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Introduction

Ever since humans appeared on Earth, people started to interact with nature. At
early times, humans collected daily needs directly from nature, without any
process. As time passed by, our ancestors gathered much more experience from
collection and observation. Maybe unwittingly, they found some way to process
the product and this kind of methods made better quality or easier life, and this
experience led to the development of techniques, like seed selection, improving
the yield of crop, cooking food etc. These techniques were soon widely used in
many aspects of everyday life, and progressed towards the current concept of

biotechnology.

In 1796, Edward Jenner produced the first vaccine against smallpox, and in 1927,
Alexander Fleming discovered penicillin[1]. These findings improved the health
condition significantly and represented two important signs that biotechnology
started to participate in the medicine arena. Later in 19" century, large-scale
production systems based on microbial cells were first introduced, and chemicals
such as acetone or butanol were produced through this system [2]. Then, the

modern fermentation industry was built up.

After that, there were some major breakthroughs that pushed the rapid
development of biotechnology: in 1953, the discovery of the double helix
structure of DNA by Watson and Crick [3], Marshall Nirenberg and Heinrich J.
Matthaei cracked the genetic code in 1961 [4], new restriction enzymes were
discovered by Paul Berg in early 1970[5], and Herbert Boyer and Stanley Cohen’s
first engineering of a living organism in 1973[6]. These discoveries developed the

recombinant DNA technology.
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In the 20" century, with the emerging of new technologies, especially
nanotechnology and biotechnology had a huge development and participated
more and more in the area of medicine, leading to the development of new
scientific  subjects such as nanobiotechnology and nanomedicine.
nanobiotechnology is providing tools to achieve nanomedicine’s new objectives in

personalized health care, for diagnosis and therapy([7].

The goals of nanomedicine are to deliver drugs for diagnosis and for therapeutic
purposes directly to a specific site, improving the efficiency while reducing the
undesired side effects. Moreover, this novel approach aims to break the chemical
and anatomic barriers for drug delivery, for example by improving drug solubility
and stability, increasing circulation time, and transporting drugs through vascular

endothelium and blood-brain barrier[8].
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1. Nanobiotechnology and Nanomedicine

In 1959, Richard Feynman first brought a concept at the annual meeting of
American Physical Society, which is manipulating and controlling objects on a
small, nanometric scale. Since then, nanotechnology emerged and developed,
and impacted all branches of the industry, from electronic, chemical to

environmental and medicine [9].

There are different ways to define nanotechnology, but in general
nanotechnology refers to objects within the limits between 0.1-100 nm. In 2000,
the US national Nanotechnology Initiative gave us a more specific definition:
“Nanotechnology is concerned with materials and systems whose structures and
components exhibit novel and significantly improved physical, chemical and

biological properties, phenomena and processes due to their nanoscale size” [10].

In biotechnology, most processes are performed at nanoscale. For instance, the
lipid bilayer is a few nanometers thick, a protein is only 1-20 nm, virus size ranges
from 20 nm-100 nm [11]. In this case, it was inevitable that these two fields cross-
fertilize and develop jointly, and this led to the rising of the term

nanobiotechnology.

When we speak about nanobiotechnology, people will relate that with
nanomedicine; however, there are some differences between each other.
nanobiotechnology is mainly about nanotechnology applied on biological systems
in all basic research. It can be on plants, microorganisms and so on. When
nanotechnlogy is applied in healthcare or medicine, it is in the field of
nanomedicine. (Fig 1. Technologies involved in the field of nanomedicine).
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Therefore, nanomedicine mainly focuses on the application of nanotechnology to
medical needs, for example, by using nanoparticles and nanodevices to deliver

drugs, for diagnosis or therapeutics.

Personalized
Medicine

Biochemistry

Material
Sciences

Biochips/ | TRy Molecular
Microfluidic A Medicine

" Nano-
analytical
probes

Figure 1: Technologies involved in the field of nanomedicine. Modified from Riehemann Kristina,

et al.[10]

Nanobio-
technology

Compared with the traditional medicine, nanomedicine has many advantages: At
nanoscale, physical and chemical characteristics can be controlled: the diffusion
and sensor response could be very fast, pharmacokinetics of therapeutic
compounds could have longer half live, targeting and delivery of therapeutic
molecules could be more precise and effective [12, 13]. Due to these facts, when
using high dose of therapeutic drugs, the system toxicity will be highly reduced.
Moreover, with the help of nanomedicine, the production of small integrated
devices such as biosensors and accurate drug-release systems will meet the
demand of the patients. This can benefit the development of personalized

medicines [14].
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1.1 Applications of nanomedicine

In traditional medicine, the main goal is to improve the major areas: diagnosis and
therapeutic methods, to make them more efficient, specific and cost-effective.

Now with the emergence of nanomedicine, this can become real.

In the therapeutic field, because of the specificity of nanomedicine, drugs can
accumulate at pathological sites, meanwhile, reducing its localization in healthy
organs, and also undesirable side effects [15, 16]. This property is desirable for
the strategies to treat cancer. For this reason, many efforts in nanomedicine are
focused on cancer. As solid tumors present leaky vascularization, it is possible for
nanoparticles with the size up to 400 nm to accumulate at cancer site; this
mechanism is known as enhanced permeability and retention effect (EPR) [17, 18].
Based on the EPR effect, passive targeting improves drug delivery efficiency at
tumor site. This strategy even improves the performance of targeting antibodies
and peptides and can be controlled by the use of hyperthermia or ultrasound [19].

This concept is summarized in figure 2.

--#

Free Drug Passive Drug Targeting  Cancer Cell Targeting |

Figure 2: Drug targeting to tumors: principles, pitfalls and (pre-) clinical progress. Adopt from

Rizzo, L. Y. etal. [8]

11



Introduction

Moreover, in recent years, increasing number of therapeutic nanomedicines are
not only used in cancer, but also used for drug delivery to other non-cancerous

diseases, such as arthritis rheumatoid and atherosclerosis [20, 21].

Recently, new nanomedicines have been designed for diagnostic purposes.
Compared with traditional methods, nanomaterials labeled with contrast agents
are more effective. For example, it can provide information of the circulatory
system, the accumulation of therapeutic nanomedicine on target site and other
organs [22], and the drug release at the target site [23]. Moreover,
nanodiagnostic agents can help us to visualize and have a better understanding of
some physiological disease principles, and tracking labeled cells. For example,
Gadomer-17 and Resovist (new magnetic resonance, superparamagnetic iron
oxide ) have been used for magnetic resonance (MR) monitoring of tumor blood
vessels and coronary arteries in patients [24, 25], labeling of stem cells [26] and
visualization of primary liver lesions [27]. Although nanodiagnostics are very
promising, many of these tools have only been tested in animal models, this is
due to the stringent pharmacokinetic and elimination criteria for i.v. administered
diagnostic agents. This include the use of Endorem and Sinerem, which are
Resoveist-like iron oxide nanoparticles, for monitoring tumoral stem cells[28],
lymph node metastases [29], cancer vaccines [30], and macrophage activity in

atherosclerosis [31].

2. Nanoparticles

As described above, in nanomedicine most of the applications are based on the

manufacture of different kinds of nanoparticles, and their delivery to target tissue
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or cells for diagnostic or therapeutic purposes. In other words, it's mainly about
nanoparticles design, production, controlling delivery and targeting.
Nanoparticles for medical use have many advantages. Since nanoparticles have a
nanorange size, they provide a probe that allows detection at the molecular scale.
With this help, we can understand the machinery of cellular interaction and to
detect abnormalities such as precancerous cells, disease marker and desigin
disease marker without introducing too much interference [32], Nanoparticle-
based imaging can also improve the sensitivity and specificity compared with
traditional diagnostic. For therapeutic purposes, nanoparticles can improve the
solubility of insoluble drugs, prolong the half-time of their systemic circulation,
and display a modulatable immunogenicity. In addition, as drug delivery vehicles,
nanoparticles offer promise for drug accumulation and retention at targeting site,
thus lowering the frequency of administration and minimizing systemic side
effects [33, 34]. Moreover, nanoparticles enable the transportation of drugs
across biological barriers such as blood-brain barrier, the branching pathways of
the pulmonary system and the epithelial junction of the skin [35-37], this part

widely described in the next section.

In 1960s, Bangham, A. and R. Horne produced the first nanoparticle-based
platform for medical application based on liposomes. [38] In the following
decades nanoparticles gathered more scientific and general interest, and
developed rapidly; numerous organic and inorganic nanoparticles were created
for disease diagnosis and therapy. From Figure 3 we can find the rapid increasing
in the number of publications per year which contain “Nanoparticles, Liposome

and Monoclonal Antibody” hits from 1960-2011 [39].
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Figure 3: PubMed entries per year based on the search terms: “monoclonal antibody”,

“liposome”, and “nanoparticle”. Adapted from Shi. J., et al. [39]

Meanwhile, with the development of nanotechnology and the emergence of new
nanomaterials, several types of nanoparticle platforms have been approved for
clinical use, including liposomes, albumin, polymers, dendrimers and iron oxide
nanoparticles for disease imaging. Here, | will introduce some of these

nanoparticles.

Liposome-based nanoparticles

Liposomes are small sphere-shaped particles, formed by one or more
phospholipid bilayers that can be made from cholesterol and natural
phospholipids. Depending on the design, they can range from 10 nanometers up
to micrometers [40]. The formation of liposomes is spontaneous, because the
amphiphilic phospholipids may self-associate into bilayers. During this process,
soluble drugs can be loaded inside in aqueous solution, or using solvent

mechanisms and pH gradient methods [41]. Normally, liposomes will reach the
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required site through a passive strategy, by extravasating into the interstitial fluid
space from the bloodstream [42]. However, they can also reach the target
through an active pathway. Due to existence of the lipid bilayer on the surface, it
is easy to add targeting molecules to the outer surface [43]. Then, liposomes
might internalize inside cells through endocytosis [44], or fusion with the cell
membrane [45]. Larger liposomes might be internalized by phagocytosis [46].
However, liposomes are not stable and have a short half-time [47]. To improve
this, a widely used method is to conjugate polyethylene glycol(PEG) with
liposomes to change the size and properties of particles with the purpose to
escape the clearance of the mononuclear phagocytic system and prolong the
circulation half-time in vivo [48].

Hydrophilic > -« Targetting

had ligand
S

Lipid-soluble sl s Drug

drug e

- R
= - § DNA

O

Hydrophobic
tail

Protective
layer (PEG)

Figure 4: Diagram of a bilaminar liposome. The hydrophobic region traps drugs in the central

core when the liposomes are prepared. Adapted from Malam, Y., et al.[47]

The first liposome-based nanoparticle platform was applied in medicine in 1965,

and showed significant improvement on drug pharmacokinetics and
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biodistribution, after then, liposomes have been widely developed as
pharmaceutical carriers. [49]. Today, there are more than 11 formulations
approved for clinical uses, and many more at preclinical stages. The first
liposome-based drug formulation was used to treat cancer in AIDS-related

Kaposi’s sarcoma and multiple myeloma in this formulation.

PEGylated liposomes were encapsulated with doxorubicin (a widely used
anticancer drug). This doxorubicin-liposome gave longer circulation half-time and
higher concentration in tumor, meanwhile reducing the concentration of drugs in
normal tissue, such as heart. It could also reduce the distribution volume from
nearly 1,000 L/m” of normal doxorubicin to 2.8 L/m?® in plasma [50]. There are
other liposomal drugs used for clinical such as AmBisome (amphotericin B
liposomes), DaunoXome (daunorubicin liposomes), DepoCyt (cytarabine

liposomes), and Visudyne (verteporfin liposomes).
Polymeric nanoparticles

Polymeric nanoparticles might be the most widely used nanoparticle carriers, and
have been extensively investigated in this regard. They could be formed by
biodegradable, biocompatible and hydrophilic polymers such as poly (D,L-,
lactide), poly (lactic acid) PLA, poly (D,L-glycolide) PLG, poly (lactide-co-glycolide)
PLGA, poly-(cyanoacrylate) PCA [51-54], chitosan, gelatin, and sodium alginate.
Normally, nanoparticles are prepared through two methods: dispersion of the
preformed polymers and polymerization of monomers, and they form a
nanoparticle with hydrophobic core and a hydrophilic surface [55]. With this

property, they can bind drugs with the hydrophobic core by encapsulation, while
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the hydrophilic surface will provide an external protection and may bind
molecules on the surface [56]. This is suitable for delivery therapeutics such as
proteins, drugs, peptides or nucleic acids. These nanopolymers are stable in blood,

have low toxicity, are low immunogenic and biodegradable [57].

In recent decades, intense research has been done to develop new, effective and
safe nanopolymers to transport nanomedicines. Among these new polymers, the
most extensively studied and promising nanopolymer is the PLGA(poly-D,L-
lactide-co-glycolide)-based nanoparticles[58]. This is because when PLGA is
hydrolyzed inside the body it only produces lactic and glycolic acid which are
biodegradable metabolite monomers[59]; with this property, PLGA nanoparticles
have minimal systemic toxicity and constitute an efficient system for controlling
and releasing therapeutics. Thus, many PLGA-based nanoparticles such as nano-
antigen, nano-vaccines, and nanoparticle-based gene delivery systems have been
developed [60-62]. The first FDA approved PLGA nanomedicine: Trastuzumab has

been used to cure breast cancer [63, 64].

Another widely accepted polymer family is the dendrimer-based nanoparticles,
and the PAMAN is the most common used dendrimer to bind and deliver
molecules. That is because PAMAN is easy to prepare, its size can be controlled
and that enable PAMAN to bind several molecules for diagnosis and therapy. For
example, binding to metal nanoparticles improves their solubility. Other studies
showed that PAMAN incorporated to a special ligand could improve the

permeability to cross the blood-brain barrier [65-67].

Metal nanoparticles
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Metal-based nanoparticles represent another widely used platform for
nanomedicine, including gold (Au), iron oxide (Fe,03), silicon dioxide or silica
(Si0,), silver. Like other nanoparticles, metal based-nanoparticles have the same
properties, such as binding a variety of ligands for imaging, delivery of vehicles,
and biosensors through a modifiable surface. Among these, Au is one of the most
commonly used metals in nanomedicine, because it is easy to produce as
nanoparticle with a favorable nano size (5-10nm), the surface could bind many
therapeutics, and has a suitable absorbance and scattering of light. With those
properties, Au nanoparticles have been widely used in biological diagnostics and
imaging, improving the specificity and sensitivity. For example, conjugated with
specific antibodies to detect cancer cells [68], and using the spectroscopic
advantages of gold to detect disease cells when combined to special aptamers
[69]. Iron oxide nanoparticles always have been considered to be a convenient
biomarker, as they provide better and more intense color of solution with an
optical signal excited from the surface [70]; and with magnetic properties, it can
provide a specific localization by manipulating the magnets [71, 72]. Silicon
dioxide nanoparticles conjugated with antibodies and transistors are used to
detect single copies of multiple viruses [73]. Also, silicon-based nanosensors are
under development [74]. Different investigations proved that metal nanoparticles
are biocompatible; however, a significant amount of particles are retained in the
body after administration, and the accumulation of metal particles may lead to

toxicity [75].
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3. Protein-based nanoparticles

With the development of nanotechnology and nanomedicine, more and more
materials have been involved in these fields, beside liposomes, polymers and
metal nanoparticles, protein based nanoparticles have become another
biomaterial that is developing fast and attracts growing attention. Proteins are
natural biological molecules indispensable for living organisms. They have unique
functionalities and potential applications both in biological and material fields.
Protein size is ranged from few nanometers to hundreds nanometers depending
on their molecular mass; they are non-toxic, low-antigenic, biodegradable,
metabolizable, and with genetic engineering, it is easy to modify their structure,
surface charge, to allow heterologous ligand display, to improve stability and
more importantly, proteins can be designed to form multimeric structures with
the ability to self-assemble in a similar way as viral capsid proteins do. These
properties open up a novel concept for imaging and therapy in nanomedicine by
using the repetitive nature of protein nanoparticles to conjugate multiple drug
molecules or dies on their surface. These properties enable protein particles to be
widely used in targeting and delivery of therapeutic drugs, vaccine designing,
diagnosis, and gene therapy; moreover, some protein particles themselves are

therapeutic molecules.

Proteins can be produced in many different living hosts, such as bacteria,
mammalian cells, insect cells, yeast and plants. These diverse expression systems
provide different functional proteins which will meet the requirement of
researches. Among these systems, Escherichia coli is the most common used host,

because it has high productivity, it is easy to be cultured, inexpensive and well
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characterized [76]. However, sometimes, recombinant proteins form inclusion
bodies, which is an obstacle when the desirable product is the soluble
recombinant protein version. Moreover, because bacterial hosts lack post-
transcriptional modifications, this will lead to protein misfolding problems. Yeasts
are another commonly used protein expression system. Like E. coli, yeasts also
render high yields of protein production by easy processes, and as an eukaryotic
organism, yeasts have a complex post-translation modification pathway that
promise right folded protein production. Pichia pastoris and Saccharomyces
cerevisiae are the most widely used and well genetically characterized microbial
species, still applied in the pharmaceutical production [77]. However, there is a
limitation in yeasts, because they are not able to produce proteins with the
mammalian glycosylated pattern as they have a different glycosylation pattern
modification. Another expression system is insect cell expression systems, it could
provide also complex post-translation modifications although different form
mammalian cells , meanwhile, more productive, easier to handle compared with
mammalian cells, thus, frequently applied for high-throughput protein production
[78]. To solve glycosylated protein expression problem, mammalian cell
expression systems could be the choice, as they show highest similarity to human
cells, have same post-translation modification and codon usage, are favorable for
production of glycosylated proteins, but the cost for production is higher and

yields are lower [79].

There are different ways to form protein nanoparticles. One popular method is
using physical and chemical ways to change protein surface charge or protein

solubility after purification; this stresses the single protein unit to form protein
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aggregates and at the same time, obtaining protein nanoparticles. Another way is
using genetic engineering to modify common protein for special purpose, design
multi-functional protein, and produce virus and non-virus self-assembling protein

nanoparticles.

The former method includes emulsification and desolvation methods. The
emulsification method was developed by Ursula Schefel et al. in 1972 [80], when
they tried to design the albumin particle to study the reticuloendothelial system.
In this method, albumin-based aqueous solution was mixed with plant oil to form
an emulsion through a hand-operated homogenizer; then they removed the oil
phase by a heating-cooling method and followed with anhydrous diethyl ether (As
shown in figure 5). This method could form 400-600 nm albumin nanoparticles,

h **™Tc for further study. However,

and these nanoparticles could be labelled wit
this method has some disadvantages, such as high temperature that will affect
protein activity, and the introduction of organic solvents that could be toxic to the

body.

-'; Emulsification / Crosslinking
') R, | Homogenizer f = =Es
L ~~=" ! ® ® . = .
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Nonaqueous Cross-linked
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Figure 5: Preparation of protein nanoparticles by emulsification method. Adapt from

Lohcharoenkal, W, et al.[81]
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The desolvation method was developed by Marty et al in 1978, on the purpose to
form a colloidal system for drug delivery [82]. In their experiment, albumin
dissolved in water was desolvated by dropwise addition of ethanol. During this
process, nanoparticles were formed, and later, cross-linkers such as
glutaraldehyde were added to maintain the stability of particles. This method was
developed by Lina et al [83], they incorporated an enzyme B- galactosidase with
GFP to form nanoparticles (Figure 7). They form particles with a size of 270 nm,
had high retention of enzyme activity, and were able to internalize inside cells to
fulfill the aim of delivering therapeutic enzymes inside cells. However, when using
desolvation method, big aggregates are easy to be formed, and this will cause the
loss of protein activity. In fact, using a chemical process to form protein
nanoparticles is always related to the change of protein properties such as
hydrated layer, covalent binding and surface charge, leading to the formation of
protein aggregates, while weak aggregation produces nanoparticles. The changing
of protein properties somehow will affect protein structure and activities, leading

to the low efficiency of protein nanoparticle for therapeutic and diagnosis use.

Enzyme Protein

Ethanol /

=/

J ‘:&y (@ ‘(
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Figure 6: Schematic diagram of the desolvation process. Adopt from Estrarda L., et al.[83]
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With the development of genetic engineering, new recombinant proteins can be
designed from the scratch, or improved adding modifications to the existing
proteins to incorporate new properties to meet patient’s needs, providing
strategies to design and produce multifunctional proteins to build protein-only
nanoparticles. Comparing with chemical methods, genetic engineering has
controllable effect on protein structure and properties after production, proteins

form nanoparticles spontaneously due to the careful design.

3.1 Albumin

Another widely used protein in nanomedicine is albumin formulated in
nanoparticles. Aloumin is the most abundant plasma protein which is synthesized
in the liver as other plasma proteins, with a molecular weight of 66.5 kDa and an
average half-time of 19 days. The three-dimensional structure of human serum
albumin (HSA) has been well defined by X-ray structure analysis[84], it contains

three flexible sphere domains(l, I, 111,) [85]as showed in Fig 6.

P (als . - ’ ,)
Uk 0 K binding
binding / &2\ ) & ~ Site 2

Site 1

Fig 7: The 3-D structure of Human serum albumin. Adapted from D.C. Carter, et al.[86]
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Albumin is an ideal protein with a nanoscale size, for delivery of therapeutics,
because it is considered non-immunogenic, nontoxic, biocompatible and
biodegradable. Furthermore, aloumin can bind glycoprotein (gp60) receptor that
mediates transcytosis [87, 88]. In addition, it can also bind many therapeutic
molecules such as penicillins, sulfonamides, indole compounds and
benzodiazepines; it can also transport metal ions like copper(ll), nickel(ll),

calcium(Il) and zinc(ll) in blood [89].

In the middle of 20™ century, a report described that different plasma proteins
were accumulating in mouse tumors [90]. As albumin is the most abundant
plasma protein, scientists started to think of the possibility of using aloumin as a
drug carrier, to deliver therapeutics to tumors. The mechanism is this: because of
the leaky defective blood vessels (with a pore size of 100 nm to 1200 nm) in
tumor tissue [91], it allowed macromolecules to extravasate into tumor tissue
meanwhile in healthy vessels, the marcromolecules will be rejected by the
endothelial barriers [92, 93]. Moreover, defective lymphatic drainage in tumors
constrains proteins larger than 40 kDa to accumulate in tumors even after 100 h
post application [94, 95]. Based on this, in the following years, scientists started
using albumin radiolabeled or conjugated with dyes to study tumor uptake. The
results showed that 3% to 25% of albumin was detected in the tumor tissue [96].

"n]-DTPA, it was shown

For example, after administering labeled albumin with [
that more than 20% of protein accumulated in tumor after a single dose of
injection [97]. Afterwards, instead of labeling radiopharmaceuticals, scientists
started to conjugate therapeutic drugs to albumin for clinical uses. The most

famous one was albumin-based nanoparticles conjugated with paclitaxel-
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Abraxane (nab-paclitaxel), with the purpose to treat breast cancer and was
approved by FDA in 2005 [98]. Compared with normal paclitaxel, nab-paclitaxel
had higher tumor response rates, of 33% instead of 19%, and it was retained
longer in tumor: 23 weeks compared with 16.9 weeks. This accumulation is due to

the transcytosis initiated by aloumin binding to its receptor gp60 (glycoprotein).

There are other albumin-based therapeutics such as methotrexate-albumin
conjugate, which is an albumin-binding prodrug of doxorubicin [99], and the 6-
maleimide, which is a caproyl hydrazone derivative of doxorubicin (DOXO-EMCH)

[100] . Both have also been used in clinics.

3.2 Virus-like particles (VLPs).

Virus-like particles are composed by outer shell of viruses or parts of them.
Without genome, they are unable to self-replicate, having a similar or highly
related structure to their corresponding viruses [101, 102]. After the first VLP was
generated in 1980, VLPs become an extensively accepted technology, and widely
used in different fields. During the last three decades, over 110 VLPs were created
from 35 different viral families [101]. VLPs were frequently used in designing
vaccines. Since they have virus surface-displayed structure and densely repeated
amino acids (AA)[103, 104], VLPs activate a high-immune response, and
stimulates B cells to secrete high-titer antibodies. Nano sized VLPs can be taken
by antigen-presenting cell, that lead to T cell activation, and generate strong
cellular immune responses without using adjuvants [105, 106]. For example,
scientists have designed hepatitis B (HBV) surface antigen and the human

papilloma virus (HPV) capsid protein L1 as a new vaccine to fight against HBV and
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HPV induced cervical cancer. This vaccine has been already commercialized [107,
108]. In addition, VLPs could be designed as vehicles to deliver nucleic acids and
drugs for gene therapy. Icosahedral and lipid-enveloped virus like vectors are

considered to be the most promising gene vehicles [109, 110].

Based on their structure, VLPs can be divided into two major categories: non-
enveloped and enveloped VLPs. Non-enveloped VLPs are composed of one or
more fragments from main capsid proteins and are able to self-assemble, not
including any host components [111, 112]. Enveloped VLPs are formed by the
host cell membrane with integrated antigens displayed on the surface [113, 114].
Most VLPs have been designed as recombinant proteins that can be produced in
bacterial cells, mammalian cells, insect cells, yeasts and plants [115-117].
However, there are some disadvantages in the use of VLPs, such as packaging
capacity, difficulty in their production, and the undesirable immunological

response. All these issues should be taken into consideration.

3.3 Multi-functional proteins

The use of protein based nanoparticles for therapeutics and diagnosis always
meet a lot of challenges, such as protein particle stability in blood, half-time in
body, biodistribution, how to cross the biological barriers, targeting, cell
internalization, endosomal escape etc. To solve those problems, recombinant
proteins recruiting different functions are needed. With the help of genetic
engineering, this could become true. For this purpose, many functional domains
or peptides can be selected and carefully designed to combine together, then

expressed in a proper host system to produce new multifunctional proteins. The
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new protein has many biological activities which come from the original domains
or peptides, and those activities could exhibit protein functions such as receptor
interaction and binding, cell internalization, endosomal escape, therapeutics
binding and releasing, intracellular trafficking, nuclear transport and crossing
biological barriers such as blood-brain barrier, making the protein particles more

versatile and efficient.

There are mainly two ways to design multi-functional proteins. One is known as
modular protein engineering [118], which means properly design those functional
domains or peptides into one polypeptide, then express them in a host system as
a fusion protein with multi-functions derived from those domains [119] (Figure 8).
As an example, an RGD based polypeptide contained four biological active
domains was designed and produced in our lab. This RGD based recombinant
protein could form 80 nm nanoparticles, and exhibited the function of promoting
the proliferation and partial differentiation of neuron-like cells [120, 121]. In this
method, the number and order of modules should be carefully selected and
designed, and the structure is unpredictable since those domains and peptides
come from different origins and have a variety of properties, and sometimes

purification problems are encountered.

The other strategy is called as de novo rational protein design. In this method, a
stable, no biohazard, easy to be tracked protein is selected as a backbone scaffold,
then using genetic engineering technigue functional domains or peptides are
inserted to some specific sites of this protein, giving the scaffold protein different
functions[118] (Figure 8). With this strategy, proteins with multi biological

activities, high stability, clear background, easy to track, could be produced. The
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insertion of amino acids should have low influence on the structure of scaffold
proteins; otherwise, it will lead to unpredicted effects, so the insertion site should
be carefully chosen. When selecting scaffold proteins, several factors should be
taken into account, such as their background, stability, yield, whether they are
easy to purify and trackable, etc. Among all the proteins, albumin is a good
candidate for a scaffold protein, because it has good properties that have been
described before. For example, interferon a-2b has antiviral activity, with a short
half-life of 2-3 h in human body and requiring frequent injection; to improve this,
interferon a-2b was genetically fused with albumin to obtain a new protein and
after subcutaneous injection, this protein had a half-life of more than 140 h, and
the antiviral property was highly retained, this strategy is now being used in phase

[l studies against hepatitis C [122, 123].

Another widely used scaffold protein is the GFP. There are countless works about
GFP based fusion proteins, as it has high stability and high solubility, it is non-toxic
and non-immunogenic, with the green fluorescence, their distribution,
localization and internalization is easy to be tracked. In our lab, we use GFP as a
backbone scaffold and functionalized it with several different ligands; also a His-
tag was added for purification and endosome escape purposes [39, 124]. For
example, an arginine rich peptide was added to the N terminal of GFP protein,
and the functionalized GFP protein acquired internalization capacities in different
cell lines, converting the recombinant protein in a carrier useful for drug delivery

and gene therapy [125, 126].
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Figure 8: Schematic represent of modular protein and de novo scaffold protein approaches for

multifunctional proteins.

3.3 Peptide-driven self-assembling protein nanoparticles

During the production of multifunctional proteins, many functional peptides or
domains have been identified by high throughput screening or directed molecular
evolution, and those peptides were used to target cell surface receptors,
membrane interaction and nuclear localization [127]. However, only few peptides
or domains were reported to be able to regulate the formation of nanoparticles,
and most of these peptides are amyloidogenic protein segments that form fibers,
membranes or hydrogels, instead of forming protein nanoparticles, they only
induced protein aggregation [128, 129]. In our lab, by using the “de novo rational
design” method, we designed and generated a series of peptide-driven self-

assembling nanoparticles. GFP was chosen as a backbone scaffold and a His-tag
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was added in the C-terminal. In the N-terminal, a cationic peptide containing
polyarginines was fused. Because of the structure of GFP, as a monomer, both
peptides could be exposed to the solvent, as showed in Figure 9A. Normally, with
the existence of this tag pair, nanoparticles will self-assemble driven by
electrostatic interactions, hydrogen bonds and van der Waals forces between
monomers, and this interaction can be disrupted by increasing the concentration
of salt [130]. When using highly cationic peptides such as R9 and T22 (a peptide
derived from polyphemusin Il which is a basic protein from horseshoe crab’s
blood) [125, 131], the molecular interaction is very stable forming nanoparticles
of 13-20 nm (Figure 9B) even in the bloodstream, with relatively high salt
concentration [132]. Apart from architectonic new abilities, these two building
blocks, have other functions: H6 tag can promote endosome escape [124], while
R9 peptide has the ability of bind DNA, membrane-crossing and thus enhancing
cell internalization and also nuclear translocation; T22 could specifically binding
CXCR4 receptor (a cell surface receptor related to several human pathologies
including metastatic colorectal cancer), thus can be used to target colorectal
tumors for diagnostic and therapeutic purposes. These properties enable this

protein nanoparticle as a suitable vehicle for gene therapy.
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Fig 9: Molecular modeling of R9-GFP-H6 protein nanoparticles. R9 and H6 domains are the red
and blue domains coming out the upper part of GFP beta barrel. Adapted from Vazquez, E., et

al [125]

4. Nanoparticle Targeting and biodistribution

After nanoparticles are generated, the next step is to deliver them to required
sites. This refers to the targeting delivery of nanoparticles to specific organs,
tissues and cells. There are two ways to achieve this: passive targeting and active

targeting.

4.1 Nanoparticle targeting

One classic example of passive targeting is the enhance permeability retention
effect (EPR) presented in tumors. This is caused by the underdeveloped, leaking
vasculature and poor lymphatic drainage, which allows large size molecules to
accumulate in tumor tissue [133, 134]. However, there are limitations to passive
targeting such as: the EPR effect is different for different tumor types, and the
lack of control may lead to drug expulsion and induce drug resistance in cancer

cells. [135]

This could be improved by active targeting, which means to incorporate targeting
ligands on the surface of nanoparticles that could enable the nanoparticle to
localize and internalize into target cells and tissues through a ligand-receptor
interaction. This delivery strategy achieves a high targeting specificity and delivery
efficiency, while avoiding the side effects coming from the nonspecific binding.

Active targeting strategies always rely on the use of specific peptides, proteins
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(mainly antibodies and their fragments) or other small molecules such as sugar

moieties.

Antibodies present high binding affinity and selectivity towards the target, thus
are widely used in targeting delivery of nanoparticles for therapeutic (antibody
drug conjugates —ADC) and diagnosis purposes. Several nanomedicines which are
conjugated to antibodies have been approved by FDA [136-138]. However, there
are some limitations such as manufacturing cost, size is usually too large for an
optimal tumor penetration and they may potentially induce an immunogenic
response. Peptide-based targeting is another popular strategy due to their small
size, easy to produce at low cost and low immunogenicity [139]. These peptides
mainly originate from the binding region of a protein, thus giving the ability to the
peptide to bind target cells with a specific surface marker. However, since they
are just a fragment of the binding region, they may have low target affinity, and
also susceptibility to proteolytic cleavage. There are also other small molecules
such as folic acid [140], carbohydrates [141]and glycosylation used for targeting,
as they are inexpensive to produce and have great potential as a class of targeting

moieties.

The ultimate target for a nanoparticle is a subcellular compartment, where it
could release their cargo and the intracellular action occurs. This makes the
organelle-specific targeting an important evaluation of the effectiveness of any
engineered nanoparticle. To target different organelles, nanoparticles should be
designed appropriately to meet the targeting requirements. For example,
transport of oligonucleotides to the nucleus requires an endosomal escape motif

to avoid oligonucleotides degradation, and then a nuclear localization signal
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should be present to activate the nuclear transport, driving uptake into the
nucleus [142, 143]. If for example we want to deliver cargo to mitochondria, the
electrostatic interactions between the engineered nanoparticle and the
mitochondrial membrane should be considered at first [144]. There are also other
tools and strategies to target organelles such as mitochondria, peroxisomes and

endosomes/lysosomes [145-147].

Despite the promising use of ligand-receptor mediated targeting, when compared
with the passive targeting in vivo, active targeting does not increase the drug
accumulation at target site. For example, using HER2-antibody targeted liposomes
or transferring-targeted gold nanoparticles do not show increased nanoparticle
concentration in tumor when compared with passively targeting [148, 149]. Even
though, some researchers believe that ligand-receptor mediated targeting could
make sense when there is poor internalization for agents, such as DNA and siRNA
which are negatively charged macromolecules [150], or in some special targeting
sites where the passive targeting could not be achieved [151]. Moreover, in gene
therapy, the main goal is to target on lesion’s site, and deliver therapeutic gene
inside diseased cells. Then, using ligand-receptor mediated targeting not only
increases the specificity of targeting, but also activates the cell internalization

process, leading to the high efficiency of therapeutic gene uptake [152].

4.2 Size is affecting nanoparticle targeting and distribution

Since different materials can be used to produce nanoparticles, this varies
physical characteristics from one particle to another. Among all the features, size,

shape and surface charge are the most critical properties. That is because these
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parameters directly determine nanoparticles’ function, such as the interaction
with other particles, ligand and receptors, the circulation time in the body, and
more importantly, directly decide the distribution on different tissues and organs,
the localization on a specific target, the efficiency of internalization into target
cells and intracellular trafficking; among these parameters, size is one of the most
critical ones[153]. Therefore, the selection of material and nanoparticle design is
very important, and for different target cells, tissues and organs, appropriate

design of nanoparticles should be considered.

Our body has different systems to clear non-natural molecules, including
reticuloendothelial system (RES), Kupffer cells in liver, renal clearance at kidney
and mechanical filtration in spleen nanoparticles with a size around or under 5 nm
will rapidly be cleared by renal filtration and urinary excretion, and when the
nanoparticle is larger than 200 nm, then it will be cleaned by the spleen[154].
When the size is bigger than 500 nm, it is easily removed by RES system[155]. The
size of a nanoparticle is very important for maintaining the circulating time in the
body, because usually long circulation time is needed to increase the drug
accumulation in target tissue. On the other hand, nanoparticles containing heavy
metals should have short half-time in body, because this type of nanoparticles will

lead to long-term toxicity.

At the organ level, nanoparticles of different size will be preferentially targeted to
different target tissues (Table 1). Here are some examples: particles of size
ranging 5-100 nm showed ability to cross BBB, but the uptake efficiency will
decrease with the size, and <15nm particles targeted to the BBB showed high

crossing efficiency [156, 157]. To target lymph nodes, the chosen nanoparticle
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size mostly depend on the administration route. Through intrapulmonary
administration, nanoparticles with a size range of 6-34nm could rapidly reach to
lymph nodes, and through subcutaneously injection, the size could increase to 80
nm([158]. Nanoparticles can easily reach the liver through intravenously
administration, but only particles smaller than 100 nm can reach hepatocytes,
since bigger nanoparticles will accumulate in activated Kupffer cells [159]. The
lungs can be accessed directly through inhalation or indirectly following
intravenous administration [160]. By using intravenous administration,
nanoparticles over 300 nm in diameter can reach the lung and be trapped in the
intricate capillary beds of the alveoli, and smaller particles tend to diffuse to other
organs after 1-2 hours after first administration[161]. In cancer tissues, the tumor
vasculature may have fenestrae, and nanoparticles with a size up to 400 nm are

able to accumulate in such pathological sites, through the mechanism known as

EPR[162].

Targetorgan Particle size Surface property Comments

Brain 5-100 nm: uptake efficiency decreases  Lipophilic moieties and neutral Leukocytes can take up nanoparticles in circulation
exponentially with size charge enhance brain uptake and then carry them to disease sites in the brain

Lung >200 nm: particles are trapped inlung  Positive surface charge Inhaled particles with low density (<0.4 g percm?)
capillaries and of large size (>5 mm) are also retained in the

lung

Liver <100 nm, to cross liver fenestrae and No specificity needed Lipid and lipid-like materials tend to accumulate
target hepatocytes. >100 nm particles inthe liver
will be taken up by Kupffer cells

Lymphnodes  6-34 nm: intra-tracheal administration.  Non-cationic, non-pegylated and 200 nm particles in circulation can be taken up by
80 nm: subcutaneous administration sugar-based particles leukocytes and trafficked to lymph nodes

Bone Unknown Compounds such as alendronate Despite great importance, bone targeting is

and aspartic acid adhere tobone and  under-researched
have been used for bone targeting

Table 1: General considerations for nanoparticle delivery to specific organs. Adapted from Avi

Schroeder, et al [163]
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After nanoparticles are administered into the body, the next step is to bind to
target cells. Some nanoparticle internalization is mediated by ligand-receptor
interaction. Once ligand is bound to the receptor, the binding will produce a
localized decrease of Gibbs free energy, and induce the membrane wrap around
nanoparticles to form vesicles. These vesicles are shedding from the membrane
and then fused with other vesicles to form endosomes[164]. The size of the
nanoparticle is quite important in this process, since with a larger size, there will
be more ligand displayed on the surface, and could interact with more receptors;
for example, 100 nm nanoparticles have more ligand-receptor interactions, can
act as a cross-linking agent to cluster receptor and induce uptake. By contrast, a 5
nm nanoparticle only can bind to one or two receptors and this is not enough to
trigger the internalization process (Figure 10). However, there is a size limitation:
20-50 nm is considered to be the optimal size [164] for receptor mediated
endocytosis. In this size range, there will be enough ligands for recruiting and
binding enough receptors to produce membrane wrapping, and if the size is larger
than 50 nm, nanoparticles will bind to a large number of receptors, this will affect
the redistribution of receptors on the membrane and may limit the binding of
following nanoparticles; moreover, if nanoparticles are too big, this will also affect
the formation of vesicles, thus, inhibiting the formation of endosomes[153].
Mathematical modeling showed that the optimal endocytosis only occurs when
there is no shortage of ligand on the nanoparticle surface and no receptor

shortage on the cell surface[165].
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Figure 10: Effect of NP size on endocytosis. Adapted from WEN JIANG et al.[166]

After targeting to cell membrane, there are different pathways for nanoparticles’
internalization, including clathrin dependent endocytosis, caveolae medidated
endocytosis, micropinocytosis, macropinocytosis and phagocytosis (Figure 11).
Among those, clathrin mediated endocytosis is the most common used pathway
[167, 168]. It has been reported that size is the key parameter in determining
which pathway will be used for nanoparticle internalization. Nanoparticle size
around 120 nm could internalize through clathrin-mediated endocytosis [169],
caveolin-mediated endocytosis prefer to internalize 60 nm nanoparticles, and
larger nanoparticles with a size up to 1 um tend to be uptaken by cell through

micropinocytosis or phagocytosis[170].
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Adapted from Petros etal. [155]

The behavior of nanoparticles in endolysosomal vesicles needs further study.
Some researchers suggest that protease Cathepsin L could cleave nanoparticle
ligand inside endosome [171], and if the nanoparticle is designed to escape the

endolysosomal system, the nanoparticle could enter the cytosol, interact directly

with different organelles and modulate cell behavior.[172]

The shape and charge could also affect internalization as well. Different studies
suggest that rod-shaped nanoparticles show the highest uptake, followed by
spheres, cylinders, and cubes [173]. Compared with spherical particles, rod-
shaped nanoparticles coated with ligands could present two different orientations
when interacting with cells, long axis and short axis, and the long axis could
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display more ligands to interact with cell surface receptor[174], as shown in figure

11.
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Figure 11: Effect of shape on nanoparticle binding avidity. Adapted from Randoll T., et al. [174]

Surface charge is also an important parameter in nanoparticle distribution.
Nanoparticles with positive charge are easily cleared from the blood and cause
several complications such as hemolysis and platelet aggregation. In addition,
charged nanoparticles interact with serum proteins like immunoglobulin and
lipoproteins. Cationic charged nanoparticles also tend to have a faster cell
internalization compared with neutral or negative charged nanoparticles, because
cell membranes have a slight negative charge due to the glycosaminoglycans of

the surface and cell binding is favored by electrostatic attractions[175, 176].

4.3 Control of nanoparticle size

Since size is such an important parameter to nanoparticle, the control of size is
become a critical issue in nanoparticles production. So far, the control of
nanoparticle size is mainly depending on different synthesis strategies and

processes. Normally, once nanoparticles were generated, the size cannot be
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changed, however, there are some exceptions such as protein nanoparticle size

could be altered when changing the pH or salt concentration.

Metal nanoparticles such as gold, silver and iron based nanoparticles are normally
generated by simple chemical reaction processes, and their size could be
controlled by changing the chemical components ratios in the reaction. For
example: different size of gold nanoparticles from 10-40 nm could be generated
by mixing chloroauric acid with citric acid at different ratios, and different silver
nanoparticles could be obtained by mixing silver nitrate and sodium borohydride
at different ratios [177]. There are different methods to produce iron oxide
nanoparticles, such as aqueous co-precipitation, microemulsion and thermal
decompilation. With those methods, nanoparticles of different size could be
generated. There is another method named as “seeding growth” is adopted to
produce larger metal nanoparticles. Small metal particles are prepared first and
later used as seeds (nucleation centers) for the preparation of larger size particles.
Recently, seeding growth methods were developed for size control of Au, Ag, Ir,

Pd, and Pt particle [178].

Silicon nanoparticle’s size can be also controlled by changing the chemical
reaction conditions. Recently, a study showed a simple approach of producing
monodisperse silica nanospheres between 50-100 nm just by increasing the

reaction temperature from 40 °Cto 80 °C [179].

Polymeric nanoparticles can be produced by many different methods, among that,
solvent evaporation is the most widely employed technique to prepare polymer
nanoparticles [180]. In this method, parameters such as preparation temperature,

internal aqueous phase volume, surfactant concentration, and the influence of
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the molecular mass will affect nanoparticle size [181]. For example: changing of
dichloromethane and acetone ratio will lead to the change of nanoparticle size
from 60-120 nm [182], and when using methylene chloride as solvent in the
preparation of nanoparticles, the size is larger than those prepared with ethyl

acetate [183].

Proteins can be produced in many different biological systems, and the size of
monomer protein particles is determined by the number of amino acids and
related to the molecular weight, the more amino acids, the larger the size. For
those multimeric protein nanoparticles, their size depends on the number of
protein monomers which participates in its formation. However, when using
desolvation method to produce protein nanoparticles, the size is also affected by
the concentration of ethanol and crosslinker. Meanwhile, in our lab, when we
were using combined cationic peptide and polyhistidine to produce nanoparticles,
we found that after nanoparticles were generated, the size of nanoparticles can
be manipulated by changing the ionic strength and the composition in the
cationic residues of the N-terminal tag [130, 132], obtaining protein nanoparticles

rangingin size from 10 to 50 nm.

5. Nanoparticles able to cross barriers

To reach the target tissue, organ or cell, there are some barriers that the
nanoparticles have to overcome. These barriers can be classified as external
barriers and internal barriers (Figure 12). The external barriers include skin and

the mucous membranes, the internal barriers can be divided into en-route (blood

41



Introduction

and extracellular matrix) and cellular barriers (the limitation of cell uptake such as

endosomal/lysosomal degradation, inefficient targeting, etc).

« Skin: Mainly the outermost \ * Blood: Opsonization, \ * Cellular uptake: Passive diffusion \

hydrophobic tightly packed layer of
stratum corneum (10-20 pm).
Passive diffusion (<1 kDa).

* Mucus: Viscoelastic hydrogel with
composition and pH depending on
the physiological region.
Mucociliary clearance,
adhesiveness, steric hindrance,
enzymes and pH are the main
contributing barriers.

Mucin network (100-1000 nm).
GIT: digestive enzymes and pH
gradient (from 1 in stomach-to-7.5

* Renal clearance: Renal molecular

destabilization, displacement of the
copolymers or the cargo,
degradation of the copolymers,
disassembly of the copolymers,
premature detachment of the
surface-decorating ligands and
leakage of the cargo.

Blood capillaries diameter (~5-40
pm).

Plasma constituents (1-10 nm).
Tumors vasculature pore size (<200
nm).

weight cutoff size (~48 kDa or ~10
nm).

(<1 kDa).

* Endocytosis: Internalized vesicles
(60-120 nm or larger).

* Cytoplasm: Degradation.

* Translocation to subcellular
lles: Nuclear pore ¢
(~10 nm).

* Exocytosis: Cellular clearance of the
nanoparticles.

in large intestine). * Hepatic and splenic clearance: Liver
and spleen fenestration (<500 nm).

* BBB: Pore size upper limit (~12
nm, malignant glioma).

* Extracellular matrix

\, J \ 7/ \ /

Figure 12: Barriers towards the delivery of nanoparticles can be classified into external barriers,
en-route barriers and the extracellular and cellular and subcellular barriers. Adapted from

Elsabahy, et al.[37]

The body is covered by either skin or mucous membranes, and they constitute the
first protective barrier of our body. Based on the properties and structure of skin
and mucous membranes, they could prevent nanoparticles to reach their local or
systemic target through the blood, and each of them has different mechanisms to
achieve that. In addition, nanoparticles that could cross the skin and mucous
membranes, they could suffer surface properties modifications that alter

nanoparticle’s stability even before nanoparticle reaches its targeting site [37].

To circumvent skin and mucous barriers, researchers may use intravascular
injection to deliver nanoparticles into blood, and for many tissues, this is the only
way to reach the target tissue or organ [184-186]. However, after nanoparticles

are administered into bloodstream they have to face a series of hurdles such as
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renal and hepatic filtration, mononuclear phagocytic system (MPS) clearance,

aggregation with serum proteins, and degradation caused by enzymes [52, 187].

The interaction between nanoparticles and plasma proteins or other blood
components is the main reason causing nanoparticle’s aggregation or degradation.
Among this, opsonization is considered as one of the major modifications [187].
The most common opsonins include immunoglobulins, complement proteins,

albumin, lipoproteins and fibrinogen [186].

The mononuclear phagocytic system (MPS) is an important immune component
which consists of different types of phagocytic cells, such as macrophages from
lymph nodes, macrophages, spleen and other tissues [52, 188]. MPS can protect
the body by removing foreign microorganisms like viruses, bacteria and fungi.
However, therapeutic nanoparticles and macromolecules can be recognized as
foreign material by MPS, and MPS are highly efficient at removing nanocomplexes

by initiating severalimmunological reactions [189].

Nanoparticles can be distributed to various tissues and organs during circulation,
thus, leading to clearance at different organs. When they reach the kidney, some
nanoparticles and other components from blood will be filtered and secreted into
the urine [190], while in liver, they will be secreted into bile and then cleared
through the feces [191]. These excretions are related to some physical

characteristics of the nanoparticle (size, charge, shape etc.).

There is another physiological barrier that prevents nanoparticle diffusion from
blood stream to the target site, which is the vascular endothelial barrier [192].

Because of the properties of endothelial cells and the tight junction between cells,
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nanoparticles larger than 5 nm could not readily cross the capillary endothelium,
remain in circulation, and then are cleared by other systems. Some tissues like the
blood-brain barrier exhibits even more stringent permeability [193], which will be
discussed later. Meanwhile, some tissues allow larger molecules up to 200 nm to

internalize, such as liver, spleen, and tumors [194].

After nanoparticles leave the bloodstream, then have to cross the extracellular
matrix, which consist of polysaccharides and fibrous proteins [195]. This dense
network could resist the transport of macromolecules and nanoparticles or even
trap them and provide the opportunity for the uptake by macrophages[196].
When nanoparticles reach the cell surface, there are five recognized pathway for
internalization: phagocytosis, macropinocytosis, clathrin-mediated, caveolin-
mediated, and clathrin/caveolin-independent endocytosis [127, 164, 197]. Then,
nanoparticles will be trapped in some vesicles like endosomes or lysosomes, and
often results in degradation because of the pH and the enzymes found in the late

endosomes (lysosomes)[198].

6. The Blood-brain barrier

From the description above, we know that to reach the target site nanoparticles
have to cross several barriers, moreover, there are some physiological barriers
which are the most challenging problems for nanoparticle delivery and targeting,
and one of those is the BBB. Preliminary studies described BBB as a passive
impermeable barrier that separates blood and brain interstitial fluid [199]; later
on, further studies proved that BBB is also a dynamic layer which could transport

nutrients, proteins, peptides and even immune cells between the blood and the
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brain, and the exchange of small molecules is strictly controlled[200]. The widely
accepted BBB function is to protect the brain against the entry of noxious agents,
and this neurovascular unit is indispensable for the protection of the underlying
brain cells and the preservation of the central nervous system (CNS) homeostasis

stability [200, 201].

The structure of BBB consists of endothelial cells, astrocytes, pericytes, neurons
and the extracellular matrix [202] (Figure 13). The brain endothelial cells are
different from peripheral vascular endothelial cells because they have unique and
distinguishing properties such as the absence of fenestrations, more extensive

tight junctions (TJ) and less vesicular transportation.

The inter-endothelial spaces between cells of the brain vasculature are connected
with tight and adherents junctions (AJ). The TJ consist of three transmembrane
proteins, claudin, occludin and junction adhesion molecules; these proteins
compose the paracellular barrier of TJ, mediate the adhesion between cells, and

could regulate the migration of leucocytes and the permeability of BBB [202].

The AJ is comprised by the membrane calcium-dependent protein cadherin,
which could form adhesive contacts between cells through binding actin
cytoskeleton together via intermediary proteins. TJ and AJ together restrict

permeability to cross the BBB endothelium [202].

Astrocyte is a type of neuroglia cell with a star-shaped, which is non-neuronal and
acts like support material in brain. The endfeet of astrocytes are closely opposed
to the microvascular structures, thereby separating the capillaries and the

neurons; astrocytes also play an important role in the maintenance of BBB
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phenotype, and directly influence the dynamic circulation of the brain [203]. The
space between the endothelium and the astrocytes is called basal lamina [204]; it
is embedded with pericytes and filled with collagen, proteoglycans, laminin,
fibronectin, and other extracellular matrix molecules. It acts like a barrier to the

macromolecules and provides the possibility of cell attachment via integrins [205].

Astrocyte Tight junction

endfoot

Pericyte Tightjunction

Basal lamina

Microglia Astrocyte

Figure 13: The BBB structure . Adapted from Abbott et al.[206]

6.1 Transportation across BBB

Because of the structure and the characteristics described above, the BBB is 50-
100 times tighter than peripheral microcapillaries, it provides a good protection of
the brain tissue, and allows lipid-soluble molecules to be transported across the
membrane meanwhile hydrophilic solutes only have minimal permeation [36,
207]. However, on the other hand, it also creates severe restrictions for most
drugs to be transported from plasma to extracellular space, thus, hinders the

delivery of therapeutics inside the brain.
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The transportation of substances across the BBB is mainly through three ways: (A)
Passive diffusion, the general rule is that the lipid-soluble substances have higher
diffusion across the BBB, for example, alcohol, nicotine, and caffeine could
dissolve in lipid bilayer of the cell membrane, and then could cross the barrier
easily; however, hydrophilic solutes such as penicillin can barely cross the
BBB[208]; on the other hand if the hydrogen bond is reduced, the membrane
permeability will increase[209]. Smaller substances (oxygen, carbon dioxide, nitric
oxide, and water) could diffuse freely across BBB following their concentration
gradient. (B) Active transport: substances like glucose, amines, amino acids,
nucleoside, monocarboxylates, and small peptides are essential for the brain
metabolism, however these substances are hydrophilic and have poor brain
endothelium permeability. In brain, such solute substances could bind to specific
membrane protein carriers and be transported across BBB along concentration
gradients; this transportation is called carrier-mediated transport or active
transport and it is independent [35, 210]. (C) Receptor-mediated transport:
Endocytosis is an important mechanism to transport large molecules across
membrane, however, only few none-specific endocytosis occurs in brain
vasculature compared to peripheral capillaries [211](Figure 14). To maintain the
brain metabolism of macromolecules such as hormones, growth factors, enzymes,
transferrin, insulin and several plasma proteins can cross the BBB by receptor-
mediated endocytosis [212-214]; this highly specific endocytosis is energy-
dependent, and it explains why there are more mitochondrias in brain endothelial

cells than that in peripheral endothelial cells [211].
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Figure 14: Mechanisms for crossing the BBB (A) Passive diffusion: fat-soluble substances
dissolve in the cell membrane and cross the barrier. Water-soluble substances such as penicillin
have difficulty in getting through. (B) Active transport: substances that the brain needs such as
glucose and amino acids are carried across by special transport proteins. (C) Receptor-mediated
transport: molecules link up to receptors on the surface of the brain and are escorted through.

Adapted from Jain etal.[215]

6.2 Peptide tags for crossing the BBB

Based on the transport mechanisms of the BBB, many drugs and therapeutics
were designed to cross BBB through carrier-mediated or adsorptive-mediated
transcytosis, or coated with proteins or peptides to cross the BBB via receptor-
mediated transcytosis pathway[216]. The former method is of low efficiency since

the CNS endothelial cells (ECs) show a lower rate of transcytosis activity than
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peripheral ECs, and this makes this type of nanoparticles to be more easily
uptaken by other tissues [216, 217]. Thus, receptor-mediated transcytosis
becomes the best option, using receptor-mediated transcytosis pathway to
deliver drugs and therapeutics bound to proteins or peptides to cross BBB, and it
has been widely adopted in many researches. There are mainly several types of
peptides which are widely used: Low density lipoprotein peptides [218-221],
transferrin [222-225] and insulin peptides [226-228], because their receptors are
highly expressed on the endothelial cells from BBB, and this will make the

transportation more specific and efficient.

The low-density lipoprotein (LDL) is a normal blood constituent; its biological
function is to deliver cholesterol to the tissues. The corresponding receptor is the
LDL-receptor (LDLR), an endocytic receptor which belongs to a varied family and
can induce the uptake of cholesterol-rich lipoproteins, and it has been identified
as a high affinity binding site for brain capillaries [229, 230]. The most prominent
apolipoproteins for binding LDLR are the apolipoproteins B and E (ApoB and
ApoE), that can bind to LDLR on the surface of target cell, and induce endocytosis
[231-233]. Based on this, some nanoparticles incorporated an ApoB or ApoE
derived peptide to deliver drugs and therapeutics into the brain [234, 235].
Another promising peptide named “Angiopep” showed promising ability to cross
BBB through LDLR-mediated trancytosis [236]. This peptide derived from the
consensus binding sequence (Kunitz domain), can be conjugated to drugs, and it
has been already used in ongoing clinical trials for the treatment of brain tumors

[237, 238].
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Transferrin (TF) and insulin (IF) are large molecules necessary to maintain the CNS
normal function; they are also transported to the brain via receptor-mediated
transcytosis as these receptors are highly expressed on the brain endothelial
cells[224]. Based on this, different research groups developed antibodies to target
on TF and IF receptor, with the purpose to increase the transport through the BBB
[239-242]. In these experiments, recombinant proteins have two functional
moieties; the therapeutic peptide fused to the carboxy terminus of the 1gG heavy
chain and the complementary determining regions of the monoclonal antibodies

that are located at the N-terminus [243].

6.3 Nanoparticles in BBB transportation

In recent years, nanoparticles have widely participated in the delivery of drugs
and therapeutics across the BBB for the treatment of different CNS diseases like
Alzheimer’s disease, stroke, brain tumors, etc. [244, 245]. There are many
advantages in the use of nanoparticles to cross the BBB. First, since the BBB only
uptakes substances in a narrow size range, nanoparticles could be produced in a
suitable size to meet the demand; second, nanoparticles have tunable surface
properties, such as morphology and charge, but they can also be coated with BBB-
crossing proteins or peptides through receptor-mediated transcytosis pathway,
also increasing the specificity and efficiency of drugs, meanwhile, reducing the
systemic toxicity. Moreover, nanoparticles would not disturb the barrier, thus,
reducing the unnecessary damage. Based on this, many nanoparticles coated with
BBB-crossing peptides were generated, and most of the BBB-crossing peptides
that have been used target LDLR, transferrin and insulin receptors. For example,

liposomes and polymers coated with ApoE-derived peptides could deliver drugs
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crossing an in vitro BBB model [246, 247], polymeric nanoparticles such as
polybutylcyanoacrylate (PBCA) coated with ApoB and E showed promising
permeability crossing the BBB [248], and dendrimers like poly(amidoamine)
(PAMAM) were synthesized with transferrin on the surface to enhance BBB
transport and improve the drug accumulation in glioma cells[249]. Metal
nanoparticles, such as gold and iron nanoparticles are also coated with varied
BBB-crossing peptides like transferrin derived peptide, angiopep and insulin

derived peptide [250-252].

Protein nanoparticles have increased their popularity as nanocarriers since they
are low toxic, biodegradable and none-immunogenic; however, only few protein-
based nanoparticles are designed and generated for crossing BBB, like the Human
serum albumin (HSA) designed to be coated with transferrin, transferrin
antibodies or LDL to transport drugs across the BBB [253]. However, because HSA
and transferrin both are large molecules, after the conjugation, the size of
nanoparticles is even larger; on the other hand, the BBB crossing process is size
depended, molecules with smaller size and molecular weight (600 daltons) are
favorable to BBB, large molecules always being blocked by BBB, and that is the
reason why only few examples succeed to transport large size protein through the
BBB. Among these examples, Schwarze et al could send protein with 120 KDa
across BBB, however, the peptide they were using to targeting on BBB is derived
from HIV (human immunodeficiency virus), this will bring biosafety problems
[254]. Therefore, it is necessary to design efficient, biosafe, biodegradable protein

based nanoparticles for drug and therapeutic delivery across the BBB.

7. Overview
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Traditional drug delivery systems have many drawbacks, such as low specificity,
low efficiency and undesired side-effects. However, with the development of
nanomedicine, through the use of chemical or biological entities in the nanosize
range, this scenario could be completely changed. In the recent years, a large
number of nanoparticles have been developed as delivery systems for treatment
and imaging purposes. Many different materials have been involved in
nanoparticle design, aiming to improve the therapeutic efficacy and safety.
Among those, natural biomolecules such as proteins are an attractive material
because they are easy to produce, safer, biocompatible and biodegradable.
Moreover, protein nanoparticles provide various possibilities for surface
modification such as attachment of drugs and targeting ligands, thus allowing the
specific delivery of drugs and therapeutics. The nanoparticle-mediated targeting
delivery could be affected by different parameters, being nanoparticle's size one
of the most important factors as it also affects the bio-distribution and the
internalization of nanoparticles. How targeted proteins self-assemble and
therefore how nanoparticle formation will affect specific cell internalization are

critical issues that will be addressed in this thesis.

Nanoparticle-mediated targeting delivery is also widely used when overcoming
barriers in human body, especially in the BBB. The BBB could maintain the CNS
metabolic status by strictly regulating the exchange of substances between the
brain and the plasma and it is considered to be the strictest barrier in human
body, creating a great obstacle for delivery of drugs and imaging agents to CNS.
Nanoparticles could help drugs to cross the BBB because they have suitable size

and could exhibit targeting ligands on the surface. These ligands could interact
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with receptors at the BBB and then transport nanoparticles across BBB by
receptor mediated transcytosis. Based on this principle, in this context, we
designed and produced protein based nanoparticles containing low density

lipoprotein receptor (LDLR) ligands with the aim to target LDLR, and transport

nanoparticles across the BBB.
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Objectives

The first part of this study is aimed to deliver protein-based nanoparticles to the
brain parenchyma, crossing the BBB. Regarding this, we first focused on the
design, production and physico-chemical characterization of protein nanoparticles
which contain low density lipoprotein receptor (LDLR) ligands; then, the uptake of
protein nanoparticles both in vitro and in vivo models was extensively analyzed.

To achieve these, we set the following objectives:

1. To select proper peptides with binding activity to LDLR and to design fusion
recombinant proteins taking GFP as scaffold protein, to characterize those
proteins as biomaterials.

2. To study cell internalization of protein nanoparticles in LDLR" and LDLR" cell
lines.

3. To study the BBB permeability to nanoparticles in an in vitro model.

4. To analyze nanoparticle bio-distribution in animal models.

The second part of this thesis is aimed to study the self-assembling and dis-
assembling ability of peptide-driven protein nanoparticles, and to analyze how
size affects nanoparticle the performance of internalization on cells. With this
purpose, protein nanoparticles were treated with high concentration of NaCl to
destroy the interactions between proteins releasing the protein monomers, then
comparing the internalization of the two forms of the same protein. To reach

these goals, we planned the following objectives:

1. To produce CXCR4-targeted proteins with the aim to form nanoparticles
2. To set different conditions to generate either protein nanoparticles or protein

monomers.
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3. To characterize protein nanoparticles and protein monomers as biomaterials.
4. To compare and analyze the receptor-mediated cell internalization profile of

protein nanoparticles and monomers.
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Paper 1

Targeting low-density lipoprotein receptors with protein-only
nanoparticles

Zhikun Xu, Maria Virtudes Céspedes, Ugutz Unzueta, Patricia Alamo, Mireia
Pesarrodona, Ramon Mangues, Esther Vazquez, Antonio Villaverde, Neus Ferrer-
Miralles

Journal of Nanoparticle Research, 2015, 17(3): 1-14.

The aim of this work was to construct self-assembled protein nanoparticles
targeting on LDLR (which is a high affinity binding site in brain capillaries), with
the purpose of using nanostructured materials as vehicles for the systemic

treatment of CNS diseases.

Four different LDLR specific ligands were fused to GFP protein and His tag; among
those, only ApoB ligand, was able to promote the formation of protein
nanoparticles by intermolecular interactions involving the ApoB ligand and the His
tag of a neighboring monomer. This ApoB empowered protein nanoparticle
showed higher internalization ability on LDLR" cells, and higher permeability in
BBB in vitro model. However, when tested those proteins displaying LDLR ligands
in an in vivo model, two proteins which were not able to form nanoparticle
accumulated in at short post-administration time points, indicating that the
nanoparticulate form is not favoring the accumulation apart from preventing the
transient accumulation. This work brings up new concepts of BBB crossing

properties by using functional protein nanoparticles.
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Abstract Low-density lipoprotein receptors (LDLR) nanoparticles positively influences cell penetration
are appealing cell surface targets in drug delivery, as in vitro, the nanoparticulate architecture might be not
they are expressed in the blood-brain barrier (BBB) favoring BBB crossing in vivo. These findings are
endothelium and are able to mediate transcytosis of discussed in the context of the use of nanostructured
functionalized drugs for molecular therapies of the materials as vehicles for the systemic treatment of CNS
central nervous system (CNS). On the other hand, brain- diseases.

targeted drug delivery is currently limited, among

others, by the poor availability of biocompatible Keywords Recombinant protein - Self-assembling -
vehicles, as most of the nanoparticles under develop- Nanoparticles, LDLR - Cell targeting - BBB -

ment as drug carriers pose severe toxicity issues. In this Biomedicine

context, protein nanoparticles offer functional versa-
tility, easy and cost-effective bioproduction, and full
biocompatibility. In this study, we have designed and

characterized several chimerical proteins containing Introduction

different LDLR ligands, regarding their ability to bind

and internalize target cells and to self-organize as viral Cell-targeted drug delivery and personalized medici-
mimetic nanoparticles of about 18 nm in diameter. nes strongly push toward the development of biocom-
While the self-assembling of LDLR-binding proteins as patible materials adapted to deliver cargo drugs to
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specific cell types. A critical point in such design
process is the selection of intrinsically non-toxic
materials, which while keeping high structural and
functional tunability would not induce side effects
upon administration. Because of their biodegrad-
ability, biocompatibility, and functional and struc-
tural plasticity, proteins are highly convenient
materials to construct carriers for the delivery of
both conventional and emerging drugs (Lo-
hcharoenkal et al. 2014). On the other hand, drug
vehicles, apart from exhibiting powerful targeting
properties, should overcome the sequential biological
barriers encountered previous to reaching the right
compartment in the target organ. This
compulsory when targeting the central nervous sys-
tem (CNS) that is protected by the blood-brain
barrier (BBB) and by the blood spinal cord barrier
(Peluffo et al. 2015). Since in a therapeutic context,
local administration into brain is not desirable
because of its invasiveness (Lockman et al. 2002),

cell is

systemic administration is mandatory and empower-
ing drugs to cross the BBB has become a major issue
in current pharmacology and nanomedicine (Par-
dridge 2010). BBB tightly controls the access of
molecules and drugs to brain, either by paracellular or
transcellular pathways, by using both functional and
structural elements addressed to maintain brain
homeostasis (Barbu et al. 2009). Hydrophilic and
cationic small molecules show some spontaneous
penetrability. However, usual chemical drugs and
therapeutic proteins cannot cross the BBB or are
targets for the efflux pumps acting in the BBB. A
nanoparticulate organization of vehicles used for
systemic drug delivery increases drug stability and
circulation time (Céspedes et al. 2014), what, by
preventing renal filtration, offers potential for sus-
tained release of the cargo. Although these and other
properties of nanostructured materials are highly
desirable, paracellular penetration of nanoparticles
targeted to the CNS is assumed to be especially
problematical. Functionalization with ligands of hor-
mone receptors or transporters for transcytosis is then
mandatory despite the unexpected BBB-crossing
activities exhibited by a few polymers used for
nanoparticle fabrication and coating [e.g., polysor-
bate 80 and poly-(ethylene glycol-co-hexadecyl)-
cyanoacrylate (Kim et al. 2007; Kreuter et al. 2002)].

A catalog of potential BBB-crossing peptides and
proteins for functionalization is available (Van et al.
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2012) (http://brainpeps.ugent.be). Among them, ligands
binding transferrin, insulin, and low-density lipoprotein
receptors (LDLR) have been especially appealing be-
cause of their transcytotic properties. LDLR, in par-
ticular, are of additional interest they are
overexpressed in several human conditions including
lung, stomach, and cervical cancers. Several LDRL
protein ligands, namely ApoB (Spencer and Verma
2007); ApoE (Re et al. 2011; Wagner et al. 2012); and
Apo A-l (Fioravanti et al. 2012; Kratzer et al. 2007),
have been already used to functionalize diverse types of
drugs and nanoparticles to allow or enhance BBB
crossing. Others, such as Kunitz-derived peptides (An-
giopeps), presented in plain protein—drug complexes,
have entered clinical trials addressed to brain tumors
(Kurzrock etal. 2012). (http://clinicaltrials. gov/ct2/show/
NCTO14805837term=ANG1005&rank=6).  Although
several of these LDLR ligands have proved to be
promising, the ideal architecture for the drug-ligand
complex to effectively cross the BBB and reach the brain
remains to be elucidated. In particular, whether the ligand
would be more effective when functionalizing a nanos-
tructured vehicle than when applied in plain ligand—drug
complexes remains unsolved, being a critical issue that
needs further investigation (Juillerat-Jeanneret 2008).

In the present study, we have selected several
peptidic LDLR ligands and explored them as BBB
crossers as well as architectonic tags, in protein-only
materials with alternative presentations, namely
unassembled protein species or protein-only regular
nanoparticles. The in vitro and in vivo analyses of cell
penetrability, biodistribution, and brain targeting
provide new concepts about the BBB-crossing prop-
erties of functional protein nanoparticles, and suggest
divergent diffusion properties of BBB-targeted
nanoparticles when acting in cell culture and upon
systemic administration.

das

Materials and methods
Protein production and purification

Vectors derived from pET-22b and harboring an-
giopep-2-GFP-H6, seq-1-GFP-H6, and apoB-GFP-
H6 gene sequences had been designed in-house and
constructed by Genscript. These plasmids were trans-
formed into Escherichia coli BL21 (DE3) and positive
clones selected in the presence of 100 pg/ml
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ampicillin. Transformed bacteria were cultured in
750 ml LB (Luria—Bertani, Conda Cat. 1551.00)
medium in the presence of 100 pg/ml ampicillin at
37 °C until ODssp = 0.5, and incubated further over-
night at 28 °C with 1 mM isopropyl B-p-1-thiogalac-
topyranoside (IPTG) to trigger protein production.
Bacteria were harvested through centrifugation and
resuspended in Tris buffer (20 mM Tris—HCI pH 8.0,
500 mM NaCl, 10 mM Imidazol) in the presence of
EDTA-free protease inhibitor (Complete EDT A-Free;
Roche).Then, cells were disrupted by a French press
(Thermo FA-078A) at 1100 v, and the soluble frac-
tion separated from the mixture by centrifugation at
15,000xg for 30 min. The insoluble fraction from
ApoB-GFP-H6 was stored at —80 °C for further use.
All proteins were purified by His affinity chro-
matography in an AKTA purifier FPLC (GE health-
care). After filtering the soluble fraction, samples were
loaded onto HiTrap Chelating HP 1 ml columns (GE
healthcare), washed with Tris wash buffer (20 mM
Tris—HCI pH 8.0, 500 mM NaCl, and 10 mM Imida-
zol) and eluted in a lineal gradient with Tris elution
buffer (20 mM Tris—HCI pH 8.0, 500 mM NaCl, and
500 mM Imidazol). After purification, corresponding
fractions were collected and then dialyzed against
carbonate buffer (166 mM NaHCO,, pH 7.4) over-
night at 4 °C. Proteins were characterized by mass
spectrometry and quantified by Bradford assay. Some
of these activities were technically supported by
the Protein Production Platform CIBER-BBN/UAB
(http://www.ciber-bbn.es/en/programas/89-plataforma-
de-produccion-de-proteinas-ppp).

Protein purification from inclusion bodies

The pellet of ApoB-GFP-H6 IBs was washed with
water twice, and resuspended with solubilizing buffer
(40 mM Tris with 0.2 % N-lauroyl sarcosine, pH 8.0)
in a ratio 1:40 and incubated for 24 h at room
temperature. After that, the sample was centrifuged
at 15,000 x ¢ for 30 min. Resuspended soluble protein
from IBs was purified as described above with prior N-
lauroyl sarcosine removal using a Hitrap QFF ion
exchange column (GE healthcare).

Cell culture and flow cytometry

HeLa (ATCC-CCL-2) cells were cultured in DMEM
(GIBCO, Rockville, MD) supplemented with 10 %
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Fetal Calf Serum (GIBCO) at 37 °C and 5 % CO..
Human umbilical vein endothelial cells (HUVEC)
were maintained in M199 (Invitrogen) with 5 % Fetal
Calf Serum (FBS) and 1.2 mM r-glutamine, at 37 °C.
Cells were incubated with recombinant proteins (1 and
9 uM) for 24 h and further treated with 1 mg/ml
trypsin for 15 min to remove non-internalized protein.
Then, cells were collected and analyzed on a
FACSCanto system (Becton-Dickinson), using a
15 W air-cooled argon-ion laser at 488 nm excitation.
GFP fluorescence emission was measured with detec-
tor D (530/30 nm band pass filter). In endosomal
escape of proteins experiment, chloroguine was added
1 h before adding protein to the cell, and reach a final
concentration of 100 pM, after that, cells were incu-
bated with chloroquine and recombinant protein for
24 h. and then treated with the same procedure. For the
inhibition assay, HeLa cells cultured in serum-free
medium for 24 h (80 % confluence) were exposed to
ApoB-GFP-H6IBs (9 uM) protein and simultaneously
to increasing concentrations of suramin. After incu-
bation for further 24 h, intracellular fluorescence was
determined as described above.

Transmission electron microscopy (TEM)

Purified proteins were diluted to 0.2 mg/ml in dialysis
buffer (166 mM NaHCO;, pH 7.4), deposited onto
carbon-coated grids for 2 min, stained with uranyl
acetate, and observed in a Hitachi H-7000 transmis-
sion electron microscope.

Confocal microscopy

HeLa cells were seeded on Mat-Teck culture dishes
(Mat Teck Corp., Ashland, MA, USA), and after 24 h,
2 uM of protein was added to cell culture, then it was
incubated for another 24 h. The nucleus was stained
with Hoechst 33342 (0.2 pg/ml, Molecular Probes)
and plasma membrane was stained with CellMask™
Deep Red (2.5 pg/ml, Molecular Probes) for 5 min in
darkness. Later, cells were washed with PBS (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany).
Stained cells were examined using TCS-SP5 confocal
laser scanning microscope (Leica Microsystems, Hei-
delberg, Germany) with a Plan Apo 63x/1.4 (oil
HC x PL APO | blue) objective. Hoechst 33342 was
excited by a blue diode (405 nm) and detected at the
415-460 nm range. GFP proteins were excited by an
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Ar laser (488 nm) and detected at the 525-545 nm
range. CellMask was excited by a HeNe laser
(633 nm) and detected at the 650-775 nm range.
Z series were collected at 0.5 pm intervals.

Fluorescence determination and dynamic light
scattering (DLS)

All proteins were diluted to 400 pg/ml; then GFP
fluorescence was determined by Cary Eclipse Fluores-
cence Spectrophotometer (Variant) at detection wave-
length of 510 nm, by using an excitation wavelength
of 450 nm. Volume size distribution of nanoparticles
and monomeric GFP fusions were determined by
dynamic light scattering at 633 nm (Zetasizer Nano
7.5, Malvern Instruments Limited, Malvern, UK).

Cell permeability analysis

Permeability studies were performed at the USEF
Drug Screening Platform (http:/www.usc.esfen/
investigacion/riaidt/usef). Briefly, CaCo2 cells were
cultured in DMEM high in glucose supplemented with
10 % FBS, 1 % non-essential amino acids (100x),
| % v-glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin, 95 % air, and 5 % CO, and at 37 °C.
The cells (CaCo2, passage 65) were seeded in the
apical compartment of a sterile 6-well transwell at a
density of 250,000 cells/wellin 1.5 ml of medium, and
2.5 ml of fresh medium was then added to the basal
compartment. Cells were maintained in this medium
for 21 days until complete differentiation (renewing
the medium every 2 days). After this time, the medium
was changed to HBSS (0.9 mM CaCl,, 0.5 mM
MgCl,, and 20 mM HEPES, pH 7.4).

Transepithelial resistance (TEER) measurement was
conducted using a Millipore epithelial voltmeter (Mil-
licell-ERS) in a 6-well transwell (Costar). After adding
HBSS in both compartments. samples were added in the
apical part at different time intervals (0, 30, 60 s, and
20 min) for TEER measurements. To determine protein
transport through Caco2, the amount of transported
protein was determined by the measurements of
fluorescence in basal compartment over time. Ex-
periments were performed in triplicate. Data were
expressed as % of initial TEER. The % is calculated
based on the formula: % Initial TEER = (TO/
TI) x 100, where TO is the TEER observed in the
wells with the samples under study and TI is the TEER
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observed before the addition of samples. The transport
was assessed by the apparent permeability (cm/sec), the
amount is represented as protein against time, and the
slope of the linear fit (A amount/A time) was used to
calculate the apparent permeability (Papp) by the
formula: Papp = (A amount/A time)/(A x C,), where
A is the area of the growth surface (4.71 sz} and Cyis
the initial concentration (uM) present in the apical
compartment.

In vivo model and biodistribution analyses

Five-week-old female Swiss nu/nu mice weighing
between 18 and 20 g (Charles River, L-Arbresle,
France) and maintained in SPF conditions were used
for in vivo studies. All the in vivo procedures were
approved by the Hospital de Sant Pau Animal Ethics
Committee and performed according to EC directives.
Proteins were injected intravenously at a dose of
500 pg/mouse (n = 3 mice), control mice was inject-
ed with NaHCO; buffer. At 30 min and 2 h after
injection, mice were sacrificed, and brain, kidney,
lung, and liver were collected and examined separate-
ly for GFP fluorescence in an [VIS Spectrum equip-
ment (Xenogen, France). The ex vivo fluorescent
recording of the brain was performed sequentially,
first measuring the emission from whole brain and
then of sagittal sections to achieve a complete
fluorescent signal characterization.

Statistical analyses

Data were analyzed using one-way ANOVA and post
hoc Tukey tests.

Results

Three chimerical genes were constructed to produce
LDLR-binding recombinant proteins (Table 1), based
on the following modular organization; from N- to
C-termini, ligand, linker, EGFP, and H6 tail (Fig. 1a).
Such organization had been previously proved useful
in promoting the spontaneous formation of highly
stable fluorescent protein nanoparticles, provided a
sufficient positive electrostatic charge is present at the
N-terminus of the whole fusion (Céspedes et al. 2014;
Unzueta et al. 2012a, b). The ligands selected here
were also tested for their ability to promote the
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Table 1 Amino acid sequences of protein ligands and known or putative targets

Ligand Aa sequence Target References

Angiopep-2 TFFYGGSRGKRNNFKTEEY VLDLR Demeule et al. (2008)
Seq-1 KYLAYPDSVHIW N/A Maggie (2011)

ApoB SSVIDALQYKLEGTTRLTRKRGLKLATALSLSNKFVEGS LDLR Spencer and Verma (2007)

Bold amino acid letter: first amino acid detected in the short ApoB form in the soluble cell fraction

VLDLR very-low-density lipoprotein receptor, /4 not available but a LDLR family member, LDLR low-density lipoprotein receptor

A
GGSSRSSSK HHHHHH
B Soluble  Insoluble Mw (kDa)
Angiopep-2-GFP-H6 — - < 303
- 1
Seq-1-GFP-H6 -l - 295
ApoB-GFP-H6 - - . 323
) -

Fig. 1 Structure of the fusion proteins. a EGFP was used as the
core of the fusions (green). flanked by a cell ligand at the
N-terminus (blue) and a hexahistidine at the C-terminus (brown ).
A linker segment (orange) was placed between the ligand and
GFP. Residues in green indicate the end terminal amino acids of
GFP in the joining regions. The sequences of the fused
N-terminal ligands are depicted in Table 1. Cationic ligands
are expected to promote self-assembling in form of protein-only
nanoparticles (Unzueta et al. 2012a, b: Céspedes et al. 2014).
b Western blot analyses of disrupted bacteria producing the
different fusion proteins, upon fractioning. {Color figure online)

assembling of the modular protein into nanoparticles.
Angiopep-2 and Seq-1 fusions were produced in
E. coli as fully soluble versions, while ApoB-GFP-
H6 obtained from the soluble cell fraction was
partially proteolized. In fact, protein sequencing by
Edman degradation procedure of the soluble protein
forms revealed loss of the amino-terminal 34-mer
peptide of ApoB (Table 1) in approximately 50 % of
the protein population (not shown). Then, since the
LDLR ligand was lost in this protein fraction. the
concentration of this construct was adjusted in further
experiments (o manage a comparative amount of full-
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length protein. However, in the insoluble cell fraction,
the full length ApoB-GFP-H6 was detected as a
unique protein band (Fig. Ib). Mass spectrometry
analysis demonstrated that the insoluble protein ver-
sion showed the predicted molecular mass corre-
sponding to the intact construct. In vitro refolding of
ApoB-GFP-H6 IBs rendered homogeneous soluble
protein preparations.

In a preliminary screening (Unzueta et al. 2012a. b),
Angiopep-2 and Seq-1 were observed as unable to
promote the assembling of the fusion proteins in
higher order nanoparticles, probably due to their low
cationic amino acid content, although doubts remained
about the potential influence of the composition of the
different buffers used to store the proteins. All the
proteins produced here were tested again for nanopar-
ticle formation under homogeneous buffer conditions
as described above, in 166 mM NaHCO;, pH 7.4. The
exclusive occurrence of unassembled forms of Seq-1-
GFP-H6 and Angiopep-2-GFP-H6 was indeed con-
firmed (Fig. 2a), with a particle size. determined by
DLS. compatible with that of GFP monomers or
dimers (as GFP naturally tends to dimerization).
Contrarily, ApoB-GFP-H6 formed nanoparticles in
both its natural soluble form directly obtained from
recombinant bacteria (ApoB-GFP-H6s), or when
refolded in vitro from IBs (ApoB-GFP-H6IBs)
(Fig. 2a). However, ApoB-GFP-H6s nanoparticles
appeared to be unstable, as they peaked at 28 nm but
also over 100 nm, indicative of aggregation. ApoB-
GFP-H6IBs nanoparticles, instead. showed a unique
monodisperse peak at 18 nm (Fig. 2a), compatible
with the formation of robust supramolecular struc-
tures. The aggregation of ApoB-GFP-H6s suspected in
DLS measures was clearly confirmed by TEM, since
amorphous protein clusters abounded in the fields
(Fig. 2b). This was in contrast with the highly regular
architecture observed in 18 nm-ApoB-GFP-H6IBs
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Fig. 2 Characterization of proteins and protein nanoparticles.
a Size distribution of purified proteins, determined by DLS. Pdi
is polydispersion index. b TEM analyses of two versions of

particles (Fig. 2b). Interestingly, all recombinant
proteins retained GFP fluorescence (Fig. 2c¢), with
only moderate reduction in the case of Angiopep-2-
GFP-H6 and ApoB-GFP-H6IBs. Importantly, the
preservation of fluorescence emission allowed further
characterization of the constructs’ biological proper-
ties by fluorescence analysis and imaging.

In this regard, we first wanted to explore cell
penetrability of all constructs in cells displaying and
not displaying LDLRs. Uptake of protein constructs in
LDLR™ HUVEC was indeed negligible when com-
paring with that of closely related nanoparticles
empowered by the unspecific but highly efficient cell
penetrating peptide R9 [nine sequential arginines,
(Vazquez et al. 2010)] (Fig. 3a). In contrast, penetra-
bility was clearly higher in LDLR" HeLa cells
(Fig. 3b), especially in the case of ApoB-GFP-
H6IBs. Although these data already suggested speci-
ficity in cell binding and penetration, the LDLR-
dependence in the uptake of these particles was further
explored using the antibiotic suramin (a symmetrical
polysulfonated naphthylamine derivative of urea), a
potent inhibitor of LDL-LDLR interactions (Schnei-
der et al. 1982; Nikanjam et al. 2007; Martins et al.
2000), in the internalization assays. As expected, this
drug dramatically inhibits the entrance ApoB-GFP-
H6IBs into HeLa cells (Fig. 4), thus fully confirming
the specific route by which the protein interacts and
penetrates cells. In the presence of chloroquine,
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Seq-1-GFP-HE
ApoB-GFP-HG6s

ANgiopep-2-GFP-HE
ApoB-GFP-HEBs

ApoB-GFP-H6, namely straightforward soluble protein or
protein species refolded from IBs. ¢ Specific fuorescence
emission of all protein versions, compared to that of control GFP

internalization of ApoB-GFP-H6IBs protein in HeLa
cell population dramatically increased (Fig. 5),
indicative of an endosomal route as expected for any
receptor-mediated uptake (Vazquez et al. 2008).
Interestingly, the penetrability of ApoB-GFP-Hos
was always lower than that of ApoB-GFP-H6IBs.
This fact suggests that an unstable nanoparticle might
be less suitable for proper receptor binding and cell
internalization. Alternatively, the folding status of the
protein (probably different as derived from the soluble
cell fraction or from refolding) might influence ligand
exposure and/or particle performance in a biologically
significant way. The efficient cell penetration of
ApoB-GFP-H6IBs was fully confirmed by confocal
microscopy (Fig. 6). In general, the unassembled
constructs were internalized by cells in a less efficient
way, and the uptake was not influenced by background
protein precipitation in the extracellular medium that
has been generally observed in GFP-based self-
assembling proteins (Vazquez et al. 2010).
Considering these cell internalization results. the
transepithelial crossing efficiency of the LDLR-ligand
functionalized modular proteins was determined in a
validated in vitro BBB model based on CaCo2 cells
(Hellinger et al. 2012), and the results are presented in
Table 2. In the two protein concentrations tested,
ApoB-GFP-H6IBs presented the highest penetrability
in accordance with the internalization assays present-
ed above (Fig. 3). Angiopep-2-GFP-H6 and Seg-1-
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Fig. 3 Intenalization of proteins and protein nanoparticles.
Cell penetrability was determined by both total fluorescence
emission (left) and by the fraction of fluorescent cells (right).

Targets were LDLR™ HUVEC (a) and LDLR™ HeLa (b) cells.

GFP-H6 also displayed minor but still important
penetrability in this BBB model at high protein
concentration, thus suggesting a potential to effec-
tively cross the BBB. However, when ApoB-GFP-H6s
was challenged to the CaCo2 cell barrier, the apparent
permeability was even lower than the negative control
GFP, again indicating a failure of these protein
nanoparticles to reach a fully functional status. Indeed,
the integrity of the CaCo2 monolayer is maintained
throughout the experiment since the Papp data of
ApoB-GFP-Hb6s remains low at the two tested protein
concentrations.

In a step further, and particularly encouraged by
the good performance of ApoB-GFP-H6IBs nanopar-
ticles, we wanted to examine the biodistribution of

69

Proteins were added to the cultures at two alterative concentra-
tions, namely 1 and 9 uM. Those proteins showing significant
differences with GFP-H6 labeled  with
(**p < 0.01; *p < 0.05)

are asterisks

the protein set and the potential influence of the
supramolecular protein organization, upon systemic
administration through the tail vein in healthy mice
in which side events that affect brain permeability
such as enhanced permeability and retention (EPR)
effect do not take place. We were specifically
interested in this issue as at one side, LDLR are
important targets in BBB crossing for drug delivery
into the CNS (Demeule et al. 2008; Kim et al. 2007;
Spencer and Verma 2007), and also, cationic protein
nanoparticles are biocompatible materials that fulfill
most of the requests posed for vehicle-mediated drug
delivery into brain (Juillerat-Jeanneret 2008). There-
fore, we analyzed ex vivo the signal from the whole
brain to avoid the noise coming from the background
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Fig. 4 Specificity in the internalization of protein nanoparti-
cles. Suramin-mediated inhibition of ApoB-GFP-H6IBs (pro-
tein concentration at 9 pM, and Suramin concentration at 1, 5,

and 10 mM, respectively) penetration in Hela cells was

determined by both total fluorescence emission (a) and by the
fraction of fluorescent cells (b). Significant differences in the
uptake in the presence of the inhibitor relative to the protein
alone are labeled with asterisks (*p < 0.05)

of the whole body imaging followed by ex vivo
recording of brain sagittal sections to complete
evaluation of the extent of the emitted fluorescence.
The analyses of these samples clearly indicated
BBB-crossing properties of Angiopep-2-GFP-Hb6 and
Seq-1-GFP-H6 (Fig. 7a). Angiopep-2-GFP-H6, in
particular, was observed as accumulating in the brain
parenchyma 30 min after administration, a fact that
fully assessed by quantitative analysis of
fluorescence under conditions that not allowed
GFP-H6 background signal (Fig. 7b. c). Surprisingly,
not only ApoB-GFP-H6s but also ApoB-GFP-H61Bs
failed to accumulate into brain (Fig. 7), indicating

was
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that the ApoB ligand, in form of nanoparticles, was
unable to promote BBB crossing.

To understand better the stability in circulation and
the potential renal clearance of BBB crossing and
failing construct variants, GFP fluorescence was also
determined in kidney. All the constructs that did not
form nanoparticles (namely Angiopep-2-GFP-H6,
Seq-1-GFP-H6, and the parental GFP-H6) and also
the unstable ApoB-GFP-H6s nanoparticles accumu-
lated in kidney (Fig. 8a, b). This observation strongly
suggests renal clearance as it was in agreement with
the hydrodynamic size of these materials being under
8 nm, the cut-off for renal filtration (Céspedes et al.
2014). This corresponds to the inability of Angiopep-
2-GFP-H6 and Seq-1-GFP-H6 to self-assemble, and it
also suggests that the ApoB-GFP-H6s nanoparticles.
observed in vitro as unstable, probably disassemble
once in the bloodstream (maybe due to the high salt
content of the biological fluid). No fluorescence was
recorded in lung and liver, in any case (not shown).
The renal clearance is expected to dramatically reduce
circulation time, what would prevent ligand-contain-
ing proteins from reaching their target (or at least, it
would largely reduce the opportunities for interac-
tion). This is exemplified by the incapability of a
monomeric, T22-empowered IRFP protein to reach
CXCR4 + tumoral cells in a colorectal cancer model
at detectable levels, being this protein found, instead.
in kidney (Céspedes et al. 2014). Contrarily, the
assembled version of the same protein accumulated
intracellularly in tumor but not in kidney (Céspedes
et al, 2014),

These data indicate that a nanoparticulate architec-
ture of ligand-containing proteins, promoting efficient
cell penetrability and transcytosis, is neither sufficient
nor necessary to reach the brain under systemic
administration, and that unassembled soluble proteins,
even when undergoing an effective renal clearance,
are able to cross the BBB in a significant fraction.

Discussion

Proteins are excellent functional carriers for therapeu-
tic nucleic acids and conventional drugs (Aris and
Villaverde 2004; Nehate et al. 2014). When fused to
the amino terminus of a His-tagged GFP, the cationic
peptide ApoB promotes the formation of nanoparticles
that are only composed by the modular protein acting
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Fig. 5 Endosomal escape of proteins and protein nanoparticles.
Cell penetrability was determined by both total fluorescence
emission (a) and by the fraction of fluorescent cells (b). Data
have been obtained in LDLR™ HeLa cells in the presence of

as self-interacting building block. This is based on a
recently proposed protein engineering approach that
allows designing protein nanoparticles by the fusion of
cationic peptides to polyhistidine-tagged polypep-
tides. The directed formation of protein-only nanopar-
ticles acts irrespective of the nature and sequence of
the core protein, since the assembling of several
unrelated proteins has been achieved by taking this
architectonic principle (Céspedes et al. 2014; Unzueta
et al. 2012a, b). Nanoparticle formation is promoted
by the electrostatic contacts between the resulting
dipolar monomers, but the whole supramolecular
structure is largely stabilized by additional forces
such as Van der Waals, hydrogen bond interactions
(Céspedes et al. 2014; Unzueta et al. 2014), and
protein—-DNA interactions if used as non-viral gene
therapy vehicle (Unzueta et al. 2014). Interestingly,
the amino-terminal cationic peptide (ApoB in case of
the current study) acts as an architectonic tag but also
as a LDLR ligand with known BBB-crossing proper-
ties (see Table 1). Under the same conditions, the less
cationic Seqg-1 and Angiopep-2 peptides, also LDLR
ligands, fail in promoting nanoparticle formation
(Fig. 2).
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chloroquine. Those proteins showing significant differences
with GFP-H6 are labeled with asterisks (*#p < 0.01;
*p < 0.05). Note the differences in the Y scale when comparing
to Fig. 3

On the other hand, ApoB-GFP-H6 nanoparticles
have been obtained from two alternative protein
sources, namely the soluble E. coli cell fraction
(ApoB-GFP-H6s) or by in vitro refolding of purified
ApoB-GFP-H6 [Bs (ApoB-GFP-H6IBs). Although
both protein versions act as self-organizing building
blocks (Fig. 2), ApoB-GFP-H6s nanoparticles are
poorly stable as determined by DLS and by TEM
(Fig. 2). Then, the protein was found in kidney soon
upon administration (Fig. 8). Renal clearance was also
observed in the parental GFP-H6 and in the unassem-
bled Seg-1-GFP-H6 and Angiopep-2-GFP-H6
(Fig. 8). In contrast, the robust ApoB-GFP-H6IBs
particles with a regular size of 18 nm were not cleared
by kidney, which might enable the construct for a
more prolonged and stable circulation in the blood-
stream. The time-extended occurrence of ApoB-GFP-
Hé6sin kidney 2 h after administration, not observed in
any strictly monomeric protein (namely GFP-H6, Seg-
1-GFP-H6, and Angiopep-2-GFP-H6, Fig. 8), could
be indicative of a progressive disassembling of the
nanoparticles once in the bloodstream, and of a
dynamic balance between assembled and disassem-
bled forms. This would favor the hypothesis of ApoB-
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R9-GFP-H6

Angiopep-2-GFP-H6

ApoB-GFP-Hb6s

Fig. 6 Internalization of proteins and protein nanoparticles
monitored by confocal microscopy in HeLa cells. The white
bars indicate 15 um. A magnified inset of ApoB-GFP-H6IBs
has been included to stress the nanoparticulate nature of the

GFP-H6s particles being less stable than other related
which like T22-GFP-H6, maintain the
multimeric structure in vivo, and completely escape
from renal filtration (Céspedes et al. 2014). The
differences in the stability of ApoB-GFP-H6IBs and
ApoB-GFP-H6s, and also the differential cell

constructs,

@ Springer

72

Seq-1-GFP-H6

ApoB-GFP-H6IBs

internalized material (arrows), despite some extracellular
protein precipitation. Nuclei are labeled in blue and cell

membranes in red. (Color figure online)

penetrability of these constructs (Figs. 3b, 5), can be
only attributed to different conformations of the
protein as resulting from either the soluble cell fraction
or from refolding from protein aggregates. For
instance, the ApoB tail in ApoB-GFP-H6s might be
more involved in cross-molecular contacts between
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Table 2 In vitro

Protein Concentration (uM) Papp (cm/s) x 107°
transepithelial crossing
activity of BBB-targeted Angiopep-2-GFP-H6 2 0.41 £ 0.006
GFP proteins 10 166 + 1.5
Seq-1-GFP-H6 2 258 £ 0.18
10 9.75 + 0.004
ApoB-GFP-H6s 2 0.21 £ 0.09
10 0.79 £ 0.09
ApoB-GFP-H6IBs 2 12.46 £ 1.03
10 18.02 £ 4.79
GFP 2 0.69 £+ 0.08
10 241 £ 0.44
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Fig. 7 Biodistribution of proteins and protein nanoparticles in
ex vivo imaging. GFP fluorescence registered ex vivo in mouse
whole brain (W) and sagittal sections (S) at 30 min and 2 h after
I. V. administration of 500 pg of each protein. Black arrows
show fluorescence signal accumulation in the brain parenchyma
(a). Quantitative determination of GFP fluorescence analyzed in
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whole brain (b) and sagittal sections (¢) expressed as the total
radiant efficiency (photon/s/cm?2/sr/uW/cm2). Those proteins
showing significant differences with the rest of proteins are
labeled with asterisks (**p < 0.01: *p < 0.05). Data from
30 min and 2 h samples have been compared separately
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30minutes 2 hours
. m-

A
Angiopep-2-GFP-HE

ApoB-GFP-HiEs

RGN --

Fig. 8 Renal clearance of protein nanoparticles in ex vivo
imaging. GFP fluorescence registered ex vivo in mouse kidneys
30 min and 2 h after 1. V. administration of 500 pg of each
construct (a). Quantitative determination of GFP fluorescence
expressed as the total radiant efficiency (photon/sfem2/sr/ W/

building blocks and less available for cellular interac-
tions. Of course, the heterogeneity in protein bands
detected in the Western blot analysis of the soluble
E. coli cell fraction, probably resulting from selective
proteolysis (Fig. 1b), conld also contribute to this fact.
Therefore, the conformational and structural status of
protein building blocks of de novo designed nanopar-
ticles, and the influence of the cell factory in the
quality and properties of the final supramolecular
assemblies are a currently neglected field that deserves
deeper exploration (Ferrer-Miralles et al. 2013). This
is especially relevant in the context of emerging
biomaterials resulting from in vivo fabrication (Vaz-
quez and Villaverde 2013), the rising number of
conventional and non-conventional cell factories for
protein and polymer production (Corchero et al. 2013;
Ferrer-Miralles and Villaverde 2013), and the new
bio-engineering strategies to improve microbial
biosynthesis regarding industrial and biopharma ap-
plications (Chen 2012; Mahalik et al. 2014; Ro-
driguez-Carmona and Villaverde 2010).

On the other hand, ApoB-GFP-H6IBs nanoparticles
internalized cultured cells more efficiently than ApoB-
GFP-Hé6s nanoparticle versions, and also than Seg-1-
GFP-H6 and Angiopep-2-GFP-H6 proteins (Figs. 3b,
6). The penetration of ApoB-GFP-H6IBs took place,
as expected, in LDLR™ cells but not in LDLR™ cells
(Fig. 3a). and it is LDLR-dependent as it was blocked
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compared separately

by the inhibitor dug suramin (Fig. 4). The control R9-
GFP-H6 nanoparticles, which are empowered by a
potent Tat-inspired unspecific cell penetrating peptide
(R9). do not show any LDLR-linked preference in
internalization (Fig. 3). The LDLR-dependent inter-
nalization process (Fig. 4) is dramatically enhanced
by chloroquine (Fig. 5), indicative of an endosomal
pathway. Under these conditions. ApoB-GFP-H6IBs
but no other constructs was essentially found in all
cells among the population exposed to the nanopar-
ticle, even when applied at moderate doses (1 pM).
Although based on the good performance in in vitro
experiments, ApoB-GFP-H6IBs particles were highly
promising regarding BBB crossing. none of the ApoB-
derived protein version was found in the brain
parenchyma up to 2 h after I. V. administration
(Fig. 7). Surprisingly, Seq-1-GFP-H6 and Angiopep-
2-GFP-H6 proteins were detected in brain in ex vivo
imaging. with an occurrence that peaked at around
30 min. BBB crossing of these two proteins occurred
even with important renal uptake (Fig. 8), while
skipping renal clearance did not promoted, by itself,
brain localization of ApoB-derivatives. The reason for
the lack of correlation between kidney uptake and
BBB crossing in vivo is not apparent. However, the
unexpected complexity of these findings suggests two
possible non-exclusive explanations: (1) the existence
of differences in the capacity for transcytosis between
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epithelial kidney cells and brain endothelial cells, as
previously described for a different receptor (Su and
Stanley 1998), and (2) the existence of differences in
BBB transcytosis specificity among the different LDL
family receptors (e.g.. LDLR vs. VLDLR). as recently
reported (Deane et al. 2008).

Finally, being ApoB a well-known BBB-crossing
peptide for soluble drugs (Kreuter et al. 2002) and also
when linked to nanoparticles (Kim et al. 2007), failure
in a proper activity when empowering protein
nanoparticles for endothelial transcytosis in the brain
might be due to inappropriate presentation of the
ligand in these kind of constructs. In fact, due to its
cationic nature, ApoB acts as both architectonic and
targeting agent with limited solvent exposure when
compared to ligands in monomeric proteins. Although
such a dual activity is not by itself an obstacle for
proper biodistribution of protein nanoparticles (as
exemplified by the peptide T22 in similar GFP-based
constructs) (Céspedes et al. 2014; Unzueta et al.
2012a, b) and also for ligand-mediated cell penetra-
bility (Figs. 3, 4, 5), the most complex biological
barriers imposed by brain vessels might represent a
tighter bottleneck to proper biodistribution.

Conclusions

The results presented here about the exploration of
three recombinant protein-only LDLR ligands, pre-
sented in a total of four versions, reveal that high
cellular penetrability in cultured cells does not guar-
antee efficient BBB crossing and brain targeting
mediated by transcytosis-associated receptors. Inter-
estingly, the protein versions that form nanoparticles
do penetrate cultured cells more efficiently than
unassembled constructs, while the contrary is true
regarding in vivo BBB crossing. Such a divergent
performance prompts to carefully evaluate the conve-
nience of using nanoparticulate materials for BBB-
crossing therapies, which even being highly efficient
in cell culture might find in vivo bottlenecks essen-
tially distinguishable from those encountered when
targeting organs other than brain. In addition, our
findings suggest possible differences in the transcyto-
sis capacity between epithelial and endothelial cells
and among the different LDL
members.

receptor family
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This work is aimed to produce size-controllable protein nanoparticles towards
CXCR4 receptor (CXCR4, a cell surface receptor marker associated with
metastasis-forming colorectal cancer cells and other human pathologies)
expressing cells. In a previous work, a recombinant GFP fused at the N-terminus
with the CXCR4 ligand T22 and the Hisx6 tag at the C-terminus was able to self-
assemble in protein nanoparticles under defined experimental conditions. In this
article, by using a new scaffold protein iRFP to replace GFP, we determined that it
could also self-assemble into nanoparticles, showing high penetration into CXCR4"
cells. This indicates that the o scaffold protein has neither affect on the formation
of nanoparticles, nor on the ligand targeting ability. The force which drives
nanoparticle formation mainly is based on electrostatic interactions between
protein monomers, and this can be interrupted by the presence of high salt
concentration. Moreover, when this T22 empowered nanoparticle is transferred
to a high salt concentration buffer, protein naaparticles disassemble into
monomers reducing its cell penetrability efficiency, proving again that size and

perhaps the multivalency of the protein nanoparticle versus the monovalency of
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protein monomers is a key factor in receptor mediated cell targeting and

penetration.
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Homing peptides are exploited in nanomedicine to functionalize either free drugs or nanostructured
materials used as drug carriers. However, the influence of multivalent versus monovalent peptide
presentation on the interaction with the receptor and on the consequent intracellular delivery of the
associated cargo remains poorly explored. By using a tumor-homing peptide (T22) with regulatable self-

Keywords: assembling properties we have investigated here if its display in a either a monomeric form or as
Biomaterials multimeric, self-assembled protein nanoparticles might determine the efficacy of receptor-mediated
Biomimetic penetrability into target cells. This has been monitored by using a fluorescent cargo protein (iRFP), which
Nanoparticles

when fused to the homing peptide acts as convenient reporter. The results indicate that the
nanoparticulate protein versions are significantly more efficient in mediating receptor-dependent
uptake than their unassembled counterparts. These finding stresses an additional benefit of nanos-
tructured materials based on repetitive building blocks, regarding the multivalent presentation of cell

Protein materials

ligands that faclitate cell penetration in drug delivery applications.

@ 2015 Elsevier B.V. All rights reserved.

1. Introduction

Cell targeted drug delivery is expected to result in high
concentration levels of drugs in desired cells and tissues, aiming
to minimize side effects of chemotherapies and to thereby
improve the patient's quality of life. Tumor-homing peptides
specifically internalize cancer cells via specific binding to over-
expressed cell-surface receptors. Therefore, they have been
explored for use as targeting tools in drug delivery, either fused
to therapeutic proteins [5], coupled to drugs or therapeutic nucleic
acids [2,17], or as functionalizing agents of different types of
nanoparticles intended as drug carviers [1,8]. Under the combined
development of materials sciences and nanomedicine it is how-
ever unclear whether tumor-homing peptides are more effective

* Correspond ing author at: Institut de Biotecnologia i de Biomedicina, Universitat
Autbnoma de Barcelona, Bellaterra, 08193 Barcelona, Spain.
E-mail address: AntoniVillaverde@uab.cat (A, Villaverde ).
! Equally contributed.

hirp:/{dxdoiorg/10.1016/L.matlet2015.04.055
0167-577X/0 2015 Elsevier B.V. All rights reserved.

in promoting passenger drug penetration when formulated as
plain molecular preparations or as multimeric presentations on
nanoparticulate entities.

Recently, we have developed a new protein engineering prin-
ciple to construct protein-only nanoparticles for targeted drug and
DNA delivery in cancer [12,14,15]. This has been possible through
the construction of self-assembling building blocks containing
tumor homing peptides, which organized as highly stable nanos-
cale entities. The size of these constructs { = 8 nm) allow them to
escape renal filtration [4], thus exhibiting a convenient biodistri-
bution upon administration and exclusively accumulating in
primary tumor and metastatic foci [13]. Among the set of different
building blocks generated under this principle, the protein T22-
IRFP-HE exhibits unique assembling properties. In a standard
physiological buffer, it organizes as toroidal nanoparticles but in
presence of high salt content, the building blocks remain fully
disassembled. The possibility to regulate the assembling of T22-
IRFP-HE offers an exceptional opportunity to comparatively
explore, in the same molecular species, whether the cell targeting
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and internalization properties of T22, a potent ligand of CXCR4
[12], are influenced by its presentation as either free protein
molecules or as regular assembled, protein-only nanoparticles.

2. Materials and methods

Protein production and characterization: T22-1RFP-HE was pro-
duced by standard procedures [4]. After purification, the protein
was collected and dialyzed against two alternative buffers:
NaHCO; 166 mM, pH=74 and NaHCO; 166 mM, NaCl 333 mM,
pH=78, overnight at 4 “C. Fluorescence emission spectrum was
measured at 710 nm, by using a JASCO FP-8000 spectrofluorom-
eter (JASCO, US), with an excitation wavelength of 635 nm. Volume
size distribution of nanoparticles and monomeric proteins were
determined by dynamic light scattering (DLS, Zetasizer Nano Z5,
Malvern Instruments Limited, Malvern, UK), at 633 nm. Size
exclusion chromatography (SEC) was done in a calibrated Super-
dex200 10/300GL (Tricorn) column {GE Healthcare).

Cell culture, flow cytometry and competition assay: Hela cells
(ATCC-CCL-2) were grown on 24 wells plate for 24 h in OptiPRO™
SEM medium (Life technologies) supplemented with 3 mM L-
Glutamine, Recombinant proteins were added to each well at a
final concentration of 2 pM and further incubated for 24 h. After
that, the medium was removed and cells washed with PBS and
incubated with 1 mg/ml trypsin for 15 min to remove protein
bound to cell surface. Cells were centrifuged at 400g for 5 min to
remove trypsin, and collected and resuspended in PBS. Cells were
analyzed on a FACSCanto system (Becton Dickinson), using a
15 W air-cooled argon-ion laser at 635nm excitation. IRFP
fluorescence was measured with detector A (780/60 nm band
pass filter). For the competition assay, AMD3100 was added 1 h
before proteins. Protein internalization was determined 24 h later
by flow cytometry.

Confocal microscopy: Hela cells were cultured on Mat-Teck
culture dishes {(Mat Teck Corp., Ashland, MA, USA) with serum-free
medium for 24 h. Proteins were added with a final concentration of
2uM. After 24 h, cells were washed with PBS and nuclei and
membranes stained with Hoechst 33342 and concanavalin A respec-
tively for 10 min. After washing with PBS complete medium was
added and stained cells were examined using a TCS-SP5 confocal
laser scanning microscope (Leica Microsystems, Heidelberg, Ger-
many) with a Plan Apo 63 = [14 (oil HC = PL APO | blue) objective.

Cryo transmission electron microscopy (CryoTEM): Microdrops of
purified proteins (3 pl) were deposited on Quantifoil R1.2/13 grids,
put in liquid ethane in a Leica EM CPC and immediately placed in a
Gatan cryo-transfer specimen holder. Samples were observed in a
Jeol JEM 2011 transmission electron microscope, operating at 200 kV
and equipped with a CCD Gatan 895 USC 4000 camera.

Field emission scanning electron microscopy (FESEM): Micro-
drops (5 pl) of protein sample were added to a silicon wafer and
air-dried at room temperature. Native structure of samples was
observed in a FESEM Zeiss Merlin operating at 2 kV equipped with
a high-resolution in-lens secondary electron detector.

3. Results and discussion

Features of protein materials: Upon production in bacteria, T22-
IRFP-HE occurred as an individual molecular species of 38.6 kDa
that partially adopted a dimeric form (77.2 kDa) (Fig. 1A), the
natural organization of iRFP [6]. Further dialysis in front a
physiological buffer or a buffer containing 500 mM salt, did not
alter the integrity of the protein (Fig. 1B). However, in low salt
buffer, T22-IRFP-H6 organized as supramolecular entities formed
by around 10 monomers (Fig. 1C), that were seen as regular
nanoparticles of 15 nm by DLS (Fig. 1D), Particle formation was
fully confirmed by FESEM (Fig. 1E) and by cryo-TEM (Fig. 1F). No
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Fig. 1. Characterization of T22-iRFP-HE-based materials. (A) Western blot of purified T22-iRFP-HE revealed with an anti-His antibody, indicating the molecular weight of
markers. At the bottom, scheme of the modular composition of T22-iRFP-HE. (B) Mass spectrometry of purified T22-iRFP-HE before dialysis (BD), and after dialysis (AD)
against low salt { — ) and high salt buffers (). {C) SEC of T22-iRFP-HE in low salt (green line) and in high salt (red) buffers. Figures indicate the approximate number of
monomers forming the plotted structures. (D) DLS plots of the same samples. (E) FESEM images of T22-iRFP-HE nanoparticles (left) at two magnification levels. No
nanoparticles were observed in high salt buffer (right). (F) Cryo-TEM images of T22-IRFP-HE nanoparticles at two magnification levels, (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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nanoparticles were observed when T22-IRFP-H6 was dialyzed
against high salt buffer (Fig. 1C-E).

Comparative analysis of cellular internalization: Upon approving
the robustness of the analytical system we approached the com-
parative testing of the CXCR4-mediated cell penetrability of free
T22-IRFP-H6 protein and T22-IRFP-H6 nanoparticles. We aimed to
determine if the nanostructured display of the CXCR4 ligand T22
might significantly influence receptor binding and subsequent cell
uptake or contrarily, if such a formulation is irrelevant regarding the
performance of the tumor-homing peptide. iRFP constructs, being
fully fluorescent [4], are convenient reporters in internalization
assays, as free and nanostructured versions of T22-IRFP-H6 showed
indistinguishable specific emission values of 134+0.14 and
12.8 + 023 U/mg respectively. At the same molar ratio, both forms
of T22-IRFP-HG6 were internalized into CXCR4 ™ Hela cells, while the
control, IRFP-H6 remained extracellular (Fig. 2A). However, T22-
IRFP-H6 nanoparticles were internalized much more efficiently than
T22-IRFP-H6 free protein, and under the same conditions, the
amount of protein uptake as nanoparticles doubled that of penetrat-
ing target cells as disassembled entities.

Interestingly, the CXCR4 antagonist AMD3100, a very specific
and highly potent inhibitor of CXCR4 binding [3,7], blocks the
entry of T22-IRFP-H6 nanoparticles more efficiently than that of
soluble protein (Fig. 2A). The milder blocking of disassembled
protein uptake might be indicative that, not only the cell penetr-
ability of T22 is enhanced by a nanoparticulate formulation but
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Fig. 2. Determination of CXCR4-mediated cell penetrability of T22-IRFP-H6 under alternative formulations. (A) Internalized fluorescence in CXCR4*

Z Xu et al. / Materials Letters 154 (2015) 140-143

also the specificity of binding to the cell surface receptor. However,
very low background binding of free T22-IRFP-H6 to CXCR4
SW1417 cells was also observed (Fig. 2B), thereby discarding the
possibility of a significant interaction of this species to an alter-
native receptor.

The confocal analysis of CXCR4™ Hela cells exposed to both
protein versions confirmed the enhanced cell penetrability of the
nanoparticulate T22-IRFP-H6 isoform (Fig. 2C). This protein ver-
sion was visualized as discrete intracellular entities found in
endosomal vesicles, free in the cytoplasm and perinuclear area
(Fig. 2D), and in agreement with the endosome-mediated pene-
tration previously described for T22-empowered polypeptides [4].
Altogether, these results confirm that despite both assembled and
disassembled versions of T22-IRFP-H6 internalize target cells via
the tumor marker CXCR4, the penetrability of the nanostructured
version is clearly higher than that of the free version. This fact is
probably related to the multiple presentation of T22 on regular
nanoparticles, and to the consequent multivalent receptor binding
that enhances endosome formation and penetration [11], as it
occurs in natural viruses [9].

4. Conclusions

In summary, we described here an enhanced performance of
the tumor-homing peptide T22 as multimeric versus monomeric
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(B) Penetrability into SW1417 cells overexpressing (black bars) or devoid of (gray bars) CXCR4, proteins being formulated in either low salt buffer (—) or high salt buffer
(+). ProteinfAMD3100 molar ratios (either 1 or 5) are indicated (AMD1, AMDS). (%), p < 0.01: (%), p< 0.001, upon One-way ANOVA and a Tukey significance test.
(C) Confocal images of CXCR4" HeLa cells incubated with protein nanoparticles (left) or monomers (right). (D) 3D confocal imaging reconstruction of CXCR4 " cells
internalizing nanoparticles. Cell membranes are visualized in green, nucleic acids in blue and iRFP-derived proteins in red. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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forms, regarding receptor-mediated cell internalization, This find-
ing stresses the convenience to formulate targeting peptides, used
for Trojan horse approaches of molecular medicine, in multivalent
material arrangements. Therefore, drug delivery through carrier
nanoparticles would profit not only from a higher penetrability,
longer circulation time and improved stability compared to free
drug versions [16], but they will also offer a convenient platform
for the multiple and regular display of homing peptides. Therefore,
the “artificial virus" concept in nanomedicine |10] to describe
mimetic virus-like vehicles should be extended to cover not only
the nanoscale nature of relevant materials, but also their potential
to support a multivalent and regular display of cell binding sites in
a virus-like pattern.
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The major purpose in the design and generation of nanoparticles is to create a
new and efficient drug carrier platform for the delivery of therapeutics and
imaging agents to specific sites. With this goal, materials of different nature such
as lipids, cationic polymers, metals, carbon and proteins have been selected for
the production of nanoparticles of different shapes and geometries [255]. Among
them, protein-based nanoparticles are attracting increasing attention because
they are biodegradable, and biocompatible. Furthermore, this type of
nanoparticles have an amenable surface which allows modification and
attachment of drugs and targeting ligands [81]. Moreover, proteins could be
produced in many different cost-effective platforms. In addition, by genetic

engineering, different functions can be incorporated into the same protein.

To produce protein nanoparticles, the common method is to modify already
known natural proteins such as albumin, gelatin and elastin by linking them with
chemicals like polymers [81], or to generate recombinant proteins finding
inspiration in viruses or bacteria [256-259]; selecting those proteins or protein
modules that have a tendency to oligomerize into nanoparticles [260, 261]. With
these methods, many protein nanoparticles have been generated and are widely
used in different biomedical applications such as delivery of drugs and antigen
presentation [262, 263]. However, since those nanoparticles are from matured
natural protein or viruses, they always lack structural versatility. There is another
type of amyloidogenic proteins that can self-assemble into nanoparticles through
cross-molecular beta sheet-based interactions, but when those ligands are fused
as a tag to other proteins, it always induces protein aggregation [264-266], which

is not appropriate for intravenous administration.

85



Discussion

To overcome those drawbacks, a new strategy called “rational design protein
method” was explored [118, 125]. The rational design protein method is based on
the modification or insertion of selected amino acids or domains in a backbone
protein to incorporate new and modifiy protein properties. This method offers a
good way to construct multi-functional proteins with domains for cell targeting,
self-assembling, etc. However, so far, only few successful examples of protein
nanoparticle construction and structure modulation have been reported [81, 83,
267, 268]; it is important to develop a new modular platform to generate protein

inexpensive and technically reachable multi-functional nanoparticles [131, 269].

Nanoparticles have many medical applications, the most common being the
delivery of therapeutics and imaging agents [40, 75, 182] to specific target cells or
tissues. The delivery process always includes barrier overcoming, including blood
brain-barrier (BBB), one of the strictest barrier in human body, when the intended
delivery is to the CNS. The BBB only allows non lipophilic molecules up to 400 Da
to freely cross it; this is a huge obstacle for delivery therapeutics and drugs into
CNS [202]. However, larger molecular weight proteins such as lipoproteins, insulin,
transferrin and leptins are able to cross BBB through a receptor mediated
pathway; this provides a viable method for transportation of drugs and
therapeutics across BBB [36, 270, 271]. Based on this, proteins or ligands which
are able to cross the BBB through receptor mediated transport are decorated on
the surface of nanoparticles with the purpose of increasing the efficiency of
nanoparticle transportation. The proteins or ligands used to be incorporated in
nanoparticles are antibodies against BBB receptors, or special binding domains

originated from BBB crossing proteins like lipoproteins, insulin or transferrin [213,
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272-274]. However, using antibodies to transport nanoparticles across BBB has
some drawbacks, as it usually produces nanoparticles of large size and molecular
weight, and those nanoparticles could not be taken by BBB although they showed
high affinity to receptors, that because the receptor-mediated transcytosis is size
dependent [153]. Meanwhile, the strategy of using ligands to be incorporated in
nanoparticles for crossing BBB is showing great potential. Ligands originated from
low density lipoproteins like ApoB, ApoE, and Angiopep have shown outstanding
performance transporting drugs, therapeutics and nanoparticles across BBB [232,

275-280].

Size plays a very important role not only in nanoparticle biodistribution, but also
in the uptake of target cell and toxicity[155]. It has been reported that
nanoparticles with a size under 5 nm are easily cleared from our body before they
reach the target site, and if the size is too large, over 200 nm, they could not cross
the capillaries and then are eventually filtered by kidney [154, 176]. When using
materials such as liposomes, polymers, metals or silicon to produce nanoparticles,
nanoparticle size is easy to control, and size control methods have been
extensively explored [52]. However, the size of protein nanoparticles is not easy
to manipulate. This is because natural protein size is determined. With the
strategy of rational design, repetitive protein monomeric building blocks could
assemble into regular size particles, and this provides the possibility of size

control regarding protein nanoparticles.

Our lab has used the rational design method to generate a series of protein
nanoparticles. In those studies, GFP was chosen as the backbone or scaffold

because it is safer, stable and traceable, then a versatile ligand (R9, T22) at the N-
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terminus and a His-tag at the C-terminus were fused to the scaffold protein as
architectonic tags; the interactions between the cationic ligand and the His-tag
induce the formation of nanoparticles, and provides multi-functions such as self-
assembling, cell endocytosis, barrier crossing, and tumor targeting [121, 130-132,
269]. This is a convenient strategy, since with rational design, recombinant
proteins could form nanoparticles and exhibit a variety of functions; moreover, it
has been demonstrated that the size of those nanoparticles can be controlled by

engineering electrostatic protein charge [130].

Based on this background, we aimed to use the rational design method to
construct a new protein nanoparticle with a suitable size, presenting BBB receptor
binding ligands that could be transported across the BBB through receptor

mediated transportation.

First of all, suitable ligands which could bind to the receptor in BBB were carefully
selected based on reliable scientific references. We have selected three candidate
ligands: Angiopep-2, Seq-1 and ApoB. Angiopep-2 is a ligand derived from the
consensus binding sequence (Kunitz domain), exhibiting high transcytosis capacity
both in vitro and in vivo, and able to bind pharmaceuticals for the treatment of
brain tumors[278, 280-283]. ApoB derived ligand is adapted from amino acids
3371-3409 of human ApoB protein. This peptide has been designed as a gene
vector, and when expressed in mouse is able to accumulate in brain [233, 234,
275]. Seg-1 is a peptide whose sequence was obtained by phage-display and has
been selected from an US patent; it is a synthetic peptide capable of targeting and

transmigration across BBB both in vivo and in vitro [268].
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Then, like in previous work, GFP was chosen as the scaffold protein, candidate
peptides were fused to the N-terminus of GFP and a His-tag was added to the C-
terminus, as shown in figure 15. This design was based on the recently proposed
protein engineering principle by our group that predicts the generation of protein
nanoparticles by the fusion of cationic peptides to polyhistidine tagged
polypeptides [130, 132]. Then, all recombinant proteins were expressed in E. coli
and purified from the soluble cell fraction. ApoB protein was also obtained from
the inclusion bodies of E. coli since it was unstable in the soluble cellular fraction.

(Paperl, figure 1)

Angiopep GFP

Figure 15: The design of recombinant proteins. From the top: Angiopep-2-GFP-H6,
Seq-1-GFP-H6 and ApoB-GFP-H6.

From the Dynamic light scanning (DLS) and Transmission electron microscopy
(TEM) results (paper 1, figure 2) we found that although all the proteins were
GFP-based proteins, different particle sizes were present. Angiopep-2-GFP-H6 and
Seq-1-GFP-H6 had a size around 6 nm, similar to GFP monomer, meanwhile,

ApoB-GFP-H6s and ApoB-GFP-H6IBs proteins had a larger size around 20 nm.
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However, the ApoB-GFP-H6 particles had poor stability as observed by TEM and
DLS when compared with soluble protein samples obtained from inclusion bodies
and the size is range from 20 nm to 120 nm. These results indicate that ApoB-
GFP-H6 could self-organize into nanoparticles. The mechanism behind that is the
cationic peptide ApoB which could interact with the polyhistidine tag between
dipolar monomers, which induced the nanoparticle formation; moreover, the
supramolecular stability was also probably driven by additional forces such as Van
der Waals and hydrogen bond interactions [132, 269]. Meanwhile, Seqg-1 and
Angiopep-2 peptides failed in promoting nanoparticle formation under the same
conditions because they are less cationic peptides (paperl, figure 2). These
conclusions are consistent with previous findings of architectonic tagging for
protein nanoscale construction by using peptide pairs with high content of

arginines and lysines [125, 130, 131].

As discussed in the introduction section, nanoparticle size enormously affects the
cell targeting and endocytosis. In our experiment, although all the chosen
peptides were LDLR ligands and showed promising transcytosis capacity in BBB
crossing in previous studies, when fused to GFP and His-tag, the protein exhibited
different crossing abilities. At the cellular level, Angiopep-2-GFP-H6, Seq-1-GFP-H6
and ApoB-GFP-H6 proteins showed low internalization ability both in LDLR" cells
and in LDLR" cells. On the contrary, ApoB-GFP-H6 solubilized from I1Bs showed
higher efficiency of internalization in LDLR" cells than other proteins (paperl,
figure 3B), and as expected, the penetration took place in LDLR" cells but not in
LDLR cells (paperl, figure 3A). The size of nanoparticles was playing a key role in

this internalization assay [166, 174, 284, 285], Angiopep-2-GFP-H6 and Seqg-1-GFP-
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H6 are monomeric proteins with smaller size around 8 nm; in this format, only
one ligand is presented on the surface of each particle, and only can bind one or
two receptors; this is not enough to trigger an efficient internalization process. On
the other hand, ApoB-GFP-H6 could form larger nanoparticles, displaying more
ligands on the surface, and therefore binding more receptors and then leading to
the LDL-receptor mediated internalization of nanoparticles (paper 1, figure 4).
However, when the cells were treated with chloroquine, the internalization was
dramatically enhanced, and this is indicative of the use of an endosomal pathway
(paperl, figure 5). Furthermore, the permeability of those LDLR-ligand
functionalized modular proteins was determined in a validated BBB model in vitro
based on CaCo?2 cells, and showed consistent results with the cellular experiment,
again proving the idea that nanoparticle size is important for cell uptake [272,

273].

In a further step, we tested the biodistribution of those proteins, and whether
they could cross BBB through LDLR-mediated transportation, since those proteins
were all fused with a LDLR derived ligand. After i.v. injected to mice, Angiopep-2-
GFP-H6, Seg-1-GFP-H6 and ApoB-GFP-H6s proteins with a size around 8nm were
rapidly cleared by kidney, while ApoB-GFP-H6IBs nanoparticles were not detected
in kidney (paper 1, figure 8). This is because small size nanoparticles are easily
cleared by the renal system [153, 155, 157]. Although ApoB-GFP-H6s could form
nanoparticles, it showed to be quite unstable, and it may disassemble in the
blood stream and then be cleared by kidneys. To our surprise, the highly
promising BBB-crossing nanoparticle formed by ApoB-GFP-H6 solubilized from IBs

failed to accumulate in brain[286], and none ApoB-derived protein version was
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found in the brain parenchyma up to two hours after i.v. administration (paper 1,
figure 7) . Instead of that, Angiopep-2-GFP-H6 and Seqg-1-GFP-H6 proteins were
detected in brain at 30 min, and then disappeared at 2 h after administration
(paperl, figure 8). The failure of ApoB derived nanoparticles might be because
the ApoB ligand was present unsuitably on the nanoparticle surface; because
ApoB is a cationic peptide and it acts as an architectonic agent in forming
nanoparticles, this can possibly limit its solvent exposure when compared to the
ligands in monomeric proteins, somehow reducing the ability of targeting. The
ability of ApoB to form nanoparticles should not be an obstacle for proper
biodistribution (as exemplified by the peptide T22 in similar GFP-based constructs)
[131, 132], and for ligand-mediated penetration; the most complex biological
barrier imposed by brain vessels might represent a tighter bottleneck for proper

biodistribution.

The differences in stability and cell penetrability between ApoB-GFP-H6s and
ApoB-GFP-H6 solubilized from IBs nanoparticles are mainly because their
different origins, one from the soluble cell fraction, the other from inclusion
bodies. For example, the ApoB tail in ApoB-GFP-H6s is favorable in cross-
molecular contacts between building blocks and less available for cellular
interactions. And the Western blot result showed that selective proteolysis was
occurred in the soluble E. coli cell fraction (paperl, figure 1B), and proteins from
inclusion bodies were not affected. Thus, the status of protein conformation and
structure in de novo designed nanoparticles, and how cell factory affects the
quality and the properties of final supramolecular assemblies still remains under

study and deserves deeper exploration [267, 287]. This is closely related to the
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improvement of conventional cell factories for protein and peptide production
and the rising number of new strategies for microbial biosynthesis regarding

industrial and biopharmaceutical applications [288].

Protein nanoparticle size control and cell penetration

As described above, nanoparticle size is quite critical not only in cell penetration,
but also in biodistribution [165, 176, 289]. When materials such as liposomes,
polymers, silicon or metals were used to produce nanoparticles, the size of those
nanoparticles have been predefined, and the fine fabrication procedures are
mainly chemical or mechanical [161, 174]. The size of proteins is also predictable
when using protein material such as albumin, gelatin or GFP protein since the size
of those proteins have already been determined [81, 191]; however, when
referred to self-assembled protein nanoparticles, size is still not fully controlled.
That is mainly because the mechanisms which direct the formation of
nanoparticles are still unclear. In previous studies, our laboratory has built a
system to construct protein nanoparticles by the use of peptide pairs consisting of
a cationic peptide and a His-tag; this provides a suited platform to study the
mechanism of protein nanoparticle formation, thus achieving the protein

nanoparticle size control [131, 132, 269].

T22 is a cationic peptide derived from polyphemusin Il from the horseshoe crab
that has shown specific binding to CXCR4 receptor [290, 291], and it has been
adopted to form protein nanoparticles using de novo rational design method
[131]. This T22-empowered nanoparticle showed excellent CXCR4-dependent cell

internalization in metastasis-forming CXCR4+ cancer stem cells. The protein
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nanoparticle design was based on the concept of rational assembling of repetitive
monomeric building blocks driven by the interaction between a cationic peptide
and a His-tag, and when changed for another cationic peptide R9 [125], it did not
disturb the formation of protein nanoparticles, thus, proving that this is a reliable
method. To further prove this concept, instead of changing the N-terminal
peptide, we changed the scaffold protein, to check if this platform is or not

dependent on the scaffold protein but on the N- and C- terminus pair.

As discussed above, we used iRFP which is a dimeric fluorescent protein to
replace GFP protein [292], and fused T22 peptide to the N-terminal and His-tag to
the C-terminal (paper2, figure 1A). As expected, nanoparticles with a size around
15 nm were formed in a low salt buffer, because of the interaction between the
T22 cationic peptide and the His-tag, leading to the self-assembling of repetitive
proteins (paper2, figure 1D). There are many forces that may induce the
formation of protein nanoparticles, including Van der Waals, hydrogen bond, and
electrostatic interactions [130, 132]. In order to study which forces were driving
the formation of protein nanoparticles, T22-iRFP-H6 protein was dialyzed in a
buffer containing high concentration of NaCl. The results showed that the T22-
iRFP-H6 nanoparticles where not stable at high concentration of salt, and they
disassembled into protein dimers with a size around 8 nm (paper2, figure 1D),
indicating that dimer self-assembling was mainly governed by electrostatic

interactions.

The T22-iRFP-H6 protein nanoparticles also showed promising cell internalization
ability toward CXCR4" cell line (paper 2, figure 2A, 2B), which means T22 ligand

triggered this receptor mediated cell internalization. By contrast, T22-iRFP-H6
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monomer had a lower cell penetration ability, which again, proved that size is a
key parameter in receptor-mediated cell uptake of nanoparticles. However, when
compared with previous T22-GFP-H6 nanoparticles, the internalization ability of
T22-iRFP-H6 nanoparticle declined. That could be because iRFP protein is a
dimeric fluorescent protein, and the formation of iRFP based nanoparticles is
different from the GFP based nanoparticles, affecting then the exposure of the

T22 ligand, thus lowering its internalization ability.
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Conclusions

1. Multifunctional GFP proteins fused to LDLR ligands (name the ligands here) s
and polyhistidine tag were produced by using rational design method.

2. Physico-chemical characterization of those GFP variants corroborate the
previously described principle that predicts that cationic architectonic tag pairs
(cationic peptide and polyhistidine) can induce the formation of protein
nanoparticles.

3. The formation of protein nanoparticles is mainly driven by electrostatic
interactions between protein monomers.

4. ApoB-GFP-H6 protein purification from inclusion bodies helps to increase the
stability only of this protein nanoparticles.

5. Protein nanoparticles containing the ApoB ligand are efficient in targeting and
in internalization into LDLR" cells, and this has been proven to be an
independent event.

6. ApoB empowered protein nanoparticles showed higher permeability in BBB
vitro model than monomeric Seqg-1 and Angiopeps containing proteins.

7. Nanoparticle size is a critical parameter in LDLR mediated cell targeting and
internalization.

8. T22 is an efficient tag for CXCR4" receptor mediated targeting and penetration
irrespective of the scaffold protein.

9. Replacing scaffold protein GFP to iRFP protein does not affect the interaction
between cationic protein T22 and polyhistidine, thus has no effect on the
formation of protein nanoparticles.

10.High concentration of NaCl can disrupt the interaction between protein

monomers, leading to the disassembling of protein nanoparticles.
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11.T22 monomer protein has lower receptor targeting ability and penetrability

than its nanoparticulate counterpart.
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established by the astrocytic glia limitans facing the meninges and the
blood vessels, and by the ependymocytes of the choroid plexus where
the cerebrospinal fluid is produced (Fig. 1A). Astrocyte end-feet wrap
the meningeal fibroblasts and the endothelial cells (ECs) of the capil-
laries, leaving between them the basement membrane. Brain capillaries
display a large surface area (-20 m? per 1.3 kg brain), and thus possess a
predominant role in regulating the brain microenvironment. The
blood-brain-barrier {BBB) limits the entry of blood-derived molecules
and circulating leukocytes, protecting the CN5 from fluctuations in plas-
ma compositions or circulating agents such as neurotransmitters and xe-
nobiotics. Itis composed of specialized ECs held together by multiprotein
complexes known as tight junctions, astrocytes, pericytes and basement
membrane [Abbott et al., 2006; Reese and Karnovsky, 1967) (Fig. 1B).
CNS ECs display more efficient cell-to-cell tight junctions than other ECs
(Wolburg and Lippoldt, 2002), rest on a continuous basement membrane
and express a series of transporters responsible for the regulated ex-
change of nutrients and toxic products. These characteristics make the
CNS ECs a continuous and selective physical barrier for hydrophilic sub-
stances, and a key player in the regulated trafficking of molecules into
the CNS (Abbott et al,, 2006) (Fig. 2). Interestingly, the Blood Spinal
Cord Barrier {BSCB) displays similarities to the BBB, but it also has
some unique properties, among them being slightly more permeable
(Bartanusz etal, 2011 ). Transit restrictions imposed by the BBB (and
at lesser extent by B5CB) represent the most important barrier to
overcome in the drug delivery to the CNS. In the context of emerging
neurological diseases, targeting drugs to the CNS is under strong
pushing demands, but vehicles for BBB crossing are still in their in-
fancy, with a long run until full tailoring.

2. Cross-transportation through BBB

The BBB gradually develops in humans during the first postnatal
year (Adinolfi, 1979) and it's nearly complete in rats after the second

postnatal week (Stewart and Hayakawa, 1987). This highly differentiat-
ed EC phenotype is induced and maintained in the long term by interac-
tions with the surrounding cells, mainly astrocytes and pericytes but
also perivascular macrophages and even neurons {(Abbott et al, 2006;
Alvarez eral, 2011; Arthur et al., 1987; Janzer and Raff, 1987). For in-
stance, in vivo, astrocytes secrete Sonic Hedgehog (Shh), that will act
on endothelial cells and promote BBB integrity (Alvarez et al., 2011).
In addition to the role in long-term barrier induction and maintenance,
astrocytes and other cells can release chemical factors that medulate
local endothelial permeability over a time-scale of seconds to minutes,
Thus, both natural stimuli for BBB leakage and pharmacological com-
pounds acting on endogenous BBB induction pathways like Shh inhibi-
tors (Alvarez et al,, 2011) can be used to transiently increase the
entrance of molecules into the CNS parenchyma. Moreover, the pheno-
typical characteristics of the BBB ECs include both uptake mechanisms
(e.g. GLUT-1 glucose carrier, L1 amino acid transporter, transferrin re-
ceptor) and efflux transporters (e.g. P-glycoprotein), and thus
transporter/receptor-mediated transit across the BBB has also been
used to deliver molecules of pharmacological interest into the CNS pa-
renchyma (Fig. 2). In this case, specific transcellular receptor-
mediated transcytosis transports molecules from the luminal mem-
brane, lining the internal surface of the vessels, to the abluminal mem-
brane on the external CNS-lining surface, In addition, less specific
adsorptive-mediated transcytosis can also be used for the delivery of
molecules, but CNS ECs show a lower rate of transcytosis activity than
peripheral ECs (Rubin and Staddon, 1999), making this a less efficient
process for the incorporation of circulating molecules.

A final consideration regarding potential limiting steps for the deliv-
ery of hydrophilic substances into the CNS across the BBB is that both in-
tracellular and extracellular enzymes provide an additional barrier.
Extracellular enzymes such as peptidases and nucleotidases are capable
of metabolizing peptides and ATP respectively, Intracellular enzymes,
that are involved in hepatic drug metabolism, have been found in the
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Fig. 1. Anatomical basis of the BBB. Boundaries of the CNS tissue contacting the blood vessels, meninges and the cerebrospinal fuid are depicted [ A), and also alte mative routes for ad min-
istration of substances to the CNS to bypass the BBB. The intimate relationship between ECs, continuous basement membrane, astrocytes, pericytes and perivascular macrophages contrib-
uting to various degrees to the BEB formation and maintenance can be observed (B). Moreover. ependymocytes of the choroid plexus produce the cerebrospinal fluid and conform, in
addition, the Blood Cerebrospinal Fluid Barrier (BCFB) (C)
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small microvessels from the brain, the choroid plexuses, and the
leptomeninges ( pia plus arachnoid mater), such as monoamine oxidase
and cytochrome P450, and they can inactivate many lipophilic neuroac-
tive and toxic compounds (el-Bacha and Minn, 1999).

The delivery of substances across the Blood Cerebrospinal Fluid Bar-
rier { BCFB) may also be considered as an interesting option. This barrier
shows a morphological correlate with the BBB at the level of tight junc-
tions between the cells. These, however, are not located at the EC capil-
laries that are in fact fenestrated (Fig. 1C), but on the apical surface of
the epithelial cells of the choroid plexus and the arachnoid fibroblasts
along the blood vessels, inhibiting paracellular diffusion of hydrophilic
molecules across this barrier. When a substance reaches the cerebros pi-
nal fluid it can diffuse through the Virchow-Robin's perivascular spaces
(Bechmann et al., 2001), which are located between the basement
membrane around pericytes and ECs and the basement membrane at
the surface of the glia limitans of the brain vessels (Fig. 1B). These
perivascular spaces are in direct contact with the subarachnoid space
and thus with the cerebrospinal fluid. When small tracers are injected
into the cerebrospinal fluid they follow the fluids flow through the
perivascular spaces and the ventricles, and they may enter the brain pa-
renchyma (Iiff et al., 2012). In fact, after an intracisternal injection,
small hydrophilic molecules can be observed around the ventricle
walls and the superficial layers of the CNS in contact with the meninges
or in the whole brain parenchyma depending on the size of the mole-
cule (liff et al, 2012}, Larger molecules will not enter the brain paren-
chyma after intraventricular or intracisternal injection due to the
ependymocytes and the glia limitans and its basal lamina (Bechmann
etal, 2001; lliff et al, 2012; Kim et al., 2006}, being only observed in
the perivascular compartment. Thus, after intravenous administration,
a hydrophilic drug will not reach the cerebros pinal fluid, but if adminis-
tered intracisternally it may enter the brain parenchyma in a size-
depending fashion. The engineering of appropriate vehicles for cargo
drug delivery using these administration routes may be useful to envis-
age potential therapeutic strategies.

3. Disturbed BBB permeability

BBB disruption is a central and early characteristic of many acute and
chronic CNS injuries such as stroke, trauma, inflammatory and infec-
tious processes, Multiple Sclerosis, Alzheimer, Parkinson, epilepsy,
pain, and brain tumors (Abbott et al,, 2006; Rosenberg, 2012). In these
cases, the increase in BBB permeability is linked to the dysfunction of
the CNS (Rosenberg, 2012). For instance, inflammation is a common fea-
ture of both chronic and acute CNS injuries and it is one of the main causes
of the expansion of the neuropathology to adjacent CNS tissue areas,

Many inflammatory mediators, like tumor necrosis factor-oe {TNFau), in-
duce BBB permeability acting directly on ECs (Deliet al, 1995) or indirect-
ly by activating astrocytes to secrete other proinflammatory mediators
like IL-1% { Didier et al.,2003), and in this way contribute to the disease se-
verity. In the Multiple Sclerosis model termed Experimental Allergic En-
cephalomyelitis (EAE), the major BBB disruption occurs in the white
matter post-capillary venules in response to inflammatory stimuli
(Tonra, 2002), showing that these locations can also constitute important
places for the entry of circulating melecules and cells into the brain, After a
traumatic brain injury there is a rapid extravasation of blood in the central
damaged areas, and intravascular coagulation and significant reduction in
blood flow in the pericontusional brain areas. This is followed by two
peaks of BBB opening at 4-6 h and 2-3 days after the insult (Chodobski
etal, 2011). Thus, though the extent and particular moments of BBB per-
meability vary in the different pathologies, it can be used as a therapeutic
time-window to deliver molecules into the CNS (Rosenberg, 2012).

Transient pharmacological stimulation of BBB opening for drug de-
livery is tempting, and it can be achieved by the injection of hypertonic
solutions with mannitol. However, the potential toxic effects, especially
under pathological conditions, are notable. Though the permeability of
the BBB may be spontaneously enhanced at certain time-windows
post-injury, as for example after traumatic brain or spinal cord injury
(Bartanusz et al, 2011), that will allow the desired drugs entering the
CNS, the pharmacological disruption of the BBB under pathological con-
ditions may in contrast worsen the disease progression. For instance,
the pharmacological disruption of the BBB enhanced the clinical sever-
ity in an EAE model (Alvarez et al, 2011), indicating that the integrity
of the BBB is involved in the pathology and it also modulates the recov-
ery. In this context, the dysfunction of the BBB and BSCB has been well
documented in the etiology or progression of several CNS pathologies
(Bartanusz et al,, 2011}, making the enhancement of BBB barrier perme-
ability not indicated for the delivery of drugs into the damaged CNS.
Again, specific BBB crossing vehicles would be required to provide the
drugs with CNS transit properties.

4. Viral and viral-based vectors for BBB crossing

Recent reports have demonstrated that some non-pathogenic,
single-stranded DNA human parvoviruses, in particular the adeno-
associated virus { AAV) serotypes 6 and 9, enter the CNS following intra-
venous (iL.v,) administration without the use of any BBB-permeabilizing
agents (Duque et al, 2009; Foustetal,, 2009, 2010; Towne et al., 2008).
This observation generated important expectations regarding the iden-
tification of surface protein motifs capable of inducing transport of
vectors across the BBB.
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Recombinant vectors for AAV-derived gene therapy (rAAVs) can in-
fect abroad range of both dividing and post-mitotic cells, and their DNA
persists in an episomal state thus enabling efficient and stable transd uc-
tion {Grieger and Samulski, 2005; Mandel et al., 2006). These vehicles
are highly efficient in the nervous system and infect mainly neurons
by intrathecal (Federici et al., 2012) or intracerebral injections (Burger
et al., 2005; Mandel et al., 2006; McCown, 2005). Towne et al. (2008)
observed that motor neurons could be transduced along the entire spi-
nal cord through a single noninvasive iv. delivery of rAAVE in 42 days
old wt and SOD1 G93A transgenic mice model of Amyotrophic Lateral
Sclerosis. The transduction of astrocytes and other non-motor neuron
cells, along with the finding that the motor neurons were not trans-
duced following intramuscularinjection, suggested that the mechanism
of transduction was independent of retrograde transport, and that the
vector was in fact able to cross the BBB (Towne et al,, 2008). Moreover,
rAAVY was found to be very efficient for transducing spinal cord cells in-
cluding motor neurons after i.v. delivery in both neonate and adult mice
(Duque et al, 2009). Kaspar and colleagues (Foust et al., 2009) have
demonstrated that delivery of rAAV9 through the systemic circulation
leads to widespread transduction of the neonatal and adult mice
brain, with marked differences in cell tropism in relation to the stage
of development and complexity of the BBB (Foust et al, 2009;
Lowenstein, 2009). Inaccordance, Gray etal. {201 1) reported the ability
of rAAVY to transduce neurons and glia in the brain and spinal cord of
adult mice and nonhuman primates. They suggest that AAV9 enters
the nervous system by an active transport mechanism across the BBB
rather than by passive slipping through the tight junctions between en-
dothelial cells, as the co-administration of mannitol prior to rAAY injec-
tion resulted in only a 50% increase in brain delivery, They observed
extensive transduction of neurons and glia throughout the mice brain
and spinal cord (with neurons outnumbering astrocytes -2:1 in the hip-
pocampus and striatum and 1:1 in the cortex). However, the overall
transduction efficiency was considerably lower in non-human primates,
being glial cells the main cell type transduced. These rodent/non-
human primate differences are important for clinical applications, and
may reflect a variety of species-specific factors including differential
BEB transport, capsid-interacting blood factors to promote or inhibit
rAAVY transduction, neural cell tropism within the brain, and/or intra-
cellular trafficking and vector persistence. A summary of the AAV9
viral-based administration strategies to cross the BBB for therapeutic
purposes is summarized in Fig. 3. Nevertheless, the identification of
the functional motifs of the surface proteins of AVV6 and AVV9 will

AAVS transduction in rodents
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surely contribute to the engineering of more effective vectors for the
treatment of central nervous system injuries. In fact, AAV capsid DNA
shuffling and subsequent directed evolution generated AVV novel
clones able to cross selectively the seizure-compromised BBB after iv.
administration (Gray et al, 2010).

Obviously, in the context of biological risks associated to administra-
tion of viruses (Edelstein et al. 2007) and the inflammatory conditions
linked to AVV administration and immune responses {Daya and Berns,
2008), molecular carriers or non-infectious virus-inspired constructs
(artificial viruses) would be preferred for drug BBB-cross delivery. Arti-
ficial viruses are nanostructured, manmade molecular oligomers that
mimic viral behavior regarding cell penetrability, targeted delivery of
associated drugs and nucleic acids and other key functions relevant to
encapsulation, cell surface receptor targeting, intracellular trafficking
and eventual nuclear delivery, among others (Mastrobattista et al.,
2006). In this regard, peptides and proteins are enough versatile to
functionalize these wvehicles, or the drug itself in simpler
nanoconjugates. When the building blocks of drug carnies are proteins,
these functions can be recruited by the incorporation, in a single poly-
peptide chain, of functional peptides from diverse origins that supply
desired biological activities to the whole construct (Ferrer-Miralles
et al.,, 2008; Ferrer-Miralles et al. Epub ahead of print; Vazquez et al.,
2008, 2009). Also, principles for the rational control of self-assembling
of natural and fully de novo designed polypeptides as nanostructured
materials are being established { Domingo-Espin et al,, 2011; Unzueta
et al, 20124, 2012b, 2014; Vazquez and Villaverde, 2010; Vazquez
et al, 2010}, thus opening a plethora of possibilities for the design and
biological production of nanostructured, protein-based artificial viruses
(Ferrer-Miralles et al,, Epub ahead of print; Rodriguez-Carmona and
Villaverde, 2010; Vazquez and Villaverde, 2013} with good clinical
grade formulation profile, The BBB-crossing abilities of AAVs prove, in
any case, the potential penetrability of nanosized protein entities in
the context of emerging nanomedicines of CNS.

5. BBB-crossing protein tags in artificial drug carriers

From a different angle, chemical modification of a drug can enhance
its penetrability into the CNS, for example by adding domains for glyco-
sylation (Poduslo and Curran, 1992), methylation (Hansen et al,, 1992)
and pegylation (Witt et al, 2001), lipophilic domains (Egleton and
Davis, 2005), or coating it with polysorbates (Bhaskar et al, 2010).
Also, precursors can cross the BBB when the drug cannot, as is the

AAV9 transduction in non-human primates
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Fig. 3. AAVY administration routes and transduction efficiencies. Different results have bee n obtained when AAVS was administered by Lv. or intra-thecal delivery, butalso in postnatal or
adult animals, and importantly in mice or in non-human primates. While Lv. delivery efficiently transduces neurons and astrocytes in postnatal and adult mice, very low efficiency and
mainly astrocyte transduction was observed in non-human primates. Moreover, intrathecal delivery into the Cisterna Magna resulted in the widest transduction in non-human primates.
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case of L-Dopa in the treatment of Parkinson's disease (Wade and
Katzman, 1975). In a very different context, adequate engineering of
natural proteins can offer, at different extents, tools to functionalize
free drugs or nanosized carriers to reach the CNS parenchyma
(Table 1). For that, receptor-mediated transcytosis can be reached by
the incorporation of proteins or short peptides that act as ligands of in-
sulin, transferrin or low density lipoprotein receptors (Table 1). For in-
stance, monoclonal antibodies covalently bound to therapeutic
proteins have been targeted to insulin and transferrin receptors (TIRs)
in both in vitro and in vivo models (Fu et al., 2010b, 2011; Lu et al.,
2011).In these experiments, recombinant proteins have two functional
moieties; the therapeutic peptide fused to the carboxy terminus of the
1gG heavy chain and the complementarily determining regions of the
monoclonal antibodies that are located at the N-terminus (Pardridge
and Boado, 2012). This delivery platform, dubbed Molecular Trojan
Horse and extensively exploited by Pardridge (2006G), can be adapted
to any therapeutic protein as long as its production in recombinant or-
ganisms maintains its biological function. In this context, recent insights
in industrial-oriented metabolic engineering (Lee et al, 2012) and the
wide diversity of microbial species that are now under exploration as
cell factories for therapeutic proteins (Corchero et al,, 2013) offer alter-
natives to conventional hosts for the production of highly functional
protein species. In addition, monoclonal antibodies conjugated to poly-
meric micelles (Yue et al, 2012), liposomes (Mamot et al., 2005;
Schnyder and Huwyler, 2005b; Zhang et al, 2002 ) and polymeric nano-
particles (Reukov et al, 2011a) can improve the performance of the
chemical entities in the transport of therapeutic molecules across the
BBB. Recent results suggest that low affinity binding and monovalent
binding to the cellular receptors are highly effective for successful
transcytosis (Niewoehner et al, 2014: Yu et al., 2011).

In the development of photothermal therapy, gold nanoparticles
conjugated to peptides carrying the motif THR target transferrin recep-
tor (TIR) and they are delivered to the CNS (Prades et al, 2012b). Also,
pegylated Fe;0y nanoparticles conjugated with lactoferrin (Qiao et al.,
2012b) have been proposed as MRI molecular probes for imaging diag-
nostic purposes. In some instances, intravenously administered nano-
particles of different chemical origins get adsorbed to apolipoproteins
and the entrance to the CNS is mediated by low density lipoprotein

Table 1

receptors (Gessner et al., 2001; Kim et al, 2007). This is the case of
human serum albumin (HSA) nanoparticles loaded with loperamide
(Ulbrich et al., 2011). Therefore, some nanoparticulate carriers have
been modified to include low-density lipoproteins (LDLs) or LDL recep-
tor binding peptides { ApoB (Spencer and Verma, 2007); AFoE (Re et al.,
2011; Wagner et al, 2012) and Apo A-l (Fioravanti et al,, 2012; Kratzer
et al, 2007a)) in their formulation, which results in significantly im-
proved entrance to the brain parenchyma when compared with naked
nanoparticles. In that sense, HSA nanoparticles with covalently bound
Apod-l or ApoE are able to transport drugs to the brain with similar ef-
ficiency as HSA nanoparticles conjugated to antibod ies against insulin or
transferrin receptors, or HSA nanoparticles conjugated to insulin or
transferrin (Zensi et al, 2009, 2010). Among successful examples, pep-
tides derived from the consensus binding sequence (Kunitz domain)
of proteins transported through LDL receptors, such as aprotinin and
Kunitz precursor inhibitor 1 (Demeule et al.,, 2008b; Gabathuler,
2010b], must be stressed as very promising (Table 1), Kunitz-denved
peptides (angiopeps), covalently bound to drugs, have been already
used or are in ongoing clinical trials for the treatment of brain tumors.
The main objective of the targeting peptides in clinics is the treatment
of brain metastases from solid tumors (breast and lung cancers) as an
alternative to the surgical removal of the primary brain tumor. Particu-
larly, it has been demonstrated that angiopep conjugated to paclitaxel
(ANG1005, also named GRN1005, htt linicaltrials gov/ct2 /show/
NCT01480583 7term=ANG1005&rank=0) is well tolerated and shows
activity in patients with advanced solid tumors previously treated
with antitumor drugs (Kurzrock et al, 2012). In addition, there are
three ongoing clinical trials in the same direction (http://clinicaltrials,
gov). Apart from the endogenous ligands, other peptides with high af-
finity for brain receptors (or strong cell-penetrating peptides) have
also been explored as functional materials, including pegylated-gelatin
siloxane nanoparticles conjugated with HIV-1-derived Tat peptide
(Tian et al., 2012), rabies virus glycoprotein conjugated to liposomes
(Tao et al., 2012), and variable heavy-chain domain of camel homodi-
meric antibodies (VHH) (Li et al,, 2012 for receptor-homing peptides
obtained from phage display screening (Maggie et al., 2010; Malcor
et al., 2012). To gather all published information related to peptides
with activity to cross the BBB, Van Dorpe and collaborators designed a

Main transverzal appmaches to address EEBE-crossing in nanomedicine, illustrated by representative examples.

Method Target Ligand and references

Therapeutic proteins conjuga ted
to mAbs raised against insulin
and transferrin receptors

Adsorption of apolipoproteins on
chemical NPs to interact with
LDLE

Conjugation or covalent binding
of endogenous ligands [proteins
or peptides | to nanocarriers

Transferrin receptor

Insulin receptor

LDLE

Transferrin receptor

Transferrin receptor

LDLR

LDLR

Carboxy terminus of the 1gG heavy chain [mAb)
against the mouse transferrin receptor
Moneclonal antibodies conjugated to polymeric

micelles, liposomes [Mamot et al. 2005; Schnyder

and Huwyler, 2005a; Ulbrich et al, 2011) and
polymeric nanoparticles [ Reukov et al. 201 1h)
against insulin receptor

Apolipoproteins

THR derived peptide

Lactoferrin

Peptides derived from ApoE***, ApoB** and
Apoi-l [Kratzer et al, 2007h; Luet al., 2011)
Feptides originated from Kunitz protein
[angiopeps)

Application and reference NP size
Erythropoietin fused to the mAb to treat ND

stroke [Fuet al. 2011

Insulin eran anti-insulin receptor mAbs 157 £ 11 nm
were covalently coupled to the human

serum albumin NP [Zensiet al, 2010)

Adsorption of apolipoprotein B-100 (ApoB-100] 135 £ 41 nm
onto PEG-PHDCA NPs [Kim et al. 2007)

Gold nanoparticles conjugated to THR peptide 519 + 10nm
target transferrin receptor and can deliver gold

NPz to the CMS (Prades et al.2012a)

Pegylated Fes04 NPS conjugated with 489 nm
lacteferrin used forimaging diagnostic

purposes [ Qiao et al_ 2012a)

LOLR binding-domain of ApoE was coned inte ND

lentivirus vector [Spencer and Verma, 2007)

Covalently bound to drugs used for the ND

treatment of brain tumaors [ Demeule et al..
2008a)

mAbs: meneclenal antibodies.

LDLR: low density lipoprotein receptor.
Apo: apolipoprotein.

NPF: nanoparticle.

ND: net dete mined.

THR: tri-peptide motil [thre-his-arg).
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peptide database to organize scattered information {Van et al., 2012)
[ http://brainpeps.ugent.be), The main approaches to protein-guided
BBB delivery of therapeutic nanoparticles are summarized in Fig. 4.

6. BBB-crossing for the treatment of CNS diseases

Among CNS diseases, only three are currently treated with drugs
that naturally cross the BBB, namely epilepsy, chronic pain and psychi-
atric disorders (Ghose et al, 1999). For degenerative diseases, vascular
diseases, trauma aftermaths, viral infections and congenital diseases oc-
curring in the CNS, there is a pushing need to develop BBB-crossing
strategies for drug delivery, preferentially based on non-viral carriers
(Table 2. The most representative examples of how BBB-crossing is ad-
dressed in these conditions are discussed in the next sections.

6.1. Neurodegenerative disorders

Therapedtic approaches o neurodegenerative diseases are concen-
trating most of the efforts on the design of therapeutic compounds
able to crossthe BBB. For Parkinson's disease, the firstdrug used clinical-
ly was the dopamine precursor L-Dopa, that contrarily to dopamine it-
sell, crosses the BBB by using a large amino acid transporter (Wade
and Katzman, 1975). On the other hand, in a Trojan Horse approach,
Pardridge's group normalized striatal tyrosine hydroxylase levels and
reversed functional signs in a Parkinson model. A tyrosine hydroxylase
gene empowered by a nervous system-specific promaoter was injected,
carried by pegylated liposomes decorated with 0X26 antibody against
TIR (Zhang et al, 2003, 2004a). The team was also successful entering
erythropoietin (Zhou et al, 2011b) and glial derived neurotrophic factor
(GDNF) (Fuet al, 2010a) by joining these therapeutic proteins to mice
anti-TIR antibodies, and subsequently reaching clear neuroprotective
effects,

Regarding Alzheimer, again, by means of this anti-TR antibody as
BBB transporter and by fusion to an anti-Abeta amyloid antibody, the
levels of beta amyloid peptide were dramatically reduced (Zhou et al,
2011a). In this context, Genentech is developing a lower affinity variant
of anti-TiR antibody ( that favors release from the BBB towards the CNS)
fused to an antibody against the enzyme BACET, involved in amyloidal
plaque formation. When the bifunctional molecule is applied systemi-
cally, a decrease of 47% in plaques was observed in mouse models (Yu

Proteins conjugated to
antibodies against
insulin or transferrin
receptor

Therapautic

] !/ "‘“‘0\.
© o

e

Apsiipaprotens

w W

Adsorption of apolipoproteins
on NPsto interact with LOLR

© Q

et al, 2011, Interestingly, the fusion of a monovalent sFab of an anti-
TR antibody to an anti-Abeta antibody mediated effective uptake
transcytosis and TR recycling, while the presence of two Fab fragments
on the anti-Abeta antibody resulted in uptake followed by trafficking to
lysosomes and an associated reduction in TR levels (Niewoehner et al,
2014). This approach exhibited enhanced in vivo targeting of Abeta
plaques after Lv. administration. Nerve growth factor (NGF) fused to
an anti-TIR antibody has also been used successfully to prevent neuro-
nal degeneration when applied intravenously in a Huntington disease
maodel (Kordower et al, 1994). In a similar context, a poly{mannitol-
co-PEI) gene transporter modified with a rabies virus glycoprotein is
able to ameliorate Alzheimer symptoms by transporting a therapeutic
RMAQ (Park et al, 2015). Alternatively, the intranasal route to the CNS
(Hanson and Frey, 2008), through the olfactory and trigeminal nerve
has been largely explored to introduce important factors in
neurogenesis and memory such as NGF (De et al, 2005], insulin-like
growth factor 1 (IGF-1) (Liu et al., 2004), fibroblast growth factor 2
(FGF-2) (Jin et al, 2003), insulin (Benedict et al., 2004), interferon
beta (IFN beta (Ross et al, 2004)) and the octape ptide NAP (Matsuoka
et al,, 2008) which is currently in Phase Il clinical trials in patients
with incipient Alzheimer's disease (Gozes et al, 2009),

6.2, Brain tumors

Diverse BBB-crossing anti-tumaor vectors are under development in
both pre-clinical and clinical phases, empowered by a spectrum of
BBB-crossing tags. Angiochem Inc. entered into Phase | clinical trials a
product (ANG1005) that uses the peptide Angiopep-2, capable of driv-
ing the cargo paclitaxel by transcytosis through the BBB by using the
LDL receptor LRP-1. This conjugate showed previously intracranial
tumor regression in murine models when administered i.v. (Bichat et
al., 2008). Melanotransferrin associated with doxorubicin increased the
survival in mice with intracranial tumors (Gabathuler, 2005; Karkan
et al, 2008). Albumin is being used at the University of California, San
Francisco (UCSF), in a Phase I clinical trial as a carrier of paclitaxel { nab-
paclitaxel ] to treat brain and CNS tumors (Chien et al., 2009) (it is already
in the market for breast cancer). Targeting the transmembrane protein
TMEM30A, the ligand FC5 (discovered by phage display, a single domain
antibody — sdAb—), drives liposomes through the BBB to release doxoru-
bicin into the CNS (Gabathuler, 2010a). On the other hand, by taking a

Conjugation of specific
ligands to NP surface

Conjugation to cell-
penetrating peptidas

Therapeistic
_ proteins ,

4

®) Q' e

Fig.4. Receptor-mediated approaches used in nanomedicine to cross the BEE_ Different types of proteins (including antibodies) showing specific binding to EBE transporte = and cell sur-
face receptors that are relevant te transcytosis are vsed to functionalize nanoparticles [NPs). Cell-penetrating peptides carrying therapeutic proteins are also depicted. More details and

specific examples are given in Table 1.
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Diseasze-focused main approaches to BBB drug transdelivery.

283

Dise aze Drug

Target

Ligand and strategy

References

Neumdegenerative disarders

Parkinson L-Dopa Large amino acid transporter
Tyresine hydroxylase gene TR
Erythropoietin T
GONF TR
Alzheimer Ab against beta-amyloid TR
Ab against BACEL enzyme TR
Huntington NGF TR
disease
Brain fum ors
Intracranial Antiangiogenic oligonudeotides ND
tumor DO-FUdR ND
Paclitaxel LEP-1 [LDL rece ptor]
Paclitaxel Melanotransferrin receptor
Paclitaxel ND
Doxorubicin TMEM3IOA transmembrane

shRMAs against EGFR

Doxorubicin

protein

Insulin rece ptor/transferrin
Teceptor

LDOL receptor via ApoB/E
enrichment

Oligonucleotides against protein ND
kinase C alpha
Anti-nociception
loperamide TR
loperamide Pozsible adsorption-mediated
endocytosis
Dalargine ND
Dalargine TMEM3I0A transmembrane
protein
Cerebral ischemia
EDNF TR
FGF-2 TR
vir TR
Erythropoietin TR
NGF gene T
NRZE ND
Bcl-X1 ND
CDNF ND
JMEL ND
Infectious diseases
siRMA ND
Anti-VIH drugs ND
Anti-VIH drugs ND
Anti-VIH drugs ND
Dim inaze nediace turate LOL receptor via ApoE
enrichment
Mucopolysaccharidosis
Beta-glucuronidase gena TR
Alpha-i-iduronidase enzyme TR
Beta-glururonidase ND

L-Dopa
Pegylated liposome decorated with 0X26 ab against TFR.

Fusien protein joined to TR ab.
Fusion protein joined to TIR ab.
Fusien protein joined to TIR ab.
Fusion protein joined to low affinity TFR ab.
Fusion protein joined to TIR ab

Polycefin polymer

Drug incorperated in =olid lipid nanoparticles
Drug conjugated to Angiopep-2 peptide.

Drug associated with melanotransferrin

Drug conjugated to albumin

Lipesomes decorated with FC5 ligand

Pegylated immunopolysome s associated to TIR ab and
insulin receptor ah.
Drug bound to polyserbate-coated polymer

Nude eligonuclectide administration

Human se rum albumin coupled to TfR ab.

PLCA nanoparticle derivatized with a gly cosylated
heptapeptide

Drug joined to cell penetrating peptides

Drug jeined to a FC5-Fe fusion antibody

Protein linked to TIR ab.

Protein linked to TR ab.

Protein linked to TIR ab.

Protein linked 1o TR ab.

Lipoplexes decorated with transferrin
Protein fused to cell penetrating peptide
Protein fused to cell penetrating peptide
Protein fused to cell penetrating peptide
Protein fused to cell penetrating peptide

OR-RVG fusion protein
Drug associated to liposom es
Drug associated to micelles

Drug associated to cell penetrating peptide
Lipid-drug conjugate

Lipesomes associated to TR ab.
Protein linked to TR ab.
Protein fused to cell penetrating peptide

‘Wade and Katzman
(1975)

Zhang et al. (2003,
2004a)

Zhouet al. (2011h)
Fuet al. [2010b)
Zhouet al. [2011a)
Yuetal (2011)
Kordower et al. (1994

Liuhimova et al. [2008)
Wang et al.[2002)
Bichat et al. (2008 )
Karkanet al. [2008)
Chienet al. [2009]
Gabathuler [2010a)

Boado [2007), Pardridge
(2004)
Steiniger et al. [2004)

Yazaki et al. [ 1996]

Ulbrich et al. {2009)
Tosi et al. (2007

Rousselle et al. (2003)
Farrington et al [2014)

Wu and Pardridge
(1999)

Song et al. (2002)
Bickel et al. (1993
Fuet al.(2011)

da Cruz et al. [2005)
Aarts et al. [2002)
Kilic et al.(2002)
Kilic et al.[2003)
Borsello et al. [2003)

Kumar et al. [ 2007)
Dusserre et al. (1995)
Spitzenbarger et al
(2007)

Rao et al.[2009)
Gessneret al. (2001

Zhang et al. [2008)
Boado et al. [2008)
Xia et al. [2001)

ND: not dete mined.
PLGA: poly( lactic-co-glycalic) acid
TiR: transfernn receptor.

Trojan Horse strategy based on pegylated immunoliposomes targeted to
TIR (Boadoet al, 2007 ), the delivery of shRMAs expression vectors against
the epidermal growth factor receptor (EGFR) increased the survival in
mice with intracranial tumors (Boado, 2007; Pardridge, 2004; Zhang
et al, 2004b). Doxorubicin ferried by polysorbate-coated polymer nano-
particles promoted long-term glioblastoma remission in rats, probably
by an unspecific BBB crossing (Steiniger et al, 2004, and a polycefin poly-
mer variant that specifically targets human brain, which is associated to
antiangiogenic oligonucleotides inhibits tumor angiogenesis and im-
proves animal survival (Ljubimova et al, 2008).

On the other hand, despite no direct CNS targeting, it has been pos-
sible to increase the intracranial levels of anticancer 3'5"-dioctanoyl-5-
fluoro-2'deoxyuridine (DO-FUAR), by incorporating it into a solid lipid
nanoparticle (Wang et al, 2002). Furthermore, when ad ministered sys-
temically, nude phosphorothioate oligonucleotides against protein ki-
nase C alpha, also reduced intracranial glioblastoma tumor size and
doubled mice survival time (Yazaki et al, 1996). On the basisof these re-
sults, a Phase II clinical trial has been completed (http://www.
clinicaltrials.gov/ct2/results? term= pkc-alpha). In a more recent exam-
ple, an intravenously injected cell penetrating peptide (LNF) decorating
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a polylysine-PEG gene vector extended the median survival time of
glioma-bearing mice (Yao et al, 2014).

6.3. Pain

Anti-nociception is usually achieved by methylation (Hansen etal,
1992) or glycosylation (Polt et al, 1994) of active molecules to stimulate
their penetrability into the CNS. On the other hand, coupling human
serum albumin to an anti-TfR permits the transport of loperamide into
the CNS for anti-nociception effects (Ulbrich et al, 2009). The same
drug is delivered into the CNS by injecting iv. a poly(lactic-co-glycolic)
acid (PLGA) nanoparticle, derivatized with the peptide H;N-Gly-1-Phe-
o-Thr-Gly-1-Phe-1-Leu-1-Ser( O-f-p-Glucose ) -CONHz (g7) (Tosi et al.,
2007). The analgesic dalargine joined to a cationic cell-penetrating pep-
tide (Syn-B) increases brain uptake in two orders of magnitude. This
peptide crosses the BBB using a nonspecific route, that is, without asso-
ciation with a receptor (Rousselle et al,, 2003). Other polyarginine-
based peptides as CNS transporters are in preclinical phases
(Gabathuler, 2010a).

6.4. Ischemia

Sequelae of cerebral ischemia can be lessened by CNS delivery of
brain-derived neurotrophic factor (BDNF) (Wu and Pardridge, 1999;
Zhang and Pardridge, 2001), fibroblast growth factor (FGF-2) (Song
et al., 2002), inhibitor of caspase-3 (Yemisci et al., 2014, vasoactive in-
testinal peptide (VIP) (Bickeletal, 1993; Wu and Pardridge, 1996) and
erythropoietin (EPO) (Fu et al., 2011) linked to an anti-TfR antibody.
The nerve growth factor (NGF) gene has been introduced into the CNS
while inside lipoplexes decorated with the TfR natural ligand, transfer-
rin (da Cruz et al, 2005). The cell penetrating Tat peptide has also prov-
en tocarry efficiently N-methyl p-aspartate receptor subtype 2B (NR2B)
domain (Aarts etal, 2002), B-cell lymphoma-extra large protein (Bel-
¥u) (Kilic et al, 2002 ), glial cell-derived neurotrophic factor (GDNF)
(Kilicet al., 2003 ) and ¢-Jun domain (Borsello et al., 2003 ), to protect
neurons in brain infarct models. On the other side, sniffing insulin-like
growth factor (IGF-1) (Liu et al., 2004) and EPO [ Yu et al., 2005) protects
the brain against stroke in animal models (Hanson and Frey, 2008).
Modular protein/DNA nanoparticles have been shown to induce biolog-
ically relevant transgenic protein levels and therapeutic effects after
acute  excitotoxic  injuries  when injected intracerebrally
(Negro-Demontel et al, 2014; Peluffo et al, 2003, 2006, 2012). The ad-
dition of CNS targeting domains to these particles may enable intrave-
nous delivery retaining its neuroprotective potential

6.5. Infectious diseases

CNS infectious diseases have also been treated in vivo using different
approaches. By administering iv. siRNA into Japanese encephalitis
virus-infected mice, Manjunath and colleagues afforded specific viral
gene silencing and protection. The siRNA carrier was a two-domain pep-
tide formed by nine arginines (R9) and a peptide derived from rabies
virus glycoprotein (RVG) (Kumar et al., 2007). On the other hand, the
brain levels of different anti-HIV drugs have been increased several
folds through association with liposomes (foscarnet, [ Dusserre et al.,
1995)], micelles (zidovudine, lamivudine, nelfinavir, (Spitzenberger
etal, 2007)) and the Tat protein (ritonavir, (Rao et al, 2009) ). Further-
more, second stage African trypanosomiasis was treated intravenously
inamouse model by conjugating the active water-soluble drug to lipo-
somes using polysorbate 80 as surfactant ( Olbrich et al, 2002).

6.6. Other conditions

Other diseases in which the BBB crossing has been successfully
achieved are Hurler's Syndrome (mucopolysaccharidosis), using the

mouse anti-TfR antibody associated to a liposome with beta-
glucuronidase gene (Zhang et al., 2008) or fusioned to the alpha-1-
iduronidase enzyme (Boado et al, 2008). A cell-penetrating Tat peptide
improves the beta-glucuronidase biodistribution when organized asa
single chain fusion protein (Xia et al, 2001). Narcolepsy has also been
treated with good results with nasal hypocretinl (Hanson and Lobner,
2004).

7. Administration routes

The intravenous ad ministration of functionalized nanoparticles is
the most used therapeutic route. However, in some cases, patient com-
pliance is not easy to achieve, and alternative administration routes
need to be explored. In fact, there are standardized me thods for drug de-
livery by osmotic disruption (Kroll and Neuwelt, 1998; Yang et al.,
2011), by local delivery placing polymer wafers after tumor excision
(Balossier etal, 2010), by convection-enhanced delivery (White et al,
2012a, 2012b) or by intranasal administration (Grassin-Delyle et al,,
2012; Tsai, 2012; Wolf et al, 2012; Zhu et al., 2012) (Fig. 1A). Some of
these treatments are still highly invasive and are only addressed to
high grade glioma patients. In the milder intranasal delivery, the drug
is being accumulated in the olfactive bulb and then diffusing inside
the brain. This approach has been proven to be quite effective in the
treatment of various disease models, acting through the olfactory path-
way and trigeminal nerve (Born et al, 2002; Hanson and Frey, 2008).
Regarding gene therapy, only 1.9% of current clinical trials are per-
formed on the CNS, and almost all of them are applied by intracranial in-
jection or performed ex vivo (Ginn et al., 2013), pointing to the
importance of the delivery of BBB-crossing gene therapy vectors.

8. Conclusions and future prospects

Numerous examples of basic research and ongoing clinical trials il-
lustrate how proteins can be engineered to overcome the complexity
of both BBB and BSCB in drug delivery contexts. In this regard, a few
CNS diseases are already treated with protein-based targeted drugs,
and much more are expected to be released for use in the next future,
Hopefully, and based on current insights on the engineering of protein
self-assembling, functional proteins would be desirably adapted as
building blocks of nanosized entities, acting at the same time as BBB
crossers, targeting agents and drug carriers. Although the fully de
novo design of such protein-based artificial viruses is in its infancy,
the accumulation of data about the physiology of the CNS and of rele-
vant cell receptors, the widening spectrum of drugs potentially useful
in CNS therapies and the exploration of alternative routes for adminis-
tration on the bases of result from the use of natural viruses envisage
the generation of these sophisticated vehicles as a forthcoming routine
strategy.
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ABSTRACT The fully de novo design of protein building blocks
for self-assembling as functional nanoparticles is a challenging task
in emerging nanomedicines, which urgently demand novel, versa-
tile, and biologically safe vehicles for imaging, drug delivery, and
gene therapy. While the use of viruses and virus-like particles is
limited by severe constraints, the generation of protein-only
nanocarriers is progressively reachable by the engineering of
protein —protein interactions, resulting in self-assembling functional
building blocks. In particular, end-terminal cationic peptides drive
the organization of structurally diverse protein species as regular nanosized oligomers, offering promise in the rational engineering of protein self-
assembling. However, the in vivo stability of these constructs, being a critical issue for their medical applicability, needs to be assessed. We have explored
here if the cross-molecular contacts between protein monomers, generated by end-terminal cationic peptides and oligohistidine tags, are stable enough for
the resulting nanoparticles to overcome biological barriers in assembled form. The analyses of renal clearance and biodistribution of several tagged
medular proteins reveal long-term architectonic stability, allowing systemic circulation and tissue targeting in form of nanoparticulate material. This
observation fully supports the value of the engineered of protein building blocks addressed to the biofabrication of smart, robust, and multifunctional
nanoparticles with medical applicability that mimic structure and functional capabilities of viral capsids.

KEYWORDS: proteinnanoparticles - building blocks -genetic engineering - biodistribution - targeting - drug delivery - nanoparticles -
self-assembling - architectonic stability - protein folding - artificial viruses

ifferent types of materials are under
Dexamination for the construction of

nanoparticles as molecular carriers
in diagnosis and therapy, including lipids,
diverse types of polymers, dendrimers, car-
bon nanotubes, and metals.” While the
usage of many of these candidates is
technically appealing and their manufac-
ture economically feasible, biocompatibility
issues severely compromise in vivo applica-
bility.” Instead, proteins are ideal biomater-
ials for therapeutic applications, because of
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their natural structural roles, easy and cost-
effective biological production, functional
tunability by genetic engineering and full
biocompatibility. Regarding drug delivery,
several categories of entities found in
nature support the concept of proteins as
ideal nano- or microcages for molecular
carriage. Infectious viruses,** virus-like par-
ticles (VLPs),” and more recently bacterial
microcompartments (BMC)® and eukaryotic
vaults” are being explored to transport and
deliver nucleic acids, peptides or proteins,
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chemicals, metals, and quantum dots, among others.
However, biosafety concerns in the case of viruses and
narrow flexibility in readapting tropism and geometry
in VLPs, vaults and BMCs, stress the need of novel
protein nanocages that, being highly tunable and
functionally versatile, would not be limited by the
above constraints.

The highly organized protein shells of viruses and
other natural protein nanocages are formed by self-
assembling building blocks that interact through a
complex combination of electrostatic, hydrophobic,
van der Waals, and hydrogen bond forces.® So far,
the de novo design of self-assembling protein mono-
mers for tailored construction has poorly advanced
and it is reluctant to generic raticnal design_'J Self-
assembling amyloidogenic peptides, although show-
ing a wide spectrum of applications in nanomedicine,”
are unable to generate regular sized shells for con-
trolled drug encapsulation, and their biological fabri-
cation poses important challenges. Concerning full
proteins, a limited number of engineering approaches
have rendered self-organizing cages or filaments, by
adapting oligomerization domains from natural oligo-
meric proteins,’~ ' through the in silico assisted fine
engineering of protein—protein interfaces’® or by
designing disulfide bonds between cysteine-carrying
modified stretches.’

Recently,’® we have described a new protein
engineering principle for the construction of self-
assembling, protein-only nanoparticles, based on
the combined use of one cationic peptide plus a poly-
histidine. These peptides, fused at either end termini
of recombinant proteins, confer tagged monomers
(structurally different protein species such as GFP and
p53) with a strong dipolar charge distribution that
supports spontaneous self-organization as monodis-
perse nanoparticulate materials. The size of these
particles can be regulated by the ionic strength and,
specially, by the composition in the cationic residues
of the N-terminal tag (larger particle size when tails contain
more cationic residues, under a lineal dependence).'® The
N-terminal peptide acts, in addition, as a cell-receptor
specific ligand that confers targeting properties to the
parl]‘r:le.16 The relevance of this engineering principle relies
on its generic applicability, since contrarily to other pro-
posed approaches it is not limited to any particular protein
species and it does not require precise amino acid
stretches or composition in the building block to ensure
proper assembly, as, potentially, any protein can be
tagged to promote self-organization. These peptide-
driven nanoparticles have been proven useful for the
targeted intracellular delivery of proteins' and expressible
DNA,'® so far in absence of detectable cellular or organic
toxicity.'?

In particular, the modular protein T22-GFP-H6 was
constructed under such tag-based principle, and
it forms regular, 13 nm-nanoparticles that internalize,
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in a particulate form, in CXCR4-expressing cells
(T22 being a peptidic ligand of CXCR4**).'® When
administered in metastatic colorectal cancer animal
models in which CXCR4 overexpression is clinically
relevant, T22-GFP-H6 shows an excellent biodistribu-
tion and it is internalized by CXCR4™ cells in the
primary tumor and also in the metastatic foci.'® While
this fact is highly promising regarding medical applic-
ability of this platform, it is not clear whether the
intermolecular interactions promoted by these nano-
architectonic peptides are strong enoughto ensure the
stability of nanoparticles in vivo. In fact, the occurrence
of T22-GFP-Hé intarget cells and tissues determined by
immunohistochemistry does not ensure that the na-
noparticulate structure has been maintained during
in vivo administration. The in wvivo stability of the
nanoparticle formed in vitro needs to be confirmed
in order toimplement this platform as a generic tool for
drug design. In fact, if the protein— protein interactions
promoted by the peptidic tags are weaker and less
complex than those supporting assembling of infec-
tious viruses, VLPs, vaults, and BMC shells, it could be
not ruled out that the nanoparticles formed in vitro by
artificial monomers would be immediately disas-
sembled once administered, as the bloodstream and
intracellular media are rich in charged molecules. In
this context, limited stability and a premature release
of cargo drugs or imaging agents would fully invalidate
the system for further development.

In this regard, determining if a multifunctional pro-
tein reaches its target tissue in a nanoparticulate form
or as disassembled monomers is not easily approach-
able experimentally. The a priori choice transmission
electron microscopy (TEM) does not offer enough
resolution to discriminate between monomeric and
nanoparticulate forms (~6 versus ~13 nm) of protein
materials inside target cells (a complex and hetero-
geneous protein-rich media with similar electrodensity
than recombinant proteins), and also between inter-
nalized and endogenous protein structures within this
size range. Antibodies and gold nanoparticles used in
immunolabeling techniques for TEM are also within
the same size range. Therefore, we have determined
here the in vivo architectonic stability of de novo
designed protein nanoparticles (and therefore, the
validity of the whole architectonic principle) by an
approach alternative to direct TEM observation that
permits a rapid and feasible in vivo translation and a
refined analysis at the whole body level. This is based
on the monitoring of renal clearance and biodistribu-
tion of several reporter building blocks (constructs
R9-GFP-H6, T22-GPP-H6, T22-IRFP-H6)} administered
as either monomers (<7 nm) or assembled entities
(>7 nm). Parental monomeric species, as well as closely
related protein variants that do not form nanoparticles,
have been also used as controls. As renal filtration
occurs for compounds with a size lower or around
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Figure 1. In vitro assembling of protein-only nanoparticles. {A) Schematic representation of all protein constructs used in the
study. Precise amino acid sequences of R9, T22, Ang (Angiopep-2), and Seq (Seq-1) have been given elsewhere.'™" L is a linker

:_42

peptide commenly used in phage display (GGS5RSS]

The molecular masses (MM) of proteins were determined by mass

spectroscopy, and they were coincident with predicted values. (B) Size of protein complexes formed by distinct GFP variants,
measured by DLS in representative experiments. Peak and polydispersion index (PDI) are shown foreach plot.(C) TEM images
of protein nanoparticles upon purification from producing bacteria. (D) AFM images of randomly selected nanoparticles and
topography cross sections of isolated entities. Measurements have been done in liquid with a tip radius of 10 nm. Then, the
width (but not the high) of the particles is inherently overestimated.

7 nm,?" accumulation of the administered material in
kidney but not in target tissues would be indicative of
disassembling, while occurrence in target tissues but
not in kidney would prove the in vivo stability of
nanoparticles. Interestingly, the obtained results indi-
cate that nanoparticles formed in vitro are highly stable
during systemic circulation, thus proving the structural
robustness and strong potential of end-terminal cationic
tags as nanoarchitectonic tools for medical applications.

RESULTS AND DISCUSSION

The fusion of N-terminal cationic peptides to
Hé-tagged GFP promotes the self-organization of
the construct into protein-only nanoparticles of sizes
ranging from 10 to 50 nm.'® These particles are
immediately observed upon protein purification from
recombinant bacteria and they probably assemble in
the storage buffer against which the protein is dialyzed
after elution. Being highly cationic, peptides R9 and
T22 (used in nanomedicine for brain targeting and
CXCR4™ cell targeting respectively, Figure 1A) support
the self-assembling of GFP-H& as fully fluorescent
particles of ~20 and ~ 13 nm (Figure 1B). The sizes of
these particles, primarily determined by DLS, were
confirmed by TEM (Figure 1C) and atomic force micro-
scopy (AFM) (Figure 1D, and Supporting Information 5
Figures 1 and 2). In contrast, the noncationic peptides
Ang-and Seq fail in promoting any supramolecular
organization of the fusion proteins, and the size of
the monomers was coincident in both cases with that
of GFP-H6 (around 6 nm, Figure 1 B).

In mice, upon single intravenous (iv) administration
at equal doses, Ang-GFP-H6, Seq-GFP-H6, and the
parental GFP-H6 accumulated in kidney (Figure 2A—C),

CESPEDES ET AL

indicative of renal clearance and in agreement with the
occurrence of these proteins in a monomeric form also
in vivo. Contrarily, R9-GFP-H6 and T22-GFP-H6 were not
observed in kidney (Figure 2A—C), suggesting that the
nanoparticulate architecture reached by these proteins
in vitro (Figure 1C,D) was maintained in vive during
circulation in blood. No protein was detected in lung,
heart, spleen or liver in any case (Figure 2A). Consis-
tently with their lack of renal clearance, the fluores-
cence emitted by R9-GFP-H& and T22-GFP-He was
detectable in plasma showing a first fast half-life of
rapid distribution in the blood compartment, followed
by a second and slow half-life of long-lasting perma-
nence in blood (Figure 2D, and Supporting Information
Table 1). Leucocytes and platelets showed lack of
fluorescence accumulation for R9-GFP-H6, whereas
fluorescence after T22-GFP-H6 administration was
slightly increased in these blood cells as compared to
background fluorescence in nonaccumulating tissues,
butit was until 100 times lower than fluorescence reached
by T22-GFP-H6 in tumor tissue. No accumulation was
observed in red blood cells (Supporting Information S
Figure 3}. Although a priori it could be not discarded
that the absence of protein in kidney would be due toa
proteolytic instability and fast degradation, T22-GFP-
H6 was observed to be highly stable in plasma and
when administered to colorectal cancer mice models it
accumulated in primary tumors and metastatic foci.'®
The combination of all these data was indicative that
the protein reached its target in a fullHength form. In
this particular construct, the N-terminal peptide T22
was at the same time an architectonic tag and a cell-
specific ligand, as it binds the cell surface receptor
CXCR4 and internalizes CXCR4 ™ cells."*" Interestingly,
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Figure 2. Stability and biodistribution of protein constructs. (A) GFP signal registered ex vivo in mouse spleen, lung, heart,
liver sections, and kidneys 2 h after ivadministration of 500 «g of each protein or buffer alone. (B) Quantitative determination
of fluorescence in analyzed kidneys expressed as the total radiant efficiency (photon/s/cm’/st/iW/cm®) of right and left
kidneys for each mouse. The slight variations found when comparing proteins could be due to differences in the specific
fluorescence, as protein sizes are rather similar (Figure 1). (C) iImnunohistochemical anti-GFP detection of the administered
proteins in the renal tissue, which is only observed if the small size (<7 nm) of the administered material determines its
filtration and accumulation in the renal glomeruli while being excreted (400 magnification). Arrowheads show high density
of hematoxylin stained nuclei (blue) correspending to cells in the renal tissue, including glomerular cells. Note the absence of
GFP staining in animals administered with R9- and T22-containing proteins, and the presence of signal when Ang- and Seg-
derived proteins were administered (brown staining). (D) Pharmacokinetics of R9-GFP-H6 and T22-GFP-H6 after a 200 ug
intravenous bolus administration. GFP fluorescence was recorded in plasma obtained after blood centrifugation attime 0, 1,
2, 4, 8 h. The elimination rate constant (Kel), and half-life of elimination (t1/2), were calculated using a one-compartment
model and a semi-log plot of plasma concentration versus time curve (see Supporting Information Table 1). R9-GFP-H6 and
T22-GFP-H6 showed a fast distribution in the blood compartment followed by a slow half-life of recirculation in blood.

no enhancement of apoptosis was observed in any of
the checked organs, namely, nontumoral lung, heart,
spleen, and liver (Supporting Information S Figure 4),
and no loss of weight or other pathological signs of
toxicity were observed in any of the administered
animals as compared to buffer-treated animals (not
shown). The absence of cellular toxicity of T22-GFP-H6
in vitro had been already reported,'® altogether indi-
cating a potential of these protein particles for in vivo
applications.

To complement these data, we first confirmed the
proteolytic stability of R9-GFP-H6 and related mono-
meric proteins in plasma and serum [Figure 3A) that
was as high as that observed in T22-GFP-H6."" Then,
the biodistribution analysis of R9-GFP-H6 upon admin-
istration determined that this protein nanoparticles
localized in brain (a background occurrence of GFP-
H6 was also determined; Figure 3B,C). This was not
completely unexpected as previous findings sug-
gested a BBB-crossing potential of R9 and related
arginine rich peptides.”””* Since neither R9- nor T22-
empowered proteins were detected in lung or heart
(Figure 2A), the possibility of unspecific protein aggre-
gation can be strongly excluded, whereas the lack of
accurnulation in spleen or liver indicate that they are
not taken by the mononuclear phagocyte system that
affects other categories of nanoparticles.**** Again,

CESPEDES FT AL

the absence of these proteins in kidney must be
exclusively attributed to their nanoparticulate organi-
zation that prevents size-dependent clearance. Renal
filtration of parental GFP-H6 and related nonassem-
bling proteins also indicated that these constructs,
with a size very close to the threshold for filtration,
do not tend to aggregate or assemble in vivo and that
they keep their monomeric form during circulation in
blood.

While offering an enormous potential in the design
of artificial viruses and protein nanoparticles for med-
ical purposes,® the high in vivo architectonic stability
of R9-GFP-H6 and T22-GFP-H6 observed here was not
anticipated. As R9 and T22 are highly cationic and the
whole chimerical constructs show a dipolar charge
distribution,'® we expected electrostatic charges to
be the main drivers of protein assembly. Then, nano-
particle stability in media with a high load of charged
components, such as bloodstream (negatively charged
proteins and a wide catalogue of ions), was at least
initially surprising, as we could presume molecular
competitions between charged agents and building
blocks and consequent particle dissociation. Experi-
mental data indicated, instead, that nanoparticles
formed in vitro keep such organization also in vivo.
To test this “structural memory”, we evaluated renal
clearance of a novel modular protein generated in this

VOL.8 = NO.5 n 4166-4176 = 2014

£ b

Www .acsnano.org

122

Areh

A |\\1" b [E?’:[l’{ =

4169



Annex

80y L]
81§ &
Ang-GFP-HE Seq-GFP-HE
a0k - . — 4 - - .
o 5 12 15 0 ] [} 1] 18
Incubasion fime (h) Incubagon time ()

epr—

& | B2

3 PR ——
e Wawta ke
L —e— Hurnian s &
RO-GFP-HE GFP-HB

1 ¢ 13 0 15 20 I:ﬂg H ©w 15
g

juppt———] i

B Buffer GFP-H6

R9-GFP-H6

Figure 3. Stability and biodistribution of R9-GFP-H6. (A) In vitro stability of protein R9-GFP-H6 and control proteins GFP-H6,
Ang-GFP-H6, and Seq-GFP-H6 in human plasma (circles), mouse plasma (triangles), and human serum (squares), monitored by
fluorescent emission. (B) In vivo whole-body recording of a representative mouse 2 hafter iv administration with bufferalone,
with 500 :tg of GFP-H6 or R9-GF P-H6, showing occurrence of fluorescence in the brain. (C) GFP fluorescence signal recording in
ex vivo brain sagittal sections of a representative mouse. (D) Inmuno histochemical detection of the protein using and anti-
GFP antibody, in mouse brain sections 2 h after iv ad ministration of 500 (g of GFP-H6 and R9-GFP-H6 of buffer alone (400 ).

Arrows show protein accumulation in the brain parenchyma.

study (T22-IRFP-H86). In this construct, the core of the
building block is iRFP, a dimeric fluorescent protein
with primary sequence and structure unrelated to
those of GFP. Once purified in low salt buffer, this
construct self-organizes as nanoparticles of ~14 nm
(Figure 4A,B), while it remains disassembled (probably
as natural dimers) in high salt buffer (Figure 4A).
Furthermore, adding salt to the protein when already
assembled in low salt buffer (to reach the same salt
concentration than in high salt buffer) does not alter
particle size (Figure 4C). This is indicative of a tight
organization of the protein assemblies and of robust
cross-molecular interactions between monomers that
are not responsive to alterations of the media condi-
tions upon assembling. In this context, NP40 had also
no effect on the stability of nanoparticles (Figure 4D)
while the strong denaturant detergent SDS used as a
control disassembled the constructs already at 0.1%
(Figure 4E). The progressive reduction of the protein
size observed at 0.1 and 1% could reflect a hierarchical
disassembly of nanoparticles first releasing dimeric
T22-IRFP-H6 building blocks and later individual dena-
tured monomers.

To assess more robustly the in vive stability and
architectonic memory of protein nanoparticles, we
administered the polypeptide T22-IRFP-H6 to color-
ectal cancer mice models, either in disassembled (high
salt buffer) or assembled (low salt buffer) forms. Upon
iv injection, renal clearance was observed only in the
case of the disassembled protein, while tumer target-
ing was only observed in the nanoparticulate form
(Figure 5A,B). This fact indicated again the preservation
in the bloodstream of the molecular organization
adopted in vitro, but also it proved that tissue targeting
by efficient cell surface ligands is impaired by renal

CESPEDES FT AL

clearance, as it prevents individual proteins reaching
the intended target. Presentation of the failing poly-
peptide in a nanostructured form with a size higher
than 7 nm instead avoids renal excretion and it confers
a high recirculation time in blood, thus offering oppor-
tunities for its accumulation in the target tissue. Im-
portantly, since the cell ligand is the peptide T22 in
both cases, no biased biodistribution could be poten-
tially attributed to the use of different ligands but
exclusively to the presentation in disassembled or
assembled forms.

To explore the fine architecture of these nanoparti-
cles, we first estimated the number of monomers
forming them, by size-exclusion chromatography. In-
terestingly, the 23 nm R9-GFP-H6 particles peaked out
of the column range, but still, an important fraction
peaked at a value compatible with a pentameric
organization of the protein, in agreement with pre-
vious in silico modeling.'®"®'® There, the basic struc-
ture of R9-GFP-H6 nanoparticles has beensuggested to
be star-shaped discoidal pentamers, in which mono-
mers are organized as a ring around an empty center.'®
On the other hand, T22-GFP-H6 and T22-IRFP-H6 were
majorly organized in clusters of 10 monomers (Figure 6A),
but minor peaks corresponding to 15 T22-IRFP-H6
monomers, to the T22-IRFP-H6 dimer (the natural form
of IRFP), and to T22-GFP-H6 monomers were also
observed. The occurrence of oligomers formed at least
by 5,10, and 15 monomers would account for the slight
polydispersion of the particle size determined by DLS
(Figure 1B) and strongly suggested the stacking of
basic pentameric blocks in higher order structures. In
this regard, the tubular organization ohserved in
R9-GFP-H6-DNA complexes®” is again fitting with a
model in which nanodisks are piled as cylinders. The
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Figure 4. Structural memory of protein-only nanoparticles in vitro. (A) DLS size analysis of T22-IRFP-H6 purified in low salt
(carbonate buffer, —) and high salt (carbonate buffer +334 mM NaCl, +). Different measures are plotted to evidence
robustness of data.(B) TEM analysis of T22-IRFP-H6 purified in low salt buffer (assembled). (C) DLS size analysis of T22-IRFP-H6
purified in low salt buffer and in which additional salt was added later to reach 500 mM NaCl. Alternatively, NP40 (D) and SDS
(E) were added up to 1%. Peak and PDI values are shown for each DLS plot.
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Figure 5. Structural memory of protein-only nanoparticles in vivo. Mouse tumor and kidney sections were registered 24 h
after 50 xg iv administration of T22-IRFP-H6 in either high (+, disassembled) or low (—, assembled) salt buffers. (A)
Immunohistochemical analysis of the tumor and glomeruli using an anti-His-tag antibody (400 x magnification). Insets show
IRFP fluorescence signal detected ex vivo in tissues of a representative mouse for each group, after subtracting the
autofluorescence. (B) The total radiant efficiency (photon/s/cm?/sr/uW/cm?) as determined for each group in tumor (top) and

kidney (bottom).

robustness of the emission spectra of assembled GFP
variants when compared with regular GFP (Figure 6B)
indicated little or no conformational changes in the
GFP barrel associated with nanoparticle formation. In
this context, the overhanging tails (R9 or T22 and H6)
rather than the monomer core itself could be the main
structure responsible for protein—protein interactions
in the nanoparticle, as previously suggested.'é'm In a
last structural analysis, Cryo-TEM and especially high-
resolution FESEM (Figure 6C) showed a ring shaped
organization of all protein particles that, in the case of
T22-GFP-H6, would be compatible with two staked penta-
mers. These new data confirmed again the particle sizes
determined primarily by DLS, TEM, and AFM (Figure 1and
Supporting Information S Figures 1 and 2) and the circular
distribution of the protein material (Figure 6C).

All these results clearly indicate that, once nano-
particles are formed, their architecture remains stable

CESPEDES ET AL.

both in vitro and in vivo, and that while salt content
modulates the initial configuration of protein—protein
interactions, it does not disturb the structure of the
formed supramolecular complexes. The cross-molecular
contacts between monomers would be then more
complex than mere electrostatic interactions and prob-
ably similar to those occurring in viruses and related
entities. At a neutral pH, the polyhistidine tail is not
charged, and the interaction between arginines and
neutral histidines is known to be strong, as it may
combine polar, hydrophobic, and cation-pi (between
the guanidinium positive charge and the aromatic
imidazole ring) interactions. These interactions may
be favorable even when H6 is positively charged, as
expected under slightly acidic environments 2*2°
Because of the especially high definition of ring-
shaped FESEM images and the occurrence of penta-
meric structures in R9-GFP-H6 nanoparticles, we
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Figure 6. Fine architecture of protein-only nanoparticles. (A) Overlap of size exclusion chromatograms of different protein
nanoparticles. Vertical red lines indicate the occurrence of nanoparticles by the position of peaks, indicating the estimated
number of monomers thatform them. (B) Overlap of fluorescence spectra of bled protein particles (T22-

GFP-H6, R9-GFP-H6) compared with that of the ic control p (GFP-H6). (C) Wide field CryoTEM and FESEM
images of protein nanoparticles formed by different proteins. The average size of each type of particle was determined by

SEM and depicted. The insets show magnifications of single nanoparticles.

modeled protein—protein interactions in this particu-
lar construct.'®'® Different probable star-shaped nano-
particles resulted from the docking process depending
on the conformation adopted by the overhanging
end-terminal peptides, all of them in the range of
1530 nm and compatible with the nanoparticle size
(Figure 7). When resolving the energetics organizing
the monomers, complex combinations of electrostatic
interactions, van der Waals forces, and hydrogen
bonds were found in all cases (Table 1), as in those
occurring in natural protein complexes.® The strong
weight of van der Waals forces and hydrogen bonds

CESPEDES ET AL.

revealed that electrostatic contacts, although impor-
tant, were not the unique actors in the self-assembling
of modular monomers. In this context, capsid proteins
interact mainly through a combination of electrostatic
repulsion, hydrophobic attraction and specific contacts
between given pairs of amino acids. These interactions
impose a certain restriction in the orientation of the
interaction during complex formation, and once this
is formed, the weaker van der Waals forces complete
the assembly. Varying the acidity and salinity conditions
(or the concentration of Ca** ions) adjusts the relative
balance between these competing interactions, thereby
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Figure 7. Different conformations of R9-GFP-H6 nanoparticles obtained in the docking process by using different config-
urations of overhanging R9 and H6 peptides. Models in the top row were generated with HADDOCK'® using R9 residues as
active and H6 residues as passive. Models in the bottem row were generated declaring only R9 residues as active. The
energetics governing protein— protein interactions in each of these models are given in Table 1.

|
TABLE 1. Summary of Energetics Governing Monomer—
monomer Interactions in the Molecular Models Depicted
in Figure 4

model” hydrogen bond” van der Waak® electrostatics”
up 1 —47.34 —a —21.56
up 2 —44.97 —51.16 —6.61
up3 -29.13 —4238 —733
Up 4 —316 —38.18 —10.85
DOWN 1 —26.45 —30.56 186
DOWN 2 -23.13 —I5.79 —44
DOWN 3 =164 —20.78 102
DOWN 4 —1.57 —11.8 12n

“Models refer to those depicted in Fgure 7, in top and bottom rows, numbered
from left to right. * Values were calculated with FoldX and are given in keal/mal,

favering assembly or disassembly. Electrostatic contacts
might be the starting force promoting initial protein—
protein contacts in artificial protein nanoparticles, which
are later complemented with other type of interactions
by slight conformational/spatial adjustments.

Linked to their high functional versatility, proteins (in
form of ligands or antibodies) are preferred to functio-
nalize most of the currently developed drug vehicles
targeted to specific cell types." In addition, because of
the high protein biocompatibility and versatility of-
fered by genetic engineering, protein-only nanoparti-
cles are extremely promising in nanomedicine as they
can recruit, apart from cell targeting, a diversity of
functions that are appealing in drug delivery such as
self-assembling, cage formation, nucleic acid binding,
endosomal escape, and nuclear transport.™ ** The
less desired immunogenicity associated with proteins
is expected to be solved by using homologous and
biclogically inert preteins (such as albumin) as scaf-
folds for nanoparticle construction.* However, protein

CESPEDES ET AL,

self-assembling is far from full rational control. This is
due to the current inability in linking molecular archi-
tecture with the forces that regulate cross-molecular
interactions.” In fact, the actual complexity that allows
correct assembling of viral shells is not reflected by the
apparent simplicity of the capsid components and it
cannot be predicted in advance from the analysis of
the monomers. Here we prove that the assembly pro-
moted by a short cationic peptide (such as R or T22)
combined with a hexahistidine tail, fused to the end
termini of different proteins acting as building blocks,
mimic the organization of natural protein complexes
such as viral shells, conferring a high stability of the
nanoparticle once administered in the bloodstream.
Importantly, the efficient tissue targeting combined
with absence of renal filtration indicates that R9 and
T22 peptides maintain their activities as ligands while
promoting the cross-molecular interactions between
monomers in tightly assembled nanoparticles. In the
particular case of T22, its targeting to CXCR4' cells
makes this tag not only appealing for drug delivery in
colorectal cancer but also in the treatment of other
neoplasias (e.g., breast, ovary, prostate cancer, or acute
myeloid leukemia),*® in which high membrane expres-
sion of CXCR4 correlates with poor prognosis. Protein
nanoparticles displaying effective T22 tags could also be
used as vehicles for targeting other diseases in which the
pathological mechanisms involve CXCR4 expression,
such as pulmonary fibrosis*’ or myocardial infarction.*®
Since the tags tested here promote self-assembling
of structurally diverse proteins such as GFP,'® p53,'°
and iRFP (the present study), it opens a plethora of
opportunities in selecting monomer cores that could
be more convenient to avoid immune responses
[namely homologous proteins) when administering
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protein nanoparticles in a clinical context. Further-
more, proteins such as ps3 with an intrinsic therapeutic
walue might gain stability and therefore activity when
delivered with a particulate organization, in a step
beyond the purpose of acting as mere carmriers for the
delivery of cargo drugs. Although ionic strength ap-
pears to be important during naneparticl organiza-
tion, this parameter does not affect the stability of
already formed particles. This fact allows these entities
to overcome biclogical barriers and reach their target
in a nanoparticulate form. The engineerng platferm
based on the addition of architectonic tags other
than oligomerization domains offers a wide and un-
expected plasticity in the design of multifunctional
modular monomers (a diversity of protein species
being suitable as cores), and it opens a spectrum of
opportunities for the fully de nove design of robust

protein-based cariers (artificial viruses) for emerging
nanomedical applications.

CONCLUSIONS

‘We have here determined the functional rebustness
and architectonic stability of fully de nove designed
protein-gnly nanoparticles, based on a generic engi-
neering principle in which modular monomers are
tagged with end-terminal cationic peptides. A sharp
coincidence between nanoparticle formation in vitro
and the in vive escape from nenal filtration has been
revealed for several model proteins, proving the main-
tenance of protein—protein interactions in the blood-
stream. Then, the architectonic principles described
here offer promise to approach arational design of self-
assembling artificial wviruses based on recombinant
proteins for nanomedical applications in wivo.

METHODS

Proteins and Proteis Parification. R9-GFP-HE and T22-GFP-HG
are modular proteing in which the cationic peptides R9 {nine
arginines, ™ and T22 {derived fom polyphemusin 1Y) are
fused to the amine terminus of a hexahistine C-lagged GFP
IGFP-HEL These peptides, apan from providing poditive changes
that ereate a dipolar building block'” confer targeting proper-
tied 10 the resuling nanoparticle. in the case of T22, a ligand of
OACR4,”" this has been experimentally confirmed as the admi-
nistered protein acoumulates in prim ary and metaitatic fodiin a
eotorectal cancer maodel'” Ang-GFP-HE and Seg-GFP-HE are
dosaly relsted proteins that do not form nanoparticles, since
the amino-terminal tags are not cationic.” T22-IRFP-HE was
dedigned in houde, and dynthetic genes were provided and
subcloned into pET22b plasmid vector {using Ndel and Hindll
restriction Sites) by Genednipt {Picataway, NJ)_T22-IRFP-HE has
& similar modular scheme a8 T22-GFP-HE, but in this cae, the
central part of the fusion was not GFP but the near-infrared
Hluorescent dimeric protein IFP? All proteins were encoded
by pET22b in Escherichia coll Origami B {BL21, OmpT , Loa
TreB, Gor {Novagen )l preduced overnighl a1 20 "Cupan 1mM
PTG addition, and pusified by Histidine-1ag affinity chromatog-
raphy a5 described'® In short, we used HiTrap Chelating HP
1 mL eohlumns GE Healthcare) in an AKTA purifier FPLC (GE
Healtheare). Cell extracts were disrupted 211100 piiin a French
Press {Thermo FA-0TEA), and soluble and insoluble fractions
were separated by centrifugation st 200004 for 45 min a1 4°C
The soluble fraction was charged onte HiTrap column and
Subdequently waihed with Tris 20 mM, MaC1 500 mM, Imidazola
10 m M, pH = 8 bufler. Proteins were eluted by linear gradient of
high Imidazole concentration buffer {20 mM Tris, 500 m M Nadl,
500 mM Imidazobe, pH = 81, Once in elution buffer, they were
dialyzed againil the mo . appropriste bulfer regarding stability
jempirically determined 1o minimize unspecific aggregation),
which was found 10 be carbonate buffer {166 mM NaHCO,, pH
74) lor Ang-GFP-HE, Seq-GFP-HE, and T22-IRFP-HE, Tris Nadl
20 mM Trid, 500 mb Nadl, pH 7.4) for T22-GFP-HE, and Tris
dextrose (20 mM Tris, 5% dextrade, pH 74) for GFP-HE and F9-
GFP-HE. The high sal buffer was abways obtsined by adding
Nadl 1o reach a final concentration of 500 mM. Once dialyzed,
protein samples were stored at —80 °C until wie Protein
integrity wal dyitematically assedsed by Wedtemn blot analysis
MALDETOF, and N-terminal sequencing.

healpis of Protein Stabdity. The stabibty of proteing GFP-HS,
RO-GFP-HS, Ang-GFP-HE, and SeqGFP-HE was analyzed by
meaiuring fluorescence emission afier incubation in different
media. R9-GFP-HS wa diluted, in tiplicate, in either human
serum {Sigma, ref: $2257-5M0L, final con centr stion of 023 wg/ul)

CESPEDES ET AL.

of in human and mouse plaima {final conden ation of 0.1 1 agdl L
GFP-HE, Ang-GFP-HE, and 5Seq-GFP-HE were also diluted, in
duplicate, in the ssme media o final concentrations of 023,
0.13, and 0.08 pgiul, respectively. Human blood was abtained
from ahealthy donor in the Hospital de Sant Pau Murine blood
|approvimately 250 al per mouse] wai obtained from the
aubmandibular facial vein of five contral mice {25 g) in hepar-
inized tubes. A plasma pool sample was obtained by centrifuga-
tion of weral blood 216004 for 10 min 214 °C.nmediately after
dilution, samples were harvested ftime Q) and theirfluorescence
gignals were taken a3 the initial reference value {100%). Proteing
were further incubated (a1 37 °C, with agitation), and sam ples
were taken, at different time points, up 1o 22 h. Protein fune-
tional stability during incubation s was analyzed by fluorescence
determination at 510 nm in a Cary Eclipse fluoreseence spactio-
photemeter (Variant, ne, Pale Alta, CA) using an excitation
wavelength of 450 nm.

Dymamic Light Scattering. Velume size distribution of nanepar-
tickes and monomenc protein veriions were meatured uing &
dynamic bght scattering {DLS) analyzer a1 the wavelength of
633 nm, combined with noninvasive backscatter technol agy
{MIBS) {Zetasizer Nano Z5, Mahkem Instruments Limited, Mahvern,
UKL Samples were memured at 20 °C DLS measurements
of solvents were wed a5 contrels The measuwrements were
perormed in wwiplicate.

Flugrescence Embsion Specim Determination. Manopartiches fluo-
rescence emision spectra from 500 to 540 nmn was determined
by & Cari Eclipse fluorescence spactrophotometer {Variant, lne,
Pale Ale, CA) wing an exclaion wavelength of 450 nam_

Trasss s ien Be ciron Micrescepy (TEM). Droplets of esch protein
sample (5 oL, 0.150 mgimL) were depedited in duplicate ante
carboncoated copper grids for 2 min, and excess spedimen was
then withdrawn. A set of samples was submitted 1o negative
staining with uranyl scetate whereas the other set was rotary
shadowed by evaporation of atomized platinum — carbon at an
angle of 257 Samples were observed with a Jeol 1400 transmis-
sion elecron microdcope, equipped with & CCD G #tan ES 1000W
Erlangshen camera.

Crye Trammission Heciron Micrescopy (CryeTEM]. Drops of protein
solutions (3 ulL) were deposited on Quantifoil R 12 /13 grids and
blotted 1o eliminate the excess of sample. Then, grids were
phunged in Biguid ethane in 2 Leica EM OPC, placed in a Gatan
cryo-transfer spacimen holder and observed in a Jeol JEM 2011
tranim ission eleciron microdcope operating at 200 kW and
equipped with a CCD Gatan 895 USC 4000 camera.

Field Emisiion Scanming Eleciron Micres copy (FEEM). To character-
ize the native morphology and distribution of protein nano par-
tickes, 5 ul of protein soltion samples was deposited into &
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silicon substrate, and excess of material was then removed
Samples were air-dried and observed withoul costing in a
FESEM Zeiss Merlin operating st 2 KV, Images were scquired
with & high-resolution in-lend secondary electron deteriodn
Imagel 1460 softw are was uied lor nanoparticle size distribu-
tion analysis in FESEM images.

Momic Farce Microscopy (AFM). The analyses were perormed in
liquid with a commercial atomic force microscope PicoSFM
5100 from Molecular Imaging Agilent Technologies, lnc, Santa
Clara, CA) operating in acoustic moda. RI-GFP-HE in 20 m Tris
buffer, pH 7.5, and 5% dextrode |4 pgful, 20 ul) was dropped
onto & fredhly deaved mica surface and imaged in bguid_ T22-
GFP-HE in sodium bicarbonate 1.4% bulfes, pH 7.4 143 ngial,
50 sl), was dropped onto & freshly deaved mica surface
and imaged in hguid_For the acoustic mode measurements,
asilicon {Applied NanoStrue tures, Ine) tip, with aradius of 10 nm,
a nominal dpring condtant of 06—37 Mim, and a resonance
frequency of 43— 81 kHz was used.

Size Exchuibon (hromatography. The m olecular weight distribu-
tion of protein nanoparicles was determined by size exch sion
chromatography after injection of 100 ul of samples in a
previoudy calibrated Superdex20d 10/300 GL {Tricom) column
{GE Heahhcare)l

Maimaki and hdsinkiration Re gine. F k-obd female Swiis
nunu mice weighing between 18 and 20 g {Chares River,
L-Abreslle, France), maintained in SPF conditiond, were uded
for in vive studies All the in vive procedures were approved by
the Hodpital de Sant Pau Animal Ethics Committee. We aisessed
stability, bisdistribution, and renal dearance of protein con-
structs 2 hoafter iv administration of 500 yg/m ouse {0 = 3 micel
The control mice ja = 3] were sdministered iv in the ap pro priste
buffer 20 mM Tris, 5% dextrose, pH 7.5, for R9-GFP-HE; 20 mM
Tris, 500 m M NaCl pH 7.4 for T22-GFP-HE; and 166 mM Na0l,H,
pH 75, for Seq and Angempowered condtructs]l We abo
migegsed the stability and renal chearance of T22-IRFP-HE dis
solved in high sah carbonate buffer |+) of low ah carbonate
buffer {—) by v adm inistr stion of 50 pg/mouse (n =3 mice), 24 h
postadm inistration. Control mice were administered iv with the
same buffer. The animal model for metastatic colorectal cancer
has been deseribed in detail ebewhere”

o distribution of Namoparticles im Mice. A1 2 h podt administra-
tion, mice were anesthetized with Bofluorane and whole-bady
fluorescence was monitored wing the WIS Spectrum equip-
ment {Xenogen, France). Subsequently, mice blood was col-
lected, necropsy was performed, and all organs were removed
and placed individually into well 1o determine GFP of IRFP
fluorescence in an MS Spectrum. Then, theie ofgand were
collected, ficed in 4% formalkdehyde in phosphate buffer for
24 h, and finally embedded in paraffin for histological and
immunchistoch emical evaluation Nanoparticle biod Btribution
in blood was determined after centrifugation using a ficoll
gradient In the resuling blood fractions, we registered GFP-
derived fluorescence using an WIS Spectrum. In all cases, the
fluorescence signal was digitalized, and after subacting the
sutofluorescence, it was displayed a3 a pseudor olor over lay and
expredsed in terms of Radiam eflicency for each protein group
wontrol o experiment al), dose, and time_To caloulate halfife of
dimination and the elimination rate constant (kel], GFF flusres
cencedignal was recorded in plasma attime @, 1,2, 4, 8 haftera
single 200 g intravenous do e of RI-GFP-HE or of T22-GFP-HE.

Histepatholegy and i ity dor GFP-His-Tag Protsing.
Four-micrometer-thick sections were stsined with hematoxy-
lin— egsin {HEE) and & complete histopathological analysis was
performed by two independent observers In addition, 3 gquan-
titation of the number of dead cells, 2 measured determining
apoptotic bodies, in spleen, lung liver, lidney, and brain ssues,
wiere ounted in 10 microdco pic fields 400 ). The presence and
location of the GFP-His tagged proteing in lHiue sections were
demondtrated by inmunohittochem ity Paraffin-em bedded
tissue sections (4 pm) were deparaffinized, rehydrated, and
washed in PEST. Antigen retrieval was pedormed by cirate
buffer a1 120 °C After perosidase activity wa quenched by
incubating the shdes in 3% HJO, for 10 min, the shides were
wathed in PB5-T. Slides were incubated 30 min with a primary
antibody against GFP {1:100; Santa Cruz Bistechnology, Inc,

CESPEDES ET AL.

Santa Cruz, CA) of histidine {1:1000; GE Healthcare, UK,
wrashed in PBS-T, and ncubated with the secondary horieradish
peroxidase HAPF) conjugated antibody for 30 min at room
temperature. The antibody ineraction was then visuakized
uding the chiomogenic detection, in which the HRP deaved
the DAB substrate (DAKD, Denmark) to produce a brown
precipitate al the location of the protein Finally, sections were
counterstained with hemataxylin, dehydrated with decraasing
percentages of ethanol {100-95-70-50%) and mounted
wiing DPX mounting medium_ Representative pictures were
taken wsing Cell "B software |Oly mpus Soft km aging v 3.3, Japan)
at 400 magnafication.

Meleclar Modeling. Models of RI-GFP-HE monomers were
budh wiing Modeller 942 {24) and docked wsing HADDDOK v
20," enforcing C5 symmetry and using N-terminal arginine
residues as the active residues (Figure 41 The models were
ganerated using the same protocok previcudly described.”
The energetics of the models were analyzed with FoldX using
the funetion AnalyseCompley”'
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Controlling the self-assembling of building blocks as nanoscale entities is a requisite for the generation of
bio-inspired vehicles for nanomedicines. A wide spectrum of functional peptides has been incorporated
to different types of nanoparticles for the delivery of conventional drugs and nucleic acids, enabling
receptor-specific cell binding and internalization, endosomal escape, cytosolic trafficking, nuclear tar-
geting and DNA condensation. However, the development of architectonic tags to induce the self-
assembling of functionalized monomers has been essentially neglected. We have examined here the
nanoscale architectonic capabilities of arginine-rich cationic peptides, that when displayed on His-tagged
proteins, promote their self-assembling as monodisperse, protein-only nanoparticles. The scrutiny of the
cross-molecular interactivity cooperatively conferred by poly-arginines and poly-histidines has identified
regulatable electrostatic interactions between building blocks that can also be engineered to encapsulate
cargo DNA. The combined use of cationic peptides and poly-histidine tags offers an unusually versatile
approach for the tailored design and biofabrication of protein-based nano-therapeutics, beyond the more

limited spectrum of possibilities so far offered by self-assembling amyloid ogenic peptides.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Viral capsid proteins self-assemble as complex, highly
symmetric particles that act as natural cages for the cell-targeted
delivery of their genomes. The tailored construction of virus-
inspired complexes is a promising route to drug delivery [1-7].
Being devoid of any infectious material, “artificial viruses" [8] do
not show the undesired biclogical side effects associated to
administration of viruses in viral gene therapy [9]. In this context,
virus-like particles (VLPs), microbial organelles, [10], multifunc-
tional proteins [11] and a spectrum of diverse vesicular materials
are under development as carriers for therapeutic nucleic acids or

* Corresponding author. Institut de Bictecnologia i de Biomedicina, Universitat
Autonoma de Barcelona, Bellaterra, 08193 Barcelona, Spain.
E-mail  addresses:  antonivillaverde®uab.cat, profavillaverde@gmailcom
{A. Villaverde)

0142-9612(5 — see front matter © 2012 Elsevier Ltd. All rights reserved.
http:f/dx.doLorg/ 10.1016/).biomaterials. 2012.08.033

conventional drugs. Many functional peptides have been identified
from nature or selected by directed molecular evolution as ligands
for cell surface receptors, membrane-active peptides and nuclear
localization signals [4—6,12]. When conveniently pooled, these tag-
mediated activities confer virus-like properties to the resulting
multifunctional entities. In protein-only vehicles, all these domains
can be covalently combined in single chain molecules that consti-
tute the monomeric building blocks [11]. However, peptides
enabling their holding proteins to organize as nanosized particles
have so far been unidentified. The so-called self-assembling
peptides, that might have been potentially promising for nano-
particle generation, are in general amyloidogenic protein segments
that form fibers, membranes or hydrogels [13,14]. When used in
fusion proteins, these peptides induce protein aggregation [15,16],
being useless as tags for nanoparticle formation. Therefore,
promoting the assembling of a selected protein as nanoparticles is
so far excluded from rational engineering.
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We have very recently described that a nine-arginine peptide
(R9), when displayed on the surface of a recombinant, His-tagged
EGFP, promotes the self-assembling of the whole fusion protein
as regular nanoparticles of about 20 nm in diameter [17]. These
constructs efficiently penetrate cultured mammalian cells by an
endocytic pathway [18], cross the nuclear membrane, accumulate
in the nucleus and allow the expression of a carried transgene [17].
The formation of these supramolecular complexes is completely
distinguishable from unspecific protein aggregation [7,19,20].
Cationic peptides, including poly-arginines of different lengths, are
well known by their membrane-crossing and DNA-condensation
abilities, and widely used in gene therapy and more generally in
drug delivery [5,6,12,21]. However, if showing a general applica-
bility, such a newly described architectonic ability would be
specially promising for the easy engineering of protein nano-
particles formed by specific proteins with desired biological
activities.

To explore the possibility of effectively controlling the
assembly of protein nanoparticles, we have examined here the
role of cationic peptides and poly-histidines as an architectonic
tag pair. These agents, upon incorporated into monomeric
building blocks, synergistically cooperate in promoting nano-
particle formation by balancing, in a regulatable way, protein—
protein and protein—DNA interactions. The potential of the
‘nanc-architectonic tag' concept is discussed here in the context
of the design of smart, protein-based particles by conventional
genetic engineering.

2. Materials and methods
2.1. Protein design and gene cloning

Several derivatives of RO—CGFP—HE containing decreasing numbers of arginine
residues were constructed in house by site directed mutagenesis of the parental
clone, by replacing these residues by glycines and alanines to keep the length of the
peptide tag constant (Table 1). The new constructs R7—GFP—HG, R6—GFP—HE and
R3—GFP—HG were efficiently produced in Escherichia coli Rosetta from the vector
pET21b [Novagen 69744.3) Nine additional derivatives of GFP—HE containing
diverse amino terminal peptides of variable amino acid sequence, length and charge
(Table 2}, were designed in-house, provided by Geneart (Regensburg, Germany) or
Genscript (Piscataway, USA), and produced from pET22b in Escherichia coli Origami B
(BL21, OmpT , Lon , TrxB , Gor (Novagen)) and the related strain BL21{DE3) for
characterization

22 Protein production and purification

Bacterial cells carrying the appropriate plasmid vectors were grown in shaker
flask in Luria—Bertani (LB) medium containing 34 pg/ml chloramphenicol, 125 pgf
ml tetracycline (strain resistance) and 100 pg/ml amplicillin {vector resistance) at
37 °C to Assp = 0.5-0.7. Recombinant gene expression was induced overnight at
20 °C by 0.1 mm isopropyl-f-p-thiogalactopyronaside (IPTG ). Cell cultures were then
centrifuged for 45 min (5000g at 4”C) and resuspended in Tris buffer (Tris 20 mm
pH B0, NaCl 500 mm, Imidazol 10 mm) in the presence of EDTA-Free protease
inhibitor (Complete EDTA-Free; Roche). The cells were then disrupted at 1100 psi
using a French Press {Thermo FA-078A)

Table 1

Peak size (in nm) of Rn—GFP—HE nanoparticles in low salt and high salt buffers. The
occurrence of larger soluble particles and their size is also indicated. Relevant
properties of the cationic tag are also depicted

Tag  Sequence Size in low Size in high MNumber

name salt buffer” salt buffer® of arginines
(larger particles)(PDI (larger particles)/PDI

RO  RRRRRRRRR 23.0/0.2 204/03 9

R7 RRRGRGRRR 378/0.2 65/05 7

RE RARGRGRRR 15.5 (827.1)/0.7 85/04 6

R3 RARGRGGGA 14 (240.9,526.9)/0.7 70/0.7 3

PDI: polydispersion index
“ Tris— dextrose.
b Tris—NaCL.

Proteins were purified by GxHis-tag affinity chromatography using HiTrap
Chelating HP 1 ml columns (GE healthcare) by AKTA purifier FPLC (GE healthcare).
Filtered cell extracts were loaded onto the HiTrap column afterinsoluble cell fraction
separation by centrifugation {15,000g at 4 °C). The column was washed with Tris
20 mm, 500 mm NaCl, 10 mm Imidazole, pH 8.0. Proteins were eluted with a high
imidazole content buffer (Tris 20 mm pH 8.0, 500 mm NaCl, 500 mm Imidazol) in
a lineal gradient. The recombinant protein production has heen performed in the
Protein Production Platform {CIBER-BBN-UAB) (http: //bbn.ciberbbn.es/programas/
plataformas/equipamiento ).

After purification, selected protein fractions were dialyzed overnight at 4 °C.
Protein stability had been previously tested in several buffers from which the most
appropriates regarding protein stability were selected in a per case hasis. Low salt
buffers were carbonate buffer {166 mm NaHCO;, pH 7.4), Tris dextrose (20 mm Tris
500 mm+ 5% dextrose pH 7.4) and PBS glycerol {140 mm NacCl, 7.5 mm NagHPO,,
2.5 mm NaH,;POy + 10% glycerol pH 74). The high salt buffer was always Tris—NaCl
(20 mm Tris 500 mm NaCl pH 7.4). Proteins were finally aliquoted in small samples
(30 pl)after 0.22 pm pore membrane filtration. Proteins were characterized by mass
spectrometry and N-terminal sequencing and their amounts determined by Brad-
ford's assay [22].

23. Fluorescence determination and dynomic light scattering (DLS)

Protein fluorescence was determined by Cary Eclipse Fluorescence Spectro-
photometer {Variant) at detection wavelength of 510 nm by using an excitation
wavelength of 450 nm. Volume size distribution of nanoparticles and monomeric
GFP fusions were determined by dynamic light scattering at 633 nm ( Zetasizer Mano
75, Malvern Instruments Limited, Malvern, UK)

24, Transmission electron microscopy (TEM)

For transmission electron microscopy, proteins purified as described above were
diluted to 0.2 mg/ml, deposited onto carbon-coated grids and contrasted by the
evaporation of 1 nm platinum layer. These samples were observed in a Hitachi H-
7000 transmission electron microscope.

2.5. Determination of protein physicochemical properties

Protein physicochemical properties including molecular weight, isoelectric
point, aliphatic index, hyd rophobicity and stability index were determined in silico
by *ProtParam” software (Expasy). Protein solubility was determined by conven-
tional western-blot analysis from whole cell extracts using Quantity One software
(Bio-Rad), upon estimation of soluble and insoluble protein fractions. Bands corre-
sponding to the recombinant protein were revealed with a commercial monoclonal
antibody that recognizes the C-terminal His-tag (GE Healthcare), using dilutions of
GFP—HE as a reference. Protein charge and accessible surface were calculated from
model structures. PDB2PQR was used to calculate protein protonation states to infer
electrostatic charge at a particular pH [23], and solvent accessible surface areas were
calculated by means of the Pops algorithms [24].

2.6. Modeling protein monomers and protein—DNA interactions

Homology models of the protein models were generated using Modeller [25],
Phyre [26] and Swiss-PdbViewer [27]. The quality and stereochemical properties of
the models were evaluated using Vadar [28]. The electrostatic interactions between
the RO—GFP—HE monomer and double stranded DNA were explored at acidic pH by
using Haddock [29]. After obtaining the solution, a molecular dynamics was per-
formed through NAMD [30] to minimize the energy of the system and to obtain the
sequence of frames. The resulting movie was generated using VMD [31].

27. Cell culture and transfection and confocal microscopy

Hela (ATCC-CCL-2) cells were cultured in MEM {GIBECO, Rockville, MD) sup-
plemented with 10% Fetal Calf Serum { GIBCO ) and incubated at 37 “Cand 5% CO;. For
confocal analysis, cells were grown on Mat-Teck culture dishes and processed as
described [ 17]. For the analysis of cell ransfection, cells were exposed to R9—GFP—
HE nanoparticles comhbined with pCONA 3.1 encoding the td Tomato gene. Red
fluorescence in cells was analyzed on a FACS Calibur system (Becton Dickinson) after
detachment with 0.5 mg/ml trypsin. DNA retardation assays were carried out
according to previously reports [32]. Detailed protocols can be found elsewhere
[1718]

2.8. Statistic analysis

Mean data, standard deviations and errors were calculated by Microsoft Office
Excel 2003 (Microsoft). Pair-wise correlations, regressions and statistical signifi-
cances were calculated by Sigmaplot 10.0. All the potential parametric correlations
were analyzed by a lineal regression statistic assay.
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Peak size (in nm) of peptide tagged GFP—HE nanoparticles in low salt and high salt buffers. The occurrence of larger soluble particles and their size is also indicated. Relevant

properties of the respective building blocks are also listed.

Peptide name Sequence Reference Size in low salt buffer  Size in high salt buffer* Number MNumber of positively
(larger particles)/PDI  (larger particles)/PDI of arginines  charged residues (arg + lys)

T22 RRWCYRKCYKGYCYRKCR [73] 35.3/0.4" 10.92(0.4 5 8

CXCL12 KPVSLSYRCPCRFFESHVARANVKHL [74] 145.6/0.4" 14.6/0.2 5 12
KILNTPNCALQIVARLENNNRQVCIDP
KLEWIQEYLEKALN

vCCL2 LGASWHRPDKCCLGYQKRPLPOVLL [75] 46.24 (342.1)/0.2" 83.3/0.2 4 12
SSWYPTSOLCSKPGVIFLTKRG ROV
CADKSKDWVKKLMQOLPVTA

V1 LCASWHRPDEKCCLGYQKRPLP [76] 9.4(2270)/0.4" 8.0(20)/0.3 2 4

Angiopep-2 TFFY GG SRGKRNNFKTEEY [77] 5.8/0.5" nd 2 4

Seq-1 KYLAYPDSVHIW 78] 59/0.6" nd [} 1

Laminin 5alfa RLVSYMNGHFFLE [79] 26.2/0.4" nd 1 2

peptide ASG27
Fibronectin peptide I  KNNQKSEPLIGRKKT [80] 4.0/0.6 nd 1 5
Fibronectin peptide V. WQPPRARI [80] 4.1/0.8 nd 2 2
PDI: polyd ispersion index

4 PBES—glycerol.

" Carbonate.

© Tris—NaCl

3. Results recently observed as tending to form regular oligomers [33].

3.1. Mapping the architectonic abilities of poly-arginines

While His-tagged GFP is exclusively found in a disassembled
monomeric form (of around 5 nm), the addition of the cell-
penetrating poly-arginine (R9) peptide at the amino terminus
promoted the spontaneous organization of R9-GFP—H6 as
building blocks of regularly sized nanoparticles of around 20 nm
[17]. To map the architectonic properties of poly-arginines we
constructed a series of arginine-based tags (Rn) with a decreasing
number of arginine residues, to evaluate if they retained the
ability to promote protein self-assembling. Soluble versions of
R7—GFP—HB6, R6—GFP—H6 and R3—GFP—H6 were all found in the
form of relatively monodispersed nanoparticulate entities of sizes
ranging from 14nm (R3—GFP—HG) to 38 nm (R7—-GFP—HB6,
Table 1). This was indicative that a lower number of arginine
residues (3) were already able to promote self-assembling of the
monomers as protein-only nanoparticles. However, R3—GFP—H6
and R6-GFP—HE6 showed secondary peaks of larger sizes
(Table 1 and Figure 1), indicative of structural instability. On the
other side, when Rn—GFP—H6 fusions were dialyzed against
a high salt buffer upon purification, these proteins (at exception of
R9—-GFP—H6) did not form nanoparticles (Table 1). These data
demonstrated the electrostatic nature of the protein—protein
interactions supporting their self-assembling, that were much
stronger when promoted by the highly cationic peptide R9,
resulting in the formation of tightly assembled, highly stable
particles.

3.2. Architectonic properties of non poly-arginine cationic peptides

To discriminate between a potential specific role of arginine
residues and a generic influence of the cationic nature of the tag,
in promoting ordered monomer self-assembling, other protein
segments with unrelated amino acid sequences and lengths were
fused to the amino terminus of GFP—H6 and challenged for
nanoparticle formation. Four ligands of the cell surface cytokine
receptor CXCR4 (T22, V1, CXCL12 and vCCL2), three ligands of
CD44 (the fibronectin segments I and V, and the laminin 5alfa
peptide A5G27), and the membrane-active peptides Seq-1 and
Angiopep-2 (Table 2) were incorporated as N-terminal GFP—H6
fusions. Among them, T22, in form of T22—GFP—H6, had been

Interestingly, most of these peptides enabled GFP—H6 to form
stable nanoparticles of different sizes, ranging from around 20 to
150 nm (Table 2, Fig. 2a, and Supplementary Fig. 51). Again, a high
salt content in the buffer tended to minimize particle formation
and to reduce the resulting size of the complexes (Table 2). This
was especially evident in the case of CXCL12-empowered
constructs, for which size dropped from 145 to 15 nm (Fig. 2a,
Table 2). On the other hand, the addition of V1 resulted in a mixed
population of monomers and nanoparticles, the last fraction being
reduced by high salt content (Fig. 2a). However, even in a high salt
buffer, V1-empowered particles organized as regular entities of 8
and 20 nm, whose occurrence was fully confirmed by TEM
(Fig. 2b). In fact, the larger CXCL12- and V1-empowered particles
observed in absence of salt (see Fig. 2b) seemed to be due to
clusters of smaller particles. Such a hierarchic supramolecular
organization was not so apparent in T22—GFP—H6, in which
different sized but tight nanoparticles were observed in both high
and low salt buffers (Fig. 2b), indicative of architectonic robust-
ness. Angiopep-2, Seq-1 and the fibronectin peptides | and V
failed in promoting assembling of their respective functionalized
monomers (Table 2, Supplementary Fig. S1).

At that point, we wanted to explore any potential parameter
of the tags that might be determinative of nanoparticle forma-
tion and size. We unsuccessfully explored dependences between
diverse biochemical properties of the peptides and of full fusion
proteins (including length, molecular mass, hydrophobicity,
aliphatic index and accessibility to the solvent) with particle size
(not shown). However, the formation of nanoparticles was
slightly but clearly influenced by the number of arginine resi-
dues of the amino terminal tag, in the border of the statistic
significance (Fig. 3). While considering the total number of
positively charged amino acids (lysines and arginines), the
significance of the dependence dramatically increased (Fig. 3). In
these plots, the highly unstable construct CXCL12—GFP—HG6 is
shown but the data was excluded from the analysis because of
the instability of the assembled construct as discussed above
(Fig. 2a, Table 2). As a control, no relationship between the total
length of the tag and nanoparticle size was observed (Fig. 3).
These data clearly supported the concept that not arginines as
specific amino acids but the whole cationic nature of the tag
determined its architectonic potential and influenced the size of
the resulting constructs.
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Fig.1. Size distribution of CFP—HE monomers tagged with amino terminal arginine-rich peptides (Table 1}. Upon purification, proteins were dialyzed against PBS—glycerol (low salt

buffer) or Trnis—NaCl {high salt buffer). All the constructs were flucrescent.

3.3. Regulatable functional properties of poly-histidines in protein-
only nanoparticles

Once confirmed the structural potential of cationic peptides, we
also wanted to explore if poly-histidines would contribute to the
supramolecular organization of tagged building blocks, apart from
their utility as protein purification tags and as endosomolytic
agents in drug delivery [34]. We suspected a role of H6 since the
pKa of the imidazole group of histidines is 6.10, and its charge, at
difference of poly-arginines (pKa of 12.48), is expected to be
unstable at pH close to neutral. In this regard, several functional
properties of R9—GFP—H6 nanoparticles were highly dependent on
pH. Indeed, cell penetrability of RO—GFP—HG6 was optimal at pH 5.8
and progressively decreased at higher pH (Fig. 4a), suggesting
a gradual inactivation of R9 activities under alkaline media. At pH 4,
the protein precipitated and remained externally attached to the
plasma membrane, showing poor internalization. When analyzed
by DLS (Fig. 4b), the size of R9—GFP-H6 particles remained
constant at pH values between 5.8 and 10 (17-20nm), and
marginally increased up to 35 nm at pH 4 (some aggregation was
observed at pH 4 and 10). When R9—-GFP—H6 was combined with
plasmid DNA at pH 5.8 and further exposed to cultured mammalian
cells, about 50% of the population expressed the transgene (Fig. 4c).
However, this value dropped to about 3% at pH 4 and to even lower

values at neutral and basic pH, indicating pH-dependent functional
variability and probably structural rearrangements of the poly-
plexes, Interestingly, the differential effectiveness of the polyplexes
in transfection experiments that were all performed in MEM
culture media at neutral pH indicated that the specific properties of
the nanoparticles reached at different pHs are stable and did not
revert when further incubated under physiological conditions.

On the other hand, the ability of R9—GFP—H6 nanoparticles to
bind DNA was null at neutral and basic pH, clear at pH 58 and
maximal at pH 4 (Fig. 4d). These data suggested that at pH over 6.1,
H6 having no charge, R9 might be overtitrated by electrostatic
protein—protein interactions, rendering the tag unavailable for
other activities such as cell penetration and DNA binding, Below
pH = 6.1, protonation of histidines would enable H6 for protein—
protein and protein—DNA contacts, releasing R9 for plasma
membrane translocation, DNA loading and efficient transgene
delivery and expression. At pH 4, protein denaturation and aggre-
gation is expected to eclipse the enhanced cross-molecular abilities
of HE.

3.4. Architectonic potential of poly-histidines

The above data suggested cross-molecular reactivity of H6.
However, no architectonic abilities of poly-histidines regarding
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Fig. 2. Architecture of GFP-derived nanoparticles empowered with different amino terminal cationic peptides (Table 2). Upon purification, proteins were dialyzed against PBS—
glycerol (low salt buffer) or Tris—NaCl (high salt buffer). (A) Size distribution of the resulting GFP—H6 constructs monitored by DLS. (B) TEM micrographs of these particles formed in

either high salt (H) or low salt (L) buffers. All the constructs were fluorescent.

nanoparticle formation had been so far reported. Therefore, the
potential assembling of GFP—H6 (lacking any amino terminal
cationic peptide) was explored at different pHs. At pH 7 and 8, size
of GFP—H6 peaked at around 5 nm (Fig. 5a), a value compatible
with monomer size (at pH 10 the protein fully precipitated; not
shown). However, at pH 5.8, a minor but regular size up-shift was
observed, that was more even pronounced at pH 4. Also, under
acidic conditions, a minor but significant fraction of GFP—H6
organized as regular particles of about 22 nm. On the other hand,
with protonated H6 tails, GFP—H6 was able to bind DNA at pH 4
(although not at 5.8, Fig. 5b and Supplementary Video S1). These

data confirmed that charged H6 was able to promote, as suspected,
stable protein—protein and protein—DNA interactions. In R9—~GFP—
H6, showing a marked dipolar charge distribution (Fig. 5¢), H6
intervened in nanoparticle formation by promoting electrostatic
protein—protein contacts, as modeled in Fig. 5d. H6-mediated
interactions would be more favored than those driven by R9,
because of the more extended arm of H6 (Fig. 5d). Although at pH 4,
H6 also binds DNA (modeled in Fig. 5b), at this condition the
nanoparticle itself is not stable as the protein aggregates (Fig. 4a
and b). Then, the efficiency of the nanoparticles in mediating
transgene delivery showed an optimal when assembled at pH 5.8
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(Fig. 4c), where R9 is free for non-architectonic functions. Again,
this is irrespective of the conditions at with the particles are finally
used in biological interfaces, that are expected to be around phys-
iological pH.

Supplementary data related to this article can be found at doi:
10.1016/j.biomaterials.2012.08.033.

3.5. Generic tagging of building blocks with R9 and HG6

As demonstrated above, the combination of a cationic peptide at
the amino terminus of GFP with a poly-histidine enables this
protein to self-assemble as regular sized nanoparticles through
electrostatic interactions. In particular, R9 and T22 are excellent
tags for this purpose, as they induce the formation of very stable
regular sized entities poorly sensitive to high salt content. We
wondered at which extent nanoparticle formation could be strictly
linked to the particular structure of GFP (beta-barrel), and if
a peptide pair such as R9 and H6 could functionalize proteins others

tumor suppressor protein p53 (tetrameric, 43.7 kDa per monomer),
that was functionalized with R9 and H6 following the same scheme
than previously used for GFP. Interestingly, the addition of the end
terminal tags to this protein resulted in a significant up-shift of
their size (Fig. 6). This fact confirmed that the pair R9—H6 can
confer self-organizing properties to proteins other GFP, and that the
architectonic tag concept could be considered as a principle with
generic applicability in bionanotechnology.

4. Discussion

The construction of self-assembling protein-only nanoparticles
from repetitive building blocks has been a rather neglected issue in
nanomedicine, in contrast to the long run expertise accumulated in
the fabrication of liposomes and polymeric particles with pre-
defined nanoscale features [35-39]. Consequently, the current
protein-based vehicles for drug delivery generated de nove include
a catalog of rather amorphous entities [40] that are produced under

than GFP to act as monomers of self-organizing protein nano-

no previous design. On the other hand, viruses [41-43], virus-like
particles. This was explored by using the structurally different,

particles [44—47], parts of viral capsids [48], flagella-based devices

C s

8 10 [

= )
©
3
8 20
2
4]
£ 10

S - — I—— U | e |
100 10000 40 58 70 80 100
D Size (d.nm) pH
pH 4 5.8 7 8 10

001051

5 10 2040 001051 5102040 0 01051 510 2040 001051 5 102040 001 051 10 2040

— - . B e e e -! Bk - — —

Protein/DNA ratio =

Fig. 4. Functional and structural characterization of R9-GFP-H6-based nanoparticles. (A) Confocal snap-shots of cultured Hela cells exposed to protein-only R9-GFP-HE
nanoparticles for 24 h. Nanoparticles emitted green fluorescence, the cell membrane was stained will CellMask (rendering pink-reddish signal) and cell DNA with Hoechst 3342
(blue). (B} Size distribution of R9—CFP—HE nanoparticles in absence of DNA. (C) Percentage of Hela cells expressing a reported gene carrier by polyplexes formed at distinct pH
values, at a protein/DNA ratio of 50. (D) DNA-binding abilities of R9—GFP—H6 nanoparticles at different pH values. (For interpretation of the references te color in this figure legend,
the reader is referred to the web version of this article.)
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[49—-51], organelles [10] and other constructs formed by the natural
oligomerization of natural proteins [52,53] maintain their natural
self-organization pattern and are exploited for nanomedical
purposes such as drug delivery, antigen presentation or as scaffolds
for nano-fabrication [54,55], but with limited or null structural
versatility. Conventional self-assembling peptides organize in
aqueous solutions by the formation of cross-molecular beta sheet-
based interactions, similar to those supporting amyloidal deposi-
tion [56—60]. Such interactions result in fibril formation
[56,57,61,62], that can finally derive in tailored materials such as
membranes [14] of gels [13]. Unfortunately, when fused as tags to
large proteins, self-assembling peptides promptaggregation [15,16].
Therefore, the rational generation of man-made protein nano-
particles based on selected protein monomers, that is, polypeptides
with appealing biological functions, has been so far poorly reached.
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Fig. 6. Size distribution of p53 and R9—p53—H6 in elution buffer. PDIis polydispersion
index.

In this context, the few successful insights on the construction
and modulation of protein-only nanoparticles have derived from
unanticipated observations. As an illustrative example, the mixture
of a fusogenic peptide from viral origin and a poly-lysine (Kqs)
renders the unexpected formation of spherical microparticles from
120 to 800 nm, whose size is regulated by salt concentration, pH
and temperature [63]. Furthermore, the design of short peptides
with appropriate charge distribution permits a semi-rational
control of peptide self-assembling as 2D or 3D nanofiber-based
complexes [64]. For larger proteins, the construction of elastin-
mimetic protein polymers with self-assembling properties is
among the most advanced examples of self-organizing, net-shaped
materials [65].

In a previous study [17], we have observed that a poly-arginine
peptide (R9) was able rto promote the self-organization of
a modular chimerical protein (His-tagged GFP) into regular 20 nm-
sized nanoparticles suitable for drug delivery [18]. This finding
revealed a novel potential of the well-known family of cell-
penetrating Rn peptides [3-6,21,66—70], in promoting self-
organization of holding proteins at the nanoscale level. The possi-
bility of using specific peptide tags as directors of protein self-
organization into nanoparticles with pre-defined properties is
particularly appealing, as it should potentially allow the manipu-
lation of their properties by conventional genetic engineering. To
determine if this unsuspected architectonic ability could be shared
by other cationic stretches we tested here naneparticle formation
of GFP—HGE as driven by R7, R6 and R3 (Table 1), and by nine
additional peptides with unrelated amino acid sequences (Table 2).
Interestingly, most of these tags induced the formation of fluores-
cent GFP oligomers of regular architecture {pseudo-spherical
nanoparticles, Fig. 2), ranging from 20 to 100 nm (Tables 1 and 2).
The fact that their formation and size was influenced in most cases
by salt concentration (Figs. 1 and 2) indicates that monomer self-
assembling was governed by electrostatic interactions between
monomers. However, two particular constructs namely R9—-GFP—
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H6 and at a minor extent T22—GFP—HGE, empowered by highly
cationic tags, were especially stable under variable salt content. The
fact that diverse unrelated cationic peptides enabled monomers to
self-organize into monodisperse nanoparticles confirms the self-
organizing properties as a general property of cationic peptides
(other than R9, Fig. 3), and also that the structure of the peptide tag
itself is not critical for the assembling of the building blocks. Also,
the beta-barrel core of GFP was nicely preserved in all the
constructs as inferred from the fluorescence emission observed in
all the particles (not shown, legends of Figs. 1-3).

On the other hand, data presented here reveal that the histidine
tag (HG6), commonly used for protein purification and as endosomal
escaping agent promotes protein—protein and protein—DNA
contacts, when the pH at which particles or polyplexes are
formed decreases (Fig. 5 and Supplementary Video S1). Then, the
structural dynamism offered by the partially protonated H6 tag and
its competition with the cationic R9 tail for molecular interactions
allows an unusual molecular flexibility that permits to adapt the
protein particles as efficient carriers for DNA delivery by slightly
decreasing the pH under neutral values. The H6 peptide, as an
unusually versatile, pH-controlled architectonic tag complements
the activities of R9 (or those of alternative cationic peptides), being
the dual peptide set as a whole, a promising platform for the acti-
vation of defined protein monomers for regulatable cross-
molecular interactions.

In summary, in this work we propose a novel concept of archi-
tectonic tagging for nanoscale construction by the use of a peptide
pair. The fusion of a H6 tag at the carboxy terminus and a cationic
peptide at the amino terminus of diverse proteins enable them to
act as self-assembling monomers of protein-only nanoparticles.
Both model proteins tested in this study namely GFP and p53, self-
assembled when tagged with R9, T22 (and other cationic peptides)
and H6 (Figs. 1, 2 and 6). At least in the case of GFP, in which bio-
logical activity of the monomer can be straightforward determined
by fluorescence emission, it has been determined that assembly
does not impair functionality. This fact makes the proposed
peptidic platform very appealing to generate nanoparticles with
potential for the delivery of either active proteins or associated
nucleic acids. The administration of protein drugs as nanoparticles
(by engineering them as building blocks) could largely increase
stability, bioavailability and intracellular drug delivery [71], when
comparing with the soluble, non-particulate counterpart. Inter-
estingly, the size of the resulting construct, a critical parameter in
nanomedicine [72], seems to be strongly influenced by the charge
of the cationic tag (Fig. 3), which can be easily defined in antici-
pation by simple in silico protein design. Although further studies
are obviously required to fully understand the mechanics of self-
assembling and to adjust the methodological aspects of this prin-
ciple, the observations reported here open intriguing possibilities
for the pioneering rational design of tailored protein nanoparticles
by conventional engineering of the primary amino acid sequence.

5. Conclusion

The combination of a cationic peptide and a hexa-histidine tail
fused to the amino and carboxy termini, respectively, of different
proteins enable them to act as building blocks of self-assembling
nanoparticles whose properties are regulatable by pH during
particle formation. These vehicles are also able to condense and
deliver expressible DNA into mammalian cells. The architectonic
properties of the tag pair at the nanoscale are supported by elec-
trostatic contacts, primarily driven by the cationic tag and subsid-
iarily by H6. When protonated at slightly acidic pH, positively
charged H6 replaces by competition the cationic tag and intervenes
in the formation of stable contacts. The further implementation of

this bi-armed peptide platform should allow the biofabrication and
formulation of desired drug proteins as protein-only nanoparticles,
as an exciting alternative to the limited use of conventional, amy-
loidgenic self-assembling peptides in nanomedicine.
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