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"You cannot hope to build a better world without improving the
individuals. To that end, each of us must work for his own im-
provement and, at the same time, share a general responsibility
for all humanity..."
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1. General Introduction

1 Therapeutic proteins and peptides

1.1 General considerations
The therapeutic potential of proteins has been explored for more than a cen-
tury, for instance with the development of serum therapy in the late 1800s1,
and the use of insulin in the early 1900s2. Since then, the scientific and tech-
nological advances have facilitated the study, production, purification and
modification of peptides and proteins, resulting in the approval of > 160 ther-
apeutic proteins3,4 and > 60 therapeutic peptides5, with many more being
currently under development. These therapeutic proteins and peptides are
commonly classified based on their pharmacological activity in: (1) molecules
with enzymatic or regulatory activity, (2) therapeutics with targeting activi-
ties (i.e. monoclonal antibodies that block a specific molecule or that deliver
other molecules to a specific site), (3) vaccines and (4) agents that assist in
diagnosis6.

1.2 Examples of therapeutic proteins and peptides
Proteins and peptides can have intracellular or extracellular targets. Since tar-
gets on the surface of cells, most commonly receptors, are easier to reach than
intracellular molecules, the majority of the therapeutic proteins and peptides
currently available on the market have exogenous action sites. Nevertheless,
advances in protein engineering and formulation technologies have also been
directed towards the exploitation of those therapeutic agents with intracellu-
lar targets. For instance, proteins can be fused or covalently attached to cell
penetrating peptides or to supercharged proteins which facilitate their endocy-
tosis and, when used in combination with an endosomal escape strategy, result
in cytosolic delivery7,8. Additionally, therapeutic proteins and peptides can
be encapsulated in or attached to lipidic, polymeric or inorganic nanocarriers,
which enter the cell through endocytosis9,10. Endosomal escape of these car-
riers can be favored by an external stimulus or by components present in the
carrier, such as highly charged or pH sensitive moieties, as further discussed
in section 4.2 of this Introduction.

To exemplify the wide range of pharmacological applications, target sites
and mechanisms of action of therapeutic proteins and peptides, two different
molecules will be discussed in this text: saporin (a ribosome-inactivating pro-
tein) and (Nle4, D-Phe7)-α-melanocyte-stimulating hormone (NDP-MSH, a
derivative of the α-melanocyte-stimulating hormone). For both saporin and
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1. Therapeutic proteins and peptides

NDP-MSH the development of suitable formulations with added therapeutic
value was the subject of investigation described in this thesis.

1.2.1 Ribosome-inactivating proteins

Ribosome-inactivating proteins (RIPs) are toxins from plant, bacterial or fun-
gal origin, that damage the ribosomal RNA, block protein synthesis and as
a result cause cell death. RIPs are classified in three types: type I which
consists of an A chain with catalytic activity, type II which is composed of an
A chain and a B chain that mediates its binding to and entrance in cells, and
type III which requires proteolytic processing to yield an active RIP11,12.

Their potent cytotoxic activity has positioned RIPs as promising agents
for cancer therapy, with saporin being one of the most widely studied proteins
for this purpose. Saporin, a type I RIP of Mw ∼28,000 Da produced by the
plant Saponaria officinalis, causes cell death by inhibition of protein synthesis,
DNA-fragmentation and induction of apoptosis, and has shown promising
cytotoxicity in different cancer cells13–16. The lack of a B chain limits the
ability of saporin to enter cells, which has prompted its use in combination
with antibodies (thus forming immunotoxins)17 or with nanocarriers that favor
its intracellular localization18.

1.2.2 α-melanocyte-stimulating hormone

The α-melanocyte-stimulating hormone (α-MSH) is a peptide composed by 13
amino acids (Mw 1,665 Da) that originates from the proteolytic processing of
the pro-hormone proopiomelanocortin. α-MSH binds to melanocortin recep-
tors (Mcr) that are expressed in the central and peripheral nervous system,
in the adrenal cortex, on the skin and in cells participating in the immune
system19. The binding of α-MSH to Mc1r, Mc2r and Mc5r plays a role in
skin pigmentation, the production of steroid hormones and thermoregulation,
while its binding to Mc3r and Mc4r regulates food intake and the energy bal-
ance20. While clinical applications of α-MSH have been limited by its high
susceptibility to proteolytic inactivation, analogues of this peptide such as
(Nle4, D-Phe7)-α-MSH (NDP-MSH) are less sensitive towards proteolysis and
therefore have increased pharmacological activity21. NDP-MSH is currently
approved for the treatment of erythropoietic porphyria22, but it was recently
reported that it could also be an interesting drug candidate for the treatment
of some neurological disorders due to its neuroprotective effect resulting from
its anti-inflammatory and immunomodulatory properties23.

3
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1. General Introduction

1.3 Challenges for the delivery of therapeutic proteins and
peptides

In spite of the therapeutic advantages of protein and peptide based drugs, un-
favorable physicochemical and pharmacokinetic properties often hinder their
clinical application.

The physical and chemical instability of these molecules is probably the
main concern, since structural changes and degradation can occur both be-
fore and after administration to the patient. For instance, denaturation and
aggregation are important risks during handling and storage, particularly for
protein pharmaceuticals. On the other hand, proteolysis, pH dependent degra-
dation and accelerated clearance are significant concerns after administration.

Even if proteins and peptides are generally well tolerated by patients, im-
munogenic responses can still occur and must be carefully considered. The
activation of the immune system can have different consequences, from the
neutralization of the protein/peptide, to severe reactions. As a result of the
advances in molecular biology and protein engineering, the immunogenicity
associated to some proteins from non-human origin has been reduced to some
extent through humanization of their amino acid sequence.

Another set of concerns arise from the poor permeability of proteins
and peptides through biological membranes, resulting from their large size
and their mixed structure consisting of hydrophilic and hydrophobic do-
mains6. Poor membrane permeability requires innovative delivery solutions
for molecules with intracellular targets, for instance the use of nanocarriers
that are internalized by living cells, as discussed in more detail in the following
paragraphs.

2 Polymeric particles for the delivery of therapeutic
proteins and peptides

2.1 General information
The physicochemical stability, pharmacokinetics and pharmacodynamics of
therapeutic proteins and peptides can be improved by their encapsulation
and using carriers such as liposomes, dendrimers, micelles and polymeric par-
ticles24,25.

In this section we will focus on polymeric particles, solid drug carriers of
micro- or nano- metric size made of natural or synthetic polymers. Particles
have tunable properties in terms of size, surface charge, degradation, drug
loading and drug release, and they are more stable in biological fluids than
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2. Polymeric particles for the delivery of therapeutic proteins and peptides

liposomes26. Proteins and peptides can be attached to the surface of the par-
ticles by covalent or non-covalent linkages or they can be entrapped on their
inside, either in the polymer matrix or in an inner aqueous core of vesicle-like
particles. Polymeric particles have been studied for protein and peptide deliv-
ery through oral, subcutaneous, intramuscular, nasal, pulmonary, ocular and
intravenous routes27. For the latter, the surface of the particles is normally
coated with a non-charged hydrophilic polymer (mostly PEG) to avoid their
opsonization and recognition by the mononuclear phagocyte system (MPS),
resulting in prolonged circulation times28,29.

2.2 Polymeric particles made of poly(lactic-co-glycolic) acid
Poly(lactic-co-glycolic acid) (PLGA) is commonly used for the preparation
of drug delivery systems because of its biodegradability, biocompatibility, and
tunable properties24,25,30,31. The degradation of PLGA, which occurs by ester
bond hydrolysis, ranges between 2 and 6 months and depends on the copoly-
mer composition, polymer molecular weight and the end group capping32–35.

PLGA can be used for the preparation of drug loaded particles of differ-
ent sizes, namely microparticles (µPs) and nanoparticles (NPs). Due to their
smaller size, NPs are preferred for intravenous administration and in appli-
cations where extravasation and/or cellular uptake are required. In contrast,
µPs can be used as depot formulations for the controlled and sustained long-
term release of therapeutic agents and are mostly administered locally (SC or
IM).

Several PLGA µP formulations have been approved for peptide delivery,
including Lupron Depot® (leuprolide), Zoladex Depot® (goserelin), Trelstar®

(triptorelin), Sandostatin® LAR Depot (octreotide) and Somatuline® Depot
(lanreotide)36. In contrast, PLGA µP formulations have proven to be much
more challenging and one of the few products approved for this purpose (Nu-
tropin Depot®, goserelin) was discontinued 5 years after its market introduc-
tion as a result of the significant resources needed for its manufacturing and
commercialization37.

In spite of the clinical success of some PLGA-based formulations, concerns
remain about the stability of the proteins and peptides encapsulated in micro-
and nano-particles. These concerns arise from the degradation process of
PLGA, which results in the formation of short oligomers of lactic and glycolic
acid, and finally in these acids. These acid degradation products remain en-
trapped in the particles which results in acidification of the polymer matrix.
As a consequence, proteins and peptides can undergo unwanted structural
modifications such as degradation, unfolding, aggregation, deamidation, oxi-
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1. General Introduction

dation and acylation38–40. Our research group has therefore developed other
biodegradable aliphatic polyesters with better protein and peptide compati-
bility, which will be discussed in the next section.

2.3 Polymeric particles made of aliphatic polyesters with
pendant hydroxyl groups

The risk of unwanted protein and peptide modification resulting from the
degradation/acidification of PLGA particles has encouraged the search of new
polymers with better protein compatibility. In this regard, polymers with
higher hydrophilicity could pose a solution to this issue by favoring the hydra-
tion of the polymer matrix and the diffusion of the acidic degradation products
out of the particles.

Two structurally related polyesters with pendant hydroxyl groups were de-
veloped in our research group as a more hydrophilic alternative to PLGA:
poly(D,L-lactic-co-hydroxymethyl glycolic acid) (PLHMGA) and poly(D,L-
lactic-co-glycolic-co-hydroxymethyl glycolic acid) (PLGHMGA) (Figure 1)41.
These polymers have been evaluated for applications in the delivery of pro-
teins42–45, peptides46,47 and antibiotics48. Studies comparing the structure
of a peptide (octreotide) released from PLGA or PLHMGA µPs, showed that
the latter displayed enhanced peptide compatibility (i.e. less acylation)46.
Similar results were obtained for PLGHMGA µPs49, which positions these
polymers as promising candidates for protein and peptide delivery.

Figure 1: Structure of aliphatic polyesters with applications in protein and peptide
delivery.

Besides increasing the peptide/protein compatibility of the polymers, the
pendant hydroxyl groups of PLHMGA and PLGHMGA can also serve other
functions. For instance, these groups can be used for the functionalization of
the polymer with targeting ligands, fluorescent dyes and PEG chains, amongst
others. Additionally, the increased hydrophilicity conferred by the hydroxyl
groups results in relatively fast polymer degradation and protein release from
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NPs45, which is convenient for applications where drug action is needed over
a period of days to a few weeks.

3 Targeted and non-targeted particles for the delivery
of proteins and peptides

When discussing drug delivery by intravenous administration of polymeric
NPs (and other nanocarriers), two approaches are most often documented:
non-targeted (also sometimes referred to as passive targeting) and targeted
(or active targeting). Even though the accuracy of this terminology is under
debate50–52, the word targeting is still extensively used in pharmaceutical
nanomedicine literature. These terms will therefore also be used in the present
thesis, but following the considerations mentioned in sections 3.1 and 3.2.

3.1 Non-targeted particles
After i.v. injection, the distribution and accumulation of NPs in pathological
areas is driven by A) the physicochemical characteristics of the particles and
B) the anatomy and physiology of the site.

3.1.1 Physicochemical properties of the particles

The physicochemical characteristics of polymeric particles govern their in-
teractions with biomolecules and cells, which in turn determines their
(bio)distribution, accumulation and retention in the target site and clearance.
Size and surface charge are the main physicochemical parameters that mediate
the biological interactions of particles, though others such as shape, hydropho-
bicity, surface roughness and rigidity, also play a role24,53.

3.1.1.1 Size

Size is a key determinant in the ability of particles to reach their target site,
and is also an important factor in their circulation kinetics. For treatments
that require direct contact or even internalization of the particles in the dis-
eased cells (i.e. the delivery of biotherapeutics, including protein and nucleic
acid based drugs), NPs with diameters of 10 to ∼200 nm are preferred. The
lower limit is based on the glomerular filtration size threshold and particles
of this size (in contrast to smaller ones) are not cleared by the kidneys, thus
prolonging their circulation time54. The upper limit (which is less strictly de-
fined), is correlated with the anatomical characteristics of the delivery site: for
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1. General Introduction

instance, intravenously administered NPs often have to extravasate through
(large) fenestrations in the vascular endothelium in order to reach their tar-
gets. Smaller sizes would therefore make it easier for the NPs to pass through
these gaps50,55,56.

Sufficiently long circulation times are necessary for the accumulation of
NPs in their target sites. The pharmacokinetics of nanocarriers are affected
by their size, for instance, small particles ≤ 5.5 nm are filtered by the kidney,
particles < 50 nm are subject to accumulation in the liver, and particles of
300 - 400 nm tend to accumulate in the spleen57,58. These cutoffs suggest
that a size of ∼100 nm is favorable to avoid rapid clearance of nanocarriers.
Size is a far less important issue in particles intended for use as a depot for
the prolonged and sustained release of drugs, in which case subcutaneous or
intramuscular administration of drug-loaded µPs is often used. In this case,
the size of the µPs will determine their degradation rate and the release profile
of their contents, and it will also influence their interaction with immune cells.
For instance, µPs of a size ≤ 10 µm can be taken up by macrophages and
dendritic cells, an event that is undesired for particles loaded with therapeutic
proteins/peptides, but that can be exploited for vaccination purposes.59–61

3.1.1.2 Surface charge

The surface charge of NPs governs their interaction with proteins and cells,
which in turn has important effects on their circulation kinetics, distribution in
the body and their retention at the target site. Interactions between positively
charged NPs and negatively charged proteins (which are abundant in the
blood) results in the opsonization of the NPs and their rapid clearance by the
MPS. Positively charged particles can also interact with negatively charged
molecules present on the surface of the cells, such as phospholipids, glycans
and proteins, which favors their binding and uptake by cells, or even the
direct penetration of the cell membrane24. Even though the effects of the
interactions between negatively charged NPs and proteins and cells are less
well documented than for positive NPs, the presence of negative charges also
accelerates the clearance of NPs54 and reduces their accumulation in target
sites.

So far, the most popular approach to shield the surface properties of NPs
is PEGylation28,29,62. Grafting of PEG chains on the surface results in stealth
particles with close to neutral surface charges, decreased non-specific binding
to biomolecules and reduced clearance by the MPS. Recently, PEG alterna-
tives have also been studied, including polymers of natural origin (i.e. hep-
arin, dextran and chitosan), poly(amino acid)s (i.e. poly(glutamic acid) and
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poly(hydroxyethyl-L-glutamine), poly(2-oxazoline)s, and vinyl polymers (i.e.
poly(acrylamide)s and poly(vinylpyrrolidone))63,64. A few drug delivery sys-
tems stabilized with alternatives for PEG, such as poly(N-2-hydroxypropyl)
methacrylamide) and poly(glutamic acid), have entered clinical trials64,65.

3.1.2 Anatomy and physiology of the target tissues

The structure and physiology of both the target tissue and its vasculature
determine the accessibility for NPs. For NPs that are administered intra-
venously, the vascular endothelium constitutes the first barrier between them
and their target tissues, unless the target is the endothelium itself. Pathologi-
cal conditions such as cancer and inflammatory processes are accompanied by
an increase in the permeability of blood vessels due to the presence of fenes-
trae or gaps between endothelial cells, which can facilitate the extravasation
of NPs66. These abnormalities in the structure of the blood vessels are at
the basis of one of the events most commonly associated to non-targeted drug
delivery: the enhanced permeability and retention effect (EPR). Even though
EPR has favored the accumulation of nanocarriers in sites with leaky vascula-
ture in some disease models, EPR-mediated drug targeting has been hindered
by the high heterogeneity of EPR both between and within patients67–70. In
this regard, other strategies that modify the structure and functioning of the
blood vessels have been proposed to increase the accumulation of nanocarriers
in disease sites. Some examples are vascular permeabilization, normalization,
disruption or promotion, as well as hyperthermia and sonoporation71.

Even though the increased vascular permeability allows for the extravasa-
tion of NPs and should favor their accumulation in the disease site, this is
not always the case. Increased leakiness of blood vessels often increases the
pressure in the interstitium, which limits the diffusion of NPs into the target
site and instead favors their accumulation in the perivascular region. Addi-
tionally, even if NPs do reach the interstitium, their mobility is limited by the
extracellular matrix present in this region. In this regard, the diffusion of NPs
through the interstitium and to the target site can be improved by tuning the
size and charge of the NPs66.

3.2 Targeted nanoparticles
Targeted delivery requires surface modification of the NPs with a ligand that
specifically binds to a protein that is (over)expressed on the membrane of
the cells of interest. This binding event mediates the interaction between the
cells and the NPs, favors the retention of the NPs in the target site and will
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1. General Introduction

often trigger NPs internalization via endocytosis. It has to be emphasized
that targeted delivery is only possible after the NPs have efficiently reached
the site of the disease, an event that is not mediated by the targeting ligand
itself but by the parameters governing non-targeted delivery51,72 (discussed
in section 3.1).

3.2.1 Functionalization of NPs with targeting ligands

The decoration of targeting ligands on the surface of the NPs can be achieved
through non-covalent interactions and covalent bonds.

Non-covalent methods include ligand adsorption on the surface of the NPs
via hydrophobic interactions, hydrogen bonding or electrostatic interactions,
as well as the interaction between biotin and avidin (one of them incorporated
on the NPs and the other on the ligand)73.

Covalent attachment can be achieved by several strategies, includ-
ing maleimide-thiol chemistry (formation of a thioether linkage between
maleimide groups on the NPs and free thiols on the ligands), reactions with N-
hydroxysuccinimide (formation of an amide bond between NHS groups on the
NPs and primary amines on the ligands), carbodiimide chemistry (formation
of an amide bond between activated carboxylic acids on the NPs and primary
amines on the ligands), and click chemistry (for example, thiol-ene reaction
between alkenes and free thiols on the ligands)73.

3.2.2 Types of targeting ligands

Numerous ligands have been described for the preparation of targeted NPs
and most of them can be grouped within the following categories according to
their nature74:

• Proteins. Most of the ligands fall in this category which comprises (mon-
oclonal) antibodies and their fragments, as well as affibodies and nano-
bodies, which generally target receptors on the cell surface (i.e. those
from the epidermal growth factor receptor family). This category also
includes iron-binding proteins lactoferrin and transferrin.

• Peptides. The most prominent example in this group is the RGD peptide.
Cell penetrating peptides such as Lyp1 are also frequently used.

• Aptamers. Single stranded DNA or RNA fragments that selectively bind
different proteins on the cell surface.
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• Saccharides, such as galactose which binds to asialoglycoprotein recep-
tors present on hepatocellular carcinoma cells.

• Small molecules, including folic acid and biotin.

In this thesis, two different targeting ligands with promising applications
in cancer treatment have been exploited for the preparation of targeted NPs,
namely the 11A4 nanobody and the RGD peptide which are both described
in more detail below.

3.2.2.1 11A4 nanobodies

Nanobodies are the variable domains of the heavy chain only antibodies
present in animals from the Camalidae family (i.e. camels, llamas and al-
pacas)75. With a Mw of around 15,000 Da, these proteins are the smallest
antigen binding fragments of natural origin. Nanobodies have several advan-
tages over antibodies due to their smaller size, including easier production,
higher solubility and stability, less propensity to aggregation, and the ability
to bind to targets that are inaccessible to antibodies76,77. Sequence homology
between the variable domains of human and camelid antibodies, as well as the
low propensity of nanobodies to aggregation, and the existence of a univer-
sal humanized nanobody scaffold, are expected to result in low immunogeni-
city78,79. These advantages, have prompted the exploration of nanobodies as
targeting ligands for liposomes80,81, micelles82, albumin NPs83 and polymer-
somes84.

The nanobody 11A4 (Mw ∼14,800 Da) targets the Human Epidermal
Growth Factor Receptor 2 (HER2), which is overexpressed in breast, gas-
tric, lung and ovarian cancers, among others85. HER2, a receptor with tyro-
sine kinase activity, promotes cell growth and survival and is often associated
with more aggressive tumor phenotypes and poor prognosis86. Because of the
specificity and high binding affinity of the nanobody 11A4 for the HER2 re-
ceptor (kD < 1 nM), this nanobody has been used as a tool for in vivo optical
imaging of breast cancer87,88 and for immunolabeling of HER2 for electron
microscopy89. In our research group, the nanobody 11A4 has also been used
as a suitable ligand for the targeted delivery of protein loaded polymeric NPs
to HER2 positive cancer cells90.

3.2.2.2 RGD peptide

The Arg-Gly-Asp tripeptide sequence, commonly referred to as RGD, is
present in several extracellular matrix proteins including fibronectin, vitro-
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nectin, fibrinogen, laminin and thrombospondin. In these proteins, RGD
serves as a recognition site for the αvβ3 integrin present in endothelial cells91.
This integrin mediates important cell processes such as adhesion, migration
and growth, and it also plays a central role in angiogenesis92. The high ex-
pression levels of the integrin αvβ3 in proliferative endothelial cells, but also in
several types of tumors (melanoma, glioblastoma, breast, prostate, pancreatic,
ovarian and cervical cancers) make the RGD peptide an ideal candidate for
the design and preparation of targeted NPs93,94.

While RGD as such can function as a targeting moiety, derivatives of this
peptide with improved properties have also been synthesized. In this regard,
cyclic RGD peptides (cRGD) have emerged as leading molecules because of
their higher stability95 and increased binding affinities compared to their linear
analogues96. RGD and its derivatives have so far been studied for the delivery
of imaging agents, drugs and therapeutic biomolecules to tumors and to the
tumor vasculature97–102. While RGD has been broadly investigated for tar-
geted drug delivery, a recent study reported lethal immune responses in mice
treated with cRGD-decorated liposomes, advocating for more comprehensive
evaluations of the immunogenicity of ligand-decorated nanocarriers103.

4 Intracellular delivery of therapeutic molecules using
NPs

One of the most promising features of NPs is their potential use for the intra-
cellular delivery of therapeutic molecules with cytosolic targets, such as the
proteins mentioned in section 1.2.1. The internalization pathways of NPs and
their intracellular trafficking will be discussed in the following sections.

4.1 Internalization of NPs
The cell-nanoparticle interactions that drive the internalization of these
nanocarriers are dependent on both the type of cells involved (i.e. phago-
cytic or non-phagocytic) and the physicochemical characteristics of the NPs.
Some examples of the influence of NPs properties on their cellular uptake are:

A) NPs size. It is generally accepted that NPs with sizes > 500 nm are
taken up by phagocytosis. While the exact mechanism of uptake for smaller
NPs is difficult to predict, an indication can be given based on the size of the
vesicles that are formed during different uptake pathways: caveolae-mediated
endocytosis comprises vesicles of 50 - 80 nm, while clathrin-mediated endocy-
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4. Intracellular delivery of therapeutic molecules using NPs

tosis results in the formation of larger vesicles and could therefore mediate the
uptake of larger NPs (∼300 nm)104.

B) NPs surface properties. The influence of surface charge on cell-particle
interactions is discussed in section 3.1.1.2. Apart from charge, the hydropho-
bic/hydrophilic balance of the NPs surface will also affect their interaction
with and uptake by cells. This parameter depends on the properties of the
polymer used to prepare the NPs, on the excipients used in the preparation pro-
cess (i.e. surfactants), as well as on the presence of PEG and targeting ligands
(addressed in more detail in the next section). While hydrophobic nanoparti-
cles show higher cellular association and internalization than more hydrophilic
and uncharged NPs105, it should be mentioned that the surface characteris-
tics will influence opsonization, which will in turn modify the particle-cell
interactions as compared to non-opsonized particles.

C) Presence of targeting ligands. The interaction between ligands on the
NPs and receptors on target cells can trigger receptor-mediated endocytosis
of the NPs. Normally, several ligands as well as several receptors (of the
same type) are present on each particle and on each cell, which can result
in multiple simultaneous binding events. This process, also known as multi-
or poly-valency, normally results in stronger interactions (compared to single
events) and in enhanced binding and endocytosis of NPs106. The occurrence
of multivalent interactions is determined by the shape, size, flexibility, valency
and surface ligand density107, as well as by the distribution, accessibility,
valency and abundance of the receptor.

4.2 Intracellular trafficking of NPs
Upon internalization by endocytosis, NPs generally follow the degradative
pathway. During this process, endocytic vesicles containing the NPs fuse
with early endosomes (pH 6.8 - 6.5), are then trafficked through the late
endosome (pH 6.2 - 5.2) and eventually reach the lysosomes (pH 5.2 - 4.5)107.
Unless the lysosomes are the final target of the NPs (i.e. for the treatment of
lysosomal storage diseases108), lysosomal localization is undesired because it
will lead to degradation of the NPs and their therapeutic cargo, thus resulting
in treatment failure. To prevent this, several strategies have been proposed
and investigated to promote the translocation of the NPs from the endosomes
to the cytosol before they reach the lysosome.

Endosomal escape of NPs can be achieved by altering the endosomal mem-
brane through several mechanisms. For instance, pore formation can be in-
duced by cationic amphiphilic agents that interact with the lipid bilayer. Mem-
brane destabilization can be established with fusogenic peptides like hemag-
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glutinin, whereas membrane disruption can be caused by cell-penetrating pep-
tides or other endosomolytic agents such as chloroquine. Alternatively, the
endosomal membrane can be disrupted through the proton sponge effect by
using polymers with high buffering capacity that, upon protonation at the
endosomal pH, will cause the osmotic influx of ions and water leading to en-
dosomal swelling and finally disruption109,110.

In the 1990s, photochemical internalization (PCI) emerged as a new strat-
egy for the induction of endosomal escape of drugs and nanocarriers. PCI
requires the use of a photosensitizer (PS) with amphiphilic properties that
can solubilize in cell membranes. Upon endocytosis of drugs or nanocarriers,
the PS will become part of the endosomal membrane. Subsequently, the cells
will be exposed to light of the appropriate wavelength in order to excite the
PS, which will produce reactive oxygen species that will damage the endo-
somal membrane which in turn will result in the release of the endosomal
contents into the cytosol111 (Figure 2). In vitro and in vivo studies have
proven the suitability of PCI for the intracellular delivery of proteins, genetic
material, immunotoxins, chemotherapeutic drugs and nanocarriers, including
dendrimers, liposomes and nanogels112. Importantly, PCI has also shown po-
tential applications in clinical settings, with promising results being obtained
in trials combining PCI with bleomycin for the treatment of cutaneous and
subcutaneous malignancies113 and PCI and gemcitabine for the treatment of
cholangiocarcinomas114.

Figure 2: Schematic representation of photochemical internalization of NPs.
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5 Aim and outline of the thesis

In this thesis, the suitability of polymeric particles for targeted and non-
targeted delivery of therapeutic proteins and peptides was evaluated.

In Chapter 2 PLGA NPs decorated with the cRGD peptide (Mw ∼700
Da) or the nanobody 11A4 (Mw ∼14,800 Da) were prepared exploiting the
maleimide-thiol conjugation reaction. Even though maleimide-thiol chemistry
is widely used for the functionalization of nanocarriers, the influence of dif-
ferent conditions on the efficiency of the reaction has not been systematically
studied. In this regard, parameters such as reaction time, reactant ratios, and
maleimide stability upon NPs preparation and storage, were evaluated in this
chapter. The insights obtained in this study allowed for the optimization of
the maleimide-thiol reaction conditions, and were used in Chapter 3 for the
preparation of PLGA-NPs with controlled cRGD densities. The impact of sur-
face density on the interactions between cRGD-NPs and human umbilical vein
endothelial cells was studied under static conditions, which is the most com-
mon in vitro approach to evaluate the targeting potential of NPs decorated
with ligands. Additionally, the association of NPs to the cells was studied un-
der flow with and without red blood cells, which allowed for the evaluation of
vascular cell targeting in more realistic and physiologically relevant conditions.

While PLGA has been extensively used for the preparation of nanocarri-
ers, our research group has also shown the potential of a structurally related
polymer, PLGHMGA, for this purpose. Slight changes in the protocol for the
synthesis of PLGHMGA resulted in the accumulation of an impurity that was
identified and removed as discussed in Chapter 4 of this thesis. The cytocom-
patibility of the purified and non-purified polymer were also compared in this
chapter. Subsequently, the purified polymer was used in Chapter 5 for the
preparation of 11A4 nanobody-targeted NPs loaded with a cytotoxic protein
(saporin). These NPs were used in combination with photochemical internal-
ization for the controlled and targeted intracellular delivery of this protein to
HER2 positive breast cancer cells.

In Chapter 6 PLGA microparticles were investigated as a sustained re-
lease formulation of NDP-MSH, a neuroprotective peptide tested in a mouse
model of neuroinflammatory disease.

Finally, in Chapter 7 the findings of this thesis are summarized and future
research directions are discussed.
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Abstract

Maleimide-thiol chemistry is widely used for the design and preparation
of ligand-decorated drug delivery systems such as poly(lactide-co-glycolide)
(PLGA) based nanoparticles (NPs). While many publications on nanocarriers
functionalized exploiting this strategy are available in the literature, the condi-
tions at which this reaction takes place vary amongst publications. This paper
presents a comprehensive study on the conjugation of the peptide cRGDfK and
the nanobody 11A4 (both containing a free thiol group) to maleimide func-
tionalized PLGA NPs by means of the maleimide-thiol click reaction. The in-
fluence of different parameters, such as the nanoparticles preparation method
and storage conditions as well as the molar ratio of maleimide to ligand used
for conjugation, on the reaction efficiency has been evaluated. The NPs were
prepared by a single or double emulsion method using different types and
concentrations of surfactants and stored at 4 or 20 °C before reaction with
the targeting moieties. Several maleimide to ligand molar ratios and different
reaction times were studied and the conjugation efficiency was determined by
quantification of the not-bound ligand by liquid chromatography. The kind
of emulsion used to prepare the NPs as well as the type and concentration
of surfactant used had no effect on the conjugation efficiency. Reaction be-
tween the maleimide groups present in the NPs and cRGDfK was optimal at
a maleimide to thiol molar ratio of 2:1, reaching a conjugation efficiency of
84 ± 4% after 30 minutes at room temperature in 10 mM HEPES pH 7.0.
For 11A4 nanobody the optimal reaction efficiency, 58 ± 12%, was achieved
after 2 hours of incubation at room temperature in PBS pH 7.4 using a 5:1
maleimide to protein molar ratio. Storage of the NPs at 4 °C for 7 days prior
to their exposure to the ligands resulted in approximately 10% decrease in the
reactivity of maleimide in contrast to storage at 20 °C which led to almost 40%
of the maleimide being unreactive after the same storage time. Our findings
demonstrate that optimization of this reaction, particularly in terms of reac-
tant ratios, can represent a significant increase in the conjugation efficiency
and prevent considerable waste of resources.
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1. Introduction

1 Introduction

The capacity of nanoparticulate drug delivery systems to improve the ther-
apeutic index (ratio of efficacy/toxicity) of pharmacologically active com-
pounds, such as drugs and drug candidates as well as protein and nucleic
acid based drugs, makes these particles promising systems for the treatment
of different diseases. Targeting can be achieved by relying on the physico-
chemical properties of the drug-loaded nanoparticle and on the anatomy and
physiology of the target, leading to accumulation of the drug delivery system
mostly on sites with increased permeability of the vascular endothelium, for in-
stance tumors and inflamed tissues1–4. Cells of the reticuloendothelial system
(e.g. macrophages present in liver and spleen) can also be targeted since they
are in charge of the clearance of foreign bodies from the circulation and can
easily take up nanocarriers5–7. Ligand decorated systems are more suitable
for the treatment of pathologies unrelated to the reticuloendothelial system
or in which the structure of the endothelium is not compromised. To achieve
this, the nanocarrier is functionalized with a ligand that specifically recognizes
and interacts with receptors preferably overexpressed on the pathological cells.
This in turn can result in an increase in the accumulation and retention of the
active principle in the diseased tissue/organ. Since ligand decorated systems
are normally internalized by the target cells, they can also be used for the de-
livery of drugs that do not have the ability to penetrate the cellular membrane
by Fickian diffusion, for instance pDNA, siRNA or mRNA8 as well as ther-
apeutic proteins that have their target intracellularly9,10. Although most of
the ligand targeted systems currently under clinical evaluation are developed
for cancer treatment11, other applications such as vaccination12,13 and drug
delivery through the blood brain barrier14,15 are also possible.

As mentioned, receptor-mediated targeting requires the covalent attach-
ment of targeting ligands at the surface of nano-sized delivery vehicles that
can be performed by several methods including carbodiimide chemistry16, re-
actions with N-hydrosuccinimide (NHS) active esters, click chemistry reactions
such as azide-alkyne cycloaddition and thiol-ene reaction17,18, and the use of
thiol reactive maleimide groups. The reaction of maleimide derivatives and
thiol containing biological molecules was reported more than 55 years ago19,20,
but it was not until the early 1980s that its potential as a tool for the func-
tionalization of nanocarriers was shown and exploited21. Importantly, the
commercial availability of lipids and polymers that contain maleimide groups
has enabled the fabrication of liposomes, polymeric nanoparticles, polymeric
micelles, polymeric nanogels and polymersomes that can be conjugated to
thiol containing ligands to target specific cells or tissues22–24. In comparison
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to more recently developed functionalization strategies, the maleimide-thiol re-
action is still frequently applied in functionalization protocols because of the
high reactivity of maleimide under mild conditions (i.e. room temperature
and aqueous buffers), its selectivity towards thiol groups at physiological pH
and the formation of a thioether bond that is relatively stable under most con-
ditions25. Additionally, this reaction makes use of the thiol group of cysteine
residues naturally present in peptides and proteins or that can be easily intro-
duced in these molecules. However, under certain conditions such as alkaline
pH values (pH ≥ 8)26,27 maleimide is susceptible to hydrolysis resulting in ring
opening and formation of a maleic acid amide derivative that is not reactive
towards thiol groups28–30. Additionally, when maleimide-functionalized build-
ing blocks are used in the fabrication of nanocarriers, the preparation method
can also have a detrimental effect on the stability of the maleimide groups.
For instance, liposome purification by dialysis in PBS (pH 7.0 - 7.5) for 5
hours, resulted in a 50% decrease in maleimide reactivity31, which highlights
the importance of assessing the compatibility of the preparation procedure
with the preservation of the structure of maleimide.

Even though maleimide-thiol chemistry has been widely used, the condi-
tions for preparation and functionalization of maleimide containing liposomes
and polymer-based drug delivery vehicles, such as poly(lactic acid), poly(ε
-caprolactone), or poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs),
often differ widely between publications (Table S1). While this speaks to the
robustness of the aforementioned conjugation reaction, it also brings into ques-
tion the efforts being done to evaluate and optimize the reaction conditions.
In this regard, the current work provides an in-depth study of the influence
of preparation, handling and functionalization conditions on the reactivity
of maleimide groups incorporated in PLGA based nanocarriers. NPs based
on blends of PLGA and maleimide-poly(ethylene glycol) (PEG)5,000-PLGA
were chosen as a model formulation due to the well documented and appeal-
ing properties of PLGA systems for targeted drug delivery including their
biocompatibility, biodegradability, relatively easy production and overall tai-
lorability32–36. The last point allows for control of properties such as degrada-
tion/release profile, stealth behavior (through the incorporation of PEG chains
in the formulation) and, as previously mentioned, decoration of the surface
of the particles with targeting moieties. In the present study, two ligands of
different molecular weight were chosen, both with potential applications in
cancer treatment: cRGDfK and 11A4. cRGDfK is a cyclic peptide (approx.
700 Da) able to target the integrin αvβ3 which is overexpressed in some types
of tumors including breast cancer and has been correlated with metastasis37.
The ability of the RGD motif to bind to the aforementioned integrin has been
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explored as a tool for drug targeting to tumors by preparing drug-RGD conju-
gates or RGD-targeted carriers38–41. Additionally, several radiolabeled RGD
peptides for imaging of tumor angiogenesis are currently undergoing clinical
trials42. The nanobody 11A4 is a C-terminal cysteine modified molecule capa-
ble of selectively binding to the HER-2 receptor43 overexpressed in 15 - 20%
breast cancers44. Nanobodies (approx. 15 kDa) are the variable fragments of
heavy chain antibodies from camelids45. Nanobodies can be easily produced
by recombinant technologies and have favorable physicochemical properties,
such as high solubility and stability, as well as a relatively small size as com-
pared to full sized antibodies which allows them to efficiently bind to epitopes
that are inaccessible to antibodies46–48.

This paper presents an in-depth study on the functionalization of
maleimide-PEG-PLGA NPs with cRGDfK and 11A4 by means of maleimide-
thiol conjugation chemistry and explores the influence of the NPs preparation
and storage conditions on the efficiency of conjugation. Additionally, reactant
ratios and reaction kinetics are studied for both ligands with the objective of
identifying the critical parameters and finding the optimal conditions for the
maleimide-thiol conjugation reaction.

2 Experimental section

2.1 Chemicals
PLGA (50:50 ratio DL-lactide / glycolide, IV 0.39 dl/g, Mw ∼44,000
Da) was obtained from Purac (Gorinchem, The Netherlands). Methoxy
poly(ethylene glycol)-b-poly(lactide-co-glycolide) (mPEG5,000-PLGA20,000)
and poly(lactide-co-glycolide)-b-poly(ethylene glycol)-maleimide (maleimide-
PEG5,000-PLGA20,000) were purchased from Polyscitech, Akina Inc (West
Lafayette, IN, USA). Poly(vinyl alcohol) (PVA) of Mw 30,000 - 70,000 Da,
87 - 90% hydrolyzed, sodium cholate hydrate, dimethyl sulfone (DMSO2) and
methoxy poly(ethylene glycol)-maleimide (Mn 2,000 Da) were acquired from
Sigma-Aldrich. c[RGDfK(Ac-SCH2CO)] (Mw: 719.8 g/mol) (Figure S1) was
purchased from Peptides International (Louisville, KY, USA).

2.2 Nanoparticle preparation and characterization
Polymeric NPs were prepared using blends of PLGA and maleimide-PEG-
PLGA. For particles prepared using the double emulsion solvent evaporation
method49,50, the polymers were dissolved in dichloromethane at 5% w/v of
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polymer and 4:1 or 9:1 w/w ratio of PLGA and maleimide-PEG-PLGA, re-
spectively. NPs prepared using a 4:1 w/w ratio were used for conjugation with
cRGDfK, while those prepared with a 9:1 w/w ratio were used for conjugation
with 11A4.

A W/O emulsion consisting of 100 µL of water and 1 mL of the poly-
mer solution was prepared by probe sonication for 1 minute at 10% power
(SONOPULS HD 2200 Bandelin, Berlin, Germany). This emulsion (1.1 mL)
was subsequently added to 10 mL of an external aqueous phase containing ei-
ther sodium cholate 1% w/v (pH 7.1) or PVA 1, 2.5 or 5% w/v in water. The
samples were then sonicated for 2 minutes at 10% power to form a W/O/W
emulsion. The double emulsion method was used for NPs preparation because
they are intended for future application as a carrier of hydrophilic molecules.
After evaporation of the organic solvent under stirring at room temperature
for 2 hours, the NPs were collected by centrifugation for 20 minutes, 20,000
g at 4 °C, washed 2 times with 10 mM HEPES (pH 7.0) and one time with
MilliQ water. The NPs were stored in PBS (8.0 g NaCl, 1.15 g Na2HPO4, 0.2
g KCl and 0.2 g KH2PO4 in 1 L of water, pH 7.4) or HEPES at 4 °C until
further use. Control NPs were prepared similarly from a blend of PLGA and
mPEG-PLGA in a 4:1 or 9:1 w/w ratio.

Maleimide-PEG-PLGA NPs were also prepared by single emulsion method
following a procedure similar as described for the double emulsion. Briefly,
PLGA (40 mg) and maleimide-PEG-PLGA (10 mg) were dissolved in 1 mL
of dichloromethane (final concentration of polymer 5% w/v), added to 10 mL
of an external aqueous phase containing PVA 5% w/v in water and subject to
sonication for 2 minutes at 10%. After evaporation of the solvent the NPs were
collected, washed and stored as described for the double emulsion preparation.

The weight fraction of PEG present in the NPs was determined by 1H-
NMR. PLGA and maleimide-PEG-PLGA in 4:1 or 9:1 w/w ratio respectively,
were dissolved in deuterated chloroform (CDCl3). Maleimide-PEG-PLGA
NPs prepared by double emulsion method using the procedure described above
were freeze dried and dissolved in CDCl3. The blends of PLGA and maleimide-
PEG-PLGA of known composition and the NPs were analyzed by 1H-NMR
and the PEG weight fraction (%) in the samples was determined based on the
integrals of the signals of PEG, lactic acid and glycolic acid, as follows49:
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IPEG = (I3.6)/4 × Mw PEG unit
Iglycolic acid = (I4.6−4.9)/2 × Mw glycolic acid unit

Ilactic acid = (I5.1−5.3)/1 × Mw lactic acid unit
PEG weight fraction (%) = [IPEG/(IPEG + Iglycolic acid + Ilactic acid)] × 100

The size of the NPs was determined by Dynamic Light Scattering (ALV
CGS-3, Malvern) at 25 °C in deionized water and the zeta potential was
measured in HEPES 10 mM pH 7.0 at 25 °C (Zetasizer Nano Z, Malvern). An
aliquot of NPs suspended in deionized water was freeze dried at -40 °C, <1
mbar (Christ Alpha 1-2 freeze dryer, Osterode am Harz, Germany).

2.3 Hydrolytic stability of maleimide under NPs
preparation conditions

A solution of 0.5 mg/mL of methoxy poly(ethylene glycol)-maleimide in
HEPES 10 mM pH 7.0 was treated similarly to the polymer solutions used for
NPs preparation. Briefly, 10 mL of the PEGylated maleimide in HEPES was
sonicated for 3 minutes at 10% power (SONOPULS HD 2200 Bandelin, Berlin,
Germany) and stirred for 2 hours at room temperature. The NPs washing pro-
cedure was mimicked by centrifuging the solution for 20 minutes at 20,000 g
and at 4 °C. Four centrifugation cycles were conducted with a waiting time of
20 minutes between the cycles, which is the approximate time for washing/re-
suspension of the actual polymeric NPs. Samples of the PEGylated maleimide
solution were taken before treatment, directly after sonication and at the end
of the procedure (sonication + washings). The maleimide content in the sam-
ples was determined by UV absorbance at 302 nm29,51,52 (Shimadzu UV-Vis
Spectrophotometer UV 2450) using a calibration curve obtained by preparing
solutions of methoxy poly(ethylene glycol)-maleimide in PBS (pH 7.4) in a
concentration range of 0.1 - 0.8 mg/mL. After UV analysis, the samples were
freeze dried, resuspended in deuterium oxide (D2O) and their PEG content
was determined by 1H-NMR analysis using DMSO2 as internal standard.

2.4 Preparation of ligands for conjugation to
maleimide-PEG-PLGA NPs

Prior to the conjugation reaction, the peptide c[RGDfK(Ac-SCH2CO)] bear-
ing one protected thiol group on the lysine residue (structure of the peptide
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is shown in Scheme S1) was dissolved in HEPES 10 mM / ethylenediaminete-
traacetic acid (EDTA) 0.4 mM (pH 7.0). Deprotection was conducted by
addition of 1:10 v/v of deacetylation buffer (HEPES 10 mM / hydroxylamine
0.5 M / EDTA 0.4 mM pH 5.5) (Scheme S1), followed by incubation for 30
minutes at room temperature53 (the molecular weight of the deprotected pep-
tide, as determined by LC-MS analysis was 678.5 Da) (Figure S2).

The 11A4 nanobody bearing a C-terminal cysteine followed by a FLAG
tag (theoretical molecular weight 14,813 Da) was produced in BL21 bacteria
and purified by protein A affinity chromatography, as described elsewhere43.
To guarantee the presence of the free thiol on the nanobody, the protein was
exposed to reducing conditions for 15 minutes at room temperature in PBS
(8.0 g NaCl, 1.15 g Na2HPO4, 0.2 g KCl and 0.2 g KH2PO4 in 1 L of water, pH
7.4) / 20 mM Tris(2-carboxyethyl)phosphine hydrochloride / 0.4 mM EDTA54.
The reducing agent was removed using Zeba Spin Desalting columns, with
buffer exchange to PBS / EDTA 0.4 mM (pH 7.4), before the nanobody was
incubated with the NPs.

2.5 Conjugation of cRGDfK and 11A4 to
maleimide-PEG-PLGA NPs

The general procedure for the reaction between maleimide-PEG-PLGA NPs
and the targeting ligands was the following: a NPs suspension (prepared by
either single emulsion using 5% w/v PVA or by double emulsion using sodium
cholate 1% w/v or PVA 1, 2.5 or 5% w/v) was prepared in deionized water
and its concentration was determined by taking an aliquot and freeze drying
it overnight at -40 °C, <1 mbar (Christ Alpha 1-2 freeze dryer, Osterode am
Harz, Germany). The NPs suspensions of known concentration were used to
prepare NPs samples for reaction with the targeting ligands. For example,
aliquots containing 1 or 3 mg of NPs were taken from the NPs suspension and
their volume was adjusted to 300 µL with PBS (8.0 g NaCl, 1.15 g Na2HPO4,
0.2 g KCl and 0.2 g KH2PO4 in 1 L of water, pH 7.4) / 0.4 mM EDTA, or to
600 µL using HEPES (pH 7.0) / 0.4 mM EDTA, respectively. The samples
prepared in HEPES were used for reaction with cRGDfK and those prepared
with PBS for reaction with 11A4.

The NPs suspensions were incubated with cRGDfK at molar ratios 3:1, 2:1
and 1:1 of maleimide-PEG-PLGA to peptide, or with 11A4 at molar ratios
of 20:1, 10:1, 5:1, 2:1 and 1:1 of maleimide-PEG-PLGA to protein. As an
example, for the 1:1 ratio maleimide-PEG-PLGA to 11A4, 59 µg of protein
was used for conjugation with 1 mg of NPs; while for 1:1 ratio maleimide-
PEG-PLGA to cRGDfK, 5 µg of peptide was used for conjugation with 1 mg
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of NPs. The samples were placed on a nutating mixer and after incubation
at room temperature, pH 7.0 - 7.4 (for cRGDfK and 11A4 respectively), for 2
hours (unless stated otherwise), the NPs were recovered by centrifugation for
10 minutes, 3,000 g, 4 °C, and washed once with PBS. The unbound ligands
present in the supernatants were quantified by HPLC (for cRGDfK) or UPLC
(for 11A4) as described in the section Quantification of cRGDfK and 11A4
by HPLC or UPLC to determine the conjugation efficiencies. Based on the
obtained results, the maleimide-PEG-PLGA to ligand molar ratios resulting
in highest conjugation efficiencies, namely 2:1 for cRGDfK and 5:1 for 11A4,
were chosen for other tests.

The influence of the NPs preparation conditions on the efficiency of the
maleimide - thiol reaction was evaluated by conjugating cRGDfK to NPs pre-
pared by a single or double emulsion method. The influence of the surfactant
used for NPs preparation on the conjugation efficiency was also studied by con-
jugating cRGDfK and 11A4 to NPs prepared by a double emulsion method
using either sodium cholate 1% w/v or PVA 1, 2.5 or 5% w/v. Conjugation
was done at maleimide to ligand molar ratios of 2:1 for cRGDfK and 5:1 for
11A4.

To obtain insight into the reaction kinetics, the targeting ligands cRGDfK
and 11A4 were incubated with maleimide-PEG-PLGA NPs at 2:1 and 5:1
maleimide to ligand molar ratios respectively, for different times (5 minutes to
16 hours), after which the samples were placed in an ice bath and subsequently
centrifuged (3,000 g, 10 minutes, 4 °C) in order to recover and quantify the
unbound ligand by HPLC as detailed in the section Quantification of cRGDfK
and 11A4 by HPLC or UPLC to determine the conjugation efficiencies.

For determining the stability of the maleimide groups, PLGA NPs con-
taining 20% maleimide-PEG-PLGA were stored either at 4 °C or room tem-
perature (∼20 °C) in buffer HEPES 10 mM / EDTA 0.4 mM (pH 7.0) for 1
to 7 days, after which they were subjected to conjugation with cRGDfK at
a 2:1 maleimide to ligand molar ratio as described above. The stability of
maleimide was calculated by comparing the conjugation efficiency obtained
immediately after NPs preparation (T0) to the ones found at the subsequent
incubation times.

2.6 Quantification of cRGDfK and 11A4 by HPLC or
UPLC to determine the conjugation efficiencies

Deprotected cRGDfK was quantified by HPLC (Waters Alliance System) using
a XBridge BEH C18 column (3.5 µm, 100 mm x 2.1 mm, Waters) and a
gradient from 100% eluent A (5.0% ACN, 94.9% water, 0.1% acetic acid) to
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75% eluent B (94.9% ACN, 5.0% water, 0.1% acetic acid) over 12 minutes,
and subsequently 100% eluent B for 1 minute. The injection volume was 50
µL and the peptide was detected by absorbance at 214 nm (detection limit
was 2 µg/mL). Standard solutions of deprotected cRGDfK (2 - 30 µg/mL in
HEPES 10 mM / EDTA 0.4 mM) were used for calibration (Figure S3).

Quantification of 11A4 was performed by UPLC (Acquity UPLC) using a
BEH C4 300Å column (1.7 µm, 50 mm x 2.1 mm, Waters) using a gradient
from 100% eluent A (5.0% ACN, 94.9% water, 0.1% trifluoroacetic acid) to
100% eluent B (99.9% ACN, 0.1% trifluoroacetic acid) over 5 minutes (Figure
S4). The injection volume was 7.5 µL, the protein was detected by fluorescence
(excitation at 280 nm, emission at 340 nm) and the detection limit was 5
µg/mL. Standard solutions of 11A4 (5 - 100 µg/mL in PBS / EDTA 0.4 mM)
were used for calibration (Figure S5).

The conjugation efficiency was calculated as follows:

Conjugation efficiency (%) =(
1 −

Ligand in the supernatant
(

µg
mL

)
Ligand added in the conjugation reaction

(
µg
mL

))× 100%

Ligand in the supernatant is the sum of the amount of cRGDfK or 11A4
found in the supernatant after recovery of the NPs at the end of the conjuga-
tion reaction and the amount of ligand found in the solution used to wash the
NPs pellet. As controls, NPs prepared from a blend of PEG-PLGA and PLGA
(thus lacking maleimide groups) were exposed to cRGDfK or 11A4 under the
same conditions as NPs containing maleimide groups.

3 Results and Discussion

3.1 Nanoparticle preparation
Maleimide functionalized PEG-PLGA NPs were prepared by emulsification of
dichloromethane solutions of PLGA and maleimide-PEG-PLGA in an aque-
ous phase containing PVA or sodium cholate as surfactant and subsequent
evaporation of the solvent. The NPs were washed and collected by centrifuga-
tion, and the chemical composition of the isolated nanoparticles was analyzed
by 1H-NMR (Figure S6A). Additionally, the PEG signal can be detected by
1H-NMR after NPs suspension in D2O (Figure S6B). The PEG peak for NPs
suspended in D2O is broader as compared to those dissolved in CDCl3, which
can be explained by a reduced mobility of the PEG chains anchored to the sur-
face of the NPs55–57. The weight fraction of PEG in the NPs was determined
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by 1H-NMR analysis of blends of PLGA and maleimide-PEG-PLGA (4:1 or
9:1 w/w ratio, respectively) and of NPs dissolved in CDCl3 (Figure S7). This
analysis confirmed the quantitative incorporation of maleimide-PEG-PLGA
in the NPs (Table S2). The NPs prepared had diameters in the range of 300 -
360 nm, with larger sizes being observed for NPs with higher maleimide-PEG-
PLGA content. The size distributions were narrow as reflected by the low PDI
values (∼0.1). Slightly negative zeta potentials (∼ -7.0 mV) were obtained for
both types of NPs (Table S3), which can be explained by the shielding of the
negatively charged carboxyl end groups of PLGA (uncapped polymer).

3.2 Hydrolytic stability of maleimide under NPs
preparation conditions

Possible hydrolysis of maleimide (Figure S8) can be followed by UV-Vis spec-
troscopy29,52 since as a cyclic imide it absorbs at ∼300 nm while its hydrolysis
product, maleamic acid, lacks absorbance at this wavelength51. To investigate
whether the NPs preparation method results in the hydrolysis of maleimide
groups, PEG-maleimide in an aqueous buffer was subjected to similar condi-
tions as those used for NPs preparation (i.e. sonication and incubation at pH
7.0 and 20 °C for 2 - 5 hours) and the maleimide content was monitored at 302
nm. Compared to the PEGylated maleimide control (sample not subjected to
sonication or mimicking of the washings), the concentration of maleimide in
the treated samples decreased only by 15 ± 1% (n=2) under the experimental
conditions. 1H-NMR analysis of the samples in D2O, using DMSO2 as internal
standard, confirmed that the PEG content remained constant in the samples
during the procedure, which indicates that the decrease in the UV signal of
maleimide can be attributed to its hydrolysis and not to a decrease in the
concentration of PEG-maleimide e.g. precipitation of the product. Since the
decrease in the signal of maleimide became apparent after sonication, and be-
cause the rate of hydrolysis is known to increase at higher temperatures52, the
hydrolysis of maleimide is likely caused by an increase in temperature during
sonication of the sample.

3.3 Characterization of maleimide-PEG-PLGA NPs
functionalized with cRGDfK or 11A4

The size and charge of PEG-PLGA NPs and maleimide-PEG-PLGA NPs
was monitored before and after incubation with cRGDfK and 11A4 (Table
1). The negative control consisting of NPs containing mPEG-PLGA with-
out maleimide functionalities did not show conjugation nor binding of either
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cRGDfK or 11A4, while both ligands could effectively be coupled to the NPs
containing maleimide-PEG-PLGA. This finding shows that the functionaliza-
tion of NPs is indeed established via the chemical conjugation reaction between
maleimide and the thiol group present in the ligands and not by physical in-
teractions.

Table 1: Size, zeta potential and conjugation efficiency of polymeric NPs of different
compositionsa incubated with cRGDfK and 11A4b

PEGylated polymer
content (%w/w)

Ligand
used for
conjuga-

tion

Diameter
(nm) PDI

Zeta
potential

(mV)

Conjuga-
tion

efficiency
(%)

10% PEG-PLGA None 296 ± 9 0.09 ± 0.02 -7.0 ± 0.3 NA
10% PEG-PLGA 11A4 309 ± 5 0.09 ± 0.07 -6.7 ± 0.4 0
10% maleimide-

PEG-PLGA None 294 ± 5 0.10 ± 0.01 -7.5 ± 0.3 NA

10% maleimide-
PEG-PLGA 11A4 311 ± 1 0.08 ± 0.01 -13.6 ± 0.8 45

20% PEG-PLGA None 322 ± 4 0.03 ± 0.00 -5.7 ± 0.2 NA
20% PEG-PLGA cRGDfK 329 ± 5 0.03 ± 0.01 -5.8 ± 0.3 0
20% maleimide-

PEG-PLGA None 356 ± 4 0.15 ± 0.02 -8.4 ± 0.3 NA

20% maleimide-
PEG-PLGA cRGDfK 353 ± 6 0.10 ± 0.01 -9.1 ± 0.0 86

a: NPs prepared by double emulsion method, n=1.
b: Conjugation reaction performed in molar ratios of 2:1 maleimide-polymer to cRGDfK and 5:1
maleimide-polymer to 11A4.

Conjugation of the cyclic peptide cRGDfK to the maleimide-PEG-PLGA
NPs did not significantly alter their size and zeta potential. Similar zeta
potentials for nanoparticles before and after conjugation to RGD derivatives
have also been reported by other authors58,59. The diameter of NPs decorated
with 11A4 was almost 20 nm larger than the particles before conjugation and a
slight increase in PDI for the former was also observed. The dimensions of the
nanobody are 3 x 3 x 4 nm60 and therefore its attachment to the surface of the
NPs can be expected to result in an increase in their hydrodynamic diameter of
up to 10 nm, which is close to the increase observed for the NPs. Most notably,
the zeta potential of the NPs became more negative after conjugation to 11A4.
The pI of 11A4 (determined by the ExPASy ProtParam Tool) is 7.94, which
would confer a slightly positive charge under the conditions tested (pH 7.4).
Nonetheless, this value refers to the charge of the nanobody based on its amino
acid sequence, while in reality the folded form of the protein is present on the
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NPs surface, meaning that the amino acid residues exposed to the medium
may actually result in an overall negative charge.

3.4 Conjugation of cRGDfK and 11A4 to
maleimide-PEG-PLGA NPs: effect of
maleimide-PEG-PLGA to ligand molar ratio

One of the main parameters to consider for functionalization of maleimide-
PEG-PLGA NPs is the molar ratio between the ligand and the reactive surface
group. However, authors seldom report optimization studies for their formu-
lation and, in some cases, the molar ratios of maleimide to ligand used for the
reaction are not even reported (see Table S1). In this work, the relationship
between the ratios of reactants and the coupling efficiency was evaluated by
conjugating cRGDfK and 11A4 to maleimide-PEG-PLGA NPs at different
maleimide polymer to ligand molar ratios. For this set of experiments, as well
as all others described from here on, NPs with 10 and 20% w/w maleimide-
PEG-PLGA were prepared which were subsequently incubated with 11A4
and cRGDfK, respectively. For conjugation of cRGDfK we chose a higher
maleimide content since this peptide is much smaller than the nanobody and
occupies less space on the surface of the NPs. The efficiencies of the conjuga-
tion reaction are shown in Figure 1.

At a molar excess of maleimide units, and equal reaction time (2 h), higher
maximum conjugation efficiencies were observed for cRGDfK (almost 100% at
a molar ratio of 3 maleimide-PEG-PLGA to 1 cRGDfK as compared to 11A4
(around 70% at a 20:1 ratio), which can be explained by the larger size of the
protein compared to that of the peptide. The thiol group of cRGDfK is present
on the lateral chain of a lysine residue (Scheme S1) and is therefore present
on the outside of the cyclic structure, which makes it excellently accessible for
reaction with the maleimide groups present on the surface of the NPs. In line
with our observations, high conjugation efficiencies (> 95%) have been previ-
ously reported for cRGDfK to liposomes and to maleimide-PEG-poly(lactic
acid) NPs when using an excess of maleimide53,61.

Figure 1 also shows that with an increasing amount of peptide or pro-
tein with respect to maleimide units, a decrease in conjugation efficiency was
observed. For the nanobody, the use of a 5:1 maleimide to protein molar ra-
tio during the reaction resulted in a conjugation efficiency of 58 ± 12%. In
contrast, at equimolar or even a two-fold excess of maleimide the coupling
efficiency was 13 ± 4% and 31 ± 9% respectively. The bulkier nature of the
11A4 molecules already bound to the NPs surface very likely hinder accessi-
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Figure 1: Conjugation efficiencies (%) at different maleimide-PEG-PLGA to ligand
molar ratios. Conjugation efficiency to cRGDfK and 11A4 (n=3, except for 11A4
1:1 ratio). NPs containing 10% maleimide-PEG-PLGA were used for conjugation to
11A4 and NPs with 20% maleimide-PEG-PLGA were used for reaction with cRGDfK.
NPs were prepared using the double emulsion solvent evaporation method.

bility of unbound protein present in the bulk to neighboring coupling sites.
In other words, a more cost-effective preparation of protein-targeted drug de-
livery systems can be achieved when the stoichiometry is optimized and in
this case a larger excess (5:1) of maleimide in respect to 11A4 is used. For
a smaller ligand like cRGDfK steric hindrance is less likely to have a large
impact on the efficiency of the reaction and at a 1:1 ratio of cRGDfK peptide
to maleimide, 52 ± 7% of the peptide was conjugated. Taking into account
that ∼90% of the PEG-maleimide used for NPs preparation was incorporated
(Table S2) and that the NPs preparation method does not result in significant
hydrolysis of maleimide groups (see section Hydrolytic stability of maleimide
under NPs preparation conditions), it can be concluded that either not all
maleimide groups were available for conjugation or that the surface of the
NPs is fully covered with peptides at a conjugation ratio 2:1. The preparation
of (nano)particles by adding amphiphilic PEGylated block copolymers to the
feed relies on the principle that PEG migrates to the particle/water interface
and will form a structure consisting of a hydrophobic PLGA core and a shell
of PEG chains. However, due to the miscibility of PEG and PLGA62–64, the
core likely also contains PEG. Additionally, the presence of aqueous domains
inside the particles resulting from the W/O/W emulsion method could also
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lead to solubilization of PEG chains in their core65, which means that not
all PEG chains present in the NPs are exposed on the surface. Indeed, con-
sidering that almost full conjugation is achieved at a 2:1 molar ratio (84 ±
4%) while lower efficiencies are observed at a 1:1 molar ratio (52 ± 7%), we
can speculate that about 50 - 60% of the maleimide-PEG-PLGA used for NPs
preparation is actually available for conjugation on the NPs surface.

An estimation of the number of ligands on the surface of a NP can be
obtained by calculating the surface area of a NP, the number of NPs and
the surface concentration of ligand (based on the conjugation efficiency) (Cal-
culations S1 and Calculations S2). It is calculated that for a conjugation
reaction between NPs and cRGDfK at a maleimide to peptide molar ratio
of 3:1 almost 40,000 ± 5,100 peptides were present per NP. The number of
cRGDfK molecules per NP further increased to ∼50,600 ± 2,600 and ∼62,500
± 8,600 for the 2:1 and 1:1 ratios respectively (Figure 2A). Despite the pres-
ence of two times more peptide in the reaction at a 1:1 ratio compared to that
at 2:1, the number of cRGDfK molecules per NP increased only by a factor
∼1.2, which could be an indication of either the saturation of binding sites
(maleimide) present per NP or a complete coverage of the NP surface. For
NPs conjugated with 11A4 at a molar ratio of 20:1 an average of ∼1,600 ±
200 molecules of 11A4 per NP was calculated (Figure 2B). This amount nearly
doubled at the ratio 10:1 (∼3,000 ± 200) and was almost 3.5 fold higher at
the ratio 5:1 (∼5,500 ± 1,200). At ratios of 2:1 and 1:1 no further increase in
number of 11A4 molecules was observed, indicating that the at a ratio of 5:1
the surface of the NPs is fully covered with nanobody molecules.

Figure 2: Number of A) cRGDfK or B) 11A4 molecules conjugated to the surface
of one NP at different conjugation ratios.
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Based on the information from Figure 2, it is possible to estimate the sur-
face area occupied by one molecule of ligand (Calculations S1 and Calculations
S2). For cRGDfK, after reaction at a molar ratio of 3:1 one molecule occupies
10 nm2 and 6 nm2 when the ratio is increased to 1:1. In the case of 11A4, a
molecule of nanobody is calculated to be present per 197 nm2 at a reaction
ratio of 20:1 and 49 nm2 at 1:1, which is quite similar to the data obtained for
the ratios 2:1 and 5:1 (46 and 59 nm2, respectively). Based on the dimensions
of the nanobody (3 x 3 x 4 nm)60, the surface area that one nanobody in an
adsorbed monolayer would occupy on the surface of a NP can be calculated as
∼12 nm2. The area occupied by the nanobody according to the calculations
is 4 - 5 fold larger, which can be explained by the fact the protein is coupled
to a very flexible PEG5,000 chain. Therefore, for entropic reasons full surface
coverage will not be obtained. Furthermore, depending on the PEG density
on the NPs surface, PEG chains can adopt different configurations (i.e. brush
or mushroom) which will occupy different surface areas on the NPs65–67. The
optimal maleimide to ligand molar ratios for reaction, 2 to 1 for cRGDfK and
5 to 1 for 11A4, were used in the experiments described in the following sec-
tions of this manuscript. The experiments in which the parameters tested are
not expected to be influenced by the size of the ligand were conducted only
with cRGDfK because of the higher conjugation efficiencies obtained for this
peptide (84 ± 4%) as compared to the nanobody (58 ± 12%) at the optimal
ratios for reaction.

3.5 Kinetics of the conjugation reaction between
maleimide-PEG-PLGA NPs and cRGDfK or 11A4

The kinetics of the conjugation reaction of the targeting ligands and the poly-
meric NPs was determined with particular interest in finding the point at
which the reaction is complete. Figure 3A shows that reaction kinetics were
particularly fast for cRGDfK, i.e. more than 65% of the ligand had already
reacted with the maleimide groups on the NPs within the first 5 minutes of
incubation and conjugation reached a plateau value upon 30 minutes of incu-
bation (around 80% conjugation efficiency for 2:1 maleimide to cRGDfK molar
ratio). A longer incubation time of ∼16 hours did not result in a further in-
crease in conjugation efficiency. Similar fast reaction kinetics, consistent with
those found for cRGDfK, have been previously reported between maleimide
derivatives and other small thiol containing molecules. For instance, comple-
tion of the reaction between maleimide or N-ethylmaleimide and L-cysteine
in solution is reached in less than 2 minutes68, with similar results being
obtained for the reaction between a carboxy-PEG maleimide derivative and

40



3. Results and Discussion

2-mercaptoethanol, L-cysteine and the peptide CGIRGERA69. In the afore-
mentioned cases the reaction reaches completion at faster rates than those
observed in the present study, which is expected since faster reaction rates,
attributable to diffusional effects, have been observed for systems in which
the reactants are soluble in the reaction media as opposed to at least one of
them being anchored to a solid particle, for instance liposomes69 and resin
beads70,71.

Figure 3: Kinetics of the conjugation reaction between maleimide-PEG-PLGA NPs
and A) cRGDfK (n=3) or B) 11A4 (n=2). t=0 corresponds to the addition of the
ligand to the NPs suspension immediately followed by a 10 minute centrifugation
cycle at 4 °C.

The kinetics of the reaction between 11A4 and maleimide-PEG-PLGA NPs
are presented in Figure 3B. A relatively slow and steady increase in the amount
of protein conjugated to the NPs was observed during the first 2 hours of
incubation, after which the maximum coupling efficiency was reached (55% at
a 5:1 maleimide to 11A4 molar ratio). Similar to cRGDfK, incubation times
longer than 2 hours did not result in increased conjugation efficiency of the
protein. In comparison to cRGDfK, 11A4 exhibited slower reaction kinetics,
which is not surprising since the reaction rate is dependent on the diffusion
coefficient of the reactants in the medium which, in its turn, is dependent
on their size and shape. cRGDfK, being a cyclic structure that is more than
20 times smaller than 11A4, consequently has a larger diffusion coefficient
than the latter. When using maleimide-thiol chemistry for functionalization
of drug delivery systems authors often favor long reaction times, for instance
≥ 9 hours (Table S1). Such long incubations may not be necessary since,
according to our findings, the kinetics for coupling of a ligand to a polymeric
NPs system are relatively fast, with reaction completion in a time frame of 30
minutes (peptide) to 2 hours (nanobody).
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3.6 Influence of the NPs preparation method on maleimide
accessibility and conjugation efficiency

The efficiency of the functionalization of maleimide-PEG-PLGA NPs with
cRGDfK and 11A4 does not only rely on the reactivity of the maleimide group,
but also on its accessibility for reaction with the thiol containing molecule,
which in turn is most likely dependent on the NPs preparation procedure.
Emulsification methods are commonly used for the preparation of PLGA NPs
and the choice of single or double emulsion depends mostly on the nature of
the cargo, i.e. whether it is hydrophobic or hydrophilic, respectively, though
for amphiphilic drugs both options could be explored33,72,73. In an O/W
emulsion the drug is dissolved or dispersed in a solution of PLGA in a suit-
able solvent like dichloromethane or chloroform. This solution is subsequently
emulsified in water resulting in the formation of drug-loaded particles upon
evaporation of the volatile solvent. In a W/O/W emulsion procedure water
droplets containing the drug are emulsified in the organic phase that in turn is
dispersed in an external aqueous phase. When PEGylated PLGA is present,
one could hypothesize that, due to the presence of aqueous cavities inside the
particles prepared by double emulsion, PEG chains could remain entrapped
in said cavities due to their hydrophilic nature and thereby not be exposed
to the outer surface. This phenomenon is not expected for particles prepared
by O/W emulsion since a hydrophobic/hydrophilic interface is only present at
the outer surface (Figure 4).

To investigate the hypothesis that the NPs prepared by the single emulsion
method have more maleimide groups exposed at the surface than NPs prepared
by the double emulsion method, both procedures were used to prepare NPs
which were subsequently reacted with cRGDfK in a 2:1 maleimide-polymer to
thiol molar ratio. The results however showed that cRGDfK was conjugated
to the NPs to the same extent regardless of the preparation method: 81 ±
4% and 79 ± 4% for the NPs prepared by W/O/W and O/W respectively
(n=2). This suggests that the number of PEG and consequently of maleimide
molecules located on the surface of the NPs is not influenced by the type of
emulsion used for their preparation. Our data are consistent with a previous
report in which analysis of the surface PEG content by 1H-NMR in D2O
showed comparable PEG coating efficiencies for NPs prepared by single and
double emulsion methods74. Since PEG and PLGA are miscible62–64, it is
possible that PEG chains that are not located on the surface of the NPs are
dissolved in the polymeric matrix to a similar extent for the NPs prepared
by both single (O/W) and double (W/O/W) emulsion methods. Since the
NPs preparation method does not influence the conjugation efficiency, and
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because the nanoparticulate system described in this manuscript is intended
for future use as a vehicle for molecules of hydrophilic nature, the double
emulsion solvent evaporation method used in previous sections was also chosen
for preparation of the NPs used in the experiments described in the next
sections.

Figure 4: Schematic illustration of PEG-PLGA NPs prepared by double (W/O/W)
and single (O/W) emulsion methods.

3.7 Influence of the surfactant used for NPs preparation on
conjugation efficiency

A surfactant that adequately stabilizes the emulsion is a key component in the
preparation of NPs by emulsification methods. While PVA is one of the pre-
ferred surfactants because it allows for the preparation of relatively small NPs
with a narrow size distribution, its complete removal from the formulation
after preparation is often difficult75,76. Residual PVA associated to the sur-
face of polymeric NPs can range from 5 to 20% depending, among others, on
the concentration of the surfactant used50,77. PVA can modify the properties
of the NPs by altering their charge, their degradation profile and even their
interaction with and uptake by living cells78. It is therefore imaginable that
PVA associated to the NPs could also affect their functionalization by partly
masking the maleimide groups present on their surface, limiting accessibility
and hindering its reaction with thiol containing ligands. In order to investi-
gate whether the type and concentration of surfactant used in the formulation
have an influence on its functionalization, NPs were prepared using either
sodium cholate, an anionic surfactant which can be almost completely washed
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off from NPs surface79, or different concentrations of PVA. The results shown
in Table 2 indicate that the conjugation of cRGDfK to maleimide-PEG-PLGA
NPs was not affected by either the nature (ionic or nonionic) or the concentra-
tion of the surfactants used for NPs preparation. Because cRGDfK is a small
molecule, it can be argued that it could find the space to reach and react with
maleimide even in the presence of PVA. Therefore, the conjugation reaction
was repeated with 11A4, which has a molecular weight ∼20 times larger than
that of cRGDfK. In line with the findings for cRGDfK, the conjugation effi-
ciency for 11A4 was, albeit lower, also not significantly dependent on the type
and concentration of surfactant used to prepare the formulation (Table 2). It
can therefore be concluded that in the conditions used for NPs preparation
(which include 3 washing steps), the possible residual PVA present on the sur-
face of the NPs did not affect the extent of ligand conjugation when compared
to sodium cholate.

Table 2: Conjugation of cRGDfK and 11A4 to maleimide-PEG-PLGA NPs pre-
pared using different types and concentrations of surfactant (n=1).

Surfactant used for NPs preparation
(% w/v in the external phase)

Conjugation efficiency(%)
cRGDfK 11A4

sodium cholate 1.0 87 44
PVA 1.0 86 49
PVA 2.5 83 50
PVA 5.0 86 52

3.8 Preservation of the reactivity of maleimide upon NPs
storage as aqueous dispersion at different temperatures

Hydrolysis of maleimide (Figure S8) may not only occur during preparation,
but also upon storage of the NPs before the conjugation reaction. A direct,
practical approach to study possible hydrolysis of this functional group during
storage of the NPs is through its reaction with thiol containing ligands. For
this purpose, maleimide-PEG-PLGA NPs were stored in buffer of pH 7.0 at
either room temperature (∼20 °C ) or 4 °C for different periods of time after
which they were subject to conjugation with the peptide cRGDfK in a 2:1
maleimide to peptide molar ratio. Conjugation of the peptide to the NPs im-
mediately after their preparation (t0, no storage) resulted in 85% conjugation
efficiency and was used as reference for the other time points. As shown in
Figure 5, NPs stored at room temperature showed a more rapid decrease in
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conjugation efficiency towards cRGDfK than those stored at 4 °C. Relative to
t0 around 90% of the maleimide groups remained reactive after storage at 4
°C for up to 7 days. In contrast, for the samples kept at room temperature
reactivity decreased by 15% already after 1 day of storage and continued to
drop over time, with approximately 40% of maleimide being unreactive after 7
days. Based on the information obtained from this study, half-life of maleimide
on the NPs is estimated at 32 days when stored at 4 °C and 11 days at 20
°C (Figure S9 and Table S4) showing that the effect of storage conditions on
maleimide hydrolysis cannot be neglected. Likewise, other authors have stud-
ied the stability of a maleimide derivative (8armPEG10,000-maleimide) under
different conditions and found that the percentage of hydrolyzed maleimide
groups increased with increasing incubation temperatures52.

Figure 5: Reactivity of maleimide groups in NPs upon storage. Maleimide-PEG-
PLGA NPs were stored in aqueous medium (HEPES 10 mM pH 7.0) at 4 or 20 °C
for different periods of time after which the reactivity of maleimide was assessed by
conjugation to cRGDfK.

4 Conclusions

The findings presented in this work demonstrate the relevance of exploring
and optimizing the reaction conditions (i.e. time and stoichiometric ratio)
used for functionalization of nanoparticles by maleimide-thiol click reaction,
a matter of interest considering that the availability of ligands can often be
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limited for technical or economic reasons. In this study, the efficiency of the
conjugation reaction between maleimide-PEG-PLGA NPs and biomolecules of
two different sizes (a 678 Da peptide and a 14.8 kDa protein) was particularly
susceptible to the molar ratios used, one of the parameters that was optimized
in the present study. As the molar ratios tested in the reaction shift to larger
amounts of ligand in comparison to maleimide, it is likely that the saturation
of the surface area of the NPs becomes the limiting factor for achieving a high
coupling efficiency, which is particularly evident for the larger ligand under
study (11A4 nanobody). Identifying the molar ratio at which surface satu-
ration occurs is important in order to avoid the use of excessive amounts of
ligand that will no longer fit on the surface of the NPs and will ultimately be
discarded in the unbound fraction. In addition to a better use of resources,
optimization of the conjugation process results in a better knowledge of the
composition of ligand-targeted systems, for instance the surface density of tar-
geting ligand. The structure of the surface of these systems deeply influences
their interaction with cells and therefore their performance in vitro and in
vivo (i.e. circulation kinetics of NPs and their uptake by cells).
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Supporting Information

Table S1: Conditions used in the literature for conjugating thiolated ligands
to maleimide groups on polymeric nanoparticles.1–9

Group Name Parameters

NPs preparation
method

Double emulsion solvent evaporation
Single emulsion solvent evaporation

Nanoprecipitation
Others

3 3,5,6

3 4,8,9

1 1

2 2,7

Surfactant used for
NPs preparation

sodium cholate
PVA

Not reported / not applicable

5 3,5,6,8,9

1 7

3 1,2,4

Mass fraction of
maleimide

(polymer) in blend

< 10%
10 − 20%

100%

3 2,5,6

6 2–4,7–9

1 1

Mw of the ligand
used for

functionalization
(kDa)

< 1.5
∼ 15
> 60

5 4,5,7–9

1 1

3 2,3,6

Number of thiol
groups per

molecule of ligand

1
Not reported

6 1,4,5,7–9

3 2,3,6

Maleimide
(polymer):ligand
molar ratio in the

feed

1:1
3:1
4:1
20:1

> 20:1
Not reported

1 4

2 4,6

1 1

1 1

1 1

6 2,3,5,7–9

Reaction
conditions

Incubation time 2 hours, pH 7.2a

Incubation time 2 hoursa,b

Incubation time 8 - 9 hours, room temperatureb

Incubation overnight, pH 7.0a

Incubation overnighta,b

Incubation time 12 h, room temperatureb

Incubation time not reporteda,b

1 2

1 9

2 3,4,8

1 5

1 6

1 7

1 1

a temperature not reported b pH not reported
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Figure S1: c[RGDfK(Ac-SCH2CO)] A) HPLC chromatogram, B) Mass spectrum.

Scheme S1: Deprotection of c[RGDfK(Ac-SH)]

Table S2: PEG weight fraction (%) incorporated in the polymer blends or in the
NPs.

Sample
Theoretical
PEG weight

fraction (%)a

Practical PEG
weight fraction

(%)b

Blend 10% maleimide-PEG-PLGA + 90% PLGA 2.0 1.9

NPs 10% maleimide-PEG-PLGA + 90% PLGA 2.0 1.7 ± 0.0 (n=2)

Blend 20% maleimide-PEG-PLGA + 80% PLGA 4.0 3.5

NPs 20% maleimide-PEG-PLGA + 80% PLGA 4.0 3.1 ± 0.0 (n=2)

a Based on the molecular weights of PEG (∼5,000 Da) and PLGA (∼20,000 Da), the weight
fraction of PEG in the maleimide-PEG-PLGA block copolymer is 20%. The theoretical PEG
weight fraction (%) was calculated assuming incorporation of all the maleimide-PEG-PLGA used
in the feed of the blend or the NPs.
b Determined by 1H-NMR analysis.
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Figure S2: c[RGDfK(Ac-SH)] A) HPLC chromatogram, B) Mass spectrum of peak
1 with retention time 4.9 - 5.4 min. C) Mass spectrum of peak 2 with retention time
5.6 - 5.9 min.

Figure S3: Calibration curve of the peptide cRGDfK obtained by HPLC.
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Figure S4: UPLC chromatogram of the nanobody 11A4.

Figure S5: Calibration curve of the nanobody 11A4 obtained by UPLC.

Table S3: Characteristics of maleimide-PEG-PLGA NPs of different compositionsa.

Feed composition of the
NPs

Diameter
(nm) PDI

Zeta
potential

(mV)

PEG
weight
fraction

(%)

Yield
(%)

10% maleimide-PEG-PLGA
+ 90% PLGA 315 ± 20 0.09 ± 0.02 −6.5±1.0 1.7 ± 0.0 57 ± 3

20% maleimide-PEG-PLGA
+ 80% PLGA 349 ± 11 0.13 ± 0.02 −7.6±1.2 3.1 ± 0.0 59 ± 1

a NPs prepared by double emulsion method, n=3 for 10% maleimide-PEG-PLGA + 90% PLGA
and n=2 for 20% maleimide-PEG-PLGA + 80% PLGA.
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Figure S6: 1H-NMR spectra of maleimide-PEG-PLGA in A) CDCl3 and B) D2O.
A) The NPs are composed of PEG and PLGA. δ = 1.5 (m, 3 H, CH3); 3.6 (4 H,
-CH2-CH2 of PEG); 4.6 - 4.9 (2 H, O-CH2-C(O)O); 5.1 - 5.3 (1 H, -CH-CH3); 7.2
(1 H, CH, chloroform). B) Signal of PEG present at the surface of the NPs visible
after NPs suspension in D2O. δ = 3.6 (4 H, -CH2-CH2 of PEG); 4.6 (2H, H-O-H).
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Figure S7: 1H-NMR spectra of blends of A) 90% PLGA and 10% maleimide-PEG-
PLGA and B) 80% PLGA and 20% maleimide-PEG-PLGA in CDCl3. δ = 1.5 (m,
3 H, CH3); 3.6 (4 H, -CH2-CH2 of PEG); 4.6 - 4.9 (2 H, O-CH2-C(O)O); 5.1 - 5.3
(1 H, -CH-CH3).
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Figure S8: Hydrolysis of the maleimide group in PLGA-PEG-maleimide.

Figure S9: Reactivity of maleimide in NPs upon storage. Maleimide-PEG-PLGA
NPs were stored in aqueous medium (HEPES 10 mM pH 7.0) at 4 or 20 °C for
different periods of time after which the reactivity of maleimide was assessed by
conjugation to cRGDfK.

Table S4: Half-life of maleimide in maleimide-PEG-PLGA NPs stored as aqueous
dispersion at different temperatures.

Storage temperature Slope (day−1)a t1/2 (days) R2

4°C 0.022 32 0.799

20°C 0.064 11 0.892

a Slope calculated from Figure S9.
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Calculations S1. Calculation of the number of 11A4 molecules present on
the surface of a single NP.

The number of molecules of 11A4 bound to the surface of a single NP
containing 10% maleimide-PEG-PLGA and 90% PLGA (NP10%) can be cal-
culated as follows:

First, the mass and surface area of a single NP (mNP ) are calculated based
on the following information:

The diameters of the maleimide-PEG-PLGA NPs used in this study were,
in average, 3.15 x 10−5 cm. Since the NPs are made from 90% w/w of PLGA
their density will be considered as that of this polymer, namely ρ = 1.25
g/cm3 10,11. Therefore,

mNP 10% =
(

4
3

× π × (1.58 × 10−5cm)3
)

× 1.25 g

cm3 = 2.06 × 10−14 g

NP

AreaNP 10% = 4 × π × (1.58 × 10−5cm)2 = 3.14 × 10−9 cm2

NP

For a conjugation reaction in a molar ratio of 1:1 maleimide-PEG-PLGA
to 11A4, 1 mg of NPs and 59 µg of protein were used. The number of NPs
taking part in the reaction is then:

Number of NPsNP 10% = 1.00 × 10−3 g

2.06 × 10−14 g/NP
= 4.85 × 1010 NPs

The total surface area available for conjugation of 11A4 to the NPs in the
reaction is:

Total Surface AreaNP 10% = 3.14 × 10−9 cm2

NP
× 4.85 × 1010 NPs = 152.3 cm2

An average conjugation efficiency of 13% (Figure 3) was achieved for the
reaction at 1:1 ratio, meaning that 7.67 µg of the 59 µg of 11A4 used in process
is actually conjugated to the surface of the NPs. The surface concentration of
11A4 can be calculated as:

Surface conc11A4 = 7.67 × 10−3 mg

152.3 cm2 = 5.04 × 10−5 mg

cm2
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Since the molecular weight of 11A4 as 14,812 g/mol, the number of 11A4
molecules on the surface is:

Molecules11A4 =(
5.04 × 10−8 g/cm2

14, 812 g/mol

)
× 6.02 × 1023 molecules

mol
= 2.05 × 1012 molecules

cm2

If calculated for a single NP, the number of molecules of 11A4 on the
surface is:

Molecules11A4/NP =

3.14 × 10−9 cm2

NP
× 2.05 × 1012 molecules11A4

cm2 = 6, 437 molecules11A4

NP

The surface area that a molecule of 11A4 occupies on a single NP is there-
fore equivalent to:

Total Surface Area11A4 =

3.14 × 10−9 cm2/NP

6, 437 molecules/NP
= 4.88 × 10−13 cm2

molecule
= 48.8 nm2

molecule

Calculations S2. Calculation of the number of cRGDfK molecules present
on the surface of a single NP.

The number of molecules of cRGDfK bound to the surface of a single
NP containing 20% maleimide-PEG-PLGA and 80% PLGA (NP20%) can be
calculated as follows:

First, the mass and surface area of a single NP (mNP ) are calculated
based on the diameter of the maleimide-PEG-PLGA NPs used in this study,
in average, 3.49 x 10−5 cm. Since these NPs are made from 80% w/w of
PLGA their density will be considered as that of this polymer, namely ρ =
1.25 g/cm3 10,11. Therefore,

mNP 20% =
(

4
3

× π × (1.75 × 10−5cm)3
)

× 1.25 g

cm3 = 2.81 × 10−14 g

NP

AreaNP 20% = 4 × π × (1.75 × 10−5cm)2 = 3.85 × 10−9 cm2

NP
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For a conjugation reaction in a molar ratio of 1:1 maleimide-PEG-PLGA
to cRGDfK, 1 mg of NPs and 5 µg of peptide were used. The amount of NPs
taking part in the reaction is then:

Number of NPsNP 20% = 1.00 × 10−3 g

2.81 × 10−14 g/NP
= 3.56 × 1010 NPs

The total surface area available for conjugation of cRGDfK to the NPs in
the reaction is:

Total Surface AreaNP 20% = 3.85 × 10−9 cm2

NP
× 3.56 × 1010 NPs = 137.1 cm2

An average conjugation efficiency of 52% (Figure 3) was achieved for the
reaction at 1:1 ratio, meaning that 2.60 µg of the 5 µg of cRGDfK used in
the process is actually conjugated to the surface of the NPs. The surface
concentration of cRGDfK can be calculated as:

Surface conccRGDfK = 2.60 × 10−3mg

137.1 cm2 = 1.90 × 10−5 mg

cm2

Since the molecular weight of cRGDfK is 678.5 g/mol, the number of
cRGDfK molecules on the surface of all the NPs participating in the reaction
is:

MoleculescRGDfK/NP =(
1.90 × 10−8 g/cm2

678.5 g/mol

)
× 6.02 × 1023 molecules

mol
= 1.68 × 1013 molecules

cm2

If calculated for a single NP, the number of molecules of cRGDfK on the
surface is:

MoleculescRGDfK/NP =

3.85 × 10−9 cm2

NP
× 1.68 × 1013 molecules

cm2 = 64, 680 moleculescRGDfK

NP

The surface area that a molecule of cRGDfK occupies on a single NP is
therefore equivalent to:

Total Surface AreacRGDfK =

3.85 × 10−9 cm2/NP

64, 680 molecules/NP
= 5.95 × 10−14 cm2

molecule
= 5.95 nm2

molecule
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3. Endothelial cell targeting by cRGD-functionalized NPs

Abstract

The interaction between the Arg-Gly-Asp (RGD) tripeptide motif, present
in many extracellular matrix proteins, and αvβ3 integrin expressed by acti-
vated endothelial cells mediates cell adhesion, migration and growth. Since
αvβ3 integrin is a key component of angiogenesis in health and disease, RGD-
functionalized nanocarriers have been proposed as vehicles for targeted de-
livery of drugs to the neovasculature of tumors. In this work, PEGylated
nanoparticles (NPs) based on poly(lactic-co-glycolic acid) (PLGA) with a size
of ∼300 nm and functionalized with cyclic-RGD (cRGD) were evaluated as
nanocarriers for the targeting of angiogenic endothelium. For this purpose,
NPs functionalized with cRGD with different surface densities were prepared
by maleimide-thiol chemistry and their interactions with human umbilical
vein endothelial cells (HUVECs) were evaluated under different conditions
using flow cytometry and microscopy. The cell association of cRGD-NPs un-
der static conditions was time-, concentration- and cRGD- density dependent.
The interactions between HUVECs and cRGD-NPs dispersed in cell culture
medium under flow conditions (shear rate 300 sec−1, similar to the mean shear
rate reported for the human carotid artery) were also time- and cRGD- density
dependent. When washed red blood cells (RBCs) were added to the medium
(hematocrit 32%), a remarkable increase in NPs association to HUVECs was
observed, i.e. 3 times higher association for high cRGD-NPs and 6 times higher
association for low cRGD-NPs (16 h perfusion). Flowing RBCs are likely to
push the NPs towards the endothelial cells, decreasing the distance between
these two and thus facilitating their interaction. The findings of this work
indicate that the interactions between polymeric NPs and endothelial cells
are favored by increasing cRGD surface densities. Furthermore, experiments
conducted under flow using medium that contains a physiologic RBC volume
fraction and shear rate that matches the one occurring in human blood vessels,
are a step forward in the prediction of in vivo cell-particle association. This
approach has the potential to assist the development and high-throughput
screening of new endothelium-targeted nanocarriers, and could facilitate the
reduction of the number of tests conducted in laboratory animals.
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1 Introduction

Angiogenesis, an essential process for tissue formation and repair, relies
on complex cell-cell and cell-matrix interactions mediated by adhesion
molecules1–3. One of the most extensive families of cell adhesion molecules
is that of integrins, which are transmembrane receptors consisting of an α
and a β subunit capable of bidirectional signaling. The extracellular domain
of integrins binds to ligands present on proteins of the extracellular matrix
(ECM) or to receptors on neighboring cells, while the cytoplasmic domain
transfers external stimuli to the cytoskeleton and plays a role in the activa-
tion of intracellular signaling pathways4. Integrin αvβ3, one of the 24 integrin
subtypes, is highly expressed in activated (angiogenic) endothelial cells but
not on quiescent cells, and is therefore an important mediator of angiogene-
sis under normal and pathological conditions5,6. The most important ligand
of integrin αvβ3 is the RGD peptide, which is present in proteins such as
lactadherin, fibronectin, vitronectin, laminin and vonWillebrand factor, and
is involved in the regulation of cell adhesion, migration and growth7,8. Be-
sides participating in tumor angiogenesis, integrin αvβ3 is also associated with
increased proliferation, survival and/or metastasis of some tumors, includ-
ing gliomas, melanomas, gastric, breast, ovarian and pancreatic tumors9–11,
which positions it as an important pharmacological target in cancer treat-
ment12. While the inhibition of integrin αvβ3 suppresses angiogenesis, tumor
growth and metastasis in pre-clinical studies13,14, these findings have not yet
been successfully translated to the clinic15. Alternatively, some researchers
have explored the possibility of using integrin αvβ3 as a target for the deliv-
ery of anti-cancer agents via RGD-functionalized nanocarriers16–21. In this
regard, RGD-functionalized polymeric nanoparticles (NPs) loaded with cy-
totoxic drugs have shown increased anti-cancer activity in vitro and in vivo
compared to non-functionalized polymeric NPs and/or free drugs22–25. The
higher efficacy of RGD-NPs in vivo can be attributed to several factors, includ-
ing improved pharmacokinetics of the drugs by encapsulation in PEGylated
NPs (i.e. prolonged circulation time), as well as the interactions between
RGD grafted on the NPs and integrin αvβ3 present on cellular membranes
of angiogenic endothelial cells of the tumor vasculature. In respect to this,
the number and density of RGD moieties on the surface of NPs is very likely
to play a role on the extent of the binding with the target cells in terms of
kinetics and number of particles bound per cell. In fact, the relevance of mul-
tivalent interactions has been highlighted by the superior binding affinity and
internalization of multimeric-RGD structures (i.e. radiolabeled or fluorescent
peptides) in comparison to their monomeric analogues26–29. These findings
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prompted us to study the influence of ligand density on the interaction be-
tween NPs functionalized with cRGD and human umbilical vein endothelial
cells (HUVECs), an extensively used in vitro model for angiogenic endothe-
lial cells30,31. For this purpose, HUVECs were incubated with poly(lactic-
co-glycolic acid) (PLGA) NPs surface functionalized with cRGD at different
densities, and the nanoparticle-cell interactions were evaluated under static
incubation conditions. Since the integrin αvβ3 is preferentially expressed by
endothelial cells of nascent blood vessels, we also studied these interactions un-
der physiological flow conditions. For this purpose, we used a perfusion system
and conducted experiments using either cell culture medium or a suspension
of washed red blood cells (RBCs) as the flow medium. It has been suggested
that cell culture and tests under flow provide a better representation of the
(patho)physiological conditions under which nanocarrier-endothelial cell con-
tact occurs in vivo 32,33. In this regard, the generation of flow-induced shear
stress can influence cellular responses such as cell-cell adhesion34, the up-
take of NPs35,36 and the cytocompatibility with lipid, polymeric and metallic
NPs37,38. Taking into consideration this information, we conducted studies
with the purpose to gain a better understanding of the influence of a) the sur-
face properties of the NPs, in terms of ligand density and b) the test conditions
(i.e. static vs flow, and tests in cell culture medium vs washed RBCs), on the
cell association and uptake of αvβ3 targeted and non-targeted PLGA-NPs by
HUVECs.

2 Experimental section

2.1 Chemicals
PLGA (50:50 ratio DL-lactide/glycolide, IV 0.39 dl/g, Mw ∼44,000 Da) was
obtained from Corbion (Gorinchem, the Netherlands). Poly(lactide-
co-glycolide)-b-poly(ethylene glycol)-maleimide (maleimide-PEG5,000-
PLGA20,000) was purchased from Polyscitech, Akina Inc (West Lafayette,
IN, USA). Poly(vinyl alcohol) (PVA) of Mw 30,000 - 70,000 Da, 87 - 90%
hydrolyzed, L-cysteine hydrochloride monohydrate and hydroxylamine
hydrochloride were acquired from Sigma-Aldrich (Steinheim, Germany).
Dicyclohexylcarbodiimide (DCC) was purchased from Aldrich (Steinheim,
Germany). 4-(Dimethylamino)pyridine (DMAP) was obtained from Fluka
(Steinheim, Germany). Dichloromethane (DCM), diethyl ether, acetonitrile
and dimethyl sulfoxide (DMSO) were obtained from Biosolve (Valkenswaard,
the Netherlands). Cyanine5 free carboxylic acid (Cy5-COOH) was purchased
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from Lumiprobe (Hannover, Germany). The cyclic peptide c[RGDfK(Ac-
SCH2CO)] (Mw: 719.8 g/mol) was purchased from Peptides International
(Louisville, KY, USA). HEPES, EDTA disodium salt dihydrate, gelatin from
bovine skin and Dulbecco’s phosphate buffered saline (8.0 g NaCl, 1.15 g
Na2HPO4, 0.2 g KCl and 0.2 g KH2PO4 in 1 L of water, pH 7.4) were
products of Sigma (Steinheim, Germany). Micro BCA™ Protein Assay Kit
was purchased from Thermo Scientific (Illinois, USA).

2.2 Synthesis of Cy5 labelled poly(D,L-lactic-co-glycolic-
co-hydroxymethyl glycolic acid) (Cy5-PLGHMGA)
Poly(D,L-lactic-co-glycolic-co-hydroxymethyl glycolic acid) (PLGHMGA) was
synthesized as reported in chapters 4 and 5 of this thesis. The fluorescent la-
bel Cy5-COOH was covalently attached to the pendant hydroxyl groups in
PLGHMGA by DCC-DMAP chemistry. Briefly, 50 mg of PLGHMGA was
dissolved in 5 mL of dry DCM and placed under stirring in a round bottom
flask with a rubber stopper. Subsequently, 18 µL of DCC (1.6 mg/mL dis-
solved in DCM), 60 µL of Cy5-COOH (1 mg/mL dissolved in DCM) and 4
µL of DMAP (0.5 mg/mL DCM) were added to the polymer solution and
the mixture was stirred and flushed with N2 for 10 minutes at room tem-
perature (RT). The reaction was allowed to proceed overnight under stirring
and protected from light. Next, the reaction mixture was concentrated under
reduced pressure (removal of ∼80% of the DCM volume) and the polymer
was precipitated in cold diethylether (25 mL). The fluorescent polymer was
recovered by filtration, dried under reduced pressure, dissolved in 2 mL of
DCM and dialyzed against DMSO for 48 h to remove the free dye (dialysis
membrane MWCO 6 - 8 kDa, Spectra/Por™, Spectrumlabs). The purified
polymer was freeze dried at -40 °C, <1 mbar (Christ Alpha 1-2 freeze dryer).
The Cy5 labelled polymer (yield 92%) was characterized by gel permeation
chromatography (GPC) using two PL-gel 5 µm Mixed-D columns and tetrahy-
drofuran/lithium chloride 10 mM as the mobile phase (1 mL/min) at 60 °C.
Dual RI and UV detection (λ 650 nm) was used for analysis, and polystyrene
standards (EasiCal Agilent, California, USA) were used for calibration. The
Mw of the polymer was 62 kDa (Mn 42 kDa, PDI 1.46) and no signal for the
free dye was detected after purification.

69

3



3. Endothelial cell targeting by cRGD-functionalized NPs

2.3 Preparation and characterization of the polymeric
nanoparticles (NPs)

Fluorescent NPs were prepared by double emulsion solvent evaporation
method39,40. A mixture of PLGA, maleimide-PEG-PLGA and Cy5-
PLGHMGA (ratio 65/20/15 wt%) was dissolved in DCM at 5% w/v. To
prepare the first emulsion W/O (water-in-oil), 100 µL of water was added to 1
mL of polymer solution and the mixture was emulsified using a probe sonica-
tor (SONOPULS HD 2200 Bandelin, Berlin, Germany) for 1 minute at 20 W
power in an ice bath. The W/O emulsion was subsequently added dropwise
to 10 mL of an aqueous solution of PVA 5% w/w. The addition was done
under sonication for 2 minutes at 20 W in an ice bath and resulted in the
formation of a W/O/W/ emulsion (water-in-oil-in-water). This emulsion was
stirred (600 rpm) for 2 h at RT to evaporate DCM. The NPs formed after
solvent evaporation were collected by centrifugation for 20 min, 20,000 x g
at 4 °C, washed twice with HEPES 10 mM (pH 7.0) and once with distilled
water. After the last washing, the NPs were resuspended in 1 mL of distilled
water and divided into aliquots of 250 µL. One of the aliquots was freeze dried
in order to determine the yield of the preparation process, while the other
aliquots were supplemented with sucrose at a final concentration of 5% w/v
prior to freeze drying (-40 °C, <1 mbar, Christ Alpha 1-2 freeze dryer).

The size of the NPs was determined by Dynamic Light Scattering (Zeta-
sizer Nano S, Malvern, Worcestershire, UK) at 25 °C in MilliQ water and
their zeta potential (Zetasizer Nano Z, Malvern, Worcestershire, UK) was
determined at 25 °C in HEPES 10 mM, pH 7.0.

2.4 Conjugation of cRGD to the NPs
The cRGD peptide was conjugated to the fluorescent NPs by maleimide-thiol
chemistry as described in previous work of our group41 (also chapter 2 of this
thesis). Briefly, c[RGDfK(Ac-SCH2-CO)] was deprotected by incubation for
30 minutes at RT in a buffer containing 10 mM HEPES/0.4 mM of EDTA/45
mM hydroxylamine (pH 7.0), in order to remove the acetyl group to generate
a free thiol per peptide molecule. Next, deprotected cRGD was conjugated
to the fluorescent NPs at different molar ratios cRGD to maleimide-polymer,
namely 1:10 ("low" cRGD-NPs), 1:5 ("medium" cRGD-NPs) and 1:2 ("high"
cRGD-NPs), as follows. Freeze dried NPs were resuspended in distilled wa-
ter and recovered by centrifugation at 3,000 x g, 10 min, 4 °C. The pelleted
NPs were resuspended in a buffer 10 mM HEPES/0.4 mM EDTA (pH 7.0)
to a concentration of ∼7 mg/mL and aliquots containing 2 mg of NPs were
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incubated with deprotected cRGD (13, 5.0 and 2.5 µL of cRGD 0.45 mg/mL
to 300 µL of NPs suspension), for 30 minutes at RT in the dark. The NPs
were recovered by centrifugation (3,000 x g, 10 min, 4 °C), the supernatant
was removed and stored for analysis of the cRGD concentration (described in
section 2.5) and the pellet was resuspended in 10 mM HEPES/0.4 mM EDTA
to a concentration of ∼7 mg/mL. Cysteine dissolved in 10 mM HEPES/0.4
mM (pH 7.0) was added to the NPs suspension in a molar ratio of 2:1 cysteine
to maleimide-polymer (6.0 µL of cysteine 0.5 mg/mL to 300 µL of NPs sus-
pension) to block the remaining unreacted maleimide groups. Subsequently,
the suspension was incubated for 30 minutes at RT in the dark, the NPs were
recovered by centrifugation (3,000 x g, 10 min, 4 °C), the supernatant was
stored for quantification of cysteine (section 2.5) and the pellet was washed
with 10 mM HEPES/0.4 mM EDTA. Finally, the NPs pellet was resuspended
in PBS at a concentration of 10 mg/mL and stored at 4 °C in the dark un-
til further use. Control (non-targeted) NPs functionalized with cysteine at a
molar ratio of 2:1 cysteine to maleimide-polymer (Cys-NPs) were prepared as
described for the NPs functionalized with cRGD, but skipping the addition of
this peptide. The size and zeta potential of the cRGD-NPs and the Cys-NPs
were determined as mentioned in section 2.3.

2.5 Quantification of cRGD by HPLC to determine the
conjugation efficiency to the NPs

The concentration of cRGD present in the supernatants of the pelleted func-
tionalized NPs was quantified by HPLC (Waters Alliance System) equipped
with a UV detector (analysis at 214 nm) as previously reported41. Briefly, the
samples (50 µL injection volume) were run through a XBridge BEH C18 col-
umn (3.5 µm, 2.1 mm x 100 mm) using a gradient from 100% eluent A (94.9%
H2O, 5.0% ACN, 0.1% acetic acid) to eluent B (94.9% ACN, 5.0% H2O, 0.1%
acetic acid) in 12 minutes followed by 100% eluent B in 1 min. The detection
limit was 2 µg/mL.

The cysteine concentration in the supernatants of the pelleted NP dis-
persions was quantified by MicroBCA assay according to the protocol of the
manufacturer. Detection limit was 2 µg/mL.

The conjugation efficiency was calculated as:

Conjugation efficiency (%) =(
1 − [Ligand in the supernatant]

[Ligand added in the conjugation reaction]

)
× 100%
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Since cysteine was added in excess compared to the maleimide groups in
the NPs (2:1 molar ratio), the maximum achievable conjugation efficiency was
50%. Therefore, the conjugation efficiency of cysteine was normalized to this
value.

2.6 Cell culture conditions
Pooled human umbilical vein endothelial cells (HUVECs) were obtained from
Lonza (Verviers, Belgium) and cultured in Endothelial Basal Medium (EBM-
2) supplemented with growth factors (Growth Medium 2 SupplementMix®,
PromoCell, Heidelberg Germany) and antibiotics (gentamicin/amphotericin
B, Gibco, New York, USA) up to passage number 6. The cells were incubated
at 37 °C, 5% CO2, in a humidified atmosphere during culture as well as during
the experiments (sections 2.7 - 2.9). For the flow experiments, HUVECs were
seeded on a perfusion slide (µ-Slide I Luer®, Ibidi, Martinsried, Germany) at
a density of 2.4 x 105 cells/slide and allowed to attach for 2 h. Next, the slide
was connected to the a pump-controlled perfusion set (Ibidi, Martinsried, Ger-
many) and the cells were cultured in EGM-2 (EBM-2 medium supplemented
with growth factors and antibiotics), under continuous flow (shear rate 300
sec−1, shear stress 0.3 N/m2 (3.0 dyn/cm2), viscosity 1 mPa.s (0.01 dyn.s
/cm2) at 37 °C and 5% CO2.

2.7 Association of Cys-NPs and cRGD-NPs with HUVECs
under static conditions

HUVECs were seeded in a 12 well plate at a density of 50,000 cells/well.
After 24 hours of incubation, the cell medium was replaced and fluorescent
Cys-NPs or fluorescent cRGD-NPs were added to the cells at final concentra-
tions of 0.016, 0.08 and 0.4 mg/mL. HUVECs were incubated with the NPs
for 1 or 3 h, after which they were washed twice with PBS and detached from
the wells using trypsin/EDTA (0.05%). Trypsin was neutralized with Dul-
becco’s PBS containing 0.5% bovine serum albumin, the cells were recovered
by centrifugation at 300 x g for 5 minutes at RT and the supernatant was
removed. The cell pellet was resuspended in PBS also containing 0.5% bovine
serum albumin. The fluorescence associated to the cells was determined by
fluorescence-activated cell sorting (FACS, Canto II, BD Biosciences) using an
APC laser (λ 660 nm, used to detect the Cy5 signal from the NPs). Initially,
HUVECs were gated by plotting FSC/SSC and 10,000 events were recorded
(P1). The mean fluorescence intensity (MFI) was determined for the P1 pop-
ulation and subsequent gating of P1 was done to calculate the percentage of
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cells in P1 that showed above background fluorescence (P2), using untreated
HUVECs as a control.

2.8 Uptake of Cys-NPs and cRGD-NPs by HUVECs under
static incubation conditions

Glass bottom 16 well chamber slides (Nunc™) were coated with 0.5% gelatin
from bovine skin (30 min, 37 °C) followed by 0.5% glutaraldehyde in PBS
(10 min, RT) and wells were finally washed three times with PBS. HUVECs
were seeded in the coated wells at a density of 10,000 cells/well and incubated
overnight at 37 °C. Next, the cell medium was replaced and fluorescent Cys-
NPs or fluorescent cRGD-NPs dispersed in PBS were added to the cells at a
final concentration of 0.4 mg/mL. The cells were incubated with the NPs for
1 or 3 h, after which they were washed twice with PBS and fixed with 2%
paraformaldehyde/0.2% glutaraldehyde in PBS for 1 h at RT and then stored
overnight at 4 °C. The nuclei were stained using Hoechst 33342 (Fluka), 1
µg/mL in PBS for 20 mins, washed once with PBS and the F-actin cytoskele-
ton was stained with phalloidin Alexa Fluor 488 (Life Technologies), 1:50
in PBS for 30 mins. After washing, the cells were mounted with FluorSave™
reagent (Calbiochem). HUVECs were visualized by confocal microscopy using
a Leica TCS SP8 X confocal microscope with a white light laser (continuous
spectral output between λ 470 - 670 nm) and a 63X objective. Two fields were
imaged per condition and images were captured in three channels: Hoechst
33342 for nuclei (λex 419 nm, λem 500 nm), phalloidin 488 (λex 510 nm, λem
562 nm) for F-actin cytoskeleton and Cy5 for visualization of the NPs (λex
660 nm, λem 700 nm).

2.9 Association of Cys-NPs and RGD-NPs with HUVECs
under flow

The experiments under flow were performed using an Ibidi pump system®.
The cells were cultured under flow as mentioned in section 2.6 for 3 days prior
to the addition of NPs.

2.9.1 Experiments under flow, 1 hour incubation in EBM-2
medium

The medium in the perfusion system was replaced with EBM-2 medium and
the system was allowed to equilibrate for 2 minutes under flow. Next, Cys-NPs
or cRGD-NPs dispersed in PBS were added to the system (flow was stopped
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during addition) at a final concentration of 0.08 mg/mL and the HUVECs
were incubated with the NPs for 1 h at 37 °C under flow (shear rate 300
sec−1, viscosity 1 mPa.s, shear stress 0.3 N/m2). The incubation was followed
by medium refreshment and washing of the cells for 5 minutes (with EBM-
2). Finally, the slide was disconnected from the system and an additional
washing of the cells was done manually by carefully flushing 3 mL of EBM-2
through the slide. The cells were then fixed with 2% paraformaldehyde/0.2%
glutaraldehyde in PBS for 1 h at RT, and then stored overnight at 4 °C. Af-
ter fixation, HUVECs were stained with Hoechst 33342 and phalloidin 488 as
described in section 2.8. Cell images (epifluorescence) were captured using a
Zeiss Z1 microscope equipped with Colibri LEDs (365 nm used for visualiza-
tion of nuclei, 470 nm used for visualization of the cytoskeleton and 625 nm
for the NPs labelled with Cy5), using a 40X objective and an AxioCam MRm.
Ten images, captured along the slide, were processed using the Fiji image anal-
ysis software (NIH, USA) as follows: background noise was eliminated for all
images. A threshold was set for the images from the experiments under flow
in EBM-2 (1 h and 16 h) and in EBM-2 with washed RBCs (16 h) in order to
reduce remaining background signal. The Integrated Density was determined
in the channel containing the signal of the Cy5 labeled NPs.

2.9.2 Experiments under flow, 18 hours incubation in EBM-2
medium

The medium in the system was replaced by EBM-2 medium and the system
was allowed to equilibrate for 2 minutes. Cys-NPs or cRGD-NPs dispersed in
PBS were added at a final concentration of 0.08 mg/mL and the cells were
incubated under flow (shear rate 300 sec−1, viscosity 1 mPa.s, shear stress
0.3 N/m2) for 18 h at 37 °C and 5% CO2. Subsequently, the medium was
refreshed and the cells were washed for 5 minutes. Finally, the slide was
disconnected from the system, an additional washing of the cells was done
manually by flushing 3 mL of EBM-2 through the slide, and the cells were
fixed and stained as described in section 2.9.1.

2.9.3 Experiments under flow, 18 hours incubation in washed red
blood cells (RBCs)

Whole blood anticoagulated using sodium citrate 3.2% (from a single donor)
was obtained from the mini donor service at University Medical Center Utrecht
(the Netherlands) and centrifuged at 1,000 x g for 15 minutes. Next, RBCs
were separated from the plasma and the buffy coat, and washed once with
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PBS. A suspension of washed RBCs was prepared in EBM-2 (20 mL washed
RBC and 26 mL medium). The medium in the Ibidi system was replaced with
the RBCs suspension (hematocrit 32% as measured by Cell-Dyn Hematology
Analyzer, Abbot) and the system was allowed to equilibrate for 5 minutes.
Cys-NPs or cRGD-NPs dispersed in PBS were added at a final concentration
of 0.08 mg/mL and the cells were incubated under flow (shear rate 300 sec−1,
viscosity 1.8 mPa.s, shear stress 0.54 N/m2) for 18 h at 37 °C and 5% CO2.
The washed RBCs suspension was replaced with EBM-2 medium and the
HUVECs were washed for 5 minutes. The slide was disconnected from the
system and an additional washing was done manually by flushing 3 mL of
EBM-2 through the slide. The cells were then fixed and stained as described
in section 2.9.1.

3 Results and Discussion

3.1 Preparation and characterization of the polymeric
nanoparticles (NPs)

Cy5 labelled maleimide-PEG-PLGA NPs were prepared by double emulsion
solvent evaporation method using a blend of PLGA, maleimide-PEG-PLGA
and Cy5-PLGHMGA at 65/20/15 wt%, respectively. The yield of NPs prepa-
ration was 50%. cRGD peptides (bearing one thiol group per cRGD molecule)
were conjugated to the surface of the NPs by maleimide-thiol chemistry to pre-
pare particles specifically targeting αvβ3 integrins, while NPs conjugated to
cysteine were prepared as a non-targeted control. For the preparation of the
targeted NPs, different molar ratios of cRGD to maleimide-PEG-PLGA were
used in order to obtain formulations with different surface ligand densities,
designated as low (1:10 molar ratio), medium (1:5 ratio) and high (1:2 ratio).

Cys-NPs and cRGD-NPs with different ligand densities were similar in size,
surface area (0.31 - 0.35 µm2) and surface charge (Table 1). The conjugation
efficiency of cysteine to the NPs was ∼40%. Theoretically, 100% conjuga-
tion efficiency could have been reached because a molar excess of cysteine to
maleimide was used in the reaction. Nevertheless, previous work conducted
in our group has indicated that the surface availability of maleimide groups
might actually be lower than expected41 (chapters 2 and 5 of this thesis),
probably due to the miscibility of PEG and PLGA42,43 that leads to the sol-
ubilization of the maleimide groups in the polymer matrix of the NPs. The
conjugation efficiencies of cRGD to the NPs ranged between 40 - 70%. These
efficiencies resulted in the successful preparation of NPs with different cRGD
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surface densities (Table 1 and Calculations S1). The ligand density on the
high cRGD-NPs is ∼3.5 times higher than on the medium cRGD-NPs and
∼10 times higher than on the low cRGD-NPs.

Table 1: Size, zeta potential and conjugation efficiency of Cy5-PLGA NPs.

Formula-
tion

Diameter
(nm) PDI

Zeta
potential

(mV)

Conjuga-
tion

efficiency
(%)a

RGD
peptides
coupled
per NPb

Density
(cRGD/
µm2)b

NPs 303 ± 34 0.25 ± 0.10 -10.1 ± 0.7 NAc NAc NAc

Cys-NPs 316 ± 19 0.22 ± 0.02 -12.2 ± 0.6 39 ± 12 NAc NAc

Low
cRGD-NPs 313 ± 11 0.21 ± 0.00 -12.0 ± 0.4 38 ± 5 ∼3,400 ∼11,000

Medium
cRGD-NPs 312 ± 14 0.19 ± 0.03 -11.4 ± 0.2 50 ± 8 ∼9,700 ∼31,700

High
cRGD-NPs 332 ± 22 0.23 ± 0.04 -10.1 ± 0.6 71 ± 8 ∼40,700 ∼117,600

n=4 independently prepared batches. a Conjugation efficiency = (1 - ([Ligand in the supernatant]
/ [Ligand added in the conjugation reaction])) x 100%, b calculated as reported in Calculations
S1, c not applicable

3.2 Association of Cys-NPs and RGD-NPs with HUVECs
under static incubation conditions

Dispersions of different concentrations of fluorescently labelled NPs with and
without cRGD decoration, were incubated with HUVECs for 1 or 3 h and
the association of NPs to the cells was assessed by FACS. Cell association
was virtually absent for Cys-NPs (non-targeted control). On the contrary,
cell association was observed for cRGD-NPs with all three ligand densities,
and the fluorescent signal of the NPs was distributed homogeneously over the
cell population. The association of cRGD-NPs to HUVECs showed a positive
correlation with the NPs concentration, the incubation time and the cRGD
surface density (Table 2 and Figure 1). For high cRGD-NPs at 0.4 mg/mL
(highest concentration tested), ∼100% of the HUVECs were associated to
NPs already after 1 h of incubation. Based on the average fluorescent signals
obtained by FACS, cell association of cRGD-NPs was 2.9 to 4.0 fold higher
for high cRGD-NPs compared to low cRGD-NPs after 1 h of incubation, and
2.2 to 3.7 fold higher after 3 h of incubation (at different concentrations of
NPs). Medium cRGD-NPs displayed values that were in between the low and
high density NPs. An increase in the incubation time of all cRGD-NPs with
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HUVECs from 1 to 3 h resulted in 1.3 to 2.3 times more cell association. The
increase in fluorescence intensity observed upon incubation of the cells with
these NPs for 3 h, shows that more particles were associated per cell.

Table 2: Fluorescence distribution (% of positive cells) in HUVECs upon static
incubation at 37 °C with Cys-NPs and cRGD-NPs of different ligand densities.

Concentration
of fluorescent
NPs (mg/mL)

Percentage of fluorescence positive HUVECs

Cys-NPs Low cRGD-NPs Med cRGD-NPs High cRGD-NPs

1 h 3 h 1 h 3 h 1 h 3 h 1 h 3 h
0.016 0.3±0.2 0.2±0.1 8±1 15±5 15±4 36±3 43±8 60±9
0.08 0.5±0.2 0.9±0.4 30±4 58±8 51±11 83±2 83±5 93±3
0.4 3±1 12±7 71±1 91±4 85±5 98±1 97±1 99±0

% of fluorescence positive HUVECs (P2) obtained from a gated HUVECs population (P1), n=4

Confocal microscopy analysis was used to gain insight into the cellular
localization of the fluorescent signal detected by flow cytometry and thus
on the intracellular distribution of the NPs. Confocal imaging of Cys-NPs
(Figure 2) showed negligible intracellular accumulation, which is in agreement
with its poor cell association demonstrated by FACS. In contrast, cytoplasmic
accumulation (confirmed by phalloidin staining of F-actin cytoskeleton) was
observed upon incubation with the different cRGD-NPs (Figure 2). Similar
to the FACS data (Figure 1), confocal microscopy observations indicate that
the cRGD density on the surface of the NPs is positively correlated with their
accumulation (uptake) in HUVECs. Moreover, the signal of the cRGD-NPs
in the cytoplasm showed a dotted pattern rather than diffused fluorescence,
suggesting that the NPs localize to endosomes after their uptake.

The much higher cell association and uptake of cRGD-NPs in comparison
to Cys-NPs suggests that cRGD mediates the binding of the NPs to HUVECs.
Other studies comparing non-targeted and targeted PEGylated PLGA NPs
(∼100 - 200 nm) also found increased binding to and uptake by HUVECs for
targeted NPs. Nevertheless, non-specific cell interactions of non-targeted NPs
were also observed, particularly at incubation times ≥ 1 hour22,44. These
findings are in contrast with the low cell association observed for the Cys-NPs
in our study even after 3 h of incubation. Endocytosis of non-targeted NPs is
highly influenced, amongst others, by their size, charge and surface chemistry.
The Cys-NPs used in this study have a relatively large size (∼300 nm) which
would limit their caveolae-mediated uptake and their uptake by other non-
clathrin mediated mechanisms generally associated with the formation of small
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Figure 1: Association of Cys-NPs or cRGD-NPs of different ligand densities to
HUVECs under static conditions at 37 °C. A) Association measured with FACS
after 1 h, and B) 3 h of incubation (n=4). C) Representative FACS histograms of
the fluorescence distribution in HUVECs incubated with 0.08 mg/mL of Cys-NPs
or cRGD-NPs for 1 or 3 hours.
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Figure 2: Uptake of Cys-NPs and cRGD-NPs of different ligand densities by HU-
VECs under static incubation conditions. Confocal images of HUVECs incubated
with NPs for 1 and 3 h at 37 °C. Nuclei are stained in blue, cytoskeleton (F-actin)
is stained in green, and NPs are observed in red.
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vesicles (∼50 - 100 nm)45,46. Additionally, Cys-NPs have a slightly negative
surface charge (zeta potential ∼ -12 mV), which limits the charge-driven NPs-
cell interaction and uptake that is often reported for positively charged NPs47.

Particles decorated with RGD can be internalized by receptor-mediated
endocytosis48 or by phagocytosis49 driven by the interaction between RGD
and αvβ3. In the present study, the association of cRGD-NPs to HUVECs
was time- and concentration-dependent, which is in line with reports on the
interactions between other RGD-functionalized nanocarriers and αvβ3 overex-
pressing cells50,51. Cell association of NPs was also highly influenced by the
surface density of cRGD (Figures 1 and 2). Similarly, other research groups
have found that increasing RGD-densities on the surface of nanocarriers gener-
ally result in increasing binding to the integrin αvβ3, coated on plate surfaces
or present on the surface of cells52,53. In the present work, the NPs association
to HUVECs increased with increasing RGD-densities and reached a maximum
at ∼118,000 RGD/µm2 (density on the high cRGD-NPs). In a similar study
with PLGA-NPs prepared with cRGD densities ∼26,000 - 137,000 RGD/µm2,
the association to HUVECs was also dependent on the cRGD density and
also reached a maximum for the NPs with the highest surface density54. The
increased cell association observed for increasing cRGD densities on the NPs
can be attributed to the multivalent interactions between this peptide and the
integrin αvβ3. In line with our findings, several authors have reported that
multivalency in RGD systems enhances αvβ3 integrin binding and internaliza-
tion55–59.

3.3 Association of Cys-NPs and RGD-NPs with HUVECs
under flow

In (patho)physiological conditions, the contact between cRGD-NPs and en-
dothelial cells in (angiogenic) blood vessels will be subjected to the effects
of constant blood flow (i.e. shear stress and presence of blood cells). These
effects probably modify the way the NPs interact with the cells compared to
static conditions frequently used in in vitro assays that aim to study cellular
interactions. For this reason, it was decided to evaluate nanoparticle-cell in-
teractions under flow in media of different complexities (EBM-2 cell culture
medium and washed RBCs) and at different incubation times (1 and 16 h).
These experiments were conducted at a shear rate of 300 sec−1, which is com-
parable to the mean shear rate reported for the human carotid artery60,61.

Incubation of HUVECs with Cys-NPs (0.08 mg/mL) dispersed in EBM-
2 for 1 h under flow resulted in negligible association of these nanoparticles
with HUVECs, as shown by epifluorescence microscopy images (Figure 3A).
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In contrast, a dotted pattern inside the cytoplasm of the cells was observed for
HUVECs incubated with cRGD-NPs under the same conditions (Figure 3A).
Based on the image analysis of the fluorescent signal from the NPs (expressed
as integrated density), cell association of cRGD-NPs with HUVECs was de-
pendent on ligand density, with the association of high cRGD-NPs being 9
fold higher than the association of low cRGD-NPs (Figure 3B). A comparison
between cell association in static and flow conditions is not possible, since
this was determined using different methods for each condition, i.e. FACS for
static and image analysis for flow.

Cell association of cRGD-NPs incubated with HUVECs in EBM-2 under
flow for 16 h at 37 °C was also dependent on cRGD-density, as shown by
epifluorescence microscopy visualization and image analysis (Figure 4). In
this case, the association of high cRGD-NPs was 6.5 fold higher than that
of low cRGD-NPs (Figure 4B). For all cRGD-NPs tested, higher associations
were observed after 16 h incubation compared to the 1 h incubation (6 - 8 fold
difference, Figure 6A).

HUVECs were also incubated for 16 h under flow with Cys-NPs and cRGD-
NPs (0.08 mg/mL) dispersed in EBM-2 containing washed RBCs (∼30% hema-
tocrit). The microscopy observations at the end of this experiment (Figure
5A) showed alterations in cell morphology (i.e. shrinking and in some cases
rounding-up) compared to the cells from the flow experiments without RBCs.
In some instances the actin cytoskeleton seemed somewhat disrupted (based on
the observations made with phalloidin staining). These morphological changes
can likely be a result of the collisions between RBCs and HUVECs. In line
with the previous experiments under static and flow conditions (EBM-2), cell
association was observed for cRGD-NPs, but not for Cys-NPs. Association
of cRGD-NPs was dependent on ligand density and it was 2.3 fold higher for
high cRGD-NPs than for low cRGD-NPs (Figure 5B).

Notably, the association of cRGD-NPs under flow was higher for all cRGD
densities when the experiment was conducted in EBM-2 containing washed
RBCs compared to EBM-2 without RBCs (Figure 6B). The presence of RBCs
had a large influence on the cell association of low and medium cRGD-NPs,
which increased by a factor 6 and 8, respectively. In comparison, the associa-
tion of high cRGD-NPs increased by a factor 3.

The striking increment in cell association observed for all cRGD-NPs in
medium containing RBCs can be partly attributed to the increased shear stress
in this medium (at equal shear rates). In fact, shear stress-related differences
in cellular binding/uptake of NPs have been previously reported. While some
have shown an inverse correlation between uptake and shear rates36,62, oth-
ers showed a direct correlation between these parameters63. Differences in
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Figure 3: Association of Cys-NPs and cRGD-NPs of different ligand densities to
HUVECs after 1 h incubation under flow (shear rate 300 sec−1) in EBM-2 medium
at 37 °C. A) Representative images obtained with an epifluorescence microscope
(cropped images). Nuclei are stained in blue, cytoskeleton (F-actin) is stained in
green, and NPs are observed in red. The same brightness and contrast settings were
used for the red channel in all images. B) Image analysis: fluorescent signal for the
NPs is reported as integrated density (n=10). All images obtained from the different
formulations were processed in the same manner (background subtraction and equal
thresholding).
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Figure 4: Association of Cys-NPs and cRGD-NPs of different ligand densities to
HUVECs after 16 h incubation under flow (shear rate 300 sec−1) in EBM-2 medium
at 37 °C. A) Representative images obtained with an epifluorescence microscope
(cropped images). Nuclei are stained in blue, cytoskeleton (F-actin) is stained in
green, and NPs are observed in red. The same brightness and contrast settings were
used for the red channel in all images. B) Image analysis: fluorescent signal for the
NPs is reported as integrated density (n=10). All images obtained from the different
formulations were processed in the same manner (background subtraction and equal
thresholding).
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Figure 5: Association of Cys-NPs and cRGD-NPs of different ligand densities
to HUVECs after 16 h incubation under flow (shear rate 300 sec−1) in EBM-2
medium containing washed RBCs (hematocrit 32%) at 37 °C. A) Representative
images obtained with an epifluorescence microscope (cropped images). Nuclei are
stained in blue, cytoskeleton (F-actin) is stained in green, and NPs are observed in
red. The same brightness and contrast settings were used for the red channel in all
images. B) Image analysis: fluorescent signal for the NPs is reported as integrated
density (n=10). All images obtained from the different formulations were processed
in the same manner (background subtraction and equal thresholding).
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Figure 6: Comparison of the cell association of Cys-NPs and cRGD-NPs of different
ligand densities to HUVECs at 37 °C under flow (shear rate 300 sec−1) at different
conditions. A) Cell association after 1 or 16 h of incubation in EBM-2 medium. B)
Cell association after 16 h of incubation in EBM-2 medium with and without washed
RBCs. The fluorescent signal for the NPs is reported as integrated density (n=10).

the composition and physicochemical characteristics of the nanocarriers eval-
uated, as well as in the cell types and experimental set-ups, could contribute
to the discrepancies between these studies. The differences in association of
cRGD-NPs to HUVECs observed under flow with and without washed RBCs,
indicate that these blood components influence the association of the NPs
with the endothelial cells. It has been proposed that the presence of RBCs
facilitates the contact of nanocarriers with vascular endothelium by two main
mechanisms: (1) RBCs localize mainly to the center of blood vessels, push-
ing smaller particles close to the vessel wall64,65, and (2) RBCs rotate and
tumble, colliding with small particles and pushing them towards the vessel
wall64,66,67. The presence of RBCs in the medium has indeed been shown
to enhance the binding of adhesion molecule-targeted particles to HUVECs
under flow conditions68,69. Though these studies were carried out using parti-
cles with relatively large sizes (0.5 - 10 µm), our findings, as well as previously
published data66, indicate that RBCs also have an effect on the cell associa-
tion of smaller size NPs (∼300 nm). In future studies, more insights into the
behavior of different types of NPs (i.e. size, charge, composition etc.) in con-
ditions approximating physiological settings could be gained by conducting
flow experiments in the presence of whole blood.

4 Conclusions

The results presented in this work show that polymeric NPs functionalized
with cRGD can target endothelial cells, and that cell association of these
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nanocarriers is positively correlated with the surface density of cRGD. Target-
ing of endothelial cells was evaluated using two approaches, under static and
flow conditions. Experiments conducted using washed RBCs in the medium,
which represent more realistic and physiologically relevant conditions, showed
that the presence of these blood components facilitates the association of NPs
to endothelial cells under flow. The setup used for the experiments under flow
is, as such, particularly appropriate for the study of endothelial cell target-
ing, rather than tumor cell targeting. This approach is likely a step forward
in predicting the in vivo association of endothelial-cell targeted nanocarriers
administered intravenously. Such an in vitro assay would therefore allow for
high-throughput screening of different targeted formulations and is a potential
asset for the reduction of laboratory animal testing.
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Supporting Information

Calculations S1. Calculation of cRGD density on the surface of a single NP.

The density of cRGD on the surface of a single NP prepared using 20%
maleimide-PEG-PLGA can be calculated as follows:

The diameter of the NPs is used to calculate the mass (mNP ) and surface
area of a single NP. Because the NPs are composed mostly of PLGA, their
density will be considered as that of this polymer = 1.25 g/cm3 [ 1]. Taking
as an example the Low cRGD-NPs:

AreaLow cRGD−NP s = 4 × π × (1.57 × 10−5cm)2 = 3.10 × 10−9 cm2

NP

mLow cRGD−NP s =
(

4
3

× π × (1.57 × 10−5cm)3
)

×1.25 g

cm3 = 2.03×10−14 g

NP

For the preparation of Low cRGD-NPs, a molar ratio of 1:10 cRGD to
maleimide-PEG-PLGA was used, which is equal to 1 mg of NPs and 0.5 µg
of peptide. Therefore, the amount of NPs in the reaction is:

Number of NPs = 1.00 × 10−3g

2.03 × 10−14g/NP
= 4.93 × 1010NPs

An average conjugation efficiency of 38% (Table 1) was achieved during the
preparation of the Low cRGD-NPs, which is equivalent to 0.19 µg of the 0.5
µg of cRGD used in the reaction. Therefore, the amount of cRGDfK molecules
(Mw 678.5 g/mol) conjugated to the surface of the NPs is:

MoleculescRGD =(
1.9 × 10−7g

678.5 g/mol

)
× 6.02 × 1023 molecules

mol
= 1.69 × 1014 cRGD molecules

The number of cRGD molecules on a single NP and the cRGD density can
therefore be calculated as:

Number of cRGD per NPLow cRGD−NP s =
1.69 × 1014 cRGD

4.93 × 1010 NPs
= 3, 428 cRGD

NP
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cRGDfK densityLow cRGD−NP s =
3, 428 cRGD/NP

3.10 × 10−9 cm2/NP
= 1.10 × 1012 cRGD/cm2 = 11, 000 cRGD/µm2
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4. Effect of BHT on the cytocompatibility of PLGHMGA NPs

Abstract

Drug delivery systems based on poly(D,L-lactic-co-glycolic-co-hydroxymethyl
glycolic acid) (PLGHMGA) are attractive systems for the controlled release
of biotherapeutics. PLGHMGA is synthesized by copolymerization of lactide
with a dilactone containing a benzyl-protected hydroxyl group, followed by
benzyl removal through hydrogenation using a palladium on carbon (Pd/C)
catalyst. Hydrogenation is carried out in tetrahydrofuran (THF), a sol-
vent commonly stabilized with 2,6-di-tert-butyl-4-methylphenol, also known
as butylated hydroxytoluene (BHT). In this work, we studied the effects of
BHT accumulation on the cytocompatibility of PLGHMGA and PEGylated
PLGHMGA (MePEG-PLGHMGA). For this purpose, polymer batches ob-
tained directly after hydrogenation (i.e. non-purified) and batches obtained
after purification by polymer dissolution in dichloromethane and precipitation
in diethyl ether (i.e. purified) were used for the preparation of nanoparticles
(NPs) that were evaluated in cytocompatibility assays. According to 1H NMR
analysis, 4 and 12% w/w BHT were present in non-purified PLGHMGA and
MePEG-PLGHMGA respectively. After purification, these amounts decreased
to 0.2 and 0.4% w/w, confirming the almost quantitative removal of BHT from
these polymers. Differential scanning calorimetry revealed that the Tg of the
non-purified polymers was ∼20 °C lower than the Tg of purified polymers,
indicating that BHT dissolved in the polymer matrix and acted as a plasti-
cizer. NPs prepared from purified polymers were more cytocompatible than
those prepared from non-purified polymers tested using SkBr3 and MDA-MB-
231 cells. These findings show that BHT, which is present in small amounts
in THF (0.02 - 0.03% w/w), can accumulate in PLGHMGA and MePEG-
PLGHMGA up to cytotoxic levels, highlighting the importance of adequate
polymer purification and characterization.
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1. Introduction

1 Introduction

Aliphatic polyesters, such as polylactic acid, poly(lactic-co-glycolic acid) and
poly(ε-caprolactone), are commonly used to design controlled drug delivery
systems1–4. However, since release of therapeutic biomacromolecules is mostly
driven by matrix degradation, the long degradation times of these polymers
(spanning from a couple of months to a couple of years) is inconvenient for
systems that are intended to release the entrapped drug in a few days/weeks.
Polymers with faster degradation rates can be obtained from monomers that
possess protected pendant carboxyl5,6 or hydroxyl groups7,8. Besides increas-
ing the hydrophilicity of the polymers, by which the water absorbing capacity
and thus the degradation rate increase, these groups can also be exploited
for conjugation to hydrophilic polymers (such as PEG) and/or targeting lig-
ands9,10.

Two polymers with pendant hydroxyl groups, poly(D,L-lactic-co-
hydroxymethyl glycolic acid) (PLHMGA) and poly(D,L-lactic-co-glycolic-co-
hydroxymethyl glycolic acid) (PLGHMGA), as well as their PEGylated deriva-
tives, have been synthesized in our research group and used to prepare drug-
loaded microspheres and nanoparticles. These polymers are obtained by
copolymerization of lactide with dilactones containing benzyl-protected hy-
droxyl groups, i.e. benzyloxymethyl methyl glycolide or benzyloxymethyl gly-
colide. After polymerization, the benzyl groups are removed by hydrogenation
catalyzed by palladium on carbon (Pd/C)11,12 yielding aliphatic polyesters
with pendant hydroxyl groups.

PLHMGA and PLGHMGA have been evaluated for applications in drug
delivery13–16 and they have shown enhanced compatibility with peptides in
comparison to PLGA (i.e. less formation of acylated adducts)17,18. Impor-
tantly, the degradation time of these polymers was shorter than that of PLGA
and the degradation kinetics (and release of entrapped proteins) could be tai-
lored by the copolymer composition17,19. These findings highlight the po-
tential of PLHMGA and PLGHMGA for the delivery of biotherapeutics and
have prompted us to explore the application of these polymers for the prepara-
tion of nanoparticles (NPs) for the intracellular delivery of cytotoxic proteins
for cancer treatment20. Since fast protein release from the NPs is desirable,
PLGHMGA was chosen for the preparation of these nanocarriers because this
polymer degrades faster than PLHMGA due to the presence of the more hy-
drophilic glycolic acid groups in its structure11.

As a starting point of the formulation process, the purity of the start-
ing materials (in this case PLGHMGA and MePEG-PLGHMGA) should
be guaranteed. When dealing with polymers, toxic effects have been at-
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tributed to impurities such as unreacted monomers21, catalysts22,23, reac-
tion by-products24 and residual solvents25–27. In the case of PLGHMGA
and MePEG-PLGHMGA, unexpected toxicity of NPs prepared from the non-
purified polymers was observed, and it was shown to be caused by 2,6-di-tert-
butyl-4-methylphenol, (also known as butylated hydroxytoluene, BHT). This
compound is an antioxidant with applications in the food, pharmaceutical,
cosmetic and polymer industries28, and is used as a stabilizer to avoid per-
oxide formation in tetrahydrofuran (THF). Since relatively large amounts of
THF are used during the synthesis of PLGHMGA and MePEG-PLGHMGA
(i.e. in the final hydrogenation step), this could explain the accumulation of
BHT in the non-purified polymers. In this work, the toxic effect associated to
the accumulation of BHT in PLGHMGA and MePEG-PLGHMGA was eval-
uated by comparing the cytocompatibility of NPs prepared from purified and
non-purified polymer batches.

2 Experimental section

2.1 Chemicals
Tin(II) 2-ethylhexanoate, benzyl alcohol and poly(vinyl alcohol) (PVA) Mw

30,000 - 70,000 Da (87 - 90% hydrolyzed), HyFlo® Super Cell and butylated hy-
droxytoluene were acquired from Sigma-Aldrich (Steinheim, Germany). D,L-
lactide was purchased from Corbion (Gorinchem, the Netherlands). Benzy-
loxymethyl glycolide (BMG), a dilactone with a protected hydroxyl group,
was synthesized as previously reported7. Poly(ethylene glycol) monomethyl
ether (Mn ∼2,000 Da) and palladium on carbon (Pd/C, 10 wt% loading)
were purchased from Aldrich (Steinheim, Germany). Chloroform, methanol,
tetrahydrofuran (THF) stabilized with butylated hydroxytoluene (BHT) 0.02
- 0.03% w/w (according to the supplier), dichloromethane (DCM) and diethyl
ether were acquired from Biosolve (Valkenswaard, the Netherlands). Alamar
Blue® reagent was purchased from Bio-Rad.

2.2 Synthesis of poly(D,L-lactic-co-glycolic-
co-benzyloxymethyl glycolic acid) (PLGBMGA) and
methoxy-PEG-PLGBMGA (MePEG-PLGBMGA)

PLGBMGA was prepared by ring-opening polymerization of D,L-lactide and
BMG7,11 at a molar ratio of 65:35. The polymerization was carried out in
the melt (130 °C, overnight) using benzyl alcohol as initiator (300:1 monomer
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to initiator molar ratio) and tin(II) 2-ethylhexanoate as catalyst (2:1 initiator
to catalyst molar ratio)19 (Figure 1). After polymerization, the crude prod-
uct was dissolved in chloroform, precipitated in cold methanol (200 mL per
gram of polymer), and the precipitate was vacuum dried overnight. MePEG-
PLGBMGA was synthesized in the same way as PLGBMGA, but, instead of
benzyl alcohol, poly(ethylene glycol) monomethyl ether (Mn 2,000 g/mol) was
used as initiator12.

2.3 Synthesis of poly(D,L-lactic-co-glycolic-
co-hydroxymethyl glycolic acid) (PLGHMGA) and
methoxy-PEG-PLGHMGA (MePEG-PLGHMGA)
(Deprotected polymers)

The benzyl groups of PLGBMGA and MePEG-PLGBMGA were removed by
hydrogenation catalyzed by Pd/C as described elsewhere7,11 (Figure 1), a
process that will be referred to as deprotection. Briefly, the polymers were
dissolved in THF (stabilized with BHT) to a concentration of 8 mg/mL and
Pd/C was added to the polymer solution at a 2:1 Pd/C to BMG w/w ratio.
The mixture was placed under hydrogen atmosphere and left to stir overnight
at room temperature (20 °C). Subsequently, the Pd/C catalyst was removed
by filtration with HyFlo and THF was removed by evaporation under reduced
pressure. The resulting polymers, PLGHMGA or MePEG-PLGHMGA were
either used as such (i.e. non-purified polymers), or they were dissolved in
dichloromethane and purified by precipitation in cold diethyl ether (200 mL
per gram of polymer). The precipitated polymers were recovered by filtra-
tion and dried under vacuum overnight and are referred to in this text as
PLGHMGApurif and MePEG-PLGHMGApurif .
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2.4 Polymer characterization

The composition of the synthesized polymers was determined by 1H NMR in
deuterated DMSO, as follows12:

IL = [(I5.1−5.4) − (I3.6−3.9/2)]
IG = (I4.7−5.0)/2

IBMG or HMG = [(I3.6−3.9)/2 + (I4.1−4.5)/3]

%L = IL/(IL + IG + IBMG or HMG) × 100
%G = IG/(IL + IG + IBMG or HMG) × 100

%BMG or HMG = IBMG or HMG/(IL + IG + IBMG or HMG) × 100

Where Ippm = peak integrals, L = lactic acid, G = glycolic acid, BMG
= benzyloxymethyl glycolic acid (in the protected polymer) and HMG = hy-
droxymethyl glycolic acid (in the deprotected polymer).

The Mn and the % PEG in the PEGylated polymers was also determined
using 1H NMR analysis, as reported elsewhere12:

Calculated polymer Mn =
(IL/IP EG×MwLunit)+(IG/IP EG×MwGunit)+(IHMG/IP EG×MwHMGunit)

+ PEG Mw

%P EG = PEG Mw/calculated polymer Mn × 100

The weight percent of BHT (wBHT ) contained in the polymers was calcu-
lated from the mole fractions (m) of the different components as follows:

mL = IL/(IL + IG + IHMG + IMeP EG + IBHT )
mG = IG/(IL + IG + IHMG + IMeP EG + IBHT )

mHMG = IHMG/(IL + IG + IHMG + IMeP EG + IBHT )
mMeP EG = IMeP EG/(IL + IG + IHMG + IMeP EG + IBHT )

mBHT = IBHT /(IL + IG + IHMG + IMeP EG + IBHT )

where peak integrals per proton were defined as above, and IMeP EG =
I3.5/182 and IBHT = I1.3/18
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wBHT =
mBHT ×MwBHT

[(mL×MwL)+(mG×MwG)+(mHMG×MwHMG)+(mMeP EG×MwMeP EG)+(mBHT ×MwBHT )] ×100%

The molecular weights of the polymers were determined by GPC equipped
with a Waters 2695 separating module and a Waters 2414 refractive index
detector. The samples were run through two PL-gel 5 µm Mixed-D columns
at 60 °C, using THF (1 mL/min) as mobile phase. Calibration was done with
polystyrene standards (EasiCal Agilent, California, USA) and PEG standards.

The thermal properties of the polymers were studied by differential scan-
ning calorimetry (DSC) (Discovery DSC, TA instruments, Delaware, USA).
In a typical experiment, ∼5 mg of polymer was transferred into an aluminum
pan and the sample was heated from room temperature to 120 °C at a rate
of 5 °C/min. The polymer was cooled down to -50 °C at 5 °C/min and sub-
sequently heated to 120 °C at 2 °C/min with temperature modulation at ± 1
°C.

DSC analysis was also conducted on a sample of PLGHMGApurif

spiked with 4% w/w BHT. The sample was prepared as follows: 6 mg of
PLGHMGApurif was dissolved in 150 µL of a DCM also containing 1.6 mg/mL
of BHT. The solution was transferred into a low weight aluminum DSC pan
and DCM was evaporated at room temperature. Residual solvent was removed
under vacuum for 16 hours.

The theoretical Tg of a mix of BHT and PLGHMGA was calculated using
the Fox equation29:

1
Tgmix

=
∑

x

wx

Tg,x

Where wx is the mass fraction of each component and Tg,x is the glass
transition temperature of each component (in Kelvin). This equation assumes
molecular dissolution of the components and a volume of mixing equal to
zero30.

2.5 Preparation and characterization of polymeric
nanoparticles (NPs)

NPs were prepared from a blend of PLGHMGA and MePEG-PLGHMGA at
a 4:1 w/w ratio using a double emulsion solvent evaporation method12,31. In
short, the polymers were dissolved in DCM at 5% w/v. Next, 100 µL of water
was added to 1 mL of the polymer solution and the mixture was emulsified in
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an ice bath for 1 min at 20 W power using a probe sonicator (SONOPULS HD
2200 Bandelin, Berlin, Germany). The resulting W/O emulsion was added
dropwise to 10 mL of an aqueous solution of PVA 5% w/v, in an ice bath,
while sonicating for 2 min at 20 W power. The formed W/O/W emulsion
was stirred at 600 rpm for 2 h at room temperature to remove the DCM. The
NPs were recovered by centrifugation for 30 min, 20,000 g at 4 °C and washed
twice with saline solution (0.9% NaCl in water). After the second washing, the
NPs were resuspended in 3 mL of UltraPure™ distilled water and freeze dried
at -40 °C and <1 mbar (Christ Alpha 1-2 freeze dryer, Osterode am Harz,
Germany). The average diameter of the freeze dried NPs was determined by
Dynamic Light Scattering (ALV CGS-3 Malvern) at 25 °C in MilliQ water.

The composition of the NPs (in terms of lactic acid, glycolic acid and hy-
droxymethyl glycolic acid) was determined by 1H NMR in deuterated DMSO
and the weight percent of BHT contained in the NPs was calculated as de-
scribed in section 2.4.

2.6 Cell lines and culture conditions
The cell lines SkBr3 (human breast cancer, ATCC HTB-30) and MDA-MB-231
(human breast cancer, ATCC CRM-HTB-26) were purchased from American
Type Culture Collection (ATCC, Wesel, Germany). The cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal
calf serum (FCS), 100 units/mL penicillin and 0.1 mg/mL streptomycin, at
37 °C in a humidified atmosphere containing 5% CO2.

2.7 NPs cytocompatibility tests
SkBr3 and MDA-MB-231 were seeded in a 96-well plate at a density of 5,000
cells/well and incubated overnight at 37 °C and 5% CO2. Next, the cell culture
medium (100 µL) was replaced by NPs suspensions prepared in DMEM at
concentrations ranging from 0.4 to 3.25 mg/mL, and the cells were incubated
with the NPs for 72 hours. Cell viability was determined with the Alamar Blue
assay as follows. The medium containing NPs was removed from the wells
and the cells were washed twice with fresh DMEM. Next, 100 µL of DMEM
containing Alamar Blue reagent (10:1 v/v) was added to the cells, followed by
a 2 h incubation in the dark at 37 °C, 5% CO2. The fluorescent signal was
measured at 550 nm excitation / 590 nm emission using a FluoStar-Optima
spectrofluorimeter (BMG Labtech). Cell viability was calculated relative to
a non-treated control. The EC50 value of the NPs was calculated from the
cell viability data with the software GraphPad Prism 7 (GraphPad, California,

102



3. Results and Discussion

USA) (analysis: nonlinear regression, log[inhibitor] vs. normalized response
variable slope).

3 Results and Discussion

3.1 Polymer synthesis and characterization
PLGBMGA and MePEG-PLGBMGA were synthesized by ring-opening poly-
merization of D,L-lactide and BMG in the melt at 130 °C , catalyzed by
tin(II) 2-ethylhexanoate. Benzyl alcohol was used as initiator for the synthe-
sis of PLGBMGA and PEG monomethyl ether was the initiator for MePEG-
PLGBMGA12. The removal of the benzyl groups in the polymers was achieved
by hydrogenation in THF using Pd/C as catalyst7,11 (Figure 1).

Figure 1: Synthesis of PLGBMGA and MePEG-PLGBMGA and removal of
the benzyl groups by hydrogenation catalyzed by Pd/C to yield PLGHMGA and
MePEG-PLGHMGA.

The 1H NMR spectra of the PLGBMGA (Figure 2A) and MePEG-
PLGBMGA (Figure 2B) confirmed that the polymers were composed of lactic
acid, glycolic acid, and BMG (and PEG in the case of MePEG-PLGBMGA).
The presence of a signal at 7.3 ppm in the 1H NMR spectra of the synthesized
polymers confirmed the presence of aromatic groups in the polymer chains.

Deprotection of PLGBMGA and MePEG-PLGBMGA using Pd/C in THF
efficiently removed the aromatic groups in the polymers, as confirmed by the
1H NMR spectra of PLGHMGA and MePEG-PLGHMGA (Figure 3). In ad-
dition to the polymer peaks, sharp singlet peaks at 1.3, 2.2, 6.6 and 6.9 ppm
were observed in the spectra of the non-purified polymers (Figure 3A and 3D).
These peak signals can be assigned to BHT32 (Figure 4), the stabilizer of THF,
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Figure 2: 1H NMR spectra of the protected polymers used in this study. A)
PLGBMGA and B) MePEG-PLGBMGA in DMSO-d6.
Polymer peaks: δ = 1.4 (3 H, CH3); 3.5 (4 H, O-CH2-CH2 of PEG); 3.8 (2 H, CH-
CH2-O-CH2-C6H5); 4.5 (2 H, O-CH2-C6H5); 4.9 (2 H, O-CH2-C(O)O-); 5.2 (1 H,
CH-CH3); 5.4 (1 H, CH-CH2-O-CH2-C6H5); 7.3 (5 H, C6H5).
Solvent peaks: δ = 2.5 (6 H, CH3-S-CH3, DMSO); 3.3 (2 H, H2O).

and were absent in the spectra of the purified polymers, PLGHMGApurif (Fig-
ure 3B) and MePEG-PLGHMGApurif (Figure 3E) demonstrating that this im-
purity was removed by precipitation in diethyl ether. When PLGHMGApurif

was spiked with BHT, the peaks for BHT were observed in the 1H NMR spec-
trum (Figure 3C). Based on 1H NMR analysis, the weight percent of BHT
in the non-purified polymers was 4% for PLGHMGA (thus 40 mg BHT per
g of polymer), and 12% for MePEG-PLGHMGA (thus 120 mg BHT per g of
polymer). These values are in line with the amount of BHT that could be
entrapped in the polymers based on the volume of BHT-stabilized THF used
for deprotection. For instance, for the synthesis of PLGHMGA (yield 3.7 g),
∼900 mL of THF (ρ = 0.89 g/mL) stabilized with 0.02 - 0.03% w/w BHT was
used, implying that 43 - 65 mg of BHT per g of PLGHMGA can be expected.
For the synthesis of MePEG-PLGHMGA (yield 1.0 g), ∼400 mL of THF was
used, therefore around 71 - 107 mg of BHT per g of MePEG-PLGHMGA can
be expected. The amount of BHT calculated in the polymers by 1H NMR
analysis corresponds to an entrapment of ∼60 - 100% for PLGHMGA and
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∼100% for MePEG-PLGHMGA. After purification, 1H NMR analysis showed
that PLGHMGA and MePEG-PLGHMGA contained 0.2 and 0.4% BHT re-
spectively.

The characteristics of PLGBMGA and PLGHMGA and their PEGylated
derivatives are shown in Table 1. Polymer analysis by 1H NMR indicated
that the composition of the protected and deprotected polymers was close to
the feed ratio. Additionally, similar molecular weights were obtained by GPC
analysis for protected and deprotected polymers, indicating that no chain
scission occurred during deprotection. The increase in molecular weight of
MePEG-PLGHMGA calculated by 1H NMR might be caused by hydrolysis
of the ester bond connecting the PEG and the PLGHMGA blocks during
deprotection.

Table 1: Characteristics of the polymers used in this study.

Polymer

Composi-
tion
a:ba Yield

(%)

Molecular weight (kg/mol)
MePEG
(w%)

Tg

(°C)

1H NMR
GPC

1H
NMR

Ex-
pected

Mn Mw Mn Mn

PLGBMGA 40:60 94 59 89
NAc

53
NAc

32
PLGHMGA 38:62 79 NDb 43 32

PLGHMGApurif 40:60 71 43 62 43 56
MePEG-PLGBMGA 41:59 98 28 43 60 55 3.3 26
MePEG-PLGHMGA 44:56 53 NDb 90 45 2.2 25

MePEG-
PLGHMGApurif

44:56 75 22 31 89 45 2.2 48

a a:b represents the molar ratio of BMG/D,L-lactide (protected polymer) or HMG/D,L-lactide
(deprotected polymer). Monomer feed was 35(a):65(b); b not determined; c not applicable.

The Tg of the protected polymers was similar to the Tg of the depro-
tected non-purified polymers. In contrast, the Tg of the deprotected purified
polymers was >20 °C higher, which was consistent with previous reports12,19.
This suggests that BHT is molecularly dissolved in the PLGHMGA matrix
and acts as a plasticizer. To further study this possibility, thermal analysis of
PLGHMGApurif spiked with 4% w/w BHT was carried out. PLGHMGApurif

+ BHT displayed a Tg of 35 °C, which is similar to the Tg of non-purified
PLGHMGA (32 °C). Changes in the thermal properties of polymers upon ad-
dition of BHT has previously been reported for polysulfone films (decrease in
Tg by 30 - 70 °C upon addition of 5 - 20% w/w BHT)33. Fox equation was
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Figure 3: 1H NMR spectra of the deprotected polymers used in this study.
A) PLGHMGA, B) PLGHMGApurif , C) PLGHMGApurif spiked with BHT, D)
MePEG-PLGHMGA and E) MePEG-PLGHMGApurif in DMSO-d6.
Polymer peaks: δ = 1.4 (3 H, CH3); 3.5 (4 H, O-CH2-CH2 of PEG); 3.8 (2 H, CH-
CH2-OH); 4.8 (2 H, O-CH2-C(O)O-); 5.2 (1 H, CH-CH3).
BHT peaks: δ = 1.3 (18 H, 3(CH3)-C-C6H5); 2.1 (3 H, CH3-C6H5); 6.6 (1 H OH-
C6H5); 6.8 (6 H, C6H5).
Solvent peaks: δ = 2.5 (6 H, CH3-S-CH3, DMSO); 3.3 (2 H, H2O).
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Figure 4: 1H NMR spectra of BHT in DMSO-d6.
BHT peaks: δ = 1.3 (18 H, 3(CH3)-C-C6H5); 2.1 (3 H, CH3-C6H5); 6.6 (1 H OH-
C6H5); 6.8 (6 H, C6H5).
Solvent peaks: δ = 2.5 (6 H, CH3-S-CH3, DMSO); 3.3 (2 H, H2O).

used to calculate the Tg of mixtures consisting of 4% w/w BHT and 96% w/w
PLGHMGA and 12% w/w BHT and 88% w/w MePEG-PLGHMGA (com-
positions of non-purified polymers according to the 1H NMR analysis). The
Tm of BHT is 344 K (72 °C)34 and using the rule of thumb applicable for
symmetric molecules where Tg/Tm ≤ 0.535, its Tg can be calculated as 172
K (considering Tg/Tm as 0.5). According to Fox equation, the Tg for the
BHT/PLGHMGA mix is 44 °C, and for the BHT/MePEG-PLGHMGA it is
18 °C. These Tg values calculated for the mixtures are similar to those found
for the non-purified polymers (32 °C for PLGHMGA and 25 °C for MePEG-
PLGHMGA) which is an indication that BHT is dissolved in the polymer
matrix.

3.2 NPs characterization
NPs were prepared from a blend of PLGHMGA and MePEG-PLGHMGA
(purified or not purified) and their characteristics are displayed in Table 2.

In agreement with the results of the 1H NMR analysis of the polymers
(Figure 3), 1H NMR analysis of the NPs showed the presence of BHT in the
formulations prepared from PLGHMGA and MePEG-PLGHMGA (Figure 5A)
but not in those prepared from the purified polymers (Figure 5B).

The NPs were prepared from 80% PLGHMGA (containing 40 mg BHT per
g of polymer, section 3.1) and 20% MePEG-PLGHMGA (containing 120 mg
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Table 2: Characteristics of the polymeric NPs prepared in this study.

Formulation Yield
(%)

Diameter
(nm)a PDI

NPs PLGHMGA + MePEG-PLGHMGA 54 380 0.24
NPs PLGHMGApurif + MePEG-PLGHMGApurif 45 330 0.21

a Diameter of freeze dried NPs after resuspension in water.

BHT per g polymer) implying that maximum 56 mg of BHT can be present
per g of NPs. Based on 1H NMR analysis, the weight percent of BHT in
the NPs prepared from non-purified polymers was 2.3%, which corresponds to
23 mg BHT/g of polymer, indicating that ∼60% of BHT was not entrapped,
most likely due to its dissolution in the aqueous PVA phase used during the
preparation of the NPs.

Figure 5: 1H NMR spectra of the NPs used in this study. A) NPs from PLGH-
MGA and MePEG-PLGHMGA and B) NPs from PLGHMGApurif and MePEG-
PLGHMGApurif in DMSO-d6. Peaks corresponding to BHT are shown with arrows.
Polymer peaks: δ = 1.4 (3 H, CH3); 3.5 (4 H, O-CH2-CH2 of PEG); 3.8 (2 H, CH-
CH2-OH); 4.8 (2 H, O-CH2-C(O)O-); 5.2 (1 H, CH-CH3).
BHT peaks: δ = 1.3 (18 H, 3(CH3)-C-C6H5); 2.1 (3 H, CH3-C6H5); 6.6 (1 H OH-
C6H5); 6.8 (6 H, C6H5).
Solvent peaks: δ = 2.5 (6 H, CH3-S-CH3, DMSO); 3.3 (2 H, H2O).
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3.3 NPs cytocompatibility
The cytocompatibility of the NPs was evaluated in two breast cancer cell lines
(Figure 6). The NPs prepared from the non-purified polymers showed high
cytotoxicity with EC50 values around 1.2 and 1.6 mg/mL for SkBr3 and MDA-
MB-231 cells, respectively. In contrast, NPs prepared from purified polymers
were not cytotoxic and ∼100% cell viability was observed at concentrations
as high as 3.25 mg/mL.

Figure 6: Cytocompatibility of NPs. The NPs were prepared from non-purified
and purified PLGHMGA and MePEG-PLGHMGA and tested in in A) SkBr3 and B)
MDA-MB-231 cells. Cell viability was calculated relative to a non-treated sample.
For the non-purified polymers n=2 independent experiments conducted by triplicate.
For the purified polymers n=1 experiment conducted by triplicate.

Based on the 1H NMR data (section 3.2), 23 µg of BHT was present per
mg of NPs. Assuming that BHT is fully released from the NPs during the
cytocompatibility experiments (aqueous solubility of BHT is low, ∼1 mg/L36

but the presence of lipids and proteins in the cell culture medium could have
improved it), the concentration of BHT would be 0.04 - 1.36 mM. Several
authors have also reported on cytotoxic effects of BHT in different cell types,
including myocardial and endothelioid cells37, hepatocytes38, human cells of
dermal39 and oral origin (ED50 0.16 - 0.20 mM)40, renal epithelial cells41,
and promyelocytic leukemia cells, as well as human squamous carcinoma cells
(CC50 of 0.2 - 0.3 mM)42. Different mechanisms have been described for
the cytotoxicity of BHT, including damage to biological membranes38,43 and
metabolism into highly reactive toxic compounds44,45. Thus, the observed
cytotoxicity of the NPs prepared from non-purified polymers can indeed be
ascribed to the presence of BHT in the particles.
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4 Conclusions

The synthesis of PLGHMGA and MePEG-PLGHMGA using stabilized THF
led to the accumulation of BHT (THF stabilizer) in these polymers. Although
BHT can be removed from THF prior to polymer synthesis, working with un-
stabilized THF represents a safety hazard. Alternatively, as presented in this
work, BHT can be easily and quantitatively removed after polymer synthe-
sis by precipitation in a non-solvent such as diethyl ether. The data pre-
sented in this work shows that BHT, even if originally present in THF at very
small quantities, can accumulate in PLGHMGA and MePEG-PLGHMGA to
amounts that drastically decrease the cytocompatibility of these polymers,
highlighting the importance of proper polymer purification and characteriza-
tion.
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Abstract

In cancer treatment, polymeric nanoparticles (NPs) can serve as a vehicle
for the delivery of cytotoxic proteins that have intracellular targets but that
lack well-defined mechanisms for cellular internalization, such as saporin. In
this work we have prepared PEGylated poly(lactic acid-co-glycolic acid-co-
hydroxymethyl glycolic acid) (PLGHMGA) NPs for the selective delivery of
saporin in the cytosol of HER2 positive cancer cells. This selective uptake
was achieved by decorating the surface of the NPs with the 11A4 nanobody
that is specific for the HER2 receptor. Confocal microscopy observations
showed rapid and extensive uptake of the targeted NPs (11A4-NPs) by HER2
positive cells (SkBr3), but not by HER2 negative cells (MDA-MB-231). This
selective uptake was blocked upon pre-incubation of the cells with an excess
of nanobody. Non-targeted NPs (Cys-NPs) were not taken up by either type
of cells. Importantly, a dose-dependent cytotoxic effect was only observed
on SkBr3 cells when these were treated with saporin-loaded 11A4-NPs in
combination with photochemical internalization (PCI), a technique that uses
a photosensitizer and local light exposure to facilitate endosomal escape of
entrapped nanocarriers and biomolecules. The combined use of saporin-loaded
11A4-NPs and PCI strongly inhibited cell proliferation and decreased cell
viability through induction of apoptosis. Also the cytotoxic effect could be
reduced by an excess of nanobody, reinforcing the selectivity of this system.
These results suggest that the combination of the targeting nanobody on the
NPs with PCI are effective means to achieve selective uptake and cytotoxicity
of saporin-loaded NPs.
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1 Introduction

Proteins are widely recognized as valuable therapeutic agents because of their
high potency and target specificity. A large number of the currently approved
therapeutic proteins is indicated for cancer therapy, one of the leading causes
of death worldwide, as classic low molecular weight chemotherapeutic drugs
result in substantial off-target toxicity1.

In the search for new antineoplastic drugs the ribosome-inactivating pro-
tein (RIP) saporin (from the plant Saponaria officinalis), has emerged as an
agent of interest because of its potent cytotoxic effect, stability at high temper-
ature, resistance to denaturation and ease of chemical modification2,3. Several
cytotoxic mechanisms have been described for saporin, including inhibition of
protein synthesis, DNA-fragmentation and induction of apoptosis via the in-
trinsic and extrinsic pathways4–7. Saporin is a type I RIP and, unlike type
II RIPs, it lacks the galactose-specific lectin that mediates cell binding and
entrance. It has been reported that saporin can enter some cells via endocy-
tosis mediated by the α2-macroglobulin receptor8 or by receptor-independent
mechanisms9. However, the mechanism of internalization of saporin is not
yet completely clear and alternatives have been developed in order to achieve
enhanced, cell-specific uptake of this protein to increase its cytotoxicity. Par-
ticularly, saporin-antibody conjugates (immunotoxins) have been commonly
used for this purpose10–13. While immunotoxins have shown promising efficacy
in vitro and in vivo, their use in clinical settings has been mostly limited by
their immunogenicity and induction of vascular leak syndrome14,15. Further-
more, the preparation of immunotoxins often requires conjugation strategies
to chemically link the toxin to the antibody.

The use of nanocarriers is another approach for the efficient intracellular
delivery of saporin16–19 and other biotherapeutics with limited membrane per-
meability (proteins and nuclei acid based drugs)20–22. In particular, polymeric
nanoparticles (NPs) have attracted increasing attention as nanocarriers over
the past 20 years due to their ability to increase the physicochemical stabil-
ity of their cargo and provide certain control over when, where and how it
is released, thus improving its pharmacokinetic and pharmacodynamic pro-
files23,24. In the present study, NPs made from PEGylated poly(lactic acid-
co-glycolic acid-co-hydroxymethyl glycolic acid) (PLGHMGA) were used for
the encapsulation and delivery of saporin. PLGHMGA is structurally related
to poly(lactic-co-glycolic acid) (PLGA), though it contains pending hydroxyl
groups that increase its hydrophilicity and shorten its degradation time25. En-
capsulation of a peptide in PLGHMGA microparticles resulted in less chemical
modifications (acylation) than in PLGA microparticles26,27, which points to
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an improved compatibility of PLGHMGA with biomolecules and suggests that
PLGHMGA NPs could be a suitable nanocarrier for saporin.

The efficiency and selectivity of polymeric NPs as nanocarriers can be
further increased by functionalization of their surface with targeting ligands
that bind to cell surface receptors overexpressed in tumors28–31. Nanobodies,
also known as VHHs, are variable domains of the heavy chain of heavy chain
antibodies present in camelids32 and they are the smallest naturally occur-
ring antigen binding fragments. The structure and small size of nanobodies
(∼15 kDa) confers them advantages over conventional antibodies or fragments
thereof, including an increased solubility and stability, less propensity for ag-
gregation, easier production, and greater ability to reach and neutralize tar-
gets that are not easily accessible33,34. Furthermore, nanobodies display low
immunogenicity because of their high sequence homology with the VH of hu-
man antibodies35 and, if needed, additional homology can be easily obtained
by humanization of specific residues without detrimental effects on their sta-
bility and affinity36. Importantly, nanobodies can selectively target a variety
of receptors, including HER2 (Human Epidermal Growth Factor Receptor 2),
which is overexpressed in several types of malignancies such as breast, gastric,
lung and ovarian cancers, and is associated with poor prognosis37,38. The
nanobody 11A4 binds specifically to the HER2 receptor with high affinity and
has shown promise for optical imaging of breast cancer in vivo 39,40 and for
immunolabeling of HER2 for electron microscopy41. Nanobodies targeting
the HER2 receptor, as well as other receptors such as the epidermal growth
factor receptor (EGFR) and the hepatocyte growth factor receptor (HGFR),
have been used in the field of drug delivery for the functionalization of lipo-
somes42,43, polymeric micelles44,45, albumin nanoparticles46,47 and polymer-
somes48, resulting in selective and efficient receptor-mediated uptake of these
systems. In the present work, the targeting properties of the nanobody 11A4
were explored to achieve enhanced and selective uptake of polymeric NPs by
HER2 overexpressing breast cancer cells.

Upon ligand-receptor interaction, polymeric NPs are internalized by endo-
cytosis and can therefore act as intracellular delivery systems. However, those
NPs are then inside endocytic vesicles, which later fuse with lysosomes49.
Thus, to prevent that cargo molecules such as proteins are degraded, strate-
gies have been developed for endosomal escape of nanocarriers and/or their
cargo. Release of the NPs from the endosome can be accomplished either by
nanoparticle design (incorporation of elements for proton sponge effect, mem-
brane disruption or pore formation)50–52 or by means of external stimuli, such
as photochemical internalization (PCI). This technique makes use of an am-
phiphilic photosensitizer (PS) which localizes in the cell membrane and, upon
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endocytosis of the NPs, becomes a part of the endosomal membrane where the
NPs are entrapped. Upon excitation with light of the appropriate wavelength,
the PS will produce reactive oxygen species that damage the endosomal mem-
brane, which results in destabilization of this membrane and subsequently in
release of its contents into the cytosol53. PCI has been successfully used both
in vitro and in vivo for the delivery of proteins, immunotoxins, chemotherapeu-
tics, genetic material and nanocarriers54–56. Importantly, phase I clinical trials
have proven the safety and tolerability of the PS disulfonated tetraphenyl chlo-
rin (TPCS2a) used for PCI of bleomycin for the treatment of cutaneous and
subcutaneous malignancies57. Additionally, a phase I/II clinical trial involv-
ing PCI of gemcitabine for the treatment of cholangiocarcinomas is currently
underway58.

In the present work, the potency and selectivity of a new formulation was
investigated combined with PCI, to assess its capacity to locally deliver a cyto-
toxic molecule to target cells. For this purpose, PEG-PLGHMGA NPs loaded
with saporin and functionalized with the 11A4 nanobody were prepared and
characterized. The uptake of these NPs was investigated and their cytotoxicity
was evaluated in combination with PCI in both HER2 positive and negative
breast cancer cell lines. The contribution of each one of the elements under
study to the cytotoxicity of the treatment was also evaluated.

2 Experimental section

2.1 Materials
D,L-lactide was obtained from Corbion (Gorinchem, the Netherlands). BMG,
a dilactone containing a protected benzyl group, was synthesized as described
previously59. Benzyl alcohol, tin(II) 2-ethylhexanoate, poly(vinyl alcohol)
(PVA) Mw 30,000 - 70,000 Da (87 - 90% hydrolyzed) and L-cysteine hy-
drochloride monohydrate were purchased from Sigma-Aldrich (Steinheim, Ger-
many). Poly(ethylene glycol) monomethyl ether (Mn ∼2,000 Da) and palla-
dium on carbon (10 wt% loading) were acquired from Aldrich (Steinheim,
Germany). Poly(lactide-co-glycolide)-cysteine ethyl ester (PLGA-SH, Mw

30,000 Da) and poly(lactide-co-glycolide)-b-poly(ethylene glycol)-maleimide
(maleimide-PEG5,000-PLGA20,000) were purchased from Polyscitech, Akina
Inc (Indiana, USA). Micro BCA™ Protein Assay Kit and Pierce™ Silver
Stain Kit were purchased from Thermo Scientific (Illinois, USA). Alexa-568
C5 maleimide was obtained from Thermo Fisher Scientific (Oregon, USA).
Saporin from Saponaria officinalis seeds (as a lyophilized powder containing
protein, glucose and sodium phosphate buffer salts), Dulbecco’s phosphate
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buffered saline (8.0 g NaCl, 1.15 g Na2HPO4, 0.2 g KCl and 0.2 g KH2PO4
in 1 L of water, pH 7.4), McCoy’s 5A medium, Dulbecco’s Modified Eagle’s
Medium (DMEM) - high glucose, fetal bovine serum, antibiotic antimycotic
solution (10,000 units penicillin, 10 mg streptomycin, and 25 µg amphotericin
B/mL), resazurin sodium salt, staurosporine from Streptomyces sp. and Tri-
ton X-100 were purchased from Sigma (Steinheim, Germany). The PS meso-
tetraphenyl porphyrin disulphonate (TPPS2a)60 was kindly provided by Dr.
Anders Høgset (PCI Biotech, Oslo, Norway). The BrdU assay kit was acquired
from Roche (Manheim, Germany). Annexin V - FITC (90 µg/mL) was pur-
chased from Biolegend (California, USA). Propidium iodide (1.0 mg/mL) was
acquired from Invitrogen (Oregon, USA).

2.2 Synthesis of poly(D,L-lactic-co-glycolic-
co-hydroxymethyl glycolic acid) (PLGHMGA) and
methoxy-PEG-PLGHMGA (MePEG-PLGHMGA)

Poly(D,L-lactic-co-glycolic-co-benzyloxymethyl glycolic acid) (PLGBMGA)
was synthesized by copolymerization of D,L-lactide and benzyloxymethyl gly-
colide (BMG) in the melt at a ratio of 65:35 mol/mol%. Benzyl alcohol was
used as initiator at a 300:1 monomer to initiator molar ratio and the catalyst
tin(II) 2-ethylhexanoate was employed at a 2:1 molar ratio of initiator to cat-
alyst as reported elsewhere61. The protecting benzyl groups of the polymer
were removed by hydrogenation catalyzed by palladium on carbon following a
previously described protocol59. The resulting polymer, PLGHMGA, was pu-
rified by precipitation in cold diethyl ether, recovered by filtration and dried
under vacuum. MePEG-PLGHMGA was prepared as described for PLGH-
MGA, but poly(ethylene glycol) monomethyl ether was used as an initiator
instead of benzyl alcohol61.

2.3 Polymer characterization

The composition of PLGHMGA was determined by 1H NMR in deuterated
DMSO. The molar % of lactic acid (L), glycolic acid (G) and hydroxymethyl
glycolic acid (HMG) was calculated based on the peak integrals (Ippm) of the
monomers61, as follows:
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IL = [(I5.1−5.4) − (I3.6−3.9/2)]
IG = (I4.7−5.0)/2

IHMG = [(I3.6−3.9)/2 + (I4.1−4.5)/3]

%L = IL/(IL + IG + IHMG) × 100
%G = IG/(IL + IG + IHMG) × 100

%HMG = IHMG/(IL + IG + IHMG) × 100

The % PEG in MePEG-PLGHMGA was also determined based on 1H
NMR analysis61 as follows:

Calculated polymer Mn =
(IL/IP EG×MwLunit)+(IG/IP EG×MwGunit)+(IHMG/IP EG×MwHMGunit)

+ PEG Mw

%P EG = PEG Mw/calculated polymer Mn × 100

The molecular weights of the polymers were determined by gel perme-
ation chromatography (GPC) (Waters 2695 separating module and Waters
2414 refractive index detector) using two PL-gel 5 µm Mixed-D columns and
tetrahydrofuran as the mobile phase (1 mL/min) at 60 °C. Polystyrene stan-
dards (EasiCal Agilent, California, USA) and PEG standards were used for
calibration.

The thermal properties of the polymers were studied using differential scan-
ning calorimetry (Discovery DSC, TA instruments, Delaware, USA). Briefly,
a sample of ∼5 mg of polymer was transferred into an aluminum pan and
heated from room temperature to 120 °C at a rate of 5 °C/min and sub-
sequently cooled down to -50 °C at the same rate. The polymer was then
heated to 120 °C at a rate of 2 °C/min with temperature modulation at ± 1
°C.

2.4 Synthesis of Alexa-568-PLGA
Fluorescently labeled PLGA was prepared by maleimide-thiol reaction of
PLGA-SH (thiol endcap) and Alexa-568 C5 maleimide at an equimolar ra-
tio62. Briefly, PLGA-SH was dissolved in acetonitrile (25 mg/mL) and Alexa-
568 C5 maleimide was dissolved in PBS/EDTA 4 mM (10 mg/mL, pH 7.4).
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The Alexa dye (0.1 mL) was added to PLGA-SH (1 mL) and the mixture was
stirred in the dark at room temperature for 2 h. The polymer was recovered
by precipitation in cold methanol followed by centrifugation (20 min, 20,000
g, 4 °C). The polymer pellet was recovered and dried under reduced pressure.

2.5 Polymeric nanoparticles (NPs) preparation and
characterization

The NPs were prepared using a double emulsion solvent evaporation
method61,63,64, starting from a mixture of PLGHMGA, MePEG-PLGHMGA
and maleimide-PEG-PLGA in a 8:1:1 w/w ratio. For the preparation of flu-
orescent particles, 2% w/w of Alexa-568-PLGA was added to the polymer
mixture. The polymers were dissolved in dichloromethane at 5% w/v and
200 µL of an aqueous solution of saporin (5 mg protein/mL) or 200 µL of
water (for preparation of placebo NPs) were added to 1 mL of this polymer
solution. The mixture was subsequently emulsified for 1 min at 20 W power
using a probe sonicator (SONOPULS HD 2200 Bandelin, Berlin, Germany)
in an ice bath. Next, this W/O emulsion was added dropwise to 10 mL of
an aqueous solution of PVA 5% w/v and NaCl 0.9% w/v. The addition was
done while sonicating the sample in an ice bath for 2 min at 20 W power. The
resulting W/O/W emulsion was stirred at 600 rpm for 2 h at room tempera-
ture to evaporate the dichloromethane. Subsequently, the NPs were collected
by centrifugation for 20 min, 20,000 g at 4 °C, washed with PBS and finally
with UltraPure™ distilled water (Invitrogen, Paisley, UK). After the second
washing, the NPs were resuspended in 1 mL of UltraPure™ distilled water
and divided into aliquots of equal volume (200 µL). One of the aliquots was
freeze dried at -40 °C, <1 mbar (Christ Alpha 1-2 freeze dryer) and used to
determine the yield of the NPs and their protein content (section 2.6). The
other aliquots were supplemented with sucrose at a final concentration of 5%
w/v and freeze dried at -40 °C, <1 mbar.

The diameter of the different NPs was determined by Dynamic Light Scat-
tering (Zetasizer Nano S, Malvern, Worcestershire, UK) at 25 °C in MilliQ
water (the concentration of the suspension was 100 µg NPs/mL) and their zeta
potential (Zetasizer Nano Z, Malvern, Worcestershire, UK) was measured at
25 °C in HEPES 10 mM pH 7.0 (100 µg NPs/mL).

2.6 Determination of saporin loading of the NPs
The saporin encapsulation efficiency of the NPs was determined by a previ-
ously described method65. In short, 5 mg of freeze dried NPs was degraded in
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3 mL of a solution of 0.05 M NaOH containing 0.5% w/v of sodium dodecyl
sulfate at 37 °C for 2 h. The protein content in the resulting solution was
determined by MicroBCA Assay (according to the specifications of the man-
ufacturer). A sample of saporin was treated in the same way as the NPs and
used for calibration in the range of 2 - 40 µg/mL. The encapsulation efficiency
and loading capacity were calculated as follows:

Encapsulation efficiency % = Amount of protein entrapped

Amount of protein used in preparation
× 100

Loading % = Amount of protein entrapped

Dry weight of NPs used in the test
× 100

2.7 In vitro release of saporin from the NPs
Freeze dried saporin-loaded NPs were suspended at a concentration of 5
mg/mL in PBS. The NPs suspension was divided into aliquots of 300 µL
which were incubated at 37 °C under mild agitation. At different time points,
an aliquot was taken and centrifuged for 10 min, 20,000 g at 4 °C and the
supernatant (containing the released saporin) was collected and stored at -20
°C until the end of the study. The supernatants were analyzed by SDS PAGE
under reducing conditions: 30 µL of the supernatants was diluted with 10 µL
of sample buffer (8% w/v SDS, 40% v/v glycerol, 0.008% w/v bromophenol
blue, 20% v/v 2-mercaptoethanol in buffer Tris-HCl pH 6.8) and 20 µL of
the diluted sample was loaded into a Bolt™ 4 - 12% Bis-Tris Plus gel (In-
vitrogen, California, USA). The same procedure was followed for standards
containing known amounts of saporin (2 - 8 ng/ µL). The protein in the gel
was visualized by silver staining (performed according to the instructions of
the manufacturer). The gel was imaged using a ChemiDoc™ MP imager (Bio-
Rad, California, USA) and analyzed with ImageJ software (NIH, USA). The
gel analysis function on ImageJ was used to generate plots from the intensity
of the pixels in a selected area (area of the protein band). The amount of
saporin in the release samples was calculated by comparing the peak areas of
the plots to the peak areas from the standards.

2.8 Conjugation of 11A4 nanobody to the NPs
The 11A4 nanobody containing a C-terminal cysteine (theoretical Mw 14,813
Da by ExPASy ProtParam) was produced and purified, as previously de-
scribed39,40. The conjugation reaction was conducted according to our pre-
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vious study66. In short, an amount of freeze dried NPs was resuspended in
water and pelleted by centrifugation (10 min, 3,000 g at 4 °C). Subsequently,
the NPs pellet was resuspended in PBS / EDTA 0.4 mM to a concentration
of ∼3.5 mg NPs/mL and mixed with the nanobody at a molar ratio of 10:1
maleimide-PEG-PLGA to nanobody. The samples were incubated for 2 h at
room temperature on a nutating mixer. Subsequently, the non-conjugated
nanobody was separated from the 11A4 functionalized NPs (11A4-NPs) by
centrifugation and quantified by UPLC66. The conjugation efficiency was
determined as:

Conjugation efficiency (%) =(
1 − [Ligand in the supernatant]

[Ligand added in the conjugation reaction]

)
× 100%

The same protocol was used to prepare control NPs in which the maleimide
groups were blocked with cysteine (Cys-NPs) with two differences: the molar
ratio of the reactants was 1:2 maleimide-PEG-PLGA to cysteine and the non-
conjugated cysteine was quantified by MicroBCA Assay, as described by the
provider.

2.9 Cell lines and culture conditions
Human breast cancer cell lines SkBr3 (HER2 positive, ATCC HTB-30) and
MDA-MB-231 (HER2 negative, ATCC CRM-HTB-26) were obtained from
American Type Culture Collection (Virginia, USA). Mycoplasma tests were
performed regularly on the cells in culture. SkBr3 cells were cultured in Mc-
Coy’s 5A medium, supplemented with 10% fetal bovine serum, while MDA-
MB-231 cells were maintained in DMEM - high glucose with 10% fetal bovine
serum. The cells were incubated at 37 °C in a humidified atmosphere contain-
ing 5% CO2. These conditions were also used in all cell incubation steps in
the experiments described below.

2.10 Cellular uptake of NPs
SkBr3 or MDA-MB-231 cells were seeded at a density of 10,000 cells/well in 96
well µClear® black plates (Greiner Bio-One, Frickenhausen, Germany). The
cell nuclei were stained with 10 nM Hoechst 33342 in PBS for 10 min at 37
°C and after washing off the excess of dye, fresh medium was added to the
cells. The cells were incubated with placebo 11A4-NPs or with Cys-NPs, both
labelled with Alexa-568 at 37 °C. The NPs concentration in the wells was 22
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µg/mL. In order to study the uptake kinetics of NPs, confocal microscopy
of living cells was conducted using a Yokogawa CV7000s high-content imager
(Yokogawa Electric Corporation, Tokyo, Japan). Cells were kept at 37 °C,
in a humidified atmosphere with 5% CO2 during the imaging process, and
confocal images through the middle plane of the cells were taken 15 min, 30
min, 1 h, 2 h, 4 h, 6 h and 8 h after the addition of the NPs to the cells.
Images were captured in two channels: Hoechst 33342 for nuclei (λex 405 nm,
λem 445 nm) and Alexa-568 to visualize the NPs (λex 561 nm, λem 600 nm).
The image analysis was performed with the Columbus Image Data Storage
and Analysis System (Perkin Elmer). The reported values are the mean and
SD of the data obtained from 3 wells containing 5 imaging fields each.

To investigate whether the uptake occurred via the HER2 receptor, com-
petition experiments were conducted with an excess of 11A4 present in the
medium. To this end, cells were preincubated with free 11A4 nanobody at a
concentration of 12 µg/mL for 30 min, followed by the addition of the Alexa-
568 labelled placebo NPs functionalized with the 11A4 nanobody, at a final
concentration of 80 µg/mL. Consequently, there was a 55 fold molar excess
of free 11A4 nanobody compared to the 11A4 conjugated to the NPs. After
30 min of incubation, the medium (containing free 11A4 and the 11A4-NPs)
was removed, the cells were washed with PBS and fresh medium was added.
Confocal microscopy of living cells was conducted as described above, and
including phase contrast imaging to better delineate the cell membrane.

2.11 Photochemical internalization (PCI)
PCI was conducted using the PS TPPS2a, which was dissolved in dimethyl
sulfoxide at a concentration of 1 mg/mL, aliquoted and stored at -20 °C. The
samples containing PS were handled under dim light and incubated in the
dark. The PCI experiments were conducted on cells seeded at a density of
5,000 cells/well on 96 well plates (100 µL of cell suspension per well), after
overnight culture, as described previously55,67: TPPS2a was diluted in cell
culture medium supplemented with antibiotics (1,200 units penicillin, 1.2 mg
streptomycin, and 3 µg amphotericin B/mL) to a concentration of 6 µg/mL.
Next, 10 µL of this solution was added per well and the cells were incubated
for 14 h. Subsequently, 10 µL of a suspension of placebo NPs or saporin-
loaded NPs in cell culture medium was added per well (NPs concentrations
for each experiment are given in sections 2.13 and 2.14). The cells were incu-
bated with the PS and the NPs for 4 h (total incubation time with the PS
was therefore 18 h), followed by removal of the medium and addition of fresh
medium containing antibiotics (100 units penicillin, 0.1 mg streptomycin, and
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0.25 µg amphotericin B/mL). The cells were incubated with fresh medium
for an additional 4 h (to favor removal of the PS from the cell membrane)68,
and subsequently the plate was illuminated for 40 s at 420 nm using a Lu-
miSource blue light lamp (PCI Biotech, Oslo, Norway), with an irradiance of
∼13.5 mW/cm2 (corresponding to a total light dose of ∼0.5 J/cm2). After
illumination, the cells were incubated for 40 h without medium refreshment
and then subjected to viability or proliferation assays (sections 2.13).

2.12 Cytotoxic effect of PCI
The cytotoxic effect of PCI, also referred to as photochemical cytotoxicity,
was evaluated as follows: SkBr3 and MDA-MB-231 cells were seeded at a
density of 5,000 cells/well on 96 well plates. After overnight culture, 10 µL of a
TPPS2a solution (6 µg/mL) were added per well, followed by incubation of the
cells with the PS for 18 h. Next, the medium was removed and replaced with
fresh medium containing antibiotics (100 units penicillin, 0.1 mg streptomycin,
and 0.25 µg amphotericin B/mL, Sigma). The cells were incubated for an
additional 4 h, and subsequently the plate was illuminated for 20, 40 and 60
seconds at 420 nm with an irradiance of ∼13.5 mW/cm2, corresponding to
a total light dose of ∼0.3, 0.5 and 0.8 J/cm2. The cells were subjected to
viability and proliferation assays (section 2.13) 40 h after illumination.

2.13 Cytotoxicity of the NPs
SkBr3 or MDA-MB-231 cells were seeded at a density of 5,000 cells/well on
96 well plates and incubated overnight, after which they were subjected to
PCI as described in section 2.11 (briefly: 14 h incubation with TPPS2a, 4
h incubation with PS and NPs, then 4 h incubation with fresh medium and
subsequent illumination). Placebo or saporin-loaded NPs, functionalized with
11A4 or cysteine (11A4-NPs or Cys-NPs, section 2.8), were used. The final
NPs concentration in the wells ranged from 0.3 to 180 µg/mL, and was slightly
adjusted between NPs batches in order to have total saporin concentrations
ranging from 0.1 to 32 nM based on the saporin loading studies in section
2.6. These concentration range corresponds to 0.01 to 4.2 nM of saporin
based on the in vitro release (section 2.7) for the time frame of the study.
The cell viability and cell proliferation were assessed 40 h after the cells were
illuminated for PCI. Cell viability was determined using resazurin, a weakly
fluorescent dye that can be reduced to a fluorescent product (resorufin) by
metabolically active cells69. In short, 10 µL of a 500 mM solution of resazurin
was added to each well and after 4 h of incubation the fluorescent signal was
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measured at 530 nm excitation / 600 nm emission in a multimode microplate
reader Mithras LB 940 (Berthold Technologies, Bad Wildbad, Germany). Cell
proliferation was determined by BrdU assay (according to the instructions of
the manufacturer). The EC50 value of the NPs was determined by analysis
of the cell proliferation data (respective to a control exposed to PCI without
protein and NPs) with the software GraphPad Prism 7 (GraphPad, California,
USA) (nonlinear regression, log[inhibitor] vs. normalized response - variable
slope).

To investigate that the HER2 mediated uptake is essencial for the cytotoxic
effect, competition experiments were conducted on SkBr3 cells: after 14 h
incubation with the PS, the cells were incubated with the PS and free 11A4
nanobody at a concentration of 12 µg/mL for 30 min. Subsequently, saporin-
loaded NPs functionalized with the 11A4 nanobody were added to the cells
at a final concentration of 80 µg/mL. The cells were incubated with the PS
and the NPs for 4 h at 37 °C (total incubation time with the PS was therefore
18 h). Next, the cells were irradiated as described in section 2.11 and cell
viability and cell proliferation were evaluated.

Dose-response assays were also conducted using free saporin. In short, the
same protocol described for the dose-response assays of the NPs was followed
but the cells were incubated with saporin instead of NPs. The final saporin
concentration in the wells ranged from 0.002 to 200 nM (6 x 10−5 to 6 µg/mL).

2.14 Apoptosis assay
SkBr3 cells were seeded at a density of 5,000 cells/well in 96 well plates, incu-
bated overnight and subjected to PCI as described in section 2.11. The cells
were incubated with saporin-loaded NPs functionalized with 11A4 nanobody
or with cysteine (control formulation) at a final concentration of 90 µg/mL.
After illumination, the cells were incubated for 40 or 120 h without medium
refreshment and then subjected to the apoptosis assay according to the instruc-
tions of the manufacturer. Briefly, the medium was replaced with a solution
containing PI diluted 1:1000 and Annexin V - FITC diluted 1:80 in McCoy’s
5A cell culture medium supplemented with 10% fetal bovine serum. Cells
exposed to 10 µM staurosporine overnight were used as a positive control for
apoptosis. Alternatively, cells incubated for 15 min with 1% Triton X-100
were used as positive controls for necrosis70. Thereafter and in both cases,
the medium was replaced with the Annexin V / PI solution. After incubation
for 10 min at 37 °C with the Annexin V and PI, the cells were imaged with
an EVOS microscope (Thermo Fischer Scientific, Bleiswijk, the Nerherlands)
using the bright field, GFP (for Annexin V) and Texas Red (for PI) channels.
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The images were analyzed with the ImageJ software (NIH, USA) (mean gray
value measurements).

2.15 Statistical Analysis
Statistical significance was evaluated using the unequal variance t-test for
comparison of the cytotoxicity of Cys-NPs + PCI vs 11A4-NPs + PCI (at
different concentrations of NPs), and for the comparison of the cytotoxicity
of 11A4-NPs + PCI vs 11A4 + 11A4-NPs + PCI. A value of p ≤ 0.05 was
considered significant. Statistical significance was depicted as * p ≤ 0.05 and
** p ≤ 0.01.

3 Results and Discussion

The potent cytotoxic effect of saporin makes it a promising anti-cancer agent.
Nevertheless, the mechanism of internalization of this protein varies amongst
cell types and is not yet clearly understood8,9,71. In the present work,
we encapsulated saporin in PEG-PLGHMGA NPs functionalized with the
nanobody 11A4 to favor uptake and cell-specific toxicity in HER2 overexpress-
ing cancer cells. As receptor-mediated uptake of NPs can lead to lysosomal
degradation of their contents, PCI was employed to promote endosomal es-
cape, and to guarantee the release of saporin into the cytosol, where it can
ultimately exert its cytotoxic effect.

3.1 Characterization of the polymers PLGHMGA and
MePEG-PLGHMGA

The polymers used in this study were synthesized by ring opening polymer-
ization of D,L-lactide and BMG using benzyl alcohol as initiator for PLGH-
MGA and poly(ethylene glycol) monomethyl ether as initiator for MePEG-
PLGHMGA, and tin(II) 2-ethylhexanoate as catalyst for both polymers61

(Figure 1).
The synthesized polymers were analyzed by 1H NMR, GPC and DSC (Ta-

ble 1). The polymer composition as determined by 1H NMR was, within the ex-
perimental error, close to the feed ratio. The molecular weight of the polymers
determined by GPC only slightly decreased after deprotection indicating that
no chain scission had occurred. The molecular weight of MePEG-PLGHMGA
calculated by 1H NMR increased after deprotection which might be ascribed
to hydrolysis of the ester bond that connects the PEG and the PLGHMGA
block during deprotection and/or subsequent purification. According to DSC
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analysis the polymers were completely amorphous (Figure S1) and their Tg is
consistent with previous reports61.

Figure 1: Synthesis of PLGHMGA. A) Copolymerization of D,L-lactide and BMG
results in the formation of PLGBMGA. B) Removal of the protecting benzyl groups
yields PLGHMGA.

Table 1: Characteristics of the polymers prepared for this study.

PLGB-
MGA

PLGH-
MGA

MePEG-
PLGBMGA

MePEG-
PLGHMGA

Composition ratio a:ba

1H NMR 40:60 40:60 41:59 45:55
Yield (%) 94 71 98 53

Molecular weight (kDa)

Mn (GPC) 59 43 28 22
Mw (GPC) 89 62 43 31
PDI (GPC) 1.50 1.47 1.52 1.42

Mn (1H NMR) NAb NAb 55 83
Mn (expected) 53 43 55 45
MePEG (w%) NAb NAb 3.6 2.4

Tg (°C) 32 56 26 48

a a:b represents the molar ratio of BMG/D,L-lactide or HMG/D,L-lactide. Monomer feed was
35(a):65(b). Monomer to initiator ratios were 300:1. b Not applicable.

The structure and 1H NMR spectra of PLGHMGA and MePEG-
PLGHMGA are presented in Figure S2. The absence of a peak at 7.3 ppm
confirmed that the benzyl groups were successfully removed from the polymers
by hydrogenolysis (Figure S3), which resulted in pending hydroxyl groups on
the polymer chain.
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3.2 Preparation and characterization of the polymeric NPs
Placebo and saporin-loaded NPs were prepared using a blend of PLGHMGA,
MePEG-PLGHMGA and maleimide-PEG-PLGA. To prepare fluorescent NPs,
PLGA-Alexa-568 was also added to the aforementioned polymer mixture.
HER2 targeted NPs were prepared by conjugating the nanobody 11A4 (con-
taining a C-terminal cysteine) to the nanoparticle surface, i.e. 11A4-NPs,
exploiting the maleimide-thiol reaction. In the non-targeted NPs, cysteine
was used to block the maleimide groups, i.e. Cys-NPs, because free maleimide
groups can interact with cellular thiols and lead to enhanced, non-specific
cellular uptake72,73. The physicochemical properties of the NPs used in this
study are displayed in Table 2.

Table 2: Size, zeta potential and conjugation efficiency of polymeric NPs.

Formulation Yield
(%) Code Ligand Diameter

(nm)a PDIb
Zeta

potential
(mV)

Conjuga-
tion

efficiency
(%)c

11A4
molecules
per NPd

Placebo NPse 55±5
1 None 369±46 0.32 -7.1±0.9 NAf

2 Cys 374±34 0.22 -8.2±1.2 58±1
3 11A4 435±32 0.27 -11.7±0.8 55±7 ∼7,100

Saporin-loaded
NPse 55±2

4 None 344±12 0.17 -3.3±0.6 NAf

5 Cys 375±11 0.12 -3.6±0.6 61±4
6 11A4 414±26 0.16 -4.0±0.8 31±4 ∼3,400

Fluorescent
placebo NPsg 49

7 None NDh NDh -8.5 NAf

8 Cys 405 0.23 -7.4 58
9 11A4 445 0.31 -12.8 46 ∼6,300

a Diameter of freeze dried NPs after resuspension in PBS/EDTA 0.4 mM and conjugation with
different ligands. b SD ≤ 0.1. c Conjugation efficiency = (1 ([Ligand in the supernatant] /
[Ligand added in the conjugation reaction])) x 100%. d Calculated as reported in 66. e n=3. f

Not applicable. g n=1. h Not determined

For all formulations tested (NPs, Cys-NPs and 11A4-NPs) the surface
charge of saporin-loaded NPs (formulations 4 - 6) was closer to neutrality than
the charge of placebo NPs (formulations 1 - 3 and 7 - 9). Since saporin has an
isoelectric point of ∼9.4 (ExPASy ProtParam tool), the protein will carry a net
positive charge at neutral pH. The less negative zeta potential of the saporin-
loaded NPs can therefore be explained by the presence of surface associated
saporin74,75. Since saporin lacks free thiol groups in its sequence (UniProtKB)
its association to the NPs is not a result of conjugation to maleimide.

The Cys-NPs (formulations 2 and 5) had similar size and surface charge to
the placebo NPs without surface decoration (formulations 1 and 4). On the
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other hand, 11A4-NPs (formulations 3 and 6) were larger and displayed a more
negative surface charge than the non-decorated NPs. Based on the isoelectric
point of the nanobody 11A4 (∼7.9 according to ExPASy ProtParam tool), a
slightly positive charge of 11A4-NPs would be expected at the pH conditions
used for their preparation and analysis (pH 7.4). Nevertheless, the isoelectric
point refers to the charge of the protein determined by its primary structure,
while the folded protein can carry a different charge, depending on the amino
acids located on its surface. In the case of 11A4-NPs, the zeta potential
suggests that negative amino acid residues are exposed to the medium. In a
previous study conducted by our research group, PLGA NPs conjugated to
11A4 also showed a more negative zeta potential than non-conjugated NPs66.

In addition to the physicochemical characteristics of the NPs, the efficiency
of the conjugation reaction was also determined. Cysteine was conjugated to
the NPs with an efficiency of ∼60%. In a previous study, our group reported
a similar conjugation efficiency for another small molecule, i.e. cRGDfK, to
polymeric NPs via maleimide-thiol chemistry66. Theoretically, a 100% conju-
gation efficiency could have been achieved because a molar excess of cysteine
to maleimide (2:1) was used. However, due to the miscibility of PEG and
PLGA it is likely that not all maleimide groups are exposed on the surface of
the NPs and available for reaction76,77.

The conjugation efficiency of cysteine was similar for placebo and saporin-
loaded NPs (formulations 2 and 5). In contrast, the conjugation efficiency
of 11A4 was higher for placebo NPs (formulation 3) than for saporin-loaded
NPs (formulation 6). As previously mentioned, some saporin molecules can
be associated with the surface of the NPs resulting in partial obstruction of
nearby maleimide groups and limiting the extent of functionalization of the
surface with the nanobody. This steric hindrance may have been less relevant
for conjugation to cysteine due to the smaller size of this ligand.

The encapsulation efficiency of saporin in the NPs was 26 ± 2% (n=2),
which corresponded to 0.52 ± 0.03 loading weight % (or 5.2 ± 0.3 µg of
saporin/mg NPs). After resuspension in PBS, the NPs showed a very small
burst release (< 5% of the total saporin content), followed by a sustained
release of the protein. An estimation from SDS-PAGE analysis indicates that
around 13% of the saporin loading was released from the NPs during 2 days of
incubation in PBS (Figure S4). Similar sustained release patterns (10 - 40%
release of protein after 5 days of incubation) have been reported in literature
for protein-loaded PLGA78,79 and PLGHMGA NPs61.
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3.3 Cellular uptake of targeted and non-targeted NPs
The kinetics of cellular uptake of Cys-NPs and 11A4-NPs were studied by live
confocal microscopy from 15 minutes to 8 hours in SkBr3 (HER2 positive) and
MDA-MB-231 (HER2 negative) cells. The binding and uptake of Cys-NPs
was poor at all the time points evaluated, as shown by the low fluorescent
signal in the cytoplasm of the cells (Figures 2A and 2C). In contrast, the
uptake of 11A4-NPs by SkBr3 cells was already detected at early time points
of the study (≤ 30 minutes), and it increased over time (Figure 2B and 2C).
Throughout the study, the number of fluorescent spots per area of cytoplasm
was between 8 and 18 times higher in the cells exposed to 11A4-NPs compared
to those incubated with Cys-NPs (Figure S5), which indicates an enhanced
internalization of 11A4-NPs, likely mediated by the interaction between the
nanobody 11A4 and the HER2 receptor. This observation is further supported
by the almost negligible uptake of both, 11A4-NPs and Cys-NPs, by the HER2
negative MDA-MB-231 cell line (Figure 2C and Figure S6).

To confirm that the specific uptake of 11A4-NPs was mediated by the in-
teraction of the 11A4 nanobody with the HER2 receptor, competition studies
were carried out by pre-incubating the cells with free 11A4 prior to exposure
to 11A4-NPs. Microscopic observations showed that, in the presence of free
nanobody, the internalization of 11A4-NPs was considerably inhibited (Fig-
ure 2D), as compared to cells incubated with 11A4-NPs in the absence of free
nanobody (Figure 2E). Image analysis confirmed that the fluorescent signal
of 11A4-NPs inside the cells was remarkably lower in the samples subjected
to competition (Figure 2F), thus corroborating the results from the visual
observations.

Altogether, the results from the confocal microscopy studies demonstrate
that the endocytosis of 11A4-NPs is mediated by the specific interaction be-
tween the nanobody 11A4 and the HER2 receptor. Since the focus of the
present work is to target HER2 for the treatment of breast cancer, the selec-
tive accumulation of the 11A4-NPs was evaluated in HER2 positive cancer
cells (SkBr3), using HER2 negative cancer cells (MDA-MB-231) as a nega-
tive control. Alternatively, normal cells could also be used as a control since
they express 100-fold less HER2 than HER2 positive cancer cells80. In that
case, it would be expected that the 11A4-NPs would interact similarly with
normal cells and with the HER2 negative breast cancer cells (i.e. poor inter-
nalization). In addition to our results, other studies from our research group
have confirmed that the uptake of nanobody-targeted nanocarriers is truly
mediated by specific ligand-receptor interactions. In that regard, the use of a
non-tumor specific nanobody as ligand resulted in neither binding, nor uptake
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of different types of nanocarriers43,47.

Figure 2: Cellular uptake of fluorescently labeled, targeted and non-targeted
placebo NPs. Confocal images of SkBr3 cells incubated with (A) Cys-NPs (22
µg/mL) and (B) 11A4-NPs (22 µg/mL) at different time points (nuclei are stained in
blue, NPs are observed in orange and the phase contrast image is in gray). The NPs
remained in contact with the cells throughout the whole assay (no washing steps).
(C) Mean fluorescence intensity in cytoplasm of SkBr3 and MDA-MB-231 cells after
incubation with Cys-NPs and 11A4-NPs, data represent mean ± SD (n=15 imaging
fields). Confocal images of SkBr3 cells (D) pre-incubated for 30 min with free 11A4
(12 µg/mL) followed by incubation for 30 min with 11A4-NPs (80 µg/mL) and (E)
incubated for 30 min with 11A4-NPs alone (80 µg/mL). Nuclei are stained in blue
and NPs are observed in orange, overlay of phase contrast image shows the cell bor-
ders. (F) Mean fluorescence intensity in cytoplasm of SkBr3 cells exposed to the
competition conditions, data represent mean ± SD (n=15 imaging fields).

In general, the cargo internalized by receptor-mediated endocytosis is ini-
tially localized in early endosomes and then sorted to one of several pathways,
including the recycling and degradative pathways81–83. The uptake images
(Figure 2B, at 8h) suggest that the 11A4-NPs are entrapped in intracellular
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vesicles, likely late endosomes and/or lysosomes, as proposed by the highly
punctuated fluorescence pattern observed in the cytoplasm of SkBr3 cells84,85.
To prevent that the 11A4-NPs and/or their released cargo (saporin) are de-
graded in the lysosomes, an external stimulus was applied to induce endosomal
escape and to maximize the cytotoxicity of the formulation: i.e. photochemi-
cal internalization or PCI.

3.4 Optimization of photochemical internalization (PCI)
The outcome of PCI is influenced by the concentration of PS and the illumi-
nation time55,86. In general, high concentrations of PS and long illumination
times can induce cell death, here described as photochemical cytotoxicity. In
the present work, a concentration of 0.5 µg/mL of PS was chosen based on
previous studies conducted in our research group55,67. Since the aim was to
specifically evaluate the PCI-mediated cytotoxicity of saporin-loaded NPs, it
was important to distinguish between the effects of PCI (PS + light + NPs)
and the photochemical cytotoxicity (PS + light). The illumination time was
optimized in a way that PCI was achieved without significantly compromising
the viability of cells. To this end, the cytotoxicity of the PS TPPS2a combined
with different illumination times was first evaluated on SkBr3 and MDA-MB-
231 cells without NPs. For both cell lines, a decrease in cell viability was
observed with increasing illumination time up to 60 seconds (Figure 3A and
3B). In that time frame, the cell viability decreased by 40% for both SkBr3
and MDA-MB-231, while cellular proliferation decreased by 40% for SkBr3
and by 20% for the MDA-MB-231 cells.

Subsequently, the influence of the different illumination times was studied
in combination with the saporin-loaded NPs. At all the illumination times
tested, higher cytotoxicity was observed on SkBr3 cells that were incubated
with saporin-loaded 11A4-NPs, compared to cells incubated with placebo
11A4-NPs (Figure 3C and 3D), implying that PCI successfully mediates the
endosomal escape of the NPs leading to saporin release in the cytosol. Since
40 seconds of illumination provided the best compromise between relatively
low photochemical cytotoxicity (caused by PS + light), and high cytotoxicity
caused by the presence of the saporin-loaded NPs, this setting was chosen for
further in depth studies.
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Figure 3: Cytotoxicity of TPPS2a (0.5 µg/mL) combined with different illumina-
tion times. (A) Cell viability and (B) cell proliferation of SkBr3 and MDA-MB-231
cells exposed to PS and illumination, without NPs, relative to the non-treated con-
trol (no PS, no light). Data represent mean ± SD (n=6). (C) Cell viability and (D)
cell proliferation of SkBr3 cells in the absence and presence of placebo 11A4-NPs
and saporin-loaded 11A4-NPs relative to the non-treated control (no PS, no light,
no NPs). Final NPs concentration in the wells was 90 µg/mL. Data represent mean
± SD (n=6 for tests in the absence of NPs, n=3 tests in the presence of NPs). Illu-
mination for 20, 40 and 60 seconds corresponds to light doses of ∼0.3, 0.5, and 0.8
J/cm2.
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3.5 Cytotoxicity of saporin-loaded targeted and untargeted
NPs in combination with PCI

The cytotoxic effect of saporin-loaded Cys-NPs and 11A4-NPs was evaluated
in SkBr3 and MDA-MB-231 cells with or without PCI. In parallel, placebo
NPs were also investigated, as well as the effect of free saporin. As a control,
cells incubated only with PS and with light exposure (no NPs) were compared
to non-treated cells (no PS, no light, no NPs).

Placebo Cys-NPs and placebo 11A4-NPs used without PCI, did neither
affect cell viability nor proliferation of SkBr3 (Figure S7A and S7B) as well
as of MDA-MB-231 (Figure S7C and S7D) cells. Even though a decrease in
cell viability and proliferation was observed for both cell lines treated with
NPs and PCI, this effect was not dependent on the dose of NPs and can be
explained as toxicity induced by the PS applied in combination with light, i.e.
photochemical cytotoxicity: compared to a non-treated control, cell viability
was 66 ± 3% for SkBr3 and 75 ± 3% for MDA-MB-231, and cell proliferation
was 66 ± 3% for SkBr3 and 88 ± 5% for MDA-MB-231.

Saporin-loaded Cys- and 11A4- NPs without PCI did not affect the cell
viability or proliferation of MDA-MB-231 cells, while incubation of NPs com-
bined with PCI slightly decreased these parameters (Figure 4A and 4B), which
corresponds to the photochemical cytotoxicity: compared to non-treated cells,
cell viability was 77 ± 9% and cell proliferation was 91 ± 10%. In addition,
the lack of toxicity of both Cys-NPs and 11A4-NPs in MDA-MB-231 cells is
in line with the low uptake of these formulations (Figure 2C). Similarly to
the results in MDA-MB-231, saporin-loaded Cys- or 11A4- NPs without PCI
were not cytotoxic to SkBr3 cells. Incubation of SkBr3 cells with Cys-NPs
and PCI slightly and stably decreased cell viability and proliferation, which
is in the range of photochemical cytotoxicity reported above: compared to a
non-treated control, cell viability was 69 ± 5% and cell proliferation was 67
± 10%. In contrast, only the incubation of SkBr3 cells with saporin-loaded
11A4-NPs and PCI resulted in a dose-dependent decrease in cell viability and
cell proliferation (Figure 4C and 4D), confirming that the NPs and their con-
tent were initially entrapped in the endosome and were subsequently released
into the cytosol upon PCI.

At the highest concentrations tested, the saporin-loaded 11A4-NPs com-
bined with PCI reduced the cell proliferation of SkBr3 cells by ∼95% and the
cell viability by ∼60%. The residual metabolic acitivity of the cells detected
in the viability studies could be explained by the ability of saporin to induce
apoptosis which, being energy-dependent, requires the cells to remain active
in order to provide energy until late stages of the process87.
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Figure 4: Cytotoxicity of saporin-loaded NPs with or without PCI. The concen-
tration of saporin reported in the graphs is 13% of the dose loaded in the NPs.
Cytotoxicity of saporin-loaded NPs on (A,B) MDA-MB-231 and (C,D) SkBr3 cells.
Cell viability and cell proliferation were calculated respective to the non-treated con-
trol (no PCI, no NPs). (E) Cell viability and (F) cell proliferation of SkBr3 cells
incubated with free saporin and saporin-loaded NPs calculated respective to a con-
trol exposed to PCI in absence of protein and NPs. This control had 73 ± 5% cell
viability and 73 ± 8% cell proliferation relative to a non-treated sample (no PCI,
no free protein, no NPs). Data represent mean ± SD (n=3). Data Cys-NPs + PCI
vs 11A4-NPs + PCI analyzed by unequal variances t-test, * p-value < 0.05 and **
p-value < 0.001.
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Taken together, the results of Figure 4C and 4D demonstrate that, when
loaded in NPs, effective saporin delivery is fully dependent on HER2 targeting
and PCI, which is favorable for enhancing the selectivity of the therapy. Other
studies have shown that PCI enhances the efficacy of untargeted nanocarriers,
loaded with or conjugated to cytotoxic agents88–91, although in these cases
the selectivity of these nanocarriers towards specific cells was not evaluated.

The dose-dependent cytotoxicity of free saporin (i.e. not encapsulated in
the NPs) was compared to the cytotoxicity induced by saporin-loaded NPs
on SkBr3 cells when used in combination with PCI (Figure 4E and 4F). In
this particular study, the dose of free saporin added to the cells is compared
to the concentration of saporin expected to be released from the NPs after
2 days of incubation with the cells based on the release studies conducted in
PBS (13% release, Figure S4). Nevertheless, it is possible that more saporin
was released from the NPs in cell culture medium/intracellularly, compared
to PBS, as shown for other compounds92. Based on the cell proliferation
assays (Figure 4F), the EC50 of saporin when delivered by 11A4-NPs and PCI,
estimated at 0.3 nM (n=6, 95% CI = 0.25 - 0.34) was substantially lower (15-
fold difference) than the EC50 for free saporin administered in combination
with PCI, i.e. 4.5 nM (n=6, 95% CI = 3.5 - 5.7). In addition, the dose-
response profiles of saporin-loaded Cys- and 11A4- NPs differ significantly,
indicating that the cytotoxicity from saporin-loaded 11A4-NPs is most likely
caused by the intracellular release of saporin after the internalization of these
HER2 targeted NPs, and not by PCI of free saporin.

Interestingly, saporin in its free form was not toxic to the cells here in-
vestigated when administered without PCI (Figure S8A - 8D). In contrast,
combination of free saporin with PCI exhibited cytotoxic effect on both cell
lines, although the effect was lower in MDA-MB-231 (EC50 = 67 nM, n=6,
95% CI = 43 - 111) than in SkBr3 (EC50 = 4.5 nM, n=6, 95% CI = 3.5 - 5.7).
Cell line-dependent differences of the effects of saporin have also been reported
in other studies9,93. Remarkably, saporin-induced cytotoxicity has also been
reported even when it is administered without PCI or any other endosomal es-
cape technique4,71,94. Therefore, administration of free saporin in vivo could
result in substantial toxicity in non-targeted cells and tissues. This problem
can be overcome by encapsulating saporin in receptor-targeted nanoparticles,
which combined with PCI, can lead to selective and local delivery to the cy-
tosol of the targeted cells, as proposed by the in vitro data presented in this
work. While the in vivo evaluation of the efficacy of saporin-loaded 11A4-NPs
combined with PCI is beyond the scope of the present manuscript, some con-
siderations for the in vivo translation of this treatment include (1) reducing
the size of the NPs for more efficient extravasation and passive accumulation
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in the tumor site (favorable for nanocarriers with sizes < 200 nm95,96), and (2)
using photosensitizers such as TPCS2a

97 which are activated at wavelengths
that are optimal for tissue penetration, i.e. 600 - 800 nm. Furthermore, the
treatment proposed in this manuscript should be envisioned for use in combi-
nation with other cancer therapies in order to efficiently treat heterogeneous
tumors in which only some cells express the HER2 receptor, and to decrease
the chances for development of cancer drug resistance.

To further investigate the selectivity of the cytotoxicity of the 11A4-NPs,
competition assays were performed. When the cells were pre-incubated with
free 11A4, subsequent incubation with 11A4-NPs and PCI application did not
substantially decrease cell proliferation or cell viability, in contrast with cells
that were not pre-incubated with the free nanobody (Figure 5). These results
are in agreement with confocal microscopy observations, where pre-incubation
with free 11A4 inhibited the cellular uptake of 11A4-NPs (Figure 2D and 2F).

Figure 5: Cytotoxicity of saporin-loaded 11A4-NPs with PCI on SkBr3 cells with
and without pre-incubation with free 11A4. (A) Cell viability and (B) cell prolifera-
tion were assessed in cells incubated with 11A4-NPs and subjected to PCI treatment
or in cells pre-incubated with an excess of free 11A4 followed by the addition of 11A4-
NPs and PCI treatment. Data represent mean ± SD (n=3). Data 11A4-NPs + PCI
vs 11A4 + 11A4-NPs + PCI analyzed by unequal variances t-test, * p-value < 0.05.

Similar to our findings, a previous study on the effect of saporin-loaded
EGFR-targeted liposomes on OVCAR-3 cells also highlighted the advantages
of combining the use of targeted nanocarriers with PCI55. While high uptake
and cytotoxicity were observed for the EGFR-targeted liposomes, the non-
targeted liposomes were also internalized and cytotoxic, though to a lesser
extent. In contrast, the non-targeted NPs used in our work did not show any
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uptake or cytotoxicity, indicating that our system has improved selectivity over
the aforementioned liposomes. Targeting, as achieved by the 11A4-NPs, can
induce clustering of HER2 and promote its internalization98–100, resulting in
efficient receptor-mediated endocytosis of the NPs and subsequent intracellular
delivery of its cytotoxic cargo (saporin).

Other types of nanocarriers, such as nanogels and lipopepsomes, have also
been successfully used for the targeted intracellular delivery of saporin in
cancer cells. These nanocarriers were not used in combination with PCI, in-
stead they achieved endosomal escape by membrane destabilization19 or by
membrane fusion driven by coiled-coil motifs16. Although direct comparison
between these studies is difficult due to the different nature of the nanocar-
riers and targeted cell lines, these studies suggest other approaches are also
effective in ensuring endosomal escape of saporin.

3.6 Cell death mechanism induced by saporin-loaded
11A4-NPs and PCI

Microscopic observations of cells treated with saporin-loaded 11A4-NPs and
PCI, 40 and 120 hours after illumination revealed significant morphological
alterations suggesting apoptosis (Figure 6). In contrast, only a few cells with
morphological alterations were observed in the cells subjected to PCI only
or to Cys-NPs and PCI. A striking difference in the cell number was also
observed, particularly at the 120 hours time point: while there are only a few
cells left after treatment with 11A4-NPs and PCI, a large number of cells are
present in the samples exposed to PCI only (i.e. photochemical cytotoxicity).
These observations are in agreement with the results from the cytotoxicity
assays (Figure 4), which indicated that the decrease in cell viability caused
by saporin-loaded 11A4-NPs combined with PCI is accompanied by a strong
anti-proliferative effect.

The visual analysis of cells exposed to PCI (with or without incubation
with NPs) and stained with Annexin V / PI revealed a fluorescent pattern
indicative of apoptosis both in its early and late stage, though the intensity
of the fluorescent signal (and extent of apoptosis) differed between samples
(Figure 6, non-cropped images Figure S9A). In contrast, a very low fluorescent
signal was observed for cells non exposed to PCI (even when incubated with
NPs). The highest Annexin V signal was observed for the cells incubated
with saporin-loaded 11A4-NPs combined with PCI 40 hours after illumination
(Figure S9B). While in this sample the signal is more intense for Annexin V
than for PI at the 40 hours time point, both signals have similar intensities at
the 120 hours time point (Figure 6), indicating an increase in the number of
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cells undergoing late apoptosis / secondary necrosis at that time. This implies
an efficient but relatively slow onset and progression of apoptosis. While
apoptosis is often depicted as an event that lasts between 12 and 24 hours101,
longer times could be required for cell death due to the asynchronous nature
of the process and to its susceptibility to factors such as cell type, as well as
the nature and intensity of the apoptotic stimulus.

Figure 6: Microscopic observations of SkBr3 cells at 40 and 120 hours after treat-
ment with saporin-loaded NPs and/or PCI. Representative images obtained by phase
contrast and by overlay of the channels depicting the signals for Annexin V-FITC
(apoptotic cells, in green) and PI (dead cells, in red). Scale bar = 100 µm.

4 Conclusions

The findings presented in this work show that saporin-loaded PEG-
PLGHMGA NPs decorated with the 11A4 nanobody in combination with PCI
can be used to selectively induce cell death of HER2 positive breast cancer
cells. The selectivity of this system is a consequence of the specific interac-
tions between the 11A4 nanobodies on the NPs and the HER2 receptors on
the cell surface, which result in receptor mediated endocytosis of the NPs.
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Precise light exposure during the subsequent PCI allows for the time- and
space- controlled release of the NPs and/or their cargo from the endosome,
thereby exposing the cells to the cytotoxic effects of saporin. The tailorability
of PEG-PLGHMGA NPs is an added advantage to the system under study,
for instance, the NPs could be loaded with proteins other than saporin. In
conclusion, the tailorability, selectivity and efficiency of the 11A4-NPs used in
combination with PCI makes them a promising modality for cancer treatment.
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Supporting Information

Figure S1: DSC termograms of PLGHMGA and MePEG2,000-PLGHMGA.

Figure S2: 1H-NMR spectra of the synthesized polymers A) PLGHMGA and B)
MePEG-PLGHMGA in DMSO-d6. δ = 1.3 - 1.5 (3 H, CH3); 3.5 (4 H, O-CH2-CH2
of PEG); 3.6 - 3.9, (2 H, CH-CH2-OH), 4.7 - 5.0 (2 H, O-CH2-C(O)O); 5.1 - 5.3 (1
H, CH-CH3 and 1 H, CH-CH2-OH).
δ = 2.5 (6 H, CH3-S-CH3, DMSO); 3.3 (2 H, H2O)
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A)

B)

Figure S3: Superimposed 1H NMR spectra of A) PLGBMGA and B) PLGHMGA
in DMSO-d6.
A) δ = 3.6 - 3.9 (2 H, CH-CH2-O-CH2-C6H5); 4.3 - 4.6 (2 H, CH-CH2-O-CH2-C6H5);
4.7 - 5.0 (2 H, O-CH2-C(O)O); 5.1 - 5.3 (1 H, CH-CH3 and 1 H); 5.3 - 5.6 (1 H,
CH-CH2-O-CH2-C6H5); 7.2 -7.4 (5 H, -C6H5).
B) δ =3.6 - 3.9 (2 H, CH-CH2-OH); 4.7 - 5.0 (2 H, O-CH2-C(O)O); 5.1 - 5.3 (1 H,
CH-CH3 and 1 H, CH-CH2-OH).

A)
B)

Figure S4: SDS-PAGE analysis of the saporin released from Mal-PEG-PLGHMGA
NPs. A) SDS-PAGE gel image. The bands for the samples are detected at a height
close to the mark of 25 kDa, which is consistent with the Mw for saporin: ∼28
kDa (ExPASy ProtParam tool). B) Release profile of saporin obtained from two
independent analysis of samples through SDS-PAGE gel analysis.
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Figure S5: Uptake of targeted and non-targeted NPs by SkBr3 cells. Images show-
ing the location of A) 11A4-NPs and B) Cys-NPs relative to the cell membrane.
Nuclei are stained in blue and NPs are observed in orange. Overlay of the phase
contrast image shows the cell borders, also signaled by arrows. C) Number of fluo-
rescent spots present per area of cytoplasm over time. Data represent mean ± SD
(n=15 imaging fields).

Figure S6: Cellular uptake of fluorescently labeled, targeted and non-targeted
placebo NPs. Confocal images of MDA-MB-231 cells incubated with (A) Cys-NPs
(22 µg/mL) and (B) 11A4-NPs (22 µg/mL) at different time points (nuclei are
stained in blue, NPs are observed in orange, and the phase contrast image is in
gray). The NPs remained in contact with the cells throughout the whole assay (no
washing steps).
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Figure S7: Cytotoxicity of placebo NPs with or without PCI in (A,B) SkBr3
and (C,D) MDA-MB-231 cells. Cell viability and cell proliferation were calculated
relative to the non-treated control (no PCI, no NPs). Treatment by PCI in absence
of NPs, resulted in 66 ± 3% cell viability and 66 ± 3% cell proliferation in SkBr3,
and 75 ± 3% cell viability and 88 ± 5% cell proliferation in MDA-MB-231. Data
represent mean ± SD (n=3).
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Figure S8: Cytotoxicity of free saporin with or without PCI in (A,B) SkBr3 and
(C,D) MDA-MB-231 cells. Cell viability and cell proliferation were calculated re-
spective to the non-treated control (no PCI, no NPs). Treatment by PCI in absence
of NPs resulted in 76 ± 4% cell viability and 79 ± 13% cell proliferation in SkBr3,
and 81 ± 3% cell viability and 90 ± 8% cell proliferation in MDA-MB-231. Data
represent mean ± SD (n=3).
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Figure S9: Microscopic observations of SkBr3 cells stained with Annexin V - FITC
/ PI, 40 and 120 hours after treatment with saporin loaded NPs with or without PCI.
A) Microscopic observations of SkBr3 cells: apoptotic cells are stained with Annexin
V - FITC (green), while dead cells are stained with PI (red). Representative images
obtained by overlay of the channels depicting the signals for Annexin V - FITC
and PI. B) Image analysis: fluorescent signal is reported as mean gray value (n=3).
Staurosporine was used as a control to induce apoptosis and Triton X-100 was used
to induce necrosis.
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Abstract

Poly(lactic-co-glycolic acid) (PLGA) has proven to be a suitable polymer for
the design of sustained release formulations for therapeutic agents that are
highly susceptible to proteolytic inactivation and/or that have poor pharma-
cokinetics, such as the peptide Nle4, D-Phe7-α-melanocyte stimulating hor-
mone (NDP-MSH). This tridecapeptide is an interesting drug candidate for
the treatment of neuroinflammatory diseases due to its anti-inflammatory, im-
munomodulatory and neuroprotective properties, but its short half-life poses
a challenge for its clinical use. In this work, NDP-MSH has been encapsu-
lated in PLGA microparticles (µPs) that release this peptide for 50 - 70 days.
NDP-MSH loaded µPs were prepared by a double emulsion solvent evapora-
tion method and had a diameter of 17 ± 4 µm, an encapsulation efficiency
of 20 ± 3% and a loading capacity of 0.14 ± 0.02%. In vitro release assays
conducted in 10 mM phosphate buffer (pH 7.4) showed that NDP-MSH loaded
µPs had a small burst release (<10%) and a lag phase of ∼20 days, followed by
acidification of the medium and increased release of NDP-MSH which reached
∼90% after 50 days. In contrast, NDP-MSH loaded µPs incubated in 100 mM
phosphate buffer displayed a much slower release of the peptide with 50% of
the loading released after 70 days. Preliminary in vivo studies suggest that
one subcutaneous administration of NDP-MSH loaded µPs (corresponding to
an expected release of 2.8 µg of peptide during the study, based on in vitro
data) had a similar therapeutic effect as four intravenous administrations of
the free peptide (total dose of 20 µg) in a mouse model of experimental au-
toimmune encephalomyelitis (EAE). These findings position PLGA µPs as a
suitable vehicle for the sustained release of NDP-MSH.
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1 Introduction

Poly(lactic-co-glycolic acid) (PLGA) has been extensively evaluated for the de-
sign and development of pharmacologically active compounds including small
drugs, therapeutic peptides and proteins, as well as antigens for vaccination
purposes and nucleic acids for gene modulation1–4. This polymer, which is
biodegradable and biocompatible, has been successfully used for the fabrica-
tion of drug delivery systems including microparticles (µPs), nanoparticles,
implants and films5. In fact, several PLGA microparticle formulations loaded
with small molecules (i.e. risperidone and buprenorphine) or therapeutic pep-
tides (i.e. octreotide, exenatide and leuprolide) are FDA-approved and clin-
ically used6. PLGA is particularly suitable for the delivery of therapeutic
agents that have poor pharmacokinetic properties and that require repeated
administration. The encapsulation of these agents in PLGA µPs allows for
their sustained release over prolonged periods of time (1 - 6 months), which can
be tailored by modulating the properties that determine the degradation rate
of the polymer, such as comonomer ratio, molecular weight and end-capping
group7–10. PLGA microparticle sustained release formulations decrease the
number of administrations needed, and therefore potentially increase patient
compliance and the efficacy of the treatment.

The α-melanocyte stimulating hormone (α-MSH) is an example of a pep-
tide with interesting pharmacological properties and promising therapeutic
applications which can benefit from its administration in PLGA systems. α-
MSH is produced by post-translational processing of proopiomelanocortin and
is quickly inactivated by a prolylcarboxypeptidase present in peripheral tis-
sues, the central nervous system, white blood cells and endothelial cells11,12.
α-MSH binds to the melanocortin receptors Mcr1-Mcr5 present in the cen-
tral and peripheral nervous system, in melanocytes, in the adrenal cortex and
in cells from the immune system (mainly myeloid cells), and mediates skin
pigmentation, synthesis of steroid hormones and energy homeostasis through
the regulation of glucose and lipid metabolism, and appetite/food intake13,14.
Additionally, this peptide presents antibiotic15, anti-inflammatory and im-
munomodulatory properties16. Analogues of α-MSH have been synthesized
in an effort to prolong its activity and therefore its clinical application, with
one of the most notable examples being (Nle4, D-Phe7)-α-MSH (NDP-MSH),
also known as afamelanotide. NDP-MSH is characterized by an increased
protease resistance17,18, an increased affinity for the Mcr1 receptor (which
mediates its immunomodulatory effects) and a decreased affinity to the Mcr4
receptor (which regulates food intake)19. In 2014, a PLGA implant loaded
with NDP-MSH (Scenesse®) was approved by the EMA for use in the pre-
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vention of phototoxicity in patients with erythropoietic porphyria20. In this
system, the degradation and erosion of the polymer lead to a zero-order re-
lease of the peptide over a period of ∼1 month21,22. Even though NDP-MSH
is currently mostly known for its photoprotecting properties, a recent study
reported on its potential for the treatment of inflammatory neurological dis-
eases due to its anti-inflammatory and immunomodulatory properties23. In
that study, the neuroprotective effect of NDP-MSH was demonstrated in a
mouse model of experimental autoimmune encephalomyelitis (EAE), a model
that partly mimics the pathogenesis of multiple sclerosis (MS). Briefly, this
transient inflammatory and neurodegenerative disease of the CNS is induced
by immunization of the animals with myelin peptides in combination with ad-
juvants such as Pertussis toxin and Mycobacterium tuberculosis, which results
in the activation of CD4+ T cells that differentiate towards Th1 and Th17 cells.
These cells express integrins that allow them to cross the blood-brain barrier,
where the presence of myelin reactivates them, resulting in the secretion of
cytokines and recruitment of other immune cells which provokes an inflamma-
tory response and the destruction of myelin24,25. The severity of EAE (and of
MS) can be exacerbated by an impaired suppressive capacity of regulatory T
cells (Treg) which, in normal conditions, limit the differentiation, activation
and proliferation of pathogenic effector T cells26. While intravenous admin-
istration of NDP-MSH ameliorated the progression of EAE and provided a
long-lasting neuroprotective effect in a model of Devics disease23, repeated
administration of the peptide was necessary (5 µg NDP-MSH every 48 hours).
In order to overcome the potential clinical limitations associated to this ad-
ministration regime (i.e. reduced patient compliance), a sustained release
formulation based on NDP-MSH loaded PLGA µPs was prepared and charac-
terized for peptide-loading and in vitro release. Additionally, preliminary in
vivo studies were conducted in mice with EAE to compare the efficacy and
anti-inflammatory activity of free NDP-MSH and that of NDP-MSH loaded
µPs.

2 Experimental section

2.1 Materials
PLGA (50:50 ratio DL-lactide/glycolide, IV 0.39 dl/g, Mw ∼44,000 Da)
was purchased from Corbion (Gorinchem, the Netherlands). Poly(vinyl al-
cohol) (PVA) of Mw 30,000 - 70,000 Da, 87 - 90% hydrolyzed, sodium di-
hydrogen phosphate (NaH2PO4), disodium hydrogen phosphate (Na2HPO4),
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sodium chloride, sodium azide (NaN3), trifluoroacetic acid, complete Fre-
und’s adjuvant, hematoxylin, eosin and Luxol® fast blue (LFB) were obtained
from Sigma-Aldrich (Steinheim, Germany). Peptide grade dichloromethane
(DCM) and acetonitrile HPLC-S grade (ACN) were acquired from Biosolve
(Valkenswaard, the Netherlands). (Nle4, D-Phe7)-α-MSH trifluoroacetate salt
(NDP-MSH, Mw 1,647 Da) was purchased from Bachem (Bubendorf, Switzer-
land). MicroBCA™ Protein Assay Kit was purchased from Thermo Scien-
tific (Illinois, USA). Dulbecco’s phosphate buffered saline (8.0 g NaCl, 1.15
g Na2HPO4, 0.2 g KCl and 0.2 g KH2PO4 in 1 L of water, pH 7.4) was
acquired from Sigma (Steinheim, Germany). Myelin oligodendrocyte glyco-
protein (MOG) peptide was synthesized by Dr. Rudolf Volkmer, Institute for
Medical Immunology, Charité (Berlin, Germany). Mycobacterium tuberculosis
H37RA was obtained from Difco. Pertussis toxin was purchased from Enzo
Life Sciences. APC/Fire750-labelled anti-mouse CD4 (clone RM4-5), PE/Cy7-
labelled anti-mouse CD3ε (clone 145-2C11) and FITC-labelled anti-mouse
CD25 (clone PC61) were purchased from Biolegend. eFluor 610-labelled anti-
mouse Foxp3 (clone FJK-16s) and eFluor 450-labelled anti-human/mouse He-
lios (clone 22F6) were acquired from Thermo Fisher Scientific.

2.2 Preparation and characterization of polymeric
microparticles (µPs)

Polymeric µPs were prepared by a double emulsion solvent evaporation
method10,27,28. PLGA was dissolved in DCM at a concentration of 15% w/v
and the NDP-MSH peptide was dissolved in UltraPure™ distilled water (In-
vitrogen, Paisley, UK) at a concentration of 3.5 mg/mL. For the preparation
of NDP-MSH loaded µPs, 286 µL of the NDP-MSH solution (thus 1 mg pep-
tide) was added to 1 mL of the PLGA solution. The mixture was subsequently
emulsified in an ice bath for 1 min at 30,000 rpm using a T 10 basic ULTRA-
TURRAX® homogenizer (IKA, Germany) and a W/O emulsion was formed.
Next, this emulsion was added dropwise to 10 mL of a solution of PVA 2.5%
w/v in NaCl 0.9% w/v; the addition was done while sonicating the PVA solu-
tion in an ice bath for 1 min at 30,000 rpm. The resulting W/O/W emulsion
was poured in 20 mL of a solution of PVA 1.0% w/v in NaCl 0.9% w/v, and
stirred at 600 rpm for 2 h at room temperature to evaporate DCM. Subse-
quently, the µPs were collected by centrifugation for 20 min, 5,000 g at 4
°C using a centrifuge with a swing-out rotor (Sigma 4-16 KS, Osetrode am
Harz, Germany). One mL of the supernatant was recovered and used for the
quantification of the non-encapsulated peptide (section 2.3). The rest of the
supernatant was discarded and the pellet was washed with Dulbecco’s PBS.
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The washing step (washing + centrifugation) was repeated once more using
distilled water, after which the pellet of µPs was resuspended in 1 mL of
distilled water and freeze dried at -40 °C, <1 mbar (Christ Alpha 1-2 freeze
dryer).

Placebo µPs were prepared using the method described for the NDP-MSH
loaded µPs but using distilled water for the preparation of the first emulsion
instead of the NDP-MSH solution. The diameter of the µPs was determined
by light blocking technology using an AccuSizer 780 (PSS, Santa Barbara,
California, USA).

2.3 Determination of peptide-loading in the µPs
The amount of peptide encapsulated in the µPs was determined by particle
degradation using a protocol adapted from a previously described method29.
Briefly, 5 mg of freeze dried µPs was incubated in 3 mL of a solution of NaOH
0.1 M at 37 °C on a nutating mixer for ∼16 h. The peptide concentration in
the resulting solution was analyzed by MicroBCA™ Assay according to the
specifications of the manufacturer. A solution of a known concentration of
NDP-MSH was treated the same way as the µPs and was used to prepare
standards of different concentrations for calibration in the determination of
the peptide (detection limit 2 µg/mL). The encapsulation efficiency (EE) and
the loading capacity (LC) were calculated as:

Encapsulation efficiency % = Amount of peptide encapsulated

Amount of peptide used in preparation
× 100

Loading capacity = Amount of peptide encapsulated

Dry weight of µPs used in the test
× 100

The amount of NDP-MSH not encapsulated in the µPs was quantified by
UPLC analysis of the washings solutions collected during the preparation of
the µPs (section 2.2), by injection of 7.5 µL of sample in a UPLC system (Ac-
quity UPLC) equipped with a BEH C4 300Å column (1.7 µm, 50 mm x 2.1
mm, Waters). A gradient from 100% eluent A: 5.0% ACN, 94.9% water, 0.1%
trifluoroacetic acid, to 100% eluent B: 99.9% ACN, 0.1% trifluoroacetic acid,
was run over 5 minutes. The peptide was detected by fluorescence (excitation
at 280 nm, emission at 340 nm). Standard solutions of NDP-MSH (concentra-
tions ranging from 1 to 35 µg/mL) were used for calibration (detection limit
1 µg/mL).
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2. Experimental section

2.4 In vitro release of NDP-MSH from µPs
Suspensions of freeze dried NDP-MSH loaded µPs (10 mg/mL) were prepared
in isotonic PBS containing either 10 or 100 mM phosphate. In the first case
(Dulbecco’s PBS), the composition of the buffer was 137 mM NaCl, 8 mM
Na2HPO4, 3 mM KCl and 2 mM KH2PO4, pH 7.4, while in the second case
it was 56 mM NaCl, 66 mM Na2HPO4 and 33 mM NaH2PO4, pH 7.4. Both
buffers were supplemented with 0.05% w/v NaN3 to prevent bacterial growth.
The µPs suspensions (500 µL) were incubated at 37 °C under mild agitation
and at defined time intervals they were centrifuged for 10 min, 5,000 g at 4
°C. An aliquot of the supernatant was taken for peptide analysis and replaced
by an equal volume of fresh PBS: 400 µL was collected/refreshed for the
samples in 10 mM phosphate PBS and 200 µL for the samples in 100 mM
phosphate PBS; these volumes were chosen based on preliminary data in order
to obtain samples with peptide concentrations above the detection limit of
the UPLC method, i.e. 1 µg/mL. After medium refreshment, the µPs were
resuspended in the buffer and placed back in the incubator (37 °C). The
peptide content in the release samples was determined by UPLC as described
in section 2.3. The pH of the release medium was measured using pH indicator
strips (MColorpHast®, Sigma-Aldrich).

2.5 Mice
Animal experiments were performed in C57BL/6 mice (male and female, pur-
chased from Janvier Labs, Le Genest-Saint-Isle, France) at the age of 10 - 12
weeks. Mice were housed under specific pathogen-free conditions and were
given chow and water ad libitum. Animal experiments were approved by the
State Review Board of North Rhine-Westphalia, Germany (animal approval
number 84-02.04.2013.A139).

2.6 Pre-incubation of µPs prior to injection in mice
Suspensions of freeze dried placebo µPs or NDP-MSH loaded µPs (10 mg/mL)
were prepared in PBS containing 10 mM phosphate (Dulbecco’s PBS, compo-
sition mentioned in section 2.1) and incubated for 7 days at 37 °C under mild
agitation. The µPs suspensions were then centrifuged for 10 min, 5,000 g at
4 °C, and the supernatants of the NDP-MSH loaded µPs were recovered for
peptide analysis. The µPs in the pellets were resuspended in PBS to a con-
centration of 200 mg/mL and administered to the mice as described in section
2.8.
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2.7 Induction of Experimental Autoimmune
Encephalomyelitis (EAE) in mice

EAE was induced by immunization of the animals with MOG peptide
(MEVGWYRSPFSRVVHLYRNGK) following a previously described proto-
col23. Briefly, an emulsion of MOG peptide (200 µg) in complete Freund’s
adjuvant (containing 200 µg Mycobacterium tuberculosis H37RA) was admin-
istered subcutaneously into the right and left flanks of the mice. Pertussis
toxin (400 ng in 200 µL PBS) was injected intraperitoneally at the day of
immunization and 2 days later.

2.8 Treatment of mice with free NDP-MSH and NDP-MSH
loaded µPs

At the day of immunization, the mice were randomly allocated to one of 3
treatment groups (7 mice each). For the group receiving free NDP-MSH, 5
µg of peptide (in 100 µL PBS) was administered intravenously every 2 days,
starting when the mice showed the first clinical symptoms of the disease. The
animals received a total of 4 intravenous injections of free NDP-MSH (thus a
total dose of 20 µg of peptide). In the groups receiving treatment with the
µPs, a single dose of 20 mg of either placebo or NDP-MSH loaded µPs (in 100
µL of PBS) was administered subcutaneously when the mice showed the first
clinical symptoms of the disease (thus on the same day when the treatment
started for the free NDP-MSH group).

2.9 Assessment of EAE clinical score
The severity of EAE was scored daily on a scale from 0 to 10 (experimen-
tal autoimmune neuritis score)30 in a blinded manner by two independent
researchers.

2.10 Histological studies
At day 13 after immunization the mice were sacrificed and CNS tissues were
embedded in paraffin, cut into 3 µm sections, deparaffinized and stained with
H&E using an autostainer (Tissue-Tek Prisma, Sakura Finetek), or with LFB
by overnight incubation in 1% LFB dissolved in ethanol, followed by rinsing
with distilled water, and differentiation with 0.05% lithium carbonate. The
slides were analyzed using an Olympus BX63 microscope with the cellSens
software (Olympus).
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2.11 Flow cytometry analysis of mononuclear cells from the
CNS

Cell preparation and flow cytometry were conducted as previously reported23.
Briefly, single-cell suspensions of mononuclear cells from the brain and spinal
cord were obtained by perfusion of the mice with Dulbecco’s PBS through
the left ventricle, homogenization of the tissues through cell strainers (100 µm
pore size) and Percoll gradient centrifugation. Analysis of the expression of cell
surface and intracellular markers was performed by multicolor flow cytometry
on a Gallios flow cytometer (Beckman Coulter) with the Kaluza 2.1 software.
Staining of surface markers was performed in PBS using antibodies against
CD4, CD3 and CD25. For the staining of intracellular markers the cells were
permeabilized using the Foxp3-Fix/Perm Buffer set (BioLegend)23.

3 Results and Discussion

3.1 Preparation and characterization of polymeric µPs
Placebo and NDP-MSH loaded µPs were prepared from PLGA (50:50 ratio
DL-lactide/glycolide) using a double emulsion solvent evaporation method.
The peptide content in the loaded µPs was determined after forced degradation
of the µPs. The properties of the prepared µPs are presented in Table 1.

Table 1: Characteristics of PLGA µPs.

Formulation Yield (%)
Vol-WT
diameter

(µm)

Vol-WT
cumulative

distribution (µm)a
EE (%)b LC (%)c

Placebo µPs 72 ± 2 16 ± 2 7 - 25 NAd NAd

NDP-MSH loaded µPs 75 ± 2 17 ± 4 7 - 28 20 ± 3 0.14± 0.02

n = 3 independent batches of µPs. a Volume-WT cumulative distribution range 10% - 90% of
total particle volume. b Encapsulation efficiency and c loading capacity determined after forced
degradation of the µPs (section 2.3). d Not applicable.

Peptide encapsulation in polymeric particles was evaluated using either
an indirect approach (quantification of non-encapsulated drug present in the
washings collected during particle preparation) or a direct method consisting
of quantification of the peptide released as a result of degradation of the par-
ticles. Forced particle degradation by alkaline hydrolysis was chosen for the
determination of NDP-MSH loading since it has been reported to be more
accurate than drug extraction using organic and aqueous solvents31–33. The
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encapsulation of NDP-MSH in PLGA µPs was rather low (∼20 ± 3%), prob-
ably due to the small size and hydrophilic nature of the peptide that could
favor its partition into the outer water phase during particle preparation by the
double emulsion method34,35. The analysis of the washings collected during
the preparation of the µPs confirmed that ∼72% of the peptide used during
the preparation of the µPs was recovered in the non-encapsulated fraction.
Similar to this finding, relatively low encapsulation efficiencies have also been
reported for other proteins and peptides in PLGA particles36–39.

3.2 In vitro release of NDP-MSH from PLGA µPs
The release of NDP-MSH was studied in a buffer with a relatively low (10 mM
phosphate) and high (100 mM phosphate) buffering capacity. These solutions
were chosen in order to study the interplay between PLGA degradation and
the pH of the surrounding environment and, in turn, how this affects the
release kinetics of the peptide from the µPs. The release of NDP-MSH in
both buffers was followed for 70 days and the results are shown in Figure 1.

Figure 1: Cumulative release of NDP-MSH from PLGA µPs incubated in 10 or 100
mM phosphate PBS. n = 2 and n = 3 independent particle batches for 10 and 100
mM PBS respectively. Release at time 0 days corresponds to the peptide released
within minutes after resuspension of the µPs in the buffer.

The NDP-MSH loaded µPs showed a low burst release (< 10%) in both
buffers, a property that is desirable for most drug delivery applications40. Af-
ter this small burst, the formulation displayed a similar release profile during
the first 21 days in both buffers. For the µPs dispersed in 10 mM phosphate
PBS a sudden increase in the release was observed at around day 21, which
reached a plateau at ∼50 days. The total amount of peptide released was
∼90% of the peptide loaded as determined with the direct determination (Ta-
ble 1).
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The release of NDP-MSH in 10 mM phosphate PBS coincides with the
triphasic drug release profile often reported for PLGA particles8,41,42. In
general, this profile can be described as follows: phase I consists of the burst
release of cargo molecules present on the particle surface or in close proximity
to it, which easily diffuse out upon contact with the aqueous medium41,43.
Phase II (sometimes referred to as lag-phase) is characterized by slow release
via pores and/or by diffusion of dissolved cargo molecules through the matrix.
In this stage, degradation of the polymer occurs through ester bond hydrolysis,
causing a decrease in the Mw of the polymer, but no substantial mass loss of
the particles9,44. Acidic products resulting from the degradation of PLGA
progressively accumulate in the core of the particles, causing a decrease in pH
that further accelerates the degradation process (autocatalysis)45,46. Phase III
consists of the fast release of the cargo driven by erosion of the particles. This
process is associated with the extraction of degradation products (lactic and
glycolic acid as well as their oligomers), resulting in mass loss of the particles
and in the creation of pores or cracks through which the cargo diffuses out of
the particles9,10. In contrast, the release of NDP-MSH from the µPs dispersed
in 100 mM phosphate PBS showed, after a small burst (∼10% of the loading),
a zero-order release of 50% of the loading during 70 days, as shown in Figure
1.

The difference in release profiles of the µPs dispersed in 10 and 100 mM
PBS can be ascribed to the buffer capacities of the release medium. Figure
2 shows that the acidic products released during PLGA degradation could
not be neutralized by the 10 mM PBS, resulting in acidification which could
have further accelerated the degradation of the µPs. No polymer residue was
observed in the samples incubated in 10 mM PBS after 63 days, which also
coincides with an increase in pH due to medium refreshment and because of
the absence of formation of acid degradation products. Medium acidification
did not occur in the µPs dispersed in 100 mM phosphate PBS, also shown in
Figure 2, which most likely delayed the degradation of PLGA (polymer residue
was still observed at day 70), leading to slower release of the peptide. It is also
possible that buffer ions penetrated into the particles and neutralized the acid
degradation products, slowing down the autocatalytic degradation process.

The UPLC chromatograms of NDP-MSH released from the µPs shortly
after resuspension in 10 and 100 mM PBS (release time 0 days) showed a
main peak at 2.10 min which corresponded to this peptide. The same peak
was present in the release samples at day 70 of the assay, whereas a smaller
peak with a longer retention time (∼3.30 min) was also observed, as shown in
Figure 3. The appearance of additional peaks in the chromatograms of in vitro
release studies has been previously described in PLGA µPs loaded with oc-
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Figure 2: pH profile of the release medium at different incubation times of PLGA
µPs dispersed in PBS of different buffer capacities.

treotide47,48, atrial natriuretic peptide49, goserelin50 and leuprorelin51. Upon
mass spectrometry analysis, the identity of those new peaks was attributed to
acylated peptides, and the N-terminal group, as well as the primary amines
of lysine, the NH of the guanidine group of arginine, and the hydroxyl group
in serine, were identified as potential targets of acylation. It is therefore pos-
sible that NDP-MSH (which contains one lysine, one arginine and two serine
residues) also undergoes acylation inside PLGA µPs, although the majority
of the peptide is unaffected and retains its original elusion profile (Figure 3).

Figure 3: UPLC chromatograms of NDP-MSH released from PLGA µPs after 0
days (continuous line) and 70 days (dashed line) of incubation in 100 mM PBS. The
additional peak appearing in the 70 days chromatogram is signaled with an arrow.
Similar chromatograms were obtained for the release studies in 10 mM PBS.
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The results from the release experiments obtained in the present work
demonstrate that the nature of the release medium undoubtedly influences
the degradation and release profiles of PLGA µPs. These findings highlight
the importance of reporting the composition of the PBS used in release ex-
periments, which is often lacking in many publications. In many cases the
information provided is limited to the overall molarity and the starting pH
of the buffer, but not on whether and how the pH changes during the release
study.

3.3 Clinical scores and histological studies in mice with
EAE treated with NDP-MSH

The pharmacological effect of NDP-MSH loaded µPs was compared to the
effect of free NDP-MSH in a mouse model of EAE. EAE experiments were
conducted over a time period of roughly 2 weeks, comprising the preclinical
phase (days ∼2 - 6) and a symptomatic phase (days 6 - 13). MOG-induced
EAE is a transient disease and animals almost completely recover 3 or 4 weeks
after immunization. As a consequence of the restricted time frame for the
study of NDP-MSH loaded µPs in this EAE model, and because the degra-
dation of PLGA µPs takes several weeks, the µPs were pre-incubated in 10
mM phosphate buffer at 37 °C before subcutaneous injection in the animals.
During this in vitro pre-incubation step, 0.16 µg of peptide was released per
mg of µPs, which is equivalent to 11% of the loading and is in agreement with
the release data presented in Figure 1. It is mentioned that a single dose of
20 mg of NDP-MSH loaded µPs was administered per mouse, and that the
readout was done 7 days after administration. This means that based in the
in vitro release experiment (Figure 1, peptide released between 7 - 14 days in
both buffers tested), the amount of NDP-MSH released from the µPs during
the animal studies was 2.8 µg. Nevertheless, it is possible that more peptide
was released from the NDP-MSH loaded µPs during the in vivo tests, since
faster degradation of different PLGA systems (and thus release of the loaded
therapeutic agent) has been reported in vivo compared to in vitro 52–54. Even
if this is the case, a single injection of our formulation is as effective as a 4
fold administration of the free peptide. During the same animal experiment,
mice of another group received 4 intravenous administrations of 5 µg of free
NDP-MSH, thus a total of 20 µg of peptide (around 7 times more peptide
than what is released from the µPs in vitro in the same time frame).

The preliminary results shown in Figure 4 indicate that mice treated with
placebo µPs showed disease perpetuation from paralysis of the tip of the tail
(EAN score 0.5 - 1, day 8) until the paralysis of one hind limb (EAN score 5
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- 6, day 13). Mice that received free NDP-MSH and NDP-MSH loaded µPs
showed comparable clinical scores, and in both groups the clinical symptoms
were indicative of mild EAE (partial tail limpness, EAN score 1 from day 10
in mice treated with the free peptide and from day 13 in mice treated with
NDP-MSH loaded µPs). The onset of the disease was delayed in the animals
treated with NDP-MSH loaded µPs compared to those that received the free
peptide.

Figure 4: Clinical score of mice treated with placebo µPs, free NDP-MSH or NDP-
MSH loaded µPs. The free peptide and the µPs were administered at the time points
indicated with arrows (n = 7 mice per group, * = p < 0.05 versus placebo µPs).

Representative images of lumbar spinal cord sections stained with LFB
(myelin stain) and H&E (nuclei and cytoplasm stain) are shown in Figure
5. LFB and H&E are commonly used for the visualization of demyelinated
areas in the CNS (LFB) or the infiltration of mononuclear inflammatory cells
(H&E)24,55. The spinal cord of mice that received placebo µPs presented
more extensive signs of demyelination and infiltration of mononuclear cells (as
indicated by the arrows) than the spinal cord of mice treated with either free
NDP-MSH or NDP-MSH loaded µPs.
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Figure 5: Histological analysis of the lumbar spinal cord from mice treated with
placebo µPs, free NDP-MSH or NDP-MSH loaded µPs. Tissues were stained with
H&E (nuclei stained in purple, cytoplasm in pink) and LFB (myelin stained in blue).
Representative images for each group are depicted and the arrows show areas of cell
infiltration or demyelination.

3.4 Immune effects of free and encapsulated NDP-MSH in
EAE mice

Flow cytometry analysis was performed to identify the types of leukocytes
isolated from the CNS of mice after treatment. Total CNS infiltrating leuko-
cytes were gated on CD3+CD4+ T cells and, within this subset, all CD25+

cells were analyzed in detail. Foxp3 staining was used to differentiate Treg
(Foxp3+) from effector T cells (Foxp3−) within the CD3+CD4+CD25+ popu-
lation, since in mice the transcription factor Foxp3 is specifically expressed in
Treg. Helios staining was used to differentiate resting Treg (Foxp3+Helios−)
from activated ones (Foxp3+Helios+). Flow cytometry analysis presented in
Figure 6 shows that, at day 13 after immunization, the presence of activated
Treg was lower in the CNS of mice treated with placebo µPs compared to
mice that received either free NDP-MSH or NDP-MSH loaded µPs. This
finding suggests that NDP-MSH (administered free or in µPs) might have
mediated the expansion of Treg. It has been previously reported that acti-
vated (functional) Treg induced or expanded by treatment with NDP-MSH
suppress pathogenic Th1 and Th17 in mice with EAE, and ameliorate disease
progression23.

Overall, the results of the preliminary in vivo study suggest that, compared
to placebo µPs, treatment with both free NDP-MSH or NDP-MSH loaded
µPs is associated with a decreased clinical score, and less inflammatory foci
as well as demyelinated areas in the CNS. Additional experiments, and in
particular experiments in models of spontaneous EAE, are necessary to assess
the efficacy of the free and encapsulated NDP-MSH, and the duration of the
beneficial effect of the NDP-MSH loaded PLGA µPs.
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Figure 6: Representative flow cytometry dot-plots of Treg in the CNS of mice
treated with placebo µPs, free NDP-MSH or NDP-MSH loaded µPs. Foxp3 and
Helios expression was quantified in T-cells gated on CD3+CD4+CD25+. Analysis
was performed at day 13 after immunization and Foxp3 as well as Helios staining
was performed after cell permeabilization.

4 Conclusions

NDP-MSH loaded PLGA µPs were prepared and evaluated in vitro and in
vivo as a formulation for the sustained release of NDP-MSH. The EE of NDP-
MSH in these µPs was 20 ± 3%, corresponding to a LC of 0.14%. The µPs
were characterized for peptide release in two different buffers (10 and 100
mM phosphate PBS) and, after 3 weeks of incubation, a strong influence
of the phosphate concentration was observed on the release profile of the
peptide. The pharmacological effect of NDP-MSH loaded µPs was tested in
mice with EAE, and preliminary results indicate that a single subcutaneous
administration of these µPs was able to significantly reduce the disease severity
as compared to mice that received placebo µPs. Furthermore, NDP-MSH
loaded µPs injected once at the appearance of first clinical symptoms had
similar effects as four intravenous administrations of the free peptide (7 times
higher dose compared to the peptide released from the µPs according to the in
vitro assays). While more extensive studies need to be performed in a larger
number of animals to corroborate these findings, the preliminary data might
suggest that PLGA µPs are a promising vehicle for the sustained release of
NDP-MSH for the in vivo treatment of inflammatory neurological diseases.
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1 Summary

Proteins and peptides have long been regarded as valuable therapeutic agents
because of their potency and specificity1, and > 160 therapeutic proteins2,3

and > 60 therapeutic peptides4 have currently been approved for clinical use.
While the market of biotherapeutics continues to expand, a substantial number
of proteins and peptides with short half-lives would benefit from formulation
technologies to facilitate their clinical application. In this regard, polymeric
microparticles (µPs) and nanoparticles (NPs) are attractive delivery systems
to improve the efficacy of these biomolecules by protecting them from inac-
tivation and increasing their circulation time and accumulation at the target
site5,6.

A substantial number of FDA-approved biotherapeutics (i.e. monoclonal
antibodies and coagulation factors) are directed at extracellular targets, which
is not surprising since proteins and peptides have low cell membrane perme-
ability that limits their access to the cytoplasm. This challenge can, however,
be overcome by the use of NPs. The composition, size, charge and surface
characteristics of these nanocarriers determine their cellular internalization
and the intracellular release of their loaded cargo. For instance, the surface of
NPs loaded with a therapeutic protein/peptide, can be decorated with ligands
that will favor the binding of the NPs to, and uptake by, specific cells.

The research presented in this thesis is focused on the preparation, char-
acterization and in vitro testing of polymeric particles for the administration
of therapeutic proteins and peptides. Targeted and non-targeted nano- and
microparticles were explored for the intra- and extra- cellular delivery of these
biotherapeutics.

Chapter 1 of this thesis provides a general introduction on therapeutic
proteins and peptides and the description of two interesting therapeutic candi-
dates: saporin and (Nle4, D-Phe7)-α-melanocyte-stimulating hormone (NDP-
MSH). Challenges in protein/peptide delivery are discussed, and polymeric
particles (micro- and nano- metric sizes) are presented as carrier systems to im-
prove the physicochemical stability, pharmacokinetics and pharmacodynamics
of these biotherapeutics. Two biodegradable aliphatic polyesters, poly(lactic-
co-glycolic) acid (PLGA) and poly(D,L-lactic-co-glycolic-co-hydroxymethyl
glycolic acid) (PLGHMGA), are introduced as suitable polymers for the prepa-
ration of particles aimed for the extra- or intra- cellular delivery of biotherapeu-
tics. Physicochemical characteristics of the particles, as well as the anatomy
and physiology of tissues are discussed as important factors that determine
the distribution and accumulation of particles in the disease site. In cases
where intracellular delivery is needed, the decoration of NPs with targeting
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ligands is proposed as a way to facilitate their uptake by target cells. Two
targeting ligands are explored in this thesis, namely the 11A4 nanobody and
the cyclic RGD peptide (cRGD), both of which have shown potential for can-
cer treatment. Cellular internalization and endosomal trafficking of the NPs
are discussed, and photochemical internalization (PCI) is investigated as a
strategy to induce endosomal escape of protein loaded NPs, thus assisting the
cytosolic delivery of therapeutic proteins.

In Chapter 2, maleimide-thiol conjugation chemistry was used for the
preparation of PLGA NPs decorated with cRGD or the 11A4 nanobody as
targeting ligands on their surface. The influence of different conditions on
the efficiency of the conjugation reaction of cRGD and the 11A4 nanobody to
the NPs was systematically studied. Parameters such as the NPs preparation
method (i.e. single or double emulsion), and the type and concentration of
surfactant used during the procedure (poly(vinyl alcohol) and sodium cholate,
1 - 5% w/v), did not influence the efficiency of the reaction. In contrast, the
storage conditions of the NPs affected the reactivity of maleimide and, while
high conjugation efficiencies (∼90%) were obtained for NPs stored at 4 °C
for up to 7 days, storage at 20 °C resulted in lower conjugation efficiencies
(∼60%), probably due to maleimide hydrolysis.

The efficiency of the maleimide-thiol conjugation reaction was evaluated
at different reactant ratios and reaction times, and the preparation of ligand-
decorated NPs was optimized. NPs surface decoration with cRGD (Mw 678
Da) was optimal at a maleimide to thiol molar ratio of 2:1 and reached a
conjugation efficiency of 84 ± 4% (corresponding to ∼50,000 cRGD molecules
per NP) after only 30 minutes of incubation (room temperature, pH 7.0).
Interestingly, conjugation at 1:1 ratios resulted in lower efficiencies (52 ± 7%),
suggesting that not all maleimide groups on the surface of the particles are
available for reaction. NPs decoration with 11A4 nanobody (Mw 14,813 Da)
was optimal at a maleimide to thiol molar ratio of 5:1 and reached 58 ± 12%
conjugation efficiency (corresponding to ∼5,500 11A4 molecules per NP) after
2 h (room temperature, pH 7.4). The difference in reaction efficiencies and
kinetics for both ligands can be explained by the differences in their size and
structure (higher diffusion coefficient for cRGD and better accessibility of its
thiol group compared to that of the 11A4 nanobody).

The findings from this study provided valuable information on the opti-
mal conditions for preparation of ligand-decorated NPs by maleimide-thiol
chemistry, particularly in terms of reaction times and reactant ratios. These
insights were applied in the preparation of the targeted NPs presented in other
chapters.
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In Chapter 3, PLGA NPs decorated with cRGD were prepared, and their
targeting properties were investigated on human umbilical vein endothelial
cells (HUVECs) under static and flow conditions. PLGA NPs were decorated
with cRGD in different densities (i.e. "low" ∼11,000, "medium" ∼31,700 and
"high" ∼117,600 cRGD/µm2; corresponding to ∼3,400, ∼9,700 and ∼40,700
cRGD molecules per NP) in order to study the impact of ligand density on
cell-targeting.

Association and uptake of cRGD-NPs incubated with HUVECs under
static conditions was assessed by flow cytometry and confocal microscopy.
Interaction of NPs with HUVECs was not observed for NPs that were not
decorated with cRGD. In contrast, cell-association was observed for cRGD-
NPs, and it was positively correlated to the incubation time (1 and 3 h),
NPs concentration (0.016 - 0.4 mg/mL) and cRGD surface density (∼11,000
- ∼117,600 cRGD/µm2 or ∼3,400 - ∼40,700 cRGD/NP). In this regard, the
association of high cRGD-NPs to HUVECs was ∼4 fold higher than for low
cRGD-NPs (at the highest concentrations tested). Given that in physiologi-
cal settings the targeting of vascular endothelial cells occurs under dynamic
conditions (rather than static ones), experiments under flow were conducted
using a pump-controlled perfusion system and cell association was visualized
using an epifluorescence microscope. Similar to the findings under static con-
ditions, cell-association of NPs with HUVECs under flow was observed for
cRGD-NPs but not for non-decorated NPs. Interactions with HUVECs were
also dependent on the surface density of cRGD, and after 1 and 16 h of incuba-
tion, the cell-association of high cRGD-NPs was ∼9 and 6 fold higher than the
association of low cRGD-NPs, suggesting that ligand density is more relevant
for cell-particle interactions under flow than under static conditions. Flow ex-
periments were also conducted in medium containing washed red blood cells
(RBCs) and, under this condition, the association of cRGD-NPs to HUVECs
was also ligand-density dependent. Comparison of the flow experiments con-
ducted in medium with and without RBCs, shows that association of NPs to
the cells is substantially higher in presence of RBCs (∼6 and 3 fold difference
for low and high cRGD-NPs, respectively). This observation is very likely
caused by RBCs pushing the NPs towards the HUVECs and promoting their
contact with them. The work reported in this chapter is a step towards eval-
uating vascular targeting in settings that more closely resemble physiological
conditions. This approach would be of great value for the development of
new endothelium-targeted nanocarriers using a reduced number of laboratory
animals.

In Chapter 4, poly(D,L-lactic-co-glycolic-co-hydroxymethyl glycolic acid)
(PLGHMGA) and PEGylated PLGHMGA (MePEG-PLGHMGA) were syn-
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thesized, characterized, and used for NPs preparation as an alternative for
PLGA. The cytocompatibility of MePEG-PLGHMGA NPs was tested in two
cell lines which were of interest for future experiments, SkBr3 and MDA-MB-
231. Unexpected cytotoxicity of these NPs was observed at concentrations >
0.4 mg/mL in SkBr3 and > 0.8 mg/mL in MDA-MB-231. This toxicity was
attributed to the presence of butylated hydroxytoluene (BHT) as an impurity
in the NPs. The synthesis of (MePEG-) PLGHMGA involves a hydrogenation
step performed in tetrahydrofuran (THF), a solvent stabilized with BHT. Al-
though the amount of BHT present in THF is small (0.02 - 0.03% w/w), the
use of large volumes of THF during hydrogenation led to the accumulation
of BHT in the polymers to an extent that significantly affected the cytocom-
patibility of the NPs (2.3% w/w BHT in NPs). BHT was removed from the
polymers by precipitation in diethyl ether, and this purification step resulted
in a striking increase in the cytocompatibility of the NPs, with no toxicity
being observed at concentrations up to 3.2 mg/mL. The purified polymers
were employed for the preparation of the NPs used in the work presented in
Chapter 5.

In Chapter 5, PEGylated PLGHMGA NPs loaded with a cytotoxic pro-
tein (saporin) and decorated with the 11A4 nanobody (11A4-NPs) were pre-
pared and their selective cytotoxicity towards HER2 overexpressing breast can-
cer cells was tested. Confocal microscopy studies demonstrated that the 11A4-
NPs were rapidly and extensively taken up by HER2 positive cells (SkBr3)
but not by HER2 negative cells (MDA-MB-231). Competition studies with
free 11A4 nanobody blocked the uptake of 11A4-NPs in HER2 positive cells,
confirming that the internalization of the NPs was mediated by the specific
interaction between the 11A4 nanobody and the HER2 receptor. Saporin
loaded 11A4-NPs used in combination with an endosomal escape strategy
(PCI), strongly and selectively inhibited cell proliferation and decreased the
cell viability of HER2 positive cells by induction of apoptosis. In contrast, no
cytotoxic effect was observed in these cells when they were treated with saporin
loaded 11A4-NPs without PCI. By combining the use of 11A4 nanobody as a
targeting ligand and light exposure during the PCI treatment, 11A4-NPs al-
lowed for the specific delivery of saporin into the cytoplasm of HER2 positive
breast cancer cells.

In Chapter 6, PLGA microparticles (µPs) were evaluated for the encap-
sulation and sustained release of NDP-MSH, a peptide with short half-life
that limits its clinical applicability. The NDP-MSH loaded PLGA µPs had an
encapsulation efficiency of 20 ± 3% and a loading capacity of 0.14 ± 0.02%.
In vitro release assays conducted in 10 mM phosphate buffer (pH 7.4) showed
that these µPs had a small burst release (<10%) and a lag phase of ∼20 days,
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followed by a sharp increase in the release of the peptide reaching a plateau at
∼50 days. Approximately ∼90% of the peptide was released during this time.
In contrast, NDP-MSH loaded µPs incubated in 100 mM phosphate buffer
showed a slower zero-order release, with 50% of the peptide released after 70
days. Preliminary in vivo studies in a mouse model of experimental autoim-
mune encephalomyelitis (EAE) showed promising results for the NDP-MSH
loaded µPs. A single subcutaneous administration of these µPs had a similar
therapeutic effect as four intravenous administrations of the free peptide (7
times higher dose compared to the peptide released from the µPs according
to the in vitro assays).

2 Summarizing discussion and perspectives

Apart from a few examples of clinical success7, the widespread application of
polymeric particles for peptide/protein delivery is still limited. In this regard,
current challenges and areas of improvement will be discussed in this section.

2.1 Considerations for formulation and manufacturing of
polymeric particles

Difficulties associated with the manufacturing of polymeric formulations can
pose a threat for their large scale production and commercial success, as ex-
emplified by the case of Nutropin Depot®, a PLGA-based formulation for
the sustained release of human growth hormone. Nutropin Depot® was ap-
proved by the FDA in 1999 but discontinued 5 years later as a result of the
significant resources required for its production8. In this regard, recent tech-
nological advances have the potential to facilitate the (large scale) production
of protein/peptide loaded particles. For instance, microfluidics technology has
gained increased attention since it allows for the controlled, reproducible pro-
duction of micro- and nano- particles with uniform size and improved drug
loading9–11, as well as smaller diameters compared to bulk nanoprecipita-
tion12. The membrane emulsification method is also an alternative for the
preparation of uniform-sized particles with high drug loading efficiencies13,14.
As small sizes facilitate the accumulation of NPs in target tissues, these tech-
niques could be explored for the preparation of a smaller version of the NPs
presented in Chapters 2 and 5 of this thesis.

Efficient encapsulation of proteins/peptides also represents a challenge,
with low drug loadings often reported15,16. Different approaches have been
proposed to solve this challenge, such as the use of electrostatic interac-
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tions or protecting agents to increase protein/peptide loading15,17. Differ-
ent preparation methods have also been explored for this purpose, including
microfluidics11, membrane emulsification13, and post-loading of proteins in
porous PLGA particles, followed by pore closure at near physiological tem-
peratures18,19. Different properties, such as structure, charge and molecular
weight, make it impossible to develop standardized procedures that would
be suitable for the successful encapsulation of every existing pharmaceutical
protein/peptide, and optimization is thus required. In this regard, further
studies could be conducted to improve the loading efficiency of the formula-
tions presented in Chapters 5 and 6. These formulations showed promising
effects, most likely due to the potency of their cargo, but improved drug load-
ing could be regarded as an economic and pharmaceutical advantage in future
applications.

An additional challenge in the formulation of polymeric micro- and nano-
particles loaded with peptides/proteins is guaranteeing the structural and func-
tional integrity of the cargo20. PLGA particles are often studied as delivery
vehicles for biotherapeutics. Unfortunately, the structure of peptides/proteins
encapsulated in these formulations may be modified due to the acidification
resulting from polymer degradation21–24. These modifications can lead to in-
complete release of the cargo and/or loss of functionality25. In this regard,
in Chapters 4 and 5 of this thesis we propose the use of PLGHMGA as
an alternative polymer for the preparation of protein loaded nanoparticles.
PLGHMGA, which contains pendant hydroxyl groups in its structure, is more
hydrophilic than PLGA, which contributes to a faster release of degradation
products, less acidification of the microenvironment26 and improved compat-
ibility with peptides, as previously reported by our research group27.

2.2 Intracellular delivery of proteins by ligand decorated
nanoparticles

Polymeric NPs decorated with surface ligands are a valuable tool for the deliv-
ery of therapeutic proteins with intracellular targets but poor cell membrane
permeability28. One of the most widely used techniques for the covalent at-
tachment of ligands to the surface of NPs is the maleimide-thiol conjugation
reaction. Many publications using this technique for the preparation of tar-
geted nanocarriers fail to report on the rationale for choosing certain reaction
conditions, prompting us to perform an in-depth study on this matter, which
is presented in Chapter 2. The evaluation of different reaction conditions
and their impact on the conjugation efficiency, allows for a better understand-
ing of the functionalization process and a better use of resources. Importantly,
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the information obtained from this study can be applied in the preparation
and evaluation of NPs with tailored surface ligand densities, as done in Chap-
ter 3 of this thesis. Control of the surface ligand density can be used to
influence particle-cell interactions in terms of binding and uptake29–31, and to
improve the efficiency of intracellular protein delivery. Efforts should also be
made on evaluating the impact of ligand density on the stealth properties of
the NPs, their opsonization, and their interaction with non-target cells, since
these influence the pharmacokinetics of the formulation32.

2.3 Particle internalization and endosomal escape
Endosomal entrapment is probably the most important obstacle for the cytoso-
lic delivery of nanoparticulate formulations internalized by receptor-mediated
endocytosis33,34. The relevance of endosomal escape in therapies based on lig-
and targeted polymeric NPs is indeed highlighted in Chapter 5 of this thesis.
HER2 targeted PLGHMGA NPs loaded with the cytotoxic protein saporin,
were only toxic to cancer cells when administered in combination with PCI,
a technique requiring a photosensitizer (PS) and light. While PCI efficiently
triggered the endosomal escape of these NPs in vitro, future studies should
focus on how to efficiently achieve the cellular co-localization of the NPs and
the PS in animal models. The pharmacokinetics of the formulation and the PS
must be elucidated in order to determine the correct administration regime
for clinical applications. Alternatively, incorporation of the PS in the NPs
could be explored as an attempt to ensure the colocalization of both elements
in the target cells35,36.

Other techniques can also be explored to induce the endosomal escape of
polymeric NPs. For instance, elements that destabilize or rupture the endo-
some, such as polymers with high buffering capacities, pore-forming peptides,
or polymers and peptides with membrane disruptive properties33,37,38, could
be incorporated in the NPs.

2.4 Suitability of in vitro models commonly used for the
evaluation of NPs

An important hurdle for the in vivo translation of the in vitro data obtained
during the development of drug delivery systems, is the over-simplification of
reality by some of the currently used in vitro tests39. In this regard, informa-
tion obtained by experiments traditionally performed in monolayer cell culture
could be complemented by using 3-D culture systems, such as multicellular
spheroids. Multicellular spheroids (i.e. stroma-containing) are a valuable in
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vitro tool towards a better understanding of the in vivo conditions for the in-
teraction between NPs and tissues, and to evaluate the effect of extracellular
matrix and non-target tissue components on tissue penetration of NPs and
drug delivery to target cells40,41. Experiments conducted in 3-D cell culture
models could indeed provide interesting information on the properties of the
formulation presented in Chapter 5.

Additionally, some authors have highlighted the importance of conducting
in vitro experiments under dynamic conditions, as most cell-particle interac-
tions in vivo would occur under blood flow42. In line with this reasoning,
Chapter 3 presents a dynamic approach for the evaluation of the interac-
tions between targeted NPs and endothelial cells in the presence of washed
red blood cells. As flowing blood is the first tissue that the NPs would en-
counter after intravenous administration, experiments that at least partially
mimic this conditions would provide valuable information for the evaluation
of in vitro - in vivo correlations43.

2.5 Clinical translation of polymeric NPs
Despite the extensive research conducted for the design, preparation and test-
ing of ligand targeted polymeric NPs, clinical approval of such systems has
remained elusive. The heterogeneity of the enhanced permeability and re-
tention effect (EPR) has been identified as a reason for the limited clinical
applicability of ligand targeted NPs in cancer treatment44. The EPR effect
is based on the consideration that the permeability of tumor vasculature is
increased due to anatomical alterations and augmented expression of perme-
ability mediators, which promotes the accumulation of macromolecules in the
tumor45. Nevertheless, it is now known that the EPR effect varies between
and within patients and tumors, and new approaches have been studied to
improve the EPR effect for the delivery of nanomedicines. In general, these
approaches involve the use of pharmacological agents or physical stimuli (i.e.
hyperthermia, sonoporation and phototerapy) to permeabilize, normalize, dis-
rupt or promote the formation of blood vessels46,47. Non-invasive imaging
techniques can be used to monitor the EPR in patients and aid in the se-
lection of an adequate pharmacological treatment48. Proper characterization
and modulation of EPR is key for the successful delivery of targeted and non-
targeted NPs to the tumor site. It is only after the NPs have reached the
tumor site that the presence of targeting ligands becomes a valuable asset,
contributing to the tissue retention and cellular internalization of the NPs32.

Concerns about the suitability of certain animal models for the evaluation
of anti-cancer treatments have also been raised49,50. For instance, commonly
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used subcutaneous iso/allograft or xenograft tumor models overlook the role
of the components of tumor stroma (i.e. basement membrane, fibroblasts, ex-
tracellular matrix, etc) on tumor support. Additionally, the vasculature of
these tumor models does not accurately represent the vasculature on human
tumors51. These shortcomings should be carefully considered in the interpre-
tation of data obtained from animal experiments.

Undesired immune responses after (repeated) administration of ther-
apeutic proteins/peptides is a possibility that must be meticulously evalu-
ated. The effects of the activation of the immune system can range from the
production of neutralizing anti-drug antibodies that render the treatment in-
effective, to life-threatening hypersensitivity reactions52. In this regard, the
development of advanced in silico, in vitro and ex vivo tools could be valu-
able assets in the pre-clinical assessment of the immunogenicity of peptides
and proteins53. Humanization has been classically used as an approach to
reduce the immunogenicity of proteins, and this approach has found extensive
applications to improve the compatibility of murine monoclonal antibodies
and human-murine chimeric antibodies54. The discovery and development of
nanobodies, a new class of antigen binding-fragments with low immunogeni-
city55,56, could present an alternative for the use of antibodies. In Chapter
5 of this thesis, such possibility is explored by using the 11A4 nanobody as a
targeting ligand for the selective delivery of NPs to breast cancer cells.

When dealing with targeted nanocarriers, it is particularly important to
evaluate the changes in the immune interaction and response that may arise
from the conjugation of weakly or non-immunogenic proteins or peptides to a
larger scaffold57,58. The importance of this issue was recently emphasized in
a study showing that repeated administration of liposomes decorated with
cRGD induced hypersensitivity-like reactions in mice that were, at times,
lethal59. In that work, the immunotoxicity of this peptide was found to
be related to the RGD sequence and to the cyclic structure. Immunotoxic-
ity was not observed when the cRGD-liposomes were loaded with a cytotoxic
agent with immunosuppressive effect. This information must be considered
for future work conducted with the formulation presented in Chapter 3.

While many challenges must be overcome in order to achieve the clinical
translation of targeted-NPs, it has been advocated that a better understanding
of the fundamental principles underlying the in vivo behavior of nanocarriers,
and the use of integrative approaches to enhance the effect of nanomedicines,
could bring us closer to this goal60.
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3 Conclusion

The research presented in this thesis shows the applicability of PLGA and
PLGHMGA vehicles for the delivery of therapeutic proteins and peptides.
In particular, in-depth studies were conducted on different aspects of targeted
nanocarriers, including the optimal conditions for their preparation, their suit-
ability for the cell-specific intracellular delivery of proteins, and the influence
of ligand-surface density on particle-cell interactions. Additional studies in
more complex in vitro settings or in in vivo models are expected to elucidate
the clinical potential of these systems.

References

[1] Leader, B., Baca, Q., and Golan, D. Protein Therapeutics: A Summary And Pharma-
cological Classification. Nature Reviews Drug Discovery, 7, 2008.

[2] Dimitrov, D. S. Therapeutic Proteins. In Voynov, V. and Caravella, J., editors, Ther-
apeutic Proteins. Methods in Molecular Biology (Methods and Protocols), volume 899.
Humana Press, Totowa, NJ, 2012.

[3] Lagassé, H. A. D., Alexaki, A., Simhadri, V. L., Katagiri, N. H., Jankowski, W.,
Sauna, Z. E., and Kimchi-Sarfaty, C. Recent Advances In (Therapeutic Protein) Drug
Development. F1000Research, 6, 2017.

[4] Lau, J. L. and Dunn, M. K. Therapeutic Peptides: Historical Perspectives, Current
Development Trends, And Future Directions. Bioorganic and Medicinal Chemistry, 26,
2018.

[5] Kamaly, N., Xiao, Z., Valencia, M. P., Radovic-Moreno, A. F., and C, F. O. Targeted
Polymeric Therapeutic Nanoparticles: Design, Development And Clinical Translation.
Chemical Society Reviews, 41, 2012.

[6] Pinto Reis, C., Neufeld, R. J., Ribeiro, A. J., and Veiga, F. Nanoencapsulation II.
Biomedical Applications And Current Status Of Peptide And Protein Nanoparticulate
Delivery Systems. Nanomedicine: Nanotechnology, Biology, and Medicine, 2, 2006.

[7] Mitragotri, S., Burk, P. A., and Langer, R. Overcoming The Challenges In Administer-
ing Biopharmaceuticals: Formulation And Delivery Strategies. Nature Reviews Drug
Discovery, 13, 2014.

[8] Brown, L. R. Commercial Challenges Of Protein Drug Delivery. Expert Opinion on
Drug Delivery, 2, 2005.

[9] Dendukuri, B. D. and Doyle, P. S. The Synthesis and Assembly of Polymeric Micropar-
ticles Using Microfluidics. Advanced Materials, 21, 2009.

187

7



7. Summary and Perspectives

[10] Lakkireddy, H. R. and Bazile, D. Building The Design, Translation And Develop-
ment Principles Of Polymeric Nanomedicines Using The Case Of Clinically Advanced
Poly(Lactide(Glycolide))Poly(Ethylene Glycol) Nanotechnology As A Model: An In-
dustrial Viewpoint. Advanced Drug Delivery Reviews, 107, 2016.

[11] Valencia, P. M., Farokhzad, O. C., Karnik, R., and Langer, R. Microfluidic Technolo-
gies For Accelerating The Clinical Translation Of Nanoparticles. Nature Nanotechnol-
ogy, 7, 2012.

[12] Karnik, R., Gu, F., Basto, P., Cannizzaro, C., Dean, L., Kyei-Manu, W., Langer, R.,
and Farokhzad, O. C. Microfluidic Platform for Controlled Synthesis of Polymeric
Nanoparticles. Nano Letters, 8, 2008.

[13] Ma, G. Microencapsulation Of Protein Drugs For Drug Delivery: Strategy, Preparation,
And Applications. Journal of Controlled Release, 193, 2014.

[14] Nakashima, T., Shimizu, M., and Kukizaki, M. Particle Control Of Emulsion By
Membrane Emulsification And Its Applications. Advanced Drug Delivery Reviews, 45,
2000.

[15] Ye, M., Kim, S., and Park, K. Issues In Long-Term Protein Delivery Using Biodegrad-
able Microparticles. Journal of Controlled Release, 146, 2010.

[16] Yu, M., Wu, J., Shi, J., and Farokhzad, O. C. Nanotechnology for Protein Delivery:
Overview and Perspectives. Journal of Controlled Release, 240, 2016.

[17] McClements, D. J. Encapsulation, Protection, And Delivery Of Bioactive Proteins
And Peptides Using Nanoparticle And Microparticle Systems: A Review. Advances in
Colloid and Interface Science, 253, 2018.

[18] Desai, K.-G. H. and Schwendeman, S. P. Active Self-Healing Encapsulation Of Vaccine
Antigens In PLGA Microspheres. Journal of Controlled Release, 165, 2013.

[19] Shah, R. B. and Schwendeman, S. P. A Biomimetic Approach to Active Self-
Microencapsulation of Proteins in PLGA. Journal of Controlled Release, 196, 2014.

[20] Jiskoot, W., Randolph, T. W., Volkin, D. B., Middaugh, C. R., Schoneich, C., Win-
ter, G., Friess, W., Crommelin, D. J. A., and Carpenter, J. F. Protein Instability
and Immunogenicity: Roadblocks to Clinical Application of Injectable. Journal of
Pharmaceutical Sciences, 101, 2012.

[21] Fu, K., Klibanov, A. M., and Langer, R. Protein Stability In Controlled-Release
Systems. Nature Biotechnology, 18, 2000.

[22] Schwendeman, S. P. Recent Advances in the Stabilization of Proteins Encapsulated
in Injectable PLGA Delivery Systems. Critical Reviews in Therapeutic Drug Carrier
Systems, 19, 2002.

[23] Spenlehauer, G., Vert, M., Benoit, J. P., and Boddaert, A. Poly (D,L lactide/glycolide)
Type Microspheres Made by Solvent Evaporation Method. Biomaterials, 10, 1989.

[24] Weert, M. V. D., Hennink, W. E., and Jiskoot, W. Protein Instability in Poly (Lactic-
co-Glycolic Acid) Microparticles. Pharmaceutical research, 2000.

188



References

[25] Giteau, A., Venier-Julienne, M. C., Aubert-Pouëssel, A., and Benoit, J. P. How To
Achieve Sustained And Complete Protein Release From PLGA-Based Microparticles?
International Journal of Pharmaceutics 2008, 350, 14-26., 350, 2008.

[26] Liu, Y., Ghassemi, A., Hennink, W. E., and Schwendeman, S. P. The Microclimate
pH In Poly(D,L-Lactide-co-Hydroxymethyl Glycolide) Microspheres During Biodegra-
dation. Biomaterials, 33, 2012.

[27] Shirangi, M., Hennink, W. E., Somsen, G. W., and Van Nostrum, C. F. Identifica-
tion and Assessment of Octreotide Acylation in Polyester Microspheres by LC-MS/MS.
Pharmaceutical Research, 32, 2015.

[28] Yameen, B., Choi, W. I., Vilos, C., Swami, A., Shi, J., and Farokhzad, O. C. Insight
Into Nanoparticle Cellular Uptake And Intracellular Targeting. Journal of Controlled
Release, 190, 2014.

[29] Elias, D. R., Poloukhtine, A., Popik, V., and Tsourkas, A. Effect Of Ligand Density, Re-
ceptor Density, And Nanoparticle Size On Cell Targeting. Nanomedicine: Nanotechn,
Biology, logy.

[30] Gu, F., Zhang, L., Teply, B. A., Mann, N., Wang, A., Radovic-Moreno, A. F., Langer,
R., and Farokhzad, O. C. Precise Engineering Of Targeted Nanoparticles By Using
Self-Assembled Biointegrated Block Copolymers. Proceedings of the National Academy
of Sciences, 105, 2008.

[31] Shen, Y., Chen, J., Liu, Q., Feng, C., Gao, X., Wang, L., Zhang, Q., and Jiang, X.
Effect Of Wheat Germ Agglutinin Density On Cellular Uptake And Toxicity Of Wheat
Germ Agglutinin Conjugated PEG-PLA Nanoparticles In Calu-3 Cells. International
Journal of Pharmaceutics, 413, 2011.

[32] van der Meel, R., Vehmeijer, L. J. C., Kok, R. J., Storm, G., and van Gaal, E. V. B.
Ligand-Targeted Particulate Nanomedicines Undergoing Clinical Evaluation: Current
Status. Advanced Drug Delivery Reviews, 65, 2013.

[33] Selby, L. I., Cortez-Jugo, C. M., Such, G. K., and Johnston, A. P. R. Nanoescapology:
Progress Toward Understanding The Endosomal Escape Of Polymeric Nanoparticles.
Wiley Interdisciplinary Reviews: Nanomedicine and Nanobiotechnology, 9, 2017.

[34] Shete, H. K., Prabhu, R. H., and Patravale, V. B. Endosomal Escape: A Bottleneck
in Intracellular Delivery. Journal of Nanoscience and Nanotechnology, 14, 2014.

[35] Hong, E. J., Choi, D. G., and Suk, M. Targeted And Effective Photodynamic Therapy
For Cancer Using Functionalized Nanomaterials. Acta Pharmaceutica Sinica B, 6,
2016.

[36] Konan, Y. N., Gurny, R., and Allemann, E. State Of The Art In The Delivery Of Pho-
tosensitizers For Photodynamic Therapy. Journal of Photochemistry and Photobiology
B: Biology, 66, 2002.

[37] Martens, T. F., Remaut, K., Demeester, J., De Smedt, S. C., and Braeckmans, K.
Intracellular Delivery Of Nanomaterials: How To Catch Endosomal Escape In The
Act. Nano Today, 9, 2014.

189

7



7. Summary and Perspectives

[38] Varkouhi, A. K., Scholte, M., Storm, G., and Haisma, H. J. Endosomal Escape Path-
ways For Delivery Of Biologicals. Journal of Controlled Release, 151, 2011.

[39] Grainger, D. W. Cell-Based Drug Testing and This World Is Not Flat. Advanced Drug
Delivery Reviews, 69-70, 2014.

[40] Goodman, T., Ng, P., and Pun, H. 3-D Tissue Culture Systems For The Evaluation
And Optimization Of Nanoparticle-Based Drug Carriers. Bioconjugate Chemistry, 19,
2008.

[41] Priwitaningrum, D. L., Blondé, J.-b. G., Sridhar, A., Baarlen, J. V., Hennink, W. E.,
Storm, G., Le, S., and Prakash, J. Tumor Stroma-Containing 3D Spheroid Arrays : A
Tool To Study Nanoparticle Penetration. Journal of Controlled Release, 244, 2016.

[42] Ruenraroengsak, P., Cook, J. M., and Florence, A. T. Nanosystem Drug Targeting:
Facing Up To Complex Realities. Journal of Controlled Release, 141, 2010.

[43] Charoenphol, P., Mocherla, S., Bouis, D., Namdee, K., Pinsky, D. J., and Eniola-
Adefeso, O. Targeting Therapeutics To The Vascular Wall In Atherosclerosis - Carrier
Size Matters. Atherosclerosis, 217, 2011.

[44] Lammers, T. Macro-Nanomedicine: Targeting The Big Picture. Journal of Controlled
Release, 294, 2019.

[45] Maeda, H., Wu, J., Sawa, T., Matsumura, Y., and Hori, K. Tumor Vascular Perme-
ability And The EPR Effect In Macromolecular Therapeutics: A Review. Journal of
Controlled Release, 65, 2000.

[46] Brambilla, D., Luciani, P., and Leroux, J.-C. Breakthrough Discoveries In Drug Deliv-
ery Technologies: The Next 30 Years. Journal of Controlled Release, 190, 2014.

[47] Ojha, T., Pathak, V., Shi, Y., Hennink, W., Moonen, C., Storm, G., Kiessling, F., and
Lammers, T. Pharmacological and Physical Vessel Modulation Strategies to Improve
EPR-Mediated Drug Targeting to Tumors. Advanced Drug Delivery Reviews, 119,
2017.

[48] Lammers, T. SMART Drug Delivery Systems: Back to the Future vs. Clinical Reality.
International Journal of Pharmaceutics, 454, 2013.

[49] Begley, C. G. and Ellis, L. M. Raise Standards For Preclinical Cancer Research. Nature,
483, 2012.

[50] Park, K. The Drug Delivery Field At The Inflection Point: Time To Fight Its Way
Out Of The Egg. Journal of Controlled Release, 267, 2017.

[51] Crommelin, D. J. A. and Florence, A. T. Towards More Effective Advanced Drug
Delivery Systems. International Journal of Pharmaceutics, 454, 2013.

[52] Baker, M. P., Reynolds, H. M., Lumicisi, B., and Bryson, C. J. Immunogenicity Of
Protein Therapeutics The Key Causes, Consequences And Challenges. Self/Nonself, 1,
2010.

190



References

[53] Rosenberg, A. S. and Sauna, Z. E. Immunogenicity Assessment During The Develop-
ment Of Protein Therapeutics. Journal of Pharmacy and Pharmacology, 70, 2018.

[54] De Groot, A. S. and Scott, D. W. Immunogenicity of Protein Therapeutics. Trends in
Immunology, 28, 2007.

[55] Arbabi-Ghahroudi, M. Camelid Single-Domain Antibodies: Historical Perspective And
Future Outlook. Frontiers in Immunology, 8, 2017.

[56] Oliveira, S., Heukers, R., Sornkom, J., Kok, R. J., and Van Bergen En Henegouwen, P.
M. P. Targeting Tumors With Nanobodies For Cancer Imaging And Therapy. Journal
of Controlled Release, 172, 2013.

[57] Jiskoot, W., Schie, R. M. F. V., Carstens, M. G., and Schellekens, H. Immunological
Risk of Injectable Drug Delivery Systems. Pharmaceutical Research, 26, 2009.

[58] Sofias, A. M., Andreassen, T., and Hak, S. Nanoparticle Ligand-Decoration Procedures
Affect in Vivo Interactions with Immune Cells. Molecular Pharmaceutics, 15, 2018.

[59] Wang, X., Wang, H., Jiang, K., Zhang, Y., Zhan, C., Ying, M., Zhang, M., Lu, L.,
Wang, R., Wang, S., Burgess, D. J., and Wang, H. Liposomes With Cyclic RGD Peptide
Motif Triggers Acute Immune Response In Mice. Journal of Controlled Release, 293,
2019.

[60] Witzigmann, D., Hak, S., and van der Meel, R. Translating Nanomedicines: Thinking
Beyond Materials? A Young Investigator’s Reply To The Novelty Bubble. Journal of
Controlled Release, 290, 2018.

191

7





Appendices

Nederlandse samenvatting

Curriculum vitae and list of publications

Acknowledgements

193



Appendices

Nederlandse samenvatting

Eiwitten en peptiden worden al lange tijd beschouwd als waardevolle thera-
peutische middelen vanwege hun potentie en specificiteit, en > 160 therapeutis-
che eiwitten en > 60 therapeutische peptiden zijn momenteel goedgekeurd
voor klinisch gebruik. Terwijl de markt voor biotherapeutica blijft groeien,
zou een substantieel aantal eiwitten en peptiden met korte halfwaardeti-
jden baat hebben bij formuleringstechnieken om hun klinische toepassing
te faciliteren. In dit opzicht zijn polymere microdeeltjes (µPs) en nan-
odeeltjes (NPs) aantrekkelijke afgiftesystemen om de werkzaamheid van deze
biomoleculen te verbeteren door ze te beschermen tegen inactivatie en hun cir-
culatietijd en accumulatie op de doelplaats te verhogen. Een aanzienlijk aan-
tal door de FDA goedgekeurde biotherapeutica (dat wil zeggen monoklonale
antilichamen en coagulatiefactoren) is gericht op extracellulaire doelwitten,
hetgeen niet verrassend is omdat eiwitten en peptiden een lage celmembraan-
permeabiliteit hebben die hun toegang tot het cytoplasma beperkt. Deze
uitdaging kan echter worden overwonnen door het gebruik van NPs. De samen-
stelling, grootte, lading en oppervlakte-eigenschappen van deze nanodragers
bepalen hun cellulaire internalisatie en de intracellulaire afgifte van hun lad-
ing. Het oppervlak van NPs beladen met een therapeutisch eiwit/peptide kan
bijvoorbeeld worden gedecoreerd met liganden die de binding van de NPs aan
en opname door specifieke cellen begunstigen.

Het onderzoek gepresenteerd in dit proefschrift is gericht op de bereiding,
karakterisering en in vitro testen van polymeerdeeltjes voor de toediening
van therapeutische eiwitten en peptiden. Gerichte en niet-gerichte nano- en
microdeeltjes werden onderzocht voor de intra- en extracellulaire afgifte van
deze biotherapeutica.

Hoofdstuk 1 van dit proefschrift geeft een algemene inleiding
over therapeutische eiwitten en peptiden, alsmede de beschrijving van
twee interessante therapeutische kandidaten: saporine en (Nle4, D-
Phe7)-α-melanocyten-stimulerend hormoon (NDP-MSH). Uitdagingen in
eiwit/peptide-afgifte worden besproken en polymere deeltjes (micro- en
nanometrische maten) worden gepresenteerd als dragersystemen om de
fysisch-chemische stabiliteit, farmacokinetiek en farmacodynamiek van deze
biotherapeutica te verbeteren. Twee biologisch afbreekbare alifatische
polyesters, poly(melk-co-glycolzuur) (PLGA) en poly(D, L-melkzuur-co-
glycol-co-hydroxymethylglycolzuur) (PLGHMGA), worden geïntroduceerd als
geschikte polymeren voor de bereiding van deeltjes gericht op de extra- of in-
tracellulaire levering van biotherapeutica. Fysisch-chemische kenmerken van
de deeltjes, evenals de anatomie en fysiologie van weefsels worden besproken
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als belangrijke factoren die de verdeling en ophoping van deeltjes in het ziek
weefsel bepalen. In gevallen waar intracellulaire aflevering nodig is, wordt de
decoratie van NPs met doelzoekende liganden voorgesteld als een manier om
hun opname door doelwitcellen te vergemakkelijken. Twee doelzoekende ligan-
den worden onderzocht in dit proefschrift, namelijk het 11A4-nanobody en het
cyclische RGD-peptide (cRGD), die beide hun potentieel voor kankerbehan-
deling hebben aangetoond. Cellulaire internalisatie en endosomale transport
van de NPs worden besproken en fotochemische internalisatie (PCI) wordt on-
derzocht als een strategie om endosomale ontsnapping van met eiwit geladen
NPs te induceren en aldus de afgifte van therapeutische eiwitten in het cytosol
te bewerkstelligen.

In Hoofdstuk 2 werd de maleïmide-thiol conjugatiechemie gebruikt voor
de bereiding van PLGA NPs gedecoreerd met cRGD of het 11A4 nanobody
als doelzoekende liganden op hun oppervlak. De invloed van verschillende
omstandigheden op de efficiëntie van de conjugatiereactie van cRGD en het
11A4-nanobody met de NPs werd systematisch bestudeerd. Parameters zoals
de NPs-bereidingsmethode (dwz enkele of dubbele emulsie) en het type en
de concentratie van de oppervlakteactieve stof die tijdens de procedure werd
gebruikt (poly(vinylalcohol) en natriumcholaat) hadden geen invloed op de
efficiëntie van de reactie. Daarentegen beïnvloedden de bewaarcondities van
de NPs de reactiviteit van maleïmide en terwijl hoge conjugatie-efficiënties
(∼ 90%) werden verkregen voor NPs die tot 7 dagen bij 4 °C waren bewaard,
resulteerde opslag bij 20 °C in lagere conjugatie-efficiënties (∼ 60%), waarschi-
jnlijk vanwege hydrolyse van maleïmide. De efficiëntie van de maleïmide-thiol-
conjugatiereactie werd geëvalueerd bij verschillende reactantverhoudingen en
reactietijden en de bereiding van met ligand gedecoreerde NPs werd geop-
timaliseerd. Oppervlaktedecoratie van NPs met cRGD (Mw 678 Da) was
optimaal bij een maleïmide tot thiol-molaire molaire verhouding van 2:1 en
bereikte een conjugatie-efficiëntie van 84 ± 4% (overeenkomend met ∼ 50.000
cRGD-moleculen per NP) na slechts 30 minuten incubatie ( kamertemper-
atuur, pH 7,0). Interessant genoeg resulteerde conjugatie bij 1:1 ratio’s in
lagere efficiënties (52 ± 7%), hetgeen suggereert dat niet alle maleïmide-
groepen op het oppervlak van de deeltjes beschikbaar zijn voor reactie. NP-
decoratie met 11A4-nanobody (Mw 14.813 Da) was optimaal bij een maleïmide
tot thiol-molverhouding van 5: 1 en bereikte een conjugatie-efficiëntie van 58 ±
12% conjugatie-efficiëntie (corresponderend met ∼ 5.500 11A4 moleculen per
NP) na 2 uur (kamertemperatuur, pH 7,4) ). Het verschil in reactie-efficiëntie
en kinetiek voor beide liganden kan worden verklaard door de verschillen in
grootte en structuur (hogere diffusiecoëfficiënt voor cRGD en betere toeganke-
lijkheid van de thiolgroep in vergelijking met die van het 11A4-nanobody).
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De bevindingen van deze studie leverden waardevolle informatie op over
de optimale omstandigheden voor de bereiding van ligand-gedecoreerde NPs
door maleïmide-thiolchemie, in het bijzonder in termen van reactietijden en
reactantverhoudingen. Deze inzichten werden toegepast bij de vervaardiging
van de beoogde NPs die in andere hoofdstukken worden gepresenteerd.

In Hoofdstuk 3 werden PLGA NPs gedecoreerd met cRGD bereid en
hun targeting karakteristieken werden onderzocht op menselijke navelstrengen-
dotheelcellen (HUVECs) onder statische en flowomstandigheden. PLGA NPs
waren gedecoreerd met cRGD in verschillende dichtheden (dwz "laag" ∼ 11.000,
"gemiddeld" ∼ 31.700 en "hoog" ∼ 117.600 cRGD/µm2; corresponderend met
∼ 3.400, ∼ 9.700 en ∼ 40.700 cRGD-moleculen per NP) om de impact van
liganddichtheid op celtargeting te onderzoeken. Associatie en opname van
cRGD-NPs geïncubeerd met HUVECs onder statische omstandigheden werd
bestudeerd door flowcytometrie en confocale microscopie. Interactie van NPs
met HUVECs werd niet waargenomen voor NPs die niet waren gedecoreerd
met cRGD. Daarentegen werd celassociatie waargenomen voor cRGD-NPs
en deze was positief gecorreleerd met de incubatietijd (1 en 3 uur), NPs-
concentratie (0,016 - 0,4 mg/ml) en cRGD-oppervlaktedichtheid (∼ 11.000
- ∼ 117.600 cRGD/µm2 of (∼ 3.400 - ∼ 40.700 cRGD/NP) . In dit verband
was de associatie van hoge cRGD-NPs met HUVECs ∼ 4 maal hoger dan bij
lage cRGD-NPs (bij de hoogste geteste concentraties). Aangezien de target-
ing van vasculaire endotheelcellen gebeurt onder dynamische omstandigheden
(in plaats van statische), werden experimenten onder flow uitgevoerd met be-
hulp van een pompgecontroleerd perfusiesysteem en celassociatie werd gevisu-
aliseerd met behulp van een epifluorescentie microscoop. In overeenstemming
met de bevindingen onder statische omstandigheden, werd cellulaire associatie
van NPs met HUVECs onder flow waargenomen voor cRGD-NPs maar niet
voor niet-gedecoreerde NPs. Interacties met HUVECs waren ook afhankelijk
van de oppervlaktedichtheid van cRGD. Gevonden werd dat na 1 en 16 uur in-
cubatie, de celassociatie van hoge cRGD -NPs ∼ 9 en 6 maal hoger was dan de
associatie van lage cRGD-NPs, wat suggereert dat liganddichtheid relevanter
is voor interacties van celdeeltjes onder flow dan onder statische omstandighe-
den. Flow-experimenten werden ook uitgevoerd in medium dat gewassen rode
bloedcellen (RBCs) bevat en, onder deze omstandigheden, was de associatie
van cRGD-NPs met HUVECs ook afhankelijk van de ligand-dichtheid. Vergeli-
jking van de flowexperimenten uitgevoerd in medium met en zonder RBCs,
toont aan dat de associatie van NPs met de cellen aanzienlijk hoger is in aan-
wezigheid van RBCs (∼ 6 en 3-voudig verschil voor respectievelijk lage en hoge
cRGD-NPs). Deze observatie wordt zeer waarschijnlijk veroorzaakt doordat
RBCs de NPs naar de HUVECs hebben geduwd en daardoor hun contact
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met hen hebben bevorderd. Het werk dat in dit hoofdstuk wordt beschreven,
is een stap in de richting van het evalueren van vasculaire targeting onder
condities die meer lijken op fysiologische omstandigheden. Deze aanpak kan
van grote waarde zijn voor de ontwikkeling van nieuwe op endotheel gerichte
nanodragers met een beperkt aantal proefdieren.

In Hoofdstuk 4 werden poly(D, L-melkzuur-co-glycol-co-
hydroxymethylglycolzuur) (PLGHMGA) en gePEGyleerde PLGHMGA
(MePEG-PLGHMGA) gesynthetiseerd, gekarakteriseerd en gebruikt voor de
bereiding van NPs als een alternatief voor PLGA. De cytocompatibiliteit
van MePEG-PLGHMGA NPs werd getest in twee cellijnen die van belang
waren voor toekomstige experimenten, SkBr3 en MDA-MB-231. Onverwachte
cytotoxiciteit van deze NPs werd waargenomen bij concentraties > 0,4
mg/ml in SkBr3 en > 0,8 mg/ml in MDA-MB-231. Deze toxiciteit werd
toegeschreven aan de aanwezigheid van gebutyleerd hydroxytolueen (BHT)
als een onzuiverheid in de NPs. De synthese van (MePEG-) PLGHMGA
vereist een hydrogeneringsstap uitgevoerd in tetrahydrofuraan (THF), een
oplosmiddel gestabiliseerd met BHT. Hoewel de hoeveelheid aanwezig BHT in
THF klein is (0,02 - 0,03% w/w), leidde het gebruik van grote hoeveelheden
THF tijdens hydrogenering tot de accumulatie van BHT in de polymeren
tot een mate die de cytocompatibiliteit van de NPs significant beïnvloedde
(2,3% w/w BHT in NPs). BHT werd uit de polymeren verwijderd door pre-
cipitatie in diethylether en deze zuiveringsstap resulteerde in een opvallende
toename in de cytocompatibiliteit van de NPs, waarbij geen toxiciteit werd
waargenomen bij concentraties tot 3,2 mg/ml. De gezuiverde polymeren
werden gebruikt voor de bereiding van de NPs die werden gebruikt in het
werk gepresenteerd in Hoofdstuk 5.

In Hoofdstuk 5 werden gepegyleerde PLGHMGA NPs beladen met een
cytotoxisch eiwit (saporine) en gedecoreerd met het 11A4-nanobody (11A4-
NPs) getest en hun selectieve cytotoxiciteit ten aanzien van HER2 overex-
presserende borstkankercellen werd getest. Confocale microscopieonderzoeken
toonden aan dat de 11A4-NPs snel en in sterke mate werden opgenomen door
HER2-positieve cellen (SkBr3) maar niet door HER2-negatieve cellen (MDA-
MB-231). Competitiestudies met vrij 11A4-nanobody blokkeerden de opname
van 11A4-NPs in HER2-positieve cellen, wat bevestigt dat de internalisatie
van de NPs werd gemedieerd door de specifieke interactie tussen het 11A4-
nanobody en de HER2-receptor. Met saporine beladen 11A4-NPs, gebruikt
in combinatie met een endosomale ontsnappingsstrategie (PCI), remden de
celproliferatie sterk en selectief en verminderden de cellevensvatbaarheid van
HER2-positieve cellen door inductie van apoptose. Daarentegen werd geen
cytotoxisch effect waargenomen in deze cellen wanneer ze werden behandeld
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met met saporine beladen 11A4-NPs zonder PCI. Door het gebruik van 11A4-
nanobody als doelzoekend ligand en blootstelling aan licht tijdens de PCI-
behandeling te combineren, zorgden 11A4-NPs voor de specifieke afgifte van
saporine in het cytoplasma van HER2-positieve borstkankercellen.

In Hoofdstuk 6 werden PLGA-microdeeltjes (µPs) geëvalueerd voor de
inkapseling en aanhoudende afgifte van NDP-MSH, een peptide met een ko-
rte halfwaardetijd die de klinische toepasbaarheid beperkt. De NDP-MSH
beladen PLGA µPs hadden een inkapselingsefficiëntie van 20 ± 3% en een
beladingscapaciteit van 0,14 ± 0,02%. In vitro afgiftetests uitgevoerd in 10
mM fosfaatbuffer (pH 7,4) toonden aan dat deze µPs een kleine burst-afgifte
(<10%) en een lag-fase van ∼ 20 dagen hadden, gevolgd door een sterke toe-
name in de afgifte van het peptide met een plateau op ∼ 50 dagen. Ongeveer
∼ 90% van het peptide werd gedurende deze tijd afgegeven. Daarentegen
vertoonden NDP-MSH beladen µPs geïncubeerd in 100 mM fosfaatbuffer een
langzamere nulde-orde afgifte, waarbij 50% van het peptide na 70 dagen werd
afgegeven. Inleidende in vivo studies in een muismodel van experimentele
auto-immuun encefalomyelitis (EAE) toonden veelbelovende resultaten voor
de met NDP-MSH beladen µPs. Een enkele subcutane toediening van deze
µPs had een soortgelijk therapeutisch effect als vier intraveneuze toedienin-
gen van het vrije peptide (7 maal hogere dosis vergeleken met het peptide
afgegeven uit de µPs volgens de in vitro assays).
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