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Preface

“Supramolecular” chemistry is the study of weakly interacting assemblies of
molecules. It has many potential applications in medicine as well as in materials
science and catalysis. Supramolecular chemistry was very quickly used to simulate
cohesion and transport mechanisms in the human body for biomedical and thera-
peutic purposes. This modern chemistry has the ability to mimic the complex
mechanisms at work within the organism in order to better study and understand
them and to provide the appropriate treatments for better regeneration of the sick
living cell.

We present a series of papers on various subjects concerning medical applica-
tions that should have been the subject of an international symposium “New Trends
in Macromolecular and Supramolecular Chemistry for Biomedical Applications” to
be held in Iasi, Romania, on June 7–8, 2020, and which was postponed to 2022, due
to the COVID-19 pandemic.

Moreover, this book is the result of the research undertaken at the SupraChem
Lab, Laboratory of Supramolecular Chemistry for Adaptive Delivery Systems, led
by Dr. Mariana Pinteala and managed by Dr. Teodora Rusu in ICM “Petru
Poni,” Iasi (RO). SupraChem Lab project has benefited for the financial support
from the H2020 WIDESPREAD 2-2014: ERA Chairs Project no 667387:
SupraChem Lab Laboratory of Supramolecular Chemistry for Adaptive Delivery
Systems ERA Chair initiative.

This 5-year programme (2015-2020) has enabled some thirty researchers to
address the design, synthesis, and characterization of supramolecular entities for
biomedical applications such as gene therapy, mechanisms of transport through
tissues, supramolecular non-viral vector, DNA transfection, hydrogels for drug
delivery, tissue engineering, stimuli-responsive polymers, antimicrobial agents, and
markers for diagnostics.

We have brought in scientific personalities who have been willing to contribute
their experience and expertise but also to help our young, dynamic, and competent
team. Some of these extraordinary personalities are: Prof. Nadine Millot (ICB,
University of Bourgogne, Dijon–France), Prof. Luisa De Cola (ISIS Institut des
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Sciences et d’Ingenierie Supramoleculaires, University Louis Pasteur, Strasbourg—
France), Dr. Sylvia Wagner (Fraunhofer-Institut für Biomedizinische
Technik IBMT, Sulzbach–Germany), Prof. Claudiu T. Supuran (University of
Florence—Italy), Prof. Aatto Laaksonen (Institutionen för Material, University of
Stockholm—Sweden), Prof. Ulrich Scherf (Bergische Universität Wuppertal,
Wuppertal—Germany), Dr. Marc Baaden (Laboratoire de Biochimie Théorique,
UPR 9080 CNRS, Institut de Biologie Physico-Chimique, Paris—France), Prof.
Christoph Janiak (Heinrich-Heine-Universität Düsseldorf HHU, Düsseldorf—
Germany), Prof. Simon Webb (University of Manchester, Manchester—UK), Prof.
Sinda Lepetre-Mouelhi (Galien Institute, Paris-Sud U., Paris 11, Orsay—France),
Prof. Kurt V. Gothelf (University of Aarhus, Aarhus—Denmark), Prof. Stephane
Vincent (University of Namur, Namur—Belgium), and Prof. Ulrich S. Schubert
(University of Jena, Jena—Germany).

We would like to thank all the contributors who made this book a reality.

June 2020 Marc J. M. Abadie
ERA Chair

vi Preface



SupraChem Lab——Laboratory of
Supramolecular Chemistry for Adaptive
Delivery Systems—ERA Chair initiative

2020 marks the end of the implementation period of the Horizon 2020
SupraChem Lab ERA Chair initiative. In just five years, the project has reached its
main objective—the creation of a group of young researchers in the field of
supramolecular chemistry with applications in nanomedicine in the
Macromolecular Chemistry Institute Petru Poni, Iasi, Romania. Financed by the
European Union under the ERA Chair Initiative Horizon 2020
H2020-WIDESPREAD-2014-2 CONTRACT NO 667387, the project has been a
tremendous success under the attentive guidance of Prof. Emeritus Dr. Marc JM
Abadie University of Montpellier.

This initiative had benefited from the top infrastructure of the newly built
IntelCentre (Centre of Advanced Research in Bionanoconjugates and Biopolymers)
—a 5 M Euro Structural Funds investment. The Project Coordinator, Dr. Mariana
Pinteala, together with the Project Manager, Dr. Teodora Rusu, managed to
provide the newly created team with all the necessary conditions to conduct
high-level research.

During this fantastic period, 28 young researchers had been given the oppor-
tunity to receive a head start in applying the insights of supramolecular chemistry to
biomedical applications such as gene therapy, mechanisms of transport through
tissues, supramolecular non-viral vector, DNA transfection, hydrogels for drug
delivery, tissue engineering, stimuli responsive polymers, anti-microbial agents and
markers for diagnostics.

So, let us put SupraChem Lab under a microscope and see what it has accom-
plished throughout these wonderful five years:
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Looking forward to the future

SupraChem Lab has made a solid start in its five years of existence, managing to
find ways to self-sustain and grow; therefore, we are looking with great confidence
forward. Several prestigious names from both scientific and policy-making sectors
have been linked to SupraChem Lab. We can mention here Prof. Jean-Marie Lehn,
Nobel prize laureate 1987 in Chemistry, and Signe Ratso, Deputy Director-General
of the Directorate-General “Research and Innovation” (RTD).

Thus, the networking and connections developed during the project has helped
in the creation of scientifical ties that in turn lead to winning important research
projects (ex. mimicking living matter mechanisms by five-dimensional chemistry,
acronym 5D-nanoP project, coordinated by Prof. Aatto Laaksonen, Stockholm
University, Sweden, or a PD project: metal-organic frameworks based on fluori-
nated therphenilic ligands for gas storage and separation, acronym: FluoroMOF,
having Prof. Christoph Janiak as a mentor, Düsseldorf University, Germany, etc.),
projects that will ensure the sustainability of SupraChem Lab in the future.

viii SupraChem Lab——Laboratory of Supramolecular Chemistry



There had been a few bumps along the road, the biggest one being the fact that
the Final Conference on “New trends in Macromolecular and Supramolecular
Chemistry for Biomedical Applications” had to be postponed to June 2022, due to
the current COVID-19 pandemic. As a response to this situation, the book at hand
will provide an overview of the investigations conducted within the SupraChem
Lab together with notable research in the field developed by its collaborators
outside the project, paving the way towards a fruitful conference in the following
year.

Overall, the exploitation of results from this project can lead to the creation of
spin-off/start-up, new product, patent, PhD thesis/post, standard, service, societal
activity, open/copyleft licenses, further research, policy change, etc. In the long
term, our research will help in gene therapy, drug delivery, tissue engineering,
antimicrobial agents, and markers for diagnostics.

Olaru Natalia Loana

SupraChem Lab——Laboratory of Supramolecular Chemistry ix
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Approaches Towards Synthetic Signal
Transduction in Phospholipid Bilayers

Flavio della Sala, David P. Tilly, and Simon J. Webb

Abstract Synthetic signal transduction is an exciting new research field that applies
supramolecular chemistry in a membrane environment to provide insight into the
physical processes involved in natural signal transduction and to open new oppor-
tunities in synthetic biology, for example the integration of artificial signaling path-
ways into cells. Although it is still a developing field, we discuss a selection of recent
stimuli-responsive supramolecular constructs that, when embedded in the phospho-
lipid bilayer, canmimic aspects of the behavior of different natural signaling proteins,
including ligand-gated ion channels, G-protein coupled receptors and receptor tyro-
sine kinases. The lipid bilayer plays a key part in these biomimetic systems, as
this complex anisotropic environment provides challenges both when designing
supramolecular systems that function in the bilayer and when analyzing the data
they provide. Nonetheless these recent studies have provided key insights into how
the bilayer affects binding to, the conformation of, and catalysis by membrane-
embedded supramolecular constructs. If successful, these model systems promise to
be key components for bottom-up synthetic biology, the creation of artificial cells
and devices starting from molecular components.

Keywords Phospholipid bilayers · Vesicles · Supramolecular chemistry ·
Biomimetic chemistry · Signal transduction

Abbreviations

Aib α-amino-iso-butyric acid
ATP adenosine triphosphate
CFTR cystic fibrosis transmembrane conductance regulator
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DET diethylenetriamine
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine
DNA deoxyribonucleic acid
DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine
DOPE 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
E/M excimer/monomer
EDTA ethylenediaminetetraacetic acid
EGFR epidermal growth factor receptor
FRET Förster resonance energy transfer
GABA γ-aminobutyric acid
GDP guanosine diphosphate
GPCR G-protein coupled receptor
GTP guanosine triphosphate
h.e. helical excess
HPTS 8-hydroxypyrene-1,3,6-trisulfonic acid
HRE hormone responsive element
IR insulin receptor
nAChR nicotinic acetylcholine receptor
NMR nuclear magnetic resonance
PA 2-phenethylamine
PBC planar bilayer conductance
pLGIC pentameric ligand-gated ion channel
RTK receptor tyrosine kinase
SHR steroid hormone receptor
ss-NMR solid state nuclear magnetic resonance

1 Introduction

The cell membrane is a semipermeable physical barrier that defines the cell, giving
it a compartmentalized network of chemical reactions that do not freely interact
with constituents of the extracellular environment. The major component of the cell
membrane is a phospholipid bilayer, a noncovalent fluid assembly that is typically 3
to 4 nm thick and largely impermeable to hydrophilic molecules and small inorganic
ions. This impermeability to ions gives the membrane a key role in energy storage,
through the maintenance of transmembrane concentration gradients. The membrane
is also home to a large number of biomolecules including proteins, carbohydrates
and steroids, which have specific functions such as regulating interactions with the
extracellular environment, biocatalysis and using concentration gradients to drive
biosynthesis (Luckey 2008).

This barrier has to have controllable permeability, however, to allow specific
molecules to enter and exit the cell according to the demands of cellular metabolism.
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Some of the molecules that translocate through the bilayer act as messengers, and
the communication of information across the cell membrane is essential to coordi-
nate biological events with other cells and adapt to changes in the external envi-
ronment. Nature has developed many sophisticated mechanisms to sense, trans-
duce and process external signals, before converting them into complex intracellular
responses. The translocation ofmessenger molecules across themembrane can occur
by diffusion through the hydrophobic core of the bilayer (alone orwhen complexed to
carrier proteins) or by passage through a hydrophilic channelwithin a transmembrane
protein (either passive or active transport). Alternatively, the messenger molecules
may regulate the opening/closing (“gating”) of a channel protein to allow the transit
of other molecules.

Instead of physical mass transfer, the binding of messenger molecules to recep-
tors at the outer surface of the cells can initiate the transfer of information via trans-
membrane domains. Binding to a primary messenger can alter the conformation,
orientation or position of the transmembrane domains, and these global changes are
necessarily transmitted to the far side of the bilayer. This mechanism also allows
for signal amplification, as binding to the primary messenger molecule outside the
cell can initiate the catalytic production of a large number of secondary messengers
inside the cell. Despite being some of the most intensely studied protein families
in the proteome, the complexity of signal transduction processes involving large
proteins within a self-assembled lipid matrix makes the unambiguous interpretation
of biophysical data challenging.

Self-assembled artificial vesicles doped with synthetic molecules are widely used
to construct simplified systems that mimic aspects of the behavior of cell membranes.
Phospholipid vesicles reproduce somebasic features of the cellmembrane, an internal
aqueous compartment surrounded by a semipermeable barrier, yet are less complex
and simple to fabricate. Despite their apparent simplicity, the physical properties
of these self-assembled soft materials, such as anisotropy, chirality, low fluidity,
low permeability and variable thickness, make bilayers more complex environments
than isotropic solvent. Several of these properties depend on bilayer composition
and temperature, and can determine the behavior of any synthetic molecules within
the bilayers (Pintre and Webb 2013). Nonetheless since the receipt and relay of
messages is fundamental to the function of living organisms, a detailed understanding
of the physical processes that produce these features is a key objective in biomimetic
chemistry.

In this review we discuss a selection of recently published supramolecular
approaches to mimicking signal transduction processes, with a focus on systems
that are controlled by external stimuli, such as messenger molecules or light. There
are other recent reviews both in this area (Bekus and Schrader 2020; Vanuytsel et al.
2019) and in other related contexts, such as synthetic ion channels (Zheng et al. 2021)
and supramolecular chemistry in biomembranes (Webb2013;Barba-Bon et al. 2020),
which can provide useful alternative narratives. These recent reviews reflect rapidly
growing interest in this area, an area that is inspired by the complexity and elegance
of biological signaling processes.
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2 Natural Transmembrane Signaling Mechanisms

2.1 Protein Ion Channels

Natural ion channels regulatemany key functions, such as the transmission of electric
signals across the membranes of neurons and other excitable cells (Unwin 1989).
Other important examples include the cystic fibrosis transmembrane conductance
regulator (CFTR), which controls secretion and absorption in different types of
epithelial tissue (Saint-Criq and Gray 2017). It is not surprising that unregulated
function of ion channels gives rise to a series of diseases collectively known as chan-
nelopathies (e.g. epilepsy, myotonia, ataxia cardiac, arrhythmia and cystic fibrosis)
(Ptáček 1997; Gadsby et al. 2006). Many protein ion channels have a relatively
similar structure, with homologous domains within the membrane that delineate a
central pore for the channel. Passage through these protein ion channels is usually
“gated”, i.e. the channels are opened and closed by specific stimuli. Depending on
the gating mechanism, natural ion channels can be classified as being voltage-gated,
ligand-gated, light-gated or mechano-sensitive. Such gating is usually mediated by
a conformational change rather than a change in the extent of self-association of
multisubunit channels (Fig. 1a).

Voltage-gated ion channels form a large family whose gating activity depends on
changes in the potential difference across themembrane, and regulate the flux of Na+,
Ca2+ and K+ across the cellular membrane. The structure of voltage-gated K+ ion
channels has been elucidated in recent years, (Gulbis et al. 1999; Sands et al. 2005)
and a proposed mode of action described. The canonical model describes voltage-
gated K+ channels as transmembrane pores composed of four identical subunits
around a central ion conduction pathway. Each subunit consists of six α-helices
(S1–S6), with helices S5–S6 in the pore domain and transmembrane helices S1–S4
forming the voltage-sensing domain. The arginine-rich S4 helices are sensitive to
membrane (de)polarization, and are proposed to slide or screw in the direction of the
extracellular surface with subsequent relocation of the arginine residues to externally

Fig. 1 Schematic representations of a Ligand binding to an ion channel to allow passage of cations.
b Ligand induced dimerization of receptor tyrosine kinases (RTKs). P = phosphate. c Ligand
induced change in the conformational states of a G-protein coupled receptor (GPCR). d Ligand
(steroid) translocation through a membrane and binding to a steroid hormone receptor (SHR)
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facing pockets. This overall conformational change results in channel opening and
the diffusion of K+ ions down a concentration gradient.

Ligand-gated ion channels include cystic fibrosis transmembrane conductance
regulator (CFTR, ATP-gated) and nicotinic acetylcholine receptors (nAChRs,
acetylcholine-gated). The latter belongs to the pentameric ligand-gated ion channel
(pLGICs) class, which are involved in processeswhere a neurotransmitter released by
synapses induces the transmission of action potential between neurons or between a
neuron and a muscle (Herrington and Arey 2014). Channels binding γ-aminobutyric
acid (GABA), serotonin, glycine and glutamate also belong to this class of gated
ion channels. The general structure comprises five subunits that form a pentameric
channel. Each subunit contains a large extracellular domain with a characteristic
disulfide bridge formed by a pair of cysteine residues. The structure of glutamate
receptors is slightly different, with a large extracellular domain, an extracellular
ligand binding domain and a characteristic transmembrane domain formed by two
helical subunits that open/close the channels in a ‘clamshell’ fashion (Zhu et al.
2016).

Light-gated ion channels are extremely rare in nature, with channelrhodopsin the
only example currently known (Nagel et al. 2002). Structurally similar to rhodopsin
(see below), channelrhodopsin contains all-trans-retinal as the isomerizable chro-
mophore. The chromophore domain is covalently linked to a seven-segment trans-
membrane domain, and upon absorption of blue light a configurational change
from all-trans to 13-cis-retinal induces conformational change of the transmembrane
domain with consequent opening of the pore.

Mechano-sensitive channels are a class of membrane-embedded proteins whose
gating mechanism is dependent on external mechanical stimuli (Haswell et al. 2011).
Senses of touch, hearing and balance involve the presence ofmechano-sensitive chan-
nels, as well as the regulation of the cardiovascular system and osmotic homeostasis.
Several models are proposed for the functioning of mechano-sensitive channels.
One relies on the change of membrane tension caused by application of mechanical
stress, which induces channel opening as a result of the transmitted force producing
a conformational change in the membrane-embedded domains. Alternatively, the
transmembrane channel can have an extracellular gating system connected to an
extramembrane structural component (e.g. cytoskeleton or peptidoglycan). In this
case movement of the extracellular component transfers mechanical force to the
extracellular gating system, resulting in the regulation of the channel activity.

2.2 Receptor Tyrosine Kinases (RTKs)

Receptor Tyrosine Kinases (RTKs) are a large family containing important receptors
such as the epidermal growth factor receptor (EGFR) and the insulin receptor (IR).
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RTKs play a crucial role in several cellular activities from cell growth to differen-
tiation, migration and metabolism (Schlessinger 2000). RTKs are strongly associ-
ated with tyrosine kinases, enzymes which catalyze phosphoryl transfer to tyrosine
residues from ATP.

The general structure of RTKs comprises an extracellular binding domain
connected to a cytoplasmic domain by a single transmembrane helix (Fig. 1b).
The activation mechanism relies on the binding of a ligand to the RTK extracel-
lular binding domain. For instance, EGF binding induces dimerization of the RTK
monomers, as a result of lateral movement of the transmembrane helices. Alterna-
tively, the ligand can induce conformational change of a pre-formed inactive dimer,
as in the case of insulin (Hubbard 2004). The active dimer induces the switch-on
of the catalytic activity of tyrosine kinases and, hence, the activation of domains
towards cytoplasmic enzymes that migrate to the membrane. The result is the onset
of multiple signal cascades from a single extracellular binding event, providing the
characteristic signal amplification properties showed by RTKs.

2.3 G-Protein Coupled Receptors (GPCRs)

G-ProteinCoupledReceptors (GPCRs) are a family of seven-transmembrane domain
receptors that associate with heterotrimeric proteins able to bind guanosine triphos-
phate (GTP), known as G-proteins. GPCRs are evolutionary conserved in many
species and are important for the senses of light, smell and taste (Fig. 1c) (Tompa
2016). GPCRs respond to a large variety of external primary messengers, which
activate multiple signal cascades. The binding of an agonist to an extracellular
domain induces a subsequent conformational change in the transmembrane domains,
producing a net change in the relative positions of some transmembrane domains.
Thus, the binding event is transmitted from the cell exterior, through the membrane
to activate a specific intracellular response. In the basal state, three subunits are
associated (Gαβγ). Upon binding of the incoming ligand, Gα undergoes a confor-
mational change, exchanges its bound GDP for GTP and dissociates from the βγ

heterodimer. In this activated state, both Gα and Gβγ subunits can independently
interact with effector proteins. For instance, transmembrane adenylyl cyclase binds
the Gα subunit by means of its cytoplasmic catalytic domain (Tesmer et al. 1997).
The domain undergoes a conformational change to activate the production of cyclic
adenosine monophosphate (cAMP), which is involved in muscle relaxation. On the
other hand, the Gβγ subunit has been found associated to voltage-dependent Ca2+

channels for the controlled release of neurotransmitters at synapses (De Waard et al.
1997).

Rhodopsin, which is involved in the sensing of light, is probably the most studied
GPCR (Manglik and Kobilka 2014; Palczewski et al. 2000). Rhodopsin is bound
to 11-cis-retinal, which upon illumination by light isomerizes to all-trans-retinal
and induces a conformational change in the neighboring rhodopsin domain. The net
change in rhodopsin shape allows binding and activation of the G-protein transducin.
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In this light-activated mode, it has been established that a single rhodopsin can
activate hundreds of transducin proteins resulting in highly efficient amplification of
the signal.

2.4 Steroid Hormone Receptors (SHRs)

The activation of signal proteins as a result of translocation of a messenger molecule
is an alternativemechanismof signal transduction. This behavior is clearly elucidated
by steroid hormone receptors (SHRs) (Klinge 2018; Griekspoor et al. 2007). SHRs
are a large family of nuclear receptors that play a key role in physiological functions
such as organdevelopment andmetabolite homeostasis.Alterations in these functions
are involved several diseases, for instance breast cancer.

The general structure of SHRs comprises many independent functional domains.
The DNA-binding domain is the most conserved among all SHRs with characteristic
zinc-fingermotifs. The ligand-binding domain is usually formed by twelve α-helices.

All SHRs share a similar mechanism of activation (Fig. 1d). Upon translocation
to the cytoplasm by passive diffusion, the hormone binds the ligand-binding domain
followed by a rapid relocation of the SHR to the nucleus. Here, SHRs undergo homol-
ogous dimerization form active species that are able to bind specific DNA regions,
called Hormone Responsive Elements (HREs), through the zinc-finger motifs. This
binding event induces recruitment of other co-factors which regulate gene transcrip-
tion. Location to the nucleus is ligand- and concentration-dependent. Gene transcrip-
tion can be modulated by receptor antagonists, proteasomes, and other signaling
pathways.

3 Artificial Signal Transduction

3.1 Reversible Control over Synthetic Ion Channels

Much like the natural examples, the activity of artificial voltage-gated ion chan-
nels is regulated by the transmembrane potential. An early example was reported
by Kobuke and co-workers (Kobuke et al. 1995). The system comprises ion
pairs of tetra(butylene-1,4-glycol) monobutyl ether phosphate monoesters and
di(octadecyl)dimethylammonium cations. Planar bilayer conductance (PBC) studies
of these ion pairs revealed a positive voltage dependence of the opening and closing
times, with the ion channels in an open state at higher voltages. It was suggested that
the amphiphilic molecules self-assemble with a tail-to-tail orientation to form half-
channels in each membrane leaflet. Upon application of a voltage, the half-channels
move laterally to form supramolecular constructs with an uneven charge density at
the two sides of the bilayer, resulting in a net dipole moment. The mechanism was
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further clarified by inserting asymmetric derivatives in a planar bilayer (Goto et al.
2001). These species bear a combination of carboxylate and phosphate groups whose
different extent of deprotonation at slightly basic pH allowed voltage-gated ion chan-
nels with rectifying properties to form. The concept of asymmetry was further inves-
tigated by Fyles and co-workers, who reported voltage-gated ion channels formed by
bis-macrocyclic bolaamphiphiles (Fyles et al. 1998). PBC studies showed a current-
voltage response similar to that shown by the archetypical peptaibol alamethicin,
which has well-studied ion channel activity (Woolley and Wallace 1992). Matile
and co-workers proposed an alternative design based on rigid rod-like p-octiphenyl
scaffolds able to completely span the bilayer (Sakai et al. 2001, 2003). A series of
pendant azacrown moieties provided a unimolecular ion-conductive pathway. PBC
and fluorescence-based studies, performed using both planar bilayers and synthetic
vesicles, confirmed that the voltage-gated ion channel activity is closely related to the
alignment of the axial rods upon application of a transmembrane potential. The ion
channel activity was similar to that shown by α-helical natural antibiotics (Kobayashi
et al. 2000). Hou and co-workers proposed an alternative strategy, using voltage to
reversibly control the insertion of channel molecules within lipid bilayers (Fig. 2a)
(Si et al. 2014). Inspired by the arginine-rich S4 domain of natural voltage-gated
K+ channel (see above), Hou designed a series of arginine-rich pillar[5]arene trans-
membrane species (1a–1d). Similarly to its natural counterpart, these pillar[5]arene
species can be reversibly inserted/removed from the bilayer by applying voltages of,
respectively, −100 and +100 mV. Recently, Roh, Kim and co-workers showed that
shape-resistant organic cages can give weakly voltage-gated channels (Benke et al.
2017). These cages, based on porphyrin units, are assembled by dynamic covalent
chemistry and showed selectivity for anions. Successfully incorporated into cellular
membranes, these porphyrin cages mediated iodide flux across the cell membrane.

The ligand-mediated formation of artificial ion channels has been very popular
in the last two decades and many examples are now available (Talukdar et al. 2005).
Nonetheless, achieving reversible ion channel activity by addition/removal of these
ligands has proved to be more challenging. Futaki and co-workers designed an arti-
ficial channel peptide with an alamethicin segment connected through a flexible
tetraglycine to a leucine zipper portion derived from the cFos protein (Fig. 2b)
(Kiwada et al. 2006). The alamethicin portion inserts within the membrane. The
extramembrane leucine zipper bears a pair of lysine side-chains functionalized with
iminodiacetic acid (Ida), which are able to complex Fe(III) ions. In the absence of
Fe(III) ions, the extramembrane leucine zipper adopts a helical conformation that
promotes self-association. This conformation is destabilized upon complexation to
Fe(III) ions, which allows a channel to open and is revealed by PBC studies as an
increase in the channel current level. The ion channel opening was reversed upon
the addition of excess EDTA, which complexes the Fe(III) ions and regenerates the
helical conformation of the extramembrane segment; an elegant example of changes
in conformation producing switching of channel activity. An assembly/disassembly
approach to cation-mediated artificial ion channel formation was developed byWebb
and co-workers, who created pyridyl-cholate conjugates able to be dimerized within
the membrane by Pd(II) ions (Wilson and Webb 2008; Wilson et al. 2011). The
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Fig. 2 Artificial ion channels with reversible control. a Voltage-gated ion channels. Adapted with
permission from reference (Si et al. 2014). Copyright 2014 JohnWiley and Sons. bLigand-gated ion
channels. Adapted with permission from reference (Kiwada et al. 2006). Copyright 2006 American
Chemical Society. c Light-gated ion channels. Adapted with permission from reference (Zhou et al.
2017). Copyright 2017 Royal Society of Chemistry. dMechano-sensitive ion channel. Adaptedwith
permission from reference (Muraoka et al. 2017). Copyright 2017 American Chemical Society

activity of these self-assembled multimeric ion channels could be reversed by addi-
tion of hexathia-18-crown-6, which as strong chelator for Pd(II) ions dissociated
the membrane-spanning complexes. More recently, Peters et al. showed that metal
ion-gated artificial ion channels could also have antibiotic activity. They demon-
strated the switch-on of ion channel activity by Cu(II) complexation to chelating
octameric α-aminoisobutyric (Aib) foldamers (Peters et al. 2020). PBC and vesicle
studies showed that complexation increased ionophoric activity, with X-ray crystal-
lographic analysis supporting the formation of multimeric channels by the Cu(II)
complexes as well as a direct interaction between anions and the foldamer backbone.
Activity in vesicles could be reversed upon EDTA addition, and the increased activity
of the Cu(II) complexes in vesicles corresponded with increased antibiotic activity.

Ion channel activity can be controlled by organic ligands instead of metal ions.
Recently, Kinbara and co-workers illustrated this principle using synthetic chiral
receptors able to bind 2-phenethylamine (PA) (Muraoka et al. 2014). The channel
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monomer is an amphiphile that adopts a bent conformation when embedded in artifi-
cial vesicles due to stacking of its diphenylacetylene units. Conductance studies of the
vesicle-embedded systems in the presence of PA showed ion channel activity, which
could be reversed after addition of β-cyclodextrin, a good host for PA (Rekharsky
et al. 1995). Alternatively, organic ligands can be used in a blocking/unblocking
approach to switching activity. An elegant example of an organic ligand-gated arti-
ficial ion channel has been recently reported by Nitschke and co-workers (Haynes
et al. 2017). The channel is formed through the self-assembly of pyridyl ligands
(L) around Zn(II). X-ray crystallography showed Zn10L15 pentagonal prisms with
bromide accommodated in the channel-like cavity. PBC measurements of Zn10L15

showed channel behavior, while HPTS assays revealed selective transport of halide
anions (Cl− < Br− < I−) over larger anions. Crucially, channel activity could be
switched off by the addition of dodecyl sulfate, which was proposed to block the
entrances and exits of the membrane-embedded channels. Calixarenes can also give
efficient artificial ion channels, as reported by Li, Chen and co-workers (Hu et al.
2019). In this case, ion channel activity couldbe switchedoff by additionofmethylene
blue, a common cavity binder for calixarenes.

Unlike in the natural world, several examples of synthetic light-switchable ion
channels are known. Schreiber and co-workers reported an example of a light-gated
artificial ion channel in 1991 (Stankovic et al. 1991). They functionalized grami-
cidin monomers with the linker 3,3’-azobis(benzeneacetic acid) to give photoactive
dimers. Photoisomerization and conductance studies of the azo-linked dimer in artifi-
cial vesicles in the dark demonstrated that unimolecular ion channels did not form as
the molecules are in the inactive trans configuration. Photoactivation to the cis form
produces a relative change of position of the gramicidin subunits, inducing alignment
of their interior pores and ion channel activity. The cis/trans isomerization of azoben-
zene moieties is a versatile switch, and has also been exploited in channels reported
by Woolley, (Lien et al. 1996) Kobuke, (Kobuke and Ohgoshi 2000) and Gin (Jog
and Gin 2008). Alternatively, Hou, Liu and co-workers exploited the light-induced
E/Z isomerization of the C=N bonds of acylhydrazone units to realize light-gated
reversible ion channels (Fig. 2c) (Zhou et al. 2017). Acylhydrazone substituted crown
ether triads stack on top of each other (2E) to give a self-assembled supramolecular
transmembrane channel with selectivity for NH4

+ and K+ ions. However, this ion
transport could be switched off by irradiation with 320 nm UV light (to give 2z),
then switched back on by 365 nm UV light.

Studies on mechano-sensitive artificial channels are rare, but an example has
been reported by Kinbara and co-workers (Fig. 2d) (Muraoka et al. 2017). These
artificial channels, formed by oligomers composed of alternating oligo(ethylene
glycol) chains and 3,3’-dimethyl-5,5’-bis(phenylethynyl)-2,2’-bipyridine units (3)
in membranes, mimic the domain structure of multipass transmembrane proteins.
When embedded in synthetic bilayers, changes in membrane tension cause these
amphiphiles to change the extent of stacking interactions between “domains”, which
modulates ion transportation.
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3.2 Mimics of TKRs

Instead of ligand-induced changes in conformation allowing a chemical message
to pass through the bilayer, TKRs use ligand-induced changes in position in the
membrane to relay a message. The formation of a termolecular (or higher order)
active complex involving two or more membrane-embedded components makes this
a mechanistically distinct process. The membrane phase state or extent of phase
separation in the membrane should play a key role in these intermembrane aggrega-
tion processes. Furthermore, unlike ion channels, TKR-mediated signal transduction
occurs without physical transport of molecules or ions across the membrane.

Hunter,Williams and co-workers were the first to explore these issues, by creating
a simple mimic of TKR-mediated signal transduction (Fig. 3a) (Barton et al. 2002).
In the place of the membrane-spanning domains of TKRs, a transmembrane section
was formed by linking two molecules of cholenic acid through a tail-to-tail dialkyne
bridge. The two termini were decorated with cysteine residues to give 6 and provide
access to thiol-disulfide exchange chemistry, with the termini of one portion of dimer
6 transformed into a chromogenic disulfide (i.e. 6 to 4). Both 6 and 4were embedded
in artificial vesicles, then the system activated by tri(3-sulfonatophenyl)phosphane
under slightly acidic conditions, a charged reducing agent that does not cross the
lipidmembrane. This phosphane reduces any external disulfides to the corresponding
thiols (i.e. 4 to 5) but leaves the internal disulfides intact. Now ‘activated’, the external
thiols are oxidized to disulfides, such as 5•6 by the addition of potassium ferri-
cyanide (i.e. the external messenger, step [O] in Fig. 3a). This oxidative sensing
event induces dimerization of the membrane-spanning bis(steroids). The external
dimerization pulls the reactive groups at the interior of the membrane into close
proximity, accelerating the release of the secondary messenger (the chromophore
pyridine-2-thiol, 7) as this thiol/disulfide displacement becomes a fast intramolecular
reaction.

In a following study, the membrane-spanning bis(steroid) unit was re-designed to
demonstrate that this dimerization process shows cooperativity (Fig. 3b) (Dijkstra
et al. 2007). The bis(steroid) core was labelled at the termini with fluorescent dansyl
groups, with copper(II) ions acting as messengers that quench the fluorescence upon
bindingwith the dansyl group. Due the formation of higher stoichiometry complexes,
(Doyle et al. 2003) binding to Cu(II) induces aggregation of the membrane-spanning
bis(steroid) molecules (Fig. 3b, left). Comparison with a control monomer that does
not span themembrane revealed that affinity for Cu(II) was higher for themembrane-
spanning dimers, as shown by stronger fluorescence quenching. This increase in
affinity (i.e. high Kint , Fig. 3b, left ) was attributed to transmembrane cooperativity
producing tighter binding to Cu(II) in the vesicle lumen. Unlike the thiol/disulfide
system developed previously, this artificial signal event involves species at equilib-
rium; a messenger on one side of the membrane leads to cooperative binding on the
opposite side of the membrane.



12 F. della Sala et al.

Fig. 3 Schematic representations of bio-inspired signal transduction based on dimerization of
membrane-spanning systems within artificial bilayers. a Release of a secondary messenger as
result of membrane-spanning dimerization (Barton et al. 2002). b Cooperativity of transmembrane
spanning receptors (Dijkstra et al. 2007). c Complexation of adrenaline (red) inducing release of
a secondary messenger (Schrader et al. 2006). d FRET induced by formation of ternary complex
with DET (red) (Bernitzki and Schrader 2009)

In the quest to develop systems able to recognize natural primary
messengers, Schrader and co-workers modified bis(lithocholate) membrane-
spanning molecules to introduce an alternative non-covalent approach for signal
transduction (Schrader et al. 2006). They decorated the terminus facing the exterior
of the bilayer with m-xylylene bisphosphonate dianion and aminomethylphenyl-
boronic acid moieties (Fig. 3c); these two fragments were designed to form a ternary
complexwith adrenaline. In thisway, an excess of adrenaline (the primarymessenger)
facilitated the dimerization of vesicle-embedded bis(steroid) lipids by forming a
supramolecular complex (8•9). This external dimerization induced intermolecular
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cyclization at the vesicle interior as described above, with release of pyridine-2-thiol
7 as secondarymessenger.However, the release of the secondarymessenger could not
be unambiguously proven because the detection system was not sufficiently specific
and sensitive. This issue led to a re-design of the membrane-spanning systems to
demonstrate that their non-covalent approach was indeed capable of signal transduc-
tion (Bernitzki and Schrader 2009). They developed two different unsymmetrical
transmembrane units (10 and 11, Fig. 3d) in order to have the recognition system
for the primary messenger at the vesicle exterior and a FRET couple at the interior.
In this way, the formation of the ternary complex of the primary messenger facili-
tated the dimerization of the membrane-spanning systems, bringing the fluorescence
dyes into sufficient proximity to observe FRET. Further studies demonstrated that
the binding of the primary messenger, the resulting signal transmission, and subse-
quent release of the secondary messenger are strictly unidirectional. Importantly the
effect of membrane fluidity on this intramembrane reaction was explored, with fluid
DMPC bilayers providing a background reaction that is too high but gel-phase DPPC
bilayers slowing the signaling reaction too much; a 3:1 mixture of the two was the
optimized mixture (Bernitzki et al. 2012).

3.3 Mimics of GPCRs

Unlike mimics of RTKs, where bringing two transmembrane units together may
be very sensitive to membrane fluidity and phase separation, mimics of GPCRs
should combine binding of an external ligand with conformational change in a single
embedded transmembrane molecule. To this end, Clayden, Webb and co-workers
have explored an artificial transmembrane signaling strategy that employs dynamic
foldamers with two interconverting conformations (Le Bailly and Clayden 2016).
These synthetic receptors are 310 helical α-aminoisobutyric acid (Aib) oligopep-
tides able to alter their screw sense distribution in response to specific chemical
or physical stimuli. The stereochemical information inherent in 310 helix handed-
ness is transduced over distances commensurate with the foldamer length (rise per
residue 0.194 nm),where it can be translated into specific outputs. These hydrophobic
foldamers are soluble in several organic solvents and the Aib oligopeptide also acts
as a hydrophobic anchor that promotes receptor insertion into the phospholipid
bilayer; indeed natural Aib-rich peptaibols work as membrane-disrupting fungal
antibiotics (Toniolo and Benedetti 1991). Aib oligopeptides of ≥4 residues adopt
stable hydrogen-bonded 310 helical conformations with no inherent screw sense
preference. The two helix conformations (M and P enantiomers) have a low energy
barrier of inversion (ΔG‡ = 46 kJ mol−1 at−8 °C) (Solà et al. 2011) and interconvert
on a timescale of submilliseconds at ambient temperature. Aib is achiral, so both P
and M helices are present in equal proportion. However, a chiral amino acid at a
terminus (typically the N-terminus) induces a preference for either the left- or the
right-handed screw sense (Pengo et al. 1998).
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To this Aib foldamer core, C-terminal spectroscopic probes can be added to report
on changes in the relative populations ofM andP helices. 1H, 13C and 19FNMR spec-
troscopic probes have been extensively used to quantify this helical excess (h.e., the
fractional excess of P orM helices), including probes that are inherently achiral (e.g.
the methylene protons of glycine) or chiral (e.g. Aib enantioselectively 13C labeled
at a methyl group); the latter can identify which helical conformation predominates
(Solà et al. 2011; Clayden et al. 2009; Solà et al. 2010; Pike et al. 2013). More
recently, fluorescent probes have been developed, which can be employed in complex
environments and can provide additional information, e.g. allowing visualization in
bilayers by fluorescence microscopy. However, unlike NMR probes, a fluorescent
probe needs to be chiral to allow changes in the P to M helical ratio to be detected
using standard fluorescence spectroscopy. One example of this is a conformation-
ally sensitive bis(pyrene) probe (Fig. 4b, blue) that exploited the high sensitivity of
excimer emission to interpyrene distance. A series of Aib foldamers were attached
at their C-terminus to the acetamide of (S,S)-1,2-bis(pyren-1’-yl)ethylenediamine.
X-ray crystal structures indicated that one helix screw sense gave widely separated
pyrene groupswhile the other had these groups close in space. Fluorescence emission
mirrored these observations, with an increase in excimer/monomer (E/M) fluores-
cence emission ratio correlatingwith an increase in the proportion ofP helix. Transfer
of these receptors to a bilayer environment showed that this correlation of E/M with
h.e. was maintained, although the spectroscopic changes were weaker and an M
helix gave the higher E/M ratio. The latter effect was the reverse of that observed

Fig. 4 Schematic representations of approaches to bio-inspired signal transduction based on confor-
mational change of membrane-spanning systems. a Light induces a conformational change in an
azo-benzene (orange) substituted Aib foldamer 12 that bears a 19F ss-NMR reporter (green) (De
Poli et al. 2016). b Binding to chiral carboxylate 14 (red) induces conformational change in a Aib
foldamer 13 that bears a metal complex (grey) and a bis(pyrene) fluorescence reporter (blue) (Lister
et al. 2017)
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in organic solvent and was ascribed to changes in the reporter conformation (Lister
et al. 2018). It was also found that phospholipid chirality had an influence on global
conformation, although it is unclear how strong this influence is.

Several types of stimuli for responsiveAib foldamerswere investigated in solution
prior to membrane studies (Le Bailly and Clayden 2016). An important example
had a boron-containing N-terminus that bound chiral diols. Competitive reversible
binding to diols was demonstrated in methanol, including of adenosine, which is
a natural signaling molecule for purinergic receptors. Successive displacement of
diols with low association constants by more strongly coordinating diols of opposite
configuration allowing switching of the helix between left- and right-handedness
(Brown et al. 2013). Despite these promising observations, the diol/boronic acid
interaction was found to be much weaker at a bilayer interface, which prevented
development of these receptors into mimics of ligand-activated GPCRs.

Not all GPCRs are ligand activated, however; rhodopsin undergoes a conforma-
tional change in response to light-induced photoisomerization (Manglik and Kobilka
2014; Palczewski et al. 2000). This was the inspiration for photo-responsive GPCR
mimic 12 (Fig. 4a) consisting of an Aib foldamer core, with an azobenzene-2-
carboxamide capped L-valine residue at its N-terminus and a 19F NMR probe at
the C-terminus (De Poli et al. 2016). Validation studies in methanol showed that
E/Z photo-isomerization of the azobenzene altered the global conformation of the
helix: azobenzene in its Z configuration gave no measurable preference for a P or
an M helix, while the E configuration induced a preference for a left-handed helix.
For membrane studies, a 2,2’-difluoroAib probe was used as lipid signals obscure
most 1H and 13C NMR probe signals and the membrane environment broadens 1H
NMR signals. The receptors were embedded in themembranes of multilamellar vesi-
cles prepared from 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, hydrophobic
region ca. 2.88 nm thick). DOPC was hoped to provide a very fluid matrix, which
would permit fast conformational interchange on the NMR timescale. The NMR
experiments confirmed that the foldamers localized in the bilayer and the chirality of
theDOPChad no significant influence on the screw sense of these helical compounds.
Furthermore, linear dichroism showed that anAib8 core favors a perpendicular orien-
tation relative to the bilayer surface (Lizio et al. 2021). The change in population
distribution betweenM and P helices upon light irradiation was monitored by solid-
state magic angle spinning 19F NMR spectroscopy (19F ss-NMR). Using foldamers
made of four Aib units, they showed azobenzene photo-isomerization (illumination
at 365 nm for 5 min) in the membrane altered the helical conformation, going from
65% M population for the E isomer to an almost equal population of P and M
helices for the Z isomer. Illumination at 455 nm switched the azobenzene back to
an E configuration and restored the initial screw sense preference; multiple photo-
switching cycles could be carried out. A longer foldamer made of eight Aib units
(three helical turns, with a length commensurate with the hydrophobic region thick-
ness) showed similar behavior in membranes, switching from a screw-sense pref-
erence to no preference and back. Thus, the system communicates conformational
information along its several nanometer length within a membrane environment,
although there was clearly weaker conformational induction. Solid-state NMR was
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shown to be an important analytical tool in the field, but also to have a number of
practical disadvantages: it requires high concentrations of vesicles, conditions that
can perturb the vesicle structure (spinning rate of 10 kHz) and long acquisition times
that prevent real-time dynamic detection of conformational change.

The (S,S-BisPyrEt)NHAc reporter (Fig. 4b, blue) can overcome many of these
signal reporting issues. An Aib8 oligopeptide with this fluorescent reporter at its C-
terminus was equipped at its N-terminus with a water compatible, Cu(II)-containing
binding pocket (Lister et al. 2017). This metallofoldamer was studied first in acetoni-
trile and then in the membranes of large unilamellar DOPC vesicles. In organic
solvent, the addition of chiral carboxylate (either Boc-L-Pro or Boc-D-Pro 14) to
the metallofoldamer induced circular dichroism signals of opposite sign at 239 nm,
as binding to the messengers led to opposite propeller conformations around the
binding pocket. Crucially, non-covalent binding of these messengers also led to a
change in E/M emission ratio from the distant C-terminal reporter. These studies in
organic solvent confirmed that local conformational preferences are relayed to the
remote fluorescent probe through a global change in helical handedness. Further-
more, analysis of the binding data obtained showed that this reversible non-covalent
binding was tight in acetonitrile, with estimated affinities of 106 M−1; much stronger
than the diol/boronate interaction studied previously.

The artificial receptors were added to a suspension of DOPC vesicles and the
migration into the phospholipid bilayers was monitored by fluorescence microscopy.
Analysis of the spectral emission suggested that the C-terminal pyrenes were in
a polar environment, perhaps close to the interface with water at the inner side
of the membrane. The receptor-embedded vesicles were titrated with L-Pro or D-
Pro carboxylates, and circular dichroism showed that the propeller induction at the
binding site occurred with the same sense as in solution. Binding to the messenger
molecules also induced a relay of conformational change along the receptor deep
into the bilayer, transducing the stereochemical information in the messengers to the
pyrene fluorophores positioned ~2.6 nm away. As found for the covalently controlled
analogues (Lister et al. 2018), the effect of the ligands on the reporter emission
spectra was opposite to that observed in acetonitrile, with D-Pro now increasing the
excimer emission. Competitive binding between an ‘agonist’ and an ‘antagonist’
was also demonstrated: the addition of the messenger molecule Leu-enkephalin (a
natural agonist for the μ- and δ-opioid receptors) resulted in an increase in E/M
ratio, which could be inverted by competitive binding of L-BocPro. The work shows
both the binding and conformation relay of GPCRs can be mimicked with synthetic
molecules (albeit with weaker ligand affinities and a weaker relay), although further
essential functions need to be added, such as signal amplification.

4 Translocation Approaches

Hunter, Williams and co-workers created a new type of transmembrane signal trans-
duction, with transmission of information across vesicle bilayers without transfer of
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physical matter into the aqueous lumen, which although related to steroid transloca-
tion is largely orthogonal to known biological signaling processes. Importantly, this
system is able to catalytically generate secondary messengers, a signal cascade that
has analogy with biological transduction mechanisms. This work also illustrates how
a purely synthetic approach can give access to signal transduction pathways beyond
those found in biology.

Their strategy features the controlled translocation across a membrane of a
synthetic transducer that is embeddedwithin a bilayer but too short to span it (Fig. 5a)
(Langton et al. 2017a). The transducer is equipped with two different functional
groups. One is a sensor head that reads extracellular signals, and the second func-
tional group is a pro-catalyst, either in its inactive formwhen buriedwithin the bilayer
or in its active form when protruding at the inner surface of the vesicle bilayer into

Fig. 5 Schematic representations of approaches to bio-inspired signal transduction based on
translocation of a catalytically active steroid. aA stimulus outside the vesicle controls the transloca-
tion of the steroid into the lumen, where it complexes to Zn(II) (black square) to make a catalytically
active oximate that hydrolyses an internal ester (grey). R=Me for the generation of the HPTS fluo-
rescent probe (green) only or R= 2-naphthyl for the co-generation of a surfactant that permeabilizes
the bilayer (Langton et al. 2017a, b). b Translocation control exerted by protonation/deprotonation
(Langton et al. 2017a). c Translocation control exerted by Cu(II) complexation/decomplexation
(Langton et al. 2017c)
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the vesicle lumen. The motion of the transducer between the outer and the inner
surface of the lipid bilayer is driven by extravesicular signals.

The transducer core is made of lithocholic acid; its planar structure is thought to
favor a perpendicular orientation in the bilayer. The rigidity and length of the steroid
core should allow only one of the functionalized termini to stick out into aqueous
solution at any time. Vesicles were prepared from mixtures of the transducer with
DOPC and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and encapsu-
lated a pH 7 buffered aqueous solution containing zinc cations and a reactant. The
choice of lipid is crucial, as this mixture should be fluid yet also maintain a trans-
membrane pH gradient. Although a statistical distribution of orientations within the
lipid bilayer is obtained, only the transducers with sensor heads pointing outwards
can respond to exterior chemical signals. The polarity of the sensor head switches
by interacting with chemical signals from outside of the vesicle (Fig. 5b,c); the other
end bears the non-polar pro-catalyst that becomes polar upon coordination to Zn(II)
inside the vesicle. Control over molecular motion across the lipid bilayer exploits
the preference of polar groups to sit in an aqueous phase and non-polar groups to be
embedded in the bilayer core.

Initially N-alkylmorpholine (pKa 7.4) was chosen as a sensor head as changing
the pH (between 7 and 9) outside the vesicles switched the polarity of the head
group by protonation/deprotonation (Fig. 5b). For example, receipt of an external
pH 9 signal decreases the polarity of the sensor heads through deprotonation; this
switching from polar to non-polar gives transducers with two non-polar termini,
which are free to diffuse across the bilayer. Now the pro-catalyst group (an oxime)
can be activated by complexation to the zinc(II) cofactor in the aqueous lumen, to
give a polar catalyst head that locates the transducer at the inner surface of the vesicle
bilayer. This Zn(II) oximate in turn catalyzes the hydrolysis of a non-fluorescent ester
inside the vesicle aqueous lumen to produce a fluorescent secondmessenger. Both the
reactant and the hydrolysis product were chosen to be highly charged so they could
not leak out of the vesicles, and the reaction inside the vesicles could be monitored
by fluorescence microscopy. The position of the transducer is under equilibrium
control, so loss of the chemical signal outside the vesicle reverses translocation of
the transducer. A lower external pH switches off catalysis due to the affinity of the
sensor head (amine) for the extra-vesicular signal (H+) being higher than that of the
pro-catalyst for Zn(II). Multiple cycles of pH variation outside of the vesicles led
to reversible switching of the hydrolysis reaction inside the vesicles, indicating that
the controlled reversible translocation of molecular shuttles across a lipid bilayer
is an effective signal transduction mechanism. The catalyzed hydrolysis inside the
vesicles produced a large number of secondary messengers; such amplified output
signal is reminiscent of amplification processes commonly exploited by biological
signal transduction pathways, with binding of a single molecule generating a large
number of output molecules. The system also cleverly exploits the high effective
molarity of membrane-embedded reactive groups relative to the small volume of the
vesicle lumen.

Subsequent studies used a different ester substrate, which was converted into a
surfactant (2-naphthoic acid) upon hydrolysis (Langton et al. 2017b). A pH increase
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outside of the vesicle triggered the catalytic production of 2-naphthoic acid inside
the vesicle by the Zn(II) oximate. The 2-naphthoic acid produced then permeabi-
lized the vesicles without disrupting the membranes, which enabled the efflux of
encapsulated calcein from vesicles and a fluorescence signal due to the relief of
self-quenching. This cooperative chemical system demonstrated controlled release
of cargo molecules as a response to a chemical signal.

The sensor head can also be varied, as exemplified by phenanthroline bearing
transducers (Fig. 5c) (Langton et al. 2017c). For transducers of the correct orientation,
the phenanthroline group coordinated to external Cu(II) ions to form a charged polar
head at the vesicle outer surface. This Cu(II) messenger could be sequestered using
EDTA, producing a polarity switch that released the transducer from the vesicle outer
surface. The active catalyst then formed at the inner surface of the vesicle and once
again catalyzed the hydrolysis of a non-fluorescent ester to formafluorescent product.
As in the previous example, transducers of the wrong orientation were inactive. The
system also relies on the high affinity of phenanthroline for Cu(II) ions to prevent
poisoning of the catalytic terminus by complexation to Cu(II) in the place of Zn(II).
The intra-vesicular catalysis was repeatedly turned ON by addition of EDTA and
OFF by addition of CuCl2 to the external solution.

Beyond switching the polarity of sensor heads to control transducer translocation,
Williams and Hunter further advanced their dynamic signal transduction system by
introducing biological molecular recognition (Ding et al. 2019). In one population
of vesicles, transducers with desthiobiotin as the sensor head were embedded in the
membrane, with complexation to external NeutrAvidin fixing transducers with the
right orientation to the vesicle outer surface. The addition of a second population of
vesicles that presented high affinity biotin signals at their surface led to NeutrAvidin
sequestration, releasing the transducers from the outer surface of the first set of
vesicles and activating intra-vesicular catalytic signaling. This ingenious inter-vesicle
signaling system is reminiscent of some biological cell-to-cell signaling processes.

5 Future Perspectives

The development of supramolecular systems able to mimic aspects of biological
signal transduction is still in an early stage, but several important design principles
are becoming apparent. Although studies in isotropic organic solvent are a useful
guide, the complex anisotropic environment of the bilayer necessitates additional
important considerations when designing membrane-active systems and interpreting
the data they provide. Bilayer fluidity is lower than many organic solvents and can
vary by three orders of magnitude between bilayer types, (Pintre and Webb 2013)
altering the rates of conformational change, lateral (across membrane) diffusion and
transverse (through membrane) diffusion. The preferred orientation and location of
any synthetic components added to the bilayer should be determined, for example
by covalent labeling (Lin and London 2014) although linear dichroism looks to
be a useful spectroscopic alternative (Lizio et al. 2021). A specific consideration



20 F. della Sala et al.

for ligand-gated systems is the effect of the bilayer on any binding interactions
between aqueous components (the ligand) and components that are embedded in the
membrane (the synthetic receptor). The membrane can provide a significant steric
barrier as well as much lower polarity compared to bulk aqueous solution, but on the
other hand intramembrane interactions can benefit from the high effective molarities
of membrane-bound components (Doyle et al. 2003). An often overlooked factor
when using bilayers composed of natural phospholipids is the chirality of these
molecules (sn phospholipids have an (R) configuration), and this can influence the
conformation of membrane-bound components.

Several parts of the field stand out as needing further development, including
increasing the number of systems able to catalytically generate second messengers
on the far side of the membrane and the introduction of information-processing
molecular machines into the bilayer; the molecular shuttle of Chen et al. indicates a
pathway towards the latter (Chenet al. 2018). Finally, a linkbetween a transmembrane
information relay and out-of-equilibrium chemical networks in the vesiclemembrane
(Scheming et al. 1995) or lumen would be an exciting step towards mimicking the
behavior of biochemical networks in cells.

Should these hurdles be overcome, the rewards will be significant. Artificial signal
transduction would facilitate communication between compartments in artificial
tissues (Villar et al. 2013; Booth et al. 2017) or even allow orthogonal signaling
pathways to be introduced into cells, “short-circuiting” their signaling networks. For
this ambitious goal to be realized, very robust signaling systemswill have to be devel-
oped that can operate in the very complex and crowded milieu of the cell membrane.
Synthetic signal transductionwill be a key component needed for bottom-up synthetic
biology, the creation of artificial cells and devices starting from molecular compo-
nents. For example, artificial vesicles capable of maintaining (or even generating)
transmembrane concentration gradients, controlling molecular ingress/egress and
exchanging information across the bilayer could give stimuli-responsive dynamic
cell-like systems with emergent features.
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P, Khalid S, Clayden J, Blanch E, Rodger A, Webb SJ (2021, in press) Insight into mechanism
of action and peptide-membrane interactions of Aib-rich peptides: multi-technique experimental
and theoretical analysis. https://doi.org/10.1002/cbic.202000834

Luckey M (2008) Membrane structural biology with biochemical and biophysical foundations.
Cambridge University Press, New York

Manglik A, Kobilka B (2014) The role of protein dynamics in GPCR function: insights from
the β2AR and rhodopsin. Curr Opin Cell Biol 27:136–143. https://doi.org/10.1016/J.CEB.2014.
01.008

MuraokaT, EndoT, TabataKV,NojiH,Nagatoishi S, TsumotoK,LiR,KinbaraK (2014)Reversible
ion transportation switch by a ligand-gated synthetic supramolecular ion channel. J Am Chem
Soc 136:15584–15595. https://doi.org/10.1021/ja5070312

https://doi.org/10.1038/nrm1399
https://doi.org/10.1021/ol8013045
https://doi.org/10.1021/ja060515b
https://doi.org/10.1007/978-3-319-44675-2_9
https://doi.org/10.1021/bi0004549
https://doi.org/10.1016/S0927-7757(00)00435-0
https://doi.org/10.1246/cl.1995.435
https://doi.org/10.1038/nchem.2678
https://doi.org/10.1021/jacs.7b07747
https://doi.org/10.1021/jacs.7b02345
https://doi.org/10.1039/C6CC00788K
https://doi.org/10.1021/ja962217s
https://doi.org/10.1371/journal.pone.0087903
https://doi.org/10.1038/nchem.2736
https://doi.org/10.1039/C8SC02532K
https://doi.org/10.1002/cbic.202000834
https://doi.org/10.1016/J.CEB.2014.01.008
https://doi.org/10.1021/ja5070312


Approaches Towards Synthetic Signal Transduction … 23

Muraoka T, Umetsu K, Tabata KV, Hamada T, Noji H, Yamashita T, Kinbara K (2017) Mechano-
sensitive synthetic ion channels. J AmChemSoc 139:18016–18023. https://doi.org/10.1021/jacs.
7b09515

Nagel G, Ollig D, Fuhrmann M, Kateriya S, Musti AM, Bamberg E, Hegemann P (2002)
Channelrhodopsin-1: a light-gated proton channel in green algae. Science 296:2395–2398. https://
doi.org/10.1126/science.1072068

Palczewski K, Kumasaka T, Hori T, Behnke CA, Motoshima H, Fox BA, Le Trong I, Teller DC,
Okada T, Stenkamp RE, Yamamoto M, Miyano M (2000) Crystal structure of rhodopsin: a G
protein-coupled receptor. Science 289:739–745. https://doi.org/10.1126/science.289.5480.739

Pengo B, Formaggio F, Crisma M, Toniolo C, Bonora GM, Broxterman QB, Kamphius J, Saviano
M, Iacovino R, Rossi F, Benedetti E (1998) Linear oligopeptides. Part 406.1 helical screw sense
of peptide molecules: the pentapeptide system (Aib)4/L-Val[L-(αMe)Val] in solution. J Chem
Soc, Perkin Trans 2:1651–1658. https://doi.org/10.1039/A800653I

Peters AD, Borsley S, della Sala F, Cairns-Gibson DF, Leonidou M, Clayden J, Whitehead GFS,
Vitórica-Yrezábal IJ, Takano E, Burthem J, Cockroft SL, Webb SJ (2020) Switchable foldamer
ion channels with antibacterial activity. Chem Sci. 11:7023-7030. https://doi.org/10.1039/D0S
C02393K

Pike SJ, De Poli M, Zawodny W, Raftery J, Webb SJ, Clayden J (2013) Diastereotopic fluorine
substituents as 19F NMR probes of screw-sense preference in helical foldamers. Org Biomol
Chem 11:3168–3176. https://doi.org/10.1039/c3ob40463c

Pintre IC, Webb SJ (2013) Binding and reactivity at bilayer membranes. Adv Phys Org Chem
47:129–183. https://doi.org/10.1016/B978-0-12-407754-6.00003-X
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Measuring Ionic Transport Through
Lipid Bilayers

Radu Zonda, Sorin-Alexandru Ibanescu, Mihaela Silion, Adina Coroaba,
Dragos-Lucian Isac, Marc J. M. Abadie, and Mariana Pinteala

Abstract Natural ion channels are of outstanding importance in all living cells.
Based on them more and more artificial ion channels are prepared for many biomed-
ical and bioengineering applications, separation devices, environmental monitoring,
food safety and so on. Moreover, the comprehensive study of their mechanism of
action can lead to deep understanding of life at the cellular level. Unfortunately,
ion transport across lipid bilayer membranes is an elusive phenomena difficult to
evidence. This review focuses on the main techniques suitable to evidence it starting
from liposomes as biomimetic model for the cellular membrane and going to the use
of fluorescence spectroscopy to study membrane active molecules.
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HPTS 8-Hydroxypyrene-1,3,6-trisulfonic acid
QCM-D Quartz crystal microbalance with dissipation
LUV Large unilamellar vesicles
PBS Phosphate-buffered saline
PC Phosphatidylcholine
PE Phosphatidylethanolamine
PS Phosphatidylserine
PI Phosphatidylinositol
PG Phosphatidylglycerol
PBC Planar bilayer conductance
SAXS Small-angle X-ray scattering
SEC Size exclusion chromatography
SEM Scanning electron microscopy
SLM Supported lipid membranes
SUV Small unilamellar vesicles
TEM Transmission electron microscopy

1 Introduction

For living beings in nature, ion transport plays an essential role, ensuring the elec-
trolyte balance of cells. The ion channel that is a molecule or a system of molecules
crossing the cell membrane able to selectively transport ion species from one side of
the cell membrane to another represents the driving force for ion transport. The
comprehensive study of ion channels allowed deep understanding of life at the
cellular level. Researchers such as Kenneth Cole (Cole 1939), Alan Hodgkin and
Andrew Huxley (Hodgkin and Huxley 1952) or Erwin Neher and Bert Sakmann,
who also won the Nobel Prize in 1991 or Masaharu Noda (Noda et al. 1983a,1984),
Irwin Levitan (Levitan 1985) or Declan Doyle (Doyle et al. 1998) continued their
pioneering work in the discovery and investigation of ion channels.

Natural ion channels, taken out of the context of purely biological function, can be
adapted to the requirements of the laboratory or of the industrial, pharmaceutical, etc.
environment, by functionalization or various other modifications. Isolation of natural
ion channels can be a difficult process, hence necessitating laboratory restoration
(Biron et al. 2004). The difference between artificial and natural channels is thus
distorted; it cannot be clearly decided the degree of proteins modification necessary
to make them artificial. Supramolecular chemistry offers the opportunity to build
artificial ion channels from simpler, cheaper and easier to integrate molecules into
self-assembling systems (Lu et al. 2020; Sun and Barboiu 2019; Fang et al. 2019).

Selective ion transport lies beneath many systems for different applications, from
detection or separation devices (Dyer et al. 2000; Strathmann 2005) of different
chemical species (Kim et al. 2018; Calvo and Otero 2008; Steller et al. 2012), to the
study of biological phenomena involving ion migrations (Williamson et al. 2003;
Gonen and Walz 2006; Bezanilla 2008).
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Taking all this into account this chapter aims to present several principles and
molecules used for ion transport across lipid bilayers, with focus on the main tech-
niques suitable to evidence their ion transport properties. Starting from the function
of the natural cellular membranes this work reviews several strategies to prepare
artificial lipid bilayers and characterize them. The last part presents the most used
analytical techniques available to estimate the ion transport across lipid bilayers
explaining the most important parameters that can be obtained from them.

1.1 Channel Types

In nature there is a multitude of molecular constructions which fulfill the role of ion
channels in the cell membrane. Natural ion channels are regulated through complex
mechanisms by the biological system in which they are contained, and their isolation
for the purpose of individual study or application in an artificial setting might alter
their functionality. Thus, their structure needs to be modified to a greater or lesser
(Renart et al. 2020) extent in order to adjust to the conditions of the new system. In
this way the difference between the artificial and the natural channels is diminished,
making it difficult to establish at which extent of modification certain compounds can
be called artificial. Of course, entirely artificial ion channels do exist, and they are
obtained by new molecules, which reproduce the functions of natural ion channels
(Zheng et al. 2020; Muraoka et al. 2020).

Depending on their morphology, ion channels can be divided into unimoleculare
channels and ion channels formed by self-assembly of several molecules.

Even though they are composed of only one molecule, unimolecular ion channels
have the ability of intramolecular self-assembly to form a stable structure which can
cross the membrane and is capable of selective ion transport. Crown ethers (Fyles
2007) and pillar-arene (Hu et al. 2012) based compounds are examples for this type
of channels (Fig. 1).

Whether formed of a single or more molecules, the composing units tend to
associate in supramolecular structures to form channels of different types. Depending
on the association of different component units, the following forms of channels
can be distinguished (Fig. 2a): compact, barrel-stave, barrel-hoop, barrel-rozette
and micellar (Schalley 2012; Malla et al. 2020a). An example of barrel stave self-
assembly is presented in Fig. 2b.

These structures are based on non-covalent intermolecular interactions, that are
most often in a dynamic monomer/supramolecular structure equilibrium influenced
by environmental conditions. Many structures have been developed to have selective
ion transport through lipid bilayers. Table 1 presents several examples of molecules
used to form ion channels and method used to study their activity.
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Fig. 1 Unimolecular channels based on pillar-arenes (a) and crown ethers (b)

1.2 Assessment of Water and Ion Transport Through Double
Layer Lipid Membranes

In artificial solid membranes transport mechanisms depend only on the membrane’s
porosity or, in the case of compact membranes, the transport is accomplished by
dialysis. However, in double layer lipid membranes, simple diffusion across the
membrane is not a definitory phenomenon for the transport of chemical species, and
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Table 1 Structure of natural and artificial ion channels and methods used to test their activity

Ion channel Ion transport method of
investigation

Reference

Natural ion channels

Gramicidin Planar Bilayer Conductance
(PBC) assay

Ashrafuzzaman et al. (2008);
Hladky and Haydon (1972)

HPTS assay Shen et al. (2020)

KcsA (Potassium channel of
streptomyces A)

PBC assay Thompson et al. (2008)

Fluc family channels PBC assay
Light Scattering Assay of F
− Efflux

Last et al. (2017);
Stockbridge et al. (2012)

Artificial ion channels

Alkyl-benzoureido-crown-ethers HPTS assay Gilles and Barboiu (2016);
Zonda et al. (2018)

Columnar self-assemblies of
triarylamines derivatives

HPTS assay,
PBC assay

Schneider et al. (2017)

Peptaibol-mimetic Aib foldamers HPTS assay
PBC assay

Adam et al. (2018)

310-Helical α-Aminoisobutyric
Acid Foldamers

HPTS assay
PBC assay

Jones et al. (2016)

Hydrazide-appended
pillar[5]arene derivatives
(Fig. 1a)

HPTS assay Hu et al. (2012)

2-hydroxy-N1,
N3-diarylisophthalamide-based
compounds

HPTS assay
PBC assay

Malla et al. (2020b)

Polyhydrazide-Based Organic
Nanotubes

HPTS assay
PBC assay

Roy et al. (2020)

Narrow Diameter Carbon
Nanotube Porins

Stopped flow assay Li et al. (2020)

Potassium-templated
self-assembly of 50
-guanosine monophosphate

Pore activity by circular
dichroism

Hennig and Matile (2008)

Dendritic Folate Rosettes HPTS assay
PBC assay

Sakai et al. (2006)

Rigid-Rod Molecules based
arenes backbone

R = peptide, crown ether

HPTS assay
PBC assay

Sakai and Matile (2002);
Sakai et al. (2001)
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the pores are not a constitutive part of the membrane, but mostly mediators that
promote transport. These mediators are involved in two types of transport – active
and passive.

1. In passive transport, themediators form channels or pores in the lipidmembrane
and specifically allow the transported species to cross spontaneously the
membrane, in order to compensate the entropy gradient between the two sides.
The transport may occur directly through the structure/mass of the membrane,
or it can be mediated by various molecules, trough pores, water or ion channels
or a carrier mechanism.

2. Active transport relies on a complex mechanism by which a certain chemical
species is shifted from one side of the membrane to the other with energy
consumption from the mediator molecule. Usually active transport occurs
against the concentration gradient. In nature there are two variations – primary
active transport, promoted by ATP (adenosine triphosphate) and secondary
active transport, which relies on the existence of an electrochemical gradient.

2 Lipid Bilayers

2.1 Natural Lipid Bilayers - Cell Membrane

The cell membrane plays a key role in the existence and functioning of the cell,
ensuring its integrity and at the same time allowing selective exchange between the
interior and exterior of the cell. The cellular wall has a complex structure, but at
its base lies the double layer lipid membrane. The cellular membrane is a complex
structuremadeof phospholipids - compounds formedby aglycerin unitwhich usually
binds two chains of fatty acids (diacylglycerol - DAG) and a phosphate group with
a polar group like choline attached to it (Fig. 3a). The two aliphatic chains form
a hydrophobic tale, and with the phosphoric end representing the hydrophilic part,
the molecule has an amphipathic behavior. Amphipathic molecules tend to self-
organize in an aqueous environment in micelles or vesicles. Micelles are globular
formations consisting of molecules oriented with their hydrophilic side towards the
outer aqueous environment, and the hydrophobic end inwards. The vesicles have a
double layer membrane, with the phospholipids oriented with their hydrophobic tale
towards the interior, and the hydrophilic side towards the exterior to the aqueous
environment (Fig. 3b). The aqueous medium of the vesicle may differ by the outer
aqueous environment.

The cellularmembrane contains several phospholipid species,whichdiffer byboth
the length of the fatty acid chain and the nature of the polar group. Thus, the aliphatic
chains that form the hydrophobic tale regularly contain 14 to 24 carbon atoms and
can be either saturated or unsaturated. The presence of the unsaturated bonds may
generate cis-trans isomers. Both the cis-trans isomerism and the length of the chain
can influence the properties of the membrane (Meer et al. 2008; Harayama and
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Fig. 2 (a) Pore structure depending on the supramolecular association of composing units;
(b) Example of self-assembling barrel-rozette synthetic pore from 2-hydroxy-N1,N3-bis[4-
(trifluoromethyl)phenyl]benzene-1,3-dicarboxamide monomer

Riezman 2018). The phospholipid composition of the cell membrane significantly
differs from one cell type to another. Thus, most eukaryotic cellular membranes
generally contain phosphatidylcholine (PC), phosphatidylethanolamine (PE), phos-
phatidylserine (PS) and phosphatidylinositol (PI). In some cell types the membrane
is asymmetric, the two lipid layers having different compositions. This feature has
been studied mainly in erythrocyte (Kahlenberg et al. 1974). Besides phospholipids,
the cellular membrane contains other chemical species such as cholesterol (CH),
sugars, proteins (Fig. 4) (Cooper and Hausman 2007).

Diversity in the structure of the cellular membrane is also seen in prokaryotes.
Thus, the Gram-positive bacteria wall is mainly made of anionic lipids like phos-
phatidylglycerol (PG) and cardiolipin (CL) and only a small amount of zwitterionic
lipids like PE. In the case of Gram-negative bacteria the proportion is reversed,
zwitterionic lipids being dominant (Table 2) (Gabriel et al. 2007).
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Table 2 Distribution of the lipids in the membrane of different type of cells

Cell type PC (%) PE (%) PG (%) PS (%) CL (%) CH (%)

E. coli (Gram-negative) – 80 20 – 5 –

S. aureus (Gram-positive) – – 57 – 43 –

Erythrocytes (exterior layer) 33 9 – – – 25

Erythrocytes (interior layer) 10 25 – 10 – –

2.2 Artificial Lipid Bilayers

2.2.1 Spherical – Liposomes

Liposomes are the most used systems in the study of lipid bilayer membranes. They
are defined as spherical vesicles with a diameter ranging from 30 nm to several
microns (Akbarzadeh et al. 2013). Liposomes are formed by one or more bilayer
lipid membranes usually dispersed in aqueous environment. Their organization is
biomimetic similar to that of the cellular membrane. This makes them ideal for the
simulation of membrane biologic processes but they can also be used as carrier for
active compounds, due to their high biocompatibility, or even as sensors for the
detection of certain chemical species. One advantage of using liposomes is avoiding
the biological risks involved in using bacterial cells, for example in the study of
antimicrobial peptides (Gabriel et al. 2007; Pinheiro et al. 2019). Other advantages
come for their high reproducibility and ease of manipulation.

Regarding their structure, liposomes can be unilamelar, with a single bilayer
lipidmembrane (Fig. 5a),multilamelarwith concentric lipidmembranes distribution,
alternating the lipid layerwith aqueousmedium (Fig. 5b) ormultivesicular when they
are composed from vesicles including other vesicles (Fig. 5c) (Akbarzadeh et al.
2013).

Their size is a key parameter for practical applications, generally being divided
into (Stein et al. 2017):

– Giant Unilamellar Vesicles (GUV) with a diameter over 1 μm;
– Large Unilamellar Vesicles (LUV) with diameter between 100 and 1000 nm;
– Small Unilamellar Vesicles (SUV) with a diameter less than 100 nm.

Depending on their structure, application and desired size there are different
methods of liposome preparation, generally involving four main steps: drying the
lipids, their dispersion in water, purification and characterization.

Drying Down Lipids from Organic Solvent
Commercially available lipids usually come as methanol or chloroform solutions
and are dried generally using a rotary evaporator system to form a lipid film. Several
common lipids used in the preparation ofmembranes are: phospholipids, glycolipids,
fatty acids, glycerophospholipid, sphingolipid and sterols (Li et al. 2015). The most
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Fig. 3 (a)The structure of a phospholipid molecule together with an example (1,2-ditetradecanoyl-
sn-glycero-3-phosphocholine); (b) Arrangement of the phospholipids within the double layer lipid
membrane

used are phospholipids especially phosphatidylcholine, phosphatidylethanolamine,
phosphatidylinositol and phosphatidylserine.

Dispersing the Lipid in Aqueous Media
This stage is the most important one determining the type of final liposome. Several
methods can be used to achieve this goal, generally divided into mechanical methods
such as sonication, extrusion trough French pressure cell extrusion or freeze- thaw
cycles, and solvent assisted methods such as injection from ether or ethanol and
reverse phase evaporation (Akbarzadeh et al. 2013). Liposomes are prepared by
using one or combinations of more of the above mentioned methods.

When sonication is involved this operation can be performed either by using a bath
sonicator or a probe sonicator. The liposomes obtained by this method are usually
small (SUV). This method, although easy to use, has several disadvantages such as
low yield for the vesicles due to the high probability for membrane degradation,
hazard of contamination with metals from the sonication probe as well as a high
number of multilamelar vesicles remaining in the vesicle suspension (Akbarzadeh
et al. 2013). Also, when it is desired to incorporate molecules such as proteins
in the lipid bilayer there is a risk of denaturation through energy transfer (Mayer
et al. 1986). Obtaining liposomes by extrusion involves passing the redispersed lipid
solution through a polycarbonate membrane with a known porosity (Riaz 1996)
generally leading to LUVs (Anwekar et al. 2011). When proteins are involved, this
method avoids the risk of their denaturation. The freeze thaw cycles of vesicles is
recommended to obtain LUVs by SUVs fusion. This method has limitation in regard
to the phospholipid concertation and ionic strength of the environment (Pick 1981).

The solvent assisted method involves the rapid injection of lipid solution in
an organic solvent to the aqueous media followed by the removal of the organic
solvent and the formation of the liposomes. Usual solvents are diethyl ether, diethyl
ether/methanol mixture, ethanol, isopropyl ether or isopropyl ether/chloroform
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mixture. Generally, the ether route supposes slow injection of the organic phase
with fast solvent removal, at 55 °C to 65 °C, leading to a heterogonous liposomal
population between 70 to 200 nm (Deamer and Bangham 1976; Schieren et al. 1978).
The ethanol route supposes the fast addition of the lipid solution, at a very low ratio,
to the aqueous media. This produces a very dilute solution of smaller liposomes,
between 30 to 110 nm. The fact that ethanol and water form an azeotrope creates the
risk of contamination of the final liposome with ethanol (Batzri and Korn 1973). The
reverse phase evaporation route uses a high excess of organic phase to the aqueous
media, leading in a first step to the formation of inversed micelles. The slow evapo-
ration of the solvent determines the formation of a gel and when even more solvent
is removed the gel collapses and the excess lipids completes the bilayer. This method
represented a big advancement in solvent assisted techniques, making achievable
highly concentrated liposome suspensions (Anwekar et al. 2011).

Liposome Purification
Separation of liposomes from the medium in which they were constructed, which
contains the same elements both inside and outside of the liposomes, is essential
in order to obtain a high quality liposomes suspension. The most commonly used
methods for purification of liposomes suspensions are centrifugation, ultrafiltration,
dialysis and size exclusion chromatography (SEC).

Centrifugation is the easiest and readily available method for separation of lipo-
somes. It is based on the density difference between the liposome and outer medium.
The solution containing the liposomes is centrifuged at high speed (approximately
10,000 g) for 30 s to a fewminutes, until the liposomes drop to the bottomof the recip-
ient, then the supernatant is removed. The liposomes are resuspended in an isotonic
solution free of stain or other elements contained in them. This technique has the
advantage of being fast, but it also has some disadvantages. The density difference
between the liposome and the exterior environment, usually aqueous, is not signifi-
cant (density of phosphatidylcholine is 1.08mmol/L (Schmitz et al. 1983)), hence the
difficulty of narrowing the density gradient of the liposomes, yielding a low sepa-
ration efficiency. Another problem is represented by destructuration of liposomes
caused by the high centrifuge force. This method is used mainly for purification of
liposomes derived from red blood cells or other natural cell types (Schwoch and
Passow 1973; Hu et al. 2011).

Ultraflitration of the liposomes containing suspension is performed by centrifu-
gation using special column membranes. Due to the centrifuge force, the liquid
surrounding the liposomes is pushed through themembrane and the liposomes remain
inside the column, and are subsequently recovered and resuspended in a fresh solu-
tion. Comparing with centrifugation, this technique has the advantage of a superior
separation, but all the other disadvantages mentioned above remain.

Dialysis is a method of purification that uses the osmotic pressure difference
existing between two liquid media separated by a specific membrane. It is less
commonly used due to the prolonged necessary time, which causes structural modi-
fications of the liposomal membrane or loss of content from the liposome inner
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medium. It is usually used for purification of liposomes conceived for controlled
release, because these are designed to be more resistant over time.

Separation by SEC is the most frequently used purification method especially
for fluorescent marked liposomes. It has the advantage of being fast, selective and
minimally invasive to the liposomes. It is based on the difference in size of the
particles (including fluorophores) contained in the solution of liposomes, passed
through a column with controlled porosity (with pores smaller in diameter than
the liposomes). The smaller particles will enter deep into the pores and will flow
more slowly, meanwhile the larger components, like the liposomes, will flow more
rapidly through the column, as they do not penetrate the pores. Thus, the separation
is accomplished due to the difference of the speed at which the solution components
pass through the chromatography column. The most frequently used columns are
those with Sephadex (Gilles and Barboiu 2016) or dextran (Zonda et al. 2018).

Analyzing the Final Product
The last step in liposome preparation is to verify the quality of the final product.
There are few analytical techniques suited for achieving this purpose. Dynamic Light
Scattering (DLS) can be used to study the size and dimensional polydispersity of the
liposomes and several imagingmethods can give local information aboutmorphology
and topography of the obtained membranes (Bibi et al. 2011).

DSL analysis is generally recommended in the study of monodisperse particles
because in highly polydisperse systems smaller particles can goundetected (Goreham
et al. 2019). This makes DLS suited for the measurement of liposomes size and
stability in time but not for detecting released particles (Saha et al. 2018).

Figure 6 offers a suggestive overview on the scale of detection ability offered
by different microscopical methods. Classical optical microscopy uses only visible
light to generate magnified images. In this way information about the shape and
homogeneity of liposome suspensions can be obtained. Unfortunately the scale
does not allow observation of changes in the structure of the lipid membrane but
images of multilamellar liposomes were obtained (Nallamothu et al. 2006). Polar-
ized light microscopy takes advantage of the special interaction between polar-
ized light and polarizable bonds in ordered molecules (Murphy and Davidson
2012). Liposomes are very well suited for this type of analysis since the polar-
ized light perpendicularly crossing the lamellar wall interferes with each different
layer creating the so called “Maltese cross” as result of lipid birefringence (Placzek
and Kosela 2016). Fluorescence microscopy is widely used in the study of lipo-
somes offering information about the structure and dynamic of the membranes
(Bouvrais et al. 2010) but it requires the use of fluorescent markers (Bibi et al.
2011; Murphy and Davidson 2012; Bouvrais et al. 2010). The time lapse technique,
developed in the late ’90s, allows monitoring of enzymatic processes inside vesi-
cles in real time (Wick et al. 1996). Confocal microscopy can build tridimensional
images from scanningmultiple in depth layers, making possible vesicle visualization
from all angles. Using this method it was possible to observe two distinct coexisting
phases in liposomesmade from1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC),
Dipalmitoylphosphatidylcholine (DPPC) and cholesterol (Korlach et al. 1999).
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Fig. 4 Generic structure of the cellular membrane

The high vacuum used in electron microscopy techniques makes them difficult
to use on liposomal systems. Even so there are few special approaches to visualize
vesicles by using these methods, Fig. 7 showing some examples (Bibi et al. 2011).
In Transmission Electron Microscopy (TEM) the use of contrast markers for the
medium allowed visualization of vesicles (Bibi et al. 2011; Placzek and Kosela
2016). Also sample manipulation or deposition such as CryoTEM or Cryofrac-
ture made it possible to obtain clear images of liposomes. Advances in Scanning
Electron Microscopy (SEM) such as Environmental SEM made it possible to record
images in aqueous environment circumventing some of the limitation in the liposome
visualization of the classical technique (Ruozi et al. 2011; Dragnevski and Donald
2008). In Atomic Force Microscopy (AFM) tridimensional images with good topo-
graphic contrast can be obtainedwithoutmajor environmental limitations and sample
preparation. This could represent a good alternative to electron microscopy methods
but there is the risk of liposome deformation caused by the interaction between the
cantilever and the vesicle (Ruozi et al. 2011).

2.2.2 Planar Membranes

In the study of lipid membranes bilayers processes an alternative to liposomes are
planar membranes (Steller et al. 2012). They allow the use of other analysis tech-
niques, not applicable for suspensions, such as conductivity measurements in the
patch clamp method for the evaluation of ion transport (described in Sect. 3.4) or
Quartz Crystal Microbalance with Dissipation (QCM-D) for the study of membrane
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Fig. 5 Schematic representation of liposomes: (a) unilamelar (zoom the the organization of the
lipid bilayer); (b) multilamellar; (c) multivesicular

active molecules (McCubbin et al. 2011). Another advantage of planar membranes
over liposomes is the ability to better control their proprieties such as size and
lamellarity (Suzuki and Takeuchi 2008). On the other hand, they lack the possi-
bility to entrap molecules as they don’t present a tridimensional model and the
molecules to be tested may be directly exposed to the environment (Bally et al.
2010). There are several ways to prepare planar lipid bilayers with the most common
ones being black lipidmembrane (BLM)whose name comes from its opaque appear-
ance. They were first discovered by Mueller and Rudin (Mueller and Rudin 1963;
Mueller et al. 1962) and they are usually formed by brushing a solution of lipids
(in pentane, decane, hexadecane or mixture of ethanol, methanol with chloroform,
pentane, decane, hexadecane) over the gap separating two chambers to be later filled
with the aqueous phase. Measuring a change of property for one of the chambers to
the other gives information about the membrane. The disadvantage of these type of
membranes is their poor stability, corrected by supported lipid membranes (SLM).
These are usually formed by bursting GUV from aqueous solution on top of a surface
such asmicroporous polymerfilms if the transport through themembrane is of interest
(Touaj et al. 2009), or glass if the change in the membrane is of interest. Also lipids
can be transferred to the surface from the air-water interface by the Langmuir–Blod-
gett technique (Florin and Gaub 1993; Plant et al. 1994). SLM can be analyzed by
AFM or QCM-D. It is also possible to form tethered bilayer lipid membranes (t-
BLM) by using lipids modified at the hydrophilic end with a reactive group such
as thiols or disulfide. These can react with gold surfaces to create the hydrophobic
environment necessary to form the lipid bilayer (Baumgart et al. 2003; Schiller et al.
2003).

3 Assessment of Ion Transport

Depending on the properties of the transported species or the nature of the transport
phenomenon, there are several ways to assess transport through lipid membranes.
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3.1 Assessment of Ion Transport by Fluorescence
Spectroscopy

This method implies using LUV vesicles which contain a fluorophore sensitive
to specific environmental factors (pH, concentration, redox etc.) and it is gener-
ally employed for the study of ion channels. Its basic principle is represented by
detection of variation in a parameter like pH within the vesicle when ion trans-
port occurs. The most used fluorophores are 8-hydroxy-1,3,6-piren trisulfonate
(HTPS), 8 aminonaphthalene-1,3,6-trisulfonat (ANTS), 5(6)-carboxyfluorescein
(CF) or Safranin O.

This assay relies on the equilibrium between the protonate and the deprotonate
form of the fluorophore and its capacity to change its fluorescence properties by
shifting from one form to the other. Therefore, the method requires a fluorimeter
capable to measure the intensities of light emitted by the two species, depending on
the different wave length of the corresponding exciting beam, with a high enough
frequency to allow the approximation of the twomeasurements as being concomitant
(Fig. 8). The intensity of the emitted beam corresponding to the two forms of the
fluorophore (I1 - protonated and I2 - deprotonated) is measured and the ratio (I1/I2)
is calculated, followed by the calculation of the pH of the environment containing
the fluorophore.

The gold standard fluorophore for analysis of ionic transport by detection of pH
shifting within the liposomes is HPTS, due to its excellent water solubility and value

Fig. 6 Correlation betweenmagnification scale of differentmicroscopicmethods and the dimension
of some biological entities and liposomes
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of acid-base dissociation constant (pKa) of approximatively 7.3, which permits its
inclusion in biomimetic systems.

Assessment of ion transport by HPTS consists of several experimental steps
(Fig. 9) (Zonda et al. 2018).The evolution of the I1/I2 ratio is monitored through
the entire assay. First (t0), the liposomes suspension is homogenized and stabilized
by gentle agitation. After homogenization, at t1, the compound evaluated as medi-
ator for ion transport is added to the liposomes suspension. At this time, a change
in the I1/I2 ratio can be observed as a result of a spontaneous transport. Until the
system is stabilized, a step of a few dozen seconds for homogenization should be
introduced. At t2 an aqueous solution containing a strong base or acid is added, with
a concentration and volume calculated in order to modify the pH of the liposomes
outer environment by one unit. The pH difference causes migration of ions through
the liposome membrane in the direction of pH gradient compensation. As a result of
this transport, the inner pH of the liposomes changes, and this is reflected in themodi-
fication of the I1/I2 ratio. At t3, empirically determined, a detergent, usually Triton
× 100, is added to induce lysis of the liposomes and to determine the I1/I2 ratio at
the final pH of the outer solution, to be used as reference of the maximum/minimum
pH level of the system. After a waiting period of a few dozen seconds for system
stabilization, the experiment is ended, at t4. The experiment is repeated for different
concentrations of the transport mediator in the liposomes suspension.

The outer pH is considered not to be influenced by the ion exchange. The pHwithin
the vesicle is calculated from the time versus I1/I2 plot. The formula is obtained after
calibrating the intensity of the HTPS emission corresponding to the protonated (I1)
and deprotonated form (I2) respectively.

pH = 1.1684 x log(I1/I2) + 6.9807

The formula is based on the Henderson-Hasselbalch (Paxton et al. 2013) relation
and represents the result of the I1/I2 calibration in PBS for different pH values, as
shown in Fig. 10.

Several important parameters can be extracted from these measurements:

Fig. 7 Vesical images acquired by different electron microscopy techniques (a) TEM (b) Cryo-
TEM (c) Cryofracture (d) ESEM. Reproduced from International Journal of Pharmaceutics; Bibi,
S. et al., Microscopy imaging of liposomes: From coverslips to environmental SEM, 417, 138–150.
Copyright 2011, with permission from Elsevier (Bibi et al. 2011)
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Fig. 8 Schematic representation of the principle used in the pH evaluation by fluorimetric method

The pseudo-first-order rate constant (k) provides information about the kinetics
of ion transport through the lipid membrane. Taking into account that the ion trans-
port speed can be determined only indirectly, by monitoring the pH value within
the vesicle, the kinetics of the process is expressed as a function of H+ concentra-
tion, suggesting a pseudo-first-order kinetics. Thus, k is calculated from the section
immediately following the application of the pH gradient, taking into consideration
only the linear area of pH increase. A high value of k reflects a more rapid transport
of ions through the lipid membrane.

Fractional activity (Y) is used to compare the ion transport activity based on
concentration. It is calculated by the normalization of the fluorescence intensity
before the lysis of the liposomes, depending on the concentration of the compound
used, considering 0 for blank intensity and 1 for the value corresponding to the highest
mediator concentrations that have already reached a maximum constant value. The
fractional activity can be expressed under the form of a Hill equation, by plotting
lg(Y) as a function of the concentration. Thus, it is possible to calculate the effective
concentration (EC50) as being the intercept between the line and the concentration
axis and the Hill coefficient (n) as the slope.

Effective concentration (EC50) represents the concentration required to achieve
50% of the transport activity (Schalley 2012; Gilles and Barboiu 2016; Zonda et al.
2018). EC50 assesses the efficiency of the transport process. It is preferable that a
smaller concentration of compound to accomplish a high transport. The smaller the
EC50 value, the more efficient is the transport.

Hill coefficient (n) provides information on the efficiency of cooperation between
different part of the transport mechanism. The response of the ion channel to different
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chemical stimuli such as variation of the pH is usually in gating/blockage the ion
transport. Hill coefficient describes the number of molecules necessaries for trans-
port. Ion channels have a discontinuous dynamic action, determined by several
factors, like the quantity of mediator integrated in the membrane, supramolecular
association of the mediator for ion channels formation, thermodynamic activation of
the ion channels ormediator-transported ion interaction. TheHill coefficient connects
all these phenomena, generating an overview of the entire transport mechanism.

3.2 Leakage Test

Leakage-test is a fluorimetric method that detects massive leakage of the vesicles
content. For this purpose, a self-inhibiting fluorophore like carboxyfluorescein or
calcinine is introduced into the vesicles. In the vesicles, the fluorophore reaches
concentrations high enough for self-inhibition to occur. Loss of vesicle content in
the outer environment leads to the release of the fluorophore from the liposome and
its consecutive dilution, resulting in the disappearance of self-inhibition. Detection of
fluorescence signals the occurrence of non-selective pores or vesicles lysis (Fig. 11).

Leakage test is necessary for the verification of existence of false-positive signals
in ion channels transport testing experiments. This is a complementary and also
a necessary test for checking unexpected massive leakages through the lipidic
membrane, independent from the ion channel transport. This test is also used for
other experiments, such as integrity tests of the liposomal membrane.

Fig. 9 Principle of the cationic transport assay by HTPS
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Fig. 10 HPTS calibration curve based on emission intensity ratio for different pH values. Adapted
with permission fromChloride transport across lipid bilayers and transmembrane potential induction
by an oligophenoxyacetamide; (Sidorov et al. 2003) Copyright 2003 American Chemical Society
(Sidorov et al. 2003)

3.3 Analysis of Lipid Membrane Permeability
by Stopped-Flow Method

This technique is based on the rapid mixing of the vesicles solution with another
solution that abruptly modifies a parameter from outside the vesicle (concentration,
osmotic pressure etc.), which would determine the migration of a species through
the lipid membrane to compensate the difference between the interior and exterior.
Depending on the type of the detector, there are several analysis techniques:

– Light diffusion and circular dichroism (CD) (Licsandru et al. 2016)
– Fluorescence spectroscopy (Posson et al. 2018)
– Small-angle X-ray scattering (SAXS) (West et al. 2008)

This is the most common method in testing the water transport through liposomal
membrane (Licsandru et al. 2016). In this case, an abruptly difference of osmotic
pressure is applied from outside to inside of liposome, that determine a migration
of the water molecules through membrane to the interior of the vesicles, where the
osmotic pressure is bigger, in order to compensate the difference. Thus, an increase
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of the size of the liposome is detected by light diffusion device and makes possible
to calculate the permeability by the follow relation:

Pf = k
S
V0

∗Vw∗�osm
.

where Pf = membrane permeability.
k = exponential coefficient of the change in the light scattering.
S = vesicle surface.
V0 = initial volume of the vesicle.
Vw = water molar volume.
�osm = difference of the induced osmolarity.

Imidazole derivatives are good candidates for mediating water transport through
lipidmembranes (Licsandru et al. 2016; Leduc et al. 2011). Licsandru et al. compared
self-assembled water channels formed by optical active derivative of imidazole and
non-chiral alkyl imidazoles using stopped flow assay. They observed in this way
a better transport rate of optical active compounds due to the steric advantage in
forming ion channels (Licsandru et al. 2016).

3.4 Planar Bilayer Conductance (PBC) Assay. Patch-Clamp
Technique

PBC or patch-clamp technique is a good approach in studying planar membranes.
This method involves two chambers, cis and trans, filled with buffered solutions,
separated by a planar double-layered lipidic membrane formed in a small hole in the
wall between chambers Schalley 2012), as it described in the Fig. 13.

Fig. 11 Principle of the leakage-test
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Fig. 12 Schematic representation of water transport through liposome membrane by using the
stopped flow method

Fig. 13 Schematic representation of Planar Bilayer Conductance assay principle (a) and ideal
representation of results obtained (b)

A system formed by a pair of electrodes is set in the two chambers in order to
measure the electric conductance of themembrane.Lipidmembrane is amediumwith
a high resistance to electric current flow. Ion transport across the membrane involves
the transfer of electric charge between the two sides, resulting in a modification of
membrane conductance. This can be used for the detection of ion channel formation,
by measuring the conductivity between the cis-trans chambers separated by the lipid
membrane. The occurrence of transfer through ion channels can be detected by
measuring the pico-/nano amperes order increase of the intensity of the electric
current crossing themembrane (Fig. 13 b). Ion channels behave differently depending
of their nature. Some are permanently open, others are activated only under certain
thermodynamic, steric or chemical conditions. Patch-clamp technique is well suited
for the study of the ion channels activation mechanism, as it is highly sensitive and
detects small variations of current in a very short period of time. Thus, an abrupt rise
in conductance from closed (t1′ , t2′ , t3′ , etc.) to open (t1, t2, t3, etc.) can be observed.
The mentioned times represent the life span of an individual ion channel and have
very small values (the current leap varies within 10–500 ms interval). Because of
this, in order to provide a global picture of the ion transfer, a statistical analysis
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of the signals measured by conductance is necessary (channel opening probability
calculus, P0) (Fyles 2007).

This method allows monitoring of ion transport through individual channel but
also offers a larger view over the whole process through statistical analysis. Unfor-
tunately, no instruments are commercial available and BLM deposition is highly
dependent on the skill and experience of the operator.

4 Conclusions

Ion transport across lipid bilayers is an extremely important process with applica-
tions in many fields ranging from sensors to novel drugs preparation and delivery.
There are different types of molecules able to selectively transport ions through
lipid membranes. Unfortunately, ion transport is an elusive phenomena difficult to
evidence. Several indirect techniques were presented that allow observation of these
and calculation of some important kinetic parameters involved in ion transport. All
available techniques use a simplified, biomimetic model for the cellular membrane,
with the most used being liposomes. Due to their biocompatibility many applications
make use of liposomes so this chapter tried to present their preparation, purification
and characterization before moving on to their use in the study of ion transport.
Loading liposomes with pH sensitive fluorescent dyes allowed fluorescent spec-
troscopy to become a valuable tool in detecting ion transport across lipid bilayer
next to the already established patch clamp technique. As more and more teams
prepare membrane active molecules, able to selectively transport ions across lipid
bilayers, we hope this chapter will facilitate the testing of such molecules and will
lead to a standardization.
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Abstract Nanopores that efficiently and selectively transport water have been inten-
sively studied at the nanoscale level. A key challenge relates to linking the nanoscale
to the compound’s macroscopic properties, which are hardly accessible at the smaller
scale. Here we numerically investigate the influence of varying the dimensions of
a self-assembled Imidazole I-quartet (I4) aggregate in lipid bilayers on the water
permeation properties of these highly packed water channels. Quantitative trans-
port studies reveal that water pathways in I4 crystal-like packing are not affected
by small scaling factors, despite non-uniform contributions between central chan-
nels shielded from the bilayer and lateral, exposed channels. The permeation rate
computed in simulations overestimates the experimental value by an order of magni-
tude, yet these in silico properties are very dependent on the force field parameters.
The diversity of observed water pathways in such a small-scale in silico experi-
ment yields some insights into modifying the current molecular designs in order to
considerably improve water transport in scalable membranes.
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1 Introduction

The quality and purity of available water resources is one of the biggest challenges of
our current societies. The increasing water demand has stimulated the development
of new technologies such as ultra-purification of water for medical usage or water
desalination reverse osmosis. Inspired by recent work on biological systems, new
expectations in terms of feasibility and functionality brought researchers towards
artificialwaterchannel (AWC) systems. IndeedAWCs have the advantage to present a
diversity of properties due to their chemical synthesis and they are easily encapsulated
in lipids and polymer membranes (Tan et al. 2018). Following suggestions about size
scaling effects in carbon nanotubes (Garate et al. 2009; Köfinger et al. 2008) and
recent studies on monomeric superstructures of AWCs (Noy and Wanunu 2020), we
propose to study the dimensional scalability and the robustness of empirical models
using an artificial multimeric channel aggregate.Imidazole I-quartets (I4) form a
class of artificial waterchannels that experimentally show high selectivity and water
conductance (Licsandru et al. 2016). Previous studies have simulated the nanoscopic
water transport and the packing of water in similar systems (Licsandru et al. 2016;
Kocsis et al. 2018). We have previously shown that, depending on the morphology
of the synthesized compound (Murail et al. 2018; Sun et al. 2018), self-assembled
structures in crystalline and amorphous phases account for single water-wire and
associated water transport properties.

Experimental evidence mainly comes from stopped-flow experiments in which
compounds are assembled in lipidmixtures intomonodisperse liposomes of ~100 nm
diameter. This technique employs the use of osmotic gradients to shrink or inflate
liposomes. The permeability of the channels embedded in lipids are extracted from
the inflation rate probed by light-scattering analysis.

In order to bridge the gap between experimental measurements occurring at the
macroscopic scale and the atomistic description, we propose to study the even-
tual finite-size effects generated by the boundary conditions chosen for molecular
dynamics (MD) simulations of these objects, a method of choice to investigate nano-
scale membrane aggregates. We have submitted the selected systems to a series of
tests by varying force field parameters to determine their relevance.

We show that growing structures up to 10 nm long does not lead to pronounced
variability in terms of permeation per channel, despite the increase in surface-to-
volume ratio. Accordingly, we observe that simulations of larger systems enable us
to explore rare permeation events occurring in regions shielded from lipid interactions
thanks to an increase in sampling statistics. Furthermore such an approach paves the
way to further investigate spatial correlations between adjacent channels in these
highly packed structures.

The influence of a range of parameters in the model, such as water molecule
representation and force fields for the I4 compounds demonstrate the sensitivity of
these models and the complex diversity of water transport mechanisms that arise at
such a small spatial scale.
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2 Materials and Methods

Allmolecular dynamics simulations were performed under periodic boundary condi-
tions with constant pressure. The CHARMM-36 force field (Klauda et al. 2010) was
used for lipid molecules and the TIP3P and SPC/E models were chosen (Jorgensen
et al. 1983) for water. To represent S-HC8 molecules and generate their topolo-
gies, we used the CHARMMGeneral Force Field (Vanommeslaeghe and MacKerell
2012) together with the ParamChemweb service (Vanommeslaeghe et al. 2012). The
GROMACS 2018.7 and 2019.2 softwares were used to run the simulations with all
atoms, with an integration time step of 2 fs. All bonds were constrained using the
LINear Constraint Solver algorithm. Particle mesh Ewald electrostatics was used
with a 12 Å cutoff with the Verlet buffer scheme for nonbonded interactions; the
neighbor list was updated every 20 steps. Three baths (imidazoles, lipids, and water
and ions) were coupled to a temperature of 310 K using the Nosé-Hoover thermostat
with a time constant t = 1 ps and a chain lengh of 4. Pressure in the x/y dimen-
sions was scaled isotropically with Parrinello-Rahman barostat at 1 bar, and the z
dimension was coupled independently to a reference pressure of 1 bar, t = 5.0 ps,
and compressibility of 4.5 10−5 bar −1. All systems were minimized for 5000 steps
with a steepest descent algorithm and equilibrated for 2 ns, using decreasing position
restraints of 1000, 400, 200, 100, 40 kJ mol−1 nm−2 on heavy atoms, with the crystal
structure as a reference. Production runs were finally computed for 1000 to 2000 ns
without any position restraints.

The previous results we compared to were obtained using initial I-quartet channel
patches of 3 nm width inserted (Murail et al. 2018). The packing of the initial patch
was based on X-ray structures and the composition of lipids follows the one used
experimentally. This composition of the lipid mixture is the same as before with a
respective molar ratio 5:4:1 for Chl:PC:PS. The molar ratio between compounds and
lipids was previously based on an estimation of the insertion efficiency and initial
concentrations inserted (Licsandru et al. 2016). In this new series of simulations, we
varied the size of the patch along the twodirections of the crystal parallel to the bilayer
membrane. The size effect was only investigated in the case of the S-HC8 compound
since this structure was the most stable structure of the crystal form observed in
previous results. The molar ratio of lipid:compound was multiplied by a factor 2 in
simulation sim5, with the same initial patch of circa 3 nm width. The height of the
crystal patch was kept constant and is assumed to be close to the thickness of the
lipid bilayer.

All systems have been hydrated with a constant molar ratio of lipid:water equal
to 28. We checked in additional simulations that no other long-range effects on the z
axis and through periodic boundary conditions occur, by changing this latter molar
ratio to 54. Na+ and Cl− ions have been inserted using a Monte-Carlo scheme to
neutralize the system and to obtain a concentration of solute equal to 0.15 M.

All setups were assembled using the CHARMM-GUI web interface (Jo et al.
2008) and format files were adapted to the Gromacs software using the online tool
services (Lee et al. 2016).
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The molecular dynamics trajectories were visually inspected and analyzed using
the VMD software (Humphrey et al. 1996). Analysis of the trajectories for RSMD
and permeation calculations were performed using custom scripts for the MDAnal-
ysis library (Gowers et al. 2016; Michaud-Agrawal et al. 2011). The accuracy of the
analysis was first tested by varying the sampling time. Fast computation and accu-
racy were accessed both using 0.1 ns as a sampling time for the analysis of water
permeations. The analysis of pore radius was performed using the HOLE software
(Smart et al. 1996). Due to large fluctuations of channel components on the lateral
sides of the patch, mean pore radius values were relevant only for central channels.

3 Water Conductance and Dimensional Scaling

To evaluate the transport activity of the membrane in simulation, we computed the
average number of permeation events in one direction or water conductance q0 (see
Table 1). This number is related to the diffusional permeability pd which quantifies the
number of water molecules that exited a channel on one side of the membrane once
they entered through the opposite side of the membrane (Zhu et al. 2004). We will
further discuss the implications of this specific choice of permeation measurement.

We observed that all systems are stable in the bilayer during 1000 ns simulation,
based on their low root mean square deviation from the starting point. There is no
major rearrangement of compounds in themembrane, except for very fewcompounds
that move freely within the membrane. A crystal structure arrangement is dominant;
we observed very similar water pathways as in previous studies of similar patch
configurations (sim1) (Murail et al. 2018). In Fig. 2 we reported the evolution of
water permeation events during the time of each simulation (from 1000 to 2000 ns).
We observed that an equilibrium regime is reached on a range of time between 500
and 1000 ns depending on the simulation.

All simulationswere performedunder equilibriumconditions, thereforewe expect
that the net flow through the channels is null on average after a certain time. Indeed,
we observed that the net flow cancellation coincides with the convergence of perme-
ation rates to a constant value. Regarding these observations, we extracted water
conduction using water molecule trajectories taken above a time offset considered
as equilibration period. We combine linear regression and a bootstrap method to
compute estimates of water conductance and their confidence intervals (Haslwanter
2016). We computed conductance values reported in Table 1 using the following
relation:

q0 = Nperm

2Nc

where Nperm relates to the number of permeation events per second (in both direc-
tions), Nc relates to the effective number of channels. We consider a “permeation
event” as a complete transport of a water molecule through the channel delimited
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Table 1 Water conductance values reported for the whole set of simulations. Some results from
previous studies and from previous experimental measurements are mentioned for comparison.
Water conductance values are computed using number of permeation events in a time window
normalized by the number of effective channels in the pre-formed crystal patch. The last two
columns account for the distribution of events between lateral and central channel as defined in the
article text

Simulation
acronym

System
description

Force Water Permeation
regime

Conductance

Field Model × 106 H20/s/channel lateral central

q0 std

AQP1 – – – ~103 – – –

S-HC8
– Exp (7)

– – osmotic 1,4 0,1 – –

sim1 S-HC8 – 6
channels -
no defects

CgenFF TIP3P diffusive 19.5 0.2 99% 1%

sim2 S-HC8 – 6
channels -
with
defects

CgenFF TIP3P diffusive 22.2 0.2 99% 1%

sim3 S-HC8 – 2
× 6
channels

CgenFF TIP3P diffusive 22.5 0.1 82% 18%

sim4 SHC8 – 12
channels

CgenFF TIP3P diffusive 20.8 0.1 72% 28%

sim5 S-HC8 – 6
channels -
large
membrane

CgenFF TIP3P diffusive 20.5 0.1 98% 2%

sim6 S-HC8 – 6
channels

CgenFF SPC/E diffusive 10.1 0.1 76% 14%

sim7 S-HC8 – 6
channels

GAFF TIP3P diffusive 65.0 0.3 78% 28%

by the mean position of phosphorus atoms in the lipid bilayer in both leaflets. The
number of effective channels in our simulations was estimated by visual exami-
nation. Thereby we defined an effective channel as an I4- (or lipid-)bounded area
within which water wires are located; the “effective” attribute characterizing chan-
nels delimited by both compoundmolecules and hydrophobic tails of lipidmolecules
that allow water to cross the membrane. Despite basing the structure of the central
channel onX-ray data, the behavior of the channels exposed to lipids was first unclear
to us. Asmost of the permeation events occur in these regions, we tested two different
setups: one patchwith the lateral, exposed channels defined by exactly four imidazole
molecules and one patch with exposed lateral channels defined by three imidazole
molecules, see Fig. 1 a) b), the latter setup was already used in previous studies
(Murail et al. 2018). Both configurations remain stable during 1000 ns and we notice
higher thermal fluctuations for the imidazole column in the first setup, resulting in
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Fig. 1 Initial aggregation setups of the S-HC8 compound (see panels h and i) used for molecular
dynamics simulations. Top view (a) sim1 (b) sim2 (c) sim3 (d) sim4. Lateral view (e) sim1 (f)
sim2 (g) sim3. Only molecules of the I4 compounds and the phosphorus atoms of the lipids are
represented in the upper panels; water molecules close to polar heads of the imidazole compound
are added in the bottom panels. All other molecules are omitted in the pictures for clarity. Below
each bottom panel, the estimated number of effective water channels is shown

only one lateral-exposed channel and a reduced number of effective channels, see
Fig. 1.

Interestingly, in the second regime we observed that the normalized number of
permeation events grows with a similar rate independently of the size of either the
membrane or the patch. In the next section,we further discuss different considerations
about the water pathways in order to better understand these results.

In previous results, simulations were performed using a larger lateral pressure in
x/y directions (10 atm) compared to normal pressure (1 atm). Our motivation for this
choicewas to compensate for the relatively small size of the aggregates. Indeed, it has
been shown that small compounds tend to remain in crystal form under higher lateral
pressure. In the present simulations, we did not need to increase lateral pressure
since the crystal form was already stable at 1 atm. Some preliminary simulations
have been performed at higher lateral pressure (10 atm) but no significant changes

Fig. 2 Time series of number of permeation events normalized over the total number of pre-formed
imidazole I4 channels in the membrane. The permeation rates are grouped together with respect
to several varying factors: size of the patch and lipid/compound ratio (a), water model (b) and
force field parameters (c). Achieving a constant permeation rate after an initial time offset provides
a simple measure that the system reaches a converged transport state. Water conductance values
associated to each simulation are reported in Table 1
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in both stability and permeations were observed. One of the simulation outcomes
(sim5) with a larger lipid membrane indicates that the number of lipids does not
play a role in the overall stability since permeation pathways are very similar to
observations in sim1.We believe that the coupling between chiral crystal and induced
chiral water single-wire is enforcing the stability of this chiral structure (Kocsis et al.
2018), resulting in the observed robustness of the permeation mechanism. At this
stage, we plan to perform a more detailed analysis of the contribution of each Van
der Waals and Coulomb interaction between compound/compound, compound/lipid
and compound/water pairs. This breakdown will allow us to understand the key
mechanism for stability and permeation in these structures.

4 Permeation Pathways: Lateral Versus Central

In all simulations we observed a much larger number of permeations in lateral chan-
nels compared to central channels. Due to the multimeric nature of the patch, chan-
nels were identified based on geometrical aspects given the position of each water
molecule permeating in the half-time of its course through the membrane. Consid-
ering the array-like alignment of channels in one direction in the membrane plane,
we considered as “lateral channel” either an exposed channel with walls sharing
lipid atoms and compound atoms, or the first channel with walls made by compound
molecules. This choice was motivated by observations of water molecules jumping
laterally from one channel to another in this region. Note that the average duration
of permeation events, despite a broad range of deviations is always bigger in central
channels (10–500 ns) than in lateral channels (1–50 ns). These values are reported
qualitatively here, despite the lack of statistics on these timescales to distinguish
water permeation mechanisms between central and lateral channels.

Following the last two columns of Table 1, we noticed that systems with bigger
size patches display more central permeation events. Interestingly, the permeation
in central channels is not equally distributed among the central channels and only a
few of them are activated (see Fig. 3). An analysis of the pore radius was performed
on a trajectory obtained from sim4 and was correlated with the permeation events.
Over 10 central channels, only two pairs of adjacent channels remain active in the
second part of the simulation (channels 3,4 and 7,8); the activity being related to the
water permeability. For these channels, the mean pore radius is 1.36± 0.1Å and for
inactive channels the mean pore radius is 1.31 ± 0.1Å (see Fig. 3). Thus, central
permeation events are correlated to fluctuations of the pore size.

In several simulations not reported here, we observed an increase of central
channel radius up to 1.5 Å which is accompanied by a much faster transport of water
with a change of conformation of the water packing inside a channel. These results
suggest that the patch could undergo some structural transitions at room temperature.
However, we want to warn the reader that further investigation of these dynamical
processes is still to be investigated. Indeed the statistics of central permeation events
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Fig. 3 (a) water conductance per channel (12 aligned channels) during the time window 400–
1000 ns. Channel indices follow the spatial order, the channels 0 and 13 are effective channels
delimited by both lipids and S-HC8 molecules. Lateral channels are colored in orange and central
channels are colored in blue. Positive values account for water molecules entering the lower leaflet
and exiting the channel on the upper leaflet, and negative values are defined accordingly. (b) Time
series of mean pore radius for each labeled central channel. Lateral mean pore radius for lateral
channels was not represented, indeed higher fluctuations of channel walls reduces considerably
the accuracy of this measure. Only the time window corresponding to a constant water flow is
considered. For convenience, data is averaged on a time window of 50 ns.

at these timescales remain too low to ensure the system to be in a stationary state,
and therefore compute a stationary permeation rate.

In order to characterize the permeation pathways, we also computed the unidirec-
tional flow for both directions along the z axis on the timewindowwhere the absolute
flow is constant. We observed the water flow to be almost symmetric for all lateral
channels. Moreover we noticed that central channels in large systems could maintain
a positive net flow in the active channel during more than 400 ns (see Fig. 3). Still,
there is no evidence that water flow in one direction could be energetically favored in
this equilibrium-MD simulation. To confirm this hypothesis, it could be interesting to
extend the simulations considering its limitations due to the small amount of statistics
for central channels in the current study.

5 Discussion on the Model

We showed that for the scales investigated the overall water conductance scales
linearly with the size of the patch. At first sight, if we suppose that all channels
of the patch contribute independently to the overall water flow, these results seem
natural. However a detailed analysis of individual channel permeation has revealed
that lateral channels contribute significantly contribute for more permeation events
than central channels. If we consider simulation sim4 (see Fig. 1), the setup has
the same number of lateral channels as in sim1, but with almost the double number
of central channels. First, we were expecting that the water conductance will scale
with the number of lateral channels, but simulations show that it scales with the
total number of channels. One hypothesis to understand these results is to suggest
that permeation in these crystal-like structures is a collective phenomenon between
adjacent channels. This vision is supported by the comparison between simulations
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Table 2 Self-diffusion of
water in the bulk calculated
for two water models and
experimental reference value
(Mahoney and Jorgensen
2000)

Water Model Self-diffusion (10–5 cm2/s)

experimental 2.30

TIP3P 5.19

SPC/E 2.49

sim1 and sim2 where the local change of the lateral channel conformation does not
seem to disturb overall water conductance. So, in order to understand the mechanism
of water flow at larger scales, one has to consider the spatial correlations of such
crystal-like molecular assemblies.

As shown in Fig. 1, the choice of the water model has a significant impact on the
permeation rate. Water conduction is twice stronger using the TIP3P water model
compared to the SPC/E model given all other setup features being equal. It is well-
known that water transport in confined geometries is strongly dependent on hydrogen
bonds that water molecules form within their close environment (Horner et al. 2015;
Alexiadis and Kassinos 2008). Yet the number of hydrogen-bonds in S-HC8 chan-
nels is very close to the number of hydrogen bonds in the bulk. Hence we expect
that the diffusion in the channels at equilibrium will be affected correspondingly
to the bulk diffusion. Indeed, as shown in Table 2, the ratio between self-diffusion
coefficients between TIP3P and SPC/E model is 2.1 which is consistent with our
results. Moreover, as the SPC/E water model is more faithful to real data concerning
transport properties, we keep inmind that almost all simulations performed here with
the TIP3P model would overestimate transport properties.

In order to test the sensitivity of the model coefficients, we compared the water
conductance in two similar setups varying force field parameters for the imidazole
compounds using either CGenFF (Caleman et al. 2012) or GAFF (Wang et al. 2004).
Results in Fig. 1 show that permeability is more than three times larger when using
the GAFF force field. UsingGAFF parameters, we noticed the crystal patch to be less
flexible under thermal fluctuations; almost no imidazolemolecules aremoving freely
in the lipid bilayer. We expect that GAFF parameters reinforce long-range electro-
statics interactions resulting in even more stable crystal-like patches embedded in
the lipid bilayer. This freezing effect of the surrounding architecture could contribute
to increase water conductance both in lateral and central channels. However, further
considerations about energetics and experimental data is under investigation to vali-
date and study the influence of both LJ coefficients and partial charges of these two
models.

Furthermore, experimental data is required to assess the validity of the modeled
aggregates. Despite the estimation from experimental results of the molar ratio
between lipids and compound molecules, the average size of these membrane-
embedded objects actually remains unknown. Two scenarios arise at this stage, one
assuming the existence of small patches with large surface-to-volume-ratio effect
and therefore a particular role of the interaction between lipids and the compound
patch on permeation rate, the other scenario assuming the presence of large crystal
patches where surface-to-volume-ratio effects are negligible. In order to validate the
second scenario, we would need above-mentioned experimental data. Furthermore
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a coarse-grain approach could be adopted to simulate larger systems, however the
forcefield issue then becomes even more stringent as all relevant physico-chemical
properties of the imidazole compounds will have to be captured in the simplified
representation. Somehow we would have to find a compromise between the loss of
atomistic description for water dynamics and the gain in the amount of statistics.

Although the size of the embedded system does not seem to play a significant
role in the permeation rate in our simulations, we keep in mind that it essentially
concerns the hypothesis based on crystal configuration at small timescale. The major
difficulty in reproducing the experimental conditions relates to the unknown average
size and distribution of compound assemblies embedded in the liposomes, the radius
of which is distributed around 100 nm. In our simulations, the patch size does not
exceed 10 nm and timescales accessible to all-atoms descriptions are bounded to a
few microseconds. Given the small values of the scaling factor we used in this study,
we do not exclude some important surface-to-volume effects when we scale the
system up to experimental ones. For the time being, we cannot resolve the question
of long-term events such as the rearrangement of the structure inside the membrane
without validating a proper force field.We already know fromprevious results related
to other compounds (Murail et al. 2018) that disordered aggregates may also display
high water conductance and ion selectivity but these structures have shown limited
robustness under application of the current force field. This observation emphasizes
the difficulty to validate the force field choice at these small timescales.

Regarding the test serieswe performed on the S-HC8 compound,we canminimize
the actual mismatch between experimental results in stopped-flow experiments and
our simulations where we found a water conductance of one to two orders of magni-
tude larger than the experimental value. Indeed, the choice of the model needs to be
understood in order to correctly reproduce tendencies of the experiments. Moreover,
the current studies were only tackling the stability and permeation mechanisms at
equilibrium. Yet structural changes of such systems composed by a large number of
interacting molecules has to be challenged under non-equilibrium conditions such
as osmotic gradients or hydrostatic pressure (Kalra et al. 2003; Yoshida et al. 2017).
Such considerations as a comparison between diffusional and osmotic single-channel
permeabilities need to be clarified on these systems, in order to enlighten experi-
mental observations in real systems. Although these dynamical aspects have been
intensively studied in carbon nanotubes and biological channels (Horner et al. 2015),
a long road to understand stability and water permeation mechanisms in molecular
self-assemblies remains.

6 Conclusion and Perspectives

By varying the size of the patch of crystal-like assemblies of I4 channels using MD
simulations, we found that permeation rate scales with the total of number of chan-
nels. Large surface-to-volume-ratio in these in silico model systems could induce
an overestimation of the permeation rate in contrast to experiments on liposome
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substrates. Surprisingly, finite-size effects do not seem to be ruled out by the particular
morphologyof themore active channels. Thesefindings suggest that collective effects
that imply long-range interactions between compounds and lipid/compound interfa-
cial energies have to be carefully investigated. Indeed, the scaling of these seed struc-
tures to a larger scale remains a challenge given the number of uncertainties related
to the phase state of large self-assemblies in lipid bilayers. Although X-ray data
provide a crystalline structure that displays permeation properties, we showed that
the force field parameters that describe interactions between I4 compounds is deter-
minant to allow stability within the lipid bilayer and therefore control the permeation
rate. Flexibility and mutual effects between hydrophobic and hydrophilic regions in
these packed channels have shown to be a major asset to increase single-channel
permeability. Simulations will play an important role in elaborating future designs
of self-assembled compoundswith improved properties. Previous and present studies
rely on a static approach, therefore out-of-equilibrium simulations will confirm and
complete the current scenario. Furthermore, Van der Waals interactions and elec-
trostatic interactions will be investigated to calibrate the force field with respect to
experimental data.At last, larger scaleswill be assessedby coarse-grained approaches
(Chan and Král 2018; Brandner et al. 2019) in order to study the feasibility of scal-
able membrane constructs linking to the macro-scale (Kumar et al. 2012; Shen et al.
2018).
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Functional Microporous Polymer
Networks: Synthesis and Applications

Alex Palma-Cando and Ullrich Scherf

Abstract Microporous polymer networks (MPNs) possess a high potential for such
applications where high specific surface areas and extended π-conjugation (causing
semiconductive properties) are a must. Some relevant experimental results for chem-
ical and electrochemical generation of functional microporous polymer networks
gathered during the last decade in our groups are here presented. Smart design of
rigid 3D building blocks (tectons) allows to produce microporous polymers with
specific surface areas up to 2200 m2 g−1. Microporous monoliths have been e.g.
used for oil trapping from aqueous mixtures while thin MPN films showed a high
potential in the optical and electrochemical detection of nitroaromatic explosives up
to low ppb concentrations.

Keywords Microporous Polymer Networks (MPNs) · Electrodeposition ·
Electrochemical sensing · Optical sensing · Nitroaromatic analytes · Thin film
sensors · Polymer monoliths
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DMI 1,3-Dimethyl-2-imidazolidinone
DNB 1,3-Dinitrobenzene
DNT 2,4-Dinitrotoluene
EQCM Electrochemical quartz-crystal microbalance
GC Glassy Carbon
HCP Hypercrosslinked polymers
ITO Indium tin oxide
LSV Linear sweep voltammetry
MPN Microporous polymer network
NB Nitrobenzene
ODB 1,2-Dichlorobenzene
PAF Porous aromatic framework
PL Photoluminescence
p-TolSO2Na Sodium p-toluenesulfinate
Rq Root-mean-square roughness
SBET Brunauer−Emmett−Teller specific surface areas
TBABF4 Tetrabutylammonium tetrafluoroborate
TBAF Tetrabutylammonium fluoride
TBAP Tetrabutylammonium perchlorate
TDAE Tetrakis(dimethylamino)ethylene
THF Tetrahydrofurane
TNB 1,3,5-Trinitrobenzene
TNP 2,4,6-Trinitrophenol
TNT 2,4,6-Trinitrotoluene
TPE Tetraphenylethylene
WE Working electrode

1 Introduction

Polymerization of bifunctional monomers usually leads to the formation of 1D-linear
or branched, non-porous polymers. By chemicalmodification of a precursor polymer,
hypercrosslinked polymers (HCPs) have been produced using different cross-likers
(Tan and Tan 2017). These HCPs showed high Brunauer−Emmett−Teller (BET)-
derived surface areas (SBET) up to 3000 m2 g−1 (Wang et al. 2017). A different
approach for synthesizing porous polymer structures is based on the polymerization
of rigid, multifunctional 3D monomers. The resulting, mostly amorphous materials
are covalently bond and highly crosslinked organic structures that present inherent
microporosity (porous diameter < 2 nm) (Sing et al. 1984) and high surface areas
(Preis et al. 2015a). Conjugated microporous polymers (CMPs) (Lee and Cooper
2020) and porous aromatic frameworks (PAFs) (Yuan and Zhu 2019) are common
names used to described these type of polymer networks. Only difference between
CMPs and PAFs is the occurrence/non-occurrence of extended π-conjugation thus
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causing problems in the classification of (micro)porous polymers (Jiang et al. 2007).
To avoid misunderstandings, we have opted for a different terminology, Microp-
orous Polymer Networks (MPNs), which includes both CMPs and PAFs. MPNs
have shown application potential in gas storage and separation (Lu et al. 2010),
adsorption and encapsulation of chemicals (Wang et al. 2013), heterogeneous catal-
ysis (Xie et al. 2013), photoredox catalysis (Zhang et al. 2013), light emittance
(Bonillo et al. 2016), chemo- and biosensing (Geng et al. 2016), energy storage
(Zhang et al. 2018), and in biological applications (Bhunia et al. 2018). Synthesis
chemical routes for the production of MPNs are mainly dealing with C-C coupling
or C-N coupling reactions such as Sonogashira-Hagihara coupling (Trunk et al.
2016), Suzuki-Miyaura coupling (Chen et al. 2010), Yamamoto coupling (Schmidt
et al. 2009), Heck coupling (Sun et al. 2013), cyclotrimerizations (Buyukcakir et al.
2019), phenazine ring fusion (Marco et al. 2017), Schiff-base condensations (Xu
and Hedin 2013), heterocycle linkages (Biswal et al. 2018), alkyne metathesis (Lu
et al. 2015), Buchwald-Hartwig amination (Liao et al. 2018), direct arylation (Liu
et al. 2013), polyolefinations (Preis et al. 2015a), and oxidative couplings (Qiao et al.
2014). MPNs produced by these chemical routes are usually insoluble and practi-
cally intractable powders or monoliths that cannot be processed into thin films for
applications in the field of organic electronics. Electrochemical, oxidative genera-
tion of MPNs has proved to be an promising technique for the preparation of high
quality thinMPNfilms (Suresh and Scherf 2018). The electropolymerizationmethod
allows for simultaneous MPN formation and deposition under mild and catalyst-free
conditions, and in short times. Anodic electropolymerization is accomplished by
oxidation of multifunctional monomers at the electrode followed by cascades of
radical ion-radical ion coupling reactions which leads to dimers, trimers, tetramers,
oligomers up to polymer networks (Ibanez et al. 2018). A controlled deposition of
the growing thin MPN films on the electrode surface is driven by a progressively
reduced solubility of the coupling products (Heinze et al. 2010). Thiophenes and
carbazoles are the most used electroactive motifs with low oxidation potential, that
are applied in combination with suitable linkers in the electrogeneration of MPN
films (Palma-Cando et al. 2019a; Zhang et al. 2015).

Hereinafter, we discuss some of our efforts and contributions in the synthesis,
characterization and application of microporous polymer networks during the past
decade. A library of diverse monomers utilized for the generation of MPNs is
presented in Scheme 1. In the first part, we review some examples of chemically
synthesizedMPNs based on cyclotrimerizations and Friedel-Craft-type polyconden-
sations. Then, we will focus on the electrochemical generation of thin MPN films
based on multifunctional carbazole- and thiophene-based rigid monomers and their
application as luminescent or electrochemical sensors for nitroaromatic analytes.
Both oxidative chemical or electrochemical polymerizations have been compara-
tively studied, e.g. concerning the inherent porosity of bulk powders and thin MPN
films, respectively.
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Scheme 1 Chemical structures of chemically or electrochemically polymerized monomers for
generation of microporous polymer networks (MPNs)
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2 Chemically Synthesized Microporous Polymer Networks

A first selected approach in the synthesis of microporous polymer networks is based
on awell-known synthesis of truxene derivatives by cyclotrimerization, here by using
bifunctional s-indacene monomers (Sprick et al. 2010). Truxene itself is obtained in
the cyclotrimerizationof indan-1-onewith protic (DehmlowandKelle 1997) orLewis
acids (Ansems et al. 2000), while truxenone can be synthesized in the condensation of
indan-1,3-dionewith protic acids (Sanguinet et al. 2006). Figure 1 shows the chemical
structures of our bifunctional monomers 1–3. Polycondensation of monomer 1 was
tested under different acidic conditions resulting in a MPN yield of ca. 85% by using
titanium tetrachloride as Lewis acidic catalyst in 1,2-dichlorobenzene (180 °C, 72 h).
Monomers 2 and 3 were polymerized under similar conditions using titanium tetra-
chloride (for 72 h) ormethanensulfonic acid (for 3 h), respectively, with a quantitative
polymer yield. Idealized structures of the resulting ladder-type MPNs are shown in
Fig. 1. These network polymers showed excellent thermal stability in air up to 330 °C.
Solid state 13C {1H} cross-polarization magic-angle spinning (CPMAS) NMR spec-
troscopy confirmed the formation of the idealized structural motifs including low-
intensity carbonyl-related end group signals. Surface area (SBET) values of the bulk
polymers were obtained by applying the Brunauer–Emmett–Teller equation to the
corresponding nitrogen adsorption isotherms. P1 showed a SBET value of 395 m2

g−1 which was much lower than the SBET values of 1165 m2 g−1 for P2 possibly
related to the presence of bulkier methyl substituents that support pore formation.
P3 showed the highest SBET value of 1650 m2 g−1 for a MPN powder obtained in a
metal-free, acid catalyzed cyclotrimerization.

As second example of our selection, acid-catalysed Friedel-Craft-type polycon-
densations were applied to a series of 10 multifunctional arylamino-substituted fluo-
renone monomers (see monomers 4–13 in Scheme 1) and binary mixtures of them

Fig. 1 Idealized chemical structures of MPNs a P1 and P2 (P1: R = CH3, P2: R = H), and b P3.
(Sprick et al. 2010). Reproduced with permission of The Royal Society of Chemistry
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(Preis et al. 2011). A2 + B2 and AB2 polycondensations under Friedel-Craft reac-
tion conditions between aromatic ketones and bifunctional aromatic moieties lead
to the formation of linear, high molecular weight polymers (Zolotukhin et al. 2004)
and hyperbranched polymers, (Smet et al. 2002) respectively. We used the similar
synthetic principles for the generation of MPNs (for P4–P6 see Fig. 2) starting from
A4B2 and A2B2 monomers, carried out with methane sulfonic acid as catalyst in
1,2-dichlorobenzene (at 140 °C). Formation of rigid, three-dimensional (3D) struc-
tures was obtained in a single reaction step under formation of 9,9-diphenylfluorene
knot motifs in nearly quantitative yields. Thermogravimetric analysis showed good
stability of the MPNs up to 250 °C. Solid-state 13C{1H} CPMAS NMR spectra for
P4 showed a broad signal with three maxima at 129 ppm, 138 ppm and 148 ppm for
the aromatic carbons and a weak signal at 63 ppm assigned to the aliphatic tetrag-
onal carbon that is formed during condensation. The resulting MPN (P4) showed
maximum SBET values of 1420m2 g−1 for homopolymers due to the rigidity and high
cross-linking density of the MPNs. Copolymerization of two different monomers
followed by supercritical CO2 treatment (scCO2 washing) led to optimized SBET
values up to 1775m2 g−1 for a copolymer frommonomers 1/3 (1:1w/w). For compar-
ison, the same, non-scCO2-washed copolymer showed a reduced SBET of 718m2 g−1.
Therefore, exchange of leftover organic solvents by scCO2 distinctly increases the
accessible SBET surface area of theMPNs. This effect was more noticeable forMPNs
of lower less cross-linking density in comparison to highly cross-linked MPNs.
Optimized homopolymerization of monomer 4 (Scheme 1) with trifluoromethane
sulfonic acid as catalyst in 1,2-dichlorobenzene at 140 °C led to MPNs showing
high SBET values of up to 2250 m2 g−1 (Preis et al. 2013). Maximum pore volume
and hydrogen storage capacity determined for this MPN (P4) are 2.16 cm3 g−1 and
1.68%, respectively.

Fig. 2 Idealized chemical structures of MPNs a P4 and P5 (P4: R = phenyl and P5: R = methyl),
and b P6. Unreacted aromatic, keto units and 9-monosubstituted fluorene cores that form end groups
cores are encircled. Modified with permission (Preis et al. 2011). Reproduced with permission of
The Royal Society of Chemistry
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As third example of MPN generation, the metal-free cyclotrimerization of three
different aromatic diisocyanatemonomers (seemonomers14–16 in Scheme1) allows
for the generation of monolithic MPNs (Preis et al. 2015b). These commercial low-
priced monomers undergo cyclotrimerization under triarylcyanurate formation (see
Fig. 3a), by using three different catalyst systems: sodium p-toluenesulfinate (p-
TolSO2Na), (Moritsugu et al. 2011) tetrabutylammonium fluoride (TBAF) (Nambu
and Endo 1993), or tetrakis(dimethylamino)ethylene (TDAE) (Giuglio-Tonolo et al.
2014). A 3 × 7 experimental matrix was set up under variation of monomers, cata-
lysts, solvents, and reaction temperature. Five of themonolithicMPNs obtained from
monomer 14 showed a combination of high yield and high SBET surface areas; P14-1
(92% yield and SBET 783 m2 g−1: with 10% TBAF in DMI at 150 °C), P14-2 (92%;
971 m2 g−1: with 10% TBAF in ODB at 150 °C), P14-3 (98%; 216 m2 g−1: with
10% TBAF in THF at 150 °C), P14-4 (100%; 115 m2 g−1: with 10% p-TolSO2Na
in DMI at 150 °C), and P14-5 (86%; 711 m2 g−1: with 10% TDAE in DMI at room
temperature). A second 3 × 15 experimental matrix was applied to optimize the
catalyst concentrations (10%, 5% and 1%) for the five promising polymerization
conditions. Herein, P14-6 was obtained under similar condition as P14-4 with a
1% TBAF resulting in a monolithic MPN with quantitative yield and a SBET value
of 1320 m2 g−1 thus demonstrating the influence of the catalyst/monomer ratio on
the cross-linking density of the resulting polymer networks (more than one order
of magnitude of improvement in SBET). This easily produced MPN P14-6 shows
reasonably high gas uptakes of 1.3 wt%, 1.1 wt%, and 14.4 wt% for hydrogen (at
77 K), methane (at 273 K), and carbon dioxide (at 273 K), respectively. Moreover,
up-scaling the production of P14-6 was demonstrated by using a 100 g monomer
batch resulting in compact, monolithic MPN chunks with a slightly increased SBET
of 1510 m2 g−1. These results suggested potential applications of such MPN mono-
liths for the capture and storage of gases. It was found that increasing the monomer
concentration over a certain threshold leads to the formation of MPNs of higher
surface area. This behavior is probably related to an increased cross-linking density.

Fig. 3 a Idealized chemical structure of theMPNsP14-P16made from rigid, aromatic diisocyanates
(green rectangle represents the aromatic cores: (in P14) 2,2′-dimethyl-biphenyl-1,1′-diyl, (in P15)
1,5-naphthylene and (in P16) 1,4-phenylene, and b photographs showing dodecane (dyed with
Sudan I) sorption into a microporous, monolithic P14 chunk from aqueous mixture (Preis et al.
2015b). Reproduced with permission of the American Chemical Society
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Fig. 4 a Linear scan voltammograms (after background correction) for reduction of 0.5 μM
aqueous TNB solution at P22-modified and bare (inset) glassy carbon electrodes (at scan rate of
0.01 V s−1) and b current ratio of the third reduction peak of TNB atMPN-modified and bare glassy
carbon electrodes versus SBET of the MPN films (Palma-Cando and Scherf 2015). Adapted with
permission of the American Chemical Society

Removal of oily contaminants from aqueous mixtures was investigated for such P14
monoliths. Figure 3b shows photographs for the dodecane (as model for an oily
contamination, dyed with Sudan I) sorption from an aqueous mixture using microp-
orous P14 chunks. Hereby, the low-density MPN material (0.18 g cm−3) is floating
on the water surface and is completely trapping the oily pollutant (within short times
of less than one minute, under up to fourfold mass increase).

3 Electrochemically Synthesized Microporous Polymer
Networks

Electrochemical oxidative polymerization of multifunctional monomers with low
oxidation potential leads directly to the formation of thin MPN films, while the
wet-chemistry based oxidative coupling produces MPN powders (or, in some cases,
monoliths) (Palma-Cando and Scherf 2016). Hereby, non-aqueous monomer solu-
tions are usually applied at low concentrations (μM) with supporting organic
electrolytes based on tetrabutylammonium salts (Palma-Cando et al. 2014). MPN
films can favorably be generated in a three-electrode cell connected to a potentio-
stat/galvanostat which controls potential and current applied to the system. Micro-
porous polymer films are deposited on the working electrode (WE) by oxidative
polymerization. Electronic conductors used as inert WE are usually made of gold,
platinum, glassy carbon or ITO (Gurunathan et al. 1999). Our fist approach into
the generation of MPN films dealt with the electrochemical polymerization of
multifunctional carbazole monomers (for the six investigated monomers see 17–
22 in Scheme 1) containing two, three and four carbazole units (Palma-Cando and
Scherf 2015). Ambrose and Nelson described the mechanism for the electrochemical
oxidative coupling of carbazoles under formation of cation radicals that experience
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radicalion-radicalion couplings into 3,3′-bicarbazole dimers (Ambrose and Nelson
1968). Dimers can undergo further reactions such as 6,6′-couplings, into extended
oligomers and polymers. In the polymerization of monomers 17–22 we first studied
the influence of the number of carbazoles attached to the core of the tectons on the
resulting surface area of the deposited microporous polymers. Nitrogen and krypton
adsorption isotherms were recorded for the six different MPNs made both by bulk
chemical polymerization with FeCl3 (for comparison) and potentiostatic electro-
chemical polymerization, respectively. Electrogenerated MPN films were synthe-
sized from diluted monomer solutions in acetonitrile/dichloromethane mixtures.
Adsorption isotherms of films and powders showed similar trends with a fast N2

or Kr uptake at low relative pressure (<0.1) which is characteristic for the occurrence
of permanent microporosity (Sing et al. 2008). Table 1 lists the SBET values for bulk
microporous polymer powders and the respective MPN films. Similar surface area
values for bulk polymers and thin films were obtained for the tetrasubstituted MPNs
(P21 and P22). On the other hand, decreased SBET values were determined for films
generated from bi- and trisubstituted monomers if compared to the corresponding
MPN powders (P17–P20). Reduced cross-linking density for the electrogenerated
films is most probably caused by an exclusive formation of carbazole dimers while
FeCl3 bulk polymerization also yields 3,5-disubtituted carbazoles (Chen et al. 2012).
Moreover, a direct relationship between the number of carbazole groups in the
monomers and the SBET values of the resulting MPN films was observed based
on increased cross-linking density and rigidity of the MPNs when increasing the
functionality of the monomers. Tetrafunctionalized monomers provide an optimum
amount of possible cross-linking sites (Zhang et al. 2014).

Electrogenerated polymer films are very promising materials for the fabrication
of electrochemical sensors and biosensors (Terán-Alcocer et al. 2021) for various
analytes such as neurotransmitters (Moon et al. 2018), pharmaceuticals (Eslami
and Alizadeh 2016), glucose (Naveen et al. 2017), hydrogen peroxide (Park et al.
2016), nitrites (Ge et al. 2020), or nitroaromatic compounds (Guo et al. 2015). We
used thin, carbazole-based MPN films for the electrochemical detection of 1,3,5-
trinitrobenzene (TNB) as prototypical nitroaromatic compound in aqueous solution,
based on its cathodic reduction. An increased current response of up to 182 times
was observed for P22 films on glassy carbon (GC) electrodes when contacted with
aqueous TNB solutions, if compared to the current response of bare GC electrodes
(see Fig. 4a). An interesting correlation was found between the current response
increase (bareGC vs.MPNcoatedGC electrodes) and the SBET of theMPNfilms (see
Fig. 4b). Hereby, the formation of charge-transfer complexes between the electron-
poor nitroaromatic analytes and the electron-rich MPN films is boosted by the much
higher electroactive surface area at the MPN-modified electrodes where the analyte
reduction takes place (Evans et al. 2002; Zhang et al. 2006; Shamsipur et al. 2015).

Regarding civil and environmental security, the detection of explosives in the gas-
phase is highly desirable (Sun et al. 2015). Here, fluorescent polymers networks have
shown high application potential as luminescent sensor for explosive traces (Liu et al.
2012). We used spirobifluorene-cored MPN films (P21) for the gas-phase detection
of nitroaromatic explosives due to their intense inherent fluorescence and high SBET
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Fig. 5 aTen successive cyclic voltammograms at an ITOelectrode for 0.5mMsolution ofmonomer
21 in acetonitrile/dichloromethane (1:4) and 0.1MTBAP as supporting electrolyte, potential range:
0–0.98 V, scan rate: 0.10 Vs−1. The inset shows a tapping mode AFM image of the resulting MPN
film. b Integrated PL response to different TNT vapor concentrations (455–480 nm) for a vapor-
deposited non-porous film of monomer 21 (black dots) and a microporous P21-film (blue dots)
(Räupke et al. 2016). Reproduced with permission

surface area (1297 m2 g−1) (Räupke et al. 2016). Figure 5a shows 10 successive
voltammetric cycles for the electrochemical polymerization of a 0.5 mM solution
of monomer 21 in acetonitrile/dichloromethane (1:4) on ITO electrodes. P21 thin
films with thickness of ca. 50 nm are formed by cycling in a potential range of 0 V–
0.98 V with a scan rate of 0.10 Vs−1. A so-called nucleation loop with a crossing
effect between the first anodic scan and the reverse sweep is observed during the
first cycle. This phenomenon might be related to an autocatalytic reaction between
oligomeric intermediates and monomers (Heinze et al. 2007). Tapping mode AFM
image shows a rather smooth morphology with a mean roughness Rq of ~14 nm
(see inset Fig. 5a). For the sensing experiment, analytes were placed in a closed
chamber (analyte chamber) that is connected via a needle valve to a second chamber
containing the P21 films on ITO (sample chamber). Each chamber can be separately
heated. Photoluminescence (PL) spectra of a P21 film upon excitation at 355 nm
show a PL peak centered at 472 nm. The so-called quenching efficiency of the P21
PL upon exposure to different analytes (e.g. acetone, ethanol, toluene, benzene,
nitrobenzene—NB, and 2,4-dinitrotolune—DNT) were found to be >1 for electron-
poor nitroaromatic analytes (NB and DNT), while for the other analytes only a slight
effect on the PL was observed. A possible mechanism of PL quenching is an energy
transfer between the excited, electron-rich host and the electron-poor nitroaromatic
quencher (Toal and Trogler 2006). The higher quenching efficiency (DNT vs. NB)
for the energy transfer from the LUMO level of P21 (−2.58 eV) to the LUMO
level of DNT (−3.22 eV) might be ascribed to a deeper lying LUMO level of DNT if
compared to theLUMOlevel position ofNB (−2.91 eV). Finally, gas-phase detection
of 2,4,6-trinitrotoluene (TNT) at lowconcentrations down to5ppb (room temperature
vapor pressure) was investigated. Our P21 films showed a maximum quenching of
ca. 50% after 30min by contact with TNT vapors (see Fig. 5b). Already after 2–3min
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a significant PL quenching response was recorded. For comparison, PL quenching
was not detectable for non-porous films, vapor-deposited films of monomer 21 at
even much higher TNT concentration of 3 ppm (3 orders of magnitude increased
concentration). These results clearly demonstrate the crucial role of microporosity
and high surface area of the films by facilitating the interaction between the MPN
surface and the quencher molecules.

In a second attempt, we studied the electrochemical, oxidative polymer-
ization of tetrathienyl-substituted spirobifluorene- and tetraphenylmethane-cored
monomers (see monomers 23–26 in Scheme 1) both in pure dichloromethane and
dichloromethane/boron trifluoride ethyl etherate (DCM/BFFE) mixtures (Palma-
Cando et al. 2015). The coupling mechanism for electron-rich heteroaromatics such
as thiophenes is described in a similar way as done for carbazole-based monomers
(Diaz et al. 1981). The potential required for the oxidation of the monomer is always
higher than potential needed for oxidation of the oligomeric species that are formed in
a cascade of condensation reactions toward formation of polymeric chains. It has been
demonstrated that the addition of boron trifluoride decreases the needed potential for
monomer coupling by reducing the aromaticity of the system through BF3 interac-
tion with the lone electron pair at the thiophene sulfur (Shi et al. 1995, 1999). The
resulting surface areas extracted from nitrogen or krypton sorption measurements
of thin, electrogenerated MPN films and, for comparison, of bulk MPN powders
obtained by wet-chemical coupling with FeCl3, respectively, are listed in Table 1.
The highest SBET surface areas for thinMPNfilmswere achieved for deposition from
DCM/BFFE mixtures with SBET values like that of the corresponding bulk polymer
powders. This finding indicates the importance of reducing the potential for the
monomer oxidation. The connectivity of the networks made from the 3-thienylbased
monomers (24 and 26) was significantly affected by the presence of boron triflu-
oride. The formation of hyperbranched oligothiophene structures containing 2,3,5-
trisubtituted thiophene unitswas obtained in electrochemical polymerization inDCM
(see Fig. 6a). However, MPN deposition from 24 and 26 in DCM/BFEE mixtures
preferably led to the formation of 2,2′-bithiophene links similar to that what is gener-
ally observed for the corresponding 2-thienyl-substituted monomers 23 and 25 (see
Fig. 6b and c). Moreover, electrochemical reduction of TNB at P25-modified GC
electrodes showed a linear relationship between current response and thickness of the
microporous deposits. These results confirm the role of the donor–acceptor interac-
tion between electron-poor nitroaromatic and electron-rich moieties after modifying
GC electrodes with P25-films.

In a further study we utilized tetra- and octacarbazole-functionalized monomers
with three dimensional, rigid tetraphenylmethane and tetraphenylsilane cores for
electrochemical (and wet-chemical) MPN generation (see monomers 27–30 in
Scheme 1) (Palma-Cando et al. 2016). Bulk polymer powders were isolated in high
yields for the oxidative coupling of these multifunctional monomers with FeCl3.
MPN powders showed good thermal stability and intense photoluminescence (PL)
with maxima at 444 nm (P27), 473 nm (P28), 482 nm (P29), and 471 nm (P30).
In addition, a reasonable CO2 trapping capacity was shown for P29 with a storage
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Fig. 6 Idealized chemical structure of the thienyl-thienyl links inmicroporous films a electrochem-
ically prepared P24 in DCM, b electrochemically prepared P24 in DCM/BFEE mixture, and c wet-
chemically prepared P23 (Palma-Cando et al. 2015). Adapted with permission of The American
Chemical Society

capacity of up to ca. 9 wt%. Quartz-crystal microbalance measurements simultane-
ously coupled to the electrochemical film deposition (EQCM) was used for gaining
more insight into the growth of the MPN films during the electropolymerization of
our multifunctional monomers. The anodic scan in the first cyclic voltammogram for
polymerization of monomer 27 showed a decrease in the EQCM frequency starting
at the peak potential onset at ca. 0.9 V vs. Ag/AgNO3 (see Fig. 7a). These frequency
dropping is related to a mass increase that can be estimated by the Sauerbrey equa-
tion (Sauerbrey 1959) thus documenting oxidative coupling of carbazole units and
subsequent irreversible deposition of a P27 layer on the Pt/quartz electrode. A contin-
uously increasingmasswas observed indicating a homogeneous film growth overlaid
by a reversible uptake and release of perchlorate counteranions due to doping/de-
doping events in the as-grown P27 layer. Nitrogen or krypton adsorption isotherms
at 77 K for wet-chemically made bulk polymer powders or electrodeposited MPN
films are depicted in Fig. 7b and c, respectively. Main gas capture at low relative
pressure of <0.1 verifies the microporous nature of the materials. Slightly reduced
specific surface areas were found for the electrodeposited MPN films if compared to
the bulk polymer powders (see Table 1). P29 made from octacarbazolyl-substituted
tetraphenylmethane tectons showed the highest SBET of 1331 m2 g−1. Both carbon-
cored MPNs displayed increased SBET value in relation to the respective silicon-
cored MPNs. This result can be related to electronic σ − π-interactions of aromatic
substituents through the silicon centers thus decreasing the reactivity of the carbazolyl
groups and leading to a lower cross-linking density (Traylor et al. 1970). Electro-
chemical sensing experiments for various nitroaromatic analytes were carried out on
glassy carbon electrodes modified with microporous P29 films. Figure 8b depicts
linear scan voltammograms for the electrochemical reduction of 0.1 μM solutions
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Fig. 7 a Ten cyclic voltammograms (black lines) and EQCM frequency changes (red lines), that
reflect the mass accumulation in the electrochemical polymerization of 0.1 mM solutions of 27.
Adsorption isotherms of b electropolymerized MPN films (Kr sorption) and c corresponding bulk
polymer powders synthesized by oxidative couplingwith FeCl3 (N2 sorption).dLinear scan voltam-
mograms for the reduction of 0.1 μM solutions of various nitroaromatic analytes at P29-modified
GC electrodes in buffered aqueous solution (pH 7.4). LSVs were obtained with a scan rate of
0.01 V s−1 (Palma-Cando et al. 2016). Adapted with permission of the American Chemical Society

of nitrobenzene (NB), 1,3-dinitrobenzene (DNB), 2,4-dinitrotoluene (DNT), 1,3,5-
trinitrobenzene (TNB), 2,4,6-trinitrophenol (TNP), and 2,4,6-trinitrotoluene (TNT)
at P29-modified GC electrodes in an aqueous environment. A series of reduction
peaks corresponding to the number of nitro functions in the analyte was observed
for sub-μM concentrations of the analytes. Hereby, the position of the first reduction
peak potential drops by increasing the number of nitro substituents in the analyte
molecules, thatmeans, less energy is required for the initial, interfacial charge transfer
between themicroporous polymer containing electron-rich bicarbazole-units and the
electron-poor nitroaromatic compounds (Shamsipur et al. 2015). Similar results were
reported by us for polymer networks deposited frommultifunctional monomers with
three or six carbazole units (Palma-Cando et al. 2019b).

In a follow-on study, we converted wet-chemically as well as electrochemically a
series of six tetra- or octa-substituted carbazole- or thiophene-based, tetraphenylethy-
lene (TPE)-cored monomers (see monomers 31–36 in Scheme 1) into microp-
orous polymer materials (Palma-Cando et al. 2017). TPE is a prominent propeller-
shaped structural motif that shows the so-called aggregation-induced emission (AIE)
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phenomenon in the solid state.Main reason for occurrenceofAIEeffects is the restric-
tion of intramolecular rotations and vibrations (Mei et al. 2014). Since early reports
of the AIE effect, (Luo et al. 2001; Sharafy and Muszkat 1971) AIE phenomena
received enormous attention from the scientific community due to potential appli-
cations in different fields (Jimenez and Rodríguez 2020). In our study, lumines-
cent MPN powders based on TPE-cored tectons were obtained by wet-chemical
oxidative coupling of monomers 31–36 with FeCl3, resulting in materials that are
thermally stable up to 300 °C. Electrochemical, oxidative polymerization of the
carbazole-based monomers 31–33 were carried out in dichloromethane solutions
containing tetrabutylammonium tetrafluoroborate (TBABF4) as electrolyte, while
the thiophene-based monomers 34–36 required the addition of 20% (V/V) BFEE to
the solution for effective film formation. Nitrogen or krypton gas adsorption data
at 77 K within the relative pressure window of 0–0.6 were determined for bulk
polymer powders and MPN films, respectively. A fast gas uptake at low relative
pressures documents the microporous nature of the materials. Slightly reduced SBET
values were observed for the electrogenerated MPN films if compared to the corre-
sponding bulk powders (see Table 1), probably indicating a reduced cross-linking
density. The bulk polymer powders P31 and P34 showed quite similar SBET values
of ca. 1100 m2 g−1, both containing tectons that are fourfold carbazolyl- or thienyl-
substituted with the substituents directly attached to the TPE core. P32 and P35
polymers both containing 1,4-phenylene spacers between the electroactive units and
the TPE core showed slightly reduced surface areas of 1039 m2 g−1 and 956 m2

g−1, respectively, for the bulk materials/powders. Electrochemically generated P34
films, as an example for electrodeposited MPN films, display a clearly lowered
surface area of only 433 m2 g−1 possibly related to overoxidation effects due to
the high monomer oxidation potential of 1.4 V needed for generation of the thin
MPN films and/or to a reduced cross-linking density. By doubling the number of
electroactive carbazolyl or thienyl substituents in one monomer, remarkably high
SBET values were obtained for P33 (2203 m2 g−1) and P36 polymer powders of
(1767 m2 g−1) indicating high cross-linking density and high rigidity. The presence
of the 1,3,5-trisubtituted aromatic spacer units between core fragment and electroac-
tive, peripheral substituents plays, probably, a crucial role concerning the resulting
specific surface area: by decreasing the probability for chain intercalation. Within
this series, the electrogenerated, carbazole-based MPN films show an intense photo-
luminescence. The combination of high permanent microporosity and intense PL
seems promising for PL sensing applications. Thin MPN films emit green to yellow
PL with maxima centered at 527 nm for P31, 542 nm for P32, and 529 nm for P33.
Electrogenerated P33 films were tested as chemical sensors for TNT detection in
solution, please note the importance to public health and security (Fei et al. 2014).
Figure 8a shows the continuously dropped PL intensity for ppm concentrations of
the TNT analyte with a clearly detectable quenching already for a concentration of
~1 ppm TNT. The sensing mechanism can be related to excited state energy transfer
between the electron-rich bicarbazole units of the MPN films and the electron-poor
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Fig. 8 a PL spectra (upon excitation at 340 nm) of P33 films after immersing the films into TNB
solutions of different concentrations. The inset shows photographic photoluminescence images of
P33 films, in the pristine state and after exposure to 50 ppm TNT solutions. Reproduced with
permission (Palma-Cando et al. 2017) Reproduced by permission of The Royal Society of Chem-
istry. b Time trace of the fluorescence quenching of a P31 film in the presence of TNT vapors at
a concentration of 10 ppb (Mothika et al. 2018). Reproduced with permission of the American
Chemical Society

quencher (TNT). Optimized gas-phase detection conditions for TNT in electrogen-
erated P31 films allowed us to detect this harmful analyte up to the 10 ppb level, in
a few seconds (see Fig. 8b) (Mothika et al. 2018).

4 Conclusions and Perspectives

During the last decade, our research groups have tested a broad library of new
monomers for oxidative generation of microporous polymer networks (MPNs) in
wet-chemical and electrochemical strategies. Microporous materials both showing
high specific surface areas of up to 2200 m2 g−1 and intense photoluminescence are
accessible by a smart design of the tectons that form the MPN framework (in the
case of P33, for example, by combining a tetraphenylethylene (TPE) core, phenylene
spacers and eight electroactive carbazole units in the periphery). Potential applica-
tions in the field of optical or electrochemical sensors for detection of nitroaro-
matic compounds (including explosives) have been systematically explored, finally
allowing for a vapor detection with sensitivities down to a few ppb (e.g. for TNT gas-
phase detection). We still see big opportunities in the exploration of related MPNs
nanocomposites in fields such as electrochemical sensors, supercapacitors, or hetero-
geneous catalysis, based e.g. on inherent microporosity, efficient photoluminescence
and semiconducting nature of the films. The electrosynthesis of thin MPN films, is,
hereby, an elegant and straightforward method to combine MPN synthesis directly
with thin film formation.
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Mixed-Matrix Membranes

Alexander Nuhnen and Christoph Janiak

Abstract Molecular separations are of significant industrial importance and
membrane processes offer great potential for such energy-saving separations but
pure polymer membranes are limited by their compromise between gas permeability
and selectivity, and the aging processes that some high performingmaterials undergo.
Mixed-matrix membranes (MMMs) combine a continuous organic polymer phase
with a dispersed porous additive, i.e. filler, and synergistically the easy process-
ability of polymers and the superior gas separation performance of various porous
filler materials. MMMs may provide separation properties which can surpass the
selectivity/permeability trade-off which is empirically observed for pure polymer
membranes. This chapter briefly introduces membrane separation and mixed-matrix
membranes. Then, metal-organic frameworks (MOFs) as novel additives with high
porosity and tunable pore size for MMMs are described which are supposed to
outperform other porous fillers. In particular, the fraction of these MOF-polymer
MMM studies for CO2/CH4 and CO2/N2 separation is reported where both improved
permeability and selectivity have been observed.A thorough investigation on aMOF-
Matrimid MMM is highlighted where the same Al-fumarate MOF in a porous state
and in a non-porous (because solvent-filled) state was used to quantify the contri-
bution of MOF porosity relative to polymer porosity for the permeability in the
MMM and which also showed that the interface volume (the so-called void volume)
contributes roughly only 10% to the available free volume in the MMM.
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1 Introduction

Industrial separation processes are commonly carried out with methods, such as,
distillation, drying, evaporation, crystallization or absorption,which are energy inten-
sive. Chemical separations are, for example, responsible for about half of the indus-
trial energy which is used in the USA and 10–15% of the total energy consumption in
theUSA.Alternative separationmethods that require less thermal energy couldmake
themajority of these separationsmuchmore energy efficient (Sholl and Lively 2016).
The need for greater energy efficiency and limited resources has focused attention
on improved separation technologies. Membranes can provide enhanced separation
performance and can lead to more energy-efficient, sustainable, and cost-effective
commercial applications.

Membranes are thin layers which provide a resistance to the passage of different
substances. All membrane separation processes are based on controlling the perme-
ation rate of chemical species through the membrane. With the development of an
ultra-thin, defect-free, high-flowmembrane for osmosis, Loeb and Sourirajan helped
membrane technology achieve the industrial breakthrough in the 1960s (Loeb and
Sourirajan 1963). The high flow rate with sufficient selectivity was achieved by a thin
surface film stabilized by a microporous carrier. Building on the work of Loeb and
Sourirajan, gas separation using membranes also became economically interesting,
so that in 1980 the firstmembrane for the separation of hydrogen, H2 and nitrogen, N2

was used by Monsanto under the name Prism®. Shortly thereafter, Dow developed
processes for gas separation of N2 from air and Cyanara successfully separated CO2

from natural gas (mainly methane, CH4) using membranes (Bernardo et al. 2009).
Artificial membranes are now frequently used in chemical industrial processes.

The use of membrane separation processes is advantageous for many applications.
Particularly the lower costs, the lower energy consumption and simpler process condi-
tionsmakemembrane separation processes a preferred technology for the purification
of mixtures (Koros andMahajan 2000). Membrane separation processes can achieve
energy savings of up to 50% of the production cost over other separation technolo-
gies (Buonomenna 2013). The superiority of membrane separation processes over
conventional processes is mainly explained by the avoidance of energy-intensive
phase conversions.

Some of the most important examples of membrane applications are gas purifi-
cation, the production of drinking water from seawater (water desalination), the
purification of sewage or the recovery of fuel vapors (Abetz et al. 2006). Membrane
processes, which are already in place in industry, include the removal of CO2 from
natural gas (before the natural gas can be passed to the pipeline), the isolation and
recovery of hydrogen (for example in cracking processes), and oxygen/nitrogen sepa-
ration from air (for enriched oxygen in medical devices and enriched nitrogen used
for oxygen sensitive materials) (Koros and Mahajan 2000; He and Hägg 2012).
Membrane processes for vapor (Ohlrogge and Stürken 2001) or monomer recovery,
e.g. ethylene/N2 or propylene/N2 separation (Baker 2002; BORSIG Membrane
Technology GmbH 2020) or for water desalination are increasingly applied.
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Organic polymers are typically used for commercial membranes as they are inex-
pensive and easy to manufacture. Research into the development of new membrane
materials mostly focuses on the development of dense polymer membranes. Current
challenges for membrane technologies lie primarily in the degrading performance
over longer periods of time. The loss of performance results either from impurities
and partial degradation of themembranes by corrosive, sulphurous gases such as H2S
and SO2 or from the accumulation of slowly permeating species in the membrane,
resulting in lower transport rates for all gases (Bernardo et al. 2009).

2 Separation by Membranes

Mass transfer through membranes depends fundamentally on the type of membrane
used. A distinction is made between porous and non-porous (dense) membranes.
The porous membranes are then divided into further subclasses according to their
transport mechanism. Figure 1 shows the most relevant diffusion mechanisms in
porous membranes (Kluiters 2004).

The transportmechanism for dense, non-porousmembranes is generally described
in the literature as a solution-diffusion process (Javid 2005). Mass transfer through
the membrane takes place in three steps (Fig. 2).

First, the gas molecules are adsorbed on the membrane surface on the high-
pressure side (upstream, feed). Then the gas molecules diffuse through the polymer
matrix before desorbing on the low-pressure side (downstream, permeate) of the
membrane in the last step. The driving force for the described process is a gradient
in pressure, temperature or concentration. In accordance with the solution-diffusion

Fig. 1 Schematic representation of the transport mechanism in porous membranes. a Knudsen
diffusion, b surface diffusion, c capillary condensation, d molecular sieve
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Fig. 2 Schematic representation of the transportmechanismbymeans of solution-diffusion through
dense membranes. Based on the representation from Ref. (Sieffert 2013). The blue and yellow
spheres represent different chemical species. The white space in the ‘dense’ membrane, which
hosts the blue and yellow spheres, depicts the free volume space inside the polymer.

model, the permeability P of a gas i depends on two factors, the diffusion coefficient
D and the solubility coefficient S (Eq. 1):

Pi = Di × Si (1)

The diffusion of the gasmolecules, more specifically the thermally inducedmove-
ment of the polymer chains through the gasmolecules, is usually the rate determining
step in the permeation through a dense membrane. As indicated by the white areas
around the gas molecules in Fig. 2, the free volume in the polymer matrix is shifted
along the gradient by the gasmolecules. Accordingly, amolecule permeating through
a membrane is located in the free volume space, i.e., micro voids of the polymer.
These voids are a result of suboptimal chain stacking and their sum is also referred
to as the free volume of the polymer. Due to the thermally induced statistical move-
ment of chain segments micro canals are formed between micro voids. This allows
a molecule to move across the membrane from one void to another corresponding
to the applied driving force. To visualize this model the membrane in Fig. 2 shows
micro voids as white areas. In the middle of the membrane the passage of a molecule
(blue sphere) is illustrated from the upper micro void to the lower one by formation
of micro canals in between.

The permeability P of a component i can also be formulated as flux normalized
to the thickness of the membrane l and the applied pressure difference �p between
feed and permeate, as shown in Eq. 2:
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Pi = (fluxi × l)

(�pi )
(2)

The ratio of the permeability P of two gases i, j indicates the ideal permselectivity
or selectivity α of the membrane (Eq. 3):

αi/j = Pi
Pj

(3)

Dense membranes often show a low permeability (slow diffusion) but a high
selectivity compared to porous membranes. Because of this and in contrast to the
microporous membrane, it is also possible to separate molecules of almost the same
size and molecular weight, if their solubility in the membrane material differs signif-
icantly. In other words, it is mainly the solubility of the gases that determines the
possible separation performance of the membrane in terms of selectivity. The thick-
ness of the membrane in turn determines the permeability or effective flow. For this
reason, asymmetric membranes are particularly advantageous and widely used in
industry. Asymmetric membranes combine high flow rates with good mechanical
stability. Structurally, they are composed of a dense, selective layer (0.1–1 μm, in
thickness) supported by a porous substrate (50–200 μm). In the selective part of the
membrane the permeation is based on the solution-diffusion model and in the porous
section on the Knudsen diffusion model. The preferred form of such membranes is
the hollow fiber to allow even higher flow rates.

Besides the structure, chemical and physical properties of the membrane play an
important role for the separation properties. Membranes should be defect-free, selec-
tive, highly permeable, and exhibit high thermal, mechanical and chemical stability.
If membranes are classified according to their material type, a distinction is typically
made between polymer membranes and inorganic membranes. Inorganic materials
include metal oxides, silicates and zeolites, which exhibit high thermal and chem-
ical stability combined with high permselectivity (Li et al. 2005; Carreon et al.
2012). However, amorphous inorganic membranes in particular have low mechan-
ical stability and are often too brittle for common shaping processes (McLeary et al.
2006). Nevertheless, microporous inorganic membranes with pore diameters <1 nm
show a high potential for gas separation applications due to their molecular sieving
effect combined with high flow rates. Their mechanical strength can be significantly
increased by porous support materials.

3 Organic Polymer Membranes

Organic polymer-basedmembranes are themost commonly usedmembrane types for
gas separation in industry today (Nunes and Peinemann 2006). Figure 3 shows exam-
ples of chemical structures of polymer materials for the production of membranes
for gas separation.
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Fig. 3 Chemical structures of frequently used polymers for membrane production for gas
separation, also for MOF-polymer MMMs (Dechnik et al. 2017). Abbreviations: 6FDA =
2,2′-bis(3,4-carboxyphenyl)hexafluoropropane dianhydride, ODA = 4,4′-oxydianiline), DAM =
diaminomesitylene, mPD = m-phenylenediamine, HAB = 3,3′-dihydroxy-4,4′-diamino-biphenyl

An important constraint in the development of membrane applications is
the inverse correlation between permeability and selectivity. Organic polymer
membranes are particular susceptible to this inverse gas permeability and selectivity
relationship, such that membranes with high permeability have a low selectivity and
vice versa. The compromise between permeability and selectivity for polymer-based
membranes in gas separation was graphically worked out by Robeson in 1991 and
again in 2008 (Robeson 1991, 2008). Robeson plotted the selectivity of a gas pair
logarithmically against the permeability of the faster permeating gas, which makes
the trade-off between permeability and selectivity for polymer membranes apparent
(Fig. 4). The well-known Robeson upper-bound plots (Robeson 1991, 2008) for gas
pairs summarize the permeability and selectivity of reported dense pure polymer
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Fig. 4 Schematic representation of the Robeson upper bounds (trade-off curves) of 1991 and 2008
(Robeson 1991, 2008). (*Distance or position of a specific membrane relative to the upper bound
can vary depending on the separation problem.) Reprinted from Ref. (Dechnik et al. 2017a) with
permission. Copyright 2017 John Wiley and Sons

membranes and thereby illustrate that as permeability increases the selectivity of the
membrane decreases, giving an ‘upper bound’ of membrane performance (Fig. 4).
These upper bounds of performance for organic polymer membranes increase grad-
ually over the years with further development but still do not approach the perfor-
mances observed by other materials, for example inorganic membranes (Dechnik
et al. 2017b).

Commercially, higher permeability allows the membrane surface area to be
reduced for a given gas flow, thus reducing investment costs in the membrane unit.
Increased selectivity in turn results in higher purity of the desired product. Depending
on the separation problem, a suitable compromise between permeability and selec-
tivity must be found for polymer membranes. The commercially interesting area for
gas separation, shown in Fig. 4, is already reached by inorganic materials such as
zeolites (Li et al. 2005;McLeary et al. 2006). However, inorganic (ceramic)materials
are often brittle and have poor shaping properties.

4 Mixed-Matrix Membranes

Efforts to overcome the ‘Robeson upper bound’ and enter the commercially inter-
esting area (Fig. 4) led to the preparation of composite membranes, which consist of
(porous) inorganic fillers embedded in a polymer matrix, the so-called mixed-matrix
membranes (MMMs). The organic polymer matrix is also called the continuous
phase, and the (porous) inorganic or organic/inorganic hybrid materials, as fillers
form the dispersed or discrete phase of the membrane. The schematic structure of
MMMs is shown in Fig. 5.
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Fig. 5 Schematic structure of mixed-matrix membranes (MMMs) with relevant filler properties,
such as type (MOF=metal-organic framework, POF= porous organic framework, COF= covalent
organic framework), functional (surface) groups, particle size andmorphology).Reprinted fromRef.
(Dechnik et al. 2017a) with permission. Copyright 2017 John Wiley and Sons

In the field of gas separation, the concept of MMMs serves to combine the posi-
tive properties of the inorganic (filler) and organic polymer (continuous) material
types and to overcome both the compromise between permeability and selectivity for
organic polymermembranes and the limited formability of the inorganicmembranes.
The first research on such composite membranes was carried out in the 1970s by Paul
andKemp (1973). They discovered that the time lag, that is, the time it originally takes
for a gas to permeate through the membrane, was significantly increased for four
different gases by incorporating inorganic zeolite 5A in the polydimethylsiloxane
(PDMS) polymer. The increased diffusion time can be explained by adsorption of
the gases in the activated pores of the filler. No influence on the gas permeation
in the steady state was found. The first work with indications of improved perme-
ation properties of MMMs goes back to studies by Kulprathipanja et al. in the 1980s
(Kulprathipanja et al. 1988). They could increase the selectivity of pure cellulose
acetate membranes for O2/N2 gas separation from 3.0 to 4.3 by intercalation of
silicate particles.

The incorporation of fillers in a polymer matrix can have different effects on
the permeability of gases, depending on the filler properties. In general, a distinc-
tion can be made between porous and non-porous fillers. Porous fillers, with pore
sizes close to the kinetic diameter of the gas molecules, can act as molecular sieves
and thus promote selection by size exclusion (Vu et al. 2003). Embedding such
fillers is therefore particularly advantageous for the separation of the smaller compo-
nents. Furthermore, porous fillers can promote the selective transport of more easily
condensable molecules. This is achieved by a higher affinity of the fillers to the more
easily condensable component, which favors their solubility and/or transport through
the filler. Especially for the separation of easily polarizable molecules, such as CO2

with its quadrupole moment, from poorly polarizable gases (N2, CH4), the affinity
to polarizable gases can be increased by incorporating functional groups into fillers
(Torrisi et al. 2010; Banerjee et al. 2009). If there is no particular interaction between
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filler and gas molecules, the incorporation of porous fillers only increases the free
volume in the MMM, which gradually increases the permeability as the volume of
the discrete phase increases. In this case, however, the selectivity remains at the level
of the pure polymer membrane. Non-porous particles show two opposite proper-
ties, depending on the nature of the polymer. On the one hand, they can disrupt the
polymer chains, especially of semi-crystalline, glassy polymers, thus increasing the
permeability of MMM compared to the pure polymer (Merkel et al. 2002; Ahn et al.
2008). On the other hand, they can act as a barrier for the gas molecules, preventing
them from permeating through the membrane and thereby reducing the permeability
(Sadeghi et al. 2011).

A mathematical description and prediction of the effective permeability Peff for
low filler loadings in MMMs with a spherical filler can be performed using the
Maxwell model based on Eq. 4:

Pef f = Pc × Pd + 2Pc − 2φd × (Pc − Pd)

Pd + 2Pc + φd × (Pc − Pd)
(4)

Here Pc stands for the permeability of the continuous, pure polymer phase, Pd for
the permeability of the dispersed (filler) phase and φd for the volume fraction of the
dispersed phase. The volume fraction φd of the filler can be calculated as follows
using the density ρd and ρc, and the mass percent wd and wc of the filler and the
polymer, respectively (Eq. 5):

φd = wd/ρd
wc
ρc

+ wd
ρd

(5)

For porous and non-porous fillers one can define limiting caseswithin theMaxwell
model. With Eq. 6, the relative permeability of the MMM (Peff/Pc) can be approx-
imated for porous fillers whose permeability is significantly higher than that of the
pure polymer (Pd >> Pc).

Pd � Pc : Pef f
Pc

= 1 + 2φd

1 − φd
(6)

For non-porous fillers with the property Pd << Pc, that is, a significantly lower
permeability of the filler compared to the polymer, the permeability of the composite
membrane is calculated according to Eq. 7.

Pd � Pc : Pef f
Pc

= 2 − 2φd

2 + φd
(7)

The Maxwell model does not consider interactions between the individual filler
particles and is therefore only suitable for low filler loadings. Instead, it is based
on the assumption that the particles are isolated from each other. At higher filler
loadings, however, strands or clusters of interconnected particles can form, which
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Fig. 6 Gas permeation through mixed-matrix membranes with different loads of porous (zeolite)
particles. Left: Isolated dispersed particles with a solution-diffusion mechanism (in the polymer)
combined with a partial gas transport according to a porous membrane type (the filler). Right:
interconnected particles leading to transport mechanism as in microporous membranes (cf. Fig. 1).
Reprinted with permission from Ref. (Baker 2004). 2004 Copyright John Wiley and Sons

eventually grow into continuous channels and thus trigger an alternative mechanism
of gas transport, akin to microporous membranes (Fig. 6, cf. Fig. 1).

The interconnection threshold is different for each composite material, but is
often in the range of 30 vol.% of the filler. For predicting the permeability of MMMs
with higher loads, other models such as the Bruggeman model can be used, as they
also consider interactions between the filler particles (Bánhegyi 1986; Shen and Lua
2013).

An essential factor in the successful production of MMMs is the appropriate
combination of polymer and filler, taking into account the physical properties of the
inorganic filler and the interface between polymer and filler particle. Gas molecules
naturally always choose the routewith the least resistancewhen permeating through a
membrane. Consequently, in aMMMmade of a combination of the highly permeable
but only moderately selective polydimethylsiloxane (PDMS, silicone) rubber and a
zeolite with high selectivity and average permeability, gas molecules will prefer
diffusion through the polymer matrix. This prevents a possible positive effect of the
filler. Duval et al. were able to show that this theoretical consideration can actually
be observed in practice by means of the incorporation of zeolite 5A in PDMS (Duval
et al. 1993).

PDMS/5A-MMMs showed almost no improvement of the separation properties
due to the extremely fast permeation through the polymer. On the other hand, the
separation properties for various gas components of the glassy,moderately permeable
polymer membrane made of polyethersulfone (PES) could be significantly improved
by adding zeolite 5A as filler (Li et al. 2005). Therefore components should be
selected careful to ensure a similarly high permeability for the faster permeating gas.

Concerning the interface between polymer and filler particle four different case
scenarios can be envisioned which are schematically depicted in Fig. 7 (Chung et al.
2007).
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Fig. 7 Schematic representation of different case scenarios of the interface between polymer and
filler in an MMM. Reprinted with permission of Ref. (Chung et al. 2007). 2007 Copyright Elsevier

In case 1, the filler is perfectly embedded into the polymer matrix. With such an
ideal interface, the permeation properties, at low volume fractions of the filler, should
follow theMaxwell model and should depend only on the properties of the respective
components. In case 2, there are voids present between the two phases. This effect
can be caused in particular by repulsive interactions between filler and polymer, as
Barrer and James have shown for the mixture of polymer and zeolite powders by
means of electrostatic resistance measurements (Barrer and James 1960). The poor
adhesion between the two phases thus leads to free volume around the particles,
which results in increased permeability with simultaneous loss of selectivity. For
glass-like polymers this case occurs particularly frequently, compared to the elastic
rubber-like polymers. It is therefore assumed that in glassy, rigid polymers, when
particles are embedded during crystallization, cavities are formed in the vicinity
of the particles due to the lack of flexibility of the polymer chains (Vankelecom
et al. 1995). Experimental proof of the formation of cavities, apart from the loss of
selectivity, is difficult. A possible approach correlates the increase in free volume
with a decrease in density in the composite membrane. Thus Paul et al. and Ahn
et al. tried to quantify the voids by determining the ratio of the ideal density to the
measured density of MMMs (Ahn et al. 2008; Takahashi and Paul 2006).

Case 3 and 4 require a certain affinity between polymer and filler, since attractive
interactions between continuous polymer and dispersed filler phase either trigger
rigidification of the polymer chains or partial pore blockage of the filler by polymer
chains. If, as shown in case 3, the mobility of the polymer chain is reduced by
adsorption on the surface of the filler, this leads to an increased selectivity of the
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composite membranes, as shown in the work of Koros et al. and Kulprathipanja
et al. (Li et al. 2005; Moaddeb and Koros 1997). The rigidified polymer chains
show reduced diffusion, especially for the less diffusive component, which leads
to an overall decrease in permeability. Rigidification of the polymer chains can be
experimentally demonstrated by determining the glass transition temperature Tg.
For example, an increased Tg of the MMM compared to the pure polymer indicates
a poorer mobility of the polymer chains and thus a rigidification of the polymer
chains (Li et al. 2005). The use of porous fillers for the production of MMMs can,
depending on the pore size of the particles, lead to a partial or complete blocking of
the pores by polymer strands. A complete blockage of the pores leads accordingly
to a decrease in permeability, since the formerly porous filler now behaves like a
non-porous filler. For example, the incorporation of the porous zeolite NaX, with
pore sizes between 7 and 13 Å, into a PDMS matrix led to a considerable loss of
permeability with increasing volume fraction of NaX, while maintaining the same
selectivity (Clarizia et al. 2004). A partial blocking of the pore structures of fillers
with pore diameters close to the kinetic diameter of the gas molecules to be separated
is definitely advantageous. As a result, fillers with pores that were originally too large
can now act as molecular sieves, resulting in increased selectivity of the composite
membrane (Chung et al. 2007). The main goal of the production of MMMs is to
improve the separation properties compared to polymer membranes by the influence
of porous filler particles. Therefore, the interface morphology of an ideal MMM
should promote transport through the porous dispersed phase.

5 Metal-Organic Frameworks as Filler in MMMs

Metal-organic frameworks (MOFs) (Schoedel and Rajeh 2020; Evans et al. 2019;
Zhou andKitagawa 2014; Long andYaghi 2009) with a high internal surface area and
a large pore volume, originally developed for gas storage and separation, (Getman
et al. 2012; Adil et al. 2017) catalysis, (Rogge et al. 2017) drug delivery etc., (Janiak
2003; Janiak and Vieth 2010) opened up new perspectives for fillers inMMMs (Tanh
Jeazet et al. 2012; Hunger et al. 2012). MOFs are potentially porous coordination
networks composed of metal nodes and organic linkers that self-assemble into an
extended (crystalline) two- or three-dimensional network (Fig. 8) (Batten et al. 2013).
Their precisely adjustable three-dimensional structure and tunable inner and outer
microenvironment makeMOFs perfectly suitable as a filler in polymer basedMMMs
(Tanh Jeazet and Janiak 2014a, b).

Given the chemical and structural mutability and notable porosity, MOFs have
been identified as promising filler components for high-performance mixed-matrix
membranes (MMMs). MOFs in MMMs are added as porous fillers which possess
molecular sieving properties and are combined with polymers to achieve enhanced
separation performance of the obtained hybrid membrane (Fig. 4) (Dechnik et al.
2017a, b). This field of MOF-MMM research has produced a large number of
differentmembranes andmanyMOF/polymer combinations have been tested and are
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Fig. 8 Construction principle of MOFs from metal clusters or metal atoms and organic ligands
(linkers) into a three-dimensional porous framework

reported towards potential application for relevant gas separations. Such membrane
polymers prominently include polyimides, for example Matrimid®, 6FDA/ODA or
6FDA/DAM (cf. Fig. 3) (Dechnik et al. 2017b).

MOFs are additives which are expected to be superior to other porous fillers
because MOFs feature higher porosity and tunable pore size. Still, only a few MOF-
MMM papers report both an increased permeability and selectivity. The separation
performance of the MOF filler and the compatibility between the organic polymer
and the inorganic-organic hybrid MOF still leave room for optimization. Research in
MMMs has focused on enhancing the chemical compatibility between the MOF and
polymer phase by judiciously functionalizing the organic linkers of the MOF, modi-
fying the MOF surface chemistry and, more recently, exploring how particle size,
morphology and distribution enhance separation performance. An increased compat-
ibility could be achieved in polyimides, in particular, by hydrogen-bonding interac-
tions between the polymer backbone and bringing appropriate surface-functional
groups onto the MOF filler particles.

Adjustment of the outer MOF surface was, for example, done by synthesizing
the MOF in the presence of modulators, such as monodentate carboxylate ligands,
monoatomic anions or surfactants. The modulators influence the MOF crystallite
nucleation and growth as they also bind to the metal atoms and compete with the
actual linkers for coordination. Thereby, modulators can control the particle size,
lead to defects in MOFs and cover the outside surface of MOF particles (Schaate
et al. 2011).

In the synthesis of UiO-66(Zr) (Valenzano et al. 2011) and NH2-UiO-66(Zr)
(Schaate et al. 2011) the modulators benzoic acid (BA) and 4-aminobenzoic acid
(ABA) were added in a high (50:1) molar ratio relative to the linker. The modulator
ABA gave rise to accessible amino groups on the outer MOF surface. The ABA-
modified UiO-66(Zr)-ABA and NH2-UiO-66/Zr)-ABAMOFs could then react with
Matrimid under formation of amide groups as was seen in the IR spectra of Matrimid
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MMMs with these MOFs at high filler loading. The membrane of NH2-UiO-66(Zr)-
ABA/Matrimid was over 50% more selective and 540% more permeable in mixed-
CO2/CH4 gas separations than the neat Matrimid membrane. This membrane was
also 30% more selective and 140% more permeable than the non-modulated and
non-functionalized UiO-66(Zr)/Matrimid membrane (Fig. 9) (Anjum et al. 2015).

NH2-UiO-66(Zr) was post-synthetically reacted with formation of amide bonds
with polar succinic acid (HO2C-(CHOH)2-CO2H), non-polar decanoyl chloride (n-
C9H17COCl) or aromatic phenyl acetyl chloride (PhCH2COCl). The largermolecules
PhCH2COCl and n-C9H17COCl could not diffuse into the MOF and reacted only
with the amine groups on the outer surface of the particles. Only the smaller succinic
acid reacted also with the internal amino groups. The post-synthetic modification
should improve the compatibility with the polymer in an MMM. The such modified
NH2-UiO-66(Zr) was then combined with Matrimid into a composite membrane for
CO2/N2 single gas permeation studies (Venna et al. 2015). The imide groups in the
Matrimid polymer should be able to form hydrogen bonds with the NH2 groups or
post-synthetically introduced-amide groups. The aromatic rings in Matrimid and the
aromatic rings from PhCH2CO-could interact through π-stacking (Fig. 10, left).
Unfortunately, these anticipated and aimed-for MOF-polymer interactions could
not be spectroscopically authenticated. Yet, Matrimid and post-synthetically modi-
fied NH2-UiO-66(Zr) yielded defect-free membrane films. No interfacial space, i.e.
void volume was seen around the particles by scanning electron microscopy (SEM).

Fig. 9 Comparative CO2/CH4 selectivity and permeability for UiO/MatrimidMMMswith 30 wt%
standard UiO-66(Zr) (grey) and amino-functionalized NH2-UiO-66(Zr) (green) which were further
synthesized also with benzoic acid (BA) or aminobenzoic acid (ABA) as modulator (Anjum et al.
2015). The Robeson Upper bound from 2008 is included for comparison. Figure adapted from
Ref. (Dechnik et al. 2017b), https://pubs.acs.org/doi/10.1021/acs.cgd.7b00595, further permissions
related to the material excerpted should be directed to the ACS, copyright American Chemical
Society, 2017

https://pubs.acs.org/doi/10.1021/acs.cgd.7b00595
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Fig. 10 Left: Possible interactions between Matrimid and phenyl acetyl (PA) functionalized
NH2-UiO-66(Zr). Left figure part reproduced from ref. (Venna et al. 2015), copyright Royal
Society of Chemistry, 2015. Right: Comparative CO2/N2 selectivity and permeability for Matrimid
MMMs with NH2-UiO-66(Zr) which was post-synthetically reacted with succinic acid (SA,
HO2C-(CHOH)2-CO2H), decanoyl chloride (C10, n-C9H17COCl) or phenyl acetyl chloride (PA,
PhCH2COCl) (Venna et al. 2015). Right figure part taken from ref. (Dechnik et al. 2017b), https://
pubs.acs.org/doi/10.1021/acs.cgd.7b00595, further permissions related to the material excerpted
should be directed to the ACS, copyright American Chemical Society, 2017

MMMs with the aromatic phenyl acetyl (PA) functionalized, PhCH2CO-NH-UiO-
66(Zr) (= NH2-UiO-66(Zr)-PA in Fig. 10, right) showed an improved CO2 perme-
ability and CO2/N2 selectivity over NH2-UiO-66(Zr). On the other hand, the pore-
filling succinic acid (SA) but also the larger, albeit non-polar decanoyl chloride (C10)
modified MOFs NH2-UiO-66(Zr)-SA and NH2-UiO-66(Zr)-C10 gave a decrease in
selectivity (Fig. 10, right).

In a complementary approach, common polymer structures can be modified
by grafting of functional groups onto the polymer chain or by replacement with
a copolymer containing functional monomer units to enhance the filler-polymer
compatibility. The effect of different diamine monomers in polyimide copolymers
with 6-FDA was studied in MMMs with NH2-MIL-53 (Tien-Binh et al. 2015). The
CO2 permeability of 6FDA-ODA (6FDA = 4,4′-hexafluoroisopropylidene diph-
thalic anhydride, ODA = 4,4′-oxidianiline, cf. Fig. 3) as MMMs was very low
with 15 Barrer (Fig. 11). At the same time the MOF particles had agglomerated
due to weak polymer–MOF interaction (Chen et al. 2012). Similarly, in the NH2-
MIL-53/6FDA-DAM membrane (DAM = 2,4-diaminomesitylene) the MOF parti-
cles formed clusters and did not adhere to the polymer (Tien-Binh et al. 2015). On the
other hand, the copolyimide 6FDA-DAM-HAB (1:1) (HAB = 3,3′-dihydroxy-4,4′-
diamino-biphenyl, cf. Fig. 3) with NH2-MIL-53 in a 10 wt% composite membrane
came close to the 2008 Robeson’s upper bound (Fig. 11). The better polymer-MOF
interaction was traced to the hydroxyl groups in the HAB part. No interfacial voids
were seen in the NH2-MIL-53/6FDA-DAM-HAB membrane due to a good particle
dispersion (Tien-Binh et al. 2015).

https://pubs.acs.org/doi/10.1021/acs.cgd.7b00595
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Fig. 11 CO2/CH4 permeability and selectivity for MMMs with 6-FDA based co-polyimides with
the diamine co-monomers ODA (squares), DAM (circles) and DAM/HAB (triangles) and MIL-
53 (grey) and NH2-MIL-53 (green) with different MOF/MMM mass fractions (Tien-Binh et al.
2015). Figure taken from ref. (Dechnik et al. 2017b), https://pubs.acs.org/doi/10.1021/acs.cgd.7b0
0595, further permissions related to the material excerpted should be directed to the ACS, copyright
American Chemical Society, 2017

When gases adsorb at high pressure in a polymer the motion of the polymer
chain segments can be increased, leading in turn to an increase in permeability
and to a decrease in selectivity. This effect is called plasticization. Also the thermal
annealing ofmembranes changes the plasticization, themechanical polymer stability
and its permeability and selectivity. High annealing temperatures also crosslink the
polyimide chains in Matrimid. During the heat treatment adjacent polymer chains
become mobile and the aromatic imide and phenylene groups from neighboring
chains can enter inπ-π-interaction. Thereby, annealing increases the packing density
of the polymer chains and decreases the free volume resulting in an increased size
selectivity for the different gas molecules (Zhou and Koros 2006; Bos et al. 1998).
The MOF filler has an additional influence on the annealing process in Matrimid-
based MMMs (Mahdi and Tan 2016). Both the addition of ZIF-8 nanoparticles and
annealing improve the gas selectivity. An annealed 10 wt% ZIF-8/Matrimid MMM
gave the best results, including tolerance to damage and mechanical robustness,
similar to annealed neat Matrimid. For higher wt% of filler loading, the fracture
energy and strength decreased considerably (Fig. 12).

For the preparation of ZIF-8/Matrimid MMMs, first a Matrimid polymer was
grafted with 1-(3-aminopropyl)-imidazole which was intended to act as terminal
linker and anchor group towards Zn in ZIF-8 (Fig. 13). The ZIF-8 nanoparticles were
then grown around the polymer particles. Subsequently, the ZIF-8/Matrimid particle
composite was fused and annealed to a dense MMM in a DMF–vapor environment.
Thereby, higher filler loadings and an improved membrane morphology were tried
to achieve for an enhanced CO2/CH4 separation performance (Shahid et al. 2015).

Indeed, the imidazole-graftedMatrimid allowed for in situ formed ZIF-8 loadings
up to 30 wt% without any loss in selectivity. In the separation of CO2/CH4 mixtures
the CO2 permeability for these 30 wt% ZIF-8/Matrimid MMMs had increased up

https://pubs.acs.org/doi/10.1021/acs.cgd.7b00595
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Fig. 12 Comparison of gas
selectivity data of annealed
ZIF-8/Matrimid membranes
with annealed neat Matrimid
(0 wt%) and the mechanical
fracture energy and strengths
of the membranes. Figure
taken from ref. (Mahdi and
Tan 2016), copyright
Elsevier 2016

Fig. 13 Grafting of 1-(3-aminopropyl)-imidazole on Matrimid

to 200% and the CO2/CH4 selectivity 65%, compared to a neat polymer Matrimid
membrane. The MMM from grafted Matrimid with in situ grown ZIF-8 had also a
higher permeability and selectivity than membranes prepared conventionally from
ZIF-8 andMatrimid albeit with an already optimized protocol concerning dispersion
and slow evaporation of the solvent (Fig. 14) (Shahid and Nijmeijer 2014). Thus,
higher performing MMMs can be achieved with nearly the same MOF and polymer
through enhanced dispersion and higher filler loading by using novel membrane
fabrication techniques which avoid interfacial defects.

The MOF [Co4(μ4-O)(Me2pzba)3] is more air/moisture stable than its MOF-5
analog, which made the Co-MOF suitable for embedding in a Matrimid mixed-
matrix membrane. The compound [Co4(μ4-O)(Me2pzba)3] could be manipulated
without working under inert conditions. The small Co-MOF particles could be
well dispersed in the polymer because of the good compatibility between MOF
and polymer. No aggregation was seen by SEM-EDX (Fig. 15, left). The [Co4(μ4-
O)(Me2pzba)3]/Matrimid membranes exhibited a better CO2/CH4 permeability and
selectivity compared to a neat Matrimid membrane (Fig. 15, right). At a pressure
difference of 3 bar over the membrane the mixed-gas selectivity (S) was increased
from 41 for Matrimid to 60 for the 24 wt % MMM. This selectivity for the Co-
MOF/Matrimid MMM is also higher than the selectivities which were reported for
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Fig. 14 Permeability and selectivity of a 30 wt% Matrimid/ZIF-8 MMM (Shahid and Nijmeijer
2014) prepared by conventional filler dispersion and solvent evaporation (grey) and prepared by
in-situ ZIF-8 growth around grafted Matrimid followed by particle fusion and MMM formation in
DMF vapor (green) (Shahid et al. 2015). Figure taken from ref. (Dechnik et al. 2017b), https://pubs.
acs.org/doi/10.1021/acs.cgd.7b00595, further permissions related to the material excerpted should
be directed to the ACS, copyright American Chemical Society, 2017

Fig. 15 Left: energy-dispersive X-ray spectrometric (SEM-EDX)-mapping of cobalt (blue) in
MMM cross sections with 8 wt% [Co4(μ4–O)(Me2pzba)3]. The Co which is detected below and
above the membrane cross section is an artefact and stems from reflection of the electron beam on
the sample holder. The top of the cross-section is also the top of the membrane when casted. Right:
CO2/CH4 permeability (P, left ordinate) and selectivity (S, right ordinate) for neatMatrimid (0wt%)
and [Co4(μ4-O)(Me2pzba)3]/Matrimid MMMs with 8, 16 and 24 wt% [Co4(μ4-O)(Me2pzba)3]
loading. The separation of CO2 was measured from a 50:50 v:v CO2/CH4 mixed gas, temperature
25 °C, transmembrane pressure 3 bar. The standard deviations are given as error bars. Figure from
Ref. (Dechnik et al. 2017c), copyright American Chemical Society, 2017

MOF-5/Matrimid membranes (maximum S = 45), where the MOF-5 degrades with
moisture (Dechnik et al. 2017c).

The influence of the free volume within the polymer (cf. Fig. 2) on the gas sepa-
ration properties is controversial and was, so far, not clearly proven. The free volume
within a polymer is used synonymously with the fractional free volume (FFV) vf,
which is dimensionless (cm3 cm−3) and can be calculated as follows (Eq. 8):

https://pubs.acs.org/doi/10.1021/acs.cgd.7b00595
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v f = v − 1.3 · v0

v
(8)

where v is the specific volume of the polymer (in cm3 g−1), i.e. the reciprocal density,
and v0 represents the occupied volume of the molecules of the polymer (in cm3 g−1).
The occupied volume of the molecules can be obtained from the van-der-Waals radii
calculated by Bondi and van Krevelen for certain chemical groups divided by the
molar mass of the same. The volume thus calculated is higher by a factor of 1.3 than
the van-der-Waals volumes of the chemical groups, since even at 0 K there is free
volume between the polymer molecules.

A further still not fully settled question is the influence of porous and non-porous
fillers in MMMs with respect to the possible role of the polymer-filler interface, that
is, the void volume. Recently, we compared the same MOF filler in a porous and
non-porous state, so as to rule out artefacts from a different polymer-filler interface.
MMMs were prepared based on the polymer Matrimid and with the porous MOF
aluminum fumarate (Al-fum) as filler or with a non-porous because dimethylsul-
foxide solvent-filled aluminum fumarate (Al-fum(DMSO)). In both cases the filler
contents ranged from 4 to 24 wt%. The CO2/CH4 separation characteristics of both
MMMs were measured using a binary gas mixture. The mixed-gas permeation in
both the porous and non-porous filler membranes followed the theoretical prediction
by the Maxwell model. MMMs with the porous Al-fum dispersed phase displayed
an increased CO2 and CH4 permeability and a moderate rise in selectivity with
increasing filler fraction (Fig. 16).

Conversely, the MMMs with the non-porous dispersed phase Al-fum(DMSO)
exhibited a reduction in permeability but had the same selectivity as the pure polymer
membrane (Fig. 17).

TheMaxwell model can be applied to composite membranes to predict its perme-
ability (see above). Previous work often gave only poor or qualitative trend agree-
ments for porous and non-porous fillers compared to the predicted values of the
Maxwell model (Shen and Lua 2013; Rafiq et al. 2015; Sadeghi et al. 2016; Tanh

Fig. 16 CO2/CH4
separation performance of
porous Al-fum/Matrimid
MMMs with different
loadings of Al-fum. To
verify the reproducibility and
significance of the selectivity
drop for the 24 wt%
membrane, this membrane
was prepared and measured
four times
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Fig. 17 CO2/CH4
separation performance of
non-porous
Al-fum(DMSO)/Matrimid
MMMs as a function of
Al-fum(DMSO) loadings

Jeazet et al. 2013). The observed permeability values could often not be quanti-
tatively reproduced with the model. This discrepancy between model and experi-
ment can be due to deviations from the assumptions underlying the Maxwell model.
The Maxwell model assumes, for example, a spherical particle geometry, an ideal
dispersion and a maximum filler loading corresponding to a volume fraction φd of
0.2. Also, unaccounted microdefects, that is, void volume due to poor interaction
between filler and polymer invalidates the Maxwell model. Figure 18 depicts the
comparison between theMaxwell model predicted and the experimental relative CO2

permeabilities for the mixed-matrix membranes with porous Al-fum and non-porous
Al-fum(DMSO) fillers. The measured relative CO2 permeabilities for porous Al-
fum/Matrimid composite membranes match the calculated values from the Maxwell

Fig. 18 Relative experimental CO2 permeabilities Pd/Pc versus filler volume fractionφd for porous
Al-fum/Matrimid (red) and non-porous Al-fum(DMSO)/Matrimid MMMs (blue). The black lines
represent the prediction by the Maxwell model for the relative CO2 permeabilities for porous filler
(Pd >> Pc) and non-porous fillers (Pd << Pc). The higher density of the non-porous Al-fum(DMSO)
over the porous Al-fum filler leads to a lower filler volume fraction of the former for the sameMOF
weight percent
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model for porous fillers which are much more permeable than the polymer, that is Pd
>>Pc (cf. Eq. 6).Accordingly, the non-porousAl-fum(DMSO)/Matrimidmembranes
follow the Maxwell model for non-porous fillers where the filler is non-permeable
or Pd << Pc (cf. Eq. 7). The decrease of the relative experimental CO2 permeability
Pd/Pc for the non-porous Al-fum(DMSO)/Matrimid MMMs is also a good indicator
for the homogenously distributed filler particles with good MOF-polymer interac-
tions (case 1 in Fig. 7). Non-selective voids (case 2 in Fig. 7) would have resulted in
increased permeabilities and reduced selectivity. Rigidification of the polymer chains
(case 3 in Fig. 7) would have led to reduced permeability and increased selectivity
which was also not observed (cf. Fig. 17).

On the other hand, if the logarithm of the permeability, lgP has a linear relation
with the reciprocal specific free fractional volume (1/sFFV) (Fig. 19), then there is
no significant contribution from a (non-selective) void volume (case 1 in Fig. 7).
The sFFV consists of the free volume of the polymer and the MOF; it does not
include the polymer-filler interface volume which is also termed void volume. For a
24 wt% porous Al-fum/Matrimid membrane the sFFV was calculated as 0.23 cm3

g−1 and for a 24 wt% non-porous Al-fum(DMSO)/Matrimid membrane as 0.12 cm3

g−1. Further, a good agreement between the theoretical and experimental density
of the Al-fum and Al-fum(DMSO) composite membranes supports the presence of

Fig. 19 Linear correlation of lgPermeability for CO2 (upper line) and CH4 (lower line) to the
reciprocal specific free fractional volume (sFFV)—both for the porous Al-fum (left, red data points)
and non-porous Al-fum (DMSO) MOF (right blue data points)—each up to 24 wt% MOF content
in the MMM. The sFFV contains the specific polymer and MOF porosity. This linear dependence
of log P versus 1/sFFV excludes a significant contribution from a void volume, that is, the polymer-
filler interface volume. For pure Matrimid 1/sFFV = 6.9, for 24 wt% Al-fumMMM 1/sFFV = 4.3,
for 24 wt% Al-fum (DMSO) MMM 1/sFFV = 8.6. Points in-between are for the 4, 8, 12, 16 and 20
wt% MMMs. Figure taken from Ref. (Nuhnen et al. 2018), copyright American Chemical Society,
2018
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only small interface/void volume. The MMMs of both filler types exhibited specific
interface/void volumes below 0.02 cm3 g−1 and often even below 0.01 cm3 g−1

(Nuhnen et al. 2018).

6 Summary

Combining MOFs and polymers to mixed-matrix membranes (MMMs) can help
to overcome the trade-off between permeability and selectivity for pure organic
polymers and to obtain materials with separation properties exceeding the Robeson
upper bound. Most work on such MOF-polymer MMMs deals with the separation
of CO2/CH4 for natural gas sweetening or CO2/N2 separation for the purification
of flue gases. Even if MOF-polymer MMMs exhibit enhanced separation perfor-
mance it should be emphasized that testing gas permeation under industrially rele-
vant conditions should be developed. Also, mixed gas permeation and the influence
of contaminants on the separation performance should be evaluated.

The permeability of an MMM can be approximated by the Maxwell model which
predicts an increase in gas permeability for porous fillers and a decrease for non-
porous fillers, respectively. The increase and decrease in gas permeability is in general
due to the difference in free fractional volume (FFV). The FFV combines the free
volume of the polymer and filler. In contrast, the interfacial/void volume between
filler and polymer contributes only about 10% to the available free volume in a
well-prepared MMM.

A challengewithMOF-polymerMMMs is still the increase in selectivity. In cases,
where a selectivity increase has been seenwithMOF-polymer compositemembranes,
the following reasons were given for the increase in selectivity:(Nuhnen et al. 2020)
(i) Polymer chain rigidification could have been induced by the filler. This results
in a higher glass temperature Tg and in general a high Tg goes together with low
permeability and high selectivity and vice versa (Li et al. 2005). (ii) Polymer chains
can block the MOF channels to some degree and make them size discriminating.
Thus, theMOF assumes molecular sieving properties. The smaller gas molecules are
transported better relative to the larger ones (Feijani et al. 2015). (iii) An adsorption
affinity of the MOF filler for one gas over the other increases the transport of the
former over the latter through the membrane (Jacques et al. 2018; Abedini et al.
2018).
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A Story on Carbon Dioxide and Its
Hydration

Claudiu T. Supuran

Abstract CO2 is one of the fundamental molecules on earth, being awidespread and
highly stable form of carbon. It is hydrated slowly to bicarbonate and protons, which
is not enough for most life forms in which this simple molecules plays relevant func-
tions. Thus, the enzymes carbonic anhydrases (CAs) evolved, and they efficiently
catalyze the hydration of CO2. CAs are involved in many physiological and patho-
logical events in organisms all over the phylogenetic tree. Over the last three decades
I was involved in unravelling the biochemical basic phenomena connected to these
enzymes and in drug design ofmodulators of their activity (inhibitors and activators).
The various approaches I developed were applied tomany types of such enzymes and
allowed the discovery of many classes of highly isoform-selective inhibitors. This
afforded new applications of the inhibitors for the management of hypoxic tumors,
neuropathic pain, cerebral ischemia, arthritis, degenerative disorders apart the clas-
sical ones connected with these drugs (diuretics, anti-glaucoma, anti-epileptic and
anti-obesity action). The study of CA activators showed that these enzymes may
represent a crucial family of new targets for improving cognition as well as in thera-
peutic areas, such as generalized anxiety, post-traumatic stress, obsessive-compulsive
disorder or phobias for which few efficient therapies are available.

Keywords Carbonic anhydrase · Inhibition · Inhibitor · Activation · Anticancer
drug · Neuropathic pain · Neurodegeneration ·Memory therapy · SLC-0111

1 Introduction

I started to work on the metalloenzyme carbonic anhydrase (CAs, EC 4.2.1.1) in
1987 and in the first 15 years of my research the constant leitmotiv was “when will
you stop working on such a simple and well-known enzyme”? Such queries came
from friends, collaborators and sometimes professors with a much more important
experience in chemical/biomedical research than myself. In fact, CAs are present
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in all living organism, acting as catalysts for the reversible hydration of CO2 to
bicarbonate and protons, an exquisitely simple chemical transformation (Supuran
2017, 2020a, 2016a, 2008; Neri and Supuran 2011). CA was discovered in 1930s,
its most relevant inhibitors (the primary sulfonamides) were known since the ‘40s
and the first clinically used agents based on CA inhibitors (CAIs) were launched in
the 50s (Supuran 2017, 2020a, 2016a, 2008; Neri and Supuran 2011; Alterio et al.
2012). Thus, the expressed doubts were in fact quite reasonable, but fortunately did
not stop me for continuing my trip in exploring CAs, their inhibitors, activators
and their pharmacological/ biotechnological applications (Supuran 2016b, 2018a;
Nocentini and Supuran 2019; Berrino and Supuran 2019). Why are CAs relevant
may be understood from the fact that these enzymes act on carbon dioxide and
water, two neutral molecules, which are very efficiently converted to bicarbonate
and H+ ions, generating a weak base and a very strong acid (Neri and Supuran 2011;
Alterio et al. 2012; Supuran 2016b, 2018a; Nocentini and Supuran 2019; Berrino
and Supuran 2019). As a consequence, and due to the high availability of CO2 from
metabolic processes, this reaction constitutes the basis of pH regulation in all living
organism (Supuran 2017, 2020a, 2016a, 2008). Furthermore, CAs are metabolic
enzymes (Berrino and Supuran 2019), being involved in many other processes apart
pH regulation, as I proposed and demonstrated recently, mainly but not exclusively
in the tumor metabolism (Supuran 2017, 2020a, 2016a).

Today, there are 8 (α-, β-, γ-, δ-, ζ-, η, θ, and ι-CA) different CA genetic families
reported in various organisms (De Simone et al. 2015; Kikutani et al. 2016; Jensen
et al. 2019; De Prete et al. 2016, 2019; Aspatwar et al. 2018; Capasso and Supuran
2015). The distribution of these enzymes is rather variegated in most investigated
organisms, and except animals, most of them possess multiple representatives of two
or more genetic families (Supuran 2017, 2020a, 2016a, 2008, 2016b, 2018a; Neri
and Supuran 2011; Alterio et al. 2012; Nocentini and Supuran 2019; Berrino and
Supuran 2019; De Simone et al. 2015). For example, in some diatoms 5 different
CA classes with multiple isoforms were described (Kikutani et al. 2016; Jensen et al.
2019).

CAs, or at least the human isoforms, are drug targets for more than 70 years
by now, as all clinically used diuretics were developed from acetazolamide 1, the
first sulfonamide CAI to be used clinically (Supuran 2017, 2020a, 2016a, 2008;
Neri and Supuran 2011; Alterio et al. 2012). Presently, many types of CAIs are
employed in various clinical settings, as diuretics (Supuran 2018b, 2018c), anti-
glaucoma agents (Carta et al. 2012a; Supuran et al. 2019; Supuran 2019), anti-
epileptic drugs (Aggarwal et al. 2013), and anti-obesity agents (Scozzafava et al.
2013; Costa et al. 2019), and for the management of hypoxic, metastatic tumors
(Supuran et al. 2018; Supuran 2018d; Nocentini and Supuran 2018; Ruzzolini et al.
2020). Recently, classical chemotypes but also some new classes of CAIswere shown
to be useful for the management of neuropathic pain (Carta et al. 2015; Supuran
2016c), cerebral ischemia (Di Cesare Mannelli et al. 2016), and some forms of
arthritis (Margheri et al. 2016; Akgul et al. 2018; Bua et al. 2017; De Simone and
Supuran 2012). These developments were only possible due to the fact that several
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new CA inhibition mechanism have been discovered (Supuran 2017, 2020a, 2016a,
2008; Neri and Supuran 2011; Alterio et al. 2012).

2 CA Inhibition/Activation Mechanisms

In Fig. 1 the 4 CA inhibition mechanisms and the CA activation mechanism are
presented schematically, based on kinetic and crystallographic data obtained over the
last 25 years (Supuran 2017, 2020a, 2016a, 2008; Neri and Supuran 2011; Alterio
et al. 2012).

2.1 Zinc Binders

Sulfonamides and their isosteres (sulfamiedes, sulfamates, substituted sulfamides),
inorganic complexing anions (halides, pseudohalides but also many complex, heavy
metal containing anions, etc. (Simone and Supuran 2012;Winum and Supuran 2015;
Supuran 2018e); various sulfur-based, carbon-based (Supuran 2018e), phosphorus-
based (Nocentini et al. 2019) and boron-based (Alterio et al. 2016; Nocentini et al.
2018a) ZBGs, of the N-hydroxy-sulfonamide, sulfonyl-hydrazide (Supuran 2018e),
benzenephosponamidate (Nocentini et al. 2019), mono- and dithiocarbamate (Carta
et al. 2012b; Vullo et al. 2016), xanthate (Carta et al. 2013), benzoxaborole (Alterio
et al. 2016; Nocentini et al. 2018a), thiol, selenol (Angeli et al. 2019a; Tanini et al.
2020), carboxylate (Langella et al. 2016; Sechi et al. 2012; Cadoni et al. 2017),
ninhydrin (Bouzina et al. 2021), hydroxamate (Fiore et al. 2012) and carbamate (De
Simone et al. 2018) belong to this groupofCAIs.As shown inFig. 1A, they coordinate
the metal ion from the enzyme active site in a monodentate fashion, substituting the
water molecule or hydroxide ion involved in the catalytic cycle, i.e., CO2 hydration
(Supuran 2017, 2020a, 2016a, 2008; Neri and Supuran 2011; Alterio et al. 2012).
For the α-CAs, as shown in the figure, two amino acid residues, Thr199-Asp106,
are also involved in the binding f inhibitors, with which they engage in a hydrogen
bond network which stabilized the enzyme-inhibitor adduct. The sulfonamides are
by far the most clinically relevant inhibitors, with many such drugs being used for
the treatment of conditions mentioned above (Supuran 2018b, 2018c, 2019, 2018d;
Carta et al. 2012a; Supuran et al. 2019, 2018; Aggarwal et al. 2013; Scozzafava et al.
2013; Costa et al. 2019; Nocentini and Supuran 2018; Ruzzolini et al. 2020).

2.2 CAIs Which Anchor to the Zinc-Bound Water Molecule

As shown in Fig. 1B, these CAIs are anchored by means of hydrogen bonds to
the water molecule or hydroxide anion coordinated to the zinc, by using the AG
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Fig. 1 The main CA inhibition (A–D) and the CA activation mechanism (E) known to date. A
zinc binders, which incorporate a zinc-binding group (ZBG); B compounds which anchor to the
zincbound water, and possess an anchoring group (AG); C inhibitors which occlude the entrance
to active site (contain an AG moiety); D inhibitors binding outside the active site; E CA activators
(CAAs) incorporate proton shuttle moieties (PSMs) and bind as inhibitors of type (C)

moiety present in their scaffold. To this class of CAIs belong the phenols (Nair et al.
1994; Innocenti et al. 2008a, b; Bayram et al. 2008; Nocentini et al. 2018b; Karioti
et al. 2016), polyamines of the spermine/spermidine type (Carta et al. 2010), the
sulfocoumarins which are hydrolyzed to sulfonates acting this as prodrug inhibitors
(Tars et al. 2013), but aslo some thioxocoumarins (Ferraroni et al. 2016; Nocentini
et al. 2018c) and several carboxylic acid derivatives (Langella et al. 2016).
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2.3 CAIs Which Occlude the Entrance to the Active Site
Cavity

As shown in Fig. 1C, these compounds bind far away from the metal ion and its
coordinated water molecule, at the entrance of the CA active site cavity, a region
which is also quite variable between the variousα-CA isoforms. Coumarins and some
of their derivatives were discovered to possess this peculiar inhibition mechanism
(Maresca et al. 2009, 2010a, 2010b; Temperini et al. 2010; Touisni et al. 2011;
Bonneau et al. 2013; Sharma et al. 2014; Maresca and Supuran 2010; Fois et al.
2020; Carta et al. 2012c; Isik et al. 2015; Davis et al. 2013). The coumarin is in
fact hydrolyzed by the esterase CA activity, with formation of cis/trans-2-hydroxy-
cinnamic acid derivatives (Maresca et al. 2009; Isik et al. 2015; Davis et al. 2013;
Nocentini et al. 2015; Küçükbay et al. 2016; Angeli et al. 2018a; D’Ambrosio et al.
2015; Supuran 2018f; Briganti et al. 1997; Temperini et al. 2006b), which thereafter
binds at the entrance if the cavity. Many coumarins act as isoform-selective CAIs
for the different human isoforms, due to the fact that they bind in this variable
region of the active site, interacting thus with diverse amino acid residues of the
various isoforms (Supuran 2017, 2016b; Alterio et al. 2012; Nocentini and Supuran
2019; Maresca et al. 2009, 2010a, 2010b; Temperini et al. 2010; Touisni et al. 2011;
Bonneau et al. 2013; Sharma et al. 2014; Maresca and Supuran 2010; Fois et al.
2020). Other compounds possessing a similar CA inhibition mechanism are the
5- and 6-ring lactones/thiolactones (Carta et al. 2012c), 3,4-dihydro-1H-quinoline-
2-ones (Isik et al. 2015), some heterocoumarins incorporating selenium, tellurium
(Davis et al. 2013; Nocentini et al. 2015; Küçükbay et al. 2016), and the substituted
quinoline-2(1H)-ones (Angeli et al. 2018a).

2.4 Out of the Active Site Binding CAIs

Few derivatives were observed so far to bind out of the active site (Fig. 1D),
in a hydrophobic pocket adjacent to the main CA active site entrance. 2-
(Benzylsulfinyl)benzoic acid was co-crystallized bound to CA II in this way
(D’Ambrosio et al. 2015), with its COOHmoiety hydrogen-bonding the imidazole of
His64, an important residue for the CA catalytic mechanism (see next paragraph). In
this way the proton shuttling is blocked and the catalytic cycle collapses, effectively
inhibiting then enzyme catalytic activity (D’Ambrosio et al. 2015).

2.5 CA Activation

The CA activation process is shown schematically in Fig. 1E. The activator binding
site coincides with that of inhibitors occluding the active site entrance (Maresca et al.
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2009; Supuran 2018f). Most biogenic primary amines (catecholamines, serotonin
histamine, etc.), natural and non-natural amino acids, some oligopeptides, or small
proteins represent the main classes of CA activator (CAAs) (Supuran 2018f; Briganti
et al. 1997).

Equation 1 shows the rationale behind the CA activation phenomenon (Supuran
2018f; Briganti et al. 1997).

(1)

The CAA binds to the enzyme, forming enzyme – activator complexes. The acti-
vator incorporates a proton shuttling moiety, PSM (Fig. 1E) which participates to
the rate-determining step of the catalytic cycle. This is the proton shuttling from the
zinc-coordinated water to the reaction medium (Supuran 2018f; Briganti et al. 1997).
His64 plays the role of natural proton shuttle, being situated in themiddle of the active
site cavity and having a flexible side chain of the imidazole type, which is able to
participate in proton transfer orocesses (Supuran 2017, 2020a, 2016a, 2018f; Brig-
anti et al. 1997). In the enzyme-activator complexes this process which is assisted
by the activator is an intramolecular, and not intermolecular reaction, which may
explain the kinetic activating effect (Temperini et al. 2006a, b, 2008; Vistoli et al.
2020). X-ray crystal structures of CAs with activators bound, of the amine and amino
acid type are known to date, such as those with histamine, L- and D-His, L- and D-
Phe, L-adrenaline, D-Trp, etc. (Supuran 2018f; Briganti et al. 1997; Temperini et al.
2006a, b, 2008; Vistoli et al. 2020). All catalytically active mammalian CAs, were
shown to be activatable by natural amino acids and amines (Briganti et al. 1997;
Temperini et al. 2006a, b, 2008; Vistoli et al. 2020). CAAs (such as D-Phe) may
have applications in pharmacology for the management of various diseases (Canto
de Souza et al. 2017). In fact, the activators were shown to induce an increased ERK
phosphorylation which is involved in memory consolidation, opening the possibility
of using CAA-based therapies for obsessive–compulsive disorder, post-traumatic
stress disorders, phobias, generalized anxiety, etc. (Canto de Souza et al. 2017).

3 Clinically Used CAIs

The primary sulfonamides/sulfamates/sulfamides in clinical use for decades or in
clinical development as novel agents, are shown in Fig. 2.

They include: acetazolamide 1, methazolamide 2, ethoxzolamide 3, sulthiame 4,
dichlorophenamide 5, dorzolamide 6 and brinzolamide 7) (Supuran 2017, 2020a,
2016a, 2008, 2016b; Neri and Supuran 2011; Alterio et al. 2012; Nocentini and
Supuran 2019), sulpiride 8 (Abbate et al. 2004), the antiepileptics with CA inhibitory
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Fig. 2 CAIs 1–15 used clinically, or in clinical development, SLC-0111 16 and epacadostat 17

action such as topiramate 9 (Casini et al. 2003) and zonisamide 10 (De Simone
et al. 2005), sweeteners such as saccharine 11 (Köhler et al. 2007), CA/COX-2
selective inhibitors, such as celecoxib 12 (Weber et al. 2004) and valdecoxib 13
(De Fiore et al. 2006), histamine H2-receptor antagonists with CA inhibitory action,
such as famotidine 14 (Angeli et al. 2018b), tyrosine kinase/CA pan-inhibitors, such
as pazopanib 15 (Winum et al. 2012), SLC-0111 (16), in Phase Ib/II clinical trials
as an antitumor/antimetastatic agent (Pacchiano et al. 2011, 2010; Lou et al. 2011;
McDonald et al. 2020), as well as the CA/indoleamine-2,3-dioxygenase inhibitor
epacadostat 17, in Phase III clinical trials as an antitumor agent (Angeli et al. 2019b;
Scozzafava et al. 1999a, b; Supuran et al. 1999; Menabuoni et al. 1999; Abbate et al.
2003; Güzel et al. 2008; Avvaru et al. 2010; Carta et al. 2011; Menchise et al. 2005;
Alterio et al. 2006; Tanpure et al. 2015; Wilkinson et al. 2006; Eldehna et al. 2019).
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4 Novel Applications of the Isoform-Selective CAIs
Targeting Human Enzymes

4.1 Cancer and Metastasis

The transmembrane isoforms CA IX and XII were demonstrated to be involved in
tumorigenesis as they regulate the tumor pH, both within the cell and in the extra-
cellular space (Supuran 2008, 2018a; Svastová et al. 2004; Ditte et al. 2011; Cianchi
et al. 2010). They also participate in the tumor metabolism, which is different of the
normal one due to the low levels of O2 (hypoxia) (Berrino and Supuran 2019; Angeli
et al. 2020). Bothe these enzymes are overexpressed in tumors due to hypoxia, as their
gene expression is regulated by the transcription factor HIF-1α (hypoxia inducible
factor-1α) (Supuran 2017, 2020a, 2016a, 2008; Svastová et al. 2004). CA IX/XII
inhibition leads to an inhibition of the growth of primary tumors and metastases
(Pacchiano et al. 2011; Lou et al. 2011), which favored the development of new
inhibitors, among which SLC-0111 is nowadays in Phase Ib/II clinical trials for
the management of metastatic advanced solid tumors (McDonald et al. 2020). This
compound is effective mainly in combination with other antitumor agents and may
lead to a revolutionary new approach in the management of hypoxic tumors, which
poorly respond to classical chemo- and radiotherapy (McDonald et al. 2020; Angeli
et al. 2020; Supuran 2020b).

4.2 Cerebral Ischemia

In cerebral ischemia there is also an impaired/insufficient blood and O2 supply to
the brain, which leads to overexpression of HIF-1α targets mentioned above, CA
IX and XII (Di Cesare Mannelli et al. 2016). It has been shown that sulfonamide or
coumarin inhibitors which selectively target these two isoforms over the off-target,
cytosolic ones, increased up to 40% the neurological score of experimental animals
rats with cerebral artery occlusion (which represents animal model of the disease)
(Cesare et al. 2016). The therapeutic opportunities for treating cerebral ischemia are
nowadays limited, and this discovery opens new opportunities in the field.

4.3 Neuropathic Pain

Up to 8% of the world population is affected by various forms of neuropathic pain
and only one drug, gabapentin, has been so far approved for its treatment, but this is
also associated with serious side effects, drastically limiting its use (Carta et al. 2015;
Supuran 2016c). Kaila’s group explained the connection between CA inhibition and
neuropathic pain (Asiedu et al. 2014), demonstrating that GABAergic networks and
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the neuron-specific potassium-chloride (K+Cl−) cotransporter (KCC2) are dependent
of the bicarbonate concentration generated by hydration of CO2 catalyzed by brain
CA isoforms. It is not clear which CA isoforms are involved in these processes,
but hCA VII and hCA II which are highly expressed in various brain areas, are
among the most relevant candidates considered to date as relevant for explaining the
above-mentioned phenomena (Asiedu et al. 2010; Supuran 2015, 2016d). Thus, a
campaign to develop CA II and/or CA VII-selective inhibitors led to the discovery
of sulfonamides (Carta et al. 2015; Angeli et al. 2019c, 2018c; Kalisha Vali et al.
2019) and sulfamates (Bozdag et al. 2019) possessing such an inhibition profile,
which were also effective in vivo, in animal models of neuropathic pain (which has
been induced by using cytotoxic drugs such as cisplatin) (Angeli et al. 2019c, 2018c;
Kalisha Vali et al. 2019; Bozdag et al. 2019).

4.4 Rheumatoid Arthritis

CA IX and XII were observed to be overexpressed in some arthritis. By using
sulfonamides/coumarins selective inhibitors against them, in an animal model of
the arthritis, interesting and relevant results have been obtained (Margheri et al.
2016; Akgul et al. 2018; Bua et al. 2017). Conjugation of classical non-steroidal
anti-inflammatory drugs (belonging to the phenyl-propanoic carboxylic acid type,
such as ibuprofen, ketoprofen, etc.), with aromatic sulfonamides (Akgul et al. 2018)
or coumarins incorporating hydroxyl and/or amono moiteis (Bua et al. 2017), led to
hybrids possessing COX and CA inhibitory effects. They efficiently inhiibted CA
IX/XII in vitro and showed a long-lasting and potent anti-hyperalgesic effect in an
animal model of arthritis (Akgul et al. 2018; Bua et al. 2017; Berrino et al. 2019).

4.5 Neurodegeneration

Fossati’s group showed that the sulfonamide CAIs acetazolamide 1 and methazo-
lamide 2 (Fossati et al. 2016; Solesio et al. 2018) (Fig. 2) may prevent of mito-
chondrial dysfunction in animal models of Alzheimer’s diseases. The treatment also
affected caspase activation as well as cell death associated with amyloid β forma-
tion. The two drugs were effective in reducing memory impairment and decreased
amyloid β pathology in a transgenic mouse model of Alzheimer’s disease (Angiulli
et al. 2018). Such findings may be translated to drug design campaigns for finding
CAIs effective for the management of this disease, for which no effective therapies
are available to date (Provensi et al. 2019).
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5 Conclusions

The wealth of possible binding modes for inhibitors/activators within the CA active
site and the new generation isoform-selective inhibitors, most of which were discov-
ered by my group, afforded interesting applications in new research fields, with rele-
vant results being obtained for compounds involved in the management of hypoxic
tumors (Supuran 2018d; McDonald et al. 2020), neuropathic pain (Carta et al.
2015; Supuran 2016c), cerebral ischemia (Di Cesare Mannelli et al. 2016), arthritis
(Margheri et al. 2016; Akgul et al. 2018; Bua et al. 2017) and neurodegenerative
diseases (Fossati et al. 2016; Solesio et al. 2018; Angiulli et al. 2018; Provensi
et al. 2019). The CA activators, still in their infancy, may lead to a better under-
standing of cognition but may as well lead to applications in novel therapeutic areas,
amongwhich post-traumatic stress disorders phobias, generalized anxiety, obsessive-
compulsive disorder. Indeed, in two recent contributions we demonstrated the role of
CA activation in extinction of contextual fear memory or more generally in cognition
and emotional memory (Blandina et al. 2020; Schmidt et al. 2020). On the inhibitor
side, the search of new chemotypes among the natural products (Atanasov et al. 2021)
and the continuous exploration of anti-infectives based on this class of derivatives
(Supuran and Capasso 2020) will probably also lead to relevant new applications.
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Abstract In order to correct the genetic defects that are fundamental reasons for
many pathologies, gene therapy uses exogenous nucleic acids for intentional modu-
lation of gene expression in specific cells. Due to the large size and the negative
charge of exogenous nucleic acids, the delivery of these macromolecules is typically
mediated by carriers or vectors. Viral carriers are known to be very efficient however,
they have a severe drawbacks such as toxicity and immunogenicity. In this regard,
gene-based therapy using non-viral approaches has drawn increasing attention, and
has become an important field of research. The diversity of materials used as of
non-viral vectors known today highlights the recent progress of gene-based therapy
using non-viral approaches. Herein, we describe the progress made by our group
in the development of hybrid vectors that combine key features of classical carriers
design rationally or formed by combinatorial approach using dynamic chemistry
which are remarkable strategies to address the current challenges in gene delivery.
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CDC Constitutional dynamic chemistry
DCF Dynamical constitutional frameworks
dsDN Duble stranded DNA
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Girard’s reagent T (Carboxymethyl)trimethylammonium chloride hydrazide
HeLa Human cervix adenocarcinoma
DF Dynameric frameworks
HEK 293T Human embryonic kidney 293T cells
pEGFP Enhanced green fluorescent protein plasmid
N/P Nitrogen/phosphorus
AFM Atomic force microscopy

1 Introduction

Nucleic acids (gene therapy) have the unique potential to provide cures for many
targets that are currently unavailable and to do so with higher success rates in the
clinic. In present, gene therapy, conceptualized since 1972 (Somia and Verma 2000;
Yin et al. 2014), has been already successfully applied to treat genetic as well as
acquired diseases (Dunbar et al. 2018; Ginn et al. 2018; Hanna et al. 2017; Thapa
and Narain 2016), including Parkinson’s disease (Olanow 2014), cardiovascular
(Hedman et al. 2011) or retinal (Bainbridge et al. 2006; Smith et al. 2012) and various
types of cancer (Egger et al. 2004; Semenza 2003). Yet, so far, as restricted by many
factors, the gene therapy using either plasmid DNA (pDNA) or small interfering
RNA (siRNA) did not achieve ideal effects due to the lack of the targeting ability,
efficient drug carrier and an appropriate drug delivery technique. It is still a difficult
problem in gene therapy to address how the transfection efficiency of genes could be
considerably improved and the gene be delivered to the targeted sites of the organism
efficiently without toxic and side effects. To overcome these drawbacks, (Clima et al.
2015) the development of efficient nucleic acid targeted delivery systems (vectors)
is critically required. The general requirements for an efficient vector include: (i)
strong enough binding to DNA, but on the other hand to allow the release of the
DNA into the cell nucleus; (Papadopoulos et al. 2016; Wu et al. 2018) (ii) to be
nontoxic and biodegradable; (iii) to be stable towards enzymatic degradation and
(iv) to facilitate endocytosis. Moreover, for an efficient transfection the size, shape
and surface characteristics of the vectors are crucial (Gordon et al. 2012).

Vectors of the gene therapy mainly include two categories—viral vectors and
non-viral vectors. Despite the fact that viral gene vectors have high transfection
efficiency and already found their successful in vivo applications (Dunbar et al.
2018; Ginn et al. 2018; Hanna et al. 2017; Muramatsu 2018; Papadopoulos et al.
2016; Thapa and Narain 2016), the preparation of these vectors is complex and they
present serious potential risks and failure of repeated applications in human body
(Yang et al. 2014). Alternatively, all other approaches are based on non-viral gene
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delivery systems, which try tomimic the efficiency of viral vectors by artificial means
(Neu et al. 2005;Wu et al. 2018; Zakeri et al. 2018). Non-viral vectors, are artificially
synthesized non-bioactive materials, offering advantages such as low toxicity, low
immunoreactions and excellent ability of being chemically modified (Neu et al.
2005; Wu et al. 2018). So far, the main candidates used in gene therapy for the
nonviral approach are the cationic polymers such as chitosan (Gordon et al. 2012),
cationic lipids (Gordon et al. 2012), polypropyleneimines (Gordon et al. 2012) or
polyamidoamines (Ailincai et al. 2018, 2019) and poly(ethyenimine) (PEI) (Wang
et al. 2011; Zakeri et al. 2018). Preparation of such vectors often involves multistep
rational design approach, though a simple design of the vectors towards efficient
carrier is in high demand. In the current mini-review we summarized recent results
on different approaches and examples for design and properties of non-viral vectors
reported by our group.

2 Functional Cyclodextrins and Polyrotaxanes for Gene
Delivery

While designing a non-viral vector, the precise control of the size and functionality of
the resulting macromolecular or supramolecular construct, can lead to a replication
of the characteristics and function of biological entities involved in transport or
protective storing of nucleic acids. Despite the numerous synthetic and structural
design possibilities for these platforms, their development and use are far more
complex than it appears since there are numerous variables to be balanced for a
successful transfection including: (i) optimal charge value, (ii) charge distribution,
(iii) flexibility, (iv) size, (v) cell internalization and processing. One viable strategy
would be the design of a carrier using building blocks with known desired properties
and biological effects. One notable example of this concept is the construction of a
polycationic vector comprised of functional β-cyclodextrin (β-CD) units as coupling
points for branched poly(ethyleneimine) (bPEI) and poly(ethylene glycol) (PEG)
chains. The polycationic dendrons would ensure the nucleic acids complexing ability
of the vector while the linear PEG chains were included to disrupt the charge density
of the edifice and delay the unwanted interactions with biomolecules in the biological
fluids during circulation (Dascalu et al. 2017). The synthetic strategy involved an
esterification reaction at the primary hydroxyl groups (minor rim of β-CD) in the
presence of an excess amount of acryloyl chloride at room temperature. The newly
introduced activated double bonds ensured the subsequent coupling of a 750 Da
mono-functional PEG derivative bearing an amino group and 2000 Da bPEI, through
a Michael addition reaction resulting in a tri-dimensional polycationic carrier.

The in vitro cytotoxicity tests performed on the vector/DNA complexes with
precise nitrogen/phosphorous compositional ratios (N/P) in comparison with
2000Da bPEI revealed that at higher N/P ratios the cell viability exceeded 90%while
at lower compositional ratios cellular proliferation was induced. The presence of the
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PEG segments did not hinder the complex formation between the proposed vector
and plasmidic DNA (pLuc) by means of ionic interactions. Moreover, the performed
molecular dynamic simulation revealed that in the presence of the double stranded
nucleic acid the carrier molecules adapted their conformation in order to maximize
the number of ionic interactions between the DNA negatively charged phosphate
residues and the positively charged amino groups in the vector. The in vitro trans-
fection efficiency on HeLa cells tests revealed a maximum efficiency at N/P = 80
indicating the need for a larger number of carrier molecules to effectively protect and
transfect the nucleic acid into the tested cells. In comparison, the tested bPEI/pLuc
polyplexes transfected poorly which clearly confirmed the proposed carrier design
for the cooperative binding, transport and release of the nucleic acid in the cell. This
behavior was supported by the TEM images which revealed that the polyplex particle
size decreased as the N/P compositional ratio increased.

In a more ambitious attempt (Ardeleanu et al. 2018), cyclodextrins were used
in the development of gene delivery vectors based on polyrotaxanes. This type of
assembly consist in physically interlocked structures containing a linear molecular
axle (guest) threaded through a macrocycle (host) and locked in place by large
terminal bulky stopper groups (Jiří et al. 2012). The mechanically linked compo-
nents are typically characterized by high freedom and mobility. As expected, with
such complex structures, the preparation of the supramolecular carriers was achieved
in multiple steps starting with β-CD functionalization. The adequate functionality
of cyclic oligosaccharide was introduced by the partial esterification of the primary
hydroxyl groups with acryloyl chloride. The number and position of the attached
activated double bonds were controlled through the reagents compositional ratio,
temperature and solvent mixture. In the next step the partially acrylated β-CD
molecules where threaded onto a 1 kDa PEG derivative with terminal triple bonds.
Although between β-CD and PEG no inclusion complex is usually formed (Harada
et al. 1999) the presence of the acryloyl residues on the minor rim of the host
molecule and the rigid propargyl residues on the linear guest ensured the forma-
tion of the poly(pseudorotaxane) assembly. This transient structure was stabilized
through a Copper(I)-catalyzed Azide-Alkyne Cycloaddition reaction with silatrane
azide resulting in the base polyrotaxane. The final step in the construction of the
supramolecular carriers consisted in the addition of the functional “segments” on the
base polyrotaxane through the previously mentioned Michael addition: 2 kDa bPEI
braches or amixture of 2 kDa bPEI and 0.75 kDamethoxypolyethylene glycol chains.
A supplementary stepwas also described for two distinct post-functionalization reac-
tions namely the decoration of polyrotaxane with bPEI with guanidine residues at
the primary amino groups in bPEI or the addition of arginine residues. The described
synthesis pathway relied on precise and highly reproducible reactions in order to
precisely tailor the structure and functionality of the carriers.

In terms of transfection efficiency (pLuc or pGFP plasmids on HeLa cells) all four
described vectors demonstrated their ability to transfect. The polyrotaxane carrier
decorated solely with bPEI (ROT-PEI) exhibited the highest transfection efficiency,
with a maximum yield at N/P 20 (Fig. 1) while the post-modified version with
guanidine residues (ROT-PEI-G) was close, with a maximum yield at N/P 30.
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Fig. 1 The transfection efficiency results of ROT-PEI, ROT-PEI-PEG750, ROT-PEI-G, ROT-PEI-
Arg, PEI 2 kDa, and PEI 25 kDa, with pCS2 + MT-Luc plasmid on HeLa cells, at all tested N/P
ratios (from 5 to 80)

The arginine post-decorated vector (ROT-PEI-Arg) vector showed a maximum
transfection yield at an N/P ratio of 60. This observation indicated that for this
particular study the simple one step guanidinylation is more useful than the arduous
attachment of an amino acid with the purpose of mimicking the function of a arginine
rich histone (Müller and Muir 2015). Lastly, the polyrotaxane decorated with PEG
and bPEI (ROT-PEI-PEG750) showed a maximum transfection yield at a higher N/P
ratio of 70 which is most likely due to the presence of the PEG chains. The cytotox-
icity assay demonstrated that the presence of these chains achieved their purpose of
increasing the biocompatibility of the carrier since the test indicated a cell prolifer-
ation at lower N/P ratios and a cell viability of approximately 100% throughout the
tested range for this particular carrier.

3 Dynamic Combinatorial Systems as Non-viral Vectors

Constitutional dynamic chemistry can be considered a new evolutional approach
to produce chemical diversity. A specific advantage with constitutionally generated
systems addresses the possibility to self-adjust to biological target species at a given
time, in a certain environment at nanoscale dimensions (Lehn 2012; Zhang and
Barboiu 2016). The key concept is exploring the multivalent molecular recognition
and self-assembly by using adaptive platforms interactingwith biological targets. The
use of reversible interactions as dynamic interfaces between the target andDynamical
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Constitutional Frameworks (DCF) components allows one to self-adjust the system’s
tridimensional geometry and functional properties.

Despite the existing progress, the rational design is sometimes limited to the choice
of a low number of components. Within this context, the dynamic combinatorial and
constitutional screening approaches appeared to be an attractive strategy for the rapid
identification of the active delivery vectors from dynamically exchanging libraries of
complex mixtures of components. The construction of dynamic covalent polymers
via the incorporation of reversible covalent bonds is therefore a promising strategy for
generating effective vectors that allow multivalent interactions for dsDNA binding
in biological media (Fig. 2) (Catana et al. 2015; Clima et al. 2019; Clima et al.
2015; Craciun et al. 2018; Marin et al. 2016; Pricope et al. 2018,; Turin-Moleavin
et al. 2015; Zhang and Barboiu 2016). DCFs approach is relevant in biological and
medicinal research, especially when the biotargets like nucleic acids contain a large
number of available reaction units.

The simplicity of the synthetic constitutional strategy using accessible and simple
building blocks for easily self-generation DCFs presenting synergistic DNA and
cell membrane affinities might be considered as a valuable path toward the system-
atic discovery of active delivery systems (Fig. 3). In order to enhance transfection
efficiency of the DCF-based vectors, several crucially important components like:
cationic heads, biocompatible linkers, self-assembly triggers and multifunctional

Fig. 2 Concept of the formation of non-viral vectors by dynamic chemistry and combinatorial
approach



Polymeric Carriers for Transporting Nucleic Acids ... 139

Fig. 3 Building blocks for formation of dynamic combinatorial frameworks

core connectors have to be taken into account to generate specific DCFs for DNA
binding (Fig. 3).

PEIs units utilized as cationic heads, demonstrated safer alternative to viral vectors
and has shown good transfection efficiency (TE) in different types of cells (Ailincai
et al. 2018; Funhoff et al. 2004; Neu et al. 2005; Neuberg and Kichler 2014; Wang
et al. 2011; Wu et al. 2018). PEI is able to bind DNA by an electrostatic interaction
to form small complexes (polyplexes) that are internalized into cells by endocy-
tosis and can be localized to the nucleus as distinct structures (Clima et al. 2015;
Neuberg and Kichler 2014; Olden et al. 2018). Commonly, the molecular weight
of PEI for the most effective transfection ranges between 5 and 25 kDa (Paul et al.
2014; Zakeri et al. 2018), higher molecular weights lead to increased cytotoxicity in
polyplexes, while low molecular weight PEI demonstrate low toxicity in cell culture
studies (Godbey et al. 2000; Neu et al. 2005; Yao et al. 2018). A strategy to increase
the transfection efficiency with simultaneous decrease in cytotoxicity could be the
coupling of the low molecular weight PEIs (maximum 2000 Da) to a core connector,
forming conjugates of 8–54 kDa PEI (Ardeleanu et al. 2018; Uritu et al. 2015a, b).
Among the biocompatible linkers PEGs are considered a powerful tool due to their
surface charge shielding ability especially in nucleic acid delivery systems. It forms
hydrophilic coating tominimize the interactions of the formed polyplexes with blood
components and reduces the polyplex uptake by macrophages, thus increasing the
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overall blood circulation time (Suk et al. 2016). Since the conformation, hydropho-
bicity and electrostatic binding properties change through PEGylation, identifying
the degree of the vector PEGylation and the molecular weight is crucial. Excessive
PEGylation may lead to a risk of reduction of the DNA-binding capacity leading to
considerable drop of in vitro transfection efficiency. Besides biocompatible linkers,
some non-viral vectors incorporate a self-assembly triggers as hydrophobic or lipid
component able to form amphiphile in aqueous medium (Ailincai et al.). These
important units contribute to the interaction of the vector with the cell membrane,
facilitating cell internalization and increasing gene transfer efficiency.

3.1 Dynamic Constitutional Frameworks (DCF) for DNA
Biomimetic Recognition

Catana et al. (2015) first suggested the idea of dynamic constitutional frameworks
(DCF) for DNA biomimetic recognition when multifunctional core centers, linear
PEG macromonomers and cationic heads were used to produce functional DCFs
for DNA binding. The building constituents were: poly(ethylene glycol)-bis(3-
aminopropyl) (6), Girard’s reagent T, monoprotonated N,N-dimethylene amine or
aminoguanidine hydrochloride, all linked to 1,3,5-Benzenetrialdehyde (1) via the
amino - carbonyl/imine reversible bonds. As the result of the series of compo-
nents combinations, it was established that compact guanidiniumwith a cross-linked
structure strongly influenced the DNA binding, whereas the frameworks containing
Girard’s reagent T or monoprotonated N,N-dimethylene amine having linear struc-
ture, presented no binding properties. This behavior highlighted dominant coiling
versus linear DNA binding mechanism behaviors.

Turin-Moleavin’s study (Turin-Moleavin et al. 2015) defining the synthesis and
characterization of a class of DNA nanovectors based on unique component and
connector center frameworks, connected by reversible covalent bonds, continued
further development of the systems. In the presence of interacting DNA biotargets,
the dynamic self-assembly of PEG unit (6) with bPEI (2) cationic binding groups
around the 1,3,5-Benzenetrialdehyde core connector (1) has led to adaptive spatial
distributions. By forming stable polyplexes with dsDNA, the obtained DCF poly-
plexes were able to perform as gene nanovectors. Polyplexes possessed sizes ranging
between 40 and 125 nm depending on the type and quantity of associated DNA and
on themolar ratio of bPEI/PEG.All tested vectors presentedDNA transfection ability
on HeLa cell line and showed low cytotoxicity, even at high N/P ratio of 200, the
viability of cells being over 90% compared to untreated cells as control. This led
to the conclusion that both the presence of the PEG component and a moderate
amount of bPEI in DCFs were significant in the production of highly transfecting
and cyto-friendly polyplexes.
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3.2 Dynamers Based on Hydrophob-Hydrophil Assembly
for DNA Transfection

Another strategy in the development of dynamic vectors was to use
hydrophobic/hydrophilic connectors as core-centers (Ailincai et al. 2019; Clima
et al. 2019,2015; Craciun et al. 2019; Marin et al. 2016; Pricope et al. 2018) and
positively charged molecular heads in the design of 3D Dynameric Frameworks
(DFs) as advanced nanomaterials for DNA recognition and transfection. They form
modular networks/platforms that self-adapt to the DNA targets, depending on their
variable composition due to reversible communication between the constituents of
DFs.

A core-shell hydrophobic/hydrophilic structure with a high number of lowmolec-
ular weight PEI units was expected to create a vector with a transfection efficiency
similar to that of high molecular weight PEI, but with much lower toxicity, according
to the proposed idea. Nano-nonviral vectors with a linear siloxane and aldehyde as
hydrophobic core and a hydrophilic shell determined by presence of bPEI 800(2) or
bPEI 2000(3) have been designed and synthesized.

The following components were proposed for the DFs according to Marin et al.
(2016):

(i) 1,3,5-Benzenetrialdehyde (1) as tri-carbonyl functionalized core;
(ii) bis-poly-(propylene glycol), amine-terminated (6), Jeffamine-400 and

Jeffamine-2000 (10 and 11) as cross-linkers contribute to the formation of
framework connecting DNA-binding sites by the reversible bond of amino-
carbonyl/imine. Additionally 10 and 11 are known for low toxicity and high
cellular DNA uptake and are suitable for building of nonviral vectors (Ailincai
et al.);

(iii) Poly(ethylene glycol-3-aminopropyl) terminated (9) as specific PEG units, in
order to enhance the solubility in aqueous media, increase biocompatibility
and diminish the immunogenicity of the vectors;

(iv) Spermine (5), linear-poly(ethylenimine), (Mn≈ 2500 gmol−1), bPEI (2, 3) as
cationic moieties capable of DNA complexation.

Combination of JD1-bPEI800, JD1-bPEI2000 and PEG-ylated JD1-PEG-
bPEI800, JD1-PEG-bPEI2000, and JD1-PEG-spermine led to water-soluble DFs
(Fig. 4), while formation of DFs from Jeffamine-2000 (11) and cationic moieties of
linear PEI or Spermine (5) in aqueous media led to insoluble precipitate and this
system was no longer investigated. The soluble DFs spontaneously self-assembled
in aqueous solution as predicted, resulting in spherical nanoparticles. Transmission
electron microscopy (TEM) showed that JD1-bPEI800 had a mean diameter of 6 nm,
while JD1-bPEI2000 had a mean diameter of 23 nm and mean diameter of 50 nm
for the combined JD1-PEG-bPEI800. BPEI-based DFs (PEGylated or non PEGy-
lated) were able to bind DNA effectively as shown in agarose gels by delay of the
electrophoretic mobility of formed polyplexes, whereas JD1-PEG-spermine showed
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Fig. 4 Dynameric frameworks schematic representation of JD1-PEG-bPEI800, JD1-PEG-
bPEI2000, JD1-PEG-Spermine

a low binding capacity even under acidic conditions due to the reduced positive
binding sites associated to bPEI DFs.

Formed polyplexes exhibited great tolerance by human embryonic kidney 293 T.
JD1-bPEI2000/pEYFP, among the studied polyplexes, confirmed higher gene trans-
fection efficacy on HEK 293T cells, ∼9% at N/P 100. This value is 1.2 fold higher
than that obtained with SuperFect commercial reagent. Such high performance was
explained by the narrow polydispersity observed in AFM for the obtained poly-
plex, having an average diameter of 100 nm, whereas the higher polydispersity and
polyplex diameter resulted in inferior transfection efficiency.

Siloxane structure, viewed as strong hydrophobic units and enhancing high trans-
fection efficiency in non-viral vectors, was investigated as an alternative hydrophobic
moiety in a related strategy (Bainbridge et al. 2006).

The diamine-bearing siloxane unit (12) has therefore been proposed as suitable
hydrophobic core for a library of compounds (Ailincai et al. 2019). In order to build
an oligomeric chain of aldehyde functionalities capable of binding the hydrophilic
shell in several positions, siloxane (12) was reacted with trialdehyde (1) in a 1/1
molar ratio (Scheme 1). In the vector architecture, hyperbranched bPEI 800 (2) and
bPEI 2000 (3) were used as hydrophilic moieties (Fig. 5).

UV-VIS spectroscopy has underlined the dynamic aspects of synthesized A1 and
A2 amphiphiles.
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Fig. 5 Formation of core–shell hydrophobic/ hydrophilic structure A1 and A2

Absorption maxium at 300 nm corresponded to benzenetrialdehyde (1) and
assigned to electronic transitions π-π* of the CHO group, on the other hand, A1
and A2 did not display any absorption maximum in the UV-VIS spectrum since the
presence of hyperbranched PEI induces shielding effect of the chromophoric groups,
these being hindered. The peak corresponding to the aldehyde occurred however,
when the pH reached the value of 6.1, showing that the imine linkages that held
the hydrophobic core and the hydrophilic shell together were cleaved by the acid
by successive addition of small amounts of HCl. Furthermore, the stability of the
two compounds at neutral pH was additionally proven by the NMR spectra of the
two amphiphiles recorded in deuterium oxide at different time periods showing no
degradation or changes, even after 24 h. The peak corresponding to the carbonyl
functionality from trialdehyde occurred by adding a small quantity of HCl to the
NMR tubes (pH = 5.8), indicating the cleavage of the imine bond. A1 and A2 were
self-assembled in a spherical particles with mean size ranging from 20 to 95 nm.
Regardless of the small particle sizes of the vectors, the polyplexes formed with
pEGFP tended to have a larger particle size from the vector A1, compared to poly-
plexes formed from A2. Thus, this behavior of polyplex formed from A2 can be
attributed to the presence of bPEI 2000 (3) in its composition, due to multiple proto-
nated amine groups on the surface, these were sufficient to compensate the negative
charge of DNA.On the other site, compoundA1with bPEI 800(2) in its composition,
formed larger polyplxes, due to the possible aggregation of the A1 entities in order
to be able to balance negative charge of DNA.

The cytotoxicity performed on HeLa cell line of the A1/pEGFP and A2/pEGFP
polyplexes, showed excellent cell viability (above 90%) even at high N/P ratios
(above 400), making them ideal candidates for non-viral vectors. Compared to the
free bPEI 800 (2) and bPEI 2000 (3), both compounds had a superior capacity to
transfect HeLa cells used as references. This was the product of various synthesized
vector properties, such as: (i) high hydrophobicity (Ailincai et al.), (ii) formation of
nano-sized particles and spherical morphology (iii) Zeta potential of positive values
for the polyplexes (Gordon et al. 2012) and (iv) solubility of the vectors and poliplexes
in aqueous milieu.
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3.3 Dynamic Combinatorial Frameworks Based on Lipid
Hydrophob-Hydrophil Assembly for Nuclei Acid Delivery

Drug carriers with a lipophilic component have long been considered to have a
high capacity to cross biological membranes (Banks 2009; Finbloom et al. 2020),
including brain barriers (Banks 2009). And because of their hydrophobicity, these
molecules are in high demand as non-viral vector components. Direct membrane
permeabilization may be caused by specific lipophilic units that interfere with the
cell membrane. Due to its propensity to self-assemble in aqueous media, creating
amphiphilic compounds, squalene (13), a natural triterpene lipid and precursor to
cholesterol biosynthesis, has gained attention as a biocompatible material for drug
deliver (Couvreur 2009; Craciun et al. 2018; Desmaele et al. 2012; Lepeltier et al.
2013).

Squalene was chemically functionalized and PEGylated before being used as
a component in dynamic combinatorial frameworks (DCF). Its DCF composition
ratio was designed and optimized to ensure the best possible rapport between self-
assembly capacity and nanoassembly shape (Pricope et al. 2018). Constitutional
strategy was applied to build DCFs as multivalent DyNAvectors for DNA transfec-
tion. The 1,3,5-benzenetrialdehyde (1), PEG-ylated squalene (SQ-PEG), H2N-PEG-
NH2 (6) and low molecular weight bPEI 800 (2) were combined in different molar
ratios to form a library of DCFs (Fig. 6) (Clima et al. 2015).

The DCFs self-assembled in spherical particles with the hydrophobic squalene
core and the PEG/PEI hydrophilic shell. Although the shaped particles were in the
μm range and could be deemed unsuitable as non-viral vectors due to their large
size, their polyplex with plasmid pEYFP showed more compact structures than the

Fig. 6 DCF-squalene based non-viral vectors
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noncomplexed DCFs. The sizes of polyplexes were ranged between 20–100 nm,
depending on N/P ratio. The improved performance of both P6 and P8 polyplexes at
the N/P ratio of 50 compared to bPEI 800 (Fig. 6) depicted the multivalent as in the
case of P6 and P8 versus monomeric presentation of the bPEI 800 (2).

The polyplex P6, on the other hand, showed low toxicity and higher transfection
values than P8, owing to the presence of H2N-PEG-NH2 (6) not only in the SQ-
moiety, but also as an external constitutive component that stabilized P6 in a serum-
rich environment (Fig. 6).

The particle size of P6 at N/P 50 were about 100 nm, which is in line with the
criteria for gene delivery nanoparticles. Shielding the vectors with hydrophilic poly-
mers, especially PEGs, has become a common strategy (Kumar et al. 2014), demon-
strating that PEGylation of PEIs resulted in increased solubility of the complexes as
well as a reduction in the overall surface charge of the polyplexes (Kursa et al. 2003).
Yet, PEGylation has the disadvantage of lowering the cationic polymer’s DNA-
binding ability, primarily due to sterical hindrance of interactions between polyplexes
and targeted cells (Elouahabi and Ruysschaert 2005), lowering in vitro transfection
performance. For conjugating to PEI, PEG units of different chain lengths were used,
and the results showed that the degree of PEGylation and the molecular weight of
PEG have a significant impact on the properties of the resulting PEG-PEI-based
non-viral vector.

A systematic investigation of a sequence of DCFs (Fig. 7, NV library) composed
from PEGylated squalene (14) (Clima et al. 2015; Craciun et al. 2018), H2N-PEG-
NH2 of certain length (1500 Da, 2000 Da and 3000 Da), and hiperbranched bPEI

Fig. 7 AFM, transfection efficiency and cell viability for NV10/pLuc, NV20/pLuc andNV30/pLuc
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800 of low molecular weight (2), all coupled in a hyperbranched structure, revealed
some key findings. First, the sterical interactions of PEG units with the framework’s
components led to the development of smaller size particles as the molecular weight
of H2N-PEG-NH2 increased from 1500 to 3000 Da, according to TEM and DLS
results. Since H2N-PEG-NH2 is a linear polymer, it causes larger DCFs to form,
resulting in more complex cross-linking and eventual self-assembly of the DCFs in
larger particles (Craciun et al. 2019). Likewise, due to the PEG shielding effect over
the bPEI 800 (2), raising the length of H2N-PEG-NH2 in the formulation of NVs
resulted in a poorer binding ability of plasmid DNA (pCS2 + MT-Luc). Moreover,
we have shown that increasing the ratio of H2N-PEG-NH2 from 0.1 to 1 equivalent
improved significantly the transfection performance of NV1/pDNA-NV30/pCS2 +
MT-Luc polyplexes on the HeLa cell line. In general, transfection efficiency was
higher atN/P ratio 100 than atN/P ratio 50 for all studied polyplexes.As a result, using
H2N-PEG-NH2 with a comparatively high molecular weight within the complex
structure improved the vector’s biocompatibility, thus highlighting that themolecular
weight of H2N-PEG-NH2 had an important impact on both transfection performance
and cell viability in general.

Another goal of this particular research was understanding the effect of the PEI
ratio in the frameworks composition on self-assembling properties, DNA binding
affinity, biocompatibility, and transfection properties since these are critical issue for
developing a successful gene therapy vector. It is known that the presence of light exes
of PEI in composition of non-viral vectors generally facilitate the endosome escape
phenomenon. However, since toxicity increases with increasing PEI concentrations,
finding the maximum amount of PEI in the composition of DCFs, is critical. Thus,
in order to better understand this behavior, a library of frameworks was prepared
(Craciun et al. 2019). The 1,3,5-benzenetrialdehyde (1), PEGylated squalene deriva-
tive (14), H2N-PEG-NH2 (6), and bPEI 2000 were chosen for building the library of
DCFs (3). To define the toxicity limit, the ratio of bPEI 2000 (3) in the investigated
DCFs was steadily increased from 1.5 eq to 3.5 eq. As the ratio of PEI in the compo-
sition of DCFs approached 3.5 eq, the tested DCFs/DNA polyplexes showed a high
cytotoxic behavior at N/P 50. The noticeable cytotoxicity was observed while rising
the N/P ratio to 100, regardless of the presence of NH2-PEG-NH2.

Unrelatedly to the PEI ratio in DCF composition, the studied polyplexes showed
significantly higher transfection rate at N/P ratios of 50 as compared to bPEI 2000
(3). At N/P ratio 100, polyplexes showed a poor transfection due to high ratio of PEI
in composition of DCFs.

Notably, at N/P ratios of 30 and 50, the presence of H2N-PEG-NH2 caused a
subtle improvement in transfection efficiency. As the result of the investigation, it
was found that the optimum DCF composition ratio of PEI:H2N-PEG-NH2 to be
1.5:1 for highest efficiency in transfection of pDNA in HeLa cells.

This study contributed to understanding the correlation and synergy between the
constituent elements in dynamic combinatorial frameworks, as well as tuning the
structure of DCFs, that are critical issues in the production of an effective nucleic
acid carrier.
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4 Rational Design Approach for Amphiphilic
Squalene-Polyethylenimine Based Conjugates

Novel gene delivery systems based on squalene (Sq) (13) and bPEI of 1.8 kDa
were synthesized using Michael addition to 1,1′,2-trisnorsqualenaldehyde with the
goal of developing small controlled structures with good stability and low toxicity.
The Sq/bPEI conjugates (Sq-BPEI-NH2) as well as their guanidinylated derivatives
(Sq-BPEI-G) were found to have effective DNA complexation. When used in trans-
fection of HeLa cells, the conjugates achieved highest transfection efficiency at N/P
ratios of 20 for the polyplex Sq-BPEI-NH2/DNA and N/P 15 for the polyplex Sq-
BPEI-G/DNA, both being more effective than the reference bPEI/DNA polyplex. A
new strategy to release in a controlled manner of encapsulated vectors for improve-
ment of gene delivery yield was explored. Knowing that using a matrix-mediated
gene transfer technique enhance gene delivery, increase extent and duration of trans-
gene expression, and ensure a stable gene therapy profile (Cam C and Segura T
2013; Tierney et al. 2013). Thus, the polyplexes fomed from the vector and pEYFP
included in a hybrid cryogel (containing natural/synthetic polymers (Atelocollagen,
hyaluronic acid derivative, and poly(ε-caprolactone)), and PEI functionalized nano-
hydroxyapatite (CH10P10/HAp25-15) (Simionescu et al. 2017) yielded a constant
release of genetic material for approximately 26 days with a maximal expression on
day 5 without any apparent toxic impact on HEK 293T cells.

Tunable material for genetic release, long-term bioavailability, and a relatively
simple synthesis process are all features of the evolved systems.

Final Remarks
It is certain that the next generation of non-viral vectors relies on multi-purpose
personalized materials with high degree of biocompatibility and biodegradability,
which deliver cargo targeted at specific sites in tissues, organs or cells, with no harm
to the body, in formulations that are easy to use and convenient for patients. In this
context, the concept of simple,combinatoriar modular aproach that yield materials
with tunable properties is of a great interest. The simplicity of the synthetic strategy
and combinatorial approach using accessible and simple building blocks for facile
assembly of carriers, can be considered as a valuable path toward the systematic
discovery of active delivery systems that aims to translate the scientific progress into
clinical benefits for patients.
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Development of Novel Versatile
Theranostic Platforms Based on Titanate
Nanotubes: Towards Safe Nanocarriers
for Biomedical Applications
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Anne-Laure Papa, and Nadine Millot

Abstract The concept of nanomaterials that can be designed and administered into
the human body to improve health is of great interest. During the past years there has
been an increasing amount of research on the uses of nanomaterials in diverse areas
of biomedical research including biological sensing, labelling, imaging, cell separa-
tion and therapy. In this chapter, the first evaluation of titanate nanotubes (TiONts)
as potential carriers of therapeutic molecules is presented. TiONts with controlled
parameters have been developed from a hydrothermal synthesis and their biomedical
applications have been explored over the last decade. These nanotubes are elaborated
as stable suspensions of nanocarriers by surface chemistry engineering. They can be
used as transfection agents for cardiomyocytes and we have shown that TiONts can
increase the ionizing effect of radiation therapy in the case of glioblastoma. Further-
more, TiONts’ biodistribution has been evaluated by SPECT/CT in male Swiss nude
mice and TiONts are quickly cleared. More recently, we have demonstrated that
TiONts-docetaxel (DTX) nanohybrids are versatile nanocarriers to limit the systemic
toxicity of taxanes and to improve the selectivity of radiotherapy (RT). Our strategy is
based on the intraprostatic injection of the TiONts-DTX nanohybrids both in place of
brachytherapy and in combination with RT. This is achieved by taking advantage of
the TiONts’ morphology as well as their radiosensitization effect and by associating
them with docetaxel molecules, also recognized for their radiosensitizing poten-
tial. We also grafted the surface of TiONts with gold nanoparticles, for a resulting
combined radiosensitizing effect. The elaboration of nanohybrid materials, intended
for drug delivery systems and based on TiONts coated with chitosan polymer has
also been evaluated. Such nanotubes are combined with transresveratrol derivatives
for their anti-oxidizing and antitumor effects. All the aspects of a potential toxicity
are also considered.
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1 Introduction

The shape of nanoparticles is an essential element to take into account for the inter-
nalization, cytotoxicity, biodistribution and intracellular exchanges of nano-objects
in the organism (Ernsting et al. 2013).

Diffusion phenomena, through the cells’ membrane, have already been observed
by anisotropic nanoparticles, allowing the internalization of these biomaterials in the
cytoplasm in addition to endocytosis (Kostarelos et al. 2007). Besides, it was demon-
strated that anisotropic nanoparticles were characterized by a higher blood circula-
tion time and prolonged retention at tumor sites compared to spherical nanoparticles
(Agarwal et al. 2015). Z. J. Deng et al. have shown that the shape of TiO2 nanopar-
ticles (nanosphere, nanorod and nanotube) plays an important role in the absorption
of proteins on their surface, thus dictating their biokinetics and their behavior in vivo
(Deng et al. 2009).

Intrinsic properties of nanoparticles are also influenced by their shape. It has been
shown thatmagnetic nanoparticles of elongated shape exhibit highermagnetic hyper-
thermia heating capacities than their spherical equivalents (Das et al. 2016). Simi-
larly, gold nanorods have interesting optical properties due to the resonance effects of
the surface plasmon. Finally, excellent properties associated with guided geometry
nanoparticles have opened up exciting opportunities for new material designs and
will potentially revolutionize the current practice in Biology and Medicine (Decuzzi
et al. 2017). Nanoparticles can be built from different materials and can host a
wide range of active components for various biomedical applications, including
chemotherapeutics, proteins, contrast agents, and nucleic acids.

The major elongated nanoparticles used in nanomedicine are: carbon nanotubes
(Bianco et al. 2005), gold nanorods (Awan et al. 2018), ZnO nanorods (Jeong et al.
2020), silver nanorods (Suganya and Devasena 2015), silica nanotubes (Ma et al.
2009), iron oxide nanorods (Singh et al. 2020), apatite nanorods (Ge et al. 2019),
alumina nanotubes (Campos et al. 2016), titanium oxide nanorods (Sun et al. 2016)
and titanate nanotubes (Bavykin andWalsh 2009). Gold nanorods, for instance, have
beendeveloped for biomedical applications focus ondetection, biocatalysis, imaging,
drug delivery, and gene delivery (Wang et al. 2013). ZnO nanorods, as for them, are
suitable in biosensing and biodetection (Hahm 2016).

Titanate nanotubes (TiONts) have been used in hip prostheses and dental implants
(Bavykin andWalsh 2009) and for dopamine detection (Niu et al. 2008). Our group is
a pioneer in the development of TiONt-based nanocarriers (Mirjolet et al. 2013; Papa
et al. 2013). This chapter aims to summarize the chemical challenges and biomedical
opportunities around these fascinating titanate nanotubes.
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2 The Preparation of Titanate Nanotubes and their
Characterization

2.1 Hydrothermal Synthesis of Titanate Nanotubes

TiONts have historically been synthesized by two methods: (i) via hydrothermal
synthesis starting from nanometric and spherical TiO2 precursor (Kasuga et al. 1998;
Papa et al. 2009), which will be described in this chapter, and (ii) via electrochem-
ical anodization of a Ti metal foil substrate (Gong et al. 2001). The parameters of
these reactions (such as temperature, time, pH, agitation, washings, etc.) enable
a precise control of the physicochemical characteristics of the resulting TiONts
such as shapes (Bellat et al. 2015) (tubes, sheets, ribbons), dimensions (inner/outer
diameters; length), size distribution, specific surface and chemical composition.
These parameters can be specifically tuned and optimized to best fit the targeted
bioapplications.

The hydrothermal synthesis of TiONts is a single step process starting from TiO2

spherical nanoparticles (i.e. rutile, anatase or P25) under highly basic conditions such
as 10 MNaOH (Fig. 1). The hydrothermal treatment (3–4 bar) is maintained over 12
to 72 h and 100 to 180 °C. The formation mechanism of titanate nanotubes is still
a matter of debate. Several phenomena are discussed in literature: the dissolution

Fig. 1 TEM (Transmission electron microscopy) images and BET specific surface area of TiONts
as a function of the reaction temperature (from 150 to 180 °C) at a fixed stirring running for 10min/h
and for 8 h.
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Fig. 2 (a) TEM image of two titanate nanotubes synthesized by static hydrothermal route (no
stirring, T = 150 °C, t = 48 h, [NaOH] = 10 M), (b) zeta potential measurements potential
measurements of TiONts as a function of pH in NaCl (10–2 M).

of the precursor crystallites in bulk followed by the formation of nanosheets which
then curl into nanotubes (Sun and Li 2003; Bavykin et al. 2006). After this, the
reaction mixture is washed by centrifugation cycles, dialyzed or ultrafiltered until
the suspension reaches neutral pH. Finally, the TiONts’ suspension is freeze-dried
and the resulting lyophilized particles are stable for months at room temperature.

2.2 Titanate Nanotubes’ Features and Characterizations

Titanate nanotubes display a large specific surface area (higher than 200m2/g) due to
their hollow andmultilayered assembly (Sallem et al. 2017b) (Fig. 2a). Unlike carbon
nanotubes, their multilayered morphology is not concentric, rather it is arranged
in a spiral fashion. A large number of surface hydroxyls have been estimated by
TGA (thermogravimetric analysis) and verified by XPS (X-ray photoemission spec-
troscopy) surface analyses. The zeta (ζ) potential measurements made on TiONts
indicate a maximum zeta potential value around 20mV and an isoelectric point (IEP)
around pH 3 (Fig. 2b). The TiONts’ surface charge varies with the pH according to
the following equilibria:

TiONts-OH+
2 � TiONts-OH + H+

TiONts-OH � TiONts-O− + H+
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Fig. 3 (a) Colloidal stability of bare TiONts (PBS 0.1 M; pH 7.4) over 150 min following their
absorbance at 600 nm by turbidimetry. (b) Picture of bare TiONts’ suspensions in (i) ultrapure
water and (ii) PBS (0.1 M; pH 7.4) after one hour. (c) Illustration of different pre-functionalization
strategies on the TiONts’ surface by catechol, phosphonate and alkoxysilane derivatives (only one
way of grafting is arbitrarily represented).

3 The Surface Modification of Titanate Nanotubes
(Synthesis and Characterizations)

Bare TiONts are not stable enough in physiological conditions (ca. 50% of TiONts
settled after 20 min and about 80% after one hour, Fig. 3a and b) and require surface
modifications to improve their colloidal stability: to do so alkoxysilanes, phospho-
nates and catechols can be interestingly used to obtain surface-modified TiONts
(Fig. 3c), the description of which will be described in the following paragraphs.

3.1 TiONts’ Modification by Silane Derivatives

TiONts can easily be modified by silane derivatives to yield silica-coated TiONts
with a view to i) stabilize TiONts for further applications and ii) possibly bring new
chemical functions provided that the silane used is terminated with an amine or a
carboxylic acid group for example.

The mostly used alkoxysilane is 3-aminopropyltriethoxysilane (APTES) for
which the silane function reacts with the surface hydroxyls of the TiONts and the
amine function makes it possible in particular to have an electrostatic-type repulsion
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Fig. 4 Chemical structure of
the 3-aminopropyl
triethoxysilane molecule.

at the surface of the TiONts. APTES formula is (CH3CH2O)3-Si-(CH)3 − NH2 (M
= 221 g.mol−1) (Fig. 4). It is commonly used to obtain biocompatible surfaces. This
molecule is mainly used to promote protein adhesion and cell growth on biological
implants (Balasundaram et al. 2006) as well as for biosensing or DNA extraction
(Howarter and Youngblood 2006).

Several steps are necessary when grafting APTES on TiONts and any consid-
eration in the following lines could be theoretically applied to any silane deriva-
tive: other hydrolyzable groups (3-aminopropyltrimethoxysilane or 3-aminopropyl
trichlorosilane); other end groups (3-R-propylalkoxysilane with R = epoxide, Cl–
, N3–, etc.); and various lengths of alkyl chains bearing the chemical function of
interest (ω-R-alkylalkoxysilane). First, a reaction of APTES in aqueous solution
forms a silanol with the hydrolysis of three ethanol molecules (Fig. 5a). Then,
oligomerization of silanols (intermolecular condensation) leads to the formation of
oligosiloxanols with different chain sizes (Fig. 5b). Then, hydrogen bonds appear
between oligosiloxanols and the hydroxyls of the TiONts’ surface (Fig. 5c). Finally,
the last step is the condensation of oligosiloxanols on TiONts with the formation of
covalent bonds (Fig. 5d).

It is important to control the different stages of silanization to obtain a monolayer
of APTES and to be able to optimize the number of amine functions on the surface
of TiONts for subsequent grafting. Indeed, it is possible to create multilayers of
APTES during condensation (Fig. 6) and to affect the final structure of the layer of
aminosilane on the surface of the inorganic substrate. This is notably due to several
parameters such as water content, reaction temperature, concentration, and nature
of the silane (White and Tripp 2000). Among these, temperature, and proportion of
solvent (ratio water/ethanol) are the main parameters which play on the structure
and on the grafting rate of APTES. In fact, an increase in temperature favors the
condensation of the polysiloxane on the TiONts’ surface as well as the reaction
speed,while theproportionof the solvent can affect the competitive reactions between
hydrolysis and oligomerization (Liu et al. 2013).

Recently, N. Millot et al. have developed advanced surface-modified TiONts for
biomedical applications including a first coating of silane derivatives (APTES in the
following examples) prior to further functionalization(s): polymer-coated TiONts
(Papa et al. 2015), TiONts as optical probe thanks to phthalocyanines (Boudon et al.
2014; Paris et al. 2015), docetaxel nanocarriers (Mirjolet et al. 2017; Loiseau et al.
2017), chitosan-coated TiONts (Sallem et al. 2017a), or also TiONts as potential
candidate for drug delivery applications across the brain (Sruthi et al. 2018).
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Fig. 5 Functionalization of TiONts by APTES: (a) hydrolysis of APTES; (b) oligomerization of
silanols; (c) creation of hydrogen bridges then formation of covalent bonds by condensation between
the oligosiloxanols and the surface of TiONts; (d) possible incomplete condensation of silanols on
the surface of TiONts. According to (Pontón et al. 2014), Copyright © 2014 Elsevier.

3.2 TiONts’ Modification by Phosphonate Derivatives

Phosphonic acids and their derivatives (R-PO(OR′)2; R,R′ = hydrogen, alkyl) have
become increasingly attractive due to their strong affinity for hydroxylated surfaces
(Ries and Cook 1954). They have already proven themselves in biological fields for
biosensors or for medical implants (Mutin et al. 2005). The chemisorption mecha-
nisms of phosphonate agents on inorganic substrates are greatly affected by reaction
conditions such as temperature, pH of the medium, concentration, solvent and type
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Fig. 6 Scheme of APTES multilayers on the inorganic substrate during condensation. According
to (Pujari et al. 2014), Copyright © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Fig. 7 (a) Presentation of the two main mechanisms for grafting a phosphonate type agent onto a
metal oxide surface. (b) Illustration of the different conformations between a phosphonate and the
surface of a metal oxide (mono-, bi- and tridentate chelation). According to (Pujari et al. 2014),
Copyright © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

of oxide (Pujari et al. 2014). The type of interaction between the phosphorus atom
and the hydroxyl oxygen can differ depending on the Lewis strength of the atoms
on the surface of the metal oxide (Fig. 7a). Indeed, in the case of a surface with
high Lewis acidity, the bonds (P-O-M) are even more stable and stronger as the P
atom becomes more electrophilic and induces consecutive heterocondensations with
hydroxyls. Otherwise, hydrogen bonds can form due to a higher affinity with phos-
phonate and hydroxyls on the surface of the metal oxide. In addition, the presence
of three oxygen atoms on the phosphonates makes it possible to induce three modes
of chelation (mono-, bi- and tridentate). The oxygen can then be linked to the same
metal site or to different atoms present on the surface (Fig. 7b) (Guerrero et al. 2013).
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Fig. 8 Chemical structure of
the monophosphonate
6-phosphonohexanoic acid
molecule.

The phosphonates are then interesting, in comparison with the alkoxysilanes,
because they form stable monolayers. In addition, they are less likely to become
detached from the surface of the oxide by self-condensation reactionswhich canbreak
the bonds formed. However, this can happen under high temperature dehydration
conditions (Mutin et al. 2005). Also, the handling conditions (phosphonate coupling
reactions are often optimized in water) and storage (in air at 20 °C) make them more
accessible and less restrictive than aminosilanes or catechols. In addition, phosphonic
acids have remarkable affinities with metal oxides having a high degree of oxidation
such as titanium (Ti4+) (Guerrero et al.2001). Thehydrolytic stabilities ofmonolayers
during the formation of P-O-M bonds are then better than in the case of alkoxysilanes
and are comparable to those of catechols (Daou et al. 2007; Pujari et al. 2014).

Finally, phosphonates can also be bifunctional molecules. On the one hand, the
phosphonate group should have a strong affinitywith the surface of TiONts and on the
other hand, a reactive function is present to generate an electrostatic effect capable of
improving the colloidal stability of the nanotubes and then to graft other molecules.
An example of phosphonates is the monophosphonate 6-phosphonohexanoic acid
(PHA, Fig. 8): the phosphonic side interacts with the metal oxide surface and the
opposite side of the molecule is ended by a carboxylic acid function for further
functionalization.

N. Millot et al. have investigated three different types of phosphonate grafting to
improve the colloidal stability of TiONts: the 6-phosphonohexanoic acid monophos-
phonate (PHA, Fig. 8), the alendronic acid bisphosphonate (ALD, Fig. 9a) or a PEGy-
lated monophosphonate (Fig. 9b). These agents are all heterobifunctional molecules

Fig. 9 Chemical structure of (a) the bisphosphonate alendronic acidmolecule and (b) theω-amino-
PEG-monophosphonate
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and PHA has already been studied in our laboratory on iron oxide nanoparticles
but also during initial investigations on TiONts (Paris et al. 2015; Thomas et al.
2016). PHA has a carboxylic function at one end, while the alendronate and the
PEG (polyethylene glycol) derivative have an amine function in addition to the
phosphonate function.

The influence of a monophosphonate and a bisphosphonate on colloidal stability
under physiological conditions have been compared. The alendronic acid is particu-
larly interesting because it is already used as an anticancer drug (anti-tumor proper-
ties), for the treatment of osteoporosis and for other bone diseases (Benyettou et al.
2011; Motte et al. 2011). Finally, the presence of a long carbon chain, with a phos-
phonate group on one end and an amine function on the other, allows a steric effect
and an electrostatic effect to occur thus improving the colloidal stability with the
phosphonate-type polymer.

As depicted in Fig. 10, it should be noted that alendronic acid has five pKa (pKa1 =
0.8, pKa2 = 2.2, pKa3 = 6.3, pKa4 = 10.9 as regards the pairs of the twophosphonates
POOH/POO– and pKa5 = 12.2 for the NH3

+/NH2 pair, Fig. 9a). In a previous study,
alendronate was grafted to the surface of maghemite nanoparticles at pH 2 via two
Fe–O-P bonds (corresponding to pKa1 and pKa2) (Benyettou et al. 2011). In the same
study, it is shown that at pH 7.4, the negative charge of the obtained nanohybrid is
due to the deprotonation of the OH function of the couple relative to pKa3. In theory,
to promote the grafting of the alendronate via two Fe–O-P bonds, it is preferable to
have pH between 2.2 and 6.3. However, the TiONts’ IEP is ca. 3 (Fig. 2b) (Papa
et al. 2015). Thus, to form Ti–O-P bonds, it is preferable have pH below 3 (Fig. 10).
Note that at pH 7.4, the agglomeration of TiONts is weaker than at acidic pH (the
ζ-potential is −35 mV due to deprotonated hydroxyl groups). It is the same with
PHA and (HO)2–(O= )P–PEG–NH2 for which the pKa of phosphonate are between
2 and 8.5. Finally, the choice of pH must consider the pKa of these three molecules,
their solubility but also, the IEP and the colloidal stability of the TiONts.

The dispersion state of TiONts, after the different graftings of PHA, ALD and of
polymer (HO)2-(O = )P-PEG-NH2 has been analyzed by TEM (Fig. 11). In these

Fig. 10 Different acid–base forms of monophosphonates (PHA and (HO)2-(O = )P-PEG-NH2)
and bisphosphonate (ALD) depending on the pH range.
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Fig. 11 TEM images showing the dispersion state of different functionalized-TiONts by phospho-
nate derivatives: (a) TiONts-PHA, (b) TiONts-alendronate and (c) TiONts-PEG-NH2.

pictures, the grafts for the TiONts-ALD and the TiONts-PHA seem to favor the
individualization of the nanohybrids, unlike naked nanotubes which are organized
in bundles (Papa et al. 2009; Boudon et al. 2014) even if they sometimes form a few
small agglomerates. This attests that the surface modification of TiONts by ALD and
PHA greatly improves their dispersion. However, it is the TiONts-PEG-NH2 which
show better dispersion on the observation grid while they have been found to be less
stable by UV–visible spectroscopy. They exhibit a homogeneous dispersion over
the entire surface, without agglomerate: it is therefore the polymer chains which
contribute sterically to this individualization. This remarkable state of dispersion
(better than with the TiONts/APTES/PEG system) allows synthetic by-products to
be visualized, such as nanoribbons, but in negligible amount compared to the number
of nanotubes.

Fig. 12 Illustration of the state (a) of protonation and (b) conformation of catechols (LDOPA)
dependent on pH, on a surface of titanium dioxide (Lee et al. 2012), Reprinted (adapted) with
permission from Langmuir 2012, 28, 50, 17,322–17,330 Copyright © 2012 American Chemical
Society.
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3.3 TiONts’ Modification by Catechols

The applications of nanopowders in suspension are often limited by the insufficient
colloidal stability of nanoparticles. Catechols have good properties as stabilizers
(Amstad et al. 2009, 2011a) to remedy this; they also exhibit antioxidant activity (Lee
et al. 2003). Catechols generally form a charged monolayer on the surface of metal
oxide, which stabilizes nanoparticles to absorb light or to lead to reversible redox
reactions and they present as well an interesting potential barrier for photovoltaic
and biomedical applications (Pujari et al. 2014). Catechol derivatives are used as
dispersants for various oxides, in particular with titanium and iron oxides (Amstad
et al. 2011a; Bahri et al. 2011). Despite similar chemical properties between different
catechols, the affinities on these oxides vary considerably. Catechols can formweakly
reversible or strong bonds, depending on their affinity with the cations of the oxides
(Amstad et al. 2011b). The grafting mechanism of catechols on oxides is relatively
close to that of phosphonates (Sect. 3.2). Briefly, a mono- or bidentate complex can
form with one or two oxygen from the catechols and the metal atoms from the oxide,
as is the case with titanium.

Moreover, pH is a key parameter in the grafting and conformation of catechols
on the surface of metal oxide. In addition to being the main oxidation factor for
catechols, the protonation state of the different groups depends on pH (Fig. 12a).
Thus, concentration and pH of the reaction medium influence the grafting capacity
of catechols (pKa of the catechols’ hydroxyls have a value of between 8.5 and 10),
as well as the conformation of the molecule on the surface of the oxide (Fig. 12b).

A study related to the grafting of L-3,4-dihydroxyphenylalanine (LDOPA) on
TiO2, has shown that pH 6 favors a stretched conformation and an orientation perpen-
dicular to the surface of nanoparticles (which has also been observed with a high
concentration of catechol during grafting) unlike pH 2 for which the molecule seems
to be lying on the surface of TiO2 (Fig. 12b) (Lee et al. 2012). It is therefore preferable
to have a pH around 6 on a TiO2 surface to optimize the grafting of catechols and lead
to available reactive functions. Furthermore, excessive basic pH promotes the oxida-
tion of catechols (Bahri et al. 2011): the choice of pH is therefore essential to obtain an
optimal conformation of the molecule while limiting its oxidation for future grafting.
The grafting of three hydrophilic catechols has been carried out to modify the surface
of TiONts: L-3,4-dihydroxyphenylalanine (LDOPA), 3,4-dihydroxyhydrocinnamic
acid (DHCA) and nitrodopamine (NDOPA) (Fig. 13). These molecules have one or
many reactive functions in addition to the catechol group so that colloidal stability

Fig. 13 (a) L-3,4-dihydroxyphenylalanine (LDOPA), (b) 3,4-dihydroxyhydrocinnamic acid
(DHCA) and (c) nitrodopamine (NDOPA) molecules.
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Fig. 14 Diagram of each acid–base form of catechol molecules (LDOPA, DHCA, NDOPA)
according to the pH range.

is improved by electrostatic repulsion (-COOH, -NH2, -NO2). These same functions
allow subsequent grafting of molecules such as polymers, therapeutic or chelating
agents. In addition, the hydroxyls of catechols have a very strong affinity with
titanium oxides (Amstad et al. 2009).

The grafting of DHCA and LDOPA catechols can be carried out under pH 6
because it leads to a fairly good dispersion of TiONts in water (value far from the
IEP of bare TiONts), a pH close to the pKa of both catechol hydroxyls (to promote
grafting) and allows the oxidation of catechols to be limited as it occurs at strongly
acidic or basic pH (LDOPA: pKaCOOH = 2.3, pKaNH2 = 9.7, pKaOH = 8.7 and 13.4;
DHCA: pKaCOOH = 4.2, pKaOH = 9.2 and 11.7; NDOPA: pKaNH2 = 8.7, pKaNO2 =
6.7, pKaOH = 6.5 and 10.3) (Amstad et al. 2011a; Togashi et al. 2012; Thomas et al.
2015) (Fig. 14).

Catechol-based stabilizers can be grafted on TiONts: their presence can be proven
by several characterization techniques such as FTIR (Fourier Transform InfraRed
spectroscopy), XPS, TGA.However, DHCA and LDOPA can transform into quinone
at high pH and via oxidation or reduction reactions, limiting their grafting. pH 6
seems the most suitable to avoid these phenomena, but to the detriment of a high
grafting yield, due to a lower deprotonation of the hydroxyls of the catechol (Fig. 14).
For all these reasons, NDOPA has aroused interest (Patil et al. 2018; Albu et al.
2019) as the use of this molecule allowed the oxidation process to be limited thanks
to the close location of NO2 and NH2 groups. Furthermore, the grafting rate of
NDOPA on TiONts can be improved in selecting the synthesis pH close to the pKa
of both hydroxyls of LDOPA and DHCA. These can be proven by TGA with a
more significant weight loss for TiONts-NDOPA. In addition, the characterizations
carried out by IR and XPS showed a greater rate of formation of the Ti–O-catechol
bond. Although, N. Millot et al. (Loiseau 2017) showed that grafting the NDOPA
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Fig. 15 ζ-potential curves as a function of pH in NaCl (10–2 M) of bare TiONts and different
functionalized-TiONts (the vertical dashed line corresponds to the physiological pH). In inset,
turbidimetric study: colloidal stability of functionalized-TiONts’ suspensions (PBS 0.1 M; pH 7.4)
over 150 min following their absorbance at 600 nm as a function of time.

Fig. 16 Surface modification of TiONts by chitosan showing the interaction between the TiONts’
negatively-charged surface and positively-charged ammoniums of the chitosan polymer. The large
number of dipolar interaction lead to stable chitosan-coated TiONts.

molecules on TiONts did not significantly improve the colloidal stability of TiONts-
NDOPA under physiological conditions. It should be noted that TiONts with their
elongated morphology and rather large size are often more difficult to stabilize than
small spherical nanoparticles. Regardless, catechol-based coatings have proven their
effectiveness in many cases such as substrates (Saiz-Poseu et al. 2019; Cheng et al.
2019) and nanoparticles (TiO2, Fe3O4, etc.) (Benyettou et al. 2009;Motte et al. 2011;
Guenin et al. 2014; Thapa et al. 2018; Mohammadi et al. 2020).

To conclude, catechol derivatives are great stabilizers in most situations and offer
new possibilities of further graftings thanks to their amine or carboxylic acidmoieties
on them. When the criteria of colloidal stability are eventually not met, silanes and
phosphonate pathways are excellent alternatives. Other options consist of additional
polymer graftings such as polyethyleneglycol (PEG) or polysaccharide (chitosan for
instance) derivatives as described in the following section.
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Fig. 17 Survival fraction curves obtained from (a) SNB-19 and (b) U87MG both under the effect
of X-Ray exposure without and with TiONts incubation (1μg/mL). The radiosensitivity parameters
obtained by a linear quadratic model (α: initial slope, β: degree of downward curvature and SF2:
survival fraction at 2 Gy). According to (Mirjolet et al. 2013), Reprinted (adapted) with permission
from Radiother. Oncol. 2013, 108, 136–142 Copyright © 2013 Elsevier Ireland Ltd. All rights
reserved.

3.4 Other TiONts’ Surface Modifications

PEGylated chains grafted on nanoparticle (NP) surfaces lead to a charge shielding
phenomenon (Maurizi et al. 2015), which enables to reduce the hepatic capture. Only
a few studies are reporting the effect of PEGylated chain density and length on the
biological behavior of TiONts and not much more on other metal oxide NPs (Gref
et al. 2000; Gratton et al. 2008; Jokerst et al. 2011; Wu et al. 2020). It has been
reported that higher PEG density and chain lengths improve the colloidal stability,
reduce nonspecific adsorption of proteins and hence minimize the NP detection by
the immune system, as well as their uptake by cells (Mosqueira et al. 2001; Cruje
and Chithrani 2014). That is why the influence of different PEGylated chain lengths
(HS-PEGn-COOH; n = 3,000; 5,000; 10,000) on the colloidal stability of TiONts
and on the PEGn density and conformation has been investigated by N. Millot et al.
(Loiseau et al. 2021).

ζ-potential measurements prove (Fig. 15) the presence of PEGn on the TiONts-
APTES-surface via an important charge shielding for the different PEGylated chain
lengths (the longer the chain, the most important the shielding). Colloidal stability
was also investigated under physiological conditions (PBS 0.1M; pH 7.4) by turbidi-
metric analyses (inset in Fig. 15) and correlated with TEM observations (Loiseau
et al. 2021). The absorbance measurements as a function of time demonstrated a
better colloidal stability for TiONts-APTES-PEGn suspensions than in bare TiONts
and TiONts-APTES without PEG. TGA results correlated with FT-IR and XPS
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analyses, prove the effective synthesis of TiONts-APTES-PEGn nanohybrids. In
particular, TGA analyses lead to 0.09 PEG3,000/nm2; 0.05 PEG5,000/nm2 and 0.03
PEG10,000/nm2. These results reflect a relatively dense PEGn brush conformation.

Chitosan (CT) has been also used to enhance the biocompatibility of hydrother-
mally synthesized nanotubes in a biological medium as a substitute for polyethylene
glycol that is generally used for biocompatibility. CT grafting was carried out using
two different approaches; the first one was made by forming covalent bonds using
two intermediate molecules, and the second one is based on electrostatic interactions
between CT and TiONts (Fig. 16) (Sallem et al. 2017a). The type of linkage on the
surface of TiONts was proven to influence the colloidal stability of the elaborated
nanohybrids, which were studied in different media (Sallem et al. 2017a).

4 Theranostic Applications of Titanate Nanotubes

Regarding theranostic applications, a key feature of TiONts is their shape. Indeed,
beyond composition and surface chemistry (a custom-engineered one according to
the application), nanomaterial shapehas a tremendous impact onnanoparticle-plasma
protein interaction (Nel et al. 2009), margination (Blanco et al. 2015), biodistribution
(Blanco et al. 2015) and cellular internalization pathways (Gratton et al. 2008).
Thus, one can benefit from these unique tubular nanobiomaterials (i) to increase
drug, nucleic acid, protein or imaging agent delivery, as well as (ii) to improve the
retention of the therapeutic or imaging modality at pathological site (Loiseau et al.
2017). This section explores the use of TiONts in the context of transfection, drug
delivery, and radiotherapy monitored with medical imaging (theranostic).

4.1 TiONts as New Transfection Agents

The rationale behind using TiONts as a transfection agent was that neonatal
cardiomyocytes (CM) are a highly challenging target for nucleic acid delivery (Papa
et al. 2013). High transfection efficiencies are only achieved with the use of viral
vectors as a mean of nucleic acid delivery (i.e. transduction). Conventional non-viral
methods include liposomal delivery (Hunton et al. 2002; Lan et al. 2009) (such as
Lipofectamine) and electroporation (Louch et al. 2011).However, liposomal delivery
only achieves limited expression in this challenging CM model and electroporation
represents a technical challenge in vivo. Because the internalization of tubular nano-
materials is often greater than their spherical counterparts (Gratton et al. 2008), there
is thus potential to utilize this superior internalization of TiONts within CM. This
could fill the current technological gap in non-viral nucleic acid delivery vehicles
that achieve safe delivery but lack efficiency. Such a solution could provide non-viral
methods that potentially address safety risks with viral techniques, in the context of
clinical translation.
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For this application, the negative charge of TiONts following their synthesis and
purification to pH 6 (ζ = −34.5mV)was reversed using polyethyleneimine (PEI,Mn
~ 1,800 g.mol−1) in order to complex the negatively charged plasmid DNA (linear
pmaxGFP™) at the tube surface, as well as provide the TiONts’ suspension with
greater stability and dispersion (ζ = +39.0 mV for both 1:1 and 1:10 TiONt:PEI
w:w ratios) (Papa et al. 2013). TiONt-PEI-DNA complexes were formed in serum-
free cell media to ensure no interference with plasma protein adsorption on the tube
surface (i.e. protein corona) and the resulting net charge at the complex surface was
−21.0 mV and +25.0 mV for 1:1 and 1:10 TiONt:PEI, respectively. These zeta
potential values, coupled with a study of nanohybrid saturation of DNA via gel
electrophoresis, confirmed that the two carriers had opposite net charge and that the
1:1 TiONt-PEI-DNA was saturated in nucleic acids, compared to the 1:10 TiONt-
PEI-DNA complex (that could potentially still increase its loading capacity). The
positively charged 1:10 TiONt-PEI-DNA complex failed to achieve transfection,
presumably due to a transient cytotoxicity observed solely for the high PEI load
formulation as seen with LDH assays. In contrast and interestingly, the negatively
charged complex lead to a successful transfection (i.e. 33% of CM population was
GFP positive) 24-h following a 5-h incubation/transfection of the purified complexes
with CM.

Compared to classical non-viral spherical nanoparticles, TiONts offer a new
opportunity to mitigate the risks and challenges associated with the use of viral
carriers for clinical translation.

4.2 TiONts as New Radiosensitizers

One of the major challenges in radiation oncology is to get therapeutic effects in
increasing the ionizing one while minimizing the administered doses whereas the
dramatic side effects on healthy surrounding tissue should be minimized. TiONts
are good candidates to induce a radiosensitizing effect (Mirjolet et al. 2013, 2017;
Loiseau et al. 2019) – even though titanium has a low atomic number (Z = 22)
(Maezawa et al. 1996; Takakura 1996) – along with an absence of cytotoxicity (see
Sect. 5) (Mirjolet et al. 2013; Papa et al. 2013; Loiseau et al. 2017). N. Millot
et al. studied the incubation of glioblastoma cell lines (SNB-19 and U87MG) with
TiONts and under irradiation (Fig. 17). The resulting clonogenic assays showed that
radiosensitization is effective by TiONts at both low and high doseswith a decrease in
the SF2 parameter for both SNB-19 and U87MG cells. The latter is confirmed by an
increase and decrease of α and β parameters, respectively. Biological consequences
could be explained by a decrease of DNA repair efficiency after irradiation and
amplification of G2/M cell-cycle arrest (Boudon et al. 2014). Due to their shape,
TiONts have the capability to be internalized in cells better than their spherical
counterparts TiO2 (Papa et al. 2013). Moreover, after intratumoral injection, the
oblong-shaped TiONts are maintained several days inside the tumor (more than 80%
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after 96 h by SPECT/CT imaging (Mirjolet et al. 2017) and more than 40% after
20 days by gamma counting (Loiseau et al. 2019)).

Thus, these nanomaterials are very interesting as therapeutic platform (intrinsic
radiosensitizing properties, delivery of chemotherapeutic and radiotherapeutic agents
in tumor sites). To promote TiONts to the theranostic level, superparamagnetic
nanoparticles (iron oxide nanoparticles for example) can be associated to get
detectable via MRI (magnetic resonance imaging) (Papa et al. 2011) while still
benefiting from their radiosensitizing and shape properties.

4.2.1 TiONts-DTX for the Treatment of Primary Tumor

Combining the ability of radiosensitization and concurrent chemotherapy is of great
interest in an effort to improve current management of advanced prostate cancer.
Thus, the combination between docetaxel (DTX), an anti-mitotic chemotherapy
taxane-type drug, and TiONts has been investigated (Mirjolet et al. 2017; Loiseau
et al. 2017, 2019). The idea is to increase the drug intracellular concentration by
maintaining the tubes within the tumor, avoiding repeated injections that can result
in chemotherapy resistance, several side effects for patients (Larsen et al. 2000; Parhi
et al. 2012). A grafting strategy of TiONts carrying DTX has been developed by A.
Loiseau et al. (Loiseau et al. 2017) and biological assays showed a satisfactory cyto-
toxic activity of the TiONt-DTX nanohydrid against two prostate cancer cell lines
(PC-3 (Mirjolet et al. 2017) (Fig. 18a) and 22RV1 (Loiseau et al. 2017) for which
IC50 is around 360–390 nM) when compared to that of free DTX (IC50: 2–4 nM).
Thereafter, the RT efficacy of these nanohybrids was also evaluated in vivo after
intratumoral injection in PC-3 xenografted prostate tumors into Swiss nude mice
(Mirjolet et al. 2017; Loiseau et al. 2017). The treatment with TiONts-DTX was

Fig. 18 (a) MTS cytotoxicity assay on PC-3 human prostate cancer cell lines after incubation
of DTX, modified-DTX, TiONts-PEG3000 and TiONts-PEG3000-DTX, Reprinted (adapted) with
permission from Loiseau et al. 2017, Copyright © 2012American Chemical Society. (b) Evaluation
of therapeutic effect of vehicle, free DTX, free TiONts, and TiONts-DTX, associated or not with
radiotherapy (RT) administered with three daily fractions of 4 Gy, 24 h after intratumoral injection
into PC-3 xenografted tumors.
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significantly more effective than that with free DTX. Interestingly, mice treated with
TiONts-DTX, without RT, exhibited a trend toward tumor growth delay compared
with mice receiving free DTX (40 days vs. 30 days). Finally, tumor growth was
significantly slowed down by TiONts-DTX associated with RT (three daily fractions
of 4 Gy), compared with free DTX in the same conditions (73 days vs. 56 days to
reach a tumor volume of 1,000 mm3, respectively) (Fig. 18b). These results suggest
that TiONts-DTX noticeably improved RT efficacy and might enhance treatments of
high-risk localized prostate cancers.

4.2.2 TiONts-AuNPs-DTX as Radiosensitizing Agents

The radiosensitizing effect of these nanohybrids has been further improved (when
compared to the results presented in Sect. 4.2.1) by grafting gold nanoparticles
(Au@DTDTPA NPs) on TiONts. These Au@DTDTPA NPs are biologically well-
tolerated and present a low toxicity (Miladi et al. 2014; Schuemann et al. 2016),
they can improve the efficiency of radiation therapy by two-fold after intratumoral
injection in animals (Miladi et al. 2014; Butterworth et al. 2016). However, their
potential is probably under-exploited because of their fast renal clearance (Alric
et al. 2013). Consequently, the association of Au@DTDTPANPs with TiONts-DTX
is expected to overcome this limitation bymaintaining themon tumor sites after injec-
tion: the resulting TiONts-AuNPs-DTX nanohybrids were elaborated step-by-step
by A. Loiseau et al. (Loiseau et al. 2019). In vitro assays on a PC-3 human prostate
cancer cell lineswere performed (Fig. 19a) (Loiseau et al. 2019): Au@DTDTPANPs
and TiONts-AuNPs-PEG3000 did not present any cytotoxicity while TiONts-AuNPs-
PEG3000-DTX exhibited a greater cytotoxic activity compared to that observed for
TiONts-DTX (IC50: 82 nM vs. 360 nM, respectively).

Fig. 19 (a) MTS cytotoxicity assay on PC-3 human prostate cancer cell lines after incubation of
DTX, Au@DTDTPA NPs, TiONts-AuNPs-PEG3000 and TiONts-AuNPs-PEG3000-DTX. (b) Eval-
uation of therapeutic effect of control, TiONts-DTX and TiONts-AuNPs-PEG3000-DTX, associated
or not with radiotherapy (RT) administered with three daily fractions of 4 Gy, 24 h after intratumoral
injection into PC-3 xenografted tumors. Adapted from (Loiseau et al. 2019).
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Fig. 20 Scheme of the grafting of the stilbene compound on the surface of TiONts via a spacer.

Finally, the synergistic combinationbetweenTiONts,DTXandAuNPs in the same
entity with RT showed a better therapeutic efficacy by fulfilling their role as carriers
and concentrating the radiotherapeutic and chemotherapeutic agents (Fig. 19b).
Indeed, tumor growth was significantly slowed down (p = 0.035) by the treat-
ment of TiONts-AuNPs-PEG3000-DTX + RT (55 days to reach a tumor volume
of 1,000 mm3), compared with TiONts-DTX + RT (50 days) in the same condi-
tions. The elaborated design asserts TiONt-based nanohybrids to be an attractive,
and versatile platform for the treatment of prostate cancer.

4.3 TiONts as New Nanocarriers

In 2016, T. Baati et al. have shown the effectiveness of a TiONt-based nanocarrier
against glioblastomamultiformwith a controlled administration of genistein (biolog-
ically active flavonoid) in glioblastoma cells (Baati et al. 2016). This study showed
that these TiONts have a drug loading efficiency of 51.2 wt.% and allows a controlled
release of the therapeutic agent. F. Sallem et al. have developed the nanocarrier
of a therapeutic molecule: a stilbene phenol, 4′-hydroxy-4-(3-aminopropoxy)-trans-
stilbene (HAPtS),which is a trans-resveratrol derivative.Trans-resveratrol is a natural
stilbenic polyphenol, known to prevent or slow down number of diseases including
cardiovascular ones (Hung et al. 2000) and cancer (Baur and Sinclair 2006) because
of its anti-inflammatory (Xiao et al. 2013), antiviral, antitumor and antifungal prop-
erties (Pirola and Froejdoe 2008). Despite all the interesting biological properties
of trans-resveratrol, its low bioavailability and solubility (Lu et al. 2009), its rapid
metabolism and its rapid elimination in the urine remain its major limitations. The
grafting of this molecule on TiONts’ surface can circumvent these limitations.

After pre-functionalization with 3-chloropropyltriethoxysilane (CPTES), the stil-
benic phenol (HAPtS) was successfully grafted onto TiONts-CPTES surface using a
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condensation reaction betweenHAPtS andCPTES through nucleophilic substitution.
The resulting grafting rate was of about 72.5 mg/g of TiONts (Sallem 2017).

5 Biosafety and Nanotoxicity of TiONts

This section intends to discuss the internalization pathways of TiONts, as well as
summarize some of the subsequent key aspects of TiONts’ cytotoxicity profile that
have been discovered thus far (Maurizi et al. 2018).

In early studies, TiONts have been detected inside vacuoles of SNB-19 and
U87MG cells suggesting an internalization via endocytosis/macropinocytosis. In
parallel, TiONts were also seen penetrating the plasma membrane, suggesting
their diffusion through the lipidic bilayer (Mirjolet et al. 2013). Further studies
have confirmed this diffusion phenomena as TiONts were still detected within
murine microglial BV-2 cells despite their incubation with the endocytosis inhibitor
amiloride (Sruthi et al. 2018). These observations are in agreement with what has
been described regarding the internalization pathways of carbon nanotubes (Raffa
et al. 2009). Once they cross the plasma membrane, nanoparticles can potentially
induce cellular stress, or even cell death, depending on multiple physicochemical
factors that modulate their (cyto)toxicity or safety profile (i.e. chemical composition,
nanoparticle surface engineering, intracellular concentration). Thus, each TiONts’
formulation (depending on the specific synthesis parameters, see Sect. 2) needs to be
assessed within the relevant physiological in vitro or in vivo models. For example,
Magrez et al. demonstrated that titanate-based nanofilaments have different levels of
cytotoxicity in regards to H596 lung carcinoma cells, depending on their chemical
composition (Magrez et al. 2009). Specifically, the post-synthesis acidic treatment
used (to substitute Na+ by H+) generated a composition that was more cytotoxic to
H596 cells when compared to non-acid treated filament counterparts (Magrez et al.
2009). This illustrates the complexity and multifaceted behavior of these biomate-
rials. As previously said, Papa et al. evaluated the cytotoxicity of bare (and non-
acid treated) TiONts, TiONts-PEI as well as their spherical counterpart P25 TiO2 in
regards to neonatal cardiomyocytes via MTT assay (Papa et al. 2013). No apparent
cytotoxicity was detected within the range of concentrations tested (up to 10μg/mL)
at 24 h (Papa et al. 2013). In addition, up to 100 μg/mL TiONts did not induce
significant cytotoxicity towards SNB-19 and U87MG cell lines at 72 h, as measured
by cell proliferation assay (Mirjolet et al. 2013). Overall, the mechanism of diffusion
of the TiONts across the cell membrane does not appear to affect cell viability in
multiple cell lines, despite inducing transient lipid bilayer disruption.

Microglial activation and associated oxidative burst are major challenges in drug
delivery applications across the brain (Bussy et al. 2015). In this context, TiONts-
APTES have been evaluated in vitro using murine microglial BV-2 cells (Sruthi et al.
2018). TiONts-APTES exposure (from 5 μg/mL up to 80 μg/mL of TiONts-APTES
up to 24 h) lead to an increased ROS (Reactive Oxygen Species) production and
transient mitochondrial hyperpolarization. Furthermore, the TiONts-APTES showed
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Fig. 21 Percentage of (a) embryo survival and (b) hatching of zebrafish eggs as a function of
TiONts-CT concentration. The number of repetitions is three (n = 3) and 60 embryos are used in
each repetition (therefore 180 animals in total).

good biocompatibility on BV-2 cells as revealed by the plasma membrane integrity,
lysosomal membrane integrity, morphology, and viability analysis.

The toxicity assessment on the zebrafish embryo model is a very recent and inter-
esting method for the in vivo screening of nanoparticles. This test analyzes toxicity
in a much more complex system than cultured cells. It is a less expensive test than
large-scale biocompatibility studies in mice or rats (Rizzo et al. 2013). Zebrafish
embryos are transparent and develop outside their mother, making it easy to follow
and understand the cellular mechanism using a simple light microscope. TiONts-
chitosan nanohybrid developed in Sect. 3.4 have been evaluated with concentra-
tions varying from 1 to 100 μg/mL. The survival, hatching and development of
zebrafish were monitored for 96 h. The survival of zebrafish must be close to 100%,
hatching greater than 90% (between 24 and 48 h) and the larval malformations close
to 0% conclude on the non-toxicity of nanohybrids. The survival and hatching of
zebrafish are not affected by the presence of nanohybrids for the entire concentration
range studied from 1 to 100 μg/mL (Fig. 21). No lethality or morphological change
was observed even for the highest concentrations. This confirms the non-toxicity of
TiONts modified by chitosan.

In these models, TiONts show a good safety profile within the relevant concen-
trations and doses tested. Nonetheless, further studies including the interaction of
TiONts with immune cells, blood cells and plasma proteins, will allow a better
understanding of the biological behavior and fate of these bioengineered materials.

6 Conclusions

The aim of this chapter was to illustrate the potential of titanate nanotubes as new
potent tools for nanomedicine. The difficulties encountered during their synthesis as
well as the different strategies for their necessary surface modification have been
illustrated, always via a step-by-step approach. Several bioapplications of these
engineered TiONts have been outlined: nanocarriers of plasmid DNA or of trans-
resveratrol derivatives, radiosensitizers etc. TiONts have also shown a good safety
profile in all the bioassays developed to evaluate their potential toxicity. Finally, these
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functionalized TiONts appear as promising versatile tools in the biomedical field to
fight some diseases such as cancer. In this context and for these elongated inorganic
nanoparticles, intratumoral injection seems to be a relevant way of administration.
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Abstract This chapter shortly presents our 5 years researching experiencewithin the
field nosocomial infections. We present a few research directions that we developed
the last years, consisting in: microorganisms’ adaptations characterization, testing
the antimicrobial activity of different classes of activemolecules and finding new and
efficient methods for medical devices disinfections. All these studies are gathered by
a final purpose to prevent, control and eradicate the nosocomial infections.
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1 Introduction

Whoarewe?Where arewe coming from?Where arewegoing?How is it possible that
after so many years of evolution, and after reaching more than 7.8 billion, the human
species, the top of the trophic niches, themost evolved soul of earth, to be so sensitive
tomicroorganisms?How is it possible for themicroorganism so small and apparently
not evolved to be so harmful to the human kind? When our symbiosis changed so
much? It’s been a long, long way from the origins, the beginnings, where things came
from, where we came from, where life came from. We are constantly evolving, but
during the last two decades it has been noted a major increase in the proportion of
severe microbial infections paradoxically due to the excessive use of broad-spectrum
antibiotics, catheters, and a growing number of immunocompromised patients.

Nosocomial infections or healthcare associated infections occur in patients under
medical care, these infections occurring worldwide and being produced by bacteria
(Acinetobacter sp.,Clostridium difficile,Klebsiella sp.,Escherichia coli, methicillin-
resistant Staphylococcus aureus—MRSA), viruses (hepatitis B and C, influenza,
HIV, rotavirus and herpes-simplex virus) and fungal strains (Candida albicans,Cryp-
tococcus neoformans, Aspergillus sp) (Vincent 2003; Rosenthal et al. 2012; Haque
et al. 2018). Some of them belong to the natural flora of the patient and may cause
infection only when the immune system becomes prone to infections, being called
opportunistic pathogens. The most common infections are those of the urinary tract,
followed by pneumonias, surgical site infections, and primary bloodstream infections
(Emori and Gaynes 1993). Regarding the mortality caused by nosocomial infections,
this area is quite controversial since the patients developing these infections are in
general sicker and have a greater risk of death compared with other patients (Vincent
2003).

2 Where Are We Now?

Due to the alarming level of nosocomial infections, a phenomenon that has grown
and aroused globally, the interest of the researchers on this theme increased propor-
tionally. Within this context, since 2012, in the IntelCentru—Advanced Research
Center for Bionanoconjugates and Biopolymers department, within the “Petru Poni”
Institute of Macromolecular Chemistry in Ias, i, we set up a dedicated laboratory,
intended to (bio) synthesize and test biologically active molecules with applicability
in fighting against nosocomial infections. In this laboratory, a multidisciplinary team
tested the antimicrobial activity (antibacterial and antifungal) of various classes of
active molecules (bio) synthesized.
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2.1 Microorganisms Environmental Adaptations

Our studies started with the estimation of the characteristics of the opportunistic
pathogens,whichgive themresistance to current antibiotics/antifungals. For instance,
Candida albicans is a member of the normal human microbiome, usually being
commensal and harmless, but under certain circumstances, if the defence mecha-
nisms of the host are damaged, it becomes an opportunistic pathogen and produces
candidiasis (Kabir et al. 2012). C. albicans is known to produce two major types
of infections: superficial infections, such as oral or vaginal candidiasis, and deep-
seated life-threatening systemic infections (such as endocarditis and acute invasive
candidiasis as causes of sepsis) (Sanita et al. 2013).

Within this context first of our investigations was on the correlation between the
infection site and the characteristics of C. albicans strains isolated from Romanian
patients, in order to quantify the yeas strains evolution. Therefore a total number of
301 isolates from different clinical sites were investigated and clustered in terms of
genotype determination, resistogram, phospholipase activity, haemolysis, proteinase
activity, and biofilm formation. Biofilm formation is clearly one of the main strate-
gies for microorganisms survival in a variety of sites, the different stages in biofilm
formation including initial attachment to the surface, formation of a monolayer along
the surface with formation of micro-colonies, biofilm maturation with formation of
a three-dimensional structure, and cell dispersion (Fig. 1).

We proved that all the isolated and analysed strains of C. albicans had strain-
dependent variable levels of enzymatic activity, and there were not all biofilm
producers. Although much progress has been made in understanding the pheno-
typic and genotypic profile of C. albicans, still much less is known regarding their
interaction with the host. C. albicans is a diploid organism and its pathogenicity
is linked to a series of inherent and environmental factors and it is mostly related
to the host immunological status. No significant correlation was found between the
genotype and the infection site (Rosca et al. 2018a), but a significant correlation was
found between genotype C and isolates from HIV-infected patients proving once

Fig. 1 Scheme of bacterial biofilm and antimicrobial resistance formation
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again that C. albicans pathogenicity probably relies on factors related to the host
(Bostanaru et al. 2019).

In the same time the resistance rates to the antifungal agents are increasing because
of the selective pressure produced by antifungal treatment. In another study we
described the in vitro inhibitory and fungicidal activity of the three echinocan-
dins currently use in antifungal therapy such as caspofungin, micafungin, and
anidulafungin against a large multicenter derived collection of pathogenic yeasts
from Romania. Echinocandins are semisynthetic lipopeptides that block an enzyme
complex from the fungal cell membrane, which is responsible for the synthesis of β-
glucan, a major component of the cell wall of certain groups of fungi. Although they
have a relatively narrow activity spectrum compared with other classes of antifungal
agents (Rogers and Frost 2009), echinocandins are very effective against Candida
and Aspergillus strains, the most prevalent invasive fungal pathogens (Meersseman
andWijngaerden 2007;Arendrup et al. 2014). This first survey of the susceptibility to
echinocandins of pathogenic yeasts from Romania revealed alarming rates of resis-
tance to echinocandins and significant multiple drug resistance to echinocandins and
azoles (Mares et al. 2018).

2.2 Medical Devices Contamination

On the other hand, the numerous outbreaks of nosocomial infections caused by
multidrug-resistant organisms (MDRO) in digestive endoscopy are one of the most
worrying effects of recent years (Kovaleva et al. 2013). Most nosocomial pathogens
exhibit adhesion phenomena at endoscopes in general and duodenoscopes in partic-
ular, their persistence at inert surfaces being difficult to access for reprocessing
(Schaefer et al. 2010). In this regard, the microbiological safety of duodenoscopes
has become an ardent topic, constantly on the panel of professional discussions
and debates at global level. Duodenoscopes are distinguished by their technological
design and the recent data abounds in cases related to nosocomial infections with the
most commonly encountered pathogens, such as Staphylococcus aureus and Kleb-
siella pneumoniae (Muscarella 2014; Humphries andMcDonnell 2015), species that
are known due to their ability to form a MDRO, adhering to surfaces and spaces
that are difficult to access for reprocessing. Recent data support the fact that inert
surfaces at the endoscopes are becoming more susceptible to contamination, and
thus to reprocessing, due to the simple repeated use of endoscopes in commonly
working cycles, which generate alterations of the interface polymers thus facilitating
contamination and subsequently the growth and development of MDRO (Petersen
et al. 2016).

Within this framework our research described the impact of routine procedural use
and reprocessing cycles on the duodenoscope, underling alterations of both coating
and working channel polymers due to usage (Balan et al. 2019) (Fig. 2). The present
study brought new evidences regarding the assessment of duodenoscope reliability
concerning the coatingmaterials in both direct and indirect contactwith living tissues,
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Fig. 2 Scheme of the study of reprocessing cycles on the duodenoscope

via devices manipulated through the working channel. We noticed alterations of both
the coating and working channel polymers due to usage, even for a relatively small
number of cases. External alterations increased progressively from the distal to the
proximal samples, up to the elevator sample.However, the coating surfacewas proven
to still be efficient against bacterial adhesion. All this physical evidences showed that
the impact of routine procedural use and reprocessing on the dupodenoscope possibly
made it susceptible to bacterial contamination and MDRO biofilm formation due to
difficult reprocessing of altered surfaces.

3 Where Are We Going Now?

We know so far that we are dealing with menacingly microorganisms adapted to
live in all the conditions regardless the organism and environmental characteristics.
These microorganisms are quite adapted to all kind of environmental conditions,
can elude the drug’s effects and populate different hidden places of medical devices
producing resistant biofilms. What can we do to confute them? In the last decade
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studies focused on finding active molecules that can act as new and improved antimi-
crobial agents, since, generally, nanosystems can interactwithmicrobial cells directly
by disrupting/penetrating the cell envelope (Wang et al. 2017). Usually, most anti-
fungal drugs possess low water solubility or are unstable in physiological conditions
consisting in the decrease of the therapeutic efficiency and leading to the increase of
the dosages. Within this context there is a meaningful searching for alternatives in
order to improve the antifungal properties of new and effective drugs.

3.1 New Active Molecules for Nosocomial Infections Control

While looking for new natural and efficient active molecules in order to fight
against fungal infections, another important stopwas in exploitingmicroorganisms in
fighting against their own kind. Due to numerous industrial applications such as phar-
maceutical, medical and food products and to numerous health benefits, exopolysac-
charides (EPS), which are extracellular bio-macromolecules, have received special
attention and were selected to be tested as new and efficient antifungal agents.
EPS produced by lactic acid bacteria (LAB) have been proved to possess immune-
modulatory, antitumor and anti-inflammatory effects, acting as oxidizing agents,
their biological activity and technological applications being determinate by their
structural properties (Kavitake et al. 2016).

We analysed the biosynthesis conditions, structure and the biological applications
of an exopolysaccharides (EPS) producing strain, isolated fromyogurt, and identified
asWeissella confusa by 16sDNA gene sequencing. The strain was shown to produce
a high amount of EPS (25.2 g/L of freeze-dried EPS/L culture medium) in De Man,
Rogosa and Sharpe agar (MRS) culture medium improved with sucrose (80 g/l) and
dissolved in UHTmilk. EPS are important both from a technological as well as from
a medical point of view and both aspects will be taken into account in any envisaged
biotechnological applications. The extracted and purified EPS were characterized by
FTIR and 13C-NMR spectroscopic methods, GPC investigation and thermal analysis
(DSC and TGA) showing that the EPS extracted from fermentative culture medium
have a dextran structure, with 100% glucose composition.

Dextran is a very complex glycan composed of chains of α-D-glucose with α-
(1 → 6) linear links and different percentages of α-(1 → 4), α-(1 → 3) and α-(1
→ 2) bonds, which depend on the nature of dextransucrase biosynthesized by the
microbial strain (Shukla and Goyal 2013). Beside food applications, especially for
bakeries (Kajala et al. 2015), the biopolymer has various applications in pharma-
ceutical and light industries (Gloria Hernandez et al. 2011), being used in medicine
as antithrombotic agent (Naessens et al. 2005). Dextran-based nanoparticles have
applications in targeted drug therapy, where dextran is used in coating and it can be
functionalized (McBain et al. 2008). Dextran is also used as coating for protection
against oxidation of metal nanoparticles (Bautista et al. 2005).

We conducted several studies revealing that the obtained EPS amount after the
fermentative processes is strongly influenced by the culture medium composition
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and by the fermentation conditions (Petrovici et al. 2018a). These EPS had a dextran
structure, with 100% glucose composition and high molecular weight. These char-
acteristics classified the pure EPS produced by W. confusa as a suitable ecological
candidate product for the pharmaceutical and alimentary field (Petrovici et al. 2018b).
In the end a concentration up to 3 mg/mL of dextran proved to have no cytotoxic
effect on normal human dermal fibroblasts (NHDF) and, moreover, at this concen-
tration, dextran broken up to 70% of the biofilms formed by the C. albicans SC5314
strain, in the same time having no antimicrobial activity against standard bacterial
strains. We concluded also that, due to their characteristics, these EPS are suitable as
hydrophilic matrix for controlled release of drugs in pharmaceutical industry (Rosca
et al. 2018b).

Knowing that biofilm formation is one of the most challenging problems of nowa-
days, being associated with severs nosocomial infections, we managed to improve
the EPS antifungal activity in order to completely destroy the yeast biofilms. One of
the handy solutions was the use of nanostructures which interact directly with the
microorganism’s cell envelope. We engineered dextran coated iron oxide nanoparti-
cles, loadedwith propiconazole, in order to test the hypothesis of a combined effect of
the polymer and drug, both known for their antifungal activities. Magnetic nanopar-
ticles were coated with the biosynthesized dextran of 1% and 2% concentrations
(Fig. 3), followed by the embedding of propiconazole onto the dextran shell. It was
proved that while the 2% formulation nanoparticles revealed an activity on C. albi-
cans strain, breaking 77% of biofilm, the improved version of the system (loaded
with propiconazole) showed a maximum antifungal activity on C. albicans, in both
planktonic and biofilm phase (Lungoci et al. 2018).

Other classes of molecules that our group had studied in terms of microbiological
activity during the last years included organic ligands (Bahrin et al. 2019), cyclodex-
trins (Fifere et al. 2018), metal oxide nanoparticles (Turin-Moleavin et al. 2019) and
natural and synthetic epoxy resins (Rosu et al. 2018, 2019, 2020).

Fig. 3 Concept illustration
of coated magnetic
nanoparticles (MNP) with
exopolysaccharides (EPS)
with antifungal activity
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3.2 New Methods for Medical Devices Disinfection

Thus we studied the microorganisms responsible for nosocomial infections prop-
erties, we tested several types of active molecules in order to better eradicate the
opportunistic pathogens, what else could be done? Resistant multi-drug and pan-
drug strains have the ability to form biofilms resistant to both physical and chem-
ical cleaning agents in high-grade disinfection reprocessing (Otter et al. 2015). The
formation of such biofilm is catalysed not only by the difficulties or defects of
reprocessing but also by the alterations of the surfaces subjected to reprocessing.
Other sources of contamination are either manufacturing defects or secondary to the
processes of physical destruction by friction phenomena, abrasion with maximum
expression in daily practice in areas of maximum angulation, in areas of post-use
handling, or at the level of working channels subject to repeated passage of medical
devices (Kovaleva et al. 2013).

Plasma activated water (PAW) has been recognized as an effective non-thermal
method in decontaminating, disinfecting, and even sterilizing a variety of devices and
surfaces for medical and sanitary use (Farin and Grund 1994; Fridman et al. 2006;
Deng et al.2007;Deilmann et al.2008). The application of non-thermal liquid plasma
has proven to be an innovativemethod of reprocessing surfaces by the lithic activity it
exhibits at the level of microorganisms at the same time without causing physical or
chemical damage or alteration to treated surfaces or materials (Lerouge et al. 2001;
Sladek and Stoffels 2005). PAW is a highly active resource against a wide range of
microorganisms and is required over other alternative methods of reprocessing by
the fact that it is easy to produce and use. It has non-thermal and non-aggressive
cytotoxic and cytolytic properties with exposed inert surfaces and last but not least
has capacity of penetration and early activity at the level of hard to reach spaces
conferred by its fluid character (Sladek and Stoffels 2005).

Within this context our goal was to evaluate if the duodenoscope and it surface
components are suited for repeated use of PAW in reprocessing cycles. We also
aimed to evaluate the efficacy of PAW in high-level disinfection of endoscopy unit
in order to consider PAW as a possible new alternative for duodenoscope repro-
cessing. Our preliminary study showed that PAW reprocessing is characterized by a
significant decrease of bacterial populations, doubled by no surface and composition
damage of the duodenoscope polymer coatings. PAW allows also skipping the water-
rinsing stage of disinfection and minimizes biofilm formation. Therefore, it could be
considered as a new and effective alternative method of disinfection for duodeno-
scope reprocessing, to be used after current-standard manual cleaning (Balan et al.
2018, 2019).

Being still at the road threshold, the conclusions are far frombeing generally valid,
we have the assuredness of fighting on a multi-level way to eradicate the nosocomial
infections and promising results are emerging, but we have a long way to go in order
to reach the final achievement. Within this context our studies will continue to focus
on finding new and efficient biomolecules with antimicrobial effects and able to
improve the medical devices disinfection at a high level.
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New Enkephalin Nanomedicines for Pain
Alleviation, Overcoming the Side Effects
of Morphine

Sinda Lepetre-Mouelhi, Jiao Feng, and Patrick Couvreur

Abstract Over the last years, the nanomedicines has been recognized as a key
element, capable of providing new and innovative medical solution to address unmet
medical needs.More specifically, Squalene-basednanoparticles haveopened exciting
perspectives for drug delivery due to their biodegradability and their non-toxicity. In
this study, it was shown for the first time, that the rapidlymetabolized Leu-enkephalin
(LENK) neuropeptide, once conjugated to the biocompatible lipid squalene (SQ)
and formulated into nanoparticles, may become pharmacologically efficient. First,
the resulting LENK-SQ bioconjugates were synthesized using different biocleavable
chemical linkers, in order to modulate the LENK release from their formulation into
nanoparticles (NPs). This nanoformulation led to new nanosystems exhibiting high
drug loadings, allowed an efficient protection to LENK from early metabolism and
conferred to the released neuropeptide a significant anti-hyperalgesic effect in a rat
model of inflammatory pain which lasted longer than after treatment with morphine.
Abiodistribution study, as well as, the use of brain-permeant and -impermeant opioid
receptor antagonists indicated that LENK-SQNPs acted exclusively through periph-
erally located opioid receptors. This study showed that LENK-SQ bioconjugates
may be beneficial in impacting the opioid crisis as these LENK-SQ NPs (i) exhib-
ited higher affinity toward δ-opioid receptors versus μ-opioid receptors, (ii) showed
exclusively peripheral activity (no BBB penetration) so no CNS addiction and (iii)
took advantage of the inflammatory process to optimize drug concentrations at the
site of injury.
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1 Introduction and State-of-Art on Nanomedicines

Conventional chemotherapy is often hampered by poor diffusion through biological
barriers such as epithelium, endothelium, cell membranes, and a rapid metaboliza-
tion and clearance from the body. In addition, it frequently leads to a non-specific
biodistribution of the drug in the body thus generating severe side effects due to drug
losses in healthy organs and tissues.

To circumvent these drawbacks, the drug can be encapsulated into nanoparticles
(NPs). This nanoparticular formulation allows protection to the drug from degrada-
tion, an efficient targeting towards diseased tissues, a better intracellular diffusion
and a controlled release (Peer et al. 2007; Wang et al. 2012). A nanoparticle is
composed of a core surrounded by a corona. Typically, the core material encap-
sulates the drug. It can be made of organic or inorganic compounds from natural
and synthetic sources, such as polymeric materials, lipids, metal oxides, etc.… The
corona, for its part, is a natural protein layer spontaneously formed around nanoparti-
cles when exposed to biological media. The corona is constituted of plasma proteins,
such as Albumin, immunoglobulin G (IgG), fibrinogen, apolipoproteins, coagulation
factors, complement proteins…The formation of the protein corona around nanopar-
ticles is dependent on physico-chemical properties of NPs including nanoparticle
size, surface charge, hydrophobicity, surface chemistry and is characteristic of the
environment in which are dispersed NPs. The corona can also be synthetic when
designed to (i) confer stealth properties to the nanoparticle against immune system
or (ii) enhance their targeting ability. In the first case, the corona is composed of
Polyethylene Glycol (PEG) chains covalently linked or adsorbed onto the surface of
the NP in order to prevent interactions between the particle surface and the plasma
proteins (thus avoiding recognition by reticuloendothelial system). In the second
case, for a better targeting, the corona may be constituted of PEG-chains grafted to
specific ligands or only specific ligands adsorbed on the surface of the nanoparticle.
The corona affects the fate of the nanoparticle in the body. It determines the rate of
clearance from the bloodstream, the volume of distribution, the organ disposition,
and the rate and route of clearance from the body.

These drug delivery nanosystems may be classified in 2 categories: organic NPs
(e.g., polymeric, liposomes, micelles, etc.) and inorganic NPs (e.g., gold, silica, iron
oxide, etc.).

Currently, there are a number of nanomedicines that have been approved for clin-
ical use, either by the Food and Drug Administration (FDA) in the United States
(51 FDA-approved nanomedicines), or the European Medicines Agency (EMA) in
the European Union and more than 77 nanomedicines are in clinical trials (Bobo
et al. 2016) (Anselmo and Mitragotri 2016). Among FDA-approved nanomedicines,
most of organic NPs are liposomal systems and are mainly used in cancer therapy.
The first approved nanomedicine was Doxil (FDA 1995), encapsulating the doxoru-
bicin for cancer treatment (Barenholz and (Chezy) 2012). Then, other liposomeswere
also developed such as DaunoXome (daunorubicin),Myocet (doxorubicin),Marqibo
(vincristine) and most recently, Onivyde (irinotecan) (Fox 1995; Leonard et al.
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Leonard et al. 2009; Silverman et al. 2013; Carnevale and Ko 2016). The majority
of these formulations are not PEGylated, with the exception of Doxil and Onivyde
(Chang et al. 2015). Vyxeos is the first clinically approved liposome to deliver a
synergistic combination of 2 drugs, daunorubicin and cytarabine for the treatment
of acute myeloid leukemia in August of 2017 (Krauss et al. 2019). All of these
nanoformulations are passively targeted with the ability to preferentially accumulate
at tumor sites via the enhanced permeation and retention (EPR) effect (Maeda 2012).
The liposomes are also used in some others clinical applications, such as general
anesthesy with Diprivan (Cummings et al. 1984; Thompson and Goodale 2000). The
FDA-approved Visudyne, a light-activated liposome loading verteporfin, was used in
photodynamic therapy for choroidal neovascularization due to age-related macular
degeneration (Schmidt-Erfurth and Hasan 2000). For the treatment of some bacte-
rial/fungal infections, liposomes loading amphotericin B (AmBisome) have been
clinically approved as well as lipid-complexed formulations, such as Abelcet and
Amphotec (Hamill 2013; Rust and Jameson 1998). Two other liposomes Inflexal V
and Epaxal were commercialized successfully as vaccines. These virosome-based
vaccines incorporated inactivated influenza and hepatitis A virus respectively (Fan
et al. 2021). It should be noted that the virosomes Inflexal V and Epaxal have
since been phased out of the clinic. Other non liposomal organic nanoformulations
were also approved. Abraxan, is a protein nanoparticle which is used in cancer
therapy with paclitaxel formulated as albumin bound (Tomao et al. 2009). Polymeric
nanoparticles were also used, such as Copaxone as immunomodulator, Neulatsa for
chemotherapy induced neutropenia, Cimzia for the treatment of several autoimmune
diseases, Plegridy treating relapsing multiple sclerosis and adynovate for the treat-
ment of hemophilia A (Bobo et al. 2016). In the past few years, lipid nanoparticles
have emerged as one of the most advanced and efficient mRNA delivery platforms.
In that respect, the lipid nanoparticles Onpattro (Patisiran) delivering siRNA for
the silencing of a specific gene responsible for expression of transthyretin (causing
hereditary transthyretin amyloidosis), were recently approved (2018) (Adams et al.
2018). In 2020, an effective vaccine against the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) (which emerged in late 2019) was approved (Jackson
et al. 2020). The candidate vaccine mRNA-1273 is a lipid nanoparticle encapsulating
a nucleoside-modified messenger RNA (mRNA) that encodes the SARS-CoV-2
spike (S) glycoprotein. Hence, approval of the first vaccine using lipid nanoparti-
cles, highly effective against the devastating SARS-CoV-2 pandemic represents a
major milestone for nanomedicines.

Approved inorganic NPs, for their part, are mainly iron-based colloids. They
are used as iron-replacement therapies for treatment of anemia, such as Cosmofer,
Dexferrum, Ferrlecit, Injectafter, in order to increase iron concentration in the body
(Coyne and Auerbach 2010). They are also widely used as contrast agents for
Magnetic Resonance Imaging (MRI) for imaging a variety of cancers and patholo-
gies (Gupta and Gupta 2005; Wang et al. 2001; Na et al. 2009; Laurent et al. 2008).
Recently, BTXR3/Hensify a crystalline hafnium oxide nanoparticle with negatively
charged phosphate coating, received aproval in 2019 (Bonvalot et al. 2019). These
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inorganic nanoparticles enhances external radiotherapy via a physical mode of action
that relies on hafnium’s natural radioenhancing properties.

However, despite the large number of successful nanomedicines that have reached
the market, further development of new nanoformulations is still urgently needed
to address current global health challenges, which requires collaborative efforts of
scientists arising from different disciplines. In this context, Couvreur’s team devel-
oped a very promising nanomedicine plateform for the treatment of severe diseases,
using natural and biocompatible materials such as squalene lipid.

2 The Squalenoylation Nanotechnology: An Innovative
and Efficient Nanoformulation

Squalene (SQ), a natural endogenous lipid belonging to the chemical class of triter-
penes, is formed by six isoprene units and is an intermediate metabolite in the
synthesis of cholesterol. It is widely distributed in nature and with reasonable
amounts found in shark liver oil, olive oil, wheat germ oil and rice bran oil. It
received its name because of its occurrence in shark liver oil (Squalus spp.) (Miet-
tinen and Vanhanen 1994). Because it is of biological origin and frequently used as
a dietary supplement, SQ is favourably predisposed from a toxicological standpoint;
thus, it has been extensively used as a carrier/adjuvant in therapeutic applications.
«The squalenoylation nanotechnology» involves the linkage of a fonctionnalized
SQ (squalenic acid, squalenol, squalenamine, SQ maleimide, etc.…) to therapeutic
agents using a chemical biocleavable linkage, such as ester, amide, hydrazone, carba-
mate, disulfide, etc.… The resulting SQ based bioconjugates, which are prodrugs,
are bioreversible derivatives that undergo an enzymatic and/or a chemical transfor-
mation in vivo to release the active drug. Owing to the rigid structural property of
SQ, these SQ-drug bioconjugates may self-assemble spontaneously in aqueous solu-
tions into nanoparticles without the use of any surfactant and with high drug loading.
Since its first application in 2006, squalenoylation nanotechnology has showed great
potential for the delivery of various therapeutic agents in a safer and more efficient
manner. Indeed, this new concept offers various advantages in comparison with the
conventional nanocarriers. Contrary to polymer nanoparticles or liposomes nanofor-
mulations which encapsulate physically the drugs into their matrices, the squalene-
drug conjugates NPs involve a chemical encapsulation approach, thus preventing
the “burst” release phenomenon (Couvreur et al. 2006). The supramolecular orga-
nization of these NPs allows protection to the therapeutic agents from degrada-
tion/metabolization resulting in greater plasmatic half-life, while controlling and
extending thedrug release. Furthermore, these nanosystems facilitateddrug’s passage
through biological membranes due to the lipophilic properties of SQ resulting in
an enhanced drug concentration within targeted tissues and cells and generating
significant increase in drug pharmacological activity. Proofs of this concept have
been establishedwith drugs presenting different physicochemical characteristics, like
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small hydrophilic or lipophilic molecules. Generally, the squalenoylation favorably
modifies in vivo the pharmacokinetic profile and biodistribution of the carried drug,
allowing its intravenous administration as NPs and increasing its therapeutic index
(Desmaële et al. 2012; Feng et al. 2017). Thus, this drug delivery platform opened
exciting perspectives in the drug delivery field. However, it has been a tremendous
challenge to extend the SQ-based bioconjugation approach to molecules with higher
molecular weight such as peptides, due to several obstacles in performing successful
conjugation reactions. First, peptides are unstable biomolecules. Second, they are
hydrophilic molecules, therefore, they have no affinity for lipophilic molecules such
as squalene. In addition, the chemical modification of a peptide often results in a loss
of its pharmacological activity. Thus, the chemical approach using squalenoylation
nanotechnology has overcome all these hurdles, allowing the design of a small library
of innovative neuropeptide-SQ bioconjugates for painmanagement. Thus, owing to a
simple conjugation with the lipid squalene, the rapidly metabolized Leu-enkephalin
(LENK) neuropeptide may become pharmacologically efficient.

3 Squalene-based Nanomedicines for Pain Management:
Leu-Enkephalin-Squalene Nanoparticles (LENK-SQ
NPs)

According to CDC/NCHS, National Vital Statistics System, every day, more than
115 people in the United States die after overdosing on opioids (Adams 2018). The
misuse of and addiction to opioids, especiallymorphine, represents a serious national
crisis in the US that affects public health, as well as, social and economic welfare.
This highlights the need to urgently find new painkillers devoided of severe side
effects. In this context, endogenous neuropeptides, such as enkephalins, are very
promising painkillers which unlike morphin, exhibit a higher affinity towards delta-
opioid receptors in comparison with mu (Janecka et al. 2004). This feature is of great
importance since δ-opioid receptor ligands are believed to have a much lower abuse
potential, as well as, reduced respiratory, gastrointestinal and cognitive disorders
(Contet et al. 2004; Kiritsy-Roy et al. 1989; Abbadie and Abbadie 2002; Pasternak
and Abbadie 2013; Tavani et al. 1990; Dykstra et al. 2002). However, because of
pharmacokinetic issues, and rapid plasma metabolization, the enkephalins were not
expoitable up to now.

4 Synthesis of Leu-Enkephalin-SQ Bioconjugates

In this context, in order to exploit its analgesic potential, the currently unusable
Leu-enkephalin (LENK) neuropeptide was conjugated to the SQ derivative. Thus,
various squalenoyl-Leu-enkephalin (LENK-SQ) conjugates were designed with
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Fig. 1 Chemical structures of the bioconjugates. (1) Leu-enkephalin-squalene with dioxycarbonyl
linker (LENK-SQ-Diox), (2) Leu-enkephalin-squalene with diglycolic linker (LENK-SQ-Dig), and
(3) Leu-enkephalin-squalenewith amide linker (LENK-SQ-Am). Figure reproduced fromRef. Feng
et al. (2019), © 2019 AAAS

different chemical linkers using bioconjugation approach (Fig. 1). Therefore, LENK
neuropeptide exhibits 2 potential sites for SQ conjugation: C-terminal acid and N-
terminal amine. It must be emphasized that the N-terminal of LENK is required for
binding to opioid receptors (Büscher et al. 1976). However, based on the fact that the
amide bond is susceptible to be cleaved by overexpressed peptidases within inflam-
mation site, (Viswanatha Swamy and Patil 2008) the conjugation on N-terminal
was also achieved. Thus, a simple amide bond between SQ and LENK was first
considered. Subsequently, two linkers with different sensitivity to hydrolysis were
also used in order to modulate the release kinetics of LENK from NPs. Practi-
cally, conjugation of the squalenic acid (SQ derivative) on N-terminal LENK was
performed through a simple amide bond (LENK-SQ-Am conjugate). Using digly-
colic spacer, squalenol was also conjugated to N-terminal LENK (LENK-SQ-Dig
conjugate) while through dioxycarbonyl linker the squalenic acid was coupled to
C-terminal LENK (LENK-SQ-Diox conjugate).

The LENK-SQ-Diox conjugate was synthesized by alkylation of the carboxy-
late function of the peptide with the chloromethyl ester of squalenic acid, which
resulted from the treatment of squalenic acid with chloromethyl chlorosulfate. Prior
to react with the chloromethyl ester of squalenic acid, the LENK was protected by
Alloc (allyloxycarbonyl) group on its N-terminal amine, in order to avoid N-terminal
conjugation. Subsequent deprotection of Alloc-LENK-SQ under neutral conditions
was then achieved by catalytic transfer hydrogenation method using triethylsilane
and 10% Pd-C (Mandal and McMurray 2007), affording pure LENK-SQ-Diox in
9.5% yield (Fig. 2). The LENK-SQ-Dig prodrug was obtained from the conjugation
between LENK and squalene diglycolic acid, activated by ethyl chloroformate. The
squalene diglycolic acid resulted from a reaction between the squalenol and digly-
colic anhydride. The LENK-SQ-Dig was obtained with 69% yield (Fig. 3). It was
expected that the oxa moiety of the diglycolate linker enhances the susceptibility to
hydrolysis by increasing the distance between LENK and SQ and so the accessibility
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Fig. 2 Synthesis of Leu-enkephalin-squalene with dioxycarbonyl linker (LENK-SQ-Diox). Figure
reproduced from Ref. Feng et al. (2019), © 2019 AAAS

to the linkage by enzymes. Direct conjugation between LENK and squalenic acid
via amide bond was achieved by acid activation using ethyl chloroformate, affording
LENK-SQ-Am in 73% yield (Fig. 4) (Feng et al. 2019).

It was expected that LENK-SQ-Diox released faster the LENK than LENK-SQ-
Dig, and LENK-SQ-Am was supposed to trigger the slower release as reported in
the literature (Sémiramoth et al. 2012).

5 LENK-SQ Nanomedicines: Preparation
and Characterization

The LENK-SQ bioconjugates were then formulated as nanoparticles using simple
nanoprecipitation technique without the aid of any surfactant. In that respect, LENK-
SQ ethanolic solutions were nanoprecipitated in dextrose solution (2 mg/mL) and
exhibited impressively high drug payloads (i.e. 53 to 59%) in comparison with
conventional nanoparticles or liposomes which amounted to a maximum of 5%
(Betageri et al. 1997; Chen et al. 2008). The size of the NPs varied from 61 to
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Fig. 3 Synthesis of Leu-enkephalin-squalene with diglycolic linker (LENK-SQ-Dig). Figure
reproduced from Ref. Feng et al. (2019), © 2019 AAAS

Fig. 4 Synthesis of Leu-enkephalin-squalene with amide linker (LENK-SQ-Am). Figure epro-
duced from Ref. Feng et al. (2019), © 2019 AAAS
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Fig. 5 NP characterization. Representative cryo-TEM images showing the formation of NPs from
different bioconjugates: A LENK-SQ-Diox NPs, B LENK-SQ-Dig NPs, and C LENK-SQ-Am
NPs. Scale bars, 100 nm. Physicochemical characteristics of NPs [i.e., size, polydispersity index
(PDI), zeta potential, and% drug loading] are shown in the table. Figure reproduced from Ref. Feng
et al. (2019), © 2019 AAAS

112 nm, depending on the conjugation site and also the linkage between SQ and
enkephalin (Fig. 5). The NPs displayed spherical and monodisperse structures with
net positive or negative surface charge (Fig. 5),which could be attributed to the freeC-
or N-terminal function of the peptide depending on the bioconjugationmode. Indeed,
in case of the LENK-SQ-Diox bioconjugate, the net positive charge was due to free
N-terminus site (primary amino group) of the bioconjugate, resulting from SQ conju-
gation on the C-terminus of LENK peptide. Conversely, the zeta potential became
negative when the conjugation with SQ was performed on the N-terminus LENK
peptide (LENK-SQ-Dig and LENK-SQ-Am). The sizes and the surface charges of
the LENK-SQ NPs were found to be quite stable at+4 °C during several days (Feng
et al. 2019).

6 In vitro Release Study of LENK from LENK-SQ
Nanoparticles in Serum

The chemical stability of the different linkers (i.e., direct amide or dioxycarbonyl
or diglycolate spacers) was studied after incubation of the LENK-SQ NPs with
mouse serum in order to ascertain that free LENK peptide could be released from
the LENK-SQ nanoparticles (Fig. 6). The study clearly showed that only LENK-SQ-
Diox andLENK-SQ-Dig released thepeptide. In the case ofLENK-SQ-DioxNPs, the
experiments highlighted the gradual decrease of bioconjugate concentration in favour
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Fig. 6 In vitro bioconversion of LENK-SQ bioconjugates into LENK in the presence of serum. A
LENK-SQ with dioxycarbonyl linker, B LENK-SQ with diglycolic linker, and C LENK-SQ with
amide bond. Solid lines and dashed lines represent the bioconjugates and the released peptides,
respectively. Figure reproduced from Ref. Feng et al. (2019), © 2019 AAAS

of a progressive release of the free LENK peptide which was subsequently slowly
degraded by the peptidases of the serum, but still lasted beyond 10 h post-incubation
(Fig. 6A). LENK-SQ-Dig NPs, for their part, decreased in serum until completely
disappearance at 2 h, but no presence of free peptide was detected. Interestingly,
the RP-HPLC analyses evidenced a slow release of the peptide still attached to its
linker. The peptide-linker fragment reached amaximum at 45min before undergoing
progressive degradation but it could still be detected over 10 h (Fig. 6B). On the
contrary, LENK-SQ-Am NPs remained stable in serum during 48 h, and no peptide
was released thorough the experiment (Fig. 6C) (Feng et al. 2019). Interestingly,
with the LENK-SQ-Diox bioconjugate, both the LENK and the SQ moieties were
each attached to the dioxycarbonyl linker through an ester bond. In the case of the
LENK-SQ-Dig bioconjugate, the diglycolate linker was linked on one side to SQ
moiety through an ester bond while on the other side it was linked to the LENK
through an amide bond. With regards to the LENK-SQ-Am bioconjugate, the LENK
was directly connected to the SQmoiety through an amide bond. Given that generally
amide bond is chemically and enzymaticallymore stable than ester bond, the absence
of release of LENK from LENK-SQ-Am was not surprising (Simões et al. 2009;
Wong and Choi 2015). Moreover, because LENK-SQ-Am and LENK-SQ-Dig are
linear peptides, their N-terminal modification increased peptidase resistance (Oliyai
1996). Finally, as mouse serum is extremely rich in esterases, it is most likely that the
release of LENK fromLENK-SQNPswas due to enzymatic hydrolysis of ester bond
(Simões et al. 2009). Despite these in vitro data showing that depending on the type
of linker, whether or not the LENK peptide was released, all the 3 bioconjugates were
recruited for experimental algesimetry. It was expected that within the inflammation
site, the more aggressive in vivo enzymatic medium, particularly rich in proteolytic
enzymes, will contribute to the release of LENK from all the bioconjugates. Indeed,
it was reported that the presence of high concentrations of proteolytic enzymes like
chymotrypsin, cathepsin D and other proteases in inflammatory exudates play a
crutial role in the inflammatory process (Viswanatha Swamy and Patil 2008).
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7 Assessment of the Analgesic Activity of LENK-SQ NPs
in vivo

The antinociceptive properties of LENK-SQ NPs were evaluated using a
carrageenan-induced paw edema model in rats. The inflammation was generated
by intraplantar injection of λ-carrageenan into the right hind paw thus inducing
a local inflammatory response characterized by marked edema, hyperthermia, and
hyperalgesia restricted to the injected right hind paw. Baseline measurements of paw
withdrawal latencies (PWL) to a noxious thermal stimulus were first performed prior
to carrageenan injection using Hargreaves test (Oliyai 1996) and presented a mean
value ± SEM (n = 8) of 6.65 ± 0.37 s. Then, thermal sensitivities were evalu-
ated 3 h after carrageenan injection, which corresponded to the peak inflammatory
response, leading to amean decrease of 52.48% of PWL compared to the basal PWLs
in naïve rats (Fig. 8). Anti-hyperalgesic effects were assessed using the same test
at various times during 4 h, after acute intravenous administration of the different
drug treatments at this 3 h inflammation peak (Fig. 7). The acute treatment with
morphine which was used as positive control (1 mg/kg), reduced the thermal hyper-
algesia as shown by the resulting significant increase in PWLs. Indeed, the PWL
reached 12.87± 1.38 s, 10 min after morphine injection, while it remained at 3.05±
0.20 s after treatment with a control dextrose solution (Fig. 8A). However, morphine
analgesic activity disappeared rapidly and no longer significant effect was observed
from 100 min post-morphine administration (Fig. 8A). Then, the anti-hyperalgesic
effect of LENK-SQ NPs with the 3 different linkers was evaluated (Fig. 8C–H). All
LENK-SQNPs displayed a significant anti-hyperalgesic effect on inflamed hind paw
leading to a significant reduction of thermal hyperalgesia, as expressed by a dramatic
increase of respective AUC values in comparison with λ-carrageenan-treated rats
injected with either the free LENK peptide or the blank SQ NPs (Fig. 8D, F, H).
The anti-hyperalgesic effect was less intense than after morphine administration,
but LENK-SQ NPs exhibited a much longer lasting effect. More specifically, the
anti-hyperalgesic activity was notable during two hours from 10 to 130 min in rats
injected with LENK-SQDiox NPs or LENK-SQAmNPs (Fig. 8C, G). Surprisingly,
LENK-SQ-Am NPs, which were supposed to release the LENK slower than the
two other NPs, have proved to be more potent but with a shorter duration, probably
because the enzymatic capability in serum is not predictive of the enzymatic content
in the inflamed paw. For their part, LENK-SQ-dig NPs also displayed a significant
anti-hyperalgesic effect (Fig. 8E) which lasted twice as long as morphine. Indeed,
LENK-SQ-dig NPs exhibited a maximum increase in PWL from 10 to 130 min
post-injection, followed by a progressive decrease down to baseline at 220 min. It is
interesting to note that the maximal PWL values corresponding to LENK-SQ NPs
administration in λ-carrageenan-treated rats were comparable to basal PWL values
measured in control naïve rats, before λ-carrageenan treatment (Fig. 8C, E, G), thus
revealing a pure anti-hyperalgesic action of these NPs. However, the PWL values
corresponding to the injection of morphine in λ-carrageenan-treated rats were twice
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Fig. 7 Experimental design for algesimetry. The antinociceptive effect of NPs was tested in a
pathophysiological context induced by an intraplantar carrageenan injection (2% saline, 100 μL).
Involvement of central or peripheral opioid receptors was performed using a brain-permeant opioid
antagonist, naloxone (Nal), and a brain-impermeant opioid receptor antagonist, naloxone methio-
dide (Nal-M). NP suspensions or control solutions were injected intravenously with a dose volume
of 10mL/kg during 30 s. The Hargreaves test was performed 10min after the NP administration and
then every 30 min up to a period of 250 min. The dose of LENK-SQNPs (20 mg/kg) was equivalent
to LENK (11.48 mg/kg) and to SQ NPs (8.28 mg/kg) and corresponded to 20.66 mmol/kg for both
LENK-SQ and LENK. s.c., subcutaneous; i.pl., intraplantar. Figure reproduced from Ref. Feng
et al. (2019), © 2019 AAAS

as high as those found in control naïve rats (Fig. 8A), which confirme the well estab-
lished analgesic effect of the opiate agonist in addition to the anti-hyperalgesic effect.
Furthermore, the absence of anti-hyperalgesic activity with blank SQ NPs (without
the LENK) (Fig. 8), confirmed that the antinociceptive response to LENK-SQ NPs
administration were due to the released LENK peptide. All these results seem to indi-
cate that LENK-SQNPs are particularly effective to treat hyperalgesia and are devoid
of analgesic properties as with morphine. However, further studies are required to
evaluate this hypothesis (Feng et al. 2019).

8 Effects of Opioid Receptor Blockade Using Naloxone
and Naloxone Methiodide

For the purpose of establishing the involvement of central or peripheral opioid recep-
tors during the anti-hyperalgesic effect ofLENK-SQNPs, opioid receptor antagonists
such as naloxone (Nal, central and peripheral antagonist) or naloxone methiodide
(Nal-M, peripheral antagonist) (Buller et al. 2005)were administered subcutaneously
15 min prior to the injection of NPs (Fig. 7). Pre-administration of either brain-
permeant Nal or brain-impermeant Nal-M, abolished the anti-hyperalgesic effect of
the three LENK-SQ NPs (Fig. 8C–H). Indeed, Nal pre-treatment resulted in a reduc-
tion of 66%, 105%or 73%of theAUCvalues compared to these found in rats injected
with LENK-SQ-Diox, LENK-SQ-Dig and LENK-SQ-Am NPs alone, respectively.
In the sameway, pre-treatmentwithNal-M caused a reduction of 81%, 99%and 96%,
respectively, showing that the selective blockade of peripheral opioid receptors only
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Fig. 8 Antihyperalgesic effect of LENK-SQNPs and morphine. Antihyperalgesic effects of acute
treatment with morphineA and B, LENK-SQ-Diox NPsC andD, LENK-SQ-Dig NPsE and F, and
LENK-SQ-Am NPs G and H in λ-carrageenan–induced inflammatory pain injected rats. Admin-
istration of morphine, LENK-SQ NPs, Nal, Nal-M, LENK, blank SQ NPs, or dextrose solution
(vehicle) was performed (arrows, 0 on abscissa) 3 h after λ-carrageenan injection into the right hind
paw. Morphine (A), LENK-SQ-Diox NPs (C), LENK-SQ-Dig NPs (E), and LENK-SQ-Am NPs
(G) induced an increase in PWL (in seconds, means ± SEM of independent determinations in five
to nine animals per group) in the Hargreaves test. *P < 0.05, **P < 0.01, ***P < 0.001, compared
to dextrose solution or LENK solution; ###P < 0.001, compared to morphine; $P < 0.05, $$P <
0.01, $$$P < 0.001, compared to LENK-SQ NPs. Two-way analysis of variance (ANOVA) with
repeated measures, Bonferroni post test. Nal or Nal-M was administered 15 min before morphine
or LENK-SQNP injection. Basal on abscissa: Control (naïve) rats (before λ-carrageenan injection).
(B, D, F, and H) Bars are the means± SEM of AUCs (seconds×minutes) of the cumulative dura-
tions derived from the time course changes (A, C, E, and G) in PWL after the various treatments.
*P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA, Tukey post test, compared to dextrose
(vehicle) or LENK solution; $P < 0.05, $$P < 0.01, $$$P < 0.001, compared to LENK-SQ NPs.
Two-way analysis of variance (ANOVA)with repeatedmeasures, Bonferroni post test. Nal orNal-M
was administered 15 min before morphine or LENK-SQ NP injection. Basal on abscissa: Control
(naïve) rats (before λ-carrageenan injection). (B, D, F, and H) Bars are the means± SEM of AUCs
(seconds × minutes) of the cumulative durations derived from the time course changes (A, C, E,
and G) in PWL after the various treatments. *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA,
Tukey post test, compared to dextrose (vehicle) or LENK solution; $P < 0.05, $$ < 0.01, $$$ < 0.001,
compared to LENK-SQ NPs Figure reproduced from Ref. Feng et al. (2019), © 2019 AAAS
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was enough to abolish the anti-hyperalgesic effects of LENK-SQ NPs. It is inter-
esting to note that in the case of morphine, pre-administration of Nal abrogated the
amplitude and the duration of the anti-hyperalgesic effect of morphine in comparison
with the morphine group while pre-treatment with Nal-M only marginally decreased
the morphine’s effect (by 13%) (Fig. 8A and B) showing that morphine acts mainly
through central and, to a lesser extent, peripheral opioid receptors.

All these results clearly demonstrated that all three LENK-SQ NPs acted
exclusively through peripherally located opioid receptors (Feng et al. 2019).

9 Biodistribution of LENK-SQ NPs

In order to investigate the ability of LENK-SQ NPs to address the neuropeptide
towards the inflamed tissue, biodistribution studieswere performedusing in vivofluo-
rescence imaging. The in vivo biodistribution of LENK-SQ-Am NPs was assessed
after intravenous injection of DiD-fluorescently labeled LENK-SQ-Am NPs in a
murine λ-carrageenan-induced paw edemamodel (right hind paw). The fluorescence
in tissues was tracked up to 24 h, non-invasively, from the abdomen side using an
IVIS Lumina device (Fig. 9). After intravenous injection of fluorescent LENK-SQ-
AmNPs, the real-time in vivo imaging showed a remarkable increase of fluorescence
within the inflamed paw by 2–3 times of the average radiant efficiency in comparison
with the healthy paw (Fig. 9A, D, F). In order to ensure that the accumulation of
fluorescence in the λ-carrageenan-inflamed paw was not due to the local hind paw
injection per se, normal mice were injected locally with saline in the hind paw and
then intravenously treated with fluorescent LENK-SQ NPs (non-inflamed control).
The absence of significant accumulation of fluorescence at hind paw level confirmed
that the NPs accumulation is related to inflammation process induced by carrageenan
(Fig. 9B, E). The intravenous injection of a single DiD solution (without NPs) in λ-
carrageenan administered mice, didn’t reveal, here again, significant accumulation
of fluorescence in the inflamed paw (Fig. 9C, F).

With the aim of showing that the NPs reached intact the inflamed tissues, the
LENK-SQ NPs containing two fluorescent probes, a the fluorescent DiD dye and
a fluorescent DiR quencher, were incubated in serum. A progressive appearance of
fluorescence indicated a relatively slow dissociation of the NPs in serum (20% after
5min and 50%after 30min) suggesting that under our in vivo conditions, a significant
proportion of intact NPs could reach the inflamed tissues (Fig. 10).

Finally, in a separate experiment, the biodistribution of the fluorescence in
different organs was performed. Thus, 4 h after the intravenous injection of fluo-
rescent NPs or DiD solution, mice were euthanized and transcardially perfused with
saline to eliminate the fluorescence which was in the blood circulation. The collected
organs indicated a strong ex vivo fluorescence signal which was observed again in
the inflamed paw, but also in the liver, the spleen and the lungs. Interestingly, no
fluorescence was detected in the brain of the animals (Fig. 11) thus confirming that
the anti-hyperalgesic effect resulted from the targeting of LENK-SQ NPs toward
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Fig. 9 IVIS Lumina scan of mice and of their organs after intravenous administration of fluorescent
LENK-SQ-Am NPs or control fluorescent dye solution (ventral view). A Biodistribution of fluo-
rescent LENK-SQ-Am NPs in mice with inflamed right hind paw. B Biodistribution of fluorescent
LENK-SQ-Am NPs in mice with non-inflamed hind paw (saline injected only into the right hind
paw). C Biodistribution of free dye in mice with inflamed right paw. D Zoom of group A at 2 h.
E) Zoom of group B at 2 h. (F) Quantitative analysis of the paws with the same region of interest
(ROI). R, right hind paw; L, left hind paw. Figure reproduced from Ref. Feng et al. (2019), © 2019
AAAS
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Fig. 10 In vitro colloidal stability ofLENK-SQ-AmNPs inmouse serum.AControls:Whendiluted
in 5% dextrose LENK-SQ-Am NPs remained assembled (DiD: reporter dye; DiR: quencher). They
disassembled in ethanol; B LENK-SQ-Am NPs (DiD: reporter dye; DiR: quencher) incubated in
mouse serum (1:4). The fluorescence emission was measured to assess the progressive disassembly
of the nanoparticles Figure reproduced from Ref. Feng et al. (2019), © 2019 AAAS

peripheral opioid receptors in inflamed tissue, rather than central opioid receptors
(Feng et al. 2019).

10 Toxicity Study

Given that not negligible fluorescence was detected in some organs, indicating the
potential presence of NPs in these tissues, the overall toxicity of LENK-SQ NPs was
investigated 24 h and 48 h after their intravenous administration (20 mg/kg) in rats
and compared to control animals injected with 5% dextrose solution. Concerning the
liver, the levels of aspartate transaminase (AST) (Fig. 12A) and alanine transaminase
(ALT) (Fig. 12B) were not increased in the LENK-SQNPs group in comparison with
control group, thus indicating no toxicity towards the liver. This was confirmed by
histological analysis of this tissue at 24 h and 48 h (Fig. 12C–F). The histology of
the spleen (Fig. 12G–J), the kidneys (Fig. 12K–N), the lungs (Fig. 12O–R) and the
heart (Fig. 12S–V) didn’t reveal any morphological anomaly after LENK-SQ NPs
administration, too. All these results confirmed the safety of the LENK-SQNPs upon
systemic intravenous administration at the therapeutic dose of 20 mg/kg (Feng et al.
2019).

11 Conclusion

We describe here a novel nanomedicine approach based on the bioconjugation of
endogenous LENK neuropeptide to biocompatible SQ, allowing the specific delivery
of LENK for efficient pain control associatedwith inflammatory events. It was shown
that LENK-SQ NPs exhibited an anti-hyperalgesic activity which lasted even longer
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Fig. 11 Biodistribution of fluorescent LENK-SQ-Am NPs or control fluorescent dye solution in
mice with or without inflamed paw. 4 h after λ-carrageenan or saline injection into the right paw,
fluorescent LENK-SQ NPs or free dye were intravenously introduced into the mice. At different
time points, mice were deeply anesthetized with a mixture of ketamine (100 mg/kg, i.p.) and
xylazine (10 mg/kg, i.p.) before euthanasia by transcardiac perfusion of 40 ml saline (8 mL/min),
until the fluid exiting the right atrium was entirely clear. Then, liver, spleen, kidneys, heart, lungs,
brain, and inflamed right hind paw were excised and immediately imaged with the imager. The
fluorescence emitted was quantified with Living Image software over the region of interest (ROI)
with the threshold of 20%. (A) Ex vivo fluorescence imaging of the harvested brain, heart, kidneys,
lungs, liver and paw from fluorescent NPs or free dye-injected SWISS mice. (B) Average radiant
efficiency of these organs after 4 or 24 h injection of NPs or free dye. Figure reproduced from
Ref. Feng et al. (2019), © 2019 AAAS

thanwithmorphine, by activation of peripherally located opioid receptors. The exper-
imental approach to prepare theseNPs is simple, safe and easy,which should facilitate
further pharmaceutical development and clinical translation.Although further studies
are needed to more precisely determine how the pharmacodynamics of LENK-SQ
NPs may affect the clinical outcome, this study opens a new exciting perspective for
an efficient treatment of intense pain, devoid of severe side effects associated with
morphine or related synthetic opioids.
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Fig. 12 Toxicity study of LENK-SQ-Am NPs upon systemic administration. LENK-SQ-Am NPs
(20 mg/kg) were intravenously administered in rats. The AST (A) and ALT (B) levels in plasma
showed no differences compared with dextrose solution (data presented as mean UI/L± SED, N=
3 animals per group). Histological analysis of organs after intravenous administration of LENK-SQ-
AmNPs (20 mg/kg) did not show any signs of cell or tissue damage at 24 h and 48 h, comparatively
to a control 5% dextrose solution. Liver (C-F), spleen (G-J), kidneys (K-N), lungs (O-R) and heart
(S-V). All tissue images were analyzed by microscopy at 10× magnification except for kidneys
which were at 5 × magnification (Zeiss). Figure reproduced from Ref. Feng et al. (2019), © 2019
AAAS
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Inverse Problems and Hierarchical
Multiscale Modelling of Biological Matter

Alexander Lyubartsev and Aatto Laaksonen

Abstract In solvingmathematical and physical problemswe generally think that the
problem can be condensed to a well-defined equation which then can be solved either
analytically or numerically with the provided input data and, if necessary, applying
initial and boundary conditions to limit the amount of solutions to something which
makes sense and can be accepted as the correct solution. This is the typical practice
in “forward” problem solving. Consequently the solution can be considered as the
inverse of the problem. Indeed, it is not uncommon in Science and also in everyday
life to have the “solution” without knowing what exactly did “cause” it and “how”.
We take an illustrative example from Forensics with a case where a lethal crime is
committed with a dead body (solution), but at the time of arrival to the crime scene
the details to start to investigate are scattered all over the place. The investigators
have the difficult task to mentally reverse the time to get good enough picture of
the crime (problem) to start to trace the criminal and murder weapon (input) and
possibly also the motive (cause). In this Chapter we discuss on how solving of the
Inverse Problems is entering in Chemistry and focus on our own inverse computer
modelling method to create a model (force field) from the results we already have.
We explain how this method, called the Inverse Monte Carlo, can also be used for
systematic hierarchical multi-scale modelling based on successive coarse-graining
from first-principles to meso-scale and even further by super-coarse-graining. We
show several applications of using it and also vision future prospects of hierarchical
multi-scale modelling.
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1 Introduction

1.1 Inverse and Forward Problems

Solving the Inverse Problems and practising “Reverse Engineering” must have
appeared naturally out of curiosity and necessity along with direct problem-solving
we humans have been faced to, first for survival and conformity, successively leading
to civilisation, technology and Sciences. Solving Inverse Problems in Science is first
of all a mathematical problem (Tarantola 2005; Yaman2013), common inmany areas
from Chemistry and Biology to Medicine and Astronomy just to mention a few. In
Medicine doctors regularly need to suggest a diagnosis and treatment to the illness
of the patient, while in Astronomy we may have a mysterious spectrum travelled
from a very distant star. In the first example the inverse problem can be solved more
or less rigorously either by systematically recognising patterns or empirically and
even by guessing, while in the second example there are scientific methods to solve it
backward by analysing the wave lengths giving information about the source (and its
chemical composition) as a cause of the distinct radiation. For many living species in
Nature unconsciously solving of the inverse problem is critically important for their
very existence in catching food or navigating.

To solve forward problems can be easy and quickly done “on the back of an
envelope” but it may also require powerful supercomputers and complex numer-
ical algorithms to provide the correct result. Modelling a multimillion ensemble of
strongly interacting particles to describe biological systems by solving Newton’s
equations is a typical example of the latter. Solving inverse problems can become
often mathematically incredibly difficult simply because they tend to be improperly
posed so that several inputs can give same results as a cause of the forward problem
even when the data appears perfectly correct. For example two (or more) different
sound sources can produce the same overlapping acoustic pattern. Therefore a unique
correspondence is an important requirement for a complete solution of the inverse
problem.

2 Design in Chemistry

2.1 Forward Design

In Chemistry and in particular in Materials Science, one particular word has lately
come very popular and it is “Design”.We now can access andmanipulate the building
blocks of matter using a variety of experimental techniques and since all matter
around us and also inside us is made of molecules, we should be in a good position
to “design” material with specific properties and function. However, since there is
roughly ten orders of magnitude difference between molecular sizes and sizes of
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macroscopic stock material to manufacture products for us humans this design is
not always easy or straight-forward. Would it be easy straight-backward? There are
many ideas now emerging around it,

Solving inverse problems has during the last decades become an important instru-
ment inmany scientific disciplines. In particular they have recently gained popularity
in Chemistry and in Materials Sciences. A recent development is called “Inverse
Design” (Sanchez-Lengeling andAspuru-Guzik 2018). However, before introducing
it let us first discuss the “Forward Design” which has been the common practise
since early attempts to gain metals create explosives and process food and necessi-
ties. Finally stoichiometry allowed quantitative studies and chemical synthesis was
discovered. Chemistry and chemical engineering are based on and develops with
the accumulated and documented knowledge. Chemical intuition of its practiser is
always an important component leading to new knowledge. There is no denying that
the so called “trial-and error” and “cook-and-look” techniques have been common in
many Chemistry laboratories to produce new chemicals and substances with specific
desired properties and functions. Serendipity, the complete opposite to design, did
appear occasionally to help to give the most important results. Thanks to computers
continuously becoming more powerful and numerical search algorithms more effi-
cient together with rapidly growing well-organized and easily accessible molecular
and chemical databases, the “Forward Design” has radically changed its strategy
from cooking molecules in laboratories to mining of existing molecular data using
computers as an important component to shorten the cycle from ideas to products.

2.2 Knowledge-Based Design in Chemistry

During many decades now the chemical research has produced an extensive amount
of new molecules with their specific properties tagged, organized and stored in large
data bases. This data comes both from experiments and theoretical studies. Having
this accumulated knowledge and data publicly open and easily accessible, as well
as its correctness verified before storing it, can prevent us making (same) mistakes
or discovering the wheel again, but most importantly to help us to discover new
knowledge and correlations still hidden there. Along with these big data mines, new
disciplines are developed of how to extract the desired information from it (Infor-
matics, Chemometrics, Machine Learning, etc.), we have new options and methods
to produce novel materials. By starting to search specific type molecules in the
“Molecular Space” containing now virtually all possible molecular structures and by
screening to gradually select a “Chemical Space” containing only a handful of candi-
dates having the chemical properties we are looking for. Pharmaceutical industry has
many decades been using this type of rational design based on virtual screening and
quantitative structure-activity relationship (QSAR) models with carefully designed
descriptors tofindnewcompounds (leads) to becomeefficientmedicineswith optimal
therapeutic effects while showing a minimum amount of side effects. With machine
learning techniques entering Chemistry more andmore simple regression models are
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being substituted with more intelligent methods such as neural networks and others
to find hidden correlations in big data structures and even new “physical” rules.

2.3 Inverse Design in Chemistry

There are many different strategies to solve inverse problems in Chemistry. Typically
in utilizing the “Inverse Design” we can do the opposite to “Forward Design” and
start by specifying the property or function of the newmaterial we then look for from
the “Chemical Space” and thereafter start to screen the content in “Molecular Space”
with suitable descriptors trying to successively narrow the space to a small number
of molecules having the property and function we look for (Sanchez-Lengeling and
Aspuru-Guzik 2018). This type of search is strongly aided with machine learning
and other techniques of artificial intelligence now increasingly applied in Chem-
istry. The types of materials inversely designed this way so far contain mainly drugs
and organic and inorganic materials for optical and electronic devices, including
batteries (Sanchez-Lengeling and Aspuru-Guzik 2018). Other approaches to design
specific molecules also include so called Variational Particle Number and Alchem-
ical Potentials within density functional theory (von Lilienfeld et al. 2005), Linear
Combination of Atomic Potentials (LCAP) (Wang et al. 2006), which can be imple-
mented in classical and quantum mechanical (DFT, tight-binding DFT and time-
dependent DFT) Hamiltonians to perform many types of property optimizations.
Inverse band-structure problem is solved for finding an atomic configuration with
given electronic and optical properties (Franceschetti and Zunger 1999). Struebing
et al. (2013) suggest an inverse method to find an optimal solvent to maximally speed
up the kinetics for chemical reactions. Inverse methods can be used successfully in
Spectroscopy for example to decompose 2D NMR spectra of mixtures of molecules
utilizing the technique of blind source separation (BSS) (Cherni et al. 2019). Jonas
uses a so called deep imitation learning protocol to solve the chemical structure
from molecular formula and NMR spectrum (Jonas 2019). There are many excellent
reviews on these topics,such as Machine Learning which is strongly entering into
Computational Chemistry and Materials Science via knowledge-based modelling
is excellently reviewed in Ferguson (2018), Butler et al. (2018). Several emergent
methods of Inverse design are reviewed in (Sanchez-Lengeling and Aspuru-Guzik
2018; Noh et al. 2020; Sherman et al. 2020; Hu et al. 2009; Martinez-Luaces 2012;
Hachmann et al. 2018).
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2.4 Solving Inverse Problems in Computer Modelling
and Simulations

Ideas of solving the inverse problems in Computational Chemistry have their roots
in liquid state theories of mid last century (Kunkin and Frisch 1969) and started gain
popularity in the following decades along with the development of more powerful
computers (Rosenfeld and Kahl 1997). In computer simulations the most important
input is the interaction potential or Force Field. It can be constructed conceptually
based on simple models used to describe interatomic or intermolecular interactions,
all having their fundamental origin in how electrons and nuclei in atomic and molec-
ular frameworks feel the presence of each other and the forces they give rise to.
Long before the computers did arrive scientists knew that there was a weak attrac-
tion even between neutral particles (atoms and molecules) at long distances (order
of a few Ångström) which grew stronger at closer distances and became strongly
repulsive at short distances. Lennard-Jones (Jones 1924) and contemporary scientists
proposed very simple mathematical models to describe it. For charged particles there
was Coulomb law describing their mutual strong and long-range interactions. The
assumption of additivity of the interactions and that only two particles did interact
with each other momentarily were assumed and simplified the theoretical work
as effective pair potentials became a common tool to model interacting particles.
When parameterized on experimental information they could contain a certain part
of many-particle character built in thereby improving their quality.

When studying condensed phases of matter the structural information can be
obtained from the pairwise correlations of the neighbouring particles (atoms, ions,
molecules etc.). These correlations can be constructed statistically by sitting phys-
ically on each particle at a time and looking for the neighbouring particles in any
direction radially and adding every hit in a histogram as a function of the mutual
distances.Whennormalized to bulk density these pairwise correlations become radial
distribution functions (RDF) or pair correlation functions giving probabilities to find
particles at specific distances. Very early it was observed by scientists working in
developing liquid theories and so called integral equation models that there was a
correlation between pair correlation functions and pair potentials, Indeed, there is
an explicit expression allowing, in principle, to compute the RDF from known pair
potentials, and approximately it is always possible by particle-based computer simu-
lations. An inverse problem, that is determination of pair potentials if RDF is known
is however not a trivial task. Johnson and March did calculate potential of mean
forces (PMF) from RDFs obtained in early diffraction studies of liquid metals and
iterated them to pair potentials (Johnson and March 1963). An important foundation
was the Uniqueness theorem of Henderson for RDFs and pair potentials for systems
in equilibrium Henderson (Henderson 1974) which was later shown to be true even
formulti-component systems. These theorems however did not say how to obtain one
from the other. In 1979 Swendsen published a Monte Carlo method for statistical
mechanical simulations and renormalization-group analysis of critical properties
applied on the Ising model presenting an effective Hamiltonian and iterative solution
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of the problem to obtain an effective pair potential from nearest-neighbor pairs of
the spins (Swendsen 1979). Inspired by the work of Swendsen, in 1995 Lyubartsev
and Laaksonen suggested a generalized inverse scheme to invert RDFs to effective
pair potentials for arbitrary molecular systems (Lyubartsev and Laaksonen 1995),
later known to be the Inverse Monte Carlo (IMC) or Newtonian Inversion (NI). This
method is discussed in more detail in the next Chapter. Similar structure-based inver-
sionmethods have also been suggested (Soper 1996; Reith et al. 2003) being inspired
by earlier works of Schommers (1983) and Reatto et al. (1986). Also the method of
force-matching based inversion method of Izvekov and Voth should be mentioned
(Izvekov and Voth 2005) which in turn was inspired by the force-matching method
of Ercolessi and Adams (1994). In addition there are many other promising schemes
including Generalized Yvon-Born-Green (YBG) method (Mullinax and Noid 2010;
Cho and Chu 2009), relative entropy (Shell 2008) and configurational temperature
(Mechelke and Habeck 2013).

3 The Inverse Monte Carlo Method

3.1 Theoretical Foundations

We will describe here the method of Inverse Monte Carlo (IMC). It is a mathe-
matical method to coarse-grain (CG) the molecular interactions based on structural
information obtained in underlying accurate studies (theoretical or experimental)
of the same molecular system. Also equilibrium thermodynamic information can
be used to obtain the CG model. It has some common features with many of the
methods discussed above. The general idea in all coarse-graining is to produce a
simpler model, or a kind of caricature, of the more accurate model full of details.
Like in watching photos or paintings from a long distance the small details become
less important. The same is true in modelling matter at longer length scales. Also
at longer time scales the fast molecular fluctuations are averaged making molecules
effectively more rigid in one or several conformations (geometries). This type of
simplification is done in coarse-graining where we remove those degrees of freedom
(DoF) from the original detailed potential energy Hamiltonian H(r1, …rn) which
are less-important while we describe the system by keeping only the important DoFs
(R1, R2,…RN ), where N � n.

How to choose the important DoFs is very much a matter of taste (or rather of
experience based on chemical and physical intuition) as in many cases it turns out
not to be very critical. As CG sites one often chooses centre-of-masses (COM) of the
molecular group forming the CG. Generally, the CG coordinates are some functions
of atomistic coordinates:

Ri = θi (r1, ...rn) (1)
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Although in some cases the CG coordinates (Ri) may coincide with coordinates
of certain atoms (rj).

Once a mapping scheme of atomistic coordinates to CG coordinates (1) is chosen,
we can describe a coarse-grained (CG) Hamiltonian:

HCG(R1, ...,RN ) = − 1

β
ln ∫

n∏

i = 1

dri

N∏

j = 1

δ
(
R j − θ j (r1, ..., rn)

)
exp(−βH(r1, ...rn))

(2)

which is an effective N-body CG potential energy function. However, expression
(2) cannot be used directly in CG simulations, therefore we first map or fit it to a pair
potential:

HCG(R1, R2, ..., RN ) ≈
∑

i> j

Ui j
(
Ri j

)
Ri j = ∣∣Ri − R j

∣∣ (3)

Many methods discussed in previous Section fit the Hamiltonian (3) to reproduce
some properties from the underlying simulations with all the DoFs, for example
energy, forces, or some features of structure. In IMC we use ensemble averages and
RDFs as our first choice.

The IMC method is a powerful general method to invert ensemble averages,
and particularly RDFs to effective pair potentials. It completely solves the inverse
problem providing a unique solution. For any multi-component system it produces
the effective pair potentials between selected sites (atoms, center-of-mass, and any
other type of sites) in an inverse process which in forward process (input → model
→ simulation → results) reproduce completely the RDFs used as input and inverted
to produce the effective potentials (model) when same conditions are applied. There
may not be much point in doing the full circle this way but now we can increase the
size of the system a few orders of magnitude and perform a simulation which we
could not afford before when using the original detailed model, typically the all-atom
(AA) model. The reason is not only that we have now much less interaction pairs
already making simulations faster but the effective potentials between heavier sites
are also softer and we can choose a longer time step. Still, the greatest effect using
IMC comes from not needing to use any explicit solvent in the CG simulations. This
will be discussed in more details below.

In the calculation of an RDF or g(r) in a typical particle simulation of N particles
in a volume V the radial particle-particle distances are discretized to histograms Sα

which after normalization to bulk particle density (N/V) show the probabilities to
find the distances of the neighbouring sites between a chosen pair of atoms (or other
type of sites). This histogram or the estimator of the pair-correlations is used in
IMC. By discretizing the CG Hamiltonian (3) to two histograms of which one is the
normalized estimator Sα from the g(r) and the other is an effective CG pair potential
Vα in a table form we will obtain:
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H =
∑

UαSα (4)

where ensemble average of Sα is related to RDF by:

g(rα) = 1

4πr2α�r

V

N 2/2
Sα (5)

Besides RDFs between non-bonded CG sites, other structural properties can be
included into set of Sα, for example distribution of CG bond lengths, angles and
torsion angles. This is very useful when we coarse-grain biomolecules (or other
large molecules such as polymers), for which we create models consisting of CG
sites connected by CG bonds. Bonded and angular potentials of such models are
fitted to reproduce bond and angular distributions originated from the detailed model
within the same IMC framework.

While in standard simulations (direct forward problem)we have interaction poten-
tialUα as input, and we can evaluate <Sα> and RDF as output, in the coarse graining
by IMCwe solve the inverse task: from averages <Sα> (determined in atomistic simu-
lations) we determine CG potentials. Solution of this non-linear inverse problem can
be reached iteratively by the Newton-Raphson method, and by this reason the IMC
approach is also referred as “Newton Inversion”. Let us determine Jacobian of S(U)
dependence:

J = ∂〈Sα〉
∂Uγ

(6)

as well as use the “vector” notations for the sets of potentials and RDFs:

{〈Sα〉} ≡ 	S; {Uα} ≡ 	U

Jacobian (6) expresses how changes of potential affect RDFs:

Δ	S = ĴΔ 	U (7)

From the statistical-mechanical relationships this Jacobian can be computed by
doing direct simulations with potential U:

∂〈Sα〉
∂Uγ

= −β
(〈
SαSγ

〉 − 〈Sα〉〈Sγ

〉)
(8)

Now we have everything to solve the inverse problem. We start simulation from a
trial potential which can be the mean force potentialUα = −kBT ln〈Sα〉 or just zero.
We compute from these simulation RDFs and 〈Sα〉 and determine deviations from
the reference RDFs 〈Sre fα 〉 obtained in atomistic simulations:

	ΔS = 	S − 	Sre f (9)
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Now we can compute which change in the potential is required to get the desired
change in corresponding RDF:

Δ 	U = Ĵ−1Δ	S (10)

We update the interaction potential 	U → 	U + Δ 	U and repeat the procedure
to compute a new corrected estimator. The iterative procedure is repeated until the
estimators become identical (within statistical error of the simulations) to those in
the original input g(r), also giving back the final RDFs obtained in the fine-grain
simulation serving as reference. After convergence, we obtain the CG effective pair
potentials which contain all the atomistic details to reproduce the microscopic struc-
ture found in the all-atom simulations, considering only the sites chosen to the CG
model. It is like to visualize the AA simulation but leaving out the atomistic details
and also the solvent. IMC fully includes the cross-correlations between the pair
interactions, making the effective pair potentials more accurate in comparison with
interactions obtained from using other similar methods. This is one of the properties
making IMC a superior inverse method.

3.2 Using the Inverse Monte Carlo Method

In practical computations, and in particular for large molecules, direct use of expres-
sions (8)–(10) may lead to non-convergence since the method is based on linear
extrapolation (7) of a generally non-linear relationship. A simple way to regularize
the procedure is to go by “small steps” to remain always in the linear regime and
to multiply the change of RDF (9) (and respective change of potential (10)) by a
damping factor 0 < λ < 1.

What really makes IMC superior compared to other corresponding methods
producing effective CG pair potentials is that even the solvent molecules can be
considered as uninteresting DoFs. Therefore in using IMC CG pair potentials in
simulations no explicit solvent is needed. The solvent is not implicitly there in the
simulation cell as a continuum like in common implicit solventmodels andmost often
characterized by the dielectric constant of the bulk solvent. The solvent is in the effec-
tive IMC CG potentials and contain specific atom-atom interactions for example to
displayH-bonds and solvation and hydration structures as in the underlying atomistic
simulations. This is an extremely important feature as in all molecular simulations
containing explicit solvent (most often water) it is the moving of the solvent around
in the simulation cell which consumes major part of the computing time. In other
words the IMCCGpair potentials are solvent-mediated containing the solvent in their
functional forms. When used for example in simulations of biomolecular systems
in water solution with ions and salt, all types of interaction forces are still there
(hydrophobic, hydrophilic, H-bonds, steric, etc.). Self-assembly and other typical
biological processes can be described accurately without explicit water molecules
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as the water is still there in the effective potentials. The IMC potentials both supply
the specific solute-solvent interactions and provide the collective effect of water to
hydrophobicity and hydrophilicity as in AA simulations. Indeed, the IMCCG poten-
tials for soft meso-scale particles while containing the atomistic interactions are so
accurate that they can be coarse-grained again. This super-coarse graining allows us
to perform reliable CG simulations of truly large systems like chromatin as will be
described below.

The IMC CG pair potentials are produced in a tabulated form and their functional
form can be very different from that of standard potentials like Lennard-Jones used
often as empirically parameterized CG potentials. This is because it does have all
types of intermolecular interactions together. Also, as it is solvent-mediated it has an
oscillatory form at short distances reflecting the structure of solvation and hydration
layers while this behaviour weakens and disappears at longer distances.

At long distances the IMCCG potential becomes overlapping with Coulombs law
for charged particles as might be expected. Indeed, the Coulomb potential can be
separated from the overall IMC CG potential and treated separately so that Ewald
summation can be used in CG simulations. This divides in a natural way the CG
potential to a specific short-range potential and long-range potential. Separating
short-range and long-range Coulombic in CG simulations was also shown to produce
more reliable overall results (Wang et al. 2013). Also, by making use of the inherent
temperature dependency of the dielectric constant (Mirzoev and Lyubartsev 2011)
the results obtained from IMC CG simulations can be made much less sensitive to
temperature changes. In principle, the simulations with IMCCG potentials should be
carried out at or close to the conditions applied in the underlying detailed simulations
to calculate the RDFs as will be discussed below.

Intramolecular IMC CG potentials may also substantially deviate from the
harmonic potentials bonded interactions are known to give rise to. However, in some
cases they are close enough to harmonic so harmonic springs can be used, at least
initially. In constructing IMCCGforcefield it is not necessary to follow the concept of
dividing interactions for bond-stretching, angle-bending and rotation around bonds
as in common atomistic force fields, as these can be substituted by a matrix of
bead-bead interactions. IMC converges rapidly for systems with small molecules
but for large biomolecular systems constructing converged potentials can become
time-consuming and to do the inversion process manually becomes in practise out
of question for biomolecular systems. Auxiliary tools are needed.

3.3 MagiC

There is a software packageMagiC (Mirzoev and Lyubartsev 2013) developed which
performs the structure-based coarse-graining of IMC described above for arbitrary
molecular systems andmodelswhich has been recently updated to version 3 (Mirzoev
et al. 2019). Magic is an essential tool and integral part of IMC to perform system-
atic coarse-graining. It can take the input from several common simulation packages
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while it producesCGpotentials to be run onmany coarse-grained simulation program
packages like the GPU-Accelerated LArge-scale MOlecular Simulation Toolkit
(GALAMOST) (Zhu et al. 2013), the Large-scale Atomic/Molecular Massively
Parallel Simulator LAMMPS (Plimpton 1995) and the GROningen MAchine for
Chemical Simulations Gromacs (Van Der Spoel et al. 2005). MagiC software has
many additional functions from diagnostics to visualisation.

3.4 Applications of Inverse Monte Carlo

Themethod of InverseMonteCarlowas presented inmid-90’s (Lyubartsev andLaak-
sonen 1995) and had to be soon applied on demanding systems to verify its power.
25 years ago a fairly “demanding” system was already to study NaCl in water even
with the access to national supercomputers. We did study this solution at different
salt concentrations. The number of molecules did range from 256 to 2000 with up to
20 ion pairs included. The simulations did cover a few nanoseconds (Lyubartsev and
Laaksonen 1996). One reason why these were demanding simulations was that we
did need very well converged RDFs for many different concentrations to accurately
invert them to effective solvent-mediated Na-Cl Na-Na and Cl-Cl ion-ion potentials
(Lyubartsev and Laaksonen 1997). We then did apply them to compute both the
osmotic and activity coefficients for the hydrated ions. To obtain reliable results we
did need 200 ion pairs. Systems of this size would not have been feasible to simulate
using all-atom models with the computer power available for us at that moment. The
water-mediatedCG ion-ion potentials gave excellent results within the entire concen-
tration range from 0.001 to 5M.We did then perform a detailedMD simulation study
about alkali metal ion (Li+, Na+, K+, and Cs+) condensation around double helix
DNA in water solution (Lyubartsev and Laaksonen 1998) from which we obtained
ion-DNA RDFs to invert them in IMC to effective CG potentials (Lyubartsev and
Laaksonen 1999). Now already having water-mediated ion-ion CG potentials (we
did compute them also for Li+, K+ and Cs+) we now had a complete set of CG
potentials to perform simulations of a large double strand DNA chain in water in a
box of 100 × 100 × 68 Å3. Using our water-mediated CG potentials we could find
the order Cs+>Li+>Na+≈K+ for counter ion binding to DNA in agreement with
several independent experimental studies.

We did also perform Car-Parrinello simulations for liquid water to compute effec-
tive water mediated CG potentials from first-principles MD simulations (Lyubartsev
and Laaksonen 2000). In this way we calculated a new atomistic water interaction
potential from RDFs obtained in simulations with elec-tronic degrees of freedom.
We then did calculate hydration of Li+ ions from Car-Parrinello (Lyubartsev et al.
2001). In this way we could show that IMC was a true multi-scale modelling method
where we could start from first-principles simulations and inverting the RDFs we
would obtain AA interaction potentials and when using them in simulations (after
increasing the size of the cell two orders of magnitude) we could construct a meso-
scale effective pair potentials. This would allow us to hierarchically connect three
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Fig. 1 RDFs from AA simulations and IMC inverted solvent-mediated CG potentials

scales: quantum, classical and mesoscale and start the whole multiscale modelling
without any empirical information (Lyubartsev et al. 2009). We have previously
summarized our work in (Lyubartsev et al. 2010; Lyubartsev et al. 2015) where there
are more examples of the application of IMC. Much of the work done on biological
systems is about nucleic acids.

In Fig. 1 we can see three different solvent-separated IMC CG effective pair
potentials and the corresponding reference RDFs from which they are calculated.
In all cases water is the solvent. Notice the oscillating nature of the potentials due
to the presence of solvent built in them. In the top panel on the left we have RDFs
from CPMD simulations of liquid water, classical simulations of SPC water and
experimental water RDFs. On the right side are the corresponding inverted RDFs as
pair potentials. For SPC we obtain back the SPC water model used in simulations
to produce the RDFs. Note that although the RDFs are fairly similar the effective
potentials from CPMD show much steeper repulsion compared to SPC model while
at the long distance the models coincide as they should at Coulomb regime. Also
the CPMD simulations of Li+ in water gave much steeper repulsion in the effective
IMC ion water-oxygen potentials (not shown here, see Ref. (Lyubartsev et al. 2001)
compared to common ion-water potentials models reflecting the exponential decay
of repulsion based on Quantum Mechanical description. It could be fitted perfectly
to Veff (r) = A exp(-Br) with A = 37,380 kJ/mol and B = 3.63 Å−1 indicating that
Buckingham type of potential is to prefer. In fact, in the Lennard–Jones potential the
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Fig. 2 Possible topologies (top) and twist and writhe oc minicircles of DNA (bottom) from Ref.
(Naômé et al. 2014)

exponential decay of repulsion is approximated with the 1/r12 dependence making
the calculations very much easier. In the middle panel are the water-mediated pair
potentials calculated from the ion-ion RDFs, obtained in the aqueous solution of
NaCl. Observe the distinct contact and water-separated potential wells in the Na+

- Cl− potentials and the additional hydration shells after them at longer distances
seen as oscillations. At long distances they coincide with Coulombs law (dotted
line) as can be seen in the figure. At the bottom there the IMC potentials for DPPC
phospholipids obtained from AA simulations of randomly placed lipids in the water
box. These IMC CG lipid models reproduce accurately all phases and morphologies
these amphiphilic systems can form in water depending on the applied conditions.
For more details see references (Lyubartsev and Laaksonen 1997; Lyubartsev et al.
2009, 2010). In Fig. 2 we apply IMC on DNA mini-circles up to 500 base pairs.
In top two typical topologies are shown to coarse-grain DNA. Mechanical energies
for linear and circular DNA are shown in bottom. For details see Ref. (Naômé et al.
2014, 2015).
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3.5 Transferability of IMC CG Potentials

An important issue with the IMC CG potentials, and for that matter with most other
CG potentials based on underlying fine-grain simulations, is that they describe the
system at a specific thermodynamic state and the CG potentials automatically inherit
the same condition and therefore should be used accordingly. It means that the effec-
tive potentials cannot be used to cover large intervals in temperature, concentrations,
densities etc. But can they be used to study the same type of systems exhibiting
very different topologies at same conditions? In our studies of multi-scale modelling
of human telomeric quadruplexes (Rebic et al. 2015, 2017) we did construct the
IMC potentials from AA MD simulations for the topomer, a [3 + 1] hybrid with a
26-nucleobase sequence d[AAAGGG(TTAGGG)3AA] with K+ counter ions stabi-
lizing the Hoogsteen structure (PDB id 2HY9). We later used successfully the same
IMC potentials to model another quadruplex topology (PDB id 1KF1) also known
to form from the human telomeric DNA sequence d[AGGG(TTAGGG)3] differing
from 2HY9 in its loop topology and its G-strand relative orientation. The results
are encouraging suggesting a certain degree of transferability in simulating quadru-
plexes with different topologies. Since the IMC potentials are normally not fit to any
simple mathematical functions any general transferability is out of question due to
their inherent complexity and difficulties to construct combination rules (Fig. 3).

Fig. 3 IMCCGmodel for 2HY9 topology can be used in CG simulations of 1KF1. For more details
see Refs. (Rebic et al. 2015, 2017)
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3.6 IMC Effective Potentials and Dynamical Properties

An important issue in creating and using effective potentials based on structural
information only is their capability to predict dynamical properties inCGsimulations.
It is reasonable to expect that CG potentials, being softer than AA potentials, create
an energy surface where soft mesoscopic particles, even if heavier, move too fast
compared to AA simulations or experiments. As no dynamical information goes
in to the process in inverting the solely structural information to is also difficult to
estimate the effect of its absence to dynamics of the particles. Also, even the fact
that no explicit solvent is needed; making the simulations fast, the lack of friction
normally generated by the solvent molecules affects the overall internal motion of
the solute molecules. In our study of mini-circles of DNA (90–500 bp) at different
salt concentrations using IMC CG potentials (Naômé et al. 2014, 2015), we did
also study the dynamical properties for linear 18-mers of DNA in water solution
with ions. We did observe that the counter-ions did diffuse roughly 220 times faster
than in AA MD simulations while end-to-end fluctuations of DNA were 4.5 times
faster and its total twist fluctuations 21 times faster than in AA MD simulations.
Using Langevin dynamics gave us the opportunity to adjust the friction coefficient
to give reasonable results for the dynamics. For example, using a friction coefficient
35 ps-1, which is comparable to the collision frequency of water molecules, brings
the diffusion of the counter-ions close to the experimental values. In general as the
degree of coarse-graining is different for DNA and for ions their dynamics differ
so no general scaling factor is difficult to establish. Even if it is difficult to obtain
quantitatively correct dynamics the relative trends can be reproduced normally well.
Scaling CG potentials to reproduce experimental or AA-simulation results is needed
otherwise.

3.7 Fine Graining

The opposite to coarse-graining is fine-graining (FG) or back-mapping, which is
far from trivial as it requires inserting (re-inventing) the degrees-of-freedom which
were deleted in coarse-graining. FG is not simple because the problem is under-
determined. For polymeric systems, including biopolymers like nucleic acids, it is
somewhat easier because the back-bone geometry and the topology of themonomeric
units are known, this way providing several geometric constraints. For DNA there
are the sequence information, the distance constraints for Watson-Crick base-pairs,
the grooves and stacking to guide the FG. Common strategy is to start by a random
placement, followed with a relaxation without adding any constraints. Thereafter
check the chiralities, and first after that to start to apply the constraints. We have
followed this strategy in (Lyubartsev et al. 2015; Naômé et al. 2014). Some software
packages already have features for performing back-mapping, such as newer versions
of Gromacs.
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3.8 Bottom-Up Meets Top-Down

At the same time as multi-scale modelling based on the successive coarse-graining
is a “from-bottom-up” technique to reach the mesoscale beyond, many sophisticated
“from-top-down” experimental methods such as 3D imaging, microscopies, single-
molecule manipulation and force measurements can come down to the meso-scale
and even under. This means that these two approaches (bottom-up and top-down)
can be made to meet at the mesoscale. A probable future scenario is mapping of
images and forces from experiments on mesoscopic simulation models so that we
start have good quality meso-scale force fields for CG simulations (as the AA force
fields we have today) with experimental origin which also can be cross-fertilized
with theoretical CG force fields inverted from underlying accurate FG simulations
to make them more detailed. For example, AFM can supply vertical and lateral
force-distance data which can be used to create a force field between particles and
surfaces which is currently completely missing in modelling. All this would also
allow us to improve the resolution of these experimental techniques all the way to
the atomistic level by applying fine-graining techniques discussed in the previous
section. Once atomistic level is reached quantum calculations can be performed to
explore any possible reactive parts of the system. “Top-down meets bottom-up” will
be a common theme in many integrative studies with multi-instrument experimental
andmulti-scale modelling is performed for the insight, discovery and design of novel
products.

3.9 Advanced Use of IMC

We give here two more recent examples of multi-scale modelling based on hierar-
chical coarse-graining using the Inverse Monte Carlo method. The first deals with
the important topic of bio-toxicity of nanomaterials and the second example is about
super-coarse-graining of genetic materials.

3.10 Safety of Nanomaterials—Multiscale Modelling Using
IMC

Nanomaterials ranging from carbon nanotubes and graphene structures to metal
and metal oxide nanoparticles and quantum dots provide a virtually endless line
of bioengineering applications, as well as offer use in modern nanomedicine as
potential carriers for targeted drug delivery. On the other hand, the nanotoxic hazard
associatedwith the penetration of small nanoparticles in biological tissues is a vividly
debated subject. Concern is raised on both direct and potential long-term hazard to
human health caused by nanomaterials since the immune system, developed during
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Fig. 4 Time sequence of CG simulation snapshots illustrating the interaction of a complex of
negatively charged hydrophobic nanoparticle (2 nm radius) and Human Serum Albumin (HSA)
protein with DMPC lipid bilayer. Reprinted from Hender et al., “Multiscale Modelling of Bionano
Interface”, in Modelling the Toxicity of Nanoparticles, L. Tran et al. (eds.), Advances in Experi-
mental Medicine and Biology, Vol. 947, 2017, https://doi.org/10.1007/978-3-319-47754-1_7, with
permission from Springer International Publishing

millions years of evolution, is not familiar with engineered nanoparticles. Existing
methodologies of in-vivo toxicological evaluation require long time, are expensive
and also connected with ethical concerns. This is why in-silicomethods of prediction
of toxic effects are of high demand (see Fig. 4). It is however extremely challenging
task to model what is really happening from the first contact of a nanoparticle with
biological matter on the molecular level to the effects of the nanomaterial on the
whole organism.

Here we come to the point when hierarchical multiscale modelling, starting from
atomistic description of the interface between nanomaterial surface and biomolecules
(Brandt and Lyubartsev 2015) and proceeding to several levels of coarse-graining,
handshakes with system biology, and in particular the Adverse Outcomes Pathways
(AOP) concept (Halappanavar et al. 2020). An AOP relates the first biological effect
of a nanoparticle taken up by an organism (called the Molecular Initiating Event),
through a series of “Key Events” (measurable changes at organelle, cell, organ level),
with an adverse outcome for the whole organism (and even for populations). First
attempt to use multiscale simulations to predict some molecular initiating events in
AOP, such as protein corona formations around a nanoparticle or membrane rupture
using multiscale simulations have been recently published (Lopez et al. 2017; Power
et al. 2019).

Necessity of validated tools for evaluation of potential toxic effects has led to
appearance of “Safe by Design” concept (Schwarz-Plaschg et al. 2017) in design of
nanomaterials. Toxicological safety should be considered as a compulsory property
of all newly developed materials, alongside with the functional properties for which
the material is developed. While performing the “Inverse Design”, it is imperative to
include the toxicological chain relating properties of molecular bio-nano interface
with adverse outcomes, into the search in Chemical Space for specific materials
satisfying these properties.

https://doi.org/10.1007/978-3-319-47754-1_7
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3.11 Super Coarse-Graining Using Inverse Monte Carlo

To apply hierarchical multi-scale methods there is hardly anything more suitable
than the genome material which is strictly hierarchically built in consecutive orders
(primary sequences, secondary, tertiary, quaternary, etc.) from underlying structures.
The hierarchical order for modelling is: [DNA + histones] − [beads and strings of
nucleosome core particles (NCP)] − [fibres of packed nucleosomes] − [chromatin
loops] − [chromatin domains] − [extended and condensed chromosome]. Also, in
terms of number of base-pairs there are six orders of magnitude from NCP to chro-
mosome (102 to 108). We have in our previous studies demonstrated the importance
of the electrostatic interactions and the power and accuracy of the IMC method by
simulating these hierarchical building blocks in physiologically relevant conditions
and with varied ion concentrations and observed the same condensation behaviour
as in experiments while obtaining stable structures (Korolev et al. 2004; Korolev
et al. 2006; Korolev et al. 2010). The CG simulation methodology developed by us
is so detailed that even the coarse-grained model of nucleosome core particles can
be coarse-grained while maintaining their molecular properties (Fig. 5).

We did simulate a clustering of 5000 NCPs obtaining an excellent agreement with
small angle X-ray scattering spectra for a corresponding system (Fan et al. 2013; Sun
et al. 2019). Also, we simulated large amount of DNA oligonucleotides (up to 400
oligonucleotides each of 100 base pairs of DNA) in presence of CoHex3+ ions

Fig. 5 Systematic hierarchical multi-sacle modeling from DNA to chromatin where higher order
coarse-graining (super coarse-graining) is used. 98 beads corresponds a sysytem of 11million atoms
in corresponding all-atom simulation Ref. (Fan et al. 2010)
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and found aggregation of DNA’s in ordered hexagonal structures (Sun et al. 2019).
Furthermore, using super coarse grained DNAmodel which represent DNA as beads
in a chain with interaction potential derived by IMC from atomistic simulations
including effects of ions and water, we simulated a very long (40,000 base pairs)
DNA and found that it, in presence of CoHex3+ ions, form toroidal structures which
were also observed in electron microscopy studies (Sun et al. 2019) (Fig. 6).

Fig. 6 DNA aggregation and toroid formation induced by CoHex3+ ions simulated by the super
coarse-grained DNA model. A: Final configuration of DNA aggregation in a simulation with 400
DNAoligonucleotides of 100 base pairs each.B: Cross-section of one of theDNAcondensed particle
shown in A. C and D: Formation of toroidal structures in the super coarse-grained simulations of a
10,200 base pairs DNA. C: Energy profile and snapshots (normalised per DNA base pair) from one
of the simulations. D: Structure of the DNA toroid. Cartoon on the right-hand side shows cross-
section through the toroid where the red dots illustrate DNA double helices near the cutting plane.
The zoom-in illustrated in B and D show the DNA packing within the aggregates with green lines
highlighting hexagonal arrangement of the DNA molecules. Reprinted from Sun et al. (2019) with
permission from Oxford University Press
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4 Future Prospects

4.1 Chromosome Modelling

The hierarchical multiscale modelling of chromatin can be extended to reach what
can be still considered as a grey-zone and to study the organization of the chromo-
somes inside the cell nucleus. This is a highly challenging “Bottom-up meets the
Top-Down” project and is recognized as such by many colleagues (Langowski and
Heermann 2007; Ozer et al. 2015; Moller and Pablo 2020; Bendandi et al. 2020;
Caudai et al. 2019). In doing so modelling is not enough but we need to use a more
integrative approach where we combine competences from other areas including
bioinformatics (Ozer et al. 2015) and advanced instrumentation (Moller and Pablo
2020). Successively we also need to complement the purely physics and particle
based methods by adding knowledge and rule-based models in the toolbox. We need
experimental information about topologically associated domains (TAD) to insert in
the models (Caudai et al. 2019).

We also will to study the role (structure and function) of nuclear lamina
in the organisation of the chromosome, including the nuclear envelope proteins
lamins (globular regulators of chromatin) bound to the lamina and other inner
membrane proteins interacting with the chromosome (Dittmer and Misteli 2011;
Ho and Lammerding 2012; Nora et al. 2013). Mutations in polymerizing lamins
(laminopathies) are connected to a diversity of genetic human diseases (currently 17
are known) giving indication of their close role in cellular functions being impor-
tant modulators in transcriptional regulation while affecting chromatin structure and
organization. We will apply our multi-scale methodology to these higher-order poly-
meric proteins with alpha-helical rod-domains and study their roles as regulators of
chromatin.

The function of the genes is not only what is encoded linearly in the sequences
but it is now known that the topological organization of the DNA in chromatin
and how it interacts with the nuclear environment are important in transcriptional
regulation. Also, chromatin may have different structures inside the cell nucleus
depending of the cell cycle. Chromosome Conformation Capture (3C) and its many
extensions and other related methods have become highly valuable to decipher the
spatial organisation of chromatin although they do not give information about the
dynamical processes (Emmett et al. 2015; Lieberman-Aiden et al. 2009). Local DNA
contacts are important in communications between the enhancers and promoters
and these take place in TADs which in turn shape the chromosome landscape. 3C
methods are used to quantify the number of interaction between the chromosome
positions. Among the most popular of the 3C methods currently is the Hi-C (Reddy
and Feinberg 2013) which can also combined with other methods, for example three-
dimensional fluorescence in situ hybridization (3D-FISH) (https://www.ncbi.nlm.
nih.gov/geo/). This method gives a picture and behaviour of packed chromosome as
fractal globule. The Hi-C (extension of 3C methods) is becoming more accurate due
to better regression-based correction schemes.

https://www.ncbi.nlm.nih.gov/geo/
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4.2 Genome-Wide Modeling

Hi-C maps (available for example from Gene Expression Omnibus (Ibrahim et al.
2013) can be converted into a matrix of average pairwise distances that can be used
as restraints in many simulation models. This is analogous to when NOE distances
are added to all-atom force fields in determination of protein structures using NMR.
This allows for the first time a genome-wide modelling for example by using Brow-
nian Dynamics simulations. Currently restraint-base modelling has been performed
for chromatin using (1) rule-based spatial modelling (Doyle et al. 2014; Imakaev
et al. 2015; Serra et al. 2015), (2) polymer models (Gruenert et al. 2010; Carstens
et al. 2016) and (3) bead models (Szałaj et al. 2016). The resolution of the used
models depends on the resolution in the genome data sets. However it is increasing
continuously. As an example of a bead model with resolution of 50kbp requires 3330
beads to represent the X chromosome (Szałaj et al. 2016). The parameterization of
the bead models is very much ad hoc with input from experiments, while we wish
to be able to use super-coarse-graining based on underlying molecular information.
Genome-wide modelling is becoming a very vital area. To become more acquainted
we suggest following excellent reviews for multi-scale modelling and other new
approaches (Molitor et al. 2017; Xia 2018; Sewitz et al. 2017; Bsascom and Schlick
2017).

5 Final Remarks

In this Chapter we introduce and discuss “Inverse Problem” in Chemistry and focus
on its applications in Computational Chemistry where we can produce models for
interactingmolecular systems (interaction potentials and force fields) backward from
the already obtained simulation results. We demonstrate that by proceeding system-
atically and hierarchically this inverse procedure can be made through hierarchical
coarse-graining to a powerful and accurate multiscale modelling methodology called
the Inverse Monte Carlo (IMC) alternatively Newtonian Inversion, which can be
used all the way from first-principles quantum mechanics to meso-scale and beyond
meaning in such a way that no empirical information would be needed. We do not do
this yet routinely as computers need to become much faster for first-principles simu-
lations of biological material as an example. We start normally from all-atom clas-
sical simulations. We discuss both the benefits and limitations of the IMC methods
while illustrating some important applications, especially applications where the
method is clearly superior to other similar methods in its accuracy. We show exam-
ples of higher-order coarse-graining (super-coarse-graining). We then discuss future
aspects of the method and introduce the area of genome-wide modelling where we
expect to make an impact with IMC combined informatics and knowledge/rule-
based methods including machine learning and closely carried out with several
sophisticated experimental techniques currently used in genome research.
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Non-viral Vectors and Drug Delivery: In
Vitro Assessment
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Abstract Advances in nanotechnology, chemistry and molecular biology are
making possible the transformation of conventional medicine into a personalized
one where we are increasingly talking about intelligent drug carriers and targeted
delivery of drugs and genes. Gene therapy emerges as a new field in biomedical
research and seeks to establish a roadmap to the clinic and the market by promising
solutions to incurable diseases. Various approaches are being tried for the imple-
mentation of gene therapy, on the one hand viral transporters and on the other hand
non-viral solutions. Along with non-viral transfection vector design and synthesis,
in vitro biological evaluation is required to investigate both the ability of vectors to
transfect, and their good biocompatibility. For accurate and reliable outcomes, the
choice of the correct method is essential.
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MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium

MTT 3-(4,5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide
PEI Polyethylenimine
PEG Polyethylene glycol
PLL Poly-L-lysine
TALEs Transcription activator-like effectors
X-gal 5-Bromo-4-chloro-3-indolyl-β-D-galactopyranoside
XTT 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-

carboxanilide
ZFPs Zinc-finger proteins

1 Introduction

The advancement in scientific fields like biochemistry and molecular biology has
contributed to a greater understanding of the causes of disease and its genetic basis.
It has intensified the drive to pursue new and more successful therapies, and it has
gradually introduced the idea of gene therapy as a promising choice in modern
medicine.

Severe inherited or acquired genetic diseases such as leukemia,multiplemyeloma,
Parkinson’s disease cystic fibrosis, muscular dystrophy, hemophilia those are some
of the conditions whose patients are unsatisfied with traditional therapies and are
currently seeking a therapeutic remedy.

Gene therapy promises the prospect of genetic disease curative treatment by
inserting genes into the cells of patients, rather than using traditional medications
that only offer symptomatic care.

Gene therapy is becoming more and more common, as of 2017 almost 2600
clinical trials have been performed and although viral therapies dominate the market
for approved products, there is a growing interest in non-viral technologies (Ginn
et al. 2018).

2 Gene Therapy Overview

With the advent of genetic engineering in the early 1970s a new avenue for gene
therapy opened up. Twomain instrumentswere necessary for the technique: amethod
of cloning unique genes for diseases and an efficient gene transfer tool.

The US scientists Theodore Friedmann and Richard Roblin demonstrated the
promise of the gene therapy technology. In 1972 they published an article in Science
(Friedmann and Roblin 1972) indicating that genetically engineered tumor viruses
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could be used to move the genetic material required to treat patients with genetic
disorders.

This system was first evaluated in the case of beta-thalassemia which is a severe
blood condition caused by a genetic mutation in beta-globin gene. In 1976, scientists
from the Cold Spring Harbor Laboratory and Harvard University cloned the beta-
globin gene (Maniatis et al. 1976). This was the first gene to cause disease ever
cloned.

In 1980, Dr. Martin Cline from the University of California in Los Angeles made
the first attempt to use gene therapy in humans (Sun 1982). Cline and his team were
unsuccessful in the treatment of two patients with beta-thalassemia by injecting the
recombinant gene into their bone marrow and then reinfusing the cells. The findings
of the experiment were inconclusive, unpublished and posed legal questions and
public debate.

Later on, in the 1980s, retroviruses paved the way in developing more efficient
carriers for gene therapy. Richard Charles Mulligan from Massachusetts Institute
of Technology, along with his collaborators, managed to genetically alter a mouse
leukemia retrovirus so that it could transport and deliver DNA sequences without
reproducing in humans (Mann et al. 1983).

Benefiting from these new advances, the first approved gene therapy trial in
humans is carried out by Michael Blaese, French Anderson and colleagues at NIH in
1990. It used a retroviral-mediated delivery of adenosine deaminase gene (ADA) to
the T cells of two children affected by serious combined immunodeficiency disease
(SCID) (Blaese et al. 1995; Sheridan 2011). That proved to be effective in one of the
patients and encouraged the launch of numerous gene therapy trials in the following
decades. The technique expanded by introducing new vectors, such as adenoviruses.

Eventually, the first commercial gene therapies appeared on the market. In 2003,
Geneticin, a recombinant adenovirus treatment for squamous cell carcinoma in the
head and neck (Pearson et al. 2004) was approved in China. In 2012, Glybera
is licensed, the first for Europe, as a gene therapy suggested in the treatment of
lipoprotein lipase deficiency (Burnett and Hooper 2009; Miller 2012).

The journeyof gene therapywas notwithout issues,with the death of somepatients
or side effects including leukemia caused by viral vectors requiring legislative and
ethical reconsideration.

Motivated by the problems encountered by viral vectors, research on non-viral
vectors began to develop in parallel. In 1980 it was first demonstrated how phospho-
lipid phosphatidylserin-based liposomes could transport DNA from SV40 virus to
monkey kidney cells (Fraley et al. 1980).

Vectors based on cationic polymers represent a very wide class due to their chem-
ical diversity; they are very versatile and can have countless functional groups and
targeting elements. Within them, the poly-L-lysine polypeptide (PLL) was the first
such vector to demonstrate the ability to bind DNA (Olins et al. 1967; Laemmli
1975). PLL is followed by PEI, a cationic polymer rich in amino groups, which has
demonstrated the ability to bind and transfect DNA since the 1990s (Boussif et al.
1995).
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Then, non-viral vectors began to diversify, comprising a wide range of liposomes,
cationic polymers, dendrimers, peptides, vectors to which a number of chemical
modifications were made to improve transfection and targeting properties (Yin et al.
2014; Lostalé-Seijo and Montenegro 2018).

In recent years, genomic editing techniques involving zinc-finger proteins (ZFPs),
transcription activator-like effectors (TALEs) and clustered regularly interspaced
short palindromic repeats (CRISPR)—Cas systems have gained increasing interest
(Cong et al. 2013; Gaj et al. 2013; Mali et al. 2013; Urnov et al. 2010). They aim to
accurately edit a genomic sequence and are an important step towards personalized
medicine.

3 Viral or Non-viral

Among the viral ones, adenoviral vectors are probably of the most common. These
vectors have the advantage that they function well in non-dividing cells, which is
something hard to achieve by non-viral vectors. From the retroviruses, lentiviral
vectors are also very popular, especially human immunodeficiency virus and the
herpes simplex virus. Besides the fact that they do operate in non-dividing cells,
these carriers could pack big DNAmolecules, making them suitable for larger genes.
Unfortunately it is hard to control the place of insertion into genome, raising safety
concerns. They are better used in vitro in difficult to transduce cells.

Both viral and non-viral gene carriers have drawbacks and benefits which are
summarized in Table 1.

Non-viral methods of introducing genetic material into cells, also called trans-
fection methods, are numerous and comprise physical methods like electroporation,
magnetofection, microinjection, gene gun, sonication, optical transfection and chem-
ical methods which rely mostly on liposomes, dendrimers and cationic polymers.
Among the first non-viral agents invented were cationic lipids, PLL and PEI.

PEI is perhaps themost studied cationic polymer used in transfection.Our research
group has developed several vectors made of low molecular weight PEI stable
attached through covalent bonds (Uritu et al. 2015a; Uritu et al. 2015b; Dascalu
et al. 2017; Ardeleanu et al. 2018) to different hydrophobic cores (Fig. 1), as well
as vectors based on dynamic chemistry where components where linked through
reversible imine bonds (Clima et al. 2015; Turin-Moleavin et al. 2015; Ailincai et al.
2019; Craciun et al. 2019).

In general, high molecular weight PEI (15–25 kDa) is very effective in transfec-
tion, but this comes with a price, increased cytotoxicity. At the opposite pole is low
molecular weight PEI, which has a good biocompatibility but also a low efficiency
in transfection. Our approach was to combine low mass PEI molecules for good
biocompatibility and the use of hydrophobic cores to improve transfection.
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Table 1 Risks and benefits of viral and non-viral vectors

Viral vectors

Benefits Risks

Very high efficiency
Could be applied to different human cell types

Limited carrier capacity
Usually infect more than one type of cell, not
always a desirable aspect
Random genomic integration
Risk of Weismann barrier breach and germline
modification
Overexpression of transgene
Strong immune reaction
Risk of transmission from the patient to other
individuals or into the environment
High costs

Non-viral vectors

Benefits Risks

Low costs
Large scale production
Reduced safety concerns
Low immunogenic potential
Increased cargo capacity
Flexibility

Lower efficiency
Increased toxicity at efficient concentrations

Fig. 1 Non-viral vectors. Their synthesis was done by attaching PEI and PEG molecules to
hydrophobic cores such as fullerene, siloxane, β-cyclodextrin
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4 Polyethylenimine Vectors, Mechanism of Action

The process of DNA packaging by PEI is due to the electrostatic forces between the
positive charges of the polymer and the negative ones of the nucleic acids. The result
is the formation of polyplexes,which are particleswith a certain degree of polydisper-
sity. The nitrogen/phosphorus ratio (N/P ratio) which depends on the polymer/DNA
ratio has a very important role in the transfection efficiency, particles with electric
positive surface being more efficient in the interaction with the negatively charged
surface of the cell membrane. The interaction process between polyplexes and cells
requires endocytosis (Bieber et al. 2002; Rejman et al. 2005) and is facilitated by
syndecans and the catabolism of the extracellular matrix (Demeneix and Behr 2005;
Kopatz et al. 2004; Christianson and Belting 2014). Polyplexes make contact with
the cell membrane through syndecans, transmembrane proteins that present in their
distal extracellular portion heparan sulfate, anionic components that interact with the
extracellular matrix and cationic particles. The process is continuedwith the agglom-
eration of several syndecanmolecules and the activation of cytoskeletal proteins with
which syndecans react through the intracytoplasmic domain. Eventually the action
of the cytoskeleton will pull the cell membrane inward, resulting in its invagination
and sequestration of polyplexes into endosomal vesicles (Fig. 2).

The endosomal sequestration of PEI/DNA complexes can be problematic because
the physiological maturation of endosomes results in either fusion with lysosomes

Fig. 2 Endosomal escape. First, the polyplexes interact with the cell membrane and enter the
cell through endocytosis. In the endosome ATPase proton pumps actively translocate protons from
the cytosol into the endosomes but PEI based vectors with ‘proton sponge’ property will become
protonated and will resist the acidification. The protons influx is followed by passive entry of
chloride ions leading to water influx, osmotic pressure and possible rupture of the endosome.
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or direct transformation into lysosomes. The lysosomal acidic environment, rich in
degradable enzymes, would not be a friendly space for any drug.

But here PEI emphasizes its feature of proton sponge by using amino groups
capable of protonation, which can absorb much of the protons pumped into the
endosomes by proton pumps, thus resisting the tendency to acidify. The active inflow
of protons will be followed by the passive influx of anions, such as chlorine, and
the increased ionic concentration will facilitate the penetration of water by osmotic
pressure and the swelling and rupture of the endosome with the release of polyplexes
in the cytosol.

The exact mechanism of endosomal escape is controversial and not fully
understood (Won et al. 2009).

Some researchers argue that there is no change in lysosomal pHdue to the presence
of PEI and V-ATPases proton pumps could overcome the buffering capacity of PEI
(Benjaminsen et al. 2013). Moreover, the bursting of endosome could actually be
detrimental for cell health due to the release of apoptosis inducing enzymes (Roberg
et al. 2002).

Once released into the cytosol, the journey of polyplexes does not end here, for
gene expression to take place, DNAmust reach the nucleus. The cytosol is not a safe
place for DNA, on the one hand it is a very crowded space, through which it diffuses
hard and at the same time it contains nucleases that can quickly degrade nucleic acids.
This is why it is important that DNA does not break down from polyplexes yet. The
most advantageous time for polyplexes to reach the nucleus is during mitosis.

5 Addressing Efficiency and Biocompatibility Using in vitro
Assays

In order to support the research of transfection vectors, regardless of whether their
destination is in vivo or in vitro use, it is necessary first of all to test them in vitro.
The tests must tackle, on the one hand, the transfection potential and, on the other
hand, their cytotoxicity.

5.1 Gel Retardation Assay and Dye Exclusion Assay

Before transfection experiments begin, the ability of vectors to bind DNA must be
investigated first. There is no reason to make transfections on cells with molecules
that do not prove the ability to pack nucleic acids.

One of the most common and oldest tests to evaluate the packaging capacity of
non-viral vectors is gel retardation assay. This technique is actually nothing else but
a variation of affinity electrophoresis procedure used to test protein-nucleic acids



246 D. Peptanariu et al.

Fig. 3 Binding capacity of vectors. A vector based on PEI and fullerene core was the subject of
testing using a) gel retardation assay and b) dye exclusion assay

interactions which can identify if a protein or a protein mixture will attach to a
specific DNA or RNA sequence (Scott et al. 1994).

Unlike the classic use of this test in protein-nucleic acid interactions, here the
place of the protein is taken by our vector, and the specificity of the interaction with
certain nucleic acid sequences interests us less, being more important the ability to
bind DNA and RNA in general.

The assay is usually performed as electrophoresis on an agarose gel. Free DNA is
placed in one well of the gel, and polyplexes in increasing N/P ratios are placed in the
next wells. As expected, once electric current is applied, DNA being an electroneg-
ative molecule will begin to migrate into the electric field. In the case of polyplexes,
however, this migration will be slowed down with the increase of the N/P ratio, being
completely abolished over a certain N/P. At the same time, the bands corresponding
to polyplexes will be less bright due to the displacement of the staining agent by the
polymeric vector (Fig. 3a).

A test called GelRed (GR) dye exclusion assay is another one that we have used in
our work (Vasiliu et al. 2018; Craciun et al. 2019) to investigate the binding capacity
of vectors. GR is a sensitive dye used to stain nucleic acids and is safer to use than
ethidium bromide because it is impermeable to the cell membrane and therefore
cannot penetrate living cells.

GRfluorescence increases significantly as it interacts and binds to double-stranded
DNA molecules. Due to this fact, it can also be used to investigate the ability of
vectors to bind DNA. Thus, for this test, samples with polyplexes DNA-vector are
first prepared individually at various N/P ratios, after which GR is added to each of
them. As the N/P ratio increases, more and more GR will be excluded by the vector
from the DNA complex resulting in a decrease in fluorescence (Fig. 3b). The result
is read with the help of a plate reader. This test is more sensitive than gel retardation
assay, requires much smaller amounts of reagents and provides a quantitative result,
allowing comparison between the binding powers of various vectors.
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5.2 Evaluation of Transfection Efficiency
and Biocompatibility

Once the ability to bind nucleic acids by vectors has been proven, we can move on
to testing the efficiency of transfection, i.e. the purpose for which we created these
chemical structures.

In general, such studies generate libraries of chemical compounds that must be
tested in different concentrations, ultimately raising the number of samples a lot.
Thus, it is very important that the chosen assays meet a number of characteristics
such as: efficiency in simultaneous running on a large number of samples, the ability
to generate reproducible data, and last but not least to be economically feasible.

To help us get results more easily, polyplexes are prepared using test vectors and a
plasmid containing a reporter gene such as luciferase, β-galactosidase or a fluorescent
protein like green fluorescent protein (GFP) (Bono et al. 2020). The purpose of these
reporter genes is to generate an easily detectable result in the case of a successful
transfection (Fig. 4).

Performing a cell transfection experiment must take into account several aspects.
Cellular mitosis is important for the success of transfection, for this reason it is

good for the cells to be in the exponential growth phase and their confluence to be
between 70 and 90% for adherent cells. The optimal cell density must be found to
obtain the best possible transfection result (Malloggi et al. 2015).

Cell lines are preferable in transfection experiments precisely because they have
a high rate of division, in contrast to aging primary cells, which rarely replicate
and are very difficult to transfect (Pezzoli et al. 2017). The health of the cells is

Fig. 4 Evaluation of transfection efficiency. Cells are transfected with polyplexes containing
reporter genes. Efficient transfection results in cells expressing either a fluorescent protein which
can be seen in fluorescence microscopy, or luciferase which could be quantified after reaction with
luciferin by reading light emitted with a luminometer
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Fig. 5 Preparation of transfection solution. Polyplexes are created by mixing the vector with
plasmid DNA, after which the cell culture medium is added. The final solution is used to treat
the cells.

ensured by the culture conditions, among them their nutritional environment being
very important. Thus, the cells cannot be bathed directly in a polyplex solution
and expected to maintain their full viability. For this reason, it is preferable for
the transfection to take place in a culture medium in which polyplexes are also
present. The experiment begins by forming a polyplex solution by mixing vectors
with plasmid DNA in the absence of the culture medium, after which the latter is
added (Fig. 5).

It is important that things are done in this order because the presence of the culture
medium during the formation of polyplexes can interfere with the process.

The preparation of polyplexes in a salt environment leads to their aggregation
over time, which facilitates sedimentation and improves transfection by increasing
the concentration in the vicinity of adherent cells (Jones et al. 2013; Hill et al. 2016).

For the reasonmentioned above related to good cell viability, the polyplex solution
is good to represent a small fraction of the final volume that will be used for the
treatment of cells (van Gaal et al. 2011).

Serum can be present, although serum proteins can interact with polyplexes, the
serum culture medium improves the quality of transfection because it ensures better
cellular health.

Because cationic polymers destabilize the cell membrane (Hong et al. 2006;
Leroueil et al. 2008), it is preferable not to use antibiotics in the transfection medium
since they could penetrate cells more easily and induce an increase in toxicity.

Several N/P ratios will be tested to find those optimal for transfection. To establish
the range of N/P concentrations, the data from the DNA binding experiment will be
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Fig. 6 Typical transfection results. a) Fluorescence microscopy of Hela cells 48 h after transfection
with GFP and vector based on polyethylenimine attached to a rotaxane core. Scale bar 200 μm
(Ardeleanu et al. 2018). b) Luciferase assay on HeLa cells 48 h after transfection with luciferase
gene carried by a vector made of β-ciclodextrine core with PEI and PEG. Results expressed in RLUs
± S.E.M (standard error of the mean). RLUs = relative light units (Dascalu et al. 2017).

used, in general the N/P values at which the maximum binding capacity begins to be
reached are the ones where an optimal transfection takes place.

Transfectionwith theGFP reporter gene gives us a qualitative result by visualizing
the transfected cells under a microscope. A plasmid carrying the GFP gene fused to
the gene of a nuclear localization peptide will lead to the accumulation of the GFP
protein in the cell nucleus, allowing an easier view of the results (Fig. 6a).

Fluorescence microscopy will bring a qualitative result, but it may be subjective,
transfection with the reporter gene for luciferase (Fig. 6b) is a more sensitive test
that provides a valuable quantitative result that allows the detection of more subtle
transfections and permits comparison between the efficiency of various vectors or at
various N/P ratios. In the case of this assay, a global response, mediated on the entire
amount of cells in the sample is given.

Luciferase is an oxidative enzyme present in certain animal species that manifest
bioluminescence.

Light is released in the luciferase reaction as luciferase acts on its specific
substrate, luciferin, in the presence of ATP (Fig. 7).

Luciferase assay is very reliable: because the luciferase bioluminescence does
not require light excitation, there is limited auto-fluorescence and thus practically
background-free fluorescence.

Light sensitive devices such as luminometers or microplate readers equipped with
luminescence module can measure light emission.

In the case of β-galactosidase gene transfection, the successfully transfected cells
will express the β-galactosidase enzyme and after treatment with the substrate X-gal,
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Fig. 7 Luciferase reaction. Luciferin protein is converted in the presence of ATP by the enzyme
luciferase into oxyluciferin. The reaction occurs with photon emission which can be quantified by
a luminometer.

an intensely blue-colored product is obtained. Thus, the transfection can be quantified
by reading the absorbance to a microplate reader.

Flow cytometry is another method to quantitatively evaluate transfection
performed with reporter genes for fluorescent proteins, such as GFP. However, it
should be noted that unlike the luciferase assay, larger amounts of cells are required
for flow cytometry. Also, the method involves a longer time to prepare the samples
for reading, with the risk of introducing differences between the first and last samples
read. However, this method is very useful to find out the percentage of cells that have
been transfected.

The purpose of non-viral vectors is to transfect cells; however it is important
that this process takes place without harmful effects on cell viability. Therefore,
in vitro testing of vectors should also include the analysis of their biocompatibility.
Microplate assays are of choice to analyze the large number of samples required by
a library of compounds at different concentrations.

Metabolic colorimetric assays are often used for their simplicity; they do not
directly determine viability and proliferation, but do so indirectly by measuring the
cell’s ability to convert a tetrazolium salt (MTT, MTS, XTT) to formazan.

MTT is a colorimetric test described by Mosmann (Mosmann 1983) to quantify
the proliferation and survival of mammalian cells. This test is based on the ability
of cellular oxidoreductase enzymes in living cells to reduce a tetrazolium salt into a
water-insoluble purple formazan.

In a typical MTT experiment, the cells of interest are cultured in the presence
of the test substance for a certain amount of time (1–2 days) after which the cell
cultures are treated with the MTT agent for several hours. At the end a formazan is
obtained which will be dissolved by the addition of DMSO and the absorbance at
560 nm will be read on a microplate reader. The absorbance value of formazan is
directly proportional to the number of healthy cells.

Very similar, in the case of MTS it is another tetrazolium salt that produces a
water-soluble formazan, thus eliminating the solubilization stage at the end of the
MTT test (Fig. 8).

These tests cannot discriminate between reduced proliferative activity or slowed
cellularmetabolic rate, but they could be complementedwith other viability tests such
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Fig. 8 MTS assay. Relative
viability of HeLa cells 48 h
after transfection with
compound B, a non-viral
vector constructed with a
linear siloxane core with low
molecular mass PEI attached
through imine linkage.
Results expressed as
percentage relative to
viability of untreated cells ±
S.D. (standard error of the
mean). The results show a
better biocompatibility of
compound B compared to
the PEI from which it was
synthesized (Ailincai et al.
2019).

as live-dead staining. One such familiar test is the staining with propidium iodide
and calcein AM (acetoxymethyl). CalceinAM stains living cells in fluorescent green,
while propidium iodide, impermeable to the living cell membrane, stains dead cells
in fluorescent red by binding to nucleic acids.

Flow cytometry can be used both to quantify transfection and to evaluate cell
viability. But as we mentioned, care must be taken in experiments involving a large
number of samples and in the time elapsed between the acquisitions of various
samples.

6 Final Notes

Medicine is evolving and although not perfect, gene therapy is here to stay, enhancing
its methods each year. Improved synthesis techniques in the field of non-viral vectors
havemadenewmolecular structures possible. Thenumber of transfection compounds
has become impressive and there is an increasing demand for bioassay screening.

In-vitro biological assays for non-viral vectors must be carefully selected for their
sensitivity, specificity, reproducibility and the option to be easily applied. As none
of the transfection assessment tests provide all the information, it is good practice
to combine them. For example, transfection with GFP and luciferase provides a
comprehensive picture of transfection efficiency by providing both qualitative and
quantitative information.
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Biodegradable Nanoparticles for Specific
Drug Transport

Karin Danz, Hagen von Briesen, and Sylvia Wagner

Abstract Biodegradable nanoparticles are highly versatile and adaptable delivery
systems for pharmaceutical drugs. The nanoparticles can be targeted to specific
cell types and tissues, modified to overcome biological barriers the contained drugs
cannot overcome on their own and at the same time mask the undesirable side effects
of pharmacological substances. The nanoparticle characteristics can be tailored to
specific targets by modifications such as the addition of antibodies to the particle
surface or coating them in substances altering their circulation behaviour. Different
approaches and examples for targeted drug delivery with biodegradable nanoparti-
cles are discussed, as well as model systems for the advanced evaluation of the used
formulations shown.

Keywords Biodegradable nanoparticles · Specific drug targeting · Overcome
biological barriers · Blood-brain barrier
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PVA Polyvinyl alcohol
TER Transendothelial electrical resistance

1 Introduction

The targeted delivery of drugs within the human organism is an ongoing challenge in
pharmaceutical circles. To this day, the administration of drugs by oral or intravenous
means leads to a nearly uniform distribution within the body once initial absorption
e.g. through the gastrointestinal tract by oral delivery has occurred. This is followed
by enrichment in tissues capable of metabolising or storing the substances, specif-
ically liver, kidney and spleen. The only exception in this systemic distribution in
many cases is the brain environment. Here, the blood-brain barrier (see Sect. 4.2) due
to its highly selective character prevents more than 98% of all pharmaceutical drugs
from crossing into the brain environment (Pardridge 2005). The general systemic
distribution provides an advantage when tackling systemic illnesses but, in many
cases, a targeted approach would be preferable. Modern drugs still carry the poten-
tial for both unwanted side effects of a single drug or problematic drug interactions
in case of application of multiple substances. The possibility to deliver a drug only to
the tissue or organ of interest has been a research target for decades. One of the most
promising options to achieve this goal are nanoparticulate delivery systems. Since
their first descriptions in the 1970s, nanoparticles have been investigated for a number
of potential applications, not limited to targeteddrugdelivery (Birrenbach andSpeiser
1976; Kreuter and Speiser 1976; Scheffel et al. 1972). The use in diagnostic context
for example is of particular interest as well. Here, metallic nanoparticles specifically
have proven useful (Mody et al. 2010). Yet, for drug delivery approaches, especially
in the case of long-term or continuous medication, the nanoparticle systems need
to be biocompatible to such a degree as to not build up over time of administra-
tion or instigate an immune response for clearing (Mirabello et al. 2015). A base
of biodegradable polymers, that can be degraded and metabolised within existing
cellular metabolic pathways, have been the solution of choice for some time.

2 Nanoparticulate Drug Delivery Systems

For drug delivery approaches, nanoparticles are classified as structures with a mean
size of 1 to 1000 nm.While a colloidal shape ismost common, other shapes including
cubic or rod-like are possible (Saraiva et al. 2016). The base material, as mentioned
above, is usually comprised of biodegradable polymers. This includes both natural
macromolecules like human serum albumin (HSA), gelatine, chitosan or alginate, as
well as synthetic polymer blocks like polylactic acid (PLA), poly(lactic-co-glycolic)
acid (PLGA), polyacrylic acid and its derivatives and others (Kumari et al. 2010).
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The resulting particles exhibit a natural electric charge, that can range from positive
to negative with varying degrees of strength. The drugs are either trapped within
the particle matrix itself or bound to the particles surface. Additionally, surface
modifications are possible to achieve specific characteristics or target certain cells
types, organs or tissues (Fig. 1).

The nanoparticle production itself is largely dependent on the base material. Both
chemical polymerisation reactions as well as dispersion-based methods have been
described (Kreuter 1983). Chemical polymerisation reactions establish crosslinks
between the polymer blocks. Controlling this chemical reaction provides a certain
degree of adjustability concerning the appearance and characteristics of the produced
nanoparticles. With dispersion methods, the polymer blocks are allowed to form
nucleation cores and grow within a solution without establishing chemical links

Fig. 1 Key nanoparticle characteristics influencing circulation behaviour and cellular targeting.
Nanoparticles can be comprised of natural biopolymers, like albumin, chitosan or gelatin, or
of synthetically produced building blocks, such as synthetic polymers, including polylactic acid
(PLA), poly(lactic-co-glycolic) acid (PLGA) andpoly(ethylenimine) (PEI), or inorganic substances,
usually metals (Gold, Silica, Iron). Nanoparticle sizes can range from 1 to 1000 nm and the trans-
ported drugs can be covalently bound or adsorbed to the particle surface, as well as entrapped within
the particle structure. The shapes of nanoparticles vary, from spherical to cubic, rod-like or tubular,
any number of configurations are possible. Nanoparticles can also exhibit charges ranging from
positive to negative, including a zwitterionic characteristic. Functionalisation of nanoparticles is
achieved by utilising ligands with desired characteristics. The main interactions that can be induced
through ligands are: (i) enabling adsorption of specific proteins through surfactants like polysorbate
80 (P-80); (ii) allowing direct interaction with the blood-brain barrier (BBB) through transferrin
proteins, antibodies or similar; (iii) increase the hydrophobic character of the nanoparticles by
attaching amphiphilic peptides; or (iv) alter the duration of blood circulation of the nanoparticles,
e.g. by binding poly(ethylene) glycol (PEG) to the particle surface (Saraiva et al. 2016).
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Fig. 2 Schematic illustration of nanoparticle preparation bydispersionmethod.Toprepare nanopar-
ticles, the base polymers are dissolved in an organic phase and then added to an aqueous phase with
continuous agitation. Agitation methods can include stirring, ultrasound, mechanical mixing or
others. The polymer blocks in the finely dispersed organic phase form nucleation cores. These
cores grow by accretion of further polymer blocks to the cores, encouraged thorough continuous
evaporation of the remaining organic phase

(Fig. 2). In order to influence the produced particle, different parameters, including
the dispersion method itself, the complexity and characteristics of the used solvents,
the polymer blocks as well as the ratio of potentially more than one base polymer can
be adjusted to achieve a certain aim. For both methods, the drugs to be delivered can
be trapped within the developing particle structure or linked covalently or chemically
to the particle surface (Vauthier and Bouchemal 2009). The nanoparticle surface also
provides an area for further development and specific modifications.

Historically, the first pharmaceutically developed nanoparticleswere “bare” on the
surface, but already Akasaka et al. (1988) published an albumin-based nanoparticle
modifiedwith cell-specific antibodies for targeted delivery. In 2001, the first albumin-
based nanoparticles for tumour therapy advanced to clinical studies (Damascelli et al.
2001) and in 2005, the first albumin-nanoparticles were approved by the “Food and
Drug Administration” (FDA) as medicinal product, followed by approval through
the European Medicines Agency (EMA) in 2008. This drug is called Abraxane, a
formulation of HSA nanoparticles containing the cytostatic agent paclitaxel, and is
used in cancer treatment (Miele et al. 2009).

Surface modifications can encompass any number of substances, including
peptides, proteins, antibodies, small molecules and even polymers different from the
base polymers. They can be attached through covalent bonds or simple adsorption
and will have different effects, allowing either passive or active targeting approaches,
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but also increasing the circulation time of the nanoparticles in the blood stream (Gref
et al. 1994). This is necessary to allow sufficient absorption of the nanoparticles in the
targeted tissues (Zara et al. 2002) and is achieved by masking the nanoparticles from
being recognised as foreign by the immune system (Storm et al. 1995). Potential ways
to mask them include hydrophilic surfaces modifications (van Vlerken et al. 2007;
Kaul and Amiji 2002) as well as addition of surfactants (Troster and Kreuter 1992)
or serum components (Wagner et al. 2012), forming so called “stealth”-particles
with increased retention time in circulation (Moghimi and Hunter 2001). Combining
this effect with further targeting, either passive or active, provides a highly specific
delivery system for drugs.

2.1 Passive Targeting

The passive targeting approach is most common in tumour targeting. Tumour growth
is usually accompanied by increased angiogenesis and decreased lymphatic drainage
(Maeda et al. 2000). The formed blood vessels tend to be imperfect in as far as the
endothelial cells lining the vessels do not form a continuous, unbroken structure. The
normal tight endothelial configuration prevents nanoparticles circulating in the blood
stream from simply being taken up into the surrounding tissue. When the endothelial
barrier is thus riddled with imperfections, the particles can simply penetrate through
these into the surrounding tissue. The vessels found in tumours show holes between
endothelial cells with a diameter of 200 to 600 nm, thus allowing nanoparticles to
be taken up into the tumour tissue and accumulate there (Noguchi et al. 1998). This
effect is known as the “Enhanced Permeability and Retention” (EPR) effect and
forms the basis for passive targeting. This effect is especially useful when combined
with the above-mentioned “stealth”-particles.

2.2 Active Targeting

Active targeting makes use of cellular structures of the target cells and uses estab-
lished cellular uptake mechanisms for the nanoparticle transport into the cells.
Ligands like polysaccharides, proteins or antibodies are bound to the nanoparticle
surface and will interact with their specific receptors present on the cellular surface
(Nobs et al. 2004). This enables the active uptake of the nanoparticles in the cells of
interest. Based on the specific ligand selected for the particle modification, specific
cells and tissues can be targeted as destination of the nanoparticles.
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3 Nanoparticles for Specific Tumour Therapy

Therapeutic intervention for cancer treatment and tumour targeting is a major area
of interest in nanoparticle development. Due to the nature of tumour growths as
highly proliferating and adaptable tissues, successful drugs often have a general
cytotoxic affect and a wide variety of negative side effects. Encapsulating these
drugs in nanoparticles has the potential of masking undesirable side effects while
still delivering them to the areas where their effects are of use, namely the tumours
themselves. This masking has been shown for the chemotherapeutic doxorubicin,
whose cytotoxic side effects on heart tissue and testes were significantly lowered
when encapsulated in HSA nanoparticles (Pereverzeva et al. 2007). Examples for
tumour specific targeting are the targeting of breast cancer or melanoma cells based
on receptor expression andmaking photosensitisers a viable treatment option despite
their challenging side effects.

3.1 HER2-Overexpressing Breast Cancer

The human epidermal growth factor receptor-2 (HER2) is one of three important
receptors that can be found in breast cancer and is an important prognostic factor. A
humanised monoclonal antibody targeting HER2 called trastuzumab was approved
by the FDA in 2008 and improved prognosis of patients with this type of cancer
significantly. Modifying nanoparticles with this agent allows for making use of the
effect trastuzumab can achieve on its own while simultaneously delivering a second
drug to combat the tumour. Incorporating doxorubicin as chemotherapeutic agent
into HSA nanoparticles and modifying them on the surface with covalently bound
trastuzumab has allowed for specific targeting ofHER2-overexpressing breast cancer
cells, improved internalisation (Fig. 3) and prolonged the effect of doxorubicin in
these cells (Anhorn et al. 2008).

The nanoparticle base of HSA is rapidly degraded after cellular uptake allowing
the encapsulated doxorubicin to be released and therefore significantly increasing
its intracellular concentration and effectiveness. The uptake into the target cells is
insured through the monoclonal antibody trastuzumab. When bound on the nanopar-
ticle surface, the antibodies are still capable of binding to their target receptor HER2
on the tumour cells and are quickly internalised. Due to the covalent bond with the
nanoparticles, these are internalised in the same process and thus become accessible
for the intracellular degradation and doxorubicin release (Fig. 4).
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Fig. 3 Cellular uptake and intracellular distribution of HSA nanoparticles analysed by confocal
laser scanning microscopy. HER2-overexpressing breast cancer cells SK-Br-3 were cultured on
glass slides and treated with either (a–c) doxorubicin-loaded control nanoparticles without anti-
body modification or (d–f) doxorubicin-loaded nanoparticles modified with the specific HER2-
recognizing antibody trastuzumab for 4 h at 37 °C. Nanoparticles show autofluorescence (green
channel, (a) and (d)) and cell membranes were stained with Concanavalin A AlexaFluor 594 (red,
(b) and (e)). Images (c) and (f) show an overlay of the dedicated channels. All images were taken
of inner sections of the cells (Anhorn et al. 2008)

3.2 Melanomas

The same principles as described above can be used to target any number of different
cancers based on the expression of specific receptors. A second example is the
targeting of melanoma cells based on their overexpression of integrin αVβ3 (Wagner
et al. 2010b). This integrin is involved in angiogenesis and is overexpressed in a
number of cancers including melanomas. A monoclonal antibody called DI17E6 has
been described, that can inhibit the growth of melanomas both in vitro and in vivo.
When this antibody is covalently bound to doxorubicin-loaded HSA nanoparticles,
its own effect can be enhanced through the cytotoxic effect of the doxorubicin when
delivered directly to the melanoma cells (Fig. 5). This leads to an increased cytotox-
icity in the target cells (αVβ3-high expressing melanoma cells) when compared to
either free doxorubicin or theDI17E6 antibody alone, while not showing cytotoxicity
in cells low in expressing integrin αVβ3, as shown in Table 1:
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Fig. 4 Cell viability assay comparing doxorubicin-loaded trastuzumab-modified nanoparticles
(NP-Dox-trastuzumab) with doxorubicin-loaded IgG-modified control nanoparticles (NP-Dox-
IgG). HER2-overexpressing breast cancer cells SK-Br-3 were incubated with the same concen-
tration of either specific NP-Dox-trastuzumab or control NP-Dox-IgG in PBS for 4 h at 37 °C.
After washing the cells were incubated for a further 7 d at 37 °C. WST-1 reagent was used to
determine the cell viability by measuring the formazan formation. The 100% standard was set with
untreated cells (internal control of each experiment n = 9, one representative experiment out of
three independent experiments is shown). **: The two samples are significantly different (P < 0.01,
two-tailed Mann-Whitney U Test equivalent to Wilcoxon rank sum test) (Anhorn et al. 2008)

3.3 Nanoparticulate Photosensitisers for Tumour Therapy

Photosensitisers are compounds capable of producing highly reactive oxygen species
and inducing cellular deathwhen exposed to light of a certainwavelength. The second
generation photosensitiser mTHPC (trade name Foscan) was approved for the treat-
ment of advanced head and neck cancer by the EMA in 2001 and has shown a
significant phototoxicity in many cancer cells in vitro. Yet, due to its poor water
solubility and dark toxicity the applicability to a wider variety of cancer in vivo has
proven difficult. Therefore nanoparticles were developed encapsulating mTHPC in
order to decrease its dark toxicity and improve water solubility. PLGA nanoparticles
loaded with mTHPC were shown to accumulate mTHPC in colon carcinoma cells in
an amount comparable to the free substance (Löw et al. 2011). While the phototoxic
effect after light exposure was similar in cells treated with either the encapsulated or
free mTHPC, the dark toxicity was significantly reduced in cells exposed to nanopar-
ticular mTHPC (Fig. 6). Therefore encapsulating mTHPC ameliorates the negative
side effects of the drug while maintaining its intended effect. Combining the encap-
sulation of mTHPC with targeting approaches as discussed above could open up
a number of avenues where mTHPC can be used in cancer treatments without the
significant side effects that prevent the wider use of the free substance.
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Fig. 5 Cellular uptake and intracellular distribution of doxorubicin-loaded DI17E6-modified HSA
nanoparticles studied by confocal laser scanning microscopy. αVβ3-high expressing melanoma
cells M21 were cultured on glass slides and treated with 10 ng/μL doxorubicin-loaded DI17E6-
modified HSA nanoparticles for 4 h at 37 °C. Nanoparticles were visualised using their green
autofluorescence, doxorubicin showed red autofluorescence and cell membranes were stained with
Concanacalin A AlexaFluor 350 (blue). Images were taken within the inner cell sections.A overlay
of all channels, B cell membranes stained blue, C green autofluorescence of HSA nanoparticles, D
red autofluorescence of doxorubicin (Wagner et al. 2010b)

4 Nanoparticles for Crossing Biological Barriers

Nanoparticular development for improved drug delivery does not only have to take
the ultimate target of the particle delivery into account, but also needs to consider the
route the particles have to take to reach that target. The initial application of nanoparti-
cles is theoretically possible through all routes also used for non-encapsulated drugs.
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Table 1 IC-50 values of
different nanoparticulate
formulations in αVβ3-high
expressing melanoma cells
(M21) or αVβ3-low
expressing melanoma cells
(M21L) (Wagner et al. 2010b)

M21 [ng/ml] M21L [ng/ml]

Nanoparticle preparation

NP-Dox unmodified 30.8 ± 3.5 75.4 ± 8.3

NP-Dox-Peg >100 >100

NP-Dox-DI17E6 8.0 ± 0.2 >100

NP-Dox-IgG >100 >100

Controls

free doxorubicin 57.5 ± 3.7 70.7 ± 0.8

free DI17E6 >100 >100

Fig. 6 Determination of cell viability. Colon carcinoma cells HT29 were exposed to varying
concentrations of free mTHPC or mTHPC-loaded PLGA nanoparticles (corresponding to a photo-
sensitizer concentration of 0.1–10 μg ml− 1) for 1, 4, and 24 h followed by illumination (652 nm;
5 J cm−2). Control experimentswere not illuminated (Dark control). The cell viabilitywasmeasured
by WST-1 assay. Each result represents the mean viability± standard deviation (SD) of three inde-
pendent experiments and each of these was performed in biological triplicates. Cell viability was
calculated as percentage of viable cells compared to untreated control cells. Untreated cells were
used as negative control (0; 0_ill:illuminated control cells) and 2% Triton X-100 (2% TX) treated
cells as positive control (Löw et al. 2011)
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The main routes used are topical, oral or intravenous delivery. Especially in the case
of topical and oral delivery, additional barriers have to be overcome for the nanoparti-
cles to reach the blood stream. Next to topical administration, oral delivery has high
patient compliance and is therefore the preferred mode of administration when it
comes to a wide variety of drugs. The absorption occurs in the gastrointestinal tract,
mainly the duodenum and small intestine, as long as the nanoparticles are capable
of interacting with this gastrointestinal barrier (Ensign et al. 2012).

4.1 The Gastrointestinal Barrier

The gastrointestinal tract provides a significant barrier for the absorption of drugs
and nanoparticles. Different areas have different pH values, which affect the chem-
ical properties and thus absorption rates of substances based on their structure and
properties. Additionally, the intestinal tract is covered by a mucus layer of varying
thickness depending on the area of intestine. To either overcome or utilise this mucus
barrier, administered nanoparticles need to be specifically modified to either attach to
or cross themucus layer (Ensign et al. 2012). Successfulmucus penetration or perme-
ation has been shownwith PLGA nanoparticles loaded with mTHPC as amodel drug
and duodenal cancer as target (unpublished data). The nanoparticles were modified
with specific surfactants to change their surface properties in such a way, that they
were preferentially bound to the intestinal mucus. Their size in combination with
physical characteristics then allowed them to either penetrate the mucus layer and
reach the underlying duodenal cells, or caused them to be stuck in the mucus layer
and degraded there, releasing the contained drugs at this specific side. The produced
nanoparticles showed increased accumulation in cellular models of duodenal cells
with a mucus layer in contrast to intestinal cells without this layer.

Excursion: The Mucus Chip—An Initial Advanced Testing Module
Considering both the complexity of the gastrointestinal system in general and the
challenging nature of the intestinal mucus layer specifically, advanced testing system
are necessary to investigate the properties and behaviour of orally administered
nanoparticles (Elberskirch et al. 2019). As the first hurdle to either encountering
intestinal cells or absorption into the general circulation is the mucus layer itself,
a specific test system for mucus penetration and retention was devised. The mucus
chip contains a defined layer of intestinal mucus suspended between permeable
membranes (Fig. 7). To simulate the intestinal situation, substances are applied from
the apical side in a static system, while a peristaltic flow of buffer solution is main-
tained on the basolateral side to simulate natural peristalsis. Based on the amount
of nanoparticles found in the basolateral compartment at different time points, the
mucus permeation can be measured and further optimisation steps considered.
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Fig. 7 Microfluidic mucus-chipmodule.AAssembled cartridge withmucus insert,B cross-section
view of mucus insert, micro-membrane chip and compartments (Elberskirch et al. 2019)

4.2 The Blood-Brain Barrier

Another region of the humanbody, that poses a significant challenge for drug delivery,
is the brain. Any drugs, substances or nanoparticles, that want to reach brain tissue,
have to pass the blood-brain barrier (Pardridge 2005). This barrier is comprised of the
endothelial cells forming the brain capillaries, the surrounding basement membrane
with embeddedpericytes and the end feet of associated astrocytes (Keaney andCamp-
bell 2015; Fig. 8).Whatmakes the capillarieswithin the brain unique in contrast to the

Fig. 8 The human blood-brain barrier. A An overview of the human brain with vasculature and
B a graphical representation of the organisation of cells surrounding brain capillaries, known
as neurovascular unit. The capillary wall is comprised of brain capillary endothelial cells (red)
connected by tight junctions (little square). The endothelial cells are surrounded by a basement
membrane (yellow), in which pericytes (green) are embedded. On the brain side of the base-
ment membrane, the capillaries are encompassed by the endfeet of astrocytes (purple), which
can be connected to neuronal axons (beige). The only cell type not directly associated with the
neurovascular unit are microglia (orange) present in the brain parenchyma. Created with BioRen
der.com

https://biorender.com/


Biodegradable Nanoparticles for Specific Drug Transport 267

rest of the body is the fact that the endothelial cells are connected by tight junctions
all around, leaving no gaps at all and restricting even small molecular diffusion in
the intracellular space (Daneman and Prat 2015). The main options to overcome this
barrier are active or passive transport processes. Only a small number of either water-
or lipid-solublemolecules can cross the blood-brain barrier independently. The trans-
port processes used for uptake are adsorptive transcytosis, receptor-mediated tran-
scytosis or the use of transport proteins (Saunders et al. 2013; Tuma and Hubbard
2003). Nanoparticles, due to their size, are restricted to making use of one of these
processes. The exact route nanoparticles take in order to reach neuronal cells has been
extensively discussed and investigated (Wohlfart et al. 2012; Wagner et al. 2012). It
has been shown that nanoparticles modified to present apolipoprotein E (ApoE) on
their surface are internalised into brain capillary endothelial cells through receptor-
mediated endocytosis by the LRP1 receptor, as shown through mechanism studies
(Wagner et al. 2012), followed by transcytosis to neighbouring cells, specifically
astrocytes (Begley 2012), and can be found in different regions of the brain as soon
as 30 min after intravenous injection (Fig. 9) in a mouse model (Zensi et al. 2009).
ApoE or other ligands like ApoA1 (Zensi et al. 2010), transferrin (Ulbrich et al.
2009) or insulin (Ulbrich et al. 2011) have dedicated receptors expressed in the brain
capillaries. These receptors can be targeted for nanoparticle transport using specific
antibodies for these receptors similar to tumour targeting (Ulbrich et al. 2009) or by
presenting the receptor-specific proteins on the nanoparticle surface. To achieve this,
the proteins can be covalently bound or non-covalently recruited to the nanoparticles.
Specific modifications are necessary to achieve this and examples are shown in the
following paragraphs.

4.2.1 Covalently Bound ApoE

ApoE can be bound to the surface of different base nanoparticles and used for a
variety of treatments.

In one study,HSAnanoparticleswith covalently boundApoEhavebeendeveloped
and used to transport oximes across an in vitro blood-brain barrier model (Wagner
et al. 2010a). Oximes are used in the treatment of organophosphate poisoning by
reactivating the blocked acetylcholine esterase in cells, but cannot cross the blood-
brain barrier in therapeutically relevant doses. Thus, they are unable to ameliorate
the neurological effects caused by an imbalance in acetylcholine as neurotransmitter.
Therefore, they were adsorbed to HSA nanoparticles. These particles had ApoE
bound to their surface and were then applied to an in vitro blood-brain barrier model.
It was shown that only particles with the ApoE modification were taken up into the
capillary endothelial cells in a significant amount. These nanoparticles were also
capable of transporting oximes across the in vitro barrier model while maintaining
their functionality in combating organophosphate poisoning (Dadparvar et al. 2011).

In a second study, the base particle consisted of PLA (Stab et al. 2016). Here, the
ApoE-modified nanoparticles showed as well higher accumulation in brain capillary
endothelial cells than unmodified nanoparticles (Fig. 10).
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Fig. 9 Apo-E modified HSA nanoparticles in different brain regions in a SV 129 mouse model.
SV 129 mice were injected in the tail vain with 200 μg ApoE-modified HSA nanoparticles per g
body weight. 30 min after application transcardiac perfusion with a fixative was initiated, brains
removed and sliced. Samples corresponding separate sections of the brain were embedded in resin
and stained with uranyl acetate for electro microscopy. Nanoparticles are indicated by arrows and
were found in a the olfactory bulb, b the cortex, c the striatum, d the hippocampus, e the cerebellum
and f the brain stem (Zensi et al. 2009)
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Fig. 10 Influence of ApoE3-modification on binding and uptake characteristics of nanoparticles
studied via flow cytometry experiments. Primary porcine brain capillary endothelial cells pBCEC
were incubated for 4 h at 37 °C with unmodified control nanoparticles (PLA NP); ApoE3-modified
nanoparticles (PLA-PEG-ApoENP); ApoE3-modified nanoparticles prepared without NaOH in the
buffer (NP production w/o NaOH) or nanoparticles modified with the control protein ovalbumin
(PLA-PEG-Ov NP). Binding intensity was assessed by measuring the Y Geo Mean (Stab et al.
2016)

4.2.2 Non-covalent ApoE Recruitment

The protein ApoE cannot only be bound to nanoparticles before they are adminis-
tered, it is also present in human serum and circulates freely in the blood stream.
Thus, if a reliable way to attract it to the surface of circulating nanoparticles is
identified, the natural reservoir of this apolipoprotein can be used for targeting the
nanoparticles. Meister et al. (2013) have shown that PLA nanoparticles produced in
the presence of polyvinyl alcohol (PVA) are capable of attracting and maintaining a
so-called protein corona of plasma proteins. This corona contained both ApoE and
ApoA1 among other proteins. Flurbiprofen-loaded PLA-PVA nanoparticles were
successfully taken up into brain capillary endothelial cells, capable of crossing an
in vitro blood-brain barrier model and could reduce the γ-secretase activity though
in vitro release of the contained flurbiprofen (Meister et al. 2013). They were also
capable of decreasing the amount of Aβ42 produced by an in vitro cellular model of
Alzheimer’s disease (Stab et al. 2016, Fig. 11).

Excursion: Blood-Brain Barrier Model Systems
Thedecision,whether a covalent or non-covalent bindingof targetingmodifications is
necessary or advisable needs to bemade on a case by case basis. Every particle system
is unique in its properties and behaviour dependent on particle material, contained
substance and targeted application. To analyse and evaluate this, reliable, advanced
model systems for the targeted areas are vital. This is especially true in the case of
the blood-brain barrier. Reliable, reproducible model systems closely mimicking the
in vivo situation and reactions are essential for evaluating nanoparticles developed for
BBB crossing (Helms et al. 2016). Initial model systems were based on immortalised
cell lines and maintained the receptor and transporter status of the in vivo BBB, but
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Fig. 11 Aβ42-lowering capacity of nanoparticles after in vitroBBBCrossing.ASchematic drawing
of experimental design: Primary porcine brain capillary endothelial cells pBCEC were cultivated
on transwell inserts simulating the BBB. When Transendothelial Electrical Resistance (TER) was
adequate, drug-loaded nanoparticles (PLA-FBP NP) were added for 4 h. Then, the apical compart-
ment and pBCEC were discarded and basolateral medium was transferred to culture plates seeded
withAβ42 producingAlzheimer’s diseasemodel cells 7WD10 for 72 h.BAnalysis of 7WD10 super-
natants by a human Aβ42 recognizing ELISA assay. Data from at least 3 independent experiments
(Stab et al. 2016)

the characteristic barrier tightness could not be replicated. This barrier tightness is
characterised by the transendothelial electrical resistance (TER) value, which can
be determined and monitored in model systems. Immortalised cell lines achieved at
most values of 40 �cm2. As achieving a certain tightness or TER value is one basis
for the selectivity, these lines were useful for binding and uptake but not transport
studies. A step towards replicating the barrier transport behaviour was taken with the
development of in vitro BBBmodels based on isolated primary cells (Nakhlband and
Omidi 2011; Stab et al. 2016). These capillary endothelial cells were isolated from
animal sources like bovine, porcine or rodent material. But these models, due to their
non-human origin, do not express the identical receptors and transporters as found
in humans. A model system presenting all relevant characteristics, both in protein
expression and transport behaviour of an intact, sufficiently selective barrier has been
published in recent years (Lippmann et al. 2012). The specifically necessary brain
capillary endothelial cells are differentiated from human induced pluripotent stem
cells (Fig. 12). This human origin ensures a high transferability of the results obtained
in this model system based on transporter status and the barrier tightness obtained
is comparable or superior to that achieved in primary cell models (Lippmann et al.
2014). The source material of human induced pluripotent stem cells also presents
the opportunity to develop specific models for neurological diseases and investigate
whether the uptake and transport processes are altered in a diseased state and if so,
how this impacts therapeutic options.
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Fig. 12 Comparison of protein expression of primary porcine- and human induced pluripotent stem
cell-derived blood-brain barrier models by confocal laser scanning microscopy. Primary porcine
brain capillary endothelial cells (A and C) and stem cell-differentiated brain capillary endothelial
cells (B and D) were cultivated on polycarbonate membrane inserts with 3.0 μm pores for 3 days
at 37 °C before fixation with an aceton:methanol (7:3) mixture. Separate sections of the inserts
were stained (A, B) for Claudin-5 (Cld5) with a rabbit anti-Claudin-5 antibody and (C, D) for
Occludin (Occl) with a rabbit anti-Occludin antibody before counterstaining with a goat anti-rabbit
AlexaFluor 488 antibody (green). Nuclei were DAPI stained (blue). Membranes were immobilised
between two cover slides for microscopic analysis. Images A and B show Claudin-5 (green) and
DAPI (blue) staining, images C and D show Occludin (green) and DAPI (blue) staining. Size bar
25 μm

5 Final Remarks

Overall, it is clear that nanoparticles are a highly adaptable option for drug formu-
lations capable of masking undesirable side effects of drugs while allowing them to
maintain their therapeutic effect upon release in the target cells or tissue. Especially
when it comes to at present unsolved issues, like the dark toxicity and hydrophobic
characteristics of mTHPC or the selectivity of the blood-brain barrier preventing
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most drugs from crossing into the brain, nanoparticles open up new avenues for the
application of existing substances or advancing the development of new therapeutic
treatments. Based on the possibilities to modify just about every characteristic of a
nanoparticle, they can be tailored to achieve specific effects and present targeted prop-
erties. But nanoparticles are not limited to applications in drug delivery. Depending
on what is incorporated, nanoparticles can be used in theragnostics (Fang and Zhang
2010), diagnostic applications (Mirabello et al. 2015), for gene therapy (Cullis and
Hope 2017) or to improve stem cell differentiation (Dayem et al. 2016).
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Smart Polymeric Materials for Drug
Delivery

Gheorghe Fundueanu, Sanda Bucatariu, and Marieta Constantin

Abstract Smart polymers or polymers sensitive to external stimuli are remarkable
materials because they behave similarly to living organisms. Basically, these poly-
mers as linear molecules or cross-linked networks modify their physico-chemical
properties such as hydrophilic/ hydrophobic balance, solubility, degree of swelling
in response to the action of external stimuli present in the human body. Among
stimuli-sensitive polymers, those sensitive to pH and temperature are the most useful
in biomedical area because in the human body, these physico-chemical parameters
change in different body compartments.All of these changeswere exploited to control
the moment and release rates of drugs. Moreover, these systems have the ability of
reacting to the presence of biomolecules released by the body under pathological
conditions.
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MA Methacrylic acid
MM Methyl methacrylate
SEM Scanning electron microscopy
LCST Lower critical solution temperature
NIPAAm N-Isopropylacrylamide
NIPMAAm N-Isopropylmethacrylamide
NVP N-Vinylpyrrolidone
PBS Phosphate buffer solution
PVA Poly(vinyl alcohol)
Tg Glass transition temperature

1 Introduction

Controlled drug delivery systems have represented a huge improvement in the way
of drug administration compared to conventional formulations (Noorian et al. 2020;
Krause et al. 2019; Kim et al. 2019). These systems have the advantage that they
can maintain the concentration of the drug in the blood and tissues in the therapeutic
field, reduce the frequency of drug administration and increase patient comfort and
compliance. However, there are several medical disorders (diabet, heart disorders,
etc.) when the continuous release of drugs in shorter or longer periods is not appro-
priate. For these cases, the pharmaceutical formulations must release the drug when
one of the parameters that regulates the body’s functions changes. These systems are
generally based on intelligent or stimuli sensitive polymers (Liu et al. 2019; Jamwal
et al. 2019; Alsuraifi et al. 2018).

Smart polymers are a category ofmacromolecules that in aqueous solution suffer a
phase transition when small changes of the external parameters occur. These param-
eters can be temperature (Lee and Bae 2020), pH (Sapre et al. 2020), ionic strength
(Zhang et al. 2005), electric field (Shang et al. 2007), magnetic field (Manouras and
Vamvakaki 2017), light (Sedlacek et al. 2019), redox potential (Singh et al. 2020),
the presence of biomolecules (Fundueanu et al. 2013), etc. Among polymers sensi-
tive to external stimuli, those sensitive to temperature and pH are the most used for
biomedical applications because both parameters vary most frequently in the human
body. Changes in temperature and pH cause modifications in the physico-chemical
properties of polymeric pharmaceutical formulation that result in modulation of the
release profiles of loaded drugs (Wang et al. 2020; Zheng et al. 2019).
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2 Thermosensitive Drug Delivery Systems

Drug delivery systems sensitive to temperature have the ability to control themoment
of drug delivery only when the human body temperature is above or below the
physiological temperature.

Poly (N-isopropylacrylamide) (poly(NIPAAm)) is the most used thermorespon-
sive polymer in biomedical applications because it shows a sharp phase transition
around 32 °C, which is close to the human body temperature (Fig. 1) (Heskins and
Guillet 1968).

The temperature at which this transition takes place is called the lower critical
solution temperature (LCST). Below the LCST the polymer chains are surrounded by
water molecules bound by hydrogen bonds, exposing an extended coil conformation
andmaking the polymer soluble inwater. However,when the temperature exceeds the
LCST, the polymer loses the hydration water, becomes hydrophobic and precipitates
(Fig. 1). Consequently, the cross-linked hydrogels obtained from these polymers
swell under the LCST and shrink above the LCST (Fig. 2) (Fundueanu et al. 2009a).

This swelling/shrinking process has been exploited for the develop-
ment of thermosensitive drug delivery systems based on poly(NIPAAm-co-
hydroxyethylacrylamide) microspheres (Fundueanu et al. 2013). The drug is usually
released when the hydrogel is in the swollen state (below LCST). Above the LCST,
the matrix shrinks and the release of drug is stopped. The pulsatile effect depends
to the size of hydrogel microspheres. It was established that microspheres with the
diameter ranging between 5 and 60 μm release the drug with almost the same rate
below (in the swollen state) and above the LCST (in the collapsed state). On the
contrary, microspheres with the diameter ranging between 125 and 220 μm release
a significantly higher amount of indomethacin below than above the LCST. This
difference was enough pronounced to ensure a pulsatile release mechanism when
the temperature changes cyclically below and above the LCST.

Fig. 1 Poly(N-isopropylacrylamide) aqueous solution below and above the LCST
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Fig. 2 Optical photomicrographs of poly(NIPAAm-co-acrylamide) microspheres in the swollen
state in phosphate buffer below the LCST value at 22 °C (panel A) and above the LCST value at
45 °C (panel B). Reproduced with permission from Acta Biomaterialia (Fundueanu et al. 2009a)

In addition, the amount of entrapped drug influences the pulsatile release mech-
anism. Microspheres from poly(NIPAAm-co–N-vinylpyrrolidone) (poly(NIPAAm-
co-NVP)) with a low loading degree (7.62%), display a substantially difference
between the diclofenac (DF) release rate at temperatures situated below and above the
LCST (Fig. 3A); this difference guarantees a pulsatile release mechanism (Fig. 3B).
On the opposite, the release profiles of DF from microspheres with high loading
degree (13.08%) at temperatures lower and higher the LCST are almost superim-
posable (Fig. 3C), therefore the cyclically variation of temperature does not ensure
a pulsatile mechanism (Fig. 3D) (Fundueanu et al. 2020a).

As it was mentioned, the LCST of the poly(NIPAAm) in aqueous solution is
around 32 ºC,which is slightly lower than the temperature of the humanbody. In order
to increase the transition temperature, NIPAAm is copolymerized with hydrophilic
co-monomers (Khan 2007; Liu et al. 2004). In fact, by copolymerization with
hydrophilic monomers, the hydrophilic/hydrophobic balance is disturbed and higher
energy (temperature) is necessary to break the hydrogen bonds between copolymer
andwater. In addition, the insertion of hydrophilic co-monomers along themain chain
in a higher proportion alters the amide and isopropyl sequences of poly(NIPAAm)
and can lead to a decrease or even loss of thermosensitive properties (Feil et al.
1933). On the opposite, the copolymerization of the NIPAAm with hydrophobic
monomers leads to a decrease of theLCSTbelow32 °C (Luan et al. 2016).An atypical
behaviour was observed for poly(N-isopropylmethacrylamide) (poly(NIPMAAm)
with structure similar to that of NIPAAm with the exception of methyl groups.
Although poly(NIPMAAm) is more hydrophobic than poly(NIPAAm), the phase
transition temperature of poly(NIPMAAm) in aqueous solution is higher (≈46 °C)
(Djokpé and Vogt 2001), reflecting the conformation of the monomeric structure in
poly(NIPMAAm). The presence of methyl groups throughout the main polymeric
chain hinders the hydrophobic interactions, therefore a higher temperature is neces-
sary for polymer precipitation. The copolymerization of NIPAAm with increasing
amount of NIPMAAm gives copolymers with increased values of LCST (Table 1)
(Fundueanu et al. 2016).
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Fig. 3 Effect of temperature (panels A and B) and temperature cycling (panels C and D) (32 °C
(empty symbols) and 38 °C (full symbols)) on DF release profiles from poly(NIPAAm-co-NVP)
microspheres. The release studies were performed in PBS at pH = 7.4, using microspheres with
7.62% (w/w) DF (panel A and C) and with 13.08% (w/w) DF (panel B and D). Reproduced with
permission from Express Polymer Letters (Fundueanu et al. 2020)

Table 1 Dependence of LCST on the co-monomer ratio in the feed and in the copolymer.
The concentration of the copolymer solution was 1% (w/v). Reproduced with permission from
Macromolecular Chemistry and Physics (Fundueanu et al. 2016)

Sample Co-monomer composition (% mol ratio) LCST (°C)

In the feed In copolymer pH 7.4 pH 1.2 H2O

NIPAAm NIPMAAm NIPAAm NIPMAAm

S0 100 0 100 0 29.9 ± 0.2 31.6 ± 0.2 32.6 ± 0.2

S1 66.67 33.33 55.00 45.00 35.9 ± 0.3 – a – a

S2 60 40 51.00 49.00 36.8 ± 0.3 38.2 ± 0.3 38.8 ± 0.2

S3 50 50 41.75 58.25 38.3 ± 0.3 – a – a

S4 33.33 66.67 28.75 71.25 40.9 ± 0.2 – a – a

S5 0 100 0 100 44.7 ± 0.3 45.0 ± 0.2 45.5 ± 0.3

Data are the results of two independent experiments.
a not done.
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Practically, the LCST of poly(NIPAAm-co-NIPMAAm) increases almost linearly
with the percentage of NIPMAAm in the copolymer; comparable results were found
by Djokpé and Vogt (Djokpé and Vogt 2001).

In fact, the phase transition of the copolymer is situated between the LCST of
poly(NIPAAm) homopolymer and that of poly(NIPMAAm). Under simulated phys-
iological conditions (phosphate buffer at pH 7.4) poly(NIPAAm) displays a LCST of
29.9 °C while poly(NIPMAAm) has a LCST at 44.8 °C, which both are lower than
that determined in aqueous solution. This decrease in the transition temperature is
due to the high ionic strength of the phosphate buffer which weakens the interaction
between the polymer chains and the water.

However, the most used pharmaceutical form for these polymers in biomedical
applications are hydrogels (Andrei et al. 2016; Sung et al. 2015). They are obtained by
copolymerization of corresponding co-monomers in the presence of small amounts of
cross-linkers. The resulted hydrogels should preserve the thermosensitive properties
of the linear polymer. Moreover, they should display fast swelling deswelling rates
to small changes of the temperature to ensure a pulsatile drug delivery (Fig. 4)
(Fundueanu et al. 2016).

Swelling/desweling rates of thermosensitive hydrogels depend mainly by the
diffusion rate of water molecules into and out of the hydrogel. The diffusion rate

Fig. 4 Influence of cyclically temperature change on dexamethasone release from the
poly(NIPAAm-co-NIPMAAm) microgels. Data were obtained in simulated physiological condi-
tions (PBS at pH = 7.4) at 32 °C (empty symbols) and 38 °C (full symbols). Reproduced with
permission from Macromolecular Chemistry and Physics (Fundueanu et al. 2016)
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of water molecules is governed by the dimension and porosity of the hydrogel.
Certainly, the smaller is the size the faster is the diffusion rate; in addition a high
porosity allows a rapid diffusion ofwater (Sato-Matsuo andTanaka 1988; Tanaka and
Fillmore 1979). The creation of a porous structure in a three-dimensional network
is one of the best procedure used to avoid the „skin effect” that hinders the diffusion
of water and promotes a rapid volume change of hydrogel in response to tempera-
ture modifications (Strachotova et al. 2007). In hydrogels with porous structures, the
water is ejected or absorbed by convection, a much faster process than by conven-
tional diffusion. Usually, porous poly(NIPAAm) hydrogels were prepared in the
presence of a template molecule. Tokuyama and Kanehara (2007) have synthesized
hydrogels by free radical copolymerization of NIPAAm and N,N-methylene-bis-
acrylamide, as cross-linker, in an oil-in-water emulsion (Tokuyama and Kanehara
2007). At the end of polymerization, the dispersed oil minidroplets used as template
are removed by washing with appropriate solvents resulting a porous hydrogel. Ther-
mally reversible macroporous poly(NIPAAm) hydrogel has also been synthesized in
aqueous solution at a temperature above the LCST.As long as the reaction takes place
at a temperature above the LCST, the polymer collapses as it reaches a certain degree
of polymerization. The hydrophobic interactions that take place later between the
aggregates create bridges that generate a heterogenous macroporous structure (Yan
and Hoffman 1995). Hydrogels with large pores were also obtained in the pres-
ence of hydroxypropyl cellulose as a pore-forming agent. The response rate to the
temperature changeswasmuch faster for these hydrogels than those obtainedwithout
porogens.However, since the polymerization occurred aboveLCST, themacroporous
hydrogel displayed a heterogeneous structure (Wu et al. 1992).Microgelswith homo-
geneous pore size and size distribution were obtained by chemical cross-linking of
preformed poly(NIPAAm-co-AAm) in the presence of poly(NIPAAm) thermosensi-
tive oligomers, taken as porogen (Fundueanu et al. 2009b). The porous microspheres
were obtained both below and above the LCST of the poly(NIPAAm) oligomer. The
size of the pores is obviously influenced by the amount of the porogen in the reaction
mixture. In the absence of the porogen no pores are formed and the microspheres
show a compact internal structure and a smooth surface. The best size distribution
and homogeneity of the pores were obtained under the LCST of porogen because
the synthesis process takes place in a homogeneous solution of the polymer and
oligomer (Fig. 5).

Due to the porous structure and hydrophilic character of the co-monomers, the
microgels display relatively high values of water regain and swelling degree. Also,
they are characterized by a very rapid response rate when the temperature changes
below and above the body temperature. The porous microspheres have proven to be
suitable matrix for loading and temperature-controlled release of the high molecular
weight model drug blue dextran (Fig. 6).
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Fig. 5 SEM micrographs of porous poly(NIPAAm-co-AAm) microspheres obtained using
poly(NIPAAm) oligomers as porogens: cross-section (panel A) and surface detail (panel B). The
bars correspond to 100 and 20 μm in panels A and B, respectively. Reproduced with permission
from International Journal of Pharmaceutics (Fundueanu et al. 2009b)

Fig. 6 Effect of temperature cycling (33 °C (empty symbols) and 38 °C (full symbols)) on
Blue Dextran release from poly(NIPAAm-co-AAm) microspheres in phosphate buffer at pH 7.4.
Reproduced with permission from International Journal of Pharmaceutics (Fundueanu et al. 2009b)

3 PH-Sensitive Drug Delivery Systems

Drug delivery systems sensitive to pHwere designed and developed to exploit the pH
variations in the human body. For example, the pH varies from 1–2 in the stomach
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to 7.4 and even 8 in the blood and duodenum, respectively. Additionally, the pH-
sensitive systems have appealed an enormous interest because the differences in pH
between normal tissue and tumoral tissues can be used to design pH-sensitive drug
delivery carriers that can target tumors and release loaded drugs at the tumor site (Xu
et al. 2020; Men et al. 2020; Sim et al. 2019).

Generally, the pH-sensitive polymers comprise weakly acidic (carboxylic) or
weakly basic (amine) functional groups (Riyajan 2019; Liu et al. 2018). The most
important properties of these polymers result from the protonation/deprotonation of
the pH-sensitive groups to small pH change in the range of physiological condi-
tions. The linear polymers change their hydrophilic / hydrophobic character and
consequently their solubility. The cross-linked hydrogels synthesized from these
polymers swell and shrink as a result of protonation/deprotonation of functional
groups (Vaghani and Patel 2011; Sabzi et al. 2020). Basically, hydrogels possessing
carboxylic pH-sensitive groups become protonated at low pH, below the pKa and
therefore is relatively not swollen (Fig. 7A). As the pH rises above the pKa value,

Fig. 7 Swelling behavior of an anionic (panel A) and cationic hydrogel (panel B) in acidic and
basic solution
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Fig. 8 Chemical structure of Eudragit L 100–55

the carboxylic groups ionize, become hydrophilic and the hydrogel swells. Hydro-
gels with amino pH-sensitive groups have a completely opposite behavior. At low
pH, under the pKa, the amino groups are protonated (ionized) and the hydrogel
swells while at higher pH values, above pKa, the amino groups are non-ionized, less
hydrophilic and the hydrogel is in a collapsed state (Fig. 7B).

Themost commonlyusedpH-sensitive polymers in the linear formaremethacrylic
acid copolymers, known as Eudragit R (a registered trademark of Rohm Pharmaceu-
ticals; Darmstadt, Germany). For example, Eudragit L 100-55 T forms salts and
dissolves above pH 5.5 and is insoluble in gastric fluids (Fig. 8). This property has
been exploited to deliver drugs to the large intestine by way of pH sensitive enteric
coatings or as micro- and nano-particles (Hao et al. 2013).

BesidesEudragits, other pH-sensitive polymers such as derivatives of cellulose are
largely used for drug targeting to the small intestine. Among these, cellulose acetate
phthalate (pKa ˜ 5.5), also known as cellacefate is a cellulose derivative where about
half of the hydroxyl groups are esterified with acetyls and a quarter is esterified with
one or two carboxyls of the phthalic acid (Fig. 9). It is a commonly used polymer in
the formulation of pharmaceuticals, such as the enteric coating of tablets or capsules
for controlled release formulations (Jagdale and Chandekar 2017).

However, themost important drawback of these polymers is the lack of biodegrad-
ability. This inconvenience is not so severe for pharmaceutical formulations with
oral application, instead, for other types of administrations such as parenteral ones,
the biodegradability becomes a very acute problem. Therefore, natural polymers
with native pH-sensitive units were frequently used for delivery of drugs modu-
lated by the pH. Among these, alginic acid (Boi et al. 2020) and chitosan (Ata et al.
2020) are themost representative anionic and cationic natural polymers, respectively,
used in biomedical applications. Concerning the chemical structure, alginic acid is
described as a linear block copolymer composed of sequences with consecutive β-
1,4-D-mannuronic acid residues (M-blocks), α-L-guluronic acid residues (G-blocks)
and alternating M and G residues (MG-blocks) (Fig. 10).

The pKa of mannuronic and guluronic acid in 0.1 M NaCl are known to be
3.38 and 3.65, respectively. Owing to its pH-sensitivity, biocompatibility, low toxi-
city and muco-adhesive properties, alginic acid is considered a noticeable polymer



Smart Polymeric Materials for Drug Delivery 285

Fig. 9 Chemical structure of cellulose acetate phthalate

Fig. 10 Chemical structure of alginic acid

for biomedical applications. Therefore, George and Abraham (2007) developed a
pH-sensitive alginate–guar gum hydrogel cross-linked with glutaraldehyde for oral
administration of protein drugs (George and Abraham 2007). It is well-known that
protein instability mainly in gastric fluids is one of the major motives by which
proteins are administered usually through injection rather than taken by oral route.
Due to the protonation of alginate, the amount of released protein from test hydrogels
was minimal at pH 1.2 (∼20%), but it was found to be significantly higher (∼90%)
at pH 7.4., when the carboxylic groups are in ionized form and the hydrogel swells.
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Fig. 11 Chemical structure of chitosan showing the repeating subunits

With the aim to enhance the drug entrapment efficiency and control the swelling
properties and stability of drug delivery system in different pH media, Ca2+ cross-
linking and freeze-thawing cycle techniques were used to prepare sodium algi-
nate/poly(vinyl alcohol) (PVA) hydrogel beads (Hua et al. 2010). The alginate/PVA
mixture was firstly cross-linked with Ca2+ to form beads and then subjected to
freezing–thawing cycles for additional crosslinking. It was proved that the swelling,
drug release profiles, and degradation of the developed beads were influenced by pH
of the testing medium and PVA content.

Chitosan is another linear polysaccharide composed of randomly distributed β–
linked D-glucosamine and N-acetyl-D-glucosamine (Fig. 11).

Like alginate, it is biocompatible, biodegradable and the degradation by-products
are not toxic. It is the second abundant biomass-derived polysaccharide and is
obtained by treating the chitin shells of shrimp and other crustaceans with sodium
hydroxide. If alginate-based hydrogels collapse in an acidic environment and swell
in a weakly basic environment, chitosan hydrogels have an opposite behaviour; they
swell in acidic pH and collapse in basic media. This comportment is given by the
presence of abundant amino groups with a pKa of around 6.5. Since the pKa value
is situated in the pH range of tumor environment, it is widely used for controlled
delivery of anticancer drugs (Ghaffari et al. 2020; Wang et al. 2019). As follows, an
interesting hydrogel was designed and developed from the cross-linking of chitosan,
graphene, and cellulose nanowhisker via Schiff base reaction by a synthetic dialde-
hyde (Omidi et al. 2020). The hydrogel was loaded with two antitumoral drugs,
doxorubicin and curcumin.

The drug release profiles demonstrated that the rate of release is dependent on
switching pHs from neutral pH to the acidic conditions. By decreasing of pH from
7.4–5.4, the strength of cross-linking imine bonds decreases and as well the repulsive
ionic interactions between the protonated amino groups increase which leads to an
expanded structure.

Chitosanwas also used for the preparation ofmicrocapsules for cell encapsulation
and cell culture (Fundueanu et al. 2020b). Since the encapsulation process must take
place inmild conditions and the neutral chitosan is soluble in just in acidic conditions,
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harmful to cells, the amino groups were protonated and the chitosan was transformed
in the hydrochloride form. Thus, the chitosan derivative was easily solubilized in
isotonic solutions and cell encapsulation was successfully performed with no cell
damage. Moreover, the protonated chitosan microcapsules allow the cells to adhere
to their surface.

One of the most important drawbacks of hydrogels prepared from simple algi-
nate or chitosan is their low stability in physiological fluids. Therefore, core–shell
nanoparticles from polyelectrolytes complexes between chitosan and alginate were
prepared for oral insulin administration (Mukhopadhyay et al. 2015).

The nanoparticles displayed an almost spherical shape, an average diameter of
100–200 nm determined by dynamic light scattering, and high insulin encapsulation
efficiency. In simulated gastric fluid, the nanoparticles retained almost entire amount
of encapsulated insulin while in simulated intestinal conditions a sustained release
was achieved. Additionally, in vivo experiments presented substantial intestinal
absorption of insulin, showing noticeable hypoglycaemic effects with enhanced
insulin bioavailability in diabetic mice. After oral administration, the core–shell
nanoparticles displayed no systemic toxicity.

4 pH/Temperature-Sensitive Drug Delivery Systems

pH/temperature sensitive drug delivery systems were designed and developed to
exploit the variation of both pHand temperature of the humanbody.They are obtained
either in the form of linear or cross-linked polymers by copolymerization ofNIPAAm
with pH-sensitivemonomers. The pH-sensitive co-monomer can increase or decrease
the LCST if they are in the un-protonated or protonated state (Yoo et al. 2000). Also,
the modification of pH and temperature can modulate the solubility, if the polymer
is in the linear form, or swelling behavior for cross-linked hydrogels.

Thus, stimuli-sensitive statistical terpolymers of N-isopropylacrylamide
(temperature-sensitive), butyl methacrylate (BMA) and acrylic acid (AA) (pH-
sensitive) of various molecular weights were used to prepare microcapsules for
modulating the release of insulin (Ramkissoon-Ganorkar et al. 1999). This systemhas
the advantage that only physical interactions polymer/polymer and polymer/protein
were used to prepare insulin–loaded microcapsules in mild conditions.

The release rate of insulin was controlled by the pH, temperature and molecular
weights of polymers. In gastric fluid at pH = 1.2 and body temperature, the beads
were not soluble, and therefore no drug is released in the stomach. At pH 7.4 and
body temperature, the low molecular weight polymeric beads shown a dump-like
profile and dissolved within 2 h (release mechanism controlled by bead dissolution),
while the high molecular weight polymeric beads swelled only and released insulin
gradually over a period of 8 h (release mechanism controlled by bead swelling and
insulin diffusion).

In anotherwork, the escape ofDNA loaded poly(vinyl alcohol)microspheres from
multinucleated microcapsules took place through the holes induced by dissolution
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Fig. 12. Chemical structure of poly(NIPAAM-co-MM-MA)

of the pH/temperature sensitive polymer at colonic pH and temperature (Fundueanu
et al. 2007).

Fundueanu et al. (2009) developed a pH/ temperature sensitive copolymer based
on NIPAAm, methyl methacrylate (MM) and methacrilic acid (MA) (Fig. 12)
(Fundueanu et al. 2009).

Poly (NIPAAm-co-MM-co-MA) with a co-monomer molar ratio of 79:13:8 is
insoluble in the gastric fluid (pH = 1.2), but soluble in the intestinal fluid (pH =
6.8 and 7.4), at the body temperature (37 °C). This copolymer was mixed with the
hydrophobic cellulose acetate butyrate (CAB) and vitamin B12 (taken as a water
soluble drug model system) and transformed in spherical microparticles by oil-
in-water solvent evaporation method. With the aim to determine the compatibility
between the two components of the microspheres (CAB with pH/temperature sensi-
tive copolymer), the glass transition temperatures (Tg) of separated polymers and of
microspheres were determined.

The occurrence of two Tg values validated that there is no interaction between
the two components; they precipitated separately during microsphere preparation,
the smart polymer forming small micro-domains on the surface and within the
microspheres (Fig. 13A).

At pH = 1.2 and 37 °C, poly(NIPAAm-co-MM-co-MA) is not soluble, therefore
the amount of vitamin B12 released is very low. When the temperature is lowered
to 20 °C, below LCST, the copolymer solubilizes and an increased percentage of
vitamin B12 is released. In phosphate buffer at pH = 6.8, the copolymer is less
soluble than at pH = 7.4, therefore the release rate is lower but is much higher than
at pH = 1.2. Obviously, the highest amount of vitamin is released at pH = 7.4, when
the copolymeric domains solubilize totally creating pores within three-dimensional
network (Fig. 13B).
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Fig. 13 SEMmicrographs of CAB/poly(NIPAAm-co-MM-co-MA)microspheres before (panel A)
and after (panel B) release studies in PBS at pH = 7.4. Reproduced with permission from Journal
of Materials Science-Materials in Medicine (Fundueanu et al. 2009)

The copolymerization of NIPAAm with ionic co-monomers can increase or
decrease the LCST if the charged co-monomers are in the protonated/unprotonated
state (Yoo et al. 2000). However, the charged co-monomers, due to their high
hydrophilicity in the ionized state, diminish dramatically or even annihilate the
thermosensitivity of the copolymer (Constantin et al. 2014).

Remarkably, when the pH-sensitive units interact electrostatically with
hydrophobic opposite charged bioactive compounds like diclofenac (Fundueanu et al.
2013), propranolol (Constantin et al. 2014), diphenhydramine (Fundueanu et al.
2017), indomethacin (Constantin et al. 2020), the copolymers restore the thermosen-
sitive properties. Correspondingly, the hydrogels synthesized from these copolymers
are in the “inactivated” state in the absence of specific biomolecules at normal phys-
iological pH and temperature (pH = 7.4 and T = 36 °C). However, in the pres-
ence of bioactive biomolecules, hydrogels undergo “activation”, shrink and expel
mechanically a certain amount of drug (Fig. 14).

Itmust bementioned that the pH-sensitive component plays the role of a biosensor,
the biomolecule acts as a triggering agent, and the poly(NIPAAm) represents the
delivery component (actuator).

The proposed hydrogels represent the support of the next generation of self-
regulated drug delivery systems based on a sensor (pH-sensitive units) able to
detect the perturbation of physiological conditions and a delivery component
(thermosensitive units) able to push the necessary dose of drug.
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Fig. 14 Schematic representation of the principle of operation of pH/thermosensitive
poly(NIPAAm-co-MA) microgels in the presence of the triggering agent, under simulated physio-
logical conditions. Reproduced with permission from European Journal of Pharmaceutical Sciences
(Constantin et al. 2014)

5 Conclusions

While the basic concepts of the stimuli-sensitive hydrogels are sound, the practical
applications necessitate significant improvements in the hydrogel properties. For
example, hydrogels do not have themechanical strength indispensable inmany appli-
cations. In addition, the response rate to the input signal is low for large-scale hydro-
gels. Difficulties to achieve pH/thermo-sensitivity within a narrow pH or temperature
range (from pH 7.4 to pH = 7.0 or 6.5; from T = 36.5 °C to 37 °C) often appear
since the transition temperature of the cross-linked hydrogels is not as abrupt as for
linear polymers. Drug loading and drug retention within microgels for a long period
of time could be a major drawback. Also, the selectivity of these systems must be
substantially improved.
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Inorganic Nanoparticles as Free Radical
Scavengers

Adrian Fifere, Ioana-Andreea Turin Moleavin, Ana-Lacramioara Lungoci,
Narcisa Laura Marangoci, and Mariana Pinteala

Abstract Inorganic nanoparticles have received special attention in recent years,
mainly due to the interesting electronic properties of transition metals. Inorganic
nanoparticles have redox, optical andmagnetic properties that allow them to function
as therapeutic agents and as diagnostic tools, leading to a theranostic approach of
bimedical applications.

Oxidative stress is an imbalance between the production of reactive species and
their overproduction due to disruptive factors, so that reactive species overwhelm the
antioxidant defense of the human body. It can cause various pathologies, those related
to inflammatory phenomena, cardiovascular problems and aging being notorious.
Nanotechnologies can provide solutions in reducing oxidative stress at the systemic
or targeted level, being known the applications of nanoparticles as targeted drug
delivery agents.

Due to the incomplete electron-occupied d or f orbitals of transition metals,
cumulated with crystalline defects, the inorganic nanoparticles had redox properties
that allow them to be involved in biochemical redox processes. In this context, the up-
to-date results regarding the obtaining and antioxidant activity of the nanoparticles
with core-shell structure will be discussed here. The study will be done both from
the perspective of the intrinsic activity of the inorganic core of the nanoparticles
with core-shell structure, and of the activity added by the coating polymer layer,
which may itself be active, or may contain antioxidants. A large part of this essay is
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dedicated to magnetic nanoparticles (MNP) with free radical scavenging properties.
Twoparticular examples are discussed in details:magnetic nanoparticles as platforms
for the transport and protection of natural antioxidants and MNP conjugated with
nanoceria as synthetic inorganic antioxidants.

Keywords Reactive oxigene species · Antioxidants · Iron oxide · Cerium oxide ·
Magnetic nanoparticles

Abbreviations

SOD Superoxide dismutase
CAT Catalase
MNP Magnetic nanoparticles
PEI Polyethyleneimine
SBEβCD Sulfobutyl ether-β-cyclodextrin
PCA Protocatehuic acid
SBEβCD/PCA Inclusion complex of sulfobutyl ether-β-cyclodextrin with

protocatehuic acid
MPEI Magnetite nanoparticles coated with branched

polyethyleneimine
MPEI-PCA Magnetite nanoparticles coated with branched

polyethyleneimine and loaded with protocatehuic acid
MPEI-SBEβCD/PCA Magnetite nanoparticles coated with branched

polyethyleneimine and loaded with the sulfobutyl ether-
β-cyclodextrin inclusion complex with protocatehuic
acid

CeNP Cerium oxide nanoparticles
CePEI Cerium oxide nanoparticles coated with branched

polyethyleneimine
CePEI-GA Cerium oxide nanoparticles coated with crosslinked

polyethyleneimine with glutaric aldehyde
MPEI-GA Magnetite nanoparticles coated with glutaric aldehyde

crosslinked polyethyleneimine containing active aldehyde
groups

MCePEI-GA Interconnected magnetite and cerium oxide nanoparticles
of crosslinked polyethyleneimine with glutaric aldehyde
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1 Introduction. Antioxidants and Prooxidants

The most important factors that govern the functioning of living organisms are the
pH and the redox state. Both are closely correlated, so that the pH can be changed by
redox transformations depending on their mechanism, while the pH can determine
a specific reaction path that leads to a specific redox state. Therefore, acid–base and
redox characterization of cell tissues becomes extremely important. Studies have
shown that it is impossible to characterize a cell by a specific redox state or a specific
pH. Thus, each cellular organelle or cell subdivision can be characterized by the
parameters mentioned above, having extremely different values from other cellular
or intracellular environment (Sies et al. 2017).

A decisive role in modulating cellular signaling processes is played by chem-
ically unstable or metastable species, having an active atomic center or chemical
group characterized by high reactivity, nemade reactive oxygen species and reac-
tive nitrogen species, abbreviated in the literature as ROS and RNS. Nowadays it
has become more and more obvious that ROS and RNS not only model, but also
constitute themselves into signaling molecules for the regulation of physiological
processes (Sies and Jones 2020).

Molecular oxygen is gradually reduced in aerobic processes from zero oxidation
state to −2 oxidation state. In the intermediate stages of the reaction occurs the
most important range of radical ROS species, such as: O2

•−, HO•, HO2•, H2O2. It is
accepted that mitochondria are the main cellular organs in which ROS are generated
(Lenaz 2012; Drose and Brandt 2012).

ROS generated in living organisms can contain only paired electrons, such as:
hydrogen peroxide (H2O2), organic hydroperoxides (RCOOH), ozone (O3), singlet
oxygen (1O2 - electronically excited molecular oxygen), and excited carbonyl (RCH
= O *) which can transfer energy from O2 to 1O2. Of higher importance are ROS in
the form of free radicals, with umpaired electrons: superoxide anion radical (O2

•−),
hydroxil radical (HO•), peroxyl radical (ROO•) and the radical alkoxide (RO•).

The presence of external factors, such as temperature, intense physical activity,
pollution/toxins, smoking, pathogens, alcohol, ionizing radiation, UV radiation, can
cause disorders of normal metabolic processes. The stress caused to living organisms
by external and internal factors lead to the augmentation of the ROS concentration
above the limits of normal body functioning. This condition leads to undesirable
phenomena that modify the cellular metabolism and determines the oxidative stress.
The concept of stress appeared in 1936 with Hans Selye and was later developed,
establishing a scale of oxidative stress that starts from physiological oxidative stress
(eustres), to excessive oxidative stress and, to the extreme, toxic oxidative stress
(distress) (Lushchak 2014; Yan 2014).

Oxidative stress is an imbalance between the production and accumulation of ROS
and RNS in cells and their ability to inactivate reactive species using enzymatic or
other redox reactions (Espinos et al. 2020). Consequently, cell damage is produced by
excessROS,which can lead to various pathologies. Oxidative stress is correlatedwith
the exacerbation of inflammatory phenomena and cardiovascular disease, in which
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atherosclerosis plays a crucial role, being related to the oxidation of LDL and lipid
peroxidation (Pizzino et al. 2017). Several studies show that tolerance to oxidative
stress decreases dramatically with age due to reduced concentrations of antioxidant
enzymes such as superoxide dismutase (SOD) and catalase (CAT) (Abete et al. 1999).

Since it has been established that oxidative stress plays an important role in the
pathogenesis of many clinical conditions and aging, antioxidants play a key role
in restoring redox balance in living organisms. The term antioxidant has a general
meaning, being substances that inhibit the oxidation of a substrate (Halliwell and
Gutteridge 1995) or has a kinetic effect of slowing down the oxidation reaction,
ultimately (Halliwell 2007). Later, the meaning was expanded to substances that
prevent or eliminate oxidative damage, directly ROS scavenges, able to regulate the
defence againstROSor inhibit the natural production ofROS in the body (Khlebnikov
et al. 2007).

The human body re-establishes the oxidative balance using a series of antiox-
idants with different structural complexity, including enzymatic antioxidants and
non-enzymatic antioxidants, the last group being composed of small molecules,
such as vitamins (Carocho and Ferreira 2013). Enzymatic antioxidants act specifi-
cally, some acting directly onROS, eliminating them,while others act in a synergistic
way, regenerating other antioxidants, such as glutathione reductase that regenerates
glutathione or glucose-6-phosphate that regenerates NADPH.

Enzymatic antioxidants that directly inactivateROSaremade up of three enzymes,
as it follows:

• Superoxide dismutase (SOD) - converts the superoxide anion to hydrogen
peroxide;

• Catalase (CAT) - converts hydrogen peroxide into water and oxygen with
remarkable efficiency;

• Glutathione peroxidase - reduces peroxides, decreasing lipid peroxidation and
Fenton reaction levels.

Non-enzymatic endogenous antioxidants generally have low molecular weight
molecules compared to enzymatic ones and act less specifically. This class includes:
glutathione, vitamin A, coenzyme Q10, and uric acid.

Over time, humans have evolved to live in symbiosis with the environment. There-
fore, due to the large number of antioxidants present in nature, natural antioxidants
from the diet began to supplement or act synergisticwith the endogenous antioxidants
set forth above. The classes of natural antioxidants taken through diet are: phenolic
acids, flavonoids, carotenoids and vitamins (Xu et al. 2017). Natural antioxidants are
able to easily pass into oxidized forms in the process of reducing the oxidation state
of ROS and inactivating free radicals (Choe and Min 2009).

Nanoparticles have aroused intense interest in the scientific world in the last ten
years due to the combination of the native properties of ordinary materials, with high
surface area at nanometric scale, which determine unique physicochemical proper-
ties. They can be classified into different categories, depending on the composition,
structure, dimensions, shape and properties (Jeevanandam et al. 2018; Khan et al.
2019). Inorganic nanoparticles comprise metallic nanoparticles made of pure metals,
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up to combinations of metals in the form of alloys, oxides or salts, transition metals
offering a wide range of possibilities for obtaining nanoparticles with various tunable
properties (Sytnyk et al. 2013; Lane et al. 2019). Transition metals are notorious in
technical and biomedical applications due to the energy or electron transfer facilitated
by partial occupied orbitals. The d and f orbitals from transition metals allow them
to adopt a wide range of oxidation states into stable or metastable compounds. The
existence of several oxidation states of the same metal that can coexist in the same
compound suggests that inorganic nanoparticles, especially those of metal oxides,
may be involved in redox reactions by which ROS or RNS can be inactivated. This
process occurs due to the establishment of redox equilibrium between the upper and
lower oxidation states of the metal ions in the nanoparticles. An intrinsic ability
of inorganic nanoparticles to scavenge free radicals has been noted, with literature
documenting this aspect in numerous particular cases (Kassem et al. 2020; Wang
et al. 2019). Very often metallic nanoparticles and derivatives with some intrinsic
biologic properties (antibacterial, antifungal or antioxidant) are coated with natural
or artificial antioxidants (Chahardoli et al. 2020; Khalil et al. 2020). In most cases,
the antioxidant activity of products of this kind with a core-shel structure increases
significantly, proving much more efficient than in the case of exclusive use of the
inorganic core (Shah et al. 2017; Swietek et al. 2019a). Bibliographic references in
this regard indicate that these nanoarticles are more stable in water and biological
fluids, with a reduced dimensional dispersion, which is very important for bimedical
applications (Rao et al. 2019; Guerrini et al. 2018).

There are numerous essays describing individual problems of natural antioxi-
dants, intrinsic inorganics antioxidants or nanoantioxidants with core-shell structure
having an active shell. This review combines the available information on uncoated
inorganic nanoantioxidants with those on core-shell coated nanoantioxidants based
on natural antioxidants. The most recent results concerning antioxidant and prooxi-
dant features of inorganic nanoparticles will create a picture with enough details to
understand today’s complex problems regarding the interaction of nanotechnologies
with biomedical applications on ROS-associated diseases (Fig. 1).

Most of the papers develop in detail the characteristics of nanoantioxidants based
on iron oxide nanoparticles with magnetic properties. Nanoantioxidants as magnetic
nanoparticles are guided in the magnetic field, being targetable drug delivery agents
with applications inmedical imaging, so that theyoffer a teranostic approach (Richard
et al. 2016; Dadfar et al. 2019) (Fig. 1). In this context, two types of magnetic
nanoantioxidants containing natural and inorganic artificial antioxidants will be
particularly described. In these sections are presented all the detailes concerning the
synthesis strategies, morphology and results regarding the key features characteristcs
for magnetic nanoantioxidants.
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Fig. 1 General illustration of the motivation of using inorganic antioxidant

2 Inorganic Antioxidants

The importance of inorganic chemical elements in the control of redox balance in
the human body is obvious taking into consideration two main factors: the ability
of transition metals to adopt a whole range of oxidation states and the presence of
transition metals and metalloids in enzymes responsible for establishing cell oxida-
tive balance. These findings may lead to the idea that transition metals can restore
redox balance on their own. However, minerals, in most cases, do not act directly on
free radicals, being rather indispensable components of most antioxidant enzymes.
Examples can be given by the most important representatives, zinc which is found in
SOD, and selenium, which is found in glutathione peroxidase, or manganese found
in many enzymes, such as CAT (Prasad et al. 2004; Tabassum et al. 2010). Magne-
sium is involved in many biological processes and clinical studies have shown that
magnesium deficiency causes an increase in oxidative stress, which leads to oxida-
tive changes in proteins and DNA, while reducing the body’s ability to defend itself
against oxidizing agents (Zheltova et al. 2016).

2.1 Metal-Based Nanoparticles as Inducers of Oxidative
Stress

Mineral and inorganic compounds can form stable nanoparticles, their synthesis,
physico-chemical and biological properties being intensively studied in the last
decades (Domenico et al. 2019). Concerning the inorganic nanoparticles, toxic or



Inorganic Nanoparticles as Free Radical Scavengers 301

beneficial effects were observed in correlation with the redox properties, which led to
the idea that inorganic nanoparticles decisively influence the change of the oxidative
balance. In a suitable environment inorganic nanoparticles can produce ROS (Sarkar
et al. 2014). Over time, the toxicity of oxide nanoparticles related to ROS production
has been exploited for the development of nanoparticles with antitumor and antimi-
crobial effects (Vinardell and Mitjans 2015). Zinc oxide can induce ROS, especially
if it is in an acidic environment, resulting in altered DNA (Hala et al. 2018). Toxicity
related to ROS formation was also observed in copper oxide nanoparticles (Fahmy
and Cormier 2009; Reddy and Lonkala 2019) or titanium oxide (Xue et al. 2010).

Iron oxide nanoparticles have multiple applications in medicine and are excellent
candidates in theranostic applications. However, depending on the concentration,
they can cause ROS through complex mechanisms in which iron participates at
competing process such as complexation/chelation, affecting enzymatic factors, and
reacting with prooxidants and hydrogen peroxide in Fenton-type reactions (Hayyan
et al. 2016; Christina and Sedlak 2008). Robert J. Wydra et al. describe the acceler-
ation of free radical formation of iron oxide nanoparticles when introduced into the
alternating magnetic field, the discovery having potential applications in magnetic
hyperthermia (Wydra et al. 2015).

Inorganic nanoparticles are often agents for the delivery of endogenous or exoge-
nous natural antioxidants, with numerous reviewers documenting these applications
(Boubbou Boubbou 2018; Palanisamyab and Wang 2019), this aspect being further
developed in the following sections. In this context, it should be mentioned that,
despite the fact that natural antioxidants have been designed by living organisms to
reduce oxidative stress, there are certain conditions in which they can generate oxida-
tive stress. Consequently, the use of natural antioxidants as therapeutic drugs loaded
onto inorganic nanoparticles must be done responsibly, because under certain condi-
tions they can have antagonistic effects, acting as oxidants, or favouring oxidation
reactions. Chemical species that induce oxidative stress by favoring the formation
of reactive species (ROS or RNS) or inhibiting the antioxidant system are called
prooxidants (such as O2, H2O2, Fe3+ etc.).

Despite the fact that polyphenols are among the most effective natural antioxi-
dants, there are a large number of representatives in this class that can act as proox-
idants under certain conditions (Jomov et al. 2019; Yordi et al. 2012). Degeneration
of phenols from antioxidants to prooxidants may be favored by other prooxidants or
the presence of transition metals. An example is the presence of molecular oxygen
and iron or copper, which will catalyze the formation of phenoxyl radicals able to
oxidize biological molecules, altering DNA structure (Galati and O’Brien 2004).

Vitamins are notorious antioxidants but can become prooxidant under certain
conditions. For example, ascorbic acid inactivates radicals, becoming a less active
radical, being deactivated by supplementation with other amounts of ascorbic acid
or other antioxidants. If not inactivated, the resulting radical is sufficiently reactive
to promote linoleic acid self-oxidation (Cillard et al. 1980). Vitamin C can also react
with copper or iron, reducing them to lower oxidation states, which can further
contribute to secondary reactions of hydroxyl radical formation by Fenton-type
reactions (Duarte and Lunec 2005).
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2.2 Inorganic Nanoparticles as Radical Scavengers

Metallic nanoparticles and their oxides under specific conditions and in suitable
quantities can inactivate ROS efficiently, having intrinsic antioxidant properties.
This property does not depend on the functionalization of the particles, but on the
surface properties related to oxidation state of the metals, crystalline structure and
defects. Given the complex relationship between structure and function of the inor-
ganic nanoparticles, especially in metallic oxides, they can inactivate free radicals by
mimicking the endogenous antioxidants of the human body.Oxides of cerium (CeO4)
(Baldim et al. 2018), cobalt (Co3O4) (Dong et al. 2014) in the form of nanoparticles,
as well as a number of metallic nanoparticles such as platinum, gold deposited on
platinum, manganese oxides (Mn3O4) (Waldo and Penner-Hahn 1995) can mimic
the activity of CAT to decompose the hydrogen peroxide in water and molecular
hydrogen.

The process is pH dependent, being favoured by high pH, while low pH can
determine a prooxidant activity of nanoparticles, in which hydrogen peroxide under-
goes a redox process of decomposition into hydroxyl radicals and hydroxide ions.
The mechanism of antioxidant action of metal oxide nanoparticles is related to the
exchange between two oxidation states of the metal, such as cerium oxide nanoparti-
cles, in which cerium is in a state of oxidation+4 in bulk, while on the surface there
are defects with Ce3+, responsible for antioxidant activity. Cerium-based nanoparti-
cles (CeNP) are excellent antioxidant agents that mimic the activity of SOD, along
with zirconium oxide (ZrO2), Co2O4 (Guo et al. 2020) and Mn3O4 (Singh et al.
2017). Nanometals such as palladium (Ge et al. 2016) and platinum (Liu et al. 2014)
can successfully mimic the SOD activity.

2.3 Coated Inorganic Nanoparticles as Nanoantioxidants

Metal nanoparticles and their oxides are excellent drug delivery agents, because
they are stable, can be functionalized and have small and controllable dimensions.
In addition to the intrinsic properties of inorganic nanoparticles, other interesting
properties are added by the coating with natural and synthetic polymers (Lungoci
et al. 2018).

The addition of antioxidants on the surface of nanoparticles obviously modifies
the intrinsic antioxidant activity, improving it. At the same time, the antioxidant
activity of the natural antioxidant deposited on the surface of the nanoparticles can
be modified, attenuated or can become selective. For example, silica nanoparticles
were easily coated with caffeic acid in core shell structures, protecting caffeic acid
from the degradative action of external factors (Arriagada et al. 2019). The results
showed that free radical scavenging activity of caffeic acidwas attenuated, increasing
the chelating capacity of Fe2+ ions and the ability to inactivate singlet oxygen. Similar
results were obtained by Deligianakis et al. by chemical grafting of gallic acid on the
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surface of SeO2 nanoparticles (Deligiannakis et al. 2012). In the same vein, it has been
noted that antioxidants can be degraded on the surface of metal oxides where they
have been deposited. Through this redox process, the degradation of nanoparticles
can be achieved by changing the oxidation state of the transition metals, modifying
the surface properties. This statement can be suggested by the catalytic properties of
metal nanoparticles that can lead to degradation reactions (Bhatia et al. 2013), such
as zinc oxide (Kumar et al. 2014a), titanium oxide (Him et al. 2019), cobalt oxide
(Adekunle et al. 2020; Saravana et al. 2020), redox processes established between
cerium nanoparticles and polyphenols being also documented (Andrei et al. 2016;
Hayat et al. 2014).

Nanoparticles coated with pure natural antioxidants, mixtures of antioxidants
or natural extracts have remarkable antioxidant activity, to which is often added
antimicrobial activity. Therefore, Sutradhar et al. synthesized aluminum dioxide
nanoparticles coated with coffee extract (Sutradhar et al. 2014), while Ansari et al.
obtained Al2O3 nanoparticles using Cymbopogon citratus leaf extract. In both cases
the stability of Al2O3 nanoparticles increased, adding new antioxidant properties
(Ansari and Khan 2015). Metal oxides based on transition metals, such as Fe, Co and
Ce were synthesized in the presence of natural extracts, in which the natural extract
has a double role: acts as a reducing agent and stabilizes the colloidal suspension
of nanoparticles, reducing aggregation. Most natural extracts used for this purpose
are of the polyphenols type, which offer excellent antioxidant and antimicrobial
properties.

Metallic nanoparticles are generally subject to oxidation, being less stable, except
for noble metals (Auffana et al. 2009). There are numerous reports in specialized
journals on the synthesis of metal nanoparticles where their surface is passivated
by natural extracts (Jurasin et al. 2016). For example, since gold nanoparticles can
be easily synthesized due to their high ability to reduce the oxidation state from
auric salts, they can be easly precipitate as nanoparticles from many synthetic and
natural antioxidant, resulting in core-shell structures. Abdulrahman M. Elbagory
et al. synthesized particles with different morphology and different sizes using 17
different plant extracts (Elbagory et al. 2016). Palladium nanoparticles were synthe-
sized in the same manner using Evolvulus alsinoides leaf extract (Gurunathan et al.
2015) or Gardenia jasminoides extract (Jia et al. 2009) and copper nanoparticles,
using Labeo rohita extract (Sinha and Ahmaruzzaman 2015).

A particular attention is paid to silver nanoparticles (AgNP). The use of silver
as a microbial agent dates back more than 4,000 years, where silver-based products
were used by ancient peoples as eating utensils, food storage or drinking tools.
The mechanism of antimicrobial action of silver is still under debate, but enough
data is known so that a picture can be provided. The mechanism is connected with
the reactivity of silver with thiols, which can block certain enzymatic pathways by
binding silver to sulfur-containing amino acids such as cysteine (Jung et al. 2008).
Anna Kedziora et al. make an interesting comparison between the action of Ag+ and
AgNP in terms of antibacterial activity (Kedziora et al. 2018).

AgNP synthesis involves the use of surfactants with reducing character in order tu
reduce the oxidation state of silver cations and to regulate their dimensions. Being a
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noble metal, the oxidation state of silver is easily reduced, so that natural extracts are
excellent reducers of Ag+ to Ag0 in AgNP synthesis by green chemistry methods.
Plant-based synthesis methods involve mixing a plant extract with an aqueous solu-
tion of a metal salt. This process takes place at room temperature, requiring a few
hours to complete in non toxic milieu. The main mechanism is the reaction mediated
by some phytochemicals, such as terpenoids, flavones, ketones, aldehydes, amines
and carboxylic acids involved in the reduction of silver ions (Souza 2019).

The advantage of AgNPs obtained with natural products is obvious, but the most
important is the fact that natural extracts bring with them additional antioxidant
and antimicrobial properties, given that silver is not an intrinsic antioxidant. Among
many others, Andreia Corciova and coworkers undertook extensive studies regarding
the antioxidant and antimicrobial activity of AgNP coated with natural products.
Thus, AgNPs coated with Phylantul amarus extract have antioxidant properties due
to components such as p-coumaric, ferulic acid, isocvercitrin, cvercitrin, rutoside,
hispidulin, stigmasterol, beta-sitosterol and campesterol (Corciova et al. 2018a). The
products have been shown to be effective against Staphylococcus aureus and Pseu-
domonas aeruginosa. Tilia cordata led to the production of AgNP with a yield and
size modulated by the amount of extract (Corciova et al. 2018b). The T. cordata
extract have remarkable antioxidant properties, with antimicrobial activity against a
wide palate of microorganisms, such as: S. aureus, E. coli, P. aeruginosa, Candida
albicans and Candida parapsilosis, the last two being fungal strains. Similar results
were obtained with bee propolis extract, the resulting nanoparticles also having
photodegradation properties (Corciova et al. 2019a). Licorice extract led to obtaining
AgNPs whose antioxidant properties were better than those of the original extract
(Corciova et al. 2019b).

3 Magnetic Nanoparticles as Tools in Biomedical
Applications for Reducing Oxidative Stress

Magnetic nanoparticles have supported the interest of researchers in recent years,
today being the most important transport agents of inorganic core drugs, many
reviews in the field documenting this fact (Thomsen et al. 2015; Price et al. 2018).
Their special properties are primarily related to the existence of paramagnetic atoms
that confermagnetism tomagnetic nanoparticles. Themagnetismof the nanoparticles
makes them temporally and spatially guided in the magnetic field, being guidable in
the human body, which is the golden key in the field of targeted drug delivery agents.
Therefore, in addition to the targeting selectivity offered by dimensional or func-
tional segregation, magnetic nanoparticles can be literally forced by a magnetic field
with the right power and orientation, to focus on the desired place. Additionally, the
magnetic properties allow them to be applied in magnetic resonance imaging (MRI)
by scanning longitudinal time (T1) and transverse relaxation time (T2). Among the
most important nanoparticles of metal oxides used as contrast agents in the field of
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medical imaging are those based on iron oxides (Na et al. 2009; Ni et al. 2017).
Iron oxides include hematite (α-Fe2O3, byxbyite (β-Fe2O3), maghemite (γ-Fe2O3),
ε-Fe2O3 wustite (Fe-O) and magnetite (Fe3O4). Of all the forms of iron oxides,
the most studied nanoparticles for applications in medical imaging are magnetite
nanoparticles with inverted spinel crystal structure (Marashdeha et al. 2019). Also,
the magnetic properties allow them to heat up in alternative magnetic fields, making
them suitable in hyperthermic cancer therapy (Giustini et al. 2010).

Undoubtedly, the chemical functionality offered by functional groups -OH on
the surface of magnetic nanoparticles is very important since these chemical groups
show reactivity with organic compounds. Magnetic nanoparticles with a core-shell
structure are nanostructured materials stabilised by chemical and physical bonds,
as illustrated in Fig. 2. Mariana Pinteala and collaborators had remarkable results
in terms of the synthesis of magnetite nanoparticles with a core-shell type struc-
ture where most of the strategies to stabilise nanoparticles illustrated in Fig. 2 were
applied. Thus, it was possible to obtain organotryethoxysilanes coated nanoparticles
(Durdureanu-Angheluta et al. 2008) or amphiphilic polymers based on siloxanes
(Pricop et al. 2010; Durdureanu-Angheluta et al. 2010), the synthesis and prop-
erties of nanomagnetite functionalized with amino groups were studied in detail
(Durdureanu-Angheluta et al. 2012). Advanced nanoparticles with anticoagulant
properties were obtain (Durdureanu-Angheluta et al. 2014a), grafted with enzymes
(Durdureanu-Angheluta et al. 2014b), having remarkable properties with a saturation
magnetization of over 50 emu/g.

In view of the above, magnetic nanoantioxidants are formed in most cases from
metal oxide nanoparticles based on iron, nickel, cobalt, manganese and other param-
agnetic transitional elements.Although, as previously seen, even thoughmetal oxides
of theMNPmay have intrinsic antioxidant properties, it is preferable to use core-shell

Fig. 2 Connections made to the functionalization and coating of core-shell nanoparticles
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nanoparticles in medical applications instead of naked nanoparticles. Nanoparticles
coated with antioxidant polymers or antioxidant active substances offer several main
advantages: drastically reduce aggregation phenomena, significantly increase the
antioxidant effect and reduce cytotoxicity.

An important class of MNPs with antioxidant activity is that of nanoparticles
coated with natural polymers, synthesized using green chemistry methods. Natural
polymers reduce the number of toxic reagents used in synthesis because they can
act as active reducing agents in the nanoparticle formation, confer new functions or
accentuate existing ones, simultaneously with the coating and protecting metal oxide
surfaces, serving as dimensional control agents. For example, MNPs were synthe-
sized at room temperature in the presence of green tea leaves (Camellia sinensis),
where the resulting polyphenols showed active reducing properties in the iron oxides
formation (Hoag et al. 2009; Nadagouda et al. 2010). The extensive study of MNP
coated with green tea extract showed that in addition to the characteristic functions of
polyphenols, the surface properties of the metal oxide of the core are also preserved.
Therefore, the coatedMNP can participate in degradation processes through Fenton-
type reactions (Shahwan et al. 2011; Kuang et al. 2013). Consequently, there is a
dual activity of MNP coated with natural polymers, characteristic of polymers and
the oxide nature of the magnetic core. Another advantage of these nanoparticles
is the antimicrobial effects, acting against a whole range of pathogens, such as S.
aureus and Bacillus subtilis, having antifungal effects, againstMucor piriformis and
Aspergillus niger (Gautham et al. 2019; Amutha et al. 2018).

3.1 Magnetic Nanoantioxidants Based on Phenolic Acidis.
Magnetic Nanoparticles Loaded with Protocatechuic Acid

In the great diversity of core-shell MNP with antioxidant properties relatively few
studies are with MNP loaded with small molecule natural antioxidants such as
phenolic acids, flavonoids or carotinoids, most reports focusing on natural polymers
from extracts of plants. Regarding the phenolic antioxidants, they can be anchored to
MNP by chelating the iron ions in the crystal lattice on the surface through phenolic
and carboxylic groups, in a manner similar to that presented in Fig. 2. In this respect,
ortho-phenolic groups havedefined auniversalmethodof functionalizationofmetalic
oxide surfaces based on catecholic chemistry (Amstad et al. 2009;Guenin et al. 2014).
In regard to this manner, Jun Lee and coworkers functionalize superparamagnetic
oxide nanoparticles (SPION) with folic acid (Kim et al. 2016). The authors linked
folic acid to caffeic acid through a polyethylene glycol spacer, and finally, caffeic
acid to MNP via catecholic groups, demonstrating the feasibility of this system. The
resulting product can be used inMRI, having also antitumor properties (Alpsoy et al.
2017).

MNPs may exert a stabilizing effect on antioxidants incorporated into coating
polymers. For example, gallic acid was loaded on chitosan-coated MNP leading to
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increased thermal stability of the antioxidant (Dorniani et al. 2012). The final product
has high anticancer activity, studied on the HT29 andMCF7 cell line, but the authors
did not studied the antioxidant effects of nanoparticles. Later, in 2017, T. Sayed et al.
(Shah et al. 2017) directly attached gallic acid to the surface of the fiber nanooxides
andobtained low-sizedMNP,with gallic acid acting as a surfactant. The study showed
a remarkable antioxidant activity, 2–4 times higher than the intrinsic activity ofMNP,
adding an antimicrobial activity. Two synthesis methods were adapted in this work,
the in-situ addition of gallic acid and the addition of gallic acid after the synthesis of
uncovered MNP.

Comparing the studies with antioxidant-coated MNPs loaded directly on the
surface with those in which antioxidants are loaded on polymer-coated MNPs
(dextran, chitosan, synthetic polymers) the latter become predominant. In this
context, most of the published works studied biomedical applications from the
perspective of various pathologies and less the antioxidant effects. In an early
example, quercetin, a very important representant of natural antioxidants, is loaded on
dextran coated MNP demonstrating anticancer activity against MCF7 cells (Kumar
et al. 2014b). Later, Elnas Amazadeh and co-workers use the same synthetic pathway
to obtain quercetin loaded iron oxide nanoparticles to obtain drugs useful in memory
health (Amanzadeh et al. 2019). The antioxidant properties of this system are studied
by Sayed Tawab Shah et al. (Shah et al. 2017) by adopting a modified synthesis
method, linking quercetin to MNP through the catecholic arrangement. The authors
showby theDPPH test the significant activity of qurcetin-conjugatedMNP, 2–3 times
higher than the intrinsic activity characteristic of uncovered iron oxide nanoparticles.

An interesting study is undertaken by covering MNP (γ-Fe2O3) with heparin, a
polysaccharide anticoagulant, without antioxidant properties (Swietek et al. 2019b).
These products are compared with chitosan-coated MNPs loaded with several types
of phenolic antioxidants (gallic acid, hydroquinone andphloroglucinol). In this paper,
tests of antioxidant effects were made with the DPPH method showing the effi-
ciency of nanoparticles conjugated with phenolic antioxidants and the obvious lack
of antioxidant activity ofMNP loadedwith heparin.Due to the fact that heparin allows
a higher cellular uptake, MNP that combines the effect of heparin and antioxidants
become promising tools for biomedical applications.

The above mentioned studies demonstrate the versatility of MNP as drug delivery
agents when coated with antioxidant-loaded polymers compared to those with
phenolic antioxidants deposited directly on their surface. In the latter case, the
phenolic functional groups of antioxidants are binding elements with nanoparticles,
with the possibility of reducing their efficiency. Other advantage to choose nanopar-
ticles coated polymers in order to load antioxidants is given by the bioavailability
conferred by the coating polymers and the possibility of releasing the antioxidants
in a controlable manner (Ayyanaar et al. 2020). In this context, an extensive study
was made by the group M. Pinteala and collaborators on naonostructured magnetite
with core-shell structure loaded with protocatechuic acid (PCA), so as to preserve
the magnetic and antioxidant properties, and to add other interesting properties from
a biological point of view (Lungoci et al. 2019). In this work the authors present the
results obtained from the synthesis and characterization of some MNP coated with
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Fig. 3 Schematic representation of the synthesis of SBEβCD/APC, MPEI, MPEI-APC andMPEI-
SBEβCD/APC

PEI (MPEI) with free radical scavenging properties due to the loading with natural
antioxidants (Fig. 3). The objective of this study is part of a general objective of
group M. Pinteala to obtain MNPs loaded with natural and inorganic antioxi-
dants as adjuvant therapy in percutaneous coronary interventions in atheroscle-
rosis therapy.Oxidative stress and endothelial dysfunction in the blood vessel are
thought to cause restenosis after a certain period of application of the metal stent, a
process that can be delayed or even stopped by the local use of antioxidant therapies
capable of capturing and inactivating free radicals.

PEI used to coat MNP in this study is a polymer whose behaviour related to
cytotoxicity is well known since this polimer is often use in transfection studies, to
delivery gene intracelularly (Uritu et al. 2015; Ardeleanu et al. 2018). It was chosen
to coat MNP due to its polycationic character which favors the electrostatic binding
to negatively charged surface of the nanoparticles (Fig. 4). In addition, PEI shell of
MPEI facilitates the incorporation of any negatively charged compounds (therapeutic
agents) and their subsequent release in vivo in specific conditions. The therapeutic
agent considered in this paper is PCAwhich have the role of reducing oxidative stress
in tissues. The stabilization of the nanooxidant takes place through the interaction
of PCA with PEI, due to the acid-base dissociation of PCA which results in the
formation of negative species able develop electrostatic attractive forces with the
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Fig. 4 Illustration of chemical processes on theMNP surface as a function of pH (a) and interactions
between PEI and MNP (b)

Fig. 5 Illustration of possible interactions between PCA and MPEI nanoparticles

PEI layer (Fig. 5). The attraction interactions that are established between MPEI and
PCA can take other forms, also, due to the complexation of iron atoms by means of
hydroxyl or carboxylic groups, as illustrated in Fig. 5. These processes can occur at
the interaction of any polyphenolic compound with MNP coated with PEI or other
polication, such as chitosan. Therefore, MPEI loaded with PCA (MPEI-PCA) are
considered a particular model for MNP loaded with any natural phenolic acid.

PCA is a polyphenol extracted from various exotic herbs (Hibiscus sabdariffa).
It has antioxidant and anti-inflammatory effects and is protective against changes
induced by various toxins in the liver; the literature also attests various antitumor
effects, especially in the case of leukemia (Anter et al. 2011). The mechanisms
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behind its antioxidant activity are the chelation of metal transition ions, as well as
the inactivation of free radicals by changing hydrogen atoms (H) or electrons (e).

In the same study of MPEI loaded PCA, MPEIs loaded with an inclusion
complex formed between sulfobutyl ether β-cyclodextrin (SBEβCD) and APC
(SBEβCD/APC) were also taken into account; the resulting magnetic nanoparticles
were denoted by MPEI-SBEβCD/PCA. Inclusion in cyclodextrins can increase the
stability of various therapeutic agents and improve their bioavailability by increasing
solubility in aqueous media. SBEβCD is negatively charged when disociate in water,
since it has ionic groups -SO3

−, which facilitates the absorption in the PEI poly-
cation layer covering the magnetite, in the same manner as PCA. The embedding
efficiency of MPEI was measured and 56% was obtained for PCA and 44% for the
SBEβCD/PCA inclusion complex, highlighting an increased efficiency of MPEI in
uncomplexed PCA absorption compared to that complexed with SBEβCD.

The advantage of the synthesis of MNPs coated with inclusion complexes formed
with cyclodextrins is given by the fact that by complexingwith cycldextrins,MNPcan
be loaded with classes of water-insoluble antioxidants, such as carotenoids (Oliveira
et al. 2011), that are normally fat-soluble or in other hydrophobic solvents. Therefore
MNPs covered with PEI are true delivery platforms for hydrophilic and hydrophobic
natural antioxidants.

The size and shape of such nanoparticles could vary due to the coating polymer,
but also to the embedded therapeutic agents, as the electrical charge and molecular
volume of the PCA and the inclusion complex vary widely. The analysis of TEM
images shows that MNP have an average diameter of 7.5 nm, having a uniform
spherical shape. Coating MNP with PEI and loading with APC or SBEβCD/PCA
inclusion complex did not alter the spherical shape of the final conjugates, but led to
a subtle increase in mean diameter (7–13 nm). Being a supramolecular compound,
obviously the molecular volume of the SBEβCD/APC inclusion complex is larger
than that of the APC. Therefore the diameter of the conjugates is correlated with
the molecular volume of the chemical species loaded in the coating layer of the
nanoparticles.

In aqueous solution the dimensions of the nanoparticles change due to the solva-
tion of the coating polymers. Dimensional analysis in aqueous solution shows that
MNPs have a hydrodynamic diameter of 480 nm in water; while the Zeta potential
indicates a negative value of −24 mV at pH 11 and −1 mV at pH 7 (see Fig. 4
for explanations). By coating the magnetic nanoparticles with PEI is promoting an
increase in hydrodynamic diameter to 690 nm due to solvation and spatial expansion
in water of PEI chains. Due to the ionization of amino groups in water by acid–
base processes, the PEI layer gives MPEI nanoparticles a high positive potential
(+40 mV). Loading MPEI with the SBEβCD/APC leads to a decrease in the hydro-
dynamic diameter from 690 to 573 nm of the MPEI-SBEβCD/APC nanoparticles
due to the compensation of the electrical charges of the PEI with the negative ones
from SBEβCD/APC. Therefore, the folding process of the inclusion complex in the
PEI shell leads to an effect of packaging and compaction of the polymeric coating
layer.
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Fig. 6 Magnetization curves of MNP (blue) and MPEI (red)

Having a magnetite core, the studied nanoparticles have magnetic properties,
the magnitude of the magnetization offering an estimate of the applicability of these
nanosystems in the expectedbiomedical applications. The saturationmagnetization is
about 70 emu/g, specific for uncoveredMNP. Low values of saturationmagnetization
and magnetic coercivity make the hysteresis effect almost imperceptible, suggesting
that nanoparticles have superparamagnetic properties (Fig. 6). It is interesting to note
that when MNP are coated with PEI (MPEI), the value of saturation magnetization
is close to the value of uncovered nanoparticles, which makes them very important
for biomedical applications (Laurent et al. 2014; Viota et al. 2013).

Free radical scavenging capacity was tested by the DPPH method which showed
that nanoparticles loaded with free APC or included in SBEβCD have excellent
antioxidant properties (Fig. 7). In the lowconcentration range, the ratio ofMPEI-APC
free radical inhibition capabilities to MPEI-SBEβCD/APC shows that MPEI-APC
is more effective.

PCA from nanoparticles exhibit its antioxidant activity when encapsulated PEI
layer of MPEI, but probably is released first in water and then participate in the
redox reaction. MPEI release profiles loaded with free PCA or inclusion complex
show preservation of PCA release rate from MPEI-PCA and MPEI-SBEβCD/PCA
for three days (Fig. 8).

Antioxidant release was slower from MPEI-SBEβCD/PCA than from MPEI-
PCA, since electrostatic interactions between polyethyleneimine and APC or
SBEβCD/PCA are different. The different release rates may be due to differences in
the diffusion coefficients of PCA and SBEβCD/PCA in the PEI layer. This obser-
vation is supported by the lower embedding efficiency of SBEβCD/PCA than APC
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Fig. 7 The antioxidant activity of APC loaded on MPEI in various formulations by the DPPH
method

Fig. 8 Controlled release curves for a MPEI-APC and bMPEI-SBEbCD-APC

in MPEI. On the other hand, there may be different release mechanisms. Thus,
SBEβCD/PCA may decompose in a first step, followed by the release of PCA or the
inclusion complex may first be released followed by the release of APC from the
SBEβCD cavity, which greatly complicates the release kinetics of SBEβCD/PCA.

In conclusion, core-shell systems based on PEI-type coating polymers can offer
multiple opportunities by loading with antioxidants having very different physico-
chemical properties in terms of polarity and electrical charges due to the involve-
ment of modified cyclodextrins able to facilitate interactions between antioxidants
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and PEI layer. Through this approach, the release of antioxidants from nanoparti-
cles and antioxidant properties can be modulated, creating the possibility of using
two or more antioxidants with different physicochemical properties, wich interact
synergistically.

3.2 Two Types of Metallic Oxide in One Magnetic
Nanoantioxidant. Magnetic Nanoparticles Conjugated
with Cerium Nanoparticles

A very interesting topic is the conjugation of two types of metal oxides having
complementary functions necessary for certain biomedical applications. There are
two key approaches to this. One involves obtaining hybrid nanoparticles containing
two distinct solid phases (mixtures of oxides or nanoalloys), and the second involves
obtaining a type of nanoparticles decorated with the second type. Of course, if we
refer to nanostructured materials, there is also the approach of nanocomposites, but
this topic is beyond the subject of this review.

A pleiada of hybrid nanoparticles were obtained where nanoparticles formed of
one type of metal oxide were coated with a layer of the second type of metal oxide
(Anzorenaa et al. 2019; Pham et al. 2020). In most cases, the principle of synthesis
consisted in obtaining the first type of nanoparticles that represented the seeds of
crystallization in the second stage of synthesis, when is crystallized the second solid
phase, obtaining inorganic core-shell particles.

Regarding magnetic nanoxidants, no hybrid nanoparticles based on iron oxide
have been obtained so far, to study in detail both magnetic and antioxidant properties
in order to evaluate these nanostructured systems as potential tools in biomedical
applications. In this regard, very recently significant progress has been made using
the second approach, where core-shell nanoparticles decorated with the second type
of nanoparticles are obtained. One of the most recent reports is by Hang T. Ta
et al. which obtained CeNP-conjugated MNPs where poly(acrylic acid) ensures the
integrity of the nanoaggregate by physical forces (Wua et al. 2018). Due to the
coating with poly(acrylic acid) able to dissociate in water, the nanoparticles have
a high negative Zeta potential, up to −56 mV, which suggests a high stability. The
authors study in detail the activity of ROS inactivation, a characteristic of CeNP, and
correlate with Ce3+ concentration. Also, nanoparticles are good contrast agents in
MRI due to MNP, proving the teranostic potential of such products. Regarding the
magnetic properties, the saturation magnetization, or the variation of this parameter
at the the transition from MNP to the CeNP conjugate, was not measured. These
parameters help to estimate the guidability in magnetic field of shuch nanoagregate.

Cerium oxide nanoparticles have aroused great interest in recent days in biomed-
ical applications related to its redox properties. Nanoceria is known in the literature
for its antioxidant activity, having an enzymatic activity that mimics the activity
of superoxide dismutase, catalase, phosphatase, oxidase or peroxidase. Antioxidant
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and catalytic properties are correlated with oxygen deficiency in the surface crystal
lattice, leading to the existence of two oxidation states, Ce3+ and Ce4+, onto CeNP
(Baldini et al. 2018). Ce3+ on the surface of nanoparticles is correlated with the
increased number of crystalline defects or oxygen vacancies, leading to an increase
in the specific surface area and of ROS quenching capability (Charbgoo et al. 2017).
In this context, the redox process evolve so that the Ce3+ ions undergo oxidation reac-
tions in the presence of radical species, reducing the oxidation state of the ractive
species (Patel et al. 2018).Through this CeNPmechanism they can fulfill the function
of the SOD enzyme:

Ce3+ + O•−
2 + 2H+ = Ce4+ + H2O

3Ce4+ + 3O•−
2 = 3Ce3+ + 3O2

Among other things, the importance of using CeNP lies in their ability to regen-
erate their active centers by transforming oxygen peroxide, in a manner similar to
the CAT enzyme (Reed et al. 2014):

2Ce3+ + H2O2 + 2H+ = 2Ce4+ + 2H2O

These processes seem to be in competition, the reaction pathway being correlated
with the concentration of Ce3+ at the surface of the nanoparticles, so that at a lower
ratio of Ce3+/Ce4+ dominates the CAT specific catalytic activity, to which can be
added the reaction (Celardo et al. 2011; Nelson et al. 2016):

2Ce4+ + H2O2 + 2HO− = 2Ce3+ + O2 + 2H2O

Furthermore, it has been observed that CeNP can also inactivate HO• radicals that
have high reactivity (Karakoti et al. 2008; Ivanov et al. 2009):

Ce3+ + HO· = HO− + Ce4+

In the above reactions, trivalent and tetravalent cerium ions are not dissociated in
solution, they are anchored in the crystal lattice of oxides in nanoparticles.

Very recently, a different approach fromHang T. Ta et al. is that of theM. Pinteala
group, in which MNPs conjugated with CeNP are obtained by means of crosslinked
polymers, this time ensuring the integrity of the nanoaggregate by chemical forces
(Turin-Moleavin et al. 2019). The nanoparticles were coated with PEI, considering
that this polymer is a polyamine with multiple possibilities of chemical functional-
ization through specific reactions of amines that can be easily and rapidly crosslinked
with monomers such as dialdehydes. This synthesis strategy is more versatile than
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MNP coated with the oxides of another metal, because, theoretically, it can intercon-
nect any type of different metal oxides. As previously discussed, such a nanoconju-
gate is a hybrid nanocomposite, where the constituent nanoparticles can individually
perform their function of interest.

The aim of this study was to design a nanostructured system capable of delivering
antioxidant chemical species in a pharmacologically controlled and spatially guided
manner MNP magnetic nanoparticles coated with PEI and conjugated with CeNP
were synthesized, resulting in systems with antioxidant and magnetic properties. The
involvement of MNP in the design of these nanostructured systems is intended to
provide additional functionality, making them able to be guided in the magnetic field
and visualized by imaging methods, such as medical nuclear magnetic resonance,
determining a teranostic approach.

The synthesis strategy adopted involved the initial synthesis of PEI coated CeNP
stabilized by physical bonds (CePEI), followed by chemical crosslinking of PEI with
glutar aldehyde (CePEI-GA). MPEI activated with glutar aldehyde was also synthe-
sized; whose reactive carbonyl groups were reacted with CePEI in order to obtain
the hibrid MNP-CeNP conjugates further abbreviated MCePEI-GA as in Fig. 9.

These types of nanoparticles can have various shapes and sizes. The morphology
was studied with TEM,whose images show amatrix composed of spherical nanopar-
ticles, with a small diameter, ranging from 7–8 nm. It should be noted that the
TEM images cannot discriminate between MNP (7 nm) and CeNP (5 nm), the
average diameter of MCePEI-GA nanoparticles being approximately 8 nm. It can
be concluded that MCePEI-GA is not composed of MPEI nanoparticles decorated
with CePEIGA-PEI, these being rather formed by a polymeric matrix stabilized by
chemical bonds formed between the coatings of the two types of nanoparticles. The
result is normal, because the two types of nanoparticles are close in size, with a
difference between the average diameters of only 2 nm.

TEM shows the size and morphology of dry nanoparticles. Often the dimensions
measured by TEM are different from those measured in solution due to the inter-
action of nanoparticles with the solvent. The hydrodynamic dimensions are often
larger in solution than in the dry state, and this is of significant importance because
the measured hydrodynamic dimensions largely correspond to those in biological
fluids. Ultimately, the comparison between the absolute diameter measured by TEM
and the hydrodynamic one can provide an estimation of the behavior of nanoparti-
cles when circulating through the capillaries of the human body. The hydrodynamic
diameter of MCePEI-GA-PEI nanoparticles is much larger than that measured by
TEMwith a value of 210 nm. This value is less than the hydrodynamic diameter of the
nanoparticles that make up the nanoconjugate, with values of 680 nm for MPEI and
641 nm for CePEI-GA-PEI. The differences between the hydrodynamic diameters
of the individual components (MPEI and CePEI-GA) and of the MCePEI-GA may
be due to the increase in the degree of crosslinking of the PEI in the final product.
Also, similar to the MPEIs discussed earlier, MCePEI-GA has a potential positive
Zeta of approximately +30 mV due to the ionization of PEI in water.

Because nanoparticles are claimed to be magnetic nanoantioxidants, one of the
most important properties is magnetic, saturation magnetization parameter giving
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Fig. 9 Schematic representation of the synthesis reactions of MCePEI-GA-PEI

an estimate of the guidance of these nanoparticles in the human body. Magnetiza-
tion curves indicate that all samples have superparamagnetic properties, suggested
by low values of magnetic coercivity and residual magnetization (Fig. 10). It is
considered that the addition of PEI for the inactivation of carbonyl groups in the
CePEI-GA synthesis step of the process of obtaining CePEI-GA-PEI nanoparticles
has a major contribution to the decrease of MCePEI-GA-PEI magnetization. The
physical mixture of MNP, CeNP and PEI, without crosslinking with glutar aldehyde,
leads to a product with a saturation magnetization of 68, 34 emu/g, which is between
70.63 emu/g for MNP and 7.41 emu/g for MCePEI-GA. The order of the magnetiza-
tion values highlights the importance of the PEI crosslinking steps in decreasing the
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Fig. 10 Magnetization curves of nanoparticles MNP (red); physical mixture MNP, CeNP and PEI
(green); and MCePEI-GA (brown)

saturation magnetization, probably due to the diamagnetic effect of the crosslinked
polymeric layer.

In addition to their magnetic properties, their antioxidant properties complete the
picture of the fundamental characteristics of magnetic nanoantioxidants, and they
can provide an estimate of their ability to quench ROS. The free radical scavenging
properties were evaluated using the DPPH test, which showed a higher percentage
inhibition of radicals of MCePEI-GA than in the case of CePEI-GA nanoparticles.
This result is unusual knowing that MCePEI-GA has a lower content of cerium oxide
(Fig. 11a). The increase in antioxidant activity was attributed to the amino groups in
PEI and imines (-C = N-), in the structure of PEI crosslinked with glutar aldehyde.

To highlight the effects of crosslinking on antioxidant properties, the percentage
inhibitions of CePEI (nanoparticles stabilized only by physical bonds, without
crosslinking) and CePEI-GA (PEI is crosslinked) at different concentrations were
compared. The measurements showed that CePEI-GA nanoparticles have a higher
percentage inhibition than CePEI, which suggests that crosslinking PEI with glutaric
aldehyde improves their free radical scavenging properties. This can be explained by
the appearance of -HC = N- imine double bonds, which can themselves, contribute
to increasing the antioxidant capacity of the final system (Kotora et al. 2016).

Analysis of composition byXPSmethod of the CePEI-GA-PEI conjugate showed
that the Ce3+/Ce4+ ratio is higher than in CePEI (PEI non-crosslinked). Probably,
during the process of crosslinking PEI with glutar aldehyde, Ce4+ is reduced to Ce3+,
which can catalyze the oxidation of aldehydes in the crosslinking process of PEI
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Fig. 11 The antioxidant activity measured by the DPPH method of CePEI, CePEI-GA, MCePEI-
GA, MNP nanoparticles and the MPEI/CePEI-GA physical mixture (a) and the variation of the
antioxidant activity of MCePEI-GA nanoparticles over time (b)

(Orozco et al. 2017). The increase in Ce3+ concentration due to crosslinking with
glutaric aldehyde of PEI may be another cause of the increased antioxidant activity
of the MCePEI-GA nanoaconjugate compared to the activity of its nanoparticles,
MPEI and CePEI-GA.

MCePEI-GA-PEI nanoconjugates form a nanostructured system with stable free
radical scavenging properties over time, suggested by the very small decrease in the
antioxidant activity of MCePEI-GA-PEI after two weeks (Fig. 11b).

Due to the antioxidant nature of cerium oxide-based nanoparticles, it is important
to investigate the effects of their administration on the oxidative-reducing status of
certain organs and biological fluids in living organisms. Therefore, the total antiox-
idant capacity of mice was measured and expressed in Trolox equivalents using
the ABTS method (https://www.sigmaaldrich.com/catalog/product/sigma/mak187?
lang=en&region=RO). Injection of mice with CePEI-GA and MCePEI-GA led to
an increase in the reducing character of homogenates obtained from animal fluids

https://www.sigmaaldrich.com/catalog/product/sigma/mak187%3Flang%3Den%26region%3DRO
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Fig. 12 Increase in total antioxidant capacity relative to the control sample (in Trolox equivalents)
for samples treated with CePEI-GA and MCePEI-GA

and organs. The largest increases in antioxidant capacity are found in the spleen and
brain (Fig. 12).

In the spleen, the increase in the amount of antioxidant is large,with approximately
97% compared to the control samples for CePEI-GA and 97.5% for MCePEI-GA
(Fig. 12). In the brain, the increase in the amount of antioxidants is very different
for the two types of nanoparticles, higher for CePEI-GA (62.6%) than for MCePEI-
GA (23.95%). The liver naturally has a significant amount of antioxidants (Casas-
Grajales and Muriel 2015). Despite this, the amount of antioxidant increases in the
liver, following the administration of nanoparticles, by 20% in the case of CePEI-
GA and by 39.47% in the case of MCePEI-GA compared to the control samples, the
increase being higher than in plasma.

When the magnetic properties were evaluated it was observed that crosslinking
with glutaraldehyde led to a decrease in the saturationmagnetization ofMCePEI-GA
nanoconjugates compared to that of the physical mixture of nanoparticles, in which
crosslinking was excluded. The effect is attributed to the increase in the fraction
of the final product of the diamagnetic materials represented by crosslinked PEI.
This trend is reversed when analyzing the free radical scavenging capacity. The
nanoparticles MPEI, CePEI-GA together with PEI crosslinked with glutar aldehyde
have an effect that seems to be synergistic, for the benefit of antioxidant properties. In
conclusion, the physico-chemical properties of interest for biomedical applications
of MCePEI-GA, magnetic and free radical scavenging vary in opposite directions
with increasing degree of crosslinking of PEI, whereas glutar aldehyde is the means
of firm connection between the constituent nanoparticles. Therefore, in the synthesis
of nanoconjugates of this kind, which unite CeNP andMNP, whenMPEI and CePEI-
GAare interconnected, a compromisemust bemade between the decrease/increase of
magnetization and the antioxidant capacity due to crosslinking with glutar aldehyde.
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In conclusion, studies undertaken on nano-magnetic antioxidants based on MNP
composed of iron oxide and PEI composed of hyperbranch polietilenimine with low
molecular mass (1.8 kDa) provides data regarding the preparation and the investi-
gation of the biomedical application of the complex structured nano-entity able to
deliver antioxidant chemical species in a pharmacologically controlled and spatially
guided manner. More specifically these types of nanooxidants are cargo-complex
having a magnetic core with PEI shell, able to load and to deliver precise amounts
of radical scavengers of natural antioxidant, PCA, or to conjugate with cerium oxide
nanoparticulate. Consequently the nanoantioxidants can be spatially guided in the
human body bymeans ofmagnetic field and supplying species capable of inactivation
of active radical species. Since these magnetic nanantioxidants can be concentrated
in affected regions (acting as scavengers of free radicals) together with their potential
applications in MRI (due to their magnetic properties) these kinds of products can
be considered as new excellent candidates for theranostic applications.

4 Conclusions and Future Perspectives

Oxidative stress has multiple causes and a number of pathologies are connected to
it, such as cardiovascular diseases or cancer, for which no healing solutions have yet
been found. At the cellular level, the body tries to shift the redox balance from an
uncharacteristic oxidative state to one that allows thenormal functioningof the human
body. To regulate redox balance, the human body uses endogenous antioxidants
able to reduce oxidative stress in stage through complex biochemical mechanisms.
Human’s interaction with nature has determined a symbiotic relationship that has
allowed the exchange of matter with beneficial effects on human health. Thus, it was
inherent the supplementation of the the endogenous antioxidants with the exogenous
ones, determining a dependence of the human body on the addition of antioxidants
found in natural products.

Throughout history, man has indirectly understood the benefits of natural antiox-
idants, so that ancient medicine relied on the use of natural products, such as teas,
propolis or fruits, which brought important intakes of natural antioxidants to the body.
Nowadays, the approach to limiting oxidative stress is much more complex, and this
complexity is due to the increasingly alert social life, which increases the efforts of
specialists to keep the human body in normal functioning parameters. In the context
of the development of nanotechnology, it is a challenge to provide antioxidants using
nanoobjects that optimize the necessary therapeutic doses due to the protective effect
of antioxidants and the targetability of chemically functionalized nanoobjects.

This review highlights recent advances in the suitability of using inorganic
nanoparticles as nanoantioxidants. It provides a measure of the comparison between
different ways or formulations in which nanoparticles can be used as antioxidants.
Therefore, the redox effects in the body of metal nanoparticles in zero oxidation state
and their oxides with intrinsic free radical scavenging properties are described. The
general conclusion is that, with few exceptions, the antioxidant activity is amplified
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by nanoparticles coated with natural antioxidants in the form of natural extracts or
with pure antioxidants loaded as therapeutic agents in core-shell nanoparticles.

Magnetic nanoparticles have lately become the vectors of a teranostic approach in
biomedical research. The issue of magnetically guided nanoantioxidants is discussed
in detail in the review from the perspective of functionality in the process of free
radical scavenging. In this section the physicochemical characterization of magnetic
nanoparticles is described to highlight the relationships of structure properties and
the minimum conditions that must be met to have an effective nanoantioxidant.
This approach is due to the finding that some nanoparticles of metal oxides have
different biological properties depending on the synthesis methods. In this context,
the review describes a product formed from the conjugation of two metal oxides,
iron and cerium, which together with the polymeric conjugation system, determined
a synergistic free radical scavenging effect.

In this context, it has been shown that the systems formed by magnetic nanopar-
ticles and hyperbranched polyethyleneimine are reliable precursors in the synthesis
of nanoantioxidants. The loading with protocatehuic acid of magnetic nanoparticles
coated with polyethyleneimine shows the feasibility of obtaining such nanoantioxi-
dants. On the other hand, obtaining nanoparticles loaded with inclusion complexes
based on modified cyclodextrins and natural antioxidants, which have been shown
to have good antioxidant properties, shows the versatility of these systems, which
can adapt to loading nanoparticles with water-insoluble antioxidants.

Regarding intrinsically inorganic antioxidants, very recent research has shown that
the conjugation of magnetic nanoparticles with nanoceria provides a reliable way to
obtain magnetic nanoantioxidants. The use of the conjugation platform composed
of magnetic nanoparticles coated with polyethyleneimine led to the obtaining of
magnetic nanoantioxidants based on cerium oxide. The components of these inter-
connected systems act synergistically in a particular way that has not been observed
in the physical mixture.

All these findings lead to the idea that such nanostructured systems show
great potential for treatment and diagnosis of ROS-related inflammatory and
cardiovascular diseases.

Inorganic nanoantioxidants are still in an early stage of characterization and devel-
opment into finit products as therapeutic agents. In sufficiently low amounts they are
not toxic, but in higher amounts or under inappropriate pH conditions, usually at low
pH, inorganic nanoparticles can induce oxidative stress. Oxidative stress induced by
inorganic and organic nanoantioxidants is a well-documented property, being some-
times used for the antimicrobial activity induced through ROS. The redox processes
inwhich nanooxidants are involved appear to be different sometimeswhen describing
the results of ex vivo, in vitro or in vivo experiments used to create experimental
models, requiring more knowledge for a full understanding of redox processes in
the living world. This finding highlights the complexity of redox processes in the
body and the difficulties encountered in designing effective nanoantioxidants. It is a
continuous challenge of fundamental science to better understand the redox processes
caused by inorganic nanoparticles in the human body in order to characterize as accu-
rately as possible the dual antioxidant or oxidant behavior of inorganic nanoparticles.



322 A. Fifere et al.

Therefore, a challenge today, in terms of inorganic antioxidants, is to find a correct
relationship between structure and properties, so that through low therapeutic doses
to amplify the redox processes of free radical scavenging to the detriment of those
that generate reactive species in human body.
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Supramolecular Guanosine-Quadruplex
Hydrogels and Hydrogel Composites
for Cell Growth Applications

Elena Laura Ursu and Alexandru Rotaru

Abstract Supramolecular Chemistry have for decades played an important role in
developing of functional systems for biomedical applications. In the current work,
we summarize our results obtained during the implementation of the SupraChemLab
project with the focus on supramolecular hydrogels or systems for cell staining appli-
cations. Supramolecular hydrogels composed of natural components and increased
water content are of high interest in drug delivery and tissue engineering. We have
proposed the use of synthesized guanosine dimers as building blocks for the construc-
tion of hydrogels with cation dependent assembly involving the formation of guano-
sine quartets. The hydrogel properties could be tuned by the use of cations able to
either form the guanosine quartet, or participate in framework cross-linking thus
considerably improving hydrogel properties. Besides cation tuning, we have inves-
tigated insertion of dispersed carbon nanotubes into the hydrogel matrix with the
aim of improving hydrogels mechanical properties. The prepared and characterized
materials supported cell growth and did not show visible signs of degradation. Tests
showed excellent cell viability, of up to 75%, on these supramolecular hydrogels
after 24 h.

In a parallel research, we have in detail investigated supramolecular host-guest
inclusion complex formation between a fluorescent indolizinyl-pyridinium salt and
β-cyclodextrin in view of testing this assembly as fluorescent probes for staining
cells or cell components. The investigated supramolecular system displayed several
important advantages including strong decrease of inclusion complex cytotoxicity
when compared to starting compound, long-lived fluorescence in cells, and specific
accumulation in lysosomes. These findings make the investigated supramolecular
approach attractive for testing on dyes in all spectral regions with intrinsic disadvan-
tages like low solubility or elevated toxicity, as fluorescent probes for cells or cell
component labelling or staining.
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Abbreviations

BDBA Benzene-1,4-diboronic acid
CD β-cyclodextrin
ESI–MS Electrospray ionization mass spectroscopy
G4Q Guanosine quartet
HeLa Human cervical adenocarcinoma cells
IPS Indolizinyl-pyridinium salt
NHDF Normal human dermal fibroblasts
SEM Scanning electron microscopy
SHs Supramolecular Hydrogels
SWNTs Single-walled carbon nanotubes
TEM Transmission electron microscopy

1 Introduction

The development of next-generation materials for biomedical purposes should
comprise new approaches which may include natural or nature-inspired materials
and a strategy to straightforward assembly of these entities into functional units.
Supramolecular chemistry, defined as ‘chemistry beyond the molecule’(Aida et al.
2012; Dong et al. 2015; Lehn, 1988) may represent a viable solution to the design of
functional materials due to its specific and unique interactions, based on the rational
design of molecular recognition motifs. The designed motifs are hold together by
non-covalent interactions including π–π interactions, hydrogen bonding, or van der
Waals interactions and contribute to the preparation of final supramolecular systems
whose properties resemble the dynamic nature of their constituents (Appel et al.
2012; Seiffert and Sprakel, 2012). So far, supramolecular approaches in the design
of functional biomaterials have resulted in reported outstanding in vitro and in vivo
protocols for therapyor diagnostics (Dong et al. 2015;Ghosh et al. 2020;Webber et al.
2016, 2013). In the current work, we will give an overview on the supramolecular
approaches developed by our group in the field of materials for cell support applica-
tions and supramolecular systems for staining of living cells or cellular components.
We summarize the conditions for the design and preparation of optimal guanosine-
based precursors for the construction of suitable, non-toxic and tunable support
for the sustainable cellular growth and development. We discuss the advantages
of supramolecular host-guest inclusion complexes approach in the development of
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long-lived non-toxic fluorescent probes for extranuclear cytoplasm staining and in
time specific accumulations of probes in cell acidic organelles.

2 Guanosine-Based Supramolecular Hydrogels for Cell
Support Applications

Since hydrogels, defined as a three-dimensional network of interconnected and cross-
linked constituent building blocks, are capable of retention impressive amounts of
water (Jha et al. 2010; Yu and Ding, 2008), they have found numerous applications
ranging from tissue engineering (Cai et al. 2011; Lin et al. 2014) and cell culture
scaffolds (Benoit et al. 2008; Khetan et al. 2013) to drug delivery (Banerjee et al.
2009; Cornwell and Smith, 2015; Hirst et al. 2008; Lim et al. 2019; Sangeetha and
Maitra, 2005). A particular class of hydrogels, Supramolecular Hydrogels (SHs),
where the constituent molecules are held together by non-covalent interactions, have
recently gained particular attention due to the possibility of the stimuli response of
such systems. These particularities of SHs owe to the reversibility of the involved
non-covalent interactions utilized in the SHs design and preparation, comprising
host-guest inclusion complex formation, extensive hydrogen bonding, self-assembly,
electrostatic interactions, self-assembly andmetal-ligand coordination. For SHs to be
successfully used for biomedical applications, it is important for them to be synthe-
sized from biocompatible materials (Lim et al. 2019; Singh et al. 2013). Conse-
quently, designingSHs consisting of naturally occurringmolecules (e.g. nucleobases,
peptides, polysaccharides, etc.) are of a particular interest.We and others (Peters et al.
2016–2015; Plank and Davis 2016; Rotaru et al. 2017) have focused our research on
preparation of guanosine-based hydrogels with the subsequent biomedical applica-
tions. The gelation mechanism of the proposed materials primarily involves cation-
templated formation of the guanosine quartet (G4Q) core, a macrocycle formed by
four hydrogen-bonded guanosines. The cation also stabilizes the assembly by coor-
dinating to the eight carbonyl oxygens of two sandwiched G-quartets. The resulting
G-quadruplex, a columnar structure formed by the vertical stacking ofmultiple G4Qs
may further self-assemble via supplementary reversible covalent bonds or other non-
covalent interactions. Besides the formation of guanosine-based columnar structures,
the investigated materials are reticulated by boric acid (Peters et al. 2014) or phenyl
diboronic acid (Rotaru et al. 2017) under basic conditions by condensation of the
2′,3′-diol units of guanosine with borate anion (Scheme 1).

Since boric acid based hydrogels possess high cytotoxicity and thus cannot be
properly utilized in the biomedical field, our group proposed to modify the proper-
ties of the gel and its water retention capacity by substituting boric acid linker with
benzene-1,4-diboronic acid (BDBA), and employ mono and bivalent ions for stabi-
lizing the guanosine quartet (Rotaru et al. 2017). Following this strategy and using
KOH in the first attempts, we succeeded in preparation of stable and transparent
hydrogels (K-G-BDBA) but with a relatively low water retention capacity when
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Scheme 1 Reaction pathways for the preparation of guanosine dimer as precursor for guanosine-
based hydrogels (Rotaru et al. 2017)

compared with the boric acid analog. To overcome this disadvantage, a strategy
of changing the templating cation in hydrogel synthesis was adopted by replacing
Ba(OH)2 instead of KOH. The experiment has also resulted in the formation of a
transparent Ba-G-BDBA hydrogel with a water retention capacity of 5 times higher
when compared to the K-G-BDBA. Following this trend and taking into account
the nature of the BDBA-guanosine dimer, we have investigated the possibility of
further internal reticulation of the hydrogel structure by bivalent cations. Impres-
sively, the use of Mg2+ cations after the formation of the K-G-BDBA hydrogel, led
to the creation of new Mg–K-G-BDBA hydrogels able to retain 15 times greater
amount of water.

In order to verify the biomedical applicability of K-G-BDBA, Ba-G-BDBA and
Mg–K-G-BDBA hydrogels, cell growth and viability tests were performed on the
NHDF (normal human dermal fibroblasts) cell line. The performed tests demon-
stratedwell to excellent cell viability cultured on these hydrogels after a 24-h interval,
as well as good attachments of cells to the hydrogels surfaces (Fig. 1). Among the
tested hydrogels, Mg–K-G-BDBA hydrogel showed the best results as a support for
cell growth applications due to higher water content when compared to the others.

Fig. 1 Images of NHDF cells grown on K-G-BDBA (left), Ba-G-BDBA (middle) and Mg–K-G-
BDBA (right) guanosine-based hydrogels (Rotaru et al. 2017)
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Unfortunately, the high water retention capacity offered by the use of Ba2+ and
Mg2+ ions in the formation of hydrogels led to the lower stability of their internal
structure which led to difficulties in handling the samples during the experiments.
To overcome these disadvantages, we investigated alternative crosslinking agents
both to improve the properties of hydrogels and to maintain high water retention
capacities. Literature survey has shown that various nanomaterials including carbon
nanotubes and graphene oxides have been reported as being used to form composite
hydrogels and to enhance their mechanical properties by intercalation in the poly-
meric or supramolecular structure of the hydrogel (Adewunmi et al. 2016; Bellingeri
et al. 2018; Kouser et al. 2018; Tan et al. 2011). Among these materials, single-
walled carbon nanotubes (SWNTs) have demonstrated their efficiency in strength-
ening hydrogel structures, leading to the formation of composite hydrogels with
superior properties (Hough et al. 2006; Tan et al. 2011). Additionally, their non-
toxic and biocompatible character makes them excellent candidates in the field of
tissue engineering.

In order to efficiently introduce SWNTs into the internal structure of K-G-
BDBA hydrogel, we have designed the experiment in such a way that it would
be possible to first disperse the SWNTs followed by a trigger for the formation of
the hydrogel matrix (Ursu et al. 2020). Using the developed strategy, it was possible
to controllably introduce various amounts of SWNTs (Fig. 2) into the hydrogel
structure and correspondingly to increase the water retention ability by factor three.
The SWNT-hydrogel composites’ structure was investigated using scanning elec-
tron microscopy (SEM), Raman spectroscopy and transmission electron microscopy
(TEM), supported by the data on the rheological investigations of the samples with
different amounts of SWNTs. All the obtained data suggested the dispersion of
the SWNTs inside the hydrogel matrix and clear influence of the SWNTs on the
improvement of the hydrogel porosity and overall properties.

Further studies were performed for the evaluation of the hydrogels ability to be
used as efficient supports for cell growth applications. Cytotoxicity studies on the
optimized SWNTs composites have shown good to excellent values for cell growth
(>70%), and revealed the fact that the cytotoxicity values were not dependent on the
concentration of SWNTs in the investigated samples.

Next, human dermal fibroblast (NHDF) cells were cultured on the surface of the
composite hydrogels using the drop seeding technique, followed by periodical moni-
toring over an extended period of time. In order to visualize the cell growing progress,
the cells cultured on the surface of the hydrogels were subsequently labeled using
live/dead essay, this being used as a qualitative method, complementary to the quan-
titative MTS cytotoxicity test. By this method we were able to selectively mark and
visualize living cells (using AM calcein, green cells) and dead cells (using propidium
iodide, red blood cells). Analysis of images obtained by fluorescence microscopy
24 h after incubation confirmed the results obtained in cytotoxicity studies, showing
a predominant number of viable cells (green) compared to dead cells (red).
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Fig. 2 Schematic representation of SWNTs dispersion by guanosine-based hydrogel with the
formation of SWNT-composite hydrogels with increased water retention ability (Ursu et al. 2020)



Supramolecular Guanosine-Quadruplex Hydrogels and Hydrogel Composites ... 337

3 Host-Guest Inclusion Complexes as Fluorescent Probes
for Staining Living Cells

Fluorescence imaging is an effective tool used in living systems to image and track
specific biological targets or processes (Stennett et al. 2014; Xia et al. 2013), thus
supporting an extensive search for suitable fluorescent dyes. Since synthesized fluo-
rescent molecules may possess unsuitable properties (toxicity, low water solubility
and poor membrane permeability) (Qin et al. 2012; Vegesna et al. 2013) for in vitro
or in vivo applications, various synthetic approaches are utilized for mitigation of
existing disadvantages (Feng et al. 2010; Maruyama et al. 2002; Woodroofe et al.
2004; Zhang et al. 2015). We and others have suggested the use of supramolec-
ular approaches to include cucurbit[8]uril or cyclodextrins host-guest inclusion
complexes in the development of methods to solve both solubility and toxicity prob-
lems (Di Donato et al. 2016; Edetsberger et al. 2011; Ghosh et al. 2014; Konda et al.
2017; Pricope et al. 2018). Our group has proposed novel long-lived supramolecular
fluorescent probes capable of penetrating cell membrane and selectively staining
cell acidic organelles by using pH-sensitive indolizinyl-pyridinium salt derivative
and β-cyclodextrin (CD) (Scheme 2) (Pricope et al. 2018).

The designed indolizinyl-pyridinium salt (IPS) with pH-dependent fluorescent
properties was used in the complexation reaction with CD as a guest molecule in
our strategy. Complexation was supposed to decrease the high toxicity of IPS and to

Scheme 2 Schematic representation for the preparation of supramolecular host-guest inclusion
complexes between cyclodextrin and indolizinyl-pyridinium salt derivative with the formation of
1:1 and 1:2 complexes (Pricope et al. 2018)
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Fig. 3 Examples of ESI-MS spectra for the IPS and β-CD reaction mixture: observed masses for
1:1 inclusion complex (1654 –M+-Br+CD) and a 1:2 complex (2788 –M+-Br+ 2CD); molecular
docking models of IPS in complex with β-CD showing the possibility of the 1:1 (left) and 1:2 (right)
inclusion complex formation (Pricope et al. 2018)

increase the overall solubility of dye water. In order to observe full water solubiliza-
tion of IPS, we have experimented with variable ratios between IPS and CD, begin-
ningwith the 1:1.5 ratio (guest:host). The higher solubilization ratio between IPS and
CD implies that more complex supramolecular assemblies formed of an inclusion
complex consisting of one IPS molecule and two or more CD units were formed.
Indeed, the formation of 1:1 and 1:2 species was confirmed by ESI–MS experi-
ments of the reaction mixture and supported by the molecular docking theoretical
calculations (Fig. 3).

Interestingly, the large increase in stoichiometry between the host and the guest
did not change the equilibrium towards the formation of just 1:2, The complexation
process was additionally monitored for the changes in supramolecular arrangements
of the starting CD in comparison to the aggregation of the inclusion complex. A
mixture of large sheets andparallelogram-like crystals of various sizeswere presented
in the TEM images for CD, while the IPS inclusion complex showed needle-like
crystals of several micrometers in length.

The cytotoxicity of IPS and IPS inclusion complexes was investigated against
two human cancer and normal cell lines (HeLa and NHDF) prior to cell staining
experiments. The data obtained showed that IPS exhibited very high toxicity values
at all five concentrations investigated (0% cell viability) on the HeLa cell line and
relatively high to medium toxicity on the NHDF cells (Pricope et al. 2018). On
the other hand, the solutions of the IPS inclusion complexes at the same studied
concentrations exhibited remarkably high cell viability values (above 95%) in the
case of HeLa cells and high cell viability values (above 80%) in the case of NHDF
cells.



Supramolecular Guanosine-Quadruplex Hydrogels and Hydrogel Composites ... 339

The ability of the IPS inclusion complex to stain living cells was tested on two cell
lines (HeLa and NHDF), different concentrations of inclusion complexes were incu-
bated over a period of 24 h, with image recording every 15 min (Pricope et al. 2018).
The results of the incubation suggested the penetration of the IPS complex through the
membranes of both the cell lines studied, suggesting mainly uniform extranuclear
localization. Surprisingly, after 24 h, the picture changed significantly, and when
comparing the images after 15 min and 24 h, the overall strong increase in brightness
of both the investigated cell lines was observed. Interestingly, the bright accumula-
tions within the cytoplasm were smaller and more regular in the case of NHDF cells
than the ones found in HeLa cells. A particular interaction of the dye with specific
cell components was demonstrated by large and localized bright accumulations in
HeLa cells (Fig. 4).

We presume that the deposition of the dye takes place preferentially in the acidic
organelles of the cells, taking into account the characteristics of the IPS compound
and its properties of providing a higher intensity of fluorescence at a lower pH. A co-
staining experiment was conducted with LysoTracker Red DND-99, a commercial
agent used for staining acidic cell organelles, to verify this assumption. A similar
accumulation of both staining agents was observed when the images stained with IPS
complex and LysoTracker Red DND-99 were overlapped in the same localized spots
of the HeLa cells examined. Our proposal on the unique accumulations in the acidic
organelles of the cell was confirmed by the results obtained. Therefore, our future
efforts will focus on the synthesis and testing of non-toxic fluorescent derivatives
based on the pyridyl-indolizine core molecule, the development and application of
the corresponding cyclodextrin inclusion complexes in staining specific organelles
of the cells.

Fig. 4 Comparison of cellular accumulation and distribution in HeLa cells of IPS (left) after 24 h
(GFP filter) and LysoTracker Red DND-99 (right) after 30 min (N2.1 filter)
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4 Conclusions

During the implementation of the SupraChemLab project within the H2020 Call,
we have succeeded in designing systems and developing protocols for the prepara-
tion of novel functional supramolecular assemblies which found applications as cell
supports matrixes or fluorescent cell staining probes. The main focus of the research
in the field of cell support systems concerted around the concept of guanosine quartet
formation of the specifically designed dimers able to yield extensive supramolecular
frameworks with the subsequent formation of hydrogels. These flexible and biocom-
patible materials exhibited tunable properties conditioned by the used cations to
reticulate the framework, and were able to sustain impressive amounts of water
in their structure. Besides the cation exchange, the insertion of dispersed carbon
nanotubes was also used to improve and tune the hydrogels’ mechanical properties,
making them even better materials for cell support applications. All the investigated
supramolecular materials demonstrated good cytotoxicity and successful adhesion
of NHDF cells to their surfaces, making them interesting candidates as materials for
tissue engineering.

The supramolecular approach in the design of novel fluorescent probes for
cell staining applications was proposed and successfully tested. Host-guest inclu-
sion complex formation between a fluorescent indolizinyl-pyridinium salt and β-
cyclodextrin was investigated and the obtained complex evaluated for cellular perme-
ability, intracellular fluorescence and selective accumulationwithin acidic organelles.
A series of interesting observation including: (i) a strong decrease of inclusion
complex cytotoxicity when compared to starting compound; (ii) long-lived fluores-
cence in cells and (iii) specific accumulation in lysosomes accompanied by strong
fluorescent signal increase in corresponding accumulations in time, make the inves-
tigated supramolecular approach attractive for testing on dyes in all spectral regions
with intrinsic disadvantages like low solubility or elevated toxicity, as fluorescent
probes for cells or cell component labelling or staining.
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Hydrogelation of Chitosan
with Monoaldehydes Towards
Biomaterials with Tuned Properties

Luminita Marin, Daniela Ailincai, Manuela Maria Iftime,
Anda-Mihaela Craciun, Andrei Bejan, Mariana Pinteala,
and Marc Jean M. Abadie

Abstract Chitosan based hydrogels are a class of materials intense investigated for
real life applications. This is because their main component, chitosan, is a naturally
originated biopolymer, sustainable, biocompatible, biodegradable and possessing
many other useful biologic properties. The traditional pathways of chitosan hydro-
gelation, i.e. physical and covalent crosslinking, present advantages but also disad-
vantageswhich limit their applications. The present chapter presents a new strategy of
chitosan hydrogelation with monoaldehydes, which exist in a large variety in nature.
The mechanism of the hydrogelation was demonstrated by experimental methods,
and the ability of these unusual hydrogels, acting as drug delivery formulation, soil
conditioner and heavy metal adsorbent, is shortly described.
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1 Introduction

Chitosan is a biopolymer derived from the natural chitin,which proved valuable prop-
erties, such as biocompatibility, biodegradability, antimicrobial, antitumor, hemo-
static activity, and so on (Rinaudo 2006). This rich bio-activity encouraged a tremen-
dous activity in the chitosan field directed to its exploitation in medicine, agriculture,
food industry, environment protection, cosmetics, and hygiene (Ravi Kumar 2000).
To amplify a specific applicative potential, two strategies were addressed: (i) reacting
with other active species and (ii) preparation ofmaterials based on it. Consequently, a
large variety of chitosan based biopolymers and materials based on themwere devel-
oped. Investigations on manufacturing chitosan as nanoparticles, films and coatings,
hydrogels and fibers were pursued. Among them, chitosan based hydrogels proved
suitable properties for all the fields listed above. They can absorb large amounts
of water, allow solute diffusion and fluid exchange, mimic the viscoelastic prop-
erties of extracellular matrix, and have modulable structure and functions, being
suitable as matrix for tissue engineering, carriers for drugs and cells, adsorbents for
various liquids and pollutants. In this light, there is a continuous concern on the
preparation of chitosan based hydrogels. Two principal crosslinking methods were
validated. (i) Physical crosslinking, more specific ionotropic gelation, which base on
the electrostatic interaction of the polycationic chitosan with low molecular weight
anions, such as citrate, glycerophosphate, tripolyphosphate and sulfate (Domalik-
Pyzik et al. 2019). The hydrogels yielded by ionotropic gelation present the advan-
tage of a high degree of sensitivity and temperature responsiveness. On the other
hand, they contain a large amount of water and loose three-dimensional architecture
leading to the disadvantage of low mechanical strength and fast dissolution, which
limits their application. (ii) Chemical crosslinking consists in the covalent reaction of
chitosan with multi-functional crosslinkers, often bi-functional, such as glutaralde-
hyde, formaldehyde and glyoxal (Domalik-Pyzik et al. 2019). The hydrogels resulted
by this method have good mechanical properties, good environmental stability and
slower enzymatic degradation. Besides, the pore size can be simple controlled by
varying the crosslinking density. These advantages make chitosan based covalent
crosslinked hydrogels more suitable for long term in vivo applications. On the other
hand, the low molecular weight chemical crosslinkers have a toxicity degree in their
unreacted formyielding cytotoxic effects (Beauchamp et al. 1992;Berger et al. 2004).
This limits the in vivo applications of the hydrogels containing them, encouraging
research for friendlier crosslinkers. From this perspective, the use of crosslinkers of
natural origin appeared as a promising alternative towards harmless hydrogels. In
this light genipin, a natural product extracted from gardenia fruits, proved ability to
crosslink the chitosan chains leading to hydrogels with excellent biocompatibility
and mechanical properties, suitable for tissue engineering (Manickam et al. 2014;
Muzzarelli et al. 2015). A new strategy developed in the last years revealed the possi-
bility to crosslink chitosan with monoaldehydes (Marin et al. 2014,2017; Ailincai
et al. 2016; Iftime et al. 2017; Olaru et al. 2018; Bejan et al. 2018; Iftime and Marin
2018). This is a very promising synthetic route, considering that aldehydes exist in
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a large variety in nature, being non-toxic and biocompatible. Moreover, many alde-
hydes have intrinsic bioactivity, creating premises to endow the hydrogels with new
valuable characteristics. The aim of this paper is to expose the route of the chitosan
hydrogelation with monoaldehydes, and the potential of this method to generate
valuable materials for a large variety of applications.

2 Hydrogelation Mechanism. Structural
and Supramolecular Evidences

The idea of hydrogelation with a monofunctional compound seems unreason-
able from chemical point of view, considering that the fundamental condition for
crosslinking is the binding of at least two different chains requiring at least two
functionalities. The validation of this unusual hydrogelation of chitosan with mono-
aldehydes was done on a series of seven aldehydes with aliphatic, aromatic or terpene
structure (Scheme 1). The aldehydes had different structure and properties, the aim
being to validate a hydrogelation model and also to prepare products suitable for
applications. They were reacted with chitosan in acidic medium (pH = 6.3) when
soft hydrogels, luminescent under an UV lamp were obtained (Scheme 1). For a

Scheme 1 Schematic representation of the hydrogel synthesis and the structure of the monoalde-
hydes. For each system were given images of the obtained hydrogels. The monoaldehyde codes
were used as codes of the corresponding hydrogels
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correct interpretation of the structural data, model compounds were prepared for
each system by reacting the aldehydes with glucosamine.

In a system composed from chitosan and monoaldehydes, the most probably
chemical reaction is the acid condensation of the aminewith aldehydegroups yielding
a linear chain grafted with imine units. The obvious question which arises is related
to the crosslinking mechanism enabling the hydrogelation. To decipher the events
which governs this unusual crosslinking, structural and supramolecular analysiswere
performed.

A first clue was offered byNMR spectroscopy recorded on the hydrogels prepared
by varying the ratio of the amine to aldehyde functional groups. For the system
obtained from chitosan and nitrosalicylaldehyde it was noted the chemical shifting
characteristic for the imine protons and the absence of the aldehyde protons. For all
the other six systems the chemical shifting of the aldehyde and imine protons co-
existed in a different ratio of their integrals, which varied with the aldehyde nature,
the ratio between functional groups and the reaction time (Fig. 1). This indicates that
imination is a chemical process influencing the hydrogelation. Secondly, it point out
that the chitosan imination is a reversible process, which equilibrium is shifted to the
products depending by the aldehyde reactivity and its concentration in the system.
Interesting, the time was also an important factor accounting for the equilibrium
shifting towards the products. This indicates that another process interfering with
the imination over time exists.

FTIR spectra recorded on the xerogels (lyophilized hydrogels) displayed even
more challenging data. The vibration band characteristic to the newly formed imine
units was present in the spectra, shifted to higher wavenumbers for aliphatic units
and to lower wavenumbers for aromatic ones (Fig. 2). However, in contradiction with
the 1HNMR spectra, no clear aldehyde band was evidenced in the FTIR spectra. This
indicated that the imination equilibrium was shifted to the products once the water
was removed during the lyophilisation. Besides, the spectral domain characteristic

Fig. 1 a 1H-NMR spectra of some representative hydrogels. b Graphical representation of the
imine/aldehyde ratio over time, obtained from the integral ratio. The number next to codes represents
the NH2/CHO ratio of the functional groups. In the brackets was indicated the ageing time of
the hydrogels before spectra recording. * the phenothiazine based aldehyde allowed the hydrogel
formation only for small NH2/CHO ratios (<0.05).
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Fig. 2 Representative FTIR spectra of the xerogels

to the H-bond network in chitosan (3000–3600 cm−1) suffered visible modifica-
tions, consisting in the shifting to higher wavelength. This shows that the imination
reaction was accompanied by significant rearrangements of the H-bond network, in
accordance with modifications at supramolecular level.

X-ray diffraction clearly evidenced these modifications at supramolecular level,
mainly by the presence of a distinct reflection in the smaller angle domain (Fig. 3).
This is the signature of a layered architecture, which interlayer distance was in good
agreement with the length of the resulted imine unit, indicating the self-ordering
of the newly formed imine units as being the process interfering with the covalent
imination. Taking into considering the reversibility of the imine units, it was envis-
aged that the self-ordering process was favoured by imination and transimination
processes. Consequently, there were formed clusters of the ordered imine units. As
the imine units belong to different chitosan chains, the ordered clusters acted as
crosslinking nodes. In such a way the crosslinking is in fact the result of the imina-
tion reaction correlated with the self-assembling of the newly formed imines. This
crosslinking mechanism is in agreement with the NMR observation which noted the
slowly shifting of the imination to the products over time. It can be supposed that the
ordered clusters have a hydrophobic character, and their separation from the aqueous
medium induces the decreasing of the imine content in the reaction medium, pushing
the imination equilibrium to the formation of new imine units.

The hypothesis of the formation of the ordered clusters was further confirmed
by single crystal X-ray diffraction on the model compounds, which revealed a
hydrophobic-hydrophilic segregation giving alternant layers of hydrophobic imine
units and hydrophilic glucosamine units. This specific self-assembling pattern
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Fig. 3 X-ray diffraction of cinnamyl-chitosan hydrogel. The number next to code represents the
ratio of the NH2/CHO functional groups. It can be observed that once the content of aldehyde was
increased, the reflection characteristic to the layering increased in intensity

expressed as a banded texture under polarized light, similar to the textures visu-
alized for the hydrogels and xerogels (Fig. 4). This common feature correlates the
single crystal X-ray data of the model compounds and the wide angle X-ray diffrac-
tion of the xerogels, confirming once more that the layering of the imine units is the
driving force of this unusual chitosan hydrogelation.

3 Confirmation of the Hydrogel State by Rheological
Measurements

All the studied systems formed soft transparent solids with smooth texture, which
passed the test of the inverted tube for different ratios of the amine/aldehyde func-
tional groups. The minimum amount of aldehyde necessary for hydrogelation was
determined by the aldehyde nature. This was the first clue of the hydrogel forma-
tion. Beyond the visual confirmation, rheological measurements brought the objec-
tive validation of the hydrogel state for the unusual crosslinking of chitosan with
monoaldehydes. It is well known that the gel-like behavior is a combination of both
elastic and viscous behavior, with the dominance of the elastic one. This is expressed
by a higher elastic modulus compared to the viscous one. In the particular case of the
chitosan hydrogels crosslinked with monoaldehydes, the elastic modulus increased
along with the content of aldehyde, demonstrating a strengthening of the network
once the number of crosslinking nodes increased. Moreover, the elastic modulus
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a) S (model compound) b) S2 (hydrogel) 

 

c) Ci1 (hydrogel) d) Bt3 (hydrogel) 

Fig. 4 Representative POM images of model compounds and hydrogels

progressively increased when the temperature increased above 30 °C. This was asso-
ciated with the shifting of the reaction equilibrium towards the imine units which
resulted in the strengthening of the crosslinking nodes. All the investigated systems
showed a pseudoplastic behavior, with the dropping of the viscosity to 0 at the shear
rate of 102 s−1. For some ratios of the amine/aldehyde functional groups, the hydro-
gels showed a thixotropic behavior, with a recovery degree higher than 70% for the
third stepwise (Marin et al. 2014; Iftime et al. 2017; Olaru et al. 2018). The time
necessary for the recovery of the supramolecular architecture of the hydrogels was
correlated with the crosslinking degree; it was lower for a higher crosslinking degree,
and higher for a lower one. The hydrogels with recovery degree higher than 70%,
displayed a self-healing behavior, some hydrogels showing reshaping after cutting
or crushing.



352 L. Marin et al.

a) C2 b) Ci2 c) B2 d) S2 

e) P0.05 f) Bt2 g) NS2 h) S2.5

Fig. 5 Representative SEM images

4 Hydrogels Morphology

All hydrogels showed a porous morphology, with pores in the range 15–60 µm.
The pore dimension respected the general rule for hydrogels, being smaller for
higher crosslinking density and larger for lower crosslinking density. Neverthe-
less, particular morphological characteristics were observed for the hydrogels gener-
ated by different aldehydes. Thus, the hydrogels generated by the cinnamaldehyde
crosslinker presented a porous morphology, with an extremely homogeneous distri-
bution of the pores into honey-comb architecture (Fig. 5a). When the crosslinker was
the hydrophobic citral monoaldehyde, the hydrogel morphology was distinguished
by smaller pores, a maximum diameter of 26 µm being reached for the lowest
crosslinking density (Fig. 5b). For the bulky phenothiazine based aldehydes, the
pores were large with extremely thin walls (Fig. 5e), while in the case of hydrophobic
bulky betulinaldehyde an acicular morphology was observed (Fig. 5f). The presence
of a hydroxyl group in ortho position to the formyl unit (salicylaldehyde, nitrosaly-
cilaldehyde, 2 formylphenylboronic acid) led to intercommunicating pores of various
dimensions with a less uniform distribution, converging in the case of salicylalde-
hyde crosslinker to a fibrous morphology once the crosslinking degree diminished
(Fig. 5c, d, g, h).

5 Hydrogel Behavior in Aqueous Media. Swelling,
Stability, Enzymatic Degradation

All the hydrogels completely rehydrated in acidic (pH = 4), neutral (pH = 7) or
physiological (pH = 7.4) media. Their swelling behavior was closely correlated
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with the nature of the aldehyde crosslinker and the microstructure. The use of more
hydrophobic aldehydes (e.g. citral, cinnamaldehyde, betulinaldehyde, phenothiazine
based aldehyde) led to hydrogels with lower swelling ability, while the aldehydes
containing hydrophilic hydroxyl endowed the hydrogels with higher swelling ability,
reaching amass equilibrium swelling of 240 for the hydrogelwith fibrousmicrostruc-
ture. As a general rule, the hydrogels dissolved in the medium of acidic pH and were
stable in neutral or physiological media. The stability in acidic medium varied from
few minutes to 5 days, closely correlated with the hydrophilicity of the aldehyde
and crosslinking degree; e.g. by citral crosslinking a stability in acidic media up to
5 days was gained, while crosslinking with salicylaldehyde inflicted a rapid disso-
lution in 10 min. Except to this rule was the hydrogel prepared with nitrosalicylade-
hyde crosslinker, which demonstrated stability in acidic medium over three months
of investigation. This was attributed to the complete shifting of the imination equi-
librium to the products by a “clip effect”, which reinforced the hydrophobic clusters
hindering their dissolution (Kovaricek and Lehn 2012). In physiological and neutral
media the hydrogels were stable over a period of 3 months of investigation. This
led to the conclusion that by self-ordering of the imine units into tight structures
are formed hydrophobic clusters, stable in aqueous media. It should be highlighted
that the hydrogels completely rehydrated and preserved quite well their shape in
physiological medium, an important advantage for tissue engineering.

On the other hand, adding lysozyme to the swelling media, the hydrogels lose
weight over time proving enzymatic degradation. It should be highlighted that
lysozyme is a human enzyme found in various bodily fluids which have the ability
to hydrolyse the chitosan by an acid catalysed reaction. The enzymatic degradation
rate was correlated with the nature of the aldehyde crosslinker. The hydrogels based
on the citral hydrophobic crosslinker lost 12% in 21 days (Ailincai et al. 2018),
while the hydrogels based on the more hydrophilic aldehydes lost around 40% in
a similar investigation period (Craciun et al. 2019; Iftime et al. 2020). Interesting,
the crosslinking of the PEGylated chitosan with citral, improved the enzymatic rate,
reaching 45% weight loss after 21 days (Ailincai et al. 2020). This indicates the
solubility of the residue resulting after the enzymatic cleavage of the O–C bonds of
chitosan playing a crucial role in the enzymatic degradation. It was stressed that the
electronwithdrawing character of the aldehyde crosslinker can play an important role
in increasing the rate of the O–C cleavage under the influence of lysozyme (Craciun
et al. 2019).

6 Biocompatibility

The motivation behind using natural originating monoaldehydes as chitosan
crosslinkers, was the attaining of biocompatible hydrogels suitable for in vivo long
term use. In this line of thought, the hydrogels prepared with citral, salicialde-
hyde, and nitrosalicylaldehyde were in vivo investigated to see their impact on the
blood, biochemical formula and immune system of the experimental animals (mice
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or rats) (Marin et al. 2017; Olaru et al. 2018; Ailincai et al. 2018,2020; Craciun et al.
2019; Iftime et al. 2020). No cytotoxic effect was noted nor after one day, neither after
seven days after administration, confirming their safe use for in vivo applications.

7 Ability of Hydrogels to Act as Matrix for Drug Delivery

The hydrogels prepared with natural aldehydes were tested for their ability to encap-
sulate model drugs (Ailincai et al. 2018, 2020; Craciun et al. 2019; Iftime et al.
2020). It was established that by in situ hydrogelation the maximum dose of drug
per kg, in agreement with the pharmaceutical recommendations, was encapsulated
in the pore walls of the hydrogels. This favoured a prolonged release of the drug,
certainly increasing its bioavailability compared to the systemic administration, up
to 5 days (Craciun et al. 2019; Iftime et al. 2020; Ailincai et al. 2020). Moreover,
by proper choice of the aldehyde, it can be ensured a complementary effect, such
as antitumor activity, which augments the activity of the drug (Craciun et al. 2019).
These results confirmed that the chitosan hydrogelationwithmonoaldehyde provides
valuable matrixes for controlled drug release systems, which properties can be easily
tuned by the aldehyde nature.

8 Preparation of Soil Conditioners

Generally speaking, the hydrogels are excellent candidates for soil conditioners, due
to their ability to adsorb large amounts of water and to encapsulate and prolong
release fertilizers. The ability to encapsulate fertilizers was tested on the hydrogels
which demonstrated high swelling ability, using urea as fertilizer model (Iftime et al.
2019). It was demonstrated that the hydrogels were able to efficiently embed a high
amount of urea, up to 66% from the mass of formulations. Further, they released
urea in a prolonged manner over 35 days, improved the water holding capacity and
reduced water evaporation. All these stimulated the plant growth up to 70% higher
compared to the variants seeded in the reference soil. Besides, the hydrogels were
biodegradable and chitosan proved to be an intrinsic soil fertilizer. All these data
show that chitosan hydrogelation with natural monoaldehydes can be an excellent
pathway to ecological soil conditioners.

9 Heavy Metal Sensing and Adsorption

The hydrogels prepared from chitosan and phenothiazine based aldehyde showed an
excellent ability for heavy metal sensing, such as copper, chromium and mercury. A
deeper investigation of the mercury sensing revealed a peculiar behavior, consisting
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in the transformation of the hydrogel into a rubber like material. This was attributed
to the morphology reinforcing through a secondary crosslinking by the forma-
tion of inverse coordination complexes, nitrogen and oxygen centred. This specific
behaviour was effective for mercury sensing and its removal as well.

10 Conclusions

Thepaper presents a newcrosslinking pathwayof chitosanwithmonofunctional alde-
hydes. The mechanism of the unusual hydrogelation has been proved by structural
and supramolecular methods of analysis. It was demonstrated that hydrogelation
take place by two mutual processes, formation of imine units and their self-order
into layered clusters, which play the role of crosslinking nodes. The hydrogelation
method was validated on seven different systems, proving to be a successful pathway
for preparing valuable materials with properties targeted for specific applications, by
simple choice of the aldehydes.
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Self-assembled Structures
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Abstract In this contribution, we summarize the results that we have attained
throughout the implementation of the SupraChemLab project (running from 2015
to 2020). Herein, we have focused on molecular dynamics simulations and in silico
analysis of the supra-molecular structures and systems (such as water channels,
biomembranes, and polyplexes). Molecular dynamics simulations were performed
using dedicated professional software packages, i.e. GROMACS and YASARA.
Computational outcomes revealed valuable insights concerning the supra-molecular
self-assembled systems.
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Abbreviations

AMC Azobenzene maleimide compound
AQPs Aquaporins
AWC Artificial water channels
b-PEI Branched poly(ethylene imine)
β-CD B-cyclodextrin
cDH

4 2,4,6,8-tetramethylcyclotetrasiloxane,
DFT Density functional theory
DNA Deoxyribonucleic acid
dsDNA Double-stranded deoxyribonucleic acid
DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
HBA Hydrogen bond acceptor
HBD Hydrogen bond donor (HBD)
MD Molecular dynamics
MM Molecular mechanics
PEG Polyethylene glycol
PEI Poly(ethylene imine)
PLL Poly(L-Lysine)
POPC Phosphatidylcholine
RNA Ribonucleic acid
QM Quantum mechanics
TIP3P Three-site water model of rigid geometry

1 Introduction: Molecular Mechanics and Dynamics
in Brief

Computational chemistry represents an essential molecular modeling tool employed
in modern chemistry and biochemistry. Molecular modeling is very important
nowadays to detail the structures and dynamics of molecules, macromolecules
and complexes. Generally, computational chemistry comprises two main parts: (1)
quantummechanics (QM), and (2)molecularmechanics (MM) (Jensen 2007; Lewars
2004). In quantummechanics (QM), the smallest particles subjected to modeling (by
Schrödinger equation) are electrons and nuclei. Hence, QM treats electrons explicitly
and enables to explore the small and medium-sized molecules with electronic struc-
ture methods. By contrast, in molecular mechanics, the nuclei and electrons are not
treated explicitly; they are lumped together and treated as unified atom-like particles.
Consequently, the atom-like particle is commonly treated as a sphere (ball) having
certain size, mass and assigned partial charge. Moreover, in MM the bonds between
atoms are viewed as springs (harmonic oscillators). Assuming classical mechanical
principles, theMMpermits tomodel efficiently largemolecular structures (with thou-
sands of atoms and even more). According to MM theory, the interactions between
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atoms are treated using potential functions. For instance, the mathematics of spring
deformation (Hooke’s Law) is employed to model the bonded interactions, i.e. the
ability of bonds to stretch, bend and twist. Non-bonded interactions are assessed
by considering the Van der Waals attraction, steric repulsion, as well as electrostatic
attraction/repulsion between non-bonded atoms. Commonly, theVan derWaals inter-
actions are modeled by using Lennard-Jones 12-6 potentials and considering a fixed
cut-off (i.e., a short-range interacting distance, typically of 8–10 Å). In turn, the
long-range electrostatic interactions are calculated by Coulombic model and Ewald
summation. The total potential energy (U) of a molecule can be expressed as the
summation of energy contributions from bond stretching, angle bending, torsional
motion (rotation) around the single bonds, and interactions between non-bonded
atoms (Lewars 2004).:

U =
∑

bonds

Ustretch +
∑

angles

Ubend +
∑

dihedrals

Utorsion +
∑

pairs

Unonbond (1)

Each energy contribution term is detailed in the textbooks (Jensen 2007; Lewars
2004; MacKerell Jr 2001). The mathematical expression of the potential energy
and associated parameters is known as a force-field. Therefore, the MM approaches
are sometimes called force-filed methods (Jensen 2007; Lewars 2004). During the
last decades, many different types of force-fields were developed. Some of them
include additional energy terms in order to improve the accuracy of the mechanical
model. The force-field parameters must be optimized for a particular set of potential
energy functions. This procedure is known as force-field parametrization. The clas-
sical force-fields that handlemolecules involvingmuch elements of the periodic table
are MM2, MM3, MM4, UFF, and Sybyl (Lewars 2004). For modeling of biological
macromolecules (proteins, nucleic acids) other important force-fields are employed
such as AMBER, CHARMM, GROMOS, OPLS, YASARA, NOVA, and YAMBER
(Guvench and MacKerell 2008; Krieger et al. 2002; Krieger and Vriend 2015).

A versatile computational tool relying on force-filed approach is the molecular
dynamics simulation approach. In fact,molecular dynamics (MD) is a technique that
uses numerical integration of Newton’s equation of motion (Fi = mir̈i ) to simulate
the time evolution of atoms in the molecular and polymeric systems. For example,
by using the Verlet integration (based on finite-difference technique) the evolution of
the atomic position against time can be estimated as (Becker and Watanabe 2001):

r(n+1) = rn + vn�t + 0.5(Fn/m)�t2 (2)

where, rn indicate the particle position (vector of all atomic coordinates) at step n
(at time t), and rn+1 indicates the position at the next step n + 1 (at time t + �t),
m—mass of involved particles; vn—velocity of particles and Fn—force acting on
particles at step n. The velocity at the next step (n + 1) can be roughly ascertained
as vn+1 = (rn+1 − rn)/2. Note that the force, in this approach, is determined by the
gradient of the potential energy function, as given by (Becker and Watanabe 2001):
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Fn = −∇U (rn) (3)

It is worth mentioning that in the last decades more accurate numerical algorithms
have been developed to solve the equations of motions (by adopting the same kind
of reasoning). Generally, the MD simulation protocol consists of several main steps
(Becker and Watanabe 2001), detailed in the following.

1. Preparation of modeling system: This step implies the model generation, prepa-
ration of the initial coordinates for the structures and assignment of initial
velocities (e.g. byMaxwell-Boltzmann distribution). Likewise, this initial phase
involves the adding ofmissing hydrogen atoms; defining the simulation cell/box;
solvation of the molecular structures by adding explicit solvent molecules (like
TIP3P for water); defining the cell boundaries like periodic-type or wall-type,
etc. Moreover, the system relaxation is performed by minimization of the initial
structure to diminish the local strain and then gradually heating-up the system
to the desired temperature.

2. Equilibration: In this phase, a ‘short-term’ dynamic simulation is performed
that lasts from tens of picoseconds (ps) to several hundred of ps. The purpose of
equilibration phase is to verify that the simulation is stable and free of irregular
fluctuations.

3. Production: After equilibration, the system is considered reliable for long-
term dynamics simulations. In a MD simulation with no pressure control, the
volume of the simulation cell is held fixed. Instead, at constant-pressureMD the
volume of the system may fluctuate. Nowadays, the production runs take from
several nanoseconds up tomicrosecond-scale (depending on the system size and
computer power). Note that the typical time-step for integration of equations of
motion is 1 or 2 fs (femtoseconds, 10−15 s). The generated trajectories in the
production phase are stored for further analysis.

4. Analysis: The last phase is dedicated to the careful analysis of the resulting
molecular dynamics trajectories that was stored as ‘snapshots’ taken at equal
time intervals. In this phase the time-dependent plots are developed to
understand the dynamics (averages and fluctuations) of the investigated system.

In summary, molecular dynamics (MD) simulation is essential for studying struc-
tures, interactions and dynamics of (macro)/molecular systems. Therefore, MD has
been successfully applied in supra-molecular chemistry to assess many impor-
tant aspects, such as (a) the dynamics of conformations, (b) dynamics of inter-
molecular interactions (protein-protein, protein-drug, protein-DNA), (c) function-
ality of water/ionic channels in biological membranes, (d) stability of receptor-ligand
complexes and polyplexes, (e) solute-solvent interactions, and others. Molecular
dynamics simulations can be carried out using special program packages devel-
oped for this purpose, such as GROMACS, NAMD/VMD, AMBER, YASARA,
LAMMPS, SCIGRESS, and others.
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2 Molecular Dynamics of Water Permeation Across
DOTA-Based Artificial Channels

Transport of substances (e.g. water, ions) across biological membranes represents
a fundamental process in all living cells. In this respect, the proteins embedded in
the lipid bilayer membranes play a crucial role. Such proteins (acting as accessing
gates and channels) constitute in fact the highly selective diffusive pathways that
control the inflow and outflow of substances through cellular membranes. Nowa-
days, simulations on membrane proteins deal with water and ion channels, as well
as various transporters (Khalili-Araghi et al. 2009). Aquaporins (AQPs) are special
type of channel-proteins (embedded into the biological membranes), which have the
function of fast water transport (Barboiu 2016); thereby facilitating the moving of
water molecules between intracellular and extracellular environments. For biolog-
ical processes it is of great importance to understand the dynamics of the trans-
port through the confined space of protein channels. In the last years, the artifi-
cial water channels (AWC) have attracted much attention (Barboiu 2016; Murail
et al. 2018). The development of AWC is aimed to mimic the high water perme-
ability observed for biological systems such as AQPs, as well as their selectivity to
reject ion permeation simultaneously. Recently, Murail and co-workers (Murail et al.
2018) showed (by using molecular dynamics) that the self-assembling alkylureido-
ethylimidazole compounds have formed imidazole-quartet channels (I-quartets) that
can act as artificial water channels.

In this report, we assessed the self-assembling of DOTA molecules into a supra-
molecular aggregate aiming to be tested as the potential artificial water channel.
Note that DOTA represents an organic compound (1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid), which is mainly used as a complexing agent (chelator).
The investigations were done by molecular dynamics simulations, where phos-
phatidylcholine (POPC) was employed as the main lipid constituent of the simu-
lated bio-membrane. Thus, we investigated the DOTA self-assembly in the phospho-
lipid (POPC) membrane and the water permeation through this artificial channel.
The analysis of self-assembling simulations (starting from fully random mixtures
of DOTA/POPC/water/ions) revealed the formation of DOTA aggregates in phos-
pholipid membrane environments. Computational results disclosed that DOTA
molecules preferred to “stay together” but still, with no phase separation. Stacks
of two DOTA molecules could be identified which seems to strongly interact as they
move together as awhole (i.e. the central ring and the nearby -NH-CO-moieties of the
adjacent molecules display collectivemotions). The central cycles were arranged in a
parallel orientation and the inter-molecular interaction was strengthened by H-bonds
formedbetween -N-Hgroups of oneDOTAmolecule and the -C=Ogroupof the next
molecule. This stable arrangementmay favor formationof stacks composedof several
DOTAmolecules with a proper dimension to completely traverse themembrane from
one face to the other. This could provide a pathway for water permeation. In order to
study the stability of such assemblies and water passage along them we constructed
stacks of 6 DOTA molecules and inserted them in the POPC-based membrane. The
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number of DOTA molecules had been chosen on the basis of hydrophobic match
between the POPC bilayer core and the stack height (we tried with 4–7 molecules).
In order to determine the mechanism through which DOTA molecules create water
channels in a lipid bilayer we stacked 6 DOTA molecules and inserted them in a
lipid bilayer consisting of 130 POPC molecules using ‘membed’ algorithm from the
GROMACS 5·1 software. This simulation is called 1DOTA in the following. The
insertion led to the deletion of 8 POPCmolecules to a final count of 122. The system
was hydrated with 7027 water molecules. The main results of the above described
simulations are illustrated in Figs. 1, 2, 3, giving the short explanations in the figure
captions.

Thus, the computation results unveiled that the water permeation events occur
basically at lateral positions from the central rings. And, the water wire, in this case,
emerged as jumping effects of water molecules between the binding sites pinpointed
in between the -N-H and -C = O moieties of the rings (Figs. 1, 2, 3).

Fig. 1 Snapshot of the simulated system at the end of 1DOTA simulation (1 μs). The alkyl tails of
DOTAmolecules were removed for clarity. Some water molecules can be seen in the vicinity of the
central ring of DOTA; phosphorus atoms of POPC have been represented as vdw spheres in yellow

Fig. 2 Snapshots of the 6 DOTA stack at the beginning and at the end of the 1DOTA simulation.
Very good conservation of the stacked configuration could be observed even after 1μs of simulation
within the membrane environment. Alkyl tails of DOTA prefer to align in a parallel configuration
and also parallel to the membrane plane
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Fig. 3 A Water density around the DOTA central ring stack in simulation 1DOTA. Water oxygen
atoms were represented as red dots overlaid for multiple frames during simulation. The DOTA
stack in each frame was fitted to the starting structure using the nitrogen atoms of the central ring as
alignment subset. Water binding sites located in between the -N-H and -C=O groups on both sides
of the rings could be identified. Visual inspection of the trajectories revealed jumping events of water
molecules between these sites. B RMSD of DOTA stack with respect to the starting configuration

3 Molecular Dynamics for Assessing the Formation
of Polyplexes

The molecular dynamics (MD) also have found its applicability in ascertaining the
formation of polyplexes. The polyplexes are special types of complexes formed
between nucleic acids (DNA/RNA) and (macro)molecular entities (e.g., polycations,
polyelectrolytes, polypeptides). In the last decades, the polyplexes have received
distinct attention due to their potential usage in gene therapy. This therapy implies
the insertion of nucleic acids into cells; thereby altering the gene expression aiming
to correct gene defects (Anderson 1984). Two main approaches are actually adopted
ingene therapy, thefirstonedealwithviralvectors for transporting thegeneticmaterial
(Hawley et al. 1994; Kay et al. 2001; Vannucci et al. 2013), and the second approach
uses the cationic non-viral vectors (Li and Huang 2000;Wu andWu 1987). In the last
decade, the focus of the research has started to shift from viral vectors to non-viral
vectors. This is because the usage of viruses for gene therapy implies some risks. The
main assets of non-viral vectors involve (1) the inferior specific immune reaction, (2)
the safer responses, (3) the simpler design, and (4) chemical properties for various
purposes (Han et al. 2000; Luo and Saltzman 2000;Mintzer and Simanek 2009; Tang
and Szoka 1997). As non-viral vectors, cationic polymers are often employed owing
to their capacity to interact readilywithnucleic acids by formingpolyplexes.Themost
explored polymers as non-viral vectors deal with linear or branched poly(ethylene
imine) (PEI)andpolypeptide-typepoly(L-Lysine) (PLL) (MintzerandSimanek2009;
Nicolas et al. 2013). According to previous studies, PLL is more advantageous in
comparison toPEI in termsof cytotoxicity (Godbeyet al. 1999).This is becausePLLis
morebiodegradable invivothanPEI.However,PLLdemonstrateda lower transfection
efficiency if compared to PEI (Tang and Szoka 1997).

Ziebarth and co-workers carried out molecular dynamics simulations of a short
DNA duplex d(CGCGAATTCGCG) in the presence of PEI or PLL to reveal the
specific interactions in the course of polyplexes formation (Ziebarth andWang 2009).
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In their study, all simulations were carried out using the Amber Parm99 force field
and the AMBER-8 software package for the molecular dynamics. After an initial
separation of about 50 Å, the DNA and polycation interacted by forming a stable
polyplex within 10 ns (ns). The DNA did not undergo any major structural changes
on complexation and remained in the B-form. The polyplexes were formed by the
interaction of the charged amine groups of polycations and DNA phosphate groups.
Thus, polycations were able to intrude into the major and minor grooves of DNA,
depending on the identity and the charge state of the polycation. Ultimately, these
authors (Ziebarth and Wang 2009) outlined that, in comparison with PLL, PEI was
able to neutralize the charge of DNA in a more efficient way.

In another study undertaken by Sun and collaborators (Sun et al. 2011), themolec-
ular dynamics simulation was performed towards understanding the mechanisms of
DNA complexation with PEI. These authors investigated the effect of PEI branching
and its protonation state. Drew-Dickerson dodecamer was employed as simulated
DNA. And, its initial structure was built to be canonical B-form using the AMBER
NAB tool. Four molecular structures of PEI were considered with similar molecular
mass (570 Da), but different degrees of branching: (1) pure linear chain, (2) semi-
linear, (3) moderately branched geometry and (4) hyper-branched structure. These
authors employed the NAMD package for MD simulations using the CHARMM-27
force field. Finally, they found that the degree of branching had a smaller influence
on the DNA binding than the protonation state of the polymeric vectors. In addi-
tion, it was reported that 46% of protonated PEI formed more stable complexes with
DNA than the 23% protonated PEI. Likewise, these authors highlighted that PEI
interacted with the DNA through the formation of hydrogen bonding with the back-
bone oxygens. Two types of hydrogen bonding were evidenced, i.e. direct hydrogen
bonding and indirect hydrogen bonding (mediated through water molecules).

Regarding the flexibility of DNA macromolecule, a seminal MD study was
reported evidencing the relative flexibility in aqueous solutions of DNA compared
to RNA (Noy et al. 2004). The essential dynamics analysis (of 10 ns trajectories)
suggested that the pattern of the flexibility of DNA and RNA duplexes was different.
Moreover, MD simulations (performed by means of AMBER6·1 program) demon-
strated that the concepts of flexibility, stiffness, and deformability aremuch complex.
For instance, the DNA duplex can be more flexible for some perturbations and more
rigid for others (Noy et al. 2004). Another study dealt with molecular dynamics
(assuming the OPLS-AA force field) to approximate localization of structural water
molecules in DNA (Neder et al. 2005). Thus, these authors unveiled by MD simu-
lation the first hydration shell of double-helix DNA in the A- and B-conformations.
It is worth noting that the MD simulations were also employed for assessing DNA-
protein and DNA-drug interactions, detailing the dynamics, and stability of such
types of complexes (Lei et al. 2012; MacKerell Jr and Nilsson 2001).

Our group started to approach the subject of the formation of the polyplexes
back from 2015. For example, in reference (Clima et al. 2015) it was reported the
experimental design, modeling, and optimization of the polyplex formation between
double-stranded oligonucleotides (dsDNA) and branched poly(ethylene imine) (b-
PEI). A design of experiments was adopted to investigate experimentally the binding
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Fig. 4 Rendering of the
dsDNA/b-PEI polyplex
resulted from MD simulation
(at t = 21 ns) in a simulation
box with explicit water
molecules (solvent) (Clima
et al., 2015)

efficiency of DNA and branched-PEI under various conditions.Moreover, themolec-
ular dynamics simulation was performed to disclose the mechanism of polyplex
formation at the atomic-scale. In this work, the dsDNA composed of 50 nucleotides
was exploited in modeling study and experimental validation. Thus, the sense
strand of dsDNA was 5′- CAAGCCCTTAACGAACTTCAACGTA-3′, and corre-
spondingly, the antisense strandwas 5′-TACGTTGAAGTTCGTTAAGGGCTTG-3′.
The molecular dynamics simulations were carried out by means of the YASARA-
Structure software package (Krieger et al. 2014), which is an all-in-one program
for molecular modeling. In fact, YASARA is a molecular-graphics, -modeling and
-simulation program with an intuitive user interface and photorealistic graphics
(Krieger andVriend 2014). It contains allAMBER force fields aswell as its own force
fields (like NOVA, YASARA, and YAMBER). Note that, the YASARA-Structure
program includes an automatic parameterization method (‘AutoSMILES’), which is
very facile to get the molecular mechanics parameters for the unknown structures.
According to the report of the developers (Krieger and Vriend 2014), the YASARA
program has been developed to boost molecular dynamics simulations in the frame
of the all-in-one program environment. In the published study (Clima et al. 2015),
the molecular dynamics simulation was done at the level of the YASARA force
field, which includes the self-parameterizing knowledge-based potentials. Hence,
the resulted DNA/PEI polyplex (at 21 ns simulation time) in an explicit solvent
(water model TIP3P) is illustrated in Fig. 4.

Finally, the results of the simulation disclosed that hydrogen atoms from b-PEI
amine groups mainly interacted with oxygen atoms from dsDNA phosphate groups.
These interactions conducted to the formation of hydrogen bonds between dsDNA
and b-PEI macromolecules; thereby stabilizing the polyplex structure. As regards
the polyplex conformation, the polycation chain remained close to the DNA making
contacts in the vicinity of a minor groove site (Clima et al. 2015).

A continuation of studies dealing with polyplexes (Dascalu et al. 2017; Vasiliu
et al. 2018; Vasiliu et al. 2017) has been performed in the frame of ERA Chair
SupraChemLab project implemented at the Centre of Advanced Research in
Bionanoconjugates and Biopolymers at ICMPP from Iasi, Romania. For instance,
the optimization of polyplex formation between dsDNA and poly(L-Lysine) (PLL)
has been reported in reference (Vasiliu et al. 2017). Here, the MD simulations were
performed at the level of the YASARA force filed to reveal the formation of dsDNA-
PLL polyplexes at different solution pH, and consequently at different protonation
degree of PLL (see Fig. 5).
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Fig. 5 Rendering of the dsDNA/PLL polyplex indicated by MD simulation (at t = 35 ns), (a) pH
5·4 (100% protonation of PLL), (b) pH 7·4 (50% protonation of PLL); explicit water molecules
omitted for clarity (Vasiliu et al., 2017)

Thus, MD results disclosed that the binding rate between macromolecules was
changed with the variation of PLL protonation. More detailed, at pH 5·4 (i.e., 100%
PLL protonation), the distance between dsDNA and PLL decreased from 40 Å to 18
Å in just a few nanoseconds of simulation. Instead, at pH 7·4 (i.e., 50% PLL proto-
nation), the same effect was achieved only after 31 ns. Moreover, MD simulation
outcomes suggested that hydrogen bonds were mainly formed between the backbone
oxygen atoms of dsDNA and hydrogen atoms of amine groups from PLL. Likewise,
computational data showed that the PLLwas themost flexiblemacromolecule, which
could be bent and twisted to a greater extent at physiological pH value. In contrast,
the dsDNA conformation in polyplex was minimally perturbed during MD simula-
tions. It should be specified here that the formation of the dsDNA-PLL polyplex was
validated experimentally using gel electrophoresis assays. The optimal conditions of
complexation (pH5·4 andN/P ratio of 125)were established bymeans of the response
surface methodology (Vasiliu et al. 2017). Likewise, it should be noticed that the
binding interaction between dsDNA and PLLwas proved also by other authors using
different experimental techniques such as fluorescamine assay (Read et al. 1999) and
time-resolved multi-angle laser light scattering (Lai and van Zanten 2001).

In another study (Vasiliu et al. 2018) it was shown (by MD simulations in
YASARA) the possibility of the polyplex formation between a cyclodextrin-based
vector and two oligomeric chains of dsDNA. The non-viral vector represented a
polycationic-conjugate assembly comprising beta-cyclodextrin (β-CD) as a core that
was grafted with one chain of poly(ethylene glycol) (PEG) and six branches of
PEI. The conjugated vector/carrier was denoted as (β-CD-PEG-PEI). The molecular
dynamics trajectories revealed that the polycationic conjugate (β-CD-PEG-PEI) was
flexible and interacted very fast with both dsDNA macromolecules (Vasiliu et al.
2018). For example, at simulation time t = 2·5 ns, five of PEI branches interacted
evidently with the nucleotides from both dsDNA helixes (Fig. 6). This computational
study was also supported by the Gel Red staining assay for experimental validation
of the polyplex formation (Vasiliu et al. 2018).

More advanced studies were also performed to shed light on the supramolec-
ular interactions between several molecules of the conjugate (β-CD-PEG-PEI) and
a longer chain of dsDNA helix (Dascalu et al. 2017). In this respect, the molecular
modeling, dynamics simulations, and trajectories analysis were carried out using
the high-performing software packages like YASARA (Krieger and Vriend 2014),
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Fig. 6 Rendering of the polyplex supramolecular structure derived from MD simulation (at t =
2·5 ns) showing the interaction between the polycationic conjugate vector (β-CD-PEG-PEI) and
two macromolecules of dsDNA; explicit water molecules omitted for clarity (Vasiliu et al., 2018)

Fig. 7 Rendering of the
polyplex supramolecular
conformation resulted from
MD simulation showing the
bending of the dsDNA chain
(96 bp long) in the presence
of four polycationic vectors
(β-CD-PEG-PEI); explicit
water molecules omitted for
clarity (Dascalu et al., 2017)

Maestro simulation environment, GROMACS (Abraham et al. 2015), and VMD
(Humphrey et al. 1996). In one of the simulations, four entities of β-CD-PEG-PEI
conjugate vector were placed in the vicinity of a dsDNA helix (96 base-pairs long),
in a “face-on” orientation as starting conformation. After 3 ns of MD simulation, the
dsDNA fragment started to bend (Fig. 7). And, the four vectors (β-CD-PEG-PEI)
revealed a conformational adaptation to dsDNA surface as a consequence of maxi-
mization of the number of anionic-cationic contacts (i.e. electrostatic interactions).
The more advanced in silico molecular modeling performed in this study (Dascalu
et al. 2017) suggested that the developed non-viral vector (β-CD-PEG-PEI) can
mimic to some extent the function of histones.

In another report (Uritu et al. 2015), a siloxane-based conjugate carrier
was assessed as a non-viral vector for the polyplex formation. This
vector (denoted as cDH

4 -AGE-PEI) comprised a cyclic siloxane ring (2,4,6,8-
tetramethylcyclotetrasiloxane, cDH

4 ) as a core that was conjugated with
polyethyleneimine (PEI) chains as cationic branches. The MD simulations
(performed at the level of the YASARA force field) disclosed the interaction of the
cDH

4 -AGE-PEI with the Drew-Dickerson dodecamer d(CGCGAATTCGCG)2. The
MD simulation results proved the interaction between cDH

4 -AGE-PEI and dsDNA
with the formation of hydrogen bonds that stabilized the polyplex conformation
(Fig. 8).
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Fig. 8 Rendering of the polyplex structure resulted from MD simulation (t = 2 ns), showing the
interactionbetween the non-viral vector (cDH

4 -AGE-PEI) anddsDNAhelix; explicitwatermolecules
omitted for clarity (Uritu et al., 2015)

4 Molecular Dynamics Simulation to Estimate
Solute-Solvent Interactions

The molecular dynamics (MD) simulation can be employed in the exploration of
the solute-solvent interactions by providing dynamic pictures and valuable insights
of such complex systems (Zhao et al. 2013). In this respect, the reference (Airinei
et al. 2017) reported the solvatochromic analysis and computational study of the
azobenzene maleimide compound (AMC). It should be mentioned that azobenzene
derivatives aremolecular entities of real interest. Thesemolecules are able to provide
a response to external stimuli, which allow the control of their photophysical proper-
ties (Cojocaru et al. 2013). Owing to their particular trans/cis isomerization reaction
(Isac et al. 2019), the azobenzene derivatives have found the applicability in various
fields such as photoresponsive materials, optical data storage, liquid crystal displays,
and others (Cojocaru et al. 2013; Isac et al. 2019).

In the reference (Airinei et al. 2017), the molecular dynamics (MD) simulations
were carried out to detail the solvation of azobenzene maleimide molecule in two
polar solvents (acetone and ethylene glycol). Both solvents were modeled as explicit
molecules surrounding the solute. Hence, short-term MD simulations were done
using theYASARA force-field. Results of theMD simulation highlighting the solute-
solvent interactions are illustrated in Fig. 9.

Simulation outcomes suggested the formation of hydrogen bonds (H-bonds)
between the solute (AMC – azobenzene maleimide compound) and both polar

Fig. 9 Rendering of the solute-solvent systems showing the interactions of the solute molecule
(azobenzene maleimide) with explicit solvents: (A) acetone and (B) ethylene glycol; equili-
brated solute-solvent systems after energy minimization and short molecular dynamics (10 ps);
computations were done using the YASARA force field
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solvents. These H-bonds are represented as dot lines in Fig. 9. The emerged H-
bonds, as a consequence of solute-solvent interactions, were encircled in Fig. 9 just
for clarity. As one can see from Fig. 9A, the AMC solute formed one hydrogen bond
with a molecule of the acetone solvent. Here, the NH group from the amide moiety
of AMC acted as hydrogen bond donor (HBD), while the oxygen atom from acetone
acted as hydrogen bond acceptor (HBA). The computed distance of the hydrogen
bond was equal to 1·94 Å. And, the associated energy was found to be 5·47 kcal/mol.

In the case of ethylene glycol as solvent (Fig. 9B), the calculation results revealed
the formation of many hydrogen bonds between solvent molecules in the simu-
lating environment. In addition, the simulation indicated the formation of four H-
bonds between the solute (azobenzene maleimide) and solvent (ethylene glycol) (see
Fig. 9B). Thus, the carbonyl groups from amide and maleimide moieties of AMC
acted as proton acceptors (HBA) yielding the formation of three hydrogen bonds.
The fourth H-bond appeared between amide NH of the solute (HBD) and the oxygen
atom (HBA) from ethylene glycol molecule (Fig. 9B). The calculated distances of
these hydrogen bonds ranged from 1·71 Å to 1·85 Å. And, the total hydrogen bond
energy was equal to 22·23 kcal/mol for the system azobenzene maleimide/ethylene
glycol.

A more detailed computational chemistry study of azobenzene maleimide
compounds was given in the reference (Isac et al. 2019). These computations were
done to explore the electronic structures and to reveal the charge-transfer excitation
effects at the level of the density functional theory (DFT) (Isac et al. 2019). Likewise,
the solute-solvent interactions were assessed by computational chemistry methods
and for other organic molecules, such as pyrazoline derivative compounds (Chibac
et al. 2019).

5 Conclusions

In the course of implementation of the SupraChemLab project within theH2020Call,
we have investigated by means of molecular dynamics the formation and evolutions
of different supra-molecular assemblies and systems. The computer-aided simula-
tions by molecular dynamics have contributed considerably to understanding of the
investigated structures and phenomena. Thus, MD simulations revealed the stability
of DOTA self-assembly aggregate in the phospholipid (POPC) membrane and its
functionality as the artificial channel for water permeation. Dynamic simulations
disclosed also important insights regarding the stability of the studied polyplexes
formed as the supra-molecular assemblies between dsDNA and non-viral vectors.
Likewise, the MD method can be applied to evaluate the solute-solvent interactions.
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