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Preface

This volume of the Springer book series Lecture Notes in Bioengineering gathers
the proceedings of BIONAM 2019, the 3rd Workshop on Bio-nanomaterials, held
on September 29 – October 3, 2019, on an MSC cruise ship navigating the
Mediterranean Sea. BIONAM focused on the analysis, synthesis and design of
bionanomaterials. The previous editions were held in Salerno, Italy, in 2013 and
2016, respectively. The second edition was published by Springer with the title
“Advances in Bionanomaterials.”

Starting from well-known biological structures, scientists and engineers have
developed design principles for novel nanomaterials with superior properties. This
knowledge has permitted to create complex structures with high toughness and high
mechanical strength, or having a remarkable variety of advanced properties.

The peculiar location where BIONAM 2019 took place allowed an intense
interchange of ideas and favored cross-contamination among different fields. The
workshop represented an effort to bring together researchers active in biomaterials
modeling with experimentalists, and the connection map built out of the conference
shows the network and the interactions developed among the different attendees.
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Biophysicists, biochemists and bioengineers presented studies on the funda-
mental properties of materials suitable for medical use (e.g., implantable devices),
for interaction with biological systems and environmental applications. Attendees
from therapeutic areas highlighted essential features for developing compatible
biomaterials and for the evaluation of such materials in a physiological environ-
ment. The computational scientists shared tools to predict the mechanical, physical
or biological properties of new biomaterials.

As a whole, the conference provided a comprehensive yet not exhaustive picture
of state of the art in the field of bio-nanomaterials. Compared to the previous
editions, the 3rd conference gave emphasis to stimuli-responsive and adaptable
smart materials. Several researchers coming from nonlinear and
far-from-equilibrium chemistry were involved in the scientific committee to cover
the new and hot discipline known as dynamical self-assembly, a branch of the
material science that try to blend the classical equilibrium self-assembly theory with
evolutionary chemical systems and dissipative structures.

As Editors, we wish to express gratitude to the organizing and secretariat
committee from the University of Salerno, namely Iolanda De Marco, Anna
Maria Nardiello, Luigi De Biasi and Ylenia Miele, and, of course, to all the
attendees of the conference and to the authors who spent time and effort to con-
tribute to this volume. We also acknowledge the precious work of the reviewers and
the members of the Program Committee. Special thanks, finally, to the invited
speakers for their highly inspiring talks: Luisa Torsi from the University of Bari
(Italy), Stefano Leoni from Cardiff University (UK) and Marco Midulla from the
University of Bourgogne (France).
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The 21 papers presented have been thoroughly reviewed and selected from 54
submissions. The contributions are typical examples of research outcomes in the
biomaterial area, and they were grouped into three main categories: “Structure and
Properties of Bio and Nanomaterials,” “Modeling of Bio and Nanomaterials” and
“Applications of Bio and Nanomaterials.”

They cover the following topics: nanomaterials, smart and stimuli-responsive
materials, applications of nanostructured materials to medicine and biology,
supercritical fluids, nanovectors, modeling and simulation of artificial and bio-
logical systems, topical controlled release, complex systems, synthetic and systems
biology, systems chemistry, and they represent the most exciting contributions to the
2019 edition of BIONAM.

October 2019 Stefano Piotto
Simona Concilio

Lucia Sessa
Federico Rossi
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Composition and Microstructure
of Biocompatible and pH-Sensitive Copolymers
Prepared by a Free Solvent ARGET ATRP

Ylenia Miele1(&), Massimo Mella2, Lorella Izzo3,
and Federico Rossi4

1 Dipartimento di Chimica e Biologia, Università degli Studi di Salerno,
Via Giovanni Paolo II, 132, 84084 Fisciano, Italy

ymiele@unisa.it
2 Dipartimento di Scienza ed Alta Tecnologia,

Università degli Studi dell’Insubria, Via Valleggio 9, 22100 Como, Italy
3 Dipartimento di Biotecnologie e Scienze della Vita,

Università degli Studi dell’Insubria, Via J.H. Dunant 3, 21100 Varese, Italy
4 Dipartimento Scienze fisiche, della Terra e dell’ambiente,

Pian dei Mantellini 44, 53100 Siena, Italy

Abstract. Controlled/living radical polymerizations enable the synthesis of
functional polymers with well-defined compositions and architectures. In this
paper, we propose the usage of the ARGET ATRP technique to produce
copolymers of MMA and DMAEMA. The feed composition was changed
systematically to modulate the final composition of the copolymer. The absence
of additional organic solvent (bulk polymerization), the use of low amounts of
metal catalyst and the reduction of purification steps are the main advantages
with respect to a traditional ATRP.

1 Introduction

Stimuli-responsive materials alter their chemical and/or physical properties upon
exposure to external stimuli like pH, temperature, redox variations and light [1–5].
Nowadays, engineering of new responsive materials, especially block-copolymers, is a
big scientific challenge and involve many researchers in finding new properties for
applications that span from environmental monitoring and remediation to biological
and medical applications [6–10].

A biologically relevant pH-responsive polymer is poly[2-(dimethylamino)ethyl
methacrylate] (DMAEMA), which is both temperature- (lower critical solution temper-
ature around 40 °C) [11] and pH-sensitive (the pKa of the amine group in poly-
DMAEMA is around 7.3) [12]. Moreover, poly-DMAEMA is able to bind plasmid DNA
through electrostatic interactions, yielding polymer/plasmid complexes (also called
polyplexes) [13]. As observed for many polycations (see e.g. [14]), poly-DMAEMA is
cytotoxic, but its cytotoxicity and hemolycity are reduced when DMAEMA is copoly-
merized with non-charged comonomers [15] (e.g. MMA). This strategy has been
exploited to produce non-hemolytic bactericidal materials [16, 17].

© Springer Nature Switzerland AG 2020
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Indeed, linear and branched copolymers of MMA and DMAEMA (molar frac-
tion = 25%) with mPEG segments (mPEG-b-poly(MMA-ran-DMAEMA)) gave not
cytotoxic vesicles in the range concentration 10−7–10−9 M in the presence of HepG2
tumor cells and MRC5 normal cells [18]. The release of antitumor paclitaxel from these
polymeric vesicles is controlled by a pH-dependent swelling instead of disaggregation
[18, 19]. The pH-sensitive swelling strongly depends on the topology of the copolymer:
the DMAEMA units are randomly distributed in the hydrophobic part of the poly-
mersomes enabling the swelling at acidic pH due to the increased electrostatic
repulsions.

More in general, physical and chemical properties of polymers in solution strongly
depend on their structure, which can be modulated by covalently linked substituents of
different solubility [20] or also by copolymerization of comonomers producing a
unique back-bone (e.g. MMA and DMAEMA). In addition, if the polymer in solution
is a weak polyelectrolyte, properties such as ionization degree can be influenced by
different parameters such as polymer conformation and confinement [21], polyelec-
trolyte concentration, chain rigidity, the formation of intra- and inter-chain charged
hydrogen bonds (c-H-bonds) [22] and architecture [23].

Besides, polyelectrolyte adsorption onto charged nanoparticles, and concurrent
effects such as spatial partitioning of ions may be influenced by details of the poly-
electrolyte structure (linear or star–like) and size [24]. Such an issue can be funda-
mental in understanding the bactericidal activity of a polymer when in contact with the
outer envelope of a bacteria cell [25].

In any case, a control over the architecture and chemical composition of poly-
electrolytes is fundamental to produce pH-sensitive polymers with improved perfor-
mance and reduced cytotoxicity.

To this end, in this work we focused on the synthesis of MMA and DMAEMA
copolymers because of their potential applications in different fields such as the
interaction to DNA for the formation of polyplexes [13], pH-sensitive systems for drug
delivery [18, 19] and formation of inherently bactericidal materials [17, 25]. The
synthesis of smart materials, however, is strictly correlated to the control over the
chemical composition, so we report the synthesis of MMA/DMAEMA copolymers in
different experimental conditions. The composition of the final copolymer, and the
reactivity ratios have been estimated to evaluate the relative reactivity of the two
comonomers in ARGET ATRP reactions (Activators Regenerated by Electron Transfer
for Atom Transfer Radical Polymerization).

It is well known that controlled polymerization processes are required to design
copolymers with a well-defined architecture. ATRP (Atom Transfer Radical Poly-
merization) is one of the most powerful controlled/living radical polymerization
techniques: the living nature depends on the onset of a dynamic equilibrium between
dormant species and active radical species. ATRP usually requires a transition metal
catalyst in its lowest oxidation state, a ligand to complex and solubilize the metal, an
alkyl halide as the initiator (R-X) [26, 27]. A variant of ATRP is ARGET ATRP where
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the metal is introduced in its highest oxidation state and the active species is contin-
uously regenerated from a reducing agent like glucose, ascorbic acid and the FDA-
approved tin (II) 2-ethylhexanoate (Sn(EH)2) [28, 29]. In ARGET ATRP, the amount
of metal catalyst can be decreased by thousand times compared to conventional ATRPs
and the procedure can tolerate a large excess of reducing agent. This new procedure
avoids the deoxygenation of reaction mixtures and simplifies the ATRP process [30].
ARGET ATRP has been successfully applied for the synthesis of homopolymers of
styrene, methyl methacrylate, butyl acrylate [28, 31] and DMAEMA [30], and for the
copolymerization of styrene and acrylonitrile [32], styrene and methyl acrylate [33], or
methyl acrylate with olefins [34].

2 Experimental Section

Copper bromide (CuBr2), 2,2’-bipyridine (bpy), 2–bromoisobutyryl bromide (BMPB),
ascorbic acid, Al2O3, DMF were purchased by Sigma-Aldrich and used without any
further purification. Methylmethacrylate (MMA) and 2(dimethylamino) ethyl
methacrylate (DMAEMA) (Sigma-Aldrich) were passed through a column filled with
basic alumina prior to use to remove the inhibitors. All manipulations involving air-
sensitive compounds were carried out under nitrogen atmosphere using Schlenk
techniques.

Stock solutions of ascorbic acid, Cu (II) and bpy were prepared separately dis-
solving respectively 20 mg, 2.2 mg and 17.1 mg in 10 mL of DMF. The concentra-
tions of the prepared solutions are: [CuBr2] = 1 � 10−3 M, [bpy] = 1 � 10−2 M and
[ascorbic acid] = 1 � 10−2 M. In a typical run, 100 lL of CuBr2 stock solution,
100 lL of bpy stock solution, 0.5–4.5 mL of MMA and DMAEMA (according to the
initial feed ratio), 1.2 lL of 2–bromoisobutyryl bromide (BMPB), 100 lL of ascorbic
acid stock solution were added in a 50 mL glass flask, under nitrogen atmosphere.
After the addition of the last reactant (ascorbic acid), the mixture was thermostated at
60 °C and magnetically stirred. The reaction was stopped with n-hexane. The pre-
cipitated copolymers were filtered and dried in vacuum at 40 °C for 12 h.

The number-average molecular weight Mn and polydispersity index (Đ = Mw/Mn)
were determined by gel permeation chromatography (GPC) using a Waters
Breeze GPC system equipped with a refractive index (RI) detector and four Styragel
columns (range 1000–1,000,000 Å) in tetrahydrofuran (THF) as eluent at a flow rate of
1.0 mL/min−1. The calibration curve was established with polystyrene standards.

The mole fractions of MMA and DMAEMA in the final copolymer were evaluated
through 1H NMR spectroscopy. NMR spectra were recorded on a Bruker Avance
400 MHz spectrometer at 25 °C. The samples were prepared by introducing 15 mg of
copolymer in 0.4 mL of CDCl3 into a tube with an outer diameter of 0.5 mm.

The conversions and the logarithmic concentrations of the monomers in the kinetic
plots were evaluated from the yield and chemical composition of the copolymers.
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3 Results and Discussion

The synthesis of pH-sensitive copolymers composed of MMA and DMAEMA is
illustrated in the reaction scheme of Fig. 1. DMF was employed just to solubilize the
metal catalyst, its ligand and the reducing agent; no additional solvent was included in
the reaction mixture to reduce as far as possible the presence of organic solvent. Since
the amount of metal catalyst is below ppm (CuBr2 = 1 � 10−4 mmol), it is unneces-
sary the removal of the metal from the final copolymer; the purification procedure is
thus simplified.

As a first step, the reaction was performed reaching different reaction times to build
a kinetic plot. At short polymerization times, the plot of ln[M0/M] vs polymerization
time shows a downward curvature followed by a linear increase, a typical trend of a
slow initiation reaction.

Fig. 1. Reaction scheme for the synthesis of poly(MMA-DMAEMA).
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In order to establish the monomers distribution in the final copolymer, a set of
copolymerization runs were carried out changing systematically the molar ratios of
MMA and DMAEMA (conditions indicated in Table 1).

The copolymer composition was determined from 1H-NMR spectral analysis of the
copolymer (Fig. 3) using the Eqs. (1) and (2) [35]:

Fig. 2. First order kinetic plot in ARGET ATRP copolymerization of MMA and DMAEMA.
Experimental conditions: BMPB initiator, Cu/bpy/BMPB = 1:10:100, CuBr2 = 1 � 10−4 mmol,
fMMA = 0.61 and fDMAEMA = 0.39. Bulk copolymerization. Vtot � 5 mL, Tp = 60 °C.

Table 1. Copolymerization of MMA and DMAEMA: experimental data used for the evaluation
of the final compositiona

Entry fMMA
b FMMA

c conv. MMA (%) Yield (g) Mn (kDa) Đ (Mw/Mn)

1 0.15 0.13 20 1.0715 37.2 2.7
2 0.29 0.27 22 1.1090 69.2 1.7
3 0.52 0.47 18 0.9243 39.2 1.8
4 0.61 0.60 3.8 0.1834 45.5 1.6
5 0.71 0.67 21 1.0488 26.8 2.3
6 0.86 0.84 2.7 0.1347 20.4 2.0
aExperimental conditions: Cu/bpy/BMPB = 1:10:100, CuBr2 = 1 � 10−4

mmol. Bulk copolymerization. Vtot � 5 mL, Tp = 60 °C, tp = 8 h. bMole
fraction of MMA in the feed. cMole fraction of MMA in the copolymer.
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FMMA ¼ 2IMMA

2IMMA þ 3IDMAEMA
ð1Þ

FDMAEMA ¼ 3IDMAEMA

2IMMA þ 3IDMAEMA
ð2Þ

where FMMA and FDMAEMA are respectively the molar fractions of MMA and
DMAEMA in the final copolymer, IDMAEMA is the integration of the methylene group
of the signal relative to DMAEMA units (-O-CH2-CH2-N(CH3)2), labeled as f in the
NMR spectrum), IMMA is the integration relative to the -OCH3 unit of MMA (peak
labeled as c in the NMR spectrum).

The plot of MMA molar fraction in the final copolymer (FMMA) vs the feed (fMMA)
is roughly linear as expected from an ideal copolymerization (Fig. 4).

Fig. 3. 1H-NMR spectrum for a MMA/DMAEMA copolymer.
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The monomer feed ratios and the final copolymer compositions of Table 1 were
used to estimate the reactivity ratios of the two monomers defined as r1 = kMMA,MMA/
kMMA,DMAEMA and r2 = kDMAEMA,DMAEMA/kMMA,DMAEMA with ki,j the kinetic rate
constants for the reaction between two possible radical sites during the propagation step
(scheme in Eqs. 3–6 where M1 is the monomer MMA, M2 is the monomer DMAEMA,
M1

* and M2
* are the reactive terminal units of the growing chain).

MMA,MMA **
1 1 1 1M M M Mk+ ⎯⎯⎯⎯→ ð3Þ

MMA,DMAEMA **
2 1 1 2M M M Mk+ ⎯⎯⎯⎯⎯→ ð4Þ

DMAEMA,DMAEMA **
2 2 2 2M M M Mk+ ⎯⎯⎯⎯⎯⎯→ ð5Þ

DMAEMA,MMA **
1 2 2 1M M M Mk+ ⎯⎯⎯⎯⎯→ ð6Þ

The evaluation of reactivity ratios is helpful for the tuning of the copolymer
properties to attain the desired applications (drug delivery systems, coatings [36, 37]).
In this work, the reactivity ratios r1 and r2 were preliminary calculated with the Mayo-
Lewis equation [38] (Eq. 7).

F1 ¼ r1f 21 þ f1f2
r1f 21 þ 2f1f2 þ r2f 22

ð7Þ

where f1 = fMMA, f2 = fDMAEMA, F1 = FMMA and F2 = FDMAEMA, r1 and r2 are
respectively the reactivity ratios of MMA and DMAEMA.

Fig. 4. Plot of MMA mole fraction in the copolymer (FMMA) and in the feed (fMMA). The
theoretical curve for an ideal random copolymerization is indicated with a red dashed line.
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The Mayo-Lewis equation was rearranged into the linear form proposed by Fine-
man and Ross [39] (FR, Eq. 8), with slope r1 and intercept r2.

G ¼ r1F � r2 ð8Þ

where G = x[1−(1/y)], F = x2/y, x = f1/f2, y = F1/F2.

The reactivity ratios estimated from the FR plot (Fig. 5) are r1 = 0.79 (±3%) and
r2 = 1.05 (±8%). However, since most of the conversions reported in Table 1 are
higher than 10% and just entry 4 and entry 6 of Table 1 could be strictly used in the
Fineman Ross method, the reactivity ratios were also calculated with Eq. (9) that is the
integrated form of the Mayo-Lewis model, the Meyer-Lowry equation [40]:

M
M0

¼ f1
ðf1Þ0

� �a 1� f1
1� ðf1Þ0

� �b ðf1Þ0 � d
f1 � d

� �c

ð9Þ

where M/M0 is the total monomer conversion, a = r2/(1 − r2); b = r1/(1 − r1);
c = (1 − r1r2)/((1 − r1)(1 − r2)); and d = (1 − r2)/(2 − r1 − r2). The reactivity ratios
evaluated from the Meyer-Lowry plot, r1 = 0.76 (±6%) and r2 = 1.08 (±4%) are in
agreement with the Fineman-Ross ratios, thus the monomer conversion does not
influence the reactivity between the two monomers as expected from a quasi-ideal
copolymerization. The value of r1 estimated indicates the preference for MMA to react
with DMAEMA, whereas the value of r2 referred to DMAEMA, shows that

Fig. 5. Fineman-Ross plot for the system poly(MMA-DMAEMA).
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homopropagation is enhanced over cross-propagation. The product r1 r2 � 1 indicates
a random distribution. The reactivity ratios also allowed us to predict the mean
sequence length and thus the distribution of the two monomers in the final copolymer
through the Eqs. (10–11) [41, 42]:

l1 ¼ r1
f1
f2

þ 1 ð10Þ

l2 ¼ r2
f2
f1

þ 1 ð11Þ

where f1 and f2 are respectively the mole fractions of MMA and DMAEMA in the feed,
l1 is the mean sequence length of MMA and l2 is the mean sequence length for
DMAEMA.

The mean distributions for different feed compositions are reported in Table 2. The
increase of fMMA (in parallel with the decrease of fDMAEMA) in the feed leads to a
gradual increase of the length of MMA units (and decrease of DMAEMA units) in the
final copolymer.

The reactivity ratios evaluated with the two methods are summarized in Table 3
and compared with the literature.

The reactivity ratios determined from ARGET ATRP bulk copolymerizations are
similar to the reactivity ratios found for the free radical copolymerization of MMA and
DMAEMA in bulk [43], where the reactivity ratios are r1 = 0.71 (±7%) and r2 = 1.25
(±12%). However, these results differ from the reactivity ratios calculated from con-
ventional ATRP polymerizations conducted with mPEG-Br linear macroinitiator and
toluene as solvent reported by three of the authors in a previous work [35]. The
reactivity ratios, determined in the above-cited paper from the Meyer-Lowry equation,
were r1 = 0.36 (±10%) and r2 = 2.76 (±15%) indicating a gradient like
microstructure.

The mechanism put forward to explain the marked reactivity of DMAEMA was the
formation of a complex between Cu, bpy and DMAEMA (complexation supported by
NMR spectroscopy and DFT calculations). In this work, the higher reactivity of

Table 2. Mean sequence length in MMA/DMAEMA copolymers.

fMMA fDMAEMA l1 l2 l1: l2 Distributiona

0.15 0.85 1.14 6.93 1:6 M DDDDDDM
0.29 0.71 1.31 3.63 1:3 M DDDM
0.52 0.48 1.84 1.99 1:1 M DM
0.61 0.39 2.25 1.66 1:1 M DM
0.71 0.29 2.88 1.44 2:1 M DMM
0.86 0.14 6.01 1.16 5:1 M DMMMMM

r1 = 0.79, r2 = 1.05, M = MMA and D = DMAEMA
a Few cases of distribution are reported in the table.
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DMAEMA was also demonstrated, however the different microstructure found can
depend on the different initiator employed (it may play a role in the complexation of the
metal catalyst) and the absence of solvent (in presence of solvent there may be a
partitioning process of the monomer between the solution and the radical end of the
polymeric chain, the so-called “bootstrap” effect [44]).

4 Conclusions

pH-sensitive random copolymers were synthesized with a living radical polymeriza-
tion, the ARGET ATRP technique. Compared to the traditional ATRP processes
reported previously in literature, a low amount (ppm) of metal catalyst was employed
and the monomers were not dried and distilled before use reducing the times of
preparation. A future investigation may concern the effect of temperature on the
polymerization rate: lower temperatures reduce the energetic costs and follow the
direction of environment friendly synthetic strategies. The estimation of reactivity
ratios allowed us to assign a random distribution of the monomers in the final
copolymer. A random distribution of MMA and DMAEMA is desirable for the for-
mation of pH-sensitive polymersomes with mPEG segments: in this way, the amine
groups of DMAEMA are distributed in the hydrophobic bilayer allowing the swelling-
deswelling behavior pH-dependent. The use of copolymers synthesized from
ARGET ATRP for the preparation of pH-sensitive vesicles [45] and the release of
pharmacologically active molecules are the next aspects to be explored.
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Abstract. The paper reports some experimental data on the effect of halloysite
nanotubes (HNTs) content ratio on morphology and thermal properties of poly(3-
hydroxybutyrate-Co-3-hydroxyvalerate) (PHBV) bionanocomposites prepared
by melt mixing at 2.5, 5 and 10 wt%. The performance of the bionanocomposite
samples was evaluated on the basis of neat PHBV. Scanning electron micro-
scopic (SEM) analysis of the fractured surface of the bionanocomposite samples
showed the presence of many filler aggregates at 10 wt%. However, a quite
homogeneous dispersion of HNTs in PHBV was observed at 2.5 and 5 wt% with
the presence of some individual nanotubes. The results indicated also that adding
HNTs to PHBV led to an increase in both the crystallization rate and thermal
stability of PHBV/HNTs bionanocomposites, being however more pronounced
at 5 wt%, which appeared as the optimized filler content ratio.

1 Introduction

In recent years, an increasing number of biodegradable polymers have been developed,
aiming to solve the environmental problem caused by the disposal of large volumes of
non-biodegradable materials and also to limit the carbon footprint of polymeric
materials [1].

In this regard, polyhydroxyalcanoates (PHAs) are fully renewable and biodegrad-
able thermoplastics [2]. PHAs are aliphatic polyesters naturally synthesized via
microbial process on sugar-based medium, where they act as carbon and energy storage
material in bacteria [3]. Among the PHAs family, poly(3-hydroxybutyrate-Co-3-
hydroxyvalerate) (PHBV) copolymer is one of the most widely studied ones due to its
potential use in packaging, automotive, biomedical, and agricultural applications [4].
PHBV offers many advantages including thermoplasticity, natural origin and bio-
compatibility. However, the development and extension of PHBV to other industrial
fields is rather limited due mainly to its slow crystallization rate, high crystallinity, high
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sensitivity towards thermomechanical degradation (decomposition temperature is near
to melting point) [5, 6] and high cost [7].

Incorporation of a few amount of mineral clays to polymer matrix often leads to
improved mechanical, thermal and barrier properties [8]. In this context, a huge number
of papers have been published on successful applications of HNTs in bionanocom-
posites with various polymer matrices [9]. In this topic, a recent review paper [10]
reported a number of examples documenting the significant potential of halloysite to
compete with montmorillonite, which is currently the most commercially exploited
clays for the preparation of polymer bionanocomposites. The chemical composition of
HNTs is an hydrated aluminosilicate clay (Al2Si2O5 (OH)4 nH2O) extracted from
natural deposits [1]. The HNTs surface contains siloxane bonds with only few hydroxyl
groups, suggesting better dispersion in polymeric matrix than other natural silicates, but
also, a potential ability for the formation of hydrogen bonding. The tubular structure of
HNTs is believed to be the result of hydrothermal alteration or surface weathering of
aluminosilicate. Due to several characteristic features such as nanoscale lumen, rela-
tively high length-to-diameter ratio, and low hydroxyl group density on their surface,
HNTs are considered as promising competitors and cheaper alternatives to both carbon
nanotubes and organo-modified layered silicates [11]. Furthermore, HNTs exhibit
interesting reinforcing characteristics such as thermal stability and rheological prop-
erties in many polymeric matrices [12]. In many cases, HNTs are incorporated to the
polymer matrix without any chemical modification [13]. Most papers published on the
use of HNTs in polymeric matrices as reinforcing materials dealt with commercial ones
[14]. However, a few papers are available on the use of Algerian HNTs as reinforce-
ment in bionanocomposite materials for engineering applications. Therefore, the
objective of this paper was to investigate the effect of HNTs content ratio on mor-
phology and physical properties of PHBV bionanocomposites prepared by melt mixing
at 2.5, 5 and 10 wt%. The performance of the bionanocomposites was evaluated on the
basis of improved morphology, thermal stability and crystallinity.

2 Experimental Part

2.1 Materials Used

PHBV containing 5–8 mol. % HV was supplied by NaturePlast under the name of PHI
002. The main physical properties of PHBV are the following: density = 1.25 g/cm3,
Tm = 170 °C, Tg = 5 °C and the onset degradation temperature is 200 °C.

Algerian halloysite (HNTs) was collected from Djebel Debbagh in Guelma located
in the Northern-East of Algeria and supplied by SOALKA Company (Algerian
Company of Kaolins). The chemical composition and physical properties are detailed
in previous paper [8].

2.2 Sample Preparation

Prior to processing, HNTs were ground in a laboratory mill and sieved to select
particles having an average diameter of 40 µm. Moreover, both PHBV and HNTs were
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dried overnight under vacuum at 60 and 80 °C, respectively. HNTs were mixed
together with PHBV by using a twin-screw mini-compounder (micro compounder X
Plore) operating at 80 rpm and having the following characteristics: chamber volume
15 cm3, sample weight 12–13 g, maximum temperature 500 °C. The processing
temperature was ranged from 170 to 180 °C and the residence time in the extruder was
around 5 min. HNTs were incorporated at content ratio of 2.5, 5 and 10 wt%. For
comparison, neat PHBV was processed under the same experimental conditions as the
bionanocomposite materials.

2.3 Technical Characterization

2.3.1 Scanning Electron Microscopy (SEM)
SEM analysis was carried out on the cryofractured surfaces of the bionanocomposite
samples using an FEI Quanta 200 FEG microscope in environmental mode to observe
the dispersion state of HNTs in PHBV matrix with the filler content ratio.

2.3.2 Wide Angle X-Ray Diffraction (WAXD)
Crystallinity measurements of neat PHBV and its bionanocomposites were carried out
by using an XRD diffractometer of Model BRUKER AXS advance diffractometer. The
CuKa (k = 1,5406) radiation source was operated at 45 kV and with a current of
40 mA. The corresponding data were collected over a 2h range from 2.5 to 65° at a step
size of 0.00743°.

2.3.3 Thermogravimetric Analysis (TGA)
TGA of neat PHBV and PHBV bionanocomposites was performed using a Perkin
Elmer (Pyris 1 TGA) apparatus. The mass of samples was approximately 15 mg. TGA
thermograms were recorded in the temperature range 30–800 °C at 10 °C/min under
nitrogen atmosphere.

2.3.4 Differential Scanning Calorimetry (DSC)
A Perkin Elmer pyris-1 DSC with nitrogen as purge gas was used to investigate the
crystallization behavior of PHBV/HNT bionanocomposites. Samples of almost 13 mg
were encapsulated in aluminum pans and heated from −30 to 200 °C at heating and
cooling rates of 10 °Cmin−1. The thermal history of the samples was erased by a
preliminary heating (−30–+200 °C range). The measurements were made in the first
cooling scan and in the second heating scan. The degree of crystallinity (Xc) of neat
PHBV and bionanocomposite samples was determined from the second melting
enthalpy values according to Eq. (1):

Xc ¼ DHm

wp � DH0
m
� 100 ð1Þ

where DHm (Jg−1) is the melting enthalpy, wp is the polymer weight fraction (PHBV) in
the sample and DH0

m is the melting enthalpy of pure crystalline PHBV (DH0
m = 146

Jg−1 [15]).
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3 Results and Discussion

3.1 Morphological Analysis of PHBV/ HNT Bionanocomposites

SEM is employed to investigate how HNTs particles are dispersed in PHBV matrix. In
this respect, Fig. 1 shows SEM micrographs of the fractured surface of neat PHBV and
its bionanocomposites. Neat PHBV shown in Fig. 1a exhibits an irregular fractured
surface due to its crystalline structure in agreement with the literature data [16]. Fig-
ure 1b, c and d show selected micrographs of the bionanocomposite samples based
HNTs at content ratio of 2.5, 5 and 10 wt%, respectively. From SEM micrographs
recorded at lower magnification, it is observed a good dispersion of HNTs in PHBV
matrix. However at 10 wt%, large HNTs aggregates are clearly observed as a result of
strong hydrogen bonding between HNT particles [17]. Similar results were reported by
Du et al. [18] and Marius et al. [17]. Moreover, it can also be observed from Fig. 1 b, c
and d a homogeneous dispersion of HNTs with individual nanotubes, however more
pronounced for the samples loaded at 5 wt%. A preferential orientation of nanotubes
following elongation flow in the extension direction is noticed for all bionanocom-
posites as reported by Lecouvet et al. [19].

Fig. 1. SEMmicrographs of: a) neat PHBV b) PHBV/HNTs (2.5 wt%), c) PHBV/HNTs (5 wt%)
and d) PHBV/HNTs (10 wt%).
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To further illustrate the dispersion state of HNTs and their interactions with PHBV
matrix, WAXD patterns of the bionanocomposites samples are shown in Fig. 2 as a
function of loading rates.

WAXD pattern of neat PHBV shows two strong diffraction peaks located at
2h = 13.5 and 17° corresponding to the (020) and (110) planes of the orthorhombic
unit cell. Two peaks of low intensity are observed at 2h = 25.5 and 27° as reported in
literature [16], which are assigned to the (101) and (111) planes, respectively. As a
crystalline material, HNTs exhibit also two other peaks at 2h = 12.18 and 24.74°,
which are related to (001) basal spacing of 7.26 nm and (002) of 3.59 nm, respectively.
From Fig. 2, it can be noticed that the main PHBV peaks increases in intensity with
increasing the HNTs content. This could be explained as a result of interactions
between the polymer matrix and the filler.

3.2 Thermal Stability

To highlight the effect of HNTs on PHBV thermal stability, thermogravimetric mea-
surements (TG) under N2 atmosphere performed on the bionanocomposites were
compared to those of neat PHBV. TGA curves are shown in Fig. 3a, while derivative
thermogravimetric (DTG) curves are presented in Fig. 3b. Furthermore, the
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Fig. 2. WAXD patterns of neat PHBV and PHBV/HNTs nanocomposites at various filler
content ratios.
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temperature values corresponding to 5 wt% mass loss (T5%), temperature at maximum
degradation rate (Tmdr), and the residue at 600 °C, are also reported in Table 1.

As shown in Fig. 3a, during thermal degradation of neat PHBV and its bio-
nanocomposites, the samples show a single step degradation in agreement with liter-
ature data [20]. According to Table 1, PHBV starts its degradation process around
260 °C (T5%), reaching a maximum degradation temperature (Tmdr) around 282 °C.
The addition of HNTs to PHBV matrix leads to an increase in both T5% and Tmdr of the
bionanocomposite samples. For PHBV/HNTs samples, T5% increases by almost 2 to
5 °C depending on the loading rate.

Whereas, it can be seen in Fig. 3b that Tmdr shifts towards higher temperatures for
the bionanocomposite samples, except the one at 10 wt% where no change is observed
compared to the neat PHBV. The increase in thermal stability observed in the bio-
nanocomposites could be attributed to HNTs, which act as heat barriers, thus retarding
the thermal degradation [21]. Furthermore, Du et al. [18] suggested that the hollow
tubular structure of HNTs could enable the entrapment of degradation products inside
the lumens, resulting in effective delay in mass transfer and drastically improve thermal
stability of the polymer. TGA results reported in Table 1 indicate also that for the
bionanocomposite samples, especially for those filled with 10 wt%, no noticeable
change in both T5% and Tmdr is observed due probably to filler aggregates formation in
the matrix.

3.2.1 Crystallinity and Melting Behavior
Table 1 summarizes the main DSC data of neat PHBV and PHBV/HNTs bio-
nanocomposite samples, providing the values of melting temperature (Tm), crystal-
lization temperature (Tc), glass transition temperature (Tg) and crystalline index (Xc).

The DSC thermograms of neat PHBV and PHBV bionanocomposites (not shown)
exhibit single melting and crystallization peaks. The incorporation of HNTs has no
significant effect on crystallization process of PHBV. However, the values of Tg and
Tm decrease slightly with addition of HNTs.
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4 Conclusion

This work aimed to evaluate the effect of filler content on the morphology and physical
properties of PHBV/HNTs filled at 2.5, 5 and 10 wt% without any prior treatment.
From the study, the following conclusions can be drawn. Morphological characteri-
zation showed that large aggregates of HNTs are formed at 10 wt%, while a homo-
geneous dispersion of HNTs in PHBV matrix is observed for 2.5 and 5 wt% with the
presence of some individual nanotubes. It was also shown that HNTs increase the
crystallization rate of PHBV and improve the thermal stability of PHBV/HNTs bio-
nanocomposites, being however more pronounced for the bionanocomposite filled at 5
wt%, which appears as the optimum filler content ratio.
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Abstract. The production of polymeric micro- and nanoparticles with regular
morphology and controlled size and distribution is a relevant target for many
fields, from pharmaceutical to nutraceutical, from energetics to fine chemical. In
this work, an improved micronization process is proposed, called supercritical
assisted electrospray, for the production of biocompatible polyvynilpyrrolidone
(PVP) particles loaded with quercetin. This supercritical process can largely
improve the traditional electrospray performance, thanks to the addition of
supercritical CO2 in the liquid polymeric solution at the beginning of the pro-
cess. Operating in this manner, an expanded liquid is formed, characterized by a
reduced viscosity and surface tension. Repeatable PVP microparticle diameters
and distributions were obtained, ranging between 0.47 ± 0.24 µm and
6.01 ± 3.60 µm at PVP concentrations from 1% to 7% w/w, and between
1.71 lm ± 1.07 lm and 2.08 lm ± 1.18 lm, for 1% and 3% w/w PVP par-
ticles loaded at 7% w/w quercetin, respectively, working at 120 bar, 35 °C and
30 kV.

1 Introduction

Various sectors of the process industry (e.g., pharmaceutical, nutraceutical and
biomedical), highlighted the necessity to produce micro- and nanoparticles of con-
trolled size and distribution for different applications. However, the main conventional
micronization techniques, such as: spray-drying, spray freeze-drying, spray freeze into
liquid, freeze-drying, precipitation from liquid antisolvents, solvent evaporation from
emulsions, jet milling, coacervation and centrifugal extrusion, suffer of numerous
disadvantages. In particular, particles shape and size are not perfectly regular, with a
wide size distribution; they can degradate due to thermal and mechanical stresses, and
can be also contaminated by organic solvent residues or other toxic substances after
processing [1].

An innovative technique to produce micro- and nanoparticles is the electrodynamic
atomization, also called electrospray (ESPR). In the electrodynamic atomization, a
liquid jet break up, typically consisting of a polymeric solution, is obtained with a
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droplet formation through a high electric field potential applied to the tip of the injector
and to a grounded metal collector. After that, the corresponding micro- and nanopar-
ticles are obtained by solvent evaporation. Unlike traditional techniques, high tem-
peratures are not required in ESPR, and mechanical forces do not stress particles.
However, an incomplete solvent evaporation can be obtained and the operating window
is limited due to viscosity and surface tension of the starting polymeric solution [1–4].

The application of supercritical fluids (particularly supercritical CO2, SC-CO2) as
an alternative to traditional processes represents a field of research in continuous
evolution. The properties of supercritical fluids are intermediate between those of a
liquid and those of a gas, since the density and the solvent power are similar to a liquid,
while the viscosity, the surface tension, and the diffusivity are comparable to those of a
gas. These properties can be modulated through operative pressure and temperature
variations. Moreover, since this kind of processes can be performed at a temperature
close to ambient, the degradation of thermolabile compounds is avoided [1, 4].

SC-CO2 was also applied in electrospinning with the aim of improving solvent
removal from the spinned polymeric fibers. Okamoto and Wahyudiono [2] performed
the electrospinning of a PVP:PLLA solution (80:20) in dichloromethane, trying to
reduce its viscosity using high-pressure CO2. Operating in this way, fibers with
diameters ranging between 0.60 and 0.79 µm were produced. Wahyudiono et al. [3]
produced PVP hollow fibers by electrospinning of a solution in pressurized CO2.
Different PVP morphologies were obtained changing the operative pressure: solid fiber
at 30 bar, hollow core fibers at 50 bar, and balloon-like structures at 80 bar. However,
these techniques needed of complex process arrangement with respect to the traditional
one since a high pressure precipitator was required. In order to overcome these
problems, Baldino et al. [1] proposed a new technique, called electrospray assisted by
SC-CO2. In this case, SC-CO2 was added to the polymeric liquid solution before
precipitation, largely reducing its viscosity and surface tension (i.e., cohesive forces)
thanks to the formation of an expanded liquid [4–6]. Moreover, a high pressure vessel
precipitator was no more required and materials collection can be performed at room
conditions. Using this technique, it was possible to process high molecular weight
polymers, selecting larger liquid flow rates than in traditional processes, and different
polymer concentrations, obtaining, at the same time, smaller particles and faster solvent
evaporation thanks to the contribution of SC-CO2. In particular, PVP at different
concentrations by weight in ethanol were prepared, and nano- and microparticles with
an average diameter between 0.55 and 2.25 lm were obtained, with good repeatability
and narrow distribution, especially operating at 120 bar. In a subsequent work [4], the
same authors studied the main parameters effect on the supercritical assisted electro-
spray and found that an increase in the electric potential difference did not significantly
modify the PVP particle size distributions; however, the distributions became sharper
as the electric potential difference increased. The solution viscosity increased with PVP
concentration: therefore, first large and very large particles were formed; then, the
process was no more able to produce jet break-up, microfibers were obtained and the
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process was converted to electrospinning, producing microfibers with diameters down
to about 1.4 lm. Therefore, pressure and PVP percentage played opposite roles in
generating the different morphologies (i.e., particles or fibers) and, for this reason,
electrospray and electrospinning assisted by SC-CO2 can be considered like the two
faces of the same medal.

Quercetin is a bioflavonoid generally found in fruit and vegetable, characterized by
several healthy properties, such as free-radical scavenging activity, and potential use
for the prevention and the treatment of pathologies like atherosclerosis, chronic
inflammation, and others [7–11]. However, quercetin can suffer numerous chemical
changes during pharmaceutical processing and storage, due to the effects of oxygen,
temperature, pH, etc. Besides, this flavonoid shows a poor water solubility and, thus,
reduced bioavailability [11].

Taking into account these considerations, the aim of this work is to produce con-
trolled size PVP microparticles loaded with quercetin, by SC-CO2 assisted electro-
spray, as carrier for pharmaceutical formulations thanks to the biocompatibility and the
hydrosolubility of this polymer, enhancing drug bioavailability.

2 Materials and Methods

Polyvinylpyrrolidone (PVP, Mw 1,300,000), quercetin (� 95%) and ethanol (pu-
rity > 99.9%) were bought from Sigma Aldrich. CO2 (purity 99.9%) was supplied by
Morlando Group s.r.l. (Sant’Antimo, NA, Italy).

PVP powder was dissolved in ethanol at different concentrations by weight
(ranging from 1 to 7% w/w), at room temperature and using a magnetic stirrer at
100 rpm. After the obtainment of homogeneous solutions, quercetin at 7% w/w with
respect to PVP was added. The solutions were mixed for other 30 min at 100 rpm and
at room temperature, until a complete quercetin dissolution was observed.

SC-CO2 assisted electrospray plant consisted of a stainless-steel high-pressure
vessel with an internal volume of about 70 mL, in which a solution to be treated was
loaded. The vessel was closed and CO2 was pumped from the bottom using a high-
pressure pump (Gilson, mod. 305, Middleton, WI, USA). When the desired operative
pressure was reached, the system was left 10 min for equilibration, to favor the mixing
between SC-CO2 and the liquid polymeric solution to obtain an expanded liquid. In
order to allow a constant pressure operation, after this time, nitrogen was added from
the top of the vessel at the same pressure selected for processing. A Teflon disk located
on the top of the liquid solution avoided the contact and the diffusion of N2 in the liquid
solution. When an ON/OFF valve (Swagelok ON/OFF, Nordival s.r.l., Rovato (BS),
Italy) was opened, the polymeric solution started to be delivered from the vessel to a
100 µm internal diameter injector, responsible of the atomization process. The area
near the injection system was heated using cable heaters (Watlow, 240 V, 275 W) to
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counter balance the Joule-Thomson effect, related to a fast CO2 depressurization.
Temperature was measured by thermocouples and regulated using PID controllers
(mod. 305, Watlow, Corsico (MI), Italy); whereas pressure in the feeding vessel was
measured by a test gauge (mod. MP1, OMET, Lecco, Italy). The voltage generator was
a FUG Elektronik (mod. HCP 35-3500, Schechen, Germany). The collector was
composed by two adjacent stainless-steel blocks, covered by a thin aluminum foil. An
experiment ended when the whole content of the feeding vessel was discharged; each
experiment was repeated twice.

PVP-based particles were sputter coated with gold (Agar Auto Sputter Coater mod.
108 A, Stansted, UK) at 30 mA for 80 s and analyzed using a field emission scanning
electron microscope (FE-SEM, mod. LEO 1525, Carl Zeiss SMT AG, Oberkochen,
Germany) to study their morphology.

Sigma Scan Pro 5.0 (Jandel scientific, San Rafael, QC, Canada) and Origin 9.1
(Microcal, Northampton, MA, USA) were used to measure the average diameter of the
particles and to calculate their size distributions. Approximately 300 particle diameters
were measured for each calculation.

3 Results and Discussion

The first part of this study was focused on the production of empty PVP particles, in
order to confirm the results obtained in a previous work of the same research group [4].
In particular, a polymer concentration of 1, 3 and 7% w/w in ethanol was selected,
maintaining constant these operative parameters previously optimized [4]: 120 bar
pressure, 35 °C temperature, 30 kV voltage, 100 lm injector diameter, 25 cm injector-
collector distance.

SEM analyses on the collected material in each experiment demonstrated that
regular spherical particles were produced in all cases, as reported in Fig. 1. These
particles were characterized by a mean diameter of: 0.47 ± 0.24 µm, 1.41 ± 0.88 µm
and 6.01 ± 3.60 µm for 1, 3 and 7% w/w PVP starting solution, respectively.

Once verified the process reproducibility, in the second part of the experimentation,
quercetin at 7% w/w with respect to PVP was dissolved in the ethanolic solutions. This
quercetin loading was selected taking into account the solution viscosity increase when
a second component was added in the starting solution: i.e., a too viscous solution,
particularly in the case of 7% w/w PVP system, can produce fibers instead of particles
due to the Taylor cone formation, favored by a cohesive force increase.
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Morphological analyses on these loaded samples demonstrated that spherical
microparticles were obtained when quercetin was added to the 1% and 3% w/w PVP
solutions, as shown in Fig. 2a–b; a beads-on-string morphology was instead observed
for the electrosprayed solution of quercetin loaded 7% w/w PVP (see Fig. 2c).

Fig. 1. SEM pictures of microparticles produced using ethanolic solutions at: (a) 1% w/w,
(b) 3% w/w and (c) 7% w/w PVP.

28 L. Baldino and S. Cardea



Moreover, the loaded particles mean diameter was larger than the one measured for
the empty PVP particles. In particular, it ranged from 1.71 lm ± 1.07 lm to
2.08 lm ± 1.18 lm, for 1% and 3% w/w PVP loaded particles, respectively. The mean

Fig. 2. SEM pictures of 7% w/w quercetin loaded samples produced using ethanolic solutions
at: (a) 1% w/w, (b) 3% w/w and (c) 7% w/w PVP.
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diameter increase measured for the loaded PVP microparticles was due to the quercetin
addition to the polymeric solution that produced a consequent viscosity increase and,
therefore, larger microparticles. The effect of viscosity cohesive force was particularly
observed for the 7% w/w PVP samples loaded with quercetin. SEM picture shown in
Fig. 2c demonstrates that the transition from particles to fibers was obtained; i.e., the
final solution viscosity of the PVP+quercetin system favored the Taylor cone formation
instead of jet break-up, producing this hybrid morphology. These results are also an
indirect demonstration of the effective quercetin encapsulation in the PVP
microstructures.

In the last part of the work, the effect of the operative pressure on the particles size
was investigated. With this purpose, ethanolic solutions at 3% w/w PVP loaded with
7% w/w quercetin were processed at 80, 120 and 160 bar, and maintaining constant the
other operative parameters previously adopted. In all cases, spherical micrometric
particles were collected; however, the pressure effect was noted on the particle size
distribution. In particular, a reduction of particles size was observed from
2.21 lm ± 1.27 lm to 1.37 lm ± 0.72 lm, working from 80 to 160 bar, respec-
tively, accompanied by a sharpening of the particles size distribution. This result
confirms the disruptive role of pressure: i.e., the pressure difference between the high
pressure vessel and room conditions, favored jet break-up and, thus, the obtainment of
smaller particles.

4 Conclusions and Perspectives

Electrospray assisted by SC-CO2 was proposed in this work for the production of
quercetin loaded PVP microparticles, to be used as drug carrier. The experimental tests
demonstrated as the addition of SC-CO2 to the polymeric solution at the beginning of
the experiment permitted the use of a high molecular weight polymer (Mw 1,300,000)
thanks to the formation of an expanded liquid characterized by a reduced viscosity and
surface tension. However, the solution viscosity was confirmed a relevant parameter to
be controlled in order to obtain a desired sample morphology and particle size. An
opposite role was instead played by pressure that favored the production of smaller
microparticles using the same PVP weight concentration in the starting solution.

In perspective, other parameters, such as temperature and the applied voltage, can
be investigated, to further optimize samples morphology, and drug release tests can be
performed to determine the release kinetics useful for in vivo treatment.
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Abstract. Recently, considerable attention has been devoted to the develop-
ment of superhydrophobic surfaces due to their advantageous antifouling and
antimicrobial capacity. While significant effort has been devoted to fabricating
such surfaces, very few polymeric superhydrophobic surfaces can be considered
durable against various externally imposed stresses. Pyrogenic hydrophobic
silica nanoparticles were used to confer superhydrophobic properties to the
coatings. 450 samples were prepared using a layer-by-layer approach, deposing
an epoxy resin or PDMS layer as adhesive on a substrate (PC/ABS), followed by
one or more layers of silica nanoparticles, or silica-resin mixed layers. The best
coating obtained shows a contact angle of 157° and a tape peeling grade
resistance. The applied method involves the spray deposition of a multilayer
coating composed of: silica layer/epoxy resin layer/silica layer, followed by
partial curing of the coating (15 min, 70 °C); another silica layer is then sprayed
on the surface and is cured for 10 min. Given the high number of parameters
involved, process optimization is quite tricky. Artificial Neural Networks are the
best tool to deal with multivariate analysis problems and for this reason, data
from all the prepared samples were collected into a matrix and was used to train
a neural network capable of predicting the degree of hydrophobicity of a silica
nanoparticles-based coating.

Keywords: Neural network � Superhydrophobic surface � Antifouling

1 Introduction

The bacteria adhesion and proliferation on abiotic surfaces and the subsequent biofilm
formation pose challenges in both healthcare and industrial applications, such as
medical implants, petroleum pipelines, aquatic flow systems, textiles and solar panels
[1–3]. There are two approaches to the development of a bactericidal or bacteriostatic
surface: the introduction of biocidal substances on the polymer surface or the devel-
opment of a material unsuitable for the growth of microorganisms. The materials of the
first type are the most widespread [3–8] and require extreme caution to prevent the
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release of biocides into the environment. Superhydrophobic surfaces (SH) showed
excellent self-cleaning [9], anti-icing, anti-biofilm and anti-fouling properties [10–12],
preventing protein adsorption, eukaryotic cellular adhesion and proliferation, platelet
adhesion/activation and blood coagulation [13, 14], showing a high potential for
application in many industrial fields and biomedical devices.

Many functional biological surfaces in nature, e.g., lotus leaves, rose petals, but-
terfly wings and water striders, have unique wetting properties. The surface roughness
caused by unique micro/nanostructures and surface chemistry is two significant factors
that affect surface wetting properties [15]. To be defined as superhydrophobic, a surface
must have a water contact angle (CA) higher than 150° [16]. Superhydrophobicity is
based on two principles [17, 18]: low surface energy of the solid surface and increased
surface roughness.

To date, superhydrophobic surfaces have been prepared using a vast array of
techniques, such as lithographic processes, sol-gel methods, casting, chemical vapor
deposition (CVD), electrospinning, chemical etching, dip-coating, and templating.
These approaches, though, show many limitations originating from the complicated
and time-consuming preparation processes and expensive equipment, that prevent the
large-scale application of such methods.

Thus, low-cost, facile methods for extensive applications are needed. Brush-
coating, dip-coating, and spray-coating meet the requirements. However, the
mechanical softness of the microstructures on the surface limits the applications of
superhydrophobic coatings [19]. The main challenge is to develop a simple, scalable
process leading to mechanically robust and chemically inert layers, and an even more
significant challenge is to design mechanically and thermodynamically durable, defect-
tolerant SH layers [16, 20]. In this work, we show the preparation of a durable SH
coating with antifouling capacity.

Fluorinated reagents with low surface free energy are often used in the preparation
of superhydrophobic surfaces to improve the hydrophobicity. However, fluorinated
compounds are expensive and toxic. For this reason, economic and environmentally
friendly fluorine-free compounds, such as alkyl-silanes and long-chain organic com-
pounds, have been employed in the preparation of water-resistant surfaces. Here we
present a fluorine-free coating for the production of a durable, self-cleaning, super-
hydrophobic coating [19].

Various multilayer/mixed layers coatings were prepared, using DGEBA or PDMS
as adhesives, providing the surfaces with microscale roughness and robustness, and
Aerosil R202 or R504 silica nanoparticles (NPs) to enhance the nanoscale roughness
and to confer SH properties. The coatings were prepared via spray deposition.
A multilayer epoxy resin/silica NPs superhydrophobic coating with a CA > 150° and a
tape peeling grade resistance was obtained. Collected data was used to train an Arti-
ficial Neural Network (ANN), in order to optimize the coating and the preparation
process. Preliminary results are encouraging because the coatings have great potential
for practical application in various fields and allow them to proceed to the realization of
prototype systems for biomedical devices.
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2 Materials and Methods

Epoxy resin: Araldite GY2600 (Huntsman, Bisphenol A diglycidyl ether). Cross-
linking agents: Jeffamine D400 (Huntsman); Jeffamine D230 (Huntsman); Jeffamine
EDR148 (Huntsman); Accelerator 400 (Huntsman); Hexamethylenediamine. PDMS:
Sylgard 184 (Dowsil), part A (PDMS) + part B (cross-linking agent), mix ratio 10:1.
Pyrogenic silica nanoparticles: Aerosil R504 (Evonik), amine-modified surface,
nanoparticle diameter approx. 9 nm; Aerosil R202 (Evonik), nanoparticles diameter
approx. 11 nm. Coating substrates: PC/ABS, 20 � 30 � 4 mm ca. samples; PLA,
20x30x4 mm ca. samples; polystyrene, 20 � 30 � 4 mm ca. samples. Airbrush:
nozzle diameter 0.4 mm; operative pressure 4 bar. Coatings were prepared via multi-
step deposition (Fig. 1), a layer-by-layer process. The first layer is the adhesive (epoxy
resin), followed by one or more layers with superhydrophobic or protective properties.
The layers were deposited via spray coating, keeping the sample at a 15 cm distance.
Curing was carried out in the oven at 70 °C to avoid substrate degradation (e.g.,
PC/ABS). Contact angle measurements were carried out by dropping a 10.0 µl water
droplet from a 2 cm height on the samples, properly placed on a flat surface [6].
Abrasion resistance tests were carried out with the tape peeling method.

Neural Network was trained using the GMDH Shell DS 3.8.9 software application,
selecting a regression forecasting model. The used core learning algorithm was the
GMDH-type Neural Network (Group Method of Data Handling) [21]. Such neural
networks, also known as polynomial neural networks, use the combinatorial algorithm
to improve neuronal connection. The selected internal function for neurons was the
quadratic polynomial function, and the upper limit for the number of network layers
created by the algorithm was set at 33. GMDH-type networks generate many layers,
and an upper limit of 33 layers is set to reduce the quickly growing computer memory
and time consumption, while maintaining good predictive accuracy. The reordering of
rows, used to achieve uniform statistical characteristics of training and testing samples
and to make them equally informative, was performed with the odd/even method,
which places all even instances after odd instances. The selected validation strategy
was the k-fold validation (2 folds): the dataset is split k parts, and then a model is
trained for k times, using k-1 parts. The performance of the model is measured at each
training using a new remaining part. The selected validation criterion for both the core
algorithm and variables ranking was the RMSE (Root-Mean-Squared Error). The
variables were ranked by correlation, and only the 20 top ranked variables were
considered for model evaluation; the reduction of variables was necessary for quicker
processing of the high-dimensional dataset [22].

Fig. 1. Multistep deposition scheme
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3 Results and Discussion

The first coatings were prepared according to the scheme: 1) adhesive layer; 2) curing
time t; 3) silica or mixed layer.

Adhesive layer is GY2600 + Jeffamine D400 (1:1 ratio); t is 1, 2, 4, 6, 8, 10, 16, or
18 h; silica layer is THF + Aerosil R504 (2.5% wt); mixed layer is THF + Aerosil
R504 (2.5% wt) + GY2600 + D400 (resin and crosslinker mixture 0.25% wt).

Aerosil R504, which has amino groups on the surface of the nanoparticles, was
used to test the possibility of having a covalent bond between the nanoparticles and the
underlying adhesive, to improve coating resistance. Epoxy resin curing was performed
in an oven at 70°C. PC/ABS was used as the substrate. Some tests were carried out on
polystyrene; however, such samples underwent deformation and degradation with high
temperatures, making the material unsuitable for coating deposition. In total, around 80
samples were prepared. The samples did not have superhydrophobic properties, with
contact angles ranging from 62° to 96°, and several problems have been observed,
including non-uniform curing of the adhesive layer and a recurring phenomenon of
coating surface cracking. R504 and R202 silica NPs were dissolved in various solvents
(THF, DCM, DMAC, CHCl3, n-hexane, and cyclohexane), then sprayed on PC/ABS
samples without adhesive. Cyclohexane and n-hexane resulted in uniform and super-
hydrophobic coatings, while other solvents showed surface cracking and non-uniform
distribution on the surface; n-hexane was then chosen as silica solvent for future tests.
Various GY2600 crosslinking agents were tested (Jeffamine D230, Jeffamine EDR148,
Accelerator 400, hexamethylenediamine). Dissolution and spray coating tests were
then carried out on GY2600 mixed with crosslinking agents. DCM showed relatively
fast evaporation in the oven without surface cracking; such a problem was still evident
when using other solvents. EDR148 showed the most uniform curing and the shortest
curing times among the tested agents, fully curing epoxy resin in 20 min in the oven at
70 °C. Meanwhile, according to the previous scheme, around 80 more samples were
prepared, testing the following mixtures:

R504 in cyclohexane (2.5% wt);
R504 in n-hexane (2.5% wt);
GY2600 (5% wt) + D230 (1:3 ratio) in THF/DCM/DMAC/CHCl3;
GY2600 (5% wt) + EDR148 (1:5 ratio) in THF/DCM/DMAC/CHCl3;
GY2600 (5% wt) + hexamethylenediamine (1:6 ratio) in THF/DCM/DMAC;
GY2600 (5% wt) + D230 + Accelerator 400 in DCM;
GY2600 (5% wt) + EDR148 + Accelerator 400 in DCM.

PC/ABS was used as a substrate; CAs ranged between 61° and 140° (nearly SH).
The highest CAs were observed on samples prepared by deposing an adhesive layer of
GY2600 + EDR148, followed by a layer of R202/R504 in n-hexane. Epoxy resin was
partially cured in an oven for 15 min at 70 °C; partial curing is necessary to allow the
silica resin layer to sink into the underlying layer, to improve coating resistance.
Resistance, however, was mediocre and still needed improvement. Various samples
were prepared by spin-coating and dip-coating to test other preparation methods.
Surface cracking and non-uniformity of the layers were evident. Moreover, PLA was
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tested as a substrate; the surface was partially dissolved by solvents. No SH coating
could be obtained on PLA samples, with very low contact angles.

A new surface was then designed, according to the following scheme: 1) silica layer;
2) epoxy resin layer; 3) silica layer; 4) curing time t; 5) silica layer 6) curing time t’.

Here, the silica layer is R202 or R504 in n-hexane; the epoxy layer is GY2600
(5% wt) + EDR148 (1:1) in DCM; curing times t, t’ is 5, 10, 15, 20 min; curing
temperature is 70 °C. Of the 60 prepared samples, CAs and resistance were measured:
the best coatings were those with curing time t = 15 min and t’ = 10 min, and no
noticeable difference was observed between the two types of silica. In Table 1 two
examples are reported; GIU05 was prepared with R202 silica, while OTT03 was
prepared with R504 silica. CAs were measured before and after 1, 2, 3 and 5 cycles of
tape peeling. The amino group of R504 seems to have little to no influence on resis-
tance (i.e., there should be no covalent bonding); resistance is attributed to silica
sinking into the epoxy layer. Silica excess allows keeping exposed nanoparticles,
avoiding epoxy resin to completely cover the surface, thus depriving it of SH properties
while maintaining a reasonable resistance level.

Additional schemes were designed in order to include more data in the matrix.
Several samples were prepared using PDMS as adhesive. Samples were spray-coated
according to the scheme: 1) R202 layer; 2) PDMS layer; 3) R202 layer; 4) curing 15
min; 5) R202 layer; 6) curing 10 m.

Samples are superhydrophobic but not resistant. The procedure was replicated with
R504, giving similar results. CAs range from 147° to 152°. A thin protective layer of
5%wt PDMS was deposed on R202 and R504 samples to improve resistance. Such a
layer, however, lead to a loss of superhydrophobicity, without appreciably modifying
resistance.

Samples were spray-coated according to the scheme: 1) PDMS 5%wt or 20%wt
layers; 2) silica 2.5%wt layer. Coatings are not superhydrophobic.

More samples were prepared according to the scheme: 1) 1–4 layers of PDMS 5%
wt or 10%wt; 2) silica 5%wt mixture, using spray coating and dip coating techniques.
Samples are superhydrophobic but not resistant; silica NPs probably prevented PDMS
proper curing.

Table 1. Contact angle before and after tape peeling (TP) cycles for samples GIU05 (R202) and
OTT03 (R504).

GIU05 (R202) OTT03 (R504)

CA 157° 151°
TP x1 CA 157° 147°
TP x2 CA 152° 146°
TP x3 CA 151° 145°
TP x5 CA 148° 141°
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3.1 Artificial Neural Network Training

Coating and preparation process optimizations have many parameters to consider. It is
an example of multivariate analysis, not treatable with conventional methods; it was,
therefore, essential to use tools, such as artificial neural networks (ANN) and deep
learning methods [23]. Data collected from the prepared samples (e.g., reagents,
concentrations, number of layers, curing time, resistance, etc.) have been used to build
a matrix. This matrix was used to train an ANN, aimed at optimizing the coating itself,
using a supervised learning method. The matrix was prepared to make it “readable” by
the ANN. For the correct training of a neural network, in fact, it is necessary that data is
formatted and labelled appropriately. Artificial neural networks are calculation systems
that “learn” to execute commands without being programmed. An ANN is based on a
set of connected units or nodes called artificial neurons (Fig. 2). Each connection can
transmit a signal to other neurons. An artificial neuron that receives signal processes it
and can send a signal to the neurons connected to it. In this case, the initial inputs are
the operating parameters, the targets are the contact angle and resistance, while the final
output is an equation for the optimization of the used parameters, which provides the
best composition to prepare a coating that is both resistant and superhydrophobic.

The used algorithm is based on supervised learning, i.e., learning that provides the
network with a set of labelled inputs to which correspond known outputs [24]. By
analysing the data provided, the network learns the link that unites them and, in this
way, learns to calculate correct associations between the input data provided. As the
network processes outputs, it also proceeds to correct them to improve them, increasing
the weight of the parameters that determine the correct outputs and decreasing those
that generate invalid values. The supervised learning mechanism, therefore, employs
error backpropagation [25].

The training of the network has been carried out, taking into consideration all the
operational parameters involved in the preparation of the samples. The matrix initially

Fig. 2. Example of ANN nodes and layers
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used is made up of a set of 250 samples, of which 80% was selected, in a random way,
as a training set, while the remaining 20% was used as a validation set. Among the
various input parameters that make up the matrix we have: the substrate used, the type
of silica nanoparticles (R202 or R504), the epoxy resin, the crosslinker, as well as
parameters such as the number of layers, the type of mixture, the temperature and
curing time and many others. The output parameters on which attention has been
focused are two: contact angle and coating resistance.

The first attempts to train the network were found to be poorly precise, due to some
gaps in the initial matrix. It was, therefore, necessary to make up for these missing data
by preparing new samples and thus obtaining a more complete matrix. The dataset with
which the working algorithm was obtained is therefore made up of a total of 450
samples, divided into 80% training set and 20% validation set. This algorithm will be
used for the preparation of superhydrophobic coatings with improved resistance.
Table 2 shows the most critical data, which summarizes the degree of accuracy and
efficiency obtained by the trained neural network.

4 Conclusions

Superhydrophobic surfaces show excellent self-cleaning, anti-biofilm, and anti-fouling
properties, with a high potential for application in many industrial fields and
biomedical devices. The main problems of these surfaces are expensive and not widely
applicable preparation methods and their durability. In this paper, we have shown a
preparation method to obtain a fluorine-free superhydrophobic surface with a contact
angle higher than 157° and a reasonable degree of resistance. Moreover, the data
obtained with the various preparation schemes have been collected and used to train an
artificial neural network, which efficiently allows optimizing the preparation of a silica
NPs based SH coating. The practical algorithm will be used for the preparation of
superhydrophobic coatings with improved resistance and is currently being evaluated
for possible patentability.
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Abstract. Poly(lactic acid) (PLA) is a biodegradable thermoplastic polyester
produced from renewable sources that can be easily processed to obtain articles
to be used in many applications, from commodities to electronics. The large
influence of the crystalline structures and morphology on the biodegradation
rate, as well as on the other material properties, led to an ever-increasing interest
in the study of the crystallization behaviour of PLA. In this work, experiments
on the crystallization kinetics of PLA were carried out by means of optical
observations considering the nucleation and growth phenomena of the PLA
crystals under quiescent conditions.

Keywords: Crystallization � Poly(Lactic Acid) � Nucleation and growth rate

1 Introduction

In the last decades, biobased polymers have gained increasing importance, with
applications ranging from the biomedical to the agricultural and packaging. Among the
bio-based polymers, the most promising alternatives to petrochemical based polymers
is the poly(lactic acid) (PLA), which is produced from corn or other removable
resources and exhibits special properties including compostability or biocompatibility
[1–3]. Nowadays, thanks to the large variety of grades provided by suppliers, it is
adopted in various processes, such as extrusion or injection molding. However, one of
the drawbacks still exhibited by PLA is its slow crystallization kinetics, which deter-
minates an almost amorphous final part with consequent low mechanical performances
[4]. Therefore, the degree of crystallinity is of fundamental importance as it influences
the final properties of the product and the degradation process [5]. Several investiga-
tions on the crystallization kinetics of PLA under quiescent condition were carried out.
In 2001 Di Lorenzo et al. [6] presented data of spherulite growth rate obtained in
quiescent conditions with combined isothermal and non-isothermal methods. In 2012
Saeidlou et al. [7] presented an overview of the fundamentals of PLA in quiescent
conditions in order to provide comprehensive relations between crystallization kinetics
and the main molecular structures characteristics of PLA.

In this work, the nucleation and growth rate of PLA crystals was examined under
quiescent conditions by means of optical observations in order to investigate the
influence of temperature and time on the crystallization rate.
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2 Materials and Methods

The material adopted in this work was a commercial grade PLA produced by Nat-
ureWorks with the trade name of 3251D with a D-isomer content of 1.4% [3]. Before
any experiment, the material was dried under vacuum at a temperature of 80 °C for 4 h.

Rheological Tests
A rotational rheometer Haake Mars II (Thermo scientific) allowed to analyze the
rheological behavior of the PLA 3251D. The experiments were performed with parallel
plates configuration in oscillatory dynamic mode under a nitrogen atmosphere. The
experiments were executed at 120 °C, 140 °C, 160 °C and 180 °C with a gap of 1 mm.

Linkam Hot Stage
The crystallization behavior of PLA was investigated by a Linkam CSS450 hot stage
with a plate-plate geometry in combination with a polarized optical microscope
Olympus BX51. The adopted thermal protocol is shown in Fig. 1.

Fig. 1. Thermal protocol adopted for the crystallization experiments.

The sample thicknesswas set at 350 lm.All samplesweremelted at 200 °C and kept at
this temperature for 10 min in order to cancel their thermo-mechanical history. Subse-
quently, temperature was lowered at 10 °C/min until the established crystallization tem-
perature. A nitrogen flow was used in order to avoid degradation during the experiments.

For the nucleation density the number of nuclei in the observation window and for
the growth rate the radius of the spherulites during time were considered.

3 Experimental Results

Rheology
For rheological characterization, the frequency sweep tests were performed with a
stress of 250 Pa in a range of frequency between 0.1 and 100 rad/s. The results of the
analysis at different temperatures are shown in Fig. 2, which represents the master
curves of the PLA3251D at 120 °C.
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The Williams-Landel- Ferry (WLF) equation describes the dependence of the
thermal shift factor from the temperature [8]:

aT ¼ exp
�C1 Tc � T0ð Þ
C2 þ Tc � T0

� �
ð1Þ

where Tc is the crystallization temperature,T0 is the reference temperature and C1 and
C2 are constant parameters. Figure 3 shows the dependence of the thermal shift factor
(aT) from the temperature evaluated from rheological tests.

Optical Observations
The crystallization under quiescent conditions was analyzed measuring nucleation
density, e.g. the number of nuclei in the observed volume, and the growth rate of the
nuclei.

Fig. 2. Master curves of the PLA325D at 120 °C. Black empty circles represent G’, black full
circles represent G’’ and full red circles represent the viscosity.

Fig. 3. Thermal shift factors (aT) evaluated from rheological tests.
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From the micrographs in Fig. 4 and 5 it can be possible to observe a spherulitic
morphology. Experimental determinations demonstrated that the number of nuclei in
the observation window did not change in time, as shown in Fig. 4, while their number
decreases with the crystallization temperature, as shown in Fig. 5.

Fig. 4. Optical micrograph of a sample crystallized at 120 °C after 457 s (a) and 1297 s (b) after
the reaching of the crystallization temperature.

Fig. 5. Optical micrograph of a sample crystallized at different crystallization temperatures:
115 °C (a), 120 °C (b), 125 °C (c) and 130 °C (d).
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The observations align with the results of nucleation in quiescent conditions of iPP
reported in literature [9]. Figure 6 reports the nucleation density and growth rate in
quiescent conditions. The nucleation density (N), evaluated as the number of nuclei in
the observed volume, decreases with increasing crystallization temperature. The growth
rate curve (G) is characterized by a double-bell shaped curve as conseguence of the
polymorphism of the PLA. The low-temperature behaviour is due to the a’ phase and
the high-temperature behaviour depends on the presence of the a phase, as reported in
different studies [10, 11].

The morphology of the crystalline structures formed both in case of a and a’ phase
is the same, as can be observed in Fig. 7, where micrograph collected at 105 °C,
temperature at which the a’ phase can be found, and 120 °C, at which the a phase can

Fig. 6. Results of nucleation density (a) and growth rate (b) vs crystallization temperature in
quiescent condition.
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be found, are reported. The difference in number and size is uniquely due to the
crystallization temperature. The unit cell in both types of crystalline modifications a
and a’ is similar, but the segments of the helical chain in a’ phase present a confor-
mational disorder. For this reason, the phase a’ can be easily transformed into an a
form by heating.

4 Conclusions

In this work, in order to investigate the crystallization of the PLA 3251D, nucleation
and growth rate of spherulites formed under quiescent conditions were analyzed. In
these conditions a fixed number of nuclei with a spherulitic morphology appeared at
each crystallization temperature.

The nucleation density (N) increases with decreasing crystallization temperature.
The curve representing the dependence of the growth rate (G) from the temperature
presents a double-bell shape as consequence of the polymorphism of the PLA.
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Abstract. Ion mediated interactions between nucleic acid helices are essential
for their efficient packaging within tight spaces such as viral capsids, and
nucleosomes. Understanding the fundamental rules governing these interactions
is the key to design engineering tools in different length scales to achieve
supramolecular architectures, leading to novel therapeutics, biosensors, and
catalysis. As one of the building blocks for biology and biotechnology, DNA
deserves special attention. However, the underlying physical principles gov-
erning DNA interactions with itself and its environment are still lacking. In this
study, the mechanism of DNA attraction in the presence of divalent ions is
investigated. The counter ion distributions and the conformational ensemble of
parallel DNA strands are explored by conventional molecular dynamics and
metadynamics simulations. Metadynamics simulation allows computing the free
energy surface, providing a thermodynamic view to the DNA-DNA interaction.
Our analysis reveals a strong correlation between the structure of the counterion
atmosphere and inter-DNA interactions. The interaction energy is found to be
mediated by the ions that bridge between the two DNA strands. In summary,
computer simulations offer unprecedented detail into the dynamics and ther-
modynamics of DNA interactions that can potentially help to understand the
biological DNA and also develop novel DNA based nanotechnologies.

1 Introduction

DNA is the biomolecule that stores and transmits genetic information. In addition to its
role in biology, DNA also serves as a building block for nanotechnology [1, 2]. This
field has had a remarkable impact on nanoscience and nanotechnology, especially on
the molecular self-assembly, biosensor applications, and molecular machines in which
DNA plays the key role.

DNA’s ability to act both as a structural and functional unit makes a wide range of
design strategies [3]. Based on these strategies, DNA nanotechnology can be classified
into two groups. The first group is structural DNA nanotechnology (SDN) which
makes use of thermal stability reached in equilibrium as the criterion to assemble
structural motifs. Connecting units using base pairing and hybridization leads to
controlled self-assembled structures [4–8]. The second group is Dynamic DNA nan-
otechnology (DDN) which operates at non-equilibrium conditions or involves substrate
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binding/unbinding events and conformational changes, just like in biological processes.
DDN based nano-devices have revealed promising applications in life sciences [9, 10],
and drug delivery [11, 12]. For example, a DNA ‘spider’ can walk along a predesigned
track on a DNA origami [1] where walkers transport cargo along the track. While some
DNA motors move by rolling and achieve a speed which is nearly three orders of
magnitude faster than conventional DNA motors based on walk [13]. These motors are
powered by enzymes. For example, RNase H is used in Ref [13] to hydrolyze the
hybridized RNA.

Another direction of the dynamic DNA nanotechnology is biosensors. DNA is a
promising material as a sensor because its structure is sensitive to the environment and
the binding of cofactors. DNA based sensors have been proposed for sensing tem-
perature, pH, concentration, and crowding [14–18]. The molecular mechanism on how
it achieves these roles is hidden in its unique structure, dynamics and its interaction
with its environment, making the fundamental research crucial.

Computer simulations and modeling provide great insights into the dynamics and
assembly of DNA based technologies. Among the methods available, coarse grained
simulations have been widely used [19–21]. These methods allow accessing the
experimental timescales and help to understand the inner workings of DNA motors.
The limitation comes when coarse graining fails to incorporate the necessary details.
The intricate balance between the solvent fluctuations, ion correlations, and sequence
effects often make all atom simulations necessary to study DNA motors.

DNA interactions are formulated from a theory of electrostatic interaction between
helical molecules that possess different charge patterns [22]. Osmotic stress method has
been utilized to investigate the forces between DNA pairs forming arrays [23]. Based
on these studies, genomic DNA shows repulsive forces in the presence of monovalent
and divalent ions. However, in the presence of poly-valent ions (valence � 3) such as
spermine, spermidine, cobalt-hexamine, poly-lysine, and so on, DNA condensation
occurs. The governing forces favoring these interactions are likely linked to their ability
to better screen the electrostatic repulsions between DNA strands. Interestingly, its
cousin, double-stranded RNA helices, resists condensation at the same conditions [24],
suggesting that a bare electrostatic argument is insufficient to understand these phe-
nomena. The duplex topology likely plays a role in modulating these interactions.
Hydration is also an important key player in intermolecular interactions. Recent studies
show evidence that DNA-DNA interactions are sequence specific. Based on computer
simulations, a bridging ion mechanism is proposed to account for DNA condensation
[25]. The same study also explains sequence specificity by preferential binding of poly-
cations to the DNA surface. By designing sequences of repeating bases, the work of
Srivastava et. al. [26] show that this preferential binding can also turn into attractive
forces even in the presence of divalent cations.

The focus of this work is to study the interactions of a DNA homopolymer made of
poly(dA):poly(dT) in atomic detail. To study the DNA and its interactions in atomic
detail, we employ computer simulations. In the first part, our focus is on characterizing
the DNA counter ion atmosphere formed in MgCl2 solution. In the second part, we
discuss the DNA-DNA interactions that lead to DNA condensation in the presence of
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divalent cations. We investigate the role of counter ions in modulating these interac-
tions. We propose a possible mechanism to explain recent experimental findings.

2 Methods

We built the B-form DNA of (dA)20-(dT)20 using Nucleic Acid Builder (NAB). DNA
refers to the double-stranded (dA)20-(dT)20 in this study. The DNA was then centered
in a simulation box with initial dimensions of 11.8, 11.8, 6.8 nm. The structure was
solvated with water molecules, Mg2+ and Cl− ions. MD simulations were carried out
using GROMACS suite of programs [27]. Amber99sb_parmbsc0 force field [28]
represented the DNA interactions. To model water, we used TIP3P [29] and for ions,
Yoo and Aksimentiyev parameters were employed [30]. The nonbonded interactions
were treated with a cut-off of 1.1 nm with dispersion corrections. The PME method
[31] was implemented to calculate electrostatic interactions. The periodic boundary
conditions were applied in all directions. The covalent bonds were restrained by LINCS
algorithm [32]. Equations of motion was integrated using Leap Frog algorithm [33]
with a time step of 2 fs.

After geometry optimization (5000 steps), the system was equilibrated for 2.5 ns in
isothermal-isobaric ensemble (NPT) by keeping the temperature constant at around
300 K using velocity scaling [34]. The pressure was kept at 1 bar with Parinello-
Rahman barostat [35]. During this time, the volume of the system reached equilibrium.
Last frame of the simulation was saved and used as an initial coordinate for the solvent
equilibration. Following the volume equilibration, 120 ns long solvent equilibration
was employed in the canonical ensemble (NVT). During this process, all heavy atoms

of the DNA were harmonically restrained with 1000 kcal/mol/Å
2
force constant, while

water and ions were allowed to sample the simulation box freely. The last frame of the
simulation was picked as the initial coordinate for the production runs. Employing
unrestrained simulations where ion distributions were sampled for 200 ns, we recorded
the data for every 2 ps for further analysis.

Later, we studied the interactions of DNA strands aligned in parallel. Duplexes of
DNA were placed in a cubic box parallel to the z-axis (Fig. 1A). To avoid end effects,
the length along the z-axis was adjusted such that the DNAs were extended to infinite
length under periodic boundary conditions. The same settings and equilibration pro-
cedure discussed in the single duplex simulations above were employed for the
preparation of equilibrium structures of the DNA pairs.

With this setup, we studied the thermodynamics of DNA-DNA interaction. To
represent the results in a concise way, we reduced the description of the complex
dynamics to a restricted number of variables. The fluctuations along these variables
were slow; hence, the sampling was nonergodic on the timescale of the simulations that
could be afforded. To overcome the timescale problem, we used metadynamics
approach [36] that relies on the introduction of a dynamically changing external bias
potential V(s) where s � s(R), is a set of collective variables (CV) that is a nonlinear
function of the atomic coordinates, R. Bold faces represents vectors in this text.
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In our choice of metadynamics approach, the fluctuations of the CVs are enhanced
by employing the biasing potential

V sð Þ ¼ � 1� 1
c

� �
F sð Þ ð1Þ

where F sð Þ is the free energy surface (FES) of the ergodic system which in principle is
obtained from unbiased simulations as:

F sð Þ ¼ �kBT lim
t!1 log P s; tð Þð Þ: ð2Þ

Here, P s; tð Þ is the normalized probability distribution function. The ultimate
purpose of metadynamics is to estimate Eq. 2 using less amount of computational time.
This is achieved by the biasing factor, c given in Eq. 1. A positive constant c that is
greater than 1 effectively scales down the barrier heights such that the transitions
between the metastable states in the FES are enhanced. This can be seen from the
following arguments. For the unbiased simulation, the probability distribution is

P sð Þ ¼ e�
F sð Þ
kBTR

e�
F sð Þ
kBTds

ð3Þ

while addition of the biasing potential modifies the probability distribution function as:

PV sð Þ ¼ e�
F sð ÞþV sð Þ½ �

kBTR
e�

F sð ÞþV sð Þ½ �
kBT ds

ð4Þ

Combining Eqs. 1, 3 and 4, one obtains:

PV sð Þ ¼ P sð Þ½ �1cR
P sð Þ½ �1cds

ð5Þ

which links the biased and unbiased probability distributions. From Eq. 5 one can see
that as biasing factor c ! 1, PV sð Þ ¼ 1Rds ¼ const. That is to say, the underlying FES

of the biased simulation becomes flat, making all s values equally accessible, resulting
in the rapid exploration of energy landscapes.

Once the sampling is complete in the biased ensemble, the unbiased FES can be
recovered up to a constant term F sð Þ ¼ �kBT lnPV sð Þ � V sð Þ. This is achieved by
simply reweighting the biased simulation using the relation:

P Rð Þ / PV Rð ÞeV s Rð Þð Þ
kBT ð6Þ
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In metadynamics, the biasing kernel is a multidimensional Gaussian function
localized in CV space s. In the case of Well-tempered metadynamics (WTMD) the
kernel iteratively changes during simulation as:

Vn sð Þ ¼ Vn�1 sð ÞþWe�
1
2

s�sn
rk k2

e
� 1

c�1
Vn�1 snð Þ

kBT

h i
ð7Þ

where W and r are pre-determined parameters representing the height and the variance
of the Gaussian that is going to be deposited at each iteration.

Shown in Fig. 1B is the schematic demonstration of the two collective variables
used in this study. Namely, we used the center to center distance of the helices, denoted
as d. As a second CV, we used the relative azimuthal angle. The first CV controls the
distance between the two DNA while the second controls the relative orientation of the
major and minor grooves between the two helices, a parameter crucial for making
comparisons with Kornyshev-Leikin mechanism [22].

After the equilibration, as summarized above, the metadynamics method was
applied using the Plumed plugin [37]. During the simulation, the translational and
rotational motion of duplex, H1, was removed using enforced rotation implementation

Fig. 1. Two parallel DNA duplexes aligned in the z direction. (A) Molecular simulation set
up. (B) The order parameters chosen to represent the conformational space. d represents the
center of mass (COM) in the (x, y) plane between the two helices (H1 and H2), h represents the
rotation of H2 with respect to H1. We restrained H1 orientation in order to compute the azimuthal
angle difference easily. The angle h is a dihedral angle from the COM of H1 to the upper and
lower COMs of H2, and to an arbitrary phosphate atom on the H2. (C) Time evolution of the
collective variable d and Gaussian hills monitoring the convergence during Well Tempered
Metadynamics simulation.

Exploring Cation Mediated DNA Interactions Using Computer Simulations 55



[38] in Gromacs. To keep H1 and H2 duplexes parallel, a flat bottom potential
implemented in Plumed was introduced. The constraint allowed H2 to lie along the
z-direction, a necessary condition to ensure the DNAs to be parallel as in the experi-
mental conditions. The long-range intermolecular interactions are known to decay to
zero at long intermolecular distances. To efficiently sample the conformational space,
we introduce an upper wall potential to confine the two DNA duplexes between 0 < d
< 4.2 nm. During the well-tempered metadynamics, Gaussians were deposited every
1 ps with a height starting at W ¼ 0:08 kcal=mol and we gradually decreased it by a
bias factor of 8. The widths of the Gaussians were set to rd ¼ 0:05 nm for the inter-
DNA distance and rh ¼ 0:06 rad for the dihedral angle, respectively. Figure 1C. shows
enhanced fluctuations in d during metadynamics simulation. To ensure convergence,
we monitored the time evolution of the Gaussian heights deposited during the simu-
lation length of about 700 ns. The metadynamics simulation was considered converged
when the heights of the deposited Gaussians in the space of the CVs decayed and
reached a threshold value < 0.005 kcal/mol (Fig. 1C below).

3 Results

In this study, our focus is on poly(dA):poly(dT) forming double-stranded DNA
structure. We investigate the spatial organizations of divalent ions around the duplex
and the result of these organizations in modulating the DNA-DNA interaction. We
study DNA cation interactions in MgCl2 aqueous solution. Shown in Fig. 2A is the
DNA duplex with important regions for cation binding sites marked. The backbone
includes the phosphate group which possesses the highest negative charge and, as a
result, leads to counter ions condensation [39]. In addition to the highly charged
backbone, the helical structure of the two strands creates grooves. From the simulations
we compute the average widths. The major groove has a width of about 14 Å while the
minor groove is about 5 Å.

As ions are dynamic, they explore many different sites on the surface of the DNA
duplex in addition to sampling positions at the volume occupied primarily by the water.
It is reasonable to look into the cation’s average behavior. This is achieved by mon-
itoring the position of each cation in time. We show the average Mg2+ ion distribution
around the DNA duplex in Fig. 2. The distribution from different projections provides
a detailed description of the spatial organization of these ions. The concentration profile
in a cylindrical coordinate c qð Þ serves as an ideal coordinate to study helices. Here, q
represents the distance from the center of the helix (Fig. 2B left). Details of computing
c qð Þ from MD trajectory can be found elsewhere [40]. We focus more on the results of
this analysis here.
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The cylindrical concentration profile shows a well-defined Mg2+ ion structure
around the helix with two distinct peaks, representing two layers of ion atmosphere
around the helical duplex. This is similar to the A-form RNA duplex studied [41] with
the only difference that the height of the first peak in DNA is smaller, suggesting
weaker major groove binding. To further characterize these two peaks, we compute ion
distributions in radial coordinates (Fig. 2D). The definition of radial distance from an
arbitrary group is sketched (Fig. 2B right). Using radial distribution functions (RDF),
we quantify the preferential binding of Mg2+ into major and minor groves as well as to
the phosphate group. RDF analysis indicates that the major groove and the phosphates
show strong cation binding. The peak for minor groove located at r � 10 Å indicates
that direct binding to the minor grooves is not possible for magnesium ions. This is
likely due to the narrow width of the minor grooves in comparison to the size of a
hexahydrated magnesium of diameter � 8 Å. Based on this analysis the first peak
located at around q � 5 Å in Fig. 2C corresponds to the major groove binding, while
the peak at q � 13 Å corresponds to the Mg2+ ions around the phosphate groups. After
the second peak, the concentration profile shows a decay reaching to the bulk con-
centration value of 100 mM at q � 20 Å. From this analysis, we conclude that the
apparent diameter of a B-form DNA is about 20 Å in MgCl2 solution.

To visualize the structure of the cation cloud surrounding the duplex, we computed
magnesium density profiles in cartesian coordinates. For an arbitrary point in space
r � x; y; zð Þ;Mg2+ ion number density,/ x; y; zð Þ; can be computed from the trajectory as:

Fig. 2. (A) The structure of double stranded DNA with important regions for ion distributions
are marked. (B) The definition of q and r. (C) Cylindrical concentration profile along the long
axis of dsDNA with dashed line represents the excess number of ions accumulated as the distance
from the center of the DNA, r changes. (D) Radial distribution function of magnesium ions from
the major group atoms (black), phosphate oxygens (blue dashed) and minor groove atoms (black
dashed). (E) Magnesium ion localization projected on to the (x, z) plane and superimposed onto
the duplex structure.
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/ rð Þ ¼ 1
V

X
i

d r� rið Þ
* +

ð8Þ

where, the sum goes over every Mg ion i in the simulation box of volume V. d xð Þ is the
Kronecker delta and represents ensemble average obtained from time-series data. We
zoom into the 3D map by slicing / rð Þ along the x-z plane. We choose a surface
centering at �4 Å� y� 4 Å that divides the DNA into two halves. Figure 2E shows
our results. Instead of a uniform distribution of ions densities, as proposed by the mean
field theories for DNA, we observe distinct binding patterns. Based on these analyses
we classify the counter ions into three different groups: (i) counter ions that discreetly
bound to the electrostatic pockets created by the DNA surface topology, (ii) those
bound but mobile in the apparent volume of the macroion 8 Å\q\20 Å, and
(iii) counter ions that move at the outside of the DNA apparent volume ðq[ 20 ÅÞ.
Most emphasis has been invested in the last two groups when DNA-DNA interactions
are concerned in mean-field approaches [39] as they comprise the majority of the ions
in the polyelectrolyte system. The discrete binding, on the other hand, gives rise to
sequence specificity in nucleic acid interactions.

In addition to providing atomic details, computer simulations also allow us to test
the accuracy of the mean field theories. From the c qð Þ; one can compute the excess
number of Mg ions condensed onto the DNA. The excess number can simply be
obtained as:

Nexcess ¼ 2pl
Zrbulk

0

r0 c r0ð Þ � cbulk½ �dr0 ð9Þ

where, rbulk is the distance from the center of the DNA to where the bulk concentration,
cbulk is reached. This number in our case is � 20 Å. l is the length of the DNA. We find

Fig. 3. (A) Free Energy Surface (FES) projected on the collective variables d; hð Þ. Dashed line
is guide to eye showing the slice of the FES taken in angle space. (B) The free energy change
projected on d (above) and FES projected on h (below).
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Nexcess to be þ 33e in 100 mM MgCl2 that corresponds to a dissociation constant of
33=38 � 0:86, which is estimated to be 0.88 in counter ion condensation theory [39].
The agreement between the mean field theory and atomic simulations is remarkable.

Now, we turn our attention to the mechanism of DNA-DNA interaction in divalent
ions. We look into the Mg ion distributions for a pair of dsDNAs aligned in parallel.
We compute the free energy of inter-strand interactions modulated by cation distri-
bution. The sequence we choose shows attraction in earlier studies [26]. Therefore, it
poses a challenge to the mean field theoretical studies which predict repulsion for the
same conditions [22].

We projected the free energy surface explored by Well-tempered Metadynamics
(WTMD) onto the two collective variables d; hð Þ. Figure 3 summarizes our results. The
global free energy minimum is observed at (2.87 nm, −0.1 rad) indicating an attraction
for the two DNA pairs. To quantify this attraction, we divide the conformational space
into two regions. The bound state is defined as d\3:4 nm. The unbound state is when
DNAs sample distances d� 3:4 nm. The binding free energy is the free energy dif-
ference between the bound and unbound states as DFB;U ¼ FU � FB which we can
obtain from the FES by:

DFB;U ¼ �kBT ln

R
B dse

�F sð Þ
kBTR

U dse�
F sð Þ
kBT

: ð10Þ

The Eq. 10 gives rise to DFB;U � �0:4 kcal/mol. This finding is consistent with
recent experiments [42]. Interestingly, FES minima suggest a preferential orientation
for the two DNA pairs. At the limit of far DNA distances, the two helices sample
angular space equally. At d\3:0 nm; the orientation of the helices is locked to the
range �1\h\1 rad. The optimum angle corresponds to an orientation where the
minor groove of H1 shows proximity to the major groove of H2 (Fig. 4B).

Fig. 4. Magnesium ion density profile when projected onto the (x, z) plane superimposed to the
duplex structure. To focus on the counter ions bound to the DNA surface, a thickness of
�4 Å� y� 4 Å is used. Cation density, (A) when the two helices are at d = 4.2 nm, (B) when
helices are at d = 2.9 nm.
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To understand the role of cations to the adhesion phenomenon observed, we
analyze the spatial distribution of cations around the duplexes. Similar to Fig. 2E, we
project the 3D cation density onto (x, z) plane. This time, the two DNA pairs are
analyzed for the pairs in different inter-DNA distances (Fig. 4). When the two helices
are far apart (d * 4.2 nm) (Fig. 4A) the cation clouds of parallel helices are observed
to be weakly coupled. Ion densities show similar patterns to the isolated DNA
(Fig. 2E), suggesting that at this distance the cation cloud is unperturbed. Upon the
approach of the two pairs (d * 2.9 nm), we observe a strong re-organization of the
cation distributions at the interface (Fig. 4B). Interestingly, more discrete binding sites
are formed. By averaging the number of ions between the interface we found about 2
extra cations that bridge between the two helices. We believe that these ions help to
provide extra stability by reducing the electrostatic repulsions between negatively
charged DNA surfaces and also by creating charge fluctuations.

4 Conclusions and Discussion

Genomic DNA shows repulsion in the presence of alkali earth metal ions of valence
� 2. Homopolymeric double-stranded DNAs show condensation even in the presence
of divalent ions. We show that the spatial organization of magnesium ions around a
double-stranded DNA can be probed by molecular simulations. Cations show local-
ization around major grooves and phosphates, giving rise to charge patterns on the
DNA surface. Our approach allows us to benchmark the counterion condensation
theory which we find to be in agreement with our simulation in the case of divalent
ions.

For poly(dA)-poly(dT) we observe an adhesion between helices, an observation
consistent with the recent study [26]. Besides, we demonstrate that the free energy
landscape of inter-DNA conformational space shows distance and orientation depen-
dence. The spacing and helical orientations are coupled at short distances.

Molecular simulations of cation distributions around DNA helped us to uncover the
role of cations in modulating the interactions of poly(dA):poly(dT) in divalent ions.
The electrostatic field created by the two helices resulted in additional discrete cation
binding sites at the interface. The effect of these new sites is three folds (i) they recruit
more ions from solution to bridge between helices (ii) they increase the translational
entropy of the trapped cations by increasing multiplicity, (iii) they create charge
fluctuations due to bridging ions hopping between the sites at the interface. All these
effects favor attraction between macromolecules. Further studies are underway to
assess the contribution of each factor to the overall free energy change observed. The
generality of the conclusions drawn for other sequences and divalent cation conditions
will be investigated. The impact of sequence, helix structure and cation fluctuation in
stabilizing the biomolecular complexes demands further investigations.

This intriguing physical phenomenon has important implications in biology and
biotechnology. For example, these interactions can be engineered to assemble and
control the motion of DNA based molecular motors. The molecular details of cation-
DNA interactions will help to design sequences with controlled intermolecular inter-
actions and orientations.
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Molecular simulations have been providing a fundamental understanding of com-
plex biomolecular interactions. Despite the invaluable insights they offer, the current
approach of molecular simulations sometimes fails to capture the accurate inter-
molecular forces in nucleic acid systems. Unfortunately, many of the results reported in
simulations are force-field dependent, precluding their use in the absence of experi-
mental data blindly. Currently, most of the effort in forcefield optimization is limited to
the torsional angles. The non-bonded terms of widely used forcefields fail to capture
inter-DNA interactions measured experimentally. For that purpose, we used a modified
version of Amber forcefield [25] and ion parameters that represent dsDNA-dsDNA
interactions accurately. However, the effect of these modifications to other nucleic acid
topologies such as junctions, loops has not yet been tested. Further studies are nec-
essary to optimize nucleic acid forcefield parameters for more general use. Another
challenge in molecular simulations is the time scale issue, as we highlighted in the
methods section. We used Well-tempered metadynamics to overcome this challenge in
this study. Defining collective variables a priori is a limitation in our current approach.
This can become a problem when the dynamics of the macromolecule is not trivial
and/or the chain conformational dynamics are coupled with slow solvent degrees of
freedom. Further studies are underway to determine the collective variable on the fly
for nucleic acid – ion molecular systems.
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Abstract. A sophisticated mechanistic investigation of biological processes is
the starting point for the calculation of accurate free energy figures, which
enable comparison with experimental results. Applied to drug discovery, the use
of molecular methods can guide the formulation and optimisation of novel
drugs, specifically targeting molecular processes as they are learned from sim-
ulations. This is illustrated here based on two examples, the study of secondary
DNA structures (G4s) as target for small gold-based molecules, and the
investigation of the mechanisms of glycerol permeation via the membrane
channel aquaglyceroporin-3 (AQP3). Both approaches leverage the enhanced
sampling efficiency of accelerated molecular dynamics.

1 Introduction

The discovery of novel drugs is nowadays supported by different and complementary
computational approaches [1]. In particular, the use of molecular dynamics
(MD) techniques, a cornerstone of modern computational chemistry. This technique is
instrumental to mechanistic elucidations, which are the starting point for a rational
approach to drug design. The accurate predictions of trends in substrate-drug interac-
tions, and the reliable computation of relevant quantities, such as binding energies,
critically depend on the accuracy of available force field and on the sampling efficiency
of the methods used. For biological systems, the current paradigm is dominated by so-
called additive force fields, which guarantee substantial coverage of the chemical space
of interest, including proteins, nucleic acids, lipids and carbohydrates. While the
capacity of determining correct total energies, and thereupon interatomic forces is a
prerequisite for a predictive approach, just propagating a given system in time may
often not suffice for the calculation of correct binding energies. While some discrep-
ancies may result from incorrect energy estimations due to the chosen force field, the
main problem remains the overall sampling efficiency of molecular dynamics methods.
The correct statistical weight of a substrate-drug pose results from the reconnaissance
of all possible poses. Their sampling is however hampered by an intrinsic timescale
problem. Since different poses are separated by activation energies, starting the
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simulation from one pose using straightforward MD will offer limited chances for the
drug to find its way spontaneously to another minimum (pose), even an immediately
adjacent one, on the timescale of a typical molecular dynamical simulation. Longer
simulation times, albeit increasingly impractical, may allow the observation of a pose
change, however, the event of interest will still be infrequent, i.e. rare, on the timescale
of the simulation. This rare event scenario will simply result in the permanence of the
system in long-lived metastable states, and sudden (if at all) changes of configurations.
The calculation of populations and free energies requires, therefore, specific methods in
order to fully elucidate mechanisms and extract the quantitative information required to
support and direct drug discovery. Here, examples of the application of metadynamics
to two biological systems will be discussed, including i) the mechanism of gold(I) N-
heterocyclic carbene (NHC) compounds binding to DNA G-quadruplexes [2] and ii)
the mechanisms of aquaglyceroporin-3 glycerol permeation [3], both tackled using
metadynamics techniques [4].

2 The Mechanism of Gold(I) NHC Compounds Binding
to DNA G-Quadruplexes (G4s)

DNA can adopt different structures from the canonical right-handed double helix. In
particular, guanine-rich DNA sequences can form secondary structures termed G-
quadruplexes (G4s) [5]. Therein, four guanine bases assemble into a pseudo-planar
tetrad (G-quartet) which is held together by one or more nucleotide strands and sta-
bilised by metal ions. Recent bioinformatics studies have shown that there are ca.
716,000 DNA sequences in the human genome, which can form G4 structures [6].
These sequences are present in telomeres and promoter regions of oncogenes. These
non-canonical DNA structures have been the subject of intense study in the last decade
due to their association with a number of biological processes such as telomere
maintenance, gene regulation, and replication [7, 8].

Formation of the quadruplex structure in promoter regions of oncogenes can control
transcription and hence the expression of the corresponding oncogenes [9]. Further-
more, stabilising G4s in telomeres results in indirectly inhibiting telomerase activity,
affecting cell aging and cancer cells mortality [8]. In this context, G4s emerge therefore
as promising targets for anticancer drug development, as they can be stabilised by small
molecules with associated anticancer effects [10]. One example is the tri-substituted
acridine derivative, BRACO-19, a telomeric G4 stabiliser, which displays in vitro
anticancer activity in prostate cancer [11]. Despite the great advances in the devel-
opment of G4 stabilisers, important challenges still remain. Understanding highly
selective binding of small molecules to specific quadruplex structures over duplex
DNA and other G4s is a task of top priority towards identifying the next generation of
targeted anticancer drugs with reduced side effects.

Our pioneering work into G4 stabilisers identified small-molecule organometallic
Au(I) compounds with NHCs ligands, as potent, selective stabilisers of telomeric G4s
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[12, 13]. We recently reported on a bis-NHC gold(I) complex - [Au(9-methylcaffein-8-
ylidene)2]

+ (AuTMX2, Fig. 1) - containing caffeine as NHC ligand [12]. The com-
pound showed selective anti-proliferative effects against human ovarian cancer cells
over non-tumorigenic ones. X-ray diffraction analysis of the adduct formed by
AuTMX2 and Tel23, a 23-nucleotide telomere repeat sequence, indicated that the
compound binds non-covalently between neighbouring G4 units [13].

In order to rationally optimize the metallodrug selectivity for its biological target, in
silico methods, including MD approaches, are highly valuable as they can elucidate
both mechanisms and energetics underlying the ligand/target recognition process.
Therefore, metadynamics was applied to evaluate the binding mode of AuTMX2 with
two different G-quadruplex structures, namely the human telomeric sequence hTelo
(pdb 2HY9 [14]) and the C-KIT1 oncogene promoter sequence (pdb 4WO2 [15]).
Mechanisms and binding energetics were compared with those calculated for the
neutral mono-carbene complex [Au(9-methylcaffein-8-ylidene)I] (AuTMX-I, Fig. 1).
To validate the accuracy of our calculations we also evaluated the G4 stabilization
properties of the Au(I) compound using FRET (fluorescence resonance energy transfer)
DNA melting assays.

Metadynamics can achieve a rapid reconnaissance of free energy minima, by
sampling free energy surfaces along selected reaction coordinates, so-called collective
variables (CVs), while a history-dependent potential discourages the calculation from
revisiting already sampled, more probable regions. In this case, a distance and a pseudo
torsion angle, monitoring the orientation of the molecule on the G4, represented the set
of CVs.

Trajectories of AuTMX2 on hTelo showed two possible binding sites (state I and
II), with the first one (state I) having the lowest energy (ca. −37 kJ/mol). Figure 1
shows a multiple CV plot of the resulting free energy surface. Interestingly, state I
shows two minima (a and b), corresponding to the same Au+-K+ distance (ca. 0.8 nm)
but with two different torsion angles. AuTMX2 is virtually in the same position above
the tetrad but, since the gold complex can rotate around its centre, two different torsion
angles are selected (see position of the caffeine ligands in Fig. 1).
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In state I, AuTMX2 is interacting with both an adenine (A13) in the loop b region,
and two of the guanine bases in the upper tetrad (G4 and G22), with strong p stacking
interactions between the NHCs of the gold complex and the aromatic rings of G22
(Fig. 1). Instead, the higher energy state II (ca. −14 kJ/mol, Table 1) corresponds to a
position, in which the gold complex does not interact with any of the guanine bases in
the upper tetrad, but exclusively with the loop thymine (T11) (Fig. 1). In this second
state, the loop covers the top of the G4-tetrad, hindering any possible interactions
between the gold complex and the G-tetrad.

Interestingly, a similar two-states behaviour was observed for AuTMX2 binding to
C-KIT1, whose structure and surface are very different to that of hTelo. In C-KIT1, the
gold complex interacts with the top of the tetrad and the rings of flanking bases with no
obstruction.

Fig. 1. A) Structures of the Au(I) N-heterocyclic carbene compounds AuTMX2 and AuTMX-I.
B) Multiple collective variable (distance in nm, pseudo-torsion angle in rad) plot of free energy
surface of AuTMX2 interactions with hTelo (centre). Two states are highlighted (I and II) and
two poses for state I are shown as a and b. States I-a, b and II are shown in translucent molecular
surface coloured according to lipophilicity (green: lipophilic, pink: hydrophilic). G4 structure is
shown as sticks and ribbon, with hidden backbone for clarity. AuTMX2 is shown in ball and
stick, with each caffeine ligand coloured differently (black and grey). C2 and C4 highlight the
carbon atom positions in AuTMX2 in each of the related poses I-a or I-b.
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Multi-CV calculations were also run for the neutral mono-NHC complex AuTMX-I
on both hTelo and C-KIT1. The compound was shown to interact via p-p and p-alkyl
interactions with the guanine tetrad (G22) and the loop (A13) in hTelo, as observed for
AuTMX2 (state I). However, as expected, the calculated DGMD was lower compared to
AuTMX2, due to the lack of the second caffeine ligand (Table 1).

The observed multiple poses of AuTMX2 prompted further investigation of the
stabilisation properties of the two gold-based complexes. This was achieved through
the determination of the Gibbs free energy (DGexp) from FRET DNA melting profiles.
The difference in DNA melting temperature (DTm) of hTelo and C-KIT1 induced by the
binding of the two Au(I) NHC complexes was monitored, which enabled the quan-
tification of the compounds’ stabilisation properties of G4-DNA.

AuTMX2 shows a characteristic melting profile for hTelo, featuring a two-step
melting pattern, where a small increase in fluorescence is initially observed before a
steep increase after ca. 65 °C. AuTMX2 with C-KIT1 shows, on the contrary, a
gradually incrementing curve, rather than an initial steep ramp or two-step curve. In
order to calculate binding energies (DGexp), experimental data were normalised to
folded fraction (h) of G4-DNA and fitted, while the enthalpy (DH) for the process was
derived from the resulting fit [2]. The two-step melting profile of AuTMX2 with hTelo

Fig. 2. Folded fraction (h) of hTelo and C-KIT1 with either AuTMX2 (red) or AuTMX-I (blue).
Corresponding fits are shown as black or grey lines, and the calculated Gibbs-free energy (DG300)
is shown in each plot. The most representative poses for each combination of G4-gold complex
are shown against hydrophobic (green)/ hydrophilic (magenta) surfaces. Below each pose the
interactions observed between the complexes and the G4s, corresponding to arene-arene or arene-
H interactions are shown.
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was separated into two independent melting curves for the fitting. DGexp was calculated
for both compounds for each G4 structure, including the hTelo two-step melting curve
(Table 1). The resulting fitted curves are shown in Fig. 2 and the data indicate that the
greater stabilisation of the G4 structure by the compound, the lower the energy of
binding (when considering the most stable mode, state I for hTelo).

DGexp are in perfect accordance with DGMD values obtained from metadynamics
calculations (Table 1). Analysis of the melting curves and DGexp values of AuTMX2 of
the two G4 models considered clearly suggests the existence of two distinct binding
modes, in agreement with the computational results. In hTelo, the first binding mode
corresponds to the lower energy state I (Figs. 1 and 2), owing to molecular interaction
with the guanines in the tetrad. The second binding mode corresponds to the higher
energy (state II) and involves loop/flanking base interactions and/or interactions with
part of the tetrad. The flatness of the top tetrad of C-KIT1 allows the compound to
probe the entire top-surface of the G4 without hindrance. Since the stacking of the
complex with the guanines is more favourable (state I), we argue that this is the
interaction most likely to occur in vitro. Notably, our metadynamics results also point
towards the existence of a second binding site for AuTMX-I with hTelo, involving the
loop C. This interaction may be exploited in the future for optimised compound’s
selectivity in hTelo stabilisation.

3 Unveiling the Mechanisms of Glycerol Permeation via
Aquaglyceroporin-3 (AQP3) by Metadynamics

Aquaporins (AQPs) [16] are a family of membrane spanning proteins responsible for the
control of cellular water flux. AQPs are organized into two subfamilies: the orthodox
aquaporins, which conduct exclusively water, and the aquaglyceroporins which conduct
glycerol efficiently and generally have lower water conductance [19]. AQPs have
become relevant drug targets for the treatment of a number of diseases [17, 18] and new
roles continue to emerge as more is known about their structure and selectivity towards
certain substrates. Increased understanding of the underlying mechanisms of substrate

Table 1. Gibbs free energy values, experimental (DGexp) and calculated (DGMD), for AuTMX2

and AuTMX-I interactions with hTelo and C-KIT1 (units kJ/mol, T = 300 K.)

System hTelo C-KIT1
aDGMD DGexp

aDGMD DGexp

AuTMX2 (state I) −37 ± 7 −39 ± 2 −45 ± 3 −37.6 ± 0.4
AuTMX2 (state II) −14 ± 3 −12.1 ± 0.4 −12 ± 3 −15 ± 1
AuTMX-I −28 ± 3 −23.2 ± 0.4 −30 ± 5 −29 ± 3
aData are obtained from simulations using a distance CV.
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permeation via AQPs by water or other small molecules can contribute greatly to the
understanding of the molecular mechanisms of certain diseases, especially those related
to AQP over-expression and to the development of selective modulators capable of
acting as either chemical probes or as possible therapeutics [17, 18]. Furthermore, this
knowledge is crucial to the design of new selective AQPs inhibitors to be used as
chemical probes to study the protein function as well as to develop new targeted ther-
apeutic agents.

In humans, 13 AQP isoforms (AQP0-AQP12) have been characterised, among
which aquaporin-3 (AQP3) is known to allow the transportation of H2O2 [20], glycerol
[21], ammonia [22] and urea [21, 22]. AQP3 is present in a number of tissues and is
also the most abundant aquaporin isoform in skin cells [23]. Additionally, it has been
found to be expressed in various cancer types. Therefore, it has been hypothesised that
AQP3 and its substrates (glycerol and H2O2) may play a crucial role in tumour growth
and proliferation [18]. In fact, AQP3 has been found to be expressed in a number of
cancer cell lines including lung, skin and breast cancer. Therefore, it has been postu-
lated that AQP3, and its substrate glycerol, may play a role in tumour growth and
metastasis.

Overall, the mechanisms of water and glycerol conductance via AQP3 are of great
interest for the development of novel anticancer therapeutics, and the elucidation of the
mechanisms of solute transport by AQPs by means of advanced computational tech-
niques could enable accurate free energies mapping of pore permeation, as well as for a
comparison of water and glycerol conductance mechanisms. Within this framework, a
number of valuable computational studies have contributed to the mechanistic under-
standing of both water and glycerol conduction in AQPs [24–26].

An AQP monomer features an hourglass shaped pore formed by six transmembrane
helices, connected by five loops (A through E) and two semi-helices meeting at the
centre of the structure. Close to the extracellular side, the aromatic/arginine selectivity
filter (ar/R SF), the narrowest point of the pore, is responsible for size-exclusion of
molecules [28]. Underneath, the pore centre is defined by two highly conserved
asparagine-proline-alanine (NPA) motifs contained in the B and E loops and semi-
helices responsible for exclusion of charged solutes through the formation of an
electrostatic barrier [29]. Water transport through AQPs has been understood to be a
single-file mechanism [24, 30]. MD studies have helped elucidate the role of the
selectivity filters and their effects on the permeation of water and other small uncharged
solutes [24, 31]. The size and shape of the pore constrain water orientation and
determine the internal water-water interactions [32].

Recent studies on carbon nanotubes as bio-mimic channel systems identified an
optimal pore size threshold for single-file water transport of 0.8 nm, which significantly
affects transport rate and molecular translocation direction [33]. Whilst not as complex
as AQPs, carbon nanotubes show the efficiency of single file water transport over bulk
water flux upon molecular confinement. Moreover, biophysical studies suggest that
unitary water channel conductance (pf) depends exponentially on the number (NH) of
available hydrogen bond donors and acceptors within the pore [34]. However, different
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AQPs, despite having the same NH, show markedly different pf, which could be
explained by the dehydration penalty that water molecules face upon entering the
single-file region of the pore [32]. The single file water permeability pf and the Gibbs
activation energy barrier Gt

‡ for facilitated water transport via AQPs are intrinsically
linked, and factors other than hydrogen bonding may play a role, such as a positive
surface charges at the channel mouth.

To date, minimal information is available concerning glycerol permeation of human
AQPs. An early equilibrium MD study of glycerol-saturated bacterial glycerol facili-
tator (GlpF) by Schulten and co-workers proposed a mechanism for glycerol con-
ductance [35]. In 2002, the same authors reported on steered-MD simulations of
glycerol permeation through the same aquaporin isoform [36], which revealed glycerol
channel hydrogen bonding interactions along with the stereoselective nature of the
channel. In 2008, Hub and de Groot studied AQP1 and GlpF selectivity for O2, CO2,
NH3, glycerol, urea, and water permeation using classical MD [37], focusing on the
description of the key role played by the ar/R site, acting as a filter permeated only by
small polar solutes.

MD calculations can provide free-energies of glycerol permeation via AQP3 by
collecting the relevant equilibrium configuration probability distributions. However,
they provide no kinetic information of solute conductance, which is required for an
unbiased mechanistic analysis over a physiologically significant timeframe. Metady-
namics was therefore, used to reconstruct the free-energy profile for the process of
interest from multiple independent runs, each allowing for manifold glycerol and water
permeation events via the AQP3 pores. Simulation lengths of 200 ns, and the inclusion
of 20 glycerol molecules in a single simulation run, provided enough time for con-
formational changes to be observed within the tetramer during water and frequent
glycerol permeation through the pores.

Metadynamics accelerates rare event occurrence along collective variables
(CV) [38]. For both water and glycerol pore permeation, the CV was defined as the
distance between centre-of-mass (COM) of glycerol molecule and a plane defined by
four stable atoms inside the channels. A large variation of the CV corresponded to
successful translocation events, from which 2D FES could be obtained [38] for each
substrate under investigation. The FES highlights the energy expenditure during a
permeation event, providing a highly detailed energy profile as the molecule crosses the
pore (Fig. 3), allowing the matching of local interactions to energy barriers involved in
solute conductance. As there are no directional constraints on any of the solvent
molecules and periodic boundary conditions (PBC) are applied in all directions, both
uptake and efflux permeation can be observed independently.
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Free energy profiles for water and glycerol were obtained for both uptake and efflux
pathways, through each AQP3 pore. Despite the narrow section size at ar/R, our
simulations show that the electrostatic NPA motif provides the highest energy barrier
for permeation for both water and glycerol. Whilst the ar/R SF constitutes a region of
steric hindrance, introducing both size and orientation constraints for a chance to
permeate, it appears to be relatively low in energy demand when compared to the NPA
region (Fig. 3). The latter is the area of the pore where the highest DG values are
reached for both water and glycerol substrates, namely DGNPA-water � 26 kJ/mol−1

and DGNPA-glycerol � 40 kJ/mol−1, respectively.
The collected trajectories reinforce the established flipping mechanism of water

passing though the NPA region of the pore, as observed in other AQPs [30, 39], which
also validated the CV choice. In a total of 2.4 ls of combined simulation time, 30 water
and 28 glycerol molecules (out of 100 water and 140 glycerol molecules, respectively)
were observed to successfully traverse one of the four pores in either direction. Notice-
ably, in the absence of an osmotic gradient, and without directional bias, the number of
permeation events was imbalanced between uptake and efflux, and more significantly so
in the case of water: efflux events were 80% more successful for water and 60% for
glycerol molecules. In order to understand the molecular pathways, and to identify which
amino acid interactions are common to both water and glycerol, the H-bond network for
each successful permeation event calculated by metadynamics was analysed (Fig. 4).

Fig. 3. (A) AQP3 internal pore solvent exclusion surface, indicating the position of the amino
acid residues that constitute the ar/R SF and NPA, with amino acids shown in black (ar/R SF) or
gray (NPA). Extracellular (EP) and cytoplasmic (CP) pockets are also highlighted. Free energy of
water (B) and glycerol (C) uptake (solid line) and efflux (dashed line) based on averaged FES
data from multiple successful permeation events.
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For water permeation residence times (RT) of water molecules (ca. 1.4 ns) are
observed inside the ar/R SF, where waters form H-bonds mostly with Tyr212, Ala219
and Arg218. Residence times within the NPA are on the average shorter (ca. 0.9 ns). In
this region, water molecules interact with Asn83, Val214 and Asn215. In the extra-
cellular pocket (EP), water appears not to bind to any specific residues and has a
residence time of ca. 1.6 ns, whereas, in the cytoplasmic pocket (CP), water hydrogen
bonds mainly to three amino acids (Ala80, His81, Glu96) and the residence time can
increase up to ca. 2.2 ns (Fig. 4A). In Fig. 4 key H-bonding interactions are high-
lighted (green) and matched to the corresponding amino acids in hAQP3. GlpF shows a
H-bond with the Arg in the ar/R SF (Arg218 in AQP3), while PfAQP and AQP1 both
show H-bonds to the highly conserved His located in the cytoplasmic pocket (His81 in
hAQP3). Other H-bonding interactions are more specific to each particular isoform,
due to the variation in the amino acid composition of the pores.

In the case of glycerol permeation, its size and increased number of available
hydrogen bonding groups (3 -OH) directly affects its permeation time. Accordingly,
increased H-bonding residence times were observed, compared to water (Fig. 4). The

Fig. 4. Water (A) and glycerol (B) permeation routes, H-bond patterns and RT (%) from
metadynamics. Average H-bond RT (%) of glycerol during uptake and efflux are shown in a
gradient purple colour. Amino acids involved in H-bonds are explicitly shown. Carbons are
colour-mapped (white to purple) according to their corresponding RT (short to long). Green boxes
represent the positions of water and glycerol molecules within the crystal structures of GlpF (pdb
1FX8) and PfAQP (pdb 3C02). Pore colour based on hydrophobicity, blue = hydrophilic, brown =
hydrophobic.
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longest RT involving specific residues (ca. 2.3 ns) was observed for Asn83 and
Asn215 within the NPA region, in both directions (Fig. 4B). A longer RT implies a
higher free energy barrier in the NPA area. Glycerol molecules appear to spend less
time in H-bonding with the residues in the ar/R SF (ca. 0.9–1.5 ns), especially during
uptake. Compared to water, there are less H-bond interactions seen for glycerol in the
structures of GlpF and PfAQP.

The amino acids involved in both glycerol and water H-bonding are similar, in
particular residues in the ar/R SF (Tyr212, Ala213, Arg218) and in the NPA (Asn83,
Asn215), along with residues in the cytoplasmic pocket (His81, Glu191) (Fig. 4).

For both molecules, the RT in each H-bond is lower for extracellular pocket than for
cytoplasmic pocket (cumulative RT for water: EP = ca.1.6 ns, CP = ca. 2.2 ns; cumu-
lative RT for glycerol: EP = ca. 2.9 ns, CP = ca. 4.7 ns), as can be observed. The
cytoplasmic pocket is cylindrically shaped with an average diameter of ca. 4.5 Å, starting
from the NPA region. Confinement below the NPA will thus lead to increased and more
specific interactions of the molecules during permeation, causing both water and glycerol
to spend a considerable amount of time in H-bonding with cytoplasmic pocket residues.

In the absence of osmotic pressure, water is able to traverse the pore in both
directions simultaneously, rather than in a single direction at a time. This means that
overall efflux or uptake results from small perturbations in this base mechanism and
does not require a complete inversion in the direction of water flux. Figure 5 shows that
water molecules inside the pore are free to move in either direction, without file
disruptions (Fig. 5 A, B). To this end, water implements a “hopping mechanism”, in
which single water molecules are able to switch with adjacent molecules in either
direction, along the single file chain. We propose that this process offers, if not an
active regulatory mechanism, at least a structure capable of rapidly responding to
environmental changes, as both transport directions are active simultaneously.

Fig. 5. The passage of glycerol through the AQP3 pore disrupts the “leap-frogging” water
chain. (A) Water molecules are coloured based on position: purple - inside the pore, pink –

cytoplasmic pocket (CP), green - extracellular pocket (EP). (B) Water molecules start moving
from the CP into the channel, replacing the purple molecules. (C) A glycerol molecule enters the
ar/R region from the EP, yellow - waters occupying the pore, originating from both EP and
IP. (D) Glycerol passes through the NPA region, forcing the waters out of the channel into the CP
area, with new water molecules (blue) populating the channel area. (E) The chain of water
molecules is re-established as glycerol leaves the pore and the pore is re-populated by single-file
water molecules from EP.
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This bidirectional water flux is disrupted as a consequence of glycerol solute
molecules entering the pore, inserting into the water chain in the direction of perme-
ation (Fig. 5 C, D). Glycerol insertion prevents water crossing in the opposite direction
due to its increased size. As soon as glycerol has traversed the pore back into bulk
water, the “leap-frog” mechanism within the water chain re-establishes itself by filling
the pore as the glycerol passes through (Fig. 5), i.e. without voids or latencies in the
basal water transport mechanism.

As previously reported for glycerol conductance of GlpF [36], the small reduction
in energy seen in the FES of glycerol at the extracellular and cytoplasmic vestibules
(Fig. 3) facilitates glycerol conductance via AQP3, increasing the probability of
glycerol joining the single file water transport mechanism.

4 Methods

In a representative metadynamics simulation, the collective variable bias was controlled
by the Plumed [38] driver, using Gromacs [40] as molecular dynamics (MD) engine.
Therein, constant-temperature, constant pressure MD was performed on TIP3P water
solvated G4s and AQP3 models, respectively. Short-ranged interactions were evaluated
based on the amber99sb-ildn+slipid force filed, while long ranged Coulomb interac-
tions were accounted for with a particle-mesh Ewald approach. Several independent
well-tempered metadynamics runs (50 ns, 1 fs integration step) were performed, from
which free energy profiles were integrated and averaged. For the G4 system, the
distance between AuTMX2 (Au) and the K+ ion of the top tetrad represented one
component of the CV. A torsion angle component was added to account for the mutual
orientation of the G4 and drug molecules. For AQP3, the distance between the centre of
mass of glycerol or water, and the plane formed by backbone carbons of Asparagine
215 from the four monomers defined the CV. A Gaussian bias was deposited every
2 ps, with a gaussian width of 0.025 Å and s = 50. The bias factor was set to 12, DT
was 3600 K.

5 Conclusions

The examples covered above illustrate how a detailed mechanistic investigation of
drug/target interactions and membrane transport processes are a prerequisite for an
accurate evaluation of free energies of binding and selectivity. Besides reliable quan-
titative values, alternative poses (G4s) or elusive details of molecular transport (AQP3)
could be elucidated. For the investigated DNA G4s, the obtained computational results
fully support the experimental data revealing two ligand binding modes of the gold
compound AuTMX2 on the two selected G4 structures. The validation of the binding
energy of Au(I) complexes with G4s adducts calculated by FRET DNA melting assays
was also achieved by metadynamics methods. This investigational approach can be
extended to other types of molecules as G4 stabilizers, including organic compounds,
highlighting selectivity features essential to orient the drug design.
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Furthermore, the mechanisms of water and glycerol conductance via human AQP3
was investigated using metadynamics, accelerating pore permeation statistics. A full
mechanistic picture and the underlying free energy could be reliably collected for both
water and glycerol. Single-file water permeation by AQP3 appears always to be bi-
directional at equilibrium conditions, whilst still maintaining a continuous transport
flux when compared to bulk water. Glycerol permeation appears to critically depend on
this single file water flux, with transport resulting from bond switches within a dynamic
hydrogen bond scaffold created by the interplay of glycerol, water and pore amino acid
residues. This reveals a novel scenario, in which solute molecules exploit an existing
bidirectional water conduction mechanism in AQP3. Free energy results also suggest a
binding affinity between key residues and solute molecules on the exterior pore surface
facilitating solute transport.

In the future, complementing metadynamics with quantum mechanics/molecular
mechanics (QM/MM) calculations will provide knowledge of the system at an ato-
mistic level and the identification of key interactions with protein residues which may
be specifically targeted by newly designed AQP3 inhibitors.

Overall, the reported examples further demonstrate the invaluable role of advanced
multiscale modeling and simulation methods, and of its close integration with exper-
iments, for applications in life, health and innovative technologies. We expect that in
the coming years metadynamics methods are likely to be central in drug discovery and
development programmes.
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Abstract. In biology, metabolite transport across cell membranes occurs
through natural channels and pores. Artificial ion-channel architectures represent
potential mimics of natural ionic conduction. Many such systems were produced
leading to a remarkable set of alternative artificial ion-channels. Far less
advances were achieved in the area of synthetic biomimetic water channels,
even though they could improve our understanding of the natural function of
protein channels and may provide new strategies to generate highly selective,
advanced water purification systems. Most realizations have used the selectivity
components of natural protein channels embedded in artificial systems. Such
biomolecules provide building blocks to constitute highly selective membrane-
spanning water transport architectures. The simplification of such compounds,
while preserving the high conduction activity of natural macromolecules, lead to
fully synthetic artificial biomimetic channels. These simplified systems offer a
particular chance to understand mechanistic and structural behaviors, providing
rationales to engineer better artificial water-channels. Here we focus on com-
puter simulations as a tool to complement experiment in understanding the
properties of such systems with the aim to rationalize important concepts, design
and optimize better compounds. Molecular dynamics simulations combined
with advanced visual scrutiny thereof are central to such an approach. Novel
technologies such as virtual reality headsets and stereoscopic large-scale display
walls offer immersive collaborative insight into the complex mechanisms
underlying artificial water channel function.
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1 Introduction

1.1 Origins and Brief Overview

Water is fundamental to life. It fulfills a variety of functions related to its complex
dynamic properties at the supramolecular level [1]. Most physiological processes
require selective traffic between a cell and its environment, where water is essential to
enable molecular transport events [2]. Artificial ion-channels have been extensively
studied with the expectation to mimic the ionic conduction along protein ion-channels
through biological membranes [3–6]. Amazingly, until recently there has been almost
no systematic progress in the area of water transport by Artificial Water Channels
(AWCs) [7]. Before 2011, these artificial water pore systems, selectively transporting
water against ions had not been described. We initiated this unexplored and highly
innovative field with a series of studies described in [7–11]. Figure 1 provides three
examples of AWCs.

Fig. 1. Selection of artificial water channel systems: a) helical dendritic dipeptides, compound
1; [12, 13] b) oriented dipolar water wires within compound 2 chiral I-quartet assemblies [7–9]
that selectively transport water and protons against ions; c) hydrazide-pilar [5] arene compound
3, [14–17] as single channels. Neutral and protonated water molecules are depicted as red and
white CPK models. Blue spheres symbolize hydrated cations, unable to penetrate the bilayer
membrane. Figure reproduced with permission from [8].
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Since then, many other groups joined this adventure and many works have been
published including a feature paper highlighting the developments of the field during
the last 5 years [18]. Important studies of AWCs including molecular dynamics
(MD) simulations have been pioneered by several groups around the world, notably in
the USA, China, Singapore, Hong-Kong, etc.

Molecular modeling approaches - in particular molecular dynamics in explicit
solvent and membrane environments - constitute a pivotal tool to extend the
methodology, providing insight at a molecular scale as described in [19–21]. Moving
up in scales, the development of multi-scale approaches to describe hydrodynamics in
molecular systems has the potential to provide new stimulus for water channel mod-
eling [22, 23].

1.2 Artificial Water Channels Are Conceptually Important

In contrast to isotropic spherical ions, dipolar water molecules shed light on multiple
oriented interactions with biological environments. The overall orientation of assem-
bled water dipoles is crucial for the regulation of the selective recognition, exchange
and transport of charged biocomponents across biological barriers. For example, the
electrochemical potential along the Aquaporin-Z Aqp-channel is governed by encap-
sulated single-file water wires of opposite dipolar orientation, selectively allowing rapid
water diffusion, while protons and ions are excluded [24–28]. In comparison to clas-
sical polymeric systems, the water-permeability of AqpZ incorporated in polymeric
vesicles is at least one order of magnitude larger [26]. One-dimensional water wires in
particular have attracted broad interest with selective proton gating being the key
function of the Influenza A M2 proton channel [12, 13]. Entrapped water clusters
within complex structures are a key element intervening in a variety of fundamental
processes such as water structuration related to water-water or water-host-matrix
interactions under confined conditions [47], selective transport of small metabolites
[52], and in context of dynamic diffusion phenomena [14–17] of water molecules
across the channels [17, 48]. So far, only a few artificial hydrophobic [29], hydrophilic
[7–9] or amphiphilic pores [30, 31] have been designed to selectively and efficiently
transport water through bilayer membranes. The molecular-scale hydrodynamics of
water through the channel will depend on channel-water as well as water-water
interactions, and on the in-pore water electrostatic dipolar profile within the channel.
These molecular determinants can be controlled based on rational insight into AWC
properties at the atomic scale.

1.3 Major Insights Are Gained from Molecular Simulations

In particular concerning molecular-scale processes, atomistic as well as simplified
coarse-grained or meso-scale simulations have been pivotal to our understanding of key
concepts of water transport in biological and synthetic systems. For instance, seminal
work based on molecular dynamics simulations of Aquaporin channels has substan-
tially contributed to understand molecular mechanisms responsible for their efficiency
and selectivity [25, 28, 32]. General features of biological pores were studied by
Beckstein and Sansom [33, 34], as well as others, in model systems of decorated
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simplified ion channel pores, providing rationales for designing improved channels.
Another model system of great importance concerns the study of water transport in
carbon nanotubes [35–37]. These few examples among many show that molecular-
level insights are key to our understanding and can be achieved through molecular
dynamics type simulations acting as a computational microscope. A few studies of
artificial water channels including MD simulations have appeared recently and a
Faraday Discussion documents the current status in the field [38–42]. The present
discussion will firmly build on such simulation approaches to guide and optimize
experimental design.

1.4 Now and Tomorrow in This Newborn Field

Despite the tremendous imagination of synthetic chemists to produce sophisticated
architectures confining water clusters, most strategies to transport water selectively
have been inspired by the natural aquaporin scaffold as selectivity components,
embedded in diverse arrays of bio-assisted artificial systems. The highly selective
transport of water in natural systems is occurring along Aquaporin (AQP) channels
known for their fast transport rates (*108–109 water molecules/s/channel), and the
perfect rejection of ions and protons. Aquaporin water channels are composed of an
hourglass structure with a narrowest constriction of 2.8 Å. Each water molecule in AQP
water channels forms one hydrogen-bond with the inner wall of the protein and one
with an adjacent water molecule. It is of particular interest that the dipolar alignment of
water molecules imposed by the water-pore and water-water interactions can control
the water vs. proton transport selectivity of AQPs. These discoveries have inspired the
incorporation of AQPs into artificial membranes for desalination and water-purification
applications. These results on the combination of natural proteins with artificial lipid
matrices, have demonstrated that natural biomolecules can be used as building blocks
for the construction of membranes for water transport. However, their large scale
application is not yet possible, because of the high costs of AQP production, their low
stability and practical synthetic constraints of membrane fabrication processes.

A possible way forward is to replace AQPs with synthetic channels, a major
motivation for our work on AWCs. Recent advancements have made it possible to
synthesize artificial water channels featuring efficient, yet selective transport of water
based on size exclusion and molecular interactions, such as hydrogen-bonding. Given
their completely artificial nature, these AWCs exhibit the following potential
advantages:

• Synthetic AWCs are easily tuneable and may be chemically optimized for desirable
properties;

• AWCs can be prepared on a large scale at low cost;
• Engineering processing without bio-related steps becomes more simple and

reproducible, and they can be easily immobilized in membrane-like supports in a
scalable manner;

• AWCs should also be more robust and stable with a longer lifetime after incor-
poration into membranes for water separation and purification.
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However, currently, the research on AWCs is focused mainly on the synthesis and
characterization in terms of its water transport property and solute rejection. More focus
should be turned on integrating the synthetic channels with a membrane for water
separation and purification. Given the importance of developing a highly efficient
membrane desalination technology, the potential of synthetic water channels and the
knowledge gap for integration of synthetic water/ion channels into membranes, it is
envisaged that development of synthetic channel-based biomimetic membranes with
enhanced performance compared to current membranes is a challenging goal. It will
require to provide answers to complicated biological scenarios related to water pores
and to develop bio-inspired desalination processes that could use the non-existing all-
made artificial synthetic materials that mimic the mechanisms of natural desalinators.
Computational approaches can guide these endeavors.

2 From Aquaporin to I-Quartet Channels

2.1 Learning from Biological Water-Channels as Sources of Inspiration

Potassium channel KcsA K+ [43], Aquaporin-AQP, [24–28], Influenza A M2-M2IA,
[12, 13] or Gramicidin-GA, [44] are well known, non-exclusive examples of proteins in
which ions, water molecules and protons are envisioned to diffuse along water filled
pores. It is worth to note that most protein channels share some recurrent structural
aspects. For instance many are self-assembled from multiple subunits within the trans-
membrane domains. These protein subunits are packed around a water filled pore, a
crucial element in the functional conformation of these channels. The narrowest region
of the pore usually determinesd the selectivity of these molecular channels, showing
gating behaviors generated by the structural motion of the external subunits in response
to voltage, ligand, pH or other external stimuli. The interactions between the consti-
tutive components of the pore with water (most often a one-dimensional water wire) or
with ionic species will impose a specific net dipolar moment controlling the translo-
cation within the narrow region of the pore. Despite a wealth of experimental data on
structural details of protein channels, major issues still need to be resolved and
understood at the atomic level.

For example, in Aquaporins, once passing the center of the pore occupied by a
water molecule, the water molecules undergo a flip-like opposite orientation in the
AQP channel. This inversion causes the inversion of the net dipolar moment and
hinders proton transport. Therefore, the structure and alignment of the water wires
within the synthetic pores may be important in the design of artificial pores creating
(pumping) or collapsing (gating) ionic gradients throughout the membrane.

However there are many challenges to use the AQP scaffold as selective trans-
porters related to their:

• Long term stability, which is unclear
• Unconventional processing requirements - use of detergent and specialized aqueous

self-assembly
• Production - membrane proteins are challenging to mass produce
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Other well-known natural ion-channels jointly transporting water and cations are of
primordial inspiration for the design of the artificial channels. For example the dipolar
structure of Gramicidin A-GA, helps to overcome the high energy barrier of water and
ion translocations across the cell membrane, both being synergistically transported
sharing one pathway [44]. Particularly interesting, the dipolar alignment of water
molecules imposed by the pore structure can control the ionic conduction, including the
translocation of protons via the inner-pore water wires. This oriented single-file water
wire - as for the aquaporin pore - imposes a net dipole moment which is particularly
influenced by the presence of the ions inside the channel. Depending on the position of
the ion within the channel, two linear chains of water molecules of opposite orientation
are determining the net dipole potential which is zero on average when the ion is in the
middle of the channel. Similarly, the water molecules permeate through the KcsA K+

channel, together with the K+ ions in a concerted way [43]. Interestingly, a K+ depleted
KcsA K+ channel is changing its initial conformation to allow water transport 20 times
faster than one dimensional bulk diffusion of water [45]. On the same principle, the
proton selectivity and low-pH gating properties are key functions of the M2 Influenza
A - M2IA proton channel [12, 13]. Although there is some variability to set off the
mechanisms, many structural features are related to the (His37)4 selectivity filter [46].

The encapsulation of water clusters in artificial constructs enables the exploration of
the collective behaviors of water in conditions very close to biological systems where
the confined molecules may be at the limit between solid and liquid states [14–17, 47–
51]. One-dimensional water-wires in particular have generated much interest. Their
structural features similar to water-clusters present inside the protein channels were
closely examined. Self-assembled tubular supramolecular architectures, mutually sta-
bilized by strong non-covalent bonds and encapsulating inner water wires have pro-
vided excellent reasons to be considered as valuable models for biomimetic
water/proton-channel systems [14–16, 49]. However, most of these structures are
highly polar and it remains complicated to achieve their inclusion in hydrophobic
bilayer membranes. All these non-exhaustive examples are relating specific features of
the self-assembly behaviors of water clusters under confined conditions, toward sys-
tems of increasing functional complexity.

Understanding the molecular-scale dynamics of water clusters confined in such
structurally simple artificial channels is of fundamental and crucial relevance for the
next developments of functional AWCs. The mechanisms of water transport through
aquapores are related to structural behaviors of water clusters entering the channels
which lose or change part of the H-bonds connecting the water molecules, depending
on the hydrophobic or hydrophilic nature of the channel [53]. Spontaneous and con-
tinuous diffusion of a one-dimensional ordered water chain in interaction or not with
the surrounding aquapore is related to molecular interactions, the inner pore surface
profile, the pore diameter and dipolar water orientations.

With all these features in mind we can observe that natural water channels show a
variety of sizes and different single-file water net dipole orientations that are directly
connected to their specific function. They are selective toward other permeants (ions,
protons, molecules) depending strongly on the channel structure and dimensionality,
channel-water affinity, the average pore occupancy and the dynamics of the permeating
water.
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2.2 Biomimetic Artificial Water Channels

Parallel to the investigations on natural water-channels the adventure of AWCs is just
starting. Like in natural channels, the water transport will depend on key interactions,
such as channel-water, water-water and electrostatics guided by the water in-pore
electrostatic dipolar profile within the channel. Reproducing the complex interaction
superstructures of proteins is an essential goal. A valid approach is to mimic key parts
of active filters, as ingredients to provide chemical selectivity, in order to gain insight
into the dynamics of orientating water dipoles. Particularly their role for ions/protons
pumping along the channel has to be understood. Going from complex natural to
simpler artificial water-channel constructs, we would have the chance to better com-
prehend mechanistic and structural behaviors of such interactions. Such knowledge
may unlock the door to the novel interactive design of water-channels, paralleling that
of biomolecular systems. Different synthetic building blocks have been reported until
now to generate such systems: water was shown to transport through hydrophilic,
hydrophobic or hybrid hydrophobic/hydrophilic channels as briefly summarized in
Table 1.

The water diffusion and facilitated transport of protons excluding cationic and
anionic transport through bilayer membranes incorporating all-artificial water channels
have been reported for the first time by Percec et al. [29]. The dendritic dipeptides self-
assemble via enhanced peripheral p-stacking to form stable cylindrical helical pores
(14.5 Å in diameter), of reasonable thermal stability. Moreover they selectively
transport water molecules against ions through self-assembled hydrophobic nanotubes
stable in phospholipid membranes. The ion-exclusion phenomena are based on
hydrophobic effects which appear to be very important. These pores are envisioned to
be the first artificial “primitive aquaporins” which transport water but do not reject
protons. Next, the significant contribution by Hu et al. [30, 31] shows that polydrazide-
pillar [5] arenes tubular structures can be used as single-molecular water channels in
bilayer membranes. The transport mechanism is strongly dependent on the length of the
former components: the shortest pillar [5] arenes-tetraester, induce the formation of
water wires within the stacked molecular cylinders and can successfully be used to
translocate protons via bilayer membranes. The longer poly-hydrazide-pillar [5] arene
compounds differently to shorter ones, present alternating hydrophobic/hydrophilic
structural domains along their cylindrical structure which disrupt the formation of water
wires within the inner channel core and thus block the proton flux along the discon-
tinuous water phases. Differently to AQP, in which the control of the water/proton
translocation is based on reverse-flip net-dipolar profiles within the channel [24], other
channels may relate their selectivity to the structural disruption of water-wires.

84 X. Martinez et al.



2.3 Imidazole I-Quartet Channels

We reported [7–9] that imidazole I-quartet channels can be mutually stabilized by inner
water-wires, reminiscent of the oriented water single-file columns observed for AQP
and ion-charged GA natural pores. In addition, the I-quartet may be considered as the
representative water-quartet superstructure, reminiscent of that of the most known

Table 1. Compounds used as molecular building blocks to create artificial water channels [38]

Compound Nature of the channel Net Permeability / Selectivity /
Single channel permeability

I-quartet Channels, 2
Alkylureidoimidazoles

Hydrophilic H-bonded
imidazole channel (2.6 Å) and
hydrophobic peripheral alkyl
chains

1.0–4.0 lm/s (shrinking mode) /
high selectivity for water reject
all ions except protons /
1.5 � 106 water
molecules/s/channel

Aquaporins – AQPs Natural hourglass structure of
the pore, with a narrowest
constriction of 2.8 Å

High water selectivity. Perfect
rejection of ions and protons /
4 � 109 water
molecules/s/channel

Aquafoldamers Hydrophilic helical channel
(2.8 Å) via p-p stacking of
aromatic units

No permeability reported / high
selectivity for water, reject all
ions except protons

Bola-amphiphile bis-
triazole (TCT),
T-channels

Self-assembled helical pores
(*2.5–4 Å); double helical
channels double net-dipolar
orientation

No permeability reported for
water / enhanced conduction
states for alkali cations and for
protons

Tubular pores formed via
self-assembly of arylene-
ethynylene macrocycle

Hydropobic tubular channel
(6.4 Å) via p-p stacking of
aromatic units and H-bonding
of peptide arms

51 lm/s/ no selectivity for water,
high conduction for K+ and
protons / 4.9 � 107 water
molecules/s/channel

Peptide appended Pillar
[5] arenes, PAPs

Hybrid hydrophobic/hydro-
philic cylindrical (*5 Å)
unimolecular systems.

30 lm/s (swelling mode, good
conduction for alkali cations
3.5 108 (swelling mode) and
3.7 � 106 water/s/channel
(shrinking)

Hydrazide appended
Pillar [5] arenes, PAHs 3

Hybrid
hydrophobic/hydrophilic
cylindrical (6.5 Å)
unimolecular systems

8.6 � 10−6 lm/s/ no water
selectivity, good alkali cation
conduction, but not for protons /
40 water molecules/s/channel

Dendritic dipeptide, (4-3,
4-3, 5)-12G2-CH2-Boc-
L-Tyr-L-Ala-OMe, 1

Hydrophobic H-bonded central
pore (14.5 Å); stacked dendritic
periphery

No permeability reported / water
against ions except protons

Carbon Nanotubes- CTNs The estimated diameter of
CTNs (12, 12) is 16 Å

No ion rejection: stable and high
permeability / 9 � 108 water
molecules/s/channel

Compounds are approximately ordered according to the channel diameter
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Fig. 2. Cross section and top views of Imidazole I–quartets generating water-channels in which
the water molecules present a unique dipolar orientation. The I-quartets presenting supramolec-
ular chirality, can accommodate dipolar water–wires along the length of the channel. Water
molecules are shown either in van der Waals or in ball and stick representation.

Guanosine-G-quartet for cations (see Fig. 2 for a comparison). The I-quartet super-
structures are stable in solid state and within bilayers leading to functional water-
channels. These systems show total ion rejection and the ion-exclusion phenomena are
based on dimensional steric effects whereas hydrophobic and hydrodynamic effects
appear to be less important.

As observed in aquaporin channels, the confined water wires form one hydrogen
bond with the inner wall of the assembled I-quartet scaffold and another one with an
adjacent water molecule. Furthermore, the water molecules embrace a unique dipolar
orientation thereby preserving the overall electrochemical dipolar potential along the
channel. These findings strongly support the idea that water molecules and protons can
permeate across the lipid bilayer through pores formed by I-quartet aggregates. These I-
quartet constructs provide good reasons to consider that their supramolecular chirality
and water induced polarization (unique dipolar orientation) within the channels may be
strongly associated [20]. Chiral surfaces are determinant to a more extended scale in
asymmetric tissue morphogenesis.

Water is an electrically dipolar molecule and an exceptional (bio)lubricant; it can
simply read the spatial information of the asymmetric chiral superstructures to generate
asymmetric dipolar-wires of dynamic behaviors. Within this context, chiral synthetic
pores of 2.8 Å diameter (like the AQP natural ones!) orienting the dipolar water wires
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within the channels, give rise to novel strategies to mimic the protein-channel
machinery. I-quartet channels offer an exciting opportunity to encapsulate water-
clusters in confined chiral space and offer a chance to explore water behaviors very
close to pore-confined biological water, exhibiting properties at the limits between solid
and liquid states. Moreover all these unique features might deserve to confirm a number
of structural descriptors explaining the structure-directed functions of natural channel
proteins. The water-free I-quartet-“off form” superstructure described by our group is
reminiscent of a closed proton gate conformation of the M2 Influenza A M2IA protein
[12, 13]. Slight conformational changes lead to the water assisted opening of the I-
quartets through which protons can diffuse along dipolar oriented water-wires in the
open state pore-gate region. Our opinion is that the I-quartet system represents a
fundamentally important biomimetic superstructure for water/proton transport that can
be extensively developed based on new structural motifs.

First results may illustrate these ideas. Previous MD simulation studies of dynamic
behaviors of the artificial I-quartet water channels and water molecules under confined
conditions in a lipid bilayer environment were reported in [19–21]. An important aspect
to bear in mind from these works is the quantitative correlation between the dipolar
orientation of water-wires and their effects on their stability once inserted in the bilayer
membranes. Water and proton translocation properties through AWCs are interlinked
with the water-wire orientation as well. Two extreme cases are illustrated in Fig. 3,
where water is either permeating in a random pathway or through highly ordered
channels, depending on small modifications on the I-quarted building blocks. These
studies provide detailed experimental data correlated with extensive theoretical simu-
lations on water permeability with efficiency similar to that of natural biological sys-
tems. The theoretical stability and dynamics of the assembly have been tested first,
probing different stoichiometries and box sizes. As next steps, the energetics of water
transport will be assessed [54]. This knowledge will enable us to suggest modifications
in the channel scaffold to modulate and improve water transport that can subsequently
be correlated experimentally. Once a full characterization at an all-atom level has been
achieved, we will be able to devise a simplified coarse-grained model in order to study
larger assemblies and longer timescales.

Fig. 3. Sponge-like and ordered water transport mechanisms observed in I-quartet channels [21].
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3 Computational Design

3.1 A Roadmap for Improving Our Current Understanding

Here we sketch a computationnally-focused approach exploring unpaved ways to
design artificial systems for water transport in bilayer membranes closer to the natural
ones with the goal to further improve AWC performance. Their resultant functionality
can be dependent on the nature of the scaffold and added functionalities, as their
multivalent interactions have been shown to be influenced by such factors as nature of
the confining matrix, the stability and the orientation of the channel, etc. In this context,
computational studies, rational design and engineering of water in biological systems
fulfils the following aims:

• Improve the understanding of the adaptive functional self-organization of molecular
components into functional channel platforms by using a self-adaptive strategy and
by exploring the synergistic influence of structural self-assembly/platform function
and of the evolutive behaviours on the addition of different external stimuli.

• Accurately control functional responses through bilayer membrane platforms
developed via tuned incorporation of components into channel superstructures.

• Investigation of application avenues towards larger impact of developed bio- and
environmental responsive materials for reverse osmosis (RO) and forward osmosis
(FO) membranes.

Such an approach is challenging and ambitious but highly feasible since, although
based on new supramolecular/constitutional/MD simulation concepts, it relies on
substantial preliminary data, expertise, experience and facilities related in particular to
the I-quartet channel family of compounds illustrated in Figs. 1b and 2. Molecular
dynamics simulations strongly contribute to understand and improve the dynamic
behaviors of water molecules under confined conditions. The key is to fine-tune the
balance between attractive and repulsive elements. The formation of single-file col-
umns of water confined along the internal pore surfaces is a critical element. It may
impose a net-dipole alignment of water molecules. Such an alignment influences the
conduction of fluids, envisioned to diffuse along the dipolar hydrophilic pathways.
Synthetic architectures generating stable water/proton translocation pathways in bilayer
membranes to mimick the natural protein functions can be characterized at high spatial-
and time resolutions. The dynamic features of these objects confined in a lipid bilayer
create new opportunities to further modify and engineer such systems.

Ideally, the supramolecular water-channels to be synthesized would require a nearly
frictionless diffusional pathway of the water on the length scale of the pore trajectory.
What is needed is an enhanced liquid flow mechanism at the location of artificial pores
- one critical hallmark for mimicking protein channels - or doing better. The strong
interactions of the water with the inner surface of the channels reduce the efficiency of
water transport, when compared with the natural systems. However, understanding the
fine details of the water transport mechanism at the microscopic level is essential to
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decipher how hydrogen-bond switch events can assist efficient in-pore diffusivity.
Straightforward synthetic access to superstructures - artificial Aquaporins - allowing
water wires give rise to novel strategies to constitutionally build up very selective water
transport devices.

Despite the few advances that have been made in this very young field, one may
say that the discovery of novel synthetic systems able to form water-channels is most of
the time empirical. But even if the discovery is empirical, the natural proteins may
serve us to tailor the functions of the synthetic systems and engineer optimized
molecular constructs. This interdependence makes our next challenge still more
ambitious: understanding the natural systems transport mechanism is often one way to
raise artificial systems to the level of natural functions or even beyond. Then, if we can
imagine how the system is designed in our hands (minds) we could ask a number of
questions. For this purpose it is particularly important to form structural models in our
minds. Advanced visualization is a particularly powerful approach already extensively
used to understand biological membrane objects [55]. We will get back to the strengths
of novel technological approaches such as using virtual reality gear or high-resolution
and large-scale display walls a little later in this discussion [56–60]. The aim of such a
visual analysis is to bring novel concepts to the engineering of nanostructured func-
tional systems, together with the understanding of the mechanisms underlying a
rational use of water transport functions employed as the nanostructuring tools. Such an
understanding would contribute both to fundamental and applicative research. For the
former, leading to a better understanding of the natural function of protein channels and
solving important biological scenarios of oriented water diffusion along channels. For
the latter, learning form natural water purifying systems we might shed light on new
strategies to generate highly selective materials/systems for advanced water
purification.

The proposed approach, fundamental in nature, should permit to develop not only
new knowledge but also to gain a greater insight on Biomimetic Artificial Water
Systems, which can serve to understand complicated biological scenarios or to imagine
novel membrane systems for water purification.
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3.2 Theoretical Molecular Models in Realistic Lipid Bilayers
and Polymers

A computational pipeline permits to explore the molecular organization of the candi-
date molecules in the membrane, and elucidate the mechanism of water transport. The
approach we envision is based on coarse-grained (CG) and atomistic simulations
supported by enhanced sampling. For a given compound, MD simulations based on CG
models will be carried out so to explore and to individuate via enhanced sampling the
possible free energy minima of the aggregates in the membrane. Several initial con-
ditions should be tested (crystal like arrangement, spontaneous early steps aggregation,
human design) so to enlarge the exploration. The individuated most stable aggregated
states are filtered according to different criteria (energetics, packing, percolation) and
will be back-mapped to the atomistic resolution. Further MD will be performed to test
their capability for water transport and ion rejection. For the first study-cases the
enhanced sampling will be performed at atomistic resolution to control the possible
biases of the CG preliminary screening. The workflow will be performed for several
stoichiometries. For each compound the combined information from the theoretically
deduced structural/functional response of the molecules and from experiments, will

Fig. 4. illustrates the interplay of synthesis, experimental characterization and computational
modeling. Water channel systems are synthetically engineered to enable platforms for the
selective transport of water with active molecular control and motion. MD simulations and
theoretical models of the channels embedded in realistic membrane systems guide the design of
active systems through a mechanistic understanding of both the self-assembly process and the
transport characterization offering experimental verification of the modeling predictions. Such an
undertaking requires theoretical molecular models in realistic lipid bilayers and polymers, the
design, synthesis and facilitated transport of water channel systems, and the structural
characterization, stability studies of AWCs through bilayer membranes.
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suggest molecular modifications to be submitted to the pipeline depicted in Fig. 4. The
preliminary CG approach has the advantage to reduce the computational cost for the
most time-consuming part of the pipeline, the sampling of self-assembled structures.
Such an approach should answer the following main questions:

• what is the structure and stability of AWCs in a membrane (or polymer)
environment?

• how do water transport and ion rejection happen at the molecular level?
• how can transport (and AWCs properties in general) be tuned and optimized?

To further understand the structure and stability in a membrane environment, we need
to investigate how the channels (self)assemble. The self-aggregation process raises a
number of questions. What is the size of the aggregates? Are all channels identical/
homogeneous? How does chirality affect the process?

To address water-channel functionality in a saline condition, we need to describe
how precisely transport happens. MD simulations may be used to systematically
examine the transport through AWCs of novel materials and specific AWCs to elu-
cidate the role of hydration and detailed molecular interaction during nanofiltration.
What is the geometry, mechanism and energetics of the process? How are ions rejected,
and what happens to protons? These are essential characteristics that will enable to
proceed to rational optimization of AWCs.

As briefly mentioned above, we performed MD simulations to understand the
structure/activity relationships of the artificial water channels formed by I-quartets. We
embedded small (ca. 3 nm wide) I-quartet channel patches based on the X-ray struc-
tures in a lipid bilayer environment with the same composition as that used in the
experiments to begin each simulation. The MD results showed that I-quartets prefer-
entially located within the bilayer membrane region and stabilized water channels in all
simulations, although the degrees of water-occupancy, transport and structuring varied.
We observed that the structural dynamics of I-quartet channels was dependent on the
lateral pressure applied to the membrane, with higher pressure favoring the structuring
of the water-wires and stabilizing the structure of the I-quartets. Very interestingly,
different water permeation mechanisms were observed ranging from disordered cross-
membrane pathways to strongly regular channel structures as depicted in Fig. 3.

Water transport and ion rejection characterization can be addressed even more
quantitatively through Potential-of-Mean-Force type approaches or use of adapted
collective variables to enhance the sampling. Osmotic gradients may be used to mimic
experimental conditions. These techniques enable to determine quantitative energetics
for transport of water, proton and ionic species. Statistical analysis can then provide the
key features (geometry, mechanism) of transport. Large-(time&length) scale assess-
ments may be required for selected systems, incorporating effects such as hydrody-
namics within a simplified model.

Tuning of AWC properties to optimize transport and stability may be treated in an
iterative fashion. First one may investigate a number of modifications such as deco-
rating the transport channel walls. Such approaches were successfully used for
understanding ion channel properties (work by Beckstein and Sansom, for instance [33,
34, 37, 61]) as well as e.g. water transport through carbon nanotubes (work by Hummer
[35, 36]). We can draw on our own experience with ion channels and the fine
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characterization of water in biological systems [54]. Each modification should then be
analyzed in terms of transport efficiency, ion rejection capability and stability.

3.3 Design, Synthesis and Facilitated Transport of Water Channel
Systems

The key to the design of water channels is having stable pores wider than the critical
diameter for selective binding to allow free flow of the water molecules. In general two
main water translocation mechanisms were identified in selective filter channels
working on a size restriction. They are related to:

• hydrophobic pores in which no H-bonding are occurring between the water and the
channels and

• hydrophilic pores that specifically bind water through hydrogen-bonds, to the wall
of the channel.

In the first case the design might be fairly straightforward; the size of the hydrophobic
pore is needed to be <3 Å to block the passage of hydrated ions. This difficulty still lies
in the synthetic routes for obtaining hydrophobic channels without H-bonding moieties
that might induce the selective transport of water against the ions. Whilst the size
restriction is necessary, water specific binding is needed for selectivity. We already find
important structural details toward this goal, because of the recent discovery by our
group of the artificial I-quartet channels introduced previously, having 100% selectivity
against salts and very interesting water permeability of *1.5 � 106 water
molecules/second/channel, approaching those of natural systems [7, 26]. To the best of
our knowledge, the I-quartets are the only channels nowadays presenting total ion-
exclusion, based on dimensional steric reasons, whereas water clustering effects appear
to be also important [26]. The selective binding of water can be achieved through the
synergetic combination of donor-acceptor H-bonding moieties. In both cases
binding/transport of cations or anions are prohibited, as such processes would induce
an energy penalty from the dehydration of the ions due to the simultaneous donor-
acceptor interactions with the hydrogen-bonding channels, mainly leading to the
selectivity of the water in competition with other ions.

Fig. 5. Biomimetic artificial water channels (left) Natural protein versus artificial supramolec-
ular ribbon self-assembly for water channel generation (right). Donor-acceptor-donor-acceptor H-
bonding moieties in donor-acceptor based channels for water recognition incompatible with the
binding of cations and anions.
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We now intend to reach the next goal of making more competitive channels with
controlled transport properties. This objective may require novel synthons combining a
particularly broad range of features, decorating the functional polar head with various
functionalities in order to enhance self-assembly and to control water binding prop-
erties of the polar head. The directional supramolecular guiding H-bonding interaction
is reminiscent of the amide moiety’s H-bonding in proteins and can be varied in order
to modulate the dynamics of the ribbon’s self-assembly. The hydrophobic tail provides
another design opportunity.

4 Advanced Visual Exploration

4.1 Spatial Complexities in Visually Understanding AWCs

Analyzing water channels through membrane-traversing pores on a 2D standard
desktop is a complex task due to the lack of a true perspective view of the spatial
structure. Such channels may form intricate three-dimensional ramifications within the
membrane. The difficulty resides in identifying precisely and effectively which part of
the I-quartet molecules interacts with the water and constitute transport channels. In the
models we investigated, several close-by yet independent channels are present, hence
one may easily misinterpret which water molecule belongs to which channel in a
typical crowded 2D projection. More advanced and intrinsically three-dimensional
display hardware solutions provide powerful alternatives with respect to 2D screens to
address these issues. We have carried out first experiments with three different setups,
comparing a 2D desktop environment, virtual reality headsets for truly immersive in-
depth exploration of artificial water channels, as well as a large-scale high-resolution
display wall. The VR approach is very powerful to immerse an individual into the
molecular world, whereas the display wall is more naturally prone to collaborative
exchanges around a complex 3D scene. We use our open-source UnityMol software
[62–64] for all experiments described here. The software is available for download and
operates in desktop (2D), display wall (3D) and virtual reality headset (immersive 3D
with head-tracking) modes.

4.2 Navigating Through AWCs in Three Dimensions

First experiments using 3D glasses on the display wall immediately showed the gain of
adding a 3rd dimension to the visual exploration. With respect to the water channel
visualization, the 3rd dimension adds depth of field enabling a scientist to more easily
identify each channel and to highlight the water molecules present in the interior of a
given pore. The large size of the display makes it easy to unite several collaborators
with complementary expertise such as a domain scientist, an expert in visualization, a
molecular modeling professional etc., such as to optimize the process and jointly
achieve the best analysis and visual inspection of the system. In particular when using a
surface representation of the channels and pores the 3D visualization provides a strong
gain through improved perception of bumps and crevices. By (arbitrarily and geo-
metrically) dividing the channels in two halves and displaying them as surfaces with
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different attributes, for instance in terms of color or transparency, the visualization is
improved and the identification of differences in stabilization and permeation on each
“side” is facilitated. Using a cutting plane to expose the channel interior is another
approach that works well. When using the virtual reality headset instead, such a visual
system preparation becomes less important because one can easily move inside the
molecule, finely control and change the point of view to adjust to a given channel of
interest instead of moving the whole molecular system into focus. The visual experi-
ence is clearly enhanced and requires less preparation to be efficient when moving from
a desktop to 3D display wall to VR headset context. In all three cases it has proven
difficult to intuitively select interesting parts of the system without an advanced geo-
metrical selection capability, as the pores do not follow a unique and easily identifiable
direction in the coordinate system. A prior selection, for example based on relevant
residue ids allows to work around this current limitation.

4.3 First User Feedback

Although the 3D display hardware capacities are clearly benefical to the exploration,
they are by no means sufficient to obtain insight into these complex molecular systems.
It is as necessary to finetune the visual representations as it is to add the third
dimension. We have collected the first user feedbacks on avenues for improving the
visual repertoire for these systems.

The lipid bilayer is a useful visual cue, however it easily saturates the visual
channel. An abstract and simplified representation, such as for instance depicting the
phosphorus atoms representing the lipid headgroups as a cue for the bilayer provides a
better experience. Similarly, representing parts of the system through transparency is
required to depict the context without hiding the water channels and not overloading
the scene. Highlighting hydrogen bonds in the system further helps to identify stabi-
lizing elements holding the water channels together. By depicting the surface blobs of
the water channels throughout trajectory playback, it is easily possible to follow
leakage or possibly breakdown of the channels. Such observations naturally generate

Fig. 6. Visual experiments exploring the properties of the I-quartet channel water conduction
pathways on a 3D stereoscopic display wall (a) and in a fully immersive virtual reality
environment using a headset (b). Both panels represent illustrative photomontages of such
experiments.
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ideas about key parameters in the system and how to possibly quantify them. In the
present case, for instance measuring the pore diameter during trajectory playback to
quantify “openness”. Some of these features still need to be implemented or refined in
the UnityMol software before the next round of experiments can be carried out.
Finetuning immersive visual analytic tools is a lengthy and iterative process of which
we only have scratched the surface so far.

5 Conclusion

The field of artificial water-channels is still a very young field. High conduction activity
obtained with natural compounds can be bio-mimicked using simpler compounds
displaying constitutional functions like the natural ones in order to create all-made
artificial biomimetic channels by using synthetic approaches. Improved synthetic
biomimetic water-channels and pores bear great promise to enhance our insight into the
natural function of macromolecular channels. Their development may lead to new
strategies for the design of highly selective, advanced water purification systems. The
membrane-assembled architectures, mimicking the natural protein functions and gen-
erating water/proton translocation pathways in bilayer membranes can be theoretically
scrutinized to unravel underlying mechanisms. Because of the spatial complexities,
advanced visualization approaches are particularly precious to achieve efficient visual
analytics of these membrane-traversing objects.
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Abstract. In this contribution, the approach to the modelling of a population of
transducing light giant unilamellar vesicles will be addressed taking into account
the problem of poly-dispersion in size and composition of the lipid compart-
ments. A general approach is presented and discussed along with some pre-
liminary results.

1 Introduction

Protocells are artificial compartments that mimic the behavior or some relevant features
of modern living cells (Stano 2018). In the so-called semisynthetic approach (Luisi
et al. 2006), they are mainly based on giant unilamellar vesicles (GUVs) that, for these
purposes, entrap in the aqueous core or embed in the lipid membrane both synthetic
compounds and biological extracts (enzymes, nucleic acids, cellular organelles, etc.)
(Walde et al. 2010). In recent years, in our research group, we developed a research line
focused on the preparation of GUVs able to transduce light energy in chemical energy
with the aim of synthetizing protocells energetically autonomous (Stano et al. 2017).
For this kind of reacting compartments, we coined the term of Artificial Simplified-
Autotroph Protocells (ASAPs) referred to protocells able to sustain an internal meta-
bolism by exploiting an external source of energy. In particular, our goal is to mimic
the bacterial photosynthesis and to implement photo-active ASAPs following two
different strategies: a single compartment and multi compartment approach respec-
tively. Being inspired from the purple non-sulfur bacteria Rhodobacter (R.) sphaer-
oides, photosynthetic organisms that convert light energy in chemical energy stored in
form of ATP molecules, we tried to reconstitute in GUVs all the enzymes engaged in
this process. In the particular case of R. sphaeroides, there are three well-characterized
integral membrane enzymes: the reaction center (RC), the ubiquinol:cytochrome c
oxidoreductase (bc1) and the ATP synthase (ATPsyn). All these three enzymes are
present in the bacterial cytoplasmic membrane and cooperate to perform the first step of
the bacterial photosynthesis. The first two protein complexes are involved in a photo-
induced cyclic electron transport and transmembrane proton translocation involving the
ubiquinone/ubiquinol (Q/QH2) and cytochrome c2 (cyt2+/cyt3+) redox pools, while
ATPsyn eventually converts the proton gradient into ATP molecules, via ADP phos-
phorylation (Fig. 1a).
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In the Single Compartment Approach (SCA), the three photosynthetic enzymes
must be reconstituted in the giant vesicle membrane with the correct orientation, i.e. the
same alignment they have in the cytoplasmic cellular membrane, to produce a photo-
driven ATP inside the GUVs (Fig. 1b). Thanks to a suitable preparation procedure, we
have been able to reconstitute RC in the membrane of GUVs keeping its photo-activity
and 90% of its physiological orientation (Altamura et al. 2017b) and now we are going
forward in this direction by reconstituting bc1 in the GUV lipid membrane (Altamura
et al. 2020a). On the other hand, in the multi-compartment approach (MCA) artificial or
biological organelles, producing ATP by light irradiation, can be entrapped in the
internal lumen of GUVs in order to prepare artificial multi-compartment architectures
for the light transduction. Following MCA, different authors have already presented
example of ASAPs by encapsulating nanosized vesicles containing ATPsyn and
Rhodopsin in GUVs. Indeed, under irradiation, these smaller vesicles work as orga-
nelles able to photo-produce ATP eventually exploited for sustaining protein expres-
sion (Berhanu et al. 2019) or a biological polymerization (Lee et al. 2018). In our
group, we are exploring the possibility of extracting chromatophores directly from R.
sphaeroides bacteria (Altamura et al. 2020b). Chromatophores are natural organelles
containing all the photosynthetic protein complexes able to produce ATP driven by
light (Altamura et al. 2018).

In this research framework, the aim of this contribution is to present a Monte Carlo
hybrid simulation approach for kinetically modelling compartmentalized reacting
systems. In particular, this approach allows to estimate the effect of the compartment
poly-dispersity on the time course of the GUV population.

Indeed, the time behavior of compartmentalized reacting systems can be influenced
by two sources of randomness: intrinsic and extrinsic stochasticity. The first kind of
random source is due to reacting molecules that, being in energetically different con-
ditions, can exhibit different reaction probabilities: intrinsic random effects (Mavelli

Fig. 1. (A) a simplified model of the photo-production of ATP, (B) a schematic drawing of the
ASAP architecture prepared following the SCA procedures.
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and Piotto 2006, Mavelli and Ruiz-Mirazo 2010). These effects are more evident for
lower numbers of reacting molecules in the system (Mavelli et al. 2014). For instance,
in the case of giant vesicles, these effects are quite negligible, if the concentration is
greater than 100 nM, due the large volume of the compartment. On the other hand, a
second source of stochasticity can be ascribed to the poly-dispersity of a reacting
compartment population in terms of morphology and composition. In particular, a
population of giant spherical vesicles can exhibit both size and composition broad
distributions that strongly depend on the preparation procedure (Stano et al. 2015).
Moreover, the random composition of compartments and the presence of catalytic
compounds can highly influence the compartment dynamic behavior. This can induce a
strong displacement from the average time course of the population (Calviello et al.
2013). To have an evidence of this kind of effects, we used a simplified enzymatic
model of light transduction for the photo-production of ATP as reported in Fig. 1(A)
and a hybrid stochastic approach to simulate the protocell population (Mavelli and
Stano 2015). The model describes the internal ATP production of a protocell of a given
size and a defined composition prepared as a single compartment following the SCA
procedures, Fig. 1(B). Moreover, to estimate the behavior of a vesicle population
assumed monodispersed in size, uncorrelated Gaussian concentration distributions are
assumed for the three photosynthetic enzymes. Thus, 1000 different GUVs are pro-
duced with a random enzymatic composition and for each compartment the deter-
ministic time course is calculated. Thus, 1000 different time behaviors are collected
and, from them, both the average time course and the standard deviation of the entire
population are estimated. Of course, it is important to stress that no other substrates are
considered affected from random distribution among the vesicles, just for sake of
simplicity.

The Kinetic Model
The kinetic model reported in Fig. 1A describes the ATP photo-production in terms of
three reaction steps. The first two that outline the photo-redox cycle, which generates a
transmembrane proton gradient. Instead, the third step depicts the ADP phosphoryla-
tion by exploiting the transmembrane proton gradient. The rates of these three steps are
assumed to be as follows:

RRC ¼ kRC RC½ � cyt2þ½ �ex
Kcyt2þ þ cyt2þ½ �ex

� �c1 Q½ �
KQ þ Q½ �

� �
H þ½ �

KH þ þ H þ½ �
� �2

ð1Þ

Rbc1 ¼ kbc1 bc1½ � cyt3þ½ �ex
Kcyt3þ þ cyt3þ½ �ex

� �c2 QH2½ �
KQH2 þ QH2½ �

� �
H þ½ �

KH þ þ H þ½ �
� �2

ð2Þ

RATPsyn ¼ kATPsyn ATPsyn
� � ADP½ �

KADP þ ADP½ �
� �

Pi½ �
KPi þ Pi½ �

� �
D H þ½ � ð3Þ
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where all the concentrations are calculated as volume concentrations in the internal
aqueous core of GUVs, except for the concentrations of the redox pair cyt2+/cyt3+ that
are related to the external environment. Therefore, since the concentration of GUVs is
very low, the total amount of both cyt2+ and cyt3+ is in excess compared to the total
amount of entrapped substrates. As a consequence, the external concentrations [cyt2+]ex
and [cyt3+]ex can be considered constant throughout the process.

The three photosynthetic enzymes are transmembrane protein complexes and their
expected surface concentrations CE

S are reported in Table 1. CE
S are converted in volume

concentrations [E] by multiplying them for the surface/volume ratio (3/rGUV) of a
spherical GUV of radius rGUV. This allows to evidence better the contribution of each
enzyme in the variation of the aqueous internal composition of GUVs of different sizes.
In fact, the photosynthetic surface concentration of each enzyme is assumed constant in
average on the GUV membrane independently of the vesicle radius.

As can be seen in the rate formulas, Eqs. (1)–(3), a Michaelis-Menten kinetic term,
power to a stoichiometric or an optimized exponent, is introduced to consider the
influence of each substrate on the enzymatic rate. Furthermore, RATPsyn is assumed to
depend linearly on the transmembrane proton gradient so coupling the ADP phos-
phorylation with the RC-bc1 photo-redox cycle. By assuming the presence of a pH

Table 1. Parameters of the kinetic model: kinetic and Michaelis-Menten constants and surface
enzyme concentrations.

Parameter Value Reference

CRC
S 1200 molecule/µm2 Altamura et al. (2017a)

Cbc1
S 200 molecule/µm2 Senner et al. (2016)

CATPsyn
S 88 molecule/µm2 Feniouk et al. (2002)

kRC 2.74 106 min−1 Altamura et al. (2017a)
kbc1 8.32 104 min−1 Altamura et al. (2017a)
kATPsyn 35 s−1 Iino et al. (2009)
KQ 1.19 102 mM Altamura et al. (2017a)
Kcyt2þ 6.48 10−5 mM Altamura et al. (2017a)

KQH2 8.88 10−1 mM Altamura et al. (2017a)
Kcyt3þ 7.06 10−1 mM Altamura et al. (2017a)

KH þ 1.0 10−4 mM Altamura et al. (2017b)
KADP 1.0 10−1 mM Iino et al. (2009)
KPi 4.2 mM Iino et al. (2009)
c1 4.8 Altamura et al. (2017a)
c2 3.5 Altamura et al. (2017a)
PH þ 4.9e−5 cm/sec Paula et al. (1996)
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chemical buffer in the outer aqueous solution, pH in the external environment is
supposed to be constantly equal to the physiological value: pH = 7.4. No pH buffer is
instead considered present in the internal aqueous core of vesicles; however, the
internal proton concentration is initially set in equilibrium with the external proton
concentration [H+]0 = 10−7.4 mol/dm3. As soon as the GUV suspension is irradiated by
light, i.e. t > 0, the internal proton concentration decreases being dependent on the
balance of three processes: the photo-redox cycle, that consumes 4 protons for each
cycle from the internal lumen, the proton diffusion across the lipid membrane, driven
by the concentration gradient, and the ATPsyn catalyzed phosphorylation.

In Table 1, all the kinetic parameters used for this model are reported along with
the literature references from where the values have been derived.

Equations 4–9 show the complete ordinary differential equation set to be solved for
obtaining the time course of the ATP production inside a GUV of a given radius rGUV:

d Q½ �
dt

¼ Rbc1 � RRCð Þ ð4Þ

d QH2½ �
dt

¼ � Rbc1 � RRCð Þ ð5Þ

d H þ½ �
dt

¼ �2 Rbc1 þRRCð ÞþRATPsyn þ
PH þ

rGUV
10�7:4 � H þ½ �� � ð6Þ

d ADP½ �
dt

¼ �RATPsyn ð7Þ

d ATP½ �
dt

¼ þRATPsyn ð8Þ

d Pi½ �
dt

¼ �RATPsyn ð9Þ

As it can be seen, the internal species are the only species which concentrations are
assumed to change in time. As already discussed, both the cyt2+ and cyt3+ pair and the
external proton H+ are considered constant due to an excess of molecules and/or to the
presence of a pH buffer.
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2 Results

Figure 2 shows the time courses of species concentrations entrapped in a GUV of 15 µm
radius. The concentration of phosphate [Pi] is not presented since it remains practically
constant in the investigated time range (data not shown). In fact, the phosphate initial
concentration is very high compared to ADP: [Pi]0 = 20 mM � [ADP]0 = 20 µM.

At time 0, the GUV suspension is assumed to be irradiated by light, so that the
photo-redox cycle starts working and an initial abrupt increase of the internal pH is
observed. In about 90 min, all the amount of the quinone Q present in the GUV is
converted in quinole QH2. In fact, the RC is much more efficient than bc1 in these
conditions, i.e. when the ratio RC/bc1 is 6/1 (Altamura 2017a). Therefore, in the first
90 min the ATP production is very fast, due to this abrupt pH increase. However, when
the internal pH reaches a stationary value around pH = 7.5, the ATP production
becomes slower, since the transmembrane proton gradient is now much decreased. In
the stationary conditions, the rate remains constant for the next 2.5 h and the ATP
concentration reaches 12.7 µM, with a yield of conversion about 64%, after four hours
from the light irradiation start.

Fig. 2. Time course of concentration of the internal species, obtained by numerically solving
ODEs (4)–(9) using the kinetic parameters reported in Table 1 with the following external
concentrations: [cyt2+]ex = [cyt3+]ex = 10 µM, pHex = 7.4, that remain constant, and the initial
concentrations: [Q]0 = 15 µM, [QH2]0 = 5 µM, [H]0 = 10−7.4, [ADP]0 = 20 µM, [ATP] = 0 µ
M, [Pi]0 = 20 mM of species that change in time.
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In Fig. 3, the outcomes of hybrid stochastic simulations are shown. In particular,
the average ATP production of a population of protocells randomly generated with the
same size, but with a different internal composition is calculated. As a simplifying
assumption, we consider that only the enzyme concentrations are randomly distributed

Fig. 3. Simulation outcomes of a transducing light vesicle population monodispersed in size:
rGUV = 15 µm. (a) Comparison between the simulated (bars) and the Gaussian (red line) enzyme
concentration probability density functions: [RC] = 4.0e−01 ± 8.0e−02 µM, [bc1] = 6.64e
−02 ± 1.3e−02 µM, and [ATPsyn] = 2.92e−02 ± 0.6e−02 µM; (b) ATP concentration time
course in each GUV of the population (red line) along with the average <[ATP]> (continuous
black line) and the random displacement <[ATP]> ±rATP (dashed black line); (c) Comparison
between the simulated (bars) and the Gaussian (red line) concentration probability density
functions of ATP produced inside GUVs after 4 h.
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among the compartments, while the concentrations of all the substrates are the same in
all the protocells. A population of 1000 spherical GUVs with the same radius (rGUV
= 15.0 µm) is generated randomly with the photosynthetic enzymes distributed
according to independent Gaussian probability density functions. In Fig. 3a, the

Fig. 4. Simulation outcomes of a transducing light vesicle population monodispersed in size:
rGUV = 1.0 µm. (a) Comparison between the simulated (bars) and the Gaussian (red line) enzyme
concentration probability density functions: [RC] = 6.0 ± 1.2 µM, [bc1] = 1.0 ± 0.2 µM, and
[ATPsyn] = 4.4e −01 ± 9e −02 µM; (b) ATP concentration time course in each GUV of the
population (red line) along with the average < [ATP] > (continuous black line) and the random
displacement < [ATP] > ± rATP (dashed black line); (c) Comparison between the simulated
(bars) and the Gaussian (red line) concentration probability density functions of ATP produced
inside GUVs after 4 h.
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Gaussian distributions of the enzyme concentrations are shown by assuming for all the
three enzymes a standard deviation equal to 20.0% of the expected average volume
concentration. For each GUV, the time course of the produced ATP has been calculated
solving the set of Eqs. (4)–(9) and reported in Fig. 3b (red lines), along with the <
[ATP]> average population time course (continuous black line) and <[ATP]> �ATP

(dashed black lines). In Fig. 2c, the GUV population distribution of the produced ATP
after 4 h is reported and compared with a Gaussian distribution. Note that the ATP /<
[ATP]> is 1.9%, much lower than the same ratio of each enzyme set to 20%. This
means that a sort of compensation on the population kinetic activity takes place among
the non-correlated distributed enzyme concentrations.

In Fig. 4, the outcomes of simulations performed starting from a population of 1000
GUVs of radius rGUV = 1.0 µm are reported. As it can be seen, the final average value of
the ATP concentration is lower than what obtained in the case of the larger size protocell
simulation, compare Fig. 3c and Fig. 4c. Indeed, in smaller vesicles the stationary state
is reached faster, in less than 10 min. In fact, although the surface concentration of the
three enzymes is assumed constant in average, the enzyme volume concentration
increases, since the surface/volume ratio is getting higher when the vesicle radius
decreases. This makes smaller protocells more efficient than the larger ones, but when
the stationary state is reached, the rate of the ATP production abruptly decreases in any
case. Moreover, it is worthwhile to note that the dispersion around the average beha-
viour is also higher for smaller compartments. In fact, 1.0 µm radius protocells exhibit a
broad dispersion around the average concentration of ATP produced after 4 h.

Fig. 5. Average ATP concentration produced by 4 h of light irradiation against the radius of the
GUV population. Outcomes obtained by statistically independent hybrid simulations on 1000
vesicles.
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The average ATP concentration produced after 4 h of light irradiation obtained by
outcomes of hybrid simulations is reported in Fig. 5 against the radius of the vesicles. This
plot shows as the behaviour of GUVs can be quite different since the smaller vesicles
exhibit a percentage of ADP conversion around 34% after 4 h. However, it is worthwhile
to remark that the model indicates that when the stationary state is reached, smaller
protocells are more efficient than the larger ones. Indeed, they exhibit a stationary rate of
ATP production that is faster, as clearly shown by plots in Figs. 3b and 4b.

3 Conclusions

In this contribution the problem of describing the time course of a population of giant
unilamellar vesicles transducing light energy is addressed. In particular, a hybrid
stochastic approach is presented suitable to take into account the extrinsic stochastic
effects on the time behaviour of protocells that is the effect of the dispersion in size and
composition of a GUV population. To get this goal, a simplified deterministic model is
presented and discussed. This model describes the kinetic coupling of the photo-redox
cycle, producing the transmembrane proton gradient, with the ADP phosphorylation.
Moreover, by assuming uncorrelated Gaussian distributions of the three photosynthetic
enzymes: RC, bc1 and ATPsyn among protocells, a populations of 1000 GUVs with the
same radius, but with an enzymatic random composition has been produced. For each
GUV, the enzymatic composition has been then randomly generated according to
uncorrelated Gaussian distributions and the time course of the ATP concentration cal-
culated by solving numerically the deterministic differential equation set. Thus, for each
monodispersed population the average ATP time course and the standard deviation have
been also obtained showing as the ADP conversion after 4 h of light irradiation
increases with the size of the vesicles, see Fig. 4. By assuming the surface concentration
of the three enzymes constant at least in average, this approach has shown that after 4 h
the yield of ADP-ATP conversion is unpredictably higher in larger vesicles, although
the smaller protocells are more efficient in longer time, due to a favourable
surface/volume ratio, i.e. since they have higher enzyme volume concentrations.

Finally, we would like to remark how this approach has clearly shown that pro-
tocells can exhibit different kinetic behaviour due to size and composition poly-
dispersions. Therefore, hybrid stochastic simulations can be suitable tools to investigate
the time behaviour of a reacting protocell population in presence of detailed infor-
mation on the vesicle composition and size distribution.
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Abstract. Polymeric materials are widely used in different fields. Due to their
versatility and properties, they can be used as chemically stable matrices for the
non-covalent incorporation of low molecular weight antimicrobial agents. Poly-
vinyl chloride (PVC) is one of the polymers widely used in themedical field and in
food packaging. We realized antimicrobial PVC based films by adding a different
percentage of antimicrobial agents containing an azo group. The antimicrobial
azo-compounds blended in PVCmatrices showed good inhibition of S. aureus and
C. albicans biofilm formation. Compared to glass or metal packaging materials,
polymeric packaging is permeable to gas molecules, such as water vapor and
organic vapor, or to flavors and additives. Knowledge of the diffusion of gases
through polymeric films is crucial, for polymers used in the food industry and the
biomedical field. In addition, the migration of small molecules blended in the
polymeric materials could affect the quality of the device and, the potential release
of these molecules into the body is a severe public health concern. The diffusion of
antimicrobial agent, named A4, in Polyvinyl chloride (PVC) film were investi-
gated bymolecular dynamics (MD) simulation studies. The effects of the presence
of the azo compound on the diffusion of O2, H2O, and CH4 in PVC matrices were
also studied by MD simulation.

Keywords: PVC � Diffusion � Azo dye � MD

1 Introduction

Polymeric materials, thanks to their versatility and properties, have become an essential
product in several fields. They are widely used for food packaging, transport, or to
produce medical devices. Due to its chemical resistance, long term stability, optical
clarity, and weldability, as well as its meager cost, Polyvinyl chloride (PVC) is widely
used in the medical field for making blood bags and flexible tubing for infusers and it is
the second most commonly used synthetic polymer in food packaging [1]. PVC based
films are hard and rigid, but the addition of plasticizers permits the preparation of soft
and flexible plastic packaging [2]. To prevent the development of bacterial infections,
the use of specific and powerful antimicrobial materials helps to fight and eliminate
infections. In general, plastic materials do not show intrinsic antibacterial properties.
However, their use plays a crucial role, as they can be used as a chemically stable
matrix for the non-covalent incorporation of low molecular weight antimicrobial
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agents. Several antimicrobial materials are prepared by adding triclosan, chlorhexidine,
and azobenzene, into different polymeric matrices such as polystyrene, polycaprolac-
tone, polypropylene and polyvinyl chloride [3–6].

In our previous work [7], using the solvent casting technique, we realized several
polymeric films formed by PVC and Polyoxyethylene sorbitan monostearate (PS60) as
plasticizer (Fig. 1). We used this kind of plasticizer to improve the mechanical prop-
erties and to avoid crystallization during the peeling step [8]. Solvent casting is one of
the oldest techniques in the production of polymeric films. After complete evaporation
of the organic solvent, the film is peeled off the support. The dried films are then cut
and packaged appropriately.

We also prepared antimicrobial polymer films by adding a different percentage of
three antimicrobial agents containing an azo moiety [9–11]. We reached the final
concentration of 0.01%, 0.05%, and 0.1% (w/w) of antimicrobial agent. Homogeneous
and elastic films were obtained, approximately 600 mm thick, as measured by a
thickness gauge.

X-ray analysis of dried films confirmed the amorphous nature of the materials and
the absence of crystals of azo compounds in the matrix. Thermal characterizations
indicated that the presence of the highest percentage of azo dye in the matrix (0.1%)
does not influence the thermal behavior of the material. The release of azo molecules
from the polymer films reached a plateau within 10 h. After that time, the polymer
films appeared undamaged and with the same initial mechanical properties. The
antimicrobial azo compounds blended in PVC matrices showed good biocide activity.
PVC films loaded with 0.01% of azo compounds were able to completely inhibit the
biofilm formation of S. aureus bacterium and C. albicans fungus. This aspect con-
firmed that the realized materials might be interesting for biomedical tools, antibacterial
surfaces, and films for active packaging.

Compared to glass or metal packaging materials, polymeric packaging is permeable
to gas molecules, such as water vapor and organic vapor, or to flavors and additives.
Knowledge of the diffusion of gases through polymeric films is crucial, especially for
polymers used in the food industry, where contamination from the external environ-
ment must be prevented. The study of the diffusion rate is also essential to evaluate the
lifetime of biomedical devices. In addition, the migration of small molecules blended in

Fig. 1. PVC/PS60 based film realized by the solvent casting technique

112 L. Sessa et al.



the polymeric materials could affect the quality of the device and, the potential release
of these molecules into the body is a severe public health concern [12].

The molecular dynamics simulation (MD) is a method widely used to analyze the
microscopic movement of molecules in a polymeric matrix [13]. This technique has
been widely used to study the diffusion of oxygen in membrane polymers of poly-
ethylene, polypropylene, and PVC [14], and again to study the diffusion of small gas
molecules of CO2 in Polyethylene terephthalate/ Polylactic acid mixtures [15]. Data
from the literature confirmed that the simulation results had the same trend as the
experimental results [16, 17]. This is encouraging for the application of MD as an
effective method to study the diffusion behavior of gas molecules in the polymers.

In this work, we used MD simulations at the atomic scale to study the diffusion of
gas molecules (O2, H2O, and CH4) in PVC matrices. We also investigated the
molecular diffusion of the antimicrobial agent (A4) in plasticized PVC film and its
effect on the diffusion of gases in the materials from the microscopic view.

2 Materials and Methods

2.1 Building of the Molecular and the Polymer Structures

The molecular models of O2, H2O, CH4, and 4’-Hydroxy-(4-hydroxy-3,5-dimethyl)-
azobenzene (A4) were built with the Materials Visualizer module of Materials Studio
7.0 BIOVIA Materials Studio [18]. The PVC polymer was built as a homopolymer
formed by 20 repeat units of vinyl chloride monomer. The structure of the plasticizer
Polysorbate 60 (PS60) was retrieved from the library PubChem [19]. Models were
geometrically optimized by using Forcite module with the “Smart Minimizer” method,
under the Dreiding force field [20, 21]. The force field we used, is an old and generic
force field that well parametrizes the azo compounds.

The amorphous cells containing PVC, the plasticizer and the azo compound were
built to simulate the experimental condition of our previous study [7]. To analyze the
diffusion of O2, H2O, and CH4 in PVC films, the molecules of gas were placed into the
cell structure of PVC. We fixed the value of 2% for gas molecules in the matrixes. We
also analyzed the matrix without the plasticizer to study the behavior of the azo com-
pound in different systems. We generated ten amorphous cells with an initial density of
1.4 g/cm3 according to the density of PVC film [22]. The compositions in terms of
weight percentage and number of molecules of each component are listed in Table 1.

The energy of the amorphous cells was optimized using COMPASS as Forcefield.
The nonbonded electrostatic and van der Waals forces were controlled by “group-based”
summation and a cutoff value of 15.5 Å. A short molecular dynamics simulation
(MD) at constant energy (NVE) was performed to equilibrate the systems. Five
annealing cycles were performed with the initial temperature of 300 K and the mid-
cycle temperature of 500 K. Then, the equilibration was performed at constant tem-
perature (NVT) to ensure that the system is at the correct temperature. It was carried out
using Velocity Scale as the thermostat, for a total time of 50 ps. This time was enough to
equilibrate the cell correctly. We monitored the equilibration progress by looking up the
energies in the live update chart, which was constant apart from small fluctuations and
we could assume that the systems were indeed in the thermal equilibrium condition.
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2.2 Simulation Method

All simulations were performed using the Forcite module in Materials studio 8.0. MD
simulations at constant energy and at the temperature of 300 K were performed for
2500 ps using Dreiding as force field and timestep of 1.0 fs. The nonbonded electro-
static and van der Waals forces were controlled by “group-based” summation and a
cutoff value of 15.5 Å. The trajectories were collected at an interval of 250 ps. We ran
dynamics at constant energy (NVE) because some thermostats can interfere with the
dynamics of the system, and potentially affect the diffusion coefficient.

Table 1. Composition of the amorphous cells

Model Composition Weight % Molecules loaded

PVC/O2 PVC 98.0 10
O2 2.0 8

PVC/PS60/O2 PVC 88.8 10
PS60 9.2 2
O2 2.0 9

PVC/PS60/A4/O2 PVC 86.0 14
PS60 9.6 3
A4 2.4 2
O2 2.0 13

PVC/H2O PVC 98.0 10
H2O 2.0 14

PVC/PS60/H2O PVC 88.8 10
PS60 9.2 2
H2O 2.0 16

PVC/PS60/A4/H2O PVC 86.0 14
PS60 9.6 3
A4 2.4 2
H2O 2.0 23

PVC/CH4 PVC 98.0 10
CH4 16 2.0

PVC/PS60/CH4 PVC 88.8 10
PS60 9.2 2
CH4 2.0 18

PVC/PS60/A4/CH4 PVC 86.0 14
PS60 9.6 3
A4 2.4 2
CH4 2.0 25

PVC/A4 PVC 97.3 14
A4 2.4 2.0

PVC/PS60/A4 PVC 87.8 14
PS60 9.8 3
A4 2.4 2
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3 Results and Discussion

3.1 Fractional Free Volume (FFV)

Molecular dynamics is an essential tool to evaluate the molecular packing of the
polymeric system. The spaces between molecules of the blend systems are called free
volume. The size and shape of these holes in the polymeric matrix affect the diffusion
behavior of the gas molecules. In general, high values of diffusion coefficients are
caused by large holes in the system.

The free space within the simulation cell can be obtained using the Connolly
surface method [23]. It can be represented by the volume on the side of the Connolly
surface without atoms and can be calculated by rolling a spherical probe over the van
der Waals surface. We selected a probe radius of 1.5 A and this value was enough to
define the values of free volume and volume occupied by the polymeric matrix. To
compare the free volume between the simulated PVC cells, we calculated the fractional
free volume (FFV) by using the following equation [24]:

FFV ¼ Vf

Vf þV0
� 100% ð1Þ

where Vf is the volume of the holes, and V0 is the volume occupied by the materials.
In Table 2, we report the percentage of FFV for the 11 analysed systems.

3.2 Gas Diffusion in Polymeric Matrixes

The diffusivity of a gas in a polymeric matrix can be calculated by running a molecular
dynamics simulation and determining the mean square displacement (MSD) of the gas
in the material. The Einstein equation [25] is a useful method to correlate the diffusion
coefficient (D) with the increase of MSD during the simulation time. The MSD was
calculated using the Forcite module available in MS 7.0, applying the Einstein Eq. (2):

D ¼ 1
6Na

lim
t!1

d
dt

XNa

i¼1
ri½ tð Þ � rið0Þ�2 ð2Þ

where Na is the number of diffusive molecule i in the system, t is the diffusion time,
and ri(t) and ri(0) are the diffusion position vector of the diffusion molecule i at time
t and 0 respectively.

Figure 2 shows the MSD curves for the diffusion of the three chosen gases (O2,
H2O, and CH4) in the simulated cells of PVC before and after the inclusion of the azo
compound. We calculated the coefficient D (cm2/ps) according to the above Eq. (2).
We performed a linear regression by analyzing the mean square displacement
(MSD) curve. We deleted the data corresponding to the initial, non-linear, part of the
graph, and we abstracted the slope a from each straight line. In Table 2 are shown the
values of D listed in descending order of diffusion.
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Fig. 2. Linear fitting of Log10 curves of MSD for (A) O2 molecules in PVC (blue), in PVC/PS60
(orange) and in PVC/PS60/A4 (gray); (B) H2O molecules in PVC (blue), in PVC/PS60 (orange)
and in PVC/PS60/A4 (gray); (C) CH4 molecules in PVC (blue), in PVC/PS60 (orange) and in
PVC/PS60/A4 (gray).
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PVC based materials are very permeable to molecules of gas of oxygen and water.
As we can observe from the predicted diffusion values shown in Table 2, the addition
of the plasticizer in the matrix increases the diffusion to these gases, increasing the
volume of voids in the cell. This reduction of gas barrier properties can be neglected
when considering the advantages of the mechanical properties that plasticizers give to
the final material. In contrast, the simulated systems show a good ability to provide an
excellent barrier property to methane gas molecules.

In this study, it was found that the inclusion of the azo dye in a polymer matrix has
several advantages. The main one is the opportunity to prepare an antimicrobial
material by mixing the antimicrobial agent with the inert polymer. The second one is
the ability of the antimicrobial molecule to increase the barrier property of gas.

3.3 Azo Compound Diffusion in Polymeric Matrixes

We simulated the diffusion of the antimicrobial azo compound (A4) in a polymeric
matrix before and after the inclusion of three gases (O2, H2O, and CH4). We calculated
the coefficient D (cm2/ps) according to the Einstein Eq. (1).

In Table 3, we compared the diffusion of the A4 compound in the five simulated
systems. We observed that A4 has higher mobility in PVC and PVC/PS60 systems. In
this last case, the presence of the plasticizer PS60 does not affect the diffusion process

Table 2. Fractional free volume comparison and Diffusion coefficient (D) for gases

Model FFV D (cm2/ps)

PVC/PS60/H2O 2.55% 6.93E−06
PVC/PS60/O2 2.33% 6.86E−06
PVC/O2 1.88% 4.57E−06
PVC/PS60/CH4 1.64% 2.11E−06
PVC/H2O 1.46% 9.27E−07
PVC/PS60/A4/H2O 1.23% 7.01E−07
PVC/CH4 1.11% 3.61E−07
PVC/PS60/A4/CH4 0.88% 2.80E−07
PVC/PS60/A4/O2 0.83% 2.78E−07

Table 3. Diffusion coefficient (D) for A4 azo compound

System D (cm2/ps) FFV

PVC/PS60/A4 1.53E−07 2.10%
PVC/A4 1.47E−07 1.85%
PVC/PS60/A4/H2O 8.38E−08 1.23%
PVC/PS60/A4/O2 6.82E−08 0.83%
PVC/PS60/A4/CH4 3.84E−08 0.88%
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of the antimicrobial agent. The simulation data showed that the presence of water vapor
increased the diffusion of the A4 molecule, which is instead reduced when methane is
added in the cell.

4 Conclusion

We simulated the systems formed by PVC, Polysorbate 60, and the azo molecules A4,
as a representative structure for the antimicrobial agents. We applied the molecular
dynamics technique to analyze the effect of the azo compound on the diffusion of O2,
H2O, and CH4 in PVC cells. From the predicted coefficient diffusion, we found that the
PVC based systems are permeable to molecules of oxygen and water gas, but they
provide a suitable barrier property to methane gas molecules. Compared to the pure
matrices, systems with plasticizers show a higher gas permeability. The higher water
vapor permeability limits the application of PVC based materials in hydrated condi-
tions. The molecule A4 significantly reduces the diffusion of gas molecules of oxygen,
water, and methane by competing for free holes in PVC. The azo dye dispersed in the
polymeric matrix provides a gas barrier function. The higher free volume in pure PVC
matrix and PVC/PS60 systems, facilities the diffusion of the azo dye. In contrast, the
migration of A4 molecule is drastically reduced by the presence of gas. Among the
three different gases considered, we observed a slight increase migration of the azo dye
in the hydrated film, back to the limitations of PVC applications.

The molecular dynamics has been an efficient method for the in-silico study of the
films. We can conclude that the insertion of azo molecules in polymeric matrix allows
both the production of materials with antimicrobial property and with high gas barrier
properties.
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Abstract. It is well known that, during rapid temperature variations, lipid
membranes are sensitive structures within cells. It is, therefore, not surprising
that membranes are one of the most critical cellular targets for temperature
adaptation. Many organisms adapt to the different temperature changing the
degree of unsaturation of the lipids in the membrane. In this study, we describe a
pseudo-semantic analysis approach applied to molecular dynamics. This
approach is based on the encoding of data into strings and on the calculation of
similarities. The described approach is universally applicable and, in this work,
the fluidity of a POPC (palmitoyl-oleoyl-glycerophosphocholine) membrane
under different conditions was monitored. In three simulations we varied the
temperature above and below the phase transition temperature (Tm). In a fourth
simulation we added an external molecule as fluidifier. The results of the
clustering, obtained by similarity values, were consistent with the experimental
data.

Keywords: Molecular dynamics � Semantic encoding � Membrane

1 Introduction

Phospholipid membranes play a critical role in compartmentalization, as a medium for
proteins to functionality and as structural scaffolding for cells. At the same time, the
protein activity is influenced and, in some cases, modulated by the physical state of
membranes [1]. Atomistic simulations have been made to reproduce and predict many
fundamental properties of phospholipid membranes. During the last years, molecular
dynamics (MD) simulations have increased in length and time scales by orders of
magnitude. In an MD simulation, all atoms in the system are treated classically, and the
chemical bonds between atoms are generally modeled with harmonic expressions. For
atom pairs that are not chemically bonded, potential energy expressions include
coulombic ‘6–12 interactions’ that consists of a repulsive part, which decays as 1/r12,
and an attractive part, which decays as 1/r6 [2]. This permits to model interactions due
to polarization effects between atomic electron clouds. Torsional potentials model the
interactions between next-nearest neighbor atoms on the same molecule. The set of
functions, and the parameters characterizing the strengths of the various interactions, is
commonly referred to as ‘force field’. This approach has severe limitations. The first
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one concerns the parameters. They can be calculated by ab initio computations or
derived by experiments. Of course, it is not possible to forecast the evolution of a
system if a simplified description of the system, like the one provided by the force field,
cannot capture the essential characteristics of the aggregate. The second limitation is
the maximum time step for which the integration of the equations of motion remains
stable. A typical value is 2 fs (2�10−15 s). This means that 5�105 integration steps are
necessary to calculate the dynamics of a system during 1 ns. With current computers
and algorithms, the size of systems and the time scales for which phospholipid bilayers
can be studied preclude the accurate examination of phase transitions, the interaction of
proteins with the membrane, or the flip flop of lipids.

Successful MD simulations of the gel phase of phospholipids appeared in recent
years [3]. The simulations demonstrate convincingly that all-atom models are necessary
for the study of the gel phase, as is the use of constant pressure, rather than constant
volume simulation constraints. For more complex membranes, with several lipid
components, many reports have appeared recently [4–6]. One of the essential mole-
cules to be considered is cholesterol. Cholesterol is capable of modifying the
mechanical, thermophysical, and lateral organizational properties of membranes [7].

MD simulations start to offer the prospect of analysis of the interactions between
membrane proteins and surrounding lipid molecules. This is extremely important, since
only limited data on lipid-protein interactions may be obtained by examining inter-
actions in those crystal structures where lipid molecules are present. The lipid mem-
brane physical state influences the conformational space explored by a protein. The
secondary structure of a transmembrane peptide is found to deviate from its structure in
aqueous solution through reversible conformational transitions. The peptide moderately
alters the lateral compressibility of the bilayer by changing the equilibrium area of the
membrane. This results in an alteration of the chemical-physical parameters of the
membrane, such as fluidity, spontaneous curvature, and bending rigidity coefficients.
The distribution of local pressure inside a bilayer, the so-called lateral pressure profile
(LPP) [8], is a fascinating but still poorly understood property. The lateral pressure
profile is related to many relevant macroscopic and measurable quantities, such as
surface tension, surface free energy, and spontaneous curvature. Changes in the lateral
pressure profile may affect the functionality of mechanosensitive proteins in cell
membranes, which could explain, for example, the action of general anesthetics and the
coupling between protein functionality and lipid content. Also signaling via receptors
coupled to the G protein and the activity of channels and/or transporters involve
structural rearrangements and such structural changes are also influenced by changes in
the lateral pressure profile of the membrane induced by anaesthetics.

Anything capable to modulate the membranes physical state can modulate G
protein binding to bilayers [9]. The presence of unsaturations in lipids induce changes
in the binding of G proteins that depend on the type of G protein (monomeric, dimeric
or trimeric) and the membrane composition (PC:PE molar ratio). These results imply
that the fatty acids associated with Ga subunits not only participate in the attachment of
G proteins to membranes but also, in the interactions and sorting of G proteins to
different membrane domains. Geranylgeraniol (GG) moieties induce the most relevant
changes in the binding of the different forms of G proteins to lipid bilayers. In non-
lamellar prone membranes, GG significantly reduces the binding of Gai protein to
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membranes with a PC:PE content similar to that found at the inner leaflet of the plasma
membrane [9].

The state of a membrane is often interpreted in terms of fluidity. Unfortunately, for
a membrane, an anisotropic fluid, the concept of fluidity is poorly defined. The LPP is
sometimes used. LPP, however, has the high disadvantage of not being measurable
with an instrument, is difficult to apply because the membrane is heterogeneous, and it
returns the state of the membrane in a specific position.

The classic methods for the evaluation of membrane fluidity include an average
over time of the order parameter (SCD) of the individual carbons composing the
phospholipid chains. This causes an approximation and inaccuracy of the obtained
results. Despite its popularity, the concept of fluidity and the related concept of vis-
cosity is not directly applicable to membranes because it is not isotropic media.
Observations are accumulating that challenge the dominant hypothesis that membrane
fluidity serves as a measure of lipid saturation regulation [10].

The LPP and, more generally, the membrane physical state can be tuned by tem-
perature changes and by the presence of endogenous molecules. For example, benzyl
alcohol (BA) has a well-known fluidizing effect on both artificial and cellular mem-
branes [11]. In the context of membrane biology, BA is generally referred to as a
membrane fluidifier due to its ability in increasing the fluidity and decreasing the order
of bilayer membranes, such as artificial lipid bilayers and cellular membranes. The BA-
induced disordering of lipid bilayers has been measured by several techniques
including capacitance and conductance [12], electron spin resonance [13, 14], NMR
[15], differential scanning calorimetry [16] and fluorescence polarization [16]. X-ray
studies have shown that BA can induce an interdigitated phase in bilayers [17], and the
compound has been reported to localize in the interfacial region of a bilayer with the
hydroxyl group oriented in the polar head group region and the benzene ring towards
the membrane hydrophobic core. In addition to increasing disorder among lipids in
both model and biological membranes, BA can affect also other properties of biological
membranes. BA has been reported to induce destabilization of sterol-rich domains
formed by sphingomyelin and cholesterol in artificial bilayers. Hence, the ability of BA
to affect the activity of specific membrane proteins could depend on the lateral local-
ization of the proteins within a membrane as well as on the ability of BA to affect the
interactions between the proteins and the surrounding lipids in the domains.

BA will probably also modulate the activities of specific membrane proteins and
reduce membrane order. This phenomenon is probably related to BA ability to disrupt the
interactions between membrane proteins and surrounding lipids by fluidizing the lipid
nozzle. The components of biological membranes are laterally diverse in transient
compositions of varying content and order, andmany proteins are activated or inactivated
by their location within or outside the membrane domains with different physical phases.

The pseudo-semantic approach is able to consider the full state of the membrane
with an atomistic spatial resolution. This type of analysis permits to evaluate if the
addition of an exogenous molecule can reproduce the physical state conditions of the
membrane that we obtained by varying the temperature.

This approach is valid for different types of MD simulations analysis, allowing to
reduce the computational time needed for the analysis by 3–4 orders of magnitude. In
general, any parameter that can be converted into a text string can be analyzed with this
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method, for example the analysis of phase transitions, or the prediction of
agonist/antagonist mechanism of action of a protein receptor.

To prove the applicability of this method to complex biosystems such as biological
membranes, the fluidity of the membrane has been analyzed. All lipids have a char-
acteristic temperature (Tm) at which they undergo a transition from gel (solid) to liquid
phase. In the liquid phase the lipids have a greater fluidity and greater freedom of
movement within the bilayer [18].

In this work, we applied a pseudo-semantic approach for the MD analysis of a
palmitoyl-oleoyl-glycerophosphocholine (POPC) model membrane [19]. The method,
described in detail below, was used to analyze the variation of membrane fluidity by
changing the temperature and by adding exogenous fluidifying molecules to the sim-
ulation environment.

2 Materials and Methods

2.1 Molecular Dynamics

Molecular dynamics simulations were performed on four different systems, for 10 ns
each. Three systems consist of POPC model membranes at different temperature. The
fourth system is amembrane of POPC at 270 K upon addition of benzyl alcohol (BA) as a
fluidifier. The first 250 ps of each simulation were not used for analysis and used to
balance the system and. This time is necessary to let the POPC molecules to compact
properly. The simulated systems are composed by 56 lipids. The system is fully hydrated
(water density 0.997 g/mL). Only the final 5 ns of the simulation were analyzed from the
trajectory files. The phase transition temperature (Tm) of POPC is 271 K [20]. Therefore,
two simulations were performed at a temperature than lower Tm (250 K–270 K), one was
performed above it (290 K) and the last one at 270 Kwith the addition of BA as fluidifier
to evaluate its effect on the system. MD simulations were performed with Yasara
Structure software package [21]. The used force-field was AMBER14 under NPT con-
ditions. The ParticleMesh Ewald (PME) algorithmwas used for electrostatic interactions
with a 8Å cut-off. The SCD (Deuterium Order Parameter) was calculated using the
MEMBPLUGIN plugin of VMD program [22] to obtain information on the chain ori-
entation and to predict possible alterations of the lipophilic chains of phospholipids.

2.2 Strings Preparation

The analyzed parameter is the SCD, calculated using VMD MembPlugin [22]. The 21
frames, corresponding to the final 5 ns of the simulation have been analyzed. For each
phospholipid the order parameter is obtained for both the saturated and unsaturated
chain. Two files are generated for each system, corresponding to the two aliphatic
chains. Before the conversion, the two files are concatenated. For each SCD value a
letter is assigned. A total of 84 alphabetical strings are produced (21 for each of the 4
systems). In each string the SCD values of each carbon of the saturated and unsaturated
aliphatic chain of phospholipids are reported in letters.
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2.3 Strings Analysis

The strings are processed with ProtComp program, an online software package able to
analyze the similarities among strings (www.yadamp.unisa.it/protcomp). ProtComp is a
software that pre-processes input files to eliminate redundant data and then extracts
sub-strings of length k (k-mer), defined by the user. The input files are read through a
sliding window, creating dictionaries (one for each k-mer) that share some common
information. When all input files have been processed, they are merged into a single
MEF (Most Expressed Features) dictionary. It is possible to define an Expressed
Features (EF) as a string of length l and a number of occurrence of the strings (oi). The
dictionary MEF contains all EFs in descending order starting from the sequences with
larger oi [23].

Protcomp calculates distances among strings (Fig. 1). The metric used to calculate
the distances is the Easy Similarity Score (ESS), as defined in Eq. 1.

ESS corresponds to the overlap of the two dictionaries divided by the smallest. k-
mers with a length between 6 and 8 were used.

ESSlmin;lmax X; Yð Þ ¼
Plmax

lmin MEFi Xð Þ \MEFi Yð Þj j
MIN X; Yð Þ ð1Þ

Where:
ESSlmin,lmax (X, Y) = Easy similarity score between two sets (X, Y);
MEFi(X) = MEF dictionary of the set X with string length i;
MIN(X, Y) is the smallest dictionary.
To provide an effortless display of the calculated distances between the 44 tra-

jectories (11 for each type of system), we have applied t-SNE (t-distributed stochastic
neighbor embedding) [24]. t-SNE is a nonlinear dimensionality reduction technique.
The data was displayed using a dispersion graph (Fig. 2).

Fig. 1. Example of the Protcomp workflow. Protcomp pre-processes input files and extracts sub-
strings of length k (k-mer). The input files are read through a sliding window (in red), creating
dictionaries of the most abundant sub-strings MEF (Most Expressed Features) dictionary. The
Easy Similarity Score (ESS) metric is pairwise applied to the MEFs to generate a matrix of
distances.
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3 Results

The analysis proposed here represents an alternative to traditional studies on the
physical state of membranes. All the most commonly used methods suffer from some
severe problems. For example, computational investigations using techniques such as
the SCD order parameter calculation necessarily offer averaged values. In contrast,
those carried out with LPP provide a fundamental analysis but without the possibility
of experimental verification. Finally, the most common experimental methods, such as
the use of fluorescent probes, hardly discriminate between membranes of similar
composition and inevitably alter the same physical state they claim to measure. The
method described in this paper does not extract a numerical value to be attributed to the
membrane physical state, but can determine the extent of perturbation of a membrane
by calculating the similarity among bilayers.

In Fig. 2, each point indicates a snapshot of MD simulations. Each simulation of
MD generates 21 snapshots, whose color indicates the time (ns). The size of the points
signifies the temperature applied; the smaller dots indicate a lower temperature.

The figure shows the four analyzed systems at different temperatures: at the top
right, the two systems are consisting of the POPC membrane before the phase transition
temperature (250–270 K). At the center bottom, there is the 290 K POPC system, and
at the left, there is the system membrane+BA.

The systems simulated below the Tm temperature (250–270 K) show high simi-
larity, as evident by the extreme proximity of the points in the graph. This indicates a
similar physical state of the membrane.

For the 270 K BA system, there is a difference compared to the 270 K membrane
alone. The two clusters are distant from each other. This shows that the BA has
modified the fluidity of the membrane as already experimentally reported in ref. [25].

Fig. 2. t-SNE dispersion graph. Each point corresponds to a frame of molecular dynamics. Each
dynamic generated 21 frames, indicated by a time scale colored from red to blue. The figure
shows the four systems analyzed at different temperatures.
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The system with BA at 270 K is more similar to POPC at 290 K rather than POPC at
270 K without a fluidifier. This is even more evident from the tree obtained from the
distance matrices of the 4 systems.

The tree (Fig. 3) shows the distance among the clusters. We can see from the length
of the branches that the 270 K BA+POPC system is closer to the 290 K system, rather
than pure POPC at 270 K.

These results show that this pseudo semantic analysis is capable of detecting the
physical state of POPC membranes correctly.

4 Conclusions

This work proposes a pseudo-semantic approach that uses a newly defined metric to
analyze an MD trajectory of a POPC membrane. The analysis offered here represents
an alternative to traditional studies on the physical state of membranes. In particular, it
solves the problem of creating unavoidable artifacts with the use of fluorescent probes
and offers a type of holistic analysis that is complementary to traditional methods. The
method described can be used to investigate the state of membranes and how it
modulates the dynamics of embedded proteins. However, it is important to underline
how this approach has its strength in its applicability. The method can be used for the
analysis of any system that can be encoded in strings. This allows the analysis of
protein structures, crystals, and even molecular dynamics. The application of the
method for the study of protein folding is currently being validated.
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Abstract. Recent years witnessed an explosion of machine learning methods in
all sectors. However, in the materials sector, and even more specifically in the
biomaterials sector, although there have been numerous attempts at general-
ization, there has been a severe problem of coding the problem. The reason lies
mainly in the temporal and spatial dimensions of the materials and their intrinsic
complexity. In this contribution, we wish to suggest a possible universal coding
of materials. This coding exploits a pseudo-semantic analysis and can be par-
ticularly advantageous in the study of polymeric biomaterials.

Keywords: Pseudo-semantic analysis � MD � ProtComp

1 Introduction

The process of discovering new materials can be significantly accelerated and sim-
plified if we can learn effectively from existing data. Several contributions have shown
that an efficient and accurate prediction of material properties is possible using auto-
mated (or statistical) learning methods trained on the results of quantum mechanics
calculations in combination with concepts of chemical similarity [1–6]. For example, a
general formalism for a family of one-dimensional chain systems has been presented,
allowing us to discover decision-making rules that establish a mapping between the
easily accessible attributes of a system and its properties. It has been shown that
fingerprints based on chemostructural information (composition and configuration
information) or electronic charge distribution can be used to make ultra-fast but
accurate property predictions [7]. The use of such learning paradigms expands recent
efforts to explore and exploit vast chemical spaces systematically. These methodologies
can significantly accelerate the discovery of new application-specific materials. Fore-
casts are typically interpolating, where first a fingerprint material is captured numeri-
cally, and then a mapping (determined by a learning algorithm) between the fingerprint
and the property of interest is followed. Fingerprints, also called “descriptors,” can be
of many types and sizes, depending on the application and needs. Forecasts can also be
extrapolated - the extension to new materials - spaces provided that predictive uncer-
tainties are adequately considered.
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Extracting or learning from these resources or other existing reliable data can lead
to the identification of previously unknown relationships between properties and to the
discovery of qualitative and quantitative rules - also called surrogate models - that can
predict the magnitude of material properties faster, more cheaply and with less human
effort than the benchmark simulation or experimental methods used to generate data.

Challenges are accompanied by great opportunities. The question always arises as
to what kind of material science problems are best suited for a data-based approach.
A clear understanding of this aspect is essential before deciding to use automatic
learning to address a problem of interest.

Perhaps the most critical aspect of the automatic learning paradigm is that it deals
with the numerical representation of cases or input materials [8, 9]. A numerical rep-
resentation is indispensable to design the concept of prediction quantitatively. The
selection of the numerical representation can be made valid only with sufficient
knowledge of the problem and the objectives (i.e., competence or experience) and is
usually iterative, taking into account the aspects of the material with which the real
property can be correlated [10].

In materials science, particularly in polymer science, the concepts underlying
QSAR/QSPR finally led to the success of group contribution methods [11]. Van
Krevelen and his colleagues studied the properties of polymers and found that they
were strongly related to chemical structure (e.g., type of polymer repetition unit, end
groups, etc.) and molecular weight distribution. They observed that the properties of
polymers, such as glass transition temperature, solubility parameters, and mass mod-
ulus, which were and are difficult to calculate with conventional calculation methods,
were and are related to the presence of different chemical groups and group combi-
nations in the repetitive unit. Based on a purely data-based approach, they developed an
“atomic group contribution method” to express the different properties as a weighted
linear sum of the contribution (called atomic group parameters) from each atomic group
that formed the repetitive unit. These groups can be units such as CH2, C6H4, CH2-CO,
etc. that make up the polymer.

However, the full application of these replacement models is still limited because
(1) the definition of the atomic groups is somehow ad hoc, and (2) it is assumed that the
target properties are linearly linked to the parameters of the group.

This method provides a uniform and seamless pathway to represent all polymers
within this class, and the method can be generalized indefinitely considering fragments
of a higher-order (i.e., quadruplets, quintuples, etc. of the types of atoms). The strength
of these modern, data-based learning approaches based on molecular fragments (such
as its group contribution predecessor) lies in the knowledge that any property related to
the molecular structure - whether calculable via DFT [12, 13] (e.g., bandgap, dielectric
constant), with all atoms or coarse grain molecular dynamics [5, 14] or experimentally
measurable (e.g., glass transition temperature, dielectric loss) - can be learned and
predicted. The representation based on molecular fragments is not limited to polymeric
materials.

MoA analysis of a ligand is a complex task on a multi-state receptor such as GPCR.
It is commonly accepted that GPCR receptors oscillate between (at least) two states,
referred to as open and closed conformation [15, 16]. The simple binding of a ligand is
not enough to establish the biological response of the molecule and distinguish between
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the agonist and antagonist. This aspect is usually expressed by evaluating the final
effect of the entire path initiated by the receptor and not by a mechanical interpretation
of the system.

To compare the effect of different molecules on the same receptor is necessary to
identify a suitable metric to compare the dynamics of the systems. A dynamic state is
identified with a string of characters, each representing a residue of the receptor.
n strings, 1 for each frame, embed the information of the whole dynamics of the
system.

The adopted method to transform the information contained in the molecular
dynamics calculations into processable data can be easily used to train a Neural Net-
work. The final aim is to verify the possible correlation between the agonist/antagonist
activity of a ligand and the conformational changes that occur in the receptor.

A key point is the calculation of the similarity between the various strings.
A transition between a-helix and b leaflet should be observable as a transition from one
point to another, without oscillations. The effect of a ligand on the dynamics of the
systems can be quickly evaluated. If a ligand, for example, blocked the conformation in
a defined way or denatured the receptor, a defined and irreversible variation would be
observed in the strings. Having a periodic oscillation is an indication that the ligand
does not block the system but alters the frequency of movement and not the mechanics
of the system itself.

2 Methods

MD trajectories must be converted in strings and submitted to the ProtComp software
(www.yadamp.unisa.it/protcomp), able to analyze the similarities between them.

ProtComp is a method that counts the number of substrings of length k (k-mer) in
each string. The input files are read by sliding-window scrolling, forming dictionaries.
Dictionaries share common information. When all input files have been processed, they
are merged into a single MEF (Most Expressed Features) dictionary. You can define
MEF as an l-length dictionary as a pair (ci, oi) where there is an l-length segment that
occurs oi times in a string X with oi � 1.

ProtComp uses the Easy Similarity Score (ESS) metric to calculate distances. This
metric considers the intersections between dictionaries by dividing them by the smallest
dictionary [17].

The hydrogen bonds formed during the simulation were monitored for each water
molecule in the system. The number of H-bonds varies between 0 and 4, so the state of
the system in a given instant is represented by a string with length equal to the number
of water molecules.

In the case of protein receptors, molecular dynamics calculations were performed
for the following systems:

1. free receptor (derived from the structure with pdb code: 6A93)
2. receptor bound to LSD (agonist)
3. receptor bound to 8NU (risperidone, antagonist)
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Each system was inserted in a membrane model (POPC 100%), and a simulation of
molecular dynamics long 30 ns was carried out. The system was fully hydrated, and an
initial minimization of 250 ps was performed. The force-field used was AMBER15FB;
the simulation cell is 80 � 80 � 80. At the end of the simulations, 120 simulation
snapshots were produced for each system.

Subsequently, for each frame and for each residue, the RMSD (Root-Mean-Square
Deviation) was calculated between the receptor in the presence of the different ligands
and the only receptor present in the membrane. Moreover, for each residue, the values
of the dihedral angles (u e w) of the receptor scene with the various ligands were
calculated, compared to the values of the dihedral angles of the receptor alone.

For the dynamics of the systems 2, 3, and 4, were calculated, for each residue and
for each snapshot (Receptor = R, Ligand = L):

– the values of RMSD for each residue between the system R + L and the free
receptor

– the values of the dihedral angles (u e w) for each pair of residues of the system
R + L and the free receptor

The obtained angles were first converted from degrees to radians, and of these, the
sin(rad) was calculated. This step was necessary to avoid large fluctuations in value in
case of a change of sign. The conversion in sin (rad) allows us to obtain all positive
values, contained in a less wide range, also obtaining values that provide, if reported in
the graph, a clean baseline (smooth) and fluctuations clearly visible in the presence of a
significant difference. The differences between the two have been calculated:

� sinu RþLð Þ � sinu R

� sinw RþLð Þ � sinw R

For each of the 2–4 complexes, a file containing the RMSD values was obtained
D sinu and Δsinw for each residue of the receptor.

The receptor 5HT2A [18] has 370 amino acid residues. For each file, R + L/free R,
370 RMSD values for 121 simulations (table 370 � 121), and 740 Dsin values for 121
simulations (720 � 121) are given (the extra string represents the initial state of the
system).

Each simulation is then converted into an alphabetical string, where each letter
corresponds to a range of values; the first ten letters of the alphabet (A - J) were used.

The values of RMSD are divided into 10 ranges, with the last letter (J) corre-
sponding to values higher than 10 Å. The values of Dsin are divided into 10 ranges,
between 0 and 2 (A - J).

For each complex R + L/free R, two files were obtained: one containing 121 strings
of 370 characters, corresponding to RMSD values, and one containing 121 strings of
740 characters, corresponding to D sinu e Dsinw values (for each residue).

The similarity matrix was initially calculated on 10 blocks of 12 strings each, for
each complex - the dynamics in 3 ns blocks are therefore considered. The similarity
between these strings is then measured. The strings are then subjected to semantic
analysis with ProtComp to evaluate the similarity between the strings [17].
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3 Results

3.1 Analysis of Water Phase Transitions

Once the molecular dynamics were performed, and the hydrogen bonds of each indi-
vidual water molecule were calculated over time, this information was transformed into
a string to be submitted to ProtComp [17].

ProtComp generated a distance matrix comparing every single snapshot of the
dynamics performed. From the distance matrix, a heatmap was derived for more effi-
cient and faster data visualization.

The heatmap in Fig. 1 shows the similarity between the snapshots of the dynamics,
indicating with the number on the axes the different temperatures used. The color scale
shows that the more dissimilar the two snapshots are (tending to 1), the more the color
tends to yellow, while close distances are represented with blue (tending to 0).

As shown in the figure, the greater distance between the number of hydrogen bonds
is between 250 and 350K. Less distance between closer temperatures. This shows how,
through an alphabetical string, we can discriminate the different water transition states.

3.2 Analysis of the Trajectory of a Receptor-Ligand System

A more complex and much more relevant example is the following.
There are many known protein receptors whose activity is regulated after interac-

tion with the natural substrate.
If a molecule after interaction induces an increase in receptor activity, we have an

agonist. If not, we have an antagonist. It is essential to say that the difference between
agonist and antagonist cannot be deduced from the differences in binding. In fact, in

Fig. 1. Heatmap representation of the similarity distances among MD snapshots. Blue
corresponds to high similarity, yellow to low similarity.
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many cases, the portion of the protein affected by binding is the same, and there are no
reliable predictive models for the design of an agonist or an antagonist (Fig. 2). It is
only possible to design a suitable binder, or at best, an inhibitor if the binding results in
a block of enzymatic activity.

Depending on the type of enzyme, and in particular, for GPCR, conformational
changes affect the receptor domains, resulting in a different interaction with the G
protein and activation of the signal cascade. In the case of the serotonin 2A receptor
(5HT2AR), the interaction with a ligand involves different stability of the open or
closed form of the receptor, resulting in greater or lesser interaction with the coupled G
protein.

The conversion into strings allows us to quickly and efficiently compare the
changes to the dihedral angles in the 3 complexes considered. The rotation of the
dihedral angles in a peptide sequence reflects the movement of the lateral chains in the
same; only the angles u and w have been considered. The difference of the angles is
used for the analysis with ProtComp, to obtain the graphs of similarity. Based on
RMSD, the graphs give us an indication of the overall response of the system, the entire
trajectory in response to the three different effectors.

If we plot the distances between the systems R/L at different time and the system
R/L at an arbitrary time, we obtained two dimensional plots of global geometrical
variation.

This type of graph shows the overall trend of the receptor with ligand with respect
to the free receptor over time; in other words, it is possible to see the temporal trend of
the oscillations of similarity (Fig. 3).

Fig. 2. Models of the binding site of serotonin 2A receptor in complex with the antagonist
(A) and the agonist (B)
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The Risperidone (8 nu), an antagonist, shows a periodic variation of the phi and psi
parameters. The amplitude of the changes is high compared to that of an agonist. The
three curves shown in the graph represent the temporal evolution starting from three
distinct moments of the R-L system, respectively, after 1, 2 and 3 ns (Fig. 4).

The Lysergic acid diethylamide (LSD) shows a small variation of fluctuations. The
3 signals, relative to 1, 2, and 3 ns, show a counter phase trend.

The interaction between the ligand and receptor in the binding pocket leads to
changes in the shape of the residues in the binding pocket itself. Depending on the
enzyme type, and especially for GPCRs, conformational changes affect the receptor
domains, resulting in a different interaction with the G protein and in the activation of
the signaling cascade. In the case of 5HT2AR, the interaction with a ligand involves
different stability of the open or closed form of the receptor, resulting in greater or
lesser interaction with the coupled G protein.

Fig. 3. Distances between the system receptor/8nu ligand at 1 ns (blue line), 2 ns (orange line)
and 3 ns (grey line)

Fig. 4. Distances between the system receptor/LSD and the geometries at 1 ns (blue line), 2 ns
(orange line) and 3 ns (grey line)
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The conversion into strings allows us to quickly and efficiently compare the
changes to the dihedral angles in the 3 considered systems. The rotation of the dihedral
angles in a peptide sequence reflects the movement of its side chains—only the angles
u and w have been considered. The difference of the angles is used for the analysis with
ProtComp, to obtain the similarity graphs. Based on RMSD, the graphs give us an
indication of the overall response of the system, the entire trajectory in response to the
three different effectors.

4 Conclusions

In this work, two cases were shown: the first, extremely simple, showed how the
appropriate coding of the dynamics of water molecules allows the detection of phase
transitions. The second, much more sophisticated, showed how to distinguish the
agonist or antagonist effect of a binder on a protein. The method described finds
countless applications in materials science, physiology, solid-state chemistry, and
pharmacology. It allows the investigation of phase transition in crystalline systems, or
to monitor the effect of local anesthetics on lipid membranes. It has an immense
advantage over conventional methods of being applicable in areas where there is no
unique and accepted method and is also enormously faster than traditional methods.
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Abstract. Dealing with lipid extraction procedures, the use of organic solvents,
i.e. primarily chloroform and methanol, is still very popular, despite of the
proved toxicity of these solvents. In the last decades, several contributions
reported the possibility of employing more eco-friendly solvents as extraction
agents, but the efficacy of chloroform and methanol has not been attained yet,
making their substitution one of the big challenges of green chemistry.
In this work, we compared four alternative solvent mixtures for the extraction

of the lipid component from olive pomace, the exhausted waste of olive oil
processing used as resource to build eco-sustainable nanoformulations for
agrotechnological applications. Specifically, the mixtures tested were ethyl
acetate/ethanol (EtAc/EtOH), ethyl acetate/methanol (EtAc/MeOH),
acetonitrile/ethanol (ACN/EtOH), and acetonitrile/methanol (ACN/MeOH) to
compare with the standard one. The lipid extracts thus obtained were analyzed
by Gas Chromatography-Mass Spectrometry and then employed for the man-
ufacturing of nanoformulations.
The obtained lipid nanovectors were then fully characterized by Dynamic

Light Scattering and Small Angle X-ray Scattering. The comparison of the
collected data shows that among the mixtures tested, EtAc/EtOH and
ACN/MeOH resulted to be the most suitable alternatives to the standard method,
thus representing a possible different choice that better matches with green
chemistry requirements.

1 Introduction

Lipid carriers currently represent a widely studied and applied nanotechnology area,
which allows to fabricate nanoformulations for biomedical, pharmacological, agricul-
tural and industrial interest [1]. Such widespread use on a large-scale level would
involve the preparation of massive amounts of product, with serious issues on the
safety and toxicity of the process, both for the operators and the environment. Indeed,
concerns have been risen particularly about the chemicals employed, in the effort of
developing harmless and eco-friendly procedures. Among the existing alternatives, the
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extraction of natural lipids from agricultural waste represents a valuable option to
enhance biocompatibility, and at the same time to allow the recycling of otherwise
useless materials. Since the extraction of lipids from natural matrices involves the use
of organic solvents, another step towards a totally eco-friendly procedure would require
their substitution. Even though the first lipid extraction methods proposed by Folch [2]
and by Bligh and Dyer [3] date back to the 1950s, they are still considered the gold
standards for such procedures. Indeed, the solvents used, i.e. chloroform and methanol,
are very effective to retrieve both polar and non-polar compounds. However, according
to the green chemistry approach, hazardous chemicals should be replaced by greener,
possibly bio-sourced substitutes, and recently many attempts have been made in this
sense [4]. Numerous solvents and mixtures have been proposed, but none proved to be
quite as effective as the original ones to recover lipids from biological matrices. In a
recent study by Breil et al., [4] the use of both computational and experimental tech-
niques allowed a detailed screening of alternatives on the basis of multiple solvation
parameters, to simulate the relative solubility of lipids in these solvents. From the initial
screening, the most appropriate substitutes were found to be ethyl acetate for chloro-
form and ethanol for methanol; these were then experimentally tested to perform
extraction of lipids from microorganisms. Comparing this mixture with the original
one, it was shown that the performances were quantitatively similar, opening up a
valuable option for improving the standard extraction methods.

In this work, we propose an evaluation of four solvent mixtures to extract lipids
from agricultural waste, to be then employed to prepare green lipid nanoformulations.
We previously developed a protocol to prepare unconventional and biocompatible lipid
nanocarriers for delivery purposes in agronomy [5], by exploiting an agricultural waste
(i.e. olive pomace) as a natural extraction material. In order to make the procedure
totally eco-friendly, we compared the efficacy of greener solvents to extract amphi-
philic compounds suitable for the preparation of nanovectors. Based on toxicity
parameters [6] and on their physico-chemical properties, the chosen mixtures were:
(i) ethyl acetate/ethanol (EtAc/EtOH), (ii) ethyl acetate/methanol (EtAc/MeOH),
(iii) acetonitrile/ethanol (ACN/EtOH), and (iv) acetonitrile/methanol (ACN/MeOH)
(Table 1). Acetonitrile was chosen as a polar solvent with less toxicity with respect to
chloroform. The lipid composition of the obtained extracts was analyzed through Gas
Chromatography-Mass Spectrometry, then these extracts were employed to prepare
lipid nanovectors. The structural characterization of the nanoformulations was carried
out by means of Dynamic Light Scattering and Small Angle X-ray Scattering, that
allowed to define the best performing extract to obtain nanovectors with respect to the
one from Folch procedure. Our results show that acetonitrile/methanol are the solvents
with more overall similarities to the standard method, in terms of both type of extracted
compounds and obtained lipid nanovectors. These findings are meant to contribute to
the development of a green and eco-friendly protocol for large-scale production of lipid
nanosystems.
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2 Materials and Methods

2.1 Lipid Extraction and Preparation of Lipid Nanovectors

Olive pomace from Olea europaea was stored in freezer at −4 °C to prevent oxidation
and de-frozen right before use. Then 200 mg/ml were extracted in each solution:
(a) chloroform/methanol 2:1 v/v (Folch solution); (b) acetonitrile/methanol 2:1 v/v;
(c) acetonitrile/ethanol 2:1 v/v; (d) ethyl acetate/methanol 2:1 v/v; (e) ethyl
acetate/ethanol. The extraction was carried out under magnetic stirring for 24 h at room
temperature. Afterwards the residues of olive pomace were eliminated, and the
remaining solvent containing the extracted lipids was evaporated under ventilation
overnight, leading to the formation of a lipid film. Then, a second extensive (under-
vacuum) evaporation at 30 °C for about 2 h was carried out, in order to obtain a
completely dried lipid film. After rehydration with MilliQ water, 8 cycles of freeze-and-
thaw were performed. Finally, to obtain unilamellar vesicles and homogenize the size
of nanovectors, 5 cycles of 4 min each of high-power sonication were carried out.

2.2 Gas Chromatography-Mass Spectrometry (GC-MS)

GC-MS analysis was carried out on a Varian Saturn Ion Trap 2200 GC/MS/MS System
with CP-3800 GC.

2.3 Esterification

GC-MS analysis was performed to verify the type of extracted lipids and the possible
differences among the various extraction solutions. An aliquot of the extracts obtained
from the previous step was taken for analysis and derivatized. Indeed, the fatty acids
need to be esterified to be less polar and more volatile, therefore detectable by the
instrument. A 2.5% acidic methanol solution was prepared, adding dropwise 2.5 ml
H2SO4 to MeOH. Then 500 ll of sample diluted 1:5 (v/v) + 500 ll of acidic methanol
were mixed in vials and placed in a *60 °C bath for one hour to favor the reaction.
The esterification was then stopped by adding 1 ml of n-hexane, in order to obtain a
phase separation and extract only the fatty acids. Finally, the upper phase, containing
the esterified fatty acids was taken and transferred into a suitable vial for gas-
chromatography.

Table 1. TLV-TWA (Threshold Limit Value - Time Weighted Average) for traditional and
alternative solvents

Solvent TLV-TWA (ppm)

chloroform 10
acetonitrile 40
ethyl acetate 400
methanol 200
ethanol 1000
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For samples in Folch, the chloroform was evaporated, then the formed lipid film
was rehydrated in acetone and subsequently the esterification followed as above.

2.4 Standard Preparation

As a reference, appropriate lipid standards with known hydrocarbon chains were
analyzed at GC-MS, i.e. DOPE (dioleoyl phosphatidylethanolamine), DOPC (dioleoyl
phosphatidylcholine), POPE (palmitoyl-oleoyl-phosphatidylethanolamine) and POPC
(palmitoyl-oleoyl-phosphatidylcholine). These compounds were also derivatized before
being inserted in the instrument. Stock solutions of 10 mg/ml of DOPE, POPE and
POPC in acetone, and DOPC in chloroform, were prepared, then esterification with
methanol 1:1 was carried out as previously described.

2.5 Dynamic Light Scattering (DLS)

DLS measurements were carried out on a Malvern Zetasizer (Nano ZS) equipped with
a He-Ne 633 nm, 4 mW laser with backscattering optics, after 1:20 dilution for all
samples to obtain a suitable optical turbidity.

2.6 Small Angle X-ray Scattering (SAXS)

Small Angle X-ray Scattering experiments were performed at the ID02 beamline of the
European Synchrotron Radiation Facility (Grenoble, France). The wavelength of the
incoming beam was 1 lm, and the sample detector distance was 1 m, which covered a
q range 0.103–6.5 nm−1 (q = (4p/k) sinh, where 2h is the scattering angle). The 2D
SAXS patterns initially recorded were normalized to the absolute scale using a standard
procedure reported elsewhere [7, 8]. Samples were loaded on a flow through capillary
of 2 mm diameter to ensure accurate background subtraction.

3 Results and Discussion

3.1 GC-MS Analysis

GC-MS is a powerful analytical technique commonly used for the separation and
identification of volatile compounds [9]. In the present study GC-MS was performed on
all the extracts, to compare qualitatively the classes of lipid molecules in the different
solvent mixtures with respect to the Folch extract. The control sample itself was
correlated to the profiles obtained for the standard purified phospholipids (Fig. 1), for a
better identification of m/z fragments. In the Folch control (Fig. 2) the main peaks were
at 193 m/z, 208 m/z, 282 m/z (linoleic acid) (Table 2), which corresponded to frag-
ments present in all the standard phospholipid, at 287 m/z, a fragment found in the
POPC profile, and at 361 m/z, corresponding to oleuropein aglycone, the main
polyphenol commonly found in olive tree leaves and fruits [10]. Consequently, the
components of Folch extract were found to be mainly phospholipids and polyphenols.
The extract obtained from ACN/MeOH solvent mixture presented a similar composi-
tion, made up of phospholipid and polyphenol fragments at the same m/z of the control

142 I. Clemente et al.



and two additional peaks found in all the phospholipid standards. The substitution of
the alcoholic solvent in ACN/EtOH shifted the extraction yield towards bigger frag-
ments over 400 m/z, related to compounds of polyphenolic nature (e.g. secoiridoids
and lignans), though the intensity was lower. Both ethyl acetate mixtures showed a
partial affinity to ACN/MeOH. Indeed, EtAc/MeOH extracted mainly phospholipid
compounds, though all the peaks had quite low intensity, and apart for a couple of
peaks, the same could be observed for EtAc/EtOH. On the contrary, neither mixture
extracted polyphenols. It is also possible that such combinations were able to extract
predominantly lipidic classes such as mono-, di- and triglycerides, that are not detectable
by means of GC [11]. Moreover, it was not possible to identify fragments with m/z over
*435, to avoid excessively long elution times. All the peaks below 80 m/z were
attributed to the solvent and/or to fragments with scarcely diagnostic character.

3.2 DLS Measurements

DLS is a technique that exploits the light-matter interaction to derive information about
a dispersed system subjected to Brownian motion. The time-dependent fluctuation of
the scattered intensity can be correlated to the motion of particles with submicron size,
subsequently, a Laplace inversion or cumulant expansion allows to obtain the distri-
bution of dimensions and polydispersity of the sample [12]. The Folch control sample
showed the presence of two populations, at 50 nm and 250 nm, with a polydispersity
index (PI) of 0.49, but quite reproducible. Comparing the four alternative mixtures
(Table 3), the ACN/MeOH sample showed rather similar distributions with respect to
the control (Fig. 3), with two peaks at 90 nm and 290 nm, respectively, even though
with very high PI. The substitution of methanol with ethanol in the ACN/EtOH mixture
brought some relevant changes in the type of nanovectors obtained; these displayed
less reproducible, but still controlled, distributions with generally larger size. On the
contrary, both ethyl acetate mixtures showed quite wide and sometimes complex
distributions, with poor reproducibility and high polydispersity (Fig. 4).

3.3 SAXS Measurements

SAXS is an advanced structural technique to obtain supramolecular information on
dispersed samples at the nanoscale [13]. The scattered intensity of a monochromatic
and well collimated incident x-ray beam gives a pattern which is the Fourier transform
of the electron density profile within the sample. This technique allows to obtain
structural detail at high resolution (*1 nm) over a wide range of size (typically
hundreds of nm) in the direct space [14]. In this work SAXS analysis was performed on
samples prepared with lipids extracted with ACN/MeOH and ACN/EtOH only, since
these samples were identified from DLS results as suitable for this kind of measure-
ments. On the contrary, as inferred from DLS data, the nanovectors prepared
employing both ethyl acetate extracts were too polydisperse to be studied by SAXS.
Indeed, such mixtures apparently extracted classes of lipids able to assemble into very
large and poorly reproducible aggregates, that made the samples too heterogeneous for
in depth structural analysis. Lipids extracted with ACN mixtures self-assembled into
nanostructures similar to those obtained with the Folch procedure in both cases
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(ACN/MeOH and ACN/EtOH). Indeed, as it can be seen from Fig. 5, all the three
curves present a typical pattern of mostly unilamellar aggregates without any superior
order, indicated by the absence of intercorrelation peaks. Also, a diffused background
that could indicate the presence of another, more polydisperse distribution is shown by
all the samples. This is in line with the complex composition of the extracts evidenced
by GC-MS analysis. Three more samples with DOPE addition were analyzed by means
of SAXS (Fig. 6). Based on our previous findings, we found interesting the comparison
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of the structuring abilities of such systems when DOPE was added to the different
extracts [15]. Indeed, as previously seen, the addition of a small amount of this purified
phospholipid was able to increase the correlation among bilayers. Even though the
Bragg peaks indicating the presence of a nonlamellar hexagonal arrangement were
more defined in the Folch sample, they could be evidenced also for ACN samples.
These data confirmed the higher polydispersity of such systems suggested by DLS
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results. As already seen in our previous work [15], the most relevant parameter to
obtain different lipid structures was the addition of DOPE to the lipid mixtures,
regardless of the solvent used.

Table 2. List of significant fragments taken into account for each solvent mixture

Sample Phospholipid fragments (m/z) Other fragments

Control
(Folch)

133, 193, 208, 282 (linoleic
acid), 287, 429

361 (oleuropein)

ACN/MeOH 133, 193, 208, 282, 287, 341,
355, 429

361

ACN/EtOH 133, 193, 208, 282, 287, 355 361, 415 (acetoxypinoresinol), 435
(ligstroside aglycon)

EtAc/MeOH 133, 193, 208, 282, 341, 355 421
EtAc/EtOH 133, 193, 208, 282, 287, 341,

355, 429
–
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different ACN mixtures from olive pomace. For each sample the results of two different runs are
reported.
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Table 3. Mean values and polydispersity indexes (P.I.) for the mono- and bi-modal size
distributions observed in nanosystems formulated with lipids extracted by using different
solvents

Sample Peak 1 Peak 2 Convoluted peak P.I. Dilution

Folch control 50 nm 250 nm – 0.49 1:20
ACN/MeOH 90 nm 290 nm – >0.9 1:20
ACN/EtOH 180 nm 1580 nm – 0.44 1:40
EtAc/MeOH 230 nm 2000 nm 360 nm 0.47–0.59 1:20
EtAc/EtOH – – 410 nm 0.5–0.6 1:20
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4 Conclusions

In this work, an eco-friendly approach for the extraction of lipids from natural raw
materials was devised and critically evaluated. The traditional Folch solution, con-
sidered as a gold standard for the extraction of biomolecules from natural tissues, was
replaced by four less toxic alternative mixtures, i.e. ethyl acetate/ethanol (EtAc/EtOH),
ethyl acetate/methanol (EtAc/MeOH), acetonitrile/ethanol (ACN/EtOH), and
acetonitrile/methanol (ACN/MeOH). Then, the efficacy of these greener solutions was
investigated on the basis of their physico-chemical characteristics and their perfor-
mance in the preparation of lipid nanovectors, comparing the obtained results with
those from of Folch-extracted lipids. GC-MS analysis showed that different classes of
lipids could be extracted, depending on the mixture used. Specifically, phospholipids
and polyphenols were obtained in the case of both Folch and ACN/MeOH, which
proved to be the most similar to the control (i.e.) traditional Folch mixture, while the
other three either extracted larger fragments (e.g. ACN/EtOH) or did not extract
polyphenols, as in the case of both EtAc mixtures. Concerning the nanovectors
obtained from the lipids extracted with different solvents, DLS confirmed a similarity to
Folch sample for ACN/MeOH, even if high polydispersity values were obtained,
whereas the other three alternatives gave nanoformulations with bigger sizes of
aggregates and higher polydispersity. SAXS measurements valuably complemented
these results, evidencing a similar type of aggregates regardless of the solvent used,
even though ACN samples contained less defined and less ordered scattering objects
with respect to the nanoformulations obtained through the classical procedure. Among
the four proposed alternatives, ACN/MeOH was the best performing one compared to
control, so from this point of view acetonitrile can be a suitable, less toxic alternative to
chloroform.
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Abstract. This study aimed to tune the release of non-steroidal, antiinflamma-
tory and antimicrobial diclofenac sodium salt from a bactericidal, pH-sensitive
polymer matrix in view of the development of a synergic and combined therapy.
The polymer matrix was represented by A(BC)n linear or branched copoly-

mers (n = 1, 2) synthesized by Atom Transfer Radical coPolymerization
(ATRP). Manufactures were obtained and analysed in film form, using solvent
casting technique.
2-(dimethylamino) ethyl methacrylate (DMAEMA), 2-(diethylamino) ethyl

methacrylate (DEAEMA) and 2-(diisopropylamino) ethyl methacrylate
(DIPAEMA) have been used as comonomer bearing the bactericidal amino-
groups and to modulate the pH-sensitivity of the material. The electrolytic and
structural factors of the amino-groups, juxtaposed with the copolymer structure,
gave raise to different interactions with the negatively charged diclofenac and
imparted a finer control on the drug release kinetics. Data evidenced that
copolymers with DMAEMA released diclofenac faster than those with
DEAEMA and DIPAEMA; thus, the lower was the amine Kb, the faster was the
release. The correlation between copolymer structure and kinetic/equilibrium of
the drug release was analysed and correlated with the Tg of copolymers when
diclofenac was loaded.

1 Introduction

In few applications of antimicrobial materials such as biomedical devices, antibacterial
properties must be conserved over an extended timeframes, thus non-active materials
releasing bactericidal molecules may not be the most appropriate choice.

In addition to this issue, scientists are aware that bacteria are developing resistance
toward antibiotics, generally achieved through antibiotic inactivation, alternative routes
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to the methabolic pathway, target modification or altered permeability of the outer
envelope; the latter is due to inhibition of the cell wall synthesis. In this framework,
alternative strategies to small molecule-based treatments may need to exploit “weak
spots” that are less likely to change due to bacteria rapid mutation.

To this end, antimicrobial mechanism of action of soluble polycations, character-
ized by a certain degree of hydrophobicity, appears rather intriguing. They cause
permeabilization of cell through the displacement of Ca2+ and Mg2+ ions, which sta-
bilize the negative charges on the outer envelope (negative charges of teichoic and
lipoteichoic acids of the Gram-positive cell wall or lipopolysaccharides and phos-
pholipids of the Gram-negative outer membrane) [1–6]. The consequence of this action
is the adhesion of the polymer, followed by its penetration into the cell. It is worth
noting that polyelectrolyte adsorption onto charged nanoparticles have been studied by
a theoretical approach, and it was found that effects such as spatial partitioning of ions
may be influenced by the polyelectrolyte structure (linear or star–like) and size [7]. This
is important to understand the bactericidal activity of a polymer when in contact with
the outer envelope of a bacteria cell.

Although the mechanism adopted by polyelectrolyte is probably less suitable for
inducing bacteria modification with respect to the ones used by antibiotics, soluble
polyelectrolytes can result hemolytic and consequently their application is limited (see
e.g. ref [8]).

However, a similar mechanism of action can be extended to surfaces if coated with
short polycations or to thermoplastic polymers if these contain charged groups. Evi-
dently, such a kind of material would result not soluble in water but able to act as
antimicrobial by contact. Furthermore, it has been demonstrated that in such a case, no
hydrophobicity is needed since polymers do not penetrate the cells but, when in
contact, simply make them more permeable due to the displacement of divalent cations
that neutralize the negative charges of the envelope [9, 10].

Considering the potentiality of inherently antimicrobial materials, some of us
recently developed and studied different types of thermoplastic copolymers capable of
killing bacteria by contact. The bactericidal activity was given by the presence of
protonable (substituted amines) [11, 12] or cations coordinating (crown ethers) pedant
moieties [13]. The former materials also resulted to be pH-sensitive and with potential
application in controlled drug delivery of negative charged molecules.

In this framework, we report here a preliminary study on the kinetic release of
diclofenac sodium salt from few films obtained by casting bactericidal, pH-sensitive
copolymer with different architecture (branched and linear) with the aim of finely tune
molecule release.

Diclofenac is non-steroidal, anti-inflammatory drug (NSAID), widely used for
treatment of inflammation, pain and fever caused by bacterial infections.

Recently, has been demonstrated that few NSAIDs also show antibacterial activity
probably through mechanisms different from those of antibiotics. For this reason they
may be represent a further alternative to the latter substance family.

So far, NSAIDs are used in combination with antibiotics, particularly in veterinary
medicine, producing synergistic effect [14, 15].

However, the approach proposed in this paper, meaning the use of systems capable
of controlling release of NSAID by tuning the pKb of amino group in bactericidal
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polymer matrix, can pave the way to a novel synergic and combined therapy for e.g.
burn wound or health-care associated infection.

2 Experimental Section

2.1 Materials

Poly(ethylene glycol) monomethylether (mPEG) (Mn = 2000 Da, Mw/Mn = 1.16),
benzaldehyde dimethyl acetal, 2,2-Bis(hydroxymethyl)propionic acid, p-
toluenesulfonic acid monohydrate (TsOH), acetone, N,N’-dicyclohexylcarbodiimide
(DCC), 4-(dimethylamino)pyridine (DMAP), methanol, Pd/C 10%, 2-bromoisobutyryl
bromide (BMPB), triethylamine (TEA), diethyl ether, ethanol, CuBr, 2,2’-bipyridine
(bpy), chloroform, fluorescein sodium salt, cetyltrimethylammonium chloride (25 wt%)
and Al2O3 were purchased from Aldrich and used without further purification.

All manipulations involving air-sensitive compounds were carried out under
nitrogen atmosphere using Schlenk or drybox techniques. Toluene (Aldrich) was dried
over sodium and distilled before use. CH2Cl2 (Carlo Erba) was dried over CaH2 and
then distilled. Methyl methacrylate (MMA), and the 2-(alkylamino)ethyl methacrylate
(AAEMA) monomers such as 2-(dimethylamino)ethyl methacrylate (DMAEMA), 2-
(diethylamino)ethyl methacrylate (DEAEMA), 2-(diisopropylamino)ethyl methacrylate
(DIPAEMA), (Aldrich) were dried over CaH2 and then distilled under reduced pressure
of nitrogen.

2.2 Synthesis of mPEG-(PMMA-PAAEMA)n Copolymers

2.2.1 Synthesis of mPEG-Br Linear and mPEG-Br2 Branched
Macroinitiators
Linear and branched macroinitiators were synthesized according to the literature pro-
cedure [12].

2.2.2 Synthesis of mPEG-(PMMA-ran-PAAEMA) Linear and mPEG-
(PMMA-ran-PAAEMA)2 Copolymers by ATRP [12]
mPEG-(PMMA-ran-PAAEMA) linear copolymers were synthesized in toluene at 90 °
C. The reaction was carried out in a 100 mL glass flask charged, under nitrogen
atmosphere, with 0.1 g of mPEG-Br linear macroinitiator in 15 mL of dry toluene.
After the dissolution of the macroinitiator, 0.013 g of CuBr, 0.03 g of bpy, 5 mL of
MMA and 1.0 or 4.0 mL of AAEMA were added (0.5, 1.0, 2.5, or 4.0 mL were used in
the case of DIPAEMA). The mixture was thermostated at 90 °C and magnetically
stirred. The reaction was stopped with n-hexane after 18 h. The copolymer was
recovered, dissolved in the minimum amount of chloroform and passed over a column
of activated Al2O3 to remove the catalyst. The solution was dried in vacuum, the
polymer was washed with cold methanol and then dried.

mPEG-(PMMA-ran-PAAEMA)2 copolymers were synthesized using a molar ratio
mPEG-Br2/CuBr/bpy = 1/4/8.

1H NMR (400 MHz, CDCl3): □ d 0.83–1.10 (CH3 main chain), 1.79–1.87 (CH2

main chain), 2.27 (-N(CH3)2), 2.56 (-O-CH2-CH2-N(CH3)2), 3.57 (-OCH3), 3.61
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(-OCH2CH2-), 4.06 (-O-CH2-CH2-N(CH3)2).
13C-NMR (400 MHz, CDCl3): □ 16.6-

18.9 (CH3 main chain), 44.9 (quaternary carbon in the main chain), 46.0 (-N(CH3)2),
52.0 (-OCH3, MMA), 54.5 (CH2 main chain), 57.2 (-O-CH2-CH2-N(CH3)2), 63.2 (-O-
CH2-CH2-N(CH3)2), 70.7 (-OCH2CH2-), 176.3–178.2 (-C = O).

The molar mass of copolymers was determined by the degree of polymerization
(DP) as evaluated from 13C NMR, by the molar mass of monomers (MM) and by the
signal intensities (I):

Mn ¼ DPmPEG MMEOð Þ þ DPMMA MMMMAð Þ þ DPAAEMA MMAAEMAð Þ ð1Þ

where:

DPmPEG ¼ MnðmPEGÞ=44; �DPMMA ¼ DPmPEG � 2IMMA=ImPEGð Þ;
DPAAEMA ¼ DPmPEG � 2IAAEMA=nImPEGð Þ

44 is the molecular weight of monomeric units of mPEG; (Im-PEG)/2 is half the
integration of the signal relative to mPEG units: –OCH2CH2-; IMMA is the integration
of the signal relative to MMA units: -OCH3; IAAEMA is the integration of methyl group
of the signal relative to AAEMA units: -N(CH3)2, -N(CH2CH3)2, -N[CH(CH3)2]2 and –
NHC(CH3)3 respectively; n indicates the number of methyl carbons of AAEMAs (2 for
DMAEMA and DEAEMA, and 4 for DIPAEMA respectively).

Analogously, the monomers content in the copolymers were calculated using the
following equations:

XmPEG ffi ImPEG=2
ImPEG=2þ IMMA þ IAAEMA=n

; ð2Þ

XMMA ffi IMMA

ImPEG=2þ IMMA þ IAAEMA=n
; ð3Þ

XAAEMA ffi IAAEMA=n
ImPEG=2þ IMMA þ IAAEMA=n

ð4Þ

The polydispersity index (PDI = Mw/Mn) was evaluated by GPC.

2.3 NMR Analysis

Spectra were recorded on a Bruker Avance 400 MHz spectrometer at 25 °C with
D1 = 5 s. The samples were prepared by introducing 20 mg of sample in 0.5 mL of
CDCl3 into a tube (5 mm outer diameter). TMS was used as internal reference.

2.4 GPC Measurements

The molecular weights (Mn) and the polydispersity index (PDI = Mw/Mn) of polymer
samples were measured by GPC at 30 °C, using THF as solvent, flow rate of eluant 1.0
mLmin−1, and narrow polystyrene standards as reference. The measurements were
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performed on a Waters 1525 binary system equipped with a Waters 2414 RI detector
using four Styragel columns (range 1000–1,000,000 Å). Every value was the average
of two independent measurements.

2.5 Preparation of Films by Casting

Thin films were prepared by dissolving 200 mg of polymer in 50 mL of CHCl3 at 25 °
C. The solution was cast in a teflon petri dish (diameter 6 cm) and the solvent evap-
orated at room temperature. Films containing 3% wt/wt of diclofenac sodium salt were
prepared using the same procedure adopted for the unfilled samples. All casted films
were further dried in vacuum at 40 °C for three days before performing thermal
analysis and studies on kinetic release. The resulting film is insoluble in water and does
not appear to leach material.

2.6 Release Kinetic Studies

The release kinetics of diclofenac were obtained by ultraviolet spectrometric mea-
surement at ambient temperature, using a Spectrometer UV-2401 PC Shimadzu
(Japan). The tests were performed using rectangular specimens of 4 cm2 and same
thickness (about 120 lm), placed into 25 mL of physiological solution at 100 rpm in
an orbital shaker (VDRL MOD. 711+, Asal S.r.l.). The release medium was withdrawn
at fixed time intervals and replenished with fresh medium. The considered absorption
band was at 275 nm.

2.7 Differential Scanning Calorimetry (DSC)

DSC was carried out on the films of about 10 mg using a DTA Mettler Toledo (DSC
30) under nitrogen atmosphere. Films were submitted to the following thermal cycles:
cooling from 25 °C to −50 °C at 50 °C/min, keeping at −50 °C for 5 min, heating
from −50 °C to 120 °C at 10 °C/min. The Tg (°C) of the materials was extracted from
the third thermal scan.

3 Results and Discussion

pH-sensitive copolymers: synthesis, characterization and preparation of films.
Polymer matrixes were prepared from A(BC)n block copolymers with linear and

branched architecture (n = 1, 2). Chemically, copolymers were made of a block of
monomethyl ether polyethylene glycol (mPEG, A) and one or two random copolymer
chains (BC) based on methylmethacrylate (MMA) and an alkylamminoethyl
methacrylate (AAEMA).

The mPEG block confers to the material the hydrophilicity needed for the proto-
nation of AAEMA both on the surface than in the bulk, while the block containing the
protonable monomer, whose solubility in water would change with pH, is definitely
made hydrophobic by the presence of MMA, so that the copolymers can be classified
as not soluble in water and thermoplastic.
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The effect of two parameters over the diclofenac release was studied: the copolymer
structure and the chemical substituents on the AAEMA amino-groups. As for the
structure, it was varied basing on the fact that two of us estimated the chances of
interchain interactions between an ammonium and an amino group (charged hydrogen
bonds) to be roughly 2.5 times higher than for intrachain ones, a factor that may, de
facto, increases the polymer surface basicity. Thus, we aimed to verify if the amount of
charged hydrogen bonds, and so the stabilization of the positive charge of the
copolymer, can affect the interaction with the negatively charged diclofenac and
consequently its release.

The latter process may also be affected by a change in the amine pKb, i.e. by the
chemical nature of AAEMA amino-pedant, if diclofenac release requires the devel-
opment of a charge on the material to take place. To investigate this possibility, 2-
(dimethylamino) ethyl methacrylate (DMAEMA), 2-(diethylamino) ethyl methacrylate
(DEAEMA) and 2-(diisopropylamino) ethyl methacrylate (DIPAEMA) were used as
the protonable comonomers to impart a change in pH-sensitivity to the materials,
knowing that they also modulate the bactericidal activity.

Copolymers were synthesized by Atom Transfer Radical coPolymerization (ATRP)
using the classic CuBr/bpy system in toluene at 90 °C in presence of a macroinitiator
based on mPEG with a terminal chain having one or two functionalities, respectively
for the synthesis of linear and branched copolymers (Fig. 1).

Copolymers obtained, their composition and molecular masses are reported in
Table 1.
Kinetic Release Studies

Experimental data show that both the alkyl substituents on the amino-groups and
the copolymer architecture strongly influence diclofenac release over the range of time
considered (1200 h), as reported in Table 2.

Fig. 1. Schematic representation of the copolymers synthesis
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The behavior of linear copolymers with different AAEMAs at 25 °C is shown in
Fig. 2. Interestingly, the differences in release kinetics are already evident after the first
few hours of soaking (Fig. 2, bottom panel). In fact, PMDiPr1 released more than the
others just after 1 h, and in 5 h it has already released more than 20% of the molecule;
PMDMe1 and PMDEt1-based matrix released, instead, only 10% and 3%, respectively,
in the same timeframe.

After 24 h, PMDiPr1 released about 30% of diclofenac, while PMDMe1 only 17%;
these percentages became 40% and 30%, respectively, after 72 h. Somewhat surpris-
ingly, the relative performance of PMDiPr1 and PMDMe1 changed radically at longer
times, the former not releasing further, while the latter retro-dissolved 93% of the
loaded diclofenac over 50 days.

As in the first few hours, PMDEt1 released slower than the others: the diclofenac
passed in solution was slightly below 5% after 24 h and 7% after 72 h (Fig. 2, middle
panel). Even after 50 days, the amount of molecules released is only 32% (Fig. 2, top
panel).

For branched copolymers (Fig. 3), the release kinetic of PMDMe2-based matrix is
faster compared to the corresponding linear one; in fact, the amount in solution was
already about 30% after the first 5 h, half of the loading was re-emitted after 72 h, and
the rest of diclofenac was found in solution after 47 days.

Table 1. Chemical composition and molecular masses of copolymers used for the formation of
films

Sample Structure AAEMA
amino groups

%mPEG
(in mol)

%MMA
(in mol)

%AAEMA
(in mol)

Mna

(kDa)

PMDMe1 A(BC) N(CH3)2 7 51 42 76
PMDMe2 A(BC)2 N(CH3)2 7 59 34 78
PMDEt1 A(BC) N(CH2CH3)2 9 49 42 70
PMDEt2 A(BC)2 N(CH2CH3)2 7 53 40 87
PMDiPr1 A(BC) N[CH

(CH3)2]2
8 53 39 80

PMDiPr2 A(BC)2 N[CH
(CH3)2]2

7 53 40 103

a Determined by 13C-NMR

Table 2. Diclofenac release from copolymer matrixes

Sample Structure Groups
on N

Release
(%)
1 h

Release
(%)
2 h

Release
(%)
5 h

Release
(%)
72 h

Release (%)
1200 h

PMDMe1 A(BC) Me 2.8 3.7 10.0 29.4 93.8
PMDMe2 A(BC)2 Me 15 16.7 35.1 54.6 100
PMDEt1 A(BC) Et 1.8 2.2 3.2 7.3 32.2
PMDEt2 A(BC)2 Et 6.5 10.8 17.0 32.7 50.8
PMDiPr1 A(BC) iPr 10.4 14.9 23.1 38.3 49.5
PMDiPr2 A(BC)2 iPr 2.3 3.0 7.9 10.1 15.6
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Analogously, the release kinetic of PMDEt2 sped up with respect to the linear-
based matrix: about 17% of diclofenac was found in solution after 5 h, 33% after 72 h,
and about the 50% after 50 days.

In contrast, release from PMDiPr2 was slower compared to the corresponding linear
copolymer-based matrix. Thus, it released just about 7% of diclofenac after 5 h, a
percentage that increased to 10% in 72 h, and to 16% in 50 days. Noteworthy, this
polymer shows the slowest kinetics among the branched copolymers releasing
diclofenac.

As for a possible rationalization of the differences in release kinetics and charac-
teristics for the various matrices, we notice that there is no apparent correlation with
any of the chemical variables changed in this work. In this respect, the impact of

Fig. 2. Amount percentage of diclofenac sodium salt released after 5.5 h (bottom panel), 72 h
(middle panel), and 1200 h (top panel) from a polymer matrix made of linear copolymers with
different AAEMA immersed a physiological solution at 25 °C.
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varying pKb ought to be expected small in the release condition employed by us, as the
pH of the medium is commonly characterized by a pH * 5.5 due to the presence of
carbon dioxide. In this situation, we would expect all water exposed amino groups to
be fully protonated (e.g. with a pKb = 5.7, DMAEMA would have a protonated/neutral
ratio of roughly 640) irrespectively of the alkyl groups bound to the nitrogen atom. As
the molar fraction of AAEMA monomers in the six polymers is quite similar, this
implies that also the total charge per unit mass imposed to the various matrices by the
acid-base equilibrium should be analogous, unless there are morphological or structural
peculiarities for each material that impact on water access to the ionizable groups.

Fig. 3. Amount percentage of diclofenac sodium salt released after 5.5 h (bottom panel), 72 h
(middle panel), and 1200 h (top panel) from a polymer matrix made of branched A(BC)2
copolymers with different AAEMA immersed a physiological solution at 25 °C.
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Another possible aspect to consider is represented by the fact that the diclofenac
(pKa = 4.15), which in the saltine conditions is largely in the anionic form, needs to
escape the attractive interactions with the formed ammonium cations to be released in
solution, bearing in mind that the concentration of cations inside the materials may be
enhanced by formation of strong hydrogen bonds [7, 16–19]. To test whether or not
different alkyl substituents may impact on the interactions between the mentioned
moieties, we have computed their binding energies and found them to differ by limited
amounts (in the range 51–54 kcal/mol). Importantly, the optimized geometry for the
ammonium-anion dimers differ only slightly (see Fig. 4 for the optimized structures),
thus suggesting that the size of the alkyl groups does not impact on the electrostatic
component of the interactions. It may, instead, modify the dispersion contribution,
strengthening it as the size of the substituent increases. Being characterized by a
hydrogen bond between ammonium and the carboxylate group, the dimer structures
suggest, however, that dispersion may not play a massive role, as the bulkiest part of
diclofenac is far away from the alkyl substituents. Interestingly, this idea seems to be
also supported by the lack of a trend shown by our data as a function of the substituent
size.

From what we presented so far, one may thus be led to conclude that the different
release behaviours indicated in Table 2 could descend by differences in the overall
structure, morphology, and, possibly, chain mobility of the films either unloaded or
loaded with diclofenac. DSC measurements were then performed. As reported in
Table 3, diclofenac would affect differently the Tg values of the thermoplastic matrix
depending on AAEMA amino pedant groups. In fact, it is capable of increasing
copolymer Tg in presence of ethyl-amino substituents, and this effect is more evident in

Fig. 4. Optimized geometries for the ammonium-diclofenac anion; from left to right, dimethyl
ethyl ammonium, triethyl ammonium, and di-isopropyl ethyl ammonium. Energies and structures
obtained at the B3LYP/6-31++G(d, p) employing the PCM model to represent water.
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the branched architecture rather than in the linear one. As consequence of this, one
would suggest diclofenac to act as a sort of “linker” between chains, and such a linker
is more effective in the branched architecture, the one characterized by a lower Tg when
unloaded.

At variance with the latter finding, the impact on polymers with the isopropyl
groups is exactly the opposite compared to PMDEt. In fact, the presence of diclofenac
dramatically decreases the Tg of the linear that in branched structures; so, the molecule
works as a powerful “plasticizer”.

Finally, the copolymer matrices with the faster release, namely the ones containing
DMAEMA, appear not to be affected by the presence of diclofenac in terms of mod-
ification of thermal properties and consequently of inter- and intra-chains interactions
among PMMA/AAEMA blocks. Such an aspect needs further investigation and will be
deeply considered in a forthcoming paper.

4 Conclusions

In this paper, we report a kinetic study on the release of an NSAID such as diclofenac
sodium salt from matrices made of inherently biocidal, thermoplastic copolymers.
Matrices chemical composition was varied introducing into the back-bone amino-
pedant groups with different pKb; two different architectures, meaning linear and
branched, were used to enlarge the material parameter space explored.

Interestingly, diclofenac release was differently controlled by both the amino-
groups and the copolymer structure. In particular, the polymers containing the dimethyl
amino pendants released the complete load over 1200 h, while the other species
appeared to release slower. This notwithstanding, all matrices demonstrated a con-
trolled re-dissolution of the model anti-inflammatory drug chosen in this work. At the
moment, it appears, however, complicate to provide a unifying rationale for the set of
described behaviors. To improve on such aspect, work in the direction of experi-
mentally probing the acid-base properties of the materials ought to be undertaken; the
latter may somewhat control the amount of swelling induced in the matrices.

Table 3. Tg of loaded and unloaded copolymer matrices

Sample Structure Groups on N Tg (°C)
Unloaded matrix

Tg (°C)
Loaded matrix

%AAEMA
(in mol)

Ma
n

(kDa)

PMDMe1 A(BC) Me 71.2 71.4 42 76
PMDMe2 A(BC)2 Me 71.0 70.3 34 78
PMDEt1 A(BC) Et 56.5 60.0 42 70
PMDEt2 A(BC)2 Et 45.0 67.5 40 87
PMDiPr1 A(BC) iPr 82.2 65.0 39 80
PMDiPr2 A(BC)2 iPr 90.0 72.4 40 103
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Abstract. Ketoprofen (KET) is a non-steroidal anti-inflammatory drug
(NSAID) widely used for different phlogistic diseases of rheumatoid and non-
rheumatoid origin. When a fast release is required, KET is orally administered in
form of capsules, tablets or granulates. In this case, due to KET poor solubility
in water, large drug doses with consequent side effects, mainly gastrointestinal
one are required. KET bioavailability can be enhanced through its coprecipi-
tation with a hydrophilic carrier, such as polyvinylpyrrolidone (PVP). Another
way to reduce the dosing frequency and avoid gastrointestinal irritation is the
transdermal drug delivery with a controlled release. In this work, two different
supercritical carbon dioxide (scCO2) based processes were used to modify KET
dissolution rate: the supercritical antisolvent technique to coprecipitate PVP and
KET in form of controlled dimensions microparticles for an oral delivery, and
the supercritical adsorption to impregnate KET in alginate aerogel for a topical
delivery. In the case of oral KET, composite spherical microparticles with
controlled diameters were successfully produced, leading to a faster NSAID
dissolution rate than unprocessed KET. In the case of topical KET, alginate
aerogel was successfully impregnated with KET; it promotes a controlled
release, suitable for transdermal anti-inflammatory patches, reducing frequency
of administration and side effects. Supercritical techniques allow to obtain a fast
or controlled release of the NSAID, according to the specific therapy desired.

Keywords: Supercritical carbon dioxide � Ketoprofen � Oral fast release �
Topical controlled release

1 Introduction

The inflammation is a complex biological protective response of body tissues against
pathogens, damaged cells or irritants. From a clinical point of view, a sequence of five
classical symptoms is associated to the inflammation: calor, dolor, rubor, tumor and
functio laesa; i.e. heat, pain, redness, swelling and loss of function.

Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) are generally prescribed to
relieve the acute ache caused by different phlogistic diseases, such as headache,
toothache, migraine, back pain, postoperative ache and inflammation, among others.
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NSAIDs inhibit the activity of cyclooxygenase-1 (COX-1) and cyclooxygenase-2
(COX-2) enzymes and, thereby, block the production of prostaglandins, which play a
key role in the inflammatory process.

Ketoprofen (KET) is one of the most commonly used NSAIDs with analgesic and
antipyretic effects [1], prescribed for rheumatoid arthritis and osteoarthritis, as well as
other illness of non-rheumatoid origin. However, like most NSAIDs, KET is a poorly
water-soluble drug (KET solubility in water < 0.05 mg/mL); therefore, high and
repeated doses are taken to reach the therapeutic drug concentration in the plasma,
resulting in many adverse effects, including gastrointestinal irritation in case of oral
formulations [2–5].

A NSAID can be administered through various dosage forms, such as granulates,
capsules, tablets, topical patches, etc. The use of the polymeric carrier to produce drug
delivery systems has various advantages: it protects the active principle against oxi-
dation and deactivation caused by light, oxygen and temperature; it masks the
unpleasant taste or odor of the active compound; it can modify the drug dissolution
rate.

Oral formulations are preferred when a fast release is desired, for example in the
case of a headache. Nevertheless, drawbacks like the NSAIDs low bioavailability and
the gastrointestinal irritation have to be solve. A possible way to increase the disso-
lution rate of a poorly water-soluble drug is its coprecipitation with a hydrophilic
polymeric carrier, such as polyvinylpyrrolidone (PVP) [6, 7].

Topical drug delivery can assure a continuous and prolonged release, required for
inflammatory diseases like back pain or arthritis. The NSAID penetrates the skin,
subcutaneous fatty tissue and muscle without reaching high plasma concentrations and
attacking the mucous membrane of the stomach; however, skin irritations may occur
[8]. A prolonged-release topical patch can be developed by incorporating the NSAID
into a matrix of polymer with hydrophobic behavior, such as calcium alginate.

The drug dissolution rate can be efficiently modified by using the supercritical
carbon dioxide (scCO2) assisted processes. The scCO2 guarantees fast mass transfer,
high solvent power, high density, near zero surface tension, low viscosity and high
diffusivity, that can be modulate by varying the operating pressure and temperature.
Among the scCO2 based processes, the supercritical antisolvent (SAS) technique and
the supercritical adsorption stand out. Up to now, SAS technique is successfully used to
obtain microparticles and nanoparticles of different kinds of materials [6, 8–15]. In this
case, the scCO2 acts has an antisolvent: the solute has to be soluble in the organic
solvent used but insoluble in the mixture solvent+scCO2, which have to be miscible at
the process conditions. Differently, the supercritical adsorption permits to incorporate
different kinds of active compounds in various matrices [16–27]. In the case of
supercritical adsorption, the solute has to be soluble in scCO2, whereas the polymer
matrix chosen as substrate has to possess a proper porosity. Moreover, the scCO2 may
have plasticizing and blowing effects on the polymeric matrices.

In this work, the two different scCO2 based processes were used for different
applications: SAS process to coprecipitate PVP and KET in form of controlled
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dimensions microparticles for a KET oral delivery, and the supercritical adsorption to
impregnate KET in alginate aerogel for a KET topical delivery.

2 Materials and Methods

2.1 Materials

Carbon dioxide (purity 99%) was purchased from Morlando group (Italy). Ketoprofen
(KET, purity � 98%), polyvinylpyrrolidone (PVP, average molecular weight
10,000 g/mol), dimethylsulfoxide (DMSO, purity 99.5%), calcium chloride (CaCl2,
purity � 96%) and sodium alginate were purchased from Sigma-Aldrich (Italy). All
materials were used as received. Distilled water was produced using a laboratory water
distiller supplied by ISECO S.P.A. (St. Marcel, AO, Italy).

2.2 Supercritical CO2 Assisted Processes

SAS technique was employed to produce PVP/KET microparticles. The heart of SAS
plant (sketched in Fig. 1) is the cylindrical precipitation chamber (PC) with an internal
volume of 500 cm3. A typical SAS experiment starts delivering the CO2, previously
cooled thanks to a refrigerating bath (RB), in the precipitator by means of a high
pressure pump (P1). The temperature control (TC) is assured by a proportional integral
derivative (PID) controller connected with electrically thin bands, whereas the pressure
in the chamber is measured by a test gauge manometer (M) and regulated by a
micrometric valve (MV). Once the desired pressure and temperature are reached, the
liquid solution, stored in a burette (S1), is co-currently injected into the precipitator by
another high pressure pump (P2). The solution passes through a 100 µm internal
diameter stainless steel nozzle, that assures the atomization; inside the chamber, a
solvent-antisolvent mixture is formed, leading to the precipitation of the solute to be
micronized. The precipitated powder is collected on a stainless steel filter (pores size of
0.1 lm), which allows the passage of CO2 – solvent mixture. Downstream the pre-
cipitation chamber, the liquid solvent is recovered in a liquid separator (LS) at a lower
pressure (about 2 Mpa) that is regulated by a backpressure valve (BPV). At the exit of
the solvent collection vessel, the flow rate and the total quantity of delivered CO2 are
measured by a rotameter (R) and a dry test meter (DM). At the end of the solution
injection, only the scCO2 is sent to the precipitation chamber to eliminate the solvent
residues. The CO2 flow is stopped when the washing step is completed and the pre-
cipitator is depressurized up to the atmospheric pressure. Finally, the precipitated
powder can be collected.
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The supercritical adsorption was employed to impregnate KET in calcium alginate
aerogels.

The aerogels used as polymeric matrices were prepared by supercritical gel drying
(sketched in Fig. 2a), in which the quasi-zero surface tension and high diffusivity of
scCO2 are exploited to avoid the pores collapse. The aerogel was produced according
to a previously optimized procedure [28]. Briefly, first, alginate hydrogels are prepared
as follows: a solution of 5% w/w at sodium alginate in distilled water is poured into
cylindrical moulds, then immersed in a coagulation bath at 5% w/w of calcium chloride
in distilled water to promote the gelation step and convert the sodium alginate in
calcium alginate. Then, the alcogels are obtained by gradually replacing the water in
the hydrogels pores with a series of ethanol baths at room temperature, up to have
100% ethanol. Finally, the attainment of the aerogels is achieved by drying the alcogels
with scCO2 into a vessel (Fig. 1a) for 5 h at 35 °C and 20 MPa.

The aerogels obtained were used as support for KET adsorption tests, performed in
a cylindrical autoclave with an internal volume equal to 100 cm3 (sketched in Fig. 2a).
The vessel was tightly closed at the bottom and at the top with two finger tight clamps.
A typical adsorption test starts feeding the CO2, cooled through a refrigerating bath, to
the autoclave with a high pressure pump. Thin band heaters connected with a PID
controller assure the thermal heating of the autoclave, whereas the pressure is measured
by a digital gauge manometer. The mixing in the vessel is ensured through an impeller,
which is located on the top cap and driven by a variable velocity electric motor. When
the desired temperature and pressure are reached, CO2 flow is stopped and the aerogel
is left for a certain time in contact with the drug dissolved in the scCO2. Then, the

Fig. 1. A schematic representation of SAS plant used to obtain PVP/KET microparticles.
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system is depressurized by a micrometric valve to recover the adsorbed aerogel. The
CO2 flow rate at the exit of the cylinder is measured by a rotameter.

2.3 Analytical Methods

The samples were observed using a Field Emission Scanning Electron Microscope
(FESEM, mod. LEO 1525, Carl Zeiss SMT AG, Oberkochen, Germany). A gold-
palladium coating (layer thickness 250 Å) was performed, because the samples has to
be conductive to be analyzed by FESEM.

The diameters of 1000 particles produced by SAS process for each sample were
estimated by means of FESEM images using the Sigma Scan Pro software (release 5.0,
Aspire Software International Ashburn, VA); the obtained data wer analyzed using the
Microcal Origin Software (release 8.0, Microcal Software, Inc., Northampton, MA) to
determine the particle size distributions (PSDs).

The Fourier transform infrared analysis (FT-IR) was performed by a FT-IR spec-
trophotometer (IRTracer100, Shimadzu Italia, Milan, Italy), with a resolution of
0.5 cm−1 in a range of scan wavenumber 4000–450 cm−1 as an average of 16 mea-
surements. Approximately 100 mg of potassium bromide (KBr), which was used as an
infrared transparent matrix, were mixed with 1 mg of each sample in a mortar; then, the
mixture was compressed through a hydraulic press in form of disks, which were after
analyzed.

Fig. 2. A schematic representation of the plants used to obtain alginate aerogel loaded with
KET: (a) supercritical drying; (b) supercritical adsorption. CO2: carbon dioxide supply; RB:
refrigerating bath; P1, P2: pumps; V1, V2: vessels; TC: thermocouple; M: manometer; MV:
micrometric valve; LS: liquid separator; BPV: back pressure valve and R: rotameter.
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The KET dissolution studies were performed using UV/vis spectrophotometer
(model Cary 50, Varian, Palo Alto, CA).

In the case of SAS PVP/KET samples proposed for oral administration, a HCl
0.1 M solution at pH 2.5 was used as release medium, in order to simulate the gastric
acidity. Accurately weighted samples containing an equivalent amount of KET (4 mg)
were suspended in 3 mL of HCl solution and placed into a dialysis sack; then, the sack
was incubated in 300 mL of the HCl solution at pH 2.5, continuously stirred at
150 rpm and 37 °C.

The dissolution tests of KET adsorbed on alginate aerogels, proposed for topical
application, were performed in phosphate buffered saline (PBS) at pH 7.4 to simulate
the blood pH. Accurately weighed samples containing an equivalent amount of KET
(10 mg) were suspended in 3 mL of PBS in a dialysis sack, which was then incubated
in 300 mL of PBS, continuously stirred at 150 rpm and 37 °C. The weight increase of
the aerogels measured at the end of the adsorption tests was checked through the drug
loadings evaluated considering the absorbance at the end of release; i.e., when all the
KET was released from the aerogel to the external PBS. The determined absorbance
was converted in NSAID concentration using a calibration curve.

3 Experimental Results

3.1 SAS Coprecipitation of PVP/Ketoprofen

PVP and KET were coprecipitated by SAS process to obtain composite microspheres;
i.e., a polymeric matrix in which the drug is homogeneously dispersed that assures an
effective coprecipitation [14].

SAS tests were performed by using DMSO as solvent, fixing the temperature at
40 °C and the pressure at 9 MPa, in order to operate above the critical point of the
mixture DMSO/scCO2 (MCP) [29]. The flow rates of CO2 and the liquid solution were
also set respectively at 30 g/min and 1 mL/min, to work with CO2 molar fractions
equal to 0.98; i.e. at the right of the MCP [30]. The total concentration of solutes in
DMSO was also fixed at 50 mg/mL to have a massive coprecipitation of the polymer
and the drug [15].

Since the polymer/drug ratio mostly influences the drug release kinetics in water [8],
the effect of this parameter on morphology and size of precipitated particles was studied.
PVP/KET ratio was varied from 10/1 to 3/1, obtaining well-separated microparticles for
all the experiments (Fig. 3). Comparing the volumetric cumulative PSDs in Fig. 4, it is
observed that the mean diameter increased and the PSDs enlarged by increasing
the PVP/KET ratio. Indeed, the particle size ranged from 3.44 ± 1.88 µm to
3.10 ± 1.51 µm by decreasing PVP/KET ratio from 10/1 to 3/1 w/w.
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Fig. 3. FESEM images of PVP/KET microparticles precipitated from DMSO at 9 MPa, 40 °C
and 50 mg/mL: (a) 10/1; (b) 5/1; (c) 3/1.
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3.2 Supercritical Adsorption of KET into Alginate Aerogel

The adsorption kinetics were determined at a fixed pressure of 18 MPa to know the
time required to reach the maximum amount of KET loaded into the alginate aerogel.
Uptake is expressed as qt; i.e., mmol of KET per gram of aerogel.
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Kinetic adsorption data were obtained keeping in contact the alginate aerogel and
KET dissolved in scCO2 for various times (from 2 to 72 h) at different temperatures (40
and 60 °C). The adsorption kinetics of KET into aerogels at 40 and 60 °C are reported
in Fig. 5. It can be noted that the increase of temperature did not strongly influence the
amount of adsorbed KET. The quantity of loaded KET increased by increasing the
adsorption time up to a maximum value achieved after about 60 h. Furthermore, the
amount of KET adsorbed into calcium aerogels is high, in terms of NSAID/aerogel
ratio w/w about 0.42 mgKET/mgaerogel, also thanks to the high solubility of KET into
scCO2 at 18 MPa and 40/60 °C [31].

The FESEM analyses enabled to observe the morphology of calcium alginate
aerogel before and after KET adsorption, as shown in Fig. 6a and b. The porous
structure of the aerogel was preserved after supercritical adsorption; moreover, in the
case of adsorbed sample, it is possible to note the presence of drug that filled/covered
the aerogel pores.

Fig. 6. FESEM images of alginate aerogel before (a) and after (b) KET adsorption.
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3.3 Characterizations of Samples

FT-IR analyses were performed to identify the presence of KET in the composite
systems. FT-IR spectra of unprocessed KET, pure PVP, pure calcium alginate aerogel,
physical mixtures PVP/KET 3/1 and KET/aeorogel, SAS processed PVP/KET 3/1 and
adsorbed sample KET/aerogel are reported in Fig. 7. The FT-IR spectra of PVP/KET
physical mixture and SAS coprecipitated powders PVP/KET showed the PVP char-
acteristic peaks and some characteristic bands of KET, namely peaks in the range
1600–1700 cm−1 related to the stretching vibrations of carbonyl groups and at 1440
and 1370 cm−1 associated to the C-H stretching vibration [32, 33]. The FT-IR spectra
of KET/aerogel composites and the corresponding physical mixture exhibited some
characteristic peaks of the NSAID; i.e., at 1649 and 1697 cm−1 ascribable to the
carbonyl group and the band at about 1440 cm−1 indicating the stretching vibration of
the C-H group [32, 33]. In all studied cases, the spectrum of the polymer prevails in the
spectra of the composite systems since the NSAID is hidden in the polymeric structure.

When KET is orally administered, it passes through the stomach where KET is
largely absorbed. For this reason, the dissolution studies of SAS PVP/KET samples for
oral administration were performed in a HCl 0.1 M solution at pH 2.5 and 37°C, to
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mixtures KET+PVP and KET+aerogel, SAS PVP/KET powders and KET adsorbed on aerogel.
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simulate the gastric acidity. From Fig. 8, it can be observed that unprocessed KET
completely dissolved in the acid solution in about 8 h, the physical mixture PVP/KET
took about 6 h, whereas all SAS coprecipitated PVP/KET powders took about 3 h.
Therefore, KET released from PVP-based microparticles is almost 3 times faster than
pure KET.

In the case of transdermal drug delivery systems, in-vitro dissolution tests are
generally performed in PBS at pH 7.4, in order to simulate the blood plasma pH.
Dissolution profiles in PBS (pH 7.4) of pure KET, a physical mixture KET/aerogel and
KET adsorbed on alginate aerogel for topical application are compared in Fig. 9. For
complete dissolution in PBS, unprocessed KET and physical mixture took about 3 h
and 4 h, respectively; KET adsorbed on alginate aerogel was completely released after
almost 6 h. Therefore, adsorbed samples allowed to prolong KET release about twice.
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Dissolution tests demonstrated the effectiveness of the supercritical CO2 based
processes to modify the drug release. The important role of the polymeric carriers in the
kinetics release was also highlighted: KET dissolution rate can be enhanced by
choosing a hydrophilic carrier like PVP to produce microparticles; calcium alginate
aerogel is characterized by a hydrophobic behavior, so it promotes a prolonged release
of the adsorbed KET.

From a pharmaceutical point of view, SAS PVP/KET microparticles as oral
delivery are useful to treat inflammatory diseases that require a rapid therapeutic effect,
such as headaches and toothache; whereas, KET-loaded aerogels with a prolonged
NSAID release are suitable to reduce the frequency of administration in the case of
back ache, rheumatoid arthritis and osteoarthritis.

4 Conclusions

In this work, two different KET delivery systems were successfully proposed by two
different scCO2 assisted processes: oral fast and topical controlled KET release were
achieved by SAS technique and supercritical adsorption, respectively.

Composite PVP/KET microparticles with mean size ranging from 3.1 (±1.5) and
3.4 (±1.9) lm were produced with SAS process, which assured a good control of the
particles dimensions varying the operating parameters. An increase in the KET dis-
solution rate in SAS composite microparticles of about 3 times with respect to the
unprocessed NSAID was measured.
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Fig. 9. Dissolution tests of topical KET in PBS at pH 7.4 and 37 °C.
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KET was efficiently impregnated into calcium alginate aerogels by supercritical
adsorption, which allows a possible control of KET loading by varying the operative
conditions like the contact time. The dissolution rate of KET adsorbed into alginate
aerogel was twice slower than unprocessed KET, suitable to develop topical anti-
inflammatory patches that increase patient compliance reducing frequency of admin-
istration and side effects caused by NSAID overdoses.

The tuning of the drug dissolution rate can be realized by using supercritical
techniques: SAS process for a fast release (oral delivery) and supercritical impregnation
for a prolonged release (topical delivery), according to the specific therapy desired.
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Abstract. A series of functional and nutraceutical food products from the by-
products of the food industry will be designed and produced in a Scientific
Partnership Program within the University of Craiova, Romania (2018–2020).
These functional foods and nutraceutical products will be used in the person-
alized nutrition of certain patient groups exhibiting certain medical conditions.
In the design and construction of these functional foods, some bioactive com-
pounds will be stabilized in certain organic fruit juices; at the same time, other
bioactive compounds will be introduced into gluten-free bakery products. The
functional foods which will be produced in the Bioengineering and Biotech-
nology Laboratory of the INCESA Regional Research Hub of the University of
Craiova will be stabilized in bio-resorbable capsules. To preserve the functional
properties of nutraceuticals, certain biomaterials (proteins, polysaccharides) will
be used- as bio-resorbable membranes. Therefore, the focus will be on the
biocompatibility of the membranes used for the best biofilms for consumers, the
studies of the redox processes occurring inside the capsules, and the studies on
the toxicity of the final products.

1 Introduction

Food supplements are created to bring a surplus of vitamins, natural enzymes, oligo-
elements and minerals to the basic nutrition and they address certain varying categories
of consumers.

In order to be able to design and produce a good functional food and/or a valuable
food supplement, it is very important to use organic food products or parts as a starting
point. These products are certified as organic (being in compliance with the require-
ments of the updated European Regulations 848/2018). Thus, the risk of primary or
secondary contamination is excluded. According to the European Bioeconomy Strategy
for Sustainable Development, today we are trying to use and reuse a large number of
valuable bio-compounds which are separated-concentrated from by-products resulted
from some food products’ manufacturing chain. This Strategy is developed in com-
pliance with the Environmental Protection Regulations and the European Directive on
Food Waste Reduction and Control; this is an opportunity for the EU to improve the
efficiency of how we exploit the currently underused resources [1]. Current estimates
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indicate that around one-third of worldwide foodstuffs produced for human consump-
tion are wasted or lost, leading to significant economic and environmental costs [2].

In many cases, when designing and constructing nanomolecular systems specific to
functional foods (or to similar systems of dietary supplements), certain oxidation-
reduction processes are continuously monitored – for example, the activity of several
enzymes such as oxidoreductases. All these specific elements (the pH, the redox
potential- Eh, the hydrogen ion pressure logarithm – the rH) are extremely important for
both the construction and the maintenance of these functional foods and for the con-
sumers’ health. The activity of certain oxidoreductases such as those NAD-dependent,
NADP-dependent, FAD-dependent, and FMN-dependent, the ratios of the oxidized and
reduced forms’ concentrations, and their functional kinetics have been some of the
objectives the present scientific research.

The special effects of natural ionized water and partially deionized water on the
activity of certain oxidoreductases and on the ion kinetics in the chemical composition
of some natural extracts have been proven, based on results obtained during a scientific
research cycle. Using mixtures of natural ionized water in very precise concentrations
to remove lipoxygenases (or other enzymes that induce certain undesirable tastes in the
final food or certain changes in the shelf life due to strong oxidations) presents a
number of considerable advantages [3, 4]. Testing certain natural membranes which are
kept for a certain period under light and gravitational magnetic fields and moistened
with nanostructured and natural ionized water represents a technological advantage
both for increasing the extraction capability of valuable bio-compounds and for
transferring valuable cations in the final environment of the foods.

The paper presents an innovative application of biomaterials in the field of bioe-
conomy. The main purpose of the present scientific work is to obtain valuable food
supplements by using hemp (Cannabis Sativa hemp pomaces left over after pressing
and extracting the oil) and Jerusalem Artichoke sediments (Helianthus Tuberosus - a
perennial plant which easily grows on various soil types and whose food potential is
not sufficiently exploited at present).

The novelty of the paper is underlined by several factors:

– Presenting an innovative technology for extracting valuable bio-compounds with
the help of supercritical fluids (Supercritical Fluid Extraction - hereinafter referred
to as SFE). Within this technology, the extraction efficiency is influenced by the
using protective cellulose membranes which have been previously ionized by
plasma (the extraction efficiency of valuable bio-compounds thus increases by over
22%). This is a novelty worldwide and will be patented.

– Amodified cold plasma type of technology was used in the separation-concentration
of valuable bio-compounds from these plants. In conventional research, Cold Plasma
results from using a Tesla coil string. Cold plasma is produced along with static
electricity, which can also release hot plasma (which can affect less thermally stable
bio-compounds). Therefore, we used a new Tesla T coil array system (“T coil in T
coil” - the inner coil is directly fed, the outer coil has an inverted power supply circuit
and a nanocoated CO2 gas circulates between them). This innovative system
removes any static electricity and any form of heating from the mixture. This results
in separating the bio-compounds from certain hydro-alcoholic extracts in a stable
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plasma field - as can be seen in the Fig. 4. This is also new worldwide and could
revolutionize the crystallization and easy separation of undesirable remnant com-
pounds in certain products (certain preservatives, carbohydrates, pesticides - which
could increase the toxicity concentration of the final product).

– The innovative product thus obtained is packaged under inert conditions in LICAPS
(Liquid Filled Hard Capsules) vegetable capsules which have certain characteristics
(solvent free, preservative free, gluten free, sugar free, GMO free) which make the
product a “premium” one, unique in the food supplements market. This type of
bioresorbable capsules allows antioxidants to be stored in the final product and
released when they reach the consumer’s digestive system.

Using special Mild Food Processing technologies, certain extraction techniques
using supercritical fluids (in this case, carbon dioxide at about 32 °C and high pressures
up to 650 bar), and non-invasive treatments with the help of starter extracts and natural
ionized vegetal membranes are extremely important in the preservation and volumetric
transfer of valuable bio-compounds from organic raw materials. Certain special sepa-
ration - concentration technologies should be used for producing innovative high
nutritional density supplements from hemp sediments (pomaces from the oil extraction
process), and Helianthus Tuberosus and Sorghum leaves and roots, as well as
achieving highly efficient levels in bio-compound separation. As part of the project
“Valuing the Food Potential of Selected Agricultural Crops (artichoke tubers, sorghum
seeds, hemp pomace - resulting from cold pressed hemp oil)” we used (for the first time
in the world and on these food residues) plasma technologies such as improved cold
plasma and improved Supercritical Fluid Extraction with the help of nanostructured
gases. Some of the results are presented in this paper. The use of a portable plasma
generator induces a weaker field, with action on the surface of the materials to be
treated [5].

Choosing the constructive characteristics of the equipment and the technological
flow in any separation-concentration unit is primarily influenced by the properties of
the raw materials. The present paper presents the results of experimental research on
characterizing the raw materials and the Supercritical Fluid Extraction technology
(SFE) used in producing innovative foods.

The applied technologies are not very cheap, but the system can develop food and
agricultural products with no artificial toxicity and at the same time the environment is
also protected. Specialists in the food and pharmaceutical industry have developed
many food supplements from organic farm products [6]. The choice of raw materials
and the use of the GPS techniques in culture technologies were also very important [7].
These allowed the best orientation of the crops in the field, the increasing the insulation
period and the production valuable compounds enriched crops (especially minerals: Ca,
Mg, K).

In order to develop special dietary supplements, the local Romanian hemp varieties
were used - made in the Secuieni Agricultural Development Research Institute,
Romania, and Helianthus tuberosus leaves from the Dabuleni Agricultural Develop-
ment Research Institute, Romania. The cultivation technology of these plants (used for
the development of valuable food supplements) has been free of pesticide, heavy
metals or growth hormone treatments. The field of processing these transformation or
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even organic products has been very poorly developed. Among the species used so far,
we could mention tubers and roots such as potatoes, carrots, Jerusalem artichokes. Of
these, the Jerusalem artichoke (Helianthus tuberosus) was less used to produce valu-
able dietary supplements or to separate the inulin concentrate (to replace sweeteners
forbidden for people with diabetes or cardiovascular diseases) [8].

The hemp seeds contain: 36% oil, 28% protein, 14–27% non-extractive extract,
17.8–26.3% cellulose and 2.5–6.8% ash [9].

An increasing trend at the EU level also refers to organic crops of technical plants.
This trend also includes organic hemp crops (Cannabis sativa) which are of particular
interest to both growers and producers. In developing special dietary supplements in
Romania, the following hemp seed species have been used: Secuieni 1, Zenit, Diana,
Dacia-Secuieni, Secuieni-Jubileu, which were developed and cultivated in the Secuieni
Agricultural Development Center, Romania [10, 11]. The Dacia-Secuieni and Jubileu
Secuieni varieties are very important in the development of really valuable non-narcotic
and non-hallucinogenic food supplements (as they have 31–33% fibre and 0.013%
THC, and 20–24% fibre and 0.002% THC, respectively). From a nutritional point of
view, hemp seeds are richer in protein, essential amino acids, and Omega 3 and 6 [12].
The hemp made in Secuieni, Romania has a low THC content (delta-9-
tetrahydrocannabinol) well below 0.2%, the level required by the EU for industrial
crops.

2 Experimental Procedure

In order to design and produce an innovative food supplement, it is very important to
characterize the raw materials and the technological operations.

The plants (Helianthus tuberosus) are subject to a series of sorting, calibrating,
drying, conditioning, packaging, storage, and preservation operations and physic-
chemical and microbiological tests, before undergoing the extraction process.

The simplest form of preparing a food supplement from plants is in the form of
powder (from a single plant or a mixture of powders from several plants). In this
manner, the Helianthus tuberoses leaves (or roots) are organically dried by airflow in
the shade or by exposure to the sun (under a certain light intensity and a limited time).
All of these have the advantages of precise dosing, the accurately measuring the
nutritional density, a rigorous analytical management, ensuring traceability, estab-
lishing a longer shelf life and easy storage in safe packaging [13].

According to several papers in the field, the area of super critical extraction is a
nascent one in international research; this important technology has a number of
advantages (high dissolution power of fluids in supercritical states, high diffusion
power, organic extraction processes, low solvent removal costs, low solvent costs,
valuable bio compound extraction at low temperatures - which preserve their nutritional
character, reduced surface tension and reduced viscosity) [14, 15]. Eventually,
extraction products need to be subjected to further analysis to eliminate toxic
compounds.
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For the SFE tests performed on the Jerusalem artichoke (Helianthus tuberosus),
several important experimental variants were developed from the Dabuleni Develop-
ment Research Station and University of Craiova, Romania:

• V1 - An experimental variant made from Jerusalem artichoke leaves, the Dacian
variety

• V2 - An experimental variant made from Jerusalem artichoke leaves, the Rustic
variety

• V3 - An experimental variant made from Jerusalem artichoke leaves, the Olimp
variety

• V4 - An experimental variant made from Jerusalem artichoke leaves, the local
variety from Dabuleni

• V5 - An experimental variant made from Jerusalem artichoke leaves, the organic
variety from Dabuleni

The experimental variants of hemp were:

• V6 - Experimental variant in which peeled hemp seeds were used
• V7 - Experimental variant in which peeled and pressed hemp seeds were used
• V8 - Experimental variant in which dried and ground hemp seeds were used
• V9 - Experimental variant in which protein hemp extract was used
• V10 - Experimental variant – hemp extract oil

These experimental variants were carefully prepared according to standardized
working methods. Atomic Absorption Spectroscopy (AAS), NIR, FT-IR, UV-Vis
Molecular Absorption Spectrometry, the Single Addition Method and GC-MS Chro-
matography Techniques were used in the physic-chemical tests to quantify the main bio
compounds of these products. The extraction with fluids in a supercritical state (su-
percritical carbon dioxide at 32 °C and variable pressure 150–650 bar) and ion charged
bio-membranes stabilized in magnetic and gravitational fields were used in these case.

2.1 The Microwave Digestion Method

In order to correctly determine the traces and influence of certain compounds in the
redox processes that take place when obtaining food supplements, a series of chemical
tests have been performed to determine the heavy metals and minerals in several
varieties of Jerusalem artichoke and hemp (with no toxicity). Therefore, several edible
parts of the Jerusalem artichoke and hemp seed pomaces (which can be processed and
consumed) were checked (before the experiment) while the concentrations of certain
chemical elements (heavy metals and impurities) were tested by A.A.S. Tech to avoid
using parts of the plant that contain traces of pollution.

Conditions: In the first stage the samples were prepared for atomic absorption
spectrometry; the samples were mineralized (using the microwave digestion). Acid
digestion decomposes the matrix of the main sample to concentrate the elements to be
analysed and to prepare the final test. Compared to the conventional synthesis tech-
nologies, microwave heating has a number of advantages which include: shorter
reaction times, better reproducibility, improved purity, a higher efficiency and
improved management control. The microwave accelerated reaction system is designed
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to digest, dissolve, and hydrolyse a wide variety of materials in laboratory conditions.
The main purpose of using such a technique is to prepare samples for atomic absorption
(AA) testing. For this purpose, a CEM Mars, 1200 W microwave mineralization
system was used. The temperature is internally controlled by a fibre optic in one
reference vessel for each series of vessels.

The method: In brief, 10 g of dry substance (d.s.) were weighed, with analytical
accuracy. For mineralization, to each digestion cartridge we added 10.0000 g of the
product (Jerusalem artichoke leaves separated by variety for the first digestion variant
and in another stage, in each bowl, hemp seeds from the Secuieni Research Center,
separated by variety), 6 mL of concentrated nitric acid and 3 mL of 30% oxygenated
water. For the BLANK cartridge a single digestion was used in cartridges containing
only the reagents, without the products to be tested. The method is summarized in
Table 1.

3 Results and Discussion

The analysis of the molecular absorption spectre graphs shows that, depending on the
wavelength, in the UV field (200–400 nm), the widest variations were recorded in
variant V9 (when extracting proteins from hemp seeds: R2 was 0.872), whereas the
smallest variations of these spectral curves were recorded in the pressed hemp seeds
variant (R2 was 0.9545).

By analysing the concentrations of the main indicators in the flour obtained from
hemp pomaces (after oil extraction), one can be notice that there is a lot of raw protein
(28.64% dry matter), total fibres (47.71% dry matter) and very valuable minerals: K
(1300 mg/100 g sample), Mg (612.40 mg/100 g sample), Ca (286.42 mg/100 g sam-
ple). At the same time, the hemp sediments (pomaces - which remain after the hemp
seeds are pressed and the oil is extracted) contain various valuable fatty acids (espe-
cially polyunsaturated fatty acids - about 77%). That is why it is extremely important to
recover these valuable bio-compounds, to concentrate them and use them in valuable
nutritional density food supplements.

Table 1. The microwave digestion steps.

Power, W Time, min Agitation Comment

300 5 Yes For protect of cartridges
0 2 No For helping the sedimentation

process in bottom of cartridge
400 3 Yes
600 3 Yes
200 1 No
800 3 Yes
1000 5 Yes

0 10 No Cooling for open the cartridges
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In addition, the tests of the NAD oxidized forms show that the same phenomenon
occurs. The highest concentrations are found in the peeled seeds variant (2.053 abs.
units. in V6) and, respectively, in the peeled and pressed seeds (2.039 abs. units in V7).
The concentration of the NADH2 reduced forms has the highest values when the seeds
are pressed (1.883 in V7) and the lowest ones when the hemp cakes are dried and
ground after oil extraction (0.431 abs. units in V8) (Fig. 1). The ratio of [NAD] /
[NADH + H +] in experimental variants is shown in Fig. 1.

When analysing the FMN reduced and oxidized forms, the same surface oxidation
phenomenon occurs and therefore the highest values are found in the case of seed
pressing (V7 versus V6) and protein extraction from the seeds (V9). The lowest con-
centrations of FMN and FMNH + H oxidized and reduced forms were found in V8

variants - as a result of the drying and grinding processes. A as result of cold pro-
cessing, removing hemp oil creates a reduced environment in pomaces.

Mild food processing of these intermediate or even organic products, has been very
poorly developed. Light processing hemp seeds can be improved in the near future,
which can produce valuable nutraceuticals and dietary supplements (Fig. 2). The ratio
of [FMN] / [FMNH + H +] in experimental variants is shown in Fig. 2.

The Jerusalem artichoke leaf samples recorded important nitrogen values
(mg/100 g): 1,263 in V5 - in the organic farming system, and 1.940 in V4 - the local
variety in Dabuleni. Following the atomic absorption spectrometry (AAS) testing, the
Jerusalem artichoke also traced values of phosphorus concentrations (2.95 mg/100 g in

Fig. 1. The ratio of [NAD]/[NADH+H+] in experimental variants.

Fig. 2. The ratio of [FMN]/[FMNH+H+] in experimental variants.
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V5 – the variety from the organic area and 3.68 mg/100 g in the Olimp variety - V3),
potassium (24.33 mg/100 g in the V4 variety from the organic area and
31.34 mg/100 g from the local variety in Dabuleni), calcium (between 1.45 mg/100 g
in the variety from the organic area and 5.47 mg/100 g from the local variety in
Dabuleni), magnesium (0.95 mg/100 g in the variety from the organic area and
2.36 mg/100 g from the local variety in Dabuleni). Other elements were recorded as p.
p.m. (parts per million): Copper (5.37 ppm in the variety from the organic area and
7.24 ppm in the Dabuleni variety), Zinc (19.86 ppm in the variety from the organic
area and 28.16 ppm in the Dabuleni variety), Iron (95.47 ppm in the variety from the
organic area and 147.42 ppm in the Dabuleni variety), Manganese (25.44 ppm in the
variety from the organic area and 33.26 ppm in the Dabuleni variety), Molybdenum
(3.86 ppm in the variety from the organic area and 4.25 ppm in the Dabuleni variety).
There were no traces of Lead, Cadmium, Mercury and Arsenic.

At the same time, the Jerusalem artichoke leaves exhibited a number of complex
substances: proteins (24.2–26.8% Dry Substance), simple carbohydrates (0.6–1.8%
Dry Substance), cellulose (5.8–6.4% Dry Substance). As regards the silicon content, as
these plants were not treated with pesticides, they registered an average of 4.4 mg per
100 g of Fresh Substance.

By using protective membranes (which were previously charged in the plasma field
by immersing them in nano-nanostructured gas atmosphere), special results were
obtained in increasing the concentrations of the NADH+H+ and FMNH+H+ reduced
forms and in the extraction of the Helianthus Tuberosus active biocompounds. Thus the
extracts’ antioxidant character increased and a high nutrition density extract was
obtained (Fig. 3).

The best option for processing in this case was the Dabuleni Local Variety Variant
and, close behind, the Organic Variant.

An extraction technique using supercritical fluids (carbon dioxide SFE as extraction
agent) was used to extract the main valuable bio compounds from pressed hemp seed
cakes, dried and ground hemp cakes and Jerusalem artichoke leaves.

In these extractions, we used Helix Natural Product SFE equipment delivered to the
Research Infrastructure of the Bioengineering and Biotechnology Laboratories, the

Fig. 3. The ratio [NAD/NADH+H+] and [FMN]/[FMNH+H+] of experimental variants.
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Research HUB INCESA, University of Craiova, Romania by the world leader in the
field, Applied Separations.

Prior to the SFE extraction, certain interfering substances were separated, as these
could be drawn in the solvent or in the final (aqueous) extracts. To this end, we used a
combination of calcification and carbonation (defecation and carbonation) purifying
techniques, as well as filtration separation techniques including special membranes.
Thus, a series of soluble pectin, lignin, celluloses, and hemi-celluloses were separated.
The natural protective membranes are obtained from vegetal cellulose which were
pressed and charged in ionic, magnetic, and gravitational fields. Thus, active nano-
structures are produced, which directly influence the activity of the co-enzymes and
greatly increase the efficiency of separating the active bio compounds. Such a sepa-
ration produced by the cumulative effect of the fields can be seen in Fig. 4, which
shows a pectin gel at the bottom, a crystal structure in the middle, and lignin, cellulose
and hemicellulose at the top.

Another very important aspect is the “cold” separation of certain valuable bio-
compounds in hemp under the cold influence which a certain field (plasma, magnetic
and gravitational) resultant force has on the valuable compounds in the hydro alcoholic
extracts made from hemp pomaces. As shown in the Fig. 4, only the resultant force of
the three fields (plasma, magnetic and gravitational) produces the separation of the
vegetable fibres (at the top of the vessel), the colloidal proteins (at the bottom of the
extraction vessel) and of the potential pesticide crystals (the crystal in the centre). This
separation process is innovative and can be the basis of a new cold separation tech-
nology, as a novelty in separation techniques worldwide. The separations thus achieved
are stable (even in a dynamic stirring regime) and can be completed by filtration
through inert protective membranes.

The Tesla coil system (direct and inverted) which also contains nanostructured gas
is attach such as Fig. 5b and is the subject of a European patent application.

After a brief ionic blast in which weak bases (CaO solutions) and carbon anhydride
were used, rich precipitates formed. These precipitates were removed by specific
separation techniques (filtration, sedimentation-filtration).

By analysing the free -SH groups in the Jerusalem artichoke experimental (by using
UV Molecular Absorption Spectrometry, Pure Analysis Substances and DNA

Fig. 4. The separation process influenced by the field of natural nanocomposite membranes
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modification analysis software) can see the consequences of the microorganisms’
infection in variant V2 (Rustic). In the Dabuleni variant (V4) and the Organic one (V5),
the peaks of molecular absorption spectra for free-SH groups (252 nm) are identical,
without DNA modifications. The organic variant V5 and the Dabuleni Variety V4 have
the lowest concentrations of NAD, NADH2, FMN, FMNH2, oxidized and reduced hem
proteins, riboflavin, flavoprotein and other forms.

In order to improve the supercritical extraction efficiency, new technological ways
have been tested. The relevant tests which produced good extraction results required
the use of special air filters, which were placed on the compressor’s discharge path
(Fig. 5a) and inside the central extraction unit (Fig. 5b). Inside the central extraction
unit, the increase in the efficiency of the new technologies required the optimizing
certain routes and minimizing the heat transfer.

New natural osmotic membranes were used both for extraction and filtration; these
membranes were charged in a magnetic-gravitational field and naturally ionized (by
soaking them in balneal-therapeutic water and electrolyzing them with Nano coated
electrodes), which facilitated extraction efficiency and selectivity. These new mem-
branes as well as the modifications made to SFE technology will be the object of a
Patent Application in June 2020. Preparing the extraction system also required ensuring
the special environmental condition. In order to check the extraction and concentration
degree of important bioactive compounds, we did calibration tests and set reference
lines for the optical analysis equipment (UV-VIS spectrophotometer, NIR analyser and
Fourier – FT IR transform spectrophotometer). The UV-UV spectrophotometer was a
T92 plus controlled by special software that can record the DNA changes. For the IR
spectral domain, we used Tango NIR and Vertex V70 Analyser made by Bruker Optics.
For calibrations and references, we used known concentration lines and Pure Analysis
solutions.

Very good results were obtained by using the regime of dynamic extraction during
which the different stirring speeds had a special contribution (between 120 and 200
rotations/minute, depending on the consistency of the raw material). The most valuable
results were recorded at lower pressures (200–450 bar) and temperatures of 30–32 °C.

Fig. 5. Ensure of superior air filtration (a) and change of some technological ways with Tesla
Coil Circuit -TC (b) - essential conditions for obtaining well extraction efficiencies. The best
extraction are on the regime of dynamic extraction (c)
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4 Conclusions and Recommendations

As a result of the studies and the technological level we achieved during the scientific
research, the following conclusions can be drawn:

– Measuring the levels of NAD, FMN, FAD concentrations can be a valuable indi-
cator of the leaves’ contamination with pathogenic microorganisms; these leaves
can be used as raw materials in the creation of food supplements.

– The Redox processes in these technologies are extremely important and coordinated
by a series of oxidoreductases which have NAD-dependent, FMN-dependent and
FAD-dependent active co-enzymes.

– The activity of these co-enzymes is strongly influenced by the ion exchange pro-
duced by the ion charged natural membranes during the filtering and supercritical
extraction processes.

– The organic farming system is an important source of raw materials for designing
and developing food supplements which are extremely valuable for certain cate-
gories of people.

– Introducing protective membranes charged in the plasma field generated by the
nanostructured gases considerably improves the extraction efficiency of SFE
(Supercritical Fluid Extraction) technology. The nanostructured gas in which the
protective membranes have been impregnated should be of the same nature as the
supercritical fluid (in this case carbon dioxide).

– Packing LICAPS resorbable capsules in a controlled atmosphere keeps the
antioxidant concentrations in the food supplement unchanged and may prolong their
shelf life.

– Hemp residues resulting from seed pressing and specific oil separation can be
successfully used when designing valuable food supplements.

– The rheological characteristics of the mixture containing the supercritical fluid and
the bio compounds extracted from the material are extremely important in the
efficiency formulas and in choosing the technology.

– Physical, chemical, and microbiological tests specific to raw materials, sub-products
obtained from various technological operations, and finished products must comply
with all the rules of standardized and accredited methods.

– By using special innovative techniques in “mild food processing” technologies
(which use the effects of the plasma, magnetic and gravitational fields’ resultant
forces), high quality extracts can be obtained in a shorter time, while having an
improved extraction efficiency.

– The tests continue in several dynamic SFE systems in which the extraction effi-
ciency of the supercritical fluid is improved by a continuous stirring process and by
the influence of the carbon dioxide plasma field (used as a supercritical fluid)
combined with the natural membranes, which are charged with ion exchangers.

– The rheological characteristics of the mixture containing the supercritical fluid and
the bio compounds extracted from the material are extremely important in the
efficiency formulas and in choosing the technology.

– The most valuable results of the technological development stages were recorded at
lower pressures (200–450 bar) and temperatures of 30–32 °C.
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Abstract. Auricle reconstruction due to congenital, post-infective or post-
traumatic defects represents a challenging procedure in the field of aesthetic and
reconstructive surgery due to the highly complex three-dimensional anatomy of
the outer ear. Tissue engineering aims to provide alternatives to overcome the
shortcomings of standard surgical reconstructive procedure. In the present study,
poly(vinyl alcohol)/gelatin (PVA/G) sponges at different weight ratios were
produced via emulsion and freeze-drying, and crosslinked by exposure to glu-
taraldehyde vapors. PVA/G sponges gave rise to highly porous, water stable and
hydrophilic scaffolds. Characterization of PVA/G sponges showed round-shaped
interconnected pores, high swelling capacity (>200%) and viscoelastic mechan-
ical behavior. The PVA/G 70/30 (w/w) scaffold was selected for in vitro biological
studies. Bone marrow derived human mesenchymal stromal cells (hMSCs) were
used and differentiated towards chondrogenic lineage under different culture
conditions: 1) commercial versus handmade differentiation medium; 2) undif-
ferentiated versus pre-differentiated hMSC seeding; and 3) static versus dynamic
culture [i.e. ultrasound (US) or bioreactor stimulation]. Histological results
highlighted intense glycosaminoglycan, glycoprotein and collagen syntheses after
three weeks, mostly using the commercial medium, whereas round morphology
was observed in pre-differentiated cells. In static culture, immunohistochemistry
for chondrogenic markers revealed an early differentiation stage, characterized by
the expression of Sox-9 and collagen type I fibers. The application of US on
cell/scaffold constructs increased extracellular matrix deposition and resulted in
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30% higher collagen type II expression at the gene level. Bioreactor culture
induced collagen type II, aggrecan and elastin formation. This study demonstrated
that 70/30 PVA/G sponge is a suitable candidate for auricle reconstruction.

Keywords: Auricle � Tissue engineering � Mesenchymal Stromal Cells � Poly
(vinyl alcohol) (PVA) � Emulsion

1 Introduction

Auricle malformation or absence due to congenital or acquired defects represents a
relevant clinical problem, since it also negatively affects patient’s psychological well-
being. Surgical auricle reconstruction represents one of the most challenging procedure
in the field of aesthetic and reconstructive surgery due to the highly complex three-
dimensional anatomy of the external ear [1, 2]. Current surgical treatments include the
use of rib cartilage autograft and alloplastic biomaterials for auricle reconstruction [1,
3, 4]. The application of a prosthetic auricle has been investigated as an alternative to
surgical reconstruction, since it provides good aesthetic results minimizing risks
associated with the surgical procedure [5]. The main shortcomings associated to the
aforementioned treatments are related to surgical complications and foreign body
reaction; therefore, scientists are investigating tissue engineering techniques to regen-
erate auricle cartilage in vitro [3, 4, 6]. In 1997, Cao et al. generated the first ear-shaped
cartilage construct in an animal model [7], thus disclosing tissue engineering potential
in auricle reconstruction. Since then, many researchers have focused their attention on
the possibility of engineering the human auricle. The first successful results were
obtained by employing a multistep approach: in the first step, chondrocytes were
seeded on a polymeric ear-shaped scaffold; then, cell/scaffold construct was implanted
in an animal at subcutaneous level; successively, the regenerated cartilage was har-
vested, manipulated and re-implanted in patients [1, 8]. Recently one of the most
investigated option is the combination of computer tomography (CT) scan and additive
manufacturing technologies to fabricate patient-specific ear-shaped scaffolds in order to
regenerate cartilage constructs in vitro [3, 9].

The auricle, the external auditory meatus and the Eustachian tube consist of elastic
cartilage [6, 10]. The properties of auricular cartilage depend on characteristics and
spatial distribution of its main structural components: collagen fibers, elastic fibers,
glycosaminoglycans (GAGs), chondrocytes and water [11–13]. Chondrocytes are
round-shaped and can be observed as single cells or isogenic groups composed by two
or three cells surrounded by abundant extracellular matrix (ECM) [10, 14]. In the ear,
collagen fibers mainly consist of collagen type II, which are responsible for tensile
strength, while elasticity and flexibility of the tissue are due to the presence of elastic
fibers, peculiar to elastic cartilage [15, 16]. On the other hand, GAGs possess nega-
tively charged sulfate groups able to attract water molecules and bind proteoglycans to
collagen fibrils, thus providing unique biomechanical properties and a viscoelastic
component [17]. Cartilage predominant proteoglycan is aggrecan, which provides
cartilage elasticity and viscosity retention [18]. In addition, the elastic cartilage ECM
contains smaller proteoglycans such as biglycan, decorin and fibromodulin, glyco-
proteins as fibronectin and other non-collagenous proteins [13].
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Auricular cartilage, as any other biological tissue, shows viscoelastic behavior. As
such, elastin biomechanically behaves as a linear elastic solid and can be elastically
deformed up to 160% strain values [19]. The stress-strain curve obtained by
mechanical testing of elastin samples is essentially linear, even though there is a slight
difference between loading and unloading curve due to a phenomenon of energy dis-
sipation within the material [19]. Elastin elasticity is a direct consequence of the
entropic recoil of elastin molecules [20]. Collagen is a basilar structural protein able to
provide mechanical integrity and strength to soft tissues, thus playing a key role in
determining tissue biomechanical properties [19, 21].

Data dealing with auricular cartilage mechanical properties available in literature
are limited. Griffin et al. tested samples of human auricular cartilage harvested from
cadavers (average age 69 ± 10 years) in order to explore the biomechanical properties
of this tissue [4]. Compressive test reported an overall elastic modulus of
1.66 ± 0.63 MPa without significant differences among the different anatomical
regions in which human auricle can be divided [4]. Elastic cartilage does not undergo
calcification; however, its biomechanical properties change as a consequence of ageing
[10, 14]. Individual’s age advancing is related to significant changes in matrix thickness
and composition: the amount of elastin decreases, elastic fibers are thinner and more
fragmented, chondrocytes number and size drop [22–24]. These changes progressively
compromise cartilage mechanical integrity [23, 25].

Studies conducted in the nineties have demonstrated that both bovine chondrocytes
and human chondrocytes are able to replicate and generate cartilage matrix when
seeded on synthetic scaffolds [25, 26]. However chondrocytes isolated from articular,
costal or septal cartilage are not able to synthesize elastin, thus regenerated tissues
show fibrocartilaginous nature and present lower biochemical and mechanical prop-
erties than native elastic cartilage [3, 27]. Nevertheless, only a small amount of tissue
can be harvested from the patient, thus an extensive in vitro expansion of chondrocytes
is required in order to obtain a sufficient number of cells to produce cartilage engi-
neered constructs of clinically relevant size [27]. Furthermore, chondrocyte prolifera-
tive potential is physiologically low and their capability to produce cartilage matrix
decline over time [27].

Therefore, to allow the regeneration of such specific ECM, it is fundamental to
provide a suitable scaffold in which chondrogenesis and elastic cartilage formation can
take places. It is well known that once chondrocytes are cultured on tissue culture
plastic, namely, in a bidimensional (2D) setting, they lose their morphotype, from
round to spindle-like, and finally de-differentiate into fibroblasts, which in turn produce
different ECM molecules, including a prevalence of collagen type I [27]. Differently, a
tridimensional (3D) setting is considered the best option to obtain a cartilaginous tissue
in vitro.

Previous studies have already proved that bone marrow derived mesenchymal
stromal cells (MSCs) are able to differentiate into chondrocytes and express chon-
drogenic markers, such as aggrecan and collagen type II when adequately stimulated
[28, 29]. The employment of MSCs for in vitro cartilage engineering presents several
benefits as a low number of cells is initially required and their isolation from bone
marrow is relatively easy and already adopted in clinical procedures [6]. However,
prolonged in vitro cultivation is necessary in order to obtain noticeable chondrogenic
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differentiation. MSCs are not involved in the physiological development of auricular
cartilage and so far there is no evidence that elastic fibers can be obtained [27, 30]. To
induce the regeneration of auricular cartilage, suitable chemical and physical signals
should be provided. Chemical signals can be introduced in the scaffold by blending
synthetic with biological polymers [31–35], and MSCs can be activated towards
chondrogenic cascade by using proper supplements in the culture medium [3, 6, 29, 35,
36]. Dynamic stimuli, such as low intensity ultrasound (US) stimulation, have been
reported to promote chondrogenic marker expression and can be applied to the
cell/scaffold constructs during the culture [18, 35, 37–39].

The aim of this study is the fabrication and characterization of a bioartificial
scaffold for auricular cartilage engineering. Specifically, poly(vinyl alcohol) (PVA), a
biocompatible synthetic polymer was blended with gelatin (G) and additionally com-
bined Alginate (Alg) to produce hydrophilic sponges able to emulate native ECM and
facilitate cell adhesion. Human MSCs (hMSCs) from the bone marrow were used as a
cell source since they can be easily isolated from bone marrow and are able to
extensively replicate in vitro and differentiate in chondrocytes. As chondrogenic dif-
ferentiation can be enhanced by the application of dynamic stimulation, low frequency
US was applied, and a pilot study in a bioreactor was also performed. Specific
objectives of the study are the identification of the optimal scaffold composition and the
assessment of the optimal hMSC differentiation protocol.

2 Materials and Methods

2.1 Sponge Fabrication

PVA-based scaffolds were produced via emulsion and freeze-drying, as detailly
described by Ricci & Danti [40]. A 11.7% aqueous solution of PVA (Mw = 89000–
98000 g/mol, >99% hydrolyzed from Sigma-Aldrich, St. Louis, MO, USA) in Milli-
Q® deionized water (to avoid Ca2+ ions contamination, thus unwanted sodium Algi-
nate crosslinking during emulsification) was autoclaved 1 h at 120 °C and then was
cooled down to 50 °C inside a thermostatic bath under stirring at 1000 rpm. Gelatin
(gelatin from bovine skin, type B, from Sigma-Aldrich) and Alginic acid sodium salt
(Alg; Fluka BioChemika) were added in order to obtain different polymer/biomolecule
composition: PVA/G 90/10, 80/20, 70/30 and PVA/G/Alg 80/10/10 and 90/5/5
(w/w)%. Then, 0.18 g of sodium dodecyl sulfate (SDS; from Sigma-Aldrich) were
added to obtain a dense foam. After 10 min under stirring, the foam was poured into a
six-well plate, quenched in liquid nitrogen and lyophilized. Sponges were crosslinked
by exposure to glutaraldehyde (GTA; grade II, from Sigma-Aldrich) vapors for 72 h at
37 °C in a sealed cabinet and then flushed under the chemical hood for 72 h.

2.2 Scaffold Characterization

Scanning Electron Microscopy (SEM) Analysis
PVA/G samples 90/10, 80/20 and 70/30 (w/w)% were mounted on aluminum stumps,
sputter-coated with gold (Sputter Coater Emitech K550, Quorum Technologies Ltd,
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West Sussex, United Kingdom) and examined on a scanning electron microscope
(JEOL JSM-5200, JEOL Ltd, Tokyo, Japan). Approximative pore size distribution was
evaluated using ImageJ software (version 1.51i, NIH, USA).

Swelling Analysis
Swelling analysis was performed by measuring sample volume before and after
swelling in distilled water at different time points. Volume swelling ratio (Q, Eq. 1)
was calculated according to the following equation:

Q ¼ Volume of hydrated sample
Volume of dry sample

� 100 ð1Þ

Differential Scanning Calorimetry (DSC) Analysis
Phase transition properties of the samples were determined using a DSC Q200 Dif-
ferential Scanning Calorimeter controlled by a TA module (TA Instruments, New
Castle, USA). 7–8 mg of dry samples were placed in hermetically sealed aluminum
pans and heated from −35 °C to +250 °C at a heating rate of 10 °C/min in an inert
atmosphere. An empty pan was used as the reference cell. Transition temperatures were
calculated using the Universal Analysis 2000 software (TA Instruments).

Fourier Transformed Infrared Spectroscopy (FTIR) Analysis
FTIR spectra were recorded using Nicolet 380 FT-IR Spectrometer (ThermoFisher
Scientific, USA) equipped with the Thermo Scientific™ Smart™ iTX accessory. The
spectra were recorded between 4000 cm−1 and 550 cm−1 with a 8 cm−1 spectral res-
olution. For each spectrum 256 scans were co-added. The FTIR spectrum was taken in
a transmittance mode. Data were analyzed using EZ OMNIC Software (ThermoFisher
Scientific, USA).

Gelatin Release Evaluation
Gelatin release from crosslinked and non-crosslinked PVA/G sponges was evaluated
by means of a spectrophotometric method. Briefly, 5 mg of PVA/G sponges at different
(w/w)% composition were immersed in 1 ml of phosphate buffer saline (PBS) and
incubated at 37 °C for 96 h. Then, released solution was collected from each sample,
diluted in PBS and 200 lL of Bradford reagent (Bio-Rad, USA) were added. The
absorbance of the solution at 595 nm was measured using a photometer (BioPho-
tometer plus, Eppendorf, Germany). Gelatin concentration in the release solution was
determined through comparison with a calibration curve.

Mechanical Testing
Viscoelastic properties of PVA/G sponges at different (w/w)% ratios were investigated
by using epsilon dot method [41, 42]. Mechanical tests were performed in triplicate on
hydrated samples. Short compressive tests were performed at different strain rates
(0.005, 0.001, 0.0005 s−1) using the twin column ProLine Z005 testing machine
(Zwick Roell) equipped with a 10 N load cell (Zwick KAP-TC). Force and displace-
ment data were recorded over time (sampling rate 1 kHz). Firstly, data were processed
to obtain stress-time series. Apparent elastic moduli were calculated as the slope of
stress-strain curves and linear viscoelastic region (LVR) was identified. A standard
linear solid (SLS) model was chosen to derive PVA/G viscoelastic parameters.
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Viscoelastic parameters, i.e. the instantaneous (Einst) and equilibrium elastic moduli
(Eeq) and the characteristic relaxation time (s), were estimated by globally fitting stress-
time series in a combined parameter space using OriginLab (Northampton) fitting
toolbox [41, 42].

2.3 Biological Study Design

PVA/G 70/30 (w/w)% sponges were cut in cylindrical scaffolds (5 mm in diameter and
1.5 mm in thickness) using a biopsy puncher and a microtome blade. Scaffolds were
sterilized in absolute ethanol (Bio-Optica, Milan, Italy) for 24 h and then treated with
2% glycine (Sigma-Aldrich) for 1 h in order to block unreacted sites of GTA.
Therefore, scaffolds were washed three times in PBS supplemented with antibiotics.

Study Design
Human mesenchymal stromal cells (hMSCs) (Merk, Germany) were defrosted and
expanded according to the manufacturer’s recommendations. HMSCs at passage 2
were trypsinized, seeded on PVA/G 70/30 scaffolds (puncher cut into 5 mm in
diameter and 1.5 mm in thickness) at a density of 500,000 cell/scaffold and differen-
tiated for 21 days in standard culture conditions, namely, 95% air, 5% CO2 in
humidified incubator at 37 °C. At the endpoint samples were processed for metabolic
activity tests, SEM and histological analyses. If not otherwise specified, all reagents
were purchased from Sigma–Aldrich.

The following culture conditions were applied: 1) commercially available chon-
drogenic differentiative medium versus homemade culture medium; 2) seeding undif-
ferentiated versus pre-differentiated hMSC; 3) static versus dynamic cultures.
Specifically:

1) Cells were seeded on PVA/G 70/30. After 1 day the culture medium was replaced
with chondrogenic differentiative media. Two chondrogenic differentiation media
were used:

1a) StemMACS ChondroDiff medium was purchased from Miltenyi Biotec (Bergisch
Gladbach, Germany).

1b) Homemade chondrogenic medium was obtained as reported by Barachini et al.
[43]. Briefly, homemade chondrogenic medium consisted of DMEM/F12,
1.25 lg/ml bovine serum albumin, 5.35 lg/ml linoleic acid, 50 lg/ml ascorbic
acid, 100 lg/ml sodium pyruvate, insulin–transferrin–selenium (ITS premix),
10−7 M dexamethasone and 10 ng/ml transforming growth factor beta 1 (TGF-b1;
PeproTech, Rocky Hill, NJ).

2) Two pre-differentiation strategies were considered:
2a) Pre-differentiation in pellet conditions as described by Barachini et al. [43].

Briefly, 250,000 hMSCs/tube, were centrifuged at 1200 rpm for 7 min to obtain
chondrogenic pellets, which were washed in sterile saline and cultured in chon-
drogenic medium StemMACS Chondrodiff medium (Miltenyi). Pellets were
cultured 1 week in Milteniy ChondroDiff medium, then trypsinized, seeded on
PVA/G 70/30 scaffolds and differentiated for more 14 days.

2b) Pre-differentiation in 2D conditions on tissue culture plastic flasks for 4 days, as
reported by Bajpai et al., by adding StemMACS ChondroDiff (Miltenyi) medium
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[44]. After the pre-differentiation in 2D conditions, the cells were trypsinized,
seeded on PVA/G 70/30 scaffolds and differentiated for further 17 days.

3) Dynamic stimulations:
3a) Cell/scaffold constructs were daily treated 3 times for 5 s with US at 40 kHz

frequency and 20 W power in a sonicator bath (Bransonic 2510; Bransonic,
Danbury, USA) as reported by Barachini et al. [43]. After 1 day the culture
medium was replaced with chondrogenic differentiative media: Milteniy Chon-
droDiff medium was added to a set of samples (n = 3) as in 1a) and the home-
made chondrogenic medium was added to the other set (n = 3) as in 1b). Cells
were differentiated for 21 days.
In addition, hMSCs, pre-differentiated in 2D conditions as in 2b), were seeded on
PVA/G 70/30 scaffolds (n = 8) and differentiated for 21 days. A set of samples
(n = 4) was daily treated with US three times for 10 s each time, while the other
set (n = 4) served as negative control.

3b) In a pilot study, pre-differentiasted hMSCs as in 2b), were trypsinized and seeded
on a PVA/G 70/30 (w/w)% scaffold (25 mm in diameter and 1 mm in thickness to
fit the bioreactor holder) at a density of 800,000 cells/scaffold and then cultured in
StemMACS Chondrodiff medium (Miltenyi) into a patented bioreactor
(WO/2015/040554) which moved the construct at 0.23 Hz for 15 min every
30 min rest intervals for 14 days.

2.4 Biological Analysis

Cell metabolic activity
AlamarBlue® assay was performed once a week in order to assess cell viability.
Cell/scaffold constructs to be tested were placed in 15 ml Falcon tubes and ala-
marBlue® reagent (Life Technologies, USA) was added, according to manufacturer’s
prescriptions. AlamarBlue solution without cells served as negative controls. After 3 h
of incubation, 100 ll samples were collected in triplicate and analyzed with a plate
reader (Victor3, PerkinElmer, Waltham, USA). Absorbance values at 570 nm and
600 nm were recorded and used to calculate dye reduction percentage. At the end of
the test, fresh culture medium was added.

Histological Analysis
Cell/scaffold constructs were fixed in 4% w/v neutral buffered formalin diluted in 1�
PBS (0.1 M, pH 7.2) (Bio-Optica) overnight at 4 °C. Thereafter samples were washed
in PBS, dehydrated with a graded series of ethanol, clarified in xylene and finally
paraffin-embedded. Finally, 8 µm-thick sections were obtained by standard microtomy
and mounted onto glass slides and stained with hematoxylin-eosin (H&E), Alcian Blue
at pH 1 and pH 2.5, Toluidine Blue, orcein-Van Gieson; periodic acid-Schiff
(PAS) reaction was also performed.

Immunohistochemical analysis was carried out on cell/scaffold constructs, by fol-
lowing a standard protocol described in details by Barachini et al. [43]. The following
antibodies with specified concentrations were used: mouse monoclonal anti-human
elastin 1:50 (AB9519, AbCam, Cambridge, United Kingdom); rabbit polyclonal anti-
human type I collagen 1:1000 (AB34710, AbCam); mouse monoclonal anti-human
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aggrecan 1:50 (SC33695, Santa Cruz Biotechnology, USA); rabbit polyclonal anti-
human Sox9 1:100 (SC20095, Santa Cruz Biotechnology); mouse monoclonal anti-
human type II collagen 1:50 (SC52658, Santa Cruz Biotechnology). All the histo-
logical analysis were observed with a Nikon Eclipse Ci microscope (Nikon Instru-
ments, Amsterdam, The Netherlands) and the images were acquired by a digital camera
equipped on the microscope.

Gene Expression
Real time polymerase chain reaction (RT-PCR) was performed in order to investigate
type II collagen gene expression on US-irradiated and non-US irradiated cell/scaffold
constructs. Total RNA was isolated with Tri reagent® (Sigma-Aldrich) and 500 ng of
this were reverse-transcribed into complementary DNA (cDNA) using M-MLV-
Reverse transcriptase (Promega), at 37 °C for 45 min, according to the manufacturer’s
instructions. RT-PCR for quantification of expression levels human Collagen-2 was
carried out with the LC Fast Start DNA Master SYBR Green kit (Roche) using 2 µl of
cDNA, corresponding to 500 pg of total RNA in a 20 µl final volume, 3 mM MgCl2
and 0.5 µM sense primer (5’-CAACACTGCCAACGTCCAGAT-3’) and antisense
primer (5’- CTGCTTCGTCCAGATAGGCAA-3’), using b-actin as housekeeping
gene (5’-GACGACGACAAGATAGCCTAGCAGCTATGAGGATC-3’ and 5’- GAG
GAGAAGCCCGGTTAACTTCCGCAGCATTTTGCGCCA3’). Melting curves were
generated after each run to confirm the amplification of specific transcripts. Reactions
were carried out in duplicate, and the relative expression of a specific mRNA was
determined by calculating the fold change relative to the b-actin control. The fold
change of the tested gene mRNA was obtained with a LightCycler® software, by using
the amplification efficiency of each primer, as calculated by the dilution curve. The
specificity of the amplification products was verified by subjecting the amplification
products to electrophoresis on 1.5% agarose gel and visualization by ethidium bromide
staining (Sigma Aldrich).

2.5 Statistical Analysis

One-way analysis of variance with post-hoc Tukey’s test was performed using Ori-
ginLab (Northampton). Statistical significance was assumed at a value of p < 0.05.
Data are reported as mean ± standard deviation.

3 Results and Discussion

3.1 Sponge Characterization

Morphological Characterization
The mixture of a biocompatible and hydrophilic synthetic polymer, such as PVA, and
natural polymers, such as protein and polysaccharide components (i.e., bioartificial
material) was considered in order to mimic a preliminary ECM. The PVA/G/Alg foam
collapsed after freeze-drying. Similar results in terms of structure collapse and
shrinkage were observed by Gurikov et al. [45]. Vice versa, PVA/G sponges gave rise
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to highly porous, water stable and hydrophilic scaffolds, which were selected for
further characterization (Fig. 1) [33, 40, 43].

The morphology of the PVA/G sponges was analyzed via SEM to assess pore
interconnectivity. SEM analysis confirmed the porous nature of the sponges, high-
lighting round shaped interconnected pores with diameters ranging in 50–250 lm
(Fig. 1), suitable to cell infiltration. Pore size distribution results, acquired via ImageJ,
were in line with those observed by De la Ossa et al., evaluated with mercury intrusion
porosimetry [46].

Physico-Chemical Characterization
DSC thermograms showed the presence of two endothermal events. The first
endothermal event, between 83 °C and 102 °C, was due to water evaporation. As
reported by Chiellini et al., the highly energetic water evaporation process may
interfere with the detection of G endothermic relaxation, which typically occurs at
about 91 °C in dried gelatin samples [47, 48]. Differences between crosslinked and
non-crosslinked samples at these temperatures demonstrated that the latter sponge had a
greater capability to interact with water. The second endothermal event was represented
by a sharp peak at 226–230 °C, associated to the melting of PVA crystals. PVA
crystals melting temperature observed in these blends was significantly higher than the
melting temperature of about 191 °C found by Chiellini et al. and Alves et al. for pure
PVA films [47, 49]. The increasing of melting temperature in PVA/G blends can be
explained as a consequence of the intense interaction between G molecules and PVA,
thus proving a good compatibility between the two components at different (w/w)%
ratios [50]. The FTIR spectra obtained presented the typical peaks of PVA/G blends
reported in previous works on the characterization of polymeric films for biomedical

Fig. 1. Pore diameter distribution of PVA/G sponges at different (w/w)%. Lens shows a typical
section of PVA/G sponge with round and interconnected pores.
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applications [49–51]. In general, the complexity of the spectrum within material fin-
gerprint region increased by increasing G content. A characteristic absorption peak at
1450 cm−1 demonstrated the formation of CH = N groups due to the reaction of GTA
with -NH2 groups of lysine residues [46]. The difference between crosslinked and non-
crosslinked spectra became more pronounced by increasing G content, as previously
reported by De la Ossa et al., on PVA/G sponges [46]. There was no appreciable G
release from all the crosslinked samples, thus proving sponge water stability at phys-
iological temperature after chemical cross-linking with GTA. Swelling analysis is
reported in Fig. 2.

It demonstrated the good capability of crosslinked sponges to interact with water,
by acquiring a highly hydrated configuration. Samples quickly reached swelling
equilibrium, presenting volume swelling ratio higher than 200%, thanks to the
hydrophilic nature of PVA and G (Fig. 2). Volume swelling ratio decreased with
increasing G content as a consequence of the dense network of crosslinks established
after chemical crosslinking with GTA.

Mechanical Characterization
Experimental stress-time series within the LVR (2% strain) were used to estimate
viscoelastic parameters, according to epsilon dot method. The sponges became less stiff
(Eeq decreased) and more elastic and less liquid-like (s increased) as the G content
decreased (Table 1).
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Fig. 2. Volume swelling ratio of PVA/G sponges at different G concentrations (90/10, 80/20,
70/30 w/w%).

Table 1. PVA/G viscoelastic parameters derived from fitting of experimental data.

PVA/G 70/30 PVA/G 80/20 PVA/G 90/10

Einst [kPa] 6.85 ± 1.52 8.86 ± 1.42 2.12 ± 0.33
Eeq [kPa] 5.96 ± 1.53 6.79 ± 1.02 1.61 ± 0.50
s [s] 1.34 ± 0.32 3.06 ± 3.70 9.29 ± 5.95
R2 >0.99 >0.99 >0.99
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The apparent elastic moduli of PVA/G samples, calculated as the slopes of stress-
strain curves, are reported in Table 2. Slight variations with strain rate revealed that
hydrated PVA/G sponges exhibited viscoelastic behavior. Moreover, G con-
tent � 20% resulted in a significant increase in material stiffness. This phenomenon is
likely to be a consequence of crosslinking. Indeed, the reaction of GTA aldehyde
groups with free lysine or hydroxylysine residues of G polypeptide chains limits
polymeric chain mobility by creating a network of crosslinks [48]. Statistical analysis
underlined that PVA/G 90/10 presented a significantly lower elastic modulus, thus
demonstrating that an increasing in G content and consequently, increasing of
crosslinking sites, affected the material stiffness.

Although the elastic moduli of PVA/G sponges was about three orders of magni-
tude lower than compressive elastic modulus of human auricular cartilage reported in
literature [4, 23], an increase in construct stiffness is expected as a consequence of
ECM deposition and in particular collagen synthesis within scaffold pores. The
mechanical properties of cell/scaffold constructs after differentiation time were not
tested because the small dimensions of the engineered constructs was not suitable for
mechanical testing with the equipment available. To address this issue, further studies
may include nanoindentation tests using the nano-epsilon dot method [52], which
allows the investigation of viscoelastic parameters before and after cell culture. In
addition, new devices which enable monitoring of the mechanical properties of tissue
constructs during cell culture such as the Mechano Culture Testing System [53] could
also be considered.

3.2 Characterization of Cell/Scaffold Constructs

The aforementioned characterization highlighted significant differences between
PVA/G sponges in terms of pore size distribution, swelling behavior, physico-chemical
and mechanical properties. PVA/G 70/30 and PVA/G 80/20 (w/w)% had more similar
characteristics, namely, pore size distribution suitable for cell colonization, good
swelling behavior and higher stiffness than PVA/G 90/10 (w/w)%. Finally, PVA/G
70/30 was selected as the best scaffold candidate, on the basis of stiffness, highest G
content, which facilitates cell adhesion, and suitable poral features for cell colonization,
as previously studied by De la Ossa et al. [46].

Table 2. Apparent compressive elastic modulus [kPa] of PVA/G sponges at different strain
rates [s−1].

Strain rate PVA/G 70/30 PVA/G 80/20 PVA/G 90/10

0.005 6.61 ± 1.57 7.27 ± 0.23 2.03 ± 0.35
0.001 6.11 ± 1.60 7.25 ± 0.07 1.81 ± 0.49
0.0005 5.95 ± 1.46 7.09 ± 0.08 1.73 ± 0.53
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Chondrogenic Differentiation of hMSC/Scaffold Constructs
AlamarBlue assay, performed at different time points during chondrogenic differenti-
ation, demonstrated that hMSCs cultured on PVA/G 70/30 scaffolds were viable up to
three weeks in all tested samples (Fig. 3).

Miltenyi ChondroDiff medium was the best-performing differentiative medium.
Indeed, significant lower cell metabolic activity was observed in constructs cultured in
the homemade chondrogenic medium. Moreover, statistically significant differences
between US-stimulated samples and negative controls demonstrated that US stimula-
tion treatment affected cell metabolism. These results agree with the outcomes reported
by Barachini et al. in their work on chondrogenic differentiation of human dental pulp
stem cells on PVA/G 80/20 [43].

Histochemistry and Immunohistochemistry
In agreement with the metabolic activity results (Fig. 3), the scaffolds hosted varying
amounts of cells, as observed via H&E staining. High positivity for Sox9 chondrogenic
marker, observed in all tested samples, indicated an early differentiation stage of all the
constructs (data not shown). A meaningful representation of the results achieved in the
different conditions in terms of ECM maturity is reported in Fig. 4. Cell/scaffold
constructs cultured in homemade chondrogenic medium displayed low glycoprotein,
GAG (Fig. 4 C, D) and collagen (Fig. 4 I, J) expression and a non-uniform cell
colonization. Conversely, a good and uniform cell spreading was detected in all
samples cultured in Miltenyi StemMACS ChondroDiff medium (Fig. 4 A, B, E, F, G,
H, K, L). Intense GAG deposition and roundish morphology was observed in hMSCs
pre-differentiated in pellet conditions; however, cell colonization was restricted to a
small region of the scaffold since the pelletized cells remained locally confined, thus
providing no physiologically relevant results. HMSCs cultured in Miltenyi StemMACS
ChondroDiff medium showed very good amount of collagen (Fig. 4 A, B, E, F) and
GAGs (Fig. 4 G, H, K, L), as well as glycoproteins (data not shown).

Fig. 3. Viability of chondroinduced hMSCs over differentiation time (0 week refers 12 h after
seeding) in different culture conditions.
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Fig. 4. Chondroinduced hMSCs cultured on PVA/G 70/30 scaffolds. Left column: Orcein-van
Gieson staining: Orcein highlights the presence of elastic fibers in dark violet (absent in our
samples). Van Gieson stains collagen fibers in pink-red. Right column: Toluidine Blue staining
showing sulfated GAGs in purple. Original magnification 200�; scale bar: 100 lm.
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In particular, a more intense collagen (Fig. 4 B, D) expression was observed in US-
stimulated hMSCs compared to the non-US stimulated counterparts (Fig. 4 A, C);
aggrecan was also detected in US-stimulated samples (data not shown), overall sug-
gesting powerful US beneficial effects on matrix deposition, corroborating the findings
of previous studies [18, 35, 37, 38]. Both elastic fibers (Fig. 4 A-F) and elastin (im-
munoistochemical reaction) could not be detected in these samples. The observation of
larger and round shaped cells in 2D pre-differentiated hMSCs suggested the occurrence
of some morphological changes compared to undifferentiated cells. A downregulation
of type I collagen expression indicated an enhanced chondrogenic differentiation in
US-stimulated samples, as previously observed by Barachini et al. [43]. The positivity
levels of the expression of collagen and sulphated GAGs, as also shown in Fig. 4, are
summarized in Table 3.

RT-PCR results showed a significantly higher collagen type II mRNA expression in
US-stimulated constructs (130% ± 7% fold difference) than non-US stimulated con-
structs (100% ± 5% fold difference), therefore a more powerful chondrogenesis, in
line with the results reported in literature [18, 37]. All in all, the constructs showed an
intense cell colonization and ECM deposition, with a commitment to the chondrogenic
phenotype, which was more pronounced using StemMACS ChondroDiff (Miltenyi)
medium and US stimulation for 21 days.

However, these outcomes highlighted still an early chondrogenic phase, with weak
production of collagen type II at protein level, good GAG synthesis but low aggrecan
expression were observed.

Differently, synthesis of aggrecan, reduced collagen type I, increased collagen type
II and even elastin was detected via immunohistochemistry on the cell/scaffold con-
struct cultured within the bioreactor (Fig. 5), thus demonstrating that dynamic stimu-
lation allows an improvement in chondrogenic differentiation of hMSCs with respect to
static culture conditions. This bioreactor provides a cyclic membranal-like
stress/deformation field that stretched the scaffolds and the cells cultured within.
This outcome is suggestive that chondro-differentiated hMSCs can produce elastic
fibers in presence of proper stimulation.

Table 3. Positivity levels of collagen and sulphated GAGs as observed via histochemistry under
different culture conditions. − = negative; � = weak positivity; + = positivity; ++ = good
positivity; +++ = strong positivity.

Culture conditions Total collagen Sulphated GAGs

Miltenyi - US � +
Miltenyi + US +++ ++
Home made − US − −

Home made + US � −

Pellet + US + �
2D + US + −

204 M. Feula et al.



4 Conclusions

The aim of this work was the fabrication and characterization of bioartificial spongy
scaffolds for the regeneration of auricular cartilage in vitro using bone marrow hMSCs.
Morphological, physico-chemical and biomechanical characterization of PVA/G
sponges demonstrated round-shaped interconnected pores, high swelling capacity,
water stability and viscoelastic behavior. In particular, PVA/G 70/30 (w/w)% was
selected for hMSC culture and chondrogenic lineage commitment, as this scaffold
formulation presented higher G content, but similar morphological, physico-chemical
and mechanical properties when compared to PVA/G 80/20 (w/w)%. In vitro studies
were performed to identify the best chondrogenic differentiation conditions. Chon-
droinduced hMSCs were all over viable up to three weeks, thus proving scaffold
cytocompatibility. StemMACS ChondroDiff commercially available medium posi-
tively affected cell metabolic activity and ECM deposition, thus appearing as the best
differentiative medium. Histochemistry performed on cell/scaffold constructs proved
intense sulphated GAG (but low aggrecan), glycoprotein and collagen synthesis after
three weeks of differentiation. Immunohistochemistry for chondrogenic markers
revealed an early differentiation stage, characterized by collagen type I and Sox-9.
Since collagen type II was not detected at protein level, RT-PCR was used to assess its
expression at gene level, revealing that mRNA was expressed both in non-US stimu-
lated and US-stimulated constructs, with a 30% increase in the latter. US showed

Fig. 5. Immunohistochemistry on chondroinduced hMSCs cultured on a PVA/G 70/30 (w/w)%
scaffold in dynamic culture conditions using a bioreactor (WO/2015/040554): aggrecan, collagen
type I, collagen type II, elastin. Original magnification: 200�; scale bar: 100 lm.
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beneficial effects on hMSC chondrogenesis in terms of enhancement of metabolic
activity and type II collagen gene expression. Dynamic culture within a bioreactor
finally proved an enhanced chondrogenic differentiation, by showing intense aggrecan,
collagen type II and elastin expression at protein level. Further experiments are needed
to investigate the combination of dynamic culture conditions and US to induce a
mature cartilage ECM. Moreover, the used approach should also be scaled up to
generate ear-shaped constructs of physiologically relevant dimensions by means of
mold casting (Fig. 6). This study thus provided a basis for future development in this
area.
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Abstract. Protocells are compartmented molecular networks which can be
designed to study the origins of life. Glass microsphere-supported giant vesicles
(MSGVs) are model protocells for which monodispersed glass beads are coated
with a lipid bilayer thanks to avidin and biotinylated phospholipids. These
supramolecular assemblies have proved to be extremely effective to understand
certain phenomena related to the self-reproduction of protocells thanks to a
series of intriguing experiments. First, the growth and division (G&D) of these
giant vesicles was observed by epifluorescence and confocal microscopy when
they were fed with fatty acids solutions at different feeding rates. Second,
chemical analyses performed by a combination of GC-MS, UPLC-HRMS and
phospholipid-specific assay, allowed to independently study the composition of
the vesicles obtained after G&D.

Keywords: Phospholipids � Fatty acids � Membranes � Vesicles � Protocells �
Self-reproduction � Autopoietic systems

In memory of Océane Fiore.

1 Introduction

Protocells are compartmented molecular networks that, when prepared with prebioti-
cally plausible amphiphiles, are convenient to address the transition from inanimate to
animate in the emergence of life. In this purpose, these compartments are made of a
bilayer of lipids bearing an inner aqueous volume and encapsulate simple molecules
such as peptides, nucleotides, sugars, etc. (Stano 2018; Toparlak and Mansy 2019).
Thus, protocells are used to study and to reproduce the basic properties attributed to
functional cells such as an operational metabolism or evolvability (Lopez and Fiore
2019). Among others, the possibility to form an autopoietic system (Varela et al. 1974)
with the self-reproduction of vesicles was deeply investigated during the last thirty
years.
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The growth and division (G&D) is a process in which a growing vesicle – the
“mother” – first transforms its spherical shape into a dumbbell shape, and then splits
into two spherical “daughter” vesicles (Božič and Svetina 2004). This process is
depicted in Fig. 1. It represents a key point for the preparation of cellular autopoietic
systems able to self-reproduce (Stano and Luisi 2010; Szostak 2017).

In a very general way, the preparation of vesicles (Vs) is achieved with the
hydration of a film of phospholipids, fatty acids or other amphiphilic compounds
producing vesicles of various types and size. Depending on the studies, vesicles of
variable dimensions are used even though extruded vesicles (ext-Vs) with monodis-
persed size are the most common. Giant vesicles (GVs), characterized by a micrometric
size, are also widely favored since they are easily observable and have dimensions
comparable to actual cells. The lamellarity as well can be controlled in order to obtain
either giant unilamellar vesicles (GUVs) or giant mutlilamellar vesicles (GMVs)
(Walde et al. 2010). Many of the fatty acids are considered as prebiotic molecules and
most of them can be used for the formation of stable lipid boundaries in vesicles
serving as protocells models (Hargreaves and Deamer 1978; Monnard and Deamer

Fig. 1. A representative scheme of growth and division as described by Bozǐč and Svetina
(2004). Vesicle self-reproduction is a process in which a growing vesicle (a!b) first transforms
its spherical shape into a dumbell shape (b!c), and then splits into two spherical daughter
vesicles (c!d); “Mother” vesicles refers to the vesicles that were submitted to G&D and
“daughter” vesicles to those that generate from this process.
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2003). In addition, mono-alkyl phosphates are also considered as plausible membrane
constituents of protocells in synthetic biology (Fiore 2018) and prebiotic system
chemistry (Albertsen et al. 2014a; Fiore et al. 2017; Fayolle et al. 2017).

In order to study the cellular self-reproduction, vesicles or various sizes and lipid
composition have been used. Regarding lipid composition, fatty acids, mixed fatty
acids, phospholipids or ternary mixture of fatty acids, phospholipids and cholesterol
have been reported (Fig. 2A). The G&D of these vesicles was notably performed by
providing them amphiphiles which could be monomers (Fig. 2B), delivered in the
medium and/or synthesized within the vesicles, or aggregates such as micelles and

Fig. 2. Structures of some lipids used for the G&D division studies. A) Structures of some fatty
acids, alcohols, phospholipids and cholesterol used for the preparation of vesicles; B) General
structure of the alcohols, fatty acids anhydrides and fatty acid anion used as feeding materials; C)
Structure of the fatty acid, phospholipids and of the DSPE-PEG-2000 used for the preparation of
the MSGVs; D) Structures of some fluorescent phospholipids used for the labelling of vesicle
membranes. POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3 phosphocholine; DOPC, (1,2-dioleoyl-sn-
glycero-3-phosphocholine; POPA, (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate); DOPA (1,2-
dioleoyl-sn-glycero-3-phosphate); POPG: 1-palmitoyl-2-oleoyl-sn-glycero-3; DMPS (1-
phosphoglycerol,2-Dimyristoyl-sn-glycero-3-phospho-L-serine; DSPE-PEG2000-Biotin (1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N [biotinyl(polyethylene glycol)-2000]); DOPE-
Rh+ (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sufonyl ammo-
nium salt); DHPE-Rh+ (1,2-Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl), Triethylammonium salt); DOPE-NBD (1,2-Dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl); DHPE-NBD (1,2-Dihexadecanoyl-
sn-Glycero-3-Phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl); TRITC-DHPE (N-
(6tetramethylrhodaminethiocarbamoyl)-1,2-dihexadecanoyl-sn-glycero-3- phosphoethanolamine,
triethylammonium salt).
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vesicles (Stano and Luisi 2010; Hardy et al. 2015; Kurihara et al. 2015; Szostak 2017).
Despite the major progress achieved on the conditions enabling the G&D or the
characterization of the different steps, the clear distinction and then characterization of
the two different populations (mothers and daughters) is still problematic. Different
devices have been reported in order to sort out the populations of vesicles after a G&D
process.

In pioneer studies, the size of the vesicles obtained after G&D was measured
through electron microscopy (Walde et al. 1994) (Table 1, Entry 1) or light microscopy
(Wick et al. 1995) (Table 1, Entry 2). In both cases, after a feeding period with oleic
anhydrides the studied oleic acid vesicles showed an enhanced average size. Associated
to the higher number of vesicles detected and the microscopic observations of the
vesicular self-reproduction, these measures assessed that G&D was occurring. Even
though the vesicles could be classified by their size it was not possible to discriminate
with certainty which were the mothers and which the daughters formed after G&D
(Fig. 3A). Then, detection cargos have been used since the first investigations per-
formed with ferritin, a protein containing dense cores of iron which can be visualized
by cryo-TEM. This protein was entrapped into the mother vesicles (made of POPC or
oleic acid) during their preparation. After a feeding period (with oleate micelles or oleic
an-hydrides, respectively) both vesicles filled with ferritin and empty ones have been
identified. The decreased concentration of ferritin entrapped into the filled vesicles (and
the increased number of vesicles containing ferritin) after a feeding period assessed that
a G&D happened and that the protein coming from the mother vesicles was distributed
into the daughter vesicles. The empty vesicles were also de-scribed as daughter vesicles
formed without partitioning of the cargos (Berclaz et al. 2001) (Table 1, Entry 3). Other
revelation cargos such as fluorescent dyes (Hanczyc et al. 2003) (Table 1, Entry 4) or
fluorescent RNAs (Zhu and Szostak 2009) (Table 1, Entry 5) have been used. In all
these studies it was possible to differentiate empty and filled vesicles, however, among
the cargos-containing vesicles, it is not possible to distinguish the mothers from the
daughters (Fig. 3B). Lately, a separation of the vesicles generated by a G&D process
based on their lipid composition was performed by free-flow electropho-resis frac-
tionation. POPC vesicles, electrically not charged, were fed with oleate micelles
negatively charged due to the carboxylate. After G&D, it was possible to separate the
vesicles obtained depending on their charges. This setup allowed to show that two
populations of vesicles were formed, an oleate-rich one and an oleate-poor one (Pereira
de Souza et al. 2015) (Table 1, Entry 6). Despite the physical sorting which was
possible in that case, the absolute differentiation between the mother and the daughters
was still unreachable (Fig. 3C).

Thus, despite their ingenuity to classify the vesicles formed after a G&D none of
these studies allowed a physical separation of each population of vesicles (mothers vs.
daughters). Therefore a method is urgently needed to independently characterize the
size, the lipid composition or even the content of both categories of vesicles. Such a
method would be of great help to unambiguously establish the transmission of
physicochemical characteristics from mother to daughter vesicles and then to deepen
our knowledge about the G&D process.
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2 Discussion

2.1 Surface-Mediated Vesicle Replication

Even if the use of surface-mediated vesicle replication allows the distinction of mother
from daughter vesicles after a G&D, only a few examples are reported in the literature.
Vesicles can be anchored to a surface by either a specific integral membrane-bound
linkage or through adsorption (Rebaud et al. 2014). A pertinent example is that vesicles
may be tethered to an avidin-coated surface via biotinylated phospholipids (Pignataro
et al. 2000). Surface-attached vesicles would grow through the uptake of additional
membrane components such as fatty acids in the form of free molecules or as micelles
or through the fusion of phospholipid vesicles. Vesicles adsorbed to a surface have
been shown to fuse with additional vesicles introduced in fluid flowing over the surface
regions of a glass surface coated by hydrocarbons (Johnson et al. 2002). In the latter
case, microfluidic devices in which fluid flow can be precisely controlled and vesicles
adsorbed to a surface fuse with vesicles introduced in a flow field. (Morigaki and
Walde 2002). This study may form the basis for surface-mediated vesicle G&D since
the grown membrane bilayer would eventually become unstable leading to the budding
off of daughter vesicles (Fig. 3D).

Fig. 3. Some examples of experimental setups used to characterize the vesicles formed by a self-
reproduction process. After G&D, A) the size, B) the content or C) the charge of the vesicles is
characterized. These first three examples don’t show any distinction between mother and
daughter vesicles. The use of D) tethered membranes or E) supported giant vesicles allow
distinction and separation between the two populations of vesicles.
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2.2 Preparation of Microsphere-Supported Giant Vesicles (MSGVs)

A valid alternative is the use of microsphere-supported giant vesicles (MSGV), lipid
bilayers supported by monodispersed glass beads. The size of the supported vesicles
(>5 µm) classifies them as giant vesicles that could in principle possess the same
complex lipid composition of a minimal cell (Walde et al. 2010). They represent an
effective tool to separate by simple centrifugation of the mother vesicles (denser due to
the inner microsphere) from the daughters generated by the G&D (Fig. 3E). The use of
MSGVs permits i) the direct observation of membrane growth and division on the
anchored bilayers supplied with amphiphiles; ii) the microscopic distinction of the
mother from daughter vesicles; iii) the sedimentation, by centrifugation, of the heavier
mother vesicles hence the possibility to exchange host solutions and to recover the
daughter vesicles as floating lipid material; iv) the independent analysis of the com-
position of two vesicle populations after the feeding procedure; as well as v) investi-
gating the influence of multiple parameters such as the feeding rate on the G&D
process (Albertsen et al. 2014a). The first example of MSGVs was reported by the
group of Bruce Lennox a few years ago (Gopalakrishnan et al. 2009). They called their
supramolecular constructs spherical supported bilayer membranes (SS-BLMs) and the
construction of these supported vesicles is very similar to the one used for the lipid
membranes tethering. To form the population of SS-BLMs, monodispersed glass
microspheres (5.02:0.01 mm in diameter) were first coated with avidin (Fig. 4A, step
1). Then, they were incubated with small unilamellar vesicles (SUVs) made of a low
proportion of DSPE-PEG2000-Biotin and of various phospholipids (Table 2, Entry 1).
The strong bio-affinity between avidin and biotinylated lipids (DSPE-PEG200-Biotin,
Fig. 2C) enabled the transfer of the lipid bilayer on the beads (Fig. 4A, step 2A)
(Gopalakrishnan et al. 2009). The obtained supported vesicles were fully characterized
by confocal microscopy. In that case, fluorescent probes such as TRITC-DHPE and
NBD-DOPE (Fig. 2D) were added to the lipid composition in low percentage. The SS-
BLMs were also characterized by cryo-TEM analysis using a well-known technique
(Dubochet et al. 1985). Fiore and co-workers prepared similar supported vesicles,
called MSGVs, with a very similar procedure to that used by Monnard and co-workers
to coat decanoic acid on the surface of glass microspheres (Table 2, Entry 2) (Albertsen
et al. 2014b). First, glass microspheres were incubated with avidin (Fig. 4A, step 1) and
then DSPE-PEG2000-Biotin was added in order to build up a solid DSPE-PEG2000-
Biotin/avidin architecture (Fig. 4B, step 2b).
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Fig. 4. The two different methodologies used to prepare MSGVs. A) Lennox and co-workers
procedure B) Fiore and co-workers method corresponding to Monnard and co-workers protocol
with some modifications.

Fig. 5. Micrographs of different MSGVs (cf. Table 2) produced by the method described by
Fiore and co-workers. Micrographs a, c (using a 50x lens) and d–f (using a 100x oil immersion
lens) were obtained by staining with 0.5 mM Nile Red®; Micrograph b was obtained without
staining with Nile red while the sample contains 0.2% of DOPE-Rh (Fig. 2D). Scale bar is
always 10 µm.
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Then, phospholipids such as DOPC were added as free compounds or as GMVs in
order to form the lipid bilayer over the microspheres (Fig. 4B, step 3 and Table 2, entry
3) (Fiore et al. 2018). The same procedure was used to coat a variety of phospholipids
(POPC, POPA and DOPC/DOPA mixtures) including non-purified soybean and egg
yolk extracts (Table 2, entry 4–8). It is important to note that the aspect of the MSGVs
coated with phospholipids or fatty acids is comparable and that without chemical
analysis the composition of the bilayer cannot be distinguished (Fig. 5).

2.3 Monitoring the Self-reproduction of Lipid Boundaries Using
Microsphere-Supported Giant Vesicles (MSGVs)

Lennox and co-workers have not used the SS-BLMs for growth and division experi-
ments (Gopalakrishnan et al. 2009). The group of Pierre-Alain Monnard established
that the photochemical conversion of a supplied precursor lipid into decanoic acid led
to the G&D of the supported bilayers (Albertsen et al. 2014b). Fiore and co-workers
also used these protocells to follow vesicle self-reproduction and to understand the lipid
exchange which are occurring between the medium and the vesicles during the process.
For that, a hosting solution (HS) containing MSGVs (1.8 � 104 mL−1) was supplied
with an ethanolic solution of fatty acid. Such solvent evaporates during the “feeding”
period and allows to deliver the lipids as monomers without aggregates (Walde et al.
2010). The MSGVs used as starting material were named as M0SGVs: these MSGVs
were not fed and their lipid boundary did not change in composition yet. In order to
distinguish each population of vesicles, we called M1SGVs the supported giant vesicles
obtained after one feeding period. With D1GVs – where D stands for “daughter” – we
designated the vesicles generated after a feeding period by the G&D process.

The mother vesicles (M1SGVs) containing the microspheres were isolated by
cycles of centrifugation and washings from the empty daughter vesicles (D1GVs)
floating in the hosting solution (HS) containing free lipids as well.

Fig. 6. A) Graphical representation and B) C) D) epifluorescence microscopy observations of the
main phenomena observable during G&D processes. These observations were monitored on
MSGVs made of DOPC and 0.2% of DOPE-Rh (Fig. 2D) fed with oleic acid (Fiore et al 2018). A)
The blue circle corresponds the glass microsphere and B) C) D) the blue arrows designate the bead.
A) The orange object represents the lipid boundary irrespectively from its composition and the
composition of the feedingmaterial used.Among the different phenomena represented, B) budding,
C) evagination and D) division are highlighted with orange arrows on the microscopic pictures.
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Firstly, the feeding method was optimized using type C M0SGVs (Table 2, Entry
3) trying two different methods (Fiore et al. 2018). The slow feeding method
(SFM) consists of the gradual addition of an ethanolic solution with a 0.5 mM con-
centration in oleic acid (OA) during four hours at a feeding ratio of 33 µl h−1. The fast
feeding method (FFM) consists of a single injection of the OA solution at once. In both
cases, the amounts of OA added to the host solution were the same and a final
concentration of 0.05 mM was reached (CVC of OA = 47.0 mm) (Maurer et al. 2009).
During the slow feeding period, the investigated samples contained M1SGVs showing
budding and evagination. Some M1SGVs also showed thickening of the amphiphilic
microsphere coating, accompanied by longer tubular evaginations growing out of the
microsphere bilayer coating and floating in the hosting solution (Fig. 6A, B and C). As
the feeding experiment progressed, an increased frequency of these growth-induced
structural features, as well as the presence of freely floating filamentous vesicles,
division products, were unambiguously detected (Fig. 6A and D). Thus, all these
phenomena previously described on free vesicles were observed on MSGVs.

Table 2. Overview of the MSGVs produced and the associates G&D.

Entry MSGVs[a] Vesicle
product

Phenomena Reference

1 A No G&D performed (Gopalakrishnan
et al. 2009)

Entry MSGVs[a] PLfound/
PLinitial

OAfound/
OAdelivered

PLfound/
PLinitial

Phenomena[b] Reference

2 B D1GVs Vesicles replenished
after G&D

Budding, Growth
and Division

(Albertsen et al.
2014b)M1SGVs

3 C D1GVs 0.65 ± 0.01 0.85 Budding, Growth,
Pearling and
Division

(Fiore et al.
2018)M1SGVs 0.35 ± 0.01 0.15

4 D D1GVs Not calculated Budding, Growth,
Pearling and
Division

Present research
M1SGVs

5 E D1GVs Not calculated Budding, Growth,
Pearling and
Division

Present research
M1SGVs

6 F D1GVs Not calculated Budding, Growth,
Pearling and
Division

Present research
M1SGVs

7 G D1GVs Not calculated Budding, Growth,
Pearling and
Division

Present research
M1SGVs

8 H D1GVs Not calculated Budding, Growth,
Pearling and
Division

Present research
M1SGVs

[a] lipid composition of A = DOPC or DOPC: DMPS 3:2; or DOPC: DOTAP 3:1; or DOPC:
DOTAP: DPPE 1:1:2; or DOPC: DPPA 3:2; B = Decanoic acid; C = DOPC; D = POPC;
E = POPC: POPA 4: 1; F = POPC: POPA: DOPC: DOPA 4:1:4:1; G = Soybean exracts;
H = Eggyolk extracts; [b] Observed by epifluorescence microscopy
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After separation by centrifugations and washings, the lipid composition of both
types of populations (M1SGVs and D1GVs) was characterized by a combination of
UPLC-HRMS, GC-MS and Stewart assay (Stewart 1980).

In both cases, (SFM and FFM) the two types of population showed blended
membranes illustrating that a lipid exchange is occurring (as an example, the values
obtained with the FFM are given in Table 2, Entry 3) (Fiore et al. 2018).

With the same method (Fig. 4B), other types of supported vesicles were prepared
including protocells made of mixtures of naturally occurring phospholipids (Table 2,
Entry 4–8). In all the cases, feeding the MSGVs with oleic acid led to their division.
Moreover, all the best known phenomena associated to G&D such as budding, growth,
pearling and division (Fig. 6A) (Stano and Luisi 2010; Szostak 2017) were observed
by epifluorescence microscopy (unpublished data). These processes associated to G&D
were initially observed on floating vesicles.

The possibility to reproduce them with a wide variety of MSGVs is leading us to
the assumption that they are well-suited systems to study the G&D as it occurs with
free vesicles.

3 Conclusions

Cell-like protocells are useful to understand the self-reproduction of prebiotic com-
partments. The G&D phenomenon and the formation of a cellular autopoietic system
were extensively studied during the last thirty years. Even though the process was
described in numerous cases, its full comprehension is still out of reach. This is notably
since separating the different population of vesicles generated by the G&D causes a
problem. Lately, it has been shown that the study of the growth and the division could
be improved using microsphere-supported giant vesicles (MSGVs). These
supramolecular constructs were firstly designed as cellular models and then used to
assess the transmission of a catalytic function after a division. However, they were
never exploited to investigate the lipid exchange which is occurring between the
vesicles and the medium during the G&D phenomenon. Indeed, the convenient sep-
aration of the MSGVs from the floating lipid material (including the DGVs) allows to
independently analyze their lipid compositions. Moreover, the observation of the self-
reproduction patterns with the MSGVs could assess that similar lipid exchange is
occurring when free vesicles grow and divide. Otherwise, the possibility to prepare
MSGVs with complex membranes opens strong perspectives for the study of the G&D
process but also for the study of protocells made of mixtures of amphiphiles obtained in
so-called prebiotic conditions in prebiotic systems chemistry (Ruiz-Mirazo et al. 2014;
Fiore et al. 2017; Fayolle et al. 2017; Fiore 2018). Finally, we wish to highlight that the
MSGVs may be used as cellular models in various biology studies. To give an
example, monitoring the lipid trafficking by simulating the lipid bilayer of a cell by
including the membrane proteins in the supported bilayer could be achieved with these
giant vesicles.
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Abstract. In this work, we show the extraction, purification and reconstitution
of the bacterial protein complex bc1 in giant lipid vesicles used as versatile
micro-sized enzymatic reactors. Firstly, it is demonstrated that the bc1 shows an
enzymatic activity also as micellar suspension when the proper substrates are
added. Moreover, it has been possible to reconstitute, with the droplet transfer
method, the bc1 complex in artificial giant lipid vesicles. The reconstitution has
been proved by confocal microscopy analysis demonstrating a change of
internal pH, thanks to a pH-sensitive fluorescent dye, upon the addition of a
trigger substrate.

1 Introduction

The construction from scratch of synthetic cells capable of displaying characteristics and
behavior of living cells is the most ambitious goal in bottom-up synthetic biology [1–6].
In this framework, for long time, lipid vesicles have been studied since they are espe-
cially suitable for investigating the physico-chemical properties of lipid membranes.
From the early 1990s, these compartmentalized systems have been considered, by
pioneers in the field of origin-of-life, as cell mimicking structures in which several
complex reactions can occur [7–11]. After the synthesis of the first functional protein
within the liposome lumen in 2001 [12], several important results have been achieved,
thanks to the integration of liposome technology and cell-free systems, and occasionally
microfluidics (reviewed in P. Stano, 2011 [13]). This new and promising research field
has a strong theoretical grounding in the autopoiesis theory [14, 15], and it is often
supported by rigorous stochastic numerical modelling [16–23]. In these artificial
structures both lipid boundaries and hydrophilic lumen have crucial roles. Giant lipid
vesicles can be used as versatile micro-sized enzymatic reactors with catalytic proteins
encapsulated in their lumen or embedded in their membrane [24]. Indeed, from the
origin-of-life point of view, it is very interesting to understand what could be the crudest
lipid mixture that can produce the artificial membrane [25] and, then, what is its role in
the origin of the metabolism [26]. On the other hand, from the biotechnological point of
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view, the autonomous generation of chemical energy by the synthetic cells is one of the
key functions not yet developed. One strategy could be the extraction, purification and
reconstitution of biological organelles from living organisms, and encapsulate them in
an artificial compartment (Multi Compartment Approach) [27].

Moreover, we focus our research and scientific efforts on a second strategy:
obtaining artificial photosynthetic protocells by the reconstitution of the overall bac-
terial photosynthetic machinery in the lipid membrane of giant vesicles. We define this
synthetic procedure as “Single Compartment Approach” (SCA), since the photosyn-
thetic enzymes are all extracted, purified and reconstituted in the protocell membrane
and not encapsulated in form of independent organelles in the internal aqueous lumen.
The photosynthetic machinery is extracted from Rhodobacter sphaeroides and consists
of three protein complexes: the photosynthetic reaction center (RC), cytochrome bc1
complex (bc1), and ATP synthase (ATPase) (Fig. 1). The reactions catalyzed by these
proteins are the following: RC converts – under infrared irradiation – the quinone Q to
quinol QH2, extracting two protons from the cytoplasm-like side and oxidizing two
cytochrome c2 (2cyt

2+ ! 2cyt3+). In contrary, bc1 catalyzes the opposite reaction and
further contributes to the proton gradient by decreasing the periplasm pH. Eventually,
ATP synthase exploits the proton gradient to catalyze the formation of ATP (Fig. 1).

Fig. 1. Schematic representation of the light-transducing system in vivo. It consists of three
protein complexes: the photosynthetic reaction centre (RC in yellow), cytochrome bc1 complex
(bc1 in red), and ATP synthase (in green). The reactions catalyzed by these proteins are shown,
based on current biochemical knowledge. RC converts – under irradiation – the quinone Q to
quinol QH2, abstracting two protons from the cytoplasm-like side and oxidizing two cytochrome
c2 (2cyt

2+!2cyt3+). In contrary, bc1 catalyzes the opposite reactions and further contributes to
the proton gradient, which is acidic in the periplasm. Eventually, ATP synthase exploits the
proton gradient to catalyze the ADP phosphorylation.
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Recently, we reported the reconstitution of the bacterial photosynthetic reaction
center (RC) in the membrane of GVs in a one-step procedure by keeping a high degree
of the RC physiological orientation [29]. In the GVs embedding RC on their lipid
membrane, a transmembrane proton gradient is generated (alkaline pH inside) upon
irradiation of infrared light. This is the first step for realizing energetically autonomous
protocells, i.e. synthetic cells transducing light energy in chemical energy, able of
sustaining internal metabolic processes. Namely, RC transduces light into chemical
energy in form of a transmembrane pH gradient that can sustain the ATP production
catalyzed by the ATP synthase. Thus, following this approach, the construction of
photo-autotrophic synthetic cells can be implemented by the incorporation of the
photosynthetic set of membrane proteins in the vesicle lipid bilayer, leading to ATP
synthesis from photon energy by means of the creation and dissipation of a proton
gradient. It is worthwhile to remark that this mechanism is made possible by the lipid
membrane capability of separating efficiently the inner aqueous lumen of GVs from the
external solution. However, the reconstitution of RC in GVs is just the initial step
toward the realization of a sustainable photo-autotrophic synthetic cell. The second
protein complex of the photosynthetic apparatus is the R. sphaeroides bc1, a trans-
membrane protein formed by four subunits, three of which exhibit a redox activity
(cytochrome b, cytochrome c1, and the Rieske iron-sulfur protein). The structure of bc1
[29] is asymmetric with respect to the membrane, as it has a larger polar end exposed to
the periplasm, while the other, the smaller one, is exposed to the cytoplasm (Fig. 1).
This physiological orientation is somehow “opposite” to the alignment of RC which
has the large polar side (i.e., the H subunit) exposed to the cytoplasm. Based on these
considerations, we have started an experimental program having the construction and
functionalization of GVs with RC and bc1 (RC-bc1@GVs) as long-term goal.

Following the synthetic biology paradigm, we have proceeded firstly with the
investigation and characterization of the single proteins and of their alone and coupled
activity. Secondly, we focused on the reconstitution of the two proteins in the GV lipid
membrane and the characterization of the protocell: RC-bc1@GVs. In fact, recently,
we have already coupled RC and bc1 in form of simple micellar suspensions to study
the enzymatic activity. Oscillations of the concentrations of the redox pair cyt2+/cyt3+

have been induced by light irradiation and rationalized by means of a minimal kinetic
model that reproduces quite well the experimental time courses [30]. Based on these
results, we move a step forward by showing the reconstitution and the activity of bc1 in
the GV membrane.

Thus, in this paper we will recall the extraction and purification procedures of bc1
complex from living bacteria then, we will test the protein functionality in bulk as
micellar suspension and finally, we will show preliminary results related to enzyme
reconstitution in the GV lipid membrane and the bc1 activity as a proton pump.

2 Methods

Bacterial bc1 Extraction and Purification
His-tagged cytochrome bc1 complex (bc1) was extracted and purified as described by
Guergova-Kuras [31] with minor modifications. One volume of chromatophores was
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suspended at OD860 = 50 and then diluted with 0.3 volumes of buffer B (50 mM
MOPS (pH 7.8), 100 mM NaCl, 1 mM MgSO4, 20% (w/v) glycerol, and 5 mM his-
tidine) and 0.7 volumes of Ni-NTA resin equilibrated in buffer B. Dodecyl maltoside
(DM) (Sigma) was added dropwise from a stock solution 10% (w/v) to a final con-
centration of 0.6% (w/v). The mixture was incubated for 40 min at 4 °C, then trans-
ferred in a chromatographic column and washed with about 20 column volumes of
buffer C (50 mM MOPS (pH 7.8), 100 mM NaCl, 1 mM MgSO4, 0.01% DM), until
the eluent was clear. A further washing with 2 column volumes of buffer C supple-
mented with 5 mM histidine was also performed. The purified bc1 was eluted with
buffer containing 200 mM histidine and 15 lg/mL POPC (Avanti Polar-Lipids, Inc.,
Alabaster, AL). The histidine was removed by overnight dialysis against 50 mM
MOPS (pH 7.0), 100 mM NaCl, 1 mM MgSO4, 20% (w/v) glycerol, 0.01% DM, and
15 lg/mL POPC. Purified bc1 was aliquoted and frozen in liquid nitrogen and stored at
−20 °C until used. The concentrations of cytochrome b and cytochrome c1 in the final
preparation were measured from dithionite-reduced minus ferrocyanide-oxidized dif-
ference spectra as previously described [32].

bc1 Reconstitution in Giant Vesicle
For giant vesicle preparation, the droplet transfer method was applied [33], with a
protocol optimized in the recent past years [28, 34]. In a 1.5 mL Eppendorf tube (tube
A), 300 µL of organic phase consisting in 0.5 mM 1-palmitoil-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) (Lipoid GmbH, Steinhausen, Switzerland) dispersion in
mineral oil (Sigma-Aldrich, #M5904), were gently overlaid over 500 µL of aqueous O-
solution (200 mM glucose and sodium phosphate buffer 10 µM pH 7.4), in order to
create a lipid-covered interfacial region (Fig. 2a). In another 1.5 mL Eppendorf tube
(tube B), 20 µL of I-solution (200 mM sucrose, bc1 micelles and the same buffer of the
O-solution, and other solutes when required) were added to 600 µL of 0.5 mM POPC
in mineral oil. A water-in-oil (w/o) emulsion was obtained by pipetting repeatedly up
and down the mixture for 30 s (Fig. 2b). Next, the w/o emulsion (tube B) was gently
poured on top of the organic phase in tube A. Tube A was centrifuged at 2,500 g for
10 min at room temperature letting the droplets to cross the interface region (Fig. 2c).
After the centrifugation, the mineral oil appeared clear and it was removed. The
resulting protocells, forming a pellet on the bottom of the tube, were gently collected
by direct aspiration with a polypropylene micropipette tip (50 lL). To obtain an oil-
free protocells suspension, care was taken to wipe off, with a tissue paper, the small
amount of oil possibly collected on the outside of the pipette tip. Protocells were
washed twice by centrifugation, supernatant removal, and re-suspension in fresh O-
solution to remove non-entrapped substances.

When a bc1 micellar suspension is added to the I-solution, as soon as the bilayer is
formed the protein can be reconstituted in the membrane exposing, preferentially, the
hydrophilic domain towards the water core of the vesicle (Fig. 2d).

I-solution and O-solution, although isotonic, are prepared at two different densities
(sucrose in I-solution, glucose in O-solution) to facilitate the crossing of the interface
region and sediment at the bottom of the tube. (d) Schematic representation of the
behavior of a single bc1 surrounded by a toroid of detergent molecules when added in
the I-solution. As soon as the bilayer is formed the protein can be reconstituted in the
membrane exposing the hydrophilic domain towards the water core of the vesicle.
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3 Results

Enzyme Activity as Micellar Suspension
We next investigated the retained activity of the bc1 after the extraction and purifi-
cation. bc1@micelles in Tris–HCl buffer (pH = 7.4), in the presence of 0.05% DM as
stabilizer, were added to a solution containing the substrates of the enzymes, namely
cyt3 +, QH2 and Q. The enzyme-catalysed reaction is the following:

QH2 + 2 cyt3þ ! Q + 2 cyt2þ + 2Hþ

The time course of the reaction is monitored by following the absorbance at 550 nm
exploiting the difference between cyt2+ and cyt3+ molar extinction coefficients (namely,
ecyt2+ = 28 mM/cm and ecyt3+ = 9 mM/cm) (Fig. 3). The grey curve is referred to the
cyt3+ enzymatic reduction in a solution containing: [bc1] = 210 nM, [cyt3+]0 = 20 lM,
[cyt2+]0 = 0 lM, [Q]0 = 50 lM, [QH2]0 = 150 lM. This curve clearly shows that bc1
in form of a micellar suspension keeps its enzymatic activity if compared with the
orange curve that reproduces the spontaneous reduction of cyt3+ when the bc1 is not
present in solution. Moreover, control experiments are referred to the spontaneous
([bc1] = 0 nM, blue curve) and catalysed ([bc1] = 210 nM, yellow curve) oxidation of
cyt2+ when [cyt2+]0 = 20 lM, [cyt3+]0 = 0 lM, with the same concentrations of Q and

Fig. 2. Preparation of GVs by the droplet transfer method. (a) A lipid-in-oil solution is gently
stratified over an “outer” aqueous solution (O-solution) which will constitute the external phase
of GVs. The lipid molecules will organize in form of a monolayer at the water/oil interface (w/o
interface) as schematically shown in the zoom on the left. (b) In another vial, a small amount of
“inner” aqueous solution (I-solution) is emulsified in a lipid-containing oil solution by pipetting.
The resulting emulsion is gently poured over the system prepared in (a). For the sake of
simplicity, only one w/o droplet is shown. The w/o droplet are coated (stabilized) by a lipid
monolayer oppositely oriented respect the one at the interface region in figure (a). (c) The system
is then centrifuged so that the w/o droplets cross the interface becoming covered by the second
lipid monolayer, forming a lipid bilayer, as schematically shown in the zoom. Consequently, w/o
droplets become completely covered by a lipid bilayer when successful transferred in the O-
solution (not shown). (d) Schematic representation of bc1 reconstitution in the lipid membrane.
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QH2, as before. It is important to mention that the cyt3+ reduction is the thermody-
namically favoured process, as it can be rationalized by looking the standard reduction
potentials, which favour the cyt2+/Q state (E′°cyt3+/cyt2+ = +0.22 V; E′°
Q/QH2 = + 0.10 V [35].

Photo-Activity in Lipid Membrane
GVs have been prepared as previously described (Methods section) adding in the so-
called I-solution also 5 µM bc1 as micellar suspension, 20 µM of the pH sensitive dye
pyranine and 20 µM of cyt3+. The phosphate buffer (10 µM, pH 7.5) is added at low
concentration to set the initial pH value around 7.5, letting possible the fluorometric
detection of the pH time change. On the left of the Fig. 4 is shown the scheme of the
experiment in which a GV is represented functionalized with several reconstituted bc1
(two of them highlighted with violet dashed ovals) and pyranine and cyt3+ molecules
confined in its lumen. After the addition of the mixture Q/QH2 in the bulk environment,
bc1 can catalyse the redox reaction across the membrane consisting of the reduction of
cyt3+ to cyt2+ and the oxidation of QH2 to Q with a proton translocation in the GV
lumen. This process causes an acidification of the aqueous core of the compartments
and consequently the decrease of the pyranine green fluorescence after 15 min of
incubation (Fig. 4 green box). Due to the vectorial properties of the protein complex
we can assume that only bc1 oriented with the hydrophilic domain towards the internal
aqueous phase of the GV can contribute to the acidification process. The bc1 oriented

Fig. 3. Kinetics of redox reactions involving cytochrome c2 redox species, monitored following
the absorbance at 550 nm (ecyt2+ = 28 mM/cm and ecyt3+ = 9 mM/cm). The grey curve is
obtained for [cyt3+]0 = 20 lM, [cyt2+]0 = 0 lM, [Q]0 = 50 lM, [QH2]0 = 150 lM. The control
experiments are performed in the same conditions except for [cyt2+]0 = 20 lM and [cyt3+]0 = 0
lM for the spontaneous oxidation of cyt2+ in the presence of Q/QH2 (blue trace) and bc1 (yellow
curve). In orange, the spontaneous reduction of cyt3+ in the presence of Q and QH2.

228 E. Altamura et al.



in the opposite way cannot catalyse any reaction since its active site is not in contact
with cyt3+ molecules.

Control experiment (Fig. 4 yellow box on the right) confirms that in absence of QH2

there is no fluorescence change after 15 min of incubation.

4 Conclusion

The most ambitious goal in bottom-up synthetic biology is the construction from
scratch of synthetic cells capable of displaying characteristics and behavior of living
cells. A crucial and challenging requirement for these protocells is to be energetically
autonomous, i.e. the capability of taking up energy from the external environment to
sustain an internal metabolism. In this contribution, we have recalled some results
recently achieved by our group in this field [24, 27, 28, 30] and some new outcomes. In
particular, we have shown as, being inspired by photosynthetic bacteria, it could be
possible to extract and reconstitute in the lipid membrane of giant vesicles the protein
complexes involved in the bacterial photosynthesis. With this approach, that we called
the Single Compartment Approach, it has been possible to prepare transducing light
energy vesicles, i.e. protocells able to convert light energy into chemical energy in form
of a transmembrane proton gradient [28]. This has been achieved by reconstituting in

Fig. 4. On the left, cartoon representation of the experiment: GV containing pyranine and cyt3+

with bc1 molecule reconstituted in the lipid membrane. Two of them marked with dash ovals are
reconstituted with opposite orientation. After the addition of QH2 only bc1 oriented with the
hydrophilic domain exposed towards the aqueous lumen, catalyze the redox reaction 2cyt3+

+ QH2 ! 2cyt2+ + Q + 2H+ with a net transport of protons inside the GV. The decrease of the
green fluorescence confirms the acidification process. In the green box are shown confocal
images of three different GVs as soon as QH2 is added and after 15 min of incubation. The
evident fluorescence reduction proves the pH decrease inside the GVs. The yellow box on the
right refers to the control experiment of a GV analyzed without the addition of QH2. As expected,
the internal fluorescence results unaltered if one of the redox species is absent. Scale bar is
10 µm.
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the GV lipid membrane only one photosynthetic protein: the reaction center RC.
However, although the RC embedding giant vesicles behave like light-chemical energy
transducers, they can work only in an excess of substrates: cyt2+ and Q. Thus, to be
energetically autonomous, at least the second enzyme bc1 is required, to implement a
phot-redox cycle that continuously exploits light energy to pump protons across the
lipid membrane. In this contribution, the first results of the reconstitution of bacterial
bc1 in the lipid membrane of giant vesicles has been presented and discussed, showing
how bc1 keeps its enzymatic activity also in synthetic protocells. This represents a step
forward the reconstitution of the complete bacterial photosynthetic machinery in the
vesicle membrane and allows preparing protocells able to transduce light into chemical
energy in form of ATP molecules by the enzymatic phosphorylation of ADP driven by
a transmembrane pH gradient.
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Abstract. Transcatheter Embolization, also called Embolotherapy, is a mini-
invasive, non-surgical therapeutic solution used in Interventional Radiology to
close blood vessels deliberately. A wide range of embolic agents is available in
clinical practice, including metal coils and liquid agents. More recent advances
in biomaterials such as shape-memory foam and in-situ gelling solutions have
led to the development of new pre-clinical embolic agents. This review offers a
brief overview of current and emerging technologies in the field of endovascular
embolization. The focus is on devices, materials and techniques.

Keywords: Interventional Radiology � Embolic agents � Endovascular
treatment

1 Introduction

Recent decades have seen a gradual shift from complex open surgery to new image-
guided treatments providing mini-invasive patient care with fewer complications, com-
parable or sometimes better clinical outcomes, and eventually lower costs. The
endovascular approach uses the vascular system, either arteries or veins, to get direct
access to the different organs by navigation into the vessels from a peripheral puncture
site. Embolization is defined as the intentional occlusion of a vessel or a whole vascular
territory utilizing different agents injected from an intravascular catheter [1].
Embolization can be used to treat a wide range of pathologies. For instance, it can be used
to treat life-threatening bleeding after trauma, different vascular lesions such as aneur-
ysms (Fig. 1A), and malformations like arteriovenous malformation (AVM) (Fig. 1B),
and eventually tumors in combination with other treatment modalities.
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The first embolization procedures were performed in the late 70 s using muscle
fragments, blood clots, and stainless-steel granules injected through the catheters [4].
Since then, significative advances in image-guidance technology and endovascular
materials allowed a considerable development of the embolization field in a wide range
of different therapeutic techniques, so-called Embolotherapy [5].

Several embolic agents have been developed to adapt to various clinical conditions,
and they can be sorted into three main categories: metallic implants (coils and plugs),
particle agents, and liquid agents.

Coils and plugs allow complete occlusion of a large or small vessel in a specific
site. They are commonly used to treat bleeding conditions such as vessel rupture after
trauma (visceral organs: spleen, kidneys, liver; upper and lower extremities; neck) by
stopping the flow towards the damaged territory. Embolization is nowadays considered
as the first-line treatment, if feasible, before surgery.

Coils and plugs can also be used to fill aneurysms, which are a focal dilatation of a
cerebral of peripheral artery potentially at risk of rupture.

Particle agents are more adopted to close small vessels, such as the capillary bed of
tumors. They are injected through the catheter and vehiculated through the blood flow
into the pathologic territory (flow-directed embolization). This provides ischemic
effects and, hopefully, necrosis of the pathologic lesion.

Liquid agents such as glue and polymers are the most recent and useful to manage
complex conditions such as arteriovenous malformations (AVM). In these congenital
pathological entities, the physiologic capillary bed is replaced by direct communication
between the arterial and venous system in a specific region (brain; extremities; organs),
so inducing different clinical consequences (local tissue alterations; heart insufficiency;
cerebral stroke). The design of polymers is particularly delicate since their physical-
chemical properties, and their phase transition must be considered. The design of a new
polymer can be performed by traditional computational methods [6–8] or by artificial
intelligence techniques. The design of new polymers for embolization therapy is par-
ticularly challenging because of the spatial confinement effect [9] exerted by the walls
of veins and arteries.

Fig. 1. A) Angiography of an aneurysm in a cerebral artery [2]; B) Schematic representation of
an arteriovenous malformation (AVM) [3].
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2 Embolization Materials

2.1 Mechanical Occlusion Devices

2.1.1 Coils
A coil is pushed through the catheter by pulsed manual injection or using a pushing
wire so that once into the vessel, it will shape and block the flow. Two main types of
coils exist: pushable and removable. The second one allows better control as the device
can be removed in case of misplacement. Coils consist mainly of a bioinert metal core
(stainless steel, platinum or nitinol) with, eventually, an external coating. Metals are
radio-opaque, thus allowing visualization under fluoroscopy. The embolization
mechanism of the metal coil is mainly a mechanical occlusion [10]. Therefore,
bioactive coatings have been developed to improve clot formation and thrombogenicity
of the device [11]. This aspect might become a critical feature for specific conditions.

Polymer-Coated Coils
Biodegradable copolymers of polyglycol/polylactic acid copolymers (PGLA) or poly
(glycolic acid) polymers (PGA) have been used as a coating for platinum coils to
stimulate tissue reaction and clot formation [12]. It has been reported that the use of
platinum coils coated with PGLA accelerates the healing of aneurysms with increased
neointimal formation and pronounced fibrosis compared with bare platinum coils [13].
Unfortunately, PGLA coated coils were also more difficult to transport through the
catheter due to high stiffness and to the friction against the catheter wall [14]. An
alternative was found by Ahuja et al. [15] with a polyurethane coating. In their work
[15], the thrombogenicity of the polyurethane-coated platinum coil was tested against a
bare platinum one in rabbit aorta. The bare platinum coil in the aorta resulted in a 40%
embolization in 30 min, while polyurethane-coated coil resulted in a 100% occlusion in
30 min [15]. SEM images of the coils obtained after implantation confirmed that the
most thrombogenic polyurethane-coated platinum coils were covered with the most
massive amount of thrombus.

Protein-Coated Coils
Fibroblast invasion and thrombus formation are critical steps in healing an aneurysm
[16]. The essential proteins involved in the process of healing and recanalization are
monocyte chemoattractant protein 1 (ICB-1), [17] osteopontin (OPN), interleukin-10
(IL-10) and matrix metallopeptidase 9 (MMP-9) [16]. In particular, a platinum coil
coated with a human vascular endothelial growth factor promotes endothelialization,
blood clotting, and tissue/coil integration to accelerate aneurysm closure [18].

Shape-Memory Polymeric Coils
While embolic coils are considered primarily for permanent occlusion, a bioabsorbable
water-induced shape-memory plug has recently been introduced for temporary occlu-
sion of vessels [19]. Radio opaque substances (e.g., barium sulfate, tantalum, and
bismuth oxychloride) are used as a doping agent for the coil core. The coil is coated
with cross-linked polyethylene glycol diacrylate (PEGDA) to enhance vessel occlusion.
Shape-memory behavior is caused by phase transformations between the crystalline
and amorphous states of PLGA and PEGDA polymers in response to both physio-
logical infusion and thermal activation. At high temperatures (70 °C), both polymers
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are in amorphous phase and can be temporarily deformed. The temporary configuration
can then be fixed at temperatures below the glass transition of PEG by immobilizing
the crystalline phase of PEG. The PEGDA coating is expanded to improve occlusion in
combination with the activated crystalline phase of PEG. In particular, the fold begins
in the PLGA core, which gradually overcomes the resistance of the PEGDA coating,
and let the coil to regain its programmed shape. In Fig. 2, a schematic representation of
the coil formation, as proposed in the work of Zhang et al. [20], is shown. The
composite polymeric plug has been investigated in several arteries in rabbits and
showed a total occlusion time from 38 s to 2 min [19].

2.2 Particles Agents

Particles were the first embolic agent to be developed and are currently the most widely
used due to their versatility [21, 22]. Although noncalibrated particulates were com-
monly used in the past and are still used today in hospitals, in vivo trajectories and
degree of occlusion are generally unpredictable. Nowadays, particles with a controlled
and narrow distribution, and spherical shape, are primarily preferred. There is a limit to
how small particles can be used for embolization. It has been reported that particles
with an average diameter of 9 µm can cause pulmonary embolism in rabbits [23].
40 µm is the accepted lower limit for particulate embolism agents. Poly(vinyl alcohol)
particles (PVA) have been used since the 1970s. They are produced by mechanical
fragmentation of the PVA polymer block and subsequent sieving. However, PVA
particles tend to aggregate due to surface charges and surface hydrophobicity in
physiological solutions. This can lead to unintentional occlusion of larger proximal
vessels [24]. The main problems of PVA particles are associated with their irregular
shape and lack of size accuracy. Noncalibrated PVA particles cause immediate
mechanical occlusion of the blood vessels, followed by thrombus formation [25]. The
exact size of the particles is crucial for local embolization, as the blood flow drives the
supply of microspheres and their accumulation in vivo is size-dependent. For example,
distal microvascular embolization is often desired in tumor embolization [10]. Once
distal embolization is complete, more proximal vessels can be embolized with larger
particles.

2.3 Liquid/Gel Embolic Agents

There is a growing interest in liquid-gel embolic agents for peripheral interventions.
These agents can generally diffuse to targets that catheters and coils cannot reach.

Fig. 2. The shape-memory-induced embolism overtime at 37 °C [20]. The blood vessel is
represented as a cyan tube; the coil is in gray at 0 s, 9 s, and 53 s.
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Liquid/gel embolisms block blood flow, creating permanent occlusions that are not
dependent on the patient’s coagulation system and lead to the formation of thrombosis
[26]. Liquid/gel embolisms usually require a phase transformation of the material
between administration (i.e., in syringe and catheter) and the body. Low viscosity is
desired to pass through the delivery system. At the same time, the formation of a more
rigid and stable structure is required after the catheter is removed to allow the vessel to
be occluded. The phase transition can be achieved by physical reticulation (e.g., pre-
cipitation and ionic reticulation) or chemical reticulation (e.g., the formation of a stable
polymer network) [27].

2.3.1 Sclerosing Agents
Sclerosing agents are, for example, detergents, osmotic agents, and chemical irritants
that induce blood vessel sclerosis. Ethanol is one of the most widely used sclerosing
agents for embolization [28, 29]. It leads to permanent damage to endothelial cells and
denaturation of blood proteins; in addition, it causes necrosis of the vascular wall.
Ethanol is affordable and accessible, although its low viscosity limits its therapeutic
window, given the risk of diffusion beyond the target. A more viscous ethanol-based
emulsion (�0.55 Pa s at 20 °C) is commercially available as Ethibloc (Ethnor
Laboratories/Ethicon, Norderstedt, Germany), which includes corn protein zein, sodium
diatrizoate, absolute ethanol and oleum papaverius [28]. It is a radiopaque agent for the
treatment of AVM, although its use has declined over the past ten years [28].

2.3.2 In Situ Polymerization
N-Butyl-2-cyanoacrylate (nBCA) (e.g. TruFill), commonly known as “glue”, is a
transparent liquid used for embolization since the mid-1980s [30]. The low viscosity
nBCA adheres to the tissue through in situ polymerization, initiated by a radical
activator in contact with the tissue fluid. Due to rapid polymerization [31], the nBCA
cannot penetrate sufficiently into the tumor bed or reach distal vessels, but it is excellent
for embolizing branches that are 500 lm or larger. Clinically, the nBCA has been used
primarily to treat high flow vascular malformations [32]. Its high thrombogenicity and
excellent hemostatic properties require only minimal injected volume for occlusion,
reducing embolization/fluoroscopy time and radiation exposure [32].

2.3.3 In Situ Precipitating Fluids
In-situ precipitation gelling solutions are composed of a polymer in a solvent. After
replacing the solvent with body fluids, the polymer deposits and forms a barrier [28,
33]. One of the first gelling solutions ever made consisted of ethylene-vinyl alcohol
(EVOH) and dimethyl sulfoxide solvent (DMSO) [34]. The main limitation of the
EVOH system is associated with the use of an organic solvent. DMSO showed both
local and systemic cardiovascular toxicity. In addition, since DMSO is a powerful
plastic polymer solvent, specialized and expensive catheters compatible with DMSO
are required. It is important to notice that the rapid injection of gelling solutions
containing DMSO induces vasospasm and can cause vascular toxicity [35]. Therefore,
a slow injection rate (2–4 mL min−1 in peripheral circulation and 0.6 mL min−1 in
cerebral circulation) is critical and necessary [36]. An alternative organic solvent to
replace DMSO is N-methyl-2-pyrrolidone (NMP), which produces less vasospasm than
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DMSO when used as a vector for precipitation of liquid embolisms. Iodinated PVA
liquid agents dissolved with NMP can effectively embolize aneurysms [37]. The
composition of the gel can be changed to reach good injectability and good mechanical
properties, without the use of organic solvents [38].

A commercially available product based on EVOH gelation solutions is Onyx
(Onyx, Micro Therapeutics, Inc., Irvine, CA, USA), used primarily in cerebral and
pulmonary AVMs, as well as in pseudoaneurysms [39]. Onyx has been approved by
the FDA for the treatment of cerebral AVMs in 2005 [32]. It has been shown to block
vessels up to 5 µm, demonstrating Onyx’s ability to penetrate deeper than nBCA [40].
Onyx is also easier to manipulate than nBCA [41]. Both agents cause inflammatory
reactions [40], but Onyx gives rise to smaller inflammatory areas, increasing tolera-
bility for patients [42].

3 New Frontiers of the Embolotherapy and Mini-Invasive
Treatments

3.1 Memory Polymer Foam

Due to the inherent risks of metal-based coils, including inflammation and recanal-
ization, shape-memory polymer (SMP) foam occlusion devices have been proposed as
a potential alternative [43]. They have many favorable properties that make them
suitable as aneurysm filler materials [44]. The main advantages include configurable
pore sizes that can be adapted for optimal cell infiltration and stable tissue integration
into the foam (Fig. 3).

Compared to the extensive coagulation that occurs in conventional metal coils, the
porous polymeric foam allows the formation and binding of multiple fine clots,
resulting in faster clotting and healing. Porosity also allows the growth of granulation
tissue and the formation of neointima to seal the aneurysm neck. These properties
effectively reduce the chances of recanalization [46]. Various SMP materials, including
polyurethanes and epoxies, have been designed for a wide range of applications, and

Fig. 3. The shape of an SMP foam for catheter delivery into an aneurysm [44, 45]. From left to
right is represented (a) the insertion of the polymer foam (in brown), (b) the expansion of the
foam, (c) the total recovery of the shape of the SMP foam until the aneurysm (in blue) is filled.
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most of them are thermo-sensitive. Compared to shape-memory metal alloys, like
Nitinol that is also used for some endovascular stents, polyurethane-based SMP foams
offer the advantages of lower density, higher recovery in elasticity (after plastic
deformation), and lower cost. In addition, the mechanical properties and transition
temperature of SMP foams can be adapted over a wide range with minimal changes in
chemical structure and composition [46]. The polyurethane, besides its biocompati-
bility and non-mutagenicity, can also serve as a carrier of drugs and hemostatic agent
[47]. SMP materials can be temporarily programmed to a secondary compressed form,
and to maintain that form until the temperature of the material is raised above the Tg. In
general, these polymers often have cross-linked structures (chemical or physical cross-
linking) that determine their permanent form. To achieve high efficiency in medical
embolic applications, such as aneurysm treatment, these materials must have very low
density to allow transcatheter delivery and a high expansion volume. Still, at the same
time, they should maintain good mechanical properties and excellent shape recovery. In
recent years, extensive investigations have been conducted on these materials regarding
their application for endovascular treatment of aneurysms. Most of the shape memory
foams reported in the literature for biomedical applications are based on thermoplastic
polyurethanes developed by Mitsubishi Heavy Industries, mainly MF5520, MF6020,
and MF21 [48]. Singhal et al. [49] have reported the development of new polyurethane
foams of different compositions with high recovery force, controllable drive temper-
atures, excellent biocompatibility, and open-cell morphology. Wilson et al. [50] have
synthesized a polymer foam composed of N,N,N’,N’-Tetrakis(2-hydroxypropyl)
ethylenediamine (HPED), 2,2’,2’’-Nitrilotriethanol (TEA) and 1,6 diisocyanatohexane
(HDI), this foam has a highly chemically crosslinked structure [50], high modulus, high
recovery stress, finely controllable activation temperature, and excellent shape memory
behavior.

The activation temperature of the foams can be customized in the range of
45–70 °C by modifying the composition of the constituent monomers, very low den-
sities (0.015-0.021 g/cm3), and excellent shape recovery of 97–98% can be achieved
[51]. However, a premature activation may cause a shape recovery of the polymer
inside the catheter [52], and this event can dramatically increase friction inside the
catheter and potentially inhibit the delivery of the device. A new series of low-density
SMP foams have been synthesized by modulating the hydrophobicity of the diiso-
cyanate monomer, in order to facilitate transcatheter delivery of the device [52].

In a study by Rodriguez et al. [53], SMP foams have been implanted in a porcine
aneurysm, and the devices were monitored for up to 90 days in order to assess their
biocompatibility. Rodriguez et al. [53] have demonstrated that SMP foam has a reduced
inflammatory response compared to conventional suture materials (polypropylene
monofilament, silk). Subsequent histological examinations have verified that SMP
foams are biocompatible and effective in providing a biological scaffold that can
improve the healing response.

These studies emphasize the potential of SMP foams as viable mechanical occlu-
sion devices for the treatment of aneurysms with efficiency and long-term occlusion
benefits.
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3.2 Conclusions and Future Outcomes

Since the early years of Interventional Radiology, the creative approach of the
physicians to find alternative solutions to the classic surgery for different diseases,
mainly vascular and oncologic, has been supported by researchers and industry
involved in the field of biomaterials. The area of embolotherapy had a tremendous
expansion in virtue of a wide range of biomaterials available to cope with different
clinical situations. The use of liquid agents to occlude complex vascular lesions such as
AVM and aneurysms is a promising approach. However, the number of parameters that
control polymerization makes this approach still not optimal. The liquid agent approach
in embolotherapy is still in its infancy. Physical (UVA-induced) or chemical controlled
polymerization under image-guidance (fluoroscopy, ultrasonography, Computed
Tomography, Magnetic Resonance) could offer interesting alternatives for controlled
delivery. Image-guided nanoparticles can vehicle drugs to a specific target such as an
organ, a muscle, or even a single lesion to maximize the efficacy and reduce the
systemic collateral effects.

Close interaction with biochemists, biologists, and medical researchers is manda-
tory to support the emerged fields of molecular and cellular treatments, such as the
gene- and immuno-therapies.
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Abstract. Optical bioimaging has played a central role in fundamental research
and clinical practice. The signals emitted by biological tissues can provide
molecular information about various physiological and pathophysiological
processes. NIR light (650–1700 nm) can penetrate the blood and biological
tissues more profoundly and effectively because, at longer wavelengths, less
light is diffused and absorbed. Therefore, many probes have been developed for
bioimaging in the NIR window for real-time, high-sensitivity deep tissue
imaging. The library of optical probes has been expanded in recent years to
include a wide range of probes with emission in the Red-NIR window. The
emergence of these new contrast media has provided an essential alternative for
realizing the full potential of bioimaging. The most recent advances in small
molecule potential probes for detection and imaging in biological systems are
examined below.

Keywords: Fluorescence probes � NIR � Optical bioimaging � Small-molecule

1 Introduction

Biological imaging (bioimaging) is a powerful tool in biological research nowadays
because it offers a unique approach to visualize the morphological details of cells.

Living organisms include several cells, which in turn, contain a tremendous variety
of biomolecules [1]. Very often, in biological systems, a small difference between
remarkably similar biomolecules can lead to different functions [2, 3]. For example,
cysteine (Cys), homocysteine (Hcy), and N-acetyl-L-cysteine (NAC), three analog
amino acids with the only difference of one methylene or acetyl group in their residues,
have been shown to play a different role in cellular processes. Some diseases, such as
loss of leukocytes and psoriasis, are associated with Cys deficiency, while excess Hcy
is a risk for cardiovascular disease and Alzheimer’s. As a result, it is of crucial
importance to probe Cys, Hcy, and NAC separately. However, their structural simi-
larity makes it difficult to discriminate one from the other [4]. To this end, several
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technologies have been developed over the years to study the interactions of these
molecules within the cells. The technologies used must respond to several conditions:
they must be sensitive enough to visualize biological compounds and physiological
concentrations (usually from nanomolar to micromolar), they must have a sufficient
spatial-temporal resolution to analyze dynamic cell processes, not invasive and above
all not expensive. Among the technologies used over the years, radioisotope labeling,
magnetic resonance imaging, electrochemical detection and fluorescence bioimaging,
fluorescence-based technique has proven to be the most powerful as it allows a highly
sensitive, convenient, non-invasive and safe detection [3, 5]. This technique requires
the use of “fluorescent probes” that, reacting specifically with biological molecules,
present changes in their photochemical properties (fluorescence intensity, excitation,
and emission wavelength). In the last years, there has been an increasing development
of new probes, and some of them are already used in in vivo imaging as probes based
on fluorescent proteins, inorganic nanoparticles and conjugated polymers [6–9].

The basic principle of fluorescence imaging is similar to that used in fluorescence
microscopy techniques, which is based on the spectral range of visible light between
400–650 nm. However, when we consider biological tissue imaging, we must consider
that microscopic components such as sugars, amino acids, nucleotides, and macro-
molecules such as proteins, phospholipids, and polysaccharides can absorb light and
can limit light penetration to a few hundred microns in the tissue. Also, the auto-
florescence of some of these molecules is located in the visible area. Higher depths can
be achieved by using light in the far-red or near-infrared (NIR) range (660–1700 nm).
In this spectral region, the absorption by the cellular components is lower and provides
penetration through several centimeters of tissue [10]. Therefore, bio-imaging in the
window of the red/NIR required the development of a considerable number of NIR
fluorescent probes, such as those based on small organic molecules, designed to detect
various biologically essential species, including ROS/RNS, metal ions, anions,
enzymes and other related species, as well as intracellular pH variations [11, 12].

Typically, fluorescent probes are exploited to label the target with specific chemical
structures and thus to generate fluorescent signals during the fluorescence-based
bioimaging. Also, nanostructure-based detection platforms can provide many advan-
tages over traditional approaches in terms of sensitivity, signal stability, and multi-
plexing capability so that growing interest has been shown recently in the design of
different fluorescent nanostructured probes for bioimaging. The emergence of these
new contrast agents has provided a valuable alternative to realize the full potential of
NIR bioimaging.

The optical properties of probes can be modulated through structural modifications,
for example, the absorption and emission wavelengths of small-molecule probes can be
extended from the visible-light region to the NIR region by enhancing intramolecular
charge transfer and expanding the p - conjugated system. This allows the design of
probes that present significant changes in their spectroscopic properties as a result of
interaction with specific biomolecules or even that can be anchored to specific sites
based on modifications with target groups [13, 14]. In the last decade, a variety of
probes have been developed, exploiting one of the mechanisms of modulation of the
fluorescence properties listed below: Photoinduced electron Transfer (PET), Förster
Resonance Energy Transfer (FRET), Intramolecular Charge Transfer (ICT) [9, 15–21].
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This flexibility enables the achievement of long-term and in situ bioimaging and raises
the possibility of generating small-molecule NIR probes for deep-tissue and high-
contrast bioimaging.

In this mini-review, we will focus on recent advances in small-molecule probes in
selected categories based on fluorescent nuclei. For each category, we will see how,
depending on small changes in chemical structure, probe applications may vary from
metal ion recognition to pH changes.

Finally, in the last paragraphs, a selection of active molecules in the NIR II region is
reported, and some promising solid-phase fluorescent probes.

2 Organic Small Molecule Fluorescent Probes

To reach red emission, dye molecules generally have large planar rings with extended
conjugation or strong p-conjugated electron-donating and accepting groups. Although
these red fluorophores are strongly emissive when dissolved in solution, the emission
signals are often weakened or even annihilated in aggregates, due to what is known as
the aggregation-caused quenching (ACQ) effect. Conventional organic dyes tend to
aggregate, which is highly dependent on their intrinsic hydrophobicity, and the excited
state often decays via non-radiative channels, which reduces the brightness and sen-
sitivity in biological applications. Many chemical and physical approaches have been
employed to prevent fluorophore aggregation, but they have met with only limited
success.

Interestingly, some propeller-like organic dyes show unique fluorescence phe-
nomena with aggregation-induced emission (AIE) characteristics. These fluorogens
generally contain rotor structures and exhibit low-frequency vibration motions in dilute
solutions. However, in aggregated states, instead of quenching, AIEgens emit effi-
ciently due to the restriction of intramolecular rotations (RIR) and the lack of energy
dissipation via non-radiative channels. Since the first discoveries by Oelkrug and
Hanack in 1998 [22] and then by Tang and coworkers in 2001 [23], luminescent
materials with AIE features have attracted extensive research interest for applications
such as electroluminescent devices, bio-sensing, and cell imaging. Until now, a wide
variety of AIE dyes have been designed and synthesized based on the mechanism of
RIR. Even so, synthesizing AIE-active probes with better biocompatibility,
biodegradability, and red/near-infrared emission is essential for bioimaging
applications.

Among traditional probes, cyanines, fluorescein, rhodamine, coumarins, and
BODIPY (basic nuclei reported in Fig. 1) have shown to be the molecules most subject
to structural modifications because they have favorable optical properties, a high
absorption coefficient, biocompatibility, and low toxicity and are a valid choice for
biomedical applications.
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2.1 Cyanine-Derivates Probes

The development of NIR fluorescent probes for the study of metal ions has had a great
focus on the role that ions have in biological environments [24].

In this context, probes based on modified cyanines are widely used for the detection
of metal ions and [25–27]. For example, the introduction of a sulfur-based receptor,
reported by Tasuku Hirayama et al. [28], shows selectivity for the Cu+ ion in living
cells. Copper is an essential element, and the maintenance of its correct homeostasis is
essential for the growth and development of living organisms; consequently, the loss of
copper homeostasis has severe consequences due to its redox activity. This fact results
in diseases such as cancer, cardiovascular disease or Alzheimer’s. The probe, Copper
sensor CS790AM (Fig. 2), combines an infrared cyanine dye with a sulfur-rich
receptor to provide a selective response to copper. The probe can detect increases in the
level of copper in the case of Wilson’s disease, a genetic disease characterized by the
accumulation of copper. The probe also has no toxicity and is eliminated in a few days.
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Fig. 1. A representative set of conventional dyes that can be transformed into fluorescent probes
for bioimaging, sorted by structure and emission color. [2]

Fig. 2. Chemical structure of CS790AM copper-selective probe [28].
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Similarly, selective probes have been designed for other ions such as Cu2+, Ca2+,
Li+, Zn2+, Hg2+, Cd2+, and Ag+, combining cyanine fluorophore with a selective metal
ion receptor [27, 29, 30]. Tang group [31] developed the probe Cy–Cu, reported in
Fig. 3, composed of tricarbocyanine (Cy) and a receptor for the Cu2+ ion, 2,2’-aza-
nediyl bis(N-hydroxyacetamide). The probe is based on the photoinduced electronic
transfer mechanism. When the Cu2+ ion is coordinated and binds to the receptor, PET is
blocked, and an increase in fluorescence is observed (Fig. 3).

This was the first NIR imaging probe for Cu2+ in vitro and in vivo. Fluorophores 2
and 3 show selectivity for Cd2+ by coordination of the tetramide receptor with the ion
[32]. Alternatively, the incorporation of adenine as a substitute for the fluorescent
nuclei of cyanine, is an active linker for Ag+ (probe 4 in Fig. 4) [33].

Many other cyanine-based probes have been developed to detect intracellular pH
variation [34–36]. Intracellular pH changes lead to abnormal cell growth and division,
resulting in inflammation or disease such as cancer or Alzheimer’s disease. The pH-
sensitive cyanine-derivate probes can be classified into two types: probes characterized
by non-N-alkylated indolic group whose protonation or deprotonation depending on
the protonic concentration; the second type of pH-sensitive probes are the tricarbo-
cyanines that are based on the classical mechanisms ICT and FRET [37, 38]. In the first
type of cyanine probes, the non-N-alkylated indole in the acid environment can be

Fig. 3. Proposed binding mechanism of the probe Cy–Cu to Cu2+ [31].

Fig. 4. Chemical structure of some cyanine probes selective for 1) Cu2+ [31]; 2,3) Cd2+ [32] e 4)
Ag+ [33].
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protonated inducing a strong fluorescence, in basic environment on the contrary, the
deprotonation of the nitrogen atoms of the indole groups shows no fluorescence.
Nagano and co-workers have designed several pH-sensitive probes based on tricar-
bocianines that have a diamino group. These probes have shown high stability under
acidic conditions and a drastic shift in absorption towards red when the nitrogen is
protonated. This behavior is due to the decrease of the electron-donor nature of the
amine [39].

Some pH-sensitive tricarbonacyanine probes structures are shown in Fig. 5.

2.2 Coumarin-Derivates Probes

Coumarin (2H-cromen-2-one) is a chemical compound of the benzopyrone class found
in many natural species. Coumarin has a variety of biological activities and unique
photophysical properties; among these, the fluorescent property has recently received
attention because of its high quantum yield, high stability and biological compatibility
[40–42]. Derivatives of benzocoumarin are classified based on the position of the
aromatic ring fused to the nuclei, as shown in Fig. 6.
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Fig. 5. Chemical structure of pH-sensitive tricarbocyanine probes [39].

Fig. 6. Chemical structure of coumarin and benzo-derivates compounds [40–42].
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Among the derivatives, benzo[g]coumarin exhibits better photophysical properties
in bioimaging applications than other derivatives. Besides, a high two-photon
absorption capacity, high photostability, and high chemical stability are the benefi-
cial characteristics of benzo[g]coumarin derivatives. The photophysical properties of
the analogs of benzocoumarin can also be predicted depending on the type and position
of the substituents: it has been observed that the combination of electron-withdrawing
and electron-donating substituents causes a significant shift of both absorption and
emission spectra at longer wavelengths (red and NIR region) [42]. Cho et al. [43]
reported a benzo[g]coumarin-derivative fluorescent probe for Cu2+ and quantitatively
estimated ion concentrations in human tissues by two-photon microscopic imaging
(Fig. 7). The probe, amide- and dimethylamino-substituted, to which is linked a benzo
[h]coumarin analog as internal reference (sensitive to the environment or to the sub-
strates, which maintains constant the fluorescence intensity) presents a decrease of the
fluorescence intensity in the red, following chelation of the copper ion. It was thus
possible to study the concentration of Cu2+ ions in live cells, rat brain tissue and human
colon tissue samples using two-photon microscopy.

In 2014, a derivative of benzo[g]coumarin was reported by Kim et al. [44] for
monitoring mitochondria, the malfunction of which could be related to many diseases
(Fig. 8). The probe had a mitochondrial attack site consisting of the triphenylphos-
phonium salt bound to benzo[g]coumarin through an amide bond. The resulting probe
showed maximum emission in red, without pH-sensitive variations. Mitochondria
tracking ability has been verified on the T98G cell line with MitoTracker Green
(MTG) as a known mitochondrial marker.

Fig. 7. Benzo[g]coumarin- and benzo[h]coumarin-based fluorescent probe for Cu2+ ions [43]
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Subsequently, structural modifications resulted in a new probe that was sensitive to
pH changes, through the introduction of an electron-donor hydroxyl group that can be
protonated or deprotonated to pKa near 8.0 (mitochondria pH). The shift of the
absorption and emission peaks as a function of the pH variation indicates the capacity
of the selective imaging probe for mitochondria [42, 45].

2.3 BODIPY-Derivates Probes

The family of 4,4-difluoro, 4-bora-3a, 4a-diaza-s-indacene (called BODIPY) is widely
used among the various fluorescent dyes. These probes have excellent properties for
biological applications: high fluorescence quantum yield, excellent photostability, high
solubility. As for cyanine derivatives, also this class of probe is used in bio-imaging
because they have red emission [46]. In particular, one of the uses of BODIPY
derivatives concerns the recognition of metal ions in cells such as Cd2+, Ca2+, Hg2+,

and Zn2+ [47, 48].
Akkaya and co-workers have developed a fluorescent NIR probe for Hg2+, the bis

(2-pyridyl)-replaced boratriazaindacene probe (AzaBODIPY) and found that the 2-
pyridyl substituents create a metal ion pocket due to the rigid nature of the ligand and
the donor’s selectivity [49]. At a sufficiently high concentration of Hg2+, there is a shift
at higher wavelengths in the absorption and emission spectra (Fig. 9).

Fig. 8 Triphenylphosphonium salt-linked Benzo[g]coumarin probe for mitochondria tracking
and for measuring mitochondrial pH values [44].
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An interesting pH-sensitive probe based on BODIPY has been developed by
O’Shea et al. [50]. In the probe, two amine substitutes act as pH modulators leading to
three-channel fluorescence (Fig. 10). Depending on whether the molecule was mono or
di-protonate, a color change from red to purple, up to blue corresponding to the three
forms: the non-protonate, mono-protonate, and di-protonate form in response to pH-
induced change in the ICT (intramolecular charge transfer) properties of the system is
observed.

As mentioned above, very often structurally similar biomolecules can have different
functions, as in the case of cysteine, homocysteine, and N-acetyl-L-cysteine [4]. It is
therefore essential to design probes that are selective for these biomolecules. Ravikanth
et al. [51] have developed a red fluorescent probe for the specific detection of cysteine
(Cys) and homocysteine (Hcy) in living cells based on BODIPY 3,5-bis(acrylaldehyde)

Fig. 9 Coordination mechanism of the Hg2+ to the AzaBODIPY probe [49].

Fig. 10 Protonation and deprotonation of the pH-sensitive probe and related emission spectra
[50].
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(see Fig. 11). The probe, following cyclization of the aldehyde group with thiol, shows
the formation of a hexaindro-1,4-thiazepine derivative, which results in a change in
fluorescence properties (cells pretreated with Cys followed by incubation with the
probe show bright yellow-green intracellular fluorescence).

However, the NIR-I window (650–900 nm), in which almost all the above probes
emissions fall, can present the problem of tissue autofluorescence, producing a con-
siderable background noise [52, 53].

3 Fluorescent Probes in the NIR-II Region

Recently, new fluorescent probes have been attempted to operate at longer wave-
lengths, particularly in the NIR-II window (1000–1700 nm), in order to offer better
penetration and overcome autofluorescence problems [54]. They meet these probes
requirements based on Donor-Acceptor-Donor (D-A-D) systems that show emissions
in the NIR-II zone as widely reported in the literature [55, 56]. In the work of L. Antaris
et al. [17] a new probe based on the D-A-D system with bis-thiadiazole nuclei, called
CH1055, is described. The reported probe has been modified with carboxylic acid
groups to improve the solubility of the molecule; the carboxylic acid groups can be
subjected to PEGylation to increase their solubility further, or even be conjugated to
target ligands (Fig. 12).

Fig. 11 The schematic reaction of BODIPY based probe with Cys or Hcy [51]

252 M. Di Martino et al.



The CH1055-PEG probe has proven effective in mapping sentinel lymph nodes
(SLN) and identifying brain tumors in vivo. It was noted that after intradermal injec-
tions of the CH1055-PEG probe used for imaging lymphatic vessels and lymph nodes,
strong tumor fluorescence was observed, starting 57 h after injection.

The conjugation of the fluorescent molecule to a small protein such as anti-EGFR
affibody (EGFR: receptor of epidermal growth factor) allows rapid and economical
detection of early cancers and therefore represents a valuable aid for the removal of the
imaging-guided tumor.

The probe showed rapid renal excretion (about 90% in 24 h) compared to other
NIR-II probes, and PEGylation has become an accepted practice in the pharmaceutical
industry as it offers many advantages such as longer probe circulation time, higher
stability and protection against degradation. The probe also allowed the first guided
NIR-II export surgery, simultaneously displaying the tumor excision under white light
and the NIR-II fluorescence system.

4 Solid-State Fluorescent Probes

In the context of organic-core chromophores with emission properties in the near-
infrared region, fluorophores using the effect of aggregation-induced emission have
recently been of interest for their multiple applications such as dopants in the fabrication
of OLED devices, in optical probes for bioimaging, and biomedical applications [57].
Unlike classic NIR fluorophores, which tend to form aggregates in highly concentrated
solutions or solid-state, resulting in quenching (ACQ effect) of emission properties due
to strong dipole-dipole interactions, these new types of fluorophores exploit the effect of
emission induced by AIE aggregation. These molecules show weak emissions in
solutions and strong emission in the aggregated state, high photoluminescence quantum
efficiency, significant Stokes shifts (for eliminating self-absorption), excellent chemical
and thermal stability, good solubility and processability [22, 58, 59]. In literature, there
is a limited number of organic molecules with solid-state fluorescence.

Our research group has conducted several studies on the solid-state emission
properties of chromophores, such as those of Phenylenevinylene (PV) derivatives
based on a donor-acceptor system. In addition, the introduction of an electron-
withdrawing group such as the cyan group leads to an increase in the energy of the

Fig. 12 A simplified reaction schematic illustrating the synthesis of the CH1055-a-body [17].
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p-occupied and p�-unoccupied states and causes a red shift in emission maxima
compared to non-substituted phenylenevinylene systems [60–62] (see Fig. 13).

All compounds show intense red photoluminescence with a pronounced shift of
Stoke larger in the solid state than in solution.

This can be attributed to the presence of the cyano substitute that limits molecular
movements and stabilizes the twisted conformation of the solid. This conformation may
lead to intense aggregation-induced emission effect (AIE). Based on the above com-
pounds, to improve photophysical performance, recently the same research group has
synthesized new symmetric dyes with a modified skeleton phenylenevinylene (PV) and
azobenzene (AB) adding groups such as N-N’-bis (salicylidene)ethylenediamine
(salen) that would reduce molecular movements and improve their solid-state proper-
ties [63]. To this should be added the ESIPT process to which salen substitutes are
subjected, which could potentially still improve the performance of the dyes. In the area
of solid-state fluorescence, the same research group reported a study on the regulation
of solid-state fluorescence properties of polymorphic compounds. In fact, polymor-
phism (different arrangements and conformations of the same molecule) can be used to
produce materials with emissive properties in which thermal or mechanical stimuli can
regulate the transition. The work [58] reports a derivative of N-salicylidene aniline
containing the 2-methylbenzotriazole (BTz) showing solid-state ESIPT fluorescence, as
shown in Fig. 14.

Fig. 13 Chemical structures of PV-based dyes [60]

Fig. 14 ESIPT process in 2-methylbenzotriazole (BTz) chromophores [58].
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The compound shows three phases: yellow (called 1-Y), orange (1-O), and red
(1-R). The transformation from one shape to another is accompanied by a significant
change in fluorescence intensity and color, as shown in Fig. 15.

The 1-R form can be converted to 1-Y by grinding and returned to 1-R by melting
and annealing, resulting in mechanical-responsive luminescence. The different photo-
physical properties have been explained by changes in molecular conformation in the
three polymorphs. These findings offer an advantageous possibility to control the
emission fluorescence for stimuli-response applications. The unique photochemical
properties of these compounds make them potentially suitable for their encapsulation in
nanoparticles (NPs) and use in bio-imaging. In bioimaging applications, AIE fluor-
ophores can be immune to the limitations arising from the concentration of the dyes
loaded into the nanoparticles (NPs), and AIE NPs are supposed to be more emissive, as
well as more resistant to photobleaching [64].
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