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Abstract

Medicine formulations at the nanoscale, referred to as nanomedicines, have managed to overcome key
challenges encountered during the development of new medical treatments and entered clinical practice, but
considerable improvement in terms of local efficacy and reduced toxicity still need to be achieved. Currently,
the fourth-generation of nanomedicines is being developed, employing biocompatible nanocarriers that are
targeted, multifunctional, and stimuli-responsive. Proteins and polypeptides can fit the standards of an
efficient nanovector because of their biodegradability, intrinsic bioactivity, chemical reactivity, stimuli-
responsiveness, and ability to participate in complex supramolecular assemblies. These biomacromolecules
can be obtained from natural resources, produced in heterologous hosts, or chemically synthesized, allowing
for different designs to access suitable carriers for a variety of drugs. To enhance targeting or therapeutic
functionality, additional chemical modifications can be applied. This review demonstrates the potential of
polypeptide and protein materials for the design of drug delivery nanocarriers with a special focus on their
preclinical evaluation in vitro and in vivo.

1. Introduction

The field of nanomedicine relates to the use of nanometer-sized objects for diagnostic and/or
therapeutic purposes, primarily for human health applications. These include nanoparticles of various chemical
compositions (organic or inorganic), sizes (in the 1-500 nm range) and morphologies (isotropic or anisotropic),
which are used as diagnostic tools, imaging agents, drug-loaded carriers, or combinations thereof. In
particular, the need for appropriate nanocarriers results from several issues encountered with different classes
of bioactive compounds such as rapid degradation, lack of solubility in biological fluids, inappropriate
pharmacokinetic parameters and biodistribution (e.g., rapid clearance), high systemic toxicity and severe side
effects. Therapeutic nanocarriers are therefore expected to protect and confine actives in a suitable chemical
environment, increase their residence time, accumulation and delivery at the target organ/tissue. The
development of drug-delivery systems has been an active field of multidisciplinary research for more than
twenty years and has led to successful improvement of treatments for different pathologies. Organic
nanocarriers range from antibody- and polymer-drug conjugates to micellar formulations, liposomes, and
polymersomes (Beck et al., 2017; Boutros et al., 2016; Che and van Hest, 2016; Niu et al., 2016; Thambi et al.,
2016; Yingchoncharoen et al., 2016). Doxil® and AmBisome® were the first liposomal formulations of
Doxorubicin and Amphotericin B approved in the mid 90’s for the treatment of cancers and fungal infections,
respectively. Abraxane® and Genoxol-PM® are two distinct nanocarriers of Paclitaxel, a highly cytotoxic and
poorly soluble anti-proliferative low molecular weight drug, based on different classes of materials, namely a
human-derived protein (i.e., aloumin) and a block copolymer (PLA-b-PEG). Clinical practices count today
approximately fifty nanotherapeutics, most of them being nanoformulations of previously approved drugs,
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while a greater number of investigational drug nanocarriers are undergoing clinical investigation for a variety
of indications (Caster et al., 2017).

Nanoparticle-based therapeutics have been sometimes considered slow to enter clinical practices.
However, their development has required the concomitant implementation of analytical techniques and
specific regulatory guidelines. An additional challenge comes from the complexity of certain pathological
contexts (e.g., cancers) and poor predictivity of pre-clinical animal models. The discrepancies between the
knowledge and understanding of the physico-chemical characteristics of nanoparticles and how these affect
their behavior and fate in vivo are also large. While some general guidelines about nanoparticle size, shape,
surface charge or composition for instance have emerged, these are far too less predictive of the actual
behavior in vivo. Although the comparison of in vivo results is difficult to achieve due to the broad variability of
models used and data interpretation, we believe such an attempt is of significant importance for nanoparticle
systems that share common features acknowledging their differences in materials properties and chemical
adaptability. This is the main ambition of this review article focused on peptide- and protein-based
nanoparticles. These have the major advantages of being biodegradable, potentially non-immunogenic,
sometimes stimuli-responsive, intrinsically bioactive or easily post-modified through orthogonal
bioconjugation reactions, and able to participate in complex supramolecular assemblies. With sizes ranging
from 30 nm to 200 nm, peptide- and protein nanoparticles have optimal sizes, and are composed of a defined
core and corona, which are able to display or integrate multiple additional functionalities. The present review
does not attempt to be exhaustive, but rather highlights recent examples of protein and/or peptide-based
nanoparticle systems, typically of micellar or vesicular structure, whose translation in vivo has been
significantly investigated. (Fig. 1)

Enginccrcd Sgnthcﬁc
Proteins & Po|5PePticlcs Po|5PePtidcs

Natural Proteins

a¥

o, \
I ——9» , —> 32}_, y

Wl
-

I 2V
D T 74
% Drug-loaded
sch—asscmb?cd nanopartic]cs
|
AR CeUe sl In ‘:f:iui‘ t):!c'l) :1/0 éjz}‘d

Figure 1. General overview of the present review article.
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2. Nanoparticles based on natural proteins

Certain natural proteins have been systematically employed in drug formulations (Jao et al., 2017;
Lohcharoenkal et al., 2014; MaHam et al., 2009). The key features that render natural proteins as potentially
efficient nanocarrier candidates for nanomedicine are their availability from natural resources, inherent
biocompatibility, biodegradability, and biological function (e.g., entrapment of hydrophobic molecules,
temperature and/or pH responsiveness). For this purpose, suitable proteins are commonly isolated from the
human (or other mammalian) body or from food sources, provided that they fit the standards of a safe carrier
in the case of proteins of exogenous origin. Furthermore, these biomolecules are amenable to chemical
modifications, allowing the modulation of their physico-chemical and/or biological properties. In this section,
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the main categories of natural proteins employed in nanomedicine will be discussed, as well as certain
“hybrid” systems, resulting from chemical modification approaches of naturally-occurring proteins (Table 1).

2.1 Human-derived proteins

2.1.1 Albumin

Albumin has been extensively studied as solubilizing agent of hydrophobic drugs. It can be found in
abundance in the egg white (ovalbumin, OVA), bovine plasma (bovine serum albumin, BSA), and human
plasma (human serum albumin, HSA). One interesting characteristic of aloumin for the development of drug
formulations is that hydrophobic molecules can bind to certain sites within the protein (Elzoghby et al., 2012).
The development of a nanoparticle albumin-bound (nab) paclitaxel formulation approved by the FDA,
Abraxane, has been an important advancement to decrease the strong toxicity and improve the delivery of this
cancer chemotherapeutic (Gradishar et al., 2005). Abraxane is regarded as one of the few commercially
available and successful applications of nanomedicine in cancer. Abraxane is supplied as a powder which is
dissolved in a sodium chloride solution for intravenous administration, but albumin-based nanoparticles are
also potent candidates for local administration, such as in the inner ear or through the nasal route (Wong and
Ho, 2018; Yu et al., 2014).

The albumin-bound technology, an emulsion-based technique used for Abraxane (Fu et al., 2009;
Larsen et al., 2016), was shown to decrease drug toxicity but also replaced and avoided the use of toxic
adjuvants. For this reason, this so-called nab’ technology is currently applied for the formulation of other toxic
drugs, such as docetaxel, thiocolchicine dimer, and rapamycin, which are currently under Phase | and Il clinical
trials. The same preparation technology can also be applied for more hydrophilic chemotherapeutics such as
gemcitabine, since the protein-based vehicle can be more effective than the free drug in terms of tumor
growth inhibition by overcoming drug resistance mechanisms (Z. Guo et al., 2018).

One method widely applied to form protein nanoparticles is desolvation, which involves the
coacervation of a protein using a solvent or an agent (e.g. alcohol) that disrupts the protein structure and
leads to nanometer-sized aggregates that are subsequently stabilized via crosslinking (Nicolas et al., 2013).
This technique enables the loading of a wide variety of drugs in albumin particles. Desolvation was
investigated by Zhang et al. for the preparation of HSA-gambogic acid nanoparticles (Fig. 2). The particles were
developed as an alternative to the use of L-arginine, which is traditionally used for improving the solubilization
of this insoluble phenolic natural compound. As compared to the arginine mix solution, nanoparticles showed
increased efficiency in suppressing the tumor growth, less body weight loss, and increased survival rates in
A549-bearing mice (Zhang et al., 2017). Dong et al. have prepared albumin nanoparticles loaded with Dasatinib
via desolvation using methanol and studied their activity in vitro (Dong et al., 2016). Efficiently internalized in
leukemia cells, the nanoparticles showed a similar anti-proliferative activity as the free drug. However, while
the free drug caused a significant permeability increase on the endothelial barrier model, which can result in
peripheral edema and pleural effusion in vivo, the albumin nanoparticles loaded with Dasatinib only slightly
affected the barrier integrity. Following a similar particle preparation method, Casa et al. developed albumin
nanoparticles loaded with Amphotericin B for the treatment of leishmaniasis (Casa et al., 2018). In vitro, the
albumin-based formulation was less toxic to macrophages and remained effective against the internalized
parasite L. amazoniensis, showing decreased CCs, and increased ICs, values compared to a liposomal
formulation. Both formulations effectively reduced leishmaniasis lesions in mice, but the albumin-
encapsulated drug showed reduced toxicity to lung and kidney tissue. lwao et al. developed HSA nanoparticles
loaded with 5-aminosalicylic acid to reduce inflammation in ulcerative colitis (UC) lesions (Iwao et al., 2018).
The particles colocalized at the site of inflammation with the overexpressed myeloperoxidase in a UC mouse
model, and the interaction was also verified by QCM experiments. For the treatment of membranous
glomerulonephritis (MGN), a common cause of nephropathy, Gai et al. used the desolvation-crosslinking
method to prepare BSA-bound methylprednisolone (Gai et al., 2018). The particles were administered to an
MGN rat model, and successfully enhanced the reduction of serum creatinine and urinary protein, compared
to a commercial product, in the course of 7 days.

Cross-linking of protein particles is important to prevent their aggregation, especially in preparation
methods such as desolvation (Nicolas et al., 2013). Harmful cross-linkers such as glutaraldehyde are often
employed, but alternative methods are being investigated. Vanillin for instance has been used as a non-toxic
cross-linking agent of albumin nanoparticles resulting in stable particles with a pH- and glutathione-sensitive
doxorubicin release profile in vitro (F. Li et al., 2016). Notably, the ICsy value of doxorubicin loaded in the
particles was lower (3.693 pg/mL) compared to the free drug (4.007 pg/mL), and the release was faster close
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to conditions of tumor microenvironment (pH 6.5, 20 mM glutathione). These results may explain the lower
accumulation of doxorubicin in the heart and longer survival of Heps tumor-bearing mice. Self-cross-linking of
free thiols present in albumin or crosslinking with bis(acryloyl)cystamine has also been used for the
development of redox-responsive nanoparticles (Catanzaro et al., 2017; Thirupathi Kumara Raja et al., 2017).
In these cases, in vitro drug release was dependent on the concentration of glutathione, an antioxidant whose
levels increase in malignant tumors.

o HSA

O GA
O Organic phase

Figure 2. Schematic representation of the formation of albumin nanoparticles loaded with gambogic acid (GA) (Zhang et
al., 2017). The chemical structure of GA and crystal structure of human serum albumin (HSA) are shown, indicating the
protein sites where GA can bind. Reprinted with permission from Springer Nature: Springer, American Association of
Pharmaceutical Scientists, Development of a More Efficient Albumin-Based Delivery System for Gambogic Acid with Low
Toxicity for Lung Cancer Therapy, Y. Zhang et al. © 2016, 08 December 2016 (doi: 10.1038/sj.AAPSPharmSciTech.).

Albumin-based nanoparticles are usually employed as carriers with passive targeting properties, for
example they accumulate in tumors due to defective vascular architecture or impaired lymphatic drainage.
Active targeting may however be achieved by specific chemical modifications with targeting molecules. Zhao
et al.,, for instance, prepared BSA nanoparticles loaded with paclitaxel by a desolvation method and
subsequently functionalized BSA with folic acid in order to increase the particle uptake by prostate cancer cells
in vitro (Zhao et al., 2010).

Chemical modifications can also be used to provide additional properties to albumin. For instance, Du
et al. introduced cationic polymers to permit the complexation of nucleic acids for transfection in vitro (Du et
al.,, 2016). He et al. functionalized albumin with histamine as pH-responsive-chelating agent to enable the
loading and acidic release of drug complexes with metal ions (He et al., 2017).

Nucleic acids with specific binding and recognition properties have also been introduced for enhanced
targeting of albumin nanoparticles. For this purpose, Esfandyari-Manesh et al. have used a MUC1 aptamer
coating to improve the targeting efficiency of paclitaxel-loaded nanoparticles to breast cancer cells
(Esfandyari-Manesh et al., 2016). The aptamer was anchored on a chitosan coating, which proved to enhance
nanoparticle uptake and reduce in vitro toxicity, with the ICsq of paclitaxel in the particles being 31% lower
than the free drug in 24 h, and further decreasing in 48 h.

2.1.2 High-Density Lipoprotein (HDL)

HDL are a class of protein-lipid particles of 7-13 nm in size, with apolipoprotein A-I (ApoA-I) being the
most abundant protein component, which encircles a load of lipids that include mainly cholesterol and
phospholipids (Damiano et al., 2013; Michell and Vickers, 2016; Mo et al., 2016). The structure of HDL depends
on the cholesterol content; the uptake of cholesterol remodels the architecture of HDL from discoidal to
spherical. The natural source of apolipoproteins is mainly human plasma, but they can also be produced in E.
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coli and be prepared as reconstituted HDL (rHDL). HDL promotes cholesterol efflux from tissues to the liver for
excretion, thus it is often characterized as the “good” cholesterol. Cholesterol efflux involves the interaction of
HDL with protein receptors including scavenger receptor class B type 1 (SR-BI), and lipid transporters including
ATP-binding cassette (ABC) transporters ABCA1 and ABCG1; these proteins are primarily expressed in
macrophages and hepatocytes. The biological role of HDL as well as its biocompatibility and biodegradability,
render these particles as promising candidates for drug delivery and imaging, especially for cardiovascular
diseases.

The lipid cargo of HDL enables the encapsulation of hydrophobic molecules in the core of the structure.
Discoidal and spherical recombinant HDL loaded with a plant-derived quinone with anti-atherogenic potential -
tanshinone IIA (TA) - prepared by thin-film dispersion and nanoprecipitation/solvent evaporation, were
administered intravenously in atherosclerotic rabbits (Zhang et al., 2013). The particles showed increased
localization in atherosclerotic lesions of the aortic tree. Compared to sulfotanshinone sodium injection,
liposome and nanostructured lipid TA formulations, the discoidal rHDL particles achieved higher retention in
the plasma and healthier serum lipid levels. The levels of total cholesterol, triglyceride and low-density
lipoprotein (LDL) were lowered after administration of the particles, and the atherosclerotic burden decreased
in a dose-dependent manner (Fig. 3).

Figure 3. Lipid deposit of atherosclerotic rabbit aortas stained with Oil Red O (Zhang et al., 2013). Positive control (A),
sulfotanshinone sodium injection (B), blank discoidal rHDL (C), blank spherical rHDL (D), liposome TA (E), nanostructured
lipid TA (F), low dose discoidal TA-rHDL (G), low dose spherical TA-rHDL (H), high dose discoidal TA-rHDL (l) and high dose
spherical TA-rHDL (J). Reprinted from Biomaterials, Vol 34, W. Zhang et al., Pharmacokinetics and atherosclerotic lesions
targeting effects of tanshinone IIA discoidal and spherical biomimetic high-density lipoproteins, 306-319. © 2012, with
permission from Elsevier.

Simvastatin-loaded rHDL nanoparticles (Fig. 4), prepared by film hydration, decreased the viability of
macrophages and endothelial cells in vitro, and suppressed the inflammatory response of macrophages
through inhibition of the mevalonate pathway (Duivenvoorden et al., 2014). The particles were effectively
localized in atherosclerotic plagques of ApoE knock-out mice, where they were targeted to monocytes and
macrophages, and reduced the plaque formation and anti-inflammatory effect. Reduction of atherosclerotic
plagues had also been observed after the delivery of the liver X receptor (LXR) agonist T0901317 by a synthetic
HDL (particle reconstitution using the ApoA-I mimetic peptide 22A) which activated the macrophage LXRs (Y.
Guo et al., 2018). The particle treatment resulted in the upregulation of ABC transporters in the aorta of ApoE
deficient mice, increasing the efflux of cholesterol.
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Figure 4. Schematic representation with the corresponding TEM images of rHDL particles before (a) and after loading of
Simvastatin ([S]-rHDL, b). The particles could also be loaded with gadolinium and/or fluorescent probes for imaging
purposes (c). Adapted from Nature communications, R. Duivenvoorden et al., A Statin-Loaded Reconstituted High-Density
Lipoprotein Nanoparticle Inhibits Atherosclerotic Plaque Inflammation, 1-23. © 2014, with permission from Springer
Nature.

HDL-inorganic hybrid structures are a promising tool for imaging and therapy. Particles encapsulating
inorganic nanocrystals have been prepared by mixing the nanocrystals and lipids in an organic solvent mixture
which was evaporated with warm water; ApoA-l was added after change of the buffer to phosphate buffered
saline (PBS) (Cormode et al., 2008). In vitro results indicated that the properties of endogenous HDL were
retained for the hybrid structures, since they could be internalized by macrophages more effectively compared
to PEG analogues. In vivo, the hybrid system showed association with macrophages in ApoE knock-out mice
aortas, with gold nanocrystals showing the best contrast in aortic plaques. In another work, HDL-gold hybrids
developed for lymphoma targeting were prepared by mixing phospholipids in ethanol with an aqueous
solution of ApoA-I and gold nanoparticles, followed by purification using tangential flow filtration (Yang et al.,
2013). The nanoparticles reduced the viability of lymphoma cells in vitro, using a SR-B1 mediated uptake
mechanism. The system was able to target and reduce the growth of tumors overexpressing SR-B1 in mice;
however, repeated injections were needed to outcompete natural HDL. For imaging of atherosclerotic lesions,
HDL nanoparticles were also labelled either at ApoA-lI or phospholipids with 87r for PET imaging (Pérez-
Medina et al., 2016). Intravenous administration in rabbits showed higher radioactivity concentration in
atherosclerotic rabbit aortas, as well as slower clearance for phospholipid-labelled particles in rabbits. The
phospholipid-labelled particles were also tested in pigs, where they accumulated in lesions of femoral arteries.

Hybrid structures of HDL with synthetic polymers may be employed to combine biomimicry with
controlled release. HDL with a PLGA core was formulated using a microfluidics system, with the occurring
particles exhibiting a slow release of Nile red in PBS (60% in 24 h, 90% in 5 days) (Sanchez-Gaytan et al., 2015).
The particles were localized along the aorta and the aortic root of ApoE knock-out mice, and mainly associated
with macrophages in the plaques.

The lipid layer of HDL can be used in order to bind functional biomolecules to HDL, especially for gene
silencing or expression. Cholesterol-functionalized ApoB1-siRNA bound in HDL and LDL particles showed
accumulation in the liver after intravenous administration in mice. The accumulation of LDL particles was more
specific for the liver, while HDL particles also accumulated in other tissues due to the uptake mechanism of the
particles. The uptake mechanism involved the receptors of LDL (LDLr) for LDL-siRNA and SR-BI for HDL-siRNA
(Wolfrum et al.,, 2007). In vitro results suggested that the uptake could also be mediated by the
transmembrane protein Sidl. a-Tocopherol-conjugated siRNA was bound to HDL to knock-down the B-site
amyloid precursor protein cleaving enzyme 1 (siBACE1l) in the brain (Uno et al., 2011). After
intracerebroventricular infusion in mice for 7 days, the particles were distributed in the brain and the uptake
was evident in neuronal, rather than glial cells. In LDLr knock-out mice the uptake was less efficient, suggesting
LDLr-mediated uptake of the particles. HDL was also used to deliver siRNA to the brain through the blood-brain
barrier (BBB) (Kuwahara et al., 2011). For this purpose, cholesterol-conjugated siRNA targeting the organic
anion transporter 3 (OAT3) mRNA (Chol-siOAT3) was bound to HDL. The particles localized in brain capillary
endothelial cells after injection in mice, while no immune or inflammatory responses were observed in the
brain. The uptake was found to be mediated by ApoE and LDLr in knock-out mice. In order to protect siRNA
from degradation, HDL particles encapsulating siRNA were produced by adding an oligo-lysine mixture of
signal transducer and activator of transcription 3 (STAT3) and focal adhesion kinase (FAK) siRNAs to dried
lipids. The mixture was solubilized in DMSO, and diluted with aqueous buffer before adding ApoA-I (Shahzad et
al., 2011). The organic solvent was removed by dialysis. The intravenous and intraperitoneal injection of the
HDL-siRNA complex in mice facilitated silencing of STAT3 and FAK, which are important for the progression and
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invasion of tumor cells, and the co-encapsulation of siRNA and chemotherapeutics reduced tumor cell
proliferation in ovarian and colorectal cancer.

2.13 Collagen and Gelatin

Collagen is a major component of the extracellular matrix. Its main source is animal tissue, and thus
production routes such as recombinant expression have been investigated in order to reduce the risk of host’s
immune response (Gorgieva and Kokol, 2011). The collagenous fragment of this protein is predominantly
comprised of Gly-X-Y repeats, where Pro and Hyp (hydroxyproline) occur most often at the X and Y positions,
respectively. Other residues that can be found in the sequence include Lys, Met, and Val. In addition, the cell-
binding Arg-Gly-Asp (RGD) motif is naturally incorporated, which is the major reason why collagen been
extensively investigated for the development of scaffolds for tissue engineering (Liu et al., 2019). Drug delivery
systems based on collagen mainly consist in hydrogels and microcapsules, rather than nano-sized objects
(Erokhina et al., 2013; Liu et al., 2019; Pastorino et al., 2011; Posadas et al., 2016). For that reason, the present
review will be focused on nanoparticles based on the treated counterpart of collagen, gelatin.

Gelatin is a product derived from hydrolysis or degradation of collagen, and it is a material regarded as
safe by the FDA (Sahoo et al., 2015). Because of its sequence resemblance with collagen and low antigenicity,
it has been investigated for both tissue engineering and drug delivery applications (Foox and Zilberman, 2015;
Sahoo et al., 2015).

As was mentioned for albumin particles, gelatin-based formulations designed for drug delivery are also
often prepared by desolvation and crosslinking with glutaraldehyde. However, other methods such as spray-
drying could be further adapted in order to create nanoparticle formulations (Manca et al., 2013).

The net charge of gelatin depends on the hydrolysis method of collagen. In physiological pH, the charge
is positive after acid hydrolysis (gelatin type A) and negative after base hydrolysis (gelatin type B). The charge
plays an important role for the drug delivery applications, where type A gelatin is usually used. Type A gelatin
nanoparticles prepared by desolvation using ethanol, crosslinked with glutaraldehyde and loaded with
indomethacin were orally administered for the treatment of formalin induced edema in rats (Kumar et al.,
2011). The particles helped to increase the plasma concentration of the drug and enabled reduction of edema
compared to the free drug. Tseng et al. developed type A gelatin nanoparticles that were found to be non-
toxic to human corneal epithelial (HCE) cells and did not disrupt tight junctions of the cell layer barrier in vitro,
an important feature in order to retain the integrity of the natural barrier of the anterior part of the eye
against micro-organisms (Tseng et al., 2013). Type A gelatin-cryptolepine nanoparticles prepared by
desolvation were administered for chemosuppression of P. bergei in rats (Kuntworbe et al., 2013). The
intraperitoneal injection of the particles showed increased chemosuppressive activity compared to the free
drug. However, intravenous injection was more controversial, as two rats died after rapid injection.

Positive charges can also be added to gelatin using chemical modifications. After their in vitro results,
Tseng et al. further modified the cationic gelatin particles with tetramethylrhodamine succinyl ester to further
increase the positive charge for improved cell uptake. This was demonstrated by administration of the
modified particles to the rabbit cornea, where they were retained for 16h, without significant effect on tissue
integrity (Tseng et al., 2013). Particles of gelatin cationized with spermine have also been loaded with
pPMUCSAC for transfection of IOBA-NHC cells; this process was efficient especially in presence of chondroitin
sulfate; transfection was also efficient in rabbit eye conjunctiva (Contreras-Ruiz et al., 2013; Konat Zorzi et al.,
2011). For vaccine delivery applications, gelatin cationized with ethylene diamine was used for the
development of nanoparticles loaded with tetanus toxoid (Sudheesh et al., 2011). The particles were prepared
by desolvation and crosslinked with glutaraldehyde. After subcutaneous injection in BALB/c mice, antibodies
against the tetanus toxoid were expressed and the levels of interleukin-2 and interferon-y increased.

PEGylation is a method employed to increase the biocompatibility and bioavailability of gelatin
particles. Gelatin-PEG nanoparticles loaded with noscapine using a desolvation method were shown to have
reduced ICs, values compared to either the free drug or gelatin particles without PEG in MCF-7 cells (Madan et
al.,, 2011). Moreover, the recovery of noscapine in mouse plasma was higher using the PEGylated system.
Aminized gelatin-PEG complexes with tissue-type plasminogen activator (t-PA) prepared in aqueous solution
by agitation at 37 °C have been used for ultrasound mediated thrombolysis (Fig. 5) (Uesugi et al., 2010). The
degree of amination was important for cytotoxicity in mouse fibroblasts. t-PA activity was suppressed in the
complexes and activity was recovered with ultrasound, resulting in thrombolysis in rabbits. In later work by the
same group, cationic gelatin-t-PA complexes were formed in presence of zinc ions, which suppressed t-PA
activity (Uesugi et al., 2012). Again, the activity was recovered with ultrasound in a fibrin clot lysis assay, and a
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longer t-PA half-life in the complexes was observed in mice blood. Chemical modification can also provide
other functionalities to gelatin particles, such as binding with specific moieties. Biotinylated EGF was bound to
NeutrAvidin-FITC-gelatin nanoparticles which were uptaken by the EGFr lung tumor model in mice after
aerosol delivery (Tseng et al., 2008).

Coatings of gelatin particles have been mainly employed to guarantee the stability of the formulations
in harsh environments in the organism, while the gelatin carrier increases the bioavailability of the drug and
can penetrate in tissues such as the gastric mucosa. Shutava et al. studied gelatin nanoparticles prepared by
desolvation and glutaraldehyde crosslinking, which were loaded with a green tea polyphenol and encapsulated
in a layer-by-layer (LbL) polyelectrolyte shell. The shielded particles released epigallocatechin gallate, blocking
HGF-induced intracellular signaling in MBA-MD-231 cells (Shutava et al., 2009). Bhavsar and Amiji fabricated
complexes of gelatin with plasmid DNA through precipitation. The complexes were shielded in a
polycaprolactone microsphere and orally administered in mice; the gene encoded in the plasmid was
efficiently expressed mainly in the large intestine (Bhavsar and Amiji, 2008, 2007). Later on, a similar model
was used in the work of Kriegel and Amiji for TNF-a si-RNA delivery to an acute colitis model in mice (Kriegel
and Amiji, 2011). Mannan-coated didanosine-gelatin nanoparticles prepared via desolvation and crosslinking
with glutaraldehyde, were used in the work of Kaur et al. (Kaur et al., 2008). After oral administration in rats,
increased accumulation was observed in spleen, lymph nodes and brain as compared to the free drug.
Moreover, the accumulation was lower in kidney and the particles could be internalized by macrophages in
heparinized human blood.

A
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Figure 5. Angiographic images of the thrombolytic effect of t-PA complexed with cationic gelatin-PEG and free t-PA with or
without ultrasound irradiation in a rabbit thrombosis model (Uesugi et al., 2010). Arrow heads show the infarction site at
the right femoral artery 1 hr after intravenous administration of (a) t-PA, (b) t-PA with ultrasound, c) t-PA complexed with
cationic gelatin-PEG, (d) t-PA complexed with cationic gelatin-PEG with ultrasound. Reprinted from Journal of Controlled
Release, Vol 147, Y. Uesugi, An ultrasound-responsive nano delivery system of tissue-type plasminogen activator for
thrombolytic therapy, 269-277. © 2010, with permission from Elsevier.

2.2 Proteins of non-human origin

Food is a valuable source for therapeutics, but also for carriers in drug delivery or scaffolds in tissue
engineering (Elzoghby et al., 2011; MaHam et al., 2009; Yong Zhang et al., 2016). The abundance and wide
variety of food proteins provide systems that can effectively suit desired biomedical applications. The basic
consideration when using food protein carriers in the human body are the allergic reactions that may be
caused, so the systems should be extensively investigated for their immunogenicity. Regarding food proteins,
this review will be mainly focused on casein and zein carriers, as they have been most extensively investigated
in the last years.

Proteins of exogenous origin other than food also come in a wide range, but immunogenicity remains
an even more important limitation in their case. One of the most suitable proteins for drug delivery are fungal
hydrophobins (Ren et al., 2013), which will be presented in this section too.
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221 Casein

Casein is abundant in milk and dairy products, and is generally regarded as safe (GRAS) (Elzoghby et al.,
2011). The amphiphilic nature and pH sensitivity of these proteins are parameters that facilitate the formation
of particles, and crosslinking can be employed to increase the robustness of the structures and their
application potential. Casein nanoparticles loaded with flutamide were prepared using an emulsion technique
and electrostatically crosslinked with tripolyphosphate (Elzoghby et al., 2013). The drug half-life was extended
in rat plasma when the nanoparticles were compared to a drug solution containing ethanol and PEG-200.
Levonorgestrel-loaded casein microparticles were produced with an emulsion method and crosslinked with
glutaraldehyde for pregnancy control in rabbits (Puthli and Vavia, 2008). The particles were injected into the
muscle of fertile female rabbits and drug release was facilitated in blood for one month. During this period
pregnancy did not occur, and fertility was reversed after 5-6 months.

2.2.2 Zein

Zein is abundant in maize, and like casein, it is also a GRAS material approved by the FDA (Luo and
Wang, 2014; Yong Zhang et al., 2016). It is a protein with high content in hydrophobic amino acids and, due to
its self-assembling properties, can be used to construct robust particles. It may be combined with other food
proteins to modulate the properties of the final particles.

The hydrophobic nature of zein also renders it a good candidate to encapsulate hydrophobic drugs such
as 5-fluorouracil (5-FU) (Lai and Guo, 2011). Drug-loaded particles were prepared with a phase-separation
procedure, and using rhodamine-B, they showed higher accumulation in liver and blood after intravenous
administration in mice compared to the free dye.

Since zein particles are robust, they are often investigated for delivery via the Gl tract. Zein-curcumin
particles stabilized with caseinate were fabricated via desolvation. When Caco-2 cells, which are surrounded
by an additional mucin layer, were incubated with these particles, curcumin showed a better association with
mucin comparing to a solution of the pure compound (Patel et al., 2010). In another study, soy protein isolate-
zein nanoparticles loaded with riboflavin were fabricated with a cold gelation method (Chen et al., 2010). In a
simulated Gl tract, maximal absorption of riboflavin was observed in the jejunum after delivery of the
particles. Except for drugs, functional enzymes can be protected in zein particles for delivery through the Gl
tract. Lee et al. employed zein to encapsulate catalase and superoxide dismutase via phase separation (Lee et
al., 2013). The enzymes were protected in conditions resembling Gl fluids and functionalization of the enzymes
with folate facilitated targeting to macrophages in vitro. Zein particles can also protect nucleic acids. Particles
loaded with plasmid DNA have been prepared by desolvation, and the complex was used to transfect Caco-2
cells (Regier et al., 2012).

Polymer conjugation to zein can confer additional stability to the particles in complex matrices. Zou and
Gu demonstrated a bioconjugate of a-tocopherol-PEG-zein loaded with daidzin, prepared via phase-separation
(Zou and Gu, 2013). When incubated with Caco-2 cells, the particles were internalized by the cells and could
also penetrate through Caco-2 monolayers. After oral administration of the loaded particles in mice, the
concentration of daidzin in plasma was higher compared to the free drug, with the area under the curve
(AUCqy_151) enhanced by 2.4-fold for the particle formulation.

Inorganic-zein hybrids can also be developed for a variety of applications. Silver nanoparticles
encapsulated in acidified zein by desolvation and low pH showed low accumulation of antibodies in vitro,
indicative of good hemocompatibility, while retaining bactericidal properties against E. coli and S. aureus
(zhang et al., 2010). In order to combine imaging and drug delivery, Aswathy et al. employed a system of zein
particles encapsulating ZnS:Mn quantum dots that were loaded with 5-FU (Girija Aswathy et al., 2012). The
self-assembly was done using a desolvation method. These structures were efficiently internalized by MCF-7
and L1929 cells and decreased their viability. Wang et al. prepared zein-QD630 nanoparticles using phase-
separation, which were internalized by NIH3T3 cells and localized in the perinuclear space, exhibiting
cytotoxicity similar to the free quantum dot (Wang et al., 2013). However, the penetration of the nanoparticles
was limited in nude mouse skin, showing the need for chemical modification of the particle surface.

2.23 Hydrophobins

Hydrophobins are proteins produced in fungi for the dispersal of hyphae (thread-like structures that
serve for asexual reproduction) from water to air (Mitraki, 2010; Ren et al., 2013). They can be obtained from
T. reesei, or heterologously produced in P. pastoris and E. coli. Their amphiphilic nature drives class |
hydrophobins to assemble into rod-like structures at the water:air interface, while class Il hydrophobins form
monolayers. Thus, class Il hydrophobins are more useful for particle formation.
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Due to their physicochemical properties, hydrophobins can facilitate the solubilization of hydrophobic
drugs, as well as encapsulate other proteins or inorganic particles. Hydrophobin-coated docetaxel
nanoparticles, prepared via nanoprecipitation and ultrasonication, exhibited limited hemolysis and cytotoxicity
in vitro and also improved pharmacokinetic parameters compared to the formulation of docetaxel in
polysorbate 80 (Taxotere) in rats, with the AUC increasing by 1.3 fold for the particle formulation (Fang et al.,
2014). Regarding protein encapsulation, glucagon-like peptide was encapsulated in a hydrophobin shell by
sonication, and the particle formulation increased the peptide lifetime in rats, achieving efficient glucose
regulation (L. Zhao et al., 2016). In order to increase the transit time of silicon nanoparticles in the Gl tract, a
hydrophobin coating was applied and these coated particles were retained in the stomach mucosa for up to 3
hrs (Sarparanta et al.,, 2012). Regarding composite assemblies, Au nanoparticle clusters confined in a
hydrophobin shell were developed by drying a two-phase solution of the Au particles (in CHCI;) and protein (in
water) to a film that was rehydrated to form the supraparticle. Paclitaxel-loaded composite structures showed
reduced ICsy values by two orders of magnitude compared to the free drug in different cancer cell lines,
including Paclitaxel-resistant cells. The particles disassembled in the presence of glutathione, indicating a
release mechanism linked to the intracellular levels of the antioxidant. When administered in mice, the
composite particles were found to be stable within the course of 4 days, and accumulated in filter organs
(Maiolo et al., 2017).
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Table 1. Characteristics and applications of natural protein-based carriers.

i Radius Zeta o Targeting / Method of application / i i
Protein . Application ) o . Synthesis / Preparation Reference
of NPs potential* active compound Main findings
-22mV Delivery of gambogic acid to lun Albumin-bound
Albumin 68 nm Cancer Gambogic acid yore € & . (zhang et al., 2017)
(at pH 6) tumor xenograft preparation method
) . L. . Leishmaniasis treatment with Albumin-bound
Albumin 90 nm -45 mV Leishmaniasis Amphotericin-B . . . (Casa et al., 2018)
reduced toxicity of Amphotericin-B preparation method
) . " 5-aminosalicylic Inflammation treatment in ulcerative Albumin-bound
Albumin 95 nm -12mVv Ulcerative colitis i . R o . (lwao et al., 2018)
acid colitis with 5-aminosalicylic acid preparation method
) Membranous Methylprednisolon Treatment of membranous Albumin-bound .
Albumin 66 nm -19mv " " . (Gai et al., 2018)
glomerulonephritis e glomerulonephritis preparation method
Histamine-derivatized
Albumin 39 nm - Cancer Doxorubicin Doxorubicin delivery to breast tumor albumin chelating Fe3" (He et al., 2017)
with doxorubicin
Targeted delivery of
. X simvastatin to
Simvastatin-loaded HDL
. . . . . monocytes and .
HDL 15 nm - Atherosclerosis Simvastatin nanoparticles prepared by film . (Duivenvoorden et al., 2014)
. macrophages located in
hydration R
atherosclerotic plagues
to reduce inflammation
Liver X receptor agonist-loaded HDL Upregulation of the ABC
Liver X receptor nanoparticles prepared by mixin transporters for the
HDL 12 nm - Atherosclerosis . P P .p .p . Y & P . (Y. Guo et al., 2018)
agonist and reconstitution in aqueous reduction of
solution atherosclerotic plaques
Combinatorial strategy
. . for controlled release
HDL nanoparticles with a PLGA core
-7.1mV . . . . from PLGA core and HDL
HDL 44 nm Atherosclerosis Dye formulated using a microfluidics . (Sanchez-Gaytan et al., 2015)
(at pH 7.4) targeting of

system

macrophages in
atherosclerotic plaques
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Vaccine formulation of tetanus

Cationic (ethylene
diamine)gelatin
nanoparticles loaded

Gelatin 120 nm +23 mV Vaccine Tetanus toxoid toxoid with gelatin as an with tetanus toxoid (Sudheesh et al., 2011)
immunoadjuvant prepared by desolvation,
crosslinked with
glutaraldehyde
Cationized gelatin
§ . . . complexes with tissue-
Tissue-type Delivery of tissue-type plasminogen .
) +11 mV . . i type plasminogen .
Gelatin 175 nm Thrombosis plasminogen activator R (Uesugi et al., 2010)
(at pH 7.4) . . activator(t-PA) and PEG-
activator (t-PA) for thrombolysis . .
gelatin formed in
aqueous solution.
Gelatin-TNFa siRNA
nanoparticles prepared
by precipitation.
. » ) Oral delivery of siRNA for colitis y preeip . ;
Gelatin 1.2 um - Colitis TNFa siRNA treat ¢ Encapsulated in PCL (Kriegel and Amiji, 2011)
reatmen
microspheres using a
double emulsion-like
technique
Complexes of spermine-modified, Plasmid delivery to the
Gelatin 65 nm +37 mV Dry-eye syndrome Plasmid cationized gelatin with plasmid, ocular surface for dry- (Contreras-Ruiz et al., 2013)
prepared with ionic gelation eye treatment
Formulation of silver-
loaded
Silver-loaded acidified zein zein particles with
Zein 58 nm - Bactericidal agent Silver nanoparticles nanoparticles prepared by antimicrobial activity as (zhang et al., 2010)
desolvation method and reduced pH well as good
hemocompatibility for
antiseptics
Tocopherol polyethylene glycol-Zein . .
. A ) ) . Oral administration and
) -23mVv Oral bioavailability . bioconjugate nanoparticles loaded .
Zein 100 nm Daidzin . o . enhanced absorption of (Zou and Gu, 2013)
(at pH 7.4) enhancement with daidzin, prepared with phase-

separation method

daidzin
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Drug delivery/contrast Au nanoparticle-hydrophobin film
Hydrophobin 56 nm - € v/ Paclitaxel P ydrop

agent hydration

Glutathione-sensitive
carrier for theranostics
stable in vivo

(Maiolo et al., 2017)

*at neutral pH unless otherwise indicated
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Natural proteins represent a category of biological materials that can be efficiently employed as drug
delivery vehicles. The methods employed lead to the formation of particles with a diameter ranging between
10-200 nm which were negatively charged in most cases (except for the case of gelatin and cationized
albumin, see Table 1). These methods are generally straightforward which may facilitate the large-scale
production of protein nanoparticles. Further information on the preparation methods of protein particles has
been provided in previous reviews that the reader is welcome to consult (Herrera Estrada and Champion,
2015; Tarhini et al., 2017; Verma et al.,, 2018). Each natural protein was specifically employed for the
treatment of a certain disease. For instance, albumin nanoparticles have been primarily focused on
applications for cancer treatment, HDL for cardiovascular inflammation, gelatin for eye diseases, and zein for
diseases of the Gl tract. Nevertheless, the same protein particles are being investigated for other applications,
e.g. in bacterial infections, expanding their potential in nanomedicine therapy. The nanoformulations revised
have exhibited enhanced pharmacokinetics in comparison with the free drug in vivo. The animal models
employed, however, were mainly mice. It is expected that these evaluations will also be conducted in more
relevant animal models, as was done for example in the applications of HDL formulations in rabbits and pigs.
The collection of such data will be critical in order to proceed with translation to the clinic. Last, carriers based
on natural proteins often lack active targeting properties, which may be supplemented by means of chemical
modifications and protein engineering.

3. Engineered protein-based particles

Since the construction of the first recombinant plasmid, scientists have been adapting natural proteins
to change their properties. This has also been the case for the development of proteins with self-assembly
properties to facilitate nanoparticle formation. A logical choice in this respect are proteins that have as their
natural function the assembly into well-defined protein cages, such as heat-shock proteins, ferritin and virus
capsid proteins. Regarding the latter class, viruses inherently self-assemble around their genetic material to
form macromolecular particles. In some cases, the capsid proteins have the intrinsic property, or can be
engineered to assemble without their native lipid bilayer and DNA/RNA, which results in protein mantles
known as virus-like particles (VLPs). These capsid proteins may be modified to display or encapsulate antigens,
toxic compounds or targeting moieties. For in vivo applications, they have been mainly used as vaccination
agents (Noad and Roy, 2003). Another interesting group are native structural proteins that already show self-
assembly properties, such as elastin, silk, resilin etc. Naturally, they may form connective tissues (elastin,
resilin) or supramolecular materials (spider’s silk). Using their basic sequences, responsive materials have been
created that may control or participate in self-assembly. Here we focus on the creation of particles based on
elastin- and silk-like polypeptides and their hybrids, since they have been most extensively studied in vivo.

3.1 Elastin-like polypeptides

Elastin-like polypeptides (ELPs) are repetitive biopolymers derived from natural elastin (Urry et al.,,
1991). The repeat unit may differ, though most commonly used is the GXGVP motif, in which X is the variable
amino acid. ELPs are typically noted as [AxByC;-n], where A, B and C denote the guest residues, X:Y:Z their ratio
within the ELP block, and n the number of pentapeptide repeats. For example, [A;G,-60]-[I-60] denotes an ELP
diblock that consists of one part with 60 pentapeptide repeats containing alanine and glycine in a ratio of 3 to
2 as guest residue, and one part with 60 pentapeptide repeats containing only isoleucine as guest residue; a
protein with 600 amino acids total. Note that this notation does not define the exact position of each guest
residue within a sequence if multiple guest residues are used. We will adhere to this notation but adapt for
structures which cannot be fully described by it. These disordered proteins change structure upon heating
towards type-Il B-turns, type-I B-turns, and B-strands (GroR et al., 2003; Li et al., 2014), exposing hydrophobic
residues and leading to their coacervation. Lowering the temperature results in the reversal of this structural
change, dissolving the individual polymers. The transition temperature T, is dependent on polymer
concentration, salt concentration, number of repeats and the nature of the guest residue at position X
(McDaniel et al., 2013). More hydrophilic residues shift the T, higher, while more hydrophobic ones lowering
the T.. By combining ELP ‘blocks’ with different transition temperature, micellar and other shapes can be
created (Fig. 6, Table 2). Here we focus on in vivo studies of ELPs that form micellar or similar structures in
their aggregated state.
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Figure 6. Scheme of elastin-like peptide diblocks reversibly forming micelles. Modifications are possible by recombinant
fusion and/or chemical modification. Di-blocks with varying modifications can be mixed, creating diverse ELP micelles
displaying and/or encapsulating drugs and targeting moieties (Pille et al., 2017). Adapted from Biomacromolecules, Vol 18
(4), 2017, J. Pille et al., Self-Assembling VHH-Elastin-Like Peptides for Photodynamic Nanomedicine, 1302—-1310.

3.1.1 ELPs in cancer research

ELPs have been used to target and treat different kinds of cancers. Simnick et al. fused the NGR
tripeptide to [V,G;Ag-64]-[V-90] to target the aminopeptidase-N receptor overexpressed on endothelial cells in
tumour tissue (Pasqualini et al., 2000; Simnick et al., 2011). In comparison with unmodified control particles,
NGR-ELP particles showed accumulation in endothelial and perivascular regions of human squamous cell
carcinoma derived tumors in female BALB/c nude mice. 45 minutes after injection, around 80 % of NGR-ELP
was retained in the vascular region of tumors, significantly more than in normal tissue. There also was a
significant increase in extravascular regions when compared to normal tissues. However, these results did not
significantly differ from ELP particles alone.

Cancerous tissue often shows a decreased extracellular pH, ranging from 6.2 to 6.9. Callahan et al
created a pH-sensitive ELP diblock, [VG;Ag-80]-[VH,;-100], which forms a nanoparticle at physiological
conditions with the addition of physiological concentrations of ZnCl, and disassembles into monomers upon
reaching a pH of 6.4 (Callahan et al., 2012; Kasperek et al., 1977). This pH-sensitivity stems from using
histidine, with its pKa of around 6, as a guest residue; it becomes protonated in slightly acidic conditions,
increasing the transition temperature of the ELP. The resulting particle showed a CMC of 8.9 + 3 uM
(measured by pyrene fluorescence), a hydrodynamic radius of 29.5 nm and was on average composed of 73
ELP diblocks (measured by static light scattering). Injection of particles into nude mice bearing human
colorectal adenocarcinoma-derived tumors showed a more homogenous distribution within tumor sections 4
h after injection than pH insensitive control ELP particles, but faster clearance from the tumor site 24 h and 48
h after injection. The system was not tested in combination with a therapeutic agent.

Sarangthem et al. used the construct (AP1-[V-12])-(KLAK), to target tumor models in mice (Sarangthem
et al,, 2016). AP1is a 7 amino acid peptide (RKRLDRN) that binds the interleukin-4 (IL-4) receptor, implicated in
drug resistance of various cancers by amplifying the expression of anti-apoptotic proteins. The same group had
previously shown that (AP1-[V-12])s accumulates in human breast cancer MDA-MB-231 xenografts in mice
with increased affinity and uptake into IL-4 receptor expressing cells. KLAK-repeats destabilize eukaryotic
membranes and induce apoptosis. The combined construct (AP1-[V-12])s-(KLAK), showed a micellar structure
at physiological conditions with a hydrodynamic radius of 300 + 61 nm (measured by DLS) and ~ 60 nm
(measured by TEM). Particles induced an 80-85 % decrease in tumor growth in MDA-MB-231 xenografts in
BALB/c female nude mice and in murine B16F10 tumors of C57BL/6 black female mice after intraperitoneal
injection. All parameters tested to ensure liver, heart and kidney function as well as haematological markers
indicated no systemic toxicity after two weeks of daily injection of 150 mg kg'l. The material had a terminal
half-life of 14.4 + 1.2 h and plasma clearance of 4.5+ 0.7 10> L hr ' kg™

Aluri et al. fused a single-chain antibody (scFV), derived from anti CD-20 rituximab, to the ELP [A-192]
(Aluri et al., 2014). The resulting conjugate formed particles with hydrodynamic radii of 85.7 and 24.1 nm as
determined by DLS and cryoTEM, respectively. According to size-exclusion chromatography (SEC) coupled to
multi-angle light scattering (MALS), the particles possessed an average molecular weight of 25.5 MDa,
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resulting in an aggregation number of about 250 monomers per particle. Assembly was observed below the
expected transition temperature of the ELP (conjugate) and further processing of the particles was used. After
denaturation with guanidine and renaturation, a major population was observed with rod-like morphologies
(length 56.2 nm and width 17.9 nm). The molecular weight of these dropped significantly to an average of 8.4
MDa and an aggregation number of around 84. In a Raji xenograft mouse model, the scFV-ELP particles
significantly reduced tumor growth when compared to Rituximab given alone.

Zhao et al. created a fusion of the ELP di-block (GAGVPG);o-(GVLPGVP)s6-(GC), and single-chain variable
fragment (scFVv) of the antibody aPD-1, which suppresses the programmed cell death protein 1 (PD-1) (Zhao
et al., 2017). This protein prevents both desirable immune reaction against various types of cancers as well as
autoimmune reactions. The resulting scFv-ELP formed cross-linked micelles with a radius of 21.5 nm as
determined by DLS. In vitro, the resulting particles showed an avidity effect towards binding PD-1 positive EL4
cells when compared to free scFv or scFv-ELP in a monomeric state. This effect was also seen in a competitive
binding assay. In vivo, no significant difference in PD-1 inhibition could be seen in monobese diabetic female
NOD/ShilLt) mice between the scFv-ELP nanoparticle and its non-crosslinked counterpart.

The same group used the sequence (GAGVPG);o(GGGGGGGGC); to deliver salinomycin and paclitaxel to
orthotopic breast cancers (P. Zhao et al, 2016, 2014). Salinomycin was modified with 4-
(aminomethyl)benzaldehyde and 4-(4-N-maleimidophenyl)butyric acid hydrazide to obtain a maleimide-
functionalized drug that could be conjugated to the polymer, but would be released after particle uptake due
to acidification and hydrolysis of the hydrazone bond. Paclitaxel was non-covalently encapsulated together
with a-tocopherol. The resulting particles had hydrodynamic radii of 25.6 nm and 42.6 nm at 25 UM in
phosphate buffered saline (PBS) without and with paclitaxel, respectively. Tumor growth, metastasis and
survival were monitored in BALB/c mice bearing 4T1 metastatic breast tumors. Salinomycin loaded particles
decreased tumor growth and increased survival when compared to salinomycin alone. The combination of
paclitaxel and salinomycin loaded particles further decreased tumor growth and increased metastasis-free
survival and overall survival significantly than either particle alone.

Schaal et al. created stable depots for brachytherapy of prostate and pancreatic tumor models by
inducing micelle-to-gel transition of [V-120]-(GY);, followed by Y induced B-irradiation mediated crosslinking
(Schaal et al., 2016). The radiolabeled ELPs formed micellar structures around ambient temperature with a
hydrodynamic radius of 41.2 nm and an average radius of gyration of 50.3 nm, measured by DLS and static
light scattering (SLS), respectively. These micelles formed crosslinked gels at 37 °C that retained B with very
little off-target accumulation. In a mice model, prostate tumor regression was larger than 95 % with a median
survival five-fold higher than the control, 60 versus 12 days, respectively.

Overall, the greatest effects in tumor treatment were achieved when self-assembly was either induced
by covalent coupling to hydrophobic small molecules as in the case of doxorubicin(MacKay et al., 2009) and
salinomycin, or when a formed micelle coacervated after injection to form a drug deposit as shown with
brachytherapy (Schaal et al., 2016; P. Zhao et al., 2016, 2014). This might be due to increased circulation
stability, since a coacervate core formed by ELPs might be susceptible to deformation and rapid clearance
without cross-linking or stronger interactions such as pi-stacking. This has not been investigated yet
systematically, but observations with polyplexes support this hypothesis (Takeda et al., 2017).

3.1.2 ELPs in wound healing

Koria et al. developed nanoparticles by fusing the keratinocyte growth factor (KGF) to the ELP [V-50]
(Koria et al., 2011). The formed nanoparticles had radii of about 250 and 255 nm, as determined by TEM and
DLS. In vitro, proliferation of keratinocytes was enhanced, albeit with a lower downstream phosphorylation of
ERK1 and ERK2 when compared to free KGF. Proliferation of fibroblasts was increased for both free ELP and
KGF-ELP particles, 4.9-fold and 1.6-fold compared to negative controls, respectively. In vivo, wounds of
diabetic BG.BKS(D)-Leprdb/J mice showed increased granulation and reepithelization when treated with KGF-
ELP nanoparticles embedded in fibrin gels. Although granulation was even higher for either free ELP or KGF
and ELP given simultaneously, the reepithelization was highest for KGF-ELP and the granulation to
reepithelization ratio was most favorable for KGF-ELP, according to the authors.

In a follow-up study, Yeboah et al. fused stromal cell-derived growth factor 1 (SDF1) to the same ELP
(Agnes Yeboah, Rick I. Cohen, Renea Faulknor, Rene Schloss, Martin L. Yarmush, 2016). They obtained
nanoparticle sizes with radii of 300 and 280 nm as measured by TEM and DLS, respectively. Binding to the
SDF1 receptor, CXCR4, was comparable with free SDF1 with dissociation constants of 1.14 nM and 0.3 nM,
respectively, as measured by surface plasmon resonance (SPR). Intracellular calcium release of SDF1-ELP
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nanoparticles in CXCR4-positive HL60 cells was lower at low concentrations when compared to free SDF1, but
significantly higher at therapeutic relevant doses. In vivo, wound closure of diabetic BKS-Cg-Dock7™ +/+
Leprdb/J mice was significantly accelerated when treated with SDF1-ELP particles embedded in fibrin gels, with
wounds being completely closed after 28 days compared to 42 days when treated with free SDF. Additionally,
a thicker epidermis and dermis were observed after 42 days in the SDF1-ELP treated mice.

These results show that nanoparticles formed by ELPs are good for the display of proteinaceous factors
for wound healing, probably due to a more favorable release profile / retention. They can be easily combined
with other materials for optimization. As gels made from ELPs can also be used for cell guidance for
regenerative purposes (Coletta et al., 2017), tailoring release kinetics and degradation kinetics is feasible when
using ELPs as a carrier materials.

3.1.3 ELPs in vaccination

Garcia-Arévalo et al. fused a 20 amino acid antigen from M. tuberculosis to [E-50]-[I-60] (Garcia-Arévalo
et al., 2013). The resulting particles had a zeta potential -12.1 mV in PBS, and radii of 26.7, 27.7 and 33.2 nm,
measured by SLS, cryo-TEM and atomic force microscopy (AFM), respectively. They had an average mass of
13.6 MDa, resulting in an aggregation number of 277. Curiously, the p ratio was 0.93, indicating a vesicular
structure rather than a micellar one. After immunization of BALB/cByJ female mice with antigen-ELP, an initial
immune response was observed, characterized by increased levels of IL-1, IFN-y and IL-5. Although isotype
switching from IgM to 1gG specific to antigen-ELP was observed, this strategy did not lead to IgGs specific to
the antigen alone.

Cho et al. used elastin-like peptide micelles as a carrier material for stimulating the response of
cytotoxic T lymphocytes (CTLs) to an eight amino peptide epitope (SIINFEKL) derived from ovalbumin (Cho et
al., 2016). The polymeric di-block did not correspond to the canonical ELP sequence. Sequences where chosen
directly by comparing mouse tropoelastin and human elastin and selecting regions resembling similarity to
hydrophobic and hydrophilic ELP motifs, GVLPGVG and GAGVPG, respectively. These sequences were termed
immune-tolerant elastin-like polypeptides (iTEPs) due to the hypothesis that they would be less immunogenic
due to their natural occurrence. The resulting protein had the sequence
G(GAGVPG);,G(GVLPGVG),sG(ESIINFEKLT),GG and the assembled particles radii of 40.6 and 36.0 nm in PBS,
depending on concentration. After immunization of C57BL/6 mice, these particles induced increased secretion
of interferon gamma (IFN-y) from splenocytes in response to the ovalbumin epitope, suggesting an increase in
CTL activation. The stimulation was higher than with ovalbumin or the epitope alone.

Overall, there do not seem to be any undesired immunogenic response against ELP sequences, making
them particularly interesting carriers for small antigens such as peptides, which would be quickly eliminated
from circulation with an artificial increase in hydrodynamic radius. Whether a particle morphology by using ELP
diblock copolymers is preferable to simply using ELP tags to increase circulation time of small epitopes remains
however an active area of research. Multiple small epitopes from a known organism could be combined into a
single particle, potentially leading to a more effective immunization against pathogens such as M. tuberculosis.

3.14 ELPs in eye-related diseases

Shah et al. developed rapamycin retaining nanoparticles by fusing the protein FKBP12, which binds
rapamycin, to the ELP diblock [S-48]-[I-48] (Shah et al., 2013). The resulting particles had hydrodynamic radii of
about 24 nm as determined by DLS. In male NOD mice, an animal model for Sjoegren’s syndrome, the resulting
particles positively influenced the pharmacokinetic parameters of rapamycin when compared to monomeric
rapamycin-FKBP12-[S-48] or free drug alone. Plasma concentration declined according to a two-phase decay
model with an initial half-life time of 0.36 + 0.1 h™ and terminal half-life of 8.8 +2.6 h™ if administered in the
nanoparticle formulation, compared to a single-phase decay with terminal half-lives of 5.1 + 0.4 h™and 5.6 +
0.8 h for free drug and drug bound by the monomeric ELP fusion protein. Both free drug and rapamycin-
containing micelles decreased lymphocytic infiltration of the lacrimal glands (LGs) significantly when compared
to controls, albeit with no significant difference between the two. Both altered the RNA expression profiles of
cytokine and chemokine genes as well as mTOR-related genes. Notably, the rapamycin-containing
nanoparticles reduced both the gene expression and activity of a biomarker associated with dacryoadenitis in
the LGs of NOD mice, CATS. The particles also showed reduced nephrotoxicity and inflammation/necrosis
around the injection site. Of note, and showing synergies of studying one nanoparticle system for multiple
diseases, Shi et al. used the same particles on MDA-MB-468 tumors grown in the fat pads of female nude mice
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(Shi et al., 2013). Tumor volume stagnated over the course of 60 days, while treatment with rapamycin alone
had to be abandoned due to severe toxicity of the free drug.

Hsueh et al. used ELP [S-48]-[I-48] fused to the terminal domain of the fiber capsid protein of
adenovirus serotype 5 (Hsueh et al., 2015). This protein fragment with a molecular size of ~20 kDa is known to
target the coxsackievirus and adenovirus receptor (Henry et al., 1994), present at high levels on the basolateral
side of cells composing the lacrimal glands (Xie et al., 2006). The resulting particle had a zeta potential of -7.9
mV and radii of 16.0 and 21.6 nm, measured by TEM and DLS, respectively. After intra-lacrimal injection in
male BALB/c mice, particles showed basolateral to apical transcytosis by acinar epithelial cells to the lumen of
laminar glands in vivo. It was proposed to use these particles as a delivery system for therapeutics to the
ocular surface from within the body.

Reducing (nephro-) toxicity of small molecules either by encapsulation within a nanoparticle or by
having additional binding moieties, such as FKBP12 for rapamycin, is a powerful strategy to increase the
maximum tolerable dose, potentially prolonging the therapeutic window, in which drug concentration is high
enough to exert its desired effect. ELPs as proteinaceous carriers have the distinct advantage that displayed or
encapsulated protein-based binding or targeting moieties are part of the fusion protein, making in additional
coupling step unnecessary. Since ELPs itself show very good biocompatibility and low immunogenicity,
continuous treatment of nanoparticles loaded with or displaying immuno-stimulatory antibodies, antigens and
small molecules may allow powerful combinatorial therapies in one formulation. One potential issue is that
there is currently no direct evidence of long-circulating ELP-based nanoparticles without stabilizing cargo,
which may be a potential hindrance to their application. However, chemical and enzymatic cross-linking, as
well as the introduction of hysteresis-inducing guest residues has not been studied in vivo to a significant
extent. Studies that investigate the fate of ELP-based nanoparticles and possible modifications of the
coacervate core would be highly interesting and useful to the field.
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Table 2. Characteristics and applications of nanocarriers based on elastin-like polypeptides

Polypeptide Radius Morphology / Application Targeting / Method of application / Synthesis / Preparation Reference
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bridges

and non-crosslinked particles
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3.15 ELP-based hybrid systems

Integrating elastin-like polypeptides with other sequences or polymers can modify the performance of
the nanoparticles. These hybrid nanoparticles include fusions of ELPs with poly(aspartic acid), small
hydrophobic drugs, protein receptors, single-stranded DNA, virus coat proteins, silk-based polypeptides and
synthetic polymers (Table 3) (Smits et al., 2015). Surface coating of the nanoparticles with synthetic polymers
such as polyethylene glycol (PEG) can prevent agglomeration (Rahman et al., 2013). PEG is often used as the
hydrophilic stealth component of amphiphilic block copolymers. In an aqueous solution, PEGylated polymers
can form micelles by collapsing the insoluble hydrophobic block into a center core surrounded by a hydrophilic
shell (Otsuka et al., 2012). Van Eldijk et al. fused PEG to ELP blocks with different lengths via strain-promoted
alkyne-azide cycloaddition (SPAAC) (Fig. 7) (Van Eldijk et al., 2014). This conjugation resulted in stimulus-
responsive amphiphilic block copolymers that self-assembled into micelles upon inducing the ELP phase
transition. In addition, a fluorescent dye was easily encapsulated indicating the ability of these hybrid polymers
to encapsulate hydrophobic drugs.

Figure 7. Schematic illustration of PEGylated-ELP hybrid system (Van Eldijk et al., 2014). Reprinted with permission from
Biomacromolecules, Vol 15, M.B. van Eldijk et al., Synthesis and self-assembly of well-defined elastin-like polypeptide-
poly(ethylene glycol) conjugates, 2751-2759. © 2014 American Chemical Society.

Recently, Kim et al. fabricated a- elastin nanoparticles derived from human adipose tissue and
functionalized it with methoxy-poly(ethylene glycol) (mPEG) (Kim et al., 2017). The formed conjugates
(PhENPs) self-assembled into 330 nm spherical nanoparticles in water at 32 °C. DLS and SEM characterization
data suggested that the increased mPEG molar ratio prevented particle aggregation over time and increased
particle stability. PhENPs were tested for their ability to encapsulate proteins such as insulin and BSA. When
insulin-loaded PhENPs were studied for their biological activity in vitro, they were capable to induce the
translocation of the insulin-regulated glucose transporter (GLUT4) in mouse cells comparable to commercial
insulin-treated cells, as shown by confocal microscopy. PhENPs showed a brust insulin and BSA over 12 hrs
with slow and sustained release for 72hrs. This approach is considered as a good example for injectable
protein delivery systems. Moreover, PEGylated-ELP nanoparticles were evaluated for their anti-cancer drug
nuclear localization. pH-responsive, PEG-ELP/DOX micelles were generated in which doxorubicin was
encapsulated in the ELP hydrophobic core (Huang et al., 2017b). The hybrid polymers, PEG-ELP[VH4-70] self-
assembled into nanoparticles with size of 114 nm at pH 7.4 and disassembled when the pH dropped to 5.6.
This behavior was controlled by addition of Zn”* metal ions that stabilized the micelles structures, trapping the
DOX in the hydrophobic core at pH 7.4, but also facilitated doxorubicin release in the lysosomal acidic
environment. PEG-ELP/DOX nanoparticles showed in vitro biocompatibility with 85% cell viability. In vivo
fluorescence images showed tumor reduction in a mouse model upon intravenous injection with PEG-ELP[VH,-
70]/DOX with no noticeable toxicity to murine liver cells.

Chilkoti’s group rationally designed and produced the first chimeric polypeptides (CPs) that self-
assemble into nanoparticles upon doxorubicin encapsulation, and showed in vivo efficacy in a murine tumor
model (MacKay et al., 2009). The system was composed of two segments, a hydrophilic ELP with the guest
residues being Val/Ala/Gly in [1:8:7] ratios, and a shorter (Gly-Gly-Cys)g at the C-terminal side for doxorubicin
attachment through a pH-labile linker. TEM and DLS measurements confirmed near-monodisperse CP-DOX
nanoparticles with hydrodynamic radius, Rh, of 21.1 + 1.5 nm. Laser-scanning confocal microscopy images
confirmed doxorubicin localization into the cell nucleus after 30 min of exposure to CP-DOX indicating cell
uptake of CP-DOX, release of doxorubicin and subsequent trafficking of drug to the nucleus. Locally
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administrated CP-DOX had about 3.5-fold higher drug accumulation in tumor tissue compared to free drug
with decreased drug concentrations into healthy tissues such as lung and heart. CP-DOX outperformed free
drug exhibiting significant anti-tumor efficacy when administrated to mice with eight-day-old C26 tumors as it
increased animal survival up to 66 days compared to 27 days with free DOX. Interestingly, the authors studied
genome array data to investigate the molecular mechanism CP-DOX nanoparticles. They found out that among
DNA repair genes a specific gene, uracil-DNA glycosylase (Ung), was exclusively down-regulated by CP-DOX
treatment compared to free DOX treatment. This gene is involved in chemotherapeutics resistance. This
supports that CP nanoparticles can overcome drug resistance, as also suggested for other drug delivery
systems (Seib et al., 2013).

Addition of poly(aspartic acid) can induce ELP self-assembly into nanoparticles. Kobatake’s group
previously produced genetically engineered ELPs with fused poly (aspartic acid) tails (ELP-D) displaying
epidermal growth factor (EGF). However this system exhibited a problem of steric hindrance of the fused
proteins (Matsumoto et al., 2014). They overcame this problem by using de novo-designed peptides with a
coiled-coil structure to allow non-covalent tethering of growth factors to protein nanoparticles. The
nanoparticles were formed with as building blocks a fusion of ELP with a poly (aspartic acid) sequence and
helix B at its C-terminus. The surface of the nanoparticles was decorated with growth factor and paclitaxel was
encapsulated in the core. EGF-decorated nanoparticles were recognized by the VEGF receptor and thus were
taken up by Hela cells. Paclitaxel-loaded growth factor-tethered ELP-Ds were effective against cancer cells by
inducing cell apoptosis (Assal et al., 2015). Another approach to fabricating hybrid ELP-based delivery systems
is to fuse protein receptor to ELPs. This was illustrated by a study in which an ELP of sequence [VH,;-40] was
genetically fused to Tumor necrosis factor-Related Apoptosis-Inducing Ligand (TRAIL) and the RGD peptide.
The RGD-TRAIL-ELP complex was able to self-assemble forming nanoparticles under physiological conditions
(37 °C) (Huang et al., 2017a). DLS and freeze-fracture TEM images showed the formation of ~190 nm particles
at body temperature. Compared to RGD-TRAIL alone, RGD-TRAIL-ELP nanoparticles exhibited longer half-life
and systemic circulation in a mouse model and more accumulation at the tumor sites.
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Table 3. Characteristics and applications of nanocarriers developed with ELP hybrid systems.

Size Morphology / L Targeting / Method of application / Synthesis /
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e suppressed effect relative to the ELP coupled with (Huang et
ELP+PEG 7.4 and 20 nm pH 7.4 and 12.65 mV Cancer Doxorubicin X
. . free drug after intravenous 20 kDa Mal-PEG. al., 2017b)
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3.2 Silk-like nanoparticles

Silk has been renowned for its unique mechanical properties. Both the Bombyx mori silkkworm and the
spider produce silks that outcompete the toughness of steel and Kevlar (Heim et al., 2009). Therefore, this
protein-based material has been exploited in many applications through the years such as electronics and
sensors; edible food packaging as well as medical applications such as wound dressing and tissue engineering
(Kasoju and Bora, 2012; Marelli et al., 2016; Zhu et al., 2016). Silk can be produced through different ways;
either by organisms such as silkworms and spiders, protein recombinant expression in micro-organisms or
transgenic animals such as mice (Andersson et al., 2016; Tokareva et al., 2013; Xu et al., 2007). Due to its
biocompatibility (Cattaneo et al., 2013; Maitz et al., 2017), biodegradability as well as its minimal adverse
effects, the FDA has approved silk usage in humans for load bearing applications (Philipp Seib, 2017; Seib and
Kaplan, 2013).

Bombyx mori produces two silk proteins; a central core of fibroin presenting 70% of the silk-fiber weight
and an outer coating of sericin presenting the remaining 30% of the mass. Fibroins are mainly comprised of
large hydrophobic domains, a core domain of B-sheets and B-spirals, spaced by terminal hydrophilic domains
that facilitate self-assembly during the spinning process. Sericin is the gummy substance that holds the fibroin
filaments together. Meanwhile, spider silk protein consists mainly of spidroins which are large proteins of 250-
350 kDa. They are tandem repeats of 30 to 40 amino acids (Andersson et al., 2016). More insights into the
molecular structure of different silk proteins can be found in the studies of Pallini and Lefevre et al (Lefevre et
al., 2007; Pallini, 2009). Due to its versatility, silk proteins can be processed in diverse biopolymer architectures
such as hydrogels, nanoparticles, silk films, and nanofibers (Fig. 8) (Chen et al., 2017; Jastrzebska et al., 2015;
Kim et al., 2004; Min et al., 2018; Philipp Seib, 2017).
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Figure 8. Variety of architectures formed by silk proteins at the nano level (Jastrzebska et al., 2015). Reprinted from
Reports of Practical Oncology & Radiotherapy, Vol 20 (2), K. Jastrzebska et al., Silk as an innovative biomaterial for cancer
therapy, 87-98. © 2014, with permission from Elsevier.

Silk nanoparticles confer stability on small molecules and protein drugs as well as reduce payload
mobility (Pritchard et al., 2012). Therefore, silk is considered as an excellent drug nanocarrier. Several methods
have been employed to form silk nanoparticles with different particle size ; (1) polyvinyl alcohol blends
(particle size range 300nm to 10, (2) emulsification (particle size range 170 nm), (3) spray-drying (5-um
particles), (4) salting out (particle size range 1 to 2 um), (5) capillary microdot printing (particle size range 25 to
140 nm), or (6) organic solvents such as methanol (particle size range 35 to 170 nm) (Zhao et al., 2015). Silk-
like nanoparticles can be designed either as (1) native nanoparticles where the protein molecules conjugate
with each other triggering self-assembly into nanoparticles, or (2) other polymers can be introduced to the silk
protein to confer new characteristics such as enhanced colloidal stability, avoiding the immune system, and
increasing the circulation time in the blood (Table 4).

On account of the difficulty to produce recombinant spider silk, most studies were focused on silk
nanoparticles from silk proteins of Bombyx mori (Mottaghitalab et al., 2015). The emphasis of these studies
was to adjust the parameters to control nanoparticle generation; hence only few studies have been performed
to test the in vivo behavior of the silk nanoparticles.

3.2.1 Silk fibroin-like nanoparticles
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Since silk fibroin (SF) constitutes the biggest protein of Bombyx mori, it has been studied intensively for
delivery of therapeutics for different diseases such as cancer and inflammatory diseases. Li et al. produced
nanoparticles from natural silk fibroin as binary drug delivery system (H. Li et al., 2016). To form nanoparticles,
the SF protein molecules conjugated together triggering self-assembly. The resulting nanoparticles, examined
by DLS, had a hydrodynamic diameter of 217 + 0.4 nm. The nanoparticles were loaded with curcumin and
fluorouracil 5-FU to investigate their efficacy as binary-drug-loaded nanoparticles in cancer treatment. Cancer
cells in vitro underwent more than 90% apoptosis two days after incubation with the drug-loaded
nanoparticles. In vivo, tumor-loaded mice exhibited suppression in tumor size 5 days after injection with binary
drug-loaded SF nanoparticles. In addition, the nanoparticles-treated mice showed longer survival rate
compared to control groups. SF nanoparticles enhanced cellular uptake of curcumin and 5-FU in vitro and in
vivo.

To enhance the performance of the silk nanoparticles, polyethylene glycol (PEG) was introduced to silk
nanoparticles. It assisted the nanoparticles to evade the phagocytic system (MPS) (also known as
the reticuloendothelial system, RES) (Wongpinyochit et al., 2015). Totten et al. developed PEGylated silk
spherical nanoparticles using nanoprecipitation. The PEGylated nanoparticles were of a size 116 nm and
polydispersity 0.12 with a net negative charge in water. Surface modification with PEG shielded the PEGylated
surface charge to be -46.71 + 2.59 mV. Both non-modified and PEGylated silk nanoparticles exhibited stability
(shelf life) in water, but the former tended to aggregate in phosphate buffer compared to the PEGylated silk
nanoparticles that retained their size. Moreover, PEGylated nanoparticles demonstrated enhanced
biocompatibility when tested for macrophage response as they didn’t induce an increase in tumor necrosis
factor alpha (TNF-a) levels compared to the native silk nanoparticles that were associated with significant
amounts of TNF-a release. Both types of silk particles were compared in a single and combined therapy with
drugs doxorubicin and propranolol. The PEGylated NPs exhibited higher propranolol loading than the non-
modified nanoparticles, they also showed excellent doxorubicin loading and release capacity as well as greater
in vitro antitumor efficacy than freely diffusible controls at the equivalent doxorubicin concentration.
Recently, the same group used a similar strategy to investigate the response of silk and PEGylated silk
nanoparticles in vitro toward lysosomal conditions (Totten et al., 2017). In this study, homogenous spherical
nanoparticles of size 105 nm were produced. When the human breast cancer cell line MCF-7 was treated with
doxorubicin conjugated nanoparticles in presence of papain to mimic the enzymatic activity of the lysosomes,
the PEGylated NPs demonstrated four-fold higher cumulative pH-dependent drug release than the native silk
nanoparticles. Upon inhibiting the lysosomal proteolytic and pH induced activity using combination treatments
with leupeptin and NH,CI, respectively, the doxorubicin nuclear localization was reduced by 42% and 33% for
non-modified and PEGylated silk nanoparticles respectively. This confirmed that doxorubicin release from silk
nanoparticles is both enzymatic and pH-dependent.

Surface decoration with polyvinyl alcohol (PVA) has also been studied. PVA is an FDA-approved non-
toxic water-soluble polymer. Cao et al. blended the synthetic PVA with naturally generated SF and used coaxial
electrospraying to form nanospheres where PVA formed an inner core surrounded by SF layers (Cao et al.,
2017). The anti-cancer drug doxorubicin was incorporated in the PVA core to examine the efficiency of the
PVA/SF particles as pH-dependent drug carriers in vitro and in vivo. Varying PVA ratios (0.1, 0.3, and 0.5 wt%)
were used to investigate the effect of the polymer concentrations. Increasing the polymer concentration led to
size diameter increase from 984 nm to 1270 nm. TEM and SEM confirmed the spherical structure of the
nanoparticles where PVA was placed in the core. Although the higher PVA concentration encapsulated more
doxorubicin, this high PVA concentration decreased the initial drug release compared to lower PVA
concentrations (Fig. 9). This may be due to the molecular network interactions between doxorubicin and PVA
molecules as well as to the fact that residual PVA polymer formed a hydrogel layer on the surface which
slowed down the drug release. Therefore, ultrasound (US) was used to solve this problem as US promotes
water permeation into the polymer, dissolving the hydrophilic PVA and enhancing the drug release.
Doxorubicin encapsulated PVA/SF NPs showed increased drug release when the pH dropped to 5.0. Exposure
of MDA-MB-231 cells to the PVA/SF NPs showed no cytotoxicity suggesting that the PVA/SF NPs are
biocompatible. When the nanoparticles were tested for apoptosis, the particles composed of a lower PVA
concentration had higher apoptotic activity. US significantly enhanced cell apoptosis, as it promoted cell
permeability and cell uptake. The doxorubicin conjugated PVA/SF NPs were tested on BALB/c nude mice
xenografted with MDA-MB-231 cells. US was found to improve drug accumulation in the tumor tissue.
Moreover, US-stimulated NPs showed longer cumulative survival and were more effective in decreasing tumor
size compared to the control groups.
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Figure 9. Physicochemical characteristics of PVA/SF nanoparticles: (A) Zeta potential distribution; (B) TEM image of
nanoparticles; (C,D) SEM images of the nanoparticles. Reprinted with permission from Springer Nature, Drug release from
core-shell PVA/silk fibroin nanoparticles fabricated by one-step electrospraying, Y. Cao et al. © 2017 (doi:10.1038/s41598-
017-12351-1).

Similar results were obtained by Kaplan’s group who successfully made pH-dependent doxorubicin
(DOX) conjugated silk nanoparticles following an organic solvent precipitation strategy (Seib et al., 2013).
Acetone precipitation of silk resulted in uniform 98 nm diameter nanoparticles with overall negative charge, -
33.6 mV. The generated nanoparticles were able to overcome drug resistance when they were tested against
doxorubicin-resistant human breast cancer cells, MCF-7/DOX, by changing the cellular uptake mechanism. Live
cell confocal microscopy confirmed accumulation of the nanoparticles in the lysosomes. These observations
indicated that silk nanoparticles serve as a lysosomotropic drug delivery platform. Paclitaxel silk fibroin
nanoparticles (PTX-SF-NPs) were produced and tested in vitro and in vivo (P. Wu et al., 2013). With Fourier
transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD), it was found that the drug paclitaxel served
as the hydrophobic core of the NPs and coassembled with the hydrophobic domain of the SF during self-
assembly in aqueous solution. The drug release in vitro reached 47% after 100 h. Gastric cancer cells, SGC-
7901 and BCG-823 showed cell viability of respectively 76 % and 80% after exposure to PTX-SF-NPs for 48 h.
The nanoparticles induced 65.6% apoptosis in the BCG-823 cells as evidenced by their change in morphology
compared to the control when examined by inverted microscopy. In vivo, human gastric cancer nude mice
xenografts were injected by intraperitoneal injection (IP) with drug-loaded NPs. PTX-SF-NPs showed
significantly slower tumor growth compared to the PTX control after 14 days treatment. PTX-SF-NPs served
effectively as drug carrier for locoregional chemotherapy offering in vivo biocompatibility.

In vivo applications of silk nanoparticles are not confined to cancer, Rodriguez-Nogales et al. reported
the efficacy of SNPs in gastrointestinal tract inflammatory bowel disease (IBD) (Rodriguez-Nogales et al., 2016).
Nanoprecipitation in methanol was used to fabricate globular granular silk fibroin nanoparticles ranging in size
from 60 to 100 nm as characterized by DLS and orange Il spectrophotometric assay. The nanoparticles’ surface
was functionalized by the RGD peptide (Gly-Arg-Gly-Asp-Ser), which has great affinity to integrins, cell surface
proteins that are involved in the pathogenesis of IBD (Smith and Mohammad, 2014). When the nanoparticles
were tested on a model of rat colitis, both bare and RGD-functionalized silk fibroin nanoparticles exhibited an
anti-inflammatory effect as they significantly decreased the extension of the colon damage compared to
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control groups. These results were confirmed by a histological evaluation of the colon section. The same
results were obtained by Lozano-Pérez et al. who investigated the intestinal anti-inflammatory properties of
resveratrol-loaded silk fibroin nanoparticles (Lozano-Pérez et al., 2014). Reveratrol-loaded NPs showed
controlled and prolonged drug release up to 80 days. Such results open the door for more investigations to
study the biological applications of silk nanoparticles other than being inert carriers.

3.2.2 Silk sericin-like nanoparticles

Recently, Hu et al. fabricated silk-sericin-based nanoparticles (SSC@NPS) via a two-step cross-linking
approach, in which negatively charged silk sericin was complexed with positively charged chitosan, followed by
EDC cross-linking for stabilization (Hu et al.,, 2017). This procedure resulted in monodisperse spherical
nanoparticles that had the ability to undergo surface charge conversion from -11.2 mV to +15.7 mV upon
reducing the pH, a characteristic that enhanced the cellular uptake of the nanoparticles in the tumor
intercellular acidic microenvironment. The SSC@NPs loaded and successfully delivered the anticancer drug
doxorubicin to the nucleus of Hela cells in low pH culture medium. The SSC@NPs were loaded with
doxorubicin and successfully delivered to Hela cells. The DOX-SSC@NPs followed a ph-dependent drug release
to the nucleus.

In a follow up study (Hu et al., 2018), it was found that these water-soluble SSC@NPs exhibited two
outstanding properties; (1) they could act as a dispersion stabilizer maintaining their colloidal stability in blood
serum, and (2) they preserve their integrity during cryopreservation. Upon intravenous injection of
doxorubicin loaded nanoparticles (DOX-SSC@NPs) in HepG2 tumor-bearing mice, the drug retention in the
heart decreased compared to free-drug treatment. Moreover, the SSC@NPs showed blood compatibility while
decreasing the hemolysis associated with free drug.

This is in accordance with the results obtained by Guo et al. where a ring-opening polymerization
strategy was used to produce micellar nanoparticles with a silk sericin backbone and sidechains of poly(y-
benzyl-L-glutamate), PBLG (W. Guo et al., 2018). The Sericin-PBLG micelles had a size of about 100 nm which
increased to 110 nm after of loading of doxorubicin (DOX). The hydrophobic DOX was used to facilitate a pH-
triggered release mechanism. In vitro, 50% of the DOX was released into the media throughout 72 hrs at pH
4.5. The DOX-Sericin-PBLG micelles harbored a negative charge of =25 mV that allowed a prolonged circulation
time of the nanoparticles. In vivo, DOX-Sericin-PBLG nanoparticles suppressed tumor growth by 70% compared
to 30% for free DOX.

3.2.3 Silk-elastin-like nanoparticles

Integrating the high strength mechanical properties of silk blocks with other protein polymers has been
used to construct smart materials with a wide range of physical and biological properties, such as in
thermosensitive, pH-dependent hydrogels (Nagarsekar et al., 2003; Qiu et al.,, 2009). In particular, the
recombinant production of silk-elastin-like polypeptides (SELPs) has been intensively explored (Collins et al.,
2013). The beta sheets of the silk blocks provide thermal and chemical stability as well as cross-linking sites for
the SELP system, whereas elastin-like polypeptides display stimuli-sensitivity (Anderson et al., 1994). SELP
nanoparticles can be fabricated via different approaches including directed self-assembly of block copolymers
and triggered self-assembly using gold nanoparticles or hydrophobic drugs. The formation of SELP
nanoparticles depends on the hydrophobicity difference between the silk and elastin blocks, the ratio between
these two blocks as well as the hydrogen bonding between silk domains (W. Huang et al., 2015).

Kaplan’s group genetically engineered three SELPs with varying silk to elastin ratios named SE8Y, S2E8Y,
and S4E8Y. They found out that the higher the silk to elastin ratio the more uniform particles were formed as
detected by SEM and DLS. The formed SELPs behaved differently upon heating, various nanostructures
including nanoparticles, hydrogels, or nanofibers were triggered either reversibly or irreversibly. The
hydrophobic drug doxorubicin was also used to trigger-self-assembly. Using the same SELP constructs as
mentioned above, doxorubicin was used as hydrophobic core to form micellar-like nanoparticles upon thermal
triggering. When these nanoparticles were tested on Hela cells, no toxicity was observed. The DOX-SE8Y
particles (R, 50 + 10 nm) showed higher drug loading and better cell uptake. Long exposure of these
nanoparticles with Hela cells led to doxorubicin diffusion into the nuclei (Xia et al., 2014). Lin et al. fabricated
and characterized gold/SELP core/shell nanoparticles. Below the transition temperature the size of the
nanoparticles was about 30 nm with the Au core surrounded by a uniform silk-elastin shell. Heating above the
transition temperature led to aggregation in larger particles. Particle characterization using DLS and TEM
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confirmed that the elastin blocks triggered the thermal response of the Au-SELPs NPs while the silk B-sheet
structure served to stabilize the packed aggregates (Lin et al., 2014).

Despite the interesting and promising properties of SELPs as drug carriers, there is no in vivo data

published yet. More studies are to be done to show the full potential of these protein-based nanoparticle
structures.
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Table 4. Characteristics and applications of nanocarriers based on silk proteins.

Size Morphology / L Targeting / Method of application / Synthesis /
Components ) Application ] s . Reference
of NPs Zeta potential active compound Main findings Preparation
Spherical / Doxorubicin and PEG enhanced the biocompatibility and X .
. 116.40+3.23 . i . . (Wongpinyochit
PEGylated Silk -47+ 3 mVin Cancer propranolol (single reduced macrophage response compared Organic precipitation etal, 2015)
nm .,
pH7 and combined) to native NPS
X PEGylation increased the drug release >4
. Spherical / - . . L (Totten et al.,
PEGylated Silk 105.30nm 37 mv* Cancer Doxorubicin fold than native NP. Drug release relevant Organic precipitation 2017)
-37m
to lysosomal pH and enzymatic activity
. 984 - 1270 Nanospheres / . Ultrasound was used to enhance and X (Caoetal.,
PVA-Silk M Cancer Doxorubicin L Electrospraying
nm -34 mV control the drug release in vitro 2017)
. Nanospheres/ . Low toxicity in vitro Organic solvent (Seib et al.,
DOX-silk 98 nm “ Cancer Doxorubicin . . . .
-34+6mV suitable for lysomotropic delivery system precipitation 2013)
158-206 nm Spherical/ o ) ) A .
5 L . . Significant anti-tumor efficacy and in vivo Organic solvent (P.Wuetal.,
Paclitaxel-silk fibroin according to -7to-21mV Cancer Paclitaxel . o .
biocompatibility precipitation 2013)
the solvent acc. to solvent
Globular (Rodri
odriguez-
granules Inflammatory e Silk fibroin showed anti-inflammatory . . i
RGD-SF 60-100 nm . Silk fibroin Organic precipitation Nogales et al.,
-7.5t0-33 mV bowel disease effect 2016)
inpH4.3t07.4
Resveratrol-loaded SF Inflammatory . . . . . (Lozano-Pérez
. 68 nm Aggregates . Resveratrol Efficient immunomodulatory properties Organic precipitation
nanoparticles (RL-FNPs) bowel disease etal., 2014)
Spherical / . X
. . . . . The nanoparticles can act as drug carrier, L (Hu et al., 2018,
DOX-Silk sericin-Chiston 231+7.3nm -6.25+1.2 in Cancer Doxorubicin X R . Cross-linking
dispersion stabilizer and cryoprotectant 2017)
pH7.4
. Micelles/ . . Ring-opening (W. Guo et al.,
Sericin-PBLG-DOX 110 nm M Cancer Doxorubicin Restore the response of DOX-resistant cells .
-15to-25 mV polymerization (ROP) 2018)

# pH of the zeta potential measurements unknown
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33 Capsules designed from native self-assembly structures: Virus-like particles

Viruses, in the arms race with the (human) immune system, have developed intricate ways to both
avoid recognition as foreign species as well as pathways to infiltrate target cells and proliferate within. Virus-
like particles (VLPs) lack the genetic information and hence the ability to proliferate but still have many of their
other features intact to enter cells effectively. Especially in vaccination studies, VLPs are used extensively to
ensure antigen uptake and — processing, sometimes working as an adjuvant themselves or in combination with
additional ones (Cimica and Galarza, 2017; Lua et al., 2014). Here we give some examples of different types of
modified virus-like particles that were studied in vivo (Table 5).

Spohn et al. coupled an inactivated form of the interleukin-1B (IL-1B) to QB, an icosahedral VLP with a
diameter of 25 nm, via maleimide-thiol chemistry (Spohn et al., 2014). IL-1B is an inflammatory cytokine that is
produced by B-cells at high glucose concentration, leading to B-cell death and impaired insulin production.
Immunization of mice with this VLP resulted in the stimulation of T-helper cells and transient production of
IgGs against IL-1B. This led to increased insulin production in the murine diet-induced model of diabetes.

An antigen against Malaria tertiana induced by Plasmodium vivax, the thrombospondin-related
adhesive protein (TRAP), was coupled via maleimide-thiol chemistry to the cucumber mosaic virus fused to a
universal T-cell epitope of the tetanus toxin (Cabral-Miranda et al., 2017). The resulting VLP was mixed with
microcrystalline tyrosine (MCT), acting as an adjuvant, before administration. In mice, the VLP combined with
MCT yielded the highest titre of IgGs and CD8" cytotoxic T cell activation, indicated by IFN-y and TNF-a levels.
While delaying the development of malaria when challenging immunized mice with P. vivax significantly, no
vaccination was achieved.

Zochowska et al. used the adenovirus dodecahedron (Dd) to target hepatocellular carcinoma (HCC)
(Zochowska et al.,, 2015). They coupled cap analogues, nucleoside polyphosphate derivatives, and/or
doxorubicin to the amino groups of lysine side chains of the virus-like particle (Dd-cap and Dd-dox,
respectively). The average loading was 100 molecules of cap analogues and 60 molecules of Dox per virus
particle, respectively. In an orthotopic rat model of HCC, the combined treatment of Dd-cap and Dd-dox
resulted in a significant tumor growth inhibition of 40% compared to the control.

Hutzler et al. displayed claudin-6, a transmembrane protein acting as an antigen to induce
immunological responses towards various kinds of cancers, on VLPs composed of the structural proteins of
measles virus (MV) by recombinant DNA technology (Hutzler et al., 2017). The resulting VLPs had radii of about
40 nm when analyzed with electron microscopy. In syngeneic IFNAR™"-CD46Ge mice challenged with tumor
cells forming lung metastasis, immunization with antigen presenting VLPs significantly reduced or prevented
tumor metastasis and reduced tumor growth.

So far, VLPs have been mostly used for immunotherapy and vaccination as reviewed elsewhere
(Anzaghe et al., 2018; Ma et al., 2012; Shirbaghaee and Bolhassani, 2016).
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Table 5. Characteristics and applications of nanocarriers based on virus-like particles.

X Radius L Targeting / Method of application / Synthesis /
Virus Morphology Application ) o . Reference
of NPs active compound Main findings Preparation
Stimulation of T-helper cell, 1gG
Qg virus-like Proteinaceous i ) ) <P & . R (Spohn et
) - . Vaccination Inactivated form of IL-1 production against IL-1B in Chemical conjugation
particles vesicle al., 2014)
mouse model
Significant delay of malaria Chemical conjugation, (Cabral
abral-
CMV virus-like Proteinaceous . TRAP protein, epitope of development in mice when co- recombinant fusion .

) - i Vaccination i i i i Miranda et

particles vesicle tetanus toxin formulated with MCT in mouse protein, co- al,, 2017)

models. formulation with MCT v
Adenovirus
3 Proteinaceous Nucleoside polyphosphate Significant growth inhibition in . . . (Zochowska
dodecahedron virus- - K Cancer L . Chemical conjugation
. . vesicle derivatives, doxorubicin a HCC rat model etal., 2015)
like particles
) X Immunization significantly X .
Measles Virus gag Proteinaceous o . Recombinant fusion (Hutzler et
40 nm Vaccination/Cancer Claudin-6 reduced tumour growth and .
protein al., 2017)

virus-like particle

vesicle

metastasis
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4, Polypeptide-based nanoparticles

In the previous chapters, the building blocks were either proteins derived from natural sources or
polypeptides produced via protein engineering techniques. Other methods to produce polypeptides include
microbial synthesis (van Hest and Tirrell, 2001), solid phase peptide synthesis (SPPS) (Merrifield, 1963), or ring
opening polymerization (ROP) of activated amino acid monomers such as N-carboxyanhydrides (NCAs)
(Hadjichristidis et al., 2009). The two first methods enable producing sequence-controlled and unimolecular
polypeptides, while ROP of NCAs is an attractive alternative to produce polypeptides in larger scale with a
chemical diversity beyond canonical amino acid residues. This technique has been widely explored for the
design of amphiphilic block copolymers using primary amines as initiator, the polymerization being well
controlled and leading to polymers and copolymers with good control over molecular weight and distribution
(Carlsen and Lecommandoux, 2009; Deng et al., 2014; Huang and Heise, 2013; Song et al., 2017). Polypeptide
blocks exhibit versatile properties, with well-defined block sizes and functionalities, unique ability to stabilize
specific secondary structures (such as a-helix, B-sheet, B-turn, etc.) and most of them have biomimicry,
biocompatibility and also biodegradability features (He et al., 2012; Rodriguez-Hernandez and Lecommandoux,
2005). Polypeptide-based nanomedicines have been engineered from different building blocks, mainly using
poly(L-glutamic acid) (PGlu), poly(a,B aspartic acid) PAsp or poly(L-lysine) PLys as hydrophilic segments and
poly(y-benzyl,L-glutamate) PBLG as the hydrophobic one, with different shape and structure, ranging from
spherical micelles, vesicles or gels. Polypeptide segments have been often conjugated to other synthetic or
biological blocks, mainly PEG, for its stealth behavior. These particles have been used as nanocarriers for
therapeutic agents, including hydrophobic anticancer drugs and hydrophilic biomolecules (DNA, siRNA,
peptide, proteins). As the literature is very abundant and the research very active in this area, we will highlight
here only what we believe are the most promising examples of such polypeptide-based nanostructures,
focusing on the ones that include in vivo studies.

4.1 Poly(L-glutamate) and poly(aspartate)-based polypeptide nanocarriers

Poly(L-glutamic acid)-based micelles have been used as promising carriers for delivery of cisplatin and
platinum for treatment of various cancer types. As a typical example, an active complex of oxaliplatin (1,2-
diaminocyclohexane) platinum(Il) (DACHP) with a strong therapeutic activity as evaluated in phase | clinical
studies, was successfully loaded by metal complexation through the carboxyl side chains of PGlu. Loading of
DACHP in polymeric micelles led to enhanced delivery of the oxaliplatin complex to cancer cells with a reduced
systemic toxicity (Cabral and Kataoka, 2014). All the platinum-based drug loaded nanocarriers that have been
developed are summarized in Table 6.

In the very comprehensive and elegant work of Kataoka et al., the efficiency of PEG-b-PGlu based
micelles as drug delivery vehicles was effectively evaluated in various cancer models such as pancreatic cancer,
glioblastoma, orthotopic and lung metastasis models of melanoma, an orthotopic scirrhous gastric cancer
model and peritoneal metastasis. In a recent example, the same group prepared antibody fragment-connected
polymeric micelles by one-to-one tailored conjugation of anti-tissue factor (TF) antibody (anti-TF Fab') and
DACHPt/m (micelle loaded with DACHP) via maleimide-thiol chemistry (Fig. 10) (Ahn et al., 2015). Anti-TF Fab'
was used to target TF overexpressed on the surface of cancer cells, such as human pancreatic, colorectal,
breast and lung cancers. The so-called immunomicelles, with sizes around 31 nm, suppressed the growth of
tumors for approximately 40 days (p < 0.01). Co-injection of non-conjugated anti- TF Fab' and Mal-DACHPt/m
was also investigated and lower antitumor activity was observed compared to anti-TF Fab'-DACHPt/m (p <
0.01) which confirmed that conjugation to polymeric micelles can be an effective strategy for enhancing drug
delivery (Ahn et al., 2015).
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Reprinted from Biomaterials, Vol 39, J. Ahn, Antibody fragment-conjugated polymeric micelles incorporating platinum

drugs for targeted therapy of pancreatic cancer, 23-30. © 2014 with permission from Elsevier.

PEG-b-PGlu nanoparticles with two different sizes (20 and 70 nm) and loaded with 1,2-
diaminocyclohexane-platinum(ll) (DACHPt) were further evaluated by using intravital confocal laser scanning
microscopy (IVCLSM) to demonstrate permeability of tumor blood vessels caused by dynamic vents (vigorously
outward flowing fluids called eruptions). Human pancreatic cancer-derived BxPC3 mice and human
glioblastoma-derived U87MG bearing mice were used for eruption identification up to 10 hr. General outcome
of this study is that whereas smaller nanoparticles can enter tumor tissue via both eruption and static
permeability, larger nanoparticles mostly depend on eruption. This study highlights how the EPR effect gives
drug carriers access to the tumor extravascular space, which is then followed by release of the small molecule
therapeutics to diffuse throughout the tumor tissue (Matsumoto et al.,, 2016). The size effect of such
nanoparticles was also investigated in other contributions from the same group (with diameters of 30, 50, 70
and 100 nm) for a comparison study regarding accumulation and effectiveness of long-circulating
nanoparticles. This study revealed that in highly permeable hypervascular tumors, sub-100 nm micellar
nanoparticles could penetrate with no size-dependent restrictions. In previous studies of Kano et al., a
transforming growth factor (TGF)-B inhibitor with low doses was used to decrease the pericyte coverage of the
endothelium in the neovasculature of pancreatic tumors by accumulation (Kano et al., 2007). By employing a
TGF-B signaling inhibitor, permeability of hypovascular tumors was increased and this improved the
accumulation of nanoparticles which are bigger than 70 nm (Cabral et al., 2011).

Another interesting work conducted by the group of Kataoka studied the effect of stereoisomerism of
polypeptides on micellar formulations. Polypeptides have the tendency to adopt secondary structures upon
self-assembly which directly affects their biological behavior. For this reason, polypeptide-based micelles
composed of PEG-b-poly(Glu) with different glutamic acid sterecisomers, namely either L or D, or the D,L
racemic mixture were developed. These micelles were used for the delivery of cisplatin (CDDP/m) to
pancreatic cancer cells. The in-vitro release profiles of L- and D-CDDP/m showed similar release kinetics in a
sustained manner but the D,L-CDDP/m showed relatively accelerated and faster release than the other
micelles after 10 h. Biodistribution and antitumor efficacy of these micelles with a size =24 nm (confirmed by
TEM) on mice bearing subcutaneous BxPC3 tumors were evaluated. This study demonstrated that accelerated
release of D,L-CDDP/m was observed causing less antitumor efficacy compared to D or L configuration CDDP
loaded micelles. The a-helix core bundled assembly seem therefore to be an important parameter since it
leads to extended bioavailability while avoiding nonspecific biodistribution, and increased accumulation and
efficacy against tumors (Mochida et al., 2014).

Head and neck tumors, which are treated by cis-platinum based drugs, could recur due to presence of
drug-resistant, cancer stem cell (CSC) niches. PEG-b-PGlu micelles incorporating cisplatin (CDDP/m) were used
to inhibit the growth of a CD44v-rich head and neck cancer. CD44v is a variant form of CD44 that induces
metastasis and resists therapies. Tumor growth was reduced and the population of cancer stem cells was
efficiently suppressed by the cisplatin containing micelles in HSC2 tumor tissue, as was shown by
immunohistochemistry. This result was explained by the micelle-mediated delivery of cisplatin to the cell
nucleus and high cellular expression of glutathione leading to successful delivery of Pt to nuclear DNA (Wang
et al, 2016).

PEG-b-PGlu copolymers were also reported as MRI contrast agents for imaging tumors in response to
pH (Fig. 11). Mn** was confined within pH-sensitive calcium phosphate (CaP) aggregates, which were stabilized
by PEG-b-PGlu copolymers (PEGMnCaP) to yield particles of around 60 nm. In solid tumors Mn”* was released
due to disintegration of CaP because of the low pH, and subsequent binding to proteins led to its increased
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relaxivity, allowing the identification of hypoxic regions within tumor mass and also enabling to detect invisible
millimetre-sized metastatic tumors in the liver. PEGMnCaP nanoparticles were compared with the clinically
approved contrast agent gadopentetate dimeglumine (Gd-DTPA) and PEGylated Mn,0; nanoparticles
(PEGMnN,05). Results indicated that only PEGMnCaP showed enhanced tumor contrast when measured with
Tl—weighted MRI at 1 T magnetic field. This comparison study revealed the importance of pH triggered release
of Mn*" ions for enhancing tumor probing. The PEGMnCaP nanoparticles served as promising contrast agents
without any limitation in tissue penetration, enhancing MRI contrast. The MRI results had a higher spatial
resolution, implying that the ionizing radiation of positron emission tomography (PET) may therefore be
avoided (Mi et al., 2016).

PEGMnCaP

T/N contrast ratic

Figure 11. Top: PEGMnCaP (CaP based core and PEG shell, in the core poly(glutamic acid) blocks control the growth of the
core by inhibiting the mineralization of large CaP blocks), could specifically enhance the contrast of solid tumors for cancer
diagnosis. Bottom: a, In vivo MR images of subcutaneous C26 tumor-bearing mice pre- and post-intravenous injection of
PEGMnCaP (left), Gd-DTPA (center) and PEGMn,0; (right) measured with 1 T MRI. Only PEGMnCaP showed a selective and
high enhancement of tumor contrast. Scale bar, 1 cm. b, A comparison of the T/N contrast ratio after administration of
PEGMnCaP (number of mice, n = 7), Gd-DTPA (n = 5) and PEGMn,0; (n = 3). Data are shown as mean * s.d., ***P < 0.001,
unpaired Student’s t-test. ¢,d, 3D MRI of C26 tumors before (c) and 1 h after (d) the intravenous injection of PEGMnCaP
measured with 7 T MRI. After the administration of PEGMnCaP, the contrast of the entire tumor tissue was enhanced with
no contrast enhancement in the surrounding normal tissues, demonstrating that there is a broad distribution of Mn** ions
in the tumors, as the relaxivity enhancement from protein binding is reduced in the 7 T magnetic field (Mi et al., 2016).
Scale bars, 50 um. Adapted with permission from Springer Nature: Nature, Nature Nanotechnology, Vol 11, A pH-
activatable nanoparticle with signal- amplification capabilities for non-invasive imaging of tumour malignancy, P. Mi et al.
© 2016.

In recent work by the group of Kataoka, PEG-b-PGlu was conjugated to boron clusters for effective
boron neutron capture therapy of solid tumors. High amounts of 1og compounds (sodium boracaptate) were
conjugated to thiolated poly(ethylene glycol)-b-poly(L-glutamic acid) PEG-b-PGlu to deliver this isotope in to
deep tumor regions. Boron cluster conjugated particles were intravenously injected and irradiated by a

34


https://doi.org/10.1016/j.ijpharm.2020.119537

Author manuscript of article published in International Journal of Pharmaceutics, DOI: 10.1016/j.ijpharm.2020.119537

thermal neutron beam after 24 h injection; after 20 days of irradiation, a 20-fold decrease in tumor volume
was observed compared to control groups (Mi et al., 2017).

In another example, micelles based on poly(L-glutamic acid) grafted with PEG (PGlu-g-PEG) copolymers
were also reported for delivery of Pt(ll) to different in vivo cancer models, such as MCF-7 bearing mice,
melanoma (B16F1) and non-small cell lung cancer (Shi et al., 2015; Yu et al., 2016, 2015). These polymeric
micelles are more flexible drug carriers in terms of controlling PEG density of micelles compared to PEG-b-
PGlu. Different aspects in terms of molecular weight of PGlu, weight ratio of PEG to PGlu, chain length of PEG
and loading content of CDDP were found to have a significant influence on the plasma pharmacokinetics.
Polymeric micelles prepared from PGluy,-g-PEGsi purified by ultrafiltration showed a sustained release profile
up to 336 h, therefore this system was chosen for further in-vivo studies. These nanoparticles allowed for 46-
fold higher platinum plasma levels in LLC tumor-bearing mice than those of mice receiving equivalent doses of
free CDDP. These types of nanoparticles, prepared by ultrafiltration, showed highly promising results for
inhibiting C26 tumors with safety and high tolerance in vivo (Yu et al., 2015).

In another study, grafted polymers were prepared for the design of nanoparticles for targeted delivery
applications. An amphiphilic PGlu-g-a-tocopherol /PEG graft copolymer was designed for co-loading of
docetaxel (DTX) and cisplatin (CDDP) by hydrophobic interactions and chelation. a-Tocopherol and PEG were
grafted to the poly(L-glutamic acid) main-chain. The resulting polymeric micelles were decorated with the a,f;
integrin targeting peptide cyclo(RGDfK) for efficient receptor mediated endocytosis and multi drug delivery.
DTX and CDDP were loaded by the nanoprecipitation method and micelles were obtained with a size around
28 nm and a surface potential of -8 mV. In vivo anti-tumor and anti-metastasis efficacy of both targeted and
undecorated dual loaded polymeric micelles were studied. After 10 days of injection to B16F10 bearing cells,
anti-metastasis efficiency of dual drug loaded and targeted polymeric micelles was demonstrated by the
strong inhibition on melanoma metastasis to the lungs (Song et al., 2014).

In another example, poly(amido amine) dendrimers (PAMAM) have been used as multifunctional
initiator for ROP of NCAs to yield linear-dendritic block copolymers with one, two, four, and eight PGA arms for
doxorubicin hydrochloride (DOX) delivery. Detailed in vivo studies revealed that linear and Y-shaped PEG-b-
PAMAM-b-PGA block copolymers have higher anti-tumor efficacy and are less toxic than the other linear
dendritic copolymers based DOX formulations (Yu Zhang et al., 2016). The same group prepared nanoparticles
using an amphiphilic poly(ethylene glycol)-b-poly(L-glutamic acid)-b-poly(L-lysine) triblock copolymer
decorated with deoxycholate (PEG-b-PLG-b-PLys-DOCA). The particles were additionally loaded with DOX and
paclitaxel (PTX) and used for treatment of A549 human lung adenocarcinoma cells. This co-delivery system
with different functional antitumor drugs provided clinical potential in cancer therapy (Lv et al., 2014b).

PEG-b-PBLG block copolymers were also used for targeted delivery of disrupted aortic aneurysm micro-
structure. PBLG is used as the hydrophobic core of micellar structures. As an example, Alexa647-labeled
rapamycin loaded nanoparticles of around 106 nm were prepared by nanoprecipitation and injected into an
elastase induced rat model of abdominal aortic aneurysm (AAA). Their distribution and therapeutic effect
against AAA were evaluated. Rapamycin-loaded nanoparticles specifically accumulated in AAA areas. MMP-2,
which is the responsible protease for formation of aortic aneurysm, was suppressed by the injected
nanoparticles. The rapamycin nanoparticles suppressed the infiltration of macrophages, activity of MMP-2,
and expression of inflammatory cytokines in the AAA wall (Shirasu et al., 2016).

Poly(a,B-aspartic acid) based copolymers are another class for efficient and targeted drug delivery
systems which could also be used as potential contrast agents. In early studies of Kataoka et al., micellar
formulations of PEG-b-poly(a,B-aspartic acid) PEG-b-PAsp for loading of Adriamycin in the core of the
polymeric micelles showed high anti-cancer activity compared to free Adriamycin which is a hydrophobic drug
with low aqueous solubility (Yokoyama et al., 1990, 1989). In a further study, the same polymeric system was
used as novel magnetic resonance contrast agent for in vivo cancer imaging. Electrostatic complexation of iron
oxide nanoparticles (B-FeOOH) with PEG-b-poly(a,B-aspartic acid) showed better colloidal stability under
physiological saline conditions. After intravenous injection into mice, the PEG-b-PAsp coated nanoparticles
showed higher accumulation up to 3 hr, compared to a commercial magnetic resonance contrast agent (called
Feridex®) (Kumagai et al., 2007). PEG-b-poly(a,B-aspartic acid) copolymers were also complexed with calcium
phosphate and the clinical MRI contrast agent Gd-diethylenetriaminepentaacetic acid (GdDTPA/CaP) to
produce nanoparticles. Gadolinium (Gd) chelates have high potential for efficient MRI guided Gd neutron
capture therapy of tumors. This study highlighted that the required dose of Gd-DTPA/CaP was much lower
than that of Gd-DTPA-based MRI contrast enhancement in clinical uses (Mi et al., 2015). In further work, SPIO
nanoparticles, which were coated by PEG-b-poly(a,B-aspartic acid), were developed to enhance magnetic
resonance imaging in pancreatic cancer cells, with the aid of a conjugated TGF-B (transforming growth factor)
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inhibitor. The TGF-B inhibitor was introduced to prevent tumor growth and metastasis. This system was also
proven to be successful in an in vivo study (Kumagai et al., 2009). Notably, the metal-ion complexations based
on PEG-b-PAsp had degraded more rapidly than those based on PEG-b-PGlu in the bloodstream (Cabral et al.,
2018).

The PAsp block may also be used in the development of micellar systems for delivery in cancer. For
example, DOX loaded micelles composed of poly(aspartic acid-g-imidazole)-b-PEG were designed because the
conjugation of imidazole rings (pKa = ~7.0) to the carboxyl groups in the PAsp block would lead to enhanced
targeting of the acidic pH. The micelles effectively accumulated at the tumor tissue, compared to the healthy
one, in an in vivo model of breast cancer (Lee et al., 2014). After injection of the DOX-loaded micellar system,
passive targeting was achieved and release was facilitated due to the pH responsiveness of the system, which
was shown by in vivo non-invasive fluorescent images of nude mice with MCF-7.

An overview of PGlu and PAsp-based micellar systems is provided in Table 6. One can note that
hydrophobic polypeptide segments such as poly(L-phenyl alanine) and p(D,L lactide-co-glycolic acid) may also
be used to increase drug loading, micellar stability and affect particle size (Desale et al., 2013; Li et al., 2013; Lv
et al., 2014a, 2013; Xu et al., 2015).
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Table 6. Characteristics and applications of micellar structures bearing anionic polypeptides.

Radius Zeta L Targeting / Method of application / . X
Polymer ) Application ) o Synthesis / Preparation Reference
of NPs potential* active compound Main findings
(Ahn et al., 2015;
Cabral et al., 2011
Cabral and Kataoka,
2014; Kano et al.,
DACHPt, CDDP, (Gd-DTPA), S ) Polymer-metal 2007; Li et al., 2013;
15-50 . Intravenous injection to various i
PEG-b-P(Glu) -2to 0 mV Cancer sodium boracaptate (BSH), complexation and self- Matsumoto et al.,
nm . cancer types for treatment )
Doxorubicin assembly 2016; Mi et al.,
2017, 2016;
Mochida et al.,
2014; Wang et al.,
2016)
o (Shi et al., 2015; Yu
PGlu-g-mPEG 18 nm -8 mV Cancer CDDP Non-small cell lung cancer Nanoprecipitation
etal., 2016, 2015)
PGlu-g-Ve-PEG decorated .
] i 28 nm -8 mV Cancer CDDP, Docetaxel Melanoma B26F1 cells Nanoprecipitation (Song et al., 2014)
with peptide (cyclo(RGDfK)
PEG-b-PLG-b-PLL/DOCA 36 nm -18 mV Cancer Doxorubicin, Paclitaxel Lung cancer (A549) Nanoprecipitation (Lv et al., 2014b)
Desale et al., 2013;
PEG-b-P(Glu-co-Phe) and = . ( K
70 nm -23 mV Cancer Doxorubicin Lung Cancer (A549) Nanoprecipitation Lietal, 2013; Lv et
PEG-b-PGlu—b—PPhe
al., 2014a, 2013)
(PEG-b-PAMAM-b-PGA) 7 to 50 -35to -40 . MCF-7 tumor Dialysis (solvent (Yu Zhang et al.,
) Cancer Doxorubicin i
dendrimers nm mV (breast cancer) displacement) 2016)
. MCF-7 tumor L
PEG-b-PLGA-b-PGlu 50 nm -14 mv Cancer Doxorubicin Nanoprecipitation (Xu et al., 2015)
(breast cancer)
4000 mV (Kumagai et al.,
-40to 0 m
. . . . L . Polymer metal 2009, 2007; Lee et
PEG-b-poly(a,B-aspartic 20-50 depending Adriamycin, (GADTPA/CaP), Intravenous injection to various . .
) Cancer o complexation and self- al., 2014; Mi et al.,
acid) nm on pH (6.5 SP10, Doxorubicin cancer types for treatment
t08.5) assembly 2015; Yokoyama et
08.

al., 1990, 1989)
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-30to -40
mPEG-b-PBLG 45 nm v Cancer Doxorubicin A549 (lung cancer) Nanoprecipitation (Shirasu et al., 2016)
m

*at pH 7.4 unless otherwise indicated
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Besides the micellar systems described above, also nanogels and vesicles composed of synthetically
prepared and modified amphiphilic polypeptides have been used for drug delivery and tissue engineering
applications. Studies involving their in vivo applications are summarized in Table 7.

As a typical example of a polypeptide-based nanogel system, a thermosensitive hydrogel composed of
methoxy-poly(ethylene glycol)-b-(poly(y-ethyl-L-glutamate-co-L-glutamic acid) (mPEG-b-poly(ELG-co-LG)) was
designed for local delivery of CDDP for tumor treatment. Suppressed tumor growth was achieved with a
therapeutic efficacy which was revealed by in vivo studies (Yu et al., 2017). Another polypeptide-based
nanogel system was reported by Bronich et al. The nanogel was based on PEG-b-poly(glutamic acid) which was
functionalized with phenyl alanine moieties by polymer-analogous modification of the PGA segment with PME
(L-phenylalanine methyl ester (PME)) using carbodiimide chemistry. This strategy was followed to increase the
hydrophobicity of the system and thus reach better drug loading capacities. This gel was used to co-
encapsulate doxorubicin with 17-allyl amino demethoxygeldanamycin (17-AAG) to inhibit tumor activity in an
ErbB2-driven breast cancer model. ErB2, which is overexpressed in breast cancer, is sensitive to HSP90
inhibition (a heat shock protein associated with ErB2) by 17-AAG. DOX was encapsulated via electrostatic
interactions and 17-AAG was incorporated via hydrophobic interactions. Antitumor efficacy in vivo was clearly
demonstrated and the therapeutic index of the co-loaded polypeptide based nanogel showed promising
results with only | ~5% body weight loss during the 2-week study period in mice (Desale et al., 2015).

As an example for nanogels which possess dual response, polypeptide triblock copolymers based on
poly[(2-(dibutylamino)ethyl-L-glutamate)-co-(y-benzyl-L-glutamate)]-poly(ethylene glycol)-b-(y-benzyl-L-
glutamate)]-co-poly[(2-(dibutylamino)ethyl-L-glutamate) (PNLG-co-PBLG-b-PEG-b-PBLG-co-PNLG)  were
developed as temperature and pH responsive injectable hydrogel. The polypeptide copolymers were
molecularly dissolved at low temperature and pH and assembled into a soft hydrogel under physiological
conditions (37 °C and pH 7.4) showed form. A water-soluble therapeutic protein, human growth hormone
(hGH), was loaded through polypeptide complexation due to ionic interactions. The prepared gels were
injected into the dorsal region of Sprague—Dawley (SD) rats. Human growth hormone-loaded gels were found
biodegradable and bioresorbable after 6 weeks of injection without any toxicity (Turabee et al., 2017).

Polymer vesicles, or polymersomes, which are obtained by self-assembly of amphiphilic copolymers are
versatile drug carriers to load both hydrophobic and hydrophilic cargos with their tunable membrane and
aqueous core (L. Zhao et al., 2014). Lecommandoux et al., designed antibody-functionalized polymersomes
loaded with USPIONS (ultra-small iron oxide magnetic nanoparticles) to target bone metastases using high
resolution MRI. This study was one of the first examples where polypeptide-based polymersomes were used
as contrast agents. Maleimide bearing polymersomes composed of poly(trimethylene carbonate)-b-
poly(glutamic acid) PTMC-b-PGlu were reacted with thiol-derivatized trastuzumab to obtain the targeted
multifunctional polymer vesicles. A bone cancer model was developed by injecting BT-474 cells (a HER2-
positive cell line) directly in the femoral bone of NOD/SCID mice. This study revealed that only targeted
polymersomes showed a more persistent 7,* dynamic contrast enhancement at the tumor site, associated
with increased residence time of the contrast agent (Pourtau et al., 2013). In a comparative study, 99mTc-
radiolabeled poly(ethylene glycol)-b-poly(y-benzyl-L-glutamate) (PEG-b-PBLG) micelles and poly(trimethylene
carbonate)-b-poly(glutamic acid) (PTMC-b-PGlu) vesicles were evaluated regarding their biodistribution and
circulation behavior. This study revealed that these hybrid vesicles would show higher in vitro stability in
comparison with the hybrid micelles; in vivo experiments demonstrated a higher uptake in the liver, spleen
and lungs for hybrid vesicles when compared with hybrid micelles, showing potential theranostic properties
(Psimadas et al., 2014). The same polymeric system was used for the delivery of the hydrophobic anticancer
agent plitidepsin for the treatment of multiple myeloma (ADMYRE). The pharmacokinetics study showed lower
plasma clearance for PEG-b-PBLG micelles in terms of higher AUC and C,., compared to commercial
Cremophor® and PTMC-b-PGlu vesicles. In this study, empty nanoparticles showed a maximum tolerated dose
higher than 200 mg/kg with non-toxic profile and they could therefore be potential alternative vehicles for
drug delivery applications (Oliveira et al., 2014).

Polymersomes based on a hybrid polymeric system composed of a polypeptide block and a water-
soluble hyaluronan block, Poly(y-benzyl L-glutamate)-b-hyaluronan (PBLG-b-Hya), were developed by
Lecommandoux et al. for intracellular delivery of DOX. DOX was loaded through the nanoprecipitation method
and pH dependent release was achieved up to 10 days in an in vitro assay. DOX-loaded polymersomes were
used to inhibit breast tumors in a female Sprague—Dawley (SD) rat model. Hyaluronic acid, which fully covered
the surface of the nanoparticles, was used both to provide good colloidal stability in vitro and in vivo, but also
to target CD44 receptors over-expressed in some cancer cell models. The results showed a significant tumor
suppression effect in CD44 overexpressed breast cancer models in vivo, together with a significant
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improvement in survival (Upadhyay et al., 2010). The same vesicular structure (PBLG,3-b-Hya;) was further
studied in Ehrlich ascites tumor (EAT) bearing mice to evaluate the in vivo efficacy of DOX loaded vesicles.
Intracellular uptake of DOX loaded vesicles was achieved via CD44 receptor mediated endocytosis in the EAT
tumor, with as a result a prolonged tumor doubling time and an increase in life span of the mice (Upadhyay et
al., 2012). These nanoparticles are highly efficient in different tumor models due to their targeting ability of
the CD44 receptor. Furthermore, hyaluronan-based NP were effectively loaded with both vorinostat, a histone
deacetylase inhibitor, and gefitinib, an EGFR-TKI. These systems combined anti-tumor efficacy with less toxic
drug delivery (Jeannot et al., 2018, 2016).

A versatile class of PEG-b-polypeptide conjugates was developed by Hammond et al. The group
synthesized poly(y-propargyl L-glutamate) (PPLG) by N-carboxyanhydride (NCA) polymerization. The pendant
alkyne groups along the polypeptide chain were modified effectively via Cu catalyzed azide-alkyne
cycloaddition (CuAAC) with tertiary amine moieties. Vesicular structures were observed from these polymers
and DOX loading was achieved during the self-assembly process. The DOX loaded vesicles were shown to
reduce tumor growth (Quadir et al.,, 2014). In a further study of the same group, folate conjugated
nanoparticles were further assessed for targeted drug delivery. Folic acid-conjugated nanoparticles could
enhance more accumulation in tumor cells especially in folate-receptor-overexpressing cancer cells (KB),
compared to untargeted carriers. PEG-b-PPLG, substituted with diethyl amine side chains, was functionalized
with folate using NHS/EDC chemistry and DOX loading was achieved subsequently during self-assembly
process. Delivery of nanoparticles was achieved with minimal toxicity and good reduction in tumor growth in
hind flank xenograft mouse model (Quadir et al., 2017). In this section, we summarized only in vivo studies of
carriers possessing negatively charged, biodegradable polypeptide blocks. Due to their pH-responsive nature,
nanoparticles based on these polymers can disassemble in acidic environment (of organelles in cells or tumor
tissue) due to the change of their secondary structure, releasing their therapeutic cargo in a controlled
manner. These characteristics were exploited in the above studies to develop drug delivery and contrast
agents for future biomedical applications.
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Table 7. Characteristics and applications of nanogels and vesicular structures bearing acidic units.

Radius Zeta potential / L Targeting / Method of application/ Synthesis /
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mPEG-b-P(ELG-co-LG) - - Cancer CDDP ) .
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4.2 Cationic polypeptide-based nanoparticle systems

Cationic polypeptide-based systems including poly(L-lysine) (PLL) and N-substituted poly(aspartamide)s
are the most studied systems for the complexation of genetic materials such as DNA, siRNA, mRNA and their
application in gene transfection, while they also have great potential for the delivery of anticancer agents (Fig.
12, Table 8). In this section, we will summarize all in vivo applications of nanocarriers based on cationic
polypeptides.

Figure 12. Schematic illustration showing the complex formation of nucleic acids with a-helical, cationic polypeptides (A)
and PEG-b-poly(N-aspartamide) copolymers (B) (Song et al., 2017). Republished with permission of The Royal Society of
Chemistry, from Chemical Society Reviews, Synthetic polypeptides: from polymer design to supramolecular assembly and
biomedical application, Z. Song et al., Vol 46. © 2017, permission conveyed through Copyright Clearance Center, Inc.

Self-assembled cationic micelles based on amphiphilic poly(ethylene glycol)-b-poly(L-Lysine)-b-poly(L-
Leucine) PEG-b-PLL-b-PLeu have been studied by Cai et al. for different purposes such as gene therapy, vaccine
delivery systems and for intracellular imaging. A co-delivery system was obtained by complexation of PLL with
siRNA and entrapment of docetaxel (DTX) into the PLeu core. Even at low dosages of DTX the particles proved
to be very promising for down-regulation of the anti-apoptotic Bcl-2 gene, associated with inhibition of tumor
growth on MCF-7 murine xenograft by passive targeting (Zheng et al., 2013). The same polymer system was
also used for encapsulation of poorly aqueous soluble Indocyanine green (ICG), which is approved by the FDA
for photothermal therapy. Polymeric micelles composed of PEG-b-PLL3y-b-PLLeusq and loaded with ICG (in a 5:
1 ratio) showed enhanced tumor localization with a prolonged circulation time by in vivo studies on H460 cells
(L. Wu et al., 2013). As an example for nanoparticle-based antigen delivery, encapsulated ovalbumin antigens
with this polymeric micelle system enhanced vaccine-induced antibody production by 70-90 fold and cytotoxic
T-lymphocyte (CTL) responses were suppressed (Luo et al., 2013).

Redox-sensitive disulfide links were incorporated in polymeric micelles to exploit the significant
concentration difference of glutathione (GSH) between the extracellular (~2.0 to 20.0 uM) and intracellular
(*10 mM) environment for redox sensitive drug delivery applications (K. Huang et al., 2015). PEG-b-poly(L-
lysine) was modified first with 3,3'-dithiodipropionic acid, after which PTX was conjugated to the carboxylic
acid moieties. The resulting polymeric micelles showed both pH and redox sensitivity, and this dual effect
enhanced the antitumor activity against B16F1 melanoma bearing C57BL/6 mice compared to the free drug. In
another study, poly(L-lysine-r-histidine) was conjugated via a disulfide bond with PEG (PEG-SS-Lys-r-His) to
form particles suitable for siRNA delivery and tumor therapy. The His moieties introduced the necessary
hydrophobicity for polymer assembly. The cleavable SS bond allowed a more efficient release of the siRNA
payload to silence the expression of the endogenous vascular endothelial growth factor (VEGF), which led to
tumor suppression. Both the biodistribution profile and anti-tumor activity of the complexes verified the
efficient delivery of nucleic acid for targeted tumor gene therapy. (Lv et al., 2014c; Zhu et al., 2014).

Poly(L-lysine) modified with branched PEI(25k) poly(ethyleneimine) was developed by Chen et al. (Tian
et al., 2013), because PEl is a well-known polymer due to its effective endosomal escape property even though
it is non-biodegradable and toxic (Cabral et al., 2018). The low endosomal escape ability of PLL was improved
by PEI and the copolymers were used to encapsulate pKH3-rev-casp-3 plasmid DNA, which encodes the
apoptosis-inducing caspase 3 enzyme. The polymer-DNA complex inhibited tumor growth by poly (ADP-ribose)
polymerase-1 cleavage, leading to tumor apoptosis. In another study, poly(ethylene imine)-b-poly(L-lysine)-b-
poly(L-glutamic acid) (PELG) was designed as a zwitterionic polymer to shield the ternary complex of
PEI25k/DNA to obtain high cell uptake efficiency and high transfection efficiency. The complex containing the
pKH3-rev-casp-3 plasmid inhibited HeLa tumor growth (Tian et al., 2014).

Poly(L-Lysine) cannot only be used for interaction with single biomolecules or inorganic particles, but
has also found use for the decoration of virus particles such as adenoviruses. These viruses normally trigger an
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immune response and a polymer coating could reduce the toxic effect by altering the net charge of the viral
particles. Physical complexation of the adenoviral particles was performed with these polymeric micelles
composed of poly(L-lysine) and poly(L-lysine)-b-poly(Ne-2-[2-(2-methoxyethoxy)ethoxy]acetyl-L-lysine) diblock
copolymers (Jiang et al., 2013). Studies with the coated particles on immunocompetent mice showed a
reduced antigenicity and an enhanced lung transduction as a result of the altered interactions with cells and
organs. Enhanced gene transfer in both in vitro and in vivo studies was observed, demonstrating the potential
of these coated Ad vectors to target cancer metastasis.

Recently, another drug loaded polycationic based polypeptide micelle was developed with multiple
functionalities. The micelle was based on the self-assembly of poly(L-methionine-block-L-lysine)-PLGLAG-PEG
(MLMP), and DOX was loaded into the core. PLGLAG is a short amino acid sequence cleavable by MMP-2
proteases, which is overexpressed in cancer cells. This would lead to removal of the PEG chains. Methionine is
responsive to reactive oxygen species (ROS), which turns this amino acid into a more hydrophilic oxidized
form. ROS is highly abundant in cancer cells, which would allow efficient oxidation and the transition from an
amphiphilic block copolymer to a fully water soluble one. The combination of both mechanisms would lead to
effective release of DOX. Indeed, DOX loaded MLMP micelles demonstrated higher tumor inhibition with the
smaller tumor volume compared to free DOX, which was examined on NCI-H460 tumor bearing nude mice
(Yoo et al., 2017). Poly(L-Lysine) was one of the first biodegradable polymers developed as an alternative to
PEIl. However, poly(L-Lysine) lacks amino groups with pKa between 5 and 7 which limits endosomal escape,
resulting in lower transfection efficacy compared to PEl In this context, the biodegradable poly(N-
aspartamide) can be alternatively used for polymeric micelles based on cationic polypeptides, because they
have a better buffering capacity that leads to better transfection efficacy (Doane and Burda, 2012).

Poly(N-aspartamide) based polymeric micelles are also often employed in nanomedicine, primarily by
Kataoka’s group. In particular, poly{N-[N-(2-aminoethyl)-2-aminoethyl] aspartamide} (poly(Asp(DET)) which
has two amino ethylene units in the side chains has interesting properties, because of the lower pKa of the
amino groups which facilitates endosomal escape, and its effective complexation with siRNA. Different
functionalized poly(Asp(DET)) derived polymeric micelles have been studied in vivo. Disulfide containing
stearoyl conjugates were complexed with vascular endothelial growth factor siRNA and systematic
administration of complexes was examined in a mouse model bearing a subcutaneous pancreatic tumor. The
stearoyl modification improved the bioavailability of the complexes and resulted in a 40% tumor regression
(Kim et al., 2012).

In a further study, poly(Asp(DET) was used to design a smart multilayered assembly (SMA). As inner
core a polyion complex was formed composed of siRNA and poly(Asp(DET). This core was stabilized with an
inorganic silica layer. On top of this structure, a layer of PEG-SS-PAsp(DET) was complexed. The resulting
system had a spherical morphology with a size of 160 nm. The silica interlayer improved the siRNA tolerability
against anionic lipid dissociation. The therapeutic effect of the system was investigated with an OS-RC-2 tumor
model by intravenous tail injection. Vascular endothelial growth factor (VEGF) was used as the target gene. A
significant reduction (50 %) in VEGF mRNA level was found in tumor tissues (Suma et al., 2012a).

The cyclic pentapeptide (cyclo(-Arg-Gly-Asp-d-Phe-Lys) (cyclo(RGDfK)) is a potent binder and inhibitor of
o,B; and a,Bs integrins, which are overexpressed in tumor tissue. The peptide was conjugated to PEG-b-
poly(Asp(DET))/pDNA polyplexes to improve its targeting efficiency. Nano-assembly with pDNA was
successfully achieved with different N/P ratios. Polyplex complexes with an N/P ratio of 5 were administered
into the arteries of rats. Sustained gene expression was detected after delivery in rats with neointimal
hyperplasia (Kagaya et al., 2012). In another study, cholesterol modified cyclo(RGDfK) conjugated PEG-b-
PAsp(DET) based particles were used for delivery of pDNA for systemic treatment of pancreatic tumors.
Cholesterol modification was performed to enhance particle stability due to hydrophobic interactions.
Antiangiogenic gene expression at the targeted tumor site with an effect for inhibition on neo-vasculature
growth was observed, which would eventually lead to suppression of tumor growth (Kim et al., 2014).
Similarly, a cholesterol- and cRGD-modified polyaspartamide derivative with a tetraethylenepentamine (TEP)
moiety was used for complexation with siRNA. PolyAsp (TEP) has proven to be better in forming stable siRNA
complexes with less toxic endosomal escape (Kim et al., 2014). siRNA loaded polymeric micelles were
subcutaneously administrated to mice bearing A549 lung cancer with a N/P ratio 3. Significant tumor
suppression leading to cancer cell apoptosis was observed via this gene silencing approach (Suma et al.,
2012b).

PEGylated calcium phosphate hybrid micelles derived from (PolyAsp(DET) were also reported (Pittella
et al., 2014). The calcium phosphate nanoparticles were efficient in encapsulating negatively charged
molecules. To make the system stimulus-responsive, cis-aconitic acid (Aco) groups were incorporated through
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the amine side chains. Upon exposure to lysosomal pH conditions, the Aco groups were removed from the
polymer side chain, thereby restoring the amine functionalities. This facilitated endosomal escape. These
nanoparticles were used for the delivery of VEGF siRNA. Enhanced accumulation of siRNA and significant VEGF
gene silencing (~68%) was detected in subcutaneous BxPC3 tumors in mice (Pittella et al., 2012). The same
polymeric micelle hybrid system was also used to treat spontaneous bioluminescent pancreatic tumors in
transgenic mice. Gene silencing was achieved on pancreatic cancer cells with 60% tumor regression with ~40
ng siRNA.

A block/homo-mixed polyplex micelle composed of poly[Asp(DET)] and PEG-b-poly[Asp(DET)] was
applied in immunotherapy. Granulocyte macrophage colony stimulating factor (GM-CSF) gene was
encapsulated into the polymeric micelles and the particles were administered intraperitoneally (i.p) to treat
pancreatic cancer in mice. The safety profile of the polymeric micelles was also tested in cynomolgus monkeys.
Polymeric micelles did not show any immune response in related organs such as liver, spleen and lymph nodes
after i.p administration both in mice and monkey (Ohgidani et al., 2013). This key study demonstrating gene
transfection using a block/homo-mixed polyplex micelle in a primate may have great potential for further gene
therapy applications in the clinic.

As a variant to the poly(aspartimides), PEG-b-poly(aspartate hydrazide) was used for micelle formation
and drug conjugation. The hydrazide moieties were used for the coupling of the anthracycline epiburicin (Epi)
via a pH sensitive hydrazone linker. Besides that, staurosporine (STS) a pan-kinase inhibitor which is very
potent in cancer stem cell (CSC) inhibition, was loaded into the Epi-stabilized polymeric micelle via
hydrophobic interactions. Polymeric micelles with a size around 50 nm were used to treat orthotopic
mesothelioma xenografts bearing a recalcitrant CSC subpopulation. Because of the synergistic effect of this pH
sensitive dual delivery system STS proved to be effective already at low doses. STS/Epi/m could therefore
eradicate orthotopic mesothelioma without any body weight loss (Kinoh et al.,, 2016). Derivatives of
poly(aspartate) were also used by Hammond et al. to facilitate tumor-specific RNA interference therapy for
advanced ovarian tumor therapy. They engineered end functional NCA polymers using different chemical
strategies. These polymers were used to form nanoplexes with siRNA to target silencing of protein kinase,
MK2, which is overexpressed in ovarian cancer cells. Compared to platinum/taxane chemotherapy alone,
these nanoplexes led to an overall survival of 37% with lower toxic side effects (Dreaden et al., 2018).

Micelles of polypeptides composed of arginine and cysteine have been also reported for gene and drug
delivery applications. As a relevant example, poly(L-arginine)-based nanoparticles were prepared by
complexation with chondroitin sulfate and used for nitric oxide (NO) based anticancer therapy. M1
macrophages overexpress inducible nitric oxide synthase (iNOS) intracellularly, which produces NO using L-
arginine as a substrate. This is applied as a cytotoxic agent at an early stage of cancer. After particle
administration in vivo protease degradation of poly(L-arginine) liberated the substrate for iNOS, which led to
tumor suppression in C26 tumor bearing mice 4h after injection (Kudo and Nagasaki, 2015).
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Table 8. Characteristics and applications of micelles bearing cationic groups.
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Nanogels based on cationic amphiphilic copolypeptides are also attractive for different biomedical
applications. A positively charged disulfide-core-crosslinked block copolypeptide nanogel of poly(L-lysine)-b-
poly(L-phenylalanine-co-L-cystine) (PLL-b-P(LP-co-LC)) was reported to deliver 10-hydroxycamptothecin (HCPT)
into orthotopic bladder cancer cells. HCPT is a derivative of camptothecin which can inhibit topoisomerase |
thereby blocking DNA replication and RNA transcription of a broad spectrum of tumor cells. In-vitro
experiments revealed that HCTP was released from the nanogel in a sustained manner for up to 72 h. The
disulfide crosslinked polypeptide gel enabled glutathione (GSH) dependent release due to the increased GSH
concentration in the intracellular environment of cancer cells. Tumor cell growth was successfully inhibited
and the apoptosis level was increased, demonstrating efficient delivery of HCPT to bladder cancer cells (Guo et
al., 2017). Diblock amphiphilic copolypeptide hydrogels were also designed to treat injured central nervous
system (CNS). As hydrophobic block poly-L-leucine (L), poly(L-alanine) (A), poly(L-leucine-stat-L-alanine) (L/A)
or poly(L-phenylalanine) (F) were employed and poly(L-lysine) (K) was used as hydrophilic domain. The
amphiphilic character of the designed hydrogel enabled the loading of hydrophobic components more
effectively than other types of hydrogels. One of the gels, Kigl,0, Was loaded with the hydrophobic gene
regulatory compound tamoxifen and was injected locally into the CNS of genetically modified mice. Tamoxifen
was released from the hydrogel and efficiently activated reporter gene expression locally (Song et al., 2012;
Zhang et al., 2014). Among DCHs, the properties and in vivo applications of polycationic nanogels and vesicles
are provided in Table 6.

Given the results on both polyacidic and polycationic polypeptides, their use in amphiphilic block
copolymers may lead to the development of carriers for a wide range of biomedical applications. The primary
challenges regarding the fabrication of such carriers are the hydrolytic sensitivity of NCA monomers as well as
the use of organic solvents for the self-assembly process.

4.3 Polyion complex micellar systems

PICsomes, standing for “Poly lon Complex vesicles”, were first prepared by Kataoka’s group and are
mostly based on PEG-b-polypeptide blocks. These nanocarriers are very efficient for encapsulation of water-
soluble drugs. Interestingly, their preparation does not require any organic solvent, which makes them also
highly applicable for biomedical studies. The usage of oppositely charged polypeptide blocks enables PIC
membrane formation and the PEG units serve as an inner or outer shell layer, improving prolonged lifetime in
the blood stream. Examples of PICsomes that were used for in vivo applications are summarized in this part.

PICsomes have a semi permeable vesicle wall which allow the exchange of small molecules with the
environment. Larger molecules such as enzymes remain entrapped inside. As a result, PICsomes can be used as
therapeutic nanoreactors, in which enzymatic activity is retained under in vivo conditions. PICsomes from PEG-
based anionic polypeptide block (PEG-b-PAsp) and cationic homopolypeptide (poly(Asp-AP)) were prepared by
vortex mixing, and EDC chemistry to maintain the structure. During the formation process enzymes were
encapsulated in the aqueous lumen. Two different studies were described by Kataoka’s lab with enzyme
loaded PICsomes. In one study, B-galactosidase-loaded PICsomes were evaluated as in vivo reactor by
administration to murine C26 tumor bearing mice (Fig. 13). Enzymatic activity in PICsomes was followed by a
model prodrug called hydroxymethyl-N,N-diethylrhodol-B-galactopyranoside (HMDER-BGal) which could be
converted to the highly fluorescent product of HMDER. Even after 4 days of injection of enzyme loaded
PICsomes, HMDER was found in tumor tissues which means enzymatic activity was maintained for this time
period (Anraku et al., 2016). In a more recent study, L-asparaginase loaded PICsomes (ASNase@PICsomes)
were evaluated after systemic injection into mice, corroborating their functionality as in vivo nanoreactors.
ASNase is an enzyme, which has anti-proliferative effects on asparagine synthetase-deficient cancer cells, such
as leukemic cells, by hydrolyzing L-asparagine in the circulation. Intravenous injection of enzyme loaded
PICsomes into BALB/c mice was performed and prolonged enzymatic was found compared to free ASNase
(Sueyoshi et al., 2017).
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Figure 13. Chemical structures of the constituent polymers of PICsomes, and preparation of enzyme@PICsomes via
preformed PICsomes. Top right: TEM image of B-gal@PICsomes (scale bar: 200 nm). PEG=poly(ethylene glycol). Reprinted
with permission from Angewandte Chemie Int. Ed., Systemically Injectable Enzyme-Loaded Polyion Complex Vesicles as in
Vivo Nanoreactors Functioning in Tumors, Y. Anraku et al., © 2016, with permission from John Wiley and Sons.

The high membrane permeability of PICsomes makes it difficult to load water soluble low molecular
weight compounds such as Gemcitabine (GEM). Drug retaining capacity of PICsomes was improved by the
application of mesoporous silica nanoparticles (MSN). Both sulfonate and amine functional MSNs were loaded
through ionic interactions with the polyelectrolytes into PICsomes. Absorption and release studies of GEM
from modified MSN@PICsome revealed that the sulfonate modified particles were more efficient for loading
of GEM. Biodistribution and in vivo therapeutic efficacy of GEM-MSN@PICsome were evaluated for cancer
treatment in a mouse model bearing subcutaneous A549 lung tumor. After 7 days of injection, GEM-
MSN@PICsome showed significant tumor suppression compared to free GEM (Goto et al., 2017).

PICsomes have also been applied as diagnostic agents. For this purpose, superparamagnetic iron oxide
nanoparticle-loaded Cy5-cross-linked PICsomes (SPIO-Cy5-PICsomes) were synthesized to detect tumor sites
more precisely with MRI. SPIO-Cy5-PICsomes were prepared by vortex mixing and cross-linking of Cy5-PEG-b-
PAsp, poly([5-aminopentyl]-a,B-aspartamide) (P(Asp-AP), and SPIO, resulting in particles of around 100 nm in
size. Due to the larger size of SPIO compared to USPIO it is more effective in inducing a signal change in T2-
weighted MRI due to T2 and T2* shortening. Furthermore, it was shown that the transverse relaxivity (r2) of
the SPIO-Cy5-PICsomes was 2.5 times higher than that of bare SPIO. When applied in a subcutaneously grafted
colon carcinoma tumor bearing mouse, 3 hrs after administration, MRI signals were detected and maintained
for 24 hrs. This system also demonstrated that early stage tumors could be detected in vivo (after 3 days
approximately 4 mm3) with MRI (Kokuryo et al., 2013).

There are still many ongoing studies related to PICsomes for the targeted delivery of enzymes, water-
soluble hydrophilic drugs, and oligonucleotides, since these carriers may ensure the long circulation of the
therapeutics in the bloodstream. The simplicity of the self-assembly process of PICsomes is beneficial to
develop next-generation, pioneering polymeric micellar systems that have more chances to be translated to
the clinic.

5. Conclusions

Proteins and polypeptides are advantageous building blocks for the design of therapeutic
nanocarriers. Indeed, composed of amino acid residues linked by natural amide bonds as monomer
units, they are fully biodegradable, but also amenable to chain-end or side-chain modifications. These
modifications can serve in multiple ways, for instance i) to tune physico-chemical properties (e.g.,
hydrophilic-lipophilic balance) to control the folding and self-assembly behavior, ii) to anchor ligands
to endow nanocarriers with specific receptor targeting properties, iii) to directly and covalently couple
cytotoxic drugs or introduce pendant groups to increase non-covalent drug payloads, or iv) to append
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contrast-enhancing agents for in vitro and in vivo imaging during preclinical developments in
particular.

Proteins extracted from natural resources can present suitable properties for nanocarrier
formulations. Naturally folded into 3D structures, some proteins such as albumin exhibit hydrophobic
pockets where poorly-water soluble low molecular weight drugs can be confined. Self-assembled
protein particles such as zein particles can additionally sustain hostile media found for instance in the
gastrointestinal tract. Food resources can in particular provide abundant, safe (GRAS) and cost-
effective proteins for drug nanocarrier formulation.

Synthetic polypeptides on the other hand constitute highly simplified analogs of proteins. They
are however accessible at large scale and reduced costs as compared to natural human-derived or
recombinant proteins. A major difference also relies on their inherent polydispersity resulting from the
synthetic polymerization process, even if well controlled. Polydispersity can actually be advantageous
for self-assembly behavior and/or nanoparticles’ stability, but may present some additional difficulties
and drawbacks from analytical point of view and validation from drug safety agencies. Ring opening
polymerization is typically achieved in anhydrous organic solvents, however new approaches are
arising to access synthetic polypeptides in aqueous media. The variety of accessible monomers
provides the possibility for numerous chemical structures and compositions.

Engineered polypeptides are interesting compromises between proteins and synthetic
polypeptides. Their chemical composition can indeed reach the complexity of natural proteins, while
they can also be engineered with great liberty at the gene level to provide fully artificial proteins.
Recombinant proteins and polypeptides are mostly produced in Escherichia coli bacteria as the
cheapest host to achieve recombinant expression (over yeast or mammalian production). E. coli
however provides few post-translational modification possibilities and cloning steps necessary for
artificial gene construction can be long and tedious. Dual recombinant and synthetic approaches could
be an advantageous way to circumvent these limitations. Protein engineering and recombinant
expression can be used to provide monodisperse polypeptide backbones, while chemoselective
bioconjugation methods can be applied to append various additional functions. Such a strategy is
currently explored in many research groups, including ours, for the design of bioactive and thermo-
sensitive elastin-like polypeptides.

Over the years, a broad range of peptide-based materials have been developed to fulfill all the
complex requirements for biomaterials design, ranging from small synthetic peptides that can self-
assemble into hierarchical assemblies (especially peptide amphiphiles), synthetic polypeptides,
bioengineered polypeptides and proteins or bio-extracted and possibly modified proteins. Each system
presents specific properties, advantages and limitations, from their synthetic viewpoint, cost,
accessibility, etc. Altogether, we believe that the combination of these different approaches into
controlled and functional biomacromolecules with predictable conformation and properties may open
new avenue towards future biomaterials design. However, as recently highlighted by Faria et al., this
multidisciplinary area undoubtedly requires standardization of evaluation methods in terms of
materials and biological characterizations for improved reproducibility, as well as for the construction
of a database enabling quantitative comparisons and meta-analyses (Faria et al., 2018).
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