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Foreword and aim of the thesis

Theranostics is a promising field that combines therapeutics and
diagnostics into a single multifunctional formulation. This field is
driven by the advancements in nanoparticulated systems capable of
providing the necessary functionalities. By utilizing these powerful
nanomedicines, the possibility to combine non-invasive disease
detection methods with individualized treatments is becoming a
reality in personalized medicine. Besides, the advancements in
nanomedicine for theranostics have configured the development of
image-guided drug delivery, a promising methodology to improve the
efficiency of pharmaceuticals by visualizing non-invasively their
delivery, effects on specific molecular and cellular targets, and the
corresponding therapeutic effects.

The MAGBBRIS (new MAGnetic Biomaterials for Brain Repair and
Imaging after Stroke) project, which this thesis is involved with, is
devoted to engineering novel magnetic nano-biomaterials to address
neurorepair by enhancing angiogenesis in the context of a ischemic
stroke. MAGBBRIS aims to demonstrate that growth factors,
secreted by endothelial progenitor cells (EPCs), with proved potential
to induce angiogenesis, can be encapsulated in magnetic
poly(D,L-lactic-co-glycolic acid) (PLGA)-based nanocapsules (NCs)
and be delivered to mice brain and retained by an external magnetic
field, to finally achieve controlled release and induce vascular
remodeling and neurogenic tissue regeneration after stroke.

The work shown in this thesis has been realized at the Nanoparticles
and Nanocomposites group, ICMAB-CSIC, in close collaboration
with the Neurovascular Research Group at the Vall d’Hebron
Research Institute, supervised by Dr. Anna Roig and Dr. Anna Rosell
respectively. Previous to the start of this thesis, the group had already
initiated a study for non-invasive angiogenic treatment after a brain
ischemic event using nanomedicine. Fabrication of biodegradable and
biocompatible PLGA NCs loading superparamagnetic iron oxide
nanoparticles (SPIONs) and pro-angiogenic human vascular
endothelial growth factor (WWEGF) had been evaluated in terms of
magnetic resonance imaging (MRI) tracking performance of the
nanocarrier and bioactivity for angiogenesis in vitro of the released
protein. Based on these previous studies, this thesis aims to expand
and improve the drug delivery system for theranostics by
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EPCs-secretome encapsulation into magnetic PLGA NCs and
labeled them with versatile imaging reporters allowing magnetic
retention and in vitro/in vivo product tracking for potential
non-invasive neurorepair after stroke.

The main specific objectives of the thesis are the following:

1-

To optimize the PLGA NC formulation for magnetic targeted
delivery, stealthiness and controlled encapsulation and release of
therapeutic proteins.

To functionalize the PLGA NC formulation with versatile
imaging reporters (MRI, fluorescence, positron emission
tomography (PET)) for monitoring.

To understand the approaches by which the formulated PLGA
NCs could improve brain accumulation and increase EPCs
secretome loading.

The thesis is organized in 6 chapters.

Chapter 1 introduces the state-of-the-art regarding the use of
PLGA-based nanoparticles in nanomedicine. It summarizes the
loading of various therapeutic agents and the functionalization of
PLGA nanocarriers for theronostics. Finally, the MAGBBRIS
project is briefly introduced to illustrate the motivation of the
thesis work towards the development of PLGA-based
nanomedicines for neurorepair after a stroke.

Chapter 2 describes the optimization and evaluation of the
proposed PLGA NC formulation with potential for clinical
translation. Regarding the physicochemical properties of the
nanocarrier, it illustrates improvements of the intrinsic capacities
of magnetic guidance and MRI and a PEGylation strategy is
presented. Moreover, the biosafety, shelf-life and basic quality
control of the NC formulation are discussed.

Chapter 3 reports on the functionalization of the PLGA NC
formulation for multichannel fluorescence imaging demand. It
describes several chemical synthetic routes to covalently label the
PLGA with biocompatible small molecule fluorophores at
different emitting wavelengths (blue, green, red and near-infrared
(NIR)). It shows that the size, shape and main compositional traits
of the fabricated nanocarrier are not affected by the inclusion or
removal of the imaging probes. Finally, the in vitro/in vivo
fluorescence 1imaging performances of the functionalized
nanoformulations are evaluated and the biodistribution of the
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intravenous (i.v.) administered NCs is investigated.

Chapter 4 reports on the functionalization of the PLGA NC
formulation with a radiolabel for PET imaging modality. It starts
with the synthetic routes to obtain chelator deferoxamine (DFO)
conjugated PLGA NCs and the radiolabeling with %°Zr. Then the
influences of PEGylation and external magnetic field on the
biodistribution of the i.v. administered NCs is preliminarily
investigated using PET imaging.

Chapter 5 explores improved administration protocols to
guarantee better brain delivery according to the collected data of
the previous chapters. The protein loading and release kinetics are
also investigated and efforts are made to increase the therapeutic
secretome loading to potentially increase the therapeutic effect.
Chapter 6 reports on general conclusions from the work of the
thesis and suggests directions for future work.
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Introduction

1.1 Cargo types and therapeutic purposes of PLGA-based
nanoparticles used as drug delivery systems

Polymers are used extensively in the contemporary biomedical arena
because of their biocompatibility, biodegradability, and
functionality.!') Biodegradable synthetic polymers (BDSPs) such as
poly(p-dioxanone) (PDOX), poly(lactic acid) (PLA), poly(glycolic
acid) (PGA), and their copolymers such as PLGA have been widely
exploited in biomedicine.**! Among the BDSPs, PLGA is one of the
most popular since it undergoes complete biodegradation in
physiological medium via hydrolytic breakdown of the ester bonds,
resulting in the formation of the original monomers lactic and
glycolic acids that are rapidly metabolized.”] PLGA has been
approved by the Food and Drug Administration of the United States
(USFDA) and the European Medicine Agency (EMA) for application
in a variety of drug delivery systems.[6-*!

Polymeric nanoparticles (NPs) have received increased attention in
nanomedicine for drug delivery.”’) They are characterized by being
able to incorporate tunable functionalities and high capacity to load
various therapeutic agents. Polymeric NPs have become optimal
carriers to improve the efficacy of the loaded cargos in terms of
increasing their bioavailability, solubility in physiological
environment and retention time in the target organ or tissue while
overcoming limitations such as low absorption, short biological
half-life, low specificity and undesired side effects of using
non-encapsulated therapeutic agents. PLGA-based NPs would fulfill
the  requirements including high  biocompatibility  and
biodegradability, low toxicity, appropriate elimination and ease of
processing.['” During the last decades, many efforts have been
devoted to rendering PLGA-based NPs suitable for drug delivery
applications.['' 121 Various types of therapeutic agents (e.g.,
chemotherapy, antibiotics, antiseptic, anti-inflammatory and
antioxidant drugs, proteins) have been incorporated into PLGA-based
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NPs depending on the therapeutic purposes.!'*! Some areas of PLGA
nanoformulations in nanomedicine are illustrated in the following
sections where the progress of the formulations for pro-angiogenesis
therapies, related to the thesis work, is also introduced.

1.1.1  Illustration of various therapeutic nanoformulations

1.1.1.1 PLGA-based NPs for antimicrobial therapy

PLGA-based NPs have been used as carriers for the delivery of
various antibiotics to treat bacterial infections such as;
ciprofloxacin-loaded PLGA NPs!!* 31 or azithromycin-loaded
TPGS—PLGA hybrid NPs!!®! against cystic fibrosis Pseudomonas
aeruginosa lung infections, rifampicin-loaded PLGA NPs!'”) against
Francisella infections, enrofloxacin-loaded PLGA NPs!'¥! against
Gram-negative bacterial infections and trimethoprim-loaded PLGA
NPs!'! for instillative treatment of urinary tract infections. These
nanoformulations have been proved to offer several advantages over
the conventional application of non-encapsulated active
pharmaceuticals. Firstly, incorporation of drugs into PLGA matrix
reduces the innate cell toxicity of the antibiotics by minimizing the
reactive oxygen species (ROS) formation within the host cells, while
at the same time retains their antimicrobial efficacy.['*! Moreover,
nanoformulations increase the bioavailability of drugs at the site of
action and thus the possibility to reduce drug dosage and hence their
side effects.'¥ Finally, the controlled release of the antibiotic from
PLGA NPs is expected to serve for high and sustained local drug
concentration.

To meet the challenges of multidrug resistance of bacterial strains!*”]

as well as the narrow active spectrum of antibiotics on those
bacterial?!), various antimicrobial metal-based nanostructures (MNSs
have been developed, which can reduce the dosage of antibacterial
agents, decrease side effects, overcome bacterial resistance, and
reduce costs for patients)!?*2®!. Incorporation of antiseptic MNSs into
PLGA matrices considerably alters the physicochemical and
biological characteristics of these nanometals with improved
biocompatibility and decreased toxicity. For example, ZnO/PLGA
NPs have significantly lower cytotoxicity compared with ZnO NPs
alone and the nanocomposites are nontoxic against host cells but
demonstrate antimicrobial activity against bacterial strains.”]
Another example is the encapsulation of Ag NPs into PLGA particles.
The resulting composite possesses antimicrobia
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CHAPTER 1

activities and is more biocompatible than Ag NPs alone.*®

1.1.1.2 PLGA-based NPs for cancer treatment

PLGA-based NPs have been deeply investigated for cancer treatment.
Regarding chemotherapy, various chemotherapeutic drugs have been
loaded into PLGA-based NPs, for instance, doxorubicin
(DOX)-loaded PLGA NPs against glioblastomal®®! or colon
carcinomal®®, docetaxel (DTX)-loaded PLGA NPs against lung!*!-3%
or breast cancer 3% 5-fluorouracil (5-FU)-loaded PLGA NPs
against malignancies®, sorafenib-loaded PLGA NPs against liver
fibrosis*®!, and curcumin (CUR)-loaded PLGA NPs against colon
cancer®”). Such nanoformulations can extend the drugs’ circulation
time, sustain drug release and also inhibit the development of drug
resistance as well as increase drug accumulation in tumors.[®
Moreover, various pairs of drugs with varying hydrophobicity and
pharmacokinetic profiles could be co-encapsulated into the PLGA
NPs to provide synergy of a combination treatment. Among the many
combinations co-loaded in one particle are paclitaxel
(PTX)-cisplatin[**, PTX-Erlotinib!’], DOX-CURM,
PTX-Verapamil*!, and PTX-epigallocatechin gallate (EGCG)*,
which significantly improvement of their therapeutic efficiency. Next
to the synergistic effect of different chemotherapeutic drugs, an
additional beneficial therapeutic outcome can be achieved via
combination treatment with radiotherapy considering that drugs like
DOX, DTX and PTX are also prominent radiosensitizers.*®! In this
context, Werner et al. encapsulated DTX in PLGA NPs with a
lecithin-PEG folate surface modification to optimize radiotherapy.
Results revealed that radiation 12 h post-NPs administration had a
maximum effect on tumor growth inhibition 44,

Local hyperthermia is also used to damage and kill tumor cells by
increasing their temperature to about 42—46°C. Magnetic NPs under
the effect of an alternating magnetic field can induce local
temperature increase and hyperthermia when injected into the
tumors.'*] PLGA NPs have been used to co-encapsulate magnetic
iron oxide NPs and chemo-therapeutics and apply hyperthermia in
combination with chemotherapy for cancer treatment.[***!! Aside of
magnetic hyperthermia, photothermal therapy offers another
approach through light irradiation to induce local hyperthermia, in
which a photothermal agent, usually a light-absorbing nanomaterial,
absorbs photon energy and dissipates it in form of heat, this heat

results in the disruption of cellular membranes and induces apoptosis
3



and/or necrosis.*” Many photothermal agents have been studied, for

instance, carbon and gold nanomaterials or NIR-absorbing molecules
such as indocyanine green (ICG), polydopamine (PDA) and
polypyrrole (PPy). And they have been co-loaded with
chemo-therapeutics on PLGA-based NPs for a combination therapy,
for instance, Au-DTXPY, PDA-DTXPY or PPy-DTXP 2. In general,
promising therapeutic efficacy could exclusively be achieved via
combination treatments, neither the sole delivery of chemotherapy
nor the local hyperthermia could outperform the proposed and
presented combination treatments. This can be due to synergistic
effects and/or due to an increased drug accumulation following the
hyperthermia-related enhanced permeability and retention (EPR)
effect.52: 53]

Recently, gene therapies such as gene delivery, gene silencing or gene
editing, and immunotherapies such as cancer vaccines, cytokine
therapy, checkpoint-blockade therapy, adoptive T-cell transfer, or
chimeric antigen receptor T (CAR-T) cell therapy, are emerging
approaches in the anticancer field. The major obstacle in these
biotherapies is the protection and targeted delivery of the sensitive
cargos (e.g., nucleic acids, nuclease, antigens, adjuvants, etc.),
formulations of PLGA-based NPs with versatile modifications are

being investigated as drug delivery systems to address this obstacle.
[54-57]

1.1.1.3 PLGA-based NPs for tissue regeneration

Tissue regeneration promotes self-repair of damaged tissues via the
use of cells that possess proliferation and differentiation capability,
and aims to restore, maintain or improve the function of damaged
tissues.[8) Scaffolds are widely used in regenerative medicine
creating an artificial environment to support the cells used for
regenerating damaged tissues, and the growth factors that stimulate
the cells to differentiate.’°! The tissue engineering applications of
PLGA-based scaffolds, for instance, metallic nanostructures
(MNSs)/PLGA nanocomposites!®”, are mostly focused on bone
regeneration.

In terms of injectable PLGA NPs used for regenerative medicine,
studies are mainly focused on exploring PLGA microspheres as cell
delivery devices due to their ability to deploy cells growth while
releasing them at damaged or degenerated tissues.”) These
microspheres offer a favorable surface area substrate for cellular
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CHAPTER 1

adhesion and proliferation, and also a biodegradable cell carrier. For
example, PLGA-based microspheres used to carry and deliver
chondrocytes or their stem cells for the initiation of cartilaginous
tissue regeneration!®%%!, or as smooth muscle-like cells vehicles to be
applied in the therapy of muscle degeneration diseases to restore lost
smooth muscle function and promote the regeneration of the
damaged tissues!®* %],

Regarding PLGA NPs for tissue regeneration, they are often used as
carriers for hormones or proteins with physiological functions[*®!. In
addition to all the advantages associated to PLGA microparticles, the
NPs present advantages related with their nanoscale size. For
example, estradiol (E2) is encapsulated into PLGA NPs for
osteoporosis treatment to improve bone mineral density in
postmenopausal women.[%”! This nanoformulation is highly useful for
the recovering of bone mineral density as well as reducing the
administration intervals with the transdermal administration route.

1.1.2  Overview of PLGA-based formulations for
pro-angiogenesis therapy and related neurorepair

New blood vessel formation is a critical requirement for treating
vascular and ischemia related diseases, the involved angiogenesis and
vasculogenesis represent crucial processes for the functional
regeneration of complex tissues. Growth factors represent a group of
functional proteins that stimulate cell growth, proliferation and
differentiation and are crucial in the regulation of multiple cellular
processes.!'?l Several proangiogenic growth factors, for instance,
platelet-derived growth factor (PDGF-BB), fibroblast growth factor
(FGF-2) and vascular endothelial growth factor (VEGF) have been
successfully  encapsulated  into  PLGA-based NPs  for
pro-angiogenesis therapies.!®7") Chereddy et al. demonstrated that
VEGF-loaded PLGA NPs accelerate neovascularization and promote
wound healing, enhancement of migration and proliferation of
keratinocytes and upregulation of expression of VEGFR2 at mRNA
level are revealed (Figure 1-1)."!! Xiong et al. also showed a
successful action of VEGF-loaded PLGA NPs in the promotion of
blood vessels and smooth muscle fibers regeneration in the bladder of
a swine model, the NPs could release VEGF for at least 3 months.[”?]



PLGA-VEGF nanoparticles promote wound healing
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Figure 1-1. The wound healing effects of PLGA-VEGF NPS were evaluated in
splinted mouse full-thickness excisional model. The silicone splints avoid the
contraction of wound and thereby the wound healing is majorly conducted by
re-epithelialization similar to that of humans. PLGA-VEGF NPs induce higher
re-epithelialization, granulation tissue formation and angiogenesis, thus
promote wound healing. This figure is obtained from Nanomedicine:
Nanotechnology, Biology and Medicine (2015) by K.K. Chereddy et al.[71]

Regarding pro-angiogenesis therapy for neurotissue remodeling after
an ischemic stroke episode, which is related to the study in this thesis,
PLGA-based microspheres have been used to support human neural
stem cells (hNSCs), and simultaneously release VEGF. After
injection of the microspheres in the rat brain directly to the lesion site,
VEGEF provides the recruitment of endothelial cells (ECs) from the
host tissue, hence initiating the neovascularization in the lesion cavity,
which is associated with the integration and differentiation of the
NSCs (Figure 1-2)."*] However, this strategy for ischemic stroke
treatment may have potential side effects. On the one hand, the
VEGF induced hypervascularization that may be detrimental leading
to hNSCs preferentially differentiate into astrocytes, despite that the
neuronal differentiation of hNSCs is always challenging. Moreover,
even VEGF is known to induce angiogenesis, it also creates a more
permeable blood-brain-barrier (BBB)!"#.. Its continued presence and
release might lead to overexpansion of individual unorganized ECs,
whilst also permitting the invasion of inflammatory cells through a
compromised BBB[”!
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PLGA-based | %[y
microsphere

Figure 1-2. Neurotissue regeneration after a stroke episode based on local
injectable VEGF-releasing PLGA microspheres (50-100 um) with NSCs
attached. a) Vascularization of the lesion cavity is a gradual process with cells
migrating in and gradually covering the lesion space. Therefore, some areas
contain human NSCs (HNA in green) attached to particles (red arrows), but no
endothelial cells (Reca-1 in red). Some particles are still clearly visible as a
whole particle (boxed insert) with cells attached; b, ¢) in some instances, it is
evident that a primitive neurovascular environment is emerging where human
NSCs support the formation of tubules formed by endothelial cells. However,
these are non-functional elements as these remained incomplete; d) the density
of endothelial cells and newly forming blood vessels is much denser than found
in normal tissue. It is unclear here if this is part of an attempt to establish a
vascular network that for instance, will eventually prune some unnecessary
branches or if this could remain as a hyper-vascularized tissue (Scale bar = 50
um). This figure is obtained from Biomaterials (2012) by E. Bible et al.[73]

Accumulating evidence indicates that bone marrow-derived EPCs
equipped with an inherent capacity to repair endothelial damage and
differentiate into mature endothelial cells contribute towards a
favorable neurovascular remodeling environment that supports
neuronal regeneration and unctional recovery in the delayed phases
of stroke (Figure 1-3).1> 71 Many EPCs-based cell therapies have
been investigated in pre-clinical models of stroke.”””°! Despite the
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high potential of EPCs for stroke therapy, an outstanding hurdle for
its application is the lack of efficient administration systems,
resulting in a low number of cells reach the desired area together with

undesirable side effects.3"!
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Figure 1-3. Scheme of the main EPC functions related to neovascularization
and contribution to mechanisms of neurorepair after stroke. Direct actions
include the incorporation to damaged vessels or vessel remodeling by
vasculogenesis whereas indirect contributions on vessel remodeling,
remyelination, oligodendrogenesis, or neurogenesis are mediated by secreted
molecules, including exosomes (G-CSF, granulocyte colony stimulating factor;
GM-CSF, granulocyte macrophage-colony stimulating factor; SDF-1,
stromal-derived factor-1). This scheme is obtained from American Journal of
Physiology-Cell Physiology (2018) by G. Esquiva et al.[76]

Previous study from the Neurovascular Group at VHIR demonstrated
that not only EPCs but also their secreted growth factors (secretome)
can promote vascular plasticity after ischemic stroke.®!] Also others
have noted the importance of a multifactorial stimulation of
angiogenesis for mature blood vessel formation with a functional
BBB.[? 831 Therefore EPCs-secretome is emerging as a promising
cell-free therapeutic product that could be administrated safely in
large amounts for revascularizing and remodeling purposes!®*
Taking into account that the pharmaceutical market using therapeutic
8
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proteins is incredibly increasing®® and PLGA NPs are already used
as protein carriers for protective, efficient and sustained delivery®’-8%],
Those previous results encouraged us to direct this thesis work
towards the development of PLGA-based NPs to deliver
EPCs-secretome, proposing its therapeutic pro-angiogenesis actions
in the ischemic brain.

1.2 Customizing the PLGA-based nano delivery systems for
theranostics

Theranostics combines therapeutics and diagnostics into single
multifunctional formulations. Advancements in nanoparticle systems
have provided the necessary functionalities for their theronostic
applications.l®” Typical theranostic NPs include three components: 1)
diagnostic imaging probe, 2) targeting ligand, and 3) therapeutic. As
illustrated in Figure 1-4, various desired elements categorized into
the three categories are incorporated into the PLGA nanoparticle,
converting this nanoplatform into a theranostic delivery system.
Diagnostic imaging probes can aid to either monitor the interactions
and fate of NPs with biological entities in vitro/in vivo, or visualize
the exact nature, phenotype, and stage of the disease to guide
treatment. Targeted delivery achieved either through the active
targeting ligands or passively is also an advantageous property for
imaging outcomes because it reduces unwanted interruption in
signaling and improves selectivity and sensitivity. Therefore, a
customized theranostic PLGA-based NPs can guided in the study of
the treatment, the efficacy of the dosage delivered, or to predict the
response to treatment. It can help to maximize drug efficacy and
reduce the guesswork associated with the development of disease
treatments. What follows are examples of imaging and targeted
delivery functionalization of the PLGA nanocarriers. Integrating
different components in a PLGA-based theranostic system is
introduced.
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Figure 1-4. Schematic illustration of the modification of PLGA-based nano
delivery system. This scheme is obtained from Colloids and Surfaces B:
Biointerfaces (2017) by M. Mir et al.[10]

1.2.1 Imaging functionalization of the PLGA nanocarrier

Optical imaging utilizes photons emitted from bioluminescent or
fluorescent probes for the detection. It is considered to be an
attractive option for in-vitro and pre-clinical imaging due to its lack
of non-ionizing radiation, the ability to image the spectrum from
visible to NIR in real-time and that it is inexpensive.”!! Various
probes used for this imaging, including organic dyes!®*®*!, synthetic
fluorophores®® /1, quantum dots®® *°! and lanthanide upconversion
nanomaterials!!®® 11 can be integrated into the PLGA nanocarriers
during the particle synthesis. For the theranostic applications, the
imaging domain is used to follow the tissue or cellular uptake, in vivo
biodistribution and accumulation in specific body areas following the
local or systemic administration of the NPs. Conventional approaches
to physically blend imaging probes within the carrier always
encounter the leakage of fluorescent labels from the PLGA matrix
that makes it difficult to differentiate the signal of the entrapped
marker associated with NPs and the free leaking fluorescent material
and this can sometimes lead to incomplete conclusions or
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misinterpretations on the carrier’s biodistribution®® 121, For example,

loading two different molecules as probes into the same carrier led to
opposite conclusions regarding the kinetics of brain-specific
delivery.'®?l Therefore, a stable fluorescent label is of crucial
importance for the sensitivity of quantitative and qualitative detection
as well as the contrast of fluorescent microscopical imaging. Thus,
covalent conjugation of the fluorescent probes offers a promising tool
to obtain more time-stable fluorescent NPs. Due to that native PLGA
does not include easily accessible “chemical handles” for fluorescent
labeling, some strategies were developed to modify the PLGA
through the carboxylic end. The most used reaction is the
carbodiimide one (Figure 1-5), which conjugates the carboxylic end
group of PLGA with the amine end group of the ligands by forming
an amide group®® ', Besides, the amide bridge can be used to
introduce other reactive groups to the end of PLGA molecule, thus
any desired ligands can be further bound, which enables the
functionalization of PLGA tailor-made.

EDC/NHS
DMF, overnight RT

PLGA Quantum dot
Figure 1-5. Schematic illustration of the process of labeling PLGA (-COOH)
with quantum dot (QD-NH>) through carbodiimide chemistry. This scheme is
obtained from Journal of Control Release (2017) by D.X. Medina et al. [%]

MRI is a prevalent diagnostic imaging technique that is used
primarily for acquiring high-resolution anatomical images in the
body thanks to its excellent spatial resolution.’® % The physical
principles of MRI rely on the differing relaxation time of water
protons under external magnetic fields resulting from the
heterogeneous distribution and environment of water protons in the
organism. The differences in relaxation times can be either
longitudinal (T1) or transverse (T2) and are used to generate image
contrast. Usually, the contrast has to be amplified to better image a
local site, thus different types of contrast-enhancing agents (T1 or T2)
are developed for an increased MRI signal intensity. In general, the
contrast agents can be categorized into gadolinium-based or
manganese-based paramagnetic T1 contrast agents!!?!: 105191 and jron
oxide or iron platinum superparamagnetic T2 contrast agents!!%7-1%%],
Some contrast agents are extensively applied preclinically for
diagnostics while others are routinely applied in clinics for instance,
11



Gd-DTPA (gadolinium (III) diethylene triamine pentaacetate) from
Magnevist and Ferristene (micron size iron oxide particles) from
Abdoscan "% Among them, the superparamagnetic iron oxide
nanoparticles (SPIONs) have been combined with PLGA NPs for the
advantages of simultaneous T2-weighted MRI and magnetic targeting
drug delivery[3% 48 97. 107, 108, 111 112] “NMoreover, the obtained magnetic
nanocarrier can be used to generate localized magnetic hyperthermia
by alternating magnetic fields, which can be exploited for cancer
therapy or/and thermally activated drug release.!*% 107)

Radionuclide imaging techniques such as PET and single-photon
emission computed tomography (SPECT) detect the gamma rays
generated by radionuclides. These techniques enable the
quantification of the concentration of a nanoformulation once the
nanoformulation is labeled with a radioisotope. Once administered, it
can be monitored and quantified over time with high sensitivity.
More importantly, both PET and SPECT are fully translational which
enable the evaluation of pharmacokinetics both in the preclinical and
clinical fields. Thus, radiolabeling is a key step to apply nuclear
imaging techniques in nanomedicine. Early radiolabeling of
PLGA-based NPs involved direct entrapment of radioligands into the
NPs, some examples are the encapsulating hydrophilic macrocyclic
copper complex into hollow PLGA nanocapsules for PET!!3] and
entrapping '''In-doped iron oxide NPs into solid PLGA matrix for
SPECT!M. In general, theranostic nanoformulations are usually
designed and fabricated first, with anchor points reserved for the
radioligands, which allows full characterization of the
nanoformulations and incorporation of the radioligands at the very
last stage. Then, the anchoring of radioligands usually takes place
under mild chemical conditions without altering the main properties
of the pre-designed nanoformulations. For example, anchor points
provided by avidin on the PLGA NP surface allow the rapid and
nearly irreversible linkage of biotinylated '*F radioligands through
avidin—biotin interaction!!'*), and anchor points provided by chelator
NODA (2,2’-(7-(4-((2-aminoethyl) amino)-1-carboxy-
4-oxobutyl)-1,4,7-triazonane- 1,4-diyl)diacetic acid) on the PLGA NP
surface permitting the chelating of ®3Gal!'®l,

In addition to the imaging modalities introduced above, other
modalities such as photoacoustic imaging, X-ray imaging have been
also reported by integrating the corresponding imaging probes into
the PLGA nanocarrier® 7l In general, the imaging
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functionalization of PLGA-based NPs is customizable and, various
imaging moieties can be incorporated depending on the desired
application. The possibility for simultaneous incorporation of several
probes has turned PLGA nanocarriers into a platform with
multimodalities to meet the need for hybrid imaging methodologies,
able to overcome the shortcomings of a single modality and acquire
complementary information regarding monitoring, diagnosis, and
treatment!!'®]. For instance, MRI offers a high spatial resolution and
has many advantages over other imaging techniques such as X-ray
and computed tomography, including the fact that it is non-invasive
and uses non-ionizing radiation to acquire the images. However, MRI
is expensive, and it cannot be used in patients with metallic medical
devices implanted, in our case the magnet. NIRF provides a fast and
convenient way to monitor whole-body NCs in real-time but has the
disadvantages of poor tissue penetration and susceptibility to noise
due to scattering. PET is sensitive with low noise and produces
three-dimensional images, while the disadvantages include spatial
resolution limitations, cost of the equipment, imaging only one
radionuclide at a time, and radiation concerns. Some combinations,
for example, MRI-X-ray imaging-fluorescence imaging!'%!,
photoacoustic-fluorescent imaging!''” or F MRI-fluorescence
imaging!''®! are reported to be used for the functionalized
PLGA-based nanocarrier.

1.2.2  Targeted delivery functionalization of the PLGA
nanocarrier

Targeted drug delivery aims to accumulate the therapeutic agent at
the site of interest to increase therapeutic efficacy, lower drug dose
and side effects. Passive targeting, via the EPR effect, has been
widely utilized in nanomedicine for tumor targeting. This effect, due
to the abnormal architectures and impaired functional regulation of
tumor blood vessels, is the hallmark of solid tumor vasculature and
related to the selective transport of NPs into the tumor.'?°! For
example, the formulation of curcumin-loaded PEGylated PLGA
nanocapsules was developed to treat colon cancer and showed good
tumor accumulation and prolonged blood circulation profile
facilitating EPR effect.’”! Other nanoparticle formulations have been
clinically approved and administered for the passive targeting to the
site of interest via this EPR effect.l'?!l However, passive targeting via
EPR effect is limited to certain types of tumors and the EPR effect
varies among patients, tumors, tumor types and even changes over

13



timel'??! also it is not a suitable alternative for targeting in other

diseases, for instance, in regenerative medicine.

An alternative strategy is to use active targeting strategies achieved
through the attachment of specific ligands to the PLGA nanocarrier
surface. This strategy facilitates selective or preferential interaction
of the nanocarrier with specific receptors or transporters of a cell type
by molecular recognition and thus increases the specificity of NPs for
the target site. The interaction between the nanocarrier and the
objective cell can be done via ligand-receptor interaction, antigen—
antibody interaction or aptamer-mediated targeting.!'?3! Examples of
active targeting of PLGA-based nano delivery systems are presented
in Table 1-1.
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Table 1-1. Active targeting of PLGA NPs concerning the ligand-receptor
interaction, antigen—antibody interaction, and the targeting through aptamers.

Targeting moiety ~ Drug Therapy
Lectin Paclitaxel Colon cancer|[124]
Sialic acid Loperamide Brain delivery[125]
Ligand-receptor Transferrin Arqmatase Breast cancer[126]
interaction inhibitor
T7 peptide Carmustine Glioma[127]
Mannan Nondefined Bone marrow
diseases[128]
A10 Docetaxel Prostate
20-fluoropyrimidine cancer[129]
Aptamer-mediated RNA
targeting Antinucleolin Doxorubicin ~ Glioma[130]
AS1411
aptamer
CD133 aptamers  Salinomycin ~ Hepatocellular
A15 and EGFR carcinomal[131]
aptamers CL4
Fab fragments Pseudomonas  Breast cancer[132]
from a exotoxin
humanized
anti-HER2
monoclonal
antibody
Antigen-antibody ~ (ThuMAbHER2)
Interaction Human/ Letrozole Glioblastoma[133]
mouse
chimeric
anti-GD2
antibody
ch14.18/
CHO

Another (active) targeting strategy for drug delivery is magnetic
guidance of the NPs to the target site. In this approach, PLGA-based
NPs are combined with magnetic nanoparticles (MNPs), which can
be accumulated at the target site by applying an external magnetic
field. As already elaborated in the last section, the incorporation of
SPIONs into the PLGA-based nano delivery system could allow a
simultaneous magnetic targeting and MRI, as well as the potential for
magnetic hyperthermia. Compared to the utilization of specific

15



ligands, which may suffer from not enough amount of functionalized
NPs and not enough affinity and specificity to target molecules!!34],
the use of MNPs and external magnetic field may lower the
complexity of the nanocarrier. On the other hand, to improve the
targeting performance, magnetic targeting could also be combined
with other active targeting approaches. Cui et al.'%® reported that the
combination of active transferrin receptor binding peptide T7 and
magnetic targeting increased the NPs accumulation and cellular
uptake. More than 10-fold higher tumor accumulation and improved
crossing of the blood-brain barrier by 5-fold was achieved in an
orthotopic glioma model compared with non-targeted NPs (Figure
1-6). Also, the incorporation of SPIONs can also be utilized for the
emerging magnetic particle imaging (MPI), which might not only be
used as a non-invasive imaging modality, but also promote magnetic
targeting and guide the magnetic PLGA NPs to the target tissue.
Additionally, MPI can be combined with magnetic hyperthermia
yielding an image-guided theranostic tool.!!*!

Figure 1-6. Schematic illustration of BBB-penetrating and tumor-targeting
delivery via the peptide T7-mediated and magnetic-guided, dual-targeting
MNP/T7-PLGA NPs. This scheme is obtained from ACS Applied Materials &
Interfaces (2016) by Y. Cui et al. [108]
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1.3 Background of the thesis work: the MAGBBRIS project

According to the World Health Organization data, 15 million people
worldwide experience a stroke each year; of these, 5 million are
permanently disabled, and five do not survive the disease. Ischemic
stroke is the most common type usually caused by a blood vessel
obstruction due to thrombus or embolism, which can produce severe
and permanent brain tissue damage. Today, the only approved
treatment is the acute thrombolytic therapy (pharmacological or
mechanical), which has to be administrated at very early from the
onset of clinical symptoms, and less than 10% of patients receive
treatment due to strict selection criteria. In contrast, neuro-repair
treatments could offer the opportunity to include most stroke patients
by extending the therapeutic time window. Regenerative medicine
has proposed therapeutic strategies based on the potentiation of
angiogenesis, which linked to different remodeling processes
(neurogenesis, osteogenesis, among others) during tissue repair. In
the context of neurorepair after a stroke, the potentiation of
angiogenesis can play a significant role.

The MAGBBRIS (MAGnetic Biomaterials for Brain Repair and
Imaging after Stroke) project, funded in the EuroNanoMed III joint
transnational call (2017) for “European innovative research & and
technological development projects in nanomedicine”, is devoted to
engineering novel magnetic nano-biomaterials to address tissue repair
guided by angiogenesis in the context of an ischemic event. As
illustrated in Figure 1-7, MAGBBRIS will demonstrate that the
secretome, a collection of growth factors secreted by EPCs, with
proved potential to induce angiogenesis and neurorepair, can be
encapsulated in magnetic PLGA-based nanocapsules and be
successfully and safely delivered to mice brain and retained by an
external magnetic field, to finally achieve controlled release and
induce vascular remodeling and neurogenic tissue regeneration after
stroke. This nanomedicine approach will provide an advanced
therapy that could be translated to a clinical-stage as noninvasive,
safe and available to most stroke patients.
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Figure 1-7. Schematic illustration of the nanomedicine approach for brain
repair.

The consortium is highly multidisciplinary, made up of materials
science, biomedical and clinical research, and industrial partnership,
includes 6 partners from 5 member states (VHIR, ICMAB-CSIC
Spain, Univ Artois, France, Ospedale San Raffaele, Italy, Pure
Biologics Ltd, Poland and the Institute of Experimental Physics,
Slovakia).
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PLGA NC formulation for potential clinical

translation with intrinsic properties of magnetic
guidance and MRI

In this chapter, we aim at determining an optimal and simple
formulation for a magnetic PLGA nanocarrier to encapsulate proteins
with potentical clinical translation. When translated to the clinical
setting the external magnetic field will be the driving force to guide
and retain the secretome loaded NCs to the vasculature of the
ischemic area, and the secretome will be released by the degradation
via hydrolyzation of the polymer shell. Since the magnetic guidance
of the NCs is achieved by the incorporated SPIONs, a MRI T2
contrast agent, the NCs are also endowed with intrinsic MRI modality.
A schematic illustration of the architecture of the drug carrier system
is shown in Figure 2-1. An important criterion to successfully
achieve the clinical translation of a drug delivery system is to
minimize complexity. Any additional component of a theranostic
carrier will have an enormous impact on the manufacturing process,
production cost and complying with the medical regulations. In this
sense, the simple therapeutic formulation presented in this chapter for
magnetically guided delivery might be suitable as the final product.
The optimization and assessment of nanocarrier itself is described.

® SPIONs
#  Protein

Figure 2-1. Schematic illustration of the designed magnetic PLGA NC drug
delivery system.
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2.1 Fabrication and optimization of the PLGA NC formulation

2.1.1 Oleic acid-coated SPIONs

As elaborated in Section 1.2, SPIONs are widely used for MRI and
magnetically-guided drug delivery systems. Here, I aim to
incorporate the SPIONs into the PLGA matrix of the NCs to
simultaneously achieve MRI mode and brain targeting of the
nanocarrier. It has been reported that regarding the SPIONs the
nanoscale size-dependent magnetism and MR properties are
correlated, as SPIONs size increases from 4 nm to 12 nm, the
magnetization continuously increases and the T2-weighted MRI
signal intensity continuously decreases!!!. SPIONs were synthesized
through a microwave-assisted thermal decomposition method and
different synthetic conditions were studied aiming to improve the
saturation magnetization of the SPIONs for more efficient magnetic
retention and larger hypotense MRI signal. As illustrated in Figure
2-2, several concentrations of the iron precursor Fe(acac)s, reaction
temperatures and times were used to synthesize the SPIONSs. In all
cases, an excess amount of oleic acid (OA) were added to the reaction
product suspensions for the coating of OA onto the surface of
SPIONs to make them oleophilic. Compared to Condition 1,
Condition 2 increases the concentration of iron precursor by 10 times
and doubles the reaction time, which facilitate an increase in the
number of generated crystal nuclei and their growth, thus resulting in
larger SPIONs together with minor fraction of smaller size NPs
(Figure 2-2 TEM images).
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Condition 1
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Figure 2-2. Two reaction conditions for the synthesis of SPIONs by
microwave-assisted thermal decomposition. TEM analysis of the produced
SPIONs shows that Condition 1 yields SPIONs with a mean size of ~6 nm,
Condition 2 yields a SPIONs mixture with three size collections of ~6 nm, ~9
nm and ~12 nm respectively being the NPs of ~9 nm the most abundant
fraction.

Figure 2-3 illustrates the process to separate the three size collections
of SPIONs produced using Condition 2. Even though the SPIONs of
~12 nm may result in a higher magnetization, the yield was too low
(11%) when compared to the SPIONs of ~9 nm (46%), so the 9 nm
collection was used as the final product. The obtained powder of
OA-SPIONs (9 nm) was then dispersed in dichloromethane at a
concentration of 40 mg/mL, the NPs dispersion is stable and
responsive to an external magnet as shown in Figure 2-3.
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Figure 2-3. Schematic illustration of the processes to separate the three size
collections of the SPIONs mixture produced by reaction of Condition 2. The
yields of SPIONs of different sizes are calculated according to the Fe content of
the resulted SPIONs compared to the Fe content of the initial precursor. Image
on the upper right shows an stable OA-SPIONs (9 nm) dispersion in
dichloromethane under the effect of a magnet.

The hydrodynamic size of OA-SPIONs 9 nm in dichloromethane is
expectedly larger than that of OA-SPIONs 6 nm (Condition 1) as
shown in Figure 2-4, from which an OA layer of 3~4 nm in thickness
on the surface of SPIONs can be estimated. The OA layer can also be
indirectly noticed by the homogeneous gaps between SPIONs on the
TEM images (Figure 2-2).

12nm
17nm
S ——OA-SPIONs_6 nm
- —— OA-SPIONs_9 nm
0
£
3
=
1 10 100 1000 10000
Size (d.nm)

Figure 2-4. Hydrodynamic size of the OA-SPIONs in dichloromethane
measured by dynamic light scattering (DLS).
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To determine the OA fraction on the OA-SPIONs product,
thermogravimetric analysis of the samples is done (Figure 2-5) and
expectedly the OA fraction of OA-SPIONs 9nm (13.67 wt%) is
lower than that of OA-SPIONs_6nm (17.94 wt%, Condition 1) due to
a smaller surface area of larger NPs in Condition 2.
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Figure 2-5. Thermogravimetric analysis (TGA) of OA coated SPIONs and pure
SPIONs samples. OA fractions in the OA-SPIONs of 6 nm and 9 nm are

calculated according to the thermogravimetric curves as described in Section
2.5.3.

The hysteresis loops of OA-SPIONs 6 nm (Condition 1) and
OA-SPIONs 9 nm were measured by superconductive quantum
interference device (SQUID) at 5 K (Figure 2-6), both the saturation
magnetization (Ms) and remnant magnetization (Mr) of the 9 nm
SPIONSs are higher than those of the 6 nm SPIONS, indicating the
nanoscale size-dependent magnetism.

Given the high yield, good dispersibility and enhanced magnetic
properties, OA-SPIONs 9 nm were selected for the fabrication of
magnetic PLGA NCs with improved magnetic retention and MRI
signal.
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Figure 2-6. A branch of the hysteresis loop of the OA-SPIONs samples
measured by SQUID at 5 K, the mass magnetization is expressed as emu/g pure
SPIONs (without the organic fraction).

2.1.2  Fabrication of protein loaded magnetic NCs

After improving the magnetic characteristic of the functional moiety
SPIONs, PLGA NCs were fabricated with bovine serum albumin
(BSA, a model protein cargo to standardize the fabrication method) in
the core and SPIONSs in the shell through a double emulsion solvent
evaporation method. The fabrication process is shown in Figure 2-7.
Since both OA-SPIONs and PLGA molecules dissolve well in
dichloromethane, after evaporation of the organic solvent of the
mixture, SPIONs are expected to be well distributed in the PLGA
film, which makes up the shell matrix of NCs. The produced NCs
were washed three times with water by centrifugation and stored in
powder by lyophilization which not only eliminates any trace of
organic solvent but also facilitated the later manipulation and storage
of the product.
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Figure 2-7. Schematic illustration of the fabrication of PLGA NCs with
secretome in the core and SPIONs in the shell by double emulsion-solvent
evaporation method.

The morphology and structure of the as-obtained NCs were observed
by SEM and TEM as shown in Figure 2-8. The lyophilized NCs
present homogeneous spherical morphologies. The inset dynamic
light scattering (DLS) size distribution histogram of lyophilized NCs
redispersed in water shows a mean hydrodynamic diameter of 276
nm of the NCs with a polydispersity index (PdI) of 0.18 reflecting
good redispersibility of the NCs in water after the lyophilization
process and a size which can be considered suitable for i.v.
administration!?’. The upper inset in Figure 2-8 shows a
representative broken NC, exposing the hollow core, ideal for the
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loading of protein. The TEM image in the lower inset reveals the
embedding and finely homogeneous distribution of the SPIONs
within the polymeric matrix. The number following the NC label
indicates the batch of a given NC.

Figure 2-8. Morphological data of the representative NC.PLGA.SPIONs.BSA
(NC-3 in Table 2-1). SEM image of lyophilized NCs with the upper inset
showing the hollow core of the NC; lower inset TEM image shows a spherical
NC with SPIONs visible as black spots, uniformly distributed in the polymer
matrix; DLS curve of NCs water suspension after lyophilization with a mean
diameter of 276 nm and 0.18 polydispersity.

2.1.3  Effect of SPIONs loading conditions on the morphology
and magnetic retention of the NCs

The SPIONs loading (Wt%spions) in the NCs were determined by
TGA and SQUID (Figure 2-9). The two methods yield similar results
(~3.0 wt% for NC-1). After this initial analysis, SQUID
characterization was the selected method to quantify the iron oxide
load in the NCs since less amount of sample is needed and more
importantly, the wt%spions and magnetization of NCs are obtained
simultaneously.

38



CHAPTER 2

a) 100
89.53%
e 80
b
m -
g 60
©
3 40
(]
Q
o
20 4
= NC-1 o
o] ——SPIONs_6nm 1.91%
100 200 300 400 500 600 700
Temperature (C)
b) 60 2.0
—o—NC-1
50_ —._OA'SPIONS:?-:IT-.___—___._———-- 1 6

40 -

30 4

20 4

]
|

Mr: 14.0 emu/g SPIONs
10 -

Magnetization (emu/g SPIONs)
o
Magnetization (emu/g NCs)

g Mr: 0.4 emu/g NCs 5K Jo04

0 10 20 30 40 50
Field (kOe)

Figure 2-9. Two methods determine the wt%spions of NCs, a) TGA of 2.8 wt%,

b) SQUID of 2.9 wt%. The calculation methods are shown in Section 2.5.3 &

2.5.4 respectively.

The effects of incorporating different loadings and different sizes of
SPIONs on the morphologies and magnetic response of the NCs are
described below. As seen in Table 2-1 from NC-1 to NC-3, neither
increasing the SPION size nor increasing two-fold its loading affects
the mean size of the NCs compared to plain PLGA NCs (NC-0), all
the NCs keeping the same morphologies and also verified by SEM in
Figure 2-10. Furthermore, the entrapment efficiencies of SPIONs
(EE%spions) with different SPIONs loadings are similar, which
demonstrates the NCs fabrication and SPIONs entrapment process is
very reproducible. Note that for the same loading of SPIONSs, the
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magnetization of NC-2 is much higher than that of NC-1 given the
larger size of SPIONs for NC-2.

Table 2-1. Summary of the formulations of NC.PLGA.SPIONs.BSA. Different
sizes and amount of SPIONs are incorporated into the PLGA shell.

SPIONs Size (DLS)
Sample Size Loading My M
type (nm) (wt%o) EE% (eum/g) (eum/g) daom PdI
NC-0 — — — — — 255 0.10
NC-1 6 29 92% 0.4 1.0 279 0.17
NC-2 9 3.0 90% 0.8 1.9 264  0.19
NC-3 9 6.1 95% 1.6 39 276  0.18
OA-SPIONs” © 140 508

9 26.1 75.1

¢ The magnetization of OA-SPIONS is expressed as emu/g pure SPIONS.

Y & 4 oo 1pm 1pm
Figure 2-10. SEM images of the several types of PLGA NCs listed in Table 2-1
after lyophilization.

Therefore optimal formulation regarding SPIONs (NC-3, 9 nm

SPIONs with 6 wt%) yields a Ms value of 3.9 emu/g NCs which is

more than four-fold larger than the group previously reported value
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(0.9 emu/g)?l. As will be shown later, the increase of the magnetic
moment of NCs resulting from using larger size SPIONs and
increasing their load will positively impact on the magnetic retention,
as well as the MRI signal intensity.

The magnetic hysteresis loop at room temperature of lyophilized
NC-3 is displayed in Figure 2-11 showing the superparamagnetic
character of the NCs (lack of coercivity). The superparamagnetic
behavior of the NCs after SPIONs encapsulation is important since,
in the absence of an external magnetic field, it ensures a lack of
magnetic interactions among NCs thus minimizing the risk of
embolization during i.v. administration.
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Figure 2-11. Hysteresis loop of the lyophilized NC-3 at 300 K, showing
superparamagnetism at room temperature.

The magnetic retention of NCs is illustrated with the use of an
external magnet. The effects of different SPIONs loadings and
magnet types on the magnetic retention of NCs are studied. As seen
in Figure 2-12, time-varying adsorptions of NCs with different
SPIONs loadings (6 wt%, 3 wt%, 1 wt%) to the wall of glass tubes on
the magnet side are investigated. The NCs suspension with 6 wt% of
SPIONs show deeper yellow color than the others at the same
concentration (2.5 mg/mL) due to the higher amount of SPIONs at
time 0 h, but from 3 h the suspension becomes clearer than the others
and at 7 h a much clearer round pellet of the NCs is observed under
the same magnet, and at 23 h the suspension becomes totally clear
while the others remain turbid.
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Figure 2-12. Time-varying adsorptions of NCs with different SPIONs loadings
(6 wt%, 3 wt%, 1 wt%) to the wall of glass tubes on a FeNdB magnet (diameter
8 mm, thickness 3 mm, surface field ~0.4 T) side. The three water suspensions
of NCs have the same concentrations of 2.5 mg/mL.

The images illustrate unmistakably that a higher SPIONs loading
results in faster adsorption. Previous studies using magnetic PLGA
NPs*! or microparticles loaded with only 1 wt% iron oxide!® could
demonstrate magnetic retention in rodent brain or knees, pointing out
that our protein-loaded magnetic NCs with a higher magnetic load (6
wt%, Ms ~ 4 emu/g) may still have better characteristics to address
magnetic targeting.

Next, different types of magnets (produced by the MAGBBRIS
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partner IEP-SAS) were used to investigate the time-varying
adsorptions of NCs with same SPIONs loadings (6 wt%) aiming to
use small magnet with highmagnetic field, this is of practical
significance for pre-clinical in vivo in mice because the implantation
of smaller magnets would induce less pain and discomfort to the
animals. As seen in Figure 2-13, when the size of magnet decreases
from 8x3 mm to 4x2 mm, the adsorption of NCs show no apparent
difference within 7 h of the three batches with same concentrations
(2.5 mg/mL) and SPIONs loadings (6 wt%), therefore the smaller
magnet with similar magnetic retention would be a better option for
in vivo experiments.

Figure 2-13. Time-dependent adsorption of NCs with the same SPIONs
loadings (6 wt%) but different magnet types (diameter x thickness) to the wall
of glass tubes on the magnet side. NCs concentration = 2.5 mg/mL.
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2.1.4 PEGylation possibility of the established PLGA NC
formulation

Making a drug delivery system more hydrophilic is a strategy to
reduce nanocarrier phagocytic removal and increase its blood
circulation half-lifel®). Nanocarriers that are surface-functionalized
with long hydrophilic PEG chains are considered more stealth and
less visible to the reticuloendothelial system thus increasing their
blood circulation time and allowing successful drug delivery to a
specific organ or tissuel’). In this section, we provide a PEGylation
option for the NC formulation which could benefit the targeted drug
delivery specifically when the NCs are i.v. administered.

In the literature, it can be found the use of different proportions and
types of PLGA and PLGA-PEG copolymer to synthesize micro- or
nano- stealth particles'® *12]. We have tried two types of commercial
PLGA-PEG copolymers to blend with PLGA at different fractions in
the organic phase during the NCs fabrication process as listed in
Table 2-2. Type-1 is a PLGA-PEG copolymer with longer PEG
molecular chain and higher PEG content than Type-2. The fabricated
NCs are expected to have different PEG molecular chain lengths and
density on the surface depending on the PLAG-PEG copolymer used.

Table 2-2. Two PLGA-PEG copolymers with different PEG molecular weight
(Mn) are tested to fabricate PEGylated NCs at different PEG contents.

PLGA-PEG copolymer PEGylated NCs

NCs

Type Composition aF;I:jSQ (I\:.JVE"(/E ) PE((BWcZOOAJn)tent quality
q ( PEG Mn5000-PLGA Mn7000) Twt% 3wt% Good
o PEG 42 wt% 12wt% 5wt% Bad
2 (PEG Mn2000-PLGA Mn11500) 20wt% 3wt% Bad
- PEG 15 wt% 33wt% S5wit% Bad

For Type-1 PLGA-PEG copolymer 7 wt% of it is firstly blended with
PLGA to fabricate PEGylated NCs yielding a 3 wt% of PEG content
with molecular chain of Mn 5000 on the surface of NCs. As shown in
Figure 2-14a the morphology and size distribution of the NCs at 14 d
after lyophilization (AL) are good. Then, a higher fraction of
PLGA-PEG (12 wt%) was used to increase the content of PEG on the
NCs. As shown in Figure 2-14e before lyophilization (BL) the size
distribution of NCs is good and consistent with the SEM result from
which the spherical and monodispersed NCs are observed, however
many of the NCs show holes. As we know for the NCs fabrication,
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after the second emulsification step the organic phase containing
PLGA and PLGA-PEG forms a sandwich layer between the external
water phase and the inner water phase. Higher content of hydrophilic
PEG in this thin organic layer may interrupt the distinct oil-water
interphase, which results in the formation of defective PLGA films
after the evaporation of the organic solvent a being the origin of the
holes on the NCs. Moreover, it appears that at higher PEG content the
NCs spherical morphology is not well maintained after lyophilization
(AL). As seen in Figure 2-14b the NCs not only shrink but also
adhere to each other and cannot be separated after re-dispersing them
in water (DLS size distribution bad), which further demonstrates that
the long hydrophilic PEG chains in the NCs shell structure makes the
NCs softer and fragile and the chains on the surfaces can entangle
with each other and combine the particles. For NCs with a lower PEG
content (3 wt%) the good morphology and size distribution is
maintained even at 14 d AL (Figure 2-14a), but NCs still collapse
after one month storage (Figure 2-14d). At much higher PEG content
of 20 wt% the NCs cannot be formed as shown in Figure 2-14c
which means the sandwich layer of the organic phase does not form
after the double emulsion process due to the excess amount of PEG in
the oil phase.
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Figure 2-14. SEM morphologies and DLS size distributions (Y-axis:
intensity%) of PEGylated NCs fabricated with Type-1 PLGA-PEG copolymer
at PEG contents of 3 wt%, 5 wt% and 20 wt% blended in the PLGA matrix.
Before and after lyophilization (BL and AL) as well as AL storage (4°C) results
are shown.
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For Type-2 PLGA-PEG copolymer NCs using the same mass content
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of PEG (3 wt%) the quality is bad. Considering the molecular weight
of PEG in this type of PLGA-PEG copolymer is smaller, the molar
amount of PEG in the organic phase will be larger than using Type-1
at the same mass content, which may interrupt stronger the oil-water
phase and affect the formation of PLGA NCs shell films, hindering
the NCs fabrication. Thus, Type-1 PLGA-PEG copolymer was
selected for the PEGylation of the NCs at a PEG content of 3 wt%.
As summarized in Table 2-3, the selected formulation for PEGylation
does not affect the SPIONs loading nor the size distribution of the
NCs. And the PEGylated NCs can maintain the quality for two weeks
after lyophilization as already illustrated in Figure 2-14a. The longer
PEG chains (Mn5000) on the NCs surface may have a better stealthy
effect.

Table 2-3. The selected formulations for non-PEGylated/PEGylated NCs.

Shell Polymers

(Wi%) SPIONs Mg Size (DLS)
NCs Type Loading (eum/e)
PLGA-  (wi%) ,
PLGA PEG* d.nm Pdl
NC-3.non-
PEGylated 100 / 6.1 3.9 276  0.18
NC-4 PEGylated 93 7 6.0 38 265  0.13

*Type-1 PLGA-PEG shown in Table 2-2 is selected for all the following NC
PEGylation.

Then, I evaluated the flocculation regime of the PEGylated NCs with
a Turbiscan to confirm successful surface modification with PEG.
The long hydrophilic PEG chains (Mn 5000) on the surface of the
NCs is expected to increase the stability of the NCs in water and
decrease their sedimentation rate. Sedimentation of the NCs
suspension was monitored for 24 h. Figure 2-15a shows that, as NCs
sedimentation progresses, the backscattering signal of the bottom part
of the suspension increases from an increasingly higher concentration
of NCs, while the signal of the top part decreases. The sedimentation
rates of non-PEGylated (NC-3) and PEGylated NCs (NC-4) are
compared in Figure 2-15b. As expected, the bottom backscattering
signal of the PEGylated NCs media increases at a slower rate than the
non-PEGylated one, which demonstrates a better dispersibility of the
NCs due to the surface hydrophilic PEG chains. Additionally, in
Figure 2-15a, the backscattering signal of the middle part does not
vary with time, which means that the NCs are monodisperse and
flocculation or coalescence does not occur during the 24 h period.
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This is consistent with the DLS size distribution results shown in
Figure 2-15¢. Both non-PEGylated and PEGylated NCs remain
monodisperse in PBS for 24 h at 37 °C, which we consider an
advantage for the i.v. administration and in vivo blood circulation.
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Figure 2-15. a) Backscattering intensity change of the PEGylated NCs water
suspension (shown inset) at different height of the vial along 24 h measured by
Turbiscan; b) Backscattering intensity change of the bottom part of the vial
along 24 h for NCs water suspensions of non-PEGylated and PEGylated
measured by Turbiscan; c¢) DLS size distribution of NCs water suspensions of
non-PEGylated and PEGylated at 0 h and after 24 h incubated in PBS at 37°C.

2.2 Evaluation of Biomedical Aspects of the PLGA NC
formulations

2.2.1 MRI performance

In section 2.1, I have shown that NC-3 with 6 wt% of SPIONs_9 nm
has the optimal magnetization and magnetic retention characteristics.

48



CHAPTER 2

Here phantom studies are conducted to confirm the positive impact of
higher SPIONs loading on the MRI performance of NCs. Phantoms
from two batches (NC-2 and NC-3) with different SPIONs loadings
at a series of concentrations were prepared and spin—spin relaxation
times (T2) recorded (Table 2-4). The T2 value decreases (1/T2
increases) as the concentration of NCs increases for both NC-2 and
NC-3. For the same concentration, NC-3 shows a lower T2 value
(larger 1/T2) than NC-2 due to the higher loading of SPIONS,
indicating a more efficient behavior as a T2-contrast agent.

Table 2-4. MRI T2 relaxation times (expressed as 1/T2, sec™!) of the NCs in
agarose phantoms at increasing concentrations. NC-2 and NC-3 with different
SPIONSs loadings are measured respectively.

NCs water suspension  NC-3 (6wt% SPIONs_9nm) NC-2 (3wt% SPIONs_9nm)
Agarose (Wt%) [NCs]mg/L  [Fe]mmollL  1/T2 (sec™") [Fe] mmollL  1/T2 (sec™)

0.63 320 0.178 69.9 0.088 336
0.63 160 0.089 36.3 0.044 227
0.63 80 0.045 259 0.022 16.2
0.63 40 0.022 16.9 0.011 12.5
0.63 20 0.011 126 0.006 11.0
0.63 10 0.006 111 0.003 10.0
0.63 0 0.000 8.8 0.000 8.9

The corresponding T2-weighted color-coded MRI maps clearly
exhibit signal decay in a concentration-dependent manner (Figure
2-16a). Importantly, at the same NCs concentration NC-3 shows a
higher T2 signal decay rate than NC-2 indicating that NC-3 with
higher SPIONs loading will be easier to track in vivo by MRIL
Furthermore, the transverse relaxivity (r2) value at 7 Tesla of NC-3
(336 mM ! s7!) is higher, as expected, than that of NC-2 (278 mM !
s!) as seen in Figure 2-16b, indicating that the denser packing of
SPIONSs in a single NC, as in NC-3, endows the NCs with a larger
magnetic moment and increases its efficiency as a spin—spin
relaxation agent!'3). Compared with other clinically used SPIONs
systems such as Feridex (98 mM ' s!) and Resovist (151 mM!
s H4, the much higher r, value in our final NCs formula (6 wt%
SPIONSs of 9 nm in diameter) is expected to be useful for in vivo MRI
tracking of the NCs.
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Figure 2-16. a) T2-weighted maps of a series of concentrations of NCs in
agarose phantoms shown in Table 2-4, on the left are TEM images of NCs; b)
evaluation of r; relaxivities for NC-3 and NC-2.

As the representative abdominal images showed in Figure 2-17b, a
clearer increase of the contrast of the liver is observed in both T2WI
and T2 maps after NCs administration, illustrating the fast
accumulation of NCs in the liver. Quantitative ROI analysis in Figure
2-17d shows a 55% drop of signal intensity (SI) on T2W images and
a 26% drop of T2 relaxation time in the liver, while a negligible
signal drop was observed in the kidney, which further demonstrates
the large accumulation of NCs in the liver. To further confirm the
presence of NCs in the tissue, Prussian blue staining on liver sections
confirmed the presence of ferric iron (Figure 2-17¢) after the in vivo
MRI, blue dots in the liver tissue after NCs administration arises from
the SPIONs in the NCs.
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Figure 2-17. In vivo mouse MRI and ex vivo Prussian blue iron-stain for the
tracking of NC-3. a) Representation of the abdominal region with organ
positioning and regions of interest (ROIs) quantification in the kidney and liver
(1: liver, 2: kidney cortex, 3: kidney medulla, 4: paravertebral muscle used for
normalization); b) Representative abdominal images of T2W and T2 map pre-
and post- NC-3 administration; ¢) Representative images of Prussian blue stain
for ferric iron in liver sections of naive and treated animals administered with
NC-3 in the MRI study (blue spots); d) Signal intensity (SI) and relaxation time
(msec) are calculated for each region of interest (ROI) corresponding to the
analyzed anatomical structures which are then corrected by muscle ROI SI.
Final data is represented as post-administration SI or T2 relaxation as the
percentage of the pre-administration values (n=2).
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2.2.2 Biosafety study of the NCs

In vitro and in vivo safety studies of NC-3 wereconducted considering
that this formula is the optimal therapeutic formulation for
magnetically targeted delivery. The cell proliferation/viability effect
of NC-3 were tested at VHIR using human endothelial cells lining the
blood vessels, which are the first NCs target following their i.v.
administration. Thus, human brain endothelial cells (W\CMEC/D3 cell
line) derived from brain microcirculation, and primary cultures of
human CD34" derived endothelial cells are exposed to NC-3 and its
cytotoxicity is evaluated by performing an MTT assay at VHIR and
Artois University, respectively. As shown in Figure 2-18, the cells do
not exhibit a decrease in viability after being exposed for 48 h to the
NCs from 25 to 100 pg/mL, and the differences in cell viability
between groups are not significant (ANOVA >0.05), thus our results
suggest that the NCs are biocompatible for the studied range of
concentrations and time, in vitro.

180- Brain Endothelial Cells 150 CD34-derived Endothelial Cells
T T )
= 9 1004 = 2 100
-% < -g <
S2 S?
-c = c
= © 504 = O 504
= ; = o
2 2
0- v v 04 -
éo\ ? $ R o&@\ P & &
P NC-SPIONS (ug/mL) < NC-SPIONS (ug/mL)

Figure 2-18. In vitro safety of the NCs (NC-3). Cell viability after exposure to
an increasing dose of NCs for 48 h, expressed as a percentage of the untreated
cells (control media), determined by MTT assay (n = 3, mean = SEM).

Thereafter, the systemic effect of NCs via i.v. administration was
evaluated at VHIR. Figure 2-19a shows that after the injection of
NCs, all animals maintain the body weight within normal values for
two weeks (no differences between groups at the end of the
experimental period), with no significant morbidity and no potential
adverse effects. At the same time, blood sample tests to monitor
potential liver and pancreatic toxicity show that none of the
biomarker enzymes are significantly different between groups and
similar to those measured in non-treated mice (Figure 2-19b;
ANOVA >0.05), suggesting a normal activity of these organs. All the
above results reinforce the biosafety of this formulation of
nanocarriers for future clinical translational practice.
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Figure 2-19. In vivo safety of the NCs (NC-3). a) The curve of body weight of
the observed mice throughout the experiment, the naive group was not treated
serving as control (n = 3), the vehicle group received 150 pL of saline (n = 5)
and the NCs group received 0.84 mg of NCs in 150 pL of saline (n = 5); b)
Liver and pancreatic toxicity after 13 days of NC injection based on specific
enzyme levels in plasma: alkaline phosphatase (ALK), alanine
aminotransferase (ALT), a-amylase and aspartate aminotransferase (AST).

2.3 Quality control of the established PLGA NC formulation

Veﬁicle Nanocalpsules

It is important to monitor the quality of the NCs fabricated before in
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vitro and in vivo studies to ensure reliable and reproducible results.
The NCs should maintain a monodispersed spherical morphology
before use since the formation of aggregates could disturb the in vitro
and in vivo experiments. Efforts have been made to maintain the
quality of NCs and determine the conditions which would affect this
quality. For that, NCs size (DLS) and morphology (SEM) were
monitored at several time points in particular after the synthesis, ultra
freeze procedure, lyophilization, and long-term storage.

Note that after the organic solvent evaporation step, NCs are formed
and then washed to remove the PVA used as surfactant. Then, fresh
NCs dispersed in water are frozen at -80°C for future use. It is found
that NCs aggregation can be observed after 1 month in the frozen
state (Figure 2-20b) and that the NCs cannot be redispersed.
Difterently, NCs maintain their monodispersity after being frozen for
7 weeks when 2 mg/mL of trehalose is added (Figure 2-20a),
confirming the role of trehalose as a cryoprotectant.

a) b)
400 4000
NCs suspension stored at -80°C NCs suspension stored at -80°C
350 { 3500 {
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E 300 - 1 | £ 3000
£ = =3
o 250 = 2500 1
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Figure 2-20. Effect of the trehalose for the frozen storage of the NCs. After the
washing step NCs water suspension is stored at -80°C and DLS average size of
the NCs is monitored at different time points. a) NCs suspension with 2 mg/mL
of trehalose; b) NCs suspension without trehalose.

If we need to quantify the amount (mg) of NCs produced in each
batch, the frozen NCs need to be lyophilized to weight the NC as dry
powder. Lyophilized NCs are then preserved at 4°C with desiccant. I
observe that the sample lyophilized with trehalose maintains the
quality up to 45 days without apparent aggregations as monitored by
SEM and DLS. While after 60 days some of the NCs attach to each
other and cannot well redispersed in water suspension which is
demonstrated by the increase of polydispersity index (PdI) and the
average size of the NCs (Figure 2-21 NCs with trehalose).
Conversely, NCs lyophilized without trehalose show very short
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self-life, after 15 days NCs appear to aggregate and after 30 days
massive aggregation is observed by SEM (Figure 2-21 NCs without
trehalose).

The in vitro and in vivo investigations of the NCs usually need
cooperation between different research groups, thus the manipulation
and transfer of the dry powder sample at room temperature is
unavoidable. Study shows that the NCs can maintain the quality at
room temperature for 5 days and that after 10 days a decay in quality
is observed (Figure 2-22), which means the transfer or delivery of
NCs between research groups is better done in 5 days at room
temperature but cold-chain transportation is advisable.
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NC.PLGA.SPIONs.BSA dry powder after lyophilization
stored at 4°C

With trehalose Time (day) Without trehalose

Pdi:0.28
376nm

100 1000 10000
Size (d. nm)

Flgure 2- 21 Effect of the trehalose for the lyophilized storage of NCs (NC-3).
The NCs frozen suspension with or without trehalose (2 mg/mL) is lyophilized
and the dry powder sample is stored at 4°C with desiccant. The SEM
morphology and DLS size distribution (Y-axis: intensity%) of the dry powder
samples with or without trehalose are monitored at different time points.
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NC.PLGA.SPIONs.BSA dry powder after lyophilization
at room temperature
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Figure 2-22. The durability of NCs (NC-3) at room temperature illustrated by
the SEM morphology and DLS size distribution (Y-axis: intensity%) along
time.

The above discussion confirms the role of trehalose as an excellent
stabilizer for PLGA NCs in their frozen storage and after

lyophilization preservation, the mechanism by which this
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stabilization occurs is not fully understood. According to some
theories been proposed!!”, we consider that in the PLGA-NCs
trehalose solution, trehalose molecules preferentially form hydrogen
bonds with the PLGA carboxylic ending and thus substitute those
water molecules interaction with the NCs[!'®l. Therefore, the
formation of ice crystal around NC is hindered by the trehalose layer
around NC. This hypothesis is consistent with the experimental
results. Frozen NCs keep monodispersed with the protection of
trehalose (Figure 2-20), while without trehalose adjacent NCs may
be compressed and attached to ice crystal formed during the
ultra-freezing process and after a long storage time cannot be
separated. For NCs as dry powder after lyophilization in trehalose
solution, the formed glassy coating of trehalose can be viewed as a
cocoon that traps the NC inside according to the ‘“‘immobilization
theory”!!¢] thus the NCs can be preserved for a longer time than
those without trehalose coating (Figure 2-21). At room temperature
that near the glass transition temperature (Tg) of PLGA (Tg
42-46 °C), NCs aggregate much faster than those stored at 4°C
(Figure 2-22), indicating the more viscous PLGA at room
temperature facilitates the adherence of NCs with defective trehalose
coating.

58



CHAPTER 2

2.4 Chapter summary

We synthesized OA-SPIONs 9 nm with enhanced Ms of 75 emu/g
dispersable in an organic phase. A high load of SPIONs (6 wt%)
provided the obtained PLGA NCs with enhanced magnetic retention
(Ms 4 emu/g) and MRI performance (r,= 336 mM ! s71). Moreover,
the NCs maintained a monodisperse size (~270 d.nm) after the
integration of SPIONs and PEG (3 wt%). PEGylation improved the
stability of the NCs dispersion in an aqueous phase.

An abdominal MRI performed in mice showed a dominant liver
accumulation of the i.v. administered NCs, whereas the NCs show no
toxicity in vitro or in vivo. In this regard, the NCs did not affect the
viability of two different human endothelial cells (brain endothelial
cells and CD34+ derived endothelial cells) for concentration up to
100 pg/mL. In vivo biosafety was shown based on the lack of
morbidity of mice for 2 weeks after the systemic NC administration
and the fact that none of the biomarker enzymes monitored were
significantly different between groups and similar to those measured
in non-treated mice.

Finally, to maintain the quality of the obtained monodispersed NCs,
trehalose (2 mg/mL) as a cryoprotectant was used to enable the
frozen storage of NCs as long as 7 weeks. Besides, the quality of the
lyophilized NC as dry powder can be maintained for up to 45 days
when preserved at 4 °C with desiccant.
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2.5 Annex of Chapter 2

2.5.1  Synthesis of OA-SPIONs

The SPIONs were synthesized by microwave-assisted thermal
decomposition!!” in a microwave oven (Discover SP, CEM
Corporation, Matthews, NC, USA), and then coated by OA. The
process to obtain homogeneous OA-SPIONs with an average
diameter of 9 nm under Condition-2 (Figure 2-2) is as follows; 3.5
mmol of iron precursor Fe(acac); are dissolved in 4.5 mL of benzyl
alcohol in a microwave reaction glass tube. Microwave irradiation
was initiated at 60 °C for 5 min to fully dissolve the precursor and,
subsequently, the irradiation is kept at 210 °C for 30 min then, the
reaction was stopped and fast cooled down to room temperature. 4
mL of OA in toluene (0.8 mmol/mL) is added immediately into the
as-synthesized SPIONs dispersion followed by incubation under
ultrasounds for 1 h. Subsequently, the obtained OA-SPIONs are
separated by centrifugation in ten-fold of acetone. The pellet is
redispersed in 4 mL of toluene in a glass vial and a magnet was
attached on the wall for 5 s, The un-adsorbed suspension containing
SPIONs with smaller size are discarded and the adsorbed pellet is
redispersed in 6 mL of dichloromethane (DCM), followed by
centrifugation at 4000 rpm for 5 min to sediment the unstable big
particles. Finally, stable OA-SPIONs (9 nm) dispersion in DCM is
centrifugated in ten-fold of acetone and the pellet product is dried
under vacuum and redispersed in DCM at the concentration required
for use. For OA-SPIONs of 6 nm under Condition-1 (Figure 2-2) is
as follows: 0.35 mmol of Fe(acac); in 4.5 mL of benzyl alcohol are
irradiated at 60 °C for 5 min and subsequently, the irradiation is kept
at 200 °C for 15 min, the reaction is then stopped and fast cooled
down to room temperature. 0.4 mL of OA in toluene (0.8 mmol/mL)
are added immediately to the as-synthesized SPIONs dispersion
followed by incubation under ultrasound for 1 h. Subsequently, the
obtained OA-SPIONs are separated by centrifugation in ten-fold of
acetone. Finally, the pellet product is dried under vacuum and
redispersed in DCM at the concentration required for use.

2.5.2 Fabrication of NCs

PLGA NCs encapsulating BSA are prepared by a double emulsion
solvent evaporation method. Briefly, 50 pL of inner aqueous phase
(W1) containing BSA (30 mg/mL) is emulsified in 500 uL of DCM
organic phase (O) that is composed of 50 mg of PLGA (RG502H, Mn
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12,000) and a certain amount of OA-SPIONs (2 mg for 3 wt%
loading and 4 mg for 6wt% loading) by sonication (VC505, Sonics &
Materials Inc., Newtown, CT, USA) at 200 W for 28 s to form the
first emulsion (W1/0). Afterward, 2 mL of external aqueous phase
(W2) with polyvinyl alcohol (PVA) (20 mg/mL) is added and the
second emulsion (W1/0/W2) is formed by sonication for another 28 s.
The temperature during the whole emulsion process is kept at 4 °C by
using an ice bath. The resulting double emulsion is poured into 50
mL of MilliQ water and mechanically stirred at RT for 2 h to allow
for complete evaporation of the organic solvent DCM and the
formation of NCs. Finally, the NCs are washed three times with
MilliQ water and lyophilized in 6 mL of trehalose aqueous solution
(2 mg/mL). The as-obtained powder is stored at 4 °C with desiccant
silica gel. For the PEGylated NCs, different proportions of
PLGA-PEG copolymer are mixed in the organic phase while keeping
the total amount of PLGA plus PLGA-PEG at 50 mg.

All the aqueous and organic solutions were sterilized by filtration (0.2
pum PTFE syringe filter) and all used materials were autoclaved
before use. All the manipulations were done in sterile biohood to
avoid contamination.

2.5.3 Thermogravimetric analysis (TGA)

Around 2 mg of SPIONs/OA-SPIONs sample and 15 mg of NCs
were measured on a SETSYS Evolution TGA (Setaram) from room
temperature to 700 °C at a heating rate of 10 °C/min and under
dynamic dry airflow.

For the determination of OA fraction of OA-SPIONs samples, we
considered that in air at 700 °C the difference of residual mass
between SPIONs and OA-SPIONs can be attributed to the
degradation and evaporation of the OA molecules. Here, we
designate the SPIONs mass fraction of OA-SPIONs samples as X,
mass of OA-SPIONSs as a gram and residual mass fraction of SPIONs
and OA-SPIONs samples at 700 °C as b and ¢ respectively (b and ¢
are given by TGA data in Figure 2-5). There is:

axb=a-'c, x=c/b

Then SPIONs 6 nm in OA-SPIONs: 82.1 wt% (OA 17.9 wt%),
SPIONs_9 nm in OA-SPIONSs: 86.3% (OA 13.7 wt%).

For the determination of wt%spions in the NCs samples: the SPIONs
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and the NCs are heated to 700°C under air atmosphere and the
residuals of them are considered to be the same substance. If A gram
of pure NCs (the lyophilized NCs powder contains cryoprotectant
trehalose, denote the percentage of pure NCs as ¢) contains B gram of
SPION:Ss, there is:

A

— d — B -e

c
where d is the residual mass (wt%) of NCs and e is the residual mass
(wt%) of SPIONs. Then the experimental SPIONs loading (wt%spions)
can be calculated as:
1
z x 100%

B d
wt%spions (TGA) = 17 %

For NC-1 in Figure 2-9a, d is 1.9 wt%, e is 89.5 wt%, ¢ is 75.8 wt%,
so the calculated wt%spions of NC-1 is 2.8 wt%.

2.54 Magnetometry (SQUID)

Superconductive quantum interference device (SQUID, MPMS5XL,
Quantum Design, San Diego, CA, USA) is used to measure the
magnetization of NCs and SPIONs. A gelatin capsule filled with
SPIONs or NC samples together with some cotton wool is inserted
into the SQUID magnetometer sample holder and the hysteresis loop
is measured from —50 kOe to 50 kOe.

For the determination of SPIONs loading (wt%spions) of NCs
samples: the Mr of the magnetic NCs (emu/g NCs) and of SPIONs
(emu/g SPIONSs) at 5 K is used:

Mr, NCs

Wt%SPIONS (SQUID) = X 100%

r, SPIONs

Here the Mr is used instead of the Ms to calculate the SPIONs
loading because at 5 K when the external magnetic field backs to 0
the Mr of the sample is considered to come from the SPIONs with
less noise than the Ms especially when the used mass is very low and
the diamagnetic signal of cotton and gelatin capsule might interfere
with the measure. For NC-1 in Figure 2-9b, the calculated wt%spions
from SQUID is 2.9 wt%.

The entrapment efficiency of SPIONs (EE%spions) can be calculated
as:
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Experimental wt%SPIONs
EEY%spions = Nominal wt%SPIONs | 100%

2.5.5 Dynamic light scattering (DLS)

DLS (Zetasizer Nano ZS, Malvern Panalytical, Madrid, Spain)
measurement of the hydrodynamic diameter and size distribution of
NCs is performed by redispersing 0.5 mg of lyophilized NCs powder
into 1 mL of MilliQ water. For the SPIONSs, very diluted OA-SPIONs
DCM dispersion is measured.

2.5.6 Turbiscan

Turbiscan (Turbiscan Lab, Formulation, Toulouse, France) is used to
detect the destabilization of the NCs suspension. 15 mL of 2 mg/mL
NCs in the Turbiscan cell is scanned at all heights of the suspension
with a time interval of 2 min for 24 h. The backscattering signals at
different heights of the cell were recorded and the delta of
backscattering intensity calculated by subtracting the signal at time =
0 s. The bottom part is defined as 1/5 of the liquid level.

2.5.7 Electron microscopies (SEM/TEM)

Field emitting scanning electron microscope (SEM, FEI Quanta 200
FEG, Thermo Fisher Scientific, Oregon, USA) and transmission
electron microscope (TEM, JEM-1210, JEOL Ltd., Tokyo, Japan) are
used to study the morphologies of SPIONs and NCs. For the SEM
sample preparation of NCs, 0.5 mg of lyophilized NCs powder were
redispersed into 1 mL of MilliQ water and centrifuged at 4000 rpm
for 10 min to remove the trehalose (used for cryopreserving during
lyophilization) in the supernatant. Then the pellet of NCs were
redispersed in 1 mL of fresh water with ultrasound. Finally, 6 pL of
the slightly turbid suspension was deposited onto a small piece of a
silicon wafer stuck on the top of a carbon layer and dried at room
temperature overnight. The sample was then sputtered with Au-Pd
(20 mA 2 min, Emitech K550, Quorum Technologies Ltd., East
Sussex, UK). The frozen NCs or NCs in media were washed with
MilliQ water before the sample preparation. TEM samples were
prepared by placing and drying one drop of the corresponding NCs or
SPIONS dispersion on a copper grid at room temperature.

2.5.8 Invitro and in vivo MRI of the NCs

In vitro agarose phantoms of NCs were prepared by filling a series of
glass microtubes with solutions of 0.63% agarose in water (Conda,
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Madrid), into which different amounts of NCs are admixed. The
corresponding iron doses (mmol/L) are calculated according to the wt%
of SPIONs in each sample. T2 weighted images (T2WI) of the
phantoms are acquired at 7 T in a 70/30 Bruker USR Biospec system
(Bruker GmbH, Ettlingen) as follows: multi-slice multi-echo (MSME)
sequence with echo time (TE) = 8 ms, repetition time (TR) = 2600 m:s,
average N = 2, matrix size = 160 x 160, field of view (FOV) =24 x
24 mm, 14 slices of 1 mm thickness, and spectrometer bandwidth
(BW) of 474 Hz per pixel. Quantitative T2 values are obtained from
hand-drawn regions of interest (ROIs) by using curve fitting in the
Image Sequence Analysis (ISA) Tool (ParaVision v.5.1).

Balb/c female mice (16—17 weeks of age, n = 2) were anesthetized
with isoflurane (IsoFlo; Abbott Laboratories). T2WI are acquired pre-
and 15-20 min post-administration of NCs (1.6 mg in 150 pL of
saline through tail vein) using the following imaging parameters:
MSME pulse sequence, 20 echo times with ATE = 8 ms, TR = 2.6 s,
n = 2 averages, a matrix of 256 x 256 points covering a FOV of 25.6
x 25.6 mm?, giving a resolution of 100 um in plane, 14 continuous
slices of 1 mm thickness, and BW = 75 kHz. The images were
acquired with a respiratory gating by using an SAIl Model 1030
monitoring & gating system (Smal Animals Instruments, Stony
Brook, NY, USA). Fat suppression is achieved by a saturation pulse
of 1050 Hz. T2 maps are constructed off-line using Image-J 1.50b
(National Institutes of Health), and data are fitted to a three parameter
exponential decay equation (S = A + So exp (-TE/T2), where S
represents signal intensity, A, So and T2 are the fitting parameters),
achieved by the “exponential decay with offset” equation of the
fitting routine of ImageJ. Signal intensities in T2WI and T2 maps are
quantified manually in selected ROIs using ImagelJ. Afterward, mice
are euthanized and organs are preserved for histological analyses.

2.5.9  Prussian blue stain

Liver samples from the mice subjected to MRI were embedded in an
optimal cutting temperature (OCT) compound and kept at =80 °C
until sliced in 8 pm sections with a cryostat. After rehydration, the
sections were stained with a Prussian blue iron stain kit (Polysciences
Inc, USA) following the manufacturer’s protocol. Images are
acquired after dehydration with a transmitted light microscope (Leica,
Germany).
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2.5.10 Invitro and in vivo toxicity evaluation of the NCs

The toxicity of the NCs on human brain endothelial cells
(hCMEC/D3) and CD34+ endothelial cells!'® ') is assessed by
performing a viability assay with 3-(4-5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT). For the hCMEC/D3 cells, 2 x
10* viable cells were distributed on a 24-well plate in 400 pL
Endothelial Growth Media (EGM2 from Lonza with 2% fetal bovine
serum and half the amount of the growth factors included in the kit)
whereas 5 x 10° viable CD34+ endothelial cells were seeded on a
96-well plate in complete media. Both cell types were incubated for
24 h at 37 °C and 5% of COa». After this period, culture supernatants
were substituted with basal cell culture media (serum-free medium)
containing increasing doses of NCs at concentrations of 25 pg/mL, 50
pg/mL, and 100 pg/mL (n = 3, triplicate). The MTT assay was
performed after 48 h of incubation, and the absorbance of the
resulting formazan crystals diluted in DMSO was determined at 540
nm. Cell viability is referred to as the percentage of viability
compared with the control conditions (without NC).

Body weights of mice were monitored periodically at 0 d, 1 d, 5d, 8
d, 11 d and 13 d after i.v. injection of NCs in 150 pL of saline at a
dose of 0.84 mg Fe per kg (n = 5), where the vehicle group received
150 pL of saline (n = 5) and the naive group without treatment served
as control (n = 3). At the end of 13 days blood samples are collected
and liver/pancreas toxicity based on specific enzyme levels in plasma
is analyzed in all groups: alanine aminotransferase (ALT), alkaline
phosphatase (ALK), aspartate aminotransferase (AST) and «

-amylase using an Olympus AUS5800 clinical chemistry analyzer.
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Functionalization of the NC formulation with
fluorescence imaging modalities

PLGA-based nanocarriers have already been used as drug delivery
systems to administer proteins!’*2l, DNAP, and anticancer drugs*l.
Nonetheless, despite their compositional similarities, any novel
PLGA-based drug delivery system will require a thorough evaluation
to address potential toxicity issues and study its specific
pharmacokinetics and pharmacodynamics. Such preclinical in vitro
and in vivo studies, comprising multiple biological characterization
phases, could be expedited by endowing the -carrier with
complementary imaging capacities. For instance, in vitro cellular
uptake can be easily imaged with fluorescence!” ® while
radioimaging'® 1% or NIR fluorescence imaging!* !!! is well suited for
in vivo biodistribution studies.

However, the simultaneous incorporation of all these imaging probes
into a single nanocarrier unnecessarily increases the complexity of
the systemhindering its translation to the clinics. Moreover, any
additional component of the theranostic carrier will have an
enormous impact on the manufacturing process, production cost and
complying with the medical regulations. In this sense, a drug delivery
nanocarrier easily adaptable to incorporate one or several imaging
moieties in a modular approach can be a smart strategy to guide the
carrier alongside its preclinical development while guaranteeing that
a simpler formula will be used for the final product. This modular
approach and the use of FDA approved materials has been the
strategy followed in my work. Note that this approach is suitable only
when the inclusion or removal of the imaging probes does not affect
the size, shape and main compositional traits of the final carrier. Thus,
after each carrier modification to include a specific imaging probe,
the monitoring of the morphological characteristics of the NCs will
be carried out.

Furthermore, conventional approaches to physically blend the
imaging probes within the carrier can lead to incomplete conclusions
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or misinterpretations on the carrier’s biodistribution'> 'l For

example, loading two different molecules as probes into the same
carrier led to opposite conclusions regarding the kinetics of
brain-specific delivery!'*!. A growing body of evidence suggests that
new methods will be required to monitor nanocarriers’ biodistribution
avoiding interference of the imaging moieties with the encapsulated
drug or the leaching of the imaging probes!!'® 14,

In this chapter, I report on the modification of PLGA NCs for
multichannel fluorescence imaging demand. I describe the chemical
synthetic routes to covalently label the PLGA with biocompatible
small molecule fluorophores at different emitting wavelengths (blue,
green, red and NIR), and the fabrication of PLGA-SPIONs NCs
incorporating these fluorescent molecules for their in vitro and in vivo
optical imaging, as summarized in Figure 3-1.

EN

Aex/Aem Aex/Aem Aex/Aem Aex/Aem
361nm/431nm  390nm/483nm  646nm/662nm 788nm/808nm
Figure 3-1. Schematic illustration of incorporation of different wavelength
emitting fluorophores labeled PLGA (excitation and emission wavelengths of
the modified PLGA are shown).

As mentioned, we will show that the inclusion or removal of the
imaging probes does not affect the size, shape and main
compositional traits of the final carrier, which offers a modular
approach to guide the -carrier preclinical development while
guaranteeing that a simpler formula is used for the final product. In
all cases, the imaging moieties are chemically attached to the PLGA
shell matrix as opposed to being entrapped in the core of the
nanocapsule” ', This approach is advantageous to avoid
interferences of the imaging moieties with the cargo in the core!!”,
This is especially important for delicate payloads such as proteins,

enzymes or microRNAs.
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3.1 NCs functionalized with blue fluorescence

3.1.1 PLGA-BPLP polymer

To date, large efforts have been devoted to conjugating PLGA with
semiconducting quantum dots and organic dyes to create
photoluminescent PLGA nanocarriers!'®!8]. However, the inevitable
photobleaching and low dye-to-polymer labeling ratios of organic
dyes and the innate toxicity of quantum dots prevent their practical
use in vivo'" 2 Recently, a series of biodegradable
photoluminescent (PL) polyesters (BPLPs) with inherently
photoluminescent and PLGA-BPLP copolymers were developed with
excellent biocompatibility, tunable luminescence, degradation rates,
and good thermal and mechanical properties, thus expanding the
biomedical applications of PLGA in optical imaging!?"-?2]. BPLPs are
degradable oligomers that can be synthesized from biocompatible
monomers, including citric acid, aliphatic diols, and various amino
acids via a convenient and cost-effective polycondensation reaction.
BPLPs presents some advantages over the traditional fluorescent
organic dyes and quantum dots due to their cytocompatibility,
minimal chronic inflammatory responses, controlled degradability,
and excellent fluorescence properties?!l.

In this work, I selected L-cysteine as the amino acid monomer and
introduce it into the polyester structure that is made of monomers of
citric acid and aliphatic 1,8-octanediol, since previously reported
BPLP from this starting amino acid exhibited the highest quantum
yield (62.3%)?!). The fluorophore structure of BPLP has been
determined as a fused ring structure
(5-0x0-3,5-dihydro-thiazolopyridine-3,7-dicarboxylic acid, TPA) as
previously reported?’!. In the synthesis described here, I first obtain
the BPLP with a weight-average molecular weight (Mw) of 1044
g/mol determined by MALDI-TOF-MS (Section 3.6.1), then the
BPLP oligomer was used as a macroinitiator to react with L-lactide
and glycolide via a ring-opening polymerization to produce
PLGA-BPLP[??. The as-synthesized PLGA-BPLP (75:25):1 with
molar ratios equal to 75:25 for L-lactide to glycolide and equal to
1:100 for BPLP to total L-lactide and glycolide were reported to have
desirable glass transition temperature (Tg, 32.5 °C), mechanical
properties, fluorescence properties, and degradation ratel??. We have
here proved that the 75:25 formulation is also suitable for the
fabrication of NCs by the double emulsion method when compared to
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the PLGA-BPLP (50:50):1 one, as shown in the following section.

ATR-FTIR spectra of the as-synthesized BPLP and the PLGA-BPLP
copolymer confirm their chemical structures and the successful
synthesis (Figure 3-2). For the BPLP, strong absorptions from the
molecular backbone of the polyester are observed i.e., peaks at 1044
cm !, 1176 em™!, and 1716 cm™! are attributed to the C=0O stretch, C—
O asymmetrical, and symmetrical stretches of the ester bond,
respectively, the peaks at 2930 cm ™! and 2856 cm ™! are attributed to
the C-H stretches of alkane from 1,8-octanediol and the band near
3467 cm™! is from the ~OH. NH bending of the secondary amide at
1527 ecm™' and —SH at 2575 cm™! confirm that L-cysteine is
chemically bound to the poly(diol citrate) chain. The shoulder band
near 1635 cm! is attributed to the C=O stretching of the tertiary
amide from the TPA ring. For the PLGA-BPLP copolymer, the bands
and shapes are coincident with the ones of commercial PLGA, for
instance, bands at 1084 cm™', 1165cm™!, and 1747 cm™! from the
ester bonds of the PLGA. Note that BPLP is a very small portion of
the PLGA-BPLP copolymer and their bands cannot be identified.
Figure 3-2b inset exhibits the inherent photoluminescence of
PLGA-BPLP from BPLP.
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Figure 3-2. ATR-FTIR spectra of the as-synthesized BPLP and the
PLGA-BPLP copolymer confirming their chemical structures and the
successful synthesis. a) BPLP; b) PLGA-BPLP and commercial PLGA as
reference. Inset: fluorescence of PLGA-BPLP observed under a UV lamp.

Next, the fluorescence of the as-synthesized BPLP and PLGA-BPLP
is evaluated. The similar excitation and emission spectra depicted in
Figure 3-3 further confirm the inherent photoluminescence of
PLGA-BPLP from BPLP.
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Figure 3-3. a) and b) excitation and emission spectra of the as-synthesized

BPLP and PLGA-BPLP. Insets fluorescence of the polymers observed under

UV lamp with the solvents as control.
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Importantly, the fluorescence intensity of PLGA-BPLP only has a 10%
decrease after 10 min of continuous illumination under a confocal
microscope at 10% of laser power (0.40 = 0.01 pW) (Figure 3-4a).
Considering that the laser power used to observe stained cells is, in
general, less than 10%, it is safe to assume that this photoluminescent
polymer should exhibit good photostability for in vitro cell imaging.
The calculated high quantum yields of BPLP (64%) and PLGA-BPLP
(33%) from Figure 3-4b are consistent with previously reported

values(?! 221,
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Figure 3-4. a) photostability evaluation of PLGA-BPLP powder under a
confocal microscope at different laser power, fluorescence intensity expressed
as the percentage vs. time 0; b) integrated fluorescence intensity-absorbance
curves of BPLP, PLGA-BPLP and reference anthracene for quantum yield
calculations.

The remarkable fluorescence properties shown here endow the
PLGA-BPLP copolymer with high potential for the fabrication of
functional photoluminescent NCs.

3.1.2 PLGA-BPLP NCs

The as-synthesized PLGA-BPLP is here used to fabricate NCs by the
same double emulsion solvent evaporation method described in
Section 2.1.2. The blue fluorescence moiety of PLGA-BPLP, together
with other moicties, such as PLGA-PEG and SPIONs are
incorporated into the organic phase with the unmodified PLGA. As
listed in Table 3-1, both the non-PEGylated and PEGylated
PLGA-BPLP NCs contain ~6 wt% of SPIONs and show
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homogeneous size distributions (d.nm ~270) being similar to the
non-PEGylated and PEGylated PLGA NCs listed in Table 2-7 and
indicating that the incorporation of fluorophore BPLP does not affect
the size nor magnetism of the NCs.

Table 3-1. Summary of the non-PEGylated/PEGylated formulations for the
PLGA-BPLP NCs.

Shell Polymers (wt%o) SPIONs Size (DLS)
NCs Type PLGA- PLGA- Loading ij
- - " (eun
PLGA prrpe  ppe  (W%) (eum/g) 4 pm  PdI
NC-5.non-
PEGylated 10 90 / 6.0 4.0 272 0.11
NC-6.PEGylated 3 90 7 6.2 42 265 0.05

* PLGA-BPLP from initial molar ratios (LA:GA):BPLP = (75:25):1.

The representative morphology of the PLGA-BPLP NCs is shown in
Figure 3-5a. The incorporation of BPLP did not affect the
homogeneous spherical morphology of the NCs. The upper inset in
Figure 3-5a shows a representative broken NC exposing the hollow
core where the protein drug is loaded and the lower inset a TEM
image of three NCs with the SPIONs visible as black spots well
distributed in the polymer matrix. The magnetic loading up to 6 wt%
of SPIONs (Ms 4 emu/g NCs) can be maintained without affecting
the NCs morphology (Figure 3-5b), indicating the magnetic retention
and MRI behavior of the NCs can be maintained as compared to the
PLGA NCs.

b)

NC-5
20 40 60

4 20 0
Field (kOg)
Figure 3-5. a) representative SEM image of lyophilized PLGA-BPLP NCs
(NC-5) with the upper inset showing the hollow core of a NC and lower inset a
TEM image of three NCs with the SPIONs visible as black spots well
distributed in the polymer matrix; b) hysteresis loop (5 K) for the lyophilized
NC-5.
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Figure 3-6a shows that NC morphology is not affected even when
using 100 wt% of PLGA-BPLP (75:25):1. Even though, a
formulation with 90 wt% of PLGA-BPLP (75:25):1 is selected (NC-5)
to allow for NC PEGylation by the addition of 7 wt% of PLGA-PEG
(NC-6) (see Figure 3-6b). The PLGA-BPLP (50:50):1 polymer from
the initial molar ratio of LA:GA = 50:50 and BPLP:(LA + GA) =
1:100 was proved less suitable for the fabrication of NCs. NCs with
homogeneous morphology and narrow size distribution could be
attained only up to a maximum of 30 wt% of PLGA-BPLP (50:50):1
(Figure 3-6¢) and without the possibility of further adding
PLGA-PEG, from which a majority of polymers do not form NCs
(Figure 3-6d). When larger fractions of PLGA-BPLP (50:50):1 are
used, for instance with 40 wt%, the size distribution of the NCs is
good but many of the NCs are half-broken (Figure 3-6d) and with 50
wt%, the monodispersed NCs cannot form (Figure 3-6f). These
results are in accordance with the higher glass transition temperature
and better mechanical properties of PLGA-BPLP (75:25):1 over those
of PLGA-BPLP (50:50):11%21. Note that 7 wt% of PLGA-PEG (3 wt%
PEG) was also determined as the maximum amount that can be
mixed in the organic phase during the NCs fabrication process, for a
larger wt% of PLGA-PEG, the morphology and size of NCs were not
maintained, which is consistent with the PEGylation result without
integrating BPLP, further confirming that the amphiphilic property of
PLGA-PEG does affect the fabrication of PLGA NCs.
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Figure 3- 6 SEM images and DLS size distributions (Y axis: intensity%) of
NCs fabricated by different types of PLGA-BPLP.

As expected, the NCs fabricated with a higher fraction of
PLGA-BPLP (75:25):1 (NC-5, 90 wt%) show higher fluorescence
intensity than the ones obtained with 30 wt% of PLGA-BPLP
(50:50):1 at the same concentration (Figure 3-7).
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Figure 3-7. Fluorescence intensity of different concentrations of NCs at the
maximal emission wavelengths (values have subtracted values of control
non-fluorescence NCs).

The successful surface modification with PEG (3 wt%) for
PLGA-BPLP NCs (NC-6) is also confirmed by Turbiscan which,
as-mentioned, evaluates the flocculation regime of NCs by a protocol
similar to that shown in section 2.3 except a physiological
concentration of BSA (0.5 mM) is added to the NC PBS suspension.
Figure 3-8a shows that, as NCs sedimentation progresses, the
backscattering signal of the bottom part of the suspension increases
from an increasingly higher concentration of NCs, while the signal of
the top part decreases. The sedimentation rates of non-PEGylated and
PEGylated NCs are compared with or without a physiological
concentration of BSA (0.5 mM) in Figure 3-8b, as expected the
bottom backscattering signal of the PEGylated NCs media increases
at a slower rate than the non-PEGylated ones both with and without
BSA, which demonstrates a better dispersibility of the NCs due to the
surface hydrophilic PEG chains. Note that the sedimentation rates of
non-PEGylated and PEGylated NCs both slow down with the
physiological concentration of BSA probably due to the interaction of
NCs with the dense BSA solution. Additionally, in Figure 3-8a, the
backscattering signal of the middle part does not vary with time,
which means that the NCs are monodispersed at the physiological
concentration of BSA and flocculation or coalescence does not occur
during the 24 h period. This is consistent with the DLS size
distribution results that are shown in Figure 3-8c¢, both
non-PEGylated and PEGylated NCs remain monodisperse at the
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physiological concentration of BSA for 24 h, which is of great
advantage for the i.v. administration and in vivo blood circulation.
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Figure 3-8. a) Backscattering intensity change at several heights of the vial for
24 h of the NC-6 PBS suspension (shown inset) containing 0.5 mM of BSA
measured by Turbiscan; b) quantified backscattering intensity change of the
bottom part of the vial for 24 h for NC suspension in different media; ¢) DLS

size distributions of NC-5 and NC-6 PBS suspensions with 0.5 mM of BSA for
24 h.

Nanosight was used as an additional technique for the determination
of size and the concentration of the NCs (Figure 3-9). The results
show a similar size distribution as obtained by DLS. From the

number concentration of the NCs, we can determine a mean mass of
1.06 x 10! mg/NCs.
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Figure 3-9. Quantitative number concentration and size distribution of the NCs
measured by Nanosight (n = 3, mean + SD with error bar).
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Next, fluorescence characteristics of the NCs were evaluated. Figure
3-10a depicts the NCs excitation and emission spectra. The spectra
are similar to those of the PLGA-BPLP polymer shown in Figure
3-3a. Importantly, the incorporation of SPIONSs in the polymer matrix
does not quench the fluorescence of NCs. Note that a small
displacement of the emission peak wavelength is observed for
aqueous dispersed fluorescent NCs when compared to the emission
peak of the polymer in a chloroform solution (Figure 3-3a), which
we ascribe to the different interaction of the fluorescent probe with
the two solvents. The fluorescence intensities of NCs show a linear
dependency on the NCs concentration within a range of 0.1 to 1.0
mg/mL; at higher concentrations, the fluorescence shows a trend
towards saturation (Figure 3-10b). NCs can be clearly imaged with a
fluorescence confocal microscope and they show a very good
photostability while using 10% of laser power used for imaging in
vitro cellular uptake (Figure 3-10c).
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Figure 3-10. a) Excitation and emission spectra of the NCs water suspension; b)
fluorescence intensity of 100 pL of different concentrations of NCs (values
have subtracted values of control non-fluorescence NCs); c¢) photostability
evaluation of NCs under confocal microscope at 10% laser power, fluorescence
intensity expressed as the percentage vs. the value at the initial time, inset:
NC-5 water suspension observed at 60% lens.

The strategy used here confers intrinsic photoluminescence to the
PLGA NCs without introducing any cytotoxic quantum dots or
photo-bleaching organic dyes when compared to other more
conventional approaches that physically blend imaging probes within
the carrier that can lead to misinterpretations on the tracing of the
carrierl'® 131 which may greatly expand the applications of this drug
carrier.
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In Chapter 2 we have established the simple formulation and
architecture of the NC.PLGA.SPIONs protein delivery carrier for
potential clinical translation with intrinsic MRI modality. Here, by the
incorporation of BPLP it has endowed the system with an additional
blue fluorescence imaging modality which could benefit the in vitro
development stage of the PLGA NCs. Besides, the SPIONs loading
of this type of NCs, after the incorporation of PLGA-BPLP, was no
affected by the modification of the PLGA. An MRI phantom study
was conducted to demonstrate the dual-modal imaging performance
of these PLGA-BPLP NCs. Phantoms of NCs that were dispersed in
agarose gel at various concentrations are prepared (Figure 3-11a).
Spin-spin relaxation time (T2) maps clearly exhibit signal decay in a
concentration dependent manner. The calculated transverse relaxivity
(r2) values at 7 Tesla of both non-PEGylated NC-5 (263 mM 's™!)
and PEGylated NC-6 (237 mM !s™!) are similar as those seen in
Figure 3-11b, as expected, further demonstrating the similar loading
and distribution of SPIONs in the polymer shell matrix for both
systems. And MRI/fluorescence dual-modal imaging is successfully
achieved with different imaging moieties co-existing in the PLGA
shell.
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Figure 3-11. a) T2 maps of a series of concentrations of NCs in agarose
phantoms; b) 12 relaxivity evaluation for the NCs.

The fluorescence capacity of the NCs is then applied to observe the
cellular uptake. NCs are incorporated by brain endothelial cells after
several hours in culture, as seen in Figure 3-12a, with cytoplasmic
localization of the NCs in perinuclear structures compatible with
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Golgi bodies and endosomes. This subcellular localization is
confirmed by Z-stack images (Figure 3-12b).

Figure 3-12. NCs uptake in human brain endothelial cells observed with a
confocal microscope. a) Representative images of hCEMC/d3 cells stained with
membrane dye PHK26 (orange) and exposed to 50 pg/mL of NC-5 (Blue) for
24 h (60% lens); b) Orthogonal view of a Z-stack of Propidium lodide (PI)
stained cells (showing the cell nuclei in red) and the blue NCs.

Importantly, this cellular uptake is biocompatible for endothelial cells,
as the main exposed cells during NCs circulation in blood vessels,
since viability tests do not show signs of cell toxicity at a wide range
of NCs concentrations up to 500 pg/mL (Figure 3-13) and 48 h
exposure. Note that the concentration of PLGA-BPLP NCs tested
here is much higher than that of PLGA NCs (100 pg/mL, Figure
2-18), which has improved our knowledge that our NC formulation is
biocompatible at a wide range of concentrations despite the existence
of the fluorophore. Only an extremely high dose (1000 pg/mL) with
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noticeable occupying space difficulties for cell culturing shows a
significant reduction in cell viability and number.

a) hCMEC/d3 Cell Viability b) hCMEC/d3 Cell Count
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Figure 3-13. Cytotoxicity of NCs on human brain endothelial cells. a) and b)

hCEMCY/d3 cells are treated for 48 h with different concentrations of NC-5 and

cell viability is determined with WST-8 reduction assay or tripsinized and

counted in a Neubauer chamber (n = 3—4, values represent mean = SEM, ** P <

0.01).

3.2 NCs functionalized with green fluorescence

3.2.1 PLGA-Fluram polymer

Currently, there are two major classes of biodegradable fluorescent
polymers.?*! One class shows intrinsic photoluminescence by
carrying integral fluorescent chemical structures in their polymer
backbone, such as green fluorescent protein (GFP) and the
PLGA-BPLP showed in Section 3.1.1. The other class is achieved by
a combination of non-fluorescent biodegradable polymers and
fluorescent agents such as organic dyes and quantum dots.

In this section, I show the route and advantages of conjugating a
fluram derived green fluorophore to the end of PLGA molecular
chain. Fluram is a non-fluorescent compound that reacts quickly and
almost quantitatively with primary amines (R-NH;) to form a
fluorescent derivative, which emits strong fluorescence at around 480
nm when excited at 390 nm'?*!, We design a route to combine this
fluorescent derivative with PLGA through which the carboxylic
acid-terminated commercial PLGA (PLGA-COOH) is firstly
aminated to PLGA-NH; and then the fluram is anchored to the -NH>
end. The conjugation of fluram to the -NH» end of PLGA for
fluorescence application is very advantageous considering that
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neither free fluram itself nor its hydrolysis product show fluorescence,
the fluorescence signal detected can be attributed to the PLGA
conjugate which forms NCs, thus having low background.

Figure 3-15 shows the schematic representation for terminal
amination and fluram functionalization of the PLGA. Firstly, the
carboxylic acid end group of PLGA is activated with
N,N’-dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide
(NHS) to conjugate ethylenediamine and form PLGA-NH>, bearing a
free primary amine group in the PLGA end (Figure 3-15a). An
excess amount of ethylenediamine (6:1 ethylenediamine:PLGA mole
ratio) is used to suppress the coupling reaction of PLGA—PLGA that
could occur due to the homo-functional crosslinker ethylenediamine.
Subsequently, the fluram with amine-reactive group could be
integrated at the end of the PLGA molecule to form a green
fluorescent derivative (Figure 3-15b).

fgﬁgogomoﬁriw SR “oomrr T M H\E Mof?

PLGA-COOH PLGA-NHS
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0 7\
PLGA-NH, + Q ) Q —
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05

'I:‘:_'_‘,-:_'_) H ;

© Fluram PLGA-Fluram
Figure 3-15. Synthetic schemes of terminal modification and functionalization
of the commercial PLGA-COOH to obtain PLGA-Fluram.

ATR-FTIR spectra of the commercial PLGA-COOH and the
PLGA-NH; product confirm their similar chemical structure and
successful modification (Figure 3-16). Both of PLGA and
PLGA-NH; show the typical bands at 1084 cm™!, 1165cm™ and 1747
cm’! attributed to the C=O stretch and C-O asymmetrical and
symmetrical stretches of the ester chain of the PLGA, and the C-H
stretch bands of the alkane near 2951 cm™'. The bands and shapes
similarities of the two spectra imply that the main molecular chain of
PLGA is not affected by the modification. Some new peaks appear in
the spectrum of PLGA-NHa, a band at 1542 cm™! associated with the
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NH bending of the secondary amide II, at 1683 cm™ associated to the
C=O0 stretching of the secondary amide I, at 3529 cm™! and 3403 cm’!
shown in the inset attributed to the asymmetrical and symmetrical
stretches of -NHz. These correlation absorption bands successfully
demonstrate the formation of a secondary amide at the -COOH
terminal of PLGA with one -NH> group of ethylenediamine,
meanwhile the -NH> group on the other side of ethylenediamine
serves as the terminal functional group of PLGA chain.

— PLGA 1747 I 1084
— PLGA-NH:
1165W
=
S |3529 3403 231
8 M
2 1683
0
<

/ 1542

M

1 1 " I
2500 2000 1500 ] 1000
Wavenumber (cm™)
Figure 3-16. ATR-FTIR spectra of commercial PLGA and modified
PLGA-NH: product confirming their similar chemical structures and the
successful modification. Inset is the magnified spectra of the 3500-3000 c¢m’!
range.

The reaction efficiency of PLGA-COOH to PLGA-NH2: is quantified
by measuring the absorbance of the product at 390 nm after reaction
with an excess amount of fluram (Figure 3-17b). The absorbance is
converted to the amount of -NH> groups in the product by comparing
with a standard absorbance/-NH» concentration calibration curve
constructed from different concentrations of ethylenediamine reacted
with fluram under the same conditions (Figure 3-17a). A reaction
efficiency of 86% of PLGA-COOH to PLGA-NH; is estimated,
which means that the molar fraction of pure PLGA-NH: in the
product is 86%.
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Figure 3-17. a) Absorbance-concentration calibration curve of ethylenediamine
(expressed as the concentration of -NHz) at the maximal absorbance
wavelength (390nm) after reaction with an excess amount of fluram; b)
Absorption curve of 0.083 mM of PLGA-NH, product after reaction with an
excess amount of fluram.

The formation of PLGA-Fluram conjugate is characterized by the
occurrence of an absorption peak of the fluorophore at 390 nm in the
UV-Vis spectrum, and this characteristic peak is not observed either
in PLGA-NH; or in fluram (Figure 3-18a). This is consistent with the
fluorescent images of the corresponding polymer solutions as seen in
Figure 3-19 in which only PLGA-Fluram shows green fluorescence
under the UV lamp. Note that the disappearance of the 309 nm
absorption band of fluram in the PLGA-Fluram product (Figure
3-18a) indicates that the purification process removes the vast
majority of free fluram. The fluorescence of the obtained
PLGA-Fluram is evaluated and the excitation and emission spectra
are depicted in Figure 3-18b. Importantly, the fluorescence intensity
of PLGA-Fluram decreases only slightly (<5%) after continuous UV
excitation at the maximum excitation wavelength for 3 h, thus
exhibiting a photostability just slightly lower (2%) than rhodamine-B,
a widely used commercial fluorescent dye (Figure 3-18c). Note that
the calculated quantum yield of PLGA-Fluram (18%) from (Figure
3-18d) is much higher than the values reported for fluorescent
proteins such as green fluorescent protein (GFP) (7.3%) and its blue
variants (7.9%)?®, and similar to other polymeric fluorescent
materials such as poly(amido amine)?”> 2!, The remarkable
fluorescence properties of PLGA-Fluram shown here offer us the
option to fabricate NCs with green fluorescence for in vitro tracking
studies.
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Figure 3-18. a) UV-Vis absorption spectra of PLGA/Fluram samples; b)
excitation and emission spectra of PLGA-Fluram; ¢) photostability evaluation
of PLGA-Fluram and control dye rhodamine B, fluorescence intensity
expressed as the percentage vs. time 0; d) fluorescence intensity-absorbance
curves of PLGA-Fluram and reference Coumarin 153 for quantum yield
measurements.

PLGA- PLGA-

Fluram NH-, Pl

Chloroform solution under UV lamp

Figure 3-19. The corresponding polymer solutions under UV lamp. Only
PLGA-Fluram shows green fluorescence.

3.2.2 PLGA-Fluram NCs

PLGA-Fluram is then used to fabricate NCs by the double emulsion
solvent evaporation method described in Section 2.1.2. The
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PLGA-Fluram, PLGA-PEG and SPIONs were incorporated into the
organic phase together with unmodified PLGA. As listed in Table 3-2,
both the non-PEGylated and PEGylated PLGA-Fluram NCs contain
~6 wt% of SPIONs and maintain size distributions very similar to the
other NCs presented so far (d.nm ~275), indicating that the
incorporation of the fluorophore does not affect the size nor
magnetism of the NCs.

Table 3-2. Summary of the non-PEGylated/PEGylated formulations for the
PLGA-Fluram NCs.

Shell Polymers (wt%)  SPIONs Size (DLS)
NCs Type PLGA- PLGA- Loading (UTDS/)
- - ' (eumlg
PLGA Fiyam PEG  (Wi%) d.om - PdI
NC-7.non-PEGylated 50 50 / 6.2 4.7 260  0.15
NC-8.PEGylated 43 50 7 5.7 4.1 290 0.13

The representative SEM morphologies of the PLGA-Fluram NCs are
shown in Figure 3-20.

Figure 3-20. Representative SEM images of non-PEGylated and PEGylated
PLGA-Fluram NCs after lyophilization.

The above presented fluorescent NCs are fabricated by
pre-synthesized PLGA-Fluram polymer (synthesis route illustrated in
Figure 3-21a). In addition to this route, I also tried to firstly fabricate
the surface amino-enriched NCs using PLGA-NH> polymer and then
use fluram to label the NCs in water suspension (route illustrated in
Figure 3-21b).
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Figure 3-21. Schematic illustration of the two routes to fabricate PLGA-Fluram
NCs. a) NC-7 uses pre-synthesized PLGA-Fluram polymer; b) NC-7* obtained
by forming NCs, NC-7**, containing amino (-NH ) functionalities at the
surface and subsequently labelling them with fluram in water suspension.

The route schematized in Figure 3-21b is intended to show the
feasibility of labeling surface amino-enriched NCs (SEM in Figure
3-22) in aqueous media.

Figure 3-22. Representative 'SEM image of the lyophilized surface
amino-enriched NCs (NC-7"", PLGA:PLGA-NH; 50:50).

Figure 3-23 depicts the excitation and emission spectra of the
fluorescent NCs obtained by the two routes. The spectra are similar to
those of the PLGA-Fluram polymer shown in Figure 3-18b.
However, the fluorescence intensity of NC-7 is much higher than that
of NC-7" at the same concentration, indicating the availability of
amino groups on NCs (NC-7"") is low in aqueous media.

Consequently, the route using pre-synthesized fluorescent polymer to
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fabricate NCs (Figure 3-21a) is preferable since can make full use
of the amino groups and produce an inherent and more intense
fluorescent shell. It also provides us with the opportunity for the
conjugation of other amino-reactive functional moieties on the NCs.
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Figure 3-23. Excitation and emission spectra of PLGA-Fluram NCs obtained
through the two routes shown in Figure 3-21 (NC-7 and NC-7). Fluram and
NC-7** without fluram labeling used as references. Fluorescence intensity of
the NCs at same concentration (0.2 mg/mL) is compared.

The fluorescence intensity of the PLGA-Fluram NCs (NC-7) shows a
linear dependency on the NCs concentration (Figure 3-24a). NCs can
be imaged with a fluorescence confocal microscope and they show a
very good photostability while using 10% of laser power (401 nW),
the fluorescence intensity decreases by only 13% after 10 min of
continuous illumination with a time interval of 1 s (Figure 3-24b).
Considering the laser power applied to observe stained cells is
generally less than 10%, our fluorescent NCs would exhibit good
photostability under in vitro conditions.
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Figure 3-24. a) Fluorescence intensity of different concentrations of
PLGA-Fluram NCs (NC-7) in 100 pL of saline measured by microplate reader
(values have subtracted values of control non-fluorescence NCs, n = 3, mean +
SEM); b) Photostability evaluation of PLGA-Fluram NCs under confocal
microscope at 10% laser power, fluorescence intensity expressed as the
percentage vs. time 0 s. Inset: NC-7 water suspension observed at 60x lens.

3.3 NCs functionalized with red fluorescence

3.3.1 PLGA-CyS polymer

Cyanine (Cy) is the non-systematic name of a synthetic dye family
belonging to the polymethine group. Cyanine dyes are molecules
containing polymethine bridge between two nitrogen atoms with a
delocalized charge *°! as seen in the structure in Figure 3-28. Due to
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their structure, cyanines have outstandingly high extinction
coefficients often exceeding 100000 L/mol:cm and can
advantageously replace conventional dyes such as fluorescein and
rhodamines because they yield brighter and more stable fluorescence.
Importantly, absorbance and fluorescence wavelength can be
controlled by a choice of polymethine bridge length: longer cyanines
possess higher absorbance and emission wavelengths up to the NIR
region. Correspondingly Cy3, Cy5 or Cy7 nomenclature is proposed
where the number designates the count of the methines. While the
side chains bound to the two nitrogen atoms are unspecified, both
nitrogens may each be an independent part of a heteroaromatic
moiety, such as pyrrole, imidazole, thiazole, pyridine, quinoline,
indole, benzothiazole, etc. and can be bound with different functional

R groups.
I
1 3 5§
\QW\N/ N N
I I I

Figure 3-28. Main fluorophore structure of the cyanine dyes and the
corresponding nomenclature.

The most popular cyanine dyes for biomedical imaging were
introduced by A. Waggoner et al. in the early 1990s*’l. They all
contain two indolenine rings flanking the polymethine chain
exhibiting low non-specific binding to biomolecules and have bright
fluorescence owing it to their huge extinction coefficients and good
quantum yields. The R groups on either one or both of the nitrogen
ends are modified to short aliphatic chains ending in various highly
reactive moieties such as NHS esters, maleimides, azides, so that the
modified cyanine dyes can be chemically linked to other entities such
as nucleic acids or protein molecules for imaging. Here I choose a
Cy5 (red emission) NHS ester derivative which is reactive for the
labeling of all kinds of amino groups and aim to conjugate it at the
amino end of the as-synthesized PLGA-NH: to produce red
fluorescent PLGA-CyS5, and using this pre-synthesized fluorescent
polymer to fabricate NCs, the same route used for the PLGA-Fluram
NCs (Figure 3-21a, NC-7) which can result in higher fluorescence
intensity. The synthetic steps of PLGA-Cy5 are shown in Figure
3-29.
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Figure 3-29. Synthetic schemes of terminal modification and functionalization
of the commercial PLGA-COOH to obtain PLGA-CyS5.

The successful conjugation of Cy5 to PLGA is characterized by the
occurrence of the absorption band of the fluorophore in the
absorption spectrum of the purified PLGA-Cy5 product. As seen in
Figure 3-30a the absorption spectra of PLGA-Cy5 product and Cy5
NHS ester are similar, with the maximal absorbance wavelengths at
655 nm belonging to the Cy5 fluorophore, while this absorption band
does not appear in the spectrum of PLGA-NH,. The reaction
efficiency of PLGA-NH> to PLGA-Cy5 was quantified by measuring
the conjugated amount of Cy5 in the PLGA-Cy5 product. An
absorbance of 0.053 (655 nm) which attributes to Cy5 is obtained for
PLGA-Cy5 product at the concentration of 7.0x 107" mol/L (Figure
3-30a), after comparing with the absorbance-Cy5 concentration
standard curve (Figure 3-30b) a Cy5 concentration of 5.1x107 mol/L
is calculated for the PLGA-CyS5 product with the concentration of 7.0
%107 mol/L, thus a molar fraction of 73% of pure PLGA-CyS5 in the
product is obtained. Considering the fraction of pure PLGA-NH: in
the reactant is 86%, a conjugation efficiency of 85% of the Cy5 NHS
ester to PLGA-NH: is determined. This high conjugation efficiency
would benefit the fluorescence property of the NCs fabricated.

95



a) b)

0.10
0.06 {—— PLGA-Cy5 (7.0x107 mol/L) = — — Linear fit
— — Cy5 NHS ester Ax_ £ 0.08- -
o — PLGANH, (655, 0.053)| 5 Cy5 NHS ester e
20.04- 2 g
g ©.0.06 -~
o @ -7
8 g [ P
2002 5 0-041 ~ 7 y=104718x
— ” 2_
R<“=0.99735
goo2y 27
0.00 < ks
. v . 0.00 L . . g r
500 600 700 800 gx10%2x107"  4x10"  ex107  8x107
Wavelength (nm) Cy5 concentration (mol/L)
) 0.10 -
—8.1x10° mol/L 655nm
——2.0x107 mollL 10003
0084 ——40x107 mol/lL
— =T
61!10 5 mOIIL ‘,.—'0.063
o —8.1x10"" mol/L -
£ %7 oy5NHS est
5 y ester 0,046
o
2L 0.04 -
<
0023
0.02 -0.012
Solvent: chloroform
0.00 -
400 . S(I)O I G(I)O I T[IJO . 800

Wavelength (nm)
Figure 3-30. a) Absorption spectra of PLGA/Cy5 samples; b)
absorbance-concentration calibration curve of Cy5 NHS ester at the maximal
absorbance wavelength (655 nm); c¢) absorption spectra of a series
concentrations of Cy5 NHS ester for the plotting of the calibration curve. All
spectra are measured in solvent chloroform.

The fluorescence of the obtained PLGA-Cy5 is evaluated and the
excitation and emission spectra are depicted in Figure 3-31. As
expected, the spectra are almost the same when compared to those of
the Cy5 NHS ester, indicating the PLGA-Cy5 has fully inherited the
fluorescence property from free CyS5.
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Figure 3-31. Excitation and emission spectra of PLGA-Cy5 (upper panel) and

Cy5 NHS ester, measured in solvent chloroform (lower panel) .

3.3.2 PLGA-Cy5NCs

As-synthesized PLGA-CyS5 is then used to fabricate NCs. Resulting
PLGA-Cy5 NCs contain ~6 wt% of SPIONs and maintain
homogeneous size distributions (d.nm ~275) as the same as the other
types of NCs, indicating the incorporation of this fluorophore does
not affect the size nor magnetism of the NCs. Representative SEM
morphology of the PLGA-Cy5 NCs is shown in Figure 3-32, the
incorporation of the fluorophore does not affect the homogeneous
spherical morphology of the NCs.

NC-9

s00nm
Figure 3-32. Representative SEM image of the lyophilized PLGA-Cy5 NCs.

Figure 3-33a depicts the excitation and emission spectra of the
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PLGA-Cy5 NCs. The spectra are similar to those of the PLGA-Cy5
polymer shown in Figure 3-31. Small displacements of the spectra
are also observed for the aqueous dispersed NCs when compared to
the spectra of the polymer in a chloroform solution. It is interesting to
note that the NCs containing SPIONs are green in color while those
without SPIONs are blue presenting the initial color of the Cy5 dye,
as seen in the inset images of Figure 3-33a. After measuring the
emission spectrum of the NCs without SPIONs (Figure 3-33a
upright), it is been confirmed that the SPIONs in the polymer matrix
do not quench or shift the emission of the NCs even they change the
color of the NCs. Red fluorescence of the NCs is observed on a
fluorescent microscope as shown in Figure 3-33b.
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Figure 3-33. a) Excitation and emission spectra of the PLGA-Cy5 NCs (NC-9)
in water. The upright curve shows the emission spectrum of the NCs (NC-9%)
without SPIONSs. Inset: pictures of green lyophilized NC-9 with SPIONs and
blue suspension of NC-9* without SPIONs; b) NC-9 water suspension
observed under a fluorescent microscope.
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The fluorescence capacity of the NCs developed is then applied to
observe the in vitro cell uptake. For that, macrophage-like cells
differentiated from THP-1 cell line were used. As expected cells
show low background at this red emission range (Figure 3-34a)
which does not interfere with cells self-fluorescence as in the case of
fluoram. (Figure 3-26). Interestingly, after 30 min incubation
NC.PLGA-Cy5.SPIONs (NC-9) with a negative surface charge (-23
mV) shows a relatively much lower cellular uptake (Figure 3-34b)
when compared to positively charged NC-9** (12 mV, Figure 3-34c),
indicating the surface charge of NPs greatly affects cell-nanoparticle
interaction!®% 31,
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Figure 3-34. Cell uptake (macrophage-like cells differentiated from THP-1 cell
line) of PLGA-Cy5 NCs observed by fluorescent microscope. a) Cells in ImL
of PBS without NCs as negative control; b) and c) Cells co-incubated with 0.6
mg/mL of NCs for 30 min: b) NC-9 with negative surface charge; ¢) NC-9**
with positive surface charge fabricated by using 1:1 of PLGA-NH, and
PLGA-CyS5.

Considering that the final target of the NCs is the ischemic brain, this
fluorescent NC.PLGA-Cy5.SPIONSs is useful for one of our partners
(F. Gosselet, Artois University) to track the interactions of NCs with
BBB in an in vitro BBB model. For instance, to evaluate the passage
of NCs across the BBB, NCs need to be incubated in the in vitro BBB
model in Ringer-Hepes medium for 3 h. To evaluate NCs
endocytosis/uptake, NCs need to be incubated with cells in ECM+5%
FCS medium for 24 h. These two studies rely on fluorescence signal
visualization and quantification of NCs. With these considerations in
mind, I include below a brief study intended to investigate the
morphological integrity and fluorescence stability upon NCs
incubation in these two media. As seen in Figure 3-35b, after
incubating in Ringer-Hepes for 3 h, the NCs maintain the spherical
morphology and good size distribution, and the fluorescence intensity
is still acceptable with a decrease of around 17% (Figure 3-35e).
Based on this information, we will be able to correlate the detected
fluorescence signal with the amount of NCs across the BBB. For NCs
incubated in ECM+5% FCS after 24 h, some NCs show holes on the
shell (Figure 3-35c¢), fragments of the detached polymer are also
observed (Figure 3-35d). The fast erosion of NCs in the cell culture
media may benefit the release of drugs loaded while the uptake
behavior may not change because most of them maintain the
monodispersed spherical morphology. Fluorescence is quite stable in
ECM+5% FCS medium with only a slight decrease of around 5%
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(Figure 3-35e) after 24 h, which is good for the quantification of cell
uptake.
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Figure 3-35. a)-d) SEM morphologies and DLS size distributions (d.nm, PdI)
of NC.PLGA-Cy5.SPIONs (NC-9) after incubating in different media for
several hours; ¢) The fluorescence intensities of NC-9 in different media before
and after incubation, the decrease percentage as compared to time = 0 h is
noted. 200 pL of 0.5 mg/mL of NCs in each medium (n=3) is measured by a
microplate reader (Aex/Aem 600/670 nm) and results are expressed as mean +

SEM.
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3.4 NCs functionalized with NIR fluorescence

34.1 PLGA-Cy7.5 Polymer

In this section Cy7.5 with seven carbon atoms between indolenine
groups (long polymethine length) and benzo-fused (noted as suffix .5)
is selected, which has the most NIR shifted absorption and emission
wavelengths among cyanine dyes. Its absorption spectrum and
structure closely resemble those of indocyanine green (ICG) that has
been much used as a contrast agent in vivo, even in humans, while
Cy7.5 possesses better quantum yield than ICG because of a
structural modification®?. In our case, the amine-reactive derivative
Cy7.5 NHS ester is used as shown in Figure 3-36 for the labeling of
the as-synthesized PLGA-NH,. Then the PLGA-Cy7.5 product is
used for the fabricating of NCs with NIR radiation, which can readily
penetrate tissues and facilitate the in vivo preclinical biodistribution
study by NIR imaging.
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Figure 3-36. Synthetic schemes of terminal modification and functionalization
of the commercial PLGA-COOH to obtain PLGA-Cy7.5.

The formation of PLGA-Cy7.5 conjugate is characterized by the
occurrence of the absorption band of the fluorophore in the
absorption spectrum of the purified PLGA-Cy7.5 product. As seen in
Figure 3-37a the absorption band from Cy7.5 NHS ester appears in
the spectra of PLGA-Cy7.5 product, and as control, the absorption
spectrum of PLGA-NH: does not have this band. The reaction
efficiency of PLGA-NH; to PLGA-Cy7.5 is quantified by measuring
the conjugated amount of Cy7.5 in the PLGA-Cy7.5 product. An
absorbance of 0.628 (800 nm) which attributes to Cy7.5 is obtained
for PLGA-Cy7.5 product at the concentration of 6.5x10° mol/L
(Figure 3-37a), after comparing with the absorbance-CyS5
concentration standard curve (Figure 3-37b) a Cy7.5 concentration
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of 4.6x10°° mol/L is calculated for the PLGA-Cy5 product with the
concentration of 6.5x10 mol/L, thus a molar fraction of 71% of pure
PLGA-Cy7.5 in the product is calculated. Considering the fraction of
pure PLGA-NH: in the reactant is 86%, a conjugation efficiency of
83% of the Cy7.5 NHS ester to PLGA-NH; is calculated. This high
conjugation efficiency would benefit the fluorescence property of the
NCs fabricated.

a) b)
—— PLGA-Cy7.5 6.5<10° mol/L 0.104 = = Linear fit -
0.6] — = -Cy7.5 NHS ester Cy7.5 NHS ester L7
——PLGA-NH, £0.081 ,
) u
2 (800, 0.628) B g )2
5044 20,06 L7
5 S L% y-137553
2 8 0.041 2_
=y g g R*=0.99764
B e
4 I
< 0.02 .
0.0 ol
‘ : : : 0.00 ‘ r ‘ . .
550 600 650 700 750 800 6x10° 3x104x107 5x107  7x107
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c) 0.12
——6.2x10% mol/L  g802nm
010 —27x10"moliL ',
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Figure 3-37. a) Absorption spectra of PLGA/Cy7.5 samples; b)
absorbance-concentration calibration curve of Cy5 NHS ester at the maximal
absorbance wavelength (802 nm); c¢) absorption spectra of a series
concentrations of Cy7.5 NHS ester for the plotting of the calibration curve. All
spectra are measured in solvent chloroform.

The fluorescence of the synthesized PLGA-Cy7.5 is well imaged by
an in vivo imaging system (Xenogen IVIS®) as shown in Figure 3-38.
Also in this way by comparing the fluorescence intensity with free
Cy7.5 a molar fraction of 65% of pure PLGA-Cy7.5 in the product is
estimated, and then a conjugation efficiency of 76% of the Cy7.5

NHS ester to PLGA-NH: is calculated considering that the fraction of
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pure PLGA-NH: for reaction is 86%, this efficiency estimated by
fluorescence is similar with the value obtained by the absorbance
method.

Total Radiant Efficiency vs. DMSO

1350.91 506.50

O @ @

Cy7.5 NHS ester PLGA-Cy7.5

0.144 mM 0.083 mM
Radiance =
(p/sec/cm?/sr) g o 3 g g g

Figure 3-38. Quantification of fluorescence intensity of PLGA-Cy7.5 and free
Cy7.5 in DMSO by IVIS at the Aex/Aem of 710/820 nm. DMSO is used as
control.

3.4.2 PLGA-Cy7.5NCs

The as-synthesized PLGA-Cy7.5 is then used to fabricate NCs. Both
the non-PEGylated and PEGylated PLGA-Cy7.5 NCs contain ~6 wt%
of SPIONs and maintain homogeneous size distributions (d.nm ~250)
as the same as the other types of NCs. Representative SEM
morphologies of the PLGA-Cy7.5 NCs are shown in Figure 3-39, the
incorporation of the fluorophore does not affect the homogeneous
spherical morphology of the non-PEGylated/PEGylated NCs, which
is expected to not affect the in vitro/in vivo behavior of the NCs.
Figure 3-40 depicts the excitation and emission spectra of the
PLGA-Cy7.5 NCs with the maximal emission at around 820 nm
which is in the NIR range as expected.

A0 Y pire

e
Figure 3-39. Representative SEM images of the lyophilized non-PEGylated
(NC-11) and PEGylated (NC-12) NC.PLGA-Cy7.5.SPIONSs.
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Figure 3-40. Excitation and emission spectra of NC.PLGA-Cy7.5.SPIONs
(NC-11) in water.

Before administration of the NCs in vivo for biodistribution study, the
optimal Aex/Aem wavelength setting of the imaging equipment for the
fluorescence signal acquisition is firstly confirmed. As listed in Table
3-3, when the Aex is set at 710 nm which is farther to the maximal
Aem of 820 nm than the Aex setting at 745 nm, we obtain the higher
fluorescence signal with lower noise, and at the maximal emission
wavelength we obtain the best signal. So the setting of Aex/Aem at
710/820 nm is selected for the imaging of NCs. Figure 3-41 shows
the in vitro fluorescence performance of the NCs at this wavelength
setting. The fluorescence intensity of NC-11 suspension in saline is
linearly dependent on the concentrations of NCs, showing strong
fluorescence and no quenching up to a high level of 1 mg/mL. Also,
the mouse plasma shows no autofluorescence at this emission range
and the NCs are well observed in the plasma (Figure 3-41 up left
inset image). These make the formulation of PLGA-Cy7.5 NCs
feasible for in vivo NIRF imaging.
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Table 3-3. Quantification of NIRF intensity of NC.PLGA-Cy7.5.SPIONs
(NC-11) water suspension at a series concentrations and determination of the
optimal Aex/Aem wavelength with the highest fluorescence signal.

Signall/water ratio of NCs

Aiﬂr}:;m Replicate at different concentrations (mg/mL)
1 0.75 05 0.25 0.1
1 52 26 25 13 6
710/800 5 53 38 e s 0
1 123 55 51 25 12
710/820 ’ 126 50 o, " 5
1 86 35 32 15 8
710/840 5 89 o a3 . >
1 6 3 3 2 2
745/800 ’ 5 X 5 " 1
1 26 12 11 6 3
745/820 ’ 6 = i . :
1 27 12 11 5 3
745/840 ” o8 17 " . :
50
NCs 0.75 mg/mL
_E Plasma : 40
= .
=]
p 30
" x108
L
E | 20
1.0
200 O © @
50 T T T T ; ‘ .
0 01 025 05 075 T Radance
Concentration of NCs in saline (mg/mL) (plsecfem?fsr)

Figure 3-41. Quantitative curve of in vitro NIRF intensity of different
concentrations of NC.PLGA-Cy7.5.SPIONs (NC-11) vs. control saline (n=3,
mean + SEM) and on the bottom representative images of NCs in the well.
NIRF image of NCs ex vivo in mouse plasma is also shown on the up left,
plasma without NCs is also shown as control. The fluorescence intensity is
quantified as Total Radiant Efficiency (TRE) measured by IVIS with Aex/Aem
of 710/820 nm.

3.4.3 Biodistribution investigation of the i.v. injected NCs by
IVIS

Real-time whole-body imaging (Figure 3-42a) reveals a dominant
abdominal distribution of the NCs with a total radiant efficiency
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(TRE) of ~42.40 vs. control at 3 h post-injection (p.i.). At the end of
the observation, main organs including brain, heart, lungs, liver,
spleen, kidneys, and bladder are collected. Figure 3-42b shows the ex
vivo fluorescence of those organs and Figure 3-42¢ shows the
quantified result of the biodistribution of the NCs. Dominant
abdominal signal is observed in accordance with the liver, spleen and
lung accumulation and matching with the data acquired with MRI
(Section 2.2.1). However, significant accumulation in the targeted
brain area is not observed, indicating that the accumulation in the
brain is not occurring after the i.v. administration, further efforts need
to be made as discussed in Section 5.1. Note that we do see the
bladder signal during the real-time imaging, this phenomenon is also
observed and further discussed in Section 4.2 using more sensitive
PET imaging, and we attribute the bladder signal to the detached
polymer fragments from the eroded NCs at the early stage
post-injection. The unobservable ex vivo bladder signal may result
from the uncontrolled urination and urine sample collection.
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a) Control NC-11 (intravenous)
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Figure 3-42. a) Representative whole-body in vivo NIRF images obtained at
different time points after i.v. injection of NCs; b) representative ex vivo images
of excised organs at the end of the in vivo experiment; c) ex vivo quantification
of the distribution of NCs expressed as the averaged organ TRE vs. the control
mouse (n = 2, mean = SEM).
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3.5 Chapter summary

I synthesized various fluorescent PLGA polymers with several
emitting wavelengths, e.g. PLGA-BPLP (max. Aex/Aem 361/431 nm),
PLGA-Fluram (max. Aex/Aem 390/483 nm), PLGA-Cy5 (max.
Aex/hem 646/662 nm) and PLGA-Cy7.5 (max. Aex/Aem 788/808 nm).

I demonstrated that the route to obtained fluorescent polymers to
fabricate fluorescent PLGA NCs is a modular approach. Selective
inclusion of the imaging probes can be achieved by integrating
different types of fluorescent PLGA, and the size, shape and main
compositional traits of the NCs are not affected. Also, cationic NCs
with positive surface charge (12mV) can be obtained by using
PLGA-NHa.

Good fluorescence imaging performances of the multichannel PLGA
NC formulations (blue, green, red and NIR) are demonstrated for in
vitro/in vivo tracking. Interestingly, the positively charged NCs (12
mV) shows a relatively much higher cellular uptake when compared
to negatively charged NCs (-23 mV), indicating the surface charge of
NPs greatly affects cell-nanoparticle interaction. Biodistribution by
real-time whole-body NIRF imaging showed a dominant liver, spleen
and lung accumulation of the i.v. administered NCs.
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3.6 Annex of Chapter 3

3.6.1 Synthesis of PLGA-BPLP Copolymer

Step one involves the synthesis of a hydroxyl-terminated BPLP
pre-polymer. Briefly, citric acid, 1,8-octanediol, and L-cysteine with
the molar ratio of 1:1:0.2 (5.76 g, 4.38 g, 0.72 g) are added into a
flask of 50 mL with a stirring bar. Under a constant flow of argon, the
reactants are melted by heating to 140 °C until a clear solution is
formed. The solution was allowed to react at this temperature for 80
min and then stopped before the stirring bar stopped stirring
completely in the increasingly viscous solution by adding 25 mL of
1,4-dioxane to dilute the produced prepolymer. The product is
purified by dropwise precipitation from the 1,4-dioxane solution in
water to remove the unreacted monomers. The final BPLP product is
collected by centrifugation and then lyophilized.

In the second step, the PLGA-BPLP copolymer is synthesized while
using the BPLP as a macroinitiator to react with L-lactide and
glycolide via a ring-opening polymerization that is catalyzed by Tin
(IT) 2-ethylhexanoate (Sn(OCt)2). Briefly, L-lactide, glycolide and
BPLP with the molar ratios of (75:25):1 or (50:50):1 are added into a
reaction tube. Subsequently, Sn(OCt) (0.1 wt% of L-lactide and
glycolide mixture) is added as a solution in dichloromethane which is
then evaporated in vacuum. The tube is flushed with argon and
capped and subsequently immersed in a 160 °C oil bath for 48 h. The
obtained product is dissolved in chloroform and then purified by
dropwise precipitation into pure ethanol to remove unreacted raw
materials. Finally, the PLGA-BPLP copolymer is recovered by
centrifugation and then dried in vacuum at room temperature. All of
the PLGA-BPLP mentioned in the text are with molar ratios of
(75:25):1, unless specified otherwise.

Matrix-assisted laser desorption/ionization-time of flight mass
spectroscopy (MALDI-TOF-MS) is used to determine the average
molecular weight (Mw) of BPLP. The BPLP sample is dissolved in
ethanol at a concentration of 6 mg/mL and spotted in a MALDI plate
with 1, 8, 9-Antracenotriol (Ditranol) at 1:1 and analyzed using a
mass spectrometer (Bruker Daltonics Ultraflex TOF/TOF) in
reflection mode, the mass spectrum is shown in Figure 3-43.

109



10 |

08 |

06 4

Intensity (a.u.)

04 4 |

0.2 4

00 4o ——— SRS S

1000 1500 2000 2500 3000 3500
m/z

Figure 3-43. Mass spectrum of BPLP measured by MALDI-TOF-MS.

The weight-average molecular weight (M),, is calculated from the
mass distribution values of BPLP (Table 3-4), as follows:

X wiM; M;I;
M)y, =—9—, W, =g—
Yo Y wy Y M,

where w; is the weight fraction of a certain molecular weight of
BPLP.

Table 3-4. Mass distribution values of BPLP extracted from the mass spectrum.

miz (My) Intensity (I;) m/z (M) Intensity (I;)

832 1429 i 923 1882
846 2125 i 926 2154
848 2588 i 928 1571
850 1279 i 043 1515
862 2602 i 943 1501
864 4534 i 1103 1251
866 2523 i 1105 1421
876 1718 ©o1119 2061
878 3430 Po1121 4249
880 4925 ©o1123 3065
882 2986 {1133 1582
884 1469 i1136 1995
892 1781 i 1138 1242
893 1910 i 1149 1336
894 3552 i1152 1360
895 2014 io11687 1099
896 3618 {1343 1207
897 5052 i 1345 2975
898 5837 i 1347 1777
200 2051 i 1360 1304
9206 1475 i 1375 1074
908 2270 i 1567 923
910 3119 i 1569 1342
912 3336 io1s71 956
914 2530 i 1584 849
921 1300 i 1791 627

3.6.2  Synthesis of PLGA-NH2

To introduce a terminal amine group into PLGA, the carboxylic acid
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terminal group of commercial PLGA (lactic:glycolic ratio 50:50,
RG502H, Mw 12000) is activated and reacted with ethylenediamine.
The carboxylic groups are firstly activated with DCC and NHS. 0.025
mmol of PLGA is dissolved in 8 ml of DCM, and then 0.1 mmol of
DCC in 1 mL of DCM and 0.1 mmol of NHS in 0.5 mL of acetone
are added into the polymer solution under magnetic stirring.
PLGA-NHS activation is achieved after 4 h at room temperature (RT).
The coupling reaction is accomplished by adding an excess amount
of ethylenediamine (0.15 mmol) in 1 mL of DCM to the solution and
further stirring for 2 h. The majority of the insoluble by-product,
dicyclohexylurea, is removed by centrifuging the solution after
reaction at 9391 rcf for 15 min at 4 °C and discarding the pellet. The
supernatant is filtered (0.2 um PTFE syringe filter) to remove any
trace of the insoluble by-product. PLGA-NH> is precipitated by
slowly pouring the supernatant into an excess amount of ethanol
(10-fold), where the un-reacted NHS/DCC/ethylenediamine is
separated from PLGA-NH: due to their solubility in ethanol.
Precipitated PLGA-NH: is redissolved in DCM and reprecipitated in
ethanol twice for purification. The purified PLGA-NH> is dried under
vacuum.

3.6.3  Synthesis of PLGA-Fluram

Fluram (fluorescamine) is a non-fluorescent compound that reacts
with primary amines (R-NHz) fast and near completely forming the
fluorophore of fluram derivative which emits strong fluorescence at
Aem = 465 nm (Aex = 390 nm). 0.025 mmol of the as-synthesized
PLGA-NH> and 0.075 mmol of fluram are mixed and dissolved in 4
mL of acetone and the reaction takes place in a dark room after 2 h at
RT under magnetic stirring. Then the solution is slowly dropped into
an excess amount of ethanol (10-fold) to precipitate the product
PLGA-Fluram. The PLGA-Fluram is collected by centrifugation,
redissolved in acetone and reprecipitated in ethanol twice for
purification. The purified PLGA-Fluram is dried under vacuum.

3.6.4 Synthesis of PLGA-Cy5

Red fluorophore cyanine 5 is introduced at the end of PLGA-NH: by

forming an amide bond between the PLGA terminal amine group and

amine-reactive Cy5 NHS ester (Lumiprobe GmbH, Hannover,

Germany). 0.025 mmol of the as-synthesized PLGA-NH: and 0.05

mmol of Cy5 NHS ester are mixed and dissolved in 4 mL of acetone

and 0.05 mmol of Et;N is added as the catalyst. The reaction takes
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place in the dark after 6 h at RT under magnetic stirring. Then the
solution is slowly poured into an excess amount of ethanol (10-fold)
to precipitate PLGA-Cy5. The product is collected by centrifugation,
redissolved in acetone and precipitated in ethanol twice for
purification. The purified PLGA-CyS5 is dried under vacuum.

3.6.5 Synthesis of PLGA-Cy7.5

NIR fluorophore cyanine 7.5 is introduced at the end of PLGA-NH>
by forming an amide bond between the PLGA terminal amine group
and amine-reactive Cy7.5 NHS ester (Lumiprobe GmbH, Hannover,
Germany). 0.025 mmol of the as-synthesized PLGA-NH> and 0.05
mmol of Cy7.5 NHS ester are mixed and dissolved in 4 mL of
acetone and 0.05 mmol of EtsN is added as the catalyst. The reaction
takes place in the dark after 6 h at RT under magnetic stirring. Then
the solution is slowly poured into an excess amount of ethanol
(10-fold) to precipitate PLGA-Cy7.5. The product is collected by
centrifugation, redissolved in acetone and precipitated in ethanol
twice for purification. The purified PLGA-Cy7.5 is dried under
vacuum.

3.6.6  Absorption spectroscopy of the polymers

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
characterization of the polymers is performed on a Bruker Vertex 70
FTIR spectrometer with a Pike Miracle Single-Bounce diamond
crystal plate accessory at room temperature. The FTIR spectra are
recorded over a wavelength range of 4000-500 cm ' with a
resolution of 4 cm™!'. UV-Vis absorbance spectra of the fluorescent
polymers are recorded on a Varian Cary-5000 UV-Vis
spectrophotometer using a quartz cuvette with an optical path of 1
cm.

3.6.7 Fluorescence properties

Fluorescence spectra of the polymers and NCs are acquired on a
spectrofluorometer (LS45, PerkinElmer Inc., Waltham, MA, USA).
The excitation and emission slit widths are both set at 10 nm.

The quantum yields of BPLP/PLGA-BPLP/PLGA-Fluram are
measured by the Williams’ method!?!). Briefly, a series of solutions
are prepared with gradient concentrations in the corresponding
solvents. Maximal excitation wavelength 1s determined, which
generates the highest emission intensity. The fluorescence emission
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spectra are collected for the series of solutions in the 10 mm
fluorescence cuvette (Figure 3-44 and Figure 3-45). The integrated
fluorescence intensity, which is the area of the fluorescence spectrum,
is calculated and then noted. Afterwards, the UV-Vis absorbance
spectra are collected with the same solutions and the absorbance at
the maximal excitation wavelength within the range of 0.01-0.1 Abs
units is noted (Figure 3-44 and Figure 3-45). The graphs of
integrated fluorescence intensity vs. absorbance are plotted (Figure
3-4b and Figure 3-18d). The quantum yield is calculated according
Slopes, N5\ 2

)(n_r)

to the equation: ®s = &, (Sloper
where, ® = quantum yield; Slope = slope of the straight line obtained
from the plot of intensity vs absorbance (Figure 3-4b and Figure
3-18d); n = refractive index of the solvent; s-subscript denotes the
sample; and, r-subscript denotes the reference used. Here, anthracene
(® = 27% in ethanol) and courmarin 153 (® = 90% in cyclohexane)
are used as the references!®*,
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Figure 3-44. UV-Vis absorption spectra and fluorescence emission spectra of
the as-synthesized a/b) BPLP, ¢/d) PLGA-BPLP and e/f) reference anthracene

at series concentrations for fluorescence quantum yield calculation.
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Figure 3-45. UV-Vis absorption spectra and fluorescence emission spectra of
the as-synthesized a/b) PLGA-Fluram and c/d) reference courmarin 153 at
series concentrations for fluorescence quantum yield calculation.

Photostability is measured by continuously illuminating the polymer
or NCs in a fluorescent confocal microscope (Leica SP5, Leica
Microsistemas S.L.U., Barcelona, Spain) while using UV diode 405
nm excitation at different laser power (10%, 20%, 100%). The
fluorescence images are acquired within the emission range of
420-565 nm at a time interval of 1 s for 10 min., changes of mean
fluorescence intensity of six regions of interests (ROIs) in 10 min. are
calculated while using software Las AF. The real laser power (W) at
different percentages for 10 min. is monitored using a laser power
meter. The photostability of the PLGA-Fluram in organic solution is
also compared with the commercial dye rhodamine B using the
spectrofluorometer LS45. The PLGA-Fluram solution is continuously
illuminated with excitation light at 390 nm and the resulting emission
at 483 nm is monitored for 3 h at a time interval of 1 s. The
photostability of rhodamine B as a reference is tested with its
maximum excitation at 540 nm and maximum emission at 625 nm for
the same 3 h in aqueous solution.

The fluorescence intensity of NCs aqueous suspension is quantified
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in a 96-well by a microplate reader (Spark, Tecan Group Ltd.,
Minnedorf, Switzerland). The fluorescence signal is collected by area
scan at the maximal emission wavelength. For NIR PLGA-Cy7.5
NCs in the well plate, they are imaged using a Xenogen IVIS®
spectrum (Aex/Aem 710/820 nm) and fluorescence intensity is
acquired from the image.

3.6.8 Nanosight

Nanosight (NS300, Malvern Panalytical, Madrid, Spain) is used to
measure the averaged size and concentration of the NCs water
suspension. 0.2 mg/mL of NCs with 50 times dilution is pumped into
the cell and the data are acquired and analyzed through the
Nanoparticle Tracking Analysis (NTA) software along with the
instrument.

3.6.9  Invitro cell uptake and toxicity of the NCs

The hCMEC/D3 endothelial cells are seeded in cover-slips that are
pre-treated with collagen (2 x 10 cells/well in 24 well plates) and 24
h later are exposed to 50 pg/mL of PLGA-BPLP NCs. After an
additional 24 h of culture, the wells are washed with PBS, fixated
with 4% paraformaldehyde, and mounted with Vectashield antifade
mounting medium (Vector Laboratories) with propidium iodide for
nucleic acid counterstaining. Additionally, some of the cells are
stained with PKH26 lipophilic fluorescent dye for cell membrane
labeling according to the manufacturer’s protocol. Images at 60x are
obtained on a fluorescent confocal microscope (LSM 980 with
Airyscan 2 detector, Zeiss, Oberkochen, Germany).

Two parallel methods assessed the toxicity of the PLGA-BPLP NCs
on human brain endothelial cells (h\CMEC/D3): a viability assay
based on WST-8 tetrazolium salt reduction (cell counting Kit-8,
Dojindo) and direct cell counting. First, 10* viable cells per well are
seeded on a 24-well plate pre-treated with collagen (rat tail type I,
Corning) in 400 pL of endothelial growth medium (EGM2 from
Lonza with 2% fetal bovine serum and half the amount of the growth
factors that are included in the kit). After incubation for 72 h at 37 °C
with 5% of COa, the cells are at 80-90% confluence and the medium
is changed to endothelial basal medium (EBM2, Lonza) containing
NCs at 25, 50, 100, 500, and 1000 pg/mL. After 48 h, the cells are
washed and incubated with 10% WST-8 solution for two hours.
Culture supernatants are centrifuged at 20,000 rpm for 5 min. to

116



CHAPTER 3

remove NCs detritus that could interfere with the dye absorption
before determining the absorbance at 450 nm. Cells are trypsinized
and resuspended in growth medium and diluted 1:1 in Trypan Blue in
order to perform cell counting in a Neubauer chamber. Cell viability
and count are expressed as the percentage of absorbance or number of
cells as compared with the control (vehicle without NCs). ANOVA
test and Dunnett's multiple comparisons post-hoc test is performed vs.
the control.

To observe the fluorescent PLGA-Fluram and PLGA-Cy5 NCs in the
cell culture, “macrophage-like” cells (differentiated from THP-1 cell

line which are human monocytic cells derived from an acute
monocytic leukemic patient) are used. Cells are seeded in a 12-well
plate at 2 x 10* cells/well and co-incubated with different
concentrations of NCs for 30 min. After this capture period, the wells
are imaged by a fluorescence microscope (Inverted microscope Leica
DMI 4000B) at Aex 380nm for PLGA-Fluram NCs and at dex 620
nm for PLGA-Cy5 NCs.

3.6.10 In/ex vivo fluorescence imaging of the NCs

For the PLGA-Cy7.5 NCs, BALB/c AnNRj mice are anesthetized
with isoflurane and injected via the tail vein with NCs at a dose of 1.6
mg in 200 pL of saline. The whole-body in vivo NIRF images are
acquired on a Xenogen IVIS® spectrum imaging system at 0.5 h, 1 h
and 3 h post injection (Aex/Aem of 710/820 nm). At the end of the 3 h
scan, the mice are euthanized to image the signal intensity of the
principal organs ex vivo (Aex/Aem of 745/820 nm). Control animals
are used for each in vivo and ex vivo acquisition groups as a
background measurement. For quantification, ROIs are drawn and
TRE [photons/s]/[uW/cm?]) is measured using the Living Image
software and corrected by the TRE from the corresponding ROI in
the control animal.
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Functionalization of the NC formulation with
PET imaging modality

PET is a nuclear imaging technique showing great advantages
regarding the study of the in vivo fate of nanomedicines.
Nanoformulations labelled with radioisotopes can be detected and
quantified by PET in a non-invasive fashion with high sensitivity
once administered. Importantly, this technique is fully translational
and enables the evaluation of the pharmacokinetics of
nanoformulations in both preclinical and clinical stages!'l.

The principle of detection and localization of a radioisotope by PET
is shown in Figure 4-1. The radioisotopes used by PET are positron
emitters such as '8F, 'C, BN, ®Ga and %Zr, etc. with different
half-lives that emit one positron during their disintegration. The
positron interacts with other charged particles in the tissue randomly
and progressively loses its kinetic energy during its short lifetime,
and finally annihilates with an electron of a surrounding atom which
results in the emission of a pair of gamma rays with energy of 511
keV each traveling 180° apart (Figure 4-1a). The distance between
the locations where the disintegration and the annihilation occur is
called positron range and is typically of a few millimeters in water.
Those pairs of gamma rays with linear directions reach the
back-to-back detectors and simultaneously excite two opposed
scintillation crystals where the gamma-ray signal is converted to
visible wavelengths, detected by a photodetector (Figure 4-1b). The
stationary full-ring array of detectors record the directions and
intensities of all pairs of gamma rays and then feed mathematical
reconstruction algorithms to obtain tomographic datasets, from which
the position and concentration of the radionuclide can be
reconstructed and visualized.
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Figure 4-1. Schematic illustration of a) positron emission and gamma ray
generation, b) photon detection and localization using PET scanner.!

As discussed above, PET enables the localization and quantification
of the concentration of a radionuclide over time. Once administered
in vivo, and in combination with another imaging modality such as
computed tomography (CT) that shows a co-registered image of the
structures of the organism, the radionuclide’s information acquired by
PET can be matched with its distribution in the PET-CT merged
image. In this manner, the distribution of the studied NC within a
living organism can be assessed as long as the radioisotope remains
chemically bound to it.

In this chapter, we achieve the radiolabeling of the fabricated PLGA
NCs by using a bifunctional chelator (p-NCS-Bz-DFO) as a bridge
between the NC and the radionuclide (Figure 4-2). One functional
group in the chelator allows us to anchor the chelator to the surface of
the NCs while the other enables the entrapment of a metallic
radionuclide. This strategy has some clear advantages; i) the NCs
designed can already integrate the chelator before the radiolabeling
and can undergo full characterization and ii) the chelation reaction for
incorporating the radioisotope can be done at the very last stage just
before conducting the PET acquisition, and it usually takes place
under mild reaction conditions which are expected not to
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significantly alter the NC properties. In this chapter, the
biodistributions of the radiolabeled non-PEGylated/PEGylated NCs
after i.v. administration are studied.

Ncs)
Blfunctlonal chelator

PLGA-NH, PLGA-DFO NCs Radiolabeled NCs

Figure 4-2. Schematic illustration of the strategy to obtain chelator anchored
PLGA NCs and radiolabeling.

4.1 NCs functionalized with radioisotope %Zr

4.1.1 PLGA-DFO polymer

Deferoxamine (DFO) is a bacterial siderophore that can be isolated
from Streptomyces pilosus. It can form metallic complexes with
heavy metals like iron, aluminum or zirconium and it is used as a
chelating agent!®! in diseases characterized by high levels of
circulating iron or aluminum!” %), Here we choose the DFO chelator
aiming to entrap the metallic radionuclide ®Zr for PET imaging
where the bifunctional derivative p-NCS-Bz-DFO is used as a bridge
to modify the NCs. In practice, the NCs are firstly labeled with
“empty” DFO and subsequently the radionuclides are captured, as
illustrated in Figure 4-2.

To achieve the DFO labeling of NCs, a route to first synthesize the
PLGA-DFO polymer and subsequently fabricates NCs using the
PLGA-DFO is selected similarly to other types of NCs discussed in
Section 3.2.2 and shown in Figure 3-21a. In fact, the poor solubility
of p-NCS-Bz-DFO would make it much more difficult to follow a
route to directly anchor p-NCS-Bz-DFO to the -NH: enriched surface
of pre-fabricated NCs. Figure 4-3 illustrates the synthetic scheme to
obtain PLGA-DFO, the -NCS group in p-NCS-Bz-DFO reacts with
the -NH> group at the terminal of PLGA, by forming a thiocarbamide
bond the DFO is introduced to the end of PLGA.
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Figure 4-3. Synthetic sequence of terminal modification and functionalization
of the commercial PLGA-COOH to obtain PLGA-DFO and the chelation of
897r.

ATR-FTIR spectra of the PLGA-NH; and the chelator labeled
PLGA-DFO product confirms their similar chemical structure and
successful modification (Figure 4-4). Both PLGA-NH; and
PLGA-DFO show the typical bands at 1084 cm™, 1165cm™ and 1747
cm’! attributed to the C=O stretch and C-O asymmetrical and
symmetrical stretches of the ester chain of the PLGA, and the C-H
stretch bands of the alkane near 2951 cm™. The bands and shapes
similarities of the two spectra imply that the main molecular chain of
PLGA is not affected by the modifications. The characteristic peaks
attribute to -NH: in the spectra of PLGA-NH: was previously
discussed in Figure 3-16. After the incorporation of DFO, some new
bands appear. Bands at 1618 cm™, 1554 cm™ and 1503 cm™! attribute
to the C=C stretching of the backbone of the aromatic ring, the band
at 3310 cm™ corresponds to the NH stretching of the secondary
amide, all these structure information are consistent with those in
commercial p-NCS-Bz-DFO (Figure 4-4 upper left inset), indicating
the successful conjugation of DFO. The disappearance of N=C=S
stretching band at 2130 cm-1 in the PLGA-DFO spectrum also
demonstrates the reaction of -NCS with -NHa.
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Figure 4-4. ATR-FTIR spectra of PLGA-NH; and chelator labeled PLGA-DFO
product confirming their similar chemical structures and the successful
modification. Left lower inset is the magnified spectra of the 3500-3000 cm™!
range, left upper inset is the spectra of p-NCS-Bz-DFO.

The amount of conjugated DFO in the PLGA-DFO product is
quantified indirectly by measuring the amount of unreacted
PLGA-NH; through the fluram method. As shown in Figure 4-5,
after reaction with an excess amount of fluram, the absorption band at
390 nm appears resulting from the conjugation of fluram to the
unreacted -NH,. The absorbance value is compared with the
absorbance-amino concentration standard curve established in Figure
3-17a, and a molar fraction of 11% of unreacted PLGA-NH> in the
PLGA-DFO product is calculated. Considering the fraction of pure
PLGA-NH; in the reactant is 86%, a fraction of 75% of pure
PLGA-DFO (reacted PLGA-NH>) in the product is estimated and a
conjugation efficiency of 87% of p-NCS-Bz-DFO to PLGA-NH; was
calculated.
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Figure 4-5. Absorption curves of 0.25 mM of PLGA-DFO product before and
after reaction with an excess amount of fluram.

4.1.2 PLGA-DFO NCs labeled with ¥Zr

The as-synthesized PLGA-DFO is then used to fabricate NCs. The
897r chelating moiety of PLGA-DFO together with other functional
moieties of PLGA-PEG and SPIONs are incorporated into the
organic phase with pure PLGA. As listed in Table 4-1 both the
non-PEGylated and PEGylated PLGA-DFO NCs contain ~6 wt% of
SPIONS.

Table 4-1. Non-PEGylated/PEGylated formulations for the PLGA-DFO NCs.

Shell Polymers (wt%) SPIONs Size (DLS)
NCs Type PLGA- PLGA- Loading Mf}
3 3 ’ eun
PLGA oo ppg (w%)  CUW®) dam Pdl
NC-13.non-PEGylated 60 40 / 6.3 43 271 019
NC-14.PEGylated 53 40 7 6.0 4.7 258 0.17

Representative SEM morphologies of the PLGA-DFO NCs are
shown in Figure 4-6, the incorporation of the DFO does not affect
the homogeneous spherical morphology of the non-PEGylated/
PEGylated NCs.
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Figure 4-6. Representative SEM images of the lyophilized non-PEGylated and
PEGylated PLGA-DFO NCs.

Our results show that %Zr-labeling has a yield of about 70% for
PLGA-DFO NCs after overnight incubation at room temperature
(experimental condition: 3.2 mg/mL of NCs in 500 pL of *Zr
solution with initial radioactivity of 39.0 MBq). A DFO challenge
study has been reported to demonstrate the radiostability of
89Zr-labeled NPs.”! In our study, the as-obtained PLGA-DFO-%Zr
NCs are suspended in I mM DFO aqueous solution and incubated at
37 °C for 23 h. Then the NCs are separated by centrifugation and 100%
are still labelled, with no presence of ®Zr-DFO in the supernatant,
demonstrating a strong binding affinity of Zr to the PLGA-DFO
NCs.

4.2 Biodistribution investigation of the i.v. injected NCs by PET

With a ~3 day half-life, 3Zr-PET imaging holds great potential as a
useful tool for long-term monitoring of the dynamic biodistribution,
biodegradation and clearance pathway of NPs in vivo.['%

4.2.1 PEGylation effect

897r labeled PLGA-DFO-%Zr NCs were injected via the tail vein with
the same dosage as for the MRI and IVIS study to anesthetized mice.
Static whole-body PET-CT images were acquired at 1 h, 4 h, 23 h
and 47 h p.i. for both non-PEGylated and PEGylated NCs as shown
in Figure 4-7. Dominant liver, spleen and lung uptake is observed
(Figure 4-7) and confirmed by the quantitative ROI analysis (Figure
4-8) for both non-PEGylated and PEGylated NCs within two days,
which can be related to phagocytic cell uptake by the mononuclear
phagocyte system!'!], as expected for i.v. injected PLGA NPs of this
sizel'?l. As the PEGylated NCs are expected to have longer blood
circulation time and less immune cell uptake than the non-PEGylated

ones, the organ accumulation data of these two types of NCs are
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further compared as shown in Figure 4-9. The PEGylated NCs do
show less accumulation in liver and lung after one day which may
imply a longer blood circulation time (Figure 4-9a & b) but we can
not find an easiyexplanation of why the PEGylated NCs show a much
higher accumulation in spleen (Figure 4-9c¢). Further experiments
would be needed to be repeated to confirm the results and give a final
assessment of the PEGylation effect of our NCs. Moreover, methods
to improve the PEGylation density on the nanoparticle surface should
be also evaluated!!3].

NE-13.non-PEGylated

NC-14.PEGylated

Figure 4-7. Representative PET-CT coronal images of mice obtained at
different time points after iv. administration of a) non-PEGylated and b)
PEGylated PLGA-DFO-%Zr NCs. PET images have been co-registered with
CT images (slices) of the same animals for localization of the radioactive
signal.
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Figure 4-8. Quantification of biodistribution of a) non-PEGylated and b)
PEGylated PLGA-DFO-%Zr NCs at 1 h, 4 h, 23 h and 47 h p.i. (mean = SEM
of n = 2) determined by the PET images analysis in Figure 4-7. Radioactivity
expressed as a percentage of injected dose per cm? of tissue (%ID/cm™).
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Figure 4-9. Comparison of organ accumulation between non-PEGylated and
PEGylated PLGA-DFO-%Zr NCs at 1 h, 4 h, 23 h and 47 h p.i. (mean = SEM
of n = 2). Data extracted from Figure 4-8.

Interestingly, noticeable bladder accumulations are observed at 1 h p.i.
for both non-PEGylated and PEGylated NCs, with a sharp decrease at
4 h p.i. likely due to uncontrolled animals’ urination between scans
(Figure 4-9). It is hard to assign the activity in the urine to the
detachment of free ¥Zr from the NCs, since detached free °Zr is a
well-known osteophilic cation with a fast and retained uptake in
bones!'® I which is not detectable in our case. In the study of Chen
et al.'% for both free ¥Zr-oxalate or *Zr labeled SiO, NPs, fast and
sustained uptake of free/detached **Zr in bones and joints is observed
from the first few hours up to three weeks, while the accumulation in
the bladder is negligible. We thus hypothesize that the erosion of the
soft polymeric NCs has happened at an early stage in the complex
blood circulation environment. The detached %°Zr-molecular
fragments from the NCs, either by degradation of ester bonds in
PLGA molecular chains or thiocarbamide bonds between PLGA and
DFO or by mechanical force, with a size smaller than 15 nm!!®
undergo renal clearance and are observed in the bladder. Erosion of
NCs is clearly observed after in vitro incubation in mouse plasma at
37 °C for 24 h (Figure 4-10). Small holes appeared on the NCs while
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under the same conditions NCs incubated in saline do not show the
same eroded surface. Considering the in vivo blood circulation setting,
the erosion of PLGA NCs would be much faster as reported by
Swider et al.!'®). Not surprisingly, at late time points, the radioactivity
in the bladder decreases likely due to the fast accumulation of the
NCs in the liver/spleen.

in mouse plasma in saline

Figure 4-10. SEM images of the NCs after incubation for 24 h at 37 °C in
mouse plasma or saline. Inset is another SEM area of the NCs in mouse plasma
with clear holes.

4.2.2  Trial with magnet implant

As mentioned, the final application of the NC formulation is to
achieve brain delivery for neurorepair treatment after an ischemic
stroke. The preliminary PET biodistribution results shown in Figure
4-7 and Figure 4-8 indicated that no significant brain accumulation
of NCs occurs through i.v. administration. We have also shown that
the NC formulation can be magnetically retained as discussed in
Section 2.1.3. Here we show a very preliminary in vivo experiment to
study whether the use of an external magnetic field can improve
retention of NCs in the brain area.

NCs were injected i.v. (tail vein) into the mice without implantation
of a magnet, with a magnet on the left brain and with a magnet on the
right brain respectively. Then, continuous whole-body PET
acquisition was done for 150 min and co-registered with one CT
image acquired at the end of the scan, aiming to observe the
ipsilateral hemisphere retention of NCs resulting from the external
magnetic field. Unfortunately, the brain PET signals were low with
noise and no significant difference could be observed between the
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three, dominant liver, spleen and lung uptake is still observed (Figure
4-11a). The quantification data of brain radioactivity in Figure 4-11b
clearly shows the signals during 150 min are tiny for all the animals
without a significant retention effect from the magnet. Two important
facts could be learned from this initial experiment; i) magnet design
applying higher magnetic forces would be needed and ii) the magnet
should be detached from the skull before the PET/CT imaging since it
exerts some image distortion when PET imaging the brain impacting
in the accuracy of ROI quantification.

a)
Animal 1
(no magnet)
Animal 2
(left magnet)
Animal 3
(right magnet)
b)
4.0+
» iy
o 3.0 ey Fematary LB * L Animal 3 {right magnet)
Jewmg A @ - ' ]
0 2.0 ' 'L Animal2 (left magnet)
= @
L b %
104 * .
WTe0est o e s o s s | Animal1 (no magnet)
0.0 T T T T T

0 30 60 90 120 150
Time (min)

Figure 4-11. Dynamic whole-body PET acquisition during 150 min after i.v.
injection of NCs (NC-13) with a magnet on one hemisphere of the mouse brain.
a) A representative PET-CT coronal image of the mouse which corresponds to
all frames summed during 150 min, PET images co-registered with one CT
image acquired at the end of the scan. The signal in the brain area has been
magnified to compare the difference of NCs injected without magnet and with a
magnet on the left or right of the brain; b) dynamic quantification of the brain
radioactivity (% of injected dose per cm?® of tissue) during 150 min of the
animal without magnet and with the magnet on the left or right of the brain.

132



CHAPTER 4

Similarly, the early-stage bladder activity is also observed and shows
a linear increase within 150 min p.i. (Figure 4-12), which is in line
with the results discussed in the last section, indicating the fast

erosion of NCs in blood circulation.
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o Bladder radioactivity
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Figure 4-12. Dynamic quantification of the bladder radioactivity (% of injected
dose per cm? of tissue) during 150 min upon i.v. injection of the NCs (mean +
SEM of n = 3). Values determined by the PET images analysis.
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4.3 Chapter summary

I conjugated the chelator DFO to the end of the PLGA molecule and
then fabricated the PLGA-DFO NCs. Similarly, neither conjugation
nor the PEGylation modifications affected the morphology and
magnetization of the obtained NCs. The NCs were successfully
labeled by **Zr with high radiostability.

Biodistribution study by PET imaging showed a dominant liver,
spleen and lung accumulation of the iv. administered NCs,
significant brain accumulation of NCs was not observed with this
sensitive imaging technique, the results were consistent with those
obtained by NIRF. Moreover, the PEGylated NCs showed less
accumulation in liver and lung after one day which may imply a
longer blood circulation time. A preliminary assay with magnet
implantation on the mouse skull did not show a significant retention
effect for the i.v. administered NCs to the brain.

Finally, early stage bladder activity was confirmed by PET which was
also observed by NIRF, indicating the fast erosion of NCs in blood
circulation.
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4.4 Annex of Chapter 4

4.4.1 Synthesis of PLGA-DFO

897r chelator deferoxamine (DFO) is introduced at the terminal amine
of PLGA-NH; by forming a thiocarbamide bond between -NH> and
the amine-reactive -NCS group in the p-NCS-Bz-DFO (CheMatech,
Dijon, France). 0.025 mmol of the as-synthesized PLGA-NH; and
0.05 mmol of p-NCS-Bz-DFO are mixed and dissolved in 4 mL of
DMSO (note that p-NCS-Bz-DFO is insoluble in common solvents
such as DCM, chloroform, acetone and ethyl acetate in which PLGA
dissolves well), and 0.05 mmol of Et;N is added as the catalyst. The
reaction is accomplished after 12 h at RT under magnetic stirring.
Then the DMSO solution is mixed with an equal proportion of DCM
and slowly dropped into 10-fold diethyl ether (pure DMSO is
immiscible with diethyl ether) to precipitate the PLGA-DFO product
and the unreacted p-NCS-Bz-DFO as well, which are collected by
centrifugation at 9391 rcf  for 10 min. The
PLGA-DFO/p-NCS-Bz-DFO mixture pellet is dissolved in 1.5 mL of
DCM and centrifuged at 13 171 rcf for 60 min to remove the
insoluble p-NCS-Bz-DFO. The supernatant is further filtered (0.2 um
PTFE syringe filter) to remove the traces of p-NCS-Bz-DFO. Finally,
the PLGA-DFO product is precipitated by slowly dropping the
supernatant into 10-fold diethyl ether, collected by centrifugation and
dried under vacuum.

4.4.2 ¥Zr labeling of the PLGA-DFO NCs and in vivo PET
imaging

The protocols and experiments described below were performed by
Jordi Llop and co-workers at the CIC-Biomagune using dedicated
radiolabeling chemistry and preclinical PET-CT facilities.

PLGA-DFO NCs was labelled with 3Zr as follows: 1500 puL of 1 M
oxalic acid containing %°Zr (8.2 mCi, 303.4 MBq) was produced in
house and neutralized with 2 M sodium carbonate (pH = 7.2) and the
volume adjusted to 3.5 mL with 0.5 M HEPES bufter. Each aliquot
(1.6 mg) of the lyophilized NCs was dispersed in 50 pL. MQ-water,
and 450 pL of the freshly prepared 3°Zr-solution added to each and
mixed well by sonication.After incubating overnight at room
temperature, the NCs were purified by centrifugation and washed two
times with MQ-water followed by one wash with saline to remove all
non-bound ¥Zr. The pellet of the last wash was dispersed in 120 pL
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of saline with an average calculated radiochemical yield of 70.1%
(decay-corrected, obtained by dividing the radioactivity of the pellet
by that of the initial incubating solution). As the achieved samples are
too active, a one to one dilution with non-labelled NCs was
performed. The final injections (1.6 mg) was administered i.v. via the
tail vein of healthy female mice (Crl : CD1(ICR)). The magnet was
implanted on the top of the skull and below the skin with the position
on one hemisphere (Figure 4-13), PET-CT was acquired in the
presence of magnet.

Figure 4-13. Images of magnet implantation on the top of the skull and below
the skin. The magnet was adhered on one hemisphere.

PET-CT was conducted using the B- and X-cube microsystem of
Molecubes. Static or dynamic whole-body images (1 bed) are
acquired in a 511 keV + 30% energetic window post-injection. PET
images were analyzed using PMOD image analysis software (PMOD
Technologies Ltd, Zurich, Switzerland) and counts per second and
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per cm® in the ROIs were obtained. By using a calibration fraction
obtained by acquiring images of a vial containing a known
concentration of radioactivity, the concentration of radioactivity in
the ROI is determined in uCi/cm?®. Then, this number is divided by
the injected activity and multiply by 100 to obtain the percentage of
injected dose per cm® of tissue (%ID/cm®), the final expressed
radioactivity.

All animal experiments followed the Spanish policy for animal
protection (RD53/2013). All experimental procedures were approved
by the Ethical Committee of CIC biomaGUNE and authorized by the
local authorities. All animals were housed in ventilated cages and fed
on a standard diet ad libitum.
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Towards the brain targeting theranostic NC
formulation

The biodistribution studies of the i.v. administered NCs through MRI
(Section 2.2.1), NIRF (Section 3.4.3) and PET (Section 4.2) have
shown that most of NCs are initially accumulated in the liver, spleen
and lung. In this chapter we explored improved administration
protocols to guarantee a better brain delivery according to the data
collected in the previous chapters. The intra-arterial (i.a.)
administration is used as a more efficient route for NC delivery to the
brain, as NCs following this route directly reach the middle cerebral
artery (MCA) and before reaching the pulmonary circulation. NCs
with NIRF and MRI modalities are used to investigate the
biodistribution of NCs through this route and improved brain
accumulation is confirmed. Furthermore, the protein loading and
release kinetics of the NC formulation are evaluated and efforts are
made to increase the loading of the therapeutic secretome.

5.1 Improvement of brain accumulation

Recent years new endovascular thrombectomies conducted in stroke
patients use the i.a. route to reach the brain vasculature and remove
the clot. The developments motivate our project partners at the Vall
d’Hebron Research Institute to try this i.a. approach for the brain
delivery of NCs. Preclinical i.a. administration in animal models!-*!
also demonstrated the feasibility of this approach. The schematic
illustration of the i.a. administration of NCs is shown in Figure 5-1.

Figure 5-1. Schematic illustration of the intra-arterial infusion of NCs.
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Firstly, NIRF imaging was use to investigate the biodistribution of
NCs through i.a. route. PLGA-Cy7.5 NC formulation was selected.
Despite the major signal comes from the abdomen, a strong brain
signal in the brain is observed after the infusion of the NCs through
the right internal carotid artery (ICA) (Figure 5-2a). The quantitative
analysis shown in Figure 5-2b indicates that the retention of NCs in
the brain is fast with an intense signal observed after 15 min post
injection (p.i.), and within 3 h the brain signal decreases only slightly
and maintains an average TRE of ~5 vs. control. At the end of the
observation, main organs including brain, heart, lungs, liver, spleen,
kidneys, and bladder are collected.

a) Control NC-11 (intra-arterial)
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(=]
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o
L

(4]
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Figure 5-2. a) Representative whole-body in vivo NIRF images obtained at
different time points after intracarotid infusion of NCs; b) Quantification of the
in vivo brain and abdomen signals of NCs along time expressed as the averaged

organ TRE vs. the control mouse (n =2, mean + SEM).

180

Figure 5-3a shows a representative ex vivo fluorescence image of
those organs and Figure 5-3b shows the quantified result of the
biodistribution of the NCs. Ipsilateral brain hemisphere accumulation
is seen and dominant liver and spleen accumulation is observed.
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* Brain
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Figure 5-3. a) representative ex vivo NIRF images of excised organs at the end
of the in vivo experiment; b) ex vivo quantification of the distribution of NCs
expressed as the averaged organ TRE vs. the control mouse (n = 2, mean +
SEM).

Secondly, MRI was used to support the accumulation of NCs in the
ipsilateral brain, as the MRI monitors the signal from the SPIONS,
another component of the NCs, and has higher spatial resolution than
NIRF. In Figure 5-4, the biodistribution of NCs through i.v. and i.a.
administration is compared. The T2 weighted MRI images of the
mouse head in Figure 5-4b clearly show the contrast from SPIONs as
black dots in the ipsilateral brain resulted from i.a. administration of
NCs (right image), while this is not observed by i.v. administration
(left image). MRI results are consistent with the ex vivo NIRF
imaging result shown in Figure 5-4a, the brain TRE increases by ~
4-fold when using i.a. route and the brain slices clearly show the
ipsilateral location of the NCs. Note that the lung TRE decreases by
~ 2-fold compared to i.v. injection, indicating that the amount of NCs
reaching the pulmonary circulation might be reduced through the i.a.
route.
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Figure 5-4. Comparison of the biodistribution of NCs through different
administration routes, tail vein and intracarotid respectively. a) representative
ex vivo NIRF images of excised organs at the end of the in vivo experiment and
the quantitative values; b) representative in vivo T2 weighted MRI images of
the mouse head after the administration of NCs (left i.v., right i.a.).

In general, the mutual support information from MRI and NIRF
imaging by monitoring different components of the NC formulation
successfully confirms the improvement of brain accumulation.
Further experiments need to be conducted regarding magnet
implantation to study the magnetic retention effect. Also, the MRI
can be combined with NIRF and PET imaging to make a match of the
localization of NCs monitored by the different imaging components.
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5.2 Evaluation of the therapeutic NC formulation

5.2.1 Protein loading and release profile using BSA

Table 5-1 describes some of the assays we have cinducted to have
quantitative total protein loading and encapsulation efficiency values
of EPCs-secretome encapsulated in the PLGA NCs. Unfortunately,
many protein quantification methods available in the market show
interference either with the EBM ( the EPCs-secretome media), e.g.,
BCA assay/CBQCA assay, or with the nanocarrier itself, e.g.,
Bradford assay. It is also difficult to find a lysis protocol that ensures
a total release of the proteins from inside the NCs being at the same
time compatible with the protein assay method. Besides, even though
some sensitive enzyme immunoassays can quantify specific proteins,
the large amount of proteins in the secretome required
high-sensitivity methods.

As mentioned, Table 5-1 I briefly summarize and explain some of the
lysis protocols we have essayed and the encountered difficulties with
the protein quantification methods. Finally, the Lysis protocol-4
combined with CBQCA protein assay was selected and BSA as a
model protein cargo was used to estimate the protein loading ability
and release kinetics of the NCs. It provided a simple protein
quantification approach to mimic the loading and release conditions
of therapeutic proteins in the NC formulation.

Empty NCs (NC.PLGA 6wt%SPIONs H.O)  with  water
encapsulated during synthesis were first lysed following Lysis
protocol-4 and measured by CBQCA assay to be used as a control.
Then NCs loaded with BSA (NC.PLGA 6wt%SPIONs BSA) were
tested. As listed in Table 5-2, when 0.05 mL of 30 mg/mL BSA is
used for encapsulation, the final measured BSA loading is around 11
pg/mg NCs (1.1 wt%) with an encapsulation efficiency (EE%) circa
to 40%. The protein loading is much higher than the reported value
(0.03 wt%) of vessel endothelial growth factor loaded PLGA NCs¥
and the EE% is comparable to the PLGA NCs loaded with
neurotrophin-3 (47 £ 2%) or brain-derived neurotrophic factor (47 +
7%)P,
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Table 5-1. Lysis protocols studied to break the NCs and release the secretome
loaded. The corresponding compatibility of the protocols with several protein
quantification methods is summarized.

Lysis
protocol-1

10 mg NCs in 1 mL DMSO + 5 mL H,0 (1% SDS, 0.1 M
NaOH).

Bradford assay: SDS interferes, DMSO interferes (>10%).

Lysis
protocol-2

10 mg NCs in 0.5 mL DMSO + 5 mL PBS, concentrate the
solution with 3 kDa centrifugal filter.

Bradford assay: No signal differences between EBM and CM
loaded NC samples, the protein concentration may below the
detection limit.

Lysis
protocol-3

10 mg NCs in 0.1 mL DMSO + 1 mL PBS, concentrate the
solution with 3 kDa centrifugal filter.

Bradford assay: The protein can be detected in the lysis media
but the hard eliminated SPIONSs in the media add positive signal.

Lysis
protocol-4

10 mg NCs in 0.1 mL DMSO.

CBQCA assay: This lysis protocol is simple and NCs fully
dissolved with a much higher concentration. Neither the
nanocarrier nor the solvent interferes. Only the EBM loaded
interferes.

Comments

BCA assay interferes with EBM where the secretome is in, and
it is hard to find a proper lysis protocol to break the NCs.
Bradford assay does not interfere with EBM, but it’s also hard to
find a proper lysis protocol that the protein concentration in the
lysis media is enough to detect without the interference of the
nanocarrier.

CBQCA assay is compatible with DMSO which can fully
dissolve and break the NCs, and the nanocarrier itself does not
interfere. So if the incompatible EBM can be eliminated, Lysis
protocol-4 will be a good option.

Selected
Process

By using Lysis protocol-4 and CBQCA protein assay, it would
be a simple way to use a stable and cost-effective model protein
BSA as cargo to estimate the protein loading ability and release
kinetics of the NCs.
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As 50 mg of PLGA and 4 mg of OA-SPIONs are used to fabricate
NCs and the pure NCs obtained per batch is around 31 mg (Table
5-2), a NC yield around 57% is calculated. To recover more product a
longer centrifugation time at the NC washing and recovering step was
also tried. As shown in Table 5-3, a longer time (3x, 30 min) is used
compared to the normal time (3x, 15 min) in Table 5-2. As expected
an average of 5 mg more NCs is recovered without affecting the
morphology and size distribution of NCs (see SEM and DLS data in
Figure 5-9). However, the measured BSA loading (~ 8 pg/mg NCs)
and EE% (~ 31%) are not improved. We hypothesize that with a
longer centrifugation time the increased mass comes from the lighter
particles in the supernatant, these lighter particles formed after the
second emulsification process and might be defective or just
consisting of solid PLGA decreasing the final EE%. So the NC
recovery protocol is fixed as 3x times of 15 min centrifugation (Table
5-2).

3x 15min, 268nm, Pdl: 0.16 3x 30min, 288nm, Pdl: 0.21

e

> .

100 1000 1OOIOU 100 1000

Size (d nm) Sm'n L " Size (d.nm)

. %sinm
Figure 5-9. SEM morphologies and DLS size distributions of lyophilized NCs

recovered from different centrifugation times at the washing step. a)3x 15 min;
b) 3x 30 min.

The protein release profile is then studied in vitro for two weeks by
incubating NCs in PBS under constant rotation at 37°C. Results
showed a sustained BSA release with almost ~ 51% of the total cargo
discharged over a period of two weeks (Figure 5-10a), the process
was faster during the first week (48% discharged). The monitored
morphologies of NCs by SEM at different incubating time points
(Figure 5-10c) offer us a visual understanding of the degrading
dynamics of the NCs and the release profile. At day 1, holes began to
appear on the PLGA shell while after 7 days more and bigger holes

149



could be visualized and the size of NCs increased by 48% in diameter
(Figure 5-10b). This significant increase of the NC size after 7 days
may be due to the permeation of water through the cracks and holes
of the PLGA shell and the simultaneous swelling of the PLGA
together with the diffusion of protein outside of the NCs. As seen in
Figure 5-10a and b, the noticeable protein release during the first
week is in good agreement with the increase of NCs size during this
time. From day 7 to day 14, the NCs size does not vary resulting from
the already fully water filling of the core and the fully wetting of the
PLGA shell after 7 days, in which process the majority of protein has
been discharged decreasing the release rate after 7 days. After 14
days completely broken NCs were observed and after 21 days the
spherical morphology of NCs was destroyed. The observed
incomplete release may result from the adsorption of protein on
PLGAI® 7,

It is noteworthy that the erosion rates of NCs are quite different when
compared NCs evolution in different media. For instance, in EBM
(Figure 5-10c inset) many more holes appear on the NCs as
compared to PBS at the same incubation condition, meaning a faster
release in EBM. Considering a much more different environment in
vivo, it is extremely difficult to mimic and understand the real release
situation in vivo.
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Figure 5-10. a) In vitro protein  release profile of
NC.PLGA 6wt%SPIONs BSA incubated in PBS under constant rotation at
37°C (n = 6, mean = SEM); b) The corresponding average size of NCs at each
incubating time point obtained from SEM images (NCs counted = 300, mean +
SEM); ¢) The corresponding SEM morphologies of the NCs obtained after each
incubating time point. Inset is the NCs incubated in EBM in the same
condition.

Even though our simple formulation of magnetic PLGA NCs loaded
with therapeutic proteins will be used as the drug delivery system for
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potential clinical translation, it is also helpful to know if the imaging
functionalization of the NC formulation affects the protein loading
and release. | have already shown that the size and morphology of the
NC formulation are not affected by all the imaging functionalization.
Here, I select the PLGA-BPLP NCs system as representative of
PLGA modified system to evaluate the protein loading and release
profiles since PLGA-BPLP is a synthetic polymer with BPLP in the
molecular backbone, which may significantly alter the properties of
pure PLGA.

The protein loading of PLGA-BPLP NCs (NC.90wt%PLGA-BPLP
6wt%SPIONs BSA) was determined using the same Lysis protocol-4
combined with CBQCA protein assay. The measured BSA loading
content is ~10 pg BSA/mg NCs (1 wt%) with an EE% of around 40%,
values of which are very similar to those of the PLGA NCs
(NC.PLGA_6wt%SPIONs BSA) shown in Table 5-2, indicating the
incorporation of PLGA-BPLP polymer as high as 90wt% in the NC
shell does not affect the protein encapsulation. The in vitro release
experiment shows that 32% of total encapsulated protein mass is
released in one week with a faster release at the early stages (Figure
5-11), without significant difference compared to the PLGA NCs. The
amount of released protein in one week is similar when indirectly
measured from the pellet retained protein (Figure 5-11b&ec),
although the release profile shows a more sustained pattern over time,
which could be associated with the protein that is trapped within the
PLGA polymer. In conclusion, the protein loading and release profile
of the imaging functionalized NC formulation also do not change,
which are crucial for the theranostic study of the NC formulation at
the preclinical stage.
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Figure 5-11. Protein release temporal profile of the NCs. a) to ¢) NC-5 in PBS
(10 mg/mL) are incubated at 37 °C in rotation. a) the released BSA is
quantified as total mass of protein released in the supernatant; b) and ¢) BSA
content in the remaining NCs pellet by DMSO lysis and the released BSA
calculated indirectly from the pellet values, the percentage is calculated versus
intact unreleased NCs lysated also in DMSO (n = 8§, values represent mean +
SEM).

5.2.2 EPCs secretome encapsulation and the angiogenesis
effect

As introduced in Section 1.1.2, the utilization of EPCs secretome
might be a safe and effective cell-free option among therapeutic
strategies for ischemic stroke but at the same time is a very complex
therapeutic agent. The secretome is harvested in the conditioned
medium (CM) as illustrated in Figure 5-12. The VHIR group has
realized proteomics analysis of the EPC-secretome showing the
abundance of many different proteins, with more than 1,000 proteins
being identified (unpublished data). Numerous factors of potential
relevance in angiogenesis®® 1 were detected such as tissue
plasminogen  activator, ephrin  receptors and  matrix
metalloproteinases. Also, several growth factors (GF) were identified
including VEGF, insulin-like GF, connective tissue GF and hepatoma
derived GF. Moreover, previous in vivo work showed significant
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enhancement of angiogenesis in CM treated animals with vessel
density increase in peri-infarct tissue at two weeks.[!%!

To load a high amount of secretome in the PLGA nanocarrier, the
harvested CM was concentrated two times using centrifugal filter to
get concentrated CM (cCM) and super concentrated CM (scCM), as
shown in Figure 5-12. Compared to the initial CM, the cCM and
scCM is of ~25x and ~70x more concentrated respectively.

v -® ar
_— e il 1 o=\
EGM 48 h EBM 24 h CM
Concentratlon Super
Concentration
cCM scCM

Figure 5-12. Schematic illustration of the processes of harvest and
concentration of EPCs-secretome. EGM: endothelial growth medium, EBM:
endothelial basal medium, CM: conditioned medium.

Then the obtained scCM was encapsulated into the PLGA NCs using
the same double emulsion solvent evaporation method as elaborated
in Section 2.1.2, scEBM without secretome was also encapsulated as
control. Importantly, the lyophilized NCs present homogeneous
spherical morphologies (Figure 5-14) which are similar to those NCs
encapsulating BSA.

,a) NC.scEBM : = b) NC.scCM

n
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Figue 5-14. Representative SEM morphologies of the lyophilized NCs loaded
with scEBM/scCM. Insets are the DLS size distributions (average d.nm, PdI) of
the NCs by % intensity.
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Then, in vitro cell proliferation of CM and CM loaded NCs on human
brain endothelial cells were investigated as shown in Figure
5-15a&b. As expected, both cCM and scCM show human brain
endothelial cells proliferation (Figure 5-15a), which is an indicator
for angiogenesis!*. Surprisingly both the scEBM and scCM loaded
NCs show cell proliferation at different concentrations compared to
the vehicle cells treated with scEBM (Figure 5-15b), and the cell
proliferation effect derives from scCM NCs cannot be extracted. We
thus hypothesize that the nanoparticle itself can stimulate the
proliferation of cells, and the amount of loaded scCM is not high
enough to produce a significant cell proliferation. As demonstrated in
Figure 5-15¢, compared to the vehicle both empty NCs with and
without SPIONs show a certain degree of cell proliferation. By
monitoring the PLGA NCs in EBM (Figure 5-15d), degraded PLGA
was observed which may serve as a carbon source for the cells under
in vitro condition. As has been claimed by V. Préat et al., the lactate,
one of the hydrolysis products of PLGA, has a key role in
biochemical pathways and could exert therapeutic effects such as
angiogenesis!'!* 2], This deserves further investigations.
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Figure 5-15. Proliferation of human brain endothelial cells (hCMEC/D3 cell
line) in EBM treated by a) cEBM/cCM (n=6) and scEBM/scCM (n=5); b)
scEBM/scCM loaded NCs (n=8) and c¢) empty NCs with (n=5) or without (n=7)
SPIONs. Values represent mean + SEM. Cells treated by scEBM is used as
vehicle. d) Representative SEM morphology of NCs incubated in EBM after 1
day at 37°C.

Previous work on isolated VEGF encapsulation and subsequent
administration to cell culture has yielded an increased rate in
endothelial cell proliferation and viability!*. Nevertheless, in those
assays, a larger initial amount of a well-established angiogenic
inducer VEGF is employed. Therefore, and taking into account that
not all the proteins present in EPCs-secretome play a role in
angiogenesis, we speculate on a too low bioactive content inside the
NCs as a possible cause of the observed mild effect in the in vitro
assays. This is probably due to the fact that current protein, or other
bioactive molecules, concentration in the scCM is still too low for
encapsulation purposes. To circumvent this issue, we propose to
lyophilize the collect after the two times’ concentration by centrifugal
filter and re-suspend it in a smaller volume to further concentrate the
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secretome and then do the encapsulation. Meanwhile, Pure Biologics
Inc., a collaborator in this project, is trying to improve the cell culture
protocol to increase the production of secretome.

Assays to increase secretome load are listed in Table 5-5, scCM is
further concentrated for 10x (~4mg/mL protein measured) and 20x
(~10mg/mL) by lyophilizing and re-suspending in a smaller volume
and then used for NC fabrication, scEBM is equally done as control.

Table 5-5. Summary of the effect of lyophilizing concentration times of the
encapsulated scEBM/scCM on the morphology of the NCs. The protein
concentration of the medium is determined by Bradford assay.

Medium used for encapsulation (50 pL)?

NC
NC sample Morphology ~ Concentration Protein concentration
times (pre-/post- lyophilization)
NC.scEBM-10X GOQOD 10X —
NC.scCM-10X GOOD 0.4/4 mg/mL
NC.scEBM-20X BAD —
20X
NC.scCM-20X BAD 0.5/10 mg/mL

2 The scCM is lyophilized and re-suspended in a smaller volume to further
concentrate the protein, 50 puL of the further concentrated medium is used for
encapsulation. The scEBM is lyophilized equally and encapsulated as control.

However, the NCs lost the integrity of the spherical shell membrane
when encapsulating scCM/scEBM-20x, as observed from the SEM
images in Figure 5-16c&d, which means that such highly
concentrated secretome cannot be well encapsulated. Considering the
protein concentration of scCM-20x (~10mg/mL) is much less than
that of the BSA solution (~30mg/mL) we use for encapsulation, and
even the scEBM-20x has no protein, we exclude the possibility that
the higher protein concentration in post-lyophilized media affects the
formation of NCs. Probably at a much high density, certain
amphiphilic ingredients (confidential) in the commercial EBM may
interrupt the formation of clear inner water-oil interface at the first
emulsion step during NC fabrication, or certain macromolecules in
the medium at a high density could increase the viscosity of the inner
water phase and change the condition to be emulsified and
encapsulated. The ingredients in EBM are clearly seen in a solid form
after lyophilization of scEBM/scCM (Figure 5-16e). And a faster
erosion speed of NCs incubated in EBM is also observed with bigger
holes appear on the surface of NCs (Figure 5-15d), which indicates
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the EBM does have an impact on the PLGA shell. At a relatively
lower concentration of 10x post-lyophilization, the morphologies of
NCs are maintained (Figure 5-16a&b).

NC.scEBM-10X | b) NC scCM-10X

% NCwscEBM-20X | dh, z*f.ﬁ

4 %
3(\-_“'__

lyophilized further concentrated scEBM/scCM as listed in Table 5-5; ¢) images
of the lyophilized dry EBM/CM.

Then we use the CM produced by Pure Biologics Inc. (PBCM) with a
higher initial protein concentration (~3mg/mL) to do the lyophilizing
concentration (5%, ~15mg/mL) and encapsulation. As discussed in
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Table 5-1, it is not so easy to find a NC lysis protocol and protein
quantification method to measure the total protein amount in the
secretome loaded NCs. However, we concentrate in detecting several
specific proteins from the secretome in the NC lysate using the Lysis
protocol-4 combined with multiplex magnetic immunoassay. This
kind of immunoassay can quantify several secreted proteins
simultaneously and is proved to be compatible with the NC lysate. As
listed in Table 5-6, four secreted proteins, VEGF, pentraxin 3 (PTX3),
granulocyte-macrophage colony-stimulating factor (GM-CSF) and
angiogenin (Ang) were monitored for both PBCM and PBCM loaded
NCs. The detected concentrations of the four proteins in the CM are
multiplied and consistent with the increase in protein concentrations
of PBCM (3mg/mL) to PBCM-5x (15mg/mL), indicating a coherence
of the Bradford assay and the multiplex magnetic immunoassay. For
the CM loaded NCs, the loads of these four proteins show well
multiplying increase for NC.PBCM-5x as compared to NC.PBCM
(Table 5-6). A previous study by F. Felice et al. (2018) using
multiblock  a-methoxy-m-2-(N,N-diethanolamino)  ethyl  -co-
poly(ethylene glycol) -co- polylactide -co- pyromellitic dianhydride
(mE2N-PEG-PLA-PMDA) copolymeric NPs to deliver EPCs
secretome to ischemic hindlimb showed a VEFG loading of 5.3
pg/mg NPs and a significant increase of blood perfusion in the
hindlimb after 2 weeks.'"¥ Thus our EPCs secretome loaded
NC.PBCM-5x with a detected VEGF load of 13.7 pg/mg NCs which
is much higher than the load of 5.3 pg/mg NPs reported is expected to
have a promising therapeutic effect considering the higher secretome
load.

Table 5-6. PBCM and lyophilizing concentrated PBCM-5x were loaded into the
NCs. The selected four proteins (VEGF, PTX3, GM-CSF, Ang) in the EPCs
secretome were monitored for both PBCM and PBCM loaded NCs by multiplex
magnetic immunoassay.

VEGF PTX3 GM-CSF Ang
NC (pg/mg NC), PBCM (pg/mL CM)
NC.PBCM 3.5 8.0 1.8 8.3
PBCM (3mg/mL) 1280.6 35204.1 755.1 1678.6
NC.PBCM-5X 13.7 32.1 53 325
PBCM (15mg/mL) 28947 83345.9 1729.3 5614.0

The SEM morphologies of the PBCM encapsulated NCs are shown in
Figure 5-17, NCs maintain the integrity.
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Figure 5-17. a)-c) representative SEM morphologies of the NCs loaded with
PBCM as listed in Table 5-6.

Loading of EPCs-secretome into PLGA NCs has scarcely been done
before and we do meet many problems regarding the quantification of
secretome loading and release. Even though, we obtained reasonable
results regarding the four proteins’ loading amounts of NC.PBCM
and NC.PBCM-5x by multiplex magnetic immunoassay (Table 5-6).
Problems also occur for the in vitro secretome release study in PBS,
even though we detected the existence of secretome in the release
medium but the expected increasing accumulative release did not
occur (data not shown) as we have observed in the case of NCs
loaded with BSA. We believe this may be due to the limitation of the
protein detection methods and further experiments need to be done to
localize the interferences and reconfirm the results obtained. At least,
by using the model protein BSA discussed in the last section, we have
acquired understandings about the protein loading ability and release
profile of the PLGA NCs.

At present, the NC.PBCM-5x (15mg/mL) listed in Table 5-6 shows
the best secretome loading performance with detected reasonable
higher proteins load. Taking into account that PLGA NCs have a fast
erosion rate in EBM, the loaded secretome is expected to be well
released in cell culture media. Future experiments will be directed to
investigate the cell proliferation effect and bioactivity of this
improved therapeutic NC formulation.
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5.3 Chapter summary

The developed multimodal imaging functionalized PLGA NC
formulation was successfully used for in vivo tracking. The mutual
support information from MRI and NIRF by monitoring different
components of the NC formulation proved the higher NC brain
accumulation through the i.a. administration route.

The measured protein loading content is ~10 ug BSA/mg NCs (1
wt%) with an EE% circa 40%. The in vitro protein release study in
PBS showed a sustained BSA release with almost ~51% of the total
cargo discharged over a period of two weeks. Moreover, the imaging
functionalization does not affect the protein loading and release
profile of the NCs.

Finally, we could concentrate the harvested therapeutic
EPCs-secretome medium by two methods: through centrifugal filter
and a 10-times concentration by lyophilizing and redispersing in a
smaller volume without affecting the NC morphology after
encapsulation. The encapsulation of condensed therapeutic secretome
(15mg/mL) resulted in a higher protein loading of NCs. And several
proteins (VEGF, PTX3, GM-CSF, Ang) could be successfully
detected in the secretome encapsulated NCs with improved loads.
Based on the fast erosion rate of NCs in cell culture medium (EBM)
we expect that most of the secretome will be quickly released and the
in vitro endothelial cell proliferation of the therapeutic NCs will be
detected.
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5.4 Annex of Chapter 5

5.4.1 Intra-arterial administration and in vivo NIRF and MRI

The surgical procedures and NIRF imaging experiments were
performed at the Vall d'Hebron Research Institute (VHIR) by Dr.
Anna Rosell and co-workers, and the MRI at the Nuclear Magnetic
Resonance Service from the Universitat Autonoma de Barcelona
(SeRMN-UAB). All procedures are approved by the Ethics
Committee for Animal Experimentation of VHIR and conducted in
compliance with the Spanish legislation and in accordance with the
Directives of the European Union.

Intra-arterial administration is performed in BALB/c AnNR;j mice
(n=2) through the internal carotid artery (ICA) route as described
previously!'*). All animals are anesthetized with isoflurane (5% for
induction and 1.5% for maintenance in air, 79% N2:21% O) and
body temperature is maintained at 37°C. After surgical exposure of
the right common carotid artery (CCA) bifurcation into the external
carotid artery (ECA) and the internal carotid artery (ICA), the ECA is
cannulated with a polyimide micro-catheter (0.2-0.22 mm OD,
0.14-0.15 mm ID) directed to the ICA and connected to an infusion
pump at an infusion rate of 75 pL/min (1.6 mg of NCs in 150 pL of
saline). After infusion, the micro-catheter is removed, blood flow
from the CCA is restored towards the ICA and the arteriotomy site is
ligated, the skin is closed and the animal is allowed to recover from
anesthesia.

Near-infrared fluorescence (NIRF) imaging is then performed to
track the NCs in vivo and ex vivo after i.a. administration using a
Xenogen IVIS® spectrum. Mice are anesthetized with isoflurane via
facemask and images are acquired at 15 min, 30 min, 1h and 3h after
administration (Aex/Aem of 710/820 nm) in dorsal and ventral views
of the whole body. After the last scan in vivo, animals are euthanized
by cervical dislocation and major organs are collected for the ex vivo
acquisition (Aex/Aem of 745/820 nm) in dorsal and ventral views of
all organs. Control animals are used for each in vivo and ex vivo
acquisition groups as a background measurement. For quantification,
ROIs are drawn and TRE [photons/s]/[uW/cm?]) is measured using
the Living Image software and corrected by the TRE from the
corresponding ROI in the control animal.

MRI is performed as a pilot study to track the NCs in vivo after i.a.
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administration. One BALB/c AnNRj mouse received 1.6 mg of NCs
in 150 pL of saline i.a. following the protocol mentioned above. For
the image acquisition, the animal is anesthetized with isoflurane via
facemask and temperature is controlled using a heating pad. Coronal
T2-weighted images (T2WI) (TR/TE = 8/350 ms, a = 40°, MTX
320x320, slice thickness 0.5mm) are acquired on the whole brain.

5.4.2 BSAloading amount of the NCs and release kinetics

The BSA content of the NC is directly determined using the CBQCA
protein assay kit (Invitrogen™ ref. C6667), which determines the
protein concentration based on the production of fluorescent products
measurable at Aex/Aem = 450 nm/550 nm via non-covalent
interaction between CBQCA and primary aliphatic amines of proteins.
This highly sensitive fluorescence-based method shows compatibility
with DMSO, SPIONSs, detergents, and other substances that interfere
with other commonly wused protein determination methods.
Lyophilized NCs encapsulating albumin as well as empty NCs as
control are fully dissolved in DMSO at 100 mg/mL. The protein
contents in the NCs lysates are measured and calculated based on the
difference in fluorescence with the control and a calibration curve
drawn with standard albumin solutions, the protein contents in the
BSA solutions used for encapsulation are also measured. All of the
measurements are performed in duplicate for each NC batch. The
experimental BSA loading in the NCs is expressed as ug of BSA per
mg of NCs (pg/mg) or the wt% of the NCs, and the BSA EE% is
calculated, as follows:

EE% BSA = Experimentally measured BSA loading « 100%
’ B Nominal BSA loading ’

For the release studies, lyophilized NCs are resuspended in phosphate
buffered saline (PBS) (pH 7.4, Sigma ref. D1408) at 10 mg/mL in
low protein binding microcentrifuge tubes (Thermo Scientific© ref.
90410). NCs solutions are incubated at 37 °C in a vertical rotator for
different time measures to simulate the in vivo environment: right
after the resuspension (time=0s), and after 3 h, 6 h, one day, and
seven days of incubation. In all cases, an aliquot of 200 puL is frozen
at —80 °C until protein determination. Before the CBQCA assay, the
aliquots are centrifuged at 15,000% g rcf to separate the supernatant.
The amount of protein released is directly calculated as the
percentage of total released protein in the supernatant compared with

the intact NCs fully dissolved in DMSO used as the 100% release set
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up. BSA-loaded NCs batches and one H>O-NCs batch as control are
used and measures are done in duplicate. The release profiles are
expressed in terms of cumulative release and plotted vs. time.

5.4.3 Harvest of EPCs-secretome and in vitro cell proliferation

This was performed at the Vall d’Hebron Research Institute by Dr.
Anna Rosell and co-workers.

Human EPC cultures are obtained from blood samples of stroke
patients as detailed elsewhere!'). EPCs are seeded in a
fibronectin-coated flask in Endothelial Cell Growth Medium (EGM,
Lonza) complemented with 10% FBS and kept in a 5% CO2
incubator at 37°C. When EPCs reach a ~80% confluence, they are
thoroughly washed with PBS and kept in Endothelial Basal Medium
(EBM, Lonza) for 24h. Then, all the extracellular medium is
collected and concentrated by two centrifugation steps with 3K filter
(Amicon Ultra, Merck Millipore, Germany) to obtain the
concentrated CM (cCM) and super concentrated CM (scCM). The
products are kept at -80°C until use.

The cell proliferation effect of CM and CM loaded NCs on human
brain endothelial cells (hCMEC/D3) is assessed by performing a
viability —assay with  3-(4-5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT). In short, 2 x 10* viable cells are
distributed on a 24-well plate in 400 uL endothelial growth media
(EGM2 from Lonza with 2% fetal bovine serum and half the amount
of the growth factors included in the kit) and incubated for 24 h at
37 °C and 5% of CO,. After this period, culture supernatants are
substituted with basal cell culture media (EBM, serum free)
containing CM or NCs at different concentrations. The MTT assay is
performed after 48 h of incubation, and the absorbance of the
resulting formazan crystals diluted in DMSO is determined at 540 nm.
Cell viability is referred to as the percentage of viability compared
with the control conditions.

5.4.4 Multiplex immunoassay of the secretome loaded NCs

Four secreted proteins, VEGF, PTX3, GM-CSF and Ang in the
secretome were analyzed using the multiplex immunoassay (R&D
Systems, Inc.). This assay utilizes a mixture of color-coded
superparamagnetic beads coated with different analyte-specific
capture antibodies. After adding the sample to the mixture, the

magnetic beads capturing analytes in the sample are detected using a
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cocktail ~of  biotinylated  detection  antibodies and a
streptavidin-phycoerythrin conjugate, and read using the Luminex
MAGPIX® Analyzer. The samples of lyophilized NCs encapsulating
secretome were fully dissolved in DMSO at 100 mg/mL. The
contents of the four proteins in the NC lysates were measured and
calculated based on a calibration curve drawn with standard protein
solutions, the four proteins’ contents in the initial CM media used for
encapsulation were also measured.
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Conclusions and future perspectives

6.1 General Conclusions

We proposed a nanoformulation of magnetic PLGA NCs (~270
d.nm) with therapeutic proteins encapsulation as drug delivery
system for potential clinical translation. The magnetic component, the
SPIONS, integrated in the PLGA shell matrix and responsible for the
magnetic targeting and MRI were optimized in terms of size (9 nm)
and loading (6wt%) endowing the nanocarrier with improved
magnetic retention effect (Ms 4 eum/g) and MRI performance (r2
=336 mM ! s71). The PLGA NC formulation was demonstrated to be
biosafe in vitro and in vivo. The quality of the PLGA NC was
monitored at the different stages of the study.

We functionalized the PLGA NC formulation with multimodal
imaging moieties. By covalently bonding PLGA with fluorescent
small molecules and radioligands as well as by incorporating SPIONs
we could propose a modular approach to fabricate tailor-made NCs
with modalities of several emitting wavelengths for fluorescence
imaging (blue, green, red and NIR), MRI and PET. In all cases, the
imaging moieties are integrated into the PLGA shell matrix and with
minimal interaction with the encapsulated drug thus avoiding
leaching and interferences with the therapeutic agent. Moreover, all
types of NC formulations can be PEGylated (3 wt% PEG) to endow
the NCs with potential stealth effect, and surface charge of NC
formulations can be modified by integrating PLGA-NH-> to tune the
cellular uptake. The modular approach offers the selective inclusion
or removal of the functional moieties without affecting the size, shape
and main compositional traits of the final carrier, to guide the carrier
alongside its preclinical development while guaranteeing that a
simpler formula is used for the final product in views of its potential
translation to the clinics.

We applied the developed multimodal imaging PLGA NC
formulation to in vitro/in vivo tracking. The good fluorescent

performance of NCs was demonstrated for in vitro studies. In vivo
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biodistribution monitored by MRI/NIRF/PET showed the dominant
liver, spleen and lung accumulation of the infra venu. administered
NCs, and proved the higher NC brain accumulation through intra
arterial administration route. The combination of different modalities
to monitor different components of the NC formulation provided
complementary information.

We evaluated the therapeutic aspects of the PLGA NC formulation
in terms of protein loading content and release kinetics, and the in
vitro human brain endothelial cell proliferation effect. The NCs can
be loaded with a moderate protein load (~10 pg BSA/mg NCs) and
achieve sustained release with ~51% of the total cargo discharged
over a period of two weeks in PBS. Similarly, the encapsulation of
concentrated therapeutic endothelial progenitor cells-secretome (~15
mg/mL) could be achieved and a protein loading with detected
improved loads of several proteins (VEGF 13.7, PTX3 32.1,
GM-CSF 5.3 and Ang 32.5 pg/mg NCs) was measured. Regarding
the cell proliferation, we found a fast erosion rate of NCs in cell
culture medium (EBM) and the degraded PLGA itself contributed to
the cell proliferation.

6.2 Future perspectives

The developed multimodal imaging functionalization is a powerful
tool for the tracking of PLGA-based nanocarriers. To fully transform
the PLGA nanocarrier into a theranostic platform, further active
targeting strategies through the attachment of specific ligands to the
PLGA nanocarrier could be exploited and study the synergistic effect
of this biological targeting with the magnetic one.

Surface modification of the PLGA nanocarrier for a better stealth
effect and a longer blood circulation time, for instance by PEGylation,
needs to be further studied to improve the availability of NCs in the
brain area. Moreover, a combination of i.a. administration and
external magnetic field to improve NC brain accumulation should be
investigated. The blood-brain barrier behavior of the NCs is also
worthy to study and the modification can be adjusted according to the
desired purpose.

The protein quantification method and release protocols for
therapeutic secretome loaded NCs need to be refined to better
monitor the loaded secretome. After optimizing the brain targeting
and therapeutic secretome load, the preclinical pro-angiogenesis and
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neurorepair effect of the drug delivery system can be studied in an
animal model of ischemic stroke.
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Designing theranostic nanocarriers with high protein payload and multimodality tracking without cross
interferences between the different imaging probes and the delicate protein cargo is challenging. Here,
chemical modifications of poly(lactic-co-glycolic acid) (PLGA) to produce nanocapsules (NCs) that incor-
porate several imaging moieties are reported. The biocompatible and biodegradable PLGA-NCs can be
endowed with a magnetic resonance imaging (MRI) reporter, two fluorescence imaging probes (blue/NIR)
and a positron emission tomography (PET) reporter. The modular integration of these imaging moieties
into the shell of the NCs is successfully achieved without affecting the morphochemical properties of the
nanocarrier or the protein loading capacity. In vivo biodistribution of the NCs is monitored by MRI, PET
and NIRF and the results from different techniques are analyzed comparatively. The viabilities of two
different human endothelial cells in vitro show no toxicity for NC concentration up to 100 ug mL™. The
morbidity of mice for 2 weeks after systemic administration and the hepatic/pancreatic enzymes at the
plasma level indicate their in vivo biosafety. In summary, the new theranostic PLGA nanoplatform pre-
sented here shows versatile in vitro/in vivo multimodal imaging capabilities, excellent biosafety and over

rsc.li/nanoscale 1 wt% protein loading.

Introduction

Drug delivery nanocarriers can be extremely advantageous to
administer insoluble, sensitive or multi-component drugs by
protecting the encapsulated therapeutic molecules from clear-
ance, inactivation or degradation, as well as by reducing poten-
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tial toxicity, increasing blood circulation time or tissue
specificity." Poly(lactic-co-glycolic acid) (PLGA) has demon-
strated optimal properties for the encapsulation of a large
variety of therapeutic agents and it is extensively employed in
nanomedicine.>” Moreover, PLGA-based nanocarriers have
been used as drug delivery systems to administer proteins,®°
DNA™ and anticancer drugs among others."'"'*> Nonetheless,
despite their compositional similarities, any novel PLGA-based
drug delivery system will require a thorough evaluation to
address potential toxicity issues and study the pharmacoki-
netics and the pharmacodynamics of each specific carrier.
Such preclinical in vitro and in vivo studies, comprising mul-
tiple biological characterization phases, could be expedited by
endowing the carrier with complementary imaging capacities.
For instance, in vitro cellular uptake can be easily imaged with
fluorescence'*** while radioimaging’*'® or near infrared (NIR)
imaging®'” are well suited for in vivo biodistribution studies.
However, the simultaneous incorporation of all these imaging
probes into a single nanocarrier unnecessarily increases the
complexity of the system, potentially limiting translation to the
clinics. Moreover, any additional component of the theranostic
carrier will have an enormous impact on the manufacturing
process, production cost and in complying with the medical
regulations. In this sense, a drug delivery nanocarrier easily

This journal is © The Royal Society of Chemistry 2020
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adaptable to incorporate one or several imaging moieties in a
modular approach can be a smart strategy to guide the carrier
preclinical development while guaranteeing that a simpler
formula is used for the final product. However, this strategy is
suitable only when the inclusion or removal of the imaging
probes do not affect the size, shape and main compositional
traits of the final carrier.

Furthermore, conventional approaches to physically blend
imaging probes within the carrier can lead to incomplete con-
clusions or  misinterpretations on the carrier’s
biodistribution.'®'® For example, loading two different mole-
cules as probes into the same carrier led to opposite con-
clusions regarding the kinetics of brain-specific delivery."® A
growing body of evidence suggests that new methods will be
required to monitor nanocarriers’ biodistribution avoiding
interference of the imaging moieties with the encapsulated
drug or leaching of the imaging probes."*

Here, we report on PLGA nanocapsules (NCs) as a multi-
modal theranostic platform for in vivo drug delivery. We describe
the chemical synthetic routes to covalently label the PLGA with
biocompatible small molecule fluorophores or radioligands. It
involves the fabrication of PLGA NCs integrating several moieties
for their in vitro and in vivo imaging. Specifically, superpara-
magnetic iron oxide nanoparticles (SPIONs) enabled magnetic
resonance imaging (MRI), fluorescence imaging at different
emitting wavelengths (blue and NIR) and *Zr-labeling enabled
positron emission tomography (PET) imaging. We show that the
morphology and size of PLGA NCs are not altered by either the
incorporation or the removal of one of the several imaging
probes. In all cases, the imaging moieties are chemically
attached to the PLGA shell matrix as opposed to being entrapped
in the core of the nanocapsule.”*>'7 This approach is advan-
tageous to avoid interferences of the imaging moieties with the
cargo in the core.” This is especially important for delicate pay-
loads such as proteins, enzymes or microRNAs. For this, we have
used bovine serum albumin (BSA) as a model protein to evaluate
the protein loading capability.

Experimental section

All reagents were purchased from Sigma Aldrich unless other-
wise specified. The Ethics Committee of Animal
Experimentation of the Vall d’Hebron Research Institute
approved all experimental animal procedures (protocol
number 70.18), which were performed in accordance with the
Spanish legislation and the Directives of the European Union.
Experiments performed at CIC biomaGUNE were approved by
the Ethical Committee of the Institution and by the corres-
ponding authorities (Departamento de Promocién Econdmica,
Turismo y Medio Rural, Diputacién Foral de Guipuzcoa;
project codes PRO-AE-SS-059 and PRO-AE-SS-067).

Modification and functionalization of the commercial PLGA

Synthesis of -NH, terminated PLGA (PLGA-NH,). In order to
introduce a terminal amine group into PLGA, the carboxylic

This journal is © The Royal Society of Chemistry 2020
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acid terminal group of PLGA (lactic:glycolic ratio 50: 50,
RG502H, M,, 12000) was activated and reacted with ethylene-
diamine. The carboxylic groups were firstly activated with N,N'-
dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide
(NHS). 0.025 mmol of PLGA was dissolved in 8 ml of dichloro-
methane (DCM), and then 0.1 mmol of DCC in 1 mL of DCM
and 0.1 mmol of NHS in 0.5 mL of acetone were added into
the polymer solution under magnetic stirring. PLGA-NHS acti-
vation was achieved after 4 h at room temperature (RT). The
coupling reaction was accomplished by adding an excess
amount of ethylenediamine (0.15 mmol) in 1 mL of DCM to
the solution and further stirring for 2 h. The majority of the in-
soluble by-product, dicyclohexylurea, was removed by centrifu-
ging the solution after reaction at 9391 ref for 15 min at 4 °C
and discarding the pellet. The supernatant was filtered
(0.2 pm PTFE syringe filter) to remove any trace of the in-
soluble by-product. PLGA-NH, was precipitated by slowly
pouring the supernatant into an excess amount of ethanol
(10-fold), where the un-reacted NHS/DCC/ethylenediamine was
separated from PLGA-NH, due to their solubility in ethanol.
Precipitated PLGA-NH, was redissolved in DCM and reprecipi-
tated in ethanol twice for purification. The purified PLGA-NH,
was dried under vacuum.

Synthesis of fluorophore terminated PLGA using fluoresca-
mine (PLGA-fluram). Fluorescamine (fluram) is a non-fluo-
rescent compound that reacts with primary amines (R-NH,)
fast and near completely forming the fluorophore of fluram
derivative which emits strong fluorescence at Aey, = 465 NM (dex
=390 nm).** 0.025 mmol of the as-synthesized PLGA-NH, and
0.075 mmol of fluram were mixed and dissolved in 4 mL of
acetone and the reaction took place in a dark room after 2 h at
RT under magnetic stirring. Then the solution was slowly
dropped into an excess amount of ethanol (10-fold) to precipi-
tate the product PLGA-fluram. The PLGA-fluoram was collected
by centrifugation, redissolved in acetone and reprecipitated in
ethanol twice for purification. The purified PLGA-fluram was
dried under vacuum.

Synthesis of fluorophore terminated PLGA using Cy7.5
(PLGA-Cy7.5). NIR fluorophore cyanine7.5 (dem = 808 nm, Aex =
788 nm) was introduced at the end of PLGA-NH, by forming
an amide bond between the PLGA terminal amine group and
amine reactive Cy7.5 NHS ester (Lumiprobe GmbH, Hannover,
Germany). 0.025 mmol of the as-synthesized PLGA-NH, and
0.05 mmol of Cy7.5 NHS ester were mixed and dissolved in
4 mL of acetone and 0.05 mmol of Et;N were added as the
catalyst. The reaction took place in the dark after 6 h at RT
under magnetic stirring. Then the solution was slowly poured
into an excess amount of ethanol (10-fold) to precipitate
PLGA-Cy7.5. The product was collected by centrifugation,
redissolved in acetone and precipitated in ethanol twice for
purification. The purified PLGA-Cy7.5 was dried under
vacuum.

Synthesis of DFO terminated PLGA (PLGA-DFO). *Zr chela-
tor deferoxamine (DFO) was introduced at the terminal amine
of PLGA-NH, by forming a thiocarbamide bond between the
PLGA terminal amine group and amine reactive p-NCS-Bz-DFO
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(CheMatech, Dijon, France). 0.025 mmol of the as-synthesized
PLGA-NH, and 0.05 mmol of p-NCS-Bz-DFO ester were mixed
and dissolved in 4 mL of DMSO and 0.05 mmol of Et;N were
added as the catalyst. The reaction was accomplished after
12 h at RT under magnetic stirring. Then the DMSO solution
was mixed with 2-fold DCM and slowly dropped into 10-fold
diethyl ether to precipitate PLGA-DFO and unreacted
p-NCS-Bz-DFO, which were collected by centrifugation at 9391
ref for 10 min. The PLGA-DFO/p-NCS-Bz-DFO mixture pellet
was dissolved in 1.5 mL of DCM and centrifuged at 13 171 ref
for 60 min to remove the insoluble p-NCS-Bz-DFO. The super-
natant was further filtered (0.2 pm PTFE syringe filter) to
remove the traces of p-NCS-Bz-DFO. Finally PLGA-DFO was pre-
cipitated by slowly dropping the supernatant into 10-fold
diethyl ether, collected by centrifugation and dried under
vacuum.

Synthesis of SPIONs coated with oleic acid (OA-SPIONS)

SPIONs were synthesized through a microwave assisted
thermal decomposition in a microwave oven (Discover SP,
CEM Corporation) at a frequency of 2.45 GHz and 300 W of
power and then coated with oleic acid (OA).>® Briefly, the
process to obtain homogeneous OA-SPIONs with an average
diameter of 9 nm was as follows. In a microwave reaction glass
tube 3.5 mmol of iron precursor Fe(acac); was dissolved in
4.5 mL of benzyl alcohol. The tube was closed and microwave
irradiation occurred with the power set at 300 W. The solution
was kept at 60 °C for 5 min to fully dissolve the precursor and
subsequently heated to 210 °C and kept at this temperature for
30 min and then cooled down to room temperature. After the
reaction, a black colored dispersion formed which suggested
the formation of a magnetic material. Then 3.17 mmol of oleic
acid in 4 mL of toluene was added to the product dispersion
and sonicated for 1 h. Then 5-fold of acetone was added fol-
lowed by centrifugation to sediment the product pellet. The
pellet was redispersed in 4 mL of toluene and transferred into
a glass vial, a magnet was attached on the wall and after 5 s
the suspension containing SPIONs with smaller size and lower
magnetization was discarded. Then the pellet was redispersed
in 6 mL of DCM followed by centrifugation at 1075 rcf for
5 min to sediment the unstable big particles. The OA-SPIONSs
of 9 nm stable in DCM were precipitated by adding 5-fold
acetone and centrifugation. The final black product was dried
under vacuum and redispersed in DCM at the concentration
required for use.

Fabrication of PLGA-based NCs and encapsulation of BSA

BSA encapsulated PLGA-based NCs were prepared by the
double emulsion solvent evaporation method. Briefly, 50 pL of
the inner aqueous phase (W;) containing BSA (30 mg mL™)
was emulsified in 500 pL of DCM organic phase (O) composed
of 50 mg of different proportions of PLGA/functional PLGA
and a certain amount of OA-SPIONs by sonication at 200 W for
28 s (VC505, Sonics & Materials, Inc., USA) to form the first
emulsion (W;/0). Then 2 ml of external aqueous phase (W,)
with PVA (20 mg mL™") was added and the second emulsion
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(W,/0/W,) was formed by sonication for an additional 28 s.
The temperature during the whole emulsion process was kept
at 4 °C by using an ice bath. The resulting double emulsion
was poured into 50 mL of MilliQ water and mechanically
stirred at RT for 2 h to allow complete evaporation of the
organic solvent and formation of NCs. Finally, the NC pellet
was obtained by centrifugation at 9391 ref for 15 min and
washed three times with 50 mL of MilliQ water and then lyo-
philized in 6 mL of trehalose (2 mg mL™") aqueous solution.
The as-obtained powder was stored at 4 °C with desiccant
silica gel.

Physicochemical characterization of the polymers, SPIONs and
PLGA-NC

ATR-FTIR, UV/Vis, TG, DLS. Attenuated total reflectance-
Fourier transform infrared (ATR-FTIR) characterization of the
polymers was performed on a Bruker Vertex 70 FTIR spectro-
meter with a Pike Miracle Single-Bounce diamond crystal plate
accessory at room temperature. FTIR spectra were recorded
over a wavelength range of 4000-500 cm™" with a resolution of
4 em™. The ultraviolet-visible infrared (UV/Vis) spectra of the
fluorescent polymers were recorded on a Varian Cary-5000 UV/
Vis spectrophotometer using a quartz cuvette with an optical
path of 1 cm. Thermogravimetric (TG) analysis of oleic acid
coated SPIONs was carried out on a SETSYS Evolution TGA
(Setaram) from room temperature to 800 °C at a heating rate of
10 °C min™" and under a dynamic dry air flow. Dynamic light
scattering (DLS) (Malvern Zetasizer) measurements of the
hydrodynamic diameter and size distribution of NCs by inten-
sity were performed by redispersing 0.5 mg of lyophilized
powder into 1 mL of MilliQ water.

Electron microscopies. A field emitting scanning electron
microscope (SEM, FEI Quanta 200 FEG) and a transmission
electron microscope (TEM, JEOL JEM-1210) were used to study
the morphologies of SPIONs and NCs. For the SEM sample
preparation of NCs, 0.5 mg of lyophilized powder was redis-
persed in 1 mL of MilliQ water and centrifuged at 4000 rpm
for 10 min. Then the supernatant was discarded to remove the
trehalose and 1 mL of fresh water was added, and the pellet of
NCs was redispersed in water with ultrasound. Finally, 6 pL of
the slightly turbid suspension was deposited onto a small slice
of silicon wafer stuck on top of a carbon layer and dried at
room temperature overnight. The sample was sputtered with
Au-Pd (Emitech K550 Sputter Coater, 20 mA for 2 min). TEM
samples were prepared by placing and drying one drop of the
corresponding NC or SPION dispersion on a copper grid at
room temperature.

SQUID. Superconductive quantum interference device
(SQUID, Quantum Design MPMS5XL) was used to measure the
magnetization of NCs and SPIONs and calculate the experi-
mental SPION loading (Wt%spions) and EE%sprons Of NCs. A
gelatin capsule filled with about 7 mg of samples topped with
some cotton wool was inserted into the SQUID magnetometer
sample holder and the hysteresis loop was measured from —50
kOe to 50 kOe at 5 K. The remnant magnetization of the mag-
netic NCs (Mg, ncs, €mu g ') and of SPIONs (Mg, spions, €MU

This journal is © The Royal Society of Chemistry 2020
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g ") at 5 K was used to calculate wt%gpions and EE%gpions as
follows:
Mg nes

0 _
WtYospons =
Mg spions

x 100%

Experimental SPION loading

x 100
Nominal SPION loading %

EE%spions =

Fluorescence properties. Fluorescence spectra of the
polymer PLGA-fluram were acquired on a PerkinElmer LS45
spectrofluorometer. Both the excitation and emission-slit
widths were set at 10 nm. The quantum yield of the polymer
was measured by the Williams’ method>* shown in Fig. S3a.}
The molar extinction coefficient (&, mol™ L cm™) of PLGA-
fluram was calculated according to the Beer-Lambert law, 4 =
eCL. Here C and L are the concentration (mol L") and length
(cm) of the dye solution in a UV/Vis cuvette respectively.
Brightness and photostability are two important intrinsic
photophysical properties of fluorescent materials. The bright-
ness intensity of PLGA-fluram can be calculated by the extinc-
tion coefficient multiplied by the quantum yield.
Photostability was measured by continuously illuminating
polymer solution with excitation light at 390 nm and measur-
ing the resulting emission at 483 nm for 3 h. The photostabil-
ity of rhodamine B as a reference was tested with its maximum
excitation at 540 nm and maximum emission at 625 nm for
the same 3 h in aqueous solution. Fluorescence signals of
different concentrations of PLGA-fluram NC in saline were
quantified in a 96-well plate by a microplate reader. The NCs
were excited at the maximal excitation wavelength and the
fluorescence signal was collected at the maximal emission
wavelength.

In vitro and in vivo MRI of the NC-SPIONs

In vitro agarose phantoms of NCs were prepared by filling a
series of glass microtubes with solutions of 0.63% agarose in
water (Conda, Madrid), into which different amounts of NCs
were admixed. The corresponding iron doses (mmol L") were
calculated according to the wt% of SPIONs in each sample. T2
weighted images (T2WI) of the phantoms were acquired at 7 T
in a 70/30 Bruker USR Biospec system (Bruker GmbH,
Ettlingen) as follows: multi-slice multi-echo (MSME) sequence
with echo time (TE) = 8 ms, repetition time (TR) = 2600 ms,
average N = 2, matrix size = 160 x 160, field of view (FOV) = 24
x 24 mm, 14 slices of 1 mm thickness, and spectrometer band-
width (BW) of 474 Hz per pixel. Quantitative 72 values were
obtained from hand-drawn regions of interest (ROIs) by using
curve fitting in the Image Sequence Analysis (ISA) Tool
(Paravision v.5.1).

Balb/c female mice (16-17 weeks of age, n = 2) were
anesthetized with isoflurane (IsoFlo; Abbott Laboratories).
T2WI were acquired pre- and 15-20 min post-administration of
NCs (1.6 mg in 150 pL of saline through tail vein) using the fol-
lowing imaging parameters: MSME pulse sequence, 20 echo
times with ATE = 8 ms, TR = 2.6 s, N = 2 averages, a matrix of
256 X 256 points covering a FOV of 25.6 x 25.6 mm’, giving a
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resolution of 100 pm in plane, 14 continuous slices of 1 mm
thickness, and BW = 75 kHz. The images were acquired with a
respiratory gating by using a SAIl Model 1030 monitoring &
gating system (Smal Animals Instruments, Stony Brook, NY,
USA). Fat suppression was achieved by a saturation pulse of
1050 Hz. T2 maps were constructed off-line using Image-J
1.50b (National Institutes of Health), and data were fitted to a
three parameter exponential decay equation (S = A + SO exp
(=TE/T2), where S represents signal intensity, 4, S0 and 72 are
the fitting parameters), achieved by the “exponential decay
with offset” equation of the fitting routine of Image]. Signal
intensities in T2WI and T2 maps were quantified manually in
selected ROIs using Image]. Afterwards mice were euthanized
and organs were preserved for histological analyses.

In vitro and in vivo NIRF imaging of NC-PLGA-Cy7.5

A series of concentrations of NCs in 100 pL of saline (n = 3)
were prepared in a 96-well plate and imaged using a Xenogen
IVIS® spectrum (Aex/Aem 710/820 nm). BALB/cAnNRj male mice
(Janvier; 7-8 weeks of age, n = 2) were deeply anesthetized with
isoflurane and were injected via the tail vein with NCs at a
dose of 1.6 mg in 200 pL of saline. The NIRF images were
acquired on a Xenogen IVIS® spectrum imaging system at
0.5 h, 1 h and 3 h post injection. At the end of the 3 h scan,
the mice were euthanized to image the signal intensity of the
principal organs ex vivo together with blood and urine.

In vivo PET imaging of **Zr labelled NC-PLGA-DFO

NC-PLGA-DFO were labelled with *Zr as follows: [**Zr]ZrC,0,
was produced in house following a standard protocol. The as-
obtained 1500 uL of 1 M oxalic acid containing **Zr (8.2 mCi,
303.4 MBq) were neutralized with 2 M sodium carbonate (pH
= 7.2) and the volume was adjusted to 3.5 mL with 0.5 M
HEPES buffer. Six aliquots (1.6 mg each) of the lyophilized par-
ticles were dispersed in 50 pL MQ-water, and 450 pL of the
freshly prepared *°Zr-solution was added to each and mixed
well by sonication. After incubating overnight at room temp-
erature the particles were purified by centrifugation and
washed two times with MQ-water followed by one wash with
saline to remove all non-bound *Zr. The pellet of the last
wash was dispersed in 120 pL of saline with an average calcu-
lated radiochemical yield of 70.1% (decay-corrected). As the
achieved samples were too high in activity, a one to one
dilution with non-labelled particles was performed. The final
injections (150 pL) were performed intravenously via the tail
vein of healthy female mice (Crl:CD1(ICR)) with an average
injected activity of 161 pCi (6.0 MBq).

Imaging studies were conducted using positron emission
tomography (PET) in combination with computerized tom-
ography (CT), using the - and X-cube microsystem of
Molecubes. Static whole body images (1 bed) were acquired in
a 511 keV + 30% energetic window at 1 h, 4 h, 23 h and 47 h
post injection (acquisition time 5 min for 1 h and 4 h, 20 min
for 23 h and 47 h). PET images were analyzed using PMOD
image analysis software (PMOD Technologies Ltd, Zurich,
Switzerland).
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Prussian blue stain

Liver samples from the mice subjected to PET were embedded
in an optimal cutting temperature (OCT) compound and kept
at —80 °C until sliced in 8 pm sections with a cryostat. After
rehydration, the sections were stained with a Prussian blue
iron stain kit (Polysciences Inc, USA) following the manufac-
turer’'s protocol except that potassium ferrocyanide:
hydrochloric acid solution was kept for a total of 40 minutes
and nuclear Fast Red for 1 minute. Images were acquired after
dehydration with a transmitted light microscope (Leica,
Germany).

In vitro and in vivo toxicity evaluation of the NCs

Cell viability evaluation. The toxicity of the NCs on human
brain endothelial cells (hCMEC/D3) and CD34" endothelial
cells®>*® was assessed by performing a viability assay with 3-(4-
5-dimethylthiazol-2-y1)-2,5-diphenyl  tetrazolium  bromide
(MTT). For the hCMEC/D3 cells, 2 x 10* viable cells were dis-
tributed on a 24-well plate in 400 pL Endothelial Growth
Media (EGM2 from Lonza with 2% fetal bovine serum and half
the amount of the growth factors included in the kit) whereas
5 x 10° viable CD34" endothelial cells were seeded on a 96-well
plate in complete media. Both cell types were incubated for
24 h at 37 °C and 5% of CO,. After this period, culture super-
natants were substituted with basal cell culture media (serum-
free medium) containing increasing doses of NCs at concen-
trations of 25 pg mL™, 50 yg mL™", and 100 pg mL™" (N = 3,
triplicate). The MTT assay was performed after 48 h of incu-
bation, and the absorbance of the resulting formazan crystals
diluted in DMSO was determined at 540 nm. Cell viability was
referred to as the percentage of viability compared with the
control conditions (without NC).

In vivo safety. Body weights of mice were monitored period-
icallyat0d, 1d,5d,8d,11 d and 13 d after i.v. injection of
NCs in 150 pL of saline at a dose of 0.84 mg Fe per kg (n = 5),
where the vehicle group received 150 pL of saline (n = 5) and
the naive group without treatment served as control (n = 3). At
the end of 13 days blood samples were collected and liver/pan-
creas toxicity based on specific enzyme levels in plasma was
analysed in all groups: alanine aminotransferase (ALT), alka-
line phosphatase (ALK), aspartate aminotransferase (AST) and

MRI
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a-amylase using an Olympus AU5800 clinical chemistry
analyser.

BSA loading content

The albumin content was determined directly using the
CBQCA protein assay kit (Invitrogen™ ref. C6667), which
determines the protein concentration based on the production
of fluorescent products measurable at Ae/dem = 450 nm/
550 nm via non-covalent interaction between CBQCA and
primary aliphatic amines of proteins. This highly sensitive
fluorescence-based method showed compatibility with DMSO,
SPIONs, detergents and other substances which interfere with
many commonly used protein determination methods.
Lyophilized NCs encapsulating albumin as well as empty NCs
as control were fully dissolved in DMSO at 100 mg mL™". The
protein contents in the NC lysates were measured and calcu-
lated based on the difference in fluorescence with control and
a calibration curve drawn with standard albumin solutions,
and the protein contents in the BSA solutions used for encap-
sulation were also measured. All determinations were per-
formed in duplicate for each NC batch. The experimental BSA
loading content was expressed as pg of BSA per mg of NCs (ug
mg ™). The encapsulation efficiency (EE%) was calculated as
follows:

Experimental BSA loading

EE7 BSA =
% Nominal BSA loading

x 100%

Results and discussion

PLGA NCs reported here incorporate several biocompatible
multimodal imaging modalities (Fig. 1): fluram and cyanine
7.5 (Cy7.5) as fluorescent probes in the blue and the near-
infrared (NIR) wavelengths, *Zr chelated with DFO as a radio
imaging probe and SPIONs as a MRI contrast agent. The fluo-
rescent probes and the DFO chelator were anchored to an ami-
nated PLGA, PLGA-NH,, resulting from the modification of the
commercial carboxylic acid-terminated PLGA. BSA encapsu-
lated PLGA NCs could then be prepared by a double emulsion
solvent evaporation method where selected imaging moieties
were incorporated into the PLGA shell by adding the desired

Made-to-order functionalization

PLGANC

Multimodal imaging PLGA NC

Fig. 1 Schematic illustration of a PLGA NC as a tailor-made multimodal theranostic platform.
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proportions of a given functional PLGA and oleic acid coated
SPIONS to the organic phase while the BSA was added to the
aqueous phase.

Chemical modification of the PLGA with functional moieties

Fig. 2 shows the schematic representation for terminal modifi-
cations and functionalization of the PLGA. Firstly, the car-
boxylic acid end group of PLGA was activated with DCC and
NHS to conjugate ethylenediamine and form PLGA-NH,,
bearing a free primary amine group in the PLGA end (Fig. 2a).
An  excess amount of  ethylenediamine (6:1
ethylenediamine : PLGA mole ratio) was used to suppress the
coupling reaction of PLGA-PLGA that could occur due to the
homo-functional crosslinker ethylenediamine. Subsequently,
the three functional moieties with amine-reactive groups
(fluram, Cy7.5, DFO) could be respectively integrated at the
end of the PLGA molecule through coupling reactions
(Fig. 2b). Further details are reported in the Experimental
section.

ATR-FTIR spectra of the commercial PLGA-COOH and the
PLGA-NH, product confirmed their similar chemical structure
and successful modification (Fig. S1 in the ESI). The reaction
efficiency of PLGA-COOH to PLGA-NH, was quantified by
measuring the conjugated amount of fluram to the -NH,
groups. The UV absorbance of the PLGA-NH, product (M,

DCC, NHS
”O’T H’“‘ Hﬁr MOH o

PLGA—COOH

(a)
NHz-CH,CHyNH,
DCM, RT

l Et;N

PLGA-Fluram

acetone, RT

PLGA-Cy 7.5

Paper

12000 g mol™") in chloroform at 390 nm due to the conju-
gation of fluram was compared with a standard calibration
curve constructed from different concentrations of ethylene-
diamine prepared under the same conditions (Fig. S2t). A reac-
tion efficiency of 86% of PLGA-COOH to PLGA-NH, was esti-
mated, which means that the molar fraction of pure PLGA-NH,
in the product was 0.86.

Fluram is a non-fluorescent compound that reacts quickly
and almost quantitatively with primary amines (R-NH,) t
form a fluorescent derivative, which emits strong fluorescence
at around 480 nm when excited at 390 nm.>> The conjugation
of this compound to the -NH, end of PLGA for fluorescence
application is very advantageous considering that neither free
fluram itself nor its hydrolysis product show fluorescence. As
shown in Fig. 3a, the characteristic absorption peak of the
fluorophore at 390 nm occurred in the UV-Vis spectrum of the
conjugation product PLGA-fluram but this was not observed
either in PLGA-NH, or in fluram. The disappearance of the
309 nm absorption band of fluram in the PLGA-fluram
product indicates that the purification process removes the
vast majority of free fluram. The fluorescence of the obtained
PLGA-fluram was evaluated and the excitation and emission
spectra are depicted in Fig. 3b. Importantly, the fluorescence
intensity of PLGA-fluram decreased only slightly (<5%) after
continuous UV excitation at the maximum excitation wave-
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Fig. 2 PLGA chemical modifications. Synthetic schemes of terminal modifications and functionalization of the PLGA.
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with DAPI/GFP filters, scale bar 60 um.

length for 3 h, thus exhibiting a photostability just slightly
lower (2%) than rhodamine-B, a widely used commercial fluo-
rescent dye (Fig. 3c). The photostability of PLGA-fluram using
a confocal microscope configuration is also included in
Fig. S3b.t The fluorescence intensity of NCs fabricated by
PLGA-fluram decreased by only 13% after 10 min of continu-
ous illumination at 10% of laser power (401 nW). Considering
that the laser power applied to observe stained cells is gener-
ally less than 10%, our fluorescent NCs would exhibit good
photostability under in vitro conditions. Note that the calcu-
lated quantum yield of PLGA-fluram (18%) (Fig. S3at) is much
higher than the values reported for fluorescent proteins such
as green fluorescent protein (GFP) (7.3%) and its blue variants
(7.9%),%” and similar to other polymeric fluorescent materials
such as poly(amido amine)s.”®*° Finally, the calculated fluo-
rescent brightness of PLGA-fluram (25056) is also much higher
than that of other reported biodegradable photo-luminescent
poly(lactide-co-glycolide) (BPLP-co-PLGA) (6550-19230)*° and
other frequently used small organic dyes such as Alexa Fluor
430 (8800) or DAPI (15660). The fluorescence intensities of the
fabricated NCs show linear dependency on the NC concen-
tration, and NCs can be clearly imaged with a fluorescence

4994 | Nanoscale, 2020, 12, 4988-5002

microscope (Fig. 3d). Although in this work we have focused
on in vivo imaging modalities, the remarkable fluorescence
properties shown here endow the PLGA-fluram system with
very interesting features for in vitro fluorescence tracking
studies.

Next, the NIR fluorophore Cy7.5 was introduced into the
terminal amine of PLGA-NH, via an amide bond between the
PLGA terminal amine group and amine-reactive Cy7.5 NHS
ester. The absorption band of Cy7.5 appeared in the UV-Vis
spectrum of the PLGA-Cy7.5 product, which confirmed the
successful conjugation of Cy7.5 (Fig. S4at). The amount of
conjugated Cy7.5 in the PLGA-Cy7.5 product was quantified by
comparing the fluorescence intensity of the PLGA-Cy7.5
product with freeCy7.5 (Fig. S4bf) in DMSO. Pure PLGA-Cy7.5
with a molar fraction of 0.65 was estimated in the product and
a conjugation efficiency of 76% of the Cy7.5 NHS ester to
PLGA-NH, was calculated considering that the fraction of pure
PLGA-NH, is 0.86.

For radiolabelling functionalization the **Zr chelator DFO
was introduced at the end of PLGA-NH, by forming a thiocar-
bamide bond between the PLGA terminal amine group and
the amine reactive -NCS group in the DFO derivative

This journal is © The Royal Society of Chemistry 2020
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p-NCS-Bz-DFO. Compared to the IR spectrum of PLGA-NH,,
some new bands corresponding to the DFO conjugate appear
in the spectrum of PLGA-DFO, indicating the successful conju-
gation of DFO (Fig. S1f). The amount of conjugated DFO in
the PLGA-DFO product was quantified by measuring the
amount of unreacted PLGA-NH, through the fluram method
described above (Fig. S2ct). Pure PLGA-DFO with a molar frac-
tion of 0.75 was estimated in the product, and a conjugation
efficiency of 88% of p-NCS-Bz-DFO to PLGA-NH, was calcu-
lated considering that the fraction of pure PLGA-NH, is 0.86.

Fabrication of PLGA NCs with selected combinations of
imaging moieties

PLGA NCs with encapsulated BSA were prepared by a double
emulsion solvent evaporation method.”’ Imaging moieties
were incorporated into the PLGA shell by adding to the
organic phase various proportions of functionalized PLGA as
well as the oleic acid (OA) coated SPIONs (Table 1).
Compositional changes of the organic phase did not affect the
encapsulation process, and all types of NCs prepared showed
mean hydrodynamic sizes within a diameter range of
250-300 nm and a polydispersity index (PdI) <0.2. As seen in
Table 1 from NC-1 to NC-3, neither increasing the SPION size
nor increasing two-fold its loading affected the mean size of
the NCs compared to plain PLGA NCs (NC-0). Note that for the
same loading of SPIONs, the magnetization of NC-2 is much
higher than that of NC-1 given the larger size of SPIONs for
NC-2. Therefore optimal formulation regarding SPIONs
(6 wt%, with 9 nm nanoparticles) yields an average saturation
magnetization value of 4.06 emu g~* NCs which is more than
four-fold larger than our previously reported value (0.90 emu
g ").*" As will be shown later, the increase of the magnetic
moment of NCs resulting from using larger size SPIONs and
increasing their load will positively impact on the MRI signal
intensity.*>

Paper

Furthermore, the size of NCs as well as the encapsulation
efficiency (EE%) of SPIONs were not affected when various pro-
portions of PLGA-fluram (NC-4), PLGA-DFO (NC-5) or
PLGA-Cy7.5 (NC-6) were incorporated into the PLGA matrix,
even when incorporating various moieties simultaneously
(NC-7). Importantly, we had found that the PLGA-based NCs
can be fabricated using either up to 100 wt% of any modified
PLGA (PLGA-DFO, PLGA-Cy7.5 or PLGA-fluram) or with any
mixed proportion of them without affecting the morphology of
NCs and EE% of SPIONs. This can be explained by the
forming process of the NCs: the different functional moieties
at the end of the comparatively extra-long PLGA molecules do
not affect the film-forming of PLGA and the entrapment of
SPIONs in the polymeric matrix. Finally, PEGylation of the
PLGA NCs was achieved by adding a given amount of the com-
mercial amphiphilic block copolymer PLGA-PEG (PEG M,, 5000
and PLGA M,, 7000) to the organic phase. The morphology and
size of NCs (NC-8) are maintained up to a maximal fraction of
7 wt% amphiphilic PLGA-PEG (3 wt% PEG, Table 1) and are
not affected when co-incorporating other hydrophobic modi-
fied PLGA (i.e., PLGA-Fluram/PLGA-DFO/PLGA-Cy7.5) (data not
shown).

Fig. 4 shows a representative scanning electron microscopy
(SEM) image of the NCs (NC-3) presenting homogeneous
spherical morphologies. The inset is a dynamic light scattering
(DLS) size distribution histogram of lyophilized NCs redis-
persed in water. In this case, the mean hydrodynamic dia-
meter of the NCs is 276 nm with a polydispersity index (PdI) of
0.18 reflecting good redispersibility of the NCs in water after
the lyophilization process. As mentioned, all types of NCs
listed in Table 1 had similar morphologies and sizes (Fig. S71),
which were considered to be suitable for intravenous adminis-
tration.>® The upper inset in Fig. 4 shows a representative
broken NC, exposing the hollow core, ideal for the loading of
protein drugs. The transmission electron microscopy (TEM)

Table 1 Summary of the formulations of PLGA-based NCs. Different proportions of modified PLGA and SPIONs were mixed in the organic phase

during the double emulsion process

PLGA information (wt%) SPIONs Size (DLS)

Sample Size® Loading” My Mg
type PLGA PLGA-Fluram PLGA-DFO PLGA-Cy7.5 PLGA-PEG (nm) (wt%) EE%’ (emug™) (emug™) d.nm Pdl
NC-0 100 — — — — — — — — — 255 0.10
NC-1 100 — — — — 6 2.9 92% 0.4 1.0 279 0.17
NC-2 100 — — — — 9 3.0 90% 0.8 1.9 264 0.19
NC-3 100 — — — — 9 6.1 95% 1.6 3.9 276 0.18
NC-4 50 50 — — — 9 6.2 95% 1.6 4.7 260 0.15
NC-5 40 — 60 — — 9 6.3 97% 1.6 4.3 271 0.19
NC-6 40 — — 60 — 9 5.9 91% 1.5 3.6 245 0.11
NC-7 — 50 50 — — 9 5.9 91% 1.5 3.7 268 0.18
NC-8 93 — — — 7 9 6.0 92% 1.6 3.8 265 0.13
OA-SPIONs* 6 14.0 50.8

9 26.1 75.1

“The size of SPIONs was determined by statistics from TEM images (Fig. S5T).  SPION loading and entrapment efficiency (EE%) were determined
by SQUID measurements at 5 K. “ The fraction of SPIONs in OA-SPIONs was determined by thermogravimetric analysis (TGA) and the magnetiza-

tion is expressed as emu g~ SPIONs (Fig. S67).

This journal is © The Royal Society of Chemistry 2020

Nanoscale, 2020, 12, 4988-5002 | 4995



Paper

Intensiby (%)

Fig. 4 Morphological data of a representative PLGA NC system (NC-3).
SEM image of lyophilized PLGA based NCs with the upper inset showing
the hollow core of the NC; lower inset TEM image shows a spherical NC
with SPIONSs visible as black spots, uniformly distributed in the polymer
matrix; DLS curve of NC water suspension after lyophilization with a
mean diameter of 276 nm and 0.18 polydispersity.
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image in the lower inset revealed the embedding and finely
homogeneous distribution of the SPIONs within the polymeric
matrix.

NC magnetic properties, accumulation and biodistribution by
MRI

The magnetic hysteresis loop at room temperature of lyophi-
lized NC-3 is displayed in Fig. 5a showing the superpara-
magnetic character of the NCs (lack of coercivity). The super-
paramagnetic behavior of the NCs after SPION encapsulation
is important since in the absence of an external magnetic
field, it ensures lack of interactions among NCs thus minimiz-
ing the risk of embolization for i.v. administration. The mag-
netic retention of NCs is illustrated with the use of an external
magnet. As seen in Fig. 5b, the colloidal water suspension of
2 mg mL™" of NC-3 forms a round pellet next to the magnet
after 7 h. The solution becomes completely clear indicating
that a great majority of the NCs are retained by the magnet.
Previous experiments using magnetic PLGA nanoparticles® or
microparticles loaded with only 1 wt% iron oxide® already
demonstrated magnetic retention in rodent brain or knees,
indicating that our protein loaded magnetic NCs with a higher
magnetic load (6 wt%, Mg = 4 emu g~') may still have better
characteristics to address magnetic targeting.
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Fig. 5 Magnetic characterization, retention and MRI phantoms of PLGA-SPIONs NCs. (a) Hysteresis loop of the lyophilized batch NC-3 at 300 K,

showing superparamagnetism at room temperature; (b) glass tube with

water suspension of NC-3 at a concentration of 2 mg mL™%. A permanent

magnet (diameter 8 mm, surface field ~0.4 T) was placed on the wall. After 7 h, the NCs adsorbed to the tube wall on the magnet side; (c) T2-
weighted phantoms obtained by mixing lyophilized NCs with agarose at increasing NC concentrations, on the left are TEM images of NCs; (d) evalu-
ation of r; relaxivities for NC-3 and NC-2 (3 wt% and 6 wt%; 9 nm diameter).
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Phantom studies were conducted to confirm the MRI per-
formance of the NCs. Phantoms from two batches (NC-2 and
NC-3) with different SPION loadings (3 wt% and 6 wt%; 9 nm
diameter) at a series of concentrations were prepared (Fig. 5c).
Spin-spin relaxation time (7,) weighted color-coded MRI
images clearly exhibit signal decay in a concentration depen-
dent manner. Importantly, at the same concentration NC-3
with 6 wt% SPIONs showed a higher T, signal decay rate than
NC-2 with 3 wt% SPIONSs indicating that NC-3 will be easier to
track in vivo by MRI. Furthermore, the transverse relaxivity (r,)
value at 7 Tesla of NC-3 (336 mM™"' s™') was higher, as
expected, than that of NC-2 (278 mM ™" s™*) as seen in Fig. 5d,
indicating that the denser packing of SPIONs in a single NC of
NC-3 endows the NCs with a larger magnetic moment and
increases its efficiency as a spin-spin relaxation agent.*
Compared with other clinically used SPION systems such as
Feridex (98 mM™" s™') and Resovist (151 mM™"' s7'),* the
much higher r, value in our final NC formula (6 wt% SPIONs
of 9 nm in diameter) is expected to be useful for in vivo MRI
tracking of the NCs.

b)

a) Organ positioning &
Regions of interest
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As the representative abdominal images show in Fig. 6b, a
much clearer increase of the contrast of the liver was observed
in both T2WI and T2 maps after NC administration, illustrat-
ing the fast accumulation of NCs in the liver. Quantitative ROI
analysis in Fig. 6¢ shows a 55% drop of signal intensity (SI) on
T2W images and a 26% drop of T2 relaxation time in the liver,
while a negligible signal drop was observed in the kidney,
which further demonstrate the large accumulation of NCs in
this organ. To further confirm the presence of NCs in the
tissue, Prussian blue staining on liver sections confirmed the
presence of ferric iron (Fig. 6d) after the in vivo MRI.

Biodistribution of the NCs monitored by PET

With a ~3 day half-life, **Zr-based PET imaging holds great
potential as a useful tool for long-term monitoring of the
dynamic biodistribution, biodegradation and clearance
pathway of nanoparticles in vivo.*® Our results showed that
897r-labelling has a yield of about 70% for NC-PLGA-DFO
(NC-5) after overnight incubation at room temperature at a
concentration of 3 mg mL™". A DFO challenge study has been
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Fig. 6 In vivo mouse MRI of the PLGA-SPIONs NCs and liver Prussian blue iron-stain. (a) Representation of the abdominal region with organ posi-
tioning and ROI quantification in the kidney and liver (1: liver, 2: kidney cortex, 3: kidney medulla, 4: paravertebral muscle used for normalization). (b)
Representative images of T2W and T2 maps before and after NC-3 administration. (c) Signal intensity (SI) and relaxation time (ms) were calculated
for each ROI corresponding to the analyzed anatomical structures which were then corrected by muscle ROI Sl. Final data are represented as post-
administration Sl or T2 relaxation as the percentage of the pre-administration values (mean + SEM; n = 2). (d) Representative images of Prussian blue
stain for ferric iron in liver sections of naive and treated animals administered with NC-3 in the MRI study (blue spots).
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reported to demonstrate the radiostability of *°Zr-labelled
nanoparticles.® In  our study, the as-obtained
NC-PLGA-DFO-*Zr was suspended in 1 mM DFO aqueous
solution and incubated at 37 °C for 23 h. Then the NCs were
separated by centrifugation and 100% were still labelled, with
no presence of **Zr-DFO in the supernatant, demonstrating a
strong binding affinity of **Zr to the NC-PLGA-DFO.

897r labelled NC-PLGA-SPIONs-DFO-*"Zr (NC-5) were then
injected via the tail vein with the same iron dosage as for the
MRI study (1.68 mg Fe per kg™) to anesthetized mice. Static
whole body PET-CT images were acquired at 1 h, 4 h, 23 h and
47 h p.i. Dominant liver, spleen and lung uptake was observed
(Fig. 7a) and confirmed by the quantitative ROI analysis
(Fig. 7b) within two days, which can be related to phagocytic
cell uptake by the mononuclear phagocyte system, as expected
for i.v. injected PLGA nanoparticles of this size.'” Interestingly,
noticeable bladder accumulation (~22%ID cm ™) was observed
at 1 h p.i.,, with a sharp decrease at 4 h p.i. (~6%ID cm™)
likely due to uncontrolled animals’ urination between scans.
The early stage activity in the bladder could also be confirmed
by continuous PET-CT acquisition (Fig. S81), which showed a
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linear increase of activity within 3 h p.i. It is hard to assign the
activity in the urine to the detachment of free *°Zr from the
NCs, since detached free ®Zzr is a well-known osteophilic
cation with a fast and retained uptake in bones,®** which is
not detectable in our case. In the study of Chen et al.,*® for
both free **Zr-oxalate or *Zr labelled SiO, nanoparticles, fast
and sustained uptake of free/detached **Zr in bones and joints
was observed from the first few hours up to three weeks, while
the accumulation in the bladder was negligible. We thus
hypothesized that the erosion of the soft polymeric NCs had
happened at an early stage in the complex blood circulation
environment. The detached **Zr-molecular fragments from the
NCs, either by degradation of ester bonds in PLGA molecular
chains or thiocarbamide bonds between PLGA and DFO or by
mechanical force, with a size smaller than 15 nm (ref. 41)
underwent renal clearance and were observed in the bladder.
Additional experiments showed erosion of NCs clearly
observed after in vitro incubation in mouse plasma at 37 °C for
24 h (Fig. 7c). Small holes appeared on the NCs while under
the same conditions NCs incubated in saline did not show the
same eroded surface (Fig. 7d). Considering the in vivo blood

in mouse plasma

in saline

Fig. 7 PET biodistribution study of PLGA-SPIONs-DFO-89Zr NCs. (a) Representative PET-CT coronal images of mice obtained at different time
points after intravenous (i.v.) administration of NC-PLGA-SPIONs-DFO-89Zr (NC-5). PET images (maximum intensity projections) have been co-regis-
tered with CT images (slices) of the same animals for localization of the radioactive signal; (b) accumulation of radioactivity, expressed as a percen-
tage of injected dose per cm® of tissue (%ID cm™) at 1 h, 4 h, 23 h and 47 h p.i. (mean + SEM of n = 2); (c) and (d) SEM images of the NCs after incu-

bation for 24 h at 37 °C in mouse plasma or saline.
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circulation setting, the erosion of PLGA NCs would be much
faster as reported by Swider."> Not surprisingly, at late time
points the concentration of radioactivity in the bladder
decreases likely due to the fast accumulation of the NCs in the
liver/spleen.

NC biodistribution monitored by near infrared fluorescence
(NIRF) imaging

To investigate the feasibility of the formulation of
NC-PLGA-Cy7.5 (NC-6) for in vivo NIRF imaging, in vitro fluo-
rescence performance was firstly checked. The in vitro fluo-
rescence intensity of NC-6 was linearly dependent on the con-
centrations of NCs, showing strong fluorescence and no
quenching up to a high level of 1 mg mL™" (Fig. 8a). Real-time
whole-body imaging revealed a dominant abdominal distri-
bution of the NCs with a total radiant efficiency (TRE) of
~42.40 vs. control at 2 h p.i. At the end of the observation,
main organs including brain, heart, lungs, liver, spleen,
kidneys, and bladder were collected. Fig. 8c shows a represen-
tative ex vivo fluorescence picture of those organs and Fig. 8d
shows the quantified result of the biodistribution of the NCs.
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Dominant liver, spleen and lung accumulation was observed
which was consistent with the data acquired with PET. Note
that we also did see the bladder signal during the real-time
imaging, which further demonstrated that the erosion of NCs
really occurred at the early stage p.i., considering that the
NIRF imaging is less sensitive than PET. The unobservable
ex vivo bladder signal may result from the uncontrolled urina-
tion and urine sample collection.

From the above discussion, similar biodistribution of the
NCs with different imaging probes for MRI/PET/NIRF was evi-
denced. That was expected since the only difference among
the NCs for these three imaging modalities is the existence or
not of small molecule *Zr-DFO or Cy7.5 at the end of the
PLGA molecular chain. As we have demonstrated, the imaging
probes in the matrix of the PLGA shell do not affect the size of
the NCs, which is a key attribute influencing the biodistribu-
tion and pharmacokinetics of the nanocarriers.'”*"** Thus,
the incorporation or removal of these small molecules in the
shell does not affect the NCs’ in vivo biodistribution and
tailor-made capsules can be fabricated with the appropriate
imaging probe needed for each specific in vivo and in vitro
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Fig. 8 Fluorescence molecular imaging of PLGA-SPIONs-Cy7.5 NCs. A Xenogen IVIS® imaging system (dex/4em 710/820 nm) was used to monitor
the NIRF signal of NC-6, and the fluorescence intensity was quantified as total radiant efficiency (TRE) vs. the corresponding control. (a) Quantitative
in vitro NIRF intensity of different concentrations of NCs vs. control saline (n = 3, mean + SEM) and representative images of NCs in the well; (b)
representative whole body in vivo images obtained at different time points after i.v. injection; (c) representative ex vivo images of excised organs at
the end of the in vivo experiment; (d) ex vivo quantification of biodistribution of NCs determined by the averaged organ TRE vs. the control mouse (n

=2, mean + SEM).
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study. Moreover, simultaneous multimodal imaging is an
option through custom-tuning the functional moieties in the
capsules. Despite that bare (non-PEGylated) NCs were used
here, the PLGA NCs can also be easily pegylated as shown for
the NC-8 system (3 wt% PEG Mn 5000) and modify the blood
circulation time of NCs. Moreover, the magnetic functionality
could be exploited for magnetic targeting in a selected organ
or tissue.

In vitro and in vivo safety studies of NCs

In vitro and in vivo safety studies of NC-3 (PLGA-SPIONs NCs)
were conducted considering that this is the simplest thera-
peutic formulation for magnetically targeted delivery. We
tested the effect of NC-3 on the proliferation/viability of
human endothelial cells since endothelial cells lining the
blood vessels are the first NC target following their intravenous
administration. Thus, human brain endothelial cells (hnCMEC/
D3), a cell line derived from brain microcirculation, and
primary cultures of human CD34'-derived endothelial cells
were exposed to NC-3 and its cytotoxicity was evaluated by per-
forming a MTT assay. As shown in Fig. 9a, the cells did not
exhibit a decrease in viability after being exposed for 48 h to
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the NCs from 25 to 100 pg mL™", and the differences in cell
viability between groups were not significant (ANOVA >0.05),
thus our results suggest that the NCs are biocompatible for the
studied range of concentrations and time. Thereafter, the sys-
temic effect of NCs via iv. administration was evaluated.
Fig. 9b shows that after injection of NCs, all animals main-
tained the body weight within normal values for two weeks (no
differences between groups at the end of the experimental
period), with no significant morbidity and no potential
adverse effects. At the same time, blood sample tests to
monitor potential liver and pancreatic toxicity showed that
none of the biomarker enzymes were significantly different
between groups and similar to those measured in non-treated
mice (Fig. 9c; ANOVA >0.05), suggesting a normal activity of
these organs. All the above results reinforce the biosafety of
this formulation of nanocarriers for future clinical transla-
tional practice.

Protein loading

The protein loading content was determined as 11.3 + 1.0 pg
BSA per mg NCs (1.13 wt%) with an encapsulation efficiency of
46.0 + 1.4%, the average of six different batches measured. The

CD34-derived Endothelial Cells

150 4
)
2
§‘§ 1004 T
n S
o —
> £
- £
= O 50
s <9
4
X
04
» ] D
oé@ v & o
¢ NC-SPIONSs (png/mL)
40 o
3 S o
S e 18
L g = 3000 T ,.Na-\m
= g‘ o T
E 20 § 2000
AT 8
g1 £ 1000
- s
Vehicle MNanccapsules & Vehicle Nanocapsules
500
= o680
% 400 §
s =6
& ] — Naive
— " w0y =
e B
S 100 -] LR
o L] o
n.

e —— 0
Vehicle Nanocapsules Vehicle Nanocapsules

In vitro and in vivo safety of PLGA-SPION NCs (NC-3). (a) Cell viability after exposing to an increasing dose of NCs for 48 h, expressed as a

percentage of untreated cells (control media), determined by MTT assay (n = 3, mean + SEM); (b) the curve of body weight of the observed mice
throughout the experiment, the naive group was not treated serving as control (n = 3), the vehicle group received 150 pL of saline (n = 5) and the
NC group received 0.84 mg NCs in 150 pL of saline (n = 5); (c) liver and pancreatic toxicity after 13 days of NC injection based on specific enzyme
levels in plasma: alanine aminotransferase (ALT), alkaline phosphatase (ALK), aspartate aminotransferase (AST) and a-amylase.
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protein loading of 1.13 wt% is much higher than the reported
value (0.03 wt%) of vessel endothelial growth factor loaded
PLGA NCs®' and the EE% is comparable to the PLGA NCs
loaded with neurotrophin-3 (47 + 2%) or brain-derived neuro-
trophic factor (47 + 7%).

Conclusions

By covalently bonding PLGA with small molecules of fluoro-
phores and radioligands as well as by incorporating iron oxide
nanoparticles we propose here chemical synthetic approaches
to transform PLGA NCs into a sensitive, multimodal theranos-
tic platform for drug delivery. We have shown that the size of
PLGA NCs remained unaltered after incorporation or removal
of one or several imaging moieties. We have proposed a
modular approach for capsules with multimodal capacities to
be used at several development phases and investigated by
different imaging modalities including MRI, fluorescence at
different emitting wavelengths (blue and NIR) or **Zr-labeling
enabled positron emission tomography (PET) imaging. In all
cases, the imaging moieties are chemically attached to the
PLGA and with minimal interaction with the encapsulated
drug thus avoiding leaching and interferences with the thera-
peutic agent.

The theranostic PLGA NCs show no toxicity in vitro or
in vivo. In this regard, the NCs did not affect the viability of
two different human endothelial cells (brain endothelial
cells and CD34" derived endothelial cells) for concentration
up to 100 pg mL™". In vivo biosafety was shown based on
the lack of morbidity of mice for 2 weeks after the
systemic NC administration and the fact that none of the bio-
marker enzymes monitored were significantly different
between groups and similar to those measured in non-treated
mice.

Finally, we have shown that the NCs can contain over 1 wt%
of protein in their core achieved at the fabrication level.
Interestingly, PLGA NCs decorated with iron oxide nano-
particles can be exploited for magnetic retention or magnetic
guiding and biodistribution could be modified by using
PEG-PLGA NCs.
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Abstract: Developing multifunctional and biocompatible drug delivery nanoplatforms that integrate
high drugloads and multiple imaging modalities avoiding cross-interferences is extremely challenging.
Here we report on the successful chemical reaction of the high quantum yield biodegradable and
photoluminescent polyester (BPLP) with the poly(lactic-co-glycolic acid) (PLGA) polymer to fabricate
biocompatible photoluminescent nanocapsules (NCs). Furthermore, we transform the PLGA-BPLP
NCs into a magnetic resonance (MR)/photoluminescence dual-modal imaging theranostic platform
by incorporating superparamagnetic iron oxide nanoparticles (SPIONs) into the polymeric shell.
In vitro phantoms confirmed the excellent MRI-r; relaxivity values of the NCs whilst the cellular
uptake of these NCs was clearly observed by fluorescence optical imaging. Besides, the NCs (mean
size ~270 nm) were loaded with ~1 wt% of a model protein (BSA) and their PEGylation provided a
more hydrophilic surface. The NCs show biocompatibility in vitro, as hCMEC/D3 endothelial cells
viability was not affected for particle concentration up to 500 pg/mL. Interestingly, NCs decorated
with SPIONSs can be exploited for magnetic guiding and retention.

Keywords: PLGA nanocapsules; magnetic resonance imaging; photoluminescence; drug delivery
systems; magnetic targeting; multimodal imaging; theranostics

1. Introduction

Nanomedicine, which refers to the application of nanotechnology in medicine, offers valuable
new tools for the diagnosis and treatment of many diseases. Nanoparticles are increasingly important
by assisting to expedite the development of contrast agents, therapeutics, drug delivery vehicles,
and theranostics in the context of nanomedicine [1]. Polymer-based nanoparticles are frequently
proposed as drug carriers due to their biocompatibility and biodegradability, as well as the possibility of
customizing their physicochemical properties for a specific drug or delivery route [2-4]. Among them,
poly(lactic-co-glycolic acid) PLGA nanoparticles have gathered particular attention, since they
encompass a number of interesting features: (i) FDA and European Medicine Agency approval
in drug delivery systems for parenteral administration; (ii) well described formulations and methods
of production adapted to various drugs i.e., hydrophilic or hydrophobic, small molecules, or
macromolecules; (iii) protects the loaded drugs from degradation and possibility of sustained release;
and, (iv) easy to modify to include targeted delivery or to provide tuned performance in a specific
biological environment [5,6].

Theranostics is an emerging field that combines diagnostics and therapeutics into multifunction
nanoparticle systems [7]. Drugs and nanocarriers in vitro/in vivo fate can be monitored while using
noninvasive imaging techniques, such as magnetic resonance imaging (MRI) and fluorescent imaging,
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in order to optimize the route of delivery, biodistribution, and drug accumulation, among other
factors [4,8,9]. PLGA nanoparticles can be used in diagnostic and therapeutic imaging by the addition
of the imaging moieties during the particle synthesis. To date, large efforts have been devoted to
conjugating PLGA with semiconducting quantum dots and organic dyes to create photoluminescent
PLGA nanocarriers [9-11]. However, conventional approaches for physically blending imaging probes
within the nanoparticles can lead to incomplete conclusions or misinterpretations on the nanoparticles’
biodistribution and fate [12,13]. Moreover, the inevitable photobleaching and low dye-to-polymer
labeling ratios of organic dyes and the innate toxicity of quantum dots prevent their practical use
in vivo [14,15]. Recently, a series of biodegradable photoluminescent (PL) polyesters (BPLPs) could
derived inherently photoluminescent PLGA-BPLP copolymers with excellent biocompatibility, tunable
luminescence and degradation rates, and good thermal and mechanical properties, thus expanding the
biomedical applications of PLGA to highly desired optical imaging [16,17].

Here, we present PLGA nanocapsules (NCs) as a dual-modal imaging theranostic platform
for magnetic targeting protein delivery (Figure 1). We report on the protocol for the fabrication of
magnetic PLGA-BPLP NCs with intrinsic photoluminescence and MRI capacity being endowed by
the incorporation of superparamagnetic iron oxide nanoparticles (SPIONs). Moreover, the NCs are
functionalized with poly(ethylene glycol) (PEG), providing a hydrophilic surface that could result
in an enhanced stealth effect. Unlike solid PLGA nanoparticles [4,18,19], in our NCs, the functional
moieties are incorporated into the polymeric shell matrix to minimize interferences with the cargo being
placed inside the NC; this is especially important for delicate payloads, such as proteins, enzymes,
or microRNAs. In this study, bovine serum albumin (BSA) has been used as a model protein for
evaluating the protein loading capability and release kinetics of the proposed nanocarrier.

® SPIONs
-~ PEG
€ PL shell

% Protein

Figure 1. Schematic illustration of poly(lactic-co-glycolic acid)-biocompatible photoluminescent
polymer nanocapsule (PLGA-BPLP NC) as a dual-modal imaging theranostic platform.

2. Experimental Section

All of the reagents were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany)
unless specified otherwise.

2.1. Synthesis of PLGA-BPLP Copolymer

The PLGA-BPLP copolymer was synthesized by a slight modification of Yang’s method [16,17].
Step one involves the synthesis of a hydroxyl terminated BPLP pre-polymer. Briefly, citric acid,
1,8-octanediol, and r-cysteine with the molar ratio of 1:1:0.2 (5.76 g, 4.38 g, 0.72 g) were added into
a flask of 50 mL with a stirring bar. Under a constant flow of argon, the reactants were melted by
heating to 140 °C until a clear solution formed. The solution was allowed to react at this temperature
for 80 min. and then stopped before the stirring bar stopped stirring completely in the increasingly
viscous solution by adding 25 mL of 1,4-dioxane to dilute the produced prepolymer. The product was
purified by dropwise precipitation from the 1,4-dioxane solution in water to remove the unreacted
monomers. The final BPLP product was collected by centrifugation and then lyophilized.
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In the second step, the PLGA-BPLP copolymer was synthesized while using the BPLP as a
macroinitiator to react with r-lactide and glycolide via a ring-opening polymerization that was
catalyzed by Tin (II) 2-ethylhexanoate (Sn(OCt),). Briefly, L-lactide, glycolide and BPLP with the
molar ratios of (75:25):1 or (50:50):1 were added into a reaction tube. Subsequently, Sn (OCt), (0.1 wt%
of L-lactide and glycolide mixture) was added as a solution in dichloromethane which was then
evaporated in vacuum. The tube was flushed with argon and capped and subsequently immersed in
a 160 °C oil bath for 48 h. The obtained product was dissolved in chloroform and then purified by
dropwise precipitation into pure ethanol to remove unreacted raw materials. Finally, the PLGA-BPLP
copolymer was recovered by centrifugation and then dried in vacuum at room temperature. All of the
PLGA-BPLP mentioned in the text were with molar ratios of (75:25):1, unless specified otherwise.

2.2. Synthesis of Oleic Acid Coated SPIONs

The SPIONs were synthesized by microwave assisted thermal decomposition in a microwave
synthesizer (Discover SP, CEM Corporation, Matthews, NC, USA), and then coated by oleic acid
(OA) [20]. The process to obtain homogeneous OA-SPIONs with an average diameter of 9 nm was as
follows: 3.5 mmol of iron precursor Fe (acac); was dissolved in 4.5 mL of benzyl alcohol in a microwave
reaction glass tube. Microwave irradiation was initiated at 60 °C for 5 min. to fully dissolve the
precursor and, subsequently, the irradiation was kept at 210 °C for 30 min., and the reaction was then
stopped and cooled down to room temperature. 4 mL of oleic acid in toluene (0.8 mmol/mL) was added
immediately into the as-synthesized SPIONs dispersion followed by incubation under ultrasound for
1 h. Subsequently, the obtained OA-SPIONs were separated by centrifugation in five-fold of acetone.
The pellet was redispersed in 4 mL of toluene in a glass vial and a magnet was attached on the wall for
5's, the un-adsorbed suspension containing SPIONs with smaller size was discarded and the adsorbed
pellet was redispersed in 6 mL of dichloromethane (DCM), followed by centrifugation at 4000 rpm
for 5 min. to sediment the unstable big particles. Finally, the stable OA-SPIONSs (9 nm) dispersion in
DCM was centrifugated in five-fold of acetone and the pellet product was dried under vacuum and
redispersed in DCM at the concentration required for use.

2.3. Fabrication of Functional PLGA-BPLP NCs and Encapsulation of BSA

Functional PLGA NCs encapsulating BSA were prepared by a double emulsion solvent evaporation
method. Briefly, 50 puL of inner aqueous phase (W1) containing BSA (30 mg/mL) was emulsified in
500 pL of DCM organic phase (O) that was composed of 50 mg of different proportions of PLGA
(RG502H, Mn 12,000)/PLGA-BPLP/PLGA-PEG (PLGA Mn 7000, PEG Mn 5000) and a certain amount
of OA-SPIONs by sonication (VC505, Sonics & Materials Inc., Newtown, CT, USA) at 200 W for 28 s
to form the first emulsion (W1/O). Afterwards, 2 mL of external aqueous phase (W2) with polyvinyl
alcohol (PVA) (20 mg/mL) was added and the second emulsion (W1/O/W2) was formed by sonication
for another 28 s. The temperature during the whole emulsion process was kept at 4 °C by using an
ice bath. The resulting double emulsion was poured into 50 mL of MilliQ water and mechanically
stirred at RT for 2 h to allow for complete evaporation of the organic solvent DCM and the formation of
NCs. Finally, the NCs were washed three times with MilliQ water and lyophilized in 6 mL of trehalose
aqueous solution (2 mg/mL). The as-obtained powder was stored at 4 °C with desiccant silica gel.

The non-PEGylated and PEGylated NCs have been labelled, as follows: NC1.non PEGylated
(90 wt% PLGA-BPLP + 10 wt% PLGA) and NC2.PEGylated (90 wt% PLGA-BPLP + 3 wt% PLGA +
7 wt% PLGA-PEG), both containing ~6 wt% of SPIONSs, as gathered in Table 1.
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Table 1. Summary of the two main formulations for the NCs. Oleic acid coated-SPIONs and PLGA-BPLP
and PLGA-PEG were mixed in the organic phase during the double miniemulsion process.

Shell Polymers (wt%) SPIONSs M, Size (DLS) BSA BSA

NCs Type Loading um/g) — i Loading EE%
PLGA PLGA-BPLP* PLGA-PEG  (wt%) dnm Pdl  (wi%) o

NCl1.non-PEGylated 10 90 / 5.7 4.0 272 0.11 0.96 38.5
NC2.PEGylated 3 90 7 6.0 42 265 0.05 1.01 41.3

* PLGA-BPLP from initial molar ratios (LA:GA):BPLP = (75:25):1.
2.4. Physicochemical Characterization of PLGA-BPLP, SPIONs, and NCs

2.4.1. Absorption Spectroscopies of the Polymers

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) characterization of the
polymers was performed on a Bruker Vertex 70 FTIR spectrometer with a Pike Miracle Single-Bounce
diamond crystal plate accessory at room temperature. The FTIR spectra were recorded over a
wavelength range of 4000-500 cm ™! with a resolution of 4 cm ™. UV-Vis absorbance of the fluorescent
polymers was recorded on a Varian Cary-5000 UV-Vis spectrophotometer while using a quartz cuvette
with an optical path of 1 cm.

2.4.2. Size Distribution and Disperse Stability of the NCs

Dynamic light scattering (DLS) (Zetasizer Nano ZS, Malvern Panalytical, Madrid, Spain)
measurement of the hydrodynamic diameter and size distribution of NCs by intensity was performed
by redispersing 0.5 mg of lyophilized NCs powder into 1 mL of MilliQ water.

Turbiscan (Turbiscan Lab, Formulaction, Toulouse, France) is used to detect the destabilization of
the NCs suspension. 15 mL of 2 mg/mL NCs in the Turbiscan cell were scanned at all of the heights
of the suspension with a time interval of 2 min. during 24 h. The back scattering signals at different
heights of the cell were recorded and the delta of back scattering intensity was calculated by subtracting
the reference time 0 s. The bottom part was defined as 1/5 of the liquid level.

Nanosight (NS300, Malvern Panalytical, Madrid, Spain) is used to measure the averaged size and
concentration of the NCs water suspension. 0.2 mg/mL of NCs with 50 times dilution was pumped
into the cell and the data were acquired and analyzed through the Nanoparticle Tracking Analysis
(NTA) software along with the instrument.

2.4.3. Electron Microscopies

Field emitting scanning electron microscope (SEM, FEI Quanta 200 FEG, Thermo Fisher Scientific,
OR, USA) and transmission electron microscope (TEM, JEM-1210, JEOL Ltd., Tokyo, Japan) were used
to study the morphologies of SPIONs and NCs. 0.5 mg of lyophilized powder was redispersed into
1 mL of MilliQ water and centrifuged at 4000 rpm for 10 min. for the SEM sample preparation of NCs.
Subsequently, the supernatant was discarded to remove the trehalose (used for cryopreserving during
lyophilization) and 1 mL of fresh water was added, the pellet of NCs was redispersed in water with
ultrasound. Finally, 6 L of the slightly turbid suspension was deposited onto a small slice of silicon
wafer stuck on the top of a carbon layer and dried at room temperature overnight. The sample was
sputtered with Au-Pd (20 mA 2 min, Emitech K550, Quorum Technologies Ltd., East Sussex, UK).
The TEM samples were prepared by placing and drying one drop of the corresponding NCs or SPIONs
dispersion on a copper grid at room temperature.

2.4.4. Magnetometry

Superconductive quantum interference device (SQUID, MPMS5XL, Quantum Design, San Diego,
CA, USA) was used to measure the magnetization of NCs and SPIONs and calculate the SPIONs loading
(wt%-SPIONSs) of the magnetic NCs. Zero-field cooling and field cooling (ZFC-FC) measurement were
used to determine the blocking temperature (Tg) of the SPIONSs. A gelatin capsule filled with about
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7 mg of samples, together with some cotton wool, was inserted into the SQUID magnetometer sample
holder and the hysteresis loop was measured from —50 kOe to 50 kOe. The saturation magnetization
of the NCs (Ms-NCs, emu/g) and of SPIONs (Mg-SPIONs, emu/g) was used to calculate wt%-SPIONSs,
as follows:

wt%-SPIONs = Mg-NCs/Mg-SPIONs x 100%

2.4.5. Fluorescence Properties

Fluorescence spectra of the polymers and NCs were acquired on a spectrofluorometer (1545,
PerkinElmer Inc., Waltham, MA, USA). The excitation and emission slit widths were both set at 10 nm.
The quantum yield of the polymers was measured by the Williams” method [16]. Briefly, a series of
BPLP/PLGA-BPLP solutions in the corresponding solvents were prepared with gradient concentrations.
Maximal excitation wavelength was determined, which generated the highest emission intensity.
The fluorescence spectra were collected for the series of solutions in the 10 mm fluorescence cuvette
(Figure S1). The integrated fluorescence intensity, which is the area of the fluorescence spectrum, was
calculated and then noted. Afterwards, the UV-Vis absorbance spectra were collected with the same
solutions and the absorbance at the maximal excitation wavelength within the range of 0.01-0.1 Abs
units was noted (Figure S1). The graphs of integrated fluorescence intensity vs. absorbance were
plotted. The quantum yield was calculated according to the equation:

where, ® = quantum yield; Slope = slope of the straight line obtained from the plot of intensity vs.
absorbance; n = refractive index of the solvent; s = subscript denotes the sample; and, r = subscript
denotes the reference used. Here, anthracene (® = 27% in ethanol when excited at 366 nm) was used
as the reference.

The fluorescence intensities of different concentrations of NCs in water were quantified in a
96-well by a microplate reader (Spark, Tecan Group Ltd., Mannedorf, Switzerland). The NCs were
excited at the maximal excitation wavelength and the fluorescence signal was collected by area scan at
the maximal emission wavelength.

Photostability was measured by continuously illuminating the polymer or NCs in a fluorescent
confocal microscope (Leica SP5, Leica Microsistemas S.L.U., Barcelona, Spain) while using UV diode
405 nm excitation at different laser power (10%, 20%, 100%). The fluorescence images were acquired
at a time interval of 1 s for 10 min., changes of mean fluorescence intensity of six region of interests
(ROIs) in 10 min. were calculated while using software Las AF. The real laser power (W) at different
percentage during 10 min. was monitored using a laser power meter.

2.5. MRI Phantoms of the NCs

In vitro agarose phantoms of NCs were prepared in Eppendorfs where a series of concentrations
of NCs were vortexed and sonicated in agarose water solutions before the gel formed. The volume was
kept at 1 mL with 0.63 wt% of agarose (Conda, Madrid, Spain). The corresponding iron doses (mmol/L)
were calculated according to the wt% of SPIONSs in each sample. T2 maps of the phantoms were
acquired at 7 T in a 70/30 Bruker USR Biospec system (Bruker GmbH, Ettlingen, Germany), as follows:
multi-slice multi-echo (MSME) sequence with echo time (TE) = 13 ms, repetition time (TR) = 4000 ms,
field of view (FOV) = 5.5 X 11 mm, and three slices of 1 mm thickness. The quantitative T2 values were
obtained from hand-drawn ROIs by using curve fitting in the Image Sequence Analysis (ISA) software
along with the instrument.
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2.6. In Vitro Toxicity Evaluation of the NCs

Two parallel methods assessed the toxicity of the NCs on human brain endothelial cells
(hCMEC/D3): a viability assay based on WST-8 tetrazolium salt reduction (cell counting Kit-8,
Dojindo) and direct cell counting. First, 10 viable cells per well were seeded on a 24-well plate
pre-treated with collagen (rat tail type I, Corning) in 400 uL of endothelial growth medium (EGM2
from Lonza with 2% fetal bovine serum and half the amount of the growth factors that were included
in the kit). After incubation for 72 h at 37 °C with 5% of CO,, the cells were at 80-90% confluence
and medium was changed to endothelial basal medium (EBM2, Lonza) containing NCs at 25, 50, 100,
500, and 1000 pg/mL. After 48 h, the cells were washed and incubated with 10% WST-8 solution for
two hours. Culture supernatants were centrifuged at 20,000 rpm for 5 min. to remove NCs detritus
that could interfere with the dye absorption before determining the absorbance at 450 nm. Cells were
trypsinized and resuspended in growth medium and diluted 1:1 in Trypan Blue in order to perform
cell counting in a Neubauer chamber. Cell viability and count are expressed as the percentage of
absorbance or number of cells as compared with the control (vehicle without NCs). ANOVA test and
Dunnett’s multiple comparisons post-hoc test was performed vs. the control.

2.7. In Vitro Observation of NCs Cellular Uptake

The hCMEC/D3 endothelial cells were seeded in cover-slips that were pre-treated with collagen
(2 x 10* cells/well in 24 well plates) and 24 h later were exposed to 50 pg/mL of empty fluorescent NCs.
After an additional 24 h of culture, the wells were washed with PBS, fixated with 4% paraformaldehyde,
and mounted with Vectashield antifade mounting medium (Vector Laboratories) with propidium iodide
for nucleic acid counterstaining. Additionally, some of the cells were stained with PKH26 lipophilic
fluorescent dye for cell membrane labeling according to the manufacturer’s protocol. Images at
63x were obtained on a fluorescent confocal microscope (LSM 980 with Airyscan 2 detector, Zeiss,
Oberkochen, Germany).

2.8. BSA Loading in NCs and Release Kinetics

The albumin content of the NC was directly determined while using the CBQCA protein assay
kit (Invitrogen™ ref. C6667), which determines the protein concentration based on the production of
fluorescent products measurable at Aex/Aem = 450 nm/550 nm via non-covalent interaction between
CBQCA and primary aliphatic amines of proteins. This highly sensitive fluorescence-based method
showed compatibility with DMSO, SPIONSs, detergents, and other substances that interfere with other
commonly used protein determination methods. Lyophilized NCs encapsulating albumin as well
as empty NCs as control were fully dissolved in DMSO at 100 mg/mL. The protein contents in the
NCs lysates were measured and calculated based on the difference in fluorescence with the control
and a calibration curve drawn with standard albumin solutions, the protein contents in the BSA
solutions used for encapsulation were also measured. As listed in Table 1 for the two types of NCs,
at least two replicate NCs batches of each were measured for the BSA loading and encapsulation
efficiency (EE%) calculation. All of the measurements were performed in duplicate for each NCs batch.
The experimental BSA loading in the NCs is expressed as g of BSA per mg of NCs (ug/mg) or the wt%
of the NCs, and the BSA EE% is calculated, as follows:

Experimental BSA loading

EE% BSA = Nominal BSA loading

% 100%

For the release studies, lyophilized NCs were resuspended in phosphate buffered saline (PBS)
(pH 7.4, Sigma ref. D1408) at 10 mg/mL in low protein binding microcentrifuge tubes (Thermo
Scientific© ref. 90410). NCs solutions were incubated at 37 °C in a vertical rotator for different time
measures to simulate the in vivo environment: right after the resuspension (time 0), and after three
hours, six h, one day, and seven days of incubation. In all cases, an aliquot of 200 uL was frozen
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at —80 °C until protein determination. Before the CBQCA assay, the aliquots were centrifuged at
15,000 g rcf to separate supernatant and pellet. The amount of protein release was directly calculated
as total released protein and indirectly from the remaining protein in the pellet as indirect measure.
For this purpose, the pellets were fully dissolved in DMSO and then compared with the intact NCs
fully dissolved in DMSO (100 mg/mL) used as the 100% release set up. Four BSA-loaded NCs batches
and one of HyO-NCs batch as control were used and measures done in duplicate. The release profiles
were expressed in terms of cumulative release and plotted vs. time.

3. Results and Discussion

3.1. Photoluminescent PLGA-BPLP Copolymer

BPLPs are degradable oligomers synthesized from biocompatible monomers, including citric
acid, aliphatic diols, and various amino acids via a convenient and cost-effective polycondensation
reaction. BPLPs present some advantages over the traditional fluorescent organic dyes and quantum
dots due to their cytocompatibility, minimal chronic inflammatory responses, controlled degradability,
and excellent fluorescence properties [16]. Here, L-cysteine was selected and introduced into
the polyester structure that was made of biocompatible monomers of citric acid and aliphatic
1,8-octanediol, since previously reported BPLP from this starting amino acid exhibited the highest
quantum yield (62.3%) [16]. The fluorophore structure of BPLP was verified as a fused ring structure
((5-ox0-3,5-dihydro-thiazolopyridine-3,7-dicarboxylic acid, TPA) [21]. ATR-FTIR was also used to
confirm the chemical structure of the as-synthesized BPLP (Figure 2A). Strong absorptions from the
molecular backbone of the polyester were observed i.e., peaks at 1044 em™t, 1176 em™!, and 1716 ecm ™!
are attributed to the C=0 stretch, C-O asymmetrical, and symmetrical stretches of the ester bond,
respectively, the peaks at 2930 cm ™! and 2856 cm™ are attributed to the C-H stretches of alkane from
1,8-octanediol and the band near 3467 cm™! is from the —-OH. NH bending of the secondary amide at
1527 cm™! and —SH at 2575 cm™! confirm that L-cysteine is chemically bound to the poly(diol citrate)
chain. The shoulder band near 1635 cm™ is attributed to the C=O stretching of the tertiary amide
from the TPA ring. The average molecular weight (M,,) of BPLP measured by matrix-assisted laser
desorption/ionization time of flight mass spectroscopy (MALDI-TOF-MS) was 1044 g/mol (Figure S2).
The BPLP oligomer served as a macroinitiator to react with r-lactide and glycolide via a ring-opening
polymerization to produce PLGA-BPLP [17]. The as-synthesized PLGA-BPLP (75:25):1 with molar
ratios equal to 75:25 for L-lactide to glycolide and equal to 1:100 for BPLP to total L-lactide and glycolide
was reported to have desirable glass transition temperature (Tg, 32.5 °C), mechanical properties,
fluorescence properties, and degradation rate of the resulting product [17]. Moreover, we have proved
here that the 75:25 formulations are more suitable for the fabrication of NCs by a double mini-emulsion
method than the PLGA-BPLP (50:50):1 one, as shown in the following section.

The obtained PLGA-BPLP copolymer (Figure 2B inset) exhibits the inherent photoluminescence
from the BPLP. The similarities of bands and shapes of the IR spectra of the as-synthesized PLGA-BPLP
and commercial PLGA (Figure 2B), for instance, bands at 1084 cm~!, 1165cm~1, and 1747 ecm™! from
the ester bonds in PLGA indicate their similar chemical structure, given the fact that BPLP is a very
small portion of the PLGA-BPLP copolymer.

The fluorescence of the as-synthesized BPLP and PLGA-BPLP was evaluated and Figure 3A,B depict
the excitation and emission spectra. The similar spectra further confirm the inherent photoluminescence
of PLGA-BPLP from BPLP. Importantly, the fluorescence intensity of PLGA-BPLP only slightly decreased
(10%) after 10 min. of continuous illumination under confocal microscope at 10% of laser power
(0.40 £ 0.01 uW) (Figure 3C). When considering the laser power applied to observe stained cells is
generally less than 10%, our photoluminescent polymer would exhibit good photostability at in vitro
conditions. The calculated high quantum yields of BPLP (64%) and PLGA-BPLP (33%) from Figure 3D
are consistent with the previously reported values [16,17]. The remarkable fluorescence properties that
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are shown here endow the PLGA-BPLP copolymer with high potential for the fabrication of functional
photoluminescent NCs.

A BPLP B PLGA-BPLP
R'=-0H, ~O(CH;)40-, -O(CH;);OH or -NHCH(CH;SH)(COOH) R*=H, PLA, PGA or PLGA chains
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Figure 2. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra of the
as-synthesized biocompatible photoluminescent polymer (BPLP) and PLGA-BPLP copolymer confirming
their chemical structures and the successful synthesis. (A) BPLP; (B) PLGA-BPLP and commercial PLGA
as reference. Inset: fluorescence of the PLGA-BPLP under a UV lamp.
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Figure 3. (A,B) excitation and emission spectra of the as-synthesized BPLP and PLGA-BPLP. Insets:
fluorescence of BPLP and PLGA-BPLP dispersed in solutions under a UV lamp; (C) photostability
evaluation of PLGA-BPLP powder under confocal microscope at different laser power, fluorescence
intensity expressed as the percentage vs. the value at the initial time; and, (D) fluorescence
intensity-absorbance curves of BPLP, PLGA-BPLP, and anthracene used as a reference used to calculate
quantum yields.
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3.2. Fabrication of PLGA-BPLP NCs Combining Other Functional Moieties

PLGA-based NCs with BSA encapsulated were prepared by a double emulsion solvent evaporation
method with slight modifications from our previously reported method [22]. Functional moieties, such
as PLGA-BPLP for the fluorescence imaging, PLGA-PEG to increase hydrophilicity and sealthness,
and SPIONSs for magnetic targeting and MRI (Figure 4A,B) can be incorporated to the organic phase
during the NCs fabrication process (see Table 1). The first important remark is that NC morphology
was not affected, even when using 100 wt% of PLGA-BPLP (75:25):1 (Figure S3A). A formulation
with 90 wt% of PLGA-BPLP (75:25):1 was selected to allow for NC PEGylation by the addition of
7 wt% of PLGA-PEG and for the benefit of higher fluorescence intensity (Figure S4). Note that 7 wt%
of PLGA-PEG (3 wt% PEG, Figure S3B) (NC2) was found to be the maximum amount that can be
mixed in the organic phase during the NCs fabrication process, due to the amphiphilic property of
PLGA-PEG. For a larger wt% of PLGA-PEG, the morphology and size of NCs were not maintained.
As shown in the SEM image (Figure 4C), non-PEGylated and PEGylated NCs, as listed in Table 1, both
contain ~6 wt% of SPIONs and depict homogeneous spherical morphologies and sizes (d.nm ~270)
being similar to other reported PLGA systems that are suitable for intravenous administration [23].
The upper inset in Figure 4C shows a representative broken NC, exposing the hollow core where the
protein drug is loaded. We have also found that the PLGA-BPLP (50:50):1 polymer from using initial
molar ratio of LA:GA = 50:50 and BPLP:(LA + GA) = 1:100 was not as suitable for the fabrication of
NCs. NCs with homogeneous morphology and narrow size distribution were attained only up to a
maximum of 30 wt% of modified PLGA (Figure S3C) and without the possibility of further adding
PLGA-PEG when using PLGA-BPLP (50:50):1 (Figure S3D). These results are in accordance with the
higher glass transition temperature and better mechanical properties of PLGA-BPLP (75:25):1 over
those of PLGA-BPLP (50:50):1 [17]. As expected, the NCs with a higher fraction of PLGA-BPLP (75:25):1
(90 wt%) show higher fluorescence intensity than the ones that were obtained with PLGA-BPLP
(50:50):1 (30 wt%) at the same concentration (Figure 54).

Regarding magnetic loading, up to 6 wt% of SPIONs could be loaded without affecting the NCs
morphology and yielding a saturation magnetization (Ms) value of around 4 emu/g NCs (Figure 4D).
In addition, the lower blocking temperature (Tp, 33 K) of SPIONSs in the NCs (Figure 4D inset) than the
SPIONS of dry powder (55 K, Figure 4B inset) further demonstrates that the SPIONs are well dispersed
in the polymer matrix. Note that a high magnetic loading is desirable for the magnetic retention of NCs.
This is illustrated in the inset images of Figure 4D, where the darker-coloured water suspension of NCs
with 6 wt% of SPIONs were adsorbed faster to the tube wall on the magnet side than the NCs with
1 wt% SPIONSs loading at the same concentration, promisingly benefiting the magnetically targeted
drug delivery as compared to the previously reported results [4,24]. Note that the superparamagnetic
behaviour of NCs at room temperature (lack of coercivity, Figure S5) ensures no magnetic interactions
among NCs in the absence of an external magnetic field, minimizing the risk of embolization during
i.v. administration.
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Figure 4. (A) Representative transmission electron microscope (TEM) image of the oleic acid (OA)
coated SPIONs with the upper inset showing the selected area electron diffraction (SAED) pattern of
maghemite and lower inset a size distribution histogram of the particles in the image; (B) hysteresis
loop (5 K) and ZFC-FC (inset) for the OA-superparamagnetic iron oxide nanoparticles (OA-SPIONSs),
inserted picture shows the stable OA-SPIONSs in dichloromethane attracted by an external magnet;
(C) representative SEM image of lyophilized NCs with the upper inset showing the hollow core of a
nanocapsule and lower inset a TEM image of three NCs with the SPIONSs visible as black spots well
distributed in the polymer matrix; (D) hysteresis loop (5 K) and ZFC-FC (inset) for the lyophilized
nanocapsule batch NC1, inserted pictures show the water suspension of these NCs (2 mg/mL) where
the 6 wt% loading of SPIONs were adsorbed faster to the tube wall on the magnet (diameter 8mm,
surface field ~0.4 T) side than that of 1 wt% loading.

It is well reported that the surface PEGylation of engineered nanoparticles provides them
with stealth character increasing blood circulation time since nanoparticles are less visible to the
reticulo-endothelial system [6]. We evaluated the flocculation regime of the NCs with a Turbiscan to
confirm successful surface modification with PEG, since the long hydrophilic PEG chains (Mn 5000) on
the surface of the NCs are expected to increase the stability of the NCs in water suspension and decrease
the sedimentation rate. Sedimentation of the NCs suspension was monitored for 24 h. Figure 5A
shows that, as NCs sedimentation progresses, the back scattering signal of the bottom part of the
suspension increases from an increasingly higher concentration of NCs, while the signal of the top
part decreases. The sedimentation rates of non-PEGylated and PEGylated NCs were compared with
or without a physiological concentration of BSA (0.5 mM) in Figure 5B, as expected the bottom back
scattering signal of the PEGylated NCs media increases at a slower rate than the non-PEGylated ones
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both with and without BSA, which demonstrates a better dispersibility of the NCs due to the surface
hydrophilic PEG chains. Note that the sedimentation rates of non-PEGylated and PEGylated NCs both
slow down with the physiological concentration of BSA probably due to the interaction of NCs with
the dense BSA solution. Additionally, in Figure 5A, the back scattering signal of the middle part did
not vary with time, which means that the NCs were monodispersed at the physiological concentration
of BSA and flocculation or coalescence did not occur during the 24 h period. This is in consistent with
the DLS size distribution results that are shown in Figure 5C, both non-PEGylated and PEGylated NCs
remained monodisperse at the physiological concentration of BSA, which is of great advantage for the
i.v. administration and in vivo blood circulation. Nanosight was also used as an additional technique
for the determination of size and the concentration of the NCs (Figure 5D). The results show a similar
size distribution as obtained by DLS. From the number concentration of the NCs, we can determine a
mean mass of 1.06 x 107! mg/NC.
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Figure 5. (A) Back scattering intensity change of the NC2 PBS suspension (shown inset) containing
0.5 mM of BSA at different height of the vial along 24 h measured by Turbiscan; (B) quantified back
scattering intensity change of the bottom part of the vial along 24 h for NCs suspension in different
media measured by Turbiscan; (C) dynamic light scattering (DLS) size distributions of NC1 and NC2
PBS suspensions with 0.5 mM of BSA along 24 h; (D) quantitative number concentration and size
distribution of the nanocapsules measured by Nanosight (n = 3, mean + SD with error bar).

3.3. Imaging Performance of the Magnetic Photoluminescent NCs

The fluorescence of the NCs was evaluated, and Figure 6A depicts the excitation and emission
spectra. The spectra are similar to those of the PLGA-BPLP polymer shown in Figure 3B. Importantly,
the incorporation of SPIONSs in the polymer matrix does not quench the fluorescence of NCs. Note that
a small displacement of the emission peak wavelength was observed for aqueous dispersed fluorescent
NCs when compared to the emission peak of the polymer in a chloroform solution (Figure 3B), which we
ascribe to the different interaction of the fluorescent probe with the two solvents. The fluorescence
intensities of NCs show a linear dependency on the NCs concentration within a range of 0.1 to
1.0 mg/mL; at higher concentrations the fluorescence shows a trend towards saturation (Figure 6B).
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NCs can be clearly imaged with a fluorescence confocal microscope and they show a very good
photostability while using 10% of laser power, which is ideal for the observation of in vitro cellular
uptake (Figure 6C). The strategy used here confers intrinsic photoluminescence to the PLGA NCs
without introducing any cytotoxic quantum dots or photo-bleaching organic dyes when compared
to other more conventional approaches that physically blend imaging probes within the carrier that
can lead to misinterpretations on the tracing of the carrier [12,13], which may greatly expand the
applications of this drug carrier.
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Figure 6. (A) Excitation and emission spectra of the nanocapsules (NCs) water suspension;
(B) fluorescence intensity of different concentrations of NCs measured by microplate reader (n = 2,
values represent mean + sd and subtract values of control non-fluorescence NCs); and, (C) photostability
evaluation of NCs under confocal microscope at 10% laser power, fluorescence intensity expressed as
the percentage vs. the value at the initial time, inset: NC1 water suspension observed at 60X lens.

Phantom studies were conducted to confirm the MRI performance of the capsules. Phantoms of
NCs that were dispersed in agarose gel at various concentrations were prepared (Figure 7A).
Spin-spin relaxation time (T2) maps clearly exhibit signal decay in a concentration dependent manner.
The calculated transverse relaxivity (r,) values at 7 Tesla of both non-PEGylated NC1 (263 mM~1s71)
and PEGylated NC2 (237 mM~!s7!) are similar as those seen in Figure 7B, as expected, further
demonstrating the similar loading and distribution of SPIONs in the polymer shell matrix for both
systems. When compared with other clinically used SPIONSs systems, such as Feridex (98 mM~'s™1)
and Resovist (151 mM~!s™1) [25], the much higher r, value of our NCs formula is expected to be useful
for in vivo MRI tracking of the NCs.
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Figure 7. (A) T2 maps of a series of concentrations of NC1 in agarose phantoms; (B) r, relaxivity

evaluation for the NCs.
3.4. Cell Viability after NCs Uptake

Photoluminescent NCs were incorporated by brain endothelial cells after several hours in culture,
as seen in Figure 8A, with cytoplasmic localization of the NCs in perinuclear structures compatible
with Golgi bodies and endosomes. This subcellular localization was confirmed by Z-stack images
(Figure 8B). Importantly, this cellular uptake was biocompatible for endothelial cells, as the main
exposed cells during NCs circulation in blood vessels, since viability tests did not show signs of cell
toxicity at a wide range of NCs concentrations up to 500 ug/mL (Figure 8C,D) and 48 h exposure.
Only extremely high doses (1000 pg/mL) with noticeable occupying space difficulties for cell culturing
showed a significant reduction in cell viability and number.
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Figure 8. NCs uptake and cytotoxicity in human brain endothelial cells. (A) Representative images
of hCEMC/d3 cells stained with membrane dye PHK26 and exposed to 50 ug/mL of NC1 for 24 h
(63x magnification); (B) Orthogonal view of a Z-stack of Propidium Iodide (PI) stained cells (showing
the cell nuclei) and the fluorescent NCs; (C,D) hCEMC/d3 cells were treated for 48 h with different
concentrations of NC1 and cell viability was determined with WST-8 reduction assay or tripsinized
and counted in a Neubauer chamber, (n = 34, values represent mean + SEM, ** p < 0.01).

3.5. Protein Loading and In Vitro Release

Protein loading and encapsulation efficiency were determined by lysing NCs with DMSO and
measuring total protein content. The BSA loading content was determined as ~10 pg BSA/mg NCs
(1 wt%) with an EE% of around 40% for both NC2.PEGylated and NC1.non-PEGylated systems, as
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listed in Table 1, which indicated that the incorporation of PEG does not affect the protein encapsulation
process. Note that a protein loading of 1 wt% is much higher than other reported values (0.03 wt% of
vessel endothelial growth factor (VEGF) loaded PLGA NCs) [22] and the EE% of 40% is comparable to
the PLGA NCs loaded with neurotrophin-3 or brain-derived neurotrophic factor (47%) [26].

BSA-loaded NCs were able to release protein cargo over time at physiological temperature in PBS
media (32% protein release in one week). Figure 9A shows a fast BSA release within the first hours, but
not after one day, which could be related to the protein degradation in ex vivo conditions of our assays.
The amount of released protein in one week was similar when indirectly measured from the pellet
retained protein (Figure 9B,C), although the release profile showed a more sustained pattern over time,
which could be associated to the protein that was trapped within the PLGA polymer.
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Figure 9. Protein release temporal profile of the NCs. (A-C) NC1 in PBS (10 mg/mL) were incubated at
37 °C in rotation and the released BSA quantified as total mass of protein released (A) together with
BSA content in the remaining NCs pellet by DMSO lysis (B) and the released BSA calculated indirectly
from the pellet values (C). The percentage was calculated versus intact unreleased NCs lysated also in
DMSO (n = 8, values represent mean + SEM).

By using the model protein BSA, here we were able to prove the loading capacity and release
kinetics of the drug carrier, yet the preservation of protein functionality after the encapsulation process
still needs to be investigated. Nevertheless, in a previous work, we have shown that VEGF could be
encapsulated following a similar route and VEGF effect on cell proliferation could be determined [22],
which implied the preserved protein functionality.

4. Conclusions

We here transform PLGA nanocapsules (NCs) into a highly sensitive, MRI/photoluminescence
dual-modal imaging theranostic platform for drug delivery by integrating the biocompatible and
photoluminescent polyester BPLP into the PLGA molecular structure, as well as by incorporating
superparamagnetic iron oxide nanoparticles (SPIONs). Furthermore, we have shown that PEGylation
provides a hydrophilic surface to the NCs slowing down their flocculation rated and without modiying
the size, SPIONs content or protein loading capacity of the NCs. In all cases, the functional moieties
are embedded in the PLGA shell with minimal interferences between them or with the therapeutic
protein. The developed magnetic PLGA-BPLP NCs show biocompatibility in vitro. In this regard,
the NCs did not affect the viability of endothelial cells in culture for concentration up to 500 pug/mL
and 48 h incubation. Finally, we have shown that the NCs can contain 1 wt% of protein in their core
achieved at fabrication level and that one third of the encapsulated protein is released in the first
week. Interestingly, the NCs decorated with SPIONs can be exploited for magnetic retention and
magnetic guiding.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/1/16/s1.
Figure S1: UV-Vis absorbance spectra and fluorescence spectra of the as-synthesized A/B) BPLP, C/D) PLGA-BPLP
and E/F) reference anthracene at a series concentrations for fluorescence quantum yield calculation, Figure S2:
Matrix-assisted laser desorption/ionization time of flight mass spectroscopy (MALDI-TOF-MS) was used to
determine the average molecular weight (Mw) of BPLP. Average Mw calculated from the mass spectrum of BPLP
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is 1044 g/mol. For the analysis, the sample was spotted in a MALDI plate with 1,8,9-Antracenotriol (Ditranol) and
analyzed using a mass spectrometer (Bruker Daltonics Ultraflex TOF/TOF) in reflectron mode, Figure S3: SEM
images and DLS size distributions of NCs fabricated by different types of PLGA-BPLP, Figure S4: Fluorescence
intensity of different concentrations of NCs measured by microplate reader at the maximal emission wavelengths
(values have subtracted values of control non-fluorescence NCs), Figure S5: Hysteresis loop (300 K) and ZFC-FC
(inset) measurements of the lyophilized nanocapsule batch NC2.
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