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Editorial on the Research Topic
Nanosized Drug Delivery Systems: Colloids and Gels for Site Specific Targeting

Recent advances in nanomedicine and biomaterials have provided new promising tools for in vitro
models and targeted drug administration in vivo, aiming to increase efficacy while limiting side
effects. Nanosized drug delivery systems are designed to modify the biodistribution of therapeutic
agents, in order to enhance their accumulation in the pathological site. Bioactive molecules can be
either conjugated to or entrapped into colloidal nanocarriers. Biocompatible nanoparticles (NPs),
polymer nanotherapeutics, lipid-based nanomaterials may enhance the stability and the targeted
delivery of low molecular weight drugs, as well as nucleic acids and therapeutic proteins. Once
administered in vivo, these colloids will face sequential biological barriers, which represent a major
challenge for site specific drug delivery. A fine control of key physicochemical characteristics of
the nanocarriers, including size, drug loading, and functionality, may lead to a successful barrier
penetration and an effective release at the targeted site.

Thomas and Weber review current limitations of NP-based drug delivery by focusing on cancer
treatments. While enhanced permeability and retention (EPR) can result in drug accumulation in
malignant tissues, this effect is highly dependent on tumor type and location. In order to improve
drug delivery, drugs, and NPs with long half-lives are obtained by conjugation or coating with
hydrophilic polymers. Controlled activation approaches and active targeting to cancer cells or
specific cellular compartments are discussed in view of possible future developments.

Naturally derived polymers are increasingly used in therapeutics and diagnostics. Chitosan NPs
are known to be promising vehicles for drug, protein, and gene delivery. Their main drawback
resides in their low physical and chemical stability under biological conditions. In order to
overcome this limitation, Saced et al. grafted chitosan to phthalic or phenylsuccinic acids and
then used polyphosphoric acid, hexametaphosphate, or tripolyphosphate to achieve ionotropic
complexation and covalent crosslinking by carbodiimide chemistry. The NPs showed high stability
and reproducibility, as well as cytotoxic activity once loaded with the chemotherapic doxorubicin.

Vashist et al. developed a smart strategy to prepare auto-fluorescent hydrogel NPs made
of hydroxyethyl cellulose and chitosan, using water-in-oil emulsion polymerization. These
nanoparticles guaranteed biocompatibility, stability, proper cellular uptake, and the ability to cross
a model of blood brain barrier. Moreover, their auto-fluorescence in a wide range of wavelengths
may be exploited in the field of theranostics to develop image-guided therapies for the central
nervous system.
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Recently, polymeric NPs have been tested as therapeutic
cancer vaccines, i.e., medical tools which are capable of
educating the immune system to fight tumors and prevent
cancer diseases. Briquez et al. discuss in their review the
principles and current strategies to engineer therapeutic cancer
vaccines, with a particular focus on the use of site-specific
targeting nanomaterials. They outline the type of immune
responses triggered by vaccination, with an overview of
the main components of cancer vaccines, describing how
nanomaterials can be engineered to improve pharmacokinetics
and pharmacodynamics of the vaccine.

Current barriers to clinical translation of NPs are mainly
related to the limited control over NP physicochemical properties
and robust scale-up of their production. Bovone et al. engineered
an automated coaxial jet mixer for the production of stable
and size-controlled polymeric NPs from chemically diverse
block copolymers. The jet mixer allowed a fine tuning of
the flow conditions and mixing of the copolymer-containing
organic phase and an aqueous stream, for the continuous
nanoprecipitation of polymeric NPs.

The advantage of protecting active compounds from the
environment during storage and transport, while achieving a safe
and controlled release, are also relevant for applications which are
far from healthcare. Vega-Vasquez et al. describe different types
of nanocarriers developed in the biomedical field which may
find applications in agriculture, specifically in the area of plant
breeding, growth promotion, disease control, and post-harvest
quality control, in order to improve plant and food production,
while reducing the impact on the environment.

Moncalvo et al. describe in their review the recent research
progress on nanosized delivery systems for therapeutic proteins,
highlighting future directions and challenges. Although the
impact of protein therapeutics in healthcare is steadily increasing,
their safety and efficacy are often limited by instability, short half-
life, and immunogenicity. Covalent attachment of biocompatible
polymers, as well as protein nanoencapsulation in colloidal
systems, are currently being investigated for overcoming these
limitations, with the potential to develop next-generation
protein therapeutics.

Smart hydrogels with highly ordered structures at the nano-
scale have been extensively investigated as advanced delivery
systems. These gels can act as efficient drug protectors,
especially for peptides and proteins with limited half-life, and
as targeted drug carriers for in situ controlled delivery. These

characteristics are particularly appealing in tissue engineering,
where extracellular matrix (ECM) mimetic biomaterials are
required for controlled release of soluble factors to stimulate
tissue regeneration.

Ren et al. review growth factor (GF) engineering strategies
for tissue regeneration. GF binding to provisional biomaterials
or even natural ECM serves as slow-delivery approach. The
stability of GFs may be enhanced by site specific PEGylation, by
the optimization of the primary structure or the modification
of proteolytic sites. GF signaling may also be improved by
modulating the receptor binding site, creating hybrid proteins
which engage alternative signaling pathways, or controlling the
GF availability to cell-surface receptors.

Hwang et al. review ECM-mimetic biomaterials for targeted
and sustained drug release. The broad repertoire of ECM
interactions with different cell-surface receptors can facilitate
cell-targeted delivery and improve the therapeutic efficiency of
drugs. In addition, the interaction between ECM components
and cellular receptors are exploited for intracellular delivery,
which may have a significant impact on disease treatment and
tissue regeneration.

Fattah and Ranga present the latest advances in engineering
organoids through a modular and orthogonal design of
biomimetic materials, and the use of NPs which are able
to modulate matrix and tissue mechanical stresses. Magnetic
NPs enable the localized mechanical manipulation of cells
and biomaterials during the establishment of organoids. Once
internalized by target cells, these NPs become tools for cell
stimulation and assembly of complex tissue structures.
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Automated and Continuous
Production of Polymeric
Nanoparticles

Giovanni Bovone, Fabian Steiner, Elia A. Guzzi and Mark W. Tibbitt*

Macromolecular Engineering Laboratory, Department of Mechanical and Process Engineering, ETH Zrich, Zurich,
Switzerland

Polymeric nanoparticles (NPs) are increasingly used as therapeutics, diagnostics,
and building blocks in (bio)materials science. Current barriers to translation are
limited control over NP physicochemical properties and robust scale-up of their
production. Flow-based devices have emerged for controlled production of polymeric
NPs, both for rapid formulation screening (~ug min~') and on-scale production
(~mg min~"). While flow-based devices have improved NP production compared
to traditional batch processes, automated processes are desired for robust NP
production at scale. Therefore, we engineered an automated coaxial jet mixer
(CJM), which controlled the mixing of an organic stream containing block copolymer
and an aqueous stream, for the continuous nanoprecipitation of polymeric NPs.
The CJM was operated stably under computer control for up to 24 h and
automated control over the flow conditions tuned poly(ethylene glycol)-block-polylactide
(PEGsk-b-PLA2gK) NP size between ~56 nm and ~79 nm. In addition, the automated
CJM enabled production of NPs of similar size (D, ~ 50 nm) from chemically
diverse block copolymers, PEGsk-b-PLAxok, PEG-block-poly(lactide-co-glycolide)
(PEGsk-b-PLGAok), and PEG-block-polycaprolactone (PEGsk-b-PClogk), by tuning
the flow conditions for each block copolymer. Further, the automated CJM was used
to produce model nanotherapeutics in a reproducible manner without user intervention.
Finally, NPs produced with the automated CJM were used to scale the formation
of injectable polymer-nanoparticle (PNP) hydrogels, without modifying the mechanical
properties of the PNP gel. In conclusion, the automated CJM enabled stable, tunable,
and continuous production of polymeric NPs, which are needed for the scale-up and
translation of this important class of biomaterials.

Keywords: nanoparticles, drug delivery, flow-based synthesis, automated production, process engineering

1. INTRODUCTION

Nanoparticles (NPs) comprise a useful class of biomaterials in modern medicine for the
encapsulation and delivery of small molecule drugs, proteins, and nucleic-acid therapies as well
as for in vivo diagnosis or as agents for improved biomedical imaging (Anselmo and Mitragotri,
2016; Kamaly et al., 2016; Detappe et al., 2017; Shi et al., 2017). NPs are particularly attractive
in drug delivery as they can increase the solubility of poorly blood-soluble drugs, enhance
drug stability, extend circulation time, and aid transport across biological barriers (Langer,
1998; Tibbitt et al., 2016). Within the field of nanomedicine, aqueous stable polymeric NPs
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are especially useful as carriers for hydrophobic small molecules,
which can be encapsulated directly within the hydrophobic core
of the NPs during production without the need for chemical
modification of the drug (Cheng et al., 2007; Liu et al., 2010;
Bertrand et al., 2017). Drug-loaded NPs can be self-assembled
via nanoprecipitation of amphiphilic block copolymers, e.g.,
poly(ethylene  glycol)-block-polylactide ~ (PEGsg-b-PLAyok),
PEG-block-poly(lactide-co-glycolide) (PEGsg-b-PLGAjk), or
PEG-block-polycaprolactone  (PEGsk-b-PCLyok). Core-shell
NPs have been exploited for systemic delivery of therapeutics
following parenteral or oral administration as well as for local
delivery following targeted administration in the body (Gref
et al., 1994; Song et al,, 1997; Westedt et al.,, 2007; Pridgen
et al., 2013, 2015). Beyond the use of core-shell NPs as a stand
alone delivery vector, they have recently been exploited as
building blocks in the assembly of shear-thinning and self-
healing, polymer-nanoparticle (PNP) hydrogels for site specific
delivery following local injection (Appel et al., 2015b). PNP
hydrogels have also been used as nanocarrier bioinks for additive
manufacturing, as a sprayable barrier to prevent tissue adhesion
following cardiothoracic surgery, and as a depot for the local
release of cytokines and recruitment of immune cells (Fenton
et al., 2019; Guzzi et al., 2019; Lopez Hernandez et al., 2019;
Stapleton et al., 2019).

Despite the versatility and significant potential of polymeric
NPs in biomedicine, translation to the clinic often remains
limited by uncontrolled and poorly scalable production (Hickey
et al., 2015; Ragelle et al., 2017; Colombo et al., 2018). Clinical
application of polymeric NPs, either as a delivery vehicle or
as a building block in PNP hydrogels, requires precise control
over NP size, efficient drug loading, and scalable production.
Polymeric NPs are commonly produced from amphiphilic block
copolymers, such as PEGsg-b-PLAyox, PEGsk-b-PLGAjk,
and PEGsg-b-PCLyok, by adding a solution of a water-miscible
organic solvent, the block copolymer, and, optionally, a
hydrophobic drug dropwise to water under vigorous stirring
(Fessi et al., 1989; Mora-Huertas et al., 2010). The solvent
mixes rapidly with water and the NPs form as the hydrophobic
blocks collapse into a kinetically trapped core surrounded by a
hydrophilic corona (Nicolai et al., 2010). Conventionally, this
nanoprecipitation is carried out in batch with relatively limited
throughput as well as minimal control over the production
parameters and, thus, NP size or drug loading (Murday et al,
2009). More recently, flow-based devices have been developed
for the continuous and tunable production of polymeric NPs
via controlled mixing of an organic stream containing the block
copolymer and drug with an aqueous stream in micro- or
milli-fluidic systems (Johnson and Prud’homme, 2003a; Karnik
et al., 2008; Capretto et al., 2012). Precise regulation of the
flow rates provides a handle to control NP properties, such as
size, by tuning the mixing time (Johnson and Prud’homme,
2003b; Saad and Prud’homme, 2016). Microfluidic devices
based on hydrodynamic flow focusing have been used for
formulation screening (ug min~!), while on-scale production
(mg min~! to g min~!) was achieved with impinging jet
mixers and coaxial jet mixers (CJMs) (Karnik et al., 2008; Lim

et al., 2014; Hickey et al., 2015; Liu et al., 2015; Rode Garcia
et al., 2018). In our recent work, we developed a CJM from
off-the-shelf components for flow-based production of NPs that
enabled tunable NP size in both formulation screening mode
(~ng min~') and scalable production mode (~mg min—1)
(Bovone et al.,, 2019). While flow-based devices have improved
the process engineering and production of polymeric NPs,
automated processes are needed to offer user-independent
scale-up and to minimize human intervention during
pharmaceutical production.

In this study, we automated the CJM for continuous,
controlled, and scalable production of polymeric NPs. The system
exploited computer-controlled syringe pumps to tune the flow
rates of the block copolymer solution and aqueous streams within
the flow-based device. NPs of specified diameters were formed
by tuning the flow rates and the ratio of the two streams and
the CJM was operated stably, without human intervention, for
up to 24 h. PEGsg-b-PLAyox NPs were formed continuously
during stable operation, and the size was tuned between ~56
and ~79 nm within a single production process. The automated
CJM was then used to produce NPs from three distinct polymers,
PEGSK—b—PCLZQK, PEG5K—h—PLA20K, and PEG5K—b—PLGA20K,
with a similar diameter, D}, ~ 50 nm. In contrast, standard batch
nanoprecipitation of PEGsg-b-PCLyox, PEGsk-b-PLAok, and
PEGsk-b-PLGAx formed NPs of disparate diameters, Dy, ~
55, 76, and 60 nm, respectively. Stable operation and tuning
of NP size using flow conditions were demonstrated both for
dilute (10 mg mL™!) and concentrated (50 mg mL™1) polymer
solutions. In addition, the automated CJM controlled NP size
during formulation screening and scale-up of NP production.
Model nanotherapeutics were produced with a consistent NP
size using the automated CJM and Oil Red O (OR) as a model
hydrophobic small molecule drug. Finally, on-scale production
of NPs enabled the formation of PNP hydrogels in 0.6 g and 6.0
g batches, without altering the rheological properties of the PNP
gels. In total, the automated CJM enabled controlled and scalable
production of polymeric NPs with minimal user input, which is
essential for the design and translation of nanocarriers and PNP
gels for site specific delivery of therapeutics.

2. MATERIALS AND METHODS

2.1. Materials

PEGSk-b-PCLzok, PEGsk—b-PLAzok and PEGsk-b'PLGAzok were
purchased from PolySciTech, a divison of Akina, Inc. (USA).
Acetonitrile (ACN) and dimethylformamide (DMF) were
purchased from VWR International AG (CH). Ultrapure
deionized water (dH,0O) was freshly filtered using a Milli-Q IQ
7000 from Merck Millipore (CH). All components of the coaxial
jet mixer were purchased from BGB Analytik (CH) or Cole-
Parmer (US) and are listed in detail in our recent work (Bovone
etal., 2019).

2.2. Batch Nanoparticle Formation
Block copolymer solutions of 10 mg mL~! or 50 mg mL™! were
prepared by dissolving PEGsy-b-PCLygx or PEGsy-b-PLA; in
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ACN, and PEGsy-b-PLGAgk in DMF. The organic solution to
water ratio, R, was defined as

R = Vorganic (1)
Vim0

For each batch nanoprecipitation, 1 mL of block copolymer
solution (Vorganic) was added drop wise to 10 mL of dH,O (Vi,0;
R =0.1) under stirring at 650 RPM (Stir bar: 15 mm). All batch
nanoprecipitation experiments were performed in triplicate.

2.3. Flow-Based Nanoparticle Formation
2.3.1. Experimental Set-Up

The CJM design was based on similar devices used for inorganic
particle synthesis and a recently developed device from our
group for the flow-based production of polymeric nanoparticles
(Baber et al., 2015; Bovone et al., 2019). The CJM was assembled
from off-the-shelf components within minutes. In brief, an inner
fused silica capillary was centered coaxially to an outer PTFE
tube (ID = 1/32"; OD = 1/16"; L = 12 cm). Two different
fused silica capillaries were used depending on the selected R
for NP production; for R = 0.005 the capillary dimensions
were OD = 363 um and ID = 100 pum, and for R = 0.1
the capillary dimensions were OD = 363 um and ID = 150
pm. All components were assembled in a PEEK T-junction.
The alignment of the capillary and the main channel was the
most difficult step and extra care should be taken here to
ensure proper alignment of the device. The effect of alignment
on NP production was tested previously by disassembling and
reassembling the device after each synthesis (Bovone et al,
2019). NP fabrication with different capillary alignments showed
a variability of up to £10 nm. As this issue was studied
extensively in our previous work, each automated production
experiment was conducted using the same device and the inner
capillary was exchanged as needed. The CJM was designed such
that the block copolymer solution flowed through the inner
fused silica capillary and the dH,O flowed through the outer
PTFE channel. The fluid streams were delivered from 2.5, 10,
or 50 mL gas-tight syringes (SETonic) operated by computer-
controlled syringe pumps (CETONI NeMESYS Low Pressure
29:1 gear & CETONI NeMESYS Low Pressure 14:1 gear). The
pumps, and thus the flow rates of the fluid streams, were
controlled externally by a LabView (National Instruments, USA)
script provided in the Supplementary Material (Section S1.2),
which utilized functions from the Qmix software developement
kit (CETONI).

2.3.2. CJM NP Formation

For nanoprecipitation in the CJM, the block copolymers PEGsy-
b-PCLzok, PEGSk-b-PLAzok, or PEGsk-b-PLGAzok were ﬁrst
dissolved in ACN or DMF at concentrations of 10 mg mL™! for
dilute NP formulation screening or 50 mg mL~! for concentrated
NP production. DMF was used for block copolymers that
nanoprecipitate into larger NPs, i.e., PEGs-b-PLGA;(, as NPs
produced with DMF were smaller than those produced with
ACN, in preliminary experiments. In CJM experiments, the

organic solution to dH,O ratio, R, was defined as:

_ Qurgunic
Qm,0

R 2)

where Qorganic and Qpu,0 represent the volumetric flow rates of
the respective fluid streams. NP formation in dilute conditions
was performed at R = 0.005. Concentrated NP production was
performed at R = 0.1. Volumetric flow rates of dH,O used in our
study ranged from ~1 to ~35 mL min~!, whereas the organic
solution volumetric flow rate ranged from ~50 L min~! to ~4
mL min~!. The Reynolds number, Re, for each experiment was
calculated by estimating the viscosity and density of the final
solvent-water mixture from literature values (Aminabhavi and
Gopalakrishna, 1995). For the Re calculations, the inner diameter
of the water PTFE tube was used as the characteristic length. The
velocity was calculated based on the inner cross-sectional area
of the outer tube of the CJM. The experiments were performed
in cycles, which were determined by the complete refill and
dispensing of the syringes.

2.3.3. Automated NP Production

To automate NP production, the CJM was connected to
computer-controlled syringe pumps that dispensed the block
copolymer solution, optionally containing a model drug, and
dH,O (Figure 1). A graphical user interface (GUI) was designed
in LabView to control syringe filling from reservoirs of the two
solutions and dispensing through the CJM into a collection
reservoir. This enabled NP production without user intervention
outside of system set-up, sample collection, and formulation
switching. The flow rates or Reynolds number, Re, as well as
the ratio between the volumetric flow rates of the organic and
aqueous streams, R, were varied to control NP size.

For process automation, the NP production process was
divided into multiple operational steps, which were individually
programmed in LabView. During the first steps, the set-up was
paired to the LabView program, initialized, and all syringes and
valves were mounted. The production cycle was initiated with
the refill of the syringes with water and polymer solution. Prior
to starting the NP production, the flow rates were gradually
increased and both the water and NP precursor solution were
collected back into the respective reservoirs. When the flow rates
stabilized, the valves redirected the flow into the main channel
for NP production until one of the syringes was emptied to 15%
of its total volume. The valves switched the flow back to the
reservoirs, the flow rates were gradually decreased, and the cycle
started over with refilling both syringes. In some experiments,
the polymer or formulation solution was changed in between
cycles. In this case, the CJM was equilibrated over 3 cycles
of washing to accommodate the new formulation solution. A
detailed description of all steps and a summary of all data is
provided in the Supplementary Material (Sections S1.1 and S2).

2.4. NP Characterization

The hydrodynamic diameter, Dy, of the synthesized NPs was
characterized via dynamic light scattering (DLS) on a ZetaSizer
Nano ZS (Malvern, UK). A NP suspension volume of ~1 mL was
measured at a scattering angle of 173° at 25°C. NP suspensions
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LabVIEW Software developed
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FIGURE 1 | NP production in the automated CJM. The set-up was designed for the production of NPs and included syringe pumps, valves, and reservoirs that were
computer-controlled. A LabView program and a GUI enabled automation of the CJM to operate independently during NP production.

Water
reservoir

Coaxial jet mixer set-up

NP suspension produced

Collected product

formed at R = 0.1 were diluted in dH,O by a factor of 10. There
was no change in observed D, upon dilution (Bovone et al,
2019). NPs produced at R = 0.005 were analyzed as collected.
The z-average hydrodynamic diameter, Dy, and the dispersity,
b, were calculated over three measurements per sample. The
dispersity was calculated according to ISO 22412:2017 (2017-02):

2

Q

b= (3)

o
=

where T represents the scattered light intensity-weighted
average and o represents the standard deviation of the
distribution function.

2.5. Synthesis and Characterization of

Drug Delivery Systems

2.5.1. Encapsulation of Small Molecules

A solution of OR (0.5 mg mL™!) and PEGsk-b-PLAox (50 mg
mL~1) in ACN was prepared to achieve a theoretical drug loading
of 1%.

Mdrug in formulation . 100%

)
where Mgrug in formulation represents the total mass of model
therapueutic used in the formulation and iy formulation 18
calculated by the sum of the block copolymer mass and of the
model therapeutic mass. The formulation solution and dH,O
were injected into the CJM at ~3.2 mL min~! and ~32 mL
min~!, respectively (R = 0.1, Re = 1016). Approximately three
samples of 10 mL of the produced NPs were collected during each
cycle. After NP production, the hydrodynamic diameter of each
sample was measured via DLS. OR was quantified via UV-Vis
spectroscopy at A = 520 nm according to the protocol explained

Theoretical drug loading = tDL =

Miotal formulation

in the Supplementary Material (Section S1.3). The effective OR
loading into the NPs was defined as

Mdrug after filtration

-100%
©)

Effective drug loading = eDL =

Myotal formulation after filtration

where Mdrug after filtration and  Miotal formulation after filtration
represent the respective residual mass of drug and of total matter

after NP work-up.

2.5.2. Synthesis of Polymer-Nanoparticle Hydrogels
50 mg mL~! PEGsg-b-PLAyox NPs were synthesized in the
automated CJM with Qgp,0 ~32 mL min~! and Qorganic ~ 3.2
mL min~! (R = 0.1, Re = 1016). For the assembly of 0.6 g
PNP hydrogels, ~15 mL of the NP suspension were utilized, and
the remaining ~150 mL of the NP suspension were used for
scaling up the PNP hydrogels to 6 g. The PNP hydrogels were
composed by 2 %w/w hydroxypropylmethylcellulose (HPMC)
and 15 %w/w PEGsg-b-PLAyox NPs (HPMC:NP, 2:15 %w/w).
Further details on the synthesis of PNP hydrogels were reported
in the Supplementary Material (Section S1.4).

2.5.3. Rheological Characterization of
Polymer-Nanoparticle Hydrogels

Rheological tests were performed using a strain-controlled shear
rheometer (MCR 502; Anton Paar; CH) fitted with a Peltier
stage (T = 37°C). During the measurements, silicon oil was
used to prevent evaporation. All experiments were performed
using a 25 mm cone-plate geometry with a 2° truncation angle.
The storage modulus, G, loss modulus, G”, and the loss factor,
tan(8) = G—/,/, were measured with an oscillatory strain amplitude
sweep (y = 0.1-1000%) at a constant angular frequency (w =
10 rad s™!). Oscillatory step strain recovery experiments were
performed at w = 10 rad s™! to investigate the cyclic recovery
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from a high strain interval (1000%, 4 min) followed by a low
strain interval (0.3%, 8 min). The shear-thinning properties of
PNP hydrogels were investigated with rotational shear rate ramp
tests (3 = 0.1-100 s71).

3. RESULTS AND DISCUSSION
3.1. Automated CJM for NP Production

A coaxial jet mixer (CJM) was assembled based on previous
designs (Baber et al., 2015; Bovone et al., 2019) and automated
for flow-based nanoprecipitation of polymeric NPs. The
resulting NPs were compared to those produced by standard
batch nanoprecipitation. A solution of PEGsg-b-PLAjok in
ACN (50 mg mL™!) was nanoprecipitated in dH,O under
flow (R = 0.1, Re = 1016). In the CJM, the PEGsk-b-
PLAyx NPs formed with D, ~ 78 nm (Figure S7A). The
same polymer formed NPs with Dj ~ 94 nm via batch
nanopreciptiation (R = 0.1). In both cases, the NPs formed
with P < 0.1, indicating a narrow size distribution and
effective NP formation. Thus, the CJM produced PEGsk-b-
PLAyox NPs of similar size and quality to standard batch
nanoprecipitation.

As the CJM was programmed with unit operations for
automatic syringe filling and dispensing, the system could
operate independent of an operator following set-up and filling
of the organic and aqueous reservoirs. This enabled the CJM
to produce NPs continuously with standard lab-scale syringes
(up to 50 mL volume) over extended periods of time. For
example, the respective reservoirs were filled with ~830 mL of
PEGsg-b-PLAyox in ACN (10 mg mL~!) and 8.3 L of dH,O
and the automated CJM was programmed to produce NPs
under flow (R = 0.1, Re = 1016) for 24 h without human
intervention. The automated CJM operated stably without leaks
or clogging over the 24 h experiment. The ability to operate
continuously over extended periods of time is a major advantage
of the automated CJM and is essential for scalable production
of NPs.

3.2. Stable Operation of the CJM and
Tuning of NP Size During Operation

In an initial test, we demonstrated that the automated CJM
could operate without leaks or clogging for up to 24 h.
Here, we investigated the stability of NP production over
time and dynamic tuning of NP size during operation. First,
NPs were produced from PEGsg-b-PLAjox in ACN (10 mg
mL~!). The CJM was operated (Re 1047, R = 0.005)
for 12 filling and dispensing cycles, equivalent to 80 min of
operation time. Three discrete samples were collected directly
from the exit stream of the CJM to monitor NP properties
every second production cycle (Figure 2A). An additional sample
was taken from the NP suspension collection reservoir after
the 80 min of operation. During the course of continuous NP
production, NP size remained stable with D, &~ 51 nm and D =
0.06 — 0.09 for the discrete samples. The diameters from the
discrete samples were consistent with the NP diameter of the
samples from the collection reservoir. Thus, NP size and quality
remained constant during continuous operation, highlighting the

ability to produce NPs stably with the automated CJM, with
dilute conditions.

Another useful feature of the automated CJM is the ability to
modify the flow rates of the two fluid streams independently to
control Re and R and, therefore, NP size (Bovone et al., 2019).
Here, NPs were produced from PEGsg-b-PLAyox in ACN (10
mg mL™!) with D;, & 56 nm at Re = 1047 over eight filling
and dispensing cycles (Figure 2B). The size was then changed
to Dy ~ 79 nm (Re = 538) for the next eight cycles and then
back to 56 nm (Re = 1047) for an additional six cycles. These
results demonstrated that NP size could be tuned dynamically
during continuous operation by altering the flow conditions,
such as Re.

3.3. Scalable and Automated NP

Production

Beyond continuous and controlled NP prodution, scale-up
remains a major hurdle to clinical translation of nanotherapeutics
and PNP hydrogels for site specific delivery (Liu et al., 2015,
2018). To increase the NP production rate in the automated
CJM, the block copolymer concentration was increased to 50
mg mL~! and R was increased to 0.1. Here, NPs were produced
from PEGsg-b-PLA ok in ACN under flow with the concentrated
block copolymer solution. The CJM was operated (Re = 1016)
for 6 filling and dispensing cycles, equivalent to 40 min of
operation time. Discrete samples were collected directly from
the exit stream of the CJM to monitor NP properties every
cycle (Figure 2C). An additional sample was taken from the NP
suspension collection reservoir after the 40 min of operation.
During the course of continuous NP production, the NP size
remained stable with D, ~ 75 nm and P = 0.07 — 0.08 for
the discrete samples. The Dy and D of the sample from the
collection reservoir were 75 nm and 0.07, respectively. Thus, NP
size and quality remained constant during continuous operation
also in production mode. The increased size relative to the
dilute condition was expected as Cpoly and R are both known
to influence NP size (Karnik et al., 2008; Bovone et al., 2019).
With the current setup, a production rate of ~40 g day~! was
possible. This calculation accounted for the downtime needed
for the refilling steps, which was the most time consuming step
in this design of the CJM. This is a significant improvement
over the standard batch nanoprecipitation production rate.
Further, a theoretical production rate of 230 g day~! could be
achieved with the automated CJM given additional syringes and
pumps, such that some pumps could be refilling while others
are dispensing. The CJM was tested for automated Dy, tuning
during concentrated NP production. NPs were produced at Re
= 1016 for 4 cycles, followed by 4 cycles at Re = 522, and
returning to Re = 1016 for a final 3 cycles (Figure 2D). These
conditions produced PEGsg-b-PLAjox NPs of D, ~ 74, 98,
and 75 nm, respectively. The data demonstrates that the CJM
retained the ability to tune NP size also during concentrated
NP production.

3.4. Decoupling NP Formulation From Size
To further demonstrate the utility of flow control over NP size,
the CJM was exploited to prepare NPs from three common block
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copolymers used for drug delivery purposes, namely PEGsk-
b-PLAZOK, PEGSK-b-PCLzoK, and PEGSK-b-PLGAZOK. First,
PEGsk-b-PLAyx and PEGsg-b-PCLyox were each dissolved
in ACN and PEGsg-b-PLGA,ox was dissolved in DMF. NPs
were prepared via dilute batch nanoprecipitation (10 mg mL ™!
block copolymer solution, R = 0.005) with D, = 55 + 1,
76 = 1, and 60 = 5 nm, for PEGsg-b-PCLyox, PEGsk-b-
PLAyok, and PEGsg-b-PLGAyk respectively (Figure 3A). All
NPs formed with low dispersity (B < 0.1) and unimodal
size distributions (Figure 3B). The results show that batch
nanoprecipitation was able to produce NPs with low dispersity
in a simple manner; however, formulations using different block
copolymer chemistries resulted in NPs of distinct sizes. To
test the ability of the CJM to decouple NP size from block
copolymer chemistry, the device was used to produce NPs
from each block copolymer with a similar size, Dy ~ 50 nm,
by tuning the flow conditions (Figure 3C). This was achieved
with Re = 478, 1047, and 591 for PEGsg-b-PCLyox, PEGsk-b-
PLAyok, and PEGsg-b-PLGAk, respectively. The resulting NP

populations were similar both in their hydrodynamic diameter
and in their size distribution (Figure 3D). This demonstrated
that automated control of the flow conditions in the CJM
was sufficient to produce NPs with similar size and dispersity
from chemically distinct block copolymers, which formed NP of
different size in batch nanoprecipitation. That is, the automated
CJM was able to decouple Dy, from the chemical composition of
the NP.

Further, the CJM was tested on the stability of NP production
with PEGsK—b—PCLZOK, PEGSK—b—PLAZOK, and PEG5K—b—
PLGAox over time. NPs with D, ~ 50 nm were produced
from PEGsg-b-PCLyx in ACN (10 mg mL™1) for six cycles
(Re = 478) (Figure 3E). Then, NPs of a similar diameter were
produced from PEGsk-b-PLAyk in ACN (10 mg mL™!, Re =
1,047) and PEGsg-b-PLGA ok in DMF (10 mg mL~!, Re = 591)
for an additional six cycles each. The automated CJM was also
tested on the concentrated production of NPs using the same
block copolymers. In concentrated batch nanoprecipitation,
these polymers (50 mg mL~™!, R = 0.1) formed NPs with
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FIGURE 2 | Stable PEGsx-b-PLAxok NP production and size control in the automated CJM. (A) PEGsx-b-PLAxox was nanoprecipitated over several automated
cycles (Re = 1047) showing reproducible and stable NP size over the whole production process. (B) Change in Re between 1,047 (D, ~ 56 nm) and 538 (D, ~ 79
nm) demonstrated control over NP size by altering flow conditions. (C) Concentrated automated production of NPs was carried out with commonly used block
copolymers at 50 mg mL~" and R = 0.1. PEGsk-b-PLAxox NP production remained stable (Re = 1016), Dy &~ 75 nm, with a production rate of ~40 g day~". (D) Re
controlled NP size for the concentrated PEGsx-b-PLAx o« formulations where Re = 1016 lead to Dy, &~ 74 nm and Re = 522 lead to D, ~ 98 nm.
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FIGURE 3 | Nanoprecipitation of common block copolymers via batch and with the automated CJM. (A) Diluted screening of NP size was carried out with commonly
used block copolymers at concentrations of 10 mg mL~" and R = 0.005. Batch nanoprecipitation (10 mg mL~", R = 0.005) of PEGsx-b-PClLaook or PEGisk-b-PLAxok
dissolved in ACN and PEGsx-b-PLGAk dissolved in DMF produced NPs of Dy, ~ 76, 55, and 60 nm, respectively with B < 0.1. (B) Corresponding size distribution of
NPs produced in batch. (C) Flow control in the CJM enabled production of NPs with uniform size from chemically distinct formulations, D, = 50 +5 nm. NP production
was carried out at Re = 478, 1047, and 591, respectively for PEGsk-b-PClLook, PEGsk-b-PLA2ok, and PEGsk-b-PLGAxok . (D) Relative size distribution of the CJM
produced NPs. (E) The automated flow-controlled CJM enabled the continuous production of NPs with similar size Dy ~ 50 nm from the chemically distinct block
copolymers over multiple cycles. (F) Concentrated automated production of NPs was carried out with commonly used block copolymers at 50 mg mL~" and R = 0.1.
Pairs of similar diameter but chemically distinct NPs were produced in the CJM. NPs were produced with Dy, ~ 65 — 78 nm from PEGsk-b-PCLook (Re = 478) and
PEGsk-b-PLA2ok (Re = 1016). Subsequently, NPs were produced with Dy, ~ 96 — 103 nm from PEGsk-b-PLAxox NPs (Re = 522) and PEGsk-b-PLGA 0k (Re = 833).

Dy ~ 65, 94, and 127 nm, respectively (Figure S7B). Here,
pairs of similar diameter but chemically diverse NPs were
produced (Figure 3F). In the first 3 cycles, PEGsk-b-PCLyox

was nanoprecipitated at Re = 464 and PEGsg-b-PLAyok at Re
= 1016, producing NPs in the range of Dy, 65 — 78 nm.
In the subsequent 3 cycles, the size of PEGsk-b-PLAyox NPs

%
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was increased (Re = 522) and matched to the one of PEGsg-b-
PLGAjox (Re = 833), forming NPs of Dj, &~ 96 — 103 nm. These
results confirmed that stable NP size control can be achieved
in the automated CJM also for concentrated formulations,
independent of the chemistry of the block copolymer. The
CJM device decoupled NP size from the specific formulation,
enabling the tuning of NP dimensions as a separate design
parameter of polymeric NPs. These data further demonstrated
the ability of the automated CJM to produce particles
continuously and stably both in formulation screening and
production modes.

3.5. Formation of Drug-Loaded NPs

One of the main applications of polymeric NPs is for the
formation of drug-loaded nanotherapeutics. Here, we tested the
ability of automated CJM to produce drug-loaded NPs in a
stable manner. OR was selected as a model drug owing to its
hydrophobicity and ease of detection. A solution of PEGsg-b-
PLAk (50 mg mL~!) and OR (0.5 mg mL™!) in ACN was used
as the organic stream and NPs were nanoprecipitated from dH,O
under flow (Re = 1016, R = 0.1) in the automated CJM with a
target OR loading of 1%. OR-loaded NPs were produced stably
over four cycles, or 30 min of operation time, with Dy, ~ 89 — 99
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FIGURE 4 | Synthesis of nanotherapeutics and scale-up of PNP hydrogels. (A) PEGsx-b-PLAsok (50 mg mL~") and OR (0.5 mg mL~", tDL ~ 1%) were
nanoprecipitated at Re = 1016. NP size was stable over the production D, ~ 93 nm and the eDL converged to ~0.4%. (B) CJM NP synthesis allowed the production
of PNP hydrogels (HPMC:NP, 2:15 wt%) on the 0.6 g and on the 6.0 g scale. Dynamic moduli were measured via oscillatory strain amplitude sweeps (y =
0.1-1000%, w = 10 rad s~') (C) Rotational shear rate ramp (% =0.1-100 s~ of both the 0.6 g and of the 6.0 g PNP hydrogels showed decrease in viscosity with
increasing shear rate demonstrating that the shear-thinning properties were retained at both scales. (D) The self-healing behavior of the 6.0 g PNP hydrogel was
characterized with step strain measurements by alternating intervals of high (1000%, w = 10 rad s') and low (0.3%, & = 10 rad s~') shear strain amplitude. The
scaled-up PNP hydrogel demonstrated its ability to self-heal, as reported in literature and similarly to the 0.6 g hydrogel (Figure S8). (E) 0.6 g and 6.0 g PNP.
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nm (Figure 4A). The OR loading in the first cycle was ~0.7 &+
0.2% and ~0.4 £ 0.1% for each of the subsequent cycles. The
reason for the discrepancy between the first and the subsequent
cycles was not clear and we hypothesized that it was caused by
a transient effect during the first phase of CJM operation. These
results demonstrated that the automated CJM was also useful for
the stable production of model nanotherapeutics.

3.6. Fabrication of Polymer-Nanoparticle
(PNP) Hydrogels

An emerging application of polymeric NPs is as building blocks
for the assembly of PNP hydrogels (Appel et al., 2015a,b; Guzzi
et al., 2019; Lopez Hernandez et al, 2019; Stapleton et al.,
2019; Steele et al, 2019). PNP hydrogels form spontaneously
upon simple mixing of an appropriately paired polymer, e.g.,
hydroxypropylmethylcellulose (HPMC) or Cl2-functionalized
hyaluonic acid, and a concentrated solution of core-shell NPs
under aqueous conditions. PNP hydrogels are shear-thinning
and self-healing owing to the reversible interactions between
the polymers and NPs, and have been used for site specific
delivery of therapeutics following injection in vivo (Appel et al.,
2015b; Fenton et al., 2019; Steele et al., 2019). The clinical
potential of these materials is significant; however, biomedical
PNP gels are currently limited in the scale of their production.
As PNP gels form via admixing of a polymer solution and
a NP solution, the main limitation to scale is the availability
of large amounts of high quality polymeric NPs (Yu et al,
2016). Therefore, we leveraged the automated CJM to produce
~1 g of PEGsk-b-PLAyk NPs (D, &~ 80 nm). The NPs were
concentrated using centrifugal filter units (Amicon Ultra-15,
Ultracel membrane, MWCO = 50 kDa; Millipore) to a stock
concentration of 20%w/w in dH,O. From this suspension, two
PNP gel samples were prepared at a final concentration of 2%w/w
HPMC and 15%w/w NPs at a standard production of 0.6 g
and a scaled production of 6.0 g. The rheological properties,
G’ = 220 Pa and a tan(§) ~ 0.65, were consistent for the
two scales (Figure4B). The scaled version of the PNP gel
maintained a high degree of shear-thinning (Figure 4C) and
rapid self-healing (Figure 4D and Figure S8). This demonstrated
that the automated CJM enabled more efficient and higher scale
production of injectable PNP gels (Figure 4E), which could
be useful for site specific delivery of therapeutics following
local injection.

4. CONCLUSION

In this work, we engineered an automated CJM operated by
computer-controlled syringe pumps and valves. A LabView
program and a GUI were designed to enable external control over
the cycles of refilling, dispensing, and washing and, therefore,
NP production. The automated CJM was operated for up
to 24 h without user intervention and enabled robust and
stable production of PEGsg-b-PLAyox NPs. PEGsg-b-PLAx
NP diameter was tuned by controlling the flow conditions, D, ~
56 or 79 nm at Re = 1047 or 538, respectively. Flow-control

in the automated CJM enabled nanoprecipitation of chemically
diverse block copolymers, PEGsk-b-PCLyox, PEGskx-b-PLAk,
and PEGsg-b-PLGAk, with similar size, D;, & 50 nm. Stable,
robust, and controlled production of NPs was demonstrated
both for dilute (10 mg mL~!, R = 0.005, production rate ~ 0.3
mg min~! including refill time) as well as for concentrated NP
formulations (50 mg mL~!, R = 0.1, production rate ~ 30 mg
min~! including refill time). A key application of the automated
CJM would be for the production of nanotherapeutics, therefore,
a model small molecule drug, OR, was encapsulated in PEGsg-
b-PLAox NPs. NPs of similar size, D;, =~ 93 nm, and effective
OR loading, eDL ~ 0.4%, were produced stably over several
cycles with a production rate of ~30 mg min~!. NPs are
not only attractive for systemic drug delivery, but also as
a structural component for the formation of injectable PNP
hydrogels for site specific drug release. NPs produced with
the automated CJM were used for scale-up of PNP hydrogel
formation from 0.6 g to 6.0 g. The mechanical properties of
the PNP hydrogels were invariant of scale. Thus, the engineered
CJM enabled automated, controlled, and continuous synthesis
of various common polymeric NPs at different production
rates, and for the synthesis of both systemic and local drug
delivery systems. Further developments of these fluidic platforms
could be instrumental for future translation of nanomaterials to
production scales.
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The exploitation of nanosized materials for the delivery of therapeutic agents is already
a clinical reality and still holds unrealized potential for the treatment of a variety of
diseases. This review discusses physiological barriers a nanocarrier must overcome in
order to reach its target, with an emphasis on cancer nanomedicine. Stages of delivery
include residence in the blood stream, passive accumulation by virtue of the enhanced
permeability and retention effect, diffusion within the tumor lesion, cellular uptake, and
arrival at the site of action. We also briefly outline strategies for engineering nanoparticles
to more efficiently overcome these challenges: Increasing circulation half-life by shielding
with hydrophilic polymers, such as PEG, the limitations of PEG and potential alternatives,
targeting and controlled activation approaches. Future developments in these areas will
allow us to harness the full potential of nanomedicine.

Keywords: nanomedicine, nanoparticle, nanocarrier, drug delivery, barrier, EPR effect, stimulus-responsive, PEG

1. INTRODUCTION

In the ever-continuing arms race between medical researchers and the ailments they are trying
to tackle, nanotechnology has emerged as a useful ally. A nanoparticle (NP) is an object with
dimensions in the nanometer range (Figure 1). A nanocarrier is a nanoparticle utilized for the
transport of a cargo, for instance a therapeutic molecule. The diversity of available nanoparticles for
drug delivery is considerable and includes polymeric nanoparticles, dendrimers, carbon nanotubes,
quantum dots, metallic nanoparticles or lipid-based systems, such as micelles or liposomes
(Hughes, 2005; Cho et al., 2008; Bogart et al., 2014; Matea et al., 2017). Liposomes were first
described by Bangham et al. (1965) and would eventually prove to be a promising candidate for the
encapsulation of therapeutic molecules. In fact, the first nanoparticulate drug to be approved by
the US Food and Drug administration (FDA) has been Doxil (marketed as Caelyx outside the US)
(Barenholz, 2012), a liposomal formulation of the cytostatic agent doxorubicin. Several liposomal
drug products are now in clinical use (Bulbake et al., 2017), many of which are intended for the
treatment of cancer, and new ones continue to reach approval status. In 2015, the FDA approved
Onivyde (liposomal irinotecan) for the use in metastatic pancreatic cancer, a disease with a dismal
prognosis for affected patients. The phase 3 trial showed an (albeit moderate) extension of overall
survival (Wang-Gillam et al., 2016) that was confirmed in a recent follow-up study (Wang-Gillam
et al,, 2019). In 2017, Vyxeos (liposomal synergistic combination of daunorubicin and cytarabin)
was approved for acute myeloid leukemia (Lancet et al., 2018). Innovative liposomal formulations
also make their mark in disciplines other than oncology: Arikayce (liposomal amikacin) was FDA-
approved in 2018 for the management of non-tuberculous mycobacteria infection (Griffith et al.,
2018)—however, the application in Europe was withdrawn in 2016 (with intent to resubmit) after
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FIGURE 1 | Size comparison of nano- and microscale structures. Shown to the bottom left is the skeleton structure of doxorubicin, a typical cargo molecule for
nanoparticle formulations, with a size of ~1.5 nm. Adjacent to this small molecule, a typical antibody molecule (height of ~10 nm) is shown next to a small unilamellar
liposome with a diameter of 100 nm. The diameter of the bacterium S. aureus is ~1 um, and that of a human erythrocyte is ~8 pm.

data from a phase 2 trial failed to convince the European
Medicines Agency (EMA) of the drug’s benefits. Also in 2018,
a vaccine was approved for the prevention of Herpes Zoster
in older patients, which contains a liposomally formulated
adjuvant (Shingrix).

These examples highlight the potential of nanoparticulate
formulations in general, and liposomally encapsulated drugs
in particular. They also illustrate the breadth of applications
(potential and actual) for these types of therapeutics, which is
supported by an exhaustive overview of nanoparticles either
approved clinically or undergoing clinical trials (Anselmo and
Mitragotri, 2016, 2019).

This review aims to highlight the challenges faced by such
formulations during their journey toward their destination and
what strategies have been devised to try and circumvent these
obstacles, with a focus on cancer therapy. Previous excellent
reviews have considered related issues. For instance, Blanco et al.
reviewed biological barriers to nanoparticle delivery, highlighting
the influence of the physicochemical and geometric properties
of nanoparticles (Blanco et al, 2015). Yu et al. considered
numerous nano-scaled delivery devices with a focus on protein
delivery and topical delivery modalities (Yu et al., 2016). This

Abbreviations: ABC, accelerated blood clearance; CDM, 2-propionic-3-
methylmaleic anhydride; CT, computed tomography; EPR, enhanced permeability
and retention effect; hGH, human growth hormone; HIF, hypoxia-inducible factor;
HIFU, high-intensity focused ultrasound; HPMA, poly(N-[2-hydroxypropyl]
methacrylamide); ID, injected dose; KS, Kaposis sarcoma; LTSL, lyso-
thermosensitive liposomes; MMP, matrix-metalloproteinase; Nbz, o-nitrobenzyl;
NIR, near-infrared; NP, nanoparticle; PAcM, poly(N-acryloyl morpholine);
PAE, poly-p-aminoester; PAMAM, polyamidoamine; PCL, polycaprolactone;
PDMA, poly(N,N-dimethylacrylamide); PDT, photodynamic therapy; PEG,
polyethylene glycol; PET, positron emission tomography; P-gp, P-glycoprotein;
PLD, PEGylated liposomal doxorubicin; PLGA, poly(lactic-co-glycolic acid);
PMOX, poly(2-methyl-2-oxazoline); POPE, 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoethanolamine; PPE, palmar-plantar  erythrodysesthesia;  PSar,
polysarcosine; PVP, poly(vinylpyrrolidone); RBC, red blood cell; RFA, radio
frequency ablation; ROS, reactive oxygen species; scFv, single-chain variable
fragment; SIRP, signal-regulatory protein; SPION, superparamagnetic iron
oxide nanoparticle; TAM, tumor-associated macrophage; UCNP, upconversion
nanoparticle; VEGE, vascular endothelial growth factor.

work is supposed to complement them with recent findings and
developments of the last years. In particular, important progress
has been made in attempts to quantitatively understand the
processes leading to nanoparticle delivery and internalization.
When examples are given for principles of nanoparticle design,
we furthermore focused on systems which were efficacious
clinically or at least in mammalian model organisms (as opposed
to cell culture assays alone), whenever possible.

To illustrate the underlying principles, we will follow an
injected nanoparticle from the site of injection toward the site of
action. We first summarize the basis of the enhanced permeability
and retention (EPR) effect and highlight its heterogeneous
nature. We then shift the focus from the physiology of the
disease to the characteristics of the nanoparticle and discuss
shielding strategies, which are required to confer long half-
lives on nanoparticles in order to exploit the EPR effect
and allow arrival at the tumor. Furthermore, we consider
options for stimulus-responsive designs of nanocarriers to
maximize their capability of reaching (and interacting with)
their target cells. Finally, we give an overview about targeting
modalities to direct nanoparticles to their destined target
cells within the tumor tissue and their intracellular sites
of action.

2. CANCER NANOMEDICINE: FROM
INJECTION TO TUMOR

A large amount of effort is being expended to enable and
advance the application of nanotechnology-based drugs for the
treatment of cancer. To exert their intended effect and eliminate
malignant cells, these agents, like any drug, must first and
foremost be capable of reaching the site of the lesion. A frequently
cited, yet controversially discussed concept in research aimed
at developing new nanocarriers for oncological treatments is
the so-called enhanced permeability and retention (EPR) effect
(Rosenblum et al., 2018). The term was coined by Matsumura
and Maeda (1986) and describes the tendency of macromolecules
and nano-sized-particles to accumulate in neoplastic tissues,
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therefore facilitating passive targeting without the need for
additional modifications of the carrier.

2.1. The Pathophysiological Basis of the
EPR Effect

The underlying fundamental process toward the establishment
of the EPR effect is neovascularization of the tumor tissue, an
occurrence that was labeled as one of the hallmarks of cancer
(Hanahan and Weinberg, 2011). It results in the sprouting of
new vessels which are, however, of inferior quality compared
to healthy vessels. The wall of regular capillaries is primarily
made up of endothelial cells, which contain the blood flow
toward their luminal side. In most tissues, endothelial cells are
connected by tight junctions. In some specialized tissues (such
as the kidney glomeruli, endocrine glands or the intestine),
the endothelial wall is punctured by fenestrae, small pores of
~60 nm in diameter covered by a negatively charged glycocalyx.
The capillaries of the liver and bone marrow feature larger
transcellular pores in the endothelial cells, allowing exchange
of serum proteins with the interstitium, but this process is
highly regulated (Stan, 2007). In the spleen, the capillaries
display true intercellular gaps which allows extravasation of
erythrocytes and requires them to be deformable enough
to re-enter the venous system, filtering out aged and rigid
cells (Mebius and Kraal, 2005).

As a tumor continues to grow, its demands increase regarding
the acquisition of oxygen and nutrients on the one hand, and
the expulsion of waste products on the other. Simultaneously,
the distance to the nearest capillary increases. A normoxic
environment persists in a radius of ~100 wm around a vessel
(Fang et al., 2008), with hypoxia becoming increasingly prevalent
as the distance increases further. The hypoxia-inducible factor 1
(HIE-1) is a dimeric transcription factor, consisting of HIF-1a
and HIF-1p (Eales et al., 2016). As O, levels decrease, HIF
accumulates and induces transcription of its target genes, which
includes the vascular endothelial growth factor (VEGF) family.
The VEGFs are key players during angiogenesis, but by no means
the only one. In tumors, the finely balanced microenvironment of
angiogenic factors is disrupted, VEGF is not only upregulated by
HIF via hypoxia, but also via the activation of oncogenes (Dvorak,
2003), resulting in aberrant vessels that are highly heterogeneous
and differ from normal vessels in several important aspects (Less
etal, 1991; Nagy et al., 2010; Azzi et al., 2013).

The induced vessels display gaps in between the endothelial
cells (Hashizume et al.,, 2000) and are less selective regarding
the permeability of particles. Around tumor vessels, the sheet
of pericytes [a heterogeneous cell type which surrounds healthy
vessels and is important for their proper functionality (Armulik
et al., 2005; Attwell et al., 2016)] is not necessarily completely
absent. However, their association with the endothelial wall
is loose and their morphology differs from regular pericytes
by the presence of protrusions away from the vessel wall,
which are not seen in their regular counterparts (Morikawa
et al,, 2002). Likewise, the basal membrane of these vessels
is compromised and differs in thickness, compactness and its
cellular association (Baluk et al., 2003; Kalluri, 2003).

Additionally, tumors are frequently also sites of chronic
inflammation to which a diverse array of different leukocytes
is recruited (Hanahan and Weinberg, 2011; Coussens et al.,
2013). They contribute to the production of tissue mediators
of inflammation, which act on blood vessels to increase their
permeability, further increasing leakiness, and agents modulating
the relevant pathways can be used to modulate the EPR
effect (Wu et al., 1998; Maeda et al., 2000).

These irregularities contribute to an inadequate blood supply
of the tumor, creating a hypoxic and acidic milieu. They also
account for the enhanced permeability component of the EPR
effect and allow extravasation of macromolecules and particles
up to ~400 nm in size due to increased leakiness (Gerlowski and
Jain, 1986; Yuan et al., 1995), but depending on the tumor type,
this cutoff can be larger or smaller (Hobbs et al., 1998).

The second component, the enhanced retention, is a
consequence of the aberrant lymphatic architecture (Stacker
et al., 2014). Although metastatic spread frequently occurs
by means of lymphatic dissemination, this appears to be
mediated by lymphatic vessels in the periphery of the tumor
mass, whereas internal vessels tend to collapse under the
high tissue pressure (Leu et al., 2000; Padera et al, 2002).
Consequently, tissue homeostasis within tumors is disrupted, and
previously extravasated particles are not efficiently funneled back
into the blood via lymphogenic transport through the ductus
thoracicus (Noguchi et al., 1998).

Although the effects mentioned above were initially described
in a static context, the tumor vasculature and the EPR effect
appear to be subject to dynamic changes, as vents within
the vessels open transiently to allow efflux of fluid into the
surrounding tissues (Matsumoto et al., 2016). For larger particles,
these events, termed eruptions, may be the only chance to leave
the vessel lumen, and therefore allow them fewer opportunities
to re-enter the circulation the way they left it, resulting in their
entrapment (Ngoune et al., 2016).

In sum, both aspects (enhanced permeability and enhanced
retention) can result in accumulation of particles, given
sufficiently long circulation times of the particles in question for
this process to take place.

2.2. Magnitude and Heterogeneity of the
EPR Effect

Cancer is a generic term for the description of a large and
heterogeneous class of diseases. The National Cancer Institute
lists almost 200 types of cancers on their website. Likewise, the
alterations described above are highly heterogeneous, within and
between tumors, and the EPR effect cannot simply be generalized
as a feature of all cancers (Maeda, 2015; Danhier, 2016). For
less well-vascularized lesions, the efficiency of accumulation
tends to be higher for small particles, whereas the influence of
particle size diminishes as the lesion vascularization and leakiness
increase (Cabral et al., 2011).

Broadly, many different factors influence the unique
prevalence of the EPR effect in a given lesion, including the
tumor type and stage, the characteristics of the individual patient
under consideration, as well as the location of the tumor and
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Heterogeneity
of the
EPR Effect

Particle Characteristics

FIGURE 2 | Heterogeneity of the EPR effect. The EPR effect is a very heterogeneous phenomenon. Its presence and magnitude depend on the type of tumor under
consideration, whether the lesion is of primary or metastatic origin and on the characteristics of each individual patient. Additionally, in which host tissue a lesion
resides and where it is located is influential as well. Within a given tumor, accumulation of nanoparticle therapeutics may be heterogeneous owing to internal tissue
composition and characteristics. Different types of particles are likewise heterogeneous in their behavior, owing to variations in, for instance, size, shape, charge or
material. Most preclinical research is performed in small rodents, however, the species under investigation will also affect the EPR effect.

local properties in different zones of a tumor. For example, for ~ cancer (Wang-Gillam et al., 2016)]. Additionally, the features
Kaposi’s sarcoma (KS), a sarcoma of vascular origin (Radu and  of the particle used to investigate the EPR effect will influence
Pantanowitz, 2013), doxorubicin levels in the lesion area were  conclusions, and findings from laboratory animals are not
higher after treatment with Doxil compared to non-PEGylated  necessarily transferable to the situation in humans (Figure 2).

doxorubicin (Northfelt et al., 1996) [but overall survival was not In a comprehensive meta-analysis, the reported accumulation
improved (Northfelt et al., 1998; Cooley et al., 2007; Udhrain ~ of nanoparticles in preclinical tumor models was analyzed
et al, 2007)]. Contrary to KS, pancreatic adenocarcinomas and presented in terms of % injected dose (%ID) (Wilhelm
tend to be hypovascular (Sofuni et al., 2005; Olive et al., 2009), et al, 2016). The published data (available from the paper’s
potentially hampering the EPR effect [yet, a combination therapy =~ supplementary materials and the Cancer Nanomedicine
of Onivyde plus 5-fluorouracil and leucovorin moderately — Repository, http://inbs.med.utoronto.ca/CNR) also provides
improved overall survival in patients of metastatic pancreatic = quantification of accumulation with a target quantity of
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% injected dose per g of tissue (%ID/g), which was investigated
here to facilitate comparison with other studies. This revealed
that the median accumulation, normalized to tissue mass, was
highest for pancreatic tumors (5.8 %ID/g, range 1.8-13.4) and
lowest for lung tumors (1.1, 0.04-45.8). This observation stands
in apparent contradiction to the aforementioned hypovascular
characteristic of pancreatic cancers. However, as outlined above,
a multitude of other factors, such as particle characteristics
or the type of tumor model also influences tendencies of
accumulation. For example, in their original investigation,
Wilhelm et al. conducted a multivariate analysis over their full
dataset, in which p-values for the effect of particle diameter and
tumor model on delivery efficiency (%ID) were not significant
individually (>0.05), but the interaction of both terms was.
These observations and trends illustrate the heterogeneity
of the EPR effect even in rodent models, for which it is
generally well-accepted.

A large fraction of the injected dose is sequestered by tissue-
resident macrophages before it can accumulate in the tumor
tissue, and very small particles (below ~5 nm in diameter) may
also be cleared in the kidneys (Figure 3). When the macrophage
populations of the liver and spleen were depleted by pretreatment
with clodronate liposomes, the fraction of particles found in
the liver and spleen were reduced or increased, respectively
(Tavares et al., 2017). Concomitantly, plasma half-life and tumor
accumulation of gold nanoparticles both increased significantly.
However, although a large relative increase compared to the
non-depleted condition was found, absolute accumulation of
particles in the tumor still did not exceed 2% ID, emphasizing
that premature clearance by macrophages is not the only
mechanism preventing efficient accumulation. Overall, the effects
of macrophage depletion were found to be polymorphic for
the different xenografted tumor models of human origin used
by the authors: in an orthotopic MDA-MB-435S (melanoma)
model, no increased tumor accumulation (in terms of %
injected dose) was observed. In the orthotopic MDA-MB-231
(mammary adenocarcinoma), the heterotopic SKOV3 (ovarian
adenocarcinoma) and the heterotopic A549 (lung carcinoma)
models, a 20-fold increase was observed, whereas a 100-
fold increase was achieved in the orthotopic PC3 (prostate
carcinoma) model.

Small animal models are useful for characterization of the
EPR effect and verifying the efficacy of new nanotherapeutic
formulations, but the situation is even more complicated and
inadequately understood for larger animals and humans. More
recently, quantification attempts of long-term accumulation have
been made. In a study with dogs, ®*Cu?*-labeled liposomes with a
lipid composition equivalent to Doxil were used to quantitatively
measure their deposition in various cancers by Positron Emission
Tomography (PET) and Computed Tomography (CT) (Hansen
et al., 2015). Liposome uptake in tumors increased from 1 to
24 h in 6 out of 7 carcinomas, but not in sarcomas. One
of the dogs had metastases in the lung and axillary lymph
node, in which liposome accumulation occurred. The achieved
concentrations 24 h after administration ranged between 0.0048
and 0.0231 %ID/g for the carcinomas, and between 0.0011 and
0.0038 %ID/g for the sarcomas.

®4Cu?*-based PET imaging was also used in a clinical
study involving MM-302, a PEGylated liposomal formulation of
doxorubicin with targeting activity toward HER2 (a growth factor
receptor overexpressed in many mammary carcinomas) for the
treatment of breast cancer (Lee et al., 2017). Tumor deposition
was heterogeneous both within lesions of the same patient and
between patients, and varied between ~0.001 and 0.01 %ID/g on
day 2 after administration. A correlation between lesion size and
carrier accumulation was not found. Deposition also occurred in
normal liver, spleen and bone marrow, but not in other normal
tissue, such as muscle.

Comparing the quantitative data of accumulation obtained
from preclinical (rodent) studies (Wilhelm et al., 2016) and
veterinary and human clinical observations (Hansen et al., 2015;
Lee et al, 2017), a large discrepancy between both branches
is evident, with rodent tumor models displaying a manifold
higher uptake. This highlights the difficulty in translating
observations from currently widely used investigative tools
to the clinic due to profound differences in the underlying
biological processes, such as the rate of growth or the size of
malignancies relative to the host. Both of these are excessive
in rodent models (Lammers et al., 2012a; Danhier, 2016).
However, it has also been noted that focusing exclusively on
the extent of accumulation omits other crucial parameters for
the evaluation of drugs, such as their pharmacokinetic and
toxicological properties, which can contribute to positive clinical
outcomes, for instance by prolonging the exposure time to the
compound (McNeil, 2016).

A big unmet need in cancer medicine is the effective
extermination of metastases. In secondary lesions, the EPR
effect will likely only be present in nodules that exceed
the size threshold above which vascularization becomes a
necessity, and will probably be equally heterogeneous. Although
the physiological processes of abnormal vessel development
underlying the EPR effect could be observed even in the initial
phases of tumorigenesis (Hagendoorn et al., 2006), early and
small lymphogenic metastases were not efficiently targeted by
>150 nm liposomes (Mikada et al., 2017). However, 30 nm
polymeric micelles loaded with a platinum complex suppressed
lymph node metastases in a melanoma model, suggesting
only a low grade EPR effect in these nodules (Cabral et al.,
2015). In larger lesions, the EPR effect may eventually become
significant, as exemplified by the efficiency of a pirarubicin-
polymer against metastatic lung cancer (Tsukigawa et al., 2015)
and the deposition of ®*Cu?*-labeled liposomes in secondary
lesions (Lee et al., 2017).

The specific tumor microenvironment affects extravasation
of nanoparticles to a large extent, but the inverse may also
be true. Recently, inorganic TiO, nanoparticles were shown
to promote gaps in between endothelial cells (Setyawati et al,,
2017; Tay et al, 2017) and facilitate subsequent extravasation
of cancer cells from the primary lesion to form metastases
(Peng et al., 2019). Additionally, it has been suggested that
liposomes not loaded with drug molecules may promote tumor
growth and angiogenesis (Sabnani et al., 2015). Whether these
are generalizable observations and whether they hold true for
different types of inorganic or organic nanoparticles is presently
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Nanoparticles

FIGURE 3 | Systemic clearance of nanoparticles. Following intravenous injection, nanoparticles are distributed systemically through the bloodstream. They reach the
liver and the spleen, where tissue-resident macrophages (called Kupffer cells in the liver) sequester a large portion of the administered dose. Nanoparticles small
enough to pass the glomerular filter (below ~5 nm) are excreted in the urine. Remaining nanoparticles have the opportunity to accumulate in tumor tissues.
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unclear, but these questions are of potentially profound impact to
the field of nanomedicine.

Thus, although the EPR effect is a reality in clinical settings,
it is far from a simple manner and warrants critical evaluation
(Figure 2). Exploiting it effectively remains a complicated
challenge and will likely require individually tailored strategies in
the clinic (Lammers et al., 2012b). Pharmaceutical interventions
for enhancement of the EPR effect have been proposed (Fang

et al, 2011), for instance by administration of hypertensive
agents, such as angiotensin-II or by increasing vessel leakiness
via NO-releasing compounds (such as nitroglycerine, which is
used for the management of angina pectoris). On the other
hand, inducing maturation of tumor vessels, for instance by
inhibition of the VEGF signaling cascade, was reported to
improve delivery of small and intermediately sized nanoparticles
up to 40 nm to tumor tissue (Chauhan et al, 2012; Jiang
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et al., 2015) due to a reduction in the interstitial pressure
and consequent dominance of convection over the less efficient
diffusion (see next section). However, the effect on larger particles
(above 60 nm) was minimal (Chauhan et al., 2012), because
normalization reduced pore sizes and prevented extravasation of
larger particles. Interestingly, in another report, normalization
of highly aberrant vasculature by sorafenib (a kinase inhibitor,
acting on the VEGF-induced signaling cascade) increased tumor
retention of FITC-Dextran with a hydrodynamic diameter
of ~50 nm. Conversely, the same inhibition in a tumor
with vessels closer to the healthy state did reduce retention
(Kano et al., 2009).

It has been suggested to use empty, non-drug loaded
tracer particles, e.g., “*Cu?*-labeled liposomes, for estimation
of the EPR effect for the individual patient in order to
gauge potential therapeutic efficacy of a nanocarrier (Lee
et al, 2018). However, this approach might in practice
be hampered by the accelerated blood clearance (ABC)
phenomenon, in which PEGylated nanocarriers are
cleared more rapidly from the circulation upon repeated
administration (Ishida and Kiwada, 2008; Abu Lila et al., 2013).

2.3. Distribution of Nanoparticles in the
Tumor Mass

After extravasation, the nanoparticles have not yet arrived at
their final destination (Figure4). They must be capable of
maneuvering within the tumor mass to reach their target
cells, a task made challenging by the difficult to navigate
microenvironment of the tumor. One of the culprits is the high
interstitial pressure in tumor tissue, to the elevation of which
several factors contribute: Malignant cell proliferation results
in an increase in cell mass, the overproduction of extracellular
matrix components leads to fibrosis, and fluid pressure increases
due to the leaky vasculature and the impaired lymphatic drainage
(Chauhan et al., 2011). The increased interstitial pressure in
tumor tissue diminishes the pressure gradient from circulation
to tissue, especially in the central region of the lesion (Tong et al.,
2004), where the lymphatics are more likely to be collapsed (Leu
et al., 2000; Padera et al., 2002, 2004). This hampers convective
transport processes and emphasizes undirected diffusion. Thus,
all therapeutics achieve a slower net mass transport, contributing
to their inefficient distribution in the tumor tissue, but this is
especially problematic for nanoparticles due to their relatively
larger sizes compared to free drug molecules, rendering their
diffusion less efficient (Lane et al., 2015).

Centrally, the organization of extracellular matrix
components, such as collagen or hyaluronic acid is also
much more dense than in the periphery: Even within a few (1-2)
millimeters from the surface of a murine B16 melanoma model,
the diffusion capacity of macromolecules was substantially (up
to several 100-fold) decreased compared to more superficial
regions (Magzoub et al, 2007). This heterogeneity within one
tumor is expanded by another layer of complexity in differences
of diffusion for tumors of the same type, but at different
localizations: When tumors derived from a glioblastoma or a
melanoma were induced in mice, diffusion of macromolecules

Interstitial passage

Attachment

Release

Degradation

FIGURE 4 | Journey of a nanoparticle toward its site of action. After arriving in
a tumor tissue, a nanoparticle must first overcome the often dense interstitium
before it can attach to the surface of a cancer cell (potentially with the aid of a
targeting ligand). Uptake can occur via a variety of pathways (not shown), but
frequently leads to arrival in the endosomal compartment. From here, the
nanoparticle may enter the recycling pathway and undergo exocytosis, be
routed toward lysosomal degradation or achieve release into the cytoplasm.
Even then, autophagy may still lead to degradation, or the particle (or its cargo)
may arrive at its site of action and perform its function.

or liposomes was faster in tumors implanted at a cranial site
compared to a dorsal site (Pluen et al., 2001).

Likewise, the distance that must be crossed also varies by
tumor type (Smith et al., 2013): Based on the location of vessels,
they were classified as “tumor vessels” (located close to cells) or
“stromal vessels” (embedded within the stroma). For tumors rich
in stromal vessels, diffusion distances to reach a target cell would
be higher. This included colorectal, lung, prostate, and breast
cancer model tumors, whereas vessels were closer to cells for
renal, ovarian, hepatic, and thyroid cancers, as well as for a type
of head and neck cancer and a glioma.

Recently, Zinger et al. proposed to utilize collagenase-loaded
liposomes with slow release characteristics as a pretreatment to
reduce the fibrotic character of pancreatic tumors and improve
the delivery of secondary therapeutics (Zinger et al., 2019). They
showed higher tumor weight reductions with the pretreatment
and micellar paclitaxel, compared to micellar paclitaxel alone.

3. SHIELDING STRATEGIES TO IMPROVE
CIRCULATION HALF-LIFE

For a therapeutic nanoparticle to be of use in vivo, it has to
circulate for a sufficiently long time to reach its target and fulfill
its intended function. This is especially important for carriers
intended to exploit the EPR effect, in light of its apparent
discontinuous and inefficient nature (Matsumoto et al., 2016),
in order to give the agent ample time for accumulation to
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occur. To confer long half-lives on nanoparticle formulations or
proteins administered with a therapeutic intent, conjugation to
polyethylene glycol (PEG) is by far the most common approach
(Jokerst et al., 2011; Suk et al., 2016). The bulky, hydrophilic
polymer increases the plasma half-life of modified particles
by preventing excretion via the kidneys and blocking efficient
uptake by phagocytic cells (Gref et al., 2000), in effect shielding
them. The diminished cellular interaction is not exclusively
due to steric hindrance. Upon exposure to biological fluids,
nanoparticles acquire a new physicochemical identity due to the
deposition of a dynamic layer of biomolecules on their surface,
a process termed fouling which results in the establishment of
a biocorona. It includes immunoglobulins, components of the
complement system (Vu et al., 2019), coagulation factors and
a plethora of other molecules, which fundamentally influences
how cells perceive the coated particles (Giulimondi et al,
2019). It is now becoming increasingly appreciated that PEG
alters the composition of the biocorona, which consequently
influences cellular interactions and uptake modalities (Pelaz
et al., 2015; Schéttler et al., 2016; Weiss et al., 2019). Notably,
PEGylation is not a guaranteed way to raise biocompatibility,
but its effect depends on the underlying material. For instance,
PEGylation of two-dimensional graphene oxide nanosheets
actually increased the cytokine levels secreted by challenged
macrophages by facilitating diffusion and lodging within the
cell membrane with subsequent activation of pro-inflammatory
receptors (Luo et al., 2017).

3.1. Adverse Reactions to PEG

For many applications, PEG 1is generally considered
biocompatible, safe and is successfully used clinically in
many approved products (Webster et al., 2007, 2009; Jevsevar
et al., 2010). There is no doubt that PEG has made its mark on
the market and is here to stay, however, it is not biologically
inert and suffers from a number of issues. For instance, PEG
is not biodegradable and has been shown to accumulate in
the cytoplasm of renal cells, forming vacuoles whose impact
on cell and organ function is unclear, but which may be of
significance in the case of chronic applications (Bendele et al.,
1998; Rudmann et al, 2013). Moreover, PEG may be more
immunogenic than previously thought. Antibodies against PEG
can be found after administration of PEGylated therapeutics,
but also in more than 20% of naive healthy blood donors (Garay
et al., 2012), as well as in naive pigs, with a potential source for
priming being PEG contained in foods (Kozma et al., 2019).
PEGylated asparaginase (PEG-ASNase) is used as a treatment
for acute lymphoblastic leukemia. In a retrospective analysis of
patient serum samples, the presence of anti-PEG was measured.
In all of the samples in which anti-PEG could be detected,
PEG-ASNase activity was undetectable, suggesting interference
of these antibodies with the treatment (Armstrong et al., 2007).
Considering the aforementioned potentially high prevalence
of anti-PEG in the general population, such effects may be of
considerable concern for the widespread use of PEG-modified
nanocarriers. Apart from confounding treatment success, more
immediately harmful effects were also seen: Hypersensitivity
reactions were reported with PEG-containing therapeutics

(Wenande and Garvey, 2016), both for PEG alone (used for
instance for its laxative properties or as an excipient) or for
bioconjugate products. Likewise, infusion reactions are prevalent
for Doxil (Szebeni et al., 2002; Chanan-Khan et al., 2003). They
occur in ~11% of patients and vary in their intensity, ranging
from flushing to anaphylactic shocks (Janssen Products, 2019).
However, not all of these events must necessarily be attributable
to PEG, since infusion reactions also occur for un-PEGylated
nanomedicines (Szebeni et al., 2018).

The immunological response against PEG appears to be
responsible for the aforementioned ABC phenomenon, thus
hampering individual evaluation of the EPR effect with empty
liposomes on a per patient basis. The first administration of
PEGylated nanocarriers causes a priming effect with induction of
IgM antibodies which have an opsonizing activity for subsequent
doses, resulting in activation of the complement system and
rapid clearance (Abu Lila et al, 2013; Kozma et al, 2019).
The ABC phenomenon appears to be less pronounced or
absent in liposomes containing cytotoxic drugs, because rapid
elimination of injected liposomes was only observed when
their administration was preceded by another dose of empty
PEGylated liposomes, but not of doxorubicin-loaded liposomes
(Laverman et al., 2001). Toxic effects of the loaded drugs on
macrophages (Laverman et al.,, 2001) or splenic B cells (Ishida
et al., 2006) have been suggested to be responsible for this
observation. Concerning the situation in human patients, in a
small clinical study with 12 participants involving three cycles of
Doxil treatment, no increasing clearance was observed (La-Beck
etal, 2012).

3.2. Alternatives to PEG

There are multiple approaches under investigation to reduce
PEG-associated immunity. For instance, it was shown that the
incorporation of gangliosides (a type of glycolipids natively
present in cell membranes) into PEGylated liposomes reduced
production of anti-PEG IgM in challenged mice, but only when
both ligands were presented on the same particle (Mima et al.,
2017). When these ganglioside-containing PEGylated liposomes
were administered as a pretreatment, they also reduced anti-
IgM production upon subsequent treatment with PEGylated
liposomes without gangliosides. This raises the potential for
upgrading PEG-containing therapeutics—nevertheless, there is
an extensive body of research on other shielding polymers.
Synthetic hydrophilic polymers used for the extension
of circulation half-life include poly(N-[2-hydroxypropyl]
methacrylamide) (HPMA), poly(vinylpyrrolidone) (PVP),
poly(2methyl-2-oxazoline) (PMOX), poly(N-acryloyl
morpholine) (PAcM), and poly(N,N-dimethylacrylamide)
(PDMA). When the half-life extensions of liposomes grafted
with these compounds were evaluated in a comparative study,
PMOX and PEG were found to have the largest effect (Kierstead
et al., 2015). However, the authors note that an optimization of
chain length and grafting had not been performed for polymers
other than PEG, suggesting their performance may be improved.
Notably, shielding efficiency was correlated to polymer viscosity,
and the two most viscous polymers (PEG and PMOX) were
the only ones to induce the ABC phenomenon in this study.
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However, a causality of this observation was not shown, and it is
thus only based on correlation.

A promising biological alternative to PEG is PAS: PAS is a
heteropolymeric amino acid sequence incorporating the three
monomers proline, alanine and serine (Schlapschy et al., 2013).
These amino acids adopt an unfolded disordered conformation if
assembled in a suitable manner, thus exposing the hydrophilic
polypeptide backbone (with only a minor contribution of the
serine hydroxy group to the overall hydrophilicity) (Breibeck and
Skerra, 2018). One PAS unit consists of ~20 monomers, and
multiple PAS repeats can be chained to increase the shielding
effect. The resulting polymeric sequence has biophysical
properties which are similar to those of PEG, conferring an
increased hydrodynamic radius on its fusion partners. As with
PEG, this property varies with chain length, and a 400 residue
PAS sequence is approximately equivalent to a 30 kDa linear
PEG chain in its elution characteristics from a size exclusion
matrix (Breibeck and Skerra, 2018).

Because PAS is an amino acid sequence, it can be
genetically encoded. This obviates the need for post-translational
chemical conjugation of therapeutic proteins, which carries
the disadvantageous potential to alter their activity. Moreover,
whereas preparations of PEG are polydisperse due to their
synthesis, PAS is produced by the highly precise cellular
machinery, reducing heterogeneity. From an economical point of
view, PASylation likewise offers attractive prospects: Expensive
raw materials are not necessary, and additional purification
steps after conjugation, which reduce yields and are costly in
themselves, are not required.

PAS has been used in vivo to extend the circulation half-
life of proteins, for example of somatotropin (human growth
hormone, hGH) (Schlapschy et al., 2013), antibody fragments
(Mendler et al., 2015), leptins (Morath et al., 2015; Bolze et al.,
2016), and interferon (Xia et al, 2019). For the hGH-PAS
fusion protein, the immunogenicity of PAS was investigated—
while antibodies against hGH-PAS did arise, epitope mapping
revealed these were not reactive toward the PAS chain, but
against epitopes of hGH, and no cross-reactivity to other
PASylated proteins was found. However, given that antibody
responses against multimeric epitopes are often strong due
to their structural similarity to viral capsids (Bachmann and
Zinkernagel, 1996; Yankai et al., 2006; Ogun et al, 2008),
and in light of the inherent limitations of animal models
for the investigation of immunogenicity, it is conceivable that
antibodies against PAS or other immunological phenomena may
be found if it is used in clinical practice. Nevertheless, data
so far indicated that PAS was well-metabolizable and did not
result in histological irregularities in the liver, spleen or kidneys
of mice (Schlapschy et al., 2013).

PAS may also be an option for modification of nanoparticulate
formulations other than therapeutic proteins. A protein
nanocage composed of the ferritin heavy chain (HFt), utilized
for the entrapment of doxorubicin, was PASylated by fusing
its constituent monomers to 40 or 75 residue PAS sequences
(Falvo et al, 2016). The PASylated variants showed chain-
length dependent extended plasma half-lives of the entrapped
doxorubicin in intravenously injected mice.

Polysarcosine (PSar) is a polymer of sarcosine (N-methylated
glycine, an intermediate of glycine metabolism) in which tertiary
amide bonds in the backbone confer resistance to proteolytic
degradation compared to conventional peptides (Miller et al.,
1995). Similar to PEG, PSar could be conjugated to lipids,
potentially allowing the generation of PSar-protected liposomes
and micelles (Weber et al., 2016). When PSar was grafted on a
TiO; sheet, it reduced the amount of fibrinogen associated with
the surface and prevented the attachment of mammalian and
bacterial cells (Lau et al., 2012). In another study (Hu et al., 2018),
interferon 2B was modified either with a 12 kDa PSar chain, or
a 10 kDa PEG chain, which resulted in similar hydrodynamic
radii and almost identical plasma half-lives. Accumulation in
tumors of a murine OVCAR3 (ovarian carcinoma) model was
slightly higher for the PSar-modified variant, culminating in an
increased inhibition of tumor growth after 25 days, whereas
liver deposition was lower. Data also suggested that less anti-
IFN IgG was produced in response to PSar-IFN, but antibodies
against PSar proper (i.e., antibodies binding directly to PSar)
were not assessed. A block-copolymer consisting of poly(L-lactic
acid) and PSar (lactosome) showed accumulation in murine
tumor models of orthotopic hepatic and lung carcinomas,
and a heterotopic pancreas carcinoma (Makino et al., 2009).
However, upon repeated administration, lactosome was prone
to an ABC phenomenon and was cleared rapidly from the
circulation by hepatic sequestration (Hara et al., 2012). This
metabolic clearance correlated with production of IgM and 1gG3
which bound to PSar and persisted for 6 months after the first
administration. Furthermore, the immunogenicity of PSar was
found to vary with the type of particle (polymeric micelles
or vesicular), the hydrodynamic diameter and the membrane
elasticity (Kim et al., 2017).

An entirely different strategy to confer the ability to avoid
rapid clearance on nanoparticles relies on the exploitation of
the naturally occurring membrane composition of red blood
cells (RBCs): RBCs were lysed, their membrane fraction was
collected and subsequently grafted onto poly(lactic-co-glycolic
acid) (PLGA) nanoparticles by passing the membrane suspension
together with the particles through an extrusion device with a
pore size of 100 nm. Following this treatment, the nanoparticles
were covered in the RBC membrane and displayed increased
in vivo half-life compared to conventionally PEGylated PLGA
nanoparticles (Hu et al., 2011). In a subsequent study, the authors
showed that this property was to some extent dependent on
the presence of CD47 on the membrane surface, a glycosylated
transmembrane protein which acts as a marker of “self” for the
immune system and reduces uptake of the covered nanoparticles
by macrophages due to binding SIRP (signal-regulatory protein)
(Brown and Frazier, 2001). The increased half-life was not
entirely abrogated upon blockade of CD47 by antibodies,
however, suggesting involvement of other components which
act as a shielding layer, e.g., the RBC glycocalyx, which was
grafted in concert (Hu et al., 2013). In a different setup, adding
an additional shielding layer by genetically engineering HEK293
(human embryonic kidney) cells to express PAS on their surface
and grafting their membrane onto PLGA nanoparticles further
increased the in vivo half-life in comparison to cell membranes
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without PAS (Krishnamurthy et al., 2019). For human use,
such an approach naturally begs the question of how to handle
immune reactivity from different blood groups or potential
contamination by pathogens. One option may be the use of
autologous erythrocytes for personalized nanoparticle coatings.

3.3. The PEG Dilemma and

Stimulus-Responsive Release

Irrespective of the strategy chosen for the avoidance of renal
clearance and the MPS, there is a disadvantage associated with
the prevention of cellular interactions: After successfully evading
phagocytosis along the way and having arrived at its destined site
of action, for instance by virtue of the EPR effect, the nanoparticle
in question is now incapable of efficiently interacting with its
target cells, such as tumor cells (Mishra et al., 2004). Furthermore,
their efficient endosomal escape is impeded, resulting instead
in the delivery of the particles into the degradative lysosomal
pathway (Remaut et al., 2007; Dominska and Dykxhoorn, 2010).

As such, different strategies have been developed to allow
nanoparticles to shed their protective coat or release their
cargo in order to facilitate efficient uptake by their target cells
(Hatakeyama et al., 2011; Zhu and Torchilin, 2013). For this
purpose, nanoparticles have been engineered with the ability to
change their properties in a stimulus-dependent fashion. Broadly
speaking, such approaches can be divided into two distinct
categories: Intrinsic and extrinsic stimulus-responsiveness (Mura
et al., 2013; Jin et al., 2019).

Intrinsic stimulation relies on locally variable environmental
circumstances (for instance in the tumor microenvironment),
such as pH, redox potential or enzymatic activity. Contrarily,
extrinsic stimulus-responsive nanocarriers are intended to react
to cues applied externally by the treating physician at a precisely
defined location and/or time, for instance by exposure to
light, heat, ultrasonication or a magnetic field. Combinatorial
approaches make for a monumental number of possible systems.
A few recent illustrative examples highlighting the breadth of
potential mechanisms are given below; For a more thorough
overview, the interested reader is referred to other excellent
reviews on this topic (Mura et al., 2013; Wang and Kohane, 2017;
El-Sawy et al., 2018; Jin et al., 2019).

Nanocarriers may react to stimulation, whether extrinsic or
intrinsic, either by the release of the free, low molecular weight
drug, by shedding of the shielding layer (allowing facilitated
uptake of the drug-loaded nanocarrier), or by altering their
properties, such as size or geometry. Variants which keep the
nanocarrier intact but facilitate its uptake, and therefore enable
delivery of a bulk payload to target cells, bear the potential of
overcoming drug resistance in resilient malignancies by three
mechanisms: First, nanoparticles can deliver their payload via
the endocytic internalization pathway, thus bypassing drug efflux
pumps, such as P-glycoprotein (P-gp), which are localized in the
plasma membrane, or exceeding their capacity after release of
the active compound from the endosomal system (Davis et al.,
2008; Wang et al., 2014). Second, by loading nanocarriers with
synergistic combinations of compounds, therapeutic efficacy can
be higher than for the individual drugs, and the evolution of drug

resistance can be slowed down or prevented (Parhi et al., 2012).
This is the principle behind Vyxeos, a liposomally encapsulated
combination of cytarabine and daunorubicin (Lancet et al,
2018). Third, inhibitors of P-gp can be co-loaded with the
therapeutic drug and delivered in concert (Saneja et al,
2014), for example chemical inhibitors (Tang et al., 2016) or
siRNA (Zhang et al., 2016).

3.3.1. Intrinsic Stimulation

Matrix-metalloproteinases (MMPs) are a family of proteases
involved in the progression of cancer, for instance by releasing
growth factors from the extracellular matrix, mediating
angiogenic processes, or facilitating invasive and migratory
phenotypes by carving a path through the matrix (Kessenbrock
et al., 2010). By conjugating PEG to a peptide comprising the
recognition sequence of MMP-2, the PEG layer was rendered
cleavable in the presence of this protease. The conjugate was
then coupled to a cholesterol anchor and inserted into the
lipid bilayer of liposomes by post-insertion (Wan et al., 2013).
Encapsulating adenoviral vectors in these liposomes allowed
higher transduction efficiencies of an MMP-2 secreting tumor
cell line when cleavable PEG was grafted on the liposomes,
compared to non-cleavable PEG.

Due to oxidative stress in the tumor area, increased amounts
of the reducing tripeptide glutathione have been reported there.
To exploit this phenomenon, a reduction-sensitive PEGylated
lipid (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine,
POPE), linking PEG to a glycerophospholipid via a disulfide
bridge (POPE-SS-PEG5000) was synthesized. As a second
stimulus-responsive component, a lipopeptide mimicking the
triple-helical structure of collagen which was cleavable by MMP-9
was incorporated into liposomes (Kulkarni et al., 2014). Exposure
of these liposomes to glutathione resulted in the shedding of the
PEG layer, subsequently providing access to the MMP-9 cleavage
site of the lipopeptide, which destabilized the triple helix and
allowed release of liposomally encapsulated contents. Notably,
the destabilization process increased the size of the vesicles,
possibly owing to aggregation resulting from the destabilization.
In a heterotopic murine model of the human pancreatic cancer
cell line PANC-1, these double-responsive liposomes showed
preferential release of carboxyfluorescein at the tumor site.
When liposomes were loaded with gemcitabine, treatment with
vesicles containing the lipopeptide resulted in a moderately
larger reduction of tumor growth compared to liposomes not
responsive to MMP-9.

The pH in malignant lesions is typically lowered compared
to healthy tissues because of their heightened metabolic activity,
allowing potential discrimination of the tissue disease state (Lee
et al., 2008). Additionally, the intracellular space is reducing,
in contrast to the oxidizing extracellular compartment. One
example of a pH and redox dual responsive nanocarrier is
the iCluster system developed by Li et al. (2016). They linked
polycaprolactone (PCL) and polyamidoamine (PAMAM) with
a pH-sensitive linker (2-propionic-3-methylmaleic anhydride;
CDM). The resulting PCL-CDM-PAMAM polymer was
conjugated to a platinum prodrug and co-assembled with a
PEG-PCL heteropolymer. The complete nanocarriers were
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~100 nm in size and exhibited a long plasma half-life by
virtue of the incorporated PEG. Upon encounter of a slightly
acidic milieu (pH 6.8), the CDM-based linker was cleaved,
releasing substantially smaller PAMAM/Pt particles about
5 nm in size. The rationale behind this design was to facilitate
diffusion through the tumor interstitium by size-reduction
after accumulation at the site of interest via the EPR effect. The
small particles were then taken up by cells and, upon encounter
of the reducing conditions of the intracellular space, cisplatin
was released from PAMAMY/Pt, resulting in cytotoxicity. In
murine models of heterotopic xenografts of Bx-PC3 human
pancreatic tumor and a cisplatin-resistant A549R human lung
tumor, the pH- and redox-sensitive cluster showed higher tumor
growth inhibition and prolongation of survival compared to free
cisplatin, PAMAM/Pt or a pH-insensitive cluster variant. An
extension of median survival was also reported for an orthotopic
allograft of the metastatic 4T1 mammary carcinoma.

A form of stimulus-responsiveness may also be involved in
the mechanism of action of Doxil. Doxorubicin is remotely
loaded into liposomes by means of an ammonium sulfate
gradient, which allows the uncharged, unprotonated doxorubicin
to diffuse through the membrane into the liposomal interior
space, where a high ammonium sulfate concentration and
low pH cause it to be protonated and form crystalline rods
with the abundant sulfate ions (Haran et al., 1993; Wei
et al., 2018). Extensive glutaminolysis at the tumor site could
produce NH3, which diffuses through the liposomal membrane,
receives a proton from doxorubicin-NH; and allows the
now uncharged doxorubicin to diffuse out of the liposome
again (Silverman and Barenholz, 2015).

For passively stimulated nanoparticles, no exogenous input
is required, and consequently, no information about the
localization of a lesion is necessary to induce release. However,
this could simultaneously be considered a blessing and a curse,
since precise yet uncontrollable perturbations are required
for the systems functionality. As outlined above for the
EPR effect, such tumor-related phenomena can be highly
heterogeneous (Marusyk and Polyak, 2010; Alizadeh et al,, 2015).

3.3.2. Extrinsic Stimulation

Conversely, active triggering does rely on external application of
a stimulus. This requires knowledge about the target’s location
and extent, which renders this approach problematic for the
eradication of very small and dispersed metastatic foci, but offers
promising perspectives for the treatment of localized sites.

After allowing sufficient time for accumulation at the tumor
site, suitably designed nanocarriers can be externally stimulated
to induce efficient cargo release or allow cellular uptake. Light
is a highly attractive modality for targeted activation due to
the high spatiotemporal resolution of the stimulus. UV light
is sufficiently energetic to cleave chemical bonds. However, for
light-regulated systems, low-energy light in the far-red or near-
infrared (NIR) region of the spectrum is most desirable for
biological applications because it exhibits the highest capacity to
penetrate tissues and is less cytotoxic compared to light of shorter
wavelengths. For applications for which a high input of energy
is nonetheless desirable, upconversion nanoparticles (UCNPs)
offer tempting possibilities by virtue of an anti-Stokes shift, which

converts multiple low energy input photons to higher energy
output photons (Wen et al., 2018).

Photodynamic therapy (PDT) is a treatment modality which
relies on the generation of cytotoxic reactive oxygen species
(ROS) by means of photosensitizers after light illumination
(Lucky et al.,, 2015). PDT is clinically tested for the treatment
of malignancies for example of the skin, bladder, or esophagus,
which are situated in proximity to an interior or exterior
body lining (and therefore allow external illumination), but is
of limited efficacy when the tumor harbors hypoxic regions.
Conjugating photosensitizers to nanoparticles can improve their
pharmacokinetic profile and bestow additional functionalities
upon them. In an intricate setup (Xu et al., 2018), micelles
of CPP (which is the PEG-modified photosensitizer chlorin e6
conjugated to a non-cytotoxic platinum(IV) diazido complex)
were associated with UCNPs, which can convert inbound 980 nm
light to emissions of 365 and 660 nm. Illumination with 980 nm
light lead to formation of cytotoxic Pt(II) and O, allowing the
generation of ROS even in the hypoxic tumor environment. The
nanoparticles showed accumulation in the tumor and high anti-
tumor activity in murine models of four different tumor cell lines
upon illumination.

Shedding of PEG by NIR light was achieved by utilizing a UV-
sensitive o-nitrobenzyl (Nbz) linker, connecting PEG to poly-p-
aminoesters (PAE; PEG-Nbz-PAE-NBz-PEG). By incorporation
of UCNPs, this setup allowed release of encapsulated doxorubicin
in response to NIR illumination, which first led to removal of the
PEG layer by the upconverted UV irradiation and also allowed
cleavage of the pH sensitive PAE (Zhou et al., 2019).

To confer thermosensitivity on doxorubicin-loaded
liposomes, a formulation that incorporated lyso-lipids into
the phospholipid bilayer was developed (lyso-thermosensitive
liposomes, LTSL; marketed as ThermoDox), which lowered the
phase transition temperature and allowed rapid drug release
(within 20 s) at moderately elevated temperatures of 39-40°C
(Needham et al., 2000). Heating in situ can be achieved as a
side-effect of radiofrequency ablation (RFA), which is based
on the application of an alternating current to the tumor via
an inserted probe. The invasiveness of this procedure depends
on the route of access. In a clinical phase 3 study, LTSL were
injected systemically to patients with unresectable hepatocellular
carcinoma, and local release was induced by heating via RFA (Tak
etal,, 2018). An initial analysis did not find differences for overall
or progression-free survival between patients treated with RFA
and placebo, or with RFA and LTSL in combination. However,
the original treatment protocol did not specify the exact duration
of RFA treatment. When the analysis was restricted to patients
who underwent RFA for more than 45 min, a significant
improvement in overall survival was found for the RFA + LTSL
arm. Since this analysis was performed post-hoc for hypothesis
generation, a follow-up prospective study was planned and
performed (NCT02112656), but results have not yet been
made available.

In a phase 1 study with 10 patients suffering from primary
or secondary liver tumors, the stimulus for heating in order
to release doxorubicin from LTSL was applied externally by
high-intensity focused ultrasound (HIFU), without the need for
invasive placement of a probe, although the first part of the
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study employed an implanted thermosensor to allow tuning of
the ultrasound parameters to appropriate levels (Lyon et al.,
2018). Biopsies of tumor tissue were taken after infusion of
LTSL, and again after application of the ultrasound pulse. After
application of ultrasound, doxorubicin levels were on average
3.3 times higher than before, and doxorubicin fluorescence co-
localized with the nucleus in tissue sections of the HIFU-treated
biopsies. Tumor sizes were monitored by PET-CT after the
intervention. In some patients, tumors which had not been
targeted by HIFU were visible on the same imaging plane as
targeted tumors. Crucially, the targeted lesions shrank more
substantially compared to the untargeted lesions, demonstrating
the efficiency of the stimulation approach in a clinical setting with
visible benefits.

4. TARGETING

For cancer nanomedicine, directing severely toxic drugs to their
site of action is a goal of utmost importance. Partially, this
is achievable as a consequence of the EPR effect, however,
as outlined above, relying exclusively on this phenomenon
may be insufficient, and more advanced approaches are
under investigation.

Employing magnetism to influence suitably responsive
particles carries great potential for non-invasive interventions
(Prijic and Sersa, 2011; Tietze et al, 2015). Of these, mainly
superparamagnetic iron oxide nanoparticles (SPIONs) are
investigated for diagnostic or therapeutic purposes, for instance
as contrast agents for magnetic resonance imaging or to induce
local heating for hyperthermic ablation of tumor cells or other
thermoresponsive systems. Additionally, their unique properties
allow them to be locally targeted by the application of an external
magnetic field. After promising preclinical results, this magnetic
drug targeting had entered clinical trials for hepatocellular
carcinoma in the form of MTC-Dox (magnetically targeted
carriers with doxorubicin), particles of about 0.5-5 pm in
size (hence not strictly meeting classification as nanoparticles)
and composed of iron and carbon to which doxorubicin
was adsorbed passively (Rudge et al, 2001). However, a
therapeutic trial was terminated due to not achieving preset
endpoints (NCT00034333). Notably, to prevent clearance and
systemic distribution, these studies involved administration of
the particles via an intraarterial catheter of the tumor-feeding
artery, where extravasation was then induced by placing a magnet
above the abdominal wall.

Magnetic targeting continues to be explored for its potential
to achieve high local drug loads. For instance, a study with
rabbits found over 50% of the applied drug load in the tumor
tissue after intraarterial administration and magnetic targeting
of 200 nm lauric acid coated SPIONs loaded with mitoxantrone
to a superficial tumor grafted in the hind legs (Tietze et al.,
2013). Al-Jamal et al. used PEGylated (thus longer circulating)
nanoparticles with oil cores and varying amounts of incorporated
SPION s to quantitatively study magnetic particle targeting after
intravenous injection (Al-Jamal et al., 2016). Extrapolating their
mathematical model from murine data to potential human use,

they suggest magnetic targeting under their conditions to be
sufficient to achieve targeting in clinical practice.

A hitherto unsolved challenge is the magnetic targeting of
deep tissues, due to issues with focusing magnetic fields and
rapidly decaying magnetic field strength with distance (Shapiro
et al., 2015). As such, the majority of studies conducted so far
have focused on superficial tumors, which are easily reached by
placing a magnet adjacent to the lesion.

One more dimension is added by kinetic targeting, which
takes exploitation of the EPR effect a step further: In a pilot
study involving 12 breast cancer patients and 3 ovarian cancer
patients receiving PEGylated liposomal doxorubicin (PLD),
extracorporeal plasmapheresis was applied 42-48 h after PLD
treatment to remove residual circulating liposomes (Eckes et al.,
2011). The treatment substantially reduced the doxorubicin
plasma AUC by 50% and helped to alleviate undesirable side
effects, such as palmar-plantar erythrodysesthesia (PPE, or hand-
foot syndrome). PPE is a typical adverse reaction to PLD due
to its pharmacokinetic profile, which allows accumulation of the
drug in the skin especially of the hands and feet, where lesions
can occur, but this accumulation is slower in skin compared to
tumors (Charrois and Allen, 2003). PPE can be dose-limiting
in some instances. During a total of 57 cycles of PLD and
plasmapheresis, PPE occurred only in a single patient, whereas
previous comparable trials without plasmapheresis reported
occurrence in a total of 8/33 patients. No occurrence of grade IV
neutropenia was reported (previous studies: 8/33). These data
suggest an improvement of the toxicological profile of PLD and
possibly other nanosized drug formulations by reducing systemic
exposure to these agents via plasmapheresis. The response rate
to the treatment appeared to be comparable to previously
conducted studies, but in this pilot study, no comparative arm
without plasmapheresis was included.

In addition to the approaches described here, which aim at
improving the accumulation of particles in the tumor tissue, the
next step is to target particles to individual tumor cells to improve
uptake and cargo delivery.

4.1. Targeting Nanocarriers to Cancer Cells
Achieving cell-specific delivery is pursued by grafting targeting
molecules onto the surface of nanoparticles. Many different
monoclonal antibodies binding to cell surface molecules
upregulated on cancer cells are now in clinical use, and similar
approaches have been exploited for use in nanomedicine.
MM-302 was briefly described above: It is a PEGylated liposomal
formulation of doxorubicin to which a single chain variable
fragment (scFv) against HER2 is bound via PEG as a spacer
(Miller et al., 2016). ScFvs are synthetic proteins of the variable
regions of an antibody molecule connected by a short peptide
linker. Importantly, they lack the Fc region which interacts
with Fc receptors of many immune cell populations, and
only harbor the targeting activity. Other targeting ligands also
exploit the overexpression of cancer antigens, such as the
folate receptor (folic acid conjugated particles, e.g., Lu et al,
2012; Tang et al., 2018) or the transferrin receptor (transferrin
conjugated particles, e.g., Sarisozen et al., 2014; Wei et al,
2019). Transferrin is also under investigation as a ligand to
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induce transcytosis across the blood brain barrier, thus enabling
cerebral delivery of nanotherapeutics (Ulbrich et al., 2009; Wiley
et al., 2013; Clark and Davis, 2015). Furthermore, interaction
between complementary DNA strands on liposomes and target
cells were shown to improve delivery of the nanoparticles (Li
et al,, 2019), and grafting single-stranded DNA to antibodies
facilitated their intracellular delivery in a sequence-independent
fashion (Herrmann et al., 2019).

Alternatively, grafting complete cancer cell membrane
fractions onto nanoparticles to allow homotypic interaction
with the tumor cells by virtue of their adhesion molecules may
be possible (Fang et al., 2014). This might enable more strictly
personalized targeting, however, since a membrane source is
required for such an approach, it would likely be reserved for
accessible tumors in order to allow gathering sufficient material.

Although many preclinical studies report tremendously
encouraging results using targeted nanoparticles, existing
data also suggests heterogeneous efficacy of ligand-mediated
targeting, where the targeting ligand was capable of improving
cellular uptake and altering the uptake pathway (Pirollo and
Chang, 2008; Clemons et al., 2018). However, localization of
the particle to the tumor tissue was not necessarily improved,
depending on particle size and the presence of PEG, with PEG
potentially masking accumulation effects because of exploitation
of the EPR effect (Pirollo and Chang, 2008; Choi et al., 2010).
Moreover, caution should be exercised when extrapolating from
in vitro to in vivo data, since the establishment of a biocorona
can substantially impact targeting abilities (Salvati et al., 2013;
Francia et al, 2019). The abrogation of targeting by serum
protein binding can be alleviated by additionally grafting PEG,
which is of lower molecular weight or length used to conjugate
the targeting ligand to the particle surface. The polymer may
then help to reduce fouling while not sterically hindering binding
to the target molecule (Dai et al., 2014).

More recently, by using very small HER2-functionalized silica
nanoparticles (~7 nm), tumor targeting efficiencies of 10.3-
17.2% ID/g were achieved in murine xenografts of HER2-positive
BT-474 tumors, compared to 3.3-6.1% ID/g for HER2-negative
tumors or untargeted particles (Chen et al., 2018). However, their
fate after accumulation in the tumor was not further followed.

To address this question, Dai et al. quantitatively investigated
the effects of active targeting (Dai et al, 2018). Using gold
nanoparticles conjugated to trastuzumab (a monoclonal antibody
against HER2), they used different particle sizes and tumor
models to measure particle distribution in tumor tissue. For
an ovarian SKOV-3 cancer model, xenografted subcutaneously
to murine hosts, 0.59% of the injected targeted particle dose
reached the tumor, whereas this amounted to 0.25% of untargeted
particles. These values were in line with a previous meta-
analysis of preclinical models published by the group earlier,
where the median accumulation of actively targeted particles
was 0.9% ID, versus 0.6% ID for passively targeted particles
(Wilhelm et al,, 2016). Strikingly, they found that even for
particles that reached the tumor site, these were much more
likely to be stuck in the acellular matrix (typically over 90%
of all particles) of the tumor, or to be engulfed by tumor-
associated macrophages (TAMs), than to be taken up by cancer

cells. Furthermore, the difference in the fraction of particles
taken up by cancer cells was not statistically significant between
targeted and untargeted nanoparticles (0.001 vs. 0.003% ID
for targeted and untargeted, respectively), and neither was the
difference in the fraction of tumor cells that engulfed particles
(0.96 vs. 0.42% for targeted and untargeted, respectively). These
results were corroborated by follow-up experiments using other
tumor models. When nanoparticles which were targeted to
folate instead of HER2 were investigated, TAM:s still dominantly
engulfed nanoparticles. The authors suggest that this observation
is in line with the perivascular localization of TAMs, making
them more likely to first capture incoming nanoparticles, thus
acting as a filter before malignant cells have an opportunity
for interaction.

Moreover, targeting may not always be favorable, depending
on the carrier: When small polymeric nanoparticles (10 nm)
were actively targeted to tumor endothelium by grafting of RGD-
or NGR-peptides, they were found to accumulate much more
strongly in the tumor tissue than their non-targeted counter parts
at early time points, up to 4 h after injection, before the EPR
effect became significant. However, for later time points (24-
72 h), this trend was reversed, and the passively targeted carriers
actually accumulated to a higher degree over time (Kunjachan
et al.,, 2014). In this instance, the targeted carriers were also more
likely to be found at off-target sites.

Since targeting moieties attached to a nanoparticle’s surface
typically induce receptor-mediated endocytosis, the next stage of
the journey is the cellular vesicular system.

4.2. Escaping the Endosome and the

Vesicular System

In Kafka’s novel “The Trial,” the protagonist Josef K. is accused of
committing an elusive crime, and subsequently desperately tries
to navigate the intangible and confusing labyrinth of a convoluted
court without ever reaching the higher tiers. It is a fate not quite
unlike that of a nanocarrier, which, after finally reaching its target
cell, has still not arrived at its ultimate goal.

Intact nanoparticles are principally believed to enter cells via
the endocytic pathway, ie., by attachment to the cell surface
and subsequent incorporation into an intracellularly trafficked
vesicle (Sahay et al, 2010; Zhang et al., 2015) (Figure4).
Roughly, endocytosis is divisible into two main branches
(Dobrovolskaia and McNeil, 2007; Doherty and McMahon,
2009): Phagocytosis, which is the uptake of large particles or
pathogens by specialized immune cells, and pinocytosis, which
is the uptake of smaller particles and includes macropinocytosis
and clathrin- or caveolin-dependent endocytosis.

Nanoparticle uptake depends on the dynamics of endocytosis,
and on the dynamics of the attachment of particles to the
cell surface. When nanoparticle uptake was investigated in
two human cell lines using 8 nm quantum dots, the average
number of nanoparticles found in a single endosome remained
relatively constant with increasing concentration, however,
the number of particle-containing endosomes was positively
correlated with dose, at least in the range of doses and
exposure times investigated (0.5-5 nM, and 0.5-2 h, respectively)
(Rees et al., 2019).
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Membrane scission of budding endocytic vesicle is typically
induced by a family of dynamin GTPases. The primary vesicles
then continue to fuse with early endosomes, which are the
primary sorting station of the endosomal system and bear
the potential to exclude a large fraction of incoming cargo
by rerouting them toward exocytosis (Huotari and Helenius,
2011). Early endosomes mature to become late endosomes, with
a concomitant drop in pH by the action of V-type ATPases,
and eventually fuse with lysosomes, forming endolysosomes
where enzymatic degradation of a variety of cargoes, such as
nucleic acids, lipids and proteins occurs. The importance of these
routes varies for different nanoparticle formulations: Stimulus-
responsive systems which culminate in release of the free drug
molecules at the disease site do not require endosomal escape,
if the drug can diffuse across membrane barriers. However, for
example for delivery of siRNA or DNA, the carrier has to be
engulfed whole and needs a way to deliver its payload to the
cytosol to prevent lysosomal degradation.

As briefly mentioned above, a large fraction of incoming cargo
never proceeds very far into the endosomal system. For instance,
for lipid nanoparticles (LNPs) intended for the delivery of siRNA,
it was found that they entered cells via macropinocytosis, but
about 70% of them were recycled and exocytosed by a mechanism
involving the Niemann-Pick type C1 (NPC1) protein, which
is a protein linked to a form of lysosomal storage disease
(Sahay et al., 2013). Another study underscores that endosomal
escape is an inefficient process: When siRNA-carrying lipid
nanoparticles were traced, <2% were successful in reaching the
cytosol (Gilleron et al., 2013).

Delivery of nucleic acids is often achieved by utilizing
cationic polymers or lipids, such as poly(ethylene imine),
which form complexes with the negatively charged phosphate
backbone. The resulting polyplexes are believed to escape the
endosome by exerting a “proton sponge” effect, in which the
basic polymers buffer the proton influx during the acidification
process, leading to a subsequent influx of chloride ions with
a consequent endosomal swelling and rupture. However, this
proposed mechanism is not undisputed and destabilization
of the vesicular membrane by interaction with the polymer
was proposed to induce endosomal leakage (Bus et al., 2018;
Vermeulen et al., 2018).

Cationic lipid-based vesicles were more prone to aggregate
in serum compared to their neutral counterparts, resulting in
reduced tumor penetration and toxic side effects (Fischer et al.,
2003; Zhao et al., 2011). Many approaches have been pursued to
upgrade other materials with the capacity to effectively penetrate
the endosome by swelling, membrane disruption, or potentially
the proton sponge effect (Cupic et al, 2018; Smith et al,
2019). Many of these strategies rely on disruption of membrane
integrity when the pH is lowered below physiological levels of
the extracellular space, which might be hampered in the case
of cancer nanomedicine due to the aforementioned lowered
extracellular pH.

Even after successful endosomal escape, autophagy may
pose a potential additional barrier. Autophagy (or, more
precisely, macroautophagy, to distinguish this process from
other forms of autophagy) is a cellular self-digestion mechanism

conditions to mobilize
but also contributes to

which is induced upon starvation
carbohydrates, lipids and proteins,
the removal of damaged organelles (Levine et al, 2011). It
involves the generation of a double isolation membrane (the
phagophore) which encloses putative cargo and seals to form
the autophagosome, which then fuses with lysosomes. In the
resulting autolysosome, the vesicular contents are degraded.
Cationic gene delivery polyplexes and liposomes were shown to
be captured in autophagosomes, and in cells deficient for atg5
(an essential regulator of autophagy), gene delivery was increased
by a factor of eight (Roberts et al., 2013). Nanoparticles could
also be captured by autophagosomes when they entered the
cells via microinjection, bypassing the endosomal system, which
suggests that once-escaped carriers may be removed from the
cytosol again, limiting their time to perform a biological function
(Remaut et al., 2014). Inhibition of autophagy by chloroquine
was also reported to result in slower tumor growth of docetaxel-
loaded PLGA nanocarriers (Zhang et al., 2014). However, because
autophagy inhibitors are also investigated as cancer therapeutics
(Kimura et al,, 2013), it is unclear whether this was a result
of a synergistic effect between the compounds leading to more
efficient retention of the nanocarriers, or simply an enhancement
by employing combination therapy. On the other hand, no major
influence of atg5 on knockdown efficiency was seen in a study
involving LNPs and siRNA (Sahay et al., 2013).

4.3. Entering the Nucleus

Contrary to siRNA or mRNA, which can perform their function
in the cytosol, DNA has to enter the nucleus to be transcribed.
For the delivery of DNA, there are currently no approved non-
viral vectors available, although clinical trials are in progress
and intense research is underway, because synthetic alternatives
promise advantages, such as reduced immunogenicity and
oncogenic potential, as well as increased packaging capacity (Yin
et al., 2014). Delivery of coding DNA is an attractive prospect
for the generation of therapeutic proteins, such as monoclonal
antibodies in the body of the patient, thus minimizing the
tremendous costs associated with formulation, production,
quality control and repeated administration of protein drugs
(Deal and Balazs, 2015). For this purpose, intramuscular
injections can be employed. Here, the physical availability of the
target site allows efficient transfection by electroporation, but this
is not possible for tumors or internal organs, such as the liver
(Hollevoet and Declerck, 2017). For gene delivery into dividing
cells, the DNA has the chance of entering the nucleus when
the nuclear envelope is fragmented for mitosis. For post-mitotic
cells, this is not an option. Furthermore, the passive diffusion of
intact nanoparticles within the cytosol is minimal, as revealed by
single-particle tracking (Remaut et al., 2014).

When the mechanism of DNA delivery by polyamine-
containing agents was investigated, contributions of nuclear
envelope permeabilization (consistent with their proposed
action of endosomal permeabilization) and microtubule-directed
transport were found, as well as dependency on cytosolic
factors (Grandinetti and Reineke, 2012).

Apart from gene therapy approaches, other medications might
also benefit from nuclear localization, such as anthracyclines,
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which exert their effects in the nucleus. The nuclear envelope
is interspersed with nuclear pore complexes. They allow passive
transport by diffusion of small molecules, but macromolecules
require an active mechanism to be translocated because strings
of phenylalanine- and glycine-rich repeats block the pores
(Strambio-De-Castillia et al., 2010). For endogenous proteins,
this is achieved by a nuclear localization sequence (NLS) which
engages the importing machinery. In the realm of nanoparticles,
gold nanoparticles of ~25 or 30 nm were modified with an
NLS peptide to target them to the nucleus. Utilizing confocal
microscopy, the particles were either found within the nucleus
(Kang et al,, 2010), or in the perinuclear region (Ali et al,
2017). Even such a perinuclear localization, however, would
probably be quite efficient because it minimizes the necessary
diffusion length of the cargo. With chitosan nanoparticles,
heterogeneities in nuclear targeting deliveries were revealed:
small particles of 25 nm entered the nucleus without the aid of
an NLS. In non-malignant cell lines, 150 nm particles modified
with low densities of NLS were more efficient at localizing
nuclearly, whereas in a glioma cell line, this was most efficient
for unmodified NPs, due to dysregulation of the nuclear import
pathway (Tammam et al., 2017).

For nanoparticles, other approaches were also investigated,
relying for instance on the HIV-derived Tat peptide which
mediates nuclear import differently than the typical NLS-
dependent mechanism and can deliver nanoparticles up to 90 nm
into the nucleus (de la Fuente and Berry, 2005; Nitin et al.,
2009). Functionalization of silica nanoparticles with the Tat
peptide enabled them to enter the nucleus, whereas particles
without Tat did not cross the nuclear envelope (Pan et al,
2013). Alternatively, modification of gold nanostars with the
nucleolin-binding DNA aptamer AS1411 led to nuclear entry and
morphological alterations of the nuclear envelope (Dam et al.,
2012).

Finally, attempts at subcellular targeting are not limited to
the nuclear compartment: Instead, approaches were developed,
for example for targeting mitochondria, the endoplasmic
reticulum or lysosomes, to deliver cargo precisely to its site of
action (Jhaveri and Torchilin, 2016; Ma et al., 2016).

5. CONCLUSIONS

A principal attribute when discussing nanomedicine, emerging
again and again at all levels and stages, is “heterogeneity.”
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Growth factors are critical molecules for tissue repair and regeneration. Therefore,
recombinant growth factors have raised a lot of hope for regenerative medicine
applications. While using growth factors to promote tissue healing has widely shown
promising results in pre-clinical settings, their success in the clinic is not a forgone
conclusion. Indeed, translation of growth factors is often limited by their short half-life,
rapid diffusion from the delivery site, and low cost-effectiveness. Trying to circumvent
those limitations by the use of supraphysiological doses has led to serious side-effects in
many cases and therefore innovative technologies are required to improve growth factor-
based regenerative strategies. In this review, we present protein engineering approaches
seeking to improve growth factor delivery and efficacy while reducing doses and side
effects. We focus on engineering strategies seeking to improve affinity of growth factors
for biomaterials or the endogenous extracellular matrix. Then, we discuss some examples
of increasing growth factor stability and bioactivity, and propose new lines of research that
the field of growth factor engineering for regenerative medicine may adopt in the future.

Keywords: growth factors, protein engineering, regenerative medicine, biomaterials, extracellular matrix

INTRODUCTION

Growth factors (GFs) are molecules capable of stimulating a variety of cellular processes including
cell proliferation, migration, differentiation and multicellular morphogenesis during development
and tissue healing. Therefore, they have raised a lot of hope for regenerative medicine applications
and several products based on growth factors have been developed (Table 1A). Nevertheless, GF-
based therapies present limitations. For example, high levels of proteolytic activity in vivo leads to
poor GF stability and short half-life (Mitchell et al., 2016). Thus, multiple administrations and/or
supraphysiological doses are often necessary to sustain an effective concentration of GFs at the
delivery site, resulting in high cost and adverse effects (Table 1B). Side effects and poor effectiveness
are mainly linked to sub-optimal delivery systems and lack of control over GF signaling. These
issues in clinically available products emphasize the need to design new strategies allowing the use
of lower and localized doses of GFs where delivery and signaling are tightly controlled.

Numerous strategies have been explored, in particular with the design of biomaterial-based
delivery systems, focusing on engineering biomaterials instead of modifying GFs (Wang et al,,
2017). In addition, interesting approaches have emerged to enhance the stability and bioactivity
of GFs (Niu et al,, 2018). In this review, we will focus on strategies aiming at engineering the GF
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TABLE 1A | Recombinant GF-based products for regenerative medicine applications.

Product GF Delivery system Target tissue/disease Approved References
authority
Augment® Bone PDGF-BB Beta-tricalcium phosphate Ankle fusion, hindfoot FDA FDA, 2015a
Graft
Increlex® IGF-1 Subcutaneous Injection Primary IGF-1 deficiency FDA FDA, 2005; National
Drug Strategy, 2006
Infuse® Bone Graft BMP-2 Collagen sponge Spinal fusion, bone regeneration FDA James et al., 2016
Kepivance® FGF-7 (KGF) i.v. injection Gastrointestinal injury FDA FDA, 2015b
OP-1® Putty BMP-7 Bovine bone-derived Spinal fusion, bone regeneration FDA Okabe et al., 2013
collagen
PELNAC® FGF-2 (bFGF) Collagen sponge Bedsores, cutaneous ulcers Pharmaceuticals Kakudo et al., 2019
and Mediical Devices
Agency (Japan)
REGEN-D® EGF Cellulose gel Foot ulcer Ministry of Food and Frew et al., 2007
Drug Safety
(South Korea)
Regranex® PDGF-BB Sodium Chronic diabetic wound FDA FDA, 2008
carboxymethylcellulose-
based topical gel
Citrix® CRS TGF-g1 Topical Aged skin Aldag et al., 2016

BMPR, bone morphogenetic protein; EGF, epidermal growth factor; FGF, fibroblast growth factor; HGF, hepatocyte growth factor; IGF, insulin-like growth factor; PDGF, platelet-derived
growth factor; TGF, transforming growth factor; FDA, U.S. Food Drug Administration.

TABLE 1B | Common GFs in regenerative medicine.

GFs Desired function(s) Half-life in blood Side-effect(s) in humans References
BMP-2 Osteogenic factor 1-4h Ectopic bone formation, abnormal Carragee et al., 2013; Carreira
osteogenesis, inflammatory complications, etal., 2014; James et al., 2016
urogenital events, wound complications,
increase cancer risk
BMP-7 Osteogenic factor, regulate 1-4h Not reported Calori et al., 2009; Carreira et al.,
proliferation of neural progenitor cells 2014; Kowtharapu et al., 2018
EGF Stimulates proliferation and <1min Not reported Mitchell et al., 2016
differentiation of epithelial cells
FGF-2 Stimulates proliferation and 7.6h Not reported Beenken and Mohammadii,
differentiation of various cell types, 2009; Maddaluno et al., 2017
angiogenesis
HGF Stimulates epithelial cell proliferation 3-5min Not reported Yu et al., 2007; Nakamura et al.,
and morphogenesis, angiogenesis 2019
IGF-1 Enhances neuronal growth, 3-5h Not reported Leroith et al., 1992; Wang et al.,
myelination, endometrial epithelial 2018
cell proliferation, inhibition of cell
apoptosis
PDGF-BB Proliferation of various cell types, 30min Increase cancer risk Jin et al., 2008; Saika et al.,
extracellular matrix synthesis, 2011; Mao and Mooney, 2015;
vascularization Yamakawa and Hayashida, 2019
FGF-7 Epithelium morphogenesis, 4-6h Enhance epithelial tumor cell growth FDA, 2004a,b; Yamakawa and
(KGF) re-epithelialization Hayashida, 2019
TGF-g1 Differentiation of bone-forming cells, >100min (latent form) Not reported Hermonat et al., 2007; Lee et al.,
antiproliferative factor for epithelial 2-3min (active form) 2011; Tian et al., 2011
cells
VEGF-A Angiogenic factor 30min Edema, systemic hypotension Simons and Ware, 2003;

Stefanini et al., 2008; Yamakawa
and Hayashida, 2019

BMPR, bone morphogenetic protein; EGF, epidermal growth factor; FGF, fibroblast growth factor; HGF, hepatocyte growth factor; IGF, insulin-like growth factor; PDGF, platelet-derived
growth factor; TGF, transforming growth factor; VEGF, vascular endothelial growth factor.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

39

January 2020 | Volume 7 | Article 469


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Ren et al. Growth Factor Engineering for Regeneration
A
N\wu Reactive T Direct
R SRCICI N onjugation
Factor Xllla 2. Enzymatic ECM Bindin
\ conjugation 9
sequence
Factor Xllla
End ECM K
Hisgalen | substrate — e
X sequence 3. Binding to N
< ECM proteins O 3
B C

&';

|

o

%emical conjugation
Wild-type Shorter substitute
growth factor i

Rational protein
engineering

nnnn nnnnAnng FANANNNN
Uuuu VAVAVITIAYY § pTATATAvAY

1
1
1
1
1
v

w

GF recepto

1. Binding affinity 2. Synergistic
modification signaling

annnnNNONNNMN
(AR

FIGURE 1 | GF engineering strategies in regenerative medicine. Strategies to control spatial and temporal presentations (A), stability (B), and signaling (C).

r
Hi

3. Control of GF availability
to cell-surface receptor

'

&
-

N \ Syndecan-binding
Integrin-binding ) 7 sequence
sequence 3 l
1

4 ~=a

Integrin Syndecan

NNANNANENNAOENNDANDNANDNNNNNNN
JARTATATAY) AvAVLY) (RAVAAVATAYRVRVAVAVAVAVAYAY,

nnpnaannnNaannannNNANNNAN
(AR AR AR R AR R AAVAVATAYS

nnnnnn
vy

1
1
1
1
1
v

<4------
<4------

itself. We first describe approaches to control GF half-life as
well as spatial and temporal release. Then, we discuss various
strategies to modulate GF signaling at the receptor level.

ENGINEERING GFs TO CONTROL SPATIAL
AND TEMPORAL PRESENTATION

Biomaterial-based delivery is a common strategy to efficiently
deliver GFs. Immobilizing GFs within a biomaterial (Figure 1A)
gives the possibility to achieve a sustained release and a localized
delivery. Such approaches may considerably reduce the need for
multiple doses and potentially reduce adverse effects. Therefore,
various methods have been explored to enhance interactions
between GFs and biomaterials.

Engineering GFs to Be Covalently Bound to
Biomaterials

Covalent conjugation is a common strategy to immobilize GFs in
biomaterials. In that setting, GF release depends on biomaterial
degradation and/or cleavage (hydrolytic and enzymatic) of the

bond between GFs and biomaterials. Additionally, this strategy
can also address low stability problems as it may reduce
the exposure of GFs to a proteolytic microenvironment at
the delivery site. Strategies to bind GFs to biomaterials via
reactive chemical groups have been widely used (Cabanas-Danés
et al., 2014). For instance, crosslinking via 1-ethyl-3-(3-dimethyl
aminopropyl) carbodiimide (EDC) and N-hydroxy-succinimide
(NHS) has been extensively used, due to its simplicity, low cost,
mild reaction conditions, and biocompatibility (approved by
the USFDA) (Grabarek and Gergely, 1990; Masters, 2011). For
example, EDC-mediated immobilization of bone morphogenetic
protein-2 (BMP-2) onto a polyelectrolyte multilayer film
successfully promoted bone regeneration in critical-size rat
femoral defect (Bouyer et al, 2016). Although EDC/NHS
has extensive merits, this chemistry links primary amines
with carboxylic acids in an inherently random fashion, and
not necessarily always at the terminal reactive groups. The
inability of this approach to recognize the difference between
terminal reactive groups and reactive groups within the protein
backbone may hinder the recognition of GFs by their receptors
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and extracellular matrix (ECM) components (Mitchell et al.,
2016).

Enzymatic conjugation is another interesting method to bind
GFs to biomaterials. For example, GFs have been engineered
with a transglutaminase substrate sequence derived from ;-
plasmin inhibitor (a;PI;_g) (Schense and Hubbell, 1999). This
strategy allows the engineered GFs to react with lysine residues
via the transglutaminase factor XIIla. GFs such as BMP-2,
vascular endothelial growth factor A (VEGF-A), platelet derived
growth factor AB (PDGF-AB) and insulin-like growth factor 1
(IGF-1) have been cross-linked to fibrin using this approach
(Schmoekel et al., 2005; Sacchi et al., 2014; Mittermayr et al,,
2016; Vardar et al., 2018). For instance, BMP-2 with o,PI;_g
fused at its N-terminus was delivered in fibrin matrices in
critical-size craniotomy in rats (Schmoekel et al., 2005). Here, the
engineered BMP-2 induced significantly higher bone formation
compared to wild type BMP-2 after 3 weeks. Similarly, a fusion
protein consisting of a;PI;_g and VEGF-A delivered in fibrin
induced a functional angiogenesis and promoted regeneration
in ischemic hind limb wound models in rodents (Sacchi et al.,
2014). Aberrant vessel formation and vascular hyperpermeability
are adverse effects associated with the uncontrolled delivery
of VEGF-A which induces a burst signaling. However, it was
demonstrated that low doses (0.01- 5 pg/mL) of a;PI; _g-VEGE-
A promotes normal angiogenesis. Following the same approach
an oy PI;_g-VEGF-C fusion was engineered to stimulate local
lymphangiogenesis upon delivery in a fibrin matrix (Giig
et al,, 2017). The lymphangiogenesis induced by the fibrin-
binding VEGF-C promoted wound healing in diabetic model
as shown by extracellular matrix deposition and granulation
tissue thickening. The same strategy can be used to cross-link
GFs to polyethylene glycol (PEG) hydrogel as multiarm PEG
molecules can be functionalized with factor XIIla substrates
to drive its crosslinking and incorporation of o, PI;_g-bearing
proteins (Ehrbar et al., 2007).

Another approach to combine GFs and biomaterials is to
directly create fusion proteins consisting of GFs with ECM
proteins. For example, a biopolymer based on the ECM protein
elastin was fused to VEGF-A (ELP-VEGF) with the objective
to treat preeclampsia, a hypertensive syndrome that originates
from an improperly vascularized and ischemic placenta (Logue
et al, 2017). Here, ELP-VEGF reduced hypertension in a
placental ischemia rat model and did not cross the placental
barrier, reducing the risk of adverse effects on fetal development.
Although covalent binding of GFs to biomaterial has proved
to be an effective strategy it is nevertheless dependent on the
biocompatibility of the used biomaterials. In addition, as the
system requires both a biomaterial and an engineering protein
it may complicate the pathway to approval or increase the cost.

Engineering GFs for Non-covalent
Interaction to Biomaterials and

Endogenous ECM

GFs can be immobilized to the ECM or ECM-derived
biomaterials through affinity binding by the introduction of an
ECM-binding sequence or domain at either terminus of the

GF. The strategy presents the advantage of giving modified
GFs the ability to bind the endogenous ECM where the GF is
delivered, in some cases allowing to forgo the use of exogenous
biomaterials altogether. Such approach allows GFs to be more
readily available for resident cells by being immobilized in the
local ECM instead of having to be released by biomaterials. In
addition, the simplicity of biomaterial-free delivery systems could
lead to a higher cost-effectiveness. However, the effectiveness of
these strategies may depend on the local ECM composition.

As one of the most abundant ECM proteins, collagens
represent good binding targets for engineering GFs for delivery
to collagen-rich tissues. For example, a bacterial collagen-binding
domain (CBD), was fused to fibroblast growth factor-2 (FGF-
2), allowing improved bone formation in a spinal fusion model
(Inoue et al,, 2017). In another study, CBD-fused FGF-2 showed
the ability to induce significantly higher mesenchymal cell
proliferation and callus formation in a mice fracture model
compared to wild-type FGF-2 (Sekiguchi et al., 2018). Similarly,
a CBD-fused hepatocyte growth factor (HGF) delivered via
hydrogel improved recovery after spinal cord injury in mice
compared to wild-type HGF (Yamane et al., 2018).

In order to engineer GFs with stronger binding to collagen,
a library of random sequences was conjugated to VEGF-A and
selected in vitro for their binding affinity to collagen (Park et al.,
2018). This method presents the advantage of identifying CBDs
tailor-made for a specific GF as large GFs may affect the binding
of generic CBDs to collagen. The resulting engineered collagen-
binding VEGF-A stimulated angiogenesis in skin wounds and
infarcted myocardiums in mice.

Natural interactions between the ECM and GFs are crucial
for tissue healing (Schultz and Wysocki, 2009) as many GFs
have the ability to bind ECM proteins to some extent (Macri
et al., 2007; Sawicka et al., 2015). These interactions often occur
between the heparin-binding domains of ECM proteins and
heparin-binding GFs (Martino et al., 2013). For example, PIGF-
2123—144> @ placental growth factor-2 (PIGF-2)-derived ECM-
binding domain, promiscuously binds multiple ECM proteins
with high affinity (Martino et al., 2014). The sequence was
fused to VEGF-A, PDGF-BB, and BMP-2, and the engineered
variants showed the ability to bind several ECM proteins with
much higher affinity (i.e. super-affinity) compared to their wild-
type counterparts. Super-affinity GFs contributed to improved
therapeutic efficacy in murine models of chronic wounds and
bone regeneration (Martino et al., 2014). Moreover, this approach
significantly reduced the vascular hyperpermeability induced
by VEGF-A.

In hard bone tissues, the ECM exists in the form of either
a collagen-rich organic phase, or a calcium-phosphate (Ca-P)
mineral phase (mainly hydroxyapatite) (Boonrungsiman et al.,
2012). However, most GFs do not express mineral-binding
domains, limiting natural interactions between the bone ECM
and GFs. To overcome this limitation, several studies have
explored the introduction of mineral-binding domains into GFs.
Indeed, some bone ECM proteins such as osteocalcin (OC)
can bind to hydroxyapatite (HA) minerals, the major inorganic
component of bone tissue, through a C-terminal sequence (Dowd
et al., 2003). For instance, a FGF-2-OC fusion protein displayed
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a significantly stronger HA-binding affinity than wild-type FGF-
2 and retained its bone repair and regeneration properties (Jeon
and Jang, 2009).

STABILITY ENHANCEMENT

As mentioned earlier, some of the major limitations of GFs
are their poor stability in physiological environment and
rapid enzymatic degradation. The following section focuses on
modifying the thermal stability and protease-resistance of GFs
(Figure 1B), although other factors not detailed here can also
reduce the stability of GFs. It is however noteworthy that
decreasing the natural clearance rate of GFs from the body may
requires additional side-effects monitoring.

Improving Thermal Stability
A common method to improve thermal stability of GFs is
attaching a stable polypeptide or molecule, such as PEG, onto
either terminal of the protein. The addition of PEG to GFs,
or PEGylation, has been successfully applied clinically as the
method of choice for extending protein half-life due to its
flexibility, hydrophilicity, and low toxicity. To date, the USFDA
has approved more than 15 PEGylated protein therapeutic
products, and more are under development (Ramos-de-la-Pefia
and Aguilar, 2019). For instance, IGF-I is a mitogenic GF
capable of stimulating anabolic processes in tissue repair and
regeneration but is limited by its short half-life. Thus, a modified
IGF-I was engineered through site-specific PEGylation and
remained stable up to 8 h when exposed to 10% human serum.
Moreover, this engineered IGF-1 showed a 3-fold increase in
serum stability after 18 h incubation compared to wild-type IGF-I
(Braun et al., 2018). Additionally, although PEGylated molecules
often show a reduced bioactivity (Simone Fishburn, 2008; Braun
et al., 2018), the site-specific nature of the modification allowed
the preservation of IGF-I activity. Other molecules can also
enhance the half-life of GFs. For example, conjugation of
apolipoprotein A-I to the C-terminus of FGF-19 led to a 10-fold
increase in circulating half-life (Alvarez-Sola et al., 2017).
Genetic modification is another effective approach to
reinforce thermal stability of GFs. Indeed, the amino acid
sequence of GFs can be edited to reinforce the local conformation
and strengthen their tertiary structure. For instance, by
introducing a triple mutation to FGF-1 increasing van der Waals
forces and steric strains, a 21.5°C increase in denaturation
temperature compared to wild-type FGF-1 was observed
(Zakrzewska et al., 2005; Szlachcic et al., 2009). In addition,
disulphide bonds are critical components of the protein structure
which can greatly enhance its stability, thereby promoting
bioactivity (Wedemeyer et al, 2000). In that regard, FGF-1
contains an unpaired cysteine at position 83 contributing to its
poor stability. Therefore, by applying site-specific mutagenesis,
Ala66 was replaced by a cysteine to introduce a disulphide bond
between position 66 and 83. This variant showed a 14-fold
increase in half-life and 10-fold increase in mitogenic activity
(Kobielak et al., 2014).

Reducing Extracellular Proteolytic

Degradation

As an indispensable element during wound healing and
regeneration, proteases regulate the clearance of damaged
proteins and matrix and facilitate cell infiltration (Schultz and
Wysocki, 2009). However, in some cases, proteases impair
tissue repair through excessive tissue degradation. Especially
in chronic wounds, stimuli such as bacteria, foreign material,
and impaired tissue lead to elevated and prolonged presence
of proteases at the wound site. This aberrant expression of
tissue-degrading enzymes results not only in poor healing
outcomes, but in the degradation of pro-regenerative growth
factors (Schultz and Wysocki, 2009; Harding et al, 2011;
McCarty and Percival, 2013). Therefore, altering the protease-
sensitive sites that naturally occurs within GFs can be an
efficient method to enhance their activity. For instance, two
mutations introduced at a known cleavage site in FGF-1, has
demonstrated to significantly increase the proteolytic resistance
of the protein up to 100-fold (Schultz and Wysocki, 2009). A
similar strategy has been used for VEGF-A (Lauer et al., 2002;
Traub et al., 2013).

MODIFYING GFs SIGNALING AND
FUNCTIONALITY

The signaling properties of GFs can be modified to enhance
their regenerative activity. The next section focuses on different
approaches that attempt to modify the sequence or the
structure of GFs to promote their function (Figure 1C),
thereby effecting similar or altogether different responses at
lower doses. Although those strategies have the potential
to produce highly effective modified GFs, they may require
longer development as the effects of modified signaling
may be less predictable than those of improved delivery
or stability.

Binding Affinity Modification

Binding affinities between GFs and their receptors can be
modified to induce alternative signaling (Spangler et al,
2015). Whether higher or lower binding affinity is required
is highly dependent on the receptor-ligand system and can
lead to enhancement or abrogation of signaling in either
case. For instance, site-directed mutagenesis to the residues
Ile 38, Glu 51 and Leu 52 of epidermal growth factor
(EGF) produced mutants with up to 30 fold higher affinity
for EGF receptor (EGFR) (Cochran et al, 2006; Lahti
et al., 2011). However, high affinity ligands may trigger a
fast receptor internalization and degradation abrogating their
signaling. Inversely, low affinity ligands may preserve the
receptor leading to a longer lasting signaling (Zaiss et al,
2015).

In the EGF-EGEFR signaling pathway, ligands which dissociate
from the receptor within the endosome preferentially sort toward
recycling rather than lysosomal fusion. Ligands that remain
bound are degraded with the receptor, leading not only to
receptor downregulation, but ligand depletion. Therefore, the
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sustained signaling response from EGF mutant with lower
binding affinity, may elicit greater cell proliferation (Reddy et al.,
1996; Zaiss et al., 2015).

Synergistic Signaling

Although protein engineering allows numerous ways to engineer
delivery mechanisms and systemic or local degradation kinetics,
perhaps the most unique aspect of this field is the ability to
confer non-canonical functionality to GFs for the purposes of
promoting regeneration. In terms of circumventing the clinical
limitations of GFs, there are several stages in the process that
can be modified. GFs can be engineered to engage alternative
signaling pathways through the creation of hybrid proteins.
For example, there is significant crosstalk between integrin
signaling and growth factor receptors such as VEGFR-2 and
EGFR (Mahabeleshwar et al., 2008; Brizzi et al., 2012). The
integrin-binding type IIT 10™ repeat of fibronectin (FNIII10)
was fused to VEGF-A to create a bi-functional engineered
protein (FNIII10-VEGF-A) with the ability to bind both
VEGFR-2 and integrin avB3 (Traub et al, 2013). Surfaces
coated with FNIII10-VEGF induced a significantly higher cell
attachment and spreading of endothelial cells compared to
FNIIT10 or VEGF-A 5. However, even though FNIII10-VEGF
immobilized in a fibrin matrix enhanced angiogenesis in a
diabetic mouse skin wound model compared to soluble VEGF-
A, the angiogenic response was reduced compared to the
one induced by fibrin-immobilized VEGF-A. This suggests
that although the crosstalk that exist between integrins and
GF receptors could be used to induce improved regeneration,
balancing the contribution of each signal is critical to optimize
the desired effect.

Control of GFs Availability to Cell-Surface

Receptor

Although the affinity of a GF for its receptor is critical in
defining its effects, GF signaling can be controlled upstream
of the GF-receptor interaction. Indeed, the availability of a
GF for its receptor can be modulated not only by the ECM
(Briquez et al, 2016) but also on the cell surface through
binding to heparin sulfate proteoglycans (Rogers and Schier,
2011) such as syndecans (Kwon et al, 2012). In order to
use the ability of syndecans to modulate GFs signaling, a
syndecan-binding domain (SB) from laminin subunit al was
fused to PDGF-BB (PDGF-BB-SB) and VEGF-A (VEGF-A-SB)
to create syndecan-binding variants (Mochizuki et al., 2019).
The controlled availability of PDGF-BB-SB and VEGF-A-SB
for their cognate receptor on mesenchymal stem cells and
endothelial cells, respectively, led to a long-lasting tonic signal as
opposed to the short-lived burst signal induced by their wild type
counterparts. Moreover, PDGF-BB-SB induced a significantly
improved bone regeneration in a mouse bone defect model
compared to PDGF-BB while VEGF-A-SB successfully improved
skin wound healing in diabetic mice compared to wild-type
VEGF-A. Interestingly, the engineered GFs abrogated common
side-effects associated with clinical use of PDGF-BB and VEGF-
A, respectively cancer risks and vascular permeability.

CONCLUSION AND PERSPECTIVES

Due to their critical role in tissue development and healing,
GFs are ideal candidates for developing regenerative medicine
therapies, but examples of successful clinical applications of
GFs are still scarce. Throughout evolution, GFs have been
selected to carry out specific tasks in specific environments,
while being produced as needed by cells. However, their use
in regenerative medicine requires to push the boundaries of
their natural functions and is therefore met with limitations,
such as instability or rapid diffusion from the delivery site.
Trying to circumvent those limitations by delivering multiple
supraphysiological doses has proven unsafe and thus highlights
the need for the development of novel delivery systems (Niu et al.,
2018).

The GF engineering approach is promising and generally aims
at modulating the bioactivity and stability of GFs or controlling
their interaction with biomaterials and the endogenous ECM.
These different approaches present the advantage of being
compatible with one another. It would be indeed possible to
increase the bioactivity and stability of a GF while simultaneously
increasing its affinity for the ECM or a biomaterial, opening the
door to numerous new technologies. It is however important
to note that as promising as these new technologies are, none
of them are likely to represent a universal solution. Most GFs
have their particular set of limitations and will require the
development of new approaches for regenerative medicine to
fully tap in their potential.

Future strategies in GF-based regenerative therapies may
benefit by embracing a more comprehensive approach to tissue
repair, as it is now evident that the immune system plays a critical
role in the regenerative process (Julier et al., 2017; Larouche
et al.,, 2018). Thus, future strategies may benefit from the co-
delivery of GFs and immunomodulators or the development of
multifunctional fusion proteins, with the ability of promoting
morphogenesis while modulating the immune system. Moreover,
most of the delivery strategies that we covered here aimed
at improving the GF release and stability at the delivery site.
However, several conditions, in particular ischemic injuries such
as stroke or myocardial infarcts, occur at sites that are difficult to
reach without invasive surgical procedures. Therefore, one of the
main challenges that lies ahead is the development of engineered
GFs with the ability to target distant sites.
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Chitosan nanoparticles (NPs) are widely studied as vehicles for drug, protein, and
gene delivery. However, lack of sufficient stability, particularly under physiological
conditions, render chitosan NPs of limited pharmaceutical utility. The aim of this study
is to produce stable chitosan NPs suitable for drug delivery applications. Chitosan
was first grafted to phthalic or phenylsuccinic acids. Subsequently, polyphosphoric
acid (PPA), hexametaphosphate (HMP), or tripolyphosphate (TPP) were used to
achieve tandem ionotropic/covalently crosslinked chitosan NPs in the presence
of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC). Thermal and infrared traits
confirmed phosphoramide bonds formation tying chitosan with the polyphosphate
crosslinkers within NPs matrices. DLS and TEM size analysis indicated spherical NPs
with size range of 120 to 350nm. The generated NPs exhibited excellent stabilities
under harsh pH, CaClp, and 10% FBS conditions. Interestingly, DLS, NPs stability and
infrared data suggest HMP to reside within NPs cores, while TPP and PPA to act mainly
as NPs surface crosslinkers. Drug loading and release studies using methylene blue
(MB) and doxorubicin (DOX) drug models showed covalent PPA- and HMP-based NPs
to have superior loading capacities compared to NPs based on unmodified chitosan,
generated by ionotropic crosslinking only or covalently crosslinked by TPP. Doxorubicin-
loaded NPs were of superior cytotoxic properties against MCF-7 cells compared
to free doxorubicin. Specifically, DOX-loaded chitosan-phthalate polyphosphoric acid-
crosslinked NPs exhibited 10-folds cytotoxicity enhancement compared to free DOX. The
use of PPA and HMP to produce covalently-stabilized chitosan NPs is completely novel.

Keywords: chitosan, ionotropic gelation, polyphosphoric acid, hexametaphosphate, phosphoramide bond,
doxorubicin
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INTRODUCTION

Chitosan (C) is a semisynthetic —polyaminosaccharide
obtained by N-deacetylation of chitin. Chitosan has attracted
attention in various biomedical, pharmaceutical, food, and
environmental fields due to its safe profile, biodegradability,
and biocompatibility, in addition to its bacteriostatic and
mucoadhesive properties (Alves and Mano, 2008; Riva et al.,
2011; Miola et al., 2015; Silva et al., 2017; Bracharz et al., 2018;
Dmour and Taha, 2018; Jiang and Wu, 2019; Savin et al,, 2019).
Chitosan nanoparticles (NPs) are widely studied as
nanocarriers for drug, protein, and gene delivery systems
(Almaaytah et al, 2018; Baghdan et al, 2018). Ionotropic
gelation is the most studied formulation method for

preparing chitosan NPs. It is based on electrostatic
interaction between the positively-charged aminosugar
monomeric units of chitosan and negatively-charged
polyanions, e.g., tripolyphosphate (TPP, FigurelA) or

hexametaphosphate (HMP, Figure 1B), or dextran sulfate
(Katas et al., 2013; Kiilll et al., 2017; Rassu et al., 2019).
Although ionotropic chitosan NPs have many benefits as drug
delivery systems, there are still many barriers to be resolved
to realize their clinical potential. These include inadequate
oral bioavailability, instability in blood circulation, and
toxicity (Du et al,, 2014).

NPs sizes and surface charges have significant implications
on their biological properties such as cellular uptake and
biodistribution in vivo. Nanoparticles of diameters ranging from
10 to 300 nm have been reported to cross the gaps in blood vessels
supplying tumor cells without significant penetration to healthy
tissues (Grossman and McNeil, 2012; Yan et al., 2015). Similarly,
NPs with slight negative charges, i.e., under physiological pH,
tend to accumulate in tumor cells more efficiently (Honary and
Zahir, 2013).

HMP is non-toxic substance, widely used in food industry as
a sequestering agent and food additive (Baig et al., 2005; Parab
et al., 2011). HMP was also used as stabilizer of BaSO4 (Gupta
et al., 2010) and ZnCdS (Wang et al, 2011b) nanoparticles.
Additionally, TPP and HMP have been reported as ionotropic
crosslinking agents for the preparation of chitosan NPs for drug
delivery purposes (Nair et al., 2019; Rassu et al., 2019; Su et al.,
2019).

On the other hand, although polyphosphoric acid (PPA,
Figure 1C) was never used as ionotropic crosslinking agent for
the preparation of NPs, chitosan-PPA beads (microspheres) have
been used as a delivery system for proteins and peptides (Yuan
et al.,, 2018). PPA-coated NPs were also used for blood pool
imaging in vivo (Peng et al., 2013).

Carbodiimide coupling agents, in particular, EDC
(Figure 1D), have been utilized to immobilize enzymes on
chitosan NPs to enhance enzymatic stability in solution
(Sun et al, 2017). Additionally, EDC is useful for surface
crosslinking/immobilization ~ of  medicinal ~ compounds
onto NPs to enhance their stabilities to variable pH or
temperature conditions (Shen et al., 2009; Chaiyasan et al.,
2015; Esfandiarpour-Boroujeni et al., 2016; Song et al., 2018).
EDC was also used for covalent crosslinking and stabilization of
doxorubicin-loaded chitosan-TPP NPs (Dmour and Taha, 2017),

lutein-loaded chitosan-dextran NPs (Chaiyasan et al., 2015) and
doxorubicin-loaded PEG-PLGA nanoparticles (Luo et al., 2019).

In this investigation, we describe the use of polyphosphoric
acid (PPA) and sodium hexametaphosphate (HMP), for the first
time, as tandem ionotropic/covalent crosslinkers for stabilizing
chitosan-phthalate- and chitosan-phenylsuccinate based NPs in
the presence of EDC.

HMP and PPA provide more anionic charges per molecule
compared to TPP, as in Figure 1, which should offer more
interaction sites for ionotropic crosslinking with chitosan’s
cationic ammonium groups. Moreover, HMP and PPA are non-
toxic, and therefore, superior to covalent crosslinkers such as
glutaraldehyde, genipin, and glyoxal, which tend to exhibit
significant toxicities (Dmour and Taha, 2018). The resulting NPs
were characterized vis-a-vis their size ranges, surface charges, and
physical stabilities under harsh pH, CaCl,, and FBS conditions.
The generated NPs exhibited excellent stabilities under such
conditions. Drug loading and release studies using methylene
blue (MB, Figure 1E) and doxorubicin (DOX, Figure 1F)
model drugs showed covalent PPA- and HMP-based NPs to
have superior loading capacities and release profiles. DOX-
loaded NPs showed enhanced cytotoxic properties compared to
free doxorubicin.

MATERIALS AND METHODS

Materials

All chemicals were purchased from respective companies
(in brackets) and were used without pretreatment or
purification. Pyridine, absolute ethanol, and acetone of
analytical grades (Carlo Erba France, and Labchem, USA).
Medium molecular weight chitosan, phenylsuccinic anhydride,
and sodium hexametaphosphate (HMP) (Sigma-Aldrich, USA).
Polyphosphoric Acid (PPA) and phthalic anhydride (Fluka,
Switzerland). Ultrapure water (conductivity = 0.05 ps/cm) for
DLS size analysis (Millipore, USA).

Penta basic sodium tripolyphosphate (Sigma-Aldrich,
Germany), N-ethyl-N’-(3-dimethylaminopropyl) carbodiimide
hydrochlorides (EDC) (Sigma- Aldrich, USA), hydrochloric
acid (37%) (Carlo Erba, Spain) and sodium hydroxide (Rasayan
Laboratory, India). Dialysis tubing (molecular weight cutoff =
14 kDa, Sigma-Aldrich, USA), Tris base buffer (Bio Basic Inc.,
Canada), Methylene blue (Seelze, Germany), and Doxorubicin
HCIl (Ebwe Pharma, Austria). CellTiter Non-Radioactive Cell
Proliferation Assay Kit from Promega (USA). RPMI 1640
medium and fetal bovine serum (FBS) were purchased from
(Caissan, USA), L-glutamine, penicillin-streptomycin and
trypsin-EDTA were purchased from (EURO Clone, Italy).
4/,6-Diamidino-2-phenylindole (DAPI) stain was purchased
from Invitrogen (Thermo Fisher Scientific, USA). Poly-L-lysine
obtained from (Sigma- Aldrich, Germany).

Synthesis of Chitosan-Dicarboxylic Acid
Derivatives and Preparation of
Corresponding NPs

Chitosan-dicarboxylic acid derivatives (chitosan-phthalate and
chitosan phenyl succinate) were prepared as described earlier
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FIGURE 1 | Chemical structures of (A) sodium tripolyphosphate (TPP), (B) sodium hexametaphosphate (HMP), (C) polyphosphoric acid (PPA), (D)
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), (E) methylene blue (MB), (F) doxorubicin (DOX), and (G) Chemistry of grafting chitosan to phthalic and
phenylsuccinic acids.

(Aiedeh and Taha, 1999) with slight modifications. Briefly,  phenylsuccinic acids, 2.5 or 5.0 mmol, respectively) was dissolved
chitosan (1.00g, corresponding to 5.58 mmol glucosamine) in (5ml) pyridine and added dropwise to chitosan solution with
was dissolved in (50ml) HCI (0.37% v/v) aqueous solution  vigorous stirring. NaOH (1.0 M) solution was added dropwise
at ambient temperature. The particular anhydride (phthalic or ~ to the reaction mixture to maintain reaction pH at 7.0. The
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reaction was allowed to continue for 40 min. Subsequently, the
resulting chitosan derivative was precipitated by gradual addition
of acetone under continuous stirring. The resulting precipitate
was filtered, washed three times with absolute ethanol (100 ml),
and finally with acetone (100 ml), and dried for 48h in hot air
oven at 35°C. The products were stored in airtight bottles.

Chitosan- and chitosan-carboxylate-based NPs were prepared
using “syringe method” as described earlier (Calvo et al,
1997). Briefly, chitosan, or chitosan derivative, was dissolved
by stirring for 48h in aqueous HCl (4.8mM) to produce
0.1%w/v solution. Wherever needed, the resulting solution was
filtered or centrifuged at 4,000 rpm for 10min at 25°C to
remove any insoluble polymer residues. Subsequently, freshly
prepared crosslinker aqueous solution, namely TPP (0.4%w/v),
PPA (0.2%w/v activated by heating at 100°C for 1.5h), or HMP
(0.1% w/v) was added gradually, using syringe, to prepared
chitosan, or chitosan-carboxylate solutions (5 ml) under vigorous
magnetic stirring at 25°C until visual appearance of opalescent
hazy dispersion (representing NPs formation). The resulting NPs
were used for size and zeta potential analysis (i.e., dynamic light
scattering, DLS) purposes without further processing.

The prepared NPs were covalently crosslinked using EDC as
described earlier (Dmour and Taha, 2017). Briefly, EDC (25 mg)
was added to NPs dispersions (5 ml) prepared from chitosan or its
derivatives by ionotropic gelation method. The reaction mixture
was stirred vigorously over 1min, and then it was allowed to
stand for 1 h. Subsequently, the reaction was terminated by one
of the following ways: (1) For size, zeta potential and stability
analysis purposes (which require minute amounts -jpgs/ml- of
NPs) the NPs dispersions (5 ml) were dialyzed against vigorously
stirred deionized water (250 ml) for 1 min using dialysis tubing
(molecular weight cutoff = 14 kDa) to remove EDC-urea
byproduct and directly used for DLS. This should minimize
any potential artifacts in NPs sizes or charges due separation
methods (e.g., lyophilization or centrifugation) (Zhang et al.,
2018) other than the influence of studied variables, i.e., pH, Ca’*,
and FBS. (2) For dissolution, in vitro release studies, and cell lines
cytotoxicity studies (which require significantly more amounts of
NPs - ca. mg/ml): Blank and loaded NPs were separated from
the dispersion by centrifugation at 4,000 rpm for 45 min, washed
gently by distilled water and lyophilized using Operon Freeze-
Dryer - (Korea) at vacuum pressure of 0.05 mbar. The condenser
surface was maintained at 55°C. Lyophilized samples were stored
in light-protected containers at —20°C for later use.

Characterization of Semi-synthetic
Polymers and Corresponding NPs

Infrared spectrums (Fourier-transform Infrared-FTIR or
Attenuated Total Reflection-ATR) were collected using
Shimadzu-FTIR-8400S (Japan) and Thermo DS spectrometer
(Germany). Ionotropically- or covalently- crosslinked NPs for
infrared analysis were prepared as were previously described.
However, the resulting NPs dispersion was precipitated using
acetone (150ml), washed three times with absolute ethanol
(100 ml), and finally with acetone (100 ml) then dried overnight
at 35°C.

Crosslinked matrices (ionotropically- or covalently-
crosslinked) or polymer samples (chitosan and semi-synthetic
derivatives) were crushed using mortar and pestle and mixed
with potassium bromide at 1:100 ratios and compressed to a
2mm semitransparent disk over 2min for FTIR analysis. For
ATR analysis, the powdered samples were placed directly into
the diamond crystal of the instrument. The spectrums were
recorded over wavelength range of 4,000-400 cm ™!

Thermal analysis using Differential Scanning Calorimetry
(DSC) using a DSC 823° Mettler Toledo (Thermo Electron
Scientific Instruments Corp., Madison, WI). Samples were
prepared by weighing (3-7 mg) of each polymer in aluminum
sample pans and sealing them using the Toledo sample
encapsulation press. Each sample was heated from 25 to 350°C
at 10°C/min heating rate under N, purge using an empty sealed
pan as a reference. Calibration with the standard (indium) was
undertaken prior to subjecting the samples for study.

Although acetone precipitation is rather drastic method vis-
a-vis NP sizes and charges, it is harmless to NPs properties
monitored by IR and DSC, namely, covalent and strong reversible
interactions within NPs polymeric matrices. Moreover, acetone
precipitation yields large enough NPs amounts suitable for IR and
DSC studies.

NPs Size Analysis, Surface Charge
Measurement, and Stability Studies Under
Variable pH, CaCl, Conditions and 10%
FBS Solution

Aliquots of crosslinked NPs (ionotropic or covalent) dispersions
(2ml) were evaluated by dynamic light scattering (DLS) either
directly (at preparation pH), or after being subjected to variable
pH conditions (1.2, 6.8, 7.4, and 12.0) CaCl, concentrations
(0.1, 0.2, 0.3, 0.4, and 0.5M), or fetal bovine serum (10%
FBS in PBS at 7.4 pH). pH adjustments were achieved
by aqueous NaOH (0.1M) or HCl (1.0M) and monitored
using pH-meter (Trans Instruments, Singapore). Each sample
was vigorously stirred for 1min at room temperature to
ensure homogenous dispersion and was then macroscopically
inspected for haziness (Tyndall effect) or aggregate formation.
Only samples with hazy appearance were analyzed by DLS
while those showing aggregates were discarded. Samples were
evaluated by DLS after 2h exposure to variable pH, CaCl,
concentrations, or 10% FBS solution. Particle size, polydispersity
index (PDI), and zeta potential were calculated by determining
the electrophoretic mobility of NPs dispersions followed by
applying the Stokes-Einstein and Henry equations. The following
parameters were assumed in the calculations: Media viscosity
= 0.8872 cP, dielectric constant = 78.5, temperature = 25°C.
The measurements were performed using Zetasizer Nano ZS (4.0
mW He-Ne laser, 632.8 nm, Malvern Instruments, UK) while the
respective calculations were performed using Zetasizer software
version 7.11. The measurements were done in triplicates at 25°C
and the average size and zeta potential were recorded.

The morphological characteristics of NPs were studied by
transmission electron microscope (TEM) (Morgagni (TM) FEI
268, Holland) using Mega-View Camera. The samples were
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immobilized on copper grids for 10 min and dried at room
temperature prior to investigation by TEM.

Loading Capacities and in vitro Release
Studies

To aqueous solutions of the particular chitosan or chitosan
derivative (0.1% w/v, 100 ml) in HCl (4.8 mM) MB or DOX
(10 or 100 mg to prepare 1:10 or 1:1 polymer to drug ratios,
respectively) were added and stirred for 30 min. The resulting
solutions were separated into (5 ml) fractions and the appropriate
crosslinker (0.1%w/v HMP, 0.2%v/v PPA, or 0.4% w/v TPP)
was added dropwise to selected fractions until the development
of hazy dispersions. Then, EDC (25mg) was added to each
fraction for covalent crosslinking. The reaction mixtures were
stirred vigorously over 1 min and allowed to stand over 1h.
The reactions were terminated by centrifugation (Megafuge 8R,
Thermo Scientific-Slovenia) at 4,000 rpm for 45min at 4°C,
then NPs pellets were retained and the supernatant discarded.
NPs pellets were gently washed with deionized water and
placed overnight in deep freezer (—80°C, Polar 530V, Italy)
then lyophilized as mentioned earlier. Lyophilized samples were
stored in light-protected containers at —20°C for later use (stable
over 8-months period).

The release profiles and loading capacities of loaded NPs were
determined using the dialysis bag method. An exactly weighed
amounts of drug-loaded lyophilized NPs were re-dispersed in
HCI (3ml, 4.8 mM) in a dialysis sac and was subsequently put
in an amber-glassed bottle containing TRIS base buffer (17 ml,
pH 7.4). The assembly was placed in a shaking incubator (DAIKI
-Scientific Co, Korea) at 100 rpm and 37°C. Samples (2ml)
were withdrawn from TRIS buffer at specified time intervals and
immediately replaced with an equivalent volume of fresh buffer.
For MB quantification, samples absorbances were measured
using UV-Visible spectrophotometer (Thermo Fisher Scientific
model B40-210600, China) at hpx = 666 nm. For DOX, samples
were measured using Shimadzu spectrofluorometer (model RF-
5301PC, Japan) at excitation wavelength hpax 485 and emission
Amax 558 nm. Slit widths were adjusted to 5 for excitation and
emission. Unloaded NPs were used as blanks.

The released amounts were calculated from properly drawn
calibration curves. The release profiles were repeated in
triplicates and expressed as average cumulative amounts of
released drug per mg NPs. The standard deviation (SD) was used
as variability descriptor.

To determine the amounts of loaded drugs (i.e., MB or
DOX) in covalently crosslinked NPs: The cumulative amounts
of each drug released over 24h upon dissolution (see above)
were added to amounts released upon degrading the respective
loaded NPs (core loading). NPs degradation was performed
as follows: Remaining nanoparticles within dialysis bags (after
drug releasing studies) were collected by centrifugation at 4,000
RPM over 10 min and washed gently with distilled water, then
suspended in HCI (2.0 M) at 72°C for 3 h in case of MB loaded
NPs and ultrasonicated using ultrasonic processor (Cole-Parmer,
USA) for DOX loaded NPs (at 50% amplitude for 10 min) (Tang
et al., 2003).

The released amounts were calculated from properly drawn
calibration curves (Cabrera and Van Cutsem, 2005). The loading
capacity is calculated as in the following equation:

Amount of drug in mg of NPs
Weight of NPs (mg)

Cytotoxicity Studies

The cytotoxicity of (drug-free or DOX loaded NPs) was
performed using the CellTiter Non-Radioactive Cell Proliferation
Assay Kit® (Promega, USA). Free DOX was used as a positive
control. A stock solution of 50 uM free DOX or its equivalent
amount of DOX- loaded NPs was used to prepare serial dilutions
from 0.05 to 50 WM in fresh media. The culture of MCF-7
cell line was maintained in RPMI 1640 medium, supplemented
with 10% (v/v) heat-inactivated fetal bovine serum (FBS), 2 mM
l-glutamine, 100 U/ml and 100 pg/ml penicillin-streptomycin
(EURO Clone, Italy). The cells were trypsinized by trypsin-
EDTA (EURO Clone, Italy) and centrifuged to form a pellet
of the cells. The supernatant was discarded. The cell pellet was
then re-suspended in its growth medium. The cell stock was
diluted to the desired concentration (7 x 10% cells/ml). The cell
suspension was transferred to 96 well-plates by adding 100 pl of
the cell suspension to each well. The plates were incubated in a
humidified atmosphere at 37°C and 5% CO; for 24 h to allow the
cells to be in their exponential growth phase at the time that NPs
suspension or free DOX were added. It is important to mention
that ultrasonication (30% amplitude for 2 min) was used to find
fine NPs suspension and the same condition was applied for free
DOX. The spent medium (deprived of nutrients) was discarded
and replaced by fresh medium with an appropriate concentration
of the NPs suspension or free DOX. After 72h of incubation,
MTT assay solution was added. The plates were incubated for
4h in the absence of light at 37°C then the stop solution was
added. The number of live cells was identified after 30 min of stop
solution addition by measuring the absorbance at 570 nm using a
96-well plate reader (BioTek Instruments, U.S.A). The following
equation was used to calculate cell viability.

x 100%

Loading Capacity =

[Cell viability%

Absorbance (570 nm) of Doxorubicin treated sample

Absorbance (570 nm) of control sample * 100%]

The results of the MTT cell proliferation assay were analyzed
using excel. The inhibitory concentration (ICsg) values, which
are the drug concentration at which 50% of cells are viable, were
calculated from the logarithmic trend line of the cytotoxicity
graph. The cellular morphological changes related to NPs-
induced cytotoxicities were monitored using inverted light
microscope (Vert. Al, AX10, Carl Ziess, Germany) of MCF-7
cells after exposure to DOX-loaded NPs and free DOX (10.0 wM)
over 72h incubation. Unloaded NPs and untreated cells were
used as controls.

Assessment of NPs Cellular Uptake Using Confocal
Microscopy

MCE-7 cells were seeded onto poly-L-lysine coated round
coverslips (prepared by incubation in poly-L-lysine aqueous
solution (0.01% w/v) over 1h at room temperature) in a 12-
well plate at 5 x 10% cells/well in RPMI culture medium and left
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over 24 h. DOX-loaded NPs or free DOX (1.0 uM), suspended in
tissue culture media, were directly applied to coverslips adhered
cells and incubated over 4h at 37°C Subsequently, the culture
media were removed and wells were washed two times with
PBS. Cells were then fixed by paraformaldehyde solution (4%)
at room temperature over 20 min then washed two times with
PBS. Subsequently, triton-x solution (0.5% v/v) was added to
wells and incubated for 10 min then washed two times with PBS.
Thereafter, the coverslips were removed and slowly flipped over
clean glass slides covered with 50.0 WL DAPI stain (Prolong™
Diamond Antifade Mountant with DAPI) and left overnight
at room temperature under dark conditions. Fixed cells were
imaged at laser/detector wavelengths of 488 nm/614-742 nm for
DOX and of 405 nm/410-585 nm for DAPI using confocal laser
scanning microscope (LSM 780, Carl Ziess, Germany) by 63x/1.4
oil lens. Untreated cells (i.e., with DOX-loaded NPs or free
DOX) were assessed as controls. NPs uptake was also evaluated
using wide-field fluorescence microscopy (Axio Imager Z2, Carl
Ziess, Germany).

Statistical Analysis

All experimental data were presented as mean and standard
deviation (SD). Microsoft Excel Software 2007 (Microsoft Corp.,
Redmont, WA, USA) was used to calculate means, standard
deviations of the size, zeta potential, loading and cumulative
amount released, and to create graphs. Excel was also used to
calculate t-test and p-values. Microscopic images were labeled
using ZEN software (version 2012, SP5).

RESULTS AND DISCUSSION

Synthesis of Chitosan-Dicarboxylic Acid

Conjugates
Chitosan-phthalate (CP) and chitosan-phenylsuccinic (CPS)
were recently reported to yield TPP-based NPs of optimal
properties for drug delivery (Dmour and Taha, 2017) prompting
us to select them for our current NPs and drug release studies.
CP and CPS were synthesized by the reaction of chitosan with
phthalic or phenylsuccinic anhydride in neutral pH. Catalytic
amount of pyridine was added to push the anhydride/amine
acylation chemistry (Aiedeh and Taha, 1999; Dmour and Taha,
2017). Figure 1G summarizes the conjugation reactions. The
resulting polymers were characterized by NMR spectroscopy.
Figure $29 shows the 'H NMR spectra of the grafted polymers.

NPs Formulation

Initially, chitosan and conjugation derivatives (CP and CPS)
were used to prepare NPs by ionotropic gelation with three
polyphosphates crosslinkers, namely TPP, PPA, and HMP.
Table 1 summarizes the prepared NPs and their abbreviated
names. Figure 2 summarizes the formulation of CP-PPA NPs
as example.

Ionotropic gelation proceeds via attraction between
protonated amine groups of chitosan (or chitosan’s derivatives)
and phosphate anions of TPP, HMP, or PPA. These interactions
weaken the surface charge of chitosan and therefore reduce
chitosan’s aqueous solubility leading to spontaneous NPs

TABLE 1 | Prepared ionotropically-crosslinked chitosan NPs, their corresponding
crosslinkers, and abbreviated names.

Polymer lonotropic NPs
Derivative Abbreviation Cross-linker Abbreviation
Unmodified chitosan C Tripolyphosphate C-TPP
Polyphosphoric acid ~ C-PPA
Hexametaphosphate C-HMP
Chitosan phthalate CP Tripolyphosphate CP-TPP
Polyphosphoric acid  CP-PPA
Hexametaphosphate CP-HMP
Chitosan phenylsuccinate CPS Tripolyphosphate CPS-TPP
Polyphosphoric acid  CPS-PPA
Hexametaphosphate CPS-HMP

formation (Figure 2). Ionotropic crosslinking was practically
performed by titrating solutions of chitosan (or its derivatives,
pH values as in Table 2) with aqueous polyphosphate crosslinkers
until the appearance of hazy (opalescent) dispersions. Chitosan
conjugates (i.e., CP and CPS) tended to consume significantly
lesser amounts of PPA and HMP crosslinkers to form NPs
compared to unmodified chitosan, as in Table 2. However, this
trend is not observed with TPP, i.e., unmodified chitosan and
chitosan conjugates required the same levels of TPP to form
ionotropic NPs. We believe this trend is because conjugated
chitosans fold in acidic aqueous conditions in such way to
keep hydrophobic acidic conjugates (unionized phthalic and
phenylsuccinic acids under acidic NPs preparation conditions)
confined within the interior of newly formed NPs. Apparently,
TPP acts at NPs surfaces (i.e., surface crosslinker) and thus being
far from core carboxylic acid-substituted amines, the amount
of TPP needed for NPs formation is independent of chitosan
conjugation. In comparison, HMP (and to a lesser extent PPA)
seem to act as core crosslinker in direct proximity to conjugated
amines (i.e., with phthalic and phenylsuccinic acids) within
newly formed NPs cores, such that carboxylic acid conjugation
reduces the number of core cationic amines exposed to HMP
with the concomitant reduction in the required HMP phosphate
counter-ions necessary to weaken chitosan’s charge leading to
spontaneous NPs formation. This conclusion is supported by the
significantly higher positive surface charges of HMP-based NPs
compared to TPP-based NPs (see section NPs Behavior under
Variable pH/Calcium Ion Conditions, NPs Sizes and Surface
Charges and Table 4).

Another interesting observation in Table 2 is related to the
change in pH profiles of chitosan dispersions upon grafting
to phthalic and phenylsuccinic acids. Clearly from Table 2,
the pH of the polymeric dispersions became more acidic
upon conjugation to dicarboxylic acids, which is not surprising
due to the fact conjugation consumes basic amines groups
within chitosan and converts them into neutral amidic linkages.
However, pH shifts accompanying conjugation to phthalic and
phenylsuccinic acids (CP and CPS, respectively) were identical
(from pH 4.32 to pH 2.5) suggesting identical substitution
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degrees in both cases (CP and CPS). In fact, we could calculate
the degrees of phthalic and phenylsuccinic acids substitution
on chitosan to be 43%. The calculation is based on subtracting
hydrogen ion concentration before and after dissolving each
chitosan derivative in certain predetermined volume of HCI
(4.8 mM).

EDC was added to the generated ionotropic NPs for
covalent crosslinking (Figure 2). Acidic conditions are necessary
to protonate EDC’s imino-nitrogen atoms and enhance its
reactivity. The coupling chemistry was performed by excess EDC
to ensure reaction completion, particularly under the sterically
hindering environment of the polymer. Both EDC and EDC-urea

byproduct are water soluble and allow easy subsequent polymer
purification by dialysis in aqueous conditions.

Table 2 shows another interesting observation: Successful
EDC-mediated covalent crosslinking (i.e., CP-TPP, CP-PPA, and
CPS-HMP) significantly shifted the pH of corresponding NPs
dispersions toward more basic values, while those that failed
EDC crosslinking maintained the same pH values prior to
EDC addition. In fact, success of EDC crosslinking can be
easily monitored by observing the pH shifts of corresponding
NPs dispersions upon adding EDC. Transition of EDC to
EDC-urea (upon covalent crosslinking) consumes acidic protons
causing the observed basic shifts, as in Figure 2. Failure of the
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TABLE 2 | Crosslinking conditions of ionotropic and covalent NPs together with their corresponding abbreviated names.

lonotropic NPs Amount of ionotropic Crosslinker

(mg) per polymer (mg)?

Abbreviations of
covalent NPs

pH of

Polymeric lonotropic NPs NPs dispersions
dispersion® dispersions® after EDC addition®

C-TPP 0.35 + 0.05 4.32 +£0.05 5.563 + 0.038 5.59 + 0.34 —°

C-PPA 0.20 + 0.07 2.04 +£0.01 2.05 4+ 0.038 —°

C-HMP 0.16 £ 0.04 4.69 £0.17 4.95+0.16 —c

CP-TPP 0.38 +£ 0.02 2.56 £ 0.04 3.00 £ 0.03 518 £ 0.19 CROSS-CP-TPP
CP-PPA 0.09 £+ 0.02 1.87 £0.012 3.14 £ 0.05 CROSS-CP-PPA
CP-HMP 0.10 £ 0.08 2.62+0.15 2.80 £ 0.075 —¢

CPS-TPP 0.32 £ 0.02 2.54 +0.04 3.65 +0.27 3.79 £ 0.015 —¢

CPS-PPA 0.09 £+ 0.01 2.08 £ 0.06 212 +0.078 —c

CPS-HMP 0.06 + 0.02 2.55 + 0.01 3.08 £0.15 CROSS-CPS-HMP

aAmounts of phosphate crosslinkers necessary for optimal mono-dispersed ionotropic NPs. Lesser or greater amounts lead to either loss of NPs, larger particles, or aggregates.

bpeans were recorded for triplicate measurements =+ standard deviation.
¢Addition of EDC failed to produce stable NPs under variable pH and CaCl» conditions.

conjugation reaction means EDC fails to convert into EDC-urea
and thus fails to abstract protons from the medium (as in the
cases of C-TPP, C-PPA, C-HMP, CP-HMP, CPS-TPP, and CPS-
PPA NPs, Table 2). Subsequent probing with infrared, thermal
and NPs stability profiles (see next) unequivocally supported our
conclusions, i.e., success of EDC-induced covalent crosslinking
in CP-TPP, CP-PPA, and CPS-HMP NPs cases (via forming
phosphoramide crosslinks) and failure of covalent crosslinking in
C-TPP, C-PPA, C-HMP, CP-HMP, CPS-TPP, and CPS-PPA NPs
cases (see section NPs Behavior under variable pH/calcium ion
conditions, NPs sizes and surface charges).

Characterization of Polymeric

Intermediates and NPs
Infrared Spectroscopy (IR)
To probe chemical conjugation of chitosan and subsequent
NPs formation, we opted to use IR and differential scanning
calorimetry (DSC). Figure3 shows the infrared spectra of
parent chitosan, corresponding derivatives, and selected NPs
(ionotropically and covalently crosslinked). As in Figure 3,
chitosan’s IR spectrum exhibits NH/OH stretching and N-H
bending vibrations (at 3,400 and 1,645 cm™!, respectively)
(Brugnerotto et al., 2001). However, it lacks stretching amide
I carbonyl band at 1,655 cm™! indicating considerable
deacetylation (Khan et al, 2002; de Alvarenga, 2011),
which agrees with the deacetylation degree reported by the
manufacturing company (ca. 85%, Sigma Aldrich, USA).
Grafting chitosan with carboxylic acid anhydrides was
evidenced in the corresponding infrared spectra by new
stretching bands within 1,549-1,553 cm™! range (clear in CPS
and CP spectra in Figure 3) corresponding to carboxylate and
amide II stretching vibrations accompanying the conjugation to
phthalic and phenylsuccinic acids. It’s noteworthy to mention
that amide I stretching bands seem to be concealed by N-H
bending vibrations of remaining chitosan amines at 1,640 cm~!.

Although IR is blind to electrostatic interactions, and
therefore, is not able to probe ionotropic phosphate-ammonium
interactions, the acidic pH required for ionotropic gelling
(Table 2) protonated amine and carboxylate residues of the
polymers causing considerable change in the respective infrared
spectra: In unmodified chitosan (C, Figure 3), acidification and
treatment with polyphosphate crosslinkers lead to appearance
of a new band at 1,535 cm™! in C-PPA and C-HMP NPs,
corresponding to bending vibrations of ammonium groups,
alongside the original band at 1,641 cm™! which correspond
to bending vibrations of the amine groups. Conversely,
acidification/phosphate treatment of anhydride-grafted chitosan
derivatives significantly protonated the carboxylate residues
into carboxylic acids with the concomitant emergence of new
shoulder bands in CPS-HMP NPs and CP-PPA NPs spectra at
ca. 1,710 cm™! related to carboxylic acid carbonyl stretching.
Additionally, ionotropically-crosslinked NPs exhibited new
distinct band at 1,247 cm™! corresponding to P=0 stretching
vibrations of the phosphate crosslinkers (Nyquist et al., 1967;
Nishi et al., 1986; Dmour and Taha, 2017).

Infrared spectroscopy was also used to investigate covalent
crosslinking reactions resulting from treating ionotropic NPs
with EDC. From Figure 3, treating CP-PPA, and CPS-HMP NPs
with EDC (i.e., to yield CROSS-CP-PPA, and CROSS-CPS-HMP,
respectively) was accompanied by new significant band at ca.
980 cm ™! corresponding phosphoramide bond formation within
NPs (Nyquist et al., 1967; Nishi et al., 1986; Dmour and Taha,
2017). This band is absent from infrared spectrums of NPs that
failed covalent crosslinking despite exposure to EDC, e.g., C-
PPA-EDC, C-HMP-EDC, CP-HMP-EDC, and CPS-PPA-EDC, as

in Figure 3.
Intriguingly,  carboxylic ~acid bands seen  upon
acidification/polyphosphate ~ crosslinking (C=0 stretching

~
~

band at 1,710 cm™! seen in CP-PPA and CPS-HMP)
remained after treatment with EDC in CROSS-CP-PPA as
well as in TPP-based NPs (Dmour and Taha, 2017), which
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FIGURE 3 | IR spectrums of unmodified parent chitosan, corresponding derivatives, and NPs (ionotropically and covalently crosslinked). Individual infrared spectrums

indicate that the polymeric carboxylic acid moieties were not
involved (or minimally involved) in covalent crosslinking
within NPs matrices. However, this band (i.e., at 1,710 cm™!)
disappeared totally in CROSS-CPS-HMP NPs spectrum despite
acidic conditions (pH 3.08, which should protonate remaining
carboxylates into carboxylic acids). This suggests that carboxylic
acid moieties in CROSS-CPS-HMP NPs were consumed in
EDC-mediated amide bond forming reaction additional to
the phosphoramide formation reaction mentioned earlier. We
believe this extra-crosslinking reaction is due to the fact that
HMP is primarily core-crosslinking agent (see section NPs

behavior under variable pH/calcium ion conditions, NPs sizes
and surface charges) with little abundance at the outer NPs
surface, thus leaving the chance for slower amide forming
crosslinking (coupling free carboxylic acids of grafted anhydrides
with chitosan amines) to take place at the NPs surfaces.

It remains to be mentioned that grafted carboxylic acid
moieties are essential for successful formation of phosphoramide
bonds as they catalyze coupling of polyphosphates with
polymeric amine groups (Dmour and Taha, 2017). This
explains EDC failure to achieve phosphoramide bonds in the
lack of grafted carboxylic acid groups, as seen in the IR
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FIGURE 4 | DSC thermograms for unmodified chitosan (C), chitosan phthalate (CP), chitosan phenylsuccinate (CPS), and their ionotropic/covalent corresponded
nanoparticles. The individual thermal DSC traits are shown in Figures S17-S27.

spectra of EDC-treated C-PPA and C-HMP NPs (absence of
phosphoramide bands at ca. 980 cm ™! as in Figure 3). Strangely,
however, all our attempts to crosslink chitosan (unmodified) NPs
with polyphosphates (TPP, HMP, or PPA) in acetic acid were
futile, suggesting that the carboxylic acid catalyst need to be
covalently attached to NPs matrix to catalyze the EDC coupling
chemistry successfully.

Thermal Analysis

DSC thermograms of chitosan, carboxylic acid derivatives,
and NPs (both ionotropic and covalent) are shown in
Figure 4. Chitosan shows typical polysaccharide thermal trait
characterized with two bands. The first is endothermic wide
band that extends from 40° to 100°C corresponding to polymeric
dehydration. The second thermal event is exothermic band

extending from 280 to 320°C corresponding to polymeric
degradation. The thermal trait of CP is rather flat, while CPS
shows shallow exothermic band extending from ca. 220-274°C
probably linked to thermally-mediated amide forming reaction
linking phenylsuccinic acid moieties and adjacent chitosan’s
amine groups in CPS. Similar exothermic feature was evidenced
upon attaching phthalic anhydride to chitosan-lactate (Al Bakain
et al.,, 2015). Probing the thermal characteristics of ionotropic
NPs demonstrates intriguing exothermic peaks (extending from
225° to 247°C for CP-PPA NPs and from 220° to 240°C in CPS-
HMP NPs) resulting from certain heating-induced exothermic
incident within NP matrices. The most likely explanation for
these peaks is heat-induced phosphoramide forming reaction
linking chitosan’s amine groups with polyphosphate crosslinkers
(see Figure S1) (Dmour and Taha, 2017). We excluded the
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prospect that these peaks are due to amide bond formation
between carboxylic acids (phenylsuccinic or phthalic acids)
and chitosan’s aminosugar monomers because the same peaks
emerged in the thermograms of C-PPA and C-HMP NPs (both
are based on unmodified chitosan), as in Figure 4.

EDC coupling was also manifested in the DSC traits. EDC
coupling weakened the exothermic peaks and moved them to
lower temperatures (from 245 to 200°C in CP-PPA and from
240 to 230°C in CPS-HMP). The most logical reason for the
observed EDC-induced decrease of exothermic bands is that
EDC crosslinking depleted a considerable fraction of phosphate
crosslinker molecules, and consequently, eliminated them from
the thermally-induced reaction with aminosugar monomers of
chitosan (or acid-grafted chitosan derivatives). Accordingly, the
fact that CROSS-CP-PPA exhibited the most drastic attenuation
in the exothermic peak implies that EDC crosslinking was most
efficient in this case. In contrast, the DSC traits of C-PPA and
C-HMP remained unchanged after EDC addition (i.e., C-PPA-
EDC and C-HMP-EDC, in Figure 4) which further supports
the notion that the presence of conjugated carboxylic acids
is essential for EDC mediated formation of phosphoramide
covalent bonds.

NPs Behavior Under Variable pH/Calcium lon
Conditions, NPs Sizes and Surface Charges

Table 3 summarizes NPs size information and how they behave
under variable pH, calcium ions concentrations, and 10% FBS.
Figure 5A shows how CP-PPA and CROSS-CP-PPA NPs respond
to variable pH, and calcium chloride conditions, while Figure 5B
shows how CP-TPP, CP-PPA, CPS-HMP NPs dispersions and
their corresponding covalently crosslinking analogs behave in
10% FBS solution. Ionotropic NPs were stable over pH range of
2.0-6.0. However, they immediately (within seconds) dissolved
in acidic pH (1.2) to form clear solutions, while at pH values >
6.8, with or without FBS, they created macroscopical aggregates,
as seen in Figures 5A,B.

Acidic conditions hydrolyze polyphosphate crosslinkers
(Lind, 1948) and impair their abilities to electrostatically attract
chitosan’s ammonium moieties leading to observed dissolution
of NPs. However, although all ionotropic NPs formulas lost
their integrities upon exposure to acidic pH (1.2), C-HMP and
CPS-HMP NPs retained their integrities under such conditions,
as in Table3. Resistance of HMP-based ionotropic NPs to
drastic acidic pH conforms to our proposition that HMP is
core crosslinker and stays within the confinement of NPs cores
protected from hydrolysis by the external acidic solution.

Conversely, basic conditions deprotonate chitosan’s
ammonium residues resulting in loss of significant fraction
of chitosan’s positive charge, thus undermining its ability to
electrostatically interact with negatively charged phosphates
crosslinkers. Additionally, the positive surfaces of chitosan
NPs serve as deflocculants adding further stability to the NPs
dispersion. Losing these charges flocculates NPs suspension and
forces them to aggregate into macroscopical particulate clusters.

Similarly, Table3 and Figure5 show ionotropic NPs to
dissolve completely and immediately in CaCl, solutions
regardless of concentration. Calcium ions form stable chelates

with phosphate ions (Rehfeld et al., 1977) and therefore sequester
phosphate from being electrostatically complexed to chitosan.
This leads to complete dissolution of ionotropic NPs under the
influence of calcium ions as in Table 3 and Figure 5A.

The most notable observation in Table 3 and Figure5 is
that covalently crosslinked NPs maintained their opalescent
appearance, nano-sizes and resisted extreme pH environment,
FBS conditions, and increasing CaCl, levels over at least 2h
exposure periods. This is not unexpected because covalent
crosslinking decouples the stabilities of crosslinked polymeric
matrices from solution pH or calcium ions. We reported similar
findings for TPP-covalently-crosslinked NPs based on modified
chitosan (Dmour and Taha, 2017).

Interestingly, however, EDC failed to covalently crosslink CP-
HMP, CPS-PPA, and CPS-TPP NPs as evident from their total
lack of stability under variable pH and CaCl, conditions (and lack
of phosphoramide IR stretching vibrations in CP-HMP-EDC and
CPS-PPA-EDC in Figure 3).

Table 3 shows HMP to yield significantly larger ionotropic
NPs compared to PPA and TPP, e.g., C-HMP NPs were of
459 nm average size, while C-PPA NPs and C-TPP NPs were
of 118 and 205nm average sizes, respectively. Similarly, CP-
HMP NPs (415nm) and CPS-HMP NPs (331 nm) significantly
outsized their TPP and PPA counterparts: CP-TPP NPs (148 nm),
CPS-TPP (156 nm), CP-PPA (133 nm), and CPS-PPA (120 nm).
Moreover, HMP-based NPs remained larger than their TPP
and PPA analogs after covalent crosslinking albeit at lesser size
differences, e.g., CROSS-CPS-HMP NPs scored 254 nm average
size at preparation pH, while CROSS-CP-TTP and CROSS-CP-
PPA NPs scored 160 and 158 nm, respectively. We believe this
trend is also related to our proposition that HMP is mainly
core-ionotropic crosslinker, while TPP acts as surface (shell)
crosslinker. Apparently, being surface crosslinker, TPP exerts
electrostatic attraction against loose cationic chitosan layers
directly beneath NPs surfaces leading to NPs size collapse, while
core chitosan layers tend to be denser and harder to compress
under the electrostatic influence of core HMP thus yielding larger
NPs. PPA seems to act as both core/shell crosslinker, which also
explains the smaller sizes of its corresponding NPs.

Table 3 shows lack of any trend connecting the pH with
sizes or size distributions of covalent NPs. A similar conclusion
can be drawn regarding the effect CaCl, on covalent NPs
sizes. However, PPA-based covalent NPs are a noticeable
exception: CROSS-CP-PPA NPs increased in size from 158 to
471 nm upon exposure to CaCl, (0.5M) We believe the long
chains of covalently attached surface PPA allow polyphosphate
strands to be involved in electrostatic attraction with surface
chitosan ammonium groups (extra to those involved in covalent
crosslinking). These strands are readily cleavable from their PPA
mother chains under the acidic aqueous conditions experienced
during NPs preparation leaving them electrostatically anchored
to NPs surfaces. Higher calcium concentrations are expected
to sequester these ionotropic polyphosphate strands leaving
their covalently attached mother chains as sole crosslinking
anchors thus relaxing the crosslinker strain at NPs surfaces
and allow water diffusion into NPs interior leading to NPs
size enlargement.
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TABLE 3 | Size properties of ionotropic and covalent NPs under varying pH, calcium chloride conditions, and 10% FBS solution.

lonotropic NPs NPs After EDC addition
NPs NP Property? At Preparation pH CaCly (M)f
Conditions
1.2f 6.8f 7.4 12.0f 0.1 0.2 0.3 0.4 0.5
Aqueous FBS (10%) v/v)
conditions
C-TPP  Size (hm) 205.4 +£3.8 —° Clear Aggregate Aggregate —° Aggregate Clear Clear Clear Clear Clear
PDIP 0.42 £ 0.02 —¢ — — — —8 — — — — —
C-PPA  Size (nm) 118.0+ 24 —° Clear Aggregate Aggregate —° Aggregate Clear Clear Clear Clear Clear
PDIP 0.35 +0.03 —° — - — —° — — — — -
C-HMP  Size (nm) 458.8 +21.5 —c 933 + 1519 Aggregate Aggregate —° Aggregate Clear Clear Clear Clear Clear
PDIP 0.52 £+ 0.11 —° 0.55 +0.19 — — —° — — - — —
CP-TPP  Size (nm) 1483 £ 11.2 159.8 £10.3 1959 £54 2499 +6.7 319.4 + 40.3 1735 £3.71 3349+ 8.7 230.4 + 4.4 269.5 + 11.6 232.7 £31.3 234.6 + 4.7 256.8 + 11.2
PDIP 0.16 &+ 0.02 0.16 +£0.18 0.17+£0.02 0.26 4+ 0.03 0.35 £+ 0.05 0.31 £0.05 0.35+0.7 0.21 £0.01 0.25+0.03 0.1940.028 0.19 £0.02 0.23 + 0.01
CP-PPA  Size (nm) 133.5+£8.0 1568.1 £6.5 189.5+ 10.0 171.3+ 12.2 1991 £ 2.7 263.8 +12.8 228.9 £ 6.0 193.6 £ 4.0 274.5 + 19.8 374.5 + 30.7 260.8 & 34.5 471.6 &+ 26.4
PDIP 0.28 + 0.04 0.31£0.04 0.29+0.02 0.23 4 0.01 0.29 + 0.04 0.44 £0.05 0.30+0.03 0.19 +£0.03 0.29 £0.07 0.41 £0.06 0.29. +0.07 0.29 +£0.05
CP-HMP  Size (hnm) 4154 £ 16.7 —° 259.4 + 10.59 Aggregate Aggregate —° Aggregate Clear Clear Clear Clear Clear
PDI° 0.43 £ 0.06 —c° 0.37 £0.057 — — —° — — — — — —
CPS-TPP Size (nm) 156.6 + 3.3 —° Clear Aggregate Aggregate - Aggregate Clear Clear Clear Clear Clear
PDIP 0.09 + 0.01 —° — — — —° — — — — — —
CPS-PPA Size (nm) 120.6 + 3.3 —¢ Clear Aggregate Aggregate - Aggregate Clear Clear Clear Clear Clear
PDIP 0.23 £ 0.01 —° — — — —° — — — — — —
CPS-HMPSize (nm) 331.7 £ 10 254.0 +30.0299.9 + 13.0 200.1 £4.0 258.2 + 44 335+49.2 349.8+39 283.8+8.0 2655+ 10.0 247.1 £58 2486 +7.6 254.8+11.0
PDIP 0.39 + 0.03 0.26 +£0.02 0.27 +£0.01 0.26 4+ 0.03 0.38 & 0.09 0.58 +£0.10 0.49 £0.09 0.29 +0.03 0.31 £0.03 0.33 +£0.04 0.34 +£0.05 0.30+0.04

4Each value represents the average of triplicate measurements + standard deviation. DLS graphs showing the average sizes of example NPs are shown in Figure S28.

b polydispersity index.

¢Covalent crosslinking failed (EDC failed to covalently crosslink NPs based on infrared and DSC evidence, see text).
9Shown data are for ionotropic NPs (as EDC failed to covalently crosslink NPs based on infrared and DSC evidence, see text).

©Not tested.

Aqueous conditions (no FBS).
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FIGURE 5 | Stabilities of ionotropic and covalent nanoparticles in variable pH, calcium chloride, and serum conditions. (A) Responses of CP-PPA and
*pH 1.9 corresponds to preparation pH. (B) Stabilities of ionotropic (up) and covalent (down)
NPs in 10% FBS solution. (i) CP-TPP, (i) CP-PPA, (i) CPS-HMP, (iv) CROSS-CP-TPP, (v) CROSS-CP-PPA, and (vi) CROSS-CPS-HMP.

CROSS-CP-PPA NPs to variable pH (left) and CaCl2 conditions (right).
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Table 4 shows NPs’ zeta potentials and how they respond
to ionotropic/covalent crosslinking and varying pH conditions.
Clearly from the table, all ionotropically crosslinked NPs exhibit
positive surface charges albeit significantly greater positive values
are observed for NPs derived from unmodified chitosan. This
is not surprising since grafting with anhydrides converts part
of chitosan’s surface cationic ammonium residues into neutral
amides. Similar observations were reported previously (Yan et al.,
2006; Dmour and Taha, 2017).

Interestingly though, HMP-based NPs (ionotropic and
covalent) were accompanied with significantly higher positive
surface charges (e.g., mean zeta potential for C-HMP NPs =

+51 Mv) compared to their TPP- and PPA-based analogs (e.g.,
mean zeta potential of C-PPA NPs and C-TPP = +25.5 and
29 My, respectively).

This trend further proves our proposition that HMP is
mainly core crosslinker with minimal influence on chitosan’s
cationic surface charge, while TPP, and partially PPA, act as
surface crosslinkers that effectively neutralize positively charged
chitosan’s ammonium moieties by electrostatic attraction at
NPs surfaces.

Table4 points to another interesting observation by
comparing zeta potentials of HMP-based ionotropic NPs,
namely, CPS-HMP NPs and CP-HMP NPs. Clearly, CPS-HMP
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TABLE 4 | Change of NPs zeta potentials upon covalent crosslinking and varying pH conditions.

NPs 2P Zeta potential (mV)
Preparation pH¢ pH 1.2¢ pH 6.8 pH 7.4 pH 12.09
Aqueous FBS
conditions (10% v/v)
C-TPP +29.0 £ 1.31 Clear Aggregate Aggregate —° Aggregate
C-PPA +25.5+0.92 Clear Aggregate Aggregate —° Aggregate
C-HMP +51.5+1.08 +7.6 £0.73° Aggregate Aggregate —€ Aggregate
CP-TPP +14.7 £1.92 clear Aggregate Aggregate Aggregate Aggregate
CP-PPA +11.0 £ 1.31 clear Aggregate Aggregate Aggregate Aggregate
CP-HMP +36.8 + 1.45 +19.0 £+ 1.95° Aggregate Aggregate Aggregate Aggregate
CPS-TPP +13.5 £0.72 Clear Aggregate Aggregate Aggregate Aggregate
CPS-PPA +11.4 +£1.05 Clear Aggregate Aggregate Aggregate Aggregate
CPS-HMP +26.8 £ 1.57 Aggregate Aggregate Aggregate Aggregate Aggregate
CROSS-CP-TPP +9.4 +£0.41 +14.9 +£2.90 +1.4+0.16 —4.5+047 —3.14 £ 0.58 —14.3 £ 0.50
CROSS-CP-PPA +8.2+1.19 +12.04+0.80 —2.9+0.80 —-5.9 +£0.95 —1.64 £ 0.36 —15.9 +£0.80
CROSS-CPS-HMP +20.0 + 1.64 +16.0+0.76 +2.2 £0.50 —-5.1 £0.47 —7.07 £0.37 —12.0 £ 0.69

aSee Table 2 for pH value at preparation conditions.

bEach value represents the average of triplicate measurements =+ standard deviation.
SNPs are stable without EDC.

9Aqueous conditions (no FBS).

¢Not tested.

NPs exhibited significantly lesser surface charge (4-26Mv)
compared to CP-HMP NPs (+36Mv). Since both NPs
formulations were crosslinked by the same core crosslinking
agent (HMP) and they have virtually identical degrees of
carboxylic acid substitution (as deduced from pH shifts upon
ionotropic gelling, see Table2), it can be firmly concluded
that the difference in their surface charges is related to the
relative distribution of carboxylic acid substituents (phthalic
and phenylsuccinic acids) on NPs surfaces vs. cores. The lower
positive surface charge of CPS-HMP NPs suggests higher
concentration of phenylsuccinic acid substituents at NPs surfaces
compared to phthalic acid residues in CP-HMP NPs, which
seem to concentrate within NPs cores leaving NPs surfaces with
more intense positive charge. Probably, this behavior is because
phenylsuccinic acid substituents are more hydrophilic and
prefer interaction with water molecules at NPs surfaces; while
hydrophobic phthalic acid residues prefer NPs cores to minimize
their interactions with aqueous surroundings.

This trend is not obvious in TPP and PPA-crosslinked NPs
(i.e., CPS-TPP and CPS-PPA vs. CP-TPP and CP-PPA) because
of the significant neutralization of surface charge affected by these
shell crosslinkers (particularly TPP) leaving little opportunity for
the subtle effects of carboxylic acid substituents on surface charge
to be clearly evident.

Interestingly, Tables 3, 4 show covalent NPs to exhibit
moderate size and surface charge changes upon exposure to FBS
(i.e., compared to equivalent aqueous pH 7.4).

Success to achieve covalent crosslinking with certain
ionotropic NPs (i.e., CP-TPP, CP-PPA, and CPS-HMP) and
failure with others (i.e., CP-HMP, CPS-TPP, and CPS-PPA)
prompted us to hypothesize that EDC coupling is dependent

on the shell/core complementarity of phosphate crosslinker
and grafted carboxylic acid: Covalent crosslinking succeeds
only if the phosphate crosslinker and grafted carboxylic
acid are of opposing core/shell distribution, while it fails
if the polyphosphate/carboxylic acid combination exhibit
similar core/shell distribution properties. For example, in
the unsuccessful case of CP-HMP NPs both grafted phthalic
acid residues and HMP reside mainly within NPs cores. It
appears that the steric bulk of core phthalic acid residues hinder
EDC-mediated coupling of chitosan amines with core HMP
phosphate groups. Similarly, CPS-TPP and CPS-PPA failed the
EDC crosslinking reaction because PPA, TPP, and the attached
phenylsuccinic acid units concentrate at NPs surfaces causing
the steric bulk of phenylsuccinic acid moieties to interfere with
EDC-mediated phosphoramide formation reaction.

On the other hand, crosslinker/carboxylic, acid combinations
of orthogonal core/shell distribution minimize any negative
interference in EDC coupling reaction and thus lead to better
chances of covalent crosslinking. For example, success in covalent
crosslinking of CPS-HMP NPs (i.e., CROSS-CPS-HMP NPs)
is because HMP molecules remain within NPs cores far from
the steric influence of the surface phenylsuccinic acid residues
leading to effective EDC-mediated coupling of core HMP with
nearby chitosan amine moieties. In contrast, TPP and PPA
in CP-TPP and CP-PPA NPs reside at NPs surfaces (shell
crosslinkers) far from core phthalic acid residues allowing facile
EDC-mediated phosphoramide coupling at NPs surfaces to give
CROSS-CP-TPP and CROSS-CP-PPA.

Finally, Table 4 shows reduction in positive surface charges
upon covalent crosslinking (from ca. +11 Mv for CP-PPA to
+8Mv for CROSS-CP-PPA; from ca. +14 Mv for CP-TPP to
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FIGURE 6 | TEM images of (A) CP-PPA NPs, (B) CROSS-CP-PPA NPs, (C)
CPS-HMP NPs, and (D) CROSS-CPS-HMP NPs.

+9Mv for CROSS-CP-TPP and from ca. +26 Mv for CPS-
HMP NPs to +20Mv for CROSS-CPS-HMP NPs) indicating
that covalent crosslinking converted some surface chitosan
ammonium moieties into neutral phosphoramides [and amides
in CROSS-CPS-HMP NPs, see section Infrared spectroscopy
(IR)] with loss of some positive surface charge.

NPs Morphology

We opted to use transmission electron microscopy (TEM) to
assess the morphological properties of some representative NPs,
as in Figure 6. The evaluated NPs have spherical shapes with
sizes within the ranges identified by DLS. Covalent crosslinking
did not change the morphology (i.e., spherical shapes) of the
resulting NPs.

DRUG LOADING AND RELEASE PROFILES

Drug loading capacities (LCs) of ionotropic chitosan NPs depend
on polyphosphate crosslinker content, chitosan-to-drug loading
ratios (Wang et al., 2011a) and electrostatic interactions between
the loaded drug(s) and the polymeric matrix of the NPs (Katas
et al., 2013).

Methylene Blue Loading Into NPs

Methylene blue (MB, Figure 1) was used as model drug to study
the LCs of prepared NPs. Two polymer-to-MB loading ratios
were studied, namely, 10:1 and 1:1. The LCs were determined
by measuring the amounts of released MB following shaking

MB-loaded NPs in TRIS buffer (pH 7.4) over 24h at 100 rpm
and 37°C. Core MB loadings that resisted release under these
conditions were determined following acid-degradation of NPs.
The resulting LCs are summarized in Table 5.

Evidently from Table 5, MB loading increased significantly
upon grafting chitosan with phthalic and phenylsuccinic acids.
This trend is observed in ionotropic and covalent NPs alike.
This behavior is not unexpected since the conjugated aromatic
acids limit the cationic charge of chitosan, and therefore reduce
electrostatic repulsion of cationic MB. Moreover, the aromatic
rings of phthalic and phenylsuccinic conjugates provide viable
flat surfaces for m-stacking interactions with MB thus promoting
further NPs loading (Dmour and Taha, 2017). Additionally,
grafted carboxylic acids act as hydrophobic barriers (being
unionized under acidic conditions of NPs preparation) that
limit free water exchange across NPs" surfaces thus hinder MB
leaching from NPs during post loading processing (in particular
centrifugation, see section Synthesis of chitosan-dicarboxylic acid
derivatives and preparation of corresponding NPs).

Table 5 also shows another trend: Covalent crosslinking of
CP NPs enhanced their LCs (i.e., in CP-TPP NPs from 18.3 to
27.3 mg/g, and in CP-PPA NPs from 37.2 to 62.1 mg/g). This
is rather anticipated trend since covalent crosslinking makes
NPs matrices stronger and more resistant to erosion, aqueous
penetration and MB escape during processing steps performed
after loading (Saboktakin et al., 2011; Dmour and Taha, 2017).

Nevertheless, ionotropic =~ CPS-HMP NPs exhibited
comparable LCs to their covalent counterparts CROSS-
CPS-HMP NPs. Moreover, ionotropic and covalent CPS-HMP
NPs illustrated the highest LCs amongst prepared NPs (at
1:1 loading ratios). We believe this behavior is because HMP
attracts cationic MB molecules deeper into NPs cores during
ionotropic NPs formation thus protecting loaded MB molecules
from leaching into the medium during post loading processing.
This mechanism seems to limit MB leaching from covalent
CROSS-CPS-HMP NPs as well.

Interestingly, TPP-based NPs showed significantly lesser LCs
compared to PPA and HMP-based counterparts. This is probably
because PPA and HMP have more phosphate anions per molecule
compared with TPP, which increase the efficiency of ionotropic
binding with chitosan causing lesser leaching during NPs post
loading processing.

DOX NPs Loading, Release Profiles, and
Cytotoxicities

DOX-loaded CP-PPA, CPS-HMP, CROSS-CP-PPA, and CROSS-
CPS-HMP NPs were recruited to study NPs LCs, DOX release
profiles, and cytotoxicities. These particular NPs formulas were
selected to study DOX loading and release profiles because they
achieved the best MB LCs (see Table 5). Table 6 shows their DOX
LCs, average sizes and polydispersities.

Obviously, comparing NPs sizes in Tables 3, 6 shows DOX-
loaded NPs to have larger sizes compared to their unloaded
counterparts. Unsurprisingly, Table 6 shows enhanced DOX
LCs upon covalent crosslinking. Moreover, the tested NPs
were able to load greater amounts of DOX compared to MB
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TABLE 5 | LCs of MB-loaded NPs (mg/g).

NPs Total LC (mg MB per g polymer)?
Crosslinker Polymer At 10:1 Polymer to MB ratio At 1:1 Polymer to MB ratio
TPP C 0.39 + 0.05 7.33 £ 0.05
CP 1.97 £ 0.1 p = 0.0002° 18.31 £1.20 p = 0.0001°
CROSS-CP° 4.57 +£0.18 27.31 £0.62
(2.5 £ 0.05)
PPA C 1.08 £0.02 10.87 £1.75
CP 2.02 +0.07 p =0.0010° 37.19 £ 0.67 p = 0.030°
CROSS-CP° 8.55+0.35 62.05 + 6.28
(3.9 + 0.09)¢
HMP C 1.33+0.16 10.94 £ 0.96
CPS 4.63 + 0.33 p = 0.9080° 100.30 £+ 2.24 p = 0.022°
CROSS-CPs°® 4.66 +0.75 111.40 + 1.58
(8.1 +0.02)4
4Each value represents the average of triplicate measurements= standard deviation.
bp-value Calculated using t-test with 5% significance for LC difference between covalent and corresponding ionotropic nanoparticles.
CEDC covalently stabilized NPs.
INPs core loading determined through acid degradation (HCI, 2.0 M) of covalent NPs.
TABLE 6 | LCs and size properties of DOX-loaded NPs prepared by 1:1 polymer-to-DOX loading ratios.
lonotropic NPs Covalent NPs
NPs Loaded Doxorubicin Size (nm)? PDI2b NPs Loaded Doxorubicin Size (nm)? PDI>P
(mg/g NPs)? (mg/g NPs)?
CP-PPA 149.20 £ 2.55 2121 £4.71 0.33 £ 0.04 CROSS-CP-PPA 220.07 +1.38 314.8 £19.4 0.42 +£0.16
CPS-HMP 143.70 £ 2.80 4711 +£15.9 0.48 £0.18 CROSS-CPS-HMP 174.67 £3.70 357.7 £12.3 0.44 £0.10

aFach point represents at least duplicate measurements + standard deviation.
b Polydispersity index.

(Table 5) probably because MB is of higher water solubility
[43.6 and 20 mg/ml for MB (Peters and Freeman, 1996)
and DOX, respectively] leading to more MB loss during post
loading processing.

DOX release profiles from CP-PPA, CPS-HMP, CROSS-CP-
PPA, and CROSS-CPS-HMP NPs are shown in Figures 7A,B.
Three release phases can be recognized in the figure (seen in
all tested NPs formulations): An initial fast phase (burst release)
during the first 45 min resulting from quick dissolution of DOX
molecules loosely adsorbed at NPs surfaces. A second slower
subsequent phase, extending over 2-3 h, probably associated with
water penetration through NPs matrices. A third phase, after
~4-6h, believed to be due to the degradation of polyphosphate
crosslinkers (PPA and HMP) releasing DOX molecules deeply
entrenched within NPs matrices.

The anticancer properties of DOX-loaded CP-PPA, CPS-
HMP, CROSS-CP-PPA, and CROSS-CPS-HMP NPs were
evaluated against breast cancer MCF-7 cells, which are widely
used for assessing DOX drug delivery systems (Naruphontjirakul
and Viravaidya-Pasuwat, 2019; Zhong et al., 2019). Unloaded
NPs were virtually non-cytotoxic with cell viabilities exceeding
97% after exposure over 72h. On the other hand, unloaded C-
PPA and C-HMP NPs show significant cytotoxic properties

with cell viabilities of ca. 80% upon exposure over the
same time interval. Chitosan cytotoxicity is related to its
cationic nature which disrupts the architecture of intercellular
junctions between cancer cells (Loh et al., 2010; Frohlich, 2012;
Chokradjaroen et al, 2018; Morovati et al., 2019). Grafting
chitosan with phthalic or phenylsuccinic acid reduce the cationic
nature of chitosan and thus minimize the cytotoxicities of
corresponding NPs.

Table 7 and Figures 7C,D show the anticancer profiles of
DOX-loaded NPs compared to free DOX. The anticancer ICs of
DOX was enhanced by factors of 10 and 3.3 times upon loading
in CP-PPA and CROSS-CP-PPA NPs, respectively (Table 7).
This result suggests that loaded NPs are more efficiently up-
taken by cancer cells compared to free DOX thus leading to
higher intracellular DOX concentrations and cell death at lesser
ICsg values. We believe this cytotoxic enhancement is due to
the favorable sizes of loaded CP-PPA and CROSS-CP-PPA NPs
(Table 6). Nevertheless, ionotropic CP-PPA performed better
than their covalent counterparts (CROSS-CP-PPA) probably
because they dissolve upon entry into cancer cells releasing all
their DOX content, while their covalent siblings resist complete
breakdown within cancer cells causing lesser intracellular release
of DOX.
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FIGURE 7 | DOX release and cytotoxic properties of DOX-loaded NPs (formulated at 1:1 polymer to DOX ratios) (A) Cumulative amounts of DOX released from
CP-PPA (green line, o) and CROSS-CP-PPA (red line, 4). (B) Cumulative amounts of DOX released from CPS-HMP (green line, o) and CROSS-CPS-HMP (red line, A).
Dissolution studies were performed at 37°C and pH 7.4 TRIS buffer (100 rpm over 24 h) using 1:1 polymer to doxorubicin loading ratio. (C) MCF-7 cell viability after
72 h exposure to free DOX (blue line, o), DOX-loaded ionotropic CP-PPA NPs (green line, A) and DOX-loaded CROSS-CP-PPA NPs (red line, 4). (D) MCF-7 cell
viability after 72 h exposures to free DOX (blue line, o), DOX-loaded ionotropic CPS-HMP NPs (green line, A) and DOX-loaded CROSS-CPS-HMP NPs (red line, #).
Each point represents the average of duplicate measurements. Error bars represent standard error of measurements.

TABLE 7 | ICs of free DOX and DOX-loaded NPs against MCF-7 cell line.

Treatment 1CE,(1LM)

Free DOX 0.457 £+ 0.039
DOX loaded CP-PPA NPs 0.048 £+ 0.001
DOX loaded CROSS-CP-PPA NPs 0.139 + 0.014
DOX loaded CPS-HMP NPs 0.124 4+ 0.005
DOX loaded CROSS-CPS-HMP NPs 0.360 £ 0.028

aFach value represents the average of duplicate measurements + standard deviation.
Figure S30 shows the cytotoxic effects of DOX and DOX-loaded NPs on tested cells.

Regarding CPS-HMP NPs and their covalent progenies
(CROSS-CPS-HMP NPs), they seem to have inferior anticancer
performances compared to their ionotropic and covalent CP-PPA
NPs analogs. We believe this difference in performance is related
to the lesser LCs and enhanced physical and chemical stabilities of
CPS-HMP NPs (ionotropic and covalent) compared to their CP-
PPA analogs, which seem to reduce the rate of DOX release inside
cancer cells.

To investigate NPs uptake by MCF-7 cells we used
confocal laser scanning microscopy and wide-field fluorescence
microscopy as means to compare cellular uptake of DOX-loaded

NPs compared to free DOX. Untreated cells were evaluated
as controls.

Figure 8 shows wide-field fluorescence microscopy images
of MCF-7 cells treated with CROSS-CP-PPA and CROSS-
CPS-HMP NPs compared to free DOX. The images clearly
demonstrate the internalization of DOX-loaded NPs within
cellular cytoplasm. Figure 8 further illustrates the cellular uptake
of loaded NPs with crystal-clear resolution using confocal
fluorescence microscopy, particularly upon staining with DAPI
to distinguish cellular nuclei from cytoplasms. In contrast to
untreated cells, DOX-loaded NPs and free DOX caused cellular
nuclei to fluoresce indicating nuclear uptake of DOX. However,
cells treated with DOX-loaded NPs exhibited significantly
more intense fluorescence compared to free DOX-treated cells
indicating more efficient DOX cellular uptake via NPs. This
is not unexpected since MCF-7 cells are known to exhibit
DOX resistance via P-glycoprotein efflux pump (Wu et al,
2011). On the other hand, DOX-loaded NPs are not appropriate
substrates for the efflux pump process (due to excessive
large size), allowing efficient entry of NPs with their DOX
cargos. This conclusion is supported by the appearance of
numerous fluorescent aggregates within cellular cytoplasm after
exposure to DOX-loaded NPs, as in Figure 8. These observations
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FIGURE 8 | Confocal and wide-field fluorescence microscopy images showing MCF-7 cells treated with DOX-loaded (A) CP-PPA NPs, (B) CROSS-CP-PPA NPs, (C)
CPS-HMP NPs, (D) CROSS-CPS-HMP NPs, (E) MCF-7 cells treated with free DOX, and (F) untreated cells (control). All treatments are equivalent to 1.0 uM
doxorubicin over 4 h periods. White arrows point nanoparticles up taken into cellular cytoplasm. Scale: 10 pm.
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support our cytotoxicity results in Table 7 and Figures 7C,D,
suggesting that our NPs allow efficient entry of DOX into
MCEF-7 cells leading to improvement in DOX ICsy values
(Table 7).

CONCLUSIONS

Lack of sufficient stability of chitosan NPs prompted us
to produce novel stable chitosan NPs suitable for drug
delivery applications. Chitosan was first grafted to phthalic
or phenylsuccinic acids. Subsequently, PPA, HMP, or
TPP were used to achieve tandem ionotropic/covalently
crosslinked chitosan NPs in the presence of EDC. Infrared
and DSC analysis confirmed the formation of phosphoramide
bonds between chitosan and polyphosphate crosslinkers
within NPs matrices. DLS and TEM size analysis indicated
spherical NPs with size range below 350nm. The generated
NPs exhibited excellent stabilities under variable pH and
CaCl, concentrations.

DLS, NPs stability and IR data suggest HMP to reside within
NPs cores, while TPP and PPA act mainly as surface crosslinkers.
However, we cannot exclude the possibility of certain degree of
surface crosslinking by HMP and/or bulk crosslinking in TPP
and PPA cases.

Drug loading and release studies using methylene blue (MB)
and doxorubicin (DOX) drug models showed covalent PPA- and
HMP-based NPs to have superior loading capacities compared
to NPs based on unmodified chitosan, generated by ionotropic
crosslinking only or covalently crosslinked by TPP. DOX-
loaded CP-PPA NPs exhibited 10-fold cytotoxicity enhancement
compared to free DOX.
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on Immunology, The University of Chicago, Chicago, IL, United States

Therapeutic cancer vaccines constitute a valuable tool to educate the immune system
to fight tumors and prevent cancer relapse. Nevertheless, the number of cancer
vaccines in the clinic remains very limited to date, highlighting the need for further
technology development. Recently, cancer vaccines have been improved by the use
of materials, which can strongly enhance their intrinsic properties and biodistribution
profile. Moreover, vaccine efficacy and safety can be substantially modulated through
selection of the site at which they are delivered, which fosters the engineering of
materials capable of targeting cancer vaccines to specific relevant sites, such as within
the tumor or within lymphoid organs, to further optimize their immunotherapeutic effects.
In this review, we aim to give the reader an overview of principles and current strategies
to engineer therapeutic cancer vaccines, with a particular focus on the use of site-
specific targeting materials. We will first recall the goal of therapeutic cancer vaccination
and the type of immune responses sought upon vaccination, before detailing key
components of cancer vaccines. We will then present how materials can be engineered
to enhance the vaccine’s pharmacokinetic and pharmacodynamic properties. Finally,
we will discuss the rationale for site-specific targeting of cancer vaccines and provide
examples of current targeting technologies.

Keywords: cancer, vaccines, material engineering, targeting strategies, immunoengineering, immunotherapy

INTRODUCTION

Cancer ranks as the second leading cause of global deaths, according to the World Health
Organization, with nearly 15% of people dying from it (World Health Organization, 2018). More
alarmingly, the rate of cancer incidence is increasing and is expected to reach more than 20 million
newly diagnosed cases per year and 13 million cancer-related deaths in 2030 (American Cancer
Society, 2018; World Health Organization, 2018). Among the various types of cancer, the most
prevalent are lung, liver, colorectal, stomach and breast cancers. While cancer can affect any part
of the body and is very heterogeneous between patients, most malignant tumors share biological
similarities — defined as the “hallmarks of cancer” (Hanahan and Weinberg, 2011) — which

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 68

February 2020 | Volume 8 | Article 19


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2020.00019
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fbioe.2020.00019
http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2020.00019&domain=pdf&date_stamp=2020-02-11
https://www.frontiersin.org/articles/10.3389/fbioe.2020.00019/full
http://loop.frontiersin.org/people/825144/overview
http://loop.frontiersin.org/people/825693/overview
http://loop.frontiersin.org/people/851847/overview
http://loop.frontiersin.org/people/851774/overview
http://loop.frontiersin.org/people/656165/overview
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Briquez et al.

Targeted Therapeutic Cancer Vaccines

help researchers break down the disease complexity and
subsequently guide them toward the development of effective
cancer therapies.

Currently, surgery, radiotherapy and chemotherapy remain
the first-lines of cancer treatments that are prescribed as a
single therapy or in combination, in a patient-tailored fashion
that depends on the tumor characteristics (e.g., type, stage,
aggressiveness and accessibility), as well as the patient’s symptoms
and health conditions (National Institutes of Health of the
USA, 2019). In recent years, immunotherapies have emerged as
highly promising treatments to educate the patient’s immune
system to efficiently fight its own cancer cells. The most
successful clinical cancer immunotherapies that have received
United States FDA approval to date include adoptive T
cells therapies, immunomodulatory therapies, targeted cancer
therapies, oncolytic virus therapies and cancer vaccines, as
detailed in Table 1. Some of these treatments are currently being
established as first-line treatments in cases of advanced cancers
(Peters et al., 2019), highlighting the strong clinical potential
of such immunotherapies. Furthermore, a multitude of novel
immunotherapeutic compounds are currently being tested in
clinical trials, foreseeing a fast evolution of the cancer therapy
landscape in upcoming years.

Among these immunotherapies, vaccines aim at reducing
cancer occurrence by preventing cancer-causing infections, in
the case of prophylactic vaccines, or at developing strong
host immune reactions and subsequent immune memory to
efficiently eradicate primary tumor cells and metastasis, in the
case of therapeutic vaccines. Therapeutic vaccines hold great
promises for long-term remission in patients, in that they
can install immunological memory directed against the tumor.
Unfortunately, despite extensive research, only four cancer
vaccines have made it into the clinic to date: two prophylactic
ones, the human papilloma virus vaccine and the hepatitis
B virus vaccine for prevention of cervical and liver cancer
respectively, and two therapeutic ones, namely the Bacillus
Calmette-Guérin (BCG) vaccine, which reduces relapse and
metastasis of early stage bladder cancers, and Sipuleucel-T, a cell-
based vaccine for advanced prostate cancer (DeMaria and Bilusic,
2019). Therefore, important additional efforts are required to
achieve the high expectations of especially therapeutic cancer
vaccines at the bedside.

Indeed, the next generation of therapeutic cancer vaccines
will necessitate improvements both in terms of vaccine
compositions and delivery strategies. In this review, we
will discuss how such improvements could be achieved via
materials engineering. Furthermore, while vaccination can lead
to toxicity concerns due to strong systemic activation of the
patient’s immune system, we will present how engineering of
targeting materials can enhance the safety profile of vaccines
by localizing their effects to specific sites. Therefore, here
we aim at providing the reader with design considerations,
current challenges and lines of thoughts for the development
of potent and safe site-specific targeting therapeutic cancer
vaccines. Because very few of these vaccines have been
developed to date, this review will take selected examples of
targeting cancer immunotherapies — not only vaccines - to

highlight possible engineering strategies that can be further
applied to vaccination.

WHICH TYPE OF IMMUNE REACTIONS
SHOULD THERAPEUTIC CANCER
VACCINES INDUCE?

Engineering an optimal therapeutic cancer vaccine requires a
good understanding of the type of immune reactions needed
to eradicate tumors. Ideally, the vaccine should elicit potent
immune responses that specifically recognize and eliminate all
tumor cells present in the body, including those in the primary
tumor, in circulation and in metastatic lesions. These immune
responses should therefore be cancer cell antigen-specific to limit
unwanted systemic side effects and prevent adverse autoimmune
reactions. In addition, the vaccine should induce a strong
immune memory against the cancer cells, able to efficiently
reactivate anti-tumor immunity upon detection of cancer relapse,
which is necessary to achieve long-term disease remission. In fact,
cancer mortality has been largely imputed to relapses rather than
to the primary tumor (Mehlen and Puisieux, 2006). As specificity
and memory are hallmarks of the adaptive immune system,
therapeutic cancer vaccines aim at activating endogenous cellular
or humoral mechanisms of adaptive immunity against tumors.

The most common strategy exploited for the development
of therapeutic cancer vaccines relies on the generation of
endogenous cancer-specific cytotoxic CD8™ T cells (cytotoxic T
lymphocytes, CTLs), due to their unique ability to kill cancer cells
upon specific recognition (Farhood et al., 2018). This recognition
is mediated by the T cell receptor (TCR) of CTLs that can bind to
cancer antigen epitopes mounted on the major histocompatibility
complex class I (MHCI) displayed at the cancer cell surface. TCR-
signaled CTLs can then induce cancer cell death via multiple
pathways, including by degranulation, which releases perforin
(PRF)/granzyme B (GZMB), or by upregulation of FasL or TRAIL
that signal cancer cell apoptotic pathways (Figure 1A).

To become effective, CTLs need to be educated by antigen-
presenting cells (APCs) prior to cancer cell recognition, the most
professional APCs being dendritic cells (DCs) and especially
CD103" migratory DCs. APCs provide CTLs with three required
activation signals, namely (1) the cancer antigen epitope mounted
on MHCI, (2) co-stimulatory molecules such as CD80/86 and
CD40, and (3) pro-inflammatory cytokines such as IL-12, IFNf
and TNFa (Locy et al., 2018). In addition, activation and survival
of CTLs is further supported by activated CD4" T helper (Th)
cells via the secretion of additional cytokines, as well as via a
process known as “DC licensing,” by which a CD4™ Th cell
activates a DC through interaction with CD40, and subsequently
supports CTLs that come in contact with the same DC (Ridge
et al.,, 1998; Laidlaw et al., 2016). CD4™ Th cells are activated
by APCs similarly to CD8" T cells, with the exception that the
cancer antigen epitope is presented on MHCII instead of MHCL

Upon activation, CTLs and CD4" Th cells acquire particular
phenotypes, which strongly determine the subsequent efficacy
of CTL cytotoxic responses (Thorsson et al., 2018). Commonly,
phenotypes of CTLs are defined by the cocktail of cytokines they
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TABLE 1 | Current approved United States FDA immunotherapies.

Type of immunotherapy

Immunotherapy

Drugs

Cancer types

Adoptive cell therapy

Oncolytic virus therapy
Cancer vaccine

Immunomodulator

Other targeted therapies

CD19-targeting CAR T cells

Herpes simplex virus

Bacillus Calmette-Guérin (BCG) vaccine
(therapeutic)

Human papilloma virus (HPV) vaccine
(preventive)

Hepatitis B virus vaccine (preventive)

Patient immune cells stimulated with
PAP (prostatic acid phosphatase)
(therapeutic)

Anti-PD-1/PDL-1

Anti-CTLA-4

Combination anti-PD-1 and
anti-CTLA-4

IL-2

Interferon alfa-2a

Interferon alfa-2b

Anti-GD2

Anti-VEGF-R

Anti-HER2

Anti-HER2-drug conjugates
Anti-EGFR

CD19-CD3 bispecific antibody
Anti-CD20

Anti-CD20-drug conjugates

Anti-CD22-drug conjugates
Anti-CD33-drug conjugates
Anti-CD52

Anti-CD30-drug conjugates
Anti-CD79b-drug conjugates
Anti-CD38

Anti-SLAMF7

Anti-RANKL

Tisangenlecleucel (Kymriah)
Axicabtagene ciloleucel (Yescarta)

T-VEC (Imlygic)
BCG vaccine

Cervarix, Gardasil, Gardasil-9

Heplisav-B
Sipuleucel-T (Provenge)

Atezolizumab (Tecentriq)
Avelumab (Bavencio)
Cemiplimab (Libtayo)
Durvalumab (Imfinzi)
Nivolumab (Opdivo)
Pembrolizumab (Keytruda)

Ipilimumab (Yervoy)

Nivolumab (Opdivo) + Ipilimumab
(Yervoy)

Aldesleukin (Proleukin)

Roferin-A

Intron A, Sylatron/PEG-Intron
Dinutuximab (Unituxin)

Bevacizumab (Avastin)
Ramucirumab (Cyramza)

Pertuzumab (Perjeta)
Tratuzumab (Herceptin)
Tratuzumab emtansine (Kadcyla)

Cetuximab (Erbitux)
Necitumumab (Protrazza)

Blinatumomab (Blincyto)

Obinutuzumab (Gazyva), Ofatumumab
(Arzerra), Rituximab (Rituxan)
lbritumomab tiuxetan (Zevalin)

Inotuzumab ozogamicin (Besponsa)
Gemtuzumab ozogamicin (MyloTarg)

Alemtuzumab (Campath)

Brentuximab vedotin (Adcetris)
Polatuzumab vedotin (Polivy)

Daratumumab (Darzalex)
Elotuzumab (Empliciti)

Denosumab (Xgeva)

Leukemia, lymphoma, pediatric cancer

Melanoma
Bladder cancer

Cervical cancer

Liver cancer
Prostate cancer

Bladder cancer, breast cancer, cervical
cancer, Colorectal cancer, esophageal
cancer, head and neck cancer, kidney
cancer, liver cancer, lung cancer,
lymphoma, melanoma,

pediatric cancer, skin cancer, stomach
cancer

Melanoma, pediatric cancer
Kidney cancer, melanoma

Kidney cancer, melanoma
Leukemia

Leukemia, lymphoma, melanoma
Brain cancer, pediatric cancer

Brain cancer, cervical cancer, colorectal
cancer, esophageal cancer, kidney
cancer, lung cancer, ovarian cancer,
stomach cancer

Esophageal cancer, breast cancer,
stomach cancer

Colorectal cancer, head and neck
cancer, lung cancer

Leukemia

Leukemia, lymphoma

Leukemia

Leukemia
Lymphoma

Multiple myeloma

Sarcoma

Immunotherapies are currently emerging in the landscape of treatments for most type of cancers. Among them, a few cancer vaccines are approved, and many more are

currently under assessment in clinical trials. List taken from the Cancer Research Institute (CRI) website on July 2019 (www.cancerresearch.org/immunotherapy).

produce, as well as by the cytotoxic pathway they use to induce
cell death. Many studies have shown that the production of
IFNy and TNFa by CTLs correlates with better control of tumor
burden and enhanced patient survival (Matsushita et al., 2015;
Bhat et al., 2017). In parallel, other studies have demonstrated
an increased patient survival when CD4" Th cells acquire a
Thl phenotype, characterized by the secretion of IFNy, TNFa

and IL-2. Although more controversial (Chen and Gao, 2019),
it has been shown that combination of the Thl response with
a Th17 orientation, characterized by IL-17 production, can be
further beneficial (Punt et al., 2015; Thorsson et al., 2018).
Noteworthily, not only the type of secreted cytokine matters, but
also their variety and amount. Indeed, T cells that secrete multiple
cytokines are known to be more efficient than those expressing a
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FIGURE 1 | Cell- and antibody-mediated cytotoxic mechanisms of anti-tumor immunity. The immune system uses multiple mechanisms to efficiently kill tumor cells,
via cytotoxic CD8* T cells (CTLs), NK cells, or antibody-mediated mechanisms. (A) To be activated, T cells need 3 signals from antigen-presenting cells (APCs; e.g.,
dendritic cell): signal (1) is the presentation of cancer antigens (black squares) via MHC complexes; signal (2) is the signaling induced by co-stimulatory receptors
(e.g., CD80/86), which are expressed by the APCs in the presence of adjuvants (e.g., MAMPs/DAMPs); and signal (3) is the stimulation by pro-inflammatory
cytokines. Such cytokines are produced by APCs as well as by CD4* Th1 helper cells that further enhance activation of CTLs. Upon activation and recognition of
tumor cells, CTLs can induce their death via various pathways, including perforin (PRF)/granzyme B (GZMB), FasL-Fas, TRAIL or inflammatory cytokines. Using
similar pathways, NK cells can kill cancer cells that have downregulated their MHCI expression and fail to signal through the inhibitory killer immunoglobulin-like
receptor (iKIR), or that overstimulate NK activating receptors (AR). (B) Tumors cells can also be targeted by antibodies that induce direct killing via the activation of
the complement cascade, through a mechanism called complement-dependent cytotoxicity (CDC), which leads to the formation of membrane attack complexes

(MAQC) perforating the tumor cell membrane. In addition, antibodies can signal via Fc receptors (FCR) on innate immune cells, to induce antibody-dependent cell
phagocytosis (ADCP) of tumor cells by macrophages, or antibody-dependent cell cytotoxicity (ADCC) by NK cells or neutrophils.

single one (Seder et al., 2008). In addition, because each T cell has
a unique TCR able to recognize only a single antigenic epitope,
immune responses that generate a broad clonality of anti-tumor
T cells (i.e., multiple T cells clones) are more robust (Thorsson
etal, 2018). All that being said, the ideal type of immune response
sought upon vaccination might vary between cancers.

In addition, antibody-mediated cytotoxic mechanisms can
also efficiently control tumor growth (Zahavi et al., 2018) and
be harnessed by cancer vaccination (Figure 1B). Particularly,
antibodies that specifically bind to cancer cells can trigger
their elimination by antibody-mediated cellular cytotoxicity
(ADCC), antibody-mediated cellular phagocytosis (ADCP) or
complement-dependent cytotoxicity (CDC) (Almagro et al,
2018). To date, such mechanisms have been mostly exploited in
passive cancer immunotherapies via the infusion of therapeutic
antibodies in patients, rather than in the context of humoral-
based cancer vaccines, which aim to activate endogenous host
anti-cancer antibody responses (Huijbers and Griffioen, 2017). In
both cases, antibodies recognize short conformational or linear
epitopes exposed on the cancer cell surface (Bayrami et al., 2016;
Tarek et al., 2018). Then, innate immune cells, mostly natural
killer (NK) cells, macrophages and neutrophils, can detect bound
antibodies via their Fc receptors and subsequently induce cell

lysis, in case of ADCC, or phagocytosis, in case of ADCP. In
contrast, CDC is independent of immune cells and can directly
activate the complement pathway to form cytolytic pores in
cancer cell membranes, inducing their death. Such antibody-
mediated anti-tumor responses are antigen-specific and can
provide immune memory if the tumor-specific antibodies are
produced endogenously.

Finally, the anti-cancer adaptive immune response sought by
cancer vaccination can be further supported by co-activation
of other mechanisms of innate immunity. For example, innate
lymphoid cells (ILCs), such as NK cells or invariant NK T cells
(iNKT), have the ability to control cancer cells in complementary
ways to CTLs (Nair and Dhodapkar, 2017; Souza-Fonseca-
Guimaraes et al., 2019). For example, NK cells possess cytotoxic
capabilities and can lyse cancer cells that downregulate MHCI to
avoid T cell recognition or that overstimulate activating receptors
on NK cells (e.g., NKG2D, 4-1BB) (Souza-Fonseca-Guimaraes
etal., 2019). On the other hand, activation of iNKT cells can result
in secretion of Thl or Th2 cytokines in the microenvironment
and increase their CD40L expression. Therefore, iNKT cells
can strongly stimulate DC and B cell maturation and indirectly
promote T cell responses, thus illustrating a pivotal role in
modulating adaptive immune responses (Cerundolo et al., 2009).
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Nevertheless, because NK or iNKT cells are not antigen-specific
and do not establish immune memory, they are often not the
primary targets of cancer vaccines.

WHAT SHOULD THERAPEUTIC CANCER
VACCINES BE COMPOSED OF?

The composition of therapeutic cancer vaccines directly relates
to their anticipated biological outcomes. Commonly, cancer
vaccines are made of antigens that define what is recognized on
or within cancer cells, as well as adjuvants that determine the type
of immune response that will be induced.

Cancer Antigens

Including cancer antigens in vaccines is essential to induce
targeted cancer cell death as well as to avoid toxic, non-specific
immune reactions. Determining the appropriate immunogenic
antigen to incorporate in therapeutic cancer vaccines, however,
remains extremely challenging. Indeed, the self-origin of
cancer cells makes them hard to discriminate from healthy
cells, as they carry most of the host proteome, which is
naturally immune tolerized to prevent autoimmune reactions.
Nevertheless, different types of cancer antigens have been
successfully used in cancer vaccines, as detailed below (Vigneron,
2015; Finn, 2017).

First, cancer vaccines often use tumor-associated antigens
(TAAs) as targets, which are molecules largely overexpressed
in tumor cells (e.g., 10-1000 fold increase in some cases) as
compared to healthy cells (Vigneron, 2015). Notably, TAAs can
be proteins involved in tumor cell survival and proliferation, such
as HER2, EGFR, p53, telomerase, survivin, and Ras, in tumor
metabolism, such as folate-related proteins and glucose receptors
(e.g., GLUT1), or other proteins such as MUC-1 and mesothelin
(Vigneron, 2015). However, the main drawbacks of TAAs reside
in the difficulty of inducing strong immunity against them, which
must break endogenous immune tolerance mechanisms, while
preventing autoimmune reactions against healthy cells.

As an alternative, vaccines can use tumor-specific antigens,
which are absent in healthy cells or expressed in limited areas.
Particularly, cancer cells can re-express MAGE antigens, NY-
ESO-1, 5T4 or the carcinoembryonic antigen (CEA), which are
only present during the developmental stage or in very specific
tissues (e.g., placenta, testis) in the body (Vigneron, 2015). The
restricted expression of such tumor-specific antigens provides
the advantage of limiting off-target reactions. Interestingly, it
has been shown that some of these antigens are naturally
immunogenic and able to raise specific T cell responses in spite
of their endogenous origin. Additionally, some types of cancer
exhibit specific mutations that can be conserved across patients,
such as the BRAF mutation in melanoma, which can constitute
good antigenic targets as they are exclusively present in cancerous
tissues (Mandala and Voit, 2013).

Similarly, most tumors contain specific mutated antigens,
called neoantigens, due to the higher mutational rate of cancer
cells as compared to healthy ones (Schumacher and Schreiber,
2015). These antigens constitute a subclass of tumor-specific

antigens, and can be similarly targeted by cancer vaccines.
However, the use of neoantigens implies more personalized
therapies, as they are different between patients, tumors or
even tumor cell subsets. Nevertheless, recent technological
advances and ease in genome sequencing allow the fast
emergence of such therapies. Neoantigens have been proven
to be immunogenic, and their restricted expression in cancer
cells highly limits the risk of T cell reactions against healthy
self cells. Neoantigens are being widely addressed, with many
researchers focusing on understanding how to select, design and
deliver the most relevant neoepitopes to incorporate into vaccines
(Schumacher et al., 2019).

Furthermore, other strategies use whole cancer cells or cancer
cell-derived materials as antigenic components in vaccines,
instead of selecting single or combinations of defined antigens
(Vermaelen, 2019). Such approaches are particularly interesting
as they allow vaccination against multiple cancer antigens,
while bypassing the need of identifying them. For example,
lethally irradiated cancer cells derived from the primary tumor
have been used to induce effective polyantigenic anti-tumor
immune responses (Vermaelen, 2019). In addition, tumor
cells can be prepared as lysates (Gonzilez et al., 2014). In
such cases, it is expected that the immunogenic responses
will be mainly directed against cancer-specific antigens rather
than against co-delivered endogenous proteins, since immune
tolerance mechanisms would dampen responses to self-antigens.
Lastly, cancer antigens have been shown to be present on
tumor-derived extracellular vesicles, such as exosomes, as
well as on tumor apoptotic debris, which can then also
serve as antigenic materials (André et al, 2002). Importantly,
targeting multiple antigens provides the advantage of reducing
the risk of tumor immune escape, a mechanism by which
cancer cells downregulate targeted antigens, mutate them or
limit their presentation on MHC to avoid recognition and
killing by CTLs.

Finally, cancer vaccines could also be rationally designed to
target the tumor in vivo and use it as an in situ source of
cancer antigens, as further discussed in the section “Rationale
for Site-Specific Targeting of Therapeutic Cancer Vaccines”.
Because these tumor-targeting vaccines can be composed of
only adjuvants (i.e., without added antigens), whether it is
classified as a therapeutic vaccine or as another type of
immunotherapy is arguable.

Immune Adjuvants

The delivery of antigens alone may induce immune tolerance
rather than activation. As a consequence, vaccines need to
combine antigens with adjuvants, which are immunostimulatory
molecules able to skew immune cells toward the desired
type of immune response. Adjuvants can be derived from
microbes, so called microbial-associated molecular patterns
(MAMPs) or pathogen-associated molecular patterns (PAMPs),
from endogenous danger signals released upon cell damage or
immunogenic cell death, known as damage-associated molecular
patterns (DAMPs), or can simply be cytokines that are naturally
secreted to support endogenous immune responses (Tovey and
Lallemand, 2010; Tang et al., 2012).
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Both MAMPs and DAMPs are able to generate Thl
and CTL immune responses, as mostly intended in cancer
vaccines, via the activation of pattern-recognizing receptors
(PRRs) on APCs (Tang et al, 2012). Among these PRRs,
Toll-Like receptors (TLRs) have been the most studied, with
6 gathering a significant interest in cancer vaccines, namely
TLR-2, -3, -4, -7/-8, and -9 (Gay and Gangloff, 2007). These
receptors are located in the endosomal compartment of APCs,
except for TLR-2 and -4 which are on the cell surface.
Consistent with their subcellular location, TLR-3, -7/-8, and -9
primarily recognize nucleic acid ligands from viruses or bacteria,
double-stranded RNA, single-stranded RNA and unmethylated
CpG oligodinucleotides (ODN), respectively, whereas TLR-2
recognizes bacterial lipoproteins (Lpp) upon dimerization with
TLR-1 or -6, and TLR-4 recognizes lipopolysaccharides (LPS)
from bacterial outer membranes. Examples of well-known TLR
ligands that have been assessed in cancer vaccines are Pam3CSK4
(Zom et al.,, 2018) and Pam2Cys (Zhou et al., 2019) for TLR-
2/1 and -2/6 respectively, poly(I:C) for TLR-3 (Ammi et al,
2015), LPS and monophosphoryl lipid A (MPLA) for TLR-
4 (Cluff, 2010), imiquimod and other imidazoquinolines for
TLR-7/-8 (Dowling, 2018), and CpG-B for TLR-9 (Shirota
et al, 2015). Although these TLR agonists are very potent
in activating immune responses, they can be associated with
toxicity, which affects their clinical translation. Interestingly,
some endogenous extracellular proteins have also been identified
as TLR agonists and might be potentially safer considering
their endogenous origin. For instance, the extra domain A
(EDA) of fibronectin, a matrix protein, can bind to TLR-4 upon
proteolytic cleavage and has showed some promises as adjuvant
in cancer vaccines in pre-clinical models (Lasarte et al., 2007;
Julier et al., 2015).

In addition to TLRs, other PRRs can be targeted by cancer
vaccines. For example, the cytosolic DNA sensor cGAS detects
aberrant concentrations of DNA in the cytosol and triggers
the simulator of interferon genes (STING) pathway (Li et al.,
2019). Another example is the cytosolic RNA sensor RIG-I
that detects particular viral dsRNA (Tang et al., 2012; Elion
and Cook, 2018). Stimulators of these cytosolic nucleic-acid
sensor pathways are currently being explored as adjuvants for
cancer immunotherapies.

Upon PRR signaling, APCs undergo maturation, which results
in increased antigen presentation, expression of co-stimulatory
receptors and secretion of cytokines, thus providing the three
signals necessary for T cell activation, as previously detailed.
Additionally, the nature of the co-stimulatory receptors and
cytokine expression by APCs depends on the type of delivered
adjuvants. Interestingly, it has been shown that secretion of IFN«
and IFNB by APCs upon maturation can induce direct inhibitory
effects on tumor cell proliferation and activate their apoptotic
pathways, inducing cancer cell death (Apelbaum et al., 2013).

Since cytokines themselves can strongly support immune
responses, they have also been considered as adjuvants in cancer
vaccines. Particularly, cytokines can be delivered to promote
activation of immune cells, recruit them at specific sites, or induce
their proliferation. For instance, IL-2, IL-12, IFNa, and IFNB
have been used to increase survival and activation of T cells, NK

cells and APCs. Despite being very effective in boosting anti-
tumor immune responses, these cytokines suffer from toxicity-
related issues, similarly to TLR agonists, and require further
development of appropriate delivery systems to harness their
potential in the clinic. On the other hand, chemokines - a
subset of cytokines — have been used to attract APCs at the
vaccine site, thus enhancing overall antigen presentation and
subsequent immune cell activation. While some chemokines
induce the recruitment of multiple types of APC (e.g., DCs,
macrophages), such as CCL3 and CCL4 (Nguyen-Hoai et al.,
2016; Allen et al, 2018), some others recruit specific APC
subsets. For example, the delivery of XCL1 specifically attracts
the CD103" DCs (Russell et al., 2007; Sanchez-Paulete et al.,
2018), known to express the cognate receptor XCR1 and be
highly efficient in generating CTLs. Moreover, chemokines can
also be used to recruit T cells, rather than APCs. Notably,
CXCL10 and CXCL11 have been delivered to increase infiltration
of activated T cells in tumors (Groom and Luster, 2011). Lastly, as
an alternative to recruitment, in situ proliferation of immune cells
can be promoted by the delivery of growth factors. Particularly,
granulocyte-macrophage colony-stimulating factor (GM-CSF)
has been used to expand DC populations in a therapy called
GVAX (Simons and Sacks, 2006).

Interestingly, the secretion of multiple cytokines by activated
iNKT cells can also be exploited as an adjuvant in cancer
immunotherapies, including vaccines (Wolf et al, 2018;
Fujii and Shimizu, 2019). Upon activation by CD1d-bound
a-Galactosylceramide (a-GalCer; KRN7000) on APCs, iNKT
cells secrete large amounts of IFNy and IL-4 that enhance DC
maturation and subsequent antigen-specific T cell responses.

Finally, in addition to exogenous adjuvant delivery, another
important strategy in cancer vaccines is to exploit the release of
endogenous DAMPs by the tumor itself to self-adjuvant vaccines
(Hernandez et al., 2016). Indeed, induction of immunogenic
cancer cell death by current therapies, such as chemotherapy,
radiotherapy, and/or immunotherapy, can substantially increase
the release of DAMPs from dying tumor cells, such as heat-
shock proteins (HSPs), adenosine-triphosphate (ATP) or the high
mobility group protein B1 (HMGB1) (Tang et al., 2012). Along
with endogenous DAMPs, immunogenic cancer cell death co-
releases cancer antigens, together promoting antigen spreading,
a complex mechanism by which immune reactions are mounted
against antigens that were not originally targeted by a therapy
(Gulley et al.,, 2017). As a consequence, any method capable
of killing cancer cells in an immunogenic way can potentially
boost the effects of cancer vaccines and broaden the anti-cancer
immune response to multiple antigens.

HOW TO ENGINEER TARGETING
MATERIALS FOR THERAPEUTIC
CANCER VACCINE DELIVERY?

Once the cancer vaccine components have been defined, the
way they are delivered will significantly impact overall efficacy
and safety. As a consequence, the vaccine delivery needs to be
rationally designed from the entry into the patient to its terminal
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effect; this includes the administration route into the patient,
the targeting to correct tissues, cell types, subcellular locations
and specific receptors, and ultimately the onset of appropriate
immune responses. All together, these steps constitute the
pharmacokinetic and pharmacodynamic profiles of the vaccine
and can be fine-tuned by the use of materials. Here, we will
discuss how materials can be engineered to optimally deliver its
components and target them into relevant sites.

Where to Target Therapeutic Cancer
Vaccines?

Possible Delivery Routes for Therapeutic Cancer
Vaccines

From a clinical point of view, cancer vaccines can be conveniently
administered to patients via intradermal, subcutaneous,
intramuscular, intravenous or intratumoral routes, if the tumor is
easily accessible at the body surface, as in skin cancers. However,
intratumoral administration can become challenging depending
on the tumor size, location, the number of tumors to inject, as
well as on the intrinsic heterogeneity of tumor structures that
can lead to non-homogenous drug distribution (Marabelle et al.,
2018). Similarly, intralymphatic, intranodal and intrasplenic
delivery routes are relatively complex, although they may be
relevant from a biological point of view, as discussed below.
Other routes, such as topical, oral or intranasal, are often less
utilized yet might be appropriate in specific types of cancer.

The choice of the vaccine delivery route should be based on
the anticipated biological mechanisms of action, since its efficacy
depends on its bioavailability at the targeted sites. In the case of
therapeutic cancer vaccines, tumor tissues and lymphoid organs
are generally considered as the most interesting sites to target, and
many direct or indirect strategies have been explored to deliver
drugs at these locations.

Rationale for Site-Specific Targeting of Therapeutic
Cancer Vaccines

Tumors are the primary location where therapeutic efficacy
is sought, when they cannot be fully removed by surgery.
Accordingly, targeting cancer vaccines into tumors is an
appealing strategy to induce direct in situ cytotoxic effects and
promote potent antigen-specific adaptive immune responses
(Marabelle et al., 2014). Of particular importance, the tumor is
the main source of cancer antigens, and thus can be used in place
of or in combination with antigens from the vaccine (Figure 2A).
Because the tumor gathers high concentrations of all cancer
antigens at the same location, it theoretically constitutes an
ideal target to promote broad polyantigenic immune responses.
Interestingly, targeting the vaccine into tumors may also allow
induction of immune reactions against antigens expressed only
by small subpopulations of cancer cells, such as cancer stem
cells, which are particularly important to eradicate (Saygin
et al., 2019). Another advantage of targeting tumors in vivo
is provided by the local release of antigens and DAMPs upon
intratumoral cytotoxicity, which can enhance antigen spreading
and thus the vaccine’s effects, as discussed in the section “Immune
Adjuvants” (Hernandez et al., 2016; Gulley et al., 2017). Finally,

some inflamed tumors are the battlefield of pre-existing anti-
tumor immune reactions, which can be further supported or
re-activated in situ by tumor-targeting vaccines.

On the other hand, tumor-targeting strategies also present
some important limitations for vaccination. First, although
intratumoral activation of immune cells has been demonstrated,
tumors are not physiologically optimized to mount strong
immune responses, as opposed to lymphoid tissues (Thompson
et al., 2010). Secondly, the high heterogeneity of tumor
compositions may strongly affect the efficacy of the vaccines,
possibly requiring tailoring per tumor characteristics (Binnewies
et al, 2018). In particular, vaccines targeted to tumors that
are known as immune deserts (i.e., lack of immune infiltrates)
are likely to be poorly effective as compared to targeting
into inflamed tumors. Thirdly, the tumor microenvironment
is known to be strongly immunosuppressive, which would
undeniably prevent potent anti-tumor immune reactions to be
mounted upon vaccination.

To overcome these limitations, other sites might be interesting
to target by cancer vaccines, notably lymphoid organs, including
lymph nodes and the spleen, which are physiologically optimized
to build potent immune responses and might be exposed to
tumor antigens (Thomas et al., 2014; Rotman et al, 2019;
Figure 2B). Indeed, tumor interstitial fluid and debris are
drained from the tumor to the lymph nodes through lymphatic
vessels, and then to the blood systemic circulation. In addition
to lymphatic routes, some debris can directly enter the blood
circulation via tumor venous drainage. Eventually, they are
filtered by the spleen, liver and kidneys (Figure 2C). Recently,
it has been highlighted that tertiary lymphoid structures (TLS)
can form in proximity of tumors, which might constitute another
relevant site to target, although our current knowledge on these
structures remain limited to date (Sautés-Fridman et al., 2019).

Targeting the tumor-draining lymph nodes (TdLNs) might
therefore constitute a good alternative to direct tumor-targeting,
considering their high exposure to cancer antigens, optimal
content and organization of immune cell populations and
conserved structures, which would permit the development of
more generic (i.e., less tumor-specific) cancer vaccines (Jeanbart
et al,, 2014). Nevertheless, TdLNs can also be affected by tumor-
derived immunosuppression, as they drain immunosuppressive
factors from the tumor. In addition, tumor-draining lymph nodes
are sometimes surgically removed for diagnosis purposes, to
establish the metastatic and aggressiveness profile of cancers.

Should this be the case, targeting cancer vaccines to the spleen
or to non-tumor draining lymph nodes (nTdLNs) remain other
relevant options (Jeanbart et al., 2014). Since those are located
downstream in the circulatory system, they are less exposed to
the tumor immunosuppression, although also less supplied with
tumor antigens. As a consequence, adding exogenous tumor
antigens in vaccines targeting these sites might be necessary to
achieve proper efficacy.

Practically, tumors can be directly targeted via intratumoral
delivery or indirectly by the use of tumor-targeting technologies.
On the other hand, lymph nodes can be indirectly targeted
by delivering the vaccine in the tissues they drain, via topical,
intradermal, subcutaneous or intramuscular routes, for example,
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FIGURE 2 | Site-specific targeting of therapeutic cancer vaccines. Cancer vaccines can be designed to specifically target sites that are potent for inducing
anti-tumor immunity, including the tumor and lymphoid tissues. (A) Interactions between the tumor and immune infiltrates in the inflamed tumor microenvironment.
Upon cancer cell death (e.g., T cell-mediated), cancer antigens are released in the local environment (1) and can be taken up by dendritic cells (DCs) to induce in situ
activation of cancer-specific T cells (2). In addition, cancer antigens are either passively drained by lymphatic vessels or actively transported by immune cells
trafficking to the draining lymph node (3), where potent immune responses can be induced. Then, T cells activated in the lymph nodes can home into the tumor to
kill tumor cells (4). In addition, humoral immune responses may be triggered in the lymph node and can lead to the production of cancer-targeting antibodies that
enter the tumor bed to induce antibody-mediated cytotoxic mechanisms (4). It is important to note here that the depicted tumor-immune interactions do not take
place in tumors that are known as immune deserts (i.e., non-inflamed). CSC: cancer stem cells, Mg: macrophage, LEC/BEC: lymphatic/blood endothelial cell, MSC:
mesenchymal stem cells, ECM extracellular matrix. (B) Lymph nodes are relevant to target by therapeutic cancer vaccines as they are naturally optimized to induce
strong immune responses, due to their high content in immature DCs, and naive T and B cells. Naive lymphocytes enter the lymph node via the high endothelial
venules (HEV). Antigens and adjuvants can enter lymph nodes in soluble form and be further transported by subcapsular macrophages to follicular DCs to induce B
cell responses (1). In addition, migratory DCs loaded with cancer antigens can go into the paracortical zone (2), where they activate antigen-specific CD4* and
CD8™ T cells. Activated T cells exit the lymph node via the medulla (3). FDC: follicular dendritic cell, imDC: immature dendritic cell, FRC: fibroblastic reticular cells. (C)
Overview of the tumor circulatory system and tumor antigen biodistribution. Tumors are connected to the blood circulatory system by blood vessels (arterial system
in red, venous system in blue) and lymphatic routes (in green). The tumor is a relevant site to target by cancer vaccines as it has the highest concentration of tumor
antigens (high exposure: T+++), although its high immunosuppression (IS+++) might impair vaccine efficacy. Alternative sites to target can be the tumor-draining
lymph node (TdLN) also relatively highly exposed to tumor antigens. As they are less immunosuppressed, targeting non-tumor-draining lymph nodes (nTdLN) and
the spleen might lead to better immune activation upon vaccination, yet their poor exposure to tumor antigens might require the use of exogenous cancer antigens.

of these parameters has been widely achieved by the use
of materials. In addition, some materials can act themselves
as immunostimulants (Sun et al, 2017), as targeting tools
(Weissleder and Pittet, 2008), or have direct cytotoxic effects
on cancer cells (Zou et al, 2016), further enhancing the
vaccine outcomes.

which might be more convenient than via intranodal or
intralymphatic injections. Lastly, the spleen can be efficiently
targeted via intravenous perfusion, or less commonly via an
intrasplenic route.

Passive Targeting Using Material

Engineering

Establishing the vaccine delivery route and strategy will inform
on the intrinsic properties required for the vaccine to be
efficient, notably providing criteria on the components’ half-
life, stability, solubility, toxicity or biodistribution. Modulation

Choice of Material Physicochemical Properties

When developing a new material for cancer vaccines, or using
an already existing one, the choice of material primarily depends
on its physicochemical properties, such as its size, shape,
charge, solubility and elasticity. These parameters will affect the
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vaccine by modifying its biodistribution, cell internalization and
activation capabilities, as well as its half-life and release kinetics.
Thus, the material needs to be chosen according to both the
delivery route into the patient and its ability to target and get
metabolized by the correct cell types.

Size
First, the size of a material, or particle, can range from a few
nanometers up to several microns and will influence its drainage,
biodistribution, which cells internalize it as well as its retention
time. It has been demonstrated that intradermal injection of
nanoparticles ranging from 20 to 200 nm can enter the lymphatic
system and drain to the lymph node, with a preference for
particles ranging around 40 nm, whereas larger ones will be
retained at the injection site and internalized by APCs before
being transported to the lymph node via cellular trafficking
(Swartz, 2001; Reddy et al., 2006; Irvine et al., 2013). On the other
hand, if the formulation is injected intravenously, carriers smaller
than 5 nm will not only be filtered by the kidney in less than
5 min but will also escape the vessels to diffuse in the neighboring
tissues, whereas larger particles have a longer half-life in the
blood (Choi et al., 2011; Hoshyar et al,, 2016). Interestingly,
compared to the tight junction of the endothelium of blood
vessels in healthy tissues (5-10 nm), fast growing cancer vessels
have looser junctions with pores ranging from 200 to 1200 nm,
allowing particle extravasation within that range (Chauhan et al.,
2012). Upon extravasation, particles can additionally be retained
in the tumor for extended time, as a result of impaired tissue
drainage. This is a process known as the enhanced permeability
and retention (EPR) effect that has been widely exploited in
cancer animal models for the development of tumor targeting
nanosystems, but that remains controversial for use in humans
(Danhier, 2016; Golombek et al., 2018). Unfortunately, although
larger particles have several advantages when injected directly
in the bloodstream, their penetration efficiency in the tumor is
reduced compared to smaller particles (Hauert and Bhatia, 2014).
At a cellular level, the size of the carrier influences endocytosis
by specific cell types. Indeed, it has been demonstrated that
particles of 20-600 nm are preferentially taken up by DCs,
whereas particles from 0.5 to 5 wm are rather taken up by
macrophages (Xiang et al., 2006; Kanchan and Panda, 2007).
Finally, the material fate upon intracellular trafficking will
directly affect the efficacy of the vaccine itself since the payload
has to reach the correct subcellular compartment to activate
the cognate receptors or signaling cascade. Briefly, particles
ranging from 250 nm up to 3 pm are preferentially taken up
by phagocytosis whereas smaller particles enter the cell through
pino- or macro-pinocytosis (Rivolta et al., 2012). Several uptake
studies on cancer cells have demonstrated that the highest uptake
was observed for particles around 50 nm (Chithrani et al., 2006).

Shape

Second, the shape of the material also affects its systemic
biodistribution, circulation in blood, cellular uptake and
interactions. For example, it has been shown that for some
materials, such as gold nanoparticles, rod-shape structures tend
to accumulate more in the spleen and less in the liver than

their spherical counterparts (Arnida et al., 2011; Black et al,
2014); although not a general rule, this exemplifies how material
shape can influence biodistribution. In addition, non-spherical
particles in the bloodstream tend to marginate more and escape
the blood flow (Toy et al., 2014). Microscopically, it has been
demonstrated that the rate of cellular internalization of non-
spherical particles depends on their angular orientation relative
to the cell membrane (Sharma et al, 2010; Behzadi et al.,
2017). Furthermore, spherical particles are favorably internalized
by monocytes/macrophages compared to particles with a high
aspect ratio, which will marginate and target the endothelial
cell and evade macrophage uptake (Peiris et al., 2012). Finally,
an interesting study has highlighted that T cell activation is
enhanced when using ellipsoidal synthetic APCs rather than
spherical ones, due to an increased contact interactions with the
immune cell membrane (Meyer et al., 2015).

Elasticity

Thirdly, it is hypothesized that the elasticity of particles influences
cellular uptake and tumor accumulation properties. Generally,
quantum dots, gold or magnetic particles are considered hard
particles, whereas hydrogels, liposomes or polymersomes are
described as soft particles. Overall, harder particles are better
internalized than soft materials (Beningo and Wang, 2002;
Anselmo et al., 2015). Anselmo et al. (2015) also showed that
soft particles circulate at a higher concentration in the blood
at early times after intravenous delivery and were slower and
less endocytosed compared to hard particles. In addition, it was
demonstrated that soft nanolipogels accumulated more in tumors
compared to hard ones (Guo et al., 2018).

Charge, hydrophobicity and other chemical properties

Lastly, compared to the parameters discussed above, the chemical
properties are based on intrinsic characteristics of the material,
such as its charge, hydrophobicity and functional groups. Indeed,
the material charge - cationic, anionic or neutral - influences cell
internalization, immune activation and blood half-life. Since cell
membranes are negatively charged, they will take up positively
charged molecules much faster due to electrostatic interactions
compared to other particles (Foged et al., 2005). However, the
uptake of positively charged particles can disrupt cell membranes,
leading to increased cell toxicity (Frohlich, 2012). Furthermore,
several studies have demonstrated that changing the charge of a
material from negative to positive can induce a higher immune
response (Wen et al., 2016). Finally it has been demonstrated that
neutral particles have a slower internalization rate than charged
ones (Owens and Peppas, 2006).

With regard to hydrophobic materials, a shorter half-life
in the bloodstream is observed compared to their hydrophilic
counterparts due to the reticulo-endothelial system recognizing
them as foreign and removing them in the liver or the
spleen (Owens and Peppas, 2006). In addition, a positive
correlation has been demonstrated between hydrophobicity
and immune activation (Moyano et al., 2012). However,
hydrophobic materials can be “masked” to prevent removal
and reduce intrinsic immune activation by coating them with
a hydrophilic material such as polyethylene glycol (PEG), for
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example. Such a strategy is useful to improve the delivery
of vaccines with hydrophobic compounds in the particle core
(Maiti et al., 2019). Nevertheless, surface modification of particles
additionally modulates their half-life and distribution profile
in the body.

The interplay of all these parameters and how they affect
treatment outcomes shows the importance of thoroughly
characterizing new materials and their intrinsic properties
in vitro and in vivo. Beyond that, core material properties
can be further tuned by modifying the material with
particular molecules, ligands or polymers, to fulfill specific
criteria and needs.

Selected Examples of Different Types of Material
The extensive research on material engineering for drug delivery
has provided a tremendous amount of available materials and
technologies that could be used for the development of cancer
vaccines. Here, we present a few examples of different types of
materials to illustrate possible designs and structures (Figure 3).
Materials can be organic or inorganic, each having specific
properties, advantages and limitations that should guide the
choice of a material. Furthermore, organic material can either
be synthetic, such as poly(D,L-lactide-co-glycolide) (PLGA),
poly(y-carboxyglutamic acid) (y-PGA), and PEG, or natural,
such as dextran, alginate, lipids and chitosan (Figure 3A).
Similarly, they can be synthetically produced or derived from
biological origin (Figure 3B). They can form a broad range
of structures, including solid core particles, vesicles, micelles,
emulsions, dendrimers or hydrogels. On the other hand,
inorganic particles have the advantage of having rigid structure,
controllable synthesis, with a size range of 2 to 150 nm, as
well as low toxicity, although most are not biodegradable.
Examples of inorganic particles include silica-based and magnetic
particles (Figure 3C).

Solid core nanoparticles (NPs)

Nanoparticles are spherical particles with solid cores in the
nanoscale size and have been extensively used for drug delivery
over the past decades (de Titta et al., 2013; Tran et al., 2017;
Ankita et al, 2019). Apart from their spherical shape, most
of their parameters and characteristics can be tuned, such
as their charges, hydrophobicity or surface properties (ie.,
by conjugation of specific moieties), to give a few examples
(van der Vlies et al., 2010).

Liposomes and polymersomes

Liposomes and polymersomes are 50-500 nm often spherical
bilayered vesicles composed of phospholipids or block
copolymers, respectively. They can incorporate hydrophobic
or viral envelope glycoproteins on their bilayer as well as
encapsulate hydrophilic molecule in their core (Senapati et al.,
2018). Similarly, to NPs, these vesicles are highly versatile since
it is possible to modify most of their parameters, by modifying
their surface charge (Mo et al., 2012) or conjugating targeting
ligands (Noble et al,, 2014), for instance. Interestingly, they
can be designed to release their payload in specific subcellular
compartments (Jiang et al., 2012).

Micelles

Micelles are self-assembled spherical materials composed of
amphiphilic block copolymers with a hydrophobic core and a
hydrophilic corona (Hanafy et al., 2018). These colloids will
spontaneously form at a specific concentration, called the critical
micelle concentration (CMC), and temperature. Hydrophobic
molecules can be encapsulated into micelles through physical,
chemical or electrostatic interactions (Park et al., 2008).

Dendrimers

Dendrimers are spherical macromolecules composed of many
branches originating from a central point forming a star-like
structure. The advantages of these particles are their highly
tunable properties since their molecular weight, size, flexibility,
branching density, and solubility can be modulated (Tran et al,,
2017; Sherje et al., 2018). Interestingly, it is possible to both
conjugate dendrimers with several different drugs using different
chemistry and “encapsulate” poorly water-soluble molecules into
them (Wang et al., 2011). Furthermore, if the polymer used
in the dendrimer is positively charged, DNA or RNA can be
complexed to it for delivery into cells (Shan et al., 2012). The
main drawback of this material is its potential toxicity, and
bio-incompatibility, depending on its surface physico-chemical
properties (Palmerston Mendes et al., 2017).

Immunostimulating complex (ISCOM)

Immunostimulating complexes are cage like particles of 40 nm
composed of phospholipids, cholesterol, saponin adjuvant Quil
A and protein antigens (Homhuan et al, 2004). Usually the
antigen is not directly conjugated to the particle but rather
interacts by hydrophobicity (Peek et al., 2008). In addition,
they naturally induce an immune response, thus acting as
immunostimulant materials.

Hydrogels

Hydrogels are a three-dimensional network of hydrophilic
polymers cross-linked together. They have the capacity to retain
large quantities of fluids and can be chemically modified to
insert enzymatic, hydrolytic or stimuli-responsive components
to ensure their biodegradability (Peppas et al., 2000). The main
advantage of hydrogels is their high water-content similar to
biological tissues, thus reducing surface tension induced by the
material. In addition, the drug loading and release rate can be
tightly controlled by modifying the quantity of gel cross-linking
(Lin and Metters, 2006). An interesting feature of hydrogels is the
possibility to induce their gelation in situ with a specific stimuli
such as pH, temperature or light (Van Tomme et al., 2008).

Drug-conjugates

These materials simply consist of a drug conjugated to a polymer,
or a protein via a linker, which can be cleavable or not. This
delivery system has the advantage of reducing treatment toxicity
and adverse side effects, solubilizing the drug as well as an easy
synthesis (Dan et al., 2018). Cleavable linkers are either acid-
sensitive, glutathione-sensitive, lysosomal protease-sensitive or
pB-glucuronide-sensitive, whereas non-cleavable linkers usually
have thioether bonds, which do not have the risk of releasing the
drug at the wrong time (Dan et al., 2018).
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Viruses and virus-like particles

Viruses and virus-like particles both have the advantage of
naturally inducing a strong immune response due to their
envelope (Zhang et al., 2000). In addition, they can be used as
a delivery system for genes, antigens or drugs into tumor cells
(Chulpanova et al., 2018). The choice of virus for a treatment
will depend on the virus tropism, size and longevity of the
desired gene that has to be delivered, as well as on its safety
profile. The most common viruses currently tested in clinical
trials as oncolytic viruses for cancer therapies are adenoviruses,
herpes viruses, measles viruses, retroviruses, vaccinia viruses, and
vesicular stomatitis viruses. Despite their relative success with
inducing tumor regression, a major drawback of viruses is that
they are strongly neutralized by host antibody responses upon
re-injection. In addition, the immune response can be diverted
from tumor antigens to viral antigens (Cawood et al., 2012).
Another option is to use only highly immunogenic virus-like
particles (VLP) to induce a strong immune response against
tumor antigens without having the issue of self-replication
and safety concerns caused by viruses (Cubas et al, 2011;
Li et al, 2013; Palladini et al., 2018; Thong et al., 2019).
These particles can usually range between 20 and 800 nm
(Pushko et al., 2013).

Extracellular vesicles (EVs)

Extracellular vesicles are biological materials naturally secreted
by cells and delimited by a lipid bilayer, commonly found
with a size of 20-500 nm, although some can reach several
microns (van Niel et al., 2018). They can be derived from
the cell plasma membrane in case of microvesicles or from
endosomal origin in case of exosomes. As important mediators
of intercellular communication, extracellular vesicles can carry
proteins, nucleic acid, metabolites and lipids from one cell to
another. As such, they have raised interest for possible use as
drug delivery systems (Vader et al., 2016). Interestingly, it has
been shown that the composition of extracellular vesicles can
be modified by engineering either the producing cells or the
vesicles after isolation. Although EVs are considered poorly
immunogenic carriers (Saleh et al., 2019), they play a role in
mediating immunostimulating or immunosuppressive responses
(Robbins and Morelli, 2014).

Whole cell-based materials

Mammalian cells are living materials also delimited by a
lipid bilayer, with a typical size of 10-50 pm of various
shapes, that can be used as carriers to deliver drugs or as
therapeutic agents per se when administered into patients
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(Cheng et al., 2019; Gong et al., 2019). To prevent cell rejection
upon delivery, cells for clinical use are often derived from
autologous sources, processed ex vivo and re-administered into
the patient. One key advantage of using living cells as delivery
materials is their ability to actively migrate to specific sites
and to dynamically interact with endogenous cells and tissues
(Leibacher and Henschler, 2016). Nevertheless, controlling the
fate of living materials upon delivery can be challenging due to
their high complexity.

Silica-based nanoparticles

Silica-based nanoparticles (SiNPs), especially porous SiNPs such
as mesoporous silica nanoparticles (MSN), are used for drug
delivery due to their high loading capacity and the possibility
to control the release and encapsulation of different molecular
weight drugs (Lai et al., 2003). In addition, MSN can be
functionalized with targeting ligands, antibodies, peptides and
even magnetic particles (Mamaeva et al., 2009).

Superparamagnetic iron oxide nanoparticles
Superparamagnetic iron oxide nanoparticles (SPIONs) are
receiving increasing attention due to their broad applications
in chemotherapy, hypothermia, magnetic resonance imaging
(MRI), cell and tissue targeting, to mention a few (Quinto et al,,
2015; Senapati et al., 2018). They are composed of an inner
magnetic core and a hydrophilic coating polymer, such as PEG,
polysaccharide and poly(vinyl alcohol), which can be used to
deliver drugs or conjugate targeting ligand (Laurent et al., 2014).
Due to their magnetic properties, studies showed the possibility
to use an external magnetic field to localize them in the correct
tissue and/or heat them to kill cancer cells.

Microneedles

Microneedles are sharp protrusions measuring from 100 pm
to less than 1 mm, and are used as topical materials for
local drug delivery. They are minimally painful for the
patient and can be self-administered. The needle tips can be
coated with protein, viruses, drugs or immunotherapy and
will release the payload in a controlled slow manner (Ingrole
and Gill, 2019). In the context of melanoma, for instance,
transdermal delivery of immunotherapies with microneedles has
demonstrated promising efficacy (Ye et al., 2017).

Engineering Tumor-Targeting Materials

In addition to their intrinsic physicochemical properties,
materials can be further engineered to preferentially or
specifically target tumors. Until recently, tumor-targeting
materials have been primarily developed to deliver
immunotherapeutic or chemotherapeutic drugs, or for diagnostic
purposes, rather than for cancer vaccination. Therefore, we here
focus on the different targeting technologies used by cancer
immunotherapies in a broader scope, considering that they
could inspire the design of future cancer vaccines. Particularly,
we detail how tumors can be targeted at different levels,
including macroscopic targeting of the tumor environment and
microscopic targeting of cancer cells, tumor-associated stromal
cells and the tumor extracellular matrix (ECM).

Targeting the Tumor Biochemical Environment

Due to unusual metabolism, the tumor environment has unique
biochemical properties that differ from those of healthy tissues,
and that can be used to activate or release drugs in a stimuli-
responsive fashion, for example based on pH, oxygenation,
protease contents, and chemokine secretion. Using stimuli-
responsive materials, it may be possible to improve drug safety
by limiting activity in off-target sites.

pH-responsive materials

Due to a high metabolism, the tumor environment is at a
pH of 6.5 compared to the physiological one at 7.4 (Tian and
Bae, 2012). This decrease in pH is caused by an increase in
lactate and hydrogen ions produced to permit the substantial
and rapid tumor growth. This pH difference has been exploited
to develop materials capable of shrinking, aggregating or even
enhancing cellular uptake upon tumor microenvironment entry
(Wuetal., 2018). For example, particles coated with a zwitterionic
monolayer change charge on their surface from negative to
positive upon entering the tumor thus enhancing cell uptake and
aggregation (Mizuhara et al., 2015). Another option to induce
aggregation or release would be to have acid-labile amide bond
breakage (Wu et al.,, 2018). Such strategies have been used to
deliver chemotherapy (Yang et al., 2017), thermal therapy (Liu
etal., 2017) or for tumor imaging (Hoffmann et al., 2012).

Hypoxia-responsive materials

A well-known characteristic of tumors is their low content of
oxygen (Shannon et al., 2003; Bennewith and Dedhar, 2011).
Based on this property, engineers have developed materials that
incorporate bioreductive linkers, such as nitroimidazole analogs,
thiol groups, and azobenzene moieties to deliver drugs upon
entry into tumors (Guise et al., 2014; Ahmad et al., 2016; Kulkarni
etal., 2016). For example, hypoxia-responsive nanoparticles have
been developed to release doxorubicin in squamous carcinomas
(Thambi et al., 2014). Similarly, prodrugs have been engineered
to be activated in low-oxygen environments (Hunter et al,
2016). However, as hypoxia increases with tumor growth,
hypoxia-sensitive drugs may have limited efficacy for early stage
tumor targeting.

Protease-responsive materials

Many tumors exhibit abnormal enzymatic activity (Anderson
and Cui, 2017; Yao et al., 2018), including the overexpression of
matrix-metalloproteinases (MMPs) (Gialeli et al., 2010), caspases
(Nejadnik et al., 2015), urokinase-type plasminogen activators
(uPA) and cathepsins (Joyce et al., 2004). Therefore, including
protease substrate sequences in materials and prodrugs has
been exploited to specifically release drugs into tumors and
limit their side-effects. Furthermore, some materials can change
size and shape upon protease exposure, for example forming
nanostructures (Hu et al., 2014; Anderson and Cui, 2017). As
an example, Tanaka et al. designed a gelator precursor that
self-assembles into nanofibers upon exposure to MMP-7 in
tumor cells, inducing their death (Tanaka et al., 2015). Another
study used caspase-sensitive gold NPs (AuNPs) as an apoptosis-
inducing imaging probe (Sun et al., 2010).
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Chemotaxis-based cellular tumor targeting

Tumor inflammation induces the secretion of chemokines,
such as CXCL12, which are able to recruit specific cell
types. Based on this mechanism, active tumor targeting
can be achieved by the delivery of cells capable of sensing
these chemokine gradients and actively migrating into
tumor-inflamed regions (Cheng et al, 2019), such as
myeloid cells, T cells, neural stem cells and mesenchymal
stem cells (MSCs) for example (Leibacher and Henschler,
2016; Combes et al., 2018). Furthermore, these cells can
be engineered to deliver anti-cancer drugs; for example,
MSCs have been genetically modified to overexpress
IFNB or to carry paclitaxel into tumors (Ling et al, 2010;
Sadhukha et al., 2014).

Targeting Tumor Cells

As cancer cells are the ones to eradicate, they constitute the
ultimate target of cancer immunotherapies, including vaccines.
Currently, many clinical treatments use targeted therapies to
directly kill tumor cells. Coupling such targeting strategies
with immune adjuvants would be valuable to turn them
into therapeutic cancer vaccines, thus colocalizing tumor cell
antigens and immunostimulatory molecules. Cancer cells can be
targeted at multiple levels, including cell surface, intracellular
or genomic levels, or by other approaches that use infectious
materials (Figure 4).

Targeting the cancer cell surface (Figure 4A)

One of the most common approaches to target cancer cells
relies on affinity-based interactions of surface tumor-associated
antigens with antibodies or antibody derivatives (e.g., Fab,
scFv). As a clinical example, HER2-positive tumor cells can
be targeted by intravenous or subcutaneous injection of
anti-HER2 antibodies, which accumulate at the cancer cell
surface due to their high specific affinity for the receptor,
in both the primary tumor and metastases. Such antibodies
can display intrinsic activities to affect tumor cell growth,
notably by blocking the surface protein functions and by
triggering antibody-mediated cytotoxicity. They can additionally
be modified with anti-cancer drugs or adjuvants for the
development of cancer vaccines (Hong et al., 2011). For
example, Sharma et al. (2008) have chemically conjugated
anti-HER2 to CpG, which has led to tumor eradication and
induction of protective memory when combined with anti-
GITR immunotherapy. In addition, tumor-targeting antibodies
have been conjugated to material surfaces, such as nanoparticles
(Kubota et al,, 2018) or liposomes (Espelin et al.,, 2016), to
confer them the ability to target tumors. Interestingly, biological
cell-based materials can be similarly engineered; for instance,
in the context of chimeric antigen receptor (CAR)-T cell
therapies, patient-derived T lymphocytes are transduced with
a modified TCR that comprises a scFv fragment recognizing
a specific cancer antigen (Jackson et al, 2016). Although
not a cancer vaccine, CAR-T cell therapies strongly mimic
their purpose, by both delivering tumor-specific cytotoxic T
cells and having the potential to establish anti-tumor memory
(McLellan and Ali Hosseini Rad, 2019).

In addition to antibodies, cell surface receptors can be targeted
using receptor ligands, peptides, or small molecules. Indeed,
ligand/receptor interactions have been exploited to target the
epidermal growth factor receptor (EGFR) on urinary bladder
cancer, by delivering an EGF-diphteria toxin fusion protein,
for example (Yang et al., 2013). Alternatively, cancer-targeting
peptides can be found by phage display screening (Zhang
et al., 2001), and have the advantages of being smaller and
potentially easier to synthesize than antibodies. Lastly, small
molecules have been used to functionalize materials to target
cancer cell receptors. Particularly, materials conjugated to folate
can successfully bind to cancer cell folate receptors with very high
affinity (Xia and Low, 2010; Tao et al., 2015).

Not only proteins can be targeted at the cancer cell
surface, but also glycans or lipids. Particularly, cancer cells
express specific glycans or overexpress others as compared
to healthy cells (Dube and Bertozzi, 2005), which can be
targeted using glycan-binding proteins, notably lectins. For
example, the conjugation of the specific rBC2LC-N lectin
to bacterial exotoxin has shown successful targeting and
therapeutic effects in pancreatic cancer (Shimomura et al,
2018). Interestingly, lectins themselves can induce autophagy
or apoptosis of cancer cells (Yau et al., 2015). Similarly, cancer
cells lack the ability to maintain the natural lipid asymmetry
in cell membranes, thus exposing phosphatidylserine (PS) and
phosphatydilethanolamine (PE) on the outer leaflet of their
membranes, has encouraged the development PS/PE-targeting
drug delivery systems (De et al., 2018).

Finally, differences have been found in the physicochemical
properties of cancer cell membranes, which are more negative
and more fluid, as compared to healthy cells (Bernardes and
Fialho, 2018). Approaches targeting such differences have been
attempted (Chen et al, 2016a), but are likely to be less
efficient than those relying on specific interactions for drug
delivery purposes.

Targeting the cancer cell cytosol (Figure 4B)

Some strategies have been developed to target the cancer
cell cytoplasm, for example by using molecular transport
via specific channel receptors. Particularly, many cancer cells
overexpress the GLUT1 glucose channel receptor to increase their
glucose metabolism. Conjugation of glucose to small molecules
enables their transport through GLUT1 into the cytoplasm, as
exemplified by Glucosfamid or glucose-conjugated paclitaxel (Liu
et al., 2007; Calvaresi and Hergenrother, 2013). Interestingly,
conjugation of glucose to larger moieties, such as nanoparticles,
has allowed an increase of their uptake by cancer cells, yet via
clathrin-dependent endocytosis (Dreifuss et al., 2018).

Another approach that can be considered as cytoplasmic
targeting is the delivery of small molecules that passively diffuse
through cell membranes, but that mostly display activity in
cancer cells upon binding to their cytoplasmic target. For
example, BRAF inhibitors selectively target the BRAFY60E
mutated protein present in melanoma cells but not in healthy
ones (Sharma et al, 2012; Karoulia et al, 2017). Similarly,
prodrugs can be engineered to be activated in the cytosol of
cancer cells specifically (Zhang et al., 2017b).
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FIGURE 4 | Overview of strategies for cancer cell targeting. Biomolecular engineering can be used to preferentially target the cancer cell at multiple levels, using
differences between cancer cells and healthy ones to discriminate between them. (A) Cancer cells can be targeted with cell surface-binding moieties, based on
specific affinities with cell-surface antigens, receptors, glycans, lipids or based on physicochemical properties (e.g., membrane charges). Most cell surface targeting
strategies will lead to endocytosis of the targeting moiety. (B) The cancer cell cytoplasm can be directly targeted by using channel receptors that transport small
molecules, or by using small molecules capable of crossing cell membranes. (C) Cancer cells reactivate specific promoters that are silenced in healthy cells, allowing
cancer cell targeting by the delivery of genes placed under cancer specific promoters. (D) Finally, some pathogens (e.g., oncolytic viruses, bacteria) favorably infect
and replicate in cancer cells, often leading to their death, thus providing additional means for preferential cancer cell targeting.
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Targeting the cancer cell genome (Figure 4C)

Cancer cells additionally upregulate some specific promoters that
can be targeted for gene delivery. For example, the telomerase
hTERT promoter has been shown to be re-activated in 90% of
human cancers while being silenced in healthy cells (Jafri et al.,
2016). Delivering genes under the control of such promoters
allows restriction of their expression to cancer cells (Zarogoulidis
et al., 2013). Such approaches have mostly been used to deliver
cytotoxic genes, such as suicide genes inducing cancer cell death
(Xu and Goldkorn, 2016). Interestingly, multiple cancer-specific
promoters can be used in combination to further enhance cancer-
targeting specificity (Li et al., 2005).

Targeting the cancer cell with infectious materials

(Figure 4D)

It has been demonstrated that cancer cells are more prone to
infection than healthy cells, and that some pathogens tend to
favorably infect cancer cells (Marelli et al., 2018; Zhou et al,
2018). As a consequence, strategies targeting cancer cells with
infectious materials have been developed. As an example of
choice, one of the two approved therapeutic cancer vaccines uses
the BCG bacteria as a tumor-killing agent. Currently, most of
the infectious-based cancer therapies under development focus
on the use of oncolytic viruses, which naturally infect, replicate
inside and lyse cancer cells, thus releasing additional viruses

in the tumor. Viruses can be engineered at multiple levels to
improve their specificity to cancer cells. First, their capsid or
envelope can be modified to enhance tropism to cancer cell
surfaces (Biining and Srivastava, 2019). For instance, Miinch
et al. (2013) have modified the capsid of an adeno-associated
virus to specifically target HER2-positive tumors upon systemic
delivery. Secondly, the virus genome can be manipulated
to incorporate cancer-specific promoters, as described above.
Similarly, bacteria have been engineered for enhanced cancer-
targeting. For instance, Salmonella typhimurium decorated
with anti-CEA scFv have efficiently targeted CEA-expressing
MC38 colon cancer models (Bereta et al., 2007). In cancer
vaccines, the use of pathogens as delivery tools is particularly
interesting as they naturally contain multiple MAMPs that act
as adjuvants.

Targeting Tumor-Associated Stromal Cells

Tumors are not only composed of cancer cells, but also of
tumor-associated stromal cells (TASCs), including endothelial
cells and fibroblasts. Since stromal cells are less heterogenous
populations than cancer cells, their markers are more conserved
across cancers and patients, possibly enabling the development
of less personalized targeting therapies. To date, most strategies
that target TASCs focus on the use of antibodies, peptides and
small molecules, although gene therapy remains a feasible option.
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Since TASCs often support tumor development, progression and
dissemination, most therapies aim at blocking or killing them to
stop tumor nurturing.

Targeting tumor-associated blood endothelial cells (BECs)
Because tumors get nutrients and oxygen from blood vessels,
many strategies have been developed to prevent tumor
angiogenesis and subsequently starve the tumor. Clinically,
tumor angiogenesis has been mostly inhibited by blocking
the vascular endothelial growth factor-A (VEGF-A), using
either blocking antibodies against it or against its receptor
VEGEF-R2, or tyrosine kinase inhibitors that block VEGF-R2
downstream signaling (Zirlik and Duyster, 2018). Furthermore,
tumoral BECs express some surface proteins that are not
commonly present in healthy vasculature, such as VEGF-R3
or endoglin, which can be used to preferentially target them
(Laakkonen et al., 2007; Dallas et al, 2008). Importantly, it
has been shown that modulating tumor vasculature strongly
impacts the outcomes of immunotherapies, since blood vessels
directly control immune cell trafficking into tumors. Indeed,
some anti-angiogenic therapies have been shown to enhance
intratumoral trafficking of lymphocytes in some cancers, notably
by increasing the expression of adhesion molecules involved
in T cell homing and by increased chemokine expression
(Tartour et al, 2011; Wu et al, 2016). Alternatively, several
strategies have been explored to normalize tumor vasculature
rather than blocking it to relieve hypoxia, which has been
shown to impair T cell cytotoxic activities (Huang et al., 2013;
Uldry et al., 2017).

Targeting tumor-associated lymphatic endothelial cells
(LECs)

The presence of lymphatic vessels in tumors has been
associated with increased metastasis and overall poor diagnosis.
Nevertheless, when combined with immunotherapies, lymphatic
vessels can instead promote anti-tumor responses by increasing
immune infiltrates into tumors, as it has been demonstrated
in mouse melanoma models and positively correlated in
human melanoma (Fankhauser et al, 2017). By draining
tumor interstitial fluid and debris, lymphatic capillaries of
LECs are strongly exposed to tumor antigens, which they
scavenge and present on their MHCs to further modulate
immune responses (Hirosue et al., 2014; Kimura et al., 2015).
Due to their endocytic capability, targeting LECs has been
achieved passively by injecting drugs upstream to their
draining route, using liposomes for instance (Oussoren et al,
1997), although such passive approaches can side-target
other phagocytic cells. In contrast, preferential targeting of
LECs has been achieved by using anti-VEGF-R3 antibodies
(Saif et al., 2016). More recently, a dual targeting approach
using anti-Lyve-1 combined with anti-Podoplanin antibodies
coated on magnetic nanoparticles has been engineered,
although the specificity of this last approach remains to be
demonstrated in vivo (Wu et al, 2019). Noteworthily, LECs
can not only be targeted in the tumor and lymphatic vessels,
but also in the lymph nodes where they strongly interact
with immune cells.

Targeting tumor-associated fibroblasts (TAFs)
Tumor-associated fibroblasts, which constitute a preponderant
population in solid tumors, have been shown to promote
cancer progression, mediate tumor immunosuppression and
affect T cell infiltration (Shiga et al, 2015; Liu et al.,, 2019),
and have therefore been chosen as targets for direct killing.
For example, TAFs have been preferentially targeted using lipid-
protamine-DNA nanoparticles displaying aminoethylanisamide
(AEAA) ligands at their surface, which can bind to their cognate
sigma receptors highly expressed by TAFs (Liu et al.,, 2019).
Another interesting approach for the therapeutic use of TAFs
in cancer immunotherapy has been proposed by Miiller et al.
(2008) who have engineered a bispecific antibody-derived fusion
protein that targets on one side the Fibroblast Activation Protein
(FAP) receptors on TAFs, and on the other side display the
extracellular portion of 4-1BBL, a co-stimulatory molecule that
promotes T cell activation. This approach of rendering TAFs
immunostimulatory could be highly relevant in the context of
therapeutic vaccines, to increase intratumoral immunogenicity
and endogenous T cell stimulation.

Targeting other stromal cells

Other stromal cells present in the tumor microenvironment
could be used as potential targets to localize vaccines in the
tumor, for example, stromal stem cells such as MSCs (Poggi et al.,
2018). Interestingly, MSCs can actively migrate from the systemic
circulation into the tumor microenvironment via chemokine
gradient sensing, as seen before in the section “Targeting the
Tumor Biochemical Environment.”

Targeting Tumor Extracellular Matrix (ECM)

In addition to cell targeting, the tumoral ECM has been exploited
for the delivery of anti-cancer or immunomodulatory drugs.
During tumorigenesis, the ECM is remodeled and dysregulated,
leading to changes in composition as compared to healthy ECMs.
Such differences in tumor ECM composition make it amenable
to targeting of cancer therapeutics. Targeting the tumoral ECM
is particularly relevant for the delivery of cytokines or similar
signaling molecules, considering the important physiological
roles of the ECM in regulating cytokine spatiotemporal release
and activity in vivo (Frantz et al., 2010; Martino et al., 2014;
Briquez et al.,, 2016). Various components of the ECM have
been targeted within tumors, particularly glycoproteins, fibrous
scaffold proteins (e.g., collagen), and glycosaminoglycans.

Glycoprotein targeting

Some glycoproteins are differently spliced or overexpressed in
tumors; for example, the EDA and EDB domains of fibronectin
are present in tumors and wounded tissues, but absent in normal
matrices. Both of these domains have served as targets for the
delivery of cytokines and small molecules into tumoral ECMs
(Kaspar et al., 2005; Hutmacher and Neri, 2019). Particularly, the
anti-EDB antibody fused to IL-2 and TNF have shown promising
results in enhancing anti-tumor immunity and are currently
being tested in clinical trials (Hutmacher and Neri, 2019). Other
glycoproteins can be similarly targeted, such as tenascin-C or
the G45 domain of laminin-332 that are respectively, absent
and degraded in physiological ECMs, but often expressed in

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

February 2020 | Volume 8 | Article 19


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Briquez et al.

Targeted Therapeutic Cancer Vaccines

tumoral matrices. Interestingly, functionalization of drug-loaded
nanoliposomes with tenascin-C-binding peptides or sulfatide — a
tenascin-C-binding glycosphingolipid - showed successful tumor
targeting and reduction of drug side-effects (Lin et al., 2014;
Chen et al., 2016b).

Collagen targeting

Collagen is another ECM component that can be targeted, as it
is present at higher levels in many types of tumors compared
to normal tissue (Provenzano et al., 2008; Zhou et al., 2017).
Consequently, engineering drugs for collagen targeting can
increase in situ retention within the tumor. Indeed, intratumoral
delivery of IL-2 and IL-12 fused with lumican, a collagen VI-
binding protein, has led to increased sustainability, efficacy and
safety of these cytokines (Momin et al., 2019). Additionally,
collagen is not naturally exposed to the blood stream in healthy
tissues, but is accessible upon increase of vessel permeability
during inflammation and in cancer. As such, drugs conjugated
to appropriate collagen-binding moieties can accumulate in
the tumor microenvironment upon systemic delivery (e.g.,
intravenous). As an example, the fusion of an anti-EGFR Fab
to a collagen-binding peptide exhibited localization to A431
xenografts and enhanced retention time compared to untargeted
anti-EGFR Fab when injected intraperitoneally (Liang et al,
2016). In addition, a recent study by Ishihara et al. used a collagen
I and III-binding domain derived from von Willebrand factor
to target checkpoint blockade antibodies and IL-2 to various
tumors, which resulted in tumor growth suppression and lowered
drug toxicity (Ishihara et al., 2019).

Proteoglycan and glycosaminoglycan (GAG) targeting
Similarly to other ECM components, GAGs are also dysregulated
in cancers, and many of them, such as hyaluronan (HA)
or chondroitin sulfate (CS) are overexpressed by tumor cells
(Toole, 2004; Vallen et al., 2014). Accordingly, GAG-binding
peptides have been used to target materials into tumors.
For instance, silver nanoparticles functionalized with the IP3
HA-binding peptide have successfully localized into peritoneal
tumors (Ikemoto et al., 2017). In addition to being overexpressed,
some tumoral GAGs also display differences in sulfation patterns,
which can be further exploited to enhance targeting specificity
(Vallen et al, 2014). As an example, Salanti et al. targeted a
specific sulfated form of CS, called CSA, in melanoma and
prostate tumors by using a peptide derived from the Plasmodium
falciparum VAR2CSA protein (Salanti et al., 2015). Other
approaches to target CS have used antibody fragments (van
der Steen et al., 2017) or liposomes containing a cationic lipid
TRX-20 (Lee et al., 2002). Lastly, other GAGs can be used as
tumoral ECM targets, notably heparan sulfates and aggrecans
(Raavé et al., 2018).

Promiscuous ECM Targeting

Finally, a more versatile approach for cancer ECM targeting is to
target multiple ECM components at the same time rather than
just a single component at a time. For example, this strategy
has been exploited by conjugating materials to the heparin-
binding domain (HBD) of placenta growth factor-2 (PIGF-
2123—144), which has been shown to display a super-affinity for

multiple ECM components (Martino et al., 2014). In one study,
PIGF-2123—144 successfully allowed the retention of checkpoint
blockade antibodies within the tumor environment, improving
efficacy and safety of these antibodies (Ishihara et al., 2017).
However, such an approach is limited to local delivery as it also
targets fibrinogen in the blood. Another multi-targeting strategy
used a bispecific peptide (PL1) that binds to both fibronectin EDB
and tenascin-C. Lingasamy et al. used PL1 to target iron oxide
nanoworms loaded with proapoptotic peptides into glioblastoma
and prostate carcinoma tumors (Lingasamy et al., 2019).

Engineering Immune Cell-Targeting
Materials

Immune cells are the main actors to mediate tumor cell killing
and establish anti-cancer memory. As such, the main challenge
of cancer vaccines is to leverage their potential by targeting and
stimulating the correct set of immune cells with the appropriate
signals. Immune cells can be targeted at various places including
in the tumor (depending on the presence of immune infiltrates),
in lymphoid organs or in distant tissues, from where they can
migrate to the lymphoid organs. As immune cells are dynamically
migrating between the different sites, we here classified targeting
strategies per cell type rather than by site. We focus on strategies
targeting DCs, T cells, B cells, and NK cells as being the
most studied targeted cell types for cancer vaccines. However,
all immune cells and mechanisms able to mediate or enhance
cytotoxicity and memory could play a significant role in the
development of future strategies. In particular, macrophages
and neutrophils, capable of ADCP, or the complement system
are of emerging interests in cancer immunotherapies (Gul and
van Egmond, 2015; Reis et al., 2017). Whether their potential
could be harnessed to enhance cancer vaccination, however,
remains unclear.

Targeting Dendritic Cells (DCs)

Dendritic Cells are considered as the most potent APCs and play
a pivotal role in triggering adaptive immune responses, due to
their ability to promote T and B cell maturation. Consequently,
targeting antigens and adjuvants to DCs is an important strategy
pursued in cancer vaccines, and has been primarily explored
ex vivo and more recently in vivo.

Ex vivo DC vaccines

The development of DC-targeting therapies has been made
possible by the technical advances in DC isolation and in vitro
culture. Modifying DCs ex vivo has the unique advantage of
avoiding the influence of the tumor immunosuppression, which
has been shown to impair DCs functions in vivo (Pinzon-
Charry et al., 2005). Conventional DCs can be isolated from the
patient peripheral blood and targeted in vitro with both cancer-
associated antigens and adjuvants to stimulate their maturation.
Delivery of tumor-associated antigens to DCs has been tested
in the form of mRNA transfection (Borch et al., 2016), tumor
lysates (Yu et al,, 2004), co-culture with tumor cells or even
fusion of tumor cells with DCs (Yu et al., 2004). Similarly, many
adjuvants have been used to mature the DCs, notably exposure
to TLR-3, -4, -7/-8, and -9 ligands and co-stimulatory receptor
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ligands such as CD40L or cytokines (Saxena and Bhardwaj,
2018). Following in vitro antigen loading and maturation, DCs
are re-administered to the patient via intradermal, intravenous,
intranodal or intralymphatic, or intratumoral injection (Shang
et al.,, 2017). Noteworthily, the currently approved therapeutic
cancer vaccine Sipuleucel-T for prostate cancer treatment is an
ex vivo DC-based vaccine.

In vivo DC-targeting vaccines

While delivered nanomaterials are taken up by DCs in vivo,
more specific targeting has been achieved by the use of
antibodies against DC-specific receptors, such as anti-DEC205,
anti-CLEC9A or anti-DC-SIGN (Bonifaz et al., 2004; Hesse
et al,, 2013; Tullett et al., 2016). Interestingly, it has been shown
that targeting different regions on the DC-SIGN receptor can
modulate the internalization pathway and influence the extent
of antigen presentation on MHCI by DCs (Tacken et al., 2011).
In this study, Tacken et al. additionally highlighted that co-
targeting of the antigen and adjuvants at the same time using
PLGA nanoparticles enhances DC maturation (Tacken et al,
2011; Zitvogel and Palucka, 2011). In addition to antibodies,
DCs have been targeted by materials conjugated to mannose
or TLR-ligands, the latter being used as targeting tools in
addition to being adjuvants (Thomann et al., 2011; Wilson et al,,
2019). Upon in vivo targeting, DCs migrate to lymph nodes
wherein they can efficiently educate T cells. Interestingly, it has
been shown that pre-conditioning the vaccine site with pro-
inflammatory cytokines enhances DC migration to lymphoid
organs (Mitchell et al., 2015).

Targeting T Lymphocytes

T lymphocytes are the main actors in anti-tumor cell-mediated
cytotoxicity, and their presence in the tumor correlates with
good prognosis (Gooden et al., 2011). Currently, the most widely
used T cell-targeting strategy relies on antibodies that bind
to T cell surface receptors, such as PD1, CTLA4 or LAGS3,
and has been developed in the context of checkpoint blockade
immunotherapies (Grywalska et al., 2018; Havel et al., 2019). In
cancer vaccination, however, T cells have been mainly targeted
by materials that mimic the role of APCs, aiming at promoting
endogenous cancer-specific T cell responses.

DC-derived exosomes

One major challenge of DC vaccine remains the control of DC
fates upon delivery, which has fostered the development of cell-
free alternative strategies. In particular, DCs secrete exosomes
that carry antigen-MHC complexes, both MHCI and MHCII, as
well as co-stimulatory receptors, which make them capable of
activating T cell responses (Zitvogel et al., 1998). DC-derived
exosomes have been tested in clinical trials with encouraging
outcomes (Morse et al., 2005; Tian and Li, 2017).

Artificial APCs (aAPCs)

Similar to the use of exosomes, synthetic materials have been
developed to bypass APCs and directly activate T cells ex vivo
and in vivo. Indeed, aAPCs are composed of a biomaterial
(lipid-, polymeric- or inorganic-based) with all three signals
required for T-cell activation, including MHC-antigen complex,

co-stimulatory molecules and cytokines. Generally the co-
stimulatory moieties are the antibodies anti-CD3 or anti-CD28
and the cytokines can be any T cell stimulating cytokines,
such as IL-2, IL-7, IL-15, or IL-23 (Steenblock et al., 2011;
Eggermont et al., 2014; Wang et al., 2017). Interestingly, it has
been demonstrated that microparticles are more suited for the
design of aAPCs than smaller sized ones as they provide increased
interaction with T cells, due to their lower curvature. Particularly,
ellipsoidal nanoworm particles induce higher activation efficacy
compared to spherical ones (Mandal et al., 2013; Sunshine et al.,
2014). In this context, it has been additionally shown that
more sustained release of cytokines elicits a stronger immune
response. Lastly, these aAPC platforms have also been used
to deliver immunosuppressive blocking antibodies and showed
promising results in delayed tumor growth (Eggermont et al,
2014; Zhang et al., 2017a).

Targeting B Cells

B cells have the dual role of serving as APCs and mediating
humoral immune responses. Although the first role has taken
more attention in the development of therapeutic cancer
vaccines, new strategies are being explored to induce potent
anti-tumor immunity relying on humoral responses.

B cells as APCs in cancer vaccines

B cells can be turned into potent APCs upon stimulation
of their CD40 receptors, using soluble CD40L recombinant
proteins, CD40 agonist antibodies or co-culturing them with
CD40L-expressing feeder cells (Wennhold et al., 2019). CD40-
activated B cells have been then shown to present antigens
on both MHCI and MHCII to trigger CD8" and CD4" T
cell responses respectively, upon adoptive transfer in humans
(Schultze et al., 1997; Lapointe et al., 2003; Wennhold et al.,
2019). As a consequence, B cells are being considered as an
alternative source of APCs to DCs in cancer vaccines, as
they are easier to isolate in sufficient number from patient
peripheral blood, even from cancer patients, and are less sensitive
to tumor immunosuppression, among other advantages (von
Bergwelt-Baildon et al., 2002; Shimabukuro-Vornhagen et al,
2012). In addition, B cells can be targeted in vivo for antigen
presentation, notably using anti-CD19 antibody as a targeting
tool, as exemplified by Ding et al. (2008).

Humoral-based cancer vaccines

Another interesting approach relying on B cells is the vaccination
against B-cell cancer epitopes, which generates large amounts of
endogenous antibodies able to target the cancer cell surface and
induce their death via antibody-mediated cytotoxicity (Kaumaya,
2015). As an example, HER2-Vaxx (developed by Imugene)
induces polyclonal antibody responses against a specific epitope
of HER2 and is being tested in patients with HER2-positive
gastric, esophageal, and breast cancers. In the current vaccine, the
HER?2 peptide is formulated using the carrier protein CRM197,
a non-toxic mutant of diphtheria toxin, combined with an
adjuvant, whereas the previous formulation used virosome-based
materials. This therapy has successfully passed a Phase I safety
trial and is under evaluation in a Phase II trial. In addition
to direct cytotoxicity, such a B-cell epitope peptide vaccine
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could provide immune protection against cancer relapse, via the
presence of long-term circulating antibodies and memory B cells.

Targeting NK Cells

Although NK cells are not the primary targeted cell type in
cancer vaccines, they are generating substantial interest due to
their cytotoxic ability as well as their strong cooperation with
T and B cells. The role of NK cells in cancer immunotherapy
is particularly important as they can detect cancer cells that
avoid T cell recognition by downregulating their MHC and can
mediate antigen-specific ADCC via recognition of cancer cell
membrane-bound antibodies (Collins et al., 2011).

Because NK cells are innate immune cells, they do not
have, according to our traditional understanding, the ability to
mediate direct antigen-specific recognition and immunologic
memory, which are central criteria for vaccines. Nevertheless,
new roles for NK cells have been unveiled recently, notably in the
context of viral infections, suggesting some features of antigen
specificity and long-term memory in mouse and primate NK
cells (Paust et al., 2010; Reeves et al., 2015; Pahl et al., 2018).
Particularly in mice, it has been shown that NK cells can develop
specific memory against antigens from murine cytomegalovirus
(MCMYV), influenza, and vesicular stomatitis virus (VSV) and
human immunodeficient virus-1 (HIV), which can be effectively
recalled upon antigen re-encounter (Sun et al., 2009; Paust et al.,
2010). Currently, researchers are exploring whether such NK
memory cells can be harnessed for vaccination purposes in cancer
(Sun and Lanier, 2018; Capuano et al., 2019). For example, a
study by Romee et al. (2016) has shown that adoptive transfer of
cytokine-induced memory-like NK cells reduce leukemia burden
in humans.

Post-targeting Fate of Materials

Targeting the material to the appropriate cells is not sufficient
to ensure the therapeutic effect of a cancer vaccine. Indeed,
upon targeting, the drugs — antigens and/or adjuvants - remain
to be delivered in the appropriate subcellular compartments
(i.e., where their targets or receptors are located), which can
be the endosomes, cytoplasm, nucleus or other cell organelles.
Interestingly, most cell-surface targeting strategies will result in
drug internalization in endosomes, yet via multiple pathways
(Elkin et al.,, 2016; Owens et al., 2016). Particularly, from the
endosomes, drugs can travel to late endosomes and lysosomes,
escape into the cytosol, be recycled at the cell surface or be
transported to other organelles such as in the endoplasmic
reticulum (Cullen and Steinberg, 2018). Upon escape in the
cytosol, drugs can further be directed to the nucleus or to other
specific sites, for example targeting mitochondria (Battogtokh
et al., 2018). Importantly, the material itself (e.g., size, shapes,
ligands, etc.) can influence which internalization pathway will be
favored (Gratton et al., 2008).

As a consequence, the type of drug to deliver should be
rationally chosen; for example, antigens can be in the form
of protein, peptides, RNA or DNA. Importantly, proteinaceous
antigens delivered from the extracellular space can be presented
on MHCII but less so on MHCI, which is generally restricted
to presentation of intracellular antigens. As a consequence,

extracellularly-delivered proteins should undergo endosomal
escape and reach the cytoplasm to trigger CD8T T cell
responses. Accordingly, materials can be engineered to promote
endosomal escape (Selby et al., 2017), for example by being pH-
sensitive, redox-sensitive, or osmotic change-sensitive to burst
the endosomes (Phillips and Gibson, 2014; Kongkatigumjorn
et al, 2018; Rangasamy et al, 2018). In addition, some
antigenic peptides can be designed to bind to MHCI from the
extracellular space, thus bypassing this challenge (Ilca et al,
2018). Interestingly, some APCs subsets (e.g., CD103" DCs)
(Joffre et al., 2012) are known to be naturally capable of mounting
extracellular antigens onto MHCI, through a mechanism called
antigen cross-presentation, and have therefore raised particular
attention in vaccination (Fehres et al., 2014). As an alternative to
protein forms, antigens can be delivered as DNA or RNA, which
are directly translated into the cytosol. This particular advantage
has encouraged the development of DNA vaccines to enhance
CTL responses (Tiptiri-Kourpeti et al., 2016).

As to adjuvants, their receptors can be similarly located at
the cell surface, in the endosomes or intracellularly. Therefore,
materials that aim at co-delivering antigens and adjuvants need
to be carefully designed in an integrated way.

COMBINATION OF THERAPEUTIC
CANCER VACCINES WITH OTHER
CANCER THERAPIES

While potent cancer vaccines will strongly activate the immune
system to recognize and fight tumors, the activated immune
cells still have to infiltrate the tumor and be locally effective to
achieve therapeutic effects. These final steps constitute additional
challenges, which could be partly overcome by the combination
of the vaccine with other cancer therapies.

First, immune cells need to be in contact with the tumor
cells to induce their death. The migration of immune cells into
tumors is highly dependent on the tumor structure, and can
be further dampened through impaired chemokine expression
and downregulation of adhesion molecules on endothelial cells
(Lanitis et al., 2015; Harjunpdd et al, 2019). Consequently,
combining cancer vaccines with therapies that ameliorate
intratumoral immune infiltrations, such as those modulating
local angiogenesis (Wu et al., 2016; Calcinotto et al., 2012)
and lymphangiogenesis (Fankhauser et al, 2017), might be
highly beneficial.

Secondly, upon reaching the tumor, the immune cells
will face an immunosuppressive environment hampering their
cytotoxic activity. Indeed, multiple mechanisms are at play
in the tumor to prevent tumor cell killing by immune cells,
via myeloid-derived suppressive cells, regulatory T cells or
the secretion of immunosuppressive factors (e.g., IL-10, TGFf,
IDO) (Binnewies et al., 2018). Nevertheless, the reduction of
tumor immunosuppression can potentially be achieved using
immune checkpoint blockade, pro-inflammatory cytokines or
IDO inhibitors, to mention a few examples.

Lastly, in the tumor, the immune cells still need to
detect their targeted antigens in sufficient amount on cancer

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

February 2020 | Volume 8 | Article 19


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Briquez et al.

Targeted Therapeutic Cancer Vaccines

cells. Particularly, cancer cells that downregulate expression
of the antigens or of MHCs will avoid immune recognition
and subsequent killing, leading to cancer relapse. Therefore,
diversifying antigen targets and immune-mediated cytotoxic
mechanisms is essential to reduce the risk of tumor escape. To
do so, cancer vaccines can be combined with other therapies that
enhance cancer antigen spreading and local DAMPs release from
the tumor, such as chemo-, radio- or other immunotherapies
(Wang et al., 2018; Joshi and Durden, 2019).

CONCLUSION AND PERSPECTIVES

In conclusion, cancer vaccines hold the promises of eradicating
tumors and preventing relapse by inducing strong antigen-
specific immune responses and long-term memory. Nevertheless,
despite the extensive efforts invested in their development over
the last decades, very few have thus far been approved in
the clinic. However, lessons from successes, developments-in-
progress and failures have increased our knowledge on the design
of cancer vaccines, providing some rules to rationally engineer
materials that enhance their therapeutic outcomes. Overall, we
here proposed that the development of potent vaccines requires
careful considerations of their (1) intrinsic composition, i.e.,
antigens and adjuvants, (2) formulation with materials, (3)
delivery route and subsequent targeting to specific relevant sites
and cell types, (4) subcellular targeting of their receptors and
downstream biological pathways, and (5) combination with other
cancer treatments. Although not discussed in this review, the
optimal dosing and delivery regimen of the vaccine would also
need to be precisely determined, which includes the number of
doses to be administered and the delay between repeated delivery.

Defining all these parameters constitutes a major challenge
as their combined effects remain poorly predictable, thus
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The impact of protein therapeutics in healthcare is steadily increasing, due to
advancements in the field of biotechnology and a deeper understanding of several
pathologies. However, their safety and efficacy are often limited by instability, short
half-life and immunogenicity. Nanodelivery systems are currently being investigated
for overcoming these limitations and include covalent attachment of biocompatible
polymers (PEG and other synthetic or naturally derived macromolecules) as well as
protein nanoencapsulation in colloidal systems (liposomes and other lipid or polymeric
nanocarriers). Such strategies have the potential to develop next-generation protein
therapeutics. Herein, we review recent research progresses on these nanodelivery
approaches, as well as future directions and challenges.

Keywords: therapeutic proteins, protein delivery, polymer conjugates, PEGylation, liposomes, nanocarriers

INTRODUCTION

Over the last few years, several therapeutic proteins have been approved for clinical usage,
and others are in the process of development (Leader et al., 2008; Walsh, 2018). Nowadays,
approximately 40% of the 6,000 or more products wordwide currently in clinical development are
biopharmaceuticals, in which the predominance of protein-based products is likely to remain an
industry reality for the next years (Walsh, 2018).

From a therapeutic perspective, the success of therapeutic protein products is related to their
increased specificity and high potency, longer duration of their effect due to the slower clearance
from the body, and reduced intrinsic toxicity (Yin et al., 2015). These characteristics provide a clear
advantage over low molecular weight drugs, which are generally associated with off-target effects
and harmful metabolites. With the use of recombinant DNA technology, therapeutic proteins have
been developed to treat a wide variety of disease, including cancers, autoimmunity/inflammation,
exposure to infectious agents, and genetic disorders (Leader et al., 2008).

Despite these advantages, these products must overcome the typical drawbacks of short half-life,
instability, and immunogenicity, and limited permeability through the biological barriers, due to
their high molecular weight (Kintzing et al., 2016). Several strategies have been evaluated in order
to improve these limitations and develop a next generation protein therapeutics (Kintzing et al.,
2016; Lagassé et al., 2017).

Most efforts have been devoted to the modification of the protein structure, either by
mutation or by covalent attachment of moieties, including Fc-fusion (Levin et al., 2015), albumin-
fusion (Lagassé et al., 2017), synthetic polypeptide (XTEN) fusion (Schellenberger et al., 2009),
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the conjugation of polymers such as poly(ethylene glycol) (PEG)
or alternative non-degradable/biodegradable macromolecules.
A change in drug formulation, introducing liposomes and other
lipid-based or polymeric nanocarriers, has also been used to
overcome the current limitations of protein therapeutics.

The intent of this review is to highlight the recent advances
in developing nanosized delivery systems to improve safety
and efficacy of protein therapeutics. This includes the areas
of polymer conjugates (such as PEGylation and more recent
technologies), liposomes, as well as alternative strategies based
on protein nanoencapsulation in lipid-based and polymer-based
nanocarriers. The advantages and limitations of systems that have
reached the clinical stage are discussed, and advanced delivery
strategies are also examined, aiming to provide useful insights for
future development.

PROTEIN-POLYMER CONJUGATES

Protein-polymer conjugates are widely used as therapeutics, since
these nanosystems display a unique combination of properties
derived from both materials (i.e., the protein and the polymer),
which can be individually tuned to obtain the desired effects
(Pelegri-O’Day et al, 2014). Polymer conjugates that display
enhanced pharmacokinetic properties along with improved
stability and/or degradability will be presented hereafter.

PEGylation

Poly(ethylene glycol) (PEG) is a synthetic, hydrophilic and
FDA-approved polymer, typically synthesized using a ring-
opening polymerization of ethylene oxide to produce a broad
range of polymers with targeted molecular weight, narrow
molecular weight distribution, and desired terminal functional
groups (Zalipsky, 1995). Due to its biocompatibility and protein-
repellent properties, PEG is frequently used in many biomedical
applications including bioconjugation and drug delivery
(Veronese and Pasut, 2005; Cheng et al., 2007; Bruni et al., 2017).
Bioconjugation with PEG, also known as PEGylation, is the
formation of a covalent bond between therapeutic molecules
and PEG in order to extend circulation half-life of therapeutics,
thus reducing the frequency of dosing while maintaining the
pharmaceutical effects (Grigoletto et al., 2016).

PEG is well-known as “stealth” molecule; due to its protein-
repellent properties, it exhibits low opsonization, and this
allows PEG conjugates to avoid phagocytosis and fast removal
from the bloodstream (Owens and Peppas, 2006). Additionally,
PEGylation also limits the interaction with enzymes, thus
inhibiting the breakdown of the therapeutic (bio)molecules
in vivo (Harris and Chess, 2003).

In case of small proteins or peptides, the right choice of PEG
molecular weight may further prolong the circulation time of the
biomolecules by enhancing their hydrodynamic radii, up to a size
which prevents excretion through the kidney filtration barrier
(Xue et al.,, 2013). Narrow molecular weight distributions (low
dispersity) are generally favored for approval by the regulatory
authorities, as they guarantee uniformity in the final physico-
chemical properties of the product (Jevsevar et al., 2010). In some

cases, polymer branching may also be useful in reducing the
viscosity of the protein suspension to be injected, and mimicking
the glycosylation patterns on native proteins (Pelegri-O’Day
et al., 2014). Since the first PEGylated protein approved by the
FDA in 1990, PEG bioconjugation has been extensively used
for proteins modification, leading to several PEGylated-proteins
approved for clinical use (Table 1).

Conjugation Strategies

PEG reagents are functionalised PEG-based polymers which
allow stable bond formation with specific functional groups
from the amino acid sequence of the protein. Different
sites can be targeted for PEGylation (Figure 1). Many PEG
functionalised with activated esters [succinimidyl succinate
(PEG-SS), N-hydroxysuccinimide esters (PEG-NHS)] and
carbonates (PEG p-nitrophenyl carbonate) target the e-amino
groups of lysines, due to their abundance on the protein surface.
This conjugation is generally non-selective, and other groups
(N-terminal amines, histidine, tyrosine) can also be modified
to a minor degree (Turecek et al., 2016). Random conjugation
of lysine units often leads to a complex mixture of proteins
with different number and position of PEG chains, which may
also interfere with the receptor/substrate binding (Zaghmi
et al.,, 2019). Although homogenous products can be obtained
with purification processes such as chromatography techniques
(Pfister and Morbidelli, 2014), a site-specific PEGylation reaction
is often preferred.

N-terminal PEGylation is a site-specific reaction based on pKa
differences between the e-amino group of lysine residues (9.3-
10.5) and the N-terminal a-amino group of proteins (7.6 to 8)
(Dozier and Distefano, 2015). At optimal pH values (generally
comprised between 5.5 and 6.5) the N-terminal is unprotonated
while lysine residues are predominantly protonated and unable
to react (Lee et al.,, 2003; Gao et al., 2009; Chen et al., 2017).
A reductive alkylation with aldehyde derivatives (PEG-aldehyde)
proceeds through formation of a Shiff base, and the addition of
a reducing agent stabilizes the linkage producing a secondary
amine (Hamley, 2014).

Another functional group used for PEGylation is the thiol of
cysteine residues. In this case, PEG functionalised with electron-
poor olefins (mainly maleimide, but also acrylate, vinyl sulfone)
are frequently used to form a thioether bond by Michael-type
addition. In order to avoid non-selective coupling with amines,
the reaction pH should be carried out at range of 6.5-7.5,
values below lysine residues pKa (Dozier and Distefano, 2015;
Ravasco et al., 2019). A method related to labeling a disulfide
bond between two cysteines was also proposed. The disulfide can
be reduced under mild conditions and both the resulting free
cysteines react with a bridging PEG-based reagent (Balan et al.,
2007; Badescu et al., 2014). Covalent re-bridging of the disulfide
bond has the advantage of leaving the protein structurally intact
after conjugation.

O-glycosylation is a post-translational ~modification
which occurs when a saccharide is covalently bound to a
protein through a hydroxyl group of a serine or threonine.
O-glycosylated proteins can be conjugated to sialic acid-
functionalised PEG by sialyltransferase (DeFrees et al., 2006;
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TABLE 1 | List of approved PEGylated proteins of therapeutic use.

Generic name Brand name PEGylated protein PEGylation Therapeutic indication Year References

(A) Proteins with non-specific PEGylation.

Pegadamase Adagen® Bovine adenosine Random amine PEGylation Severe combined 1990 Levy et al., 1988

deaminase multiple linear 5 kDa PEG immunodeficiency disease

Pegaspargase Oncaspar® L-asparaginase Random amine PEGylation Acute lymphoblastic 1994 Graham, 2003
multiple linear 5 kDa PEG leukemia

Peginterferon-a2b Peglntron® IFN-a2b Random amine PEGylation Hepatitis C 2000 Wang et al., 2002
linear 12 kDa PEG

Peginterferon-a2a Pegasys® IFN-a2a Random amine PEGylation Hepatitis C 2001 Foser et al., 2003
branched 40 kDa PEG

Pegvisomant Somavert® Genetically engineered hGH Random amine PEGylation Acromegaly 2002 Pradhananga et al., 2002
multiple linear 5 kDa PEG

CERA Mircera® Epoetin-p Random amine PEGylation Anemia associated with 2007 Macdougall and Eckardt,
linear 30 kDa PEG kidney disease 2006

Pegloticase Krystexxa® Uricase Random amine PEGylation Chronic gout 2010 Schlesinger et al., 2010
10 kDa PEG

Peginterferon-a2b Sylatron INF-a2b Random PEGylation at Melanoma 2011 Patel and Walko, 2012
different site with linear
12 kDa PEG

Rurioctocog alfa pegol Adynovi®/Adynovate® Coagulation factor VIII Random amine PEGylation Hemophilia A 2015 Dunn et al., 2018
branched 20 kDa PEG

Pegvaliase Palynzig® Phenylalanine ammonia Random amine PEGylation Phenylketonuria 2018 Levy et al., 2018

lyase 20 kDa PEG

(B) Site-directed PEGylated products.

Pegfilgrastim Neulasta® G-CSF N-terminal PEGylation Neutropenia during 2002 Piedmonte and Treuheit,
linear 20kDa PEG chemotherapy 2008

Certolizumab Pegol Cimzia® Fab’ antibody fragment Site specific thiol PEGylation Rheumatoid arthritis and 2008 Blick and Curran, 2007
branched 40 kDa PEG Crohn’s disease

Lipedfilgrastim Lonquez® G-CSF Site specific single 20-kDa Neutropenia 2013 Mahlert et al., 2013
via carbohydrate linker

Peginterferon-g1a Plegridy® INF-B1a N-terminal PEGylation Multiple sclerosis 2014 Chaplin and Gnanapavan,
Linear 20 kDa PEG 2015

Nonacog beta pegol Refixia® Coagulation factor IX A 40 kDa PEG attached to Hemophilia B 2017 Ezban et al., 2019
the FIX activation peptide
by site-directed
glycoPEGylation

Damoctocog alfa pegol Jivi® Coagulation factor VIII Site specific 60 kDa Hemophilia A 2018 Paik and Deeks, 2019
branched PEG (two 30 kDa
chains)

Turoctocog alfa pegol Esperoct® Coagulation factor VIII 40 kDa PEG bound by a Hemophilia A 2019 Novo-Nordisk, 2019

unique O-linked glycan on
the residual 21 amino acid
B-domain region
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Dozier and Distefano, 2015). This site-selective modification is
therefore obtained at the position that is normally modified with
a glycan in vivo, and therefore the effect of PEGylation on protein
activity is minimized.

PEGylated Proteins in the Clinic
PEGylated-proteins which have been approved for clinical use or
reached the clinical stage are summarized in Table 1. They can be
classified as non-specific or site-specific PEGylated proteins.

Non-specific PEGylated Proteins
The first PEGylated pharmaceuticals Adagen® (pegademase)
and Oncaspar® (pegaspargase) are actually complex mixtures

of various PEGylated species for the treatment of severe
combined immunodeficiency, and adequate asparagine depletion
in leukemia patients, respectively (Levy et al, 1988; Graham,
2003). In Adagen, the adenosine deaminase was modified with
11-17 molecules of 5 kDa PEG-SS. In Oncaspar, L-asparaginase
is covalently conjugated to 69-82 molecules of 5 kDa PEG-SS.

PegIntron® is a product based on linear 12-kDa succinimidyl
carbonate PEG chains is covalently linked to different sites of
Interferon-a 2b (IFN-a2b), via an unstable urethane bond that
slowly releases the free protein (Wang et al., 2002; Youngster
et al., 2002). In Pegasys®, a branched 40 kDa PEG-NHS yielded
a stable amide bond mainly to four lysine residues of IFN-a2a
(Foser et al., 2003).
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Somavert® (pegvisomant), was approved in 2003 for the
treatment of acromegaly (Pradhananga et al., 2002; Parkinson
et al., 2003) and it is obtained by nonspecific conjugation of an
analog of human growth hormone (hGH) with 4-6 equivalents
of PEG-NHS (5kDa). It guarantees an elevated stability to
esterase hydrolysis and a half-life approximately 70 h higher than
the native protein.

Mircera® is an FDA approved (2007) PEGylated
erythropoietin with an extended half-life (Macdougall and
Eckardt, 2006; Banerjee et al., 2012). It is a mono-PEGylation of
a 30-kDa succinimidyl PEG, predominately at lysine or at the N
terminus of the protein.

Krystexxa® is a hyper-PEGylated product derived by non-
human uricase and used to treat gout (Schlesinger et al., 2010;
Shannon and Cole, 2012). The conjugation is obtained from
PEG p-Nitrophenyl carbonate ester, and is necessary to reduce
immunogenicity of the non-human enzyme and increase its
half-life (Sherman et al., 2008).

Sylatron® (peginterferon alfa-2b) was FDA approved in 2011
as adjuvant treatment of melanoma (Herndon et al., 2012; Patel
and Walko, 2012) and it is a IFN-a2b conjugate with 12 kDa
succinimidyl carbonate PEG (31 kDa).

Adynovate® is a PEGylated recombinant factor VIII (rFVIII)
approved for hemophilia A and characterized by the prolonged
circulatory half-life (Dunn et al., 2018). PEGylation is obtained
from lysine residues and optimized to occur in the B-domain
which is not required for activity of the protein, thus resulting
in an improved pharmacokinetic profile (Konkle et al., 2015).

Palynziq® (Pegvaliase) is a phenylalanine ammonia-lyase
(rAvPAL) conjugated with linear 20 kDa PEG-NHS. It was
recently used in the clinic to treat phenylketonuria, a genetic
disorder caused by a lack of phenylalanine hydroxylase causing
neurotoxic phenylalanine accumulation (Levy et al., 2018).

PEGylation diminishes immunogenicity and improves
pharmacodynamic stability (Longo et al., 2014).

ADI-PEG 20 is a arginine deiminase (rthArg) conjugate with
10-12 chains of 20 kDa SS-PEG, which has been used against
glioblastoma tumor (GBM). Preliminary tests showed that ADI-
PEG20 efficiently depleted blood arginine and significantly
reduces the growth of GBM in mice, with the advantage that
this approach does not require overcoming the blood brain
barrier. Although ADI-PEG20 is still under development and
not in the market, it is in phase III clinical trials for the
treatment of hepatocellular carcinoma, and in phase II studies
for acute myeloid leukemia/non-Hodgkin’s lymphoma and for
the treatment of metastatic melanoma and some other tumors
(Cheng et al., 2007; Tsai et al., 2017).

Site-Specific PEGylated Proteins

Filgrastim is an unglycosylated recombinant methionyl human
granulocyte colony-stimulating factor (G-CSF), which regulates
the production and release of functional neutrophils from
the bone marrow.

Two similar products (Lonquez® and Neulasta®) have been
recently approved against neutropenia (Piedmonte and Treuheit,
2008; Mahlert et al., 2013). In Lonquez (lipegfilgrastim), the
selective addition of PEG in guaranteed through O-glycosylation

(Mahlert et al, 2013). In Neulasta (pegfilgrastim), methoxy-
PEG-propionaldehyde (PEG-aldehyde) is used to obtain selective
bioconjugation at the N-terminus via reductive alkylation
(Kinstler et al., 2002; Molineux, 2004).

Cimzia® (certolizumab pegol) is a PEGylated anti tumor
necrosis factor (TNF) recombinant antibody Fab fragment
approved for the treatment of rheumatoid arthritis, Crohn’s
disease, and axial spondyloarthritis (Blick and Curran, 2007;
Nesbitt et al., 2009). The antibody fragment is covalently bound
through Michael type addition of PEG2MAL40K moiety which
comprises two 20 KDA PEG chains linked to a maleimide group
(Chapman et al., 1999). The reactive cysteine is located at three
amino acids from the C-terminus of the heavy chain antibody
fragment. Due to this site-specific PEG attachment, Cimzia®
maintains full binding activity, elevated circulation time and low
immunogenicity (Jevevar et al., 2012).

Plegridy® is a PEGylated form of IFN p-1la, approved for
the treatment of relapsing multiple sclerosis (Chaplin and
Gnanapavan, 2015). Glycosylated recombinant IFN B-la is
conjugated with a single linear 20 kDa methoxy PEG-O-2-
methyl propionaldehyde (44 kDa) moiety at the N-terminus via
reductive amination (Baker et al., 2006).

Refixia® (nonacog beta pegol), a PEGylated factor IX (rFIX),
is used against hemophilia B. The protein is modified by a
selective glycoPEGylation (DeFrees et al., 2006; Ezban et al.,
2019). Release of the activation peptide by physiologic activators
converted the PEGylated recombinant factor IX to recombinant
native factor IX and proceeded normal kinetics for factor IX
(Ostergaard et al., 2011).

Jivi® (Damoctocog alfa pegol) and Esperoct® (Turoctocog
alfa pegol) are site-specific PEGylated (rFVIII) approved for the
treatment of hemophilia A (2019; Paik and Deeks, 2019). In
Jivi, a single dual-branched 60 kDa PEG molecule is attached
to an engineered cysteine residue on the A3 domain of the
protein (Castaman and Linari, 2018). The A3 domain was
selected to provide a consistent coagulation activity as well as
high PEGylation efficiency (Shah et al., 2014). Esperoct is being
developed for prophylaxis and treatment of bleeds in hemophilia
A patients (Meunier et al., 2017). It is an another B-domain
truncated FVIII with a 40 kDa PEG bound by a unique O-linked
glycan on the residual 21 amino acid B-domain region (Tiede,
2015; Wynn and Gumuscu, 2016).

Limits of PEGylation

Despite the widespread clinical use of PEGylated proteins,
some important limitations have emerged for clinical
applications, which are mainly related to PEG immunogenicity
hypersensitivity and non-degradability (Knop et al, 2010;
Garay et al., 2012). Here, we critically review the drawbacks
associated with pre-existing and induced anti-PEG antibodies,
the activation of the complement system and PEG-related
cellular vacuolation.

PEG Immunogenicity

PEG is generally considered a “stealth” polymer in drug
delivery because of its protein-repellent properties, which make
conjugated proteins and nanoparticles mostly inert to the
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biological environment (Yang and Lai, 2015). Steric repulsion
and water barrier models are used to explain these characteristics
(Zheng et al., 2005). Steric repulsion is mainly attributed to
conformational entropy loss due to chain compression as the
protein approaches a long PEG chain (McPherson et al., 1998),
while water barrier mechanism arises from the large number of
water molecules tightly bound (through hydrogen bonds) to the
ethylene glycol repeating units, which generate repulsive forces
against protein adsorption (Zheng et al., 2004). In these models,
chain length, conformation and grafting density are important
factors for limiting protein binding (Yang and Lai, 2015).
These protein-repellent features should suppress interactions
between PEGylated systems and the biological environment, thus
PEG conjugation is used to decrease enzymatic degradation,
opsonization, and immunogenicity of the protein conjugates.

In contrast to this general assumption, animal studies
clearly showed that some PEGylated proteins, particularly
ovalbumin and uricase, can elicit antibody formation against PEG
(Garay et al., 2012).

In humans, pre-existing and induced antibodies against PEG
(anti-PEG) cause an unexpected immunogenic response, also
known as the “accelerated blood clearance (ABC) phenomenon
(Cheng et al., 1999; Armstrong et al., 2007; Schellekens et al.,
2013; Lipsky et al., 2014; Mima et al., 2015). The presence of anti-
PEG was correlated with the fast clearance of PEG-asparaginase
in patients with acute lymphoblastic leukemia (Armstrong et al.,
2007). In a clinical study on the effects of PEG uricase on chronic
refractory gout, 40% of patients developed anti-PEG, which was
strongly correlated with loss of responsiveness to this protein
conjugate (Lipsky et al., 2014).

In a recent study, pre-existing anti-PEG was identified in over
25% of healthy blood donors (Armstrong, 2009), in contrasts
with only 0.2% occurrence reported over 20 years ago by Richter
and Akerblom (1984). This increase may be explained as a
result of the large amount of PEG that is present nowadays in
cosmetics, pharmaceuticals and processed foods. The continuous
exposure to these products may induce anti-PEG antibodies in
humans (Garay et al., 2012), although the constant analytical
improvements of antibody detection over the years may also
explain some discrepancies among different tests.

Different studies have shown that pre-existing and induced
anti-PEG may bind to the PEG backbone (Richter and Akerblom,
1984; Armstrong, 2009). However, since PEGylated therapeutic
proteins generally contain methoxy-terminated PEG (mPEG),
it has been hypothesized that antibodies with high affinity for
methoxy groups may also be involved (Garay et al, 2012).
Using hydroxy-PEG (HO-PEG) instead of mPEG in preparing
conjugates of albumin, human interferon-a, and porcine uricase,
a reduced immunogenicity was found in rabbits (Sherman
et al.,, 2012). On the other hand, in vitro studies demonstrated
that OH-PEG is a stronger complement activator than mPEG,
since the hydroxyl group is able to covalently bind to the
complement component C3 (Reddy et al., 2007). PEG-induced
complement activation requires further investigation. Anti-
PEG binding can trigger opsonization of complement factors,
which subsequently promote phagocytosis by the mononuclear
phagocyte system (Verhoef et al., 2014). Moreover, other studies

on PEGylated therapeutics reported non-antibody-mediated
complement activation, either by the mannose-binding lectin
pathway or the alternative pathway (Verhoef et al., 2014).

Further studies are therefore required to determine the
specificity of anti-PEGs, how these antibodies can influence
the pharmacokinetics of PEGylated proteins, and how the
complement activation by the polymer may cause severe
hypersensitivity reactions.

Safety of PEGylation

The molecular weight of the conjugated PEG is typically selected
to avoid renal clearance, and therefore to obtain an elevated
half-life of the therapeutic proteins (Verhoef et al, 2014).
However, the non-degradability of PEG in systemic circulation
may lead to polymer accumulation in vivo. After repeated
administration of some approved PEGylated biopharmaceuticals,
cellular vacuolation were histologically observed in certain
organs and tissues (Ivens et al., 2015). Vacuolation is considered a
normal physiological process by which various cell types attempt
to remove foreign materials (Stidl et al., 2018). In mammalian
cells, vacuoles are formed in different cellular compartments
(e.g., endosomes, lysosomes, endothelial reticulum), and this
phenomenon can be transient or irreversible (Stidl et al., 2018).

PEG-associated vacuolization in macrophages, predominantly
within the reticuloendothelial system, is well documented with
no detectable toxicological relevance (Kronenberg et al., 2013).
However, several preclinical toxicology studies on approved
PEGylated therapeutics provided evidence of vacuolation in renal
tubule cells and epithelial cells of the choroid plexus (Stidl
et al., 2016; Stidl et al, 2018). In one study, high doses of
tumor necrosis factor binding protein (TNF-bp) conjugated with
a 20 kDa PEG caused vacuolation of renal cortical tubular
epithelium cells in rats, over a period of 3 months (Bendele
et al., 1998). Tubular vacuolation caused distortion of tubular
profiles and compression of nuclei, without leading to necrosis
(Bendele et al., 1998; Stidl et al., 2016). Renal tubular cell vacuoles
and splenic vacuolated macrophages were also reported for
hemoglobin (Hb) conjugated to a 5 kDa PEG administered in
rats (Conover et al., 1996). A serious concern is the vacuolation
in the epithelial cells of the choroid plexus, which is the main
source of cerebrospinal fluid and a key component of the
blood-cerebrospinal fluid barrier (Stidl et al., 2018). Recently,
a correlation between the molecular weight of unconjugated
linear PEG (from 10 to 40 kDa) and vacuolation in rats was
reported after repeated injections for 3 months (Rudmann
et al., 2013). It was observed that the highest molecular weight
PEG (40 kDa) triggered vacuolation in macrophages, choroid
plexus epithelial cells and renal tubular epithelial cells. Immune-
historeactivity to PEG decreased in renal tubule cells, but
increased in splenic macrophages and choroid plexus epithelial
cells (Rudmann et al., 2013).

Due to the diversity of marketed PEGylated proteins and
new conjugates under development, nonclinical toxicology
studies are therefore important to determine tissue location,
reversibility, and severity of vacuolation with its possible
functional consequences, in order to evaluate potential patient
safety risks (Ivens et al., 2015).
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Non-degradable PEG Alternatives

Although PEGylated proteins are the only protein-polymer
conjugates approved for clinical use, many other biocompatible
polymers have been recently investigated as an alternative to PEG,
which showed promising results in vitro and in vivo.

Poly(vinyl  pyrrolidone) (PVP) and  Poly(N-(2-
hydroxypropyl) methacrylamide) (PHPMA) are
non-biodegradable, nonionic and non-immunogenic polymers,
well-established as biocompatible drug carriers. They have been
recently synthesized via Reversible Addition Fragmentation
Chain Transfer (RAFT) to obtain narrow molecular weight
distributions, which are ideal for bioconjugation (Scales et al.,
2005; Zelikin et al., 2007). PVP- conjugated TNF-a provided
longer circulation than PEG-TNF-a at the same molecular weight
(Kaneda et al., 2004). HPMA copolymer-insulin and HPMA
copolymer-chymotrypsin conjugates were also investigated
(Kopecek and Kopeckovd, 2010).

Polyglycerol (PG) showed similar characteristics to PEG in
terms of non-degradability, protein repellence, and superior
biocompatibility and toxicity profile (Kainthan and Brooks,
2007; Imran ul-haq et al, 2012). Linear and hyperbranched
PG were conjugated to model proteins (bovine serum albumin
(BSA) and lysozyme) to assess their effect on conjugate activity
(Wurm et al., 2012).

Polyoxazolines (POZs) are biocompatible polymers with
‘stealth’ properties and easy renal clearance (Zalipsky et al.,
1996; Gaertner et al, 2007). Bioconjugation between poly(2-
ethyl-2-oxazoline) and G-CSF, a hemopoietic cytokine, through
reductive amination or enzyme-mediated acyl transfer, resulted
in bioactive conjugates in vivo (Mero et al., 2012). POZs with
methyl, ethyl and propyl side chains were synthesized by living
cationic polymerisation and conjugated to BSA and insulin
(Viegas et al., 2011) obtaining low immunogenicity and longer
blood glucose control than native insulin in rats.

Poly(N-acryloylmorpholine) (PNAM) is a biocompatible
water-soluble acrylamide derivative which can be synthesized via
RAFT polymerisation and modified for attachment to enzymes
in order to reduce immunogenicity. Monovalent lysozyme-
PNAM conjugates with relatively low molar mass polymers
displayed equal or even higher activity than the native protein,
while all conjugates showed an improved protein solubility
(Morgenstern et al., 2018).

Degradable PEG Alternatives

Polysialic acid (PSA), also known as columinic acid, is a
linear small polysaccharide containing a-2,8-linked sialic acid
(neurominic acid) with (n = 8 to >100) residues. PSA-
conjugated L-asparaginase, obtained by reductive amination,
reduced the antigenicity of asparaginase and prolongs the
circulation half-life in mice (Fernandes and Gregoriadis, 2001).
PSA conjugated to insulin on the N-terminus and lysine
residues improved pharmacological properties and provided
a more accurate long-term control of blood glucose levels
(Jain et al., 2003).

Trehalose glycopolymers enhance in vivo plasma half-life
and enhance stability on storage. Insulin-trehalose glycopolymer

conjugate showed similar insulin-PEG prolonged plasma
circulation in mice and low toxic effects (Liu et al., 2017;
Mansfield and Maynard, 2018).

Biodegradable polysaccharides, such as alginate (Mondal
et al., 2006) and hyaluronic acid (HA) (Mero and Campisi,
2014), have been explored for protein conjugation. As for SS-
PEG, random lysines conjugation showed critical purification,
reproducibility drawbacks, and lost in activity (Ferguson et al,,
2010). The partial periodate oxidation of some saccharide
repeating units generates aldehyde groups which allows selective
N-terminal reductive amination. This approach was used to
selectively modify insulin, hGH and INFa (Yang et al.,, 2011,
2012). A site selective conjugation of insulin and IFNo was
also obtained by introducing an aldehyde group in the polymer
backbone without altering the HA integrity (Mero and Campisi,
2014). In diabetic rats, HA-insulin conjugates maintained a
glucose lowering effect up to 6 h, while free insulin was inactive
after 1 h. Unexpectedly, when an elevated amount of insulin was
conjugated, its effect on blood glucose level decreased, probably
because of a steric entanglement affecting the receptor/protein
recognition (Mero and Campisi, 2014).

Hydroxyethyl starch (HES) is a biodegradable FDA approved
polymer, whose non-immunogenicity is possibly attributed
to structural similarities with glycogen (Paleos et al., 2017).
HES is degraded by o-amylase in the plasma, which can
be controlled by modifying the molar mass and the degree
of hydroxyethylation. Its conjugates have been extensively
investigated for therapeutic uses (Ko and Maynard, 2018).
The HESylation of erythropoietin (EPO) had comparable
in vitro and in vivo activities to PEGylated-EPO (Mircera)
(Hey et al.,, 2012; Pelegri-O’Day et al., 2014). The conjugation
of HES to G-CSF and INF-a have also shown comparable
results (Hey et al, 2012). Furthermore HESylation® sharply
improved the storage stability over PEGylation by remaining
totally amorphous during lyophilisation, with and without
lyoprotectants (Liebner et al., 2015).

Protein conjugation with biodegradable poly(ethyl ethylene
phosphate) (PEEP) was also reported (Steinbach et al.,, 2017).
PPEylated BSA and catalase showed comparable activity to
their PEG-equivalent.

Recombinant synthetic polypeptides, are biomimetic
polymers with tunable degradability, versatile side chain
functionalities, and self-assembly behaviors. They can be
conjugated with proteins either by chemical coupling or by
genetic engineering approach. The hGH fused with the synthetic
polypeptide XTENT™ (Schellenberger et al., 2009) (hGH-XTEN)
is undergoing a Phase II clinical trial as monthly administration
for the treatment of hGH deficiency. Elastin-like polypeptide
(ELP) fused with IFN-o was able to prolong the circulating
half-life of the protein (Hu et al., 2015). A randomized sequence
of proline, alanine and serine (PAS) guaranteed properties
remarkably similar to PEG when they were fused to therapeutic
proteins, including GE, hGH, Leptin (Schlapschy et al., 2013;
Gebauer and Skerra, 2018). PASylated-hGH exhibited 94-fold
longer plasma half-life in mice than the native protein (Gebauer
and Skerra, 2018), and it led to a 2.8-fold higher IGF-1 plasma
concentration compared with the mice treated with hGH
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(Schlapschy et al., 2013). Kidney, liver, and spleen showed no
histological changes after the treatment, and repeated dose
administration confirmed the absence of immune reactivity
toward the PAS moiety (Schlapschy et al, 2013). Artificial
gelatin-like peptidic sequence (GLK) was fused to granulocyte-
colony-stimulating factor (G-CSF) in order to generate a
chimeric GLK/G-CSF fusion protein with enhanced plasma half-
life (Huang et al., 2010). The polypeptoid Polysarcosine (PSar)
has been recently considered an emerging “stealth” biodegradable
polymer for many biomedical applications (Chan et al., 2018).
A N-terminal specific polysarcosine-interferon conjugate (PSar-
IFN) showed significantly more potency in inhibiting tumor
growth, and elicited considerably less anti-IFN antibodies in
mouse than its PEGylated counterpart (Hu et al., 2018).

Grafting Methods

In all the materials discussed above, end-functionalised polymers
are firstly synthesized and then attached to the protein via a
conjugation reaction. This strategy is generally called ‘grafting
to, and it is generally characterized by low conversion, due to
the steric hindrance and the low concentration of the reactive
groups (Francis et al., 1998). An excess of reactive polymer
is generally needed, therefore an efficient purification step
to remove the unbound polymer is required (Wallat et al,
2014). Recently, an alternative ‘grafting from’ approach has been
proposed to overcome these drawbacks. This method consists of
initiating the polymerization directly from the surface of proteins,

obtaining finely controlled products (Magnusson et al., 2010)
(Figure 2). A low molecular weight initiator is firstly attached
to the protein via bioconjugation. Due to the small size of this
molecule, the steric hindrance that occurred between two ‘giant’
macromolecules during the “grafting to” method is avoided, and
an excellent yield of protein-polymer conjugates can be obtained
(Salmaso and Caliceti, 2011). The purification process of high
molecular weight conjugates from the unreacted small molecular
monomers and catalyst is easier and faster (Pelegri-O’Day and
Maynard, 2016; Kovaliov et al., 2018).

Controlled-living polymerisation techniques such as Atom
transfer radical polymerization (ATRP) and RAFT have
been recently explored for site-specific polymer growth in
aqueous solvent, ambient temperature, and physological
pH, ie., conditions that are well tolerated by biomolecules
(Averick et al., 2011). The main drawbacks are related to the
challenges in controlling the polymerisation process under bio-
relevant conditions. Activator Generated by Electron Transfer
(AGET) ATRP has been recently developed to synthesize
polymer-protein conjugates through polymerization of PEG
methacrylate (PEGMA) macromonomers, from initiator-
functionalized recombinant hGH (Magnusson et al, 2010)
and trypsin (Yagayan et al, 2011). Activator ReGenerated by
Electron Transfer (ARGET) ATRP in aqueous media, has
shown promising results for conjugation of therapeutic proteins
(Simakova et al, 2012) achieving narrow molecular weight
distributions (Mw/Mn < 1.3).
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FIGURE 2 | The ‘grafting to’ and ‘grafting from’ conjugation strategies. In a ‘grafting to’ method, end-functionalised polymers are firstly synthesized and then
attached to the protein via a conjugation reaction. In a ‘grafting from’ method, a low molecular weight initiator is firstly attached to the protein and then the

polymerization is initiated directly from the protein.
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A PEG-based polymer grafted from the C-terminus of INFa,
obtained by ATRP of poly(oligo(ethylene glycol) methyl ether
methacrylate) (POEGMA), was used to treat a murine cancer
model. The POEGMA-INFa conjugate completely inhibited and
eradicated tumors of 75% mice without appreciable systemic
toxicity, whereas at the same dose, no mice treated with the
PEGASYS® survived for over 58 days (Hu et al., 2016).

TL lipase was modified with ATRP initiators either at the
amine side chain of lysine or acid residues of aspartic and
glutamic amino acids, and N-[3-(N,N-dimethylamino)propyl]
acrylamide (DMAPA) was grafted-from by Continuous Activator
Regeneration (ICAR) ATRP (Kovaliov et al., 2018). The activity
was higher for both conjugates compare to native protein.

Alternatively, photoinduced electron transfer reversible
addition-fragmentation chain transfer (PET-RAFT)
polymerisation of DMAPA was successfully used on TL
lipase without affecting its activity (Kovaliov et al, 2018).
RAFT polymerisation allowed to obtain well-defined
poly(N-isopropylacrylamide) linked with BSA (Li et al,
2011a) and lysozyme-poly(N-isopropylacrylamide)-b-
poly(N,N-dimethylacrylamide) block copolymer conjugates
(Lietal., 2011b).

LIPOSOMES

Liposomes are phospholipid vesicles which consist of at
least one lipid bilayer enclosing a discrete aqueous domain.
While hydrophobic compounds can be inserted into the
lipid membrane, hydrophilic molecules can be entrapped in
the aqueous core, and this characteristic enables low and
high molecular weight biomolecules to be encapsulated and
later released at the targeted site (Sercombe et al, 2015;
Huang et al., 2017). Liposomes represent the first nanosized
drug delivery system which made the transition from bench
to clinical application, and provide ideal characteristics of
biocompatibility, biodegradability, variable compositions (Allen
and Cullis, 2013; Sercombe et al., 2015). Among their advantages,
liposomal formulations can be administered through several
different routes such as parenteral (the most studied), oral
(He et al, 2019), pulmonary (Khanna et al, 1997b), nasal
(Luo et al, 2018), ocular (Agarwal et al, 2016), and topical
(Yarosh et al., 2001).

Liposome surfaces can be easily functionalised with an
appropriate ligand for targeted delivery and also decorated
with protein-repellent polymers, such as PEG, to inhibit
opsonization and clearance by the mononuclear phagocytic
system (Immordino et al., 2006; Hwang et al., 2012; Pattni
et al., 2015). Due to the fast development of nanomedicine,
several protein delivery formulations based on liposomes
have been developed for therapeutic use. Once entrapped in
liposomes, a therapeutic protein may increase its stability, as the
lipid bilayer provides protection from degradation (Figure 3)
(Tan et al, 2010). Liposomes can be PEGylated to prolong
circulation in vivo, and may be conjugated with active ligands
to provide active targeting (Hatakeyama et al., 2013). Some
protein-loaded liposomes reached the clinical trials and some

products are already on the market. However, compared with
protein-polymer conjugates, a limited quantity of protein-
loaded liposomes has been approved for marketing, and the
majority of current liposomal protein formulations are still in
preclinical stages (Table 2). In fact, although liposomes are
good candidates for in vivo delivery of high molecular weight
compounds (such as protein/peptide drugs and nucleic acids),
their nanoencapsulation is often hindered by instability issues
during the liposome preparative process and storage, as well as
by the low encapsulation efficiencies (Xu et al., 2012; Huang et al.,
2017), as discussed hereafter.

Protein-Loaded Liposomes in the Clinic

The first protein-liposome systems accepted for clinical
use were virosomes, i.e., drug/vaccine delivery systems
based on unilamellar phospholipid membrane which
incorporate virus-derived proteins. Epaxal® was the first
commercially available liposomal vaccine, which consists of
particles of ~150 nm composed of phosphatidylcholine and
phosphatidylethanolamine lipids, neuraminidase, hemagglutinin
and inactivated hepatitis A virus. The hemagglutinin and
the neuraminidase bind strongly to the lipid layer by a non-
covalent bond, stabilize the liposomal structure, and target the
liposome to immune-competent cells (Cryz, 1999; Bovier, 2008).
Epaxal has demonstrated safety and efficacy in clinical studies,
and is licensed in several countries. Inflexal-V® is present
on the market since 1997 in many countries (with different
commercial names) as a therapy against flu. It is similar to
Epaxal as it consists of unilamellar bilayer liposomes of about
150 nm, made of phosphatidylcholine, and the mixture of three
monovalent virosome pools, each formed with one influenza
strain- specific hemagglutinin and neuraminidase glycoproteins
(Herzog et al., 2009).

Curosurf® (poractant alfa) is a product (FDA
approved in the ’90s) composed by sterile suspension for
endotracheobronchial instillation of animal-derived lipids
used for the treatment of neonatal respiratory distress
syndrome. This product is composed of phosphatidylcholine,
dipalmitoylphosphatidylcholine and the small hydrophobic
surfactant proteins SP-B (8.7 kDa) and SP-C (3.7 kDa).
Through a reorganization of the lipids present in the fluid
that covers the lung, the alveoli can swell more easily, thus
preventing the alveolar collapse. The two proteins are essential
to reduce the surface tension at the air-water interface by
the formation of a surface-active film highly enriched in
dipalmitoylphosphatidylcholine (Walther et al., 2000). The
particle size is variable and different studies reported values
between 35 pwm to 50 nm (uni- and multilamellar vesicles)
(Waisman et al., 2007).

T4N5 liposome lotion (Dimericine) is based on T4
endonuclease V enzyme loaded into egg lecithin liposomes.
The T4 endonuclease V enzyme repairs the damaged DNA
preventing the first stage of skin cancer (Bulbake et al., 2017;
Jeter et al., 2019). Phase I/II trials indicated effective prevention
of skin cancer in Xeroderma pigmentosum patients. However,
phase III trials were terminated in 2009 with lack of expected
clinical outcomes (Bulbake et al., 2017).
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Hepatic-directed vesicles-insulin (HDV-1) is a liposomal
delivery system for diabetes treatment via oral and subcutaneous
routes, which have been tested in phase II clinical trials
(Diasome_Pharmaceuticals, 2019). These insulin-loaded
liposomes (size < 150 nm), contain the proprietary hepatocyte-
targeting molecule (HTM) and biotin-phosphatidylethanolamine
lipids. In diabetic animal models, it was an effective insulin-
replacement treatment as it showed very low toxicity

and successfully targeted the in the liver
(Geho et al., 2009).

Biphasix™ is a topical formulation that is intended to
be easily self-applied to human papillomavirus (HPV) -
infected tissues, to deliver IFN-o into the skin and mucosal
tissues. It regards with the encapsulation of the therapeutic
protein in  multilayered, lipid-based submicronvesicles

(Altum_Pharmaceuticals_Inc.; Roohnikan et al., 2019). These

hepatocytes
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TABLE 2 | List of protein-loaded liposomes in clinical use.

Commercial Active protein Treatment Company Status Year References
name
Epaxal Hepatitis A virus Hepatitis-A Crucell (former On market 1994 Cryz, 1999
proteins Berna Biotech Ltd.)
Inflexal-V Influenza virus Trivalent influenza Crucell (former On market 1997 Herzog et al., 2009
proteins vaccine Berna Biotech Ltd.)
Curosurf SP-B and SP-C Lung activator for Chiesi Farmaceutici On market 1999 Walther et al., 2000
proteins stress disorder
T4ANS liposome T4 endonuclease V Skin cancer AGI Dermatics Inc. Phase llI 2007 Bulbake et al., 2017
lotion (T4N5) enzyme
Hepatic-directed Insulin Diabetes Diasome Phase Il 2019 Diasome_Pharmaceuticals,
vesicles-insulin Pharmaceuticals 2019
(HDV-1)
Biphasix INF-a Genital warts and Altum Phase /Il 2011 Altum_Pharmaceuticals_Inc,
cervical dysplasia Pharmaceuticals 2019
IL-2 liposomes IL-2 Pulmonary Biomira United Phase | 2000 Skubitz and Anderson,
metastases States 2000

vesicles have complex structures that include a variety of
compartments into which drug molecules can be integrated, and
the emulsion is completed with other excipients typical of a topic
formulation. It has completed phase I and II clinical trials, where
it was shown to be active (in cervical neoplasia regression) with
no systemic or local side effects (Altum_Pharmaceuticals_Inc.).

IL-2 liposomes are interleukin-2 loaded liposomes which
have been tested in phase I clinical trials (Skubitz and
Anderson, 2000). This liposome preparation contains a synthetic
lipid, dimyristoylphosphatidyl choline (DMPC), human serum
albumin and human recombinant IL-2 (Khanna et al., 1997a).
Administration by inhalation showed a significant increase
in bronchoalveolar lavage leukocytes in the lung compared
to free IL-2 administered via conventional routes due to a
high concentration of the drug at the specific site of action
(Khanna et al., 1997b).

Liposome Composition for Protein
Delivery

In general, the liposome composition includes lipids of natural
origin (e.g., egg lecithin, cholesterol), synthetic, or semi-
synthetic [e.g., lipids manufactured by modification of naturally
occurring precursors such as dipalmitoylphosphatidylcholine
(DPPC), distearoylphosphatidylcholine (DSPC), or dimyristoyl-
phosphatidylcholine (DMPC)] (Olusanya et al., 2018).
Conventional liposomes have a short circulation time in vivo,
since they are quickly uptaken and eliminated by mononuclear
phagocyte system. PEGylation is also used in liposomes to inhibit
the opsonization, thus extending blood-circulation. This effect
can be modulated by the molecular weight of the PEG chains and
the grafting density at the liposome surface (Wang et al., 2016).
PEGylated (stealth) liposomal formulations have been studied
for protein delivery, for instance as safe and effective means
to deliver protein antigens (tetanus toxoid (TT), ovalbumin)
to potent antigen-presenting dendritic cells for the induction
of CD44 and CD8+ T-cell response in vivo (Ignatius

et al., 2000). Hemoglobin (LEH)-loaded liposomes, prepared
with anionic lipid hexadecylcarbamoylmethyl-hexadecanoate
(HDAS), cholesterol and HDAS-conjugated PEG2000, were
tested as oxygen nanocarriers, and succeed in preventing systemic
inflammation and multi-organ injuries caused by hemorrhagic
shock in mice (Yadav et al., 2016).

Similarly to PEG-protein conjugates, PEGylation also presents
undesirable effects in liposomes. For example, PEG steric effects
reduce the interaction of liposomes with the cell membrane or
tissue extracellular matrix when specific targeting is required
(Hatakeyama et al., 2013). Ligands such as antibodies, protein
fragments, peptides and aptamers are often conjugated to
the terminal group of the PEG chains which are attached to
the liposome surface, in order to respond to the extracellular
or intracellular environment, thus obtaining active targeting
(Hatakeyama et al., 2013; Fang et al., 2017). Several papers have
been dedicated to PEG-ligand conjugation of liposomes for
the release of low molecular weight drugs (Eloy et al.,, 2014;
Noble et al., 2014; Belfiore et al., 2018) and this approach has
also been used for protein nanoencapsulation (e.g., trypsin and
chymotrypsin inhibitor into PEGylated liposomes conjugated
with transferrin) (Joanitti et al., 2018). However, it is worth
noting that functionalization of liposomes with various targeting
ligands has resulted in enhanced detection by the immune-
system, and that targeting capability may be compromised
by the interaction between serum-protein and ligands
(Riaz et al., 2018).

Methods for Preparing Liposomes

Different methods of liposomes preparation have been reported
to optimize the drug encapsulation and to obtain a homogenous
particle population, such as mechanical dispersion methods,
solvent dispersion methods, and detergent removal methods
(Vemuri and Rhodes, 1995; Akbarzadeh et al., 2013). The poor
protein stability during preparation, especially when organic
solvents and detergents are used, generally limit the preparative
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choice to the mechanical dispersion methods (Xu et al., 2012). In
most cases, the procedure to prepare protein-loaded liposomes is
based on the following steps (as summarized in Figure 4): firstly,
a thin lipid film is formed or dried from organic solvents, then
the film/solid is hydrated with dispersed-protein aqueous media.
In this step, liposomes of different sizes and/or uni-, bi- and
multi-lamellar vesicles are obtained. A further step is dedicated
to the size homogenisation (mainly by extrusion or sonication)
and improvement of drug loading (typically by freeze-thawing),
then the liposomes are purified and characterized (Xu et al., 2012;
Akbarzadeh et al.,, 2013).

Compared with low molecular weight drugs, the
encapsulation of large biomolecules such as proteins and
peptides generally lead to several drawbacks, such as low
encapsulation efficiency, irregular particle size distributions, the
presence of organic solvent residues or metal ions, which can
affect the protein stability and the safety of the clinical treatment.
The purification also represents a critical step; size exclusion
or dialysis are the most used methods, and possible liposome
interaction with the stationary phases or membranes should
not be excluded. When centrifugation is used, the right choice
of the centrifugal speed is necessary to avoid the formation
of agglomerates or liposome destruction. The sterilization of

liposomal preparations is also a critical issue (Meyer et al,
1994; Heeremans et al., 1995), as well as storage conditions.
Liposome suspensions should be stored in a refrigerator, as a
freezer will lead to formation of ice crystals that may rupture the
phospholipid membrane (Riaz et al., 2018). Different preparative
methods have been reported in literature for in vivo applications,
with results showing significant differences in terms of size
distribution and encapsulation efficiency (Table 3).

The encapsulation of granulocyte colony-stimulating factor
(rhG-CSF) was obtained by using three different preparative
methods (lipid film hydration- microfluidisation- centrifugation,
lipid powder hydration- microfluidisation- dialysis, and lipid
film hydration- sonication- freeze-thawing- dialysis). Results
showed that encapsulation efficiency increased with the size of
the nanocarriers, and that these liposomes were successful in
releasing rhG-CSF in rats (Meyer et al., 1994). In this work,
a rapid protein release (100% within 24 h) or a much slower
release (50% in 4 days) was obtained in vivo by varying the lipid
composition (DPPC or DSPC:cholesterol, respectively).

The encapsulation of ovalbumin (OVA), tetanus toxoid (TT),
bovine serum albumin (BSA), glutathione S-transferase (GST),
human gamma-globulin (hIgG) by different techniques also
showed marked differences in size distribution and encapsulation
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FIGURE 4 | Main steps involved with the preparation of protein-loaded liposomes, including typical tasks and drawbacks (MLV: Multilamellar Vesicles, LUV: Large
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TABLE 3 | Lipid formulations, preparative methods and characterisation of protein-loaded liposomes for in vivo applications.

Protein Formulation* Method Size <d> [nm] Encap. In vivo study References
Efficiency (%)
rhG-CSF DMPG:DSPC:Chol Lipid film hydration/ 250 2 Subcutaneous Meyer et al., 1994
microfluidisation 340 30 injections in rats
/centrifugation Lipid 760-780 80-90
powder hydration/
microfluidisation/dialysis
Lipid film
hydration/sonication/
freeze-
thawing/dialysis
OVAand TT Chol:POPC:PE- Thin film hydration ~100 = Immunization of Ignatius et al., 2000
PEG2k and extrusion mice
bFGF PC/Chol pH gradient ~120 81.6 Wound healing in Xiang et al., 2011
method Ammonium 65.7 rats
sulfate gradient 69.5
method 58.6
Reverse-phase
evaporation
method Thin film
method
NGF PC/Chol DSPE- Reverse phase 64-73 24-34 Transport across Xie et al., 2005
PEG2k-RMP- evaporation BBB in rats
7/DSPE-PEG2k
(FTIC-) BSA PC/Chol/DSPE- Thin layer 167-287 18-20 Bladder epithelium Vila-Caballer et al.,
PEG2k/S-PEG- rehydration and targeting in mice 2016
polySDM/Rh-DHPE extrusion
BSA PC:Chol:DSPE- Thin film hydration, 208-346 41-45 Safety and Okamoto et al.,
PEG. Freezing-thawing pharmacokinetic 2018
and extrusion studies in mice
higG PC/Chol Dehydration- 219-230 30-31 Biodistribution in Garcia-Santana
rehydration mice et al., 2006
Hb HDAS:Chol:HDAS- High pressure 216 <5 Hemorrhagic shock Yadav et al., 2016

PEG2k

homogenization

in rats

method

*1,2-dimyristoyl - sn-glycero-3-phosphocholine (DMPG); 1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC); cholesterol (Chol); 1-Palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine  (POPC);  1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene  glycol)-2000]  (PE-PEG2k),  L-a-phosphatidylcholine
(PC); RMP-7-conjugated- 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-n-[poly(ethyleneglycol)]-hydroxy succinamide (DSPE-PEG2k-RMP-7); 1,2-distearoyl-
sn-glycero-3-phosphoethanol-amine-N-[methoxy-poly(ethyleneglycol)  2000], (DSPE-PEG2k);  stearoyl-poly(ethylene  glycol)-poly(methacryloyl  sulfadimethoxine)
copolymer, (S-PEG-polySDM); N-(Lissamine Rhodamine B sulfonyl)-1, 2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine triethylammonium salt, (rh-DHPE);
hexadecylcarbamoylmethylhexadecanoate, (HDAS); Hexadecylcarbamoylmethylhexadecanoate-PEG2000 conjugated, (HDAS-PEG2Kk).

efficiency (Ignatius et al, 2000; Garcia-Santana et al.,, 2006;
Ahn et al., 2009; Vila-Caballer et al., 2016; Okamoto et al., 2018;
Forbes etal., 2019; Hussain et al., 2019). More specific therapeutic
proteins have been encapsulated in liposomal formulations to
improve release at a specific site. Basic fibroblast growth factor
(bFGEF), nerve growth factor (NGF), hemoglobin (Hb) are
some of the biomolecules examined (Xie et al, 2005; Xiang
et al, 2011; Yadav et al, 2016). It was observed that by
using either a pH gradient method or freeze-thawing followed
by extrusion, similar bFGF encapsulation yield (~80%) were
obtained (Xiang et al., 2011).

Nowadays, new methods have emerged with the aim of
improving the encapsulation degree without affecting the
integrity of the biomacromolecules. The use of supercritical
carbon dioxide (ScCO;) as a non-toxic substitute for organic
solvents have led to some potential applications in the
pharmaceutical industry for the micro- and nano-encapsulation
of drugs (Santo et al, 2014; Trucillo et al, 2019). The

encapsulation in liposomes of several payloads including
antibodies and albumin was obtained using a ScCO,-assisted
process (Santo et al.,, 2014) with high encapsulation efficiency
(>90%) (Trucillo et al., 2019).

The microfluidic-based system is a promising method
to prepare protein-loaded liposomes for a rapid and
scale-independent manufacture, which incorporated in-
line purification and particle size monitoring. A range of
neutral and anionic protein-loaded liposomes was obtained
with protein efficiency (20-35%) higher than conventional
methods (sonication or extrusion, <5%) and presented
smaller and homogenous particle size between 60 and 100 nm
(Forbes et al., 2019).

Protein Encapsulation Efficiency

The low encapsulation efficiency in small-sized liposomes
represents a major challenge in the development of liposomal
drug delivery systems for therapeutic proteins (Xu et al., 2012).
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The nanoencapsulation of large macromolecules is
predominately limited by the low entrapment volume (which
depends on particle size), however, other factors are also
crucial for the protein encapsulation efficiency, such as lipid
composition and molar ratio, concentrations, buffer solution
pH and ionic strength, preparative method, as well as the
protein nature, its hydrodynamic diameter and concentration.
In studies carried out with phosphatidylcholine and tissue-type
Plasminogen activator (t-PA), higher encapsulation yields were
obtained at higher lipids concentration, lower ionic strength
larger liposome size (Heeremans et al., 1995). The effects of lipid
composition concentration, buffer pH, ionic strength, protein
size, liposome size and surface charge were evaluated on trypsin,
horseradish peroxidase, enterokinase and hyaluronidase as
model enzymes with different molecular weights and isoelectric
points (Hwang et al., 2012). Results confirmed the behavior
reported by Heeremans on the effect of lipid concentration and
the particle size, and also showed that the encapsulation yield
did not depend of the protein molecular weight, it was relatively
low in any case (approximately 5-20%), and that basic pH and
lower ionic strength favored the encapsulation of all proteins
(Hwang et al., 2012).

The effect of protein interactions with the lipid membrane
on the encapsulation efficiency is still a point of discussion
among scientists. In fact, the protein may be surrounded by
the lipid membrane or occupy the hydrophobic transmembrane
region, depending on the nature of the proteins and the
lipids involved, which are capable of forming electrostatic and
hydrophobic interactions, hydrogen bonds, due to the polar and
hydrophobic groups present in their complex structure (Lee,
2004; McClements, 2018). Computational simulations have also
been used for a deeper understanding of protein-lipid interaction
(Khan et al., 2016; van‘t Hag et al., 2016).

Stimuli-Responsive Liposomes

In liposomes, the release of proteins is generally controlled
by physicochemical mechanisms such as lipid dissociations
and simple diffusion (Lu et al, 2014). Recently, stimulus-
responsive liposomes have been studied for the release of
conventional drugs, and more recently for large biomolecules
such as proteins and peptides. Different activation methods
(temperature, pH, enzyme, redox, and light) have been used to
confer stimuli-responsive properties. pH-responsive liposomes
can be used for targeted release when the pathological site
presents altered pH compared with normal tissues. The slightly
pH change can trigger deformations in the permeability of
the liposomal membrane due to the presence of pH-sensitive
moieties which produce morphological changes of the lipid
bilayers and consequent release of the payload. Lipids such
as oleic and hyaluronic acid, derivatives of succinic acid, and
other pH-sensitive phospholipids can be used for the release of
therapeutic proteins, for the release in solid tumors or in the
bladder cavity (Vila-Caballer et al., 2016).

Thermosensitive liposomes (TSL) are another example of
“smart” nanocarriers as temperature changes can be used as
“trigger” at the diseased site. Such liposomes are composed
of phospholipids that present a gel-to-liquid crystalline phase

transition temperature (Tm) slightly above the physiological
temperature. When mild hyperthermia (a local increase of
temperature up to 42°C) is applied, the lipid bilayer will ‘melt’
to a fluid state upon arrival in the heated targeted area, and in
that process liposomes rapidly release their payloads (Al-Ahmady
and Kostarelos, 2016). Several lipids present a low-temperature
transition, DPPC is the most common thermosensitive lipid
which presents a Tm close to 41°C (Mazzotta et al., 2018).
DSPE-PEG2000 also helped to stabilize the lipid membrane at
physiological temperature and to enhance the kinetics release at
40-41°C (from 10 to 40% after 2 h incubation) (Huang et al,,
2017). Listeriolysin O-loaded thermosensitive immunoliposomes
were developed to release the payload when heated slightly above
body temperature (Kullberg et al., 2005). Small unilamellar LTSL
loaded with mistletoe lectin-1 (ML1), a ribosome-inactivating
protein with potent cytotoxic activity in tumor cells, showed
protein release (15-46%) after a 15-min heating period at 41-
42°C (de Matos et al., 2018).

ALTERNATIVE NANOCARRIERS FOR
PROTEIN DELIVERY

Beside protein-polymer conjugates and liposomes, alternative
nanosized systems are under development for the delivery
for therapeutic proteins (Figure 5). Advanced lipid-based
and polymer-based nanocarriers show several advantages over
current clinically validated systems, with the potential to
overcome most of their limitations. However, the translation of
nanotechnology from the bench to the market imposes several
challenges (Soares et al., 2018), and many of these systems are at
a development stage of proof-of-principle studies.

Lipid-based micro- and nanocarriers such as emulsions,
exosomes, non-ionic surfactant vesicles, solid lipid particles
and micelles and have been studied for nanoencapsulation
and transport of therapeutic proteins (McClements, 2018;
Liu et al., 2019).

Emulsions are colloidal dispersions composed of oil,
water and surfactants. Depending on the formulation and
manufacturing conditions, the oil-in-water or water-in-oil
droplets can be small in size (microemulsion and nanoemulsions)
and employed for the delivery of proteins by non-parenteral
routes, such as oral and transdermal delivery (Pachioni-
Vasconcelos et al.,, 2016; Shukla et al., 2018). They generally
present high encapsulation efficiency, the manufacturing process
is relatively cheap and it can easily be scaled up. However, the
harsh manufacturing conditions (the use of organic phases,
high mechanical forces, pressure and temperatures) may
expose to the proteins to stresses and affect their activity
(Tan and Danquah, 2012).

Exosomes are neutral extracellular vesicles (cell-derived
vesicles) with a native membrane composition. These natural
vesicles are involved in cell-to-cell communication and play
an important role in the biomolecule transfer pathways.
The similarities between exosomes and liposomes include
the presence of the lipid bilayer (rich in cholesterol and
diacylglycerol), the minimal toxicity, biocompatibility, the
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nanometric size and the internal volume where several
biomolecules can be entrapped (Antimisiaris et al, 2018).
The principal advantages of these nanoparticles are the high
and specific organotropism and the immunocompatibility, thus
representing promising vehicles for protein delivery (Hong
et al., 2018). For instance, an exosomal-based delivery system
for a potent antioxidant, catalase, was developed to treat
Parkinson’s disease (Haney et al., 2015). Catalase was successfully
encapsulated with a loading efficiency up to 26% and a sustained
release was obtained in vitro (less that 40% in 24 h) (Haney
et al., 2015). The complex preparative and purification methods
and the very low isolation yields represent serious hinders
to overcome (De Toro et al, 2015; Antimisiaris et al., 2018;
Bunggulawa et al., 2018).

Niosomes are non-ionic surfactant vesicles principally
composed of non-ionic surfactants and cholesterol. The particle
size (from 10 nm to 20 pwm) depends on the preparation method
and the composition (Kaur and Kumar, 2018). Niosomes present
similar advantages of liposomes in terms of ease preparation,
biocompatibility, low toxicity (Kaur and Kumar, 2018; Samed
et al., 2018). The main disadvantages are related to physical
instability, as niosomes tend to form aggregates or fuse between
themselves (Moghassemi and Hadjizadeh, 2014). However,
these lipid-based carriers are in continuous development.
Surfactants such as terpenoids (squalene), polysorbates, spans,
alkyl oxyethylenes (usually from C12 to C18), polyoxyethylene
alkyl ether and several neutral lipids have been used to obtain
niosomes as nanocarriers for insulin, and peptides (Ge et al,
2019). Niosomes with sorbitan monoester were developed for
vaginal delivery of insulin and tested in rats (Ning et al., 2005).
These nanosystems (size 220-300 nm) were able to achieve a
maximum entrapment efficiency of ~29% and insulin release of
approximately 30% in simulated vaginal fluid (Ning et al., 2005).

Solid lipid nanoparticles are composed of a solid lipid
nucleus stabilized with a monolayer of phospholipids or

surfactants. They are prepared using various lipids such
as mono-, di- and triglycerides, phospholipids, fatty acids,
waxes and steroids, and amphiphiles such as poloxamers and
polysorbates (Geszke-Moritz and Moritz, 2016). Solid lipid
nanoparticles have been extensively used for drug encapsulation,
although their use for encapsulation of large biomolecules such
as proteins and peptides is less conventional. A fair amount
of proteins such as albumin, insulin, lysozyme, gonadorelin,
antide and CyA have been encapsulated in these nanocarriers
(Martins et al., 2007; Li et al., 2012). Recently, insulin-loaded solid
lipid nanoparticles designed for oral delivery, formulated with
an endosomal escape agent (HA2 peptides) to facilitate release,
increased the absorption while maintaining the biological activity
of the protein (Xu et al.,, 2018). Compared with subcutaneously
administered free insulin, SLN administration showed a relatively
slower increase in the serum insulin concentration and a
significant higher relative bioavailability (3.2-fold higher than
free insulin) (Xu et al., 2018).

Amphiphilic block copolymers can self-assemble into a wide
range of morphologies, including micelles and polymersomes.
Polymeric micelles are significantly more stable than surfactant-
based micelles, due to their remarkably low critical micellar
concentrations (10~° - 10~7 M) and slow kinetics of dissociation,
they do not undergo immediate dissolution after extreme
dilution after intravenous injection (La et al., 1996). However,
the encapsulation of therapeutic proteins is generally limited
by the presence of the hydrophobic micellar core (Pachioni-
Vasconcelos et al., 2016). Tonic-hydrophilic block copolymers
have been used for the preparation of polyionic complex micelles,
which may encapsulate proteins via electrostatic interactions
(Insua et al., 2016).

Recently, uniform core-shell self-assembled particles, based
on poly(ethylene glycol)-b-poly(l-glutamic acid) (PEG-PLE),
were proposed to stabilize and to improve BDNF delivery
throughout the brain (Jiang et al., 2018).
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Polymersomes composed of block or graft amphiphilic
copolymers have properties similar to those of liposomes,
with the advantage of a higher membrane stability. The
hydrophobic domain of the polymeric membrane can
incorporate hydrophobic proteins/drugs, whereas the aqueous
core can encapsulate hydrophilic proteins (Letchford and Burt,
2007). By varying block-copolymer composition, molecular
weight and architecture, it is possible to tune the size, shape,
membrane thickness, mechanical strength, permeability and
surface chemistry for optimizing drug loading and delivery
(Liu et al,, 2019). Although polymerosomes are promising for
protein encapsulation, further developments are required to
overcome the poor encapsulation efficiency (<5% for BSA
and Hb) (Lee et al, 2001). In fact, their large membrane
thickness (d &~ 8-21 nm) compared to liposomes (d ~ 3-5 nm),
represents a thermodynamic and kinetic barrier to permeability
(Lee et al., 2001).

Recently, a formulation of poly(ethylene glycol)-
poly(propylene sulfide) block copolymers and low molecular
weight PEG was used to obtain polymersomes by a direct
hydration method (O’Neil et al., 2009). Encapsulation efficiencies
for ovalbumin at 37%, BSA at 19%, and bovine y-globulin at 15%,
were obtained when the proteins were included in the hydration
solution (O’Neil et al., 2009).

Polymer networks may be used to encapsulate hydrophilic
proteins within their matrix (Vermonden et al, 2012).
Hydrogel nanoparticles are three-dimensional polymer networks
containing a large amount of water; swelling and degradability
of the hydrogel can be tuned through the choice of the type of
polymer and the crosslinking density, in order to achieve an
efficient protein loading and release. The polymer composition
can be selected to provide stealth character, to guarantee extended
plasma half-life, and to enhance targeting. For example, insulin-
loaded chitosan-based hydrogel nanoparticles showed promising
results for the intestinal absorption of insulin in vivo (Pan et al.,
2002; Ma et al., 2005). Nanosized dendrimers and hyperbranched
polymers have also been proposed as protein nanocarriers.
Negatively charged proteins can be easily entrapped within
positively charged dendrimers such as PAMAM (He et al,
2018). Dendrimer-based carriers with a hydrophobic membrane-
disruptive region (aromatic motif), and a multivalent protein
binding surface (guanidyl-based) was developed for the delivery
of BSA, R- phycoerythrin, p53, saporin, {3-galactosidase, and
peptides into the cytosol of living cells (Chang et al., 2017; Liu
et al., 2019). Recently, an innovative delivery system named
single-protein nanocapsules (SPN) was proposed (Yan et al,
2009). In this case, polymerisable groups are covalently linked
to the protein and the polymerisation occurs in an aqueous
solution containing monomers and a crosslinker, resulting in
each protein enfolded in a thin polymer shell. By varying the
chemistry of monomers and crosslinker, it is also possible to
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The main challenges in drug delivery systems are to protect, transport and release
biologically active compounds at the right time in a safe and reproducible manner,
usually at a specific target site. In the past, drug nano-carriers have contributed to the
development of precision medicine and to a lesser extent have focused on its inroads
in agriculture. The concept of engineered nano-carriers may be a promising route to
address confounding challenges in agriculture that could perhaps lead to an increase in
crop production while reducing the environmental impact associated with crop protection
and food production. The main objective of this review is to contrast the advantages
and disadvantages of different types of nanoparticles and nano-carriers currently used in
the biomedical field along with their fabrication methods to discuss the potential use of
these technologies at a larger scale in agriculture. Here we explain what is the problem
that nano-delivery systems intent to solve as a technological platform and describe the
benefits this technology has brought to medicine. Also here we highlight the potential
drawbacks that this technology may face during its translation to agricultural applications,
based on the lessons learned so far from its use for biomedical purposes. We discuss not
only the characteristics of an ideal nano-delivery system, but also the potential constraints
regarding the fabrication including technical, environmental, and legal aspects. A key
motivation is to evaluate the potential use of these systems in agriculture, especially in
the area of plant breeding, growth promotion, disease control, and post-harvest quality
control. Further, we highlight the importance of a rational design of nano-carriers and
identify current research gaps to enable scale-up relevant to applications in the treatment
of plant diseases, controlled release of fertilizers, and plant breeding.

Keywords: drug delivery systems, nanotechnology, agriculture, encapsulation, phytonanotechnology

INTRODUCTION

The potency and efficacy of an exogenously administrated bioactive molecule heavily depend
on the extent of its prolonged availability in the intended final site of action. In turn, its
availability depends on the intrinsic factors related to the nature of the molecule itself, such as
its solubility (Savjani et al., 2012), pKa (Manallack, 2007), affinity for the receptor (Rang, 2006),
molecular weight (Lajiness et al., 2004), among others. These characteristics largely influence
the membrane permeability of the molecules and therefore, its capability to ingress to the target
cell and produce its biological activity in it. On the other hand, some extrinsic factors such
as the physiological stage of the receptor organism, enzymatic machinery, and external pH in
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the surrounding environment, make the drug prone to
inactivation or degradation. Moreover, some other substances
encountered throughout the organisms during the distribution
process may interact with the drug in different ways resulting
in either inactivation by the formation of molecular complexes,
or either synergistic or antagonistic interactions (Foucquier
and Guedj, 2015) which may modulate the potency of the
drug or generate unexpected responses (FDA, 2012). After
its administration, the processes of absorption, distribution
throughout the circulatory system and subsequent metabolism
may lead to physicochemical modifications due to the dynamic
interaction with its new surrounding environment.

In order to successfully execute its therapeutic effect,
a Dbioactive molecule must overcome every unfavorable
physiological condition to reach its target in such a way
that, a proper amount of active compound (i.e., adjusted within
its therapeutic window) enters the target cell at a proper time.
The challenge of drug delivery is to accomplish the release of the
drug agents at the right time in a safe and reproducible manner,
usually to a specific target site.

Drug delivery systems are engineered devices used to
transport a pharmaceutical compound throughout the body in
order to release its therapeutic cargo in a controlled manner
(NIH, 2016). By encapsulating the molecules within a protective
shell-like structure, potential physical-chemical or enzymatic
disruptions of the active compound are diminished. In turn, not
only the bioavailability of the active compound is increased but
also undesirable side effects resulting from unspecific systemic
distribution are reduced (Felice et al., 2014). Nano-encapsulation
of bioactive compounds helps to reduce the frequency of dosing
needed during treatment and also may confer physical protection
to the drug during storage prior to its use for controlled release of
cargo (Choudhury et al., 2017).

One of the most notable advantages offered by nano-delivery
systems for drug therapy is the controlled drug release not only
at a specific location level but in a time-dependent manner via
passive or active targeting. Passive targeting drug nano-carrier is
designed based on pathophysiological features from the targeted
tissue that allow the accumulation of the nano-sized delivery
system on it. On the other hand, active targeting refers to the
coupling or assembly of surface-active ligands onto the surface
of the drug delivery systems, which are able to recognize and
interact with a receptor in the target cell. As a result of the
interaction between ligands and receptors, the drug delivery
specificity and nanoparticle up-take is enhanced (Felice et al.,
2014). Different types of ligands have been successfully tested in
vitro such as engineered antibodies, growth factors (Lee et al.,
2010), vitamins (Chen et al., 2010), and aptamers (Colombo et al.,
2015). Describing the complete pathway which had to take the
controlled drug delivery systems from their very origins to their
current state is not within the scope of this review. However, a
highly detailed review describing the evolution of controlled drug
delivery systems from their non-biodegradable macro-scaled
state, up to the more updated biocompatible nano-carriers used
in therapeutics is available (Hoffman, 2008).

The challenge of drug delivery is to accomplish the release
of the drug agents at the right time in a safe and reproducible

manner, usually to a specific target site. In this sense, medicine
and agriculture share similar challenges and final goals. Similarly,
nano delivery systems that have contributed to the development
of precision medicine by delivering therapeutic molecules in
a controlled manner have potential applications in agriculture.
For instance, the use of encapsulated agrochemicals into nano-
carriers to deliver pesticides to the desired crop to provide a
focused delivery of the required dose (i.e., diminished application
dosages), time-controlled release, and less eco-toxicity is not
only an expanding area of research but a potential growth
market (Slattery et al., 2019). Other areas within agriculture that
could benefit from nano-encapsulation approaches include plant
breeding (Kim et al., 2015), plant nutrition (Rai et al., 2015),
growth promotion (Siddiqui and Al-Whaibi, 2015), disease
control (Nuruzzaman et al., 2016), and post-harvest quality
control (Yadollahi et al, 2010) to name a few. Conversely,
agricultural materials such as cellulose (Bhandari et al., 2017,
2018) and chitosan (Cai and Lapitsky, 2019) have been used as
base materials to develop drug delivery systems.

Nano-carriers intended for drug delivery can be prepared
from a variety of materials such as proteins, polysaccharides,
synthetic polymers and inorganic metallic salts (Panchapakesan
et al, 2011; Wang et al, 2012). The selection of matrix
materials depends on many factors such as the size of
nanoparticles required; the physical properties of the drug (e.g.,
aqueous solubility and stability); the surface characteristics such
as charge and permeability; the degree of biodegradability,
biocompatibility and toxicity; drug release characteristics of the
final product; and challenges involved in regulatory approvals.
Scalability and approval from regulatory governmental entities
are two other major concerns when the intention is to release
a product to the market, which are closely related to the
formulation and fabrication. The main objective of this review
is to contrast the advantages and disadvantages of different
types of nanoparticles and nano-carriers currently used in the
biomedical field along with their fabrication methods to discuss
the potential use of these technologies at a larger scale in
agriculture. We also aim to highlight and discuss the applications
of nano-encapsulation technology in agriculture and its potential
drawbacks. Specifically, we address the use of nano-delivery
systems as a non-viral vector for gene delivery in plant cells, and
for the delivery of nutrients during plant growth promotion and
crop protection.

NANO-DRUG DELIVERY SYSTEMS FROM
THE ENGINEERING PERSPECTIVE

Ideally, nano delivery systems should fulfill certain technical
and economical requirements. Table 1 presents a summary of
the characteristics of an ideal nano-carrier for biomedical and
agricultural purposes. First, the materials used as carriers should
not trigger any adverse response in the recipient organism.
Also, not only the matrix material should be biocompatible,
but its degradation products. Second, the mechanical properties
of the polymer must provide prolonged protection to its cargo
allowing chemical stability over time. Third, the scalability of
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TABLE 1 | Characteristics of an ideal nano-carrier for agricultural purposes.

Fabrication Encapsulation properties Release profile
conditions

v/ Mild conditions v/ Stable v Controlled

v~ Scalable v" No early cargo v Targeted

v’ Low-cost release/leakage v~ Stimuli sensitive (pH,
v" Reproducible v~ Non-toxic light, temperature)

v Low batch-to-
batch variability

v’ Biodegradable
v~ Eco-compatible Water
soluble

the fabrication process should be technologically feasible and
economically viable. Accordingly, the processes employed for
the elaboration of nano-carriers should yield consistent results
in a batch to batch basis, in terms of size, polydispersity,
encapsulation efficiency, and stability. Finally, the materials to act
as nano-carriers should be carefully selected since they not only
must meet the technical criteria to address mandatory regulations
prior to being commercialized (Tinkle et al., 2014), but they
also must display good performance in terms of cost/benefit
and eco-compatibility.

Table2 presents a summary of the advantages and
disadvantages of drug delivery nano-carriers with potential
use in agriculture. In general, drug nano-encapsulation depends
on the physicochemical nature of the encapsulation matrix,
the cargo, and the method to carry out the process. However,
regardless of the encapsulation matrix and cargo nature; or
the method used to fabricate the drug-loaded nano-carriers, a
plethora of reports confirm that some processes to elaborate them
have the potential to be standardized since their reproducibility
is fairly consistent.

NANOPARTICLES AND NANO-CARRIERS
FOR AGRICULTURE: ADVANTAGES AND
DISADVANTAGES

Metallic Nanoparticles

Due to their chemical nature, metallic nanoparticles such as
gold and silver display enhanced physicochemical properties
when presented as nanometric particles. Taking advantage of
these properties, major efforts on research has focused on
the development of devices, predominantly in the biomedical
field, for detection and treatment. Chemical sensors are one
of the most prominent biomedical applications of metallic
nanoparticles (Guo and Irudayaraj, 2011). For instance, gold
nanoparticles conjugated with specific oligonucleotides can sense
complementary deoxyribonucleic acid (DNA) strands, detectable
by color changes (Kouassi and Irudayaraj, 2006). Furthermore,
gold nanoparticles can be readily functionalized with antibodies
and oligonucleotides (Orendorff et al., 2006; Yu and Irudayaraj,
2007; Sun and Irudayaraj, 2009a,b; Wang et al., 2010; Wang
and Irudayaraj, 2013;), enzymes (Majouga et al., 2015). These
hybrid nanostructures are also active elements of a number of
biosensor assays to detect gene products in plants (Kadam et al.,
2014, 2017), drug and gene delivery systems (Ding et al., 2014).

Although metallic nanoparticles are widely used in detection,
these have limited applications as delivery systems.

Mesoporous Silicon-Based Nano-Carriers
(MPSNPs)

Silicon-based mesoporous materials belong to the group of
inorganic nano-carriers widely used as drug delivery systems.
This approach takes advantage of the highly stable porous
surface of silicon mesoporous materials to fill with bioactive
cargo. Ideally, loaded pores are capped and the cargo is released
intracellularly (Xu et al., 2019). One of the main advantages of
MPSNPs is their stability, which confers the ability to cope with
physical stress such as temperature and pH variations in their
surrounding environment. Moreover, their tunable and uniform
pore size (3-50nm) allows them not only to load relatively
high amounts of drug cargo due to their high surface area
and large pore volume but to selectively functionalize candidate
molecules onto its surface (Perez et al., 2017; See Figure 1).
Different synthesis protocols to obtain fine-tuned large-pore
mesoporous nano-carriers and their suitability in the delivery of
proteins, enzymes, antibodies, and nucleic acids were explored
(Knezevic, 2015).

The extended use of silicon-based mesoporous nano-
carriers in clinical applications has been delayed due to the
lack of pharmacokinetic-pharmacodynamic studies concerning
biodistribution, clearance, therapeutic efficacy, and safety are
important parameters that need further attention in the quest
of providing competent porous nanoparticles (Shahbazi et al.,
2012) For instance, it has been demonstrated that mesoporous
silica nanoparticles is not completely hemo-compatible; such
phenomena have been attributed to the surface density of silanol
groups interacting with the surface of phospholipids or the
red blood cell membranes resulting in hemolysis (Zhao et al.,
2011). One of the potential drawbacks of the use of MPSNPs
in agriculture is its non-biodegradability and lack of data on
bioaccumulation to meet regulatory standards.

However, due to their intrinsic physico-chemical properties,
the scope of use of MPSNPs include a wide range of applications
such as: (i) water decontamination through adsorption of
radioactive pollutants (Igbal and Yun, 2018), separation of dyes
(Shinde et al., 2017); (ii) catalysis (Verho et al., 2014; Munz
et al., 2016); (iii) delivery of agrochemicals (Yi et al., 2015); (iv)
chromatography (Ahmed et al., 2014) to mention a few.

Solid Lipid Nanoparticles (SLN)

Solid lipid nanoparticles (SLN) (Figure2) are spherical
nanoparticles, which makes these ideal candidates for the
encapsulation of lipophilic bioactive compounds. The main
advantage of SLN relies on their relatively low fabrication cost
with the potential for scaling-up of production (Pallerla and
Prabhakar, 2013). However, potential disadvantages for its use in
agriculture include poor cargo loading capacity and early cargo
expulsion after polymorphic transition during storage (Singhal
et al., 2011; Pardeshi et al., 2012).

SLN have been successfully implemented in a wide range of
applications. In the biomedical field, for instance, it has been
used to increase both the solubility of several poorly soluble
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TABLE 2 | Summary of advantages and disadvantages of drug delivery nano-carriers with potential use in agriculture.

Type of nano-carrier Advantages

Disadvantages

Mesoporous silicon-based Stable structure

materials
Tunable and uniform pore size
Controlled release of cargo

Solid lipidic nanoparticles (SLNs)
Hydrophilic cargo possible
Relatively inexpensive production
Biocompatible/biodegradable
Feasible production scaling-up

Nano-emulsions

- Biocompatible/biodegradable

- Relatively inexpensive production

- Suitable for incorporating lipophilic cargo

- Increase efficacy of antimicrobial agents
Dendrimers

and enables targeted delivery of cargo

Suitable for incorporating lipophilic or lipophobic cargo
PAMAM dendrimers are reported to be relatively resistant

to hydrolysis

Nanocrystals Carrier-free (i.e., they are almost 100% drug)

Improves bioavailability of water-insoluble compounds
Improves drug adhesiveness to surface cell membranes

Enhances particle stability in suspension

Increase drug dissolution velocity

Hydrogels Complete bio and eco-compatibility
Relatively inexpensive production

Easy to fabricate

Improves solubility in water of hydrophobic cargo

- Highly stable to gravitational separation and aggregation
- Improves solubility in water of hydrophobic cargo

Functionalization of peripheral groups determines solubilization

Inorganic

Non-biodegradable

Potential cell lysis caused by silanol groups interacting with
membrane lipids

Low load capacity

Low Encapsulation efficiency

High water content in dispersions (70-99.9%)
Premature cargo release during storage

- High amounts of surfactant needed to achieve oil droplets of
nanometric sizes

Cytotoxicity reported on cationic dendrimers

Toxicity correlated with the number of surface amine groups

Pharmacokinetics, biodistribution, biodegradation, and chronic
toxicity of PAMAM dendrimers are not yet clearly understood

Difficult to control morphology and crystallinity of final product

Highly time/money/energy demanding. Need for large amounts of
organic solvents (Bottom-up approach)

Residual presence of surfactants, solvents or stabilizers (top-down
approach)

Specialized equipment is needed
Batch to batch variation due to the heterogeneity of the polymer

Fine tuning formulation required to achieve stable particles

drugs, (Patel et al., 2012; Padhye and Nagarsenker, 2013) just to
mention some. In the cosmetic industry, they have been used to
encapsulate UV blockers such as 3,4,5-trimethoxybenzoylchitin
(TMBC), 2-hydroxy-4-methoxybenzophenone and vitamin E
for use as sunscreen (Wissing and Miiller, 2001; Song and
Liu, 2005). In the food industry, SLNs have been used
to encapsulate antioxidant molecules such as ferulic acid
and tocopherol (Oehlke et al., 2017), natural antimicrobial
compounds (Piran et al., 2017), and hydrophobic flavoring agents
(Eltayeb et al., 2013).

Nano-Capsules

Nano-capsules are nano-vesicular systems in which drugs are
enclosed in an inner cavity created by a unique polymeric
membrane (see Figure 3). Nano-encapsulation enhances drug
delivery and efficacy, but the different methods used for the
preparation of nano-capsules frequently produce dispersions
with low drug loading. This is a serious disadvantage when the
aim is to obtain therapeutic concentrations (Mora-Huertas et al.,
2010). Similar to NLPs, the application of nano-capsules also
extends from the pharmaceutical sector for the encapsulation
and delivery of drugs, to the food industry and agriculture, as

well as application in cosmetics and personal care in the form
of cosmeceuticals.

Drug loaded nano-capsules are especially useful for
skincare and dermatological treatments because of their
enhanced bioavailability in dermal cells. Ebselen (Eb) is an
example of a repurposed drug with poor aqueous solubility
which requires a sophisticated delivery system such as
nano-encapsulation for topical application as a promising,
safe and complementary alternative to the treatment of
cutaneous candidiasis (Jaromin et al, 2018). Examples of
commercially available cosmeceutical products are “Hydra
flash bronzer” a facial skin moisturizer, “Soleil soft-touch
anti-wrinkle sunscreen,” “Soleil instant cooling sun” and
“primordiale optimum lip” produced by Lancome®.
These products claim to contain nano-capsules of vitamin
E and antioxidant agents as active ingredient. A more
comprehensive list of readily available cosmeceuticals products
containing nano-capsules and SLN is available in the literature
(Lohani et al., 2014).

The food industry is taking advantage of the benefits of
nano-encapsulating essential oils to enhance their antimicrobial
activity against food borne-pathogens to increase their solubility
when loaded into polymeric nano-capsules (Granata et al., 2018).
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FIGURE 1 | Mesoporous silicon-based nano-carriers (MPSNPs). Schematic
representation of a mesoporous silicon-based nanocarrier. The bioactive cargo
can be loaded into the porous spaces via passive adsorption or active
anchoring. Stimuli responsive caps can be design to prevent early cargo
release and detach from its pore allowing controlled release. Targeted cargo
delivery can be performed by attachment of targeting agents onto previously
functionalized particle surface.
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FIGURE 2 | Schematic representation of a solid lipidic nanoparticle. During
SLN fabrication, a lipophilic bioactive cargo is dissolved in a liquid hot lipid
matrix. Under proper formulation and operational conditions, nanoparticles are
formed assisted by an emulsifier as the lipidic core solidifies at room
temperature.

In agriculture, nano-encapsulation technology has been used
for the delivery of currently available pesticide molecules (Yin
et al., 2012). However, the increased water solubility, which
is desirable for pesticide efficiency, brings environmental and
in turn, regulatory concerns. By studying a commercially
available insecticide with an encapsulated active ingredient,

Polymeric
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cargo

\ Targeting

P agent
FIGURE 3 | Core shell nano-capsules for drug delivery. Schematic
representation of a nanocapsule. Bioactive cargo is encapsulated into a core-

shell polymeric matrix. Polymer surface can be functionalized and decorated
with targeting agents enabling targeted delivery.

Slattery et al. demonstrated that by encapsulating the in nano-
sized carriers, the active ingredient’s water solubility increases.
Enhanced water solubility disrupts foundational assumptions on
its chemical behavior of the pesticide, such as its hydrophobicity
(KOW) and soil sorption (Kd). The hydrophobicity (KOW)
and soil sorption (Kd) values are numerical descriptors used
to predict the environmental fate of a molecule (pesticide) and
its toxicity. By encapsulating the pesticide molecules into nano-
sized carriers, these indexes may not adjust to the prediction
models once built based on their free un-encapsulated forms.
Thus, complicating the use of hydrophobicity metrics to predict
their fate and toxicity. Determining how carrier size influences
the hydrophobicity (KOW) and soil sorption (Kd) of a given
pesticide, and thus its mobility through soil and water, is
important to our understanding of whether the current pesticide’s
toxicity risk assessments are sufficient to protect against products
that incorporate nano-encapsulation technology (Meredith et al.,
2016; Slattery et al., 2019).

Micelles, Liposomes, and Nano-Emulsions
Micelles are spontaneously self-arranged spherical aggregates
made of surfactant molecules. Liposomes are spherical vesicles
with at least one lipid bilayer, and nano-emulsions are surfactant-
assisted homogeneous suspensions of nano-sized droplets of
a dispersed phase in a continuous phase. They all display
spherical shape (Pavlic et al., 2009) and facilitated a controlled
release of cargo (Godfroy, 2009; Joo et al., 2013). Besides their
inherent biocompatibility, their surface can be modified and
functionalized for conjugation with targeting moieties which
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FIGURE 4 | Polymeric micelles and liposomes. (A) Schematic representation of a polymeric micelles composed by a co-block polymer (red and blue wavy lines). The
core shell is formed encapsulating the bioactive cargo inside. The surface can be functionalized with linker molecules and further decorated with targeting ligands to
enable targeted delivery. (B) Depiction of a liposome containing hydrophilic cargo in its core a hydrophobic cargo allocated in the bilayer. Surface functionalization can
be achieved by anchoring of targeting ligands such as antibodies, proteins and aptamers.

enable targeting to specific sites, improving efficacy and potency
(Vabbilisetty and Sun, 2014).

In general, liposomes (Figure 4B) are used to encapsulate
water-soluble compounds because they are comprised of a
lipid bilayer separating an aqueous internal compartment from
the bulk aqueous phase. Whereas, oil in water (O/W) nano-
emulsions are used to encapsulate hydrophobic compounds. In
contrast, polymeric micelles (Figure 4A) are used to encapsulate
both hydrophobic and hydrophilic compounds depending on the
design. Block copolymers have a hydrophilic and a lipophilic
block. Block-copolymers can easily reach NP size higher than
20 nm and close the liposomes.

The applications of micelles, liposomes, and nano-emulsions
include the encapsulation of poorly water-soluble bioactive
molecules to be further incorporated into aqueous products.
For instance, for biomedical purposes, a plethora of different
types of drug-loaded nano-emulsions is available including oral,
topical, intranasal and ocular administration (Yukuyama et al.,
2017). In the food industry, several types of different nano-
emulsions have also been used as carriers of natural occurring,
but poorly soluble flavors, colors, preservatives and antioxidant
agents (Donsi, 2018). Increased attention has been focused on the
nano-emulsification of essential oils because it has been proven
that when presented on a nanometric scale, their antimicrobial
activity is enhanced. Moreover, its long-term stability is also
enhanced (Figure 5). In a recent work D-limonene was used to
prevent the formation of biofilms on E.coli O157:H7 at sub-lethal
doses, by blocking the quorum sensing mediated autoinducer-2
(AI-2) communication and curli-related gene expression (Wang
et al., 2018).

Dendrimers

Dendrimer structures are comprised of three components
(Figure 6): a focal core, dendrons, and cavities formed between
dendrons (Safari and Zarnegar, 2014). Some of the desirable
characteristics of dendrimers are their uniform molecular weight

and their three-dimensional structure with peripheral groups
that determine solubility, making them relatively easy to design
upon specific demands. Further, their smaller hydrodynamic
volume and lower molecular volume compared with linear
polymers of similar molecular weight (Markowicz-Piasecka and
Mikiciuk-Olasik, 2016). Exposed terminal groups in dendrimeric
particles mostly control their chemical interactions with the
molecular environment. Their properties such as nanometer
size range, ease of preparation and functionalization, also their
multiple copies of surface groups displaying stability, make them
an attractive system for drug delivery. However, despite their
initial popularity in drug delivery, at present, serious concerns
exist on the cytotoxicity of cationic dendrimers, which has led
to further investigation of alternatives to overcome this issue.
The toxicity of dendrimers mainly comes from the high cationic
charge density in the periphery, where charges interact with
the biological cell membrane and then result in membrane
disruption (Tsai and Imae, 2011).

Dendrimer-based non-viral vectors for gene delivery have
gained traction over the past two decades, especially in the
field of biomedicine for cancer treatment. In plants, the
use of cationic polyamidoamine (PAMAM) vector assisted by
ultrasound has been used for DNA delivery. Amani et al. (2018)
demonstrated in alfalfa cells, that single and double-stranded
DNA transfection efficiency can be significantly improved when
PAMAM dendrimers are used assisted by sonication (Amani
et al., 2018). Production of dendrimers can be approached in
two different ways: convergent approach and divergent approach,
each with its own limitations (Gupta and Nayak, 2015). Although
the main applications of dendrimers are in drug/gene delivery for
biomedical applications (Palmerston Mendes et al., 2017), several
other applications exist (Abbasi et al., 2014).

Dendrimers are also useful for agricultural purposes. They
may improve the delivery of agrochemicals intended to either
promote growth or discourage diseases. For instance, in 2016,
a crop protection company (Adama) licensed Starpharma’s
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FIGURE 5 | Types of emulsion destabilization. Schematic depiction of how emulsions naturally tend to separate its phases. (i) Coalescence occur when two separate
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(ASX:SPL) Priostar dendrimer technology for the development
of an enhanced 2,4-D herbicide for the US market. According
to the manufacturer, some of the potential benefits from the use
of dendrimer technology in crop protection include improved
efficacy, more concentrated formulations to reduce transport
costs, reduction in solvent requirements and increased adhesion.
Stapharma’s lysine dendrimer based Vivagel® managed to
achieve clinical approval (Moura et al., 2019) which indicates
the technological feasibility of mass-production. However,
the technical details regarding up-scaled production are not
publicly available.

The use of dendrimers for crop protection faces the challenge
impose by mass-production. The main challenge relies on
preserving their purity and monodispersity upon up-scaled
manufacture. Technical details with respect to improved reaction
conditions and purification of half- and full-generation PAMAM
dendrimers to overcome the critical limitations for upscaling this
class of polymers are available elsewhere (Ficker et al., 2017).

Nanocrystals

Nanocrystals are another nanotechnological approach to deliver
poorly soluble drugs. In contrast to the prior mentioned
drug delivery system platforms, nanocrystals have several
unique traits. Drug delivery nanocrystals are carrier-free
colloidal delivery systems (i.e., they are almost 100% drug).
Thus, drug nanocrystals possess the merits of improving the
oral bioavailability of water-insoluble compounds, reducing
administered dose, avoiding abnormal absorption thus
minimizing utilization of large excipients, increasing dissolution
velocity, increasing adhesiveness to surface cell membranes, and
increasing particle stability (Wang et al., 2011). Conventionally,
drug nanocrystals can be produced whether from a top-down or
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FIGURE 6 | Dendrimer structure and functionalization Schematic
representation of a Dendron comprising Dendron units branching out of a focal
core interspaced by cavities. Bioactive cargo can be encapsulated into
cavities. Dendron ends can be functionalized allowing targeting ligand
attachment, fluorophore molecules, nucleic acids among other molecules of
interest.

a bottom-up approach. The demand for energy, time and money
is high for top-down approaches such as milling or high-pressure
homogenization. For instance, high-pressure methods require
specialized equipment able to deliver up to 1,700 bar for over 100
homogenization cycles, and the milling method requires hours
if not days to achieve the desired particle size, depending on the
drug properties (Lu et al., 2016). Moreover, the grinding process
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may contaminate or denature labile drugs which may lead to
unexpected side effects on the recipient patient. Further concerns
exist on the potential loss of bioactivity and molecular integrity
due to severe thermogenesis derived from the milling process.
Other disadvantages for the top-down methods are: The lack
of complete control of the morphology and crystallinity of the
final product; particle aggregation/agglomeration issues; losses
of the product due to drug adherence to equipment surfaces
and residual presence of surfactants, solvents or stabilizers
(Padrela et al., 2018).

In comparison, bottom-up processes are achieved through
nucleation and subsequent crystallization. One way to achieve
nucleation is by mixing the drug with an antisolvent by simple
stirring. Another way is to remove the solvent via spray
and freeze-drying. Subsequent crystallization does require high
energy methods such as sonication or intense micro-stirring (Lu
etal,, 2016). Another approach to producing drug nanocrystals is
based on supercritical carbon dioxide (ssCO3). The details on the
roles of ssCO, as solvent, co-solvent and as an additive for the
production of drug nanocrystals are comprehensively reviewed
elsewhere (Padrela et al., 2018). Amongst the main disadvantages
of the bottom-up methods to produce drug nano-crystals are: (i)
the difficulty to control the particle size, nucleation, and growth
of crystals that may lead to both, undesired morphologies or
amorphous crystallinities and subsequent particle agglomeration;
(ii) the need for large amounts of organic solvents; (iii) fine-
tuning solvent/antisolvent formulation is time-consuming; (iv)
need for solvent removal; (v) labile drugs may denature during
heating solvent removal; (vi) need for specialized equipment for
$sCO;-based nanocrystals (Padrela et al., 2018).

The use of nanocrystals in agriculture has enormous potential
for sustained and efficient nutrient delivery into crops. For
instance, nitrogen can be applied in the form of Urea-
Hydroxyapatite nanohybrids. When tested in rice fields, urea-
hydroxyapatite nanohybrids significantly enhanced nitrogen
bioavailability, resulting in higher crop yields, while reducing
the nitrogen input up to 50%, when compared to granular
urea (Kottegoda et al, 2017). The efficacy of hydroxyapatite
nanoparticles as Phosphorus fertilizer has also been studied in
andisols and oxisols. Montalvo et al. showed that the effect of
phosphorus in the form of hydroxyapatite nanoparticles, in the
wheat dry matter production significantly depends on the type
of soil these particles are applied on. Nano-Hydroxyapatite in
strongly phosphorous sorbing soils had more effect on shoot
dry matter production and plant phosphorous uptake than bulk-
HAP but less than the water-soluble triple superphosphate.
This is maybe due to the propensity of nano-hydroxyapatite to
aggregate, thus reducing both the mobility and the dissolution
rate of the particles (Montalvo et al., 2015). Since nano-
nutrient/soil particle interaction is strongly affected by the
intrinsic heterogeneity of the soil, it is reasonable to study
alternative nano-nutrient up-take pathways in plants. In a recent
study, Avellan et al. analyzed how nano-crystals move throughout
the plant, from the leaves to the roots, using gold nanoparticles as
a model in wheat. They found that “regardless of their coating
and sizes, the majority of the transported AuNPs accumulated in
younger shoots (10-30%) and in roots (10-25%), and 5-15% of

the NPs <50 nm were exuded into the rhizosphere soil. A greater
fraction of larger sizes AuNPs (presenting lower ¢ potentials) was
transported to the roots” (Avellan et al., 2019).

Accounting for these disadvantages, scaling up of its
production has been a challenge. It is also worth noting that there
is a lack of cytotoxicity studies, and the details of the intracellular
fate of the nanocrystals are not well-understood (Junyaprasert
and Morakul, 2015).

Nanogels

Nanogels are hydrophilic cross-linked networks forming
polymer chains that absorb substantial amounts of aqueous
solutions. Due to their conformational tridimensional
structure, hydrogels are capable of imbibing bioactive molecules
solubilized in water or aqueous fluids. The presence of chemical
crosslinks (tie-points or junctions) or physical crosslinks,
such as entanglements or crystallites, are responsible for their
characteristic conformational structure and size (Himi and
Maurya, 2013), which can be fine-tuned via chemical control
of the formulation and the process to obtain the hydrogel
nanoparticles. The main advantages of hydrogels, when used as
drug delivery systems, is their complete biocompatibility due
to their high content of water (Cal6 and Khutoryanskiy, 2015).
On the other hand, one of the major drawbacks of these types of
particles is the batch-to-batch variation due to the heterogeneity
of the polymer itself, such as the case for chitosan-based drug
delivery systems.

Coacervation or ionic gelation method is one of the
most common processes carried out to produce this type of
nanoparticles because it is easy to implement and requires un-
expensive materials. In general, the process involves the mixture
of two aqueous phases, where one of which is the polymer and
the other is the dissolved cross-linker. It is common to use
an oil/water emulsion as one of the aqueous phases containing
the bioactive hydrophobic molecule or drug of interest to
be encapsulated within the forming capsule. The method is
relatively easy to perform since it does not require sophisticated
equipment, which is imperative for the scaling up. However, the
final characteristics of the produced nanoparticles, such as size,
polydispersity, and stability, are highly sensitive to changes in
the fabrication conditions, such as pH, ionic strength, stirring
speed, addition rate, and type and concentration of polymers
and cross-linkers. Chitosan-based nano-carriers are of special
interest in agriculture. However, the literature regarding both,
nanoparticle formation via ionic gelation and cargo release
profile, is overwhelmingly inconsistent (Huang et al, 2015;
Cai and Lapitsky, 2019). An example is illustrated in Figure 7
showing factors that influence chitosan nanoparticles’ formation
and stability.

Typical applications of hydrogels revolve around the
biomedical field, including drug encapsulation, transport and
delivery; tissue engineering for wound-healing treatment;
and 3-D cell culture. Nonetheless, hydrogels can also be
used as antimicrobial agents. Chitosan, for instance, is a
polymer commonly used to fabricate nano-carriers, naturally
displays antimicrobial activity. Metal ions, such as Ti3™T,
Fe3™, Ag", Cu2*, and Zn2 can also be incorporated into
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FIGURE 7 | Factors influencing formation and stability of chitosan-based nanoparticles mediated by the cross-linker tripolyphosphate (TPP). Formation and stability of
chitosan-based nanoparticles are sensitive to formulation and preparation conditions. (A) When the amount (per mole) of cross-linker (TPP) is insufficient relative to the
amount (per mole of NH3+ from chitosan), chitosan particles (B) rapidly dissolve at pH levels below its pKa. When the pH of the solution is not acid enough, amino
groups from chitosan deprotonate preventing chitosan to dissolve and then failing to form electrostatic interactions with the crosslinker, resulting in particle dissolution
and ulterior precipitation. (C) Excess of crosslinker in the solution result in particle aggregation and (D) further precipitation.

non-antimicrobial hydrogels in order to confer antimicrobial
properties. Incorporation of some metallic ions can also
confer catalytic, photo-responsive, photochemical, redox, and
conductive properties to hydrogels (Wahid et al, 2017). In
agriculture, the use of chitosan nanoparticles are of special
interest due to its immune-modulatory activity elicited in plants.
Chitin is a pathogen-associated molecular pattern (PAMP),
detected by a transmembrane chitin receptor (LysM/CERK1)
in plant cells. Sensing chitosan triggers an intracellular defense
immune response (i.e., PTI—Pathogen triggered immunity)
involving the activation of kinases and up-regulation of
defense-related genes, such as plant defensin PDF1.2, resulting
in jasmonic acid and ethylene accumulation associated with
immunity to necrotrophs (Mengiste, 2012; Malerba and Cerana,
2016).

DRUG DELIVERY SYSTEMS IN THE
AGRICULTURE

According to the United Nations, the estimated world population
projected for 2050 will be 9.7 billion people. The increasing
world population brings challenges that may imbalance the food
production chain at various levels such as social, economic,
technologic and environmental. Efforts to find new strategies
that will allow improving the quantity and quality of food
supply under a scheme of sustainability are imperative to meet
the demands of the incoming population. The application of
engineered nano-carrier devices, intended for the delivery of
encapsulated molecules, could be a promising alternative to
meet the future agriculture needs of increased productivity.
Phytonanotechnology (i.e., the application of nanotechnology
in plants) may improve the way we grow crops. Nano-delivery

systems enable the controlled release of agrochemicals (e.g.,
fertilizers, pesticides, and herbicides) and target-specific delivery
of biomolecules (e.g., nucleotides, proteins, and activators; Wang
et al., 2016; see Figure 8, Table 3).

Nano-encapsulated pesticides offer enhanced controlled
release of cargo and enhanced efficacy. Regarding the
development of nano-pesticides is worth noting that a common
practice in this industry is to focus on the modification of
already registered existing molecules, rather than discovering
new molecules. This is due to the costs associated with the
development and further registration which is a process
often measured in years. A commercially available capsule
suspension insecticide (Environmental Protection Agency
(EPA) Reg. No. 67760-104-53883) with 5.9% y-cyhalothrin; and
an EPA registered capsule suspension insecticide with 22.8%
h-cyhalothrin (EPA Reg. Number 100-1,295, Greensboro, NC,
USA) are two examples of nano-pesticides currently available in
the market under this reformulation scheme (Meredith et al.,
2016; Slattery et al., 2019).

Nano-Carriers as a Non-viral Vector for

Gene Delivery in Plant Cells

In order to obtain higher crop production yields, it is necessary
to develop new plant varieties by introducing traits that ideally
enables them to better resist different environmental-derived
abiotic stresses or pathogen-mediated diseases along with the
generation of higher biomass under limited resources. The
transfer of genes to the target plant cells is challenging due to
the rigid plant cell wall which prevents the exogenous particle
movement from the outside to the cytoplasm (Abd-Elsalam and
Alghuthaymi, 2015). There is evidence that the plant’s nano-
particle uptake is strongly dependent on the cell wall pore
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FIGURE 8 | Schematic representation of the potential mode of action of drug-nanocarriers applied in the agriculture: (A) Example of a potential mode of action of
drug nano-carriers for systemic protection of plants: A pH-sensitive polymeric loaded nano-carrier enters the plant apoplast and releases its cargo. The bioactive
payload may enter to the plant cell cytosol or Activate a signaling cascade upon recognition by a transmembrane receptor triggering the plant defense immune
response. Carrier molecules (e.g., chitosan) can also elicit an immune response in plants upon recognition by receptors. (B) Example of a potential mode of action of
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diameter (i.e., exclusion size limit), which may vary amongst
different tissues and organs. In general, the plant cell wall’s
exclusion size limit is up to 50 nm (Cunningham et al., 2018).
Due to its small size, nanoparticle-enabled gene delivery into
plant cells pose a promising option for genetic engineering for
agriculture. The first reported example of this was done by
Torney et al. who managed to develop a 3-nanometer pore
mesoporous nanoparticle (MSN) able to transport DNA and
chemicals into isolated plant cells that interact with leaves. MSN
were designed in such way that gold nanoparticles capped the
pores in order to avoid cargo leakage and release the content in
the intended target to trigger gene expression under controlled-
release conditions (Torney et al., 2007).

For plant genetic recombination purposes, exogenous gene
delivery into plant cells is required. In animal models,
nanoparticle penetration into cells is often reported to be
improved when mediated with ultrasound. Ultrasound-assisted
gene delivery is in use for plants because of its easier operation,
lower cost and no plant specificity constraints among others
(Liu et al, 2005). Nevertheless, the main disadvantage of
ultrasound-mediated technique is that naked DNA is highly
sensitive to external high energy sources and as a result,
it may suffer damage, especially when increasing ultrasonic
strength and time to achieve high transfection efficiency; so
the ultrasound-mediated transgenic method has been largely
restricted in practice (Yu-qin et al., 2012). Interestingly, DNA-
nanoparticle complexes can protect DNA from ultrasound
damage as well as from enzymatic degradation (Liu et al., 2005).
DNA-nanoparticle complexes that have been studied before
included Zinc and Calcium phosphate (Naqvi et al., 2012; Yu-qin
etal., 2012).

Foreign particle uptake in plants can naturally occur either
via endocytosis or by direct penetration. In plants, different
engineered nanomaterials can be used for nanoparticle-mediated
DNA transfer using gene-nanoparticle (NP) anchoring using

zinc, calcium phosphate, silica, gold, magnetite, strontium
phosphate, magnesium phosphate, and manganese phosphate
(Sokolova and Epple, 2008; Mahendra et al., 2012) and
carbon-based materials such as starch (Sun et al., 2009)
fullerenes, single-walled carbon nanohorns (SWCNHs), single-
walled carbon nanotubes (SWCNTs), multi-walled carbon
nanotubes (MWCNTs) (Burlaka et al., 2015) and dendrimers.
However, it has been reported that nanoparticle uptake by plant
cells undergoes faster when positively charged nanoparticles are
used rather than negatively charged nanoparticles, perhaps due
to the preference of the negatively charged cell wall for cations
(Cunningham et al., 2018).

Chitosan-based nano-carriers are a promising platform for
cargo delivery into plant cells because it is positively charged,
amongst other advantages it has. A recent study demonstrated
organelle-targeted delivery and transient expression of genetic
material via chitosan-complexed single-walled carbon nanotube
carriers. Successful transformation of chloroplasts was achieved
in mature Eruca sativa, Nasturtium officinale, Nicotiana tabacum,
and Spinacia oleracea plants and in isolated Arabidopsis thaliana
mesophyll protoplasts.

Since the plastid genome is maternally inherited in most
plants, organelle-specific gene delivery is important because it
can prevent the potential proliferation of genes to weedy relatives
(Kwak et al., 2019). In this specific study, the authors showed that
chitosan-complexed single-walled carbon nanotubes (SWNTs)
uptake mechanism was described by the lipid exchange envelope
penetration (LEEP) model, whereby the ability of nanoparticles
to penetrate the cell membrane and the chloroplast envelope is
governed primarily by the nanoparticle size and surface charge
(Kwak et al., 2019)

In conclusion, nanoparticle assisted gene delivery systems
initially developed for medical purposes has been shown to
display the same delivery function in plant cells. It is worth noting
that the individual performance of DNA delivery into plant
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TABLE 3 | Some commercial product of nanofertilizers.

Commercial Content Company
product
Nano-Gro™ Plant growth regulator and Agro Nanotechnology
immunity enhancer Corp., FL,
United States
Nano green Extracts of corn, grain, Nano Green Sciences,

soybeans, potatoes, coconut, Inc., India

and palm

Nano-Ag answer® Microorganism, sea kelp, and

mineral electrolyte

Urth Agriculture, CA,
United States

Fanavar
Nano-Pazhoohesh
Markazi Company, Iran

Biozar
nano-fertilizer

Combination of organic
materials, micronutrients, and
macromolecules

Nano max NPK
fertilizer

Multiple organic acids chelated
with major nutrients, amino
acids, organic carbon, organic
micro nutrients/trace elements,
vitamins, and probiotic

JU Agri Sciences Pvt.
Ltd, Janakpuri, New
Delhi, India

Master nano
chitosan organic
fertilizer

Water soluble liquid chitosan,
organic acid, and salicylic acids,
phenolic compounds

Pannaraj Intertrade,
Thailand

TAG NANO (NPK,
PhoS, Zinc, Cal,
etc.) fertilizers

Proteino-lacto-gluconate
chelated with micronutrients,
vitamins, probiotics, seaweed
extracts, humic acid

Tropical Agrosystem
India (P) Ltd, India

Source: Ram Prasad, Atanu Bhattacharyya et al. Frontiers in Microbiology, 8, JUN, 6
2017 (creativecommons.org/licenses/by/4.0).

cells must be evaluated on a case to case basis since the results
presented in literature has several inconsistencies related to the
transformation efficiencies achieved by different materials on
different plant models. However, the evidence suggests that the
concept of non-viral gene delivery into plant cells is promising.
The specific design of nanoparticles should respond to the
specific demands of the plant model/gene to be transferred,
therefore no universal or generic delivery system for gene delivery
into plants has been developed.

Nano-Delivery Systems for Nutrition and

Growth Promotion in Plants

Commercial fertilizers play a critical role in improving crop
yields, however, inherent inefficiencies derived from the nature
of the soil, plant health, environmental conditions, or the
fertilization method among other factors, can lead to dire
negative economic and environmental consequences that may
endure in the long term. Not all the nutrient ions in fertilizer
applied to a field soil are uptaken by the growing crop. At least
three things can happen to the remaining residues from chemical

fertilization: They may persist in the soil or, washed away by water
leaching through the soil either downwards or throughout the
surface or, lost to the atmosphere by volatilization.

In particular, higher than optimum nitrogen, phosphorus and
potassium levels can lead to excessive plant and algal growth
in waterways that can degrade potable water, fisheries, and
recreational areas; leach nitrates into underground or sea waters
and release nitrogen-oxides into the atmosphere. Phosphorous
losses are also a major environmental concern derived from
excessive fertilization in agriculture. It is estimated that the
overall efficiency of applied phosphorus to the soil is <20%
(Balemi and Negisho, 2012). Nutrient depletion leads to a variety
of plant symptoms which affects the overall yield of a crop.
Similarly, over-fertilization leads to an ecological imbalance
which is hard to restore. Excessive soluble salts from fertilizers
alter soil salinity, which in turn alters the soil pH; lower pH
values diminish the availability of nutrients to plants by causing
an imbalance in the soil native microbial ecology, responsible for
nutrient solubilization.

Excessive fertilization is common due to soil nutrient
heterogeneity. Overfertilization releases to the environment
nutrients that cause, for instance, eutrophication of water bodies.
Estimated losses of nitrogen, phosphorus and potassium are
around 40-70%, 80-90%, and 50-90%, respectively. In a practical
scenario, very less concentration (much below to minimum
desired concentration) reaches the targeted site due to leaching of
chemicals, drift, runoff, evaporation, hydrolysis by soil moisture,
and photolytic and microbial degradation losses. Thus, nano-
delivery systems for controlled release emerge as a highly valuable
technology with the potential to strengthen the responsive
capabilities of a sustainable food chain supply.

The application of nanotechnology for fertilizer delivery
is encouraging. Patent applications related to nano-fertilizers
are growing consistently according to the world intellectual
property organization database. a 10% increment in patent
filings related to nano-fertilizers from China, in a period of
fewer than 3 years (01/2014-11/2016). This is consistent with
data reported by Mastronardi et al. (2015) who noted a 10x
(c.a) increase in patent results (Ref. SciFinder) over a 10
year period from 2002 to 2012 (Mastronardi et al., 2015).
Current applications of nanotechnology in fertilization and
plant protection can be divided into three different categories:
(1) Nanoscale fertilizer inputs, which describes examples of
nano-sized reformulation of fertilizer input in such a way that
the size of the fertilizer or supplement is reduced down to
nano-scale. (2) Nanoscale additives, which include the additives
presented as nanoparticles and added to bulk materials, and (3)
nanoscale coatings or host materials for fertilizers, which includes
nano-thin films or nanoporous materials used to encapsulate
fertilizers for the controlled release of nutrients in crops
(Mastronardi et al., 2015).

Current applications of nanotechnology in fertilization and
plant protection can be divided into three different categories
(1) Nanoscale fertilizer inputs, which describe examples of
nano-sized reformulation of fertilizer input in such a way
that the size of the fertilizer or supplement is reduced down
to the nano-scale. (2) Nanoscale additives, which include the
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additives presented as nanoparticles and added to bull materials.
And 3, nanoscale coatings or host materials for fertilizers,
which include nano-thin films or nanoporous materials used to
encapsulate fertilizers for the controlled release of nutrients in
crops (Mastronardi et al., 2015). Gao et al. working with spinach,
have shown an enhancement of plant growth when titanium
dioxide nanoparticles (TiO2-NPs) were administered to the seeds
or when they were sprayed onto the leaves. TiO,-NPs were
shown to increase the activity of several enzymes and promote
the adsorption of nitrate, which accelerated the transformation
of inorganic nitrogen into organic nitrogen (Gao et al., 2008).
The current understanding of the mechanisms involved in
nanoparticle uptake and translocation from leaves to roots were
discussed earlier in this document (see section Nanocrystals).

The Importance of Nano-Delivery Systems

for Disease and Pests Control in Crops

In 1985, Pimentel and Levitan reported that approximately
500 million kilograms of pesticides were applied to plants
in the United States (U.S) each year, but only 0.1% of this
reach its desired target to effectively eliminate pests (Pimentel
and Levitan, 1986). Over 25 years later, in 2011, Pimentel
and Burgess reinforced this statement, stating that 545 million
kilograms of pesticides were applied to crops in the United States
each year, and several applications show that <0.1% of these
pesticides reach their target (Pimentel and Burgess, 2012).
The use of pesticides including herbicides, insecticides, and
fungicides is consistently increasing worldwide, but nowadays,
we do not know exactly by how much. According to the
United States Department of Agriculture (USDA), the total
pesticide expenditures in U.S. agriculture reached close to $12
billion in 2008, a 5-fold increase in real terms (adjusted for
inflation) since 1960, but well-below the $15.4-billion peak
reached in 1998 (Fernandez-Cornejo et al., 2014). The most
recent report about pesticide usage dates to 2017 covering data
from 2008 to 2012. According to the report, by 2012 over an
estimated 380,000 tons were used in the US, from which 282,000
tons were herbicides, with a total expenditure over 9 billion $US
(Atwood and Paisley-Jones, 2017). The lack of up-dated data
reports in this regard makes it difficult to enable an informed
pesticide policy debate, as well as sway science-based decisions
in the right direction.

It is conceivable that improving the targeting and accuracy
of pesticides could substantially reduce the amount of toxic
chemicals that are applied to crops and improve the yield
and safety of agriculture. Ideally, a pesticide should be able
to remain active regardless of the environmental conditions in
order to perform its intended biocide action. Correspondingly,
it should also overcome the defense mechanisms from the pest
it must target, it should also be harmless to the surrounding
flora and fauna, and be engineered in such a way that it
can be mass-produced at the lowest possible cost in order to
guarantee economic returns to farmers. Current pesticides fail
to completely fulfill these requirements, which results in more
frequent and higher doses application schemes, and therefore,
higher economic, and environmental costs. Nanomaterials used

as a pesticide or as a carrier material have exhibited functional
properties such as stiffness, permeability, crystallinity, thermal
stability, and biodegradability over commonly used pesticides
(Bordes et al., 2009).

Increasing wealth of knowledge in the literature regarding
the development and use of pesticide-loaded nano-carriers
intended for crop protection supports the importance of this
technology toward sustainable agriculture by increasing the
potency and bioavailability of pesticides, thus reducing the total
amount of agrochemicals released in the environment. Pesticides
such as B-cypermethrin (an insecticide; Wang et al., 2007),
tebuconazole (a fungicide; Diaz-Blancas et al., 2016), and atrazine
(aherbicide; Oliveira et al., 2015) presented as nano-encapsulated
formulations are some examples of the potential use of nano-
carriers to enhance the biological activity of active ingredients
and also increase their stability over time. Zhao et al. (2017)
demonstrated that it is feasible to develop a nano-emulsified
pesticide displaying not only high stability over time (90 days) but
also stronger absorption on negatively charged surfaces, which
are desirable characteristics for spray-based foliar applications of
pesticides in crops (Zhao et al., 2017).

PROSPECTS OF NANO-DELIVERY
SYSTEM TECHNOLOGY IN AGRICULTURE

Based on the data collected from the literature, we expect at
least two main positive impacts of the extended, prolonged
and improved use of nano-delivery technology translocated
into the food production chain. The first is related to the
technical aspects of pesticide usage. Similar to the role they
play in the medical field, nano-delivery systems can increase
the controlled-release properties of the pesticide, increased
solubility of active ingredients, protection against premature
degradation and increase the stability of active ingredients.
Another advantage is that non-target surrounding or distant
flora and fauna will be less affected as a result of reducing
exposure to toxic chemical compounds. In addition, the technical
constraints concerning the massive production of nano-carriers
for use in agriculture should be correlated with the economical
boundaries which limit the production costs and configures
the potential revenues for producers. Additional studies are
required to assess, not only the fate of nano-encapsulation
materials and payloads, and the resulting physical-chemical and
biological performance, but the long-term environmental risks
and economic viability.

CONCLUSIONS

It is clear that there is an immense need to develop methods
or technologies that allow us to cope with the contrasting
challenges of the food supply chain. For instance, the toxicity
threshold of materials used in the delivery system is species-
dependent and responses to these are driven by a series of
factors including not only the nanomaterial itself but the
environmental and physiological conditions on which they are
applied. Another noteworthy factor is the broader impact of

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

February 2020 | Volume 8 | Article 79


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Vega-Vasquez et al.

Nano-Delivery Systems in Agriculture

the delivery system to the environment, while in the medical
systems, it is localized to the individual receiving the treatment.
Impacts on plant growth, and therefore on product yield
and food quality, have been reported. However, several gaps
exist in understanding the dynamics of interactions between
plants and engineered nanomaterials (ENMs). Given the lack
of experimental standardization and the divergent responses,
even within similar plant species, it is challenging to foresee
the challenges on the use of ENMs in plants (Zuverza-Mena
et al., 2016). Finally, there is an imperative need to standardize
and validate protocols to assess the positive and negative impact
of nano-carriers in an experimental setting, and scale-up of
testing can yet be another challenge. Most of the currently
available information stems from experiments under controlled
conditions, making it difficult to predict the real potential of
functional prototypes. Research efforts could focus on controlled
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The use of drug delivery vehicles to improve the efficacy of drugs and to target their
action at effective concentrations over desired periods of time has been an active
topic of research and clinical investigation for decades. Both synthetic and natural drug
delivery materials have facilitated locally controlled as well as targeted drug delivery.
Extracellular matrix (ECM) molecules have generated widespread interest as drug
delivery materials owing to the various biological functions of ECM. Hydrogels created
using ECM molecules can provide not only biochemical and structural support to cells,
but also spatial and temporal control over the release of therapeutic agents, including
small molecules, biomacromolecules, and cells. In addition, the modification of drug
delivery carriers with ECM fragments used as cell-binding ligands has facilitated cell-
targeted delivery and improved the therapeutic efficiency of drugs through interaction
with highly expressed cellular receptors for ECM. The combination of ECM-derived
hydrogels and ECM-derived ligand approaches shows synergistic effects, leading to
a great promise for the delivery of intracellular drugs, which require specific endocytic
pathways for maximal effectiveness. In this review, we provide an overview of cellular
receptors that interact with ECM molecules and discuss examples of selected ECM
components that have been applied for drug delivery in both local and systemic
platforms. Finally, we highlight the potential impacts of utilizing the interaction between
ECM components and cellular receptors for intracellular delivery, particularly in tissue
regeneration applications.

Keywords: targeted drug delivery, extracellular matrix, hydrogel, ECM ligand, ECM cell receptors

INTRODUCTION

Conventional drugs have been critical to the effective management of disease. Despite the benefits
of free drugs, 118 drugs approved from 1980 to 2009 in the United States were withdrawn from
the market, 22% of them due to safety reasons including hepatic toxicity, severe cardiovascular
effects, gastrointestinal issues, and allergic reactions (Qureshi et al., 2011; Prasad, 2014). In addition,
safety concerns and inadequate efficacy (78%) were the main reasons for the failure of 54% of
the 640 therapeutics that entered phase 3 trials between 1998 and 2008, with follow-up through
2015 (Hwang et al., 2016). The pharmacokinetics of any drug compound, including its efficacy
and safety, is critically affected by the route of drug entry (Tibbitt et al., 2016). For example,
systemically administrated drugs are exposed to the entire circulatory system, and may access
multiple tissues/organs within the body in the absence of direct targeting (Blanco et al., 2015);
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for drugs with intracellular targets, additional challenges are
posed by the need to navigate the intracellular landscape. The
challenges are compounded for drugs that are highly toxic to
healthy cells, such as cytostatic drugs for chemotherapeutics
or immunosuppressants, adding an extra set of barriers during
pre-clinical and clinical evaluation.

To overcome the pharmacokinetic limitations of free drugs,
drug delivery systems (DDS) have been designed based on
nanomaterials, polymers, and lipids, which can be attached
to drugs or used to encapsulate drugs in order to better
localize their delivery or control drug release over extended
periods (Langer, 1998; Hu et al., 2016; Kanamala et al,
2016; Liu et al, 2016). Nanometer-scale therapeutics can
extravasate from circulation and accumulate in some tissues
via passive targeting effects (Allen and Cullis, 2004). Such
advances were the basis of the improvements in chemotherapy
efficacy using liposomal formulations of doxorubicin (Doxil),
which was introduced for the treatment of Kaposis sarcoma
in 1995. In addition, over 340 DDS have been approved
by the FDA and employed clinically to date (Table 3 from
Zhong et al, 2018), and it is clear that nanomaterial DDS
have great potential for the targeted delivery of drugs.
However, passive targeting is only useful for targeting very
specific organs such as tumors (Torchilin, 2014), and even
in those cases, some regions of tumors exhibit variations
in microvascular permeability that diminish the efficacy of
passive targeting.

Local administration provides a simple strategy to enhance
active targeting to specific sites, taking advantage of physical
localization (Panyam and Labhasetwar, 2003). Employing DDS
for localized therapy can improve drug efficacy by preventing
the loss of therapeutic agent from the administration site,
which minimizes necessary doses and maximizes potency.
In addition, polymeric or liposomal carriers can be tailored
to achieve sustained release of drugs at optimal therapeutic
concentrations in a particular tissue (Sheikhpour et al,
2017; Cervadoro et al, 2018; Raave et al., 2018). As DDS
for localized therapy, hydrophilic polymeric hydrogels (for
hydrophilic drugs) or nanoparticles (for encapsulation of
hydrophobic drugs) can be directly injected or applied to
the tissue of interest to achieve sustained and controlled
drug release to a particular site through diffusion (Kohane
and Todd, 2008; Tibbitt et al, 2016). The tailoring of
hydrogel and nanoparticle composition, structure, and
porosity has been possible owing to the enormous range
of polymers and crosslinking chemistries developed for
these applications.

Hydrogels have been designed to exploit the mechanical
and biochemical activities of the native extracellular matrix
(ECM) to influence cells through cell-matrix interactions
(Kharkar et al.,, 2013; Cai and Heilshorn, 2014; Caliari and
Burdick, 2016; Ooi et al, 2017; Zhang and Khademhosseini,
2017). These cell-matrix interactions are pivotal to enhance
cell infiltration into the hydrogel and promote cell responses
in hydrogels that are appropriate for tissue regeneration
and drug delivery applications. To create hydrogels that
support cell-matrix interactions, ECM molecules are often

utilized in hydrogel formulations. For example, decellularized
ECM (dECM) matrices derived from tissues and organs
are composed of native ECM molecules, and dECM
therefore mimics the structural properties of the native
matrix (Crapo et al, 2011; Saldin et al, 2017). Owing to
the preservation of biochemical cues from the native tissue
microenvironment, dECM matrices trigger cellular response
that have been exploited clinically in tissue engineering and
regenerative medicine [Tissue Mend® (Stryker Orthopaedics,
United States), AlloDerm® (LifeCell Corp. United States),
CutffPatch™ (Organogenesis, United States)]. In addition,
the delivery of growth factors (Seif-Naraghi et al, 2012)
and microRNA (Hernandez et al, 2018) using dECM has
recently been explored.

Owing to the myriad cellular interactions with ECM-based
materials, the surfaces of drug-loaded nanoparticles also have
been modified with ECM-based materials to increase the extent
of ligand-mediated, site-specific DDS. The incorporation of
bio-specific ligands such as proteins, polysaccharides, peptides,
aptamers, and small molecules, facilitates interaction with
specific receptors that are either over-expressed or expressed only
in specific tissues or cells to achieve active targeting. For example,
it has been reported that a,p3 integrin and CD44 receptors are
upregulated in various tumor tissues (Danhier et al., 2010). The
RGD sequence derived from multiple ECM proteins to target
integrin receptors, and hyaluronic acid to target CD44 receptor
on cancerous cells, have been widely employed to transport anti-
tumor agents (Murphy et al., 2008; Danhier et al., 2012; Huang
and Huang, 2018; Fu et al., 2019). Furthermore, target receptor-
mediated siRNA delivery has been developed utilizing ligands
such as peptides, GalNAc, and aptamers (Nikam and Gore, 2018).
Alnylam Pharmaceuticals launched the first RNA interference
(RNAi) drug, ONPATTRO®, which uses lipid nanoparticles to
deliver RNAi intravenously and treat polyneuropathy caused by
hereditary ATTR amyloidosis (Garber, 2018). As next-generation
alternatives of ONPATTRO®, the GalNac ligand has been
employed to target asialoglycoprotein receptor (ASGP-R) on the
hepatocytes. ASGP-R has been shown to mediate endocytosis
and degradation of wide variety of desialylated glycoproteins
and neoglycoproteins which contain GalNAc residues on the
their N-linked carbohydrate chains, and it recognizes specific
markers of autoimmune hepatitis (Roggenbuck et al.,, 2012).
The GalNAc conjugated RNAi systems for treatment of liver
diseases are currently in phase III (Table 1 from Morrison,
2018). Thus, active targeting strategies have great potential to
optimize the delivery of intracellularly active drugs such as many
small molecules, as well as biomacromolecules including nucleic
acids, peptides, or proteins, which require specific endocytic
pathways for action.

Here, we focus on recent developments in the use of
ECM components for actively targeted DDS. In particular,
we briefly review ligand-receptor mediated endocytosis and
cellular interactions with various ECM components as targeting
strategies, and we consider the advantages afforded by each
approach. We then provide examples of the use of key ECM
components in DDS, either as hydrogels or as ligands applied for
targeted intracellular DDS.
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TABLE 1 | The extracellular matrix components and their cell surface receptors.

Non-integrin receptors

Integrin
Collagen aif, a2Bt, aroBt, a11P
Fibronectin asB1, agPt, aght, and avBz, asaPs, 4Bz, aght,
Laminin a1B1, agP1, agPi, agBi, azPi, a1oP1, apa, avPs

Heparan sulfate
Chondroitin sulfate
Hyaluronic acid

Discoidin domain receptors (DDR1 and DDR2), GPVI (platelets), LAIR (immune
cell), OSCAR (osteoblast), and mannose receptors (Endo180 or uPARAP),
syndecan, CD44

Syndecan

Syndecan, a-dystroglycan CD44
Syndecan, glypicans

CD44, NG2, RPTP-o, GPI-brevican
CD44, RHAMM, Toll-like receptors

ECM-CELL INTERACTION MEDIATED
DRUG DELIVERY APPLICATIONS

Researchers have exploited an expanded understanding of the
interactions between cells and the ECM, as well as increased
knowledge about signaling pathways and molecules relevant to
the treatment of disease, in designing new, more cell-specific
therapeutics and DDS. Cell surface receptors are attractive
pharmacological targets since they transduce signals from the
extracellular environment to modulate cell responses. Integrins,
a major class of transmembrane receptors whose primary role is
to recognize and bind ECM, have been a target of therapeutic
development for nearly 30 years in the pharmaceutical industry
(Goodman and Picard, 2012; Raab-Westphal et al., 2017).
However, despite some promising therapeutic advances, the
complex biology of integrins has often confounded drug
development. Integrins are involved in canonical processes
ranging from embryonic development to mature tissue function
through binding to their ligands. Therefore, it is critical to
understand the mechanisms by which cell-ECM interactions
enable cells to sense and respond to extracellular signals
encoded in the matrix.

Each ECM molecule has an affinity to a cell surface receptor or
receptors, including integrins (Figure 1); moreover, the specific
integrins expressed by a given cell depend both on the cell type
as well as on the cell’s physiological state. Accordingly, DDS can
be modified with ECM molecules to serve as ligands that will
facilitate drug targeting. These approaches are described below
for various classes of ECM that have been particularly fruitful in
targeted delivery.

Types of ECM Molecules

Proteins

Extracellular matrix proteins include fibrous proteins such as
collagen and elastin, and glycoproteins such as fibronectin,
laminins,  vitronectin, thrombospondin, chondronectin,
osteonectin, and fibrin. Collagen is a major ECM component
that provides mechanical support, regulates cellular behavior,
and directs tissue development. Collagen fibrils, which are
formed by self-assembly of triple helical collagen molecules, are
cross-linked to provide mechanical strength and integrity to
the ECM, and collagens strongly influence the tensile strength
and elasticity of tissue. In addition, collagens interact with
integrins to regulate cell adhesion, proliferation, and migration,

and collagens also interact with other ECM components to
direct matrix remodeling (Leitinger and Hohenester, 2007).
Fibronectin also regulates a wide variety of cellular functions
including cell adhesion, migration, growth and proliferation,
embryonic morphogenesis, and wound healing (Pankov and
Yamada, 2002; Zollinger and Smith, 2017). Fibronectin usually
exists as a dimer composed two nearly identical subunits (type
I, type II, and type III) linked together through disulfide bond
formation at their C-termini. The type III subunit contains
about 100 amino acids in two anti-parallel B-sheets, which are
also present in collagens, and the type III subunit also encodes
integrin binding (via the RGD motif) and heparin-binding
domains. Laminins promote cell adhesion and migration, neurite
outgrowth, angiogenesis. Laminins are a major component
of basement membrane along with collagen type IV, with a
structure that is comprised of heterotrimeric glycoproteins; three
subunits, a, B, and y, come together to form at least 19 laminin
isoforms (Colognato and Yurchenco, 2000; Yao, 2017). These
laminin isoforms are specifically expressed in tissues to promote
biological activities, including cell differentiation, cell shape
and movement, and managing tissue phenotypes and survival.
The isoforms can bind to other laminins, proteoglycans, and
other ECM proteins via various integrins receptors. Due to the
ability of ECM proteins to influence cell fate via interactions with
integrins, the biocompatible and biodegradable ECM proteins
are widely used natural materials for biomedical application
(Ramshaw et al., 2009; Benton et al., 2014; Hinderer et al., 2016).

Polysaccharides

Extracellular matrix polysaccharides including heparin sulfate,
chondroitin sulfate, dermatan sulfate, keratin sulfate and
hyaluronic acid provide largely a structural network, as most
ECM polysaccharides are not directly involved in cellular
interactions, but indirectly through interaction with other
proteins. Heparan sulfate/heparin is a linear polysaccharide
of repeating N-acetyl glucosamine (GlcNAc)-D-glucuronic acid
(GlcA) disaccharide units (Meneghetti et al., 2015), and is
often covalently attached to cell-associated proteins such as
the syndecans (SDCs) and glypicans (GPCs) to form heparan
sulfate proteoglycans (HSPGs) (Christianson and Belting, 2014).
HSPGs such as syndecans and glypicans are able to modulate
the cellular uptake of bound ligands; in addition, heparin
interacts with various proteins to regulate biological process
including growth factor or cytokine signaling, coagulation factor
activity, microbe-host interactions, and lipoprotein metabolism
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(Belting, 2003). The interaction is highly specific, involving
electrostatic forces between the negatively charged heparin
and positively charged amino acid residues (e.g., lysine and
arginine), and both protects the stability of proteins and
increases their affinity for cell receptors (Gospodarowicz and
Cheng, 1986). Due to the ability of heparin to interact
with proteins, particularly growth factors, heparin has been
utilized widely in DDS, with a focus on binding of growth
factors (rather than to cell-surface receptors). Heparin-based
hydrogels have been widely employed as growth factor carriers
for tissue regeneration (Zieris et al, 2010, 2011; Prokoph
et al, 2012; Tsurkan et al., 2013; Liang and Kiick, 2014;
Freudenberg et al., 2016).

On the other hand, chondroitin sulfate and hyaluronic
acid have an affinity to non-integrin cell receptors such as
CD44. Chondroitin sulfate is also composed of a sulfated f-
1,3-linked N-acetyl galactosamine (GalNAc) and B-1,4-linked
D-glucuronic acid (GlcA) disaccharide repeating units. The
sulfation pattern defines the different roles of chondroitin sulfate
and its selective interaction with molecules mediating such
functions as regulation of signal transduction, cell division

and morphogenesis, and development of the central nervous
system (Zhao et al., 2015). Hyaluronic acid is a non-sulfated
polysaccharide composed of disaccharide repeating units of
glucuronic acid and N-acetylglucosamine. Hyaluronic acid as a
major role in tissue architecture, tissue regeneration, ingrowth of
blood vessels, and cellular functions such as motility, adhesion,
and proliferation (Jiang et al., 2011) has been utilized in DDS to
improve long-acting and target-specific delivery (Tripodo et al.,
2015; Highley et al., 2016; Jiao et al., 2016). In particular, due
to the highly specific cellular receptor interaction and cellular
uptake of hyaluronic acid in kidney, liver, lymphatic vessels, and
tumor sites, hyaluronic acid often has been employed as carriers
for intracellular drugs such as anti-tumor agents, and nucleic
acids (Oh et al., 2010; Dosio et al., 2016; Lallana et al., 2017;
Huang and Huang, 2018; Miyazaki et al., 2018).

Interactions of ECM With Cell Receptors

Extracellular matrix molecules typically interact with cells
through both integrin and non-integrin cell surface receptors
(Table 1). The integrin receptors primarily bind the ECM
proteins to connect with the cytoskeleton and to cooperate with
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growth factor receptors for cell survival, cell cycle progression,
and cell migration (Giancotti and Ruoslahti, 1999; Giancotti,
2003; Harburger and Calderwood, 2009). As introduced above,
integrins consist of heterodimeric non-covalent association of a
and B subunits which comprise a specific receptor. In particular,
a subunits have a highly specific role in ligand binding for signal
transduction (Rosso et al., 2004), with o, for example, binding
to the collagen family, asp; binding to fibronectin, and a,f3
binding to fibronectin, vitronectin and fibrinogen as summarized
in Table 1 from Alam et al. (2007). Integrin-mediated binding
has been leveraged for an enormous range of applications, as
multiple integrin receptors, including oy f3, ayBs, oyPes, avPs,
anpP3, asPi, and oagP; recognize and bind to the Arg-Gly-
Asp (RGD) motif which is found in multiple ECM proteins
including collagens, fibronectin, laminin, tenascin, vitronectin,
and thrombospondin (Ruoslahti and Pierschbacher, 1986; Kim
et al, 2011). The RGD sequence as a “minimal” ligand for
multiple integrins has been widely used over numerous decades
in the development of targeted polymeric and nanoparticle-based
therapies. The selectivity of RGD peptide for a specific integrin
can be modulated by conformation of the RGD sequence and
its flanking residues (Dunchoo et al., 2006). Cyclic peptides,
cRGDAK, cRGDyK, and RGDCH4 are selective for the integrins
ayPs and oyB5, which are overexpressed in vasculature of tumor
tissue. Likewise, the GFOGER sequence of collagen binds to four
different integrin cell receptors (o181, 281, a10P1, and ay1f1)
(Zeltz et al., 2014); since the af; integrin receptor is involved
in osteogenesis, the GFOGER sequence has been utilized to assist
in bone repair (Wojtowicz et al., 2010).

The REDV sequence from fibronectin is a cell adhesion
motif to integrin a4f, selective for the endothelial cells (Mould
et al,, 1991; Massia and Hubbell, 1992). Owing to the specificity
toward endothelial cells, the REDV sequence has been modified
on the system to transport gene to vascular endothelial cells
(Wang et al,, 2015; Zhou et al., 2016) In addition, the active
peptide sequences from laminin are able to interact with
integrins, syndecans, a-dystroglycan, and CD44, to perform
various biological activities, cell adhesion and neurite outgrowth
and proliferation, and angiogenesis, such as those mediated by
laminin (Farrukh et al., 2017). The YIGSR sequence and IKVAV
sequence from laminin are also cell adhesion domains (Graf
et al.,, 1987; Tashiro et al., 1989), and the RKRLQVQLSIRT
(AG73) sequence derived from the mouse laminin ol chain
interacts with syndecans to promote cell adhesion, neurite
outgrowth, and angiogenesis (Hoffman et al., 2001). In contrast,
DFKLFAVYIKYR-GGC (C16Y), derived from the mouse laminin
y1 chain, binds to integrin a,f3 and asp; receptors (Hamano
et al., 2012). Laminin-derived peptides have been incorporated
into the delivery systems of anti-tumor agents to enhance their
specificity to highly expressed laminin receptors on cancer cells,
including YIGSR for the 32/67 kD receptor, IKVAV for the
a3P1 and oeP integrin receptors, AG73 for syndecan-2 receptor
and C16Y for the ayf3 integrin receptors (Dubey et al., 2010;
Negishi et al, 2011; Hamano et al, 2012; Okur et al.,, 2016;
Negishi and Nomizu, 2019).

Short synthetic peptides derived from ECM proteins retain
the integrin-binding function, thus are attractive in the design

of materials. For example, the Stupp group has developed
bioactive peptide amphiphiles (PA) for regenerative medicine
applications (Boekhoven and Stupp, 2014; Hendricks et al., 2017;
Sato et al., 2018). The RGDS sequence has been attached to PA
to induce integrin-mediated adhesion, spreading or migration of
fibroblasts, breast cancer cells, and bone marrow mononuclear
cells in vitro (Storrie et al., 2007; Webber et al., 2010; Zhou
et al., 2019). In addition, the IKVAV sequence has been added
to PA to induce differentiation of progenitor cells into neurons
(Silva et al., 2004). In addition, these ECM proteins have binding
sites for both integrin and growth factors. Once ECM proteins
engage integrins for adhesion, the proximity of the cell to the
ECM localizes the growth factors to their cell surface receptors
to induce and/or amplify the signaling for development or repair.
Capitalizing on this biological cooperativity offers an enormous
advantage in ECM protein-based systems for delivery of growth
factors, particularly, in inflammatory diseases where the growth
factors are easily degraded (Park et al., 2017). ECM protein-based
DDS are able to protect growth factors while delivering them to
their receptor sites to regulate cellular responses.

Non-integrin cell receptors for ECM molecules include
CD36, certain laminin-binding proteins, and proteoglycans
(Rosso et al., 2004) comprising glycosaminoglycan (GAG) chains
such as heparan sulfate, chondroitin sulfate, dermatan sulfate
and keratin sulfate (Mythreye and Blobe, 2009). Proteoglycan
co-receptors (CD44, glypicans, neuropilins, syndecans, and
TPRIII/betaglycan) mediate interactions with ligands, ECM
proteins or other cell surface receptors to promote the
formation of cell surface receptor-signaling complexes, and
also to regulate cell adhesion, migration, morphogenesis, and
differentiation. Among the proteoglycan co-receptors, syndecan
and CD44 receptors also bind ECM molecules. Syndecan
receptors bind collagens, fibronectin, and laminin and growth
factors (e.g., fibroblast growth factor) to assemble signaling
complexes with other receptors to control cellular differentiation
and development (Yoneda and Couchman, 2003), and CD44
receptors bind to type I and IV collagens and hyaluronan to
regulate cell adhesion and movement (Cichy and Pure, 2003).
These ECM molecules have been exploited in the DDS not only
to target cells that highly expressed those receptors in certain
pathological conditions, but also to control the regulation of
cellular responses.

Collagen directly interacts with four different integrin cell
receptors, a1P1, aaP1, aof1, and a1P1, depending on the type
and form of collagen (Zeltz et al., 2014). axP; and ;1B integrins
primarily interact with the fibrillar collagen type I (e.g., aap;
integrin mediates collagen type I binding for phagocytosis in
fibroblasts (Rainero, 2016), while a1 and a;of; interact with
the non-fibrillar collagens IV and VI. Collagen also binds to non-
integrin receptors such as discoidin domain receptors (DDR1 and
DDR2), the GPVI receptor on platelets, the LAIR receptor of
immune cells, the OSCAR receptor of osteoblasts, and mannose
receptors (Endo180 or uPARAP) (An and Brodsky, 2016). Under
particular pathological conditions, these collagen receptors are
highly expressed. Endo180/uPARAP receptor is overexpressed
by malignant cells in sarcomas, glioblastomas, subsets of acute
myeloid leukemia (Nielsen et al., 2017). For integrins, expression
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of a1 B1 and a1 was localized to scleral fibroblast focal adhesions
and expression of integrin o1 is restricted to tumor stroma or
other fibrotic disease (McBrien et al., 2006; Schnittert et al., 2018).
Collagen as a ligand to target these pathological conditions thus
represents a powerful therapeutic strategy.

Fibronectin binds both integrin receptors and other ECM
molecules. Fibronectin type III}y domain which includes the
RGD sequence, is the binding sites for integrins, asf, azfi,
agPi, and ayPs in a broad range of cell types and tissues
(Pankov and Yamada, 2002). In particular, asP; integrin is
required for internalization of fibronectin through caveolin-1
dependent endocytosis in myofibroblasts (Rainero, 2016). And,
a4P1 and ayPy integrins recognize the LDV and REDV motifs
in the alternatively spliced V region, IDAPS in the III;4 domain,
and KLDAPT in the IlIs domain. In addition, a4f; and agf;
binds the EDGIHEL sequence in the alternatively spliced EDA
segment. Fibronectin also contains two heparin-binding domains
within its V domain to interact with heparin and chondroitin
sulfate for cell adhesion, and the fibronectin Ig_9 and IIj,,
domains recognize denatured collagens to clear them from blood
and tissue. The expression of the various fibronectin integrin
receptors depends on the pathological conditions, providing
targets for DDS. The integrins asf; and ayf3 are upregulated
in angiogenic vessels during angiogenesis (Ruoslahti, 2002);
in particular, the integrin ayf3 is not expressed in healthy
adult animal tissue but overexpressed during angiogenesis in
tumor tissues, allowing for the targeting of integrin o,f3 with
fibronectin-based, chemotherapeutic DDS.

Moreover, laminin binds various integrins receptors (o1,
B, a3P1, agPi, 7B, a1oP1, asPas and ayPg) (Alam et al,
2007). Laminin-1, 2, 5, 8, 10, 11 isoforms interact with integrins
a3P1 and agP; which regulate embryonic development, epithelial
regeneration, and wound healing processes, and which also
internalize to endosome as well (Das et al, 2017). Laminin
binding cell receptors are highly expressed in various cancer cells
types. For example, integrins asf; and ogf; are overexpressed
in various epithelial cancers. Amongst non-integrin receptors,
laminin receptor (LAM 67R) is overexpressed on human prostate
cancer cells and syndecan-2 is overexpressed in various cancer
cell lines and during angiogenesis (Shukla et al., 2012). Based on
expression of laminin receptors in certain pathological condition,
laminin or synthetic laminin mimetic peptides as ligand are
utilized as ligands to target and deliver therapeutic agents.

Chondroitin ~ sulfate interacts with cell-surface CD44
receptors. CD44 receptors are an attractive target as they are
a cancer stem cell marker which is overexpressed about four-
to five-fold in metastasis and cancer progression (Goebeler
et al,, 1996). Owing to the interaction between chondroitin
sulfate and CD44 receptor, chondroitin sulfate has been
utilized in DDS to target CD44 overexpressing cancer cells and
promote receptor-mediated endocytosis. The polysaccharide
hyaluronic acid binds toll-like receptors, CD44, and RHAMM
on cell membrane. Interactions with toll-like receptors regulate
signaling in inflammatory cells and other cell types, and those
with CD44 control leukocyte homing and recruitment. In
addition, hyaluronic acid interactions with CD44 and RHAMM
regulates tumor growth and metastasis. CD44 expression is

characteristic in cells under certain pathological conditions
such as infarcted myocardium, infiltrating leukocytes, wound
myofibroblasts, vascular cells, and many tumor cells.

Receptor-Mediated Endocytosis

The efficacy, biomedical function, biodistribution, and toxicity
of drugs with intracellular targets of action are dictated by
their internalization into the cells through interaction with
the exterior of the plasma membrane and their endocytic
pathway (Sahay et al., 2010; Foroozandeh and Aziz, 2018).
Endocytosis occurs via two primary routes — phagocytosis
and pinocytosis (Yameen et al, 2014), with phagocytosis
characteristic of dendritic cells, neutrophils, monocytes
and macrophages (Aderem and Underhill, 1999) and
pinocytosis, which occurs via clathrin-mediated endocytosis,
caveolae-mediated endocytosis, clathrin/caveolae-independent
endocytosis, and micropinocytosis (Sahay et al., 2010; Yameen
et al, 2014), possible for all cell types. Micropinocytosis is
an actin-driven endocytic process that initiates the activation
of receptor tyrosine kinases (e.g., via growth factors) to
polymerize actin and form macropinosomes for cell entry.
Unlike micropinocytosis, receptor-mediated endocytosis (e.g.,
clathrin-mediated endocytosis, caveolae-mediated endocytosis,
and clathrin/caveolase-independent endocytosis) is regulated
by specific interactions between a receptor and an extracellular
ligand or particle (Yameen et al., 2014). Physical properties of
the extracellular cargo, including particle size, shape, and surface
charge, all influence the cellular uptake pathway. In addition
to these physical properties, very specific ligand-receptor
interactions dictate the receptor-mediated endocytosis pathways
of ligand-decorated cargo.

The majority of DDS are internalized into cells through the
clathrin-mediated endocytosis pathway using interactions with
numerous receptors on cell membrane including transferrin,
asialoglycoprotein receptor, epidermal growth factor receptor,
chemokine receptors, and cell adhesion receptors (Tsuji et al.,
2013; Xu et al., 2013; D’Souza and Devarajan, 2015; Phuc and
Taniguchi, 2017; Hu et al., 2018; Nieto Gutierrez and McDonald,
2018). In this process, particular ligands in the extracellular
fluid bind to the receptors on the surface of the cell membrane,
which is rich in clathrin, to form a ligand-receptor complex
(Munsell et al., 2016) that forms a clathrin-coated pit and results
in the formation of clathrin-coated vesicles approximately 10
to 200 nm in diameter for internalization. After internalization,
the clathrin coat on the vesicles is expelled and recycled to the
plasma membrane and the vesicle fuses with the early endosomes.
The cargo within early endosomes will reach lysosomes and
eventually be degraded by the acidic pH and digestive enzyme
of the lysosome. Given the relatively large number of binding
molecules, clathrin-mediated endocytosis is a primary uptake
pathway for most polymeric DDS.

Polymer-mediated nucleic acid delivery systems have been
reported with both clathrin-mediated endocytosis and caveolae-
mediated endocytosis as their uptake pathways, depending on
the size, types, and surface charge of their cargos, and cellular
microenvironment (2D vs. 3D) (El-Sayed and Harashima, 2013;
Truong et al, 2019). However, trafficking of cargo through
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caveolae-mediated endocytosis routes enhances gene expression
owing to the low or non-acidifying pathway (Rejman et al.,
2005; Reilly et al., 2012). Caveolae-mediated endocytosis occurs
via association of the delivery vehicle with cholesterol-rich lipid
rafts in the plasma membrane for cellular entry (Sahay et al.,
2010). Once cargo molecules bind to the caveolae surface rich
in glycosphingolpids including GM-1 and Gb3, the caveolae
engulf the cargo to form vesicles approximately 50 nm in
diameter. The detached caveolar vesicles can fuse with early
endosomes, but because the caveolar vesicles have neutral pH,
they generally avoid fusion with lysosomes thus preventing
lyososomal degradation of drug cargo.

Clathrin-and  caveolae-independent endocytosis occurs
without binding of the cargo to clathrin or caveolae (Yameen
et al., 2014); the pathway depends instead on cell-surface
molecules such as Arf-6, flotillin, Cdc42, and RhoA, involving
different subtypes of internalization routes depending on the
specific cell-surface molecule. Once cargo is internalized, it is
usually delivered to the early endosome and trafficked though
lysosomal pathways.

The ECM is constantly remodeled, via balancing of synthesis,
deposition, and degradation to control tissue homeostasis, and
during this process ECM molecules themselves are internalized
through receptor-mediated endocytic pathways. Degradation of
the ECM occurs largely through two pathways; extracellular
degradation mediated by matrix metalloproteases (MMPs) and
lysosomal degradation after receptor-mediated internalization
(Rainero, 2016). The internalization of the most abundant
component of ECM, collagen, is controlled by integrin-mediated
phagocytic uptake and Endo-180 dependent clathrin mediated
pathway. Fibrillar collagen type I binds to a;; integrin receptor,
promoting internalization of collagen to early endosomes (Arora
et al., 2013). On the other hand, soluble collagen type I, IV
and V fragments bind Endol80 or uPARAP to internalize
to endosome via the clathrin-dependent endocytic pathway
(Madsen et al., 2011).

Similar to collagens, fibronectin is degraded by lysosomal
degradation after endocytosis. Endocytosis of both soluble
and matrix fibronectin is mediated by asp; integrin receptor
via caveolin-1 dependent uptake (Shi and Sottile, 2008).
Fibronectin binding to a,f; integrin receptor, ultimately leading
to endosomal sorting and transport to the lysosome (Lobert
et al., 2010). The internalization of the major component of
basement membrane, laminin, is controlled by a3f; integrin
receptor and dystroglycan for protein turnover. Interestingly, the
activation of the a3p; integrin receptor by laminin binding results
in phagocytosis of other ECM molecules as well (Coopman et al.,
1996). The internalization of laminin requires dystroglycan for
receptor-mediated and dynamin-dependent pathways, leading to
lysosomal degradation (Leonoudakis et al,, 2014). Meanwhile,
degradation of hyaluronic acid is controlled by multiple events.
High molecular weight hyaluronic acid is degraded to smaller
fragments by the extracellular hyaluronic acid-digesting enzyme,
hyaluronidase 2 (Hyal 2) (Racine and Mummert, 2012). These
fragments can be endocytosed by either receptor-mediated
endocytosis (10* Da) or micropinocytosis (10° Da), depending
on the molecular weight of the fragment. Hyaluronic acid

fragments binding to CD44 and lymphatic vessel endothelial-1
(LYVE-1) receptors promote the endocytosis of hyaluronic acid
via the clathrin-mediated pathway. The wide range of different
internalization mechanisms for ECM molecules can be exploited
in DDS for the selective uptake of intracellularly active drugs.

ECM-TARGETED DELIVERY OF
PARTICLE-BASED DDS

Extracellular matrix molecules have been successfully formulated
into particles for drug delivery applications. The chondroitin-
sulfate modified CD44 receptor is able to bind to triple helical
sequence from collagen Type IV (Rezler et al., 2007); Fields
and co-workers thus developed CD44-binding, collagen-mimetic
peptides [(GPO);GVKGDKGNPGWPGAP(GPO)4] and used
them to modify liposomes as a DDS to cancer cells with highly
expressed CD44 cell receptor (Table 2). They demonstrated
that doxorubicin delivered via this DDS reduced the tumor
size up to 60%, compared to untreated control in a CD44"
mouse melanoma model (Ndinguri et al, 2012). Moreover,
others have taken advantage of another collagen receptors,
DDR2, which is highly expressed in fast-growing invasive tumors
(Leitinger, 2014). The Brodsky group reported a recombinant
collagen protein (VCLCL-DDRT) that binds DDR2 and could
thus serve as a potential tumor treatment (An and Brodsky,
2016). They showed the delay of megakaryocyte migration as
a result of the competition between the recombinant VCLCL-
DDRT and animal collagen for binding to DDR2. In addition,
our group recently has developed conjugates of the collagen-
like peptide [(GPO)sGFOGER(GPO)4GG, CLP] and elastin-
like peptide [(VPGFG)s, ELP] to serve as thermoresponsive
vesicles as a drug carrier (Figure 2A) (Luo et al,, 2017). This
CLP-decorated vesicle has both thermally responsive assembly
behavior owing to the temperature-responsiveness of the CLP
domain’s triple helix formation, and a strong affinity to native
collagen through collagen triple helix hybridization, and is
therefore able to sequester, for at least 21 days, a hydrophobic
model compound (fluorescein) in collagen type II films, with
subsequent thermally triggered release. The vesicles also show
high cytocompatibility with both fibroblasts and chondrocytes
and essentially no activation of a macrophage cell line. The ELP-
CLP conjugates have the potential to deliver intracellularly active
drugs through receptor-mediated endocytosis using interactions
between the GFOGER sequence on CLP and integrin receptors
(01B1, 421, a10P1, and a1B1) (Zeltz et al., 2014).

The use of fibronectin-based molecules has also been
employed for successful targeting and increased intracellular
uptake of local DDS. The Akaike group incorporated fibronectin
in a calcium phosphate co-precipitated, non-viral gene delivery
system (Chowdhury and Akaike, 2006); the fibronectin coating
in calcium phosphate and pDNA precipitate allowed cell-
surface integrin receptor binding for internalization into cells
and supported 100-fold higher levels of gene expression
than without the fibronectin coating. In the past, direct
conjugation of the cyclic RGD peptide, RGD4C, on the anticancer
agent, doxorubicin, demonstrated better efficacy in suppressing
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TABLE 2 | Extracellular matrix protein-derived peptides as ligands to bind to cell surface receptors in drug delivery systems.

ECM molecules Peptides Cell receptor Application References
Collagen GGYGGGP(GPP)s GFOGER(GPP)s GPC apPi Local protein delivery Shekaran et al., 2014
(GPO)4 GVKGDKGNPGWPGAP(GPO)4 Chondroitin sulfate modified CD44 Anti-cancer drug delivery Ndinguri et al., 2012
VCLCL-DDRT (Recombinant protein) DDRs Block the activity of cancer cell An and Brodsky, 2016
ECM proteins cRGD4C ayPs and ayPs Anti-cancer drug delivery Arap et al., 1998
cRGDfC ayBs and ayBs Anti-cancer drug delivery Bibby et al., 2005
cACRGDMFGCA ayBs and ayBs VEGFR2-SiRNA delivery Schiffelers et al., 2004
Laminin RKRLQVQLSIRT Syndecan Anti-cancer drug delivery Negishi and Nomizu, 2019
DFKLFAVYIKYR-GGC (C16Y) Integrin ay B3 Anti-cancer drug delivery Hamano et al., 2012
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FIGURE 2 | Extracellular matrix-based targeted delivery of particle-based DDS. (A) Schematic of ELP-CLP conjugate-based thermoresponsive nanovesicles (Luo
et al., 2017). Copyright 2017. Reproduced with permission from American chemical society. (B) RGD dendrimer peptide modified polyethyleneimine-grafted chitosan
for sSiRNA delivery. In vivo tumor growth of treatment with non-RGD-modified system (PgWSC) and RGD-modified system (RpgWSC), and non-treatment (Y.M. Kim
et al., 2017). Copyright 2017. Reproduced with permission from Elsevier Inc. (C) Confocal images of internalization of dendrimer particles (CMCht/PAMAM and
YIGSR-CMCht/PAMAM) on HCT-116 cancer cells (red) and L929 fibroblasts (blue) (Carvalho et al., 2019). Copyright Wiley-VCH Verlag GmbH. & Co. KGaA.
Reproduced with permission.

tumor progression than doxorubicin alone, in mouse models
bearing human breast carcinoma cells (Arap et al, 1998).
The RGD peptide-modified DDS showed improved localization
and intracellular uptake into cancer cells. The Jang group
investigated the dendrimeric RGD peptides modified on co-
polymer, which consists of polyethyleneimine and water soluble
chitosan (RpgWSC), for an siRNA delivery system to target
ayP3 integrin-overexpressing tumor cells for cancer therapy

(Figure 2B; Kim et al., 2017). The delivery systems allow
the cellular uptake of siRNA to PC3 cancer cells through
microtubule-dependent micropinocytosis and clathrin-mediated
endocytosis. The delivery of siRNA, via the use of their DDS with
RGD (RpgWSC), for silencing the mRNA encoding the hBCL2
protein in a PC3 tumor xenograft mouse model, presented greater
inhibition of tumor growth through the blocking of BCL2 protein
expression, compared to a non-RGD modified delivery system
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(PgWSC) (Figure 2B). These results are a recent illustration of
the power of employing RGD in DDS for improving delivery
of intracellularly active cancer therapeutics into ayf3 integrin
overexpressing tumor cells.

The active sequence peptides from laminin are able to
interact with cell surface receptors, integrins, syndecans,
a-dystroglycan, and CD44, to perform various biological
activities like those mediated by full-length laminin. The
laminin-derived RKRLQVQLSIRT (AG73) peptide was modified
with PEGylated liposomes to deliver plasmid DNA in human
embryonic kidney carcinoma cells, which overexpress syndecan-
2 (Negishi et al., 2010; Negishi and Nomizu, 2019). On the other
hand, cancer cells, including bile duct carcinoma, colorectal
carcinoma, cervical cancer, and breast carcinoma, highly express
the 67 KDa laminin receptor (67LR), for which the laminin-
derived YIGSR sequence has high affinity. YIGSR-modified
carboxylmethychitosan/poly(amidoamine) (CMCht/PAMAM)
dendrimer nanoparticles were developed to drive targeted
internalization into colorectal cancer cells (HCT-116 CRC
cells) (Carvalho et al.,, 2019) via this interaction. The YIGSR-
modified CMCht/PAMAM nanoparticles were more selectively
internalized by HCT-116 colorectal cancer cells than by
L929 fibroblasts and non-YIGSR-modified CMCht/PAMAM
nanoparticles were non-selectively internalized by both types
of cells (Figure 2C). Laminin-based material modification are
a promising strategy to improve the specificity of the delivery
system on the laminin receptor expressed cells such as tumor.

Heparin is incorporated in DDS to target overexpressed
angiogenic growth factors in tumor tissues (Shing et al., 1984).
Tae groups demonstrated heparin-coated PLGA nanoparticle
to accumulate in the tumor in SCC7 tumor-bearing athymic
mice (Chung et al, 2010). In addition, dendronized heparin-
doxorubicin conjugate-based nanoparticle developed by Gu
group represented the improvement of antitumor efficacy
and anti-angiogenic effects in a mouse 4T1 breast cancer
tumor model, compared to free doxorubicin (She et al., 2013).
On the other hand, many studies have investigated the DDS
incorporating hyaluronic acid or chondroitin sulfate as a ligand to
target CD44-overexpressing cancer cells. Gupta and co-workers
formulated polyehtylenimine (PEI) conjugated chondroitin
sulfate to form complexes with plasmid DNA (Pathak et al., 2009).
Their system, administrated by intravenous injection in Ehrlich
ascites tumor (EAT)-bearing mice, accumulated in tumor mass
to a significantly greater extent as compared to non-chondroitin
sulfate-modified PEI/pDNA complex. The attachment of
hyaluronic acid on liposomes loaded with doxorubicin resulted
in the selective binding of the DDS on CD44-expressing murine
melanoma cells, resulting in a substantial reduction in the ICsg
(Eliaz and Szoka, 2001). In addition, Zhang group developed
ternary complex based on hyaluronic acid, dexamethasone
conjugated polyethyleneimine (PEI) and plasmid DNA to
enhance CD44 receptor-mediated endocytosis (Fan et al., 2013).
This ternary complex improved cellular uptake and nuclear
transport of DNA in melanoma tumor cells, leading to the
highest transfection efficiency and suppressed the growth of
tumor in mice. Hyaluronic acid has also been utilized to target
CD44 receptors overexpressed in macrophages as a strategy for

the treatment of inflammatory disease. Pilehvar-Soltanahmadi
and co-workers reported hyaluronic acid-conjugated polylactide
nanoparticles encapsulated curcumin delivered to macrophage
to achieve the modulation of macrophage polarity from the
pro-inflammatory M1 phenotype to the anti-inflammatory M2
phenotype (Farajzadeh et al., 2018). The modification of ECM
polysaccharides accomplishes the delivery of drugs at the target
sites where their receptors are highly expressed.

ECM-BASED HYDROGEL MATRICES
FOR DRUG DELIVERY

Drug transport within a hydrogel can be controlled by
manipulating its mesh size and/or its interaction with drugs
using chemical strategies (Merino et al., 2015; Li and Mooney,
2016; Sood et al, 2016; Oliva et al, 2017; Dimatteo et al,
2018). Hydrogels comprise crosslinked polymer networks, and
drugs smaller than the network mesh size can simply diffuse
through the hydrogel, whereas drugs larger than the mesh size
are entrapped in the hydrogel and released upon degradation
of the network. The polymer backbone and crosslinks can be
degraded by either slow hydrolysis of ester bonds or peptide
bonds, by the scission of thiol-based crosslinks, or by bio-
responsive mechanisms such as enzyme activity (Lutolf et al.,
2003; Zustiak and Leach, 2010; Wang, 2018). The degradation
of hydrogels in biomedical applications can be tuned based
on the local cellular environment by incorporating crosslinks
comprising peptides that are degradable by different types
of matrix metalloproteinases (Patterson and Hubbell, 2010).
Moreover, drug release from the hydrogel can be modulated by
incorporating non-covalent or covalent drug-matrix interactions
(Appel et al, 2015; Li and Mooney, 2016; Ruskowitz and
DeForest, 2018; Narayanaswamy and Torchilin, 2019). Non-
covalent interactions include electrostatic interactions such as
heparin and heparin binding proteins (Liang and Kiick, 2014;
Freudenberg et al., 2016), or hydrophobic associations such as
cyclodextrin and hydrophobic drugs (Mateen and Hoare, 2014).
Otherwise, covalent interactions can be designed using non-
cleavable and cleavable linkages between drugs and hydrogels
that are incorporated via reactions such as click chemistries (e.g.,
copper-free click, thiol-ene, Diels-Alder reactions, and oxime
and hydrazine ligation) and photochemistries (e.g., nitrobenzyl
and coumarin photocleavage reactions); these reactions also
are employed for hydrogel crosslinking (Christman et al,
2011; Yigit et al, 2011; Phelps et al., 2012; Ulrich et al,
2014; Kolmel and Kool, 2017; Ruskowitz and DeForest, 2018;
Palmese et al., 2019). Thus, the chemical tunability of hydrogels,
particularly their mesh size, crosslinking chemistry, and drug
interactions, enables fine-tuned control over drug transport
through the hydrogel.

Simple Diffusion

Extracellular matrix-based hydrogels for local drug delivery
not only support cells biochemically and mechanically
through cell-matrix interactions, but also release the drugs
into infiltrated cells. Since the hydrogel is formed by the
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crosslinked polymer network, the mesh space between polymer
chains allows the diffusion of liquid and small molecules
(Li and Mooney, 2016). Depending on the mesh size of
a hydrogel, small molecule drugs can diffuse through the
hydrogel and be released from the hydrogel for delivery to the
surrounding cells.

Due to its structural properties, collagen is often utilized
as the matrix for local drug delivery. A type I collagen
matrix on the surface of polyurethane films enhanced fibroblast
attachment, proliferation, and growth (Park et al, 2000).
While collagen matrices provide a physiologically inspired
microenvironment to cells, collagen also can control the
delivery of drugs such as small molecules, proteins, and genes
via simple diffusion and/or biodegradation. Collagen matrices
have been loaded with a variety of small molecules such as
antibiotics for wound care, cisplatin for local cancer therapy,
and anti-inflammatory reagents for tissue regeneration in
ophthalmology (Zilberman and Elsner, 2008; De Souza et al,
2010; Duxfield et al., 2016). Small molecule gentamicin-eluting
collagen matrix [Collatamp® (Schering-Plough, Stockholm,
Sweden), Sulmycin®-Implant (Schering-Plough, United States),
and Septocoll® (Biomet Merck, Germany)] have been used in
the clinic as wound care products to promote both granulation
tissue formation and epithelialization, and to protect tissues
from potential infection (de Bruin et al, 2010; Raja, 2012;
Chia et al., 2014).

In addition to small molecule delivery, proteins such as
growth factors can be loaded into the collagen matrix; for
example the delivery of bone morphogenetic protein (BMP)
from a collagen matrix has been shown to promote bone
formation. Recombinant human BMP-2 (rhBMP-2)-loaded
collagen matrices (INFUSE® bone graft and MASTERGRAFT®)
are available in the clinic to treat bone fracture and spinal
fusion (Li and Mooney, 2016). Clinical trials using INFUSE®
in spinal orthopedic trauma, and oral maxillofacial applications
have demonstrated the efficacy of INFUSE® to form de
novo bone (Figure 3A; McKay et al, 2007). The Garcia
group created a collagen mimetic peptide (GFOGER)-modified
PEG synthetic hydrogel to deliver BMP-2 to murine radial
critical-sized defects (Shekaran et al, 2014). The GFOGER-
modified hydrogel increased osteoprogenitor localization in the
defect site and sustained release of BMP-2 to enhance bone
formation and healing. In addition, the Garcia group investigated
RGD and GFOGER-modified PEG synthetic hydrogels for
the delivery of lysostaphin to treat Staphylococcus aureus
infections in bone fractures (Figure 3B; Johnson et al,
2018). Based on histological analysis, lysostaphin delivery
using the RGD/GFOGER-based PEG hydrogel system (UAMS-
1 + Lst) demonstrated the ability of the system to reduce
bacterial infection compared to the non-treatment control
(UAMS-1), and these materials were shown to promote
fracture repair of femoral bone in mouse such that the
resulting healed tissue was similar to sterile positive control
groups. A lysostaphin solution without hydrogel (UAMS-
1 + Sol.) failed both in reducing bacterial infection and in
improving bone repair. ECM-based hydrogel matrices create
a microenvironment conductive to supporting growth of

recruited cells while also controlling drug release to enhance
tissue regeneration.

ECM-Based Matrix and Drug/Carrier

Interactions

Drug release from ECM-based matrix is also dependent upon
drug-ECM interactions. Electrostatic and hydrophobic attractive
forces between drug molecules and ECM molecules can reduce
and/or prohibit drug diffusion through the network, leading to
prolonged drug retention and alternate controlling parameters
for release from the matrix. The electrostatic interactions between
highly negative polysaccharides and drugs are employed in the
sustained delivery/retention of many drugs. For example, Cool
and colleagues validated the delivery efficacy of BMP-2 using
thiol-modified hyaluronan (Glycosil™), and these materials
were compared to collagen sponges (e.g., as a mimic of INFUSE®
bone grafts) in terms of their influence on ectopic bone formation
(Bhakta et al., 2013). The electrostatic interaction between BMP-
2 and negatively charged hyaluronic acid hydrogels resulted in
a low burst followed by sustained release of BMP-2, whereas
collagen hydrogels showed high burst and sustained release of
BMP-2. The low burst and sustained release of BMP-2 from
hyaluronic acid hydrogels improved the bone formation to the
greatest extent in a rat intramuscular ectopic model.

Moreover, due to the ability of ECM molecules to interact
with growth factors, ECM molecules are utilized in DDS for the
sustained release of growth factors from hydrogel matrices. In
particular, heparin-based hydrogels have been widely employed
as growth factor carriers for tissue regeneration (Sakiyama-Elbert
and Hubbell, 2000; Tanihara et al., 2001; Jeong and Panitch, 2009;
Liang and Kiick, 2014; Freudenberg et al., 2016). Netti and co-
workers developed porous PEG-heparin hydrogels encapsulating
the angiogenic growth factor VEGEF. Because of the interaction
between heparin and VEGE, VEGF was released in a controlled
manner and the released VEGF promoted angiogenesis in vivo
(Oliviero et al., 2012). Also, the Werner group investigated
RGD-functionalized star PEG-heparin hydrogels with a variable
degree of heparin sulfation for controlled release of angiogenic
growth factors from the hydrogel and capture of inflammatory
chemokines in the hydrogel for the chronic wound healing
applications (Freudenberg et al., 2015; Lohmann et al., 2017).
In addition, the Hubbell group developed laminin-mimetic
peptides, which include heparin-binding domains, and employed
them to decorate a fibrin matrix for the delivery of VEGF-
A165 and platelet derived growth factor PDGF-BB in a chronic
wound treatment application (Ishihara et al., 2018). Since
the heparin-binding domain in laminin-mimetic peptides has
a strong affinity to syndecan cell surface receptors, as well
as to VEGF-A165 and PDGF-BB, the system enhanced cell
adhesion through interaction with syndecan, and also enabled the
sustained release of growth factors from the matrix (Figure 4A).
This resulted in promotion of wound healing in a type-
2 diabetic mouse. With a similar approach, the Christman
group applied decellularized ECM-derived hydrogels in heparin-
binding growth factor delivery systems for tissue regeneration
in the post-myocardial infarction (Seif-Naraghi etal., 2012).
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FIGURE 3 | Simple diffusion of drugs from ECM based matrices. (A) Computed tomography (CT) images for the efficacy of INFUSE® Bone Graft in clinical
applications (McKa