now been adapted to various CLEM
procedures, with or without the need of immunostaining %9592, Although samples are
fixed with aldehyde and dehydrated using a cryoprotectant, this approach provides
good structural preservation, antibody accessibility, and ease of use. Also, lower
concentrations of staining metals can be used as only a thin section (<200 nm) needs
to be stained. Another more complicated method for cryo-sectioning is using high-
pressure freezing (HPF) followed by subsequent freeze substitution (FS). This
technique provides the best sample preservation, as it does not require resin
embedding, chemical fixation or dehydration processes - though at the expense of
longer preparation times 503

Fluorescence labelling: advantages of click chemistry

The power of SRM-CLEM relies in its ability to image specific proteins or structures
within cells with a high resolution. Although there are a plethora of approaches to
fluorescently label the structures of interest, it is unlikely that one single probe can be
suitable for all CLEM protocols %%, Standard immunostaining has the advantage of
high specificity towards endogenous molecules and avoids problems of probe
expression. However, the fixation and permeabilization procedures necessary in the
process can cause ultrastructural changes in the sample 5%°, and many antibodies are
not compatible with thin sections due to insufficient sample penetration or loss of
epitope recognition - even when a milder chemical fixation is used such as in Tokuyasu
sectioning 506507,
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On the contrary, genetically encoded probes do not require permeabilization to gain
entry to structures of interest, thus preserving the membrane structure, and improving
the overall quality of EM. Single modality genetic probes (fluorescent proteins) can
allow normal photoconversion in heavily fixed resin-embedded samples (OsO4 0.5-
1%) and are compatible with SRM-CLEM, as in the case of mEos4a 3''. Dual modality
genetic probes such as miniSOG can convert fluorescent signal to electron dense
signal using photoconversion, and preserve fluorescence even after the embedding
stage 504508 However, the expression levels, fusion position and photophysical
properties must be carefully optimized to not disturb biological processes.

Fluorescent proteins (FPs) are often touted for their broad applicability and ease of use
but they have clear limitations as well %°. They remain challenging in specific cases,
such as pathogenic organisms, due to risks and license restrictions, or in vivo systems
for various ethical and practical reasons. Moreover, even when successfully
performed, the fluorescent protein may interfere with the tagged protein, or with the
organism as a whole °%°. Another obvious limitation is the fact that FPs can only be
used to label proteins, leaving many interesting biomolecules such as peptides, fatty
acids, glycans and nucleic acids in the dark. Some of these non-protein biomolecules
can be targeted with antibodies but these are highly specialized and suffer from the
restrictions as mentioned above 5.

Chemical fluorescent modification with an organic fluorophore represents another way
to label biomolecules of interest 511-514, This can be done through chemical modification
of the building blocks (amino acids, fatty acids, etc.) or direct modification of the macro
molecule (proteins, glycans, etc.). Chemical fluorescent tags (~1 kDa) are much
smaller than FP tags (~30 kDa), and are generally brighter and suffer from less
quenching %15, However, these can still severely interfere with the biological function,
depending on the modification position, chemical properties of the fluorophore and
number of fluorophores per biomolecule 5°°5'2, This effect is most pronounced in highly
sensitive biological systems such as the immune system 516-518,

Bioorthogonal chemistry - also known as ‘click’ chemistry - uses a two-step labeling
mechanism to first introduce a small chemical modification in the biomolecule of
interest, followed by a secondary ligation (click) step to attach a fluorophore (or a
different reporter) of choice ®''. The first modification — commonly referred to as click
handle — can be as small as a few atoms in size (e.g. -C=C- vs -CH3s), minimizing the
effect on the biological function 5'°. The second step — clicking the fluorophore — can
be performed at any time but if chemical fixation is possible or required (as for CLEM),
this reaction should be performed afterwards to avoid interference with the biology
altogether. This technique can be used to label any biomolecule, provided the structure
is synthetically available and large enough to allow a small modification 5''. Various
bioorthogonal reactions have been developed %20:52' that can be chosen based on the
requirements of the biological question. The classic copper-catalyzed Huisgen
cycloaddition (ccHc) %22 — or copper-click reaction — involves the ligation of a terminal
azide to a terminal alkyne group, catalyzed by copper(l) (Figure 3). Either the azide or
the alkyne can be incorporated into the biomolecule, depending on synthetic
preferences and homology to the natural structure, but the alkyne is preferred due to
significantly lower background of the cognate azide-modified fluorophore 523, This
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reaction is fast, high yielding and very selective, making it the ideal strategy for two-
step labeling of biomolecules involved in sensitive biological processes. The well-
known cytotoxicity of copper(l) 52* is irrelevant when performing the reaction after
chemical fixation but can be avoided using a strain-promoted Huisgen cycloaddition
(spHc) reaction, using a cyclooctyne-modified fluorophore 4%.

Not only are these click handles small enough to avoid interfering with the biological
processes, they are bioinert %2 and (bio)chemically stable 525. This is of great
importance when studying immunological processes, that include uptake of foreign
material (e.g. bacteria), degradation and processing of the material for antigen
presentation. We have previously shown that both the azide and alkyne groups are
sufficiently stable to the harsh conditions that occur during degradation of bacteria, to
allow the intracellular study of these foreign entities 523.526,

Case study: intracellular pathogens

The immune system employs a wide range of defensive strategies against foreign
invaders, such as viruses, bacteria and multicellular parasites %27, Immune cells sense
their presence, process the molecular information and conclude on either a destructive
response (clearance) or a non-destructive response (tolerance), to avoid unnecessary
damage to the host 528, Bacterial invaders are first internalized through a process called
phagocytosis — employed by specialized phagocytic immune cells such as
macrophages and dendritic cells — and subsequently killed and degraded in
specialized anti-microbial compartments called phagolysosomes °2°. Intracellular
pathogenic bacteria such as Salmonella enterica employ a parasitic lifestyle to avoid
killing and clearance by the host cell (Figure 2) 5.

Classical microscopy techniques provide insufficient information on the intracellular
behavior of pathogenic bacteria, due to the lack of either ultrastructural information,
functional information, resolution, or a combination of both. Confocal-CLEM provides
both functional information (through click labeling) and ultrastructural information on
the subcellular behavior of the pathogen but lacks sufficient resolution to observe the
precise label distribution. SRM-CLEM solves this problem and provides additional
single-molecule sensitivity, that allows for visualization of sub-bacterial structures and
rare events with low label density. We have previously shown that a combination of
bioorthogonal labeling, STORM and TEM (STORM-CLEM) provides an effective tool
to study the intracellular behavior of Salmonella enterica serovar Typhimurium
(abbreviated here as Salmonella) %3'. The choice of SRM technique stands for
achieving the best resolution and using a non-damaging laser power. We found
STORM left the sample relatively unaffected, resulting in a well-preserved
ultrastructure on EM.
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Figure 2. Simplified schematic representation of the intracellular lifestyle of Salmonella enterica.
Following uptake by a phagocytic immune cell (1), Salmonella bacteria initially reside within a host
compartment called a phagosome. Phagocytic immune cells are specialized in degrading pathogenic
bacteria through fusion of the phagosome with lysosomes (2a) to form a highly bactericidal
phagolysosome, eventually resulting in the degradation of the pathogen (3a). However, Salmonella
has evolved to evade degradation (2b), through the formation of a specialized compartment which is
referred to as a Salmonella-containing vacuole (SCV). Through this immune-evading strategy,
Salmonella is able to survive and even multiply freely (3b), usually resulting in host cell lysis and
spreading of the pathogen.

Methods

The method described here is primarily focused on the on-section click reaction and
subsequent image acquisition and correlation of STORM-CLEM. More details about
the original procedure for studying Salmonella in murine bone marrow-derived
dendritic cells (BMDCs) can be found in the original publication (Elsland et al. 2018)
531 Tips and alternatives to the protocol are indicated between asterisks (*). Steps that
require extra attention or care are indicated between exclamation marks (!). A graphical
summary of the protocol is illustrated in Figure 3 and a simplified workflow with time
indications is provided in Figure 4.

Bioorthogonal labeling of bacteria and cell infection experiment

Itis strongly recommended to prepare all bacterial and mammalian cells, growth media
and reagents beforehand, as the biological experiment requires a strict time schedule.
A sufficient number of cells is crucial to obtain a large enough cell pellet for the
subsequent sample preparation according to the Tokuyasu method (about 50-100 uL
in volume). Generally, a 10 cm cell culture dish with a confluency of >70% should
suffice for a single experimental condition (around 5-20 million cells, depending on the
cell type).
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0. Dilute an overnight culture of Salmonella (1:33) and allow to grow back to the
exponential growth phase (ODego between 0.3-0.5).

1. Replace the growth medium (LB) by a methionine-free alternative (SelenoMet) and
supplement with a previously optimized concentration of L-homopropargylglycine
(Hpg) (4 mM) for bioorthogonal labeling of the bacterial proteome, according to the
BONCAT procedure 532533,

(*) The optimal label concentration can be determined by in-gel fluorescence and
flow cytometry analysis 33'. Hpg can be easily substituted by L-azidohomoalanine
(Aha) if preferred 526, (*)

2. Incubate the bacteria for approx. 1-2 doubling times (30 min for Salmonella).

(*) The effect of label incorporation on bacterial viability can be checked by
comparing the growth rates of the bacteria in the presence or absence of the
bioorthogonal label 531, (*)

3. Infect the phagocytic immune cells (BMDCs) by co-incubating with the labeled
bacteria (MOI 50) in antibiotic-free cell medium (e.g. IMDM + 10% FCS) for 45 min.

4. Wash away the non-internalized bacteria and further incubate the infected cells in
medium, according to the biological research question (e.g. 3 hours for intracellular
processing). Addition of gentamycin (f.c. 100 ug/mL for washes, 10 ug/mL for post-
infection incubation) is desirable to kill extracellular bacteria and avoid uncontrolled
bacterial growth.

Fixation and preparation of ultrathin cryo-sections

We previously discovered that the Tokuyasu cryo-sectioning technique is compatible
with on-section click reaction 5%, in addition to its well-known compatibility with
immunofluorescence 597:534.535 Here we briefly describe the method that has been
used in the bioorthogonal STORM-CLEM publication, including some updates to the
original Tokuyasu method. A complete and comprehensive protocol of the Tokuyasu
method, including video tutorials, has been previously published by Peters et al. 536,

1. Fix the cells directly on the cell culture dish with a f.c. of 2% paraformaldehyde in
0.1 M phosphate buffer pH 7.2 for 24 hours at room temperature.

2. Rinse with PBS and 15 mM glycine in PBS to block potential aldehyde residues.

3. Harvest the fixed cells in pre-warmed (37°C) 1% gelatin in PBS using cell scrapers
and collect in an Eppendorf tube.

4. Pellet cells by centrifugation and resuspend the pellet in pre-warmed 12% gelatin
in PBS.

5. Incubate for 10 min at 37°C, then collect by centrifugation and solidify gelatin on
ice.

6. Cut sample cubes of 0.5-1 mm?3 with a razor blade and allow sucrose infiltration by
rotating in 2.3 M sucrose in PBS overnight at 4°C.

7. Transfer each sample cube to a metal support pin (to be mounted in the
ultramicrotome) and plunge freeze by dropping the pin in a small container filled
with liquid nitrogen.

8. Apply fiducials (0.1 um FluoSpheres) to the Formvar/carbon-coated TEM grids grid
(titanium, 100 square mesh, 3.05 mm, center-marked) by incubating the grids for
2 min on a droplet of prediluted (e.g. 1:2000) and sonicated (5 min at max power)
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10.

11.

12.

13.

14.

15.
16.

FluoSpheres. Wash 2 x 1 min on drops of PBS and 2 x 1 min on drops of milliQ
water. Dry the grids by carefully touching the side of the grid on filter paper and
store in a dry grid box until step 15.

Mount the sample pin on a cryo-ultramicrotome (Leica UC7 Ultramicrotome
equipped with Leica EM FC7 Cryochamber and EM Crion ionizer/charger), pre-
cooled to -115°C.

Trim the sample cube with a trimming knife (Diatome Trim 20°), leaving behind a
block face of approx. 400 um (h) x 300 um (w) x 50 um (d) for sectioning.

Using a cryo-immuno diamond knife (Diatome Cryo Immuno 35°), cut sequential
ultrathin sections of 75 nm thickness.

Guide the growing ribbon with a micromanipulator (Diatome Micromanipulator®3")
to form a ribbon of 10-20 sections.

(") Pick up the sample ribbon using a metal loop containing a droplet of pickup
solution (1.15 M sucrose, 1% methylcellulose), making sure the droplet does not
freeze before contact with the ribbon is made. (!)

Allow the pickup droplet to thaw inside a closed environment such as a 200 pL
PCR tube. This avoids condensation from the air, which strongly increases folds in
the sample.

(*) Alternatively, a lift-up hinge can be used, as described elsewhere 338, (*)

Place the droplet (sample down) on a fiducial-coated TEM grid.

Place the grid on a droplet of pickup solution (sample down), then place the grid
(sample up) in a polyether-covered petri dish and store overnight at 4°C.

Click reaction and counterstaining of thawed cryo-sections

Various reaction conditions have been suggested and optimized %39-%4' but the
conditions described here work robustly in our hands for a wide range of applications,
including in-gel fluorescence, flow cytometry, fluorescence microscopy and CLEM.
Click reagents should be prepared freshly or stored at -20°C as single-use aliquots.
The bioorthogonal reaction mixture (click mix) must be prepared following the indicated
order.

1.

2.

o s

No

Place the grid (sample down) on a prewarmed 2% gelatin PBS solution and
incubate for 30 min at 37°C.

Prepare a clean surface for subsequent washing and staining steps by sticking
some Parafilm onto a wet surface and removing the protective film from the top.
Prepare droplets of PBS containing 15 mM glycine and use a plastic loop to
transfer the grid (sample down) on a droplet, then transfer to a second droplet.
Wash 5 x 2 min on droplets of PBS containing 15 mM glycine.

Prepare the click mix in an Eppendorf tube by mixing 4 uL 0.1 M copper sulfate, 4
ML 1 M sodium ascorbate, 4 uyL 0.1 M THPTA, 4 yL 1 M aminoguanidine, 383 uL
0.1 M HEPES pH 7.4 and 1 yL 2 mM Alexa Fluor 647-azide (to react to the Hpg-
labeled bacteria). Note that the reagents must be added in this sequence to obtain
a working reaction mixture.

Incubate 60 min on a droplet of click mix.

Wash 3 x 2 min on droplets of PBS.
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8. Wash 3 x 5 min on droplets of PBS containing 1% BSA.

9. Wash 3 x 2 min on droplets of PBS.

10. Incubate 5 min on a droplet of PBS containing 1 ug/mL DAPI.
11. Wash 5 x 2 min on droplets of PBS.

STORM imaging

The resolution of the confocal microscope is limited to about 250 nm by Abbe’s law of
diffraction of light, rendering this technique unsuitable for precise imaging of
phagocyte-Salmonella interactions. STORM is able to circumvent the diffraction barrier
and reach an x-y resolution of about 20 nm and a z resolution of about 50 nm 165494,
thus has an improved sensitivity of detection of intracellular pathogens and provides a
better resolution alignment when used in correlation with TEM. Another important
advantage of the STORM-CLEM protocol is that the fluorophore can be introduced
after the biological course and sample preparation, hence we are not limited by the
dyes available to use. We have chosen to label the bacteria using Alexa Fluor 647 —
one of the best performing cyanine-based STORM dyes — through the ccHc ligation
method described above. The protocol outlined here is aimed at combining the
advantages of STORM and TEM (STORM-CLEM) to study the life cycle of Salmonella
in BMDCs.

1. GLOX buffer is prepared as described in Materials section.

Microscopy slides are pre-cleaned with 100% ethanol and dried using a nitrogen
gas flow. The grids containing the sample sections are washed on GLOX droplets
(3 x 5 min) supplemented with 30% glycerol and placed on the glass slide with the
thin section facing upwards. A small drop of GLOX buffer (20 yL) is placed on top
of the grid and then covered with a glass coverslip #1.5H (24 mm x 24 mm,
thickness 0.15 mm).

3. Low-magnification images are acquired using the 10x objective and the
epifluorescence lamp, to map the grid and identify the location of interest in
brightfield, 405 channel (nuclei) and 647 channel (bacteria).

4. The 10x objective is switched to the 100x oil immersion objective and a map is
acquired of the area of interest from step 2, using both the transmitted light and
fluorescence to specify the reference on the finder grid and the cell position. This
will aid in tracing back the same area and cell in TEM.

5. Images are then obtained using the NIKON N-STORM system configured for HILO
imaging, using an oil immersive objective (100x). Alexa Fluor 647 is excited using
illumination from the 647 laser (160 mW, 1.9 kW cm). Fluorescence is collected
by means of a Nikon 100x, 1.4 NA oil immersion objective and passed through a
quad-band-pass dichroic filter (97335 Nikon). 20,000 frames at 50 Hz are acquired
for the 647 channel. Images are recorded onto a 256 x 256 pixel region (pixel size
160 nm) of a CMOS camera.

6. STORM images are analyzed with the STORM module of the NIS element Nikon
software 17 as described below.

STORM analysis
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Data acquisition and analysis play an important part in the STORM imaging process,
and thus detailed protocols should be included in each experiment. As described in
Figure 1., the centroid position of each detected fluorophore is statistically fitted to a
Gaussian function, with the precision depending directly on the number of detected
photons.

The specific localization of single emitters and the Gaussian fitting is performed using
the STORM module in NIS Elements based on the minimum and maximum height
parameters. The darkest bright point is selected as the molecule and its brightness
minus the background intensity as the minimum height (minimum intensity, 150 in this
case). The maximum height possible is 65000 for a sSCMOS camera system, and the
baseline 100. The PSF fit width is set to 300, minimum width 200, and maximum width
400. The first 500 frames are discarded due to incomplete photoswitching.

The number of photons per localization is quantified to ensure the reproducibility of the
imaging resolution using a protocol elaborated elsewhere 542, The resulting resolution
is 20 nm, as expected.

A molecule list is rendered in binary format and the coordinates are translated into an
image. This STORM image is either shown in cross or gaussian mode by the NIKON
software. Using cross you can visualize directly all the localizations, whilst Gaussian is
a Gaussian rendering of localizations considering lateral localization accuracy
(average of 17.9 + 4.6 nm) for each localization. In this instance Gaussian mode is
used.

TEM staining

Following STORM acquisition, additional post-staining with uranyl acetate/methyl
cellulose is required to create the contrast in TEM and protect the delicate structures.
This is done according to the standard Tokuyasu method 53¢, summarized below.

1. The grid containing the sample ribbon is recovered from the microscopy slide, by
placing a droplet of PBS next to the coverslip.

2. Using ultra fine tweezers, the coverslip is easily lifted to reveal the grid with the
sample on top.

3. The grid is rinsed in ddH20 and the backside of the grid is dried with compressed

air, while holding the sample side of the grid against a droplet of ddH-0.

The sample attached to the grid is washed 5 x 2 min on droplets of ddH20.

Droplets of uranyl acetate/methyl cellulose are placed on clean Parafilm, attached

to a plate lid, placed on ice to keep the solution cold.

6. The grid is touched on a droplet, then transferred to another droplet and incubated
for 5 min.

7. Using a metal loop, attached to a pipette tip, the grid is recovered from the droplet
and the excess uranyl acetate/methyl cellulose is immediately removed by
touching the loop sideways on a piece of filter paper, until only a thin film remains.

8. The grid is airdried for 20 min and can then be stored indefinitely at room
temperature.

S
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TEM imaging and stitching

Manual correlation of different image modalities should ideally be performed stepwise,
as it greatly reduces the difficulty of finding the area of interest. An overview image of
the TEM grid will provide a non-symmetrical reference for identifying the relevant grid
window from which the fluorescence images were acquired. In the same way, an
overview image of the grid window will provide a reference for identifying the area of
interest from which the high-resolution STORM image was acquired. It is
recommended to first correlate the STORM image to the low-resolution fluorescence
image, then correlate the combined fluorescence images to a low-magnification
(~200X) TEM image, and finally correlating the low-magnification TEM image to a high-
magnification (~11,000X) TEM image. An intermediate correlation step with a medium-
magnification (~2,000X) TEM image is optional but recommended, as it simplifies
image registration. Since the field of view (FoV) of FM/STORM is larger than that of
TEM at high magnification, it is useful to apply a stitching algorithm to obtain a larger
FoV TEM image for correlation.

1. Using a stereoscope, orient the sample grid in the TEM sample holder in the correct
way. The final orientation of the grid at the required magnification should
correspond to the original orientation during FM/STORM acquisition and can be
guided by the asymmetric central marking of the TEM grid. Note that the orientation
inside the TEM can change upon increasing magnification, due to the different
lenses.

2. At low magnification, identify the grid window that has been imaged by
FM/STORM.

3. Acquire a reference TEM image at low magnification (~200X) and use this image
to identify the FoV that has been imaged by low res FM. This reference image can
be roughly correlated to the FM/STORM image, to assist in identifying the relevant
FoV.

4. Acquire a second reference TEM image/stitch at ~2000X magnification and use
this image to identify the FoV that has been imaged by STORM. This reference
image can be roughly correlated to the FM/STORM image, to assist in identifying
the relevant FoV.

5. Acquire the final TEM image/stitch at high magnification (~11,000X),
corresponding approximately to the same FoV that has been imaged by STORM.

Correlation

All fluorescence images were pre-processed (brightness/contrast corrected) in
Imaged. The low-resolution fluorescence images were firstimported into Photoshop as
separate layers, rasterized and grouped.Next, the canvas size was increased (e.g. 10-
fold) and the high-resolution STORM image was imported as a new top layer (overlay
mode: Lighten). The STORM image was transformed (scaling [bicubic interpolation],
rotation, translation) to match the low-resolution image, based on the available
reference landmarks. All layers were grouped (group overlay mode: Color) and the
canvas size was increased again (e.g. 10-fold). The TEM image (low magnification or
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high magnification stitch) was loaded separately into Photoshop. The TEM image was
then copied onto the fluorescence images and arranged to the background.

To facilitate correlation of fluorescence to EM, the contrast of the reference markers
(nuclear staining and fiducial markers) was temporarily increased, and the grouped
fluorescence layers were transformed (scaling [bicubic], rotation, translation) to
approximately match the low-magnification (~200X) TEM image. All layers were linked,
and the fluorescence layers were hidden, as EM-to-EM correlation is easier. The
canvas size was again scaled if required and the next TEM image was imported in the
same manner. Correlation of the low-magnification TEM image to the high-
magnification TEM image was achieved by reducing the opacity of the top layer (low
magnification) and applying transformations to match the high magnification TEM
image. The layers were unlinked, and the low magnification TEM image hidden.
Finally, the grouped fluorescence were unhidden and fine transformations (scaling,
rotation, translation) were applied to match the reference landmarks (nuclei and
fiducials). Image registration should be performed using the available landmarks, to
avoid biased correlation of the objects of interest. However, the bacteria described
here can be considered as intrinsic landmarks, due to their clear visibility in all image
modalities. This means that minor transformations are allowed to match the STORM
image to the TEM image more accurately but should be minimized. Ideally, STORM-
compatible reference markers should be included to avoid user bias in the correlation
(FluoSpheres in our case).
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Cryo-sectioning and click reaction with fluorophore
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Figure 3. Graphical summary of the bioorthogonal STORM-CLEM protocol.
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Workflow Timeline
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Figure 4. Workflow and timeline of the bioorthogonal STORM-CLEM protocol.
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Instrumentation and materials
Bioorthogonal labeling and cell infection experiments:

Instrumentation: Bacterial culture facility, cell culture facility, laminar flood cabinet
compatible with bacterial infection, ODsgo spectrophotometer.

Bacteria and mammalian cells: Pathogenic bacteria of interest (Salmonella enterica
serovar Typhimurium [Salmonella] strain SL1344), phagocytic immune cells of interest
(murine bone marrow derived dendritic cells [BMDCs] generated from B57BL/6 mice
bone marrow).

Materials: Culture flasks, 50 mL Falcon tubes, 10 cm cell culture dishes.
Reagents: Lysogeny Broth (LB), ampicillin, SelenoMet medium (Molecular
Dimensions), 400 mM L-methionine (Met), 400 mM L-homopropargylglycine (Hpg),
mammalian cell growth medium (IMDM, FCS, GlutaMAX, penicillin, streptomycin, 2-
mercaptoethanol, GM-CSF), sterile PBS.

Fixation and preparation of ultrathin cryo-sections:

Instrumentation: 37°C incubator, sonicator bath, stereoscope, Leica UC7
Ultramicrotome equipped with Leica EM FC7 Cryochamber and Leica EM Crion
ionizer/charger, Diatome Micromanipulator, Diatome Trim 20° knife, Diatome Cryo
Immuno 35° knife.

Materials: Cell scrapers, glass Pasteur pipettes and bulb, single edge and double edge
razor blades, ultra-fine tip and regular tweezers, plastic vials with cap, metal support
pins, filter paper, liquid nitrogen and Dewar, small container for plunge freezing, glass
trimming knife, diamond sectioning knife, Formvar/carbon-coated TEM grids (titanium,
100 square mesh, 3.05 mm, center-marked), fiducials (carboxylate-modified blue
[350/440] FluoSpheres), metal loop on a handle (with lift-up hinge), 200 yL PCR tubes,
35 mm Petri dishes.

Reagents: fixative (8% aqueous paraformaldehyde [EM-grade] and freshly prepared
0.2 M phosphate buffer pH 7.2 mixed in a ratio of 1:3), 15 mM glycine in PBS, 12%
gelatin (type A, bloom 300) in PBS with 0.01% sodium azide, 2.3 M sucrose, 2% methyl
cellulose (25 centipoise).

Click reaction and counterstaining of thawed cryo-sections:

Instrumentation: N.A.

Materials: Parafilm, plastic loop on a handle, 1.5 mL Eppendorf tubes.

Reagents: 0.1 M copper sulfate, 1 M sodium ascorbate, 0.1 M THPTA, 1 M

aminoguanidine, 0.1 M HEPES pH 7.4, 2 mM Alexa Fluor 647-azide in DMSO, BSA, 2
mg/mL DAPI solution.

Super-resolution microscopy:
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Instrumentation: Nikon N-STORM microscope (100x oil lens, N.A.=1.49), system
configured for HILO imaging, with a quadband pass dichroic filter (97335 Nikon) and a
Hamamatsu ORCA-Flash 4.0 camera. NIS-Elements Software.

Materials: Glass slides, Coverslip (24 mm x 24 mm, thickness 0.15 mm).

Reagents: GLOX buffer with 30% glycerol: 100 uyL PBS, 20 uL 50% glucose, 20 uL
MEA 1M (b-MercaptoEthylamine) and 2 yL GLOX (0.7 mg/mL glucose oxidase, 5
mg/mL catalase in PBS) plus 30% glycerol (60 pL).

Transmission Electron Microscopy:
Instrumentation: Tecnai 12 Biotwin transmission electron microscope (FEI).
Materials: one metal loop attached to a pipette tip for every grid.

Reagents: uranyl acetate/methyl cellulose (4% uranyl acetate and 2% methyl cellulose
[25 centipoise] mixed in a ratio of 1:9), ddH20.

Software: TEM stitching algorithm developed in-house %43,
Correlation:

Software: FIJI, Adobe Photoshop CS6 (or higher).
Discussion

Flexibility offered by click-chemistry

As explained in the introduction, click-chemistry allows performing the click reaction on
the thawed cryo-sections, thus avoiding reporter interference in the biological process
studied. An additional benefit is the freedom to use any clickable fluorophore (or other
reporter such as biotin) of choice. Since the number of STORM-compatible
fluorophores is limited, this is of major importance. Generally, cyanine-based
fluorophores are considered ideal for STORM, due to their high brightness, blinking
rate and photon count %'°. When considering clickable fluorophores, an additional
consideration should be made in terms of solubility, to minimize non-specific
hydrophobic interactions with the sample. This generally steers the selection towards
the water-soluble Alexa Fluors, with Alexa Fluor 647 giving the highest blinking
rate/photon count 5'5. Alternatively, photoactivatable fluorophores for PALM could
hypothetically be used as well 5*4. Other options for fluorescent labeling include the
use of a clickable biotin, followed by a separate incubation step with fluorescently
modified streptavidin, which may contain an additional gold particle for detection by
EM as well 545546,

Bioorthogonal metabolic labels have been developed for virtually all biomolecules and
have so far shown compatibility with nearly all biological systems, including whole
animals %7 Various mutually-orthogonal bioorthogonal reactions have previously been
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reported 548550 providing an interesting approach to multiplex labeling and potential
multi-color STORM-CLEM. The feasibility and limitations of this approach will depend
on the number of mutually orthogonal reactions, as well as the number of STORM-
compatible fluorophores and emission filters available.

Tokuyasu cryo-sections allow fluorophore or gold-modified antibodies as well, to allow
multiplex labeling %°7. Although bioorthogonal labeling can be a good alternative for
fluorescent proteins, the Tokuyasu method does allow most fluorescent proteins to
retain their fluorescence, making them an attractive option to include 526:531.551,
Moreover, direct chemical modifications such as fluorescent probes are compatible as
well, provided they are fixable 552. However, these must be included in the biological
workflow and therefore lack the flexibility of on-section fluorescent labeling. Activity-
based probes containing a bioorthogonal group represent a useful alternative for
fluorescent probes, maintaining the reporter flexibility after cryo-sectioning 526.

Choice of grids

An important aspect to consider in our STORM-CLEM protocol is the choice of grids.
Two reasons limit the choice of grids. First, they need to be mounted between a
coverslip and a glass slide for STORM imaging and later on they have to be retrieved
from it, thus they need to be robust. Second, when performing STORM imaging GLOX
buffer is used, so inert metals should be chosen to avoid corrosion. Similarly, copper
grids will be affected by the reducing agent of the copper click reaction. For these
reasons, we found Titanium grids were the ideal choice for our protocol.

Moreover, we used 100-mesh grids with a non-symmetrical center, as a guide for the
correlation. The 100-mesh is just large enough to image one FoV in confocal/low
resolution FM and supports the sample to keep it as flat as possible. The non-
symmetrical center helps to orient the grid correctly in the TEM and to find the correct
window to image.

How to correlate

The ease of correlation is largely dependent on available reference markers, structural
landmarks and/or fiducials, that should be detectable in all imaging modalities (low-
resolution FM, super-resolution FM and EM). The most effective markers for the initial
coarse correlation are large structures such as nuclei, which can easily be labeled with
a fluorescent dye (e.g. DAPI) and are identifiable from low magnification (~300x) TEM.
For fine correlation, smaller fiducial markers are required that should be sufficiently
spread, as to provide any small area of interest with ideally three fiducials. Various
types of fiducials are available, from (multicolor) fluorescent beads 55355 to fluorescent
gold nanoparticles 5 and quantum dots (QDots) 56, each with specific strengths and
limitations.

As mentioned before, more accurate correlation could be achieved by introducing
SRM-compatible reference markers. The compatibility and accuracy of fiducials
depends on their excitation/emission spectra, brightness, photostability and
fluorescence lifetime for detection by SRM, and their size and electron density for
detection by TEM. QDots have proven to be most broadly compatible with SRM
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techniques and applicable for CLEM as well 57-%%°_ Fluorescent nanodiamonds (fNDs)
have shown great promise for computational SRM or STED-based CLEM, due to their
extremely high photostability %°-563 but have been used very effectively for multi-color
dSTORM (madSTORM) as well 564,

Added value of STORM

In this protocol a bioorthogonal STORM-CLEM approach was used to visualize an
intracellular pathogens (Salmonella) within the ultrastructural context of a host cell
(BMDCs). We previously tested the BONCAT-CLEM method on 75 nm cryo-sections
of Salmonella but found that due to the limited resolution of the confocal microscope,
the method was not sensitive enough to allow proper imaging of the phagocyte-
pathogen interaction 565, STORM was chosen as it is able to circumvent the diffraction
barrier and provide one of the best spatial resolutions and sensitivities in the SMLM
group '654%4 SRM is a fast-evolving addition to CLEM, and since its initial development
498 it is proving to be a true game-changer in overcoming the resolution gap between
FM and EM. In our experiments, STORM left the sample relatively unaffected, resulting
in a well-preserved ultrastructure in EM. Several small structures (10-20 nm) were
observed surrounding the bacterium and even outside the bacterium-containing
vesicle, that could not have been detected without the SRM addition to the CLEM
technique 53'. Although further scrutiny is required to identify the origin of these
structures, they may represent bacterial proteins that have been secreted by
Salmonella, which is a well-known phenomenon 66570, The bioorthogonal labeling
strategy hypothetically enables the visualization of these secreted proteins, while FP-
fusion proteins were shown to be too large to fit through the Salmonella secretion
system 571,

The SRM-CLEM technique described here in combination with Tokuyasu cryo-
sectioning demonstrates improved sensitivity of detection of intracellular pathogens,
good preservation of dye photoswitching properties and a better resolution alignment
when used in correlation with TEM compared to confocal microscopy. Other SRM-
CLEM techniques were achieved in literature via different approaches such as lowering
the concentrations of OsO4 during post-fixation and by optimizing the resin embedding
step, leading to reduced fluorescence quenching, as reported with PALM 4% and STED
with TEM 47 or SEM 216,

STORM uses highly inclined and laminated optical sheet (HILO) as the standard mode
of imaging, an approach that is not limited to imaging the surface of samples as in total
internal reflection fluorescence (TIRF). This means that using HILO mode we can
achieve an imaging depth of up to 10 ym, with a signal-to-noise ratio only slightly lower
than in TIRF. Nevertheless, sample thickness is not an issue for Tokuyasu cryo-
sections that are only 75 nm thick, thus serve as excellent biological samples in
STORM in either modes.

One of the most remarkable traits of fluorescence microscopy is multi-color imaging,
as it enables the determination of colocalization and interaction between different
proteins or structures of interest. Through the use of spectrally distinct photoswitchable
fluorophores, dSTORM enables multi-color imaging with reduced cross-talk '72-174,
Still, although two-color dASTORM has been achieved by imaging different structures
using spectrally separated dyes 7517, the limited availability of spectrally different
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photoswitchable fluorophores hinders the use of more colors. Most organic fluorescent
dyes display photoswitching properties, but not all of them meet the criteria required
for dSSTORM imaging. Generally red fluorophores such as Alexa Fluor 647 and Cy5
perform significantly better than the best-performing dyes in other spectral regions.
Therefore, even if one chooses four spectrally different dyes, those in the blue (480-
540 nm), yellow (545-600 nm) and NIR (740-805 nm) will be considerably dimmer than
those in the red (640-700 nm) spectrum, which may negatively affect the image
resolution. It is important to note that in order to improve multi-color imaging, the longer
wavelength color (i.e. 647 nm) should be imaged first to reduce the photobleaching
caused by the shorter wavelength laser (i.e. 561 nm) due to the overlapping spectra of
the two dyes 177,

Moreover, STORM requires aqueous imaging buffers, that typically contain a reducing
agent (e.g. B-MercaptoEthylamine/ B-mercaptoethanol) and an oxygen scavenger
system %72, In this protocol we use a mixture of catalase, glucose, and glucose oxidase
(GLOX) in combination with a reducing agent (B-MercaptoEthylamine, MEA), in which
our chosen fluorophore Alexa Fluor 647 performs best. Unfortunately, different dyes
blink optimally in different imaging buffers, hence the multi-color acquisition with
STORM is challenging '7°, but possible in 2-3 colors through the use of specific buffers
such as Oxyrase/MEA (OxEA) 81, Alternatives to these limitations include sequential
labeling and imaging using a single fluorophore "' or spectral demixing dSTORM (SD-
dSTORM), that combines the benefits of red-emitting carbocyanine dyes with spectral
demixing 172,

It is important to note that the need for longer image acquisition times in combination
with issues arising from the use of imaging buffers — such as acidification of buffer over
time affecting the cell integrity 4% — can make the study of dynamic processes or live-
cell imaging difficult. However, whilst live-cell imaging is a setback for in vivo
experiments, it presents no problem as an imaging tool for fixed-cell applications as
seen in this SRM-CLEM protocol 531.573.574

Furthermore, optimizing the labeling density is a crucial parameter in any STORM
protocol. A lower-than-optimal labeling density can have a negative consequence on
the image resolution and can augment image artefacts. In this protocol we imaged our
75 nm cryo-sections of Salmonella after incubation with Hpg at increasing
concentrations (0.04, 0.4 or 4 mM), and found that at 0.04 mM Hpg the signal was too
low for the bacteria to be completely reconstructed with STORM.

As previously mentioned, the Tokuyasu cryo-sectioning method was chosen in this
protocol as it provides a better structure preservation, molecular diffusivity, and ease
of use than the conventional chemical fixation and resin embedding steps. Although
originally intended for immunostaining protocols, the two-step nature of our
biorthogonal ligations is convenient for Tokuyasu cryo-sectioning, as the click-
fluorophore can be introduced after the biological time course and sample preparation,
with good diffusivity through the 75 nm cryo-section. Furthermore, by using this
technique the STORM imaging buffer can easily access the clicked fluorophores,
ensuring optimal photoswitching properties of the dyes.
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General applicability of the method

The presented STORM-CLEM method is applied to the case study of intracellular
trafficking of pathogens, but it could potentially be applied to different types of biological
samples and could be extended to other types of samples, like synthetic materials, as
long they can be fixed and thin-sectioned. As explained, it is a very versatile workflow
that could accept many variations: we have described it with clickable dyes, but other
types of labelling could also be applied, like immunolabelling, previously labelled
structures or fluorescent proteins. When correlating with single-molecule microscopy,
the right fluorophore/ fluorescent protein should be chosen. Other types of
microscopies, like confocal microscopy, STED or SIM could also be implemented.
All'in all, we have described a detailed workflow for correlating STORM with TEM on
cryo-sections prepared using the Tokuyasu method. Correlating nanoscopic
techniques allows access to more detailed information. In the case studied on
intracellular pathogens, we could get insights into their intracellular mechanism of
invasion. Lastly, click-chemistry labelling allows for freedom on the fluorophore of
choice.
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Glossary

Glossary

AFM - Atomic Force Microscopy

BTA - Benzene-1,3,5-tricarboxamide

CE - Conjugation Efficiency

CLEM - Correlative Light and Electron Microscopy

CLSM - Confocal Laser Scanning Microscopy

CQ - Chloroquine

CV - Coefficient of Variation

DLS - Dynamic Light Scattering

DMEM - Duldecco’s Modified Eage Medium

Dil - 1,1"-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate
DNA-PAINT - DNA Points Accumulation for Imaging Nanoscale Topography
dSTORM - Direct STochastic Optical Reconstruction Microscopy
EE - Early Endosome

EFTEM - Energy Filtered Transmission Electron Microscopy

EM - Electron Microscopy

ER - Endoplasmic Reticulum

FBS - Fetal Bovine Serum

FDA - Food and Drug Administration

FM - Fluorescence Microscopy

FOV - Field Of View

FS - Freeze Substitution

GA - Glutaraldehyde

H - Hisitidine (amino acid)

HILO - Highly Inclined Laminated Optical Sheet

HPF — High-Pressure Freezing

LE - Late Endosome
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Glossary

MEA - Mercaptoethylamine

MIRIBEL - Minimum Information Reporting in Bio-nano Experimental Literature
NP - Nanoparticle

0s04 - Osmium Tetroxide

Pdl - Polydispersity Index

pPBAE - Poly(B-aminoesters)

PDNA - Plasmid DNA

PEG - Polyethylene glycol

PFA - Paraformaldehyde

pPGFP - Plasmid Green Fluorescent Protein

PLGA - Poly(lactic-co-glycolic) acid

gPAINT - Quantitative Points Accumulation for Imaging Nanoscale Topography
R - Arginine (amino acid)

ROI - Region Of Interest

SEM - Scanning Electron Microscopy

SMLM - Single Molecule Localization Microscopy

SRM - Super-Resolution Microscopy

STORM - Stochastic Optical Reconstruction Microscopy

Super-resCLEM - Super-resolution Correlative Light and Electron Microscopy
TCEP - (tris(2-carboxyethyl)phosphine)

TEM - Transmission electron microscopy

TIRF - Total Internal Reflection Fluorescence

UA - Uranyl Acetate

ZP - Zeta Potential
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