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Preface

This volume of the Springer book series Lecture Notes in Bioengineering includes the
proceedings of the 2nd Workshop on Bionanomaterials, BIONAM 2016, held on
October 5-6, 2016, in Salerno, Italy. BIONAM has been focusing on the analysis,
synthesis and design of bionanomaterials, with its first edition held in 2013 in Salerno.
After the success of this edition, the second edition has been jointly organized with
WIVACE 2016, a Workshop on Artificial Life and Evolutionary Computation, with the
purpose of involving (more) research on multidisciplinary and experimental fields such
as systems chemistry and biology, and emerging topics such as origin of life as well as
chemical and biological smart networks. BIONAM merges the biophysicists’, the
biochemists’ and bioengineers’ perspectives, covering the study of the basic properties
of materials and their interaction with biological and environmental systems, the
development of new devices for medical purposes such as implantable systems, and
new algorithms and methods for modeling the mechanical, physical or biological
properties of biomaterials. This challenging task requires powerful theoretical and
computational tools to understand and control the inherent complexity of the interac-
tions between synthetic and biological objects.

The interaction between the WIVACE and the BIONAM communities resulted in
a joint session where the experimental work has been harmonized in a well-established
theoretical framework; some selected contributions, having a more theoretical character,
have been collected in the part Modelling of Bionanomaterials of this volume. The
volume includes two further parts: Nanomaterials Engineering and Applications of
Bionanomaterials, both accounting for more applicative and technical aspects of
nanomaterials.

The BIONAM 2016 volume reports on selected experimental contributions and
computational ones, derived from a close interaction between chemical scientists
and the bioengineers involved in bionanomaterials studies.

Events like BIONAM are a good opportunity for both new generation and young
scientists: to get in touch with new subjects and bring new ideas to the attention of
senior researchers; and to highlight and promote the work of the youngest participants.
At this purpose, we awarded Dr. Emiliano Altamura and Dr. Francesco Milano for the
best poster presentation. Their contribution was selected as full papers and appear in
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this volume under the title Modelling Giant Lipid Vesicles designed for Light Energy
Transduction.

As Editors, we wish to express gratitude to all the conference attendees and
chapters’ authors. We also acknowledge the priceless work of the reviewers and of
members of the Program Committee. Special thanks go to the invited speakers
Nicola Tirelli from the University of Manchester (England) and Gaetano Guerra
from the University of Salerno (Italy), for their very interesting and inspiring talks.

The 15 papers included in this book have been thoroughly reviewed and selected
out of 34 submissions. By covering topics such as evolutionary computation,
bioinspired algorithms, genetic algorithms, bioinformatics and computational
biology, modelling and simulation of artificial and biological systems, complex
systems, synthetic and systems biology and systems chemistry, they represent the
most interesting contributions to the 2016 edition of BIONAM.

Salerno, Italy Stefano Piotto
October 2016 Federico Rossi
Simona Concilio

Ernesto Reverchon

Giuseppe Cattaneo
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Nanoliposomes Production by a Protocol
Based on a Simil-Microfluidic Approach

Sabrina Bochicchio, Annalisa Dalmoro, Federica Recupido,
Gaetano Lamberti and Anna Angela Barba

Abstract In this work a protocol based on the microfluidic principles has been
developed and applied to produce nanoliposomes. The protocol basically consists in
the realization of a contact between two flows, lipids/ethanol and water solutions,
inside a tubular device where interdiffusion phenomena allow the formation of lipid
vesicles. Effects of solutions flow rates and lipids concentrations on size and size
distribution have been investigated. Moreover, ultrasonic energy was used to
enhance homogenization of the hydroalcoholic final solutions and to promote the
vesicles size reduction. By this protocol a massive output has been achieved;
increasing the ratio between the water volumetric flow rate to the lipids-ethanol
volumetric flow rate the liposomes dimension decreases; at equal flow rates, when the
lipids concentration increases also the liposomes size has been observed increasing.

keywords Liposomes - Ultrasonic energy - Semicontinuous bench scale apparatus

1 Introduction

Lipid-based drug delivery systems are biocompatible carriers even more investi-
gated by the scientific world for their ability in encapsulating and releasing, in a
controlled manner, degradable active ingredients to be used for pharmaceutical and
nutraceutical purposes. In particular the demand of liposomes based products to be
used in several branches of biotechnology has attracted a lot of attention for the
liposomes biodegradability, high drug loading capacity, low intrinsic toxicity,
accumulation in pathological areas, reduced size, membrane mimetic behavior,

S. Bochicchio - F. Recupido - G. Lamberti
Department of Industrial Engineering, University of Salerno,
Via Giovanni Paolo II 132, 84084 Fisciano, SA, Italy

S. Bochicchio - A. Dalmoro - F. Recupido - A.A. Barba (D<)

Department of Pharmacy, University of Salerno, Via Giovanni Paolo II 132,
84084 Fisciano, SA, Italy

e-mail: aabarba@unisa.it

© Springer International Publishing AG 2018 3
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prolonged half-life in the bloodstream, low cost and easiness of preparation [1].
Size and size distribution are key parameters determining liposomes performance as
carrier systems in both biomedical applications (i.e., influencing liposomes time of
circulation in the blood stream and/or their permeability through membrane fen-
estration in tumour blood vessels [2]), cosmetic and nutraceutical applications (i.e.,
improving consistence, stability, taste, flavor, absorption and bioavailability of
nutraceuticals [3, 4]).

Nowadays there is a wide set of possibilities to produce lipid-based drug
delivery systems through the use of conventional or more recently discovered
techniques [5-7]. However, despite the leaps and bounds made with the novel
technologies in the last few years, the majority of these methods are characterized
by high energy request, long times of process together with a low productivity.

To overcome these limitations, in this study microfluidics based methods, which
are expensive for special devices needed and microfabrication costs, have been
transposed to a millimeter scale, drastically reducing the production costs and
increasing the yields. The developed simil-microfluidic method provides a new
platform in the optimized productions of liposomes. Compared to traditional bulk
methods, as Thin Film Hydration (TFH) and Ethanol Injection (EI) techniques, in
which heterogeneous and uncontrolled lipids self-assembly processes take place,
the simil-microfluidic approach gives the possibility to control liposomes size and
size distribution by varying several parameters (i.e., volumetric flow rates ratio,
lipids concentration) which controlling the lipids solvent/water interdiffusion phe-
nomena. Moreover, ever respect to the conventional techniques as the TFH, which
allow the formation of micrometric structures, the simil-microfluidic method gives
liposomal structures directly on nanometric scale. Finally, if compared to the slow
and discontinuous processes characterizing traditional methods, the realized
simil-microfluidic set up has allowed a semi-continuous and rapid liposomes pro-
duction. In particular in this work the simil-microfluidic bench scale apparatus has
been used for a massive nanoliposomes production. This has been achieved by
coupling the ethanol injection method with the microfluidic principles and trans-
posing them on a micrometric scale in an easy and cheap way. In that regard, in a
work of Pradhan and collaborators [8] a syringe pump driven microfluidic device
was developed to produce nanoliposomes. In the present work the semicontinuous
bench scale apparatus was designed by replacing the syringe pumps by the peri-
staltic once, allowing the production of larger liposomes volumes and by injecting
the lipid phase directly into the polar phase without the help of any tubes con-
nection systems as done in [8]. Ultrasonic energy was used as intensification tool
for liposomes suspensions homogenization [9]. Furthermore, similarly as done by
Jahn and collaborators for a microfluidic hydrodynamic focusing (MHF) platform
[10], a size and size distribution control of the produced nanoliposomes was
demonstrated by tuning not only the flow rates, as done by Jahn research group, but
also the lipids concentration.
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2 Experimental
2.1 Materials and Methods

Liposomes were formulated with L-o-Phosphatidylcholine (PC) from soybean,
Type II-S, 14-23% choline basis (CAS n. 8002-43-5), purchased from Sigma
Aldrich (Milan, Italy) and ethanol of analytical grade (CAS n. 64-17-5, Sigma
Aldrich) was used to solubilize the PC. Rhodamine B was used for microscope
fluorescence observations of the produced liposomes.

In Fig. 1 a schematic representation of the used experimental apparatus is pre-
sented. The first part of the bench-scale apparatus consists in two containers, one
filled with a lipids/ethanol solution (prepared by dissolving 16.5 mg of PC in 10 ml
of ethanol), which is conveyed in a 1.6 mm silicon tube, and one filled with the
hydration solution (distilled water) conveyed in a 5 mm silicon tube through the use
of two peristaltic pumps (Verderflex OEM mod. Au EZ). The lipids/ethanol solu-
tion tube ends with a needle (0.6 mm internal diameter) inserted into the production
section tube, a 3 mm internal diameter silicon tube which is an extension of the
water tube. This is the production section, where a diffusive mechanism of the two
pushed liquids takes part leading to the formation of liposomes during the two
phases (water and alcohol) interdiffusion. The hydroalcoholic solution containing
liposomes on nanometric scale is recovered in a container and then subjected to a
duty cycle sonication process in order to homogenize and to further reduce vesicles
size.

At first, liposomes were prepared by maintaining constant the PC concentration
in the hydroalcoholic solution at 0.15 mg/ml and varying the volumetric flow rates

F.ig..ll .Schgrr{zt.ization of the Lipids/Ethanol
simil-microfluidic apparatus.

From the containers (1-2) (and hydrophobic drug) /
lipids/ethanol and water

solutions are pushed through

peristaltic pumps (3—4) to the

production section (5) were Water (and
. ( 5 /

vesicles are formed. The e
hydroalcoholic solution is hydrophilic drug)

recovered in a container

(6) where it is stirred. The ;
nanoliposomes solution is R

finally subjected to duty cycle 00 r-! 6

sonication and recovered in a N
receiving flask (7) N . S _'__',’"
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in order to study their influence on liposomes size and size distribution. The vol-
umetric flow rates ratio, defined as hydration solution volumetric flow rate (Vhs) to
lipid solution volumetric flow rate (VIs), was varied (10:1, 15:1, 20:1 and 40:1
Vhs/VIs) maintaining constant the VIs at 4 ml/min and changing the Vhs (40, 60,
80 and 160 ml/min). Subsequently, the PC concentration in the final hydroalcoholic
solution was changed (0.15, 1, 4 and 5 mg/ml) by maintaining constant at 10:1
(Vhs/Vls) the volumetric flow rate ratio, and the liposomes size and size distribution
were analyzed again. Ultrasonic energy was used as intensification tool in
homogenization operation through irradiating procedures previously developed and
described in [9] by applying a duty cycle consisting of 5 ten-second irradiation
rounds each followed by a 20 s pause in order to prevent thermal vesicle disruption
(VCX 130 PB Ultrasonic Processors, Sonics & Materials Inc., Newtown, CT,
USA). For both the experimental campaigns the volumetric flow rate ratio and PC
concentration effects on liposomes size and size distribution were studied with and
without the ultrasound contribution.

Morphological observations of liposomes were performed using optical micro-
scopy (Axioplan 2- Image Zeiss) for fluorescence imaging, a 100 X oil immersion
objective was used to visualize the vesicles. Dimensional characterization of
vesicles was performed by Dynamic Light Scattering analysis (DLS, Zetasizer
Nano ZS, Malvern, UK). The resulting particle size distribution was plotted as
number of liposomes versus size. The average size refers to the peak size (or
distribution size) with a statistical mean and standard deviation of that specific peak.
The Polydispersity Index (PDI) was calculated for all the preparations.

Statistical analysis of experimental data (size and PDI) were analyzed using
Student’s t-test and one-way analysis of variance (ANOVA), and differences were
considered statistically significant at p < 0.05.

3 Results and Discussion

3.1 Nanoliposomes Production

The developed set up has proven to be an easy and fast method to produce Small
Unilamellar Vesicles (SUVs) directly on a nanometric scale, without the use of any
toxic solvents and drastic operative conditions (i.e., high temperature and/or pres-
sure) achieving a massive output with the minimum of energy and costs. Results
concerning size of produced liposomes have shown vesicles formation of 33—
49 nm in size when the volumetric flow rates ratio was varied; of 49-81 nm in size
when the lipid concentration was changed (dimensional characterization by DLS
analysis). For this reason, the vesicles presented in the fluorescence microscopy
images of Fig. 2 are called SUVs even if aggregates and/or large vesicles produced
together with SUVs, although few, are well and more visible in the captured
images.
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Fig. 2 Fluorescence microscopy images of lipid vesicles labelled with Rhodamine B dye and
visualized with a 100 X objective

From a phenomenological point of view, liposomes formation happens at the
interfaces between the alcoholic and water phases, when they start to interdiffuse in
a direction normal to the liquid flow stream. When lipids, dissolved in the alcoholic
phase, meet with water, due to their insolubility, they start to assemble together
generating pieces of bilayer which close themselves engulfing water and forming
spherical vesicles. Even if the liposomes formation is a spontaneous process, their
dimension and size distribution as well as the productivity of the process (the
number of liposomes for unit volume obtainable) can be controlled operating on the
volumetric flow rates ratio of the two liquids, on lipids concentration and using
ultrasonic energy as tool for the process intensification.

3.2 Influence of Volumetric Flow Rate Ratio on Liposomes
Formation

As reported in Fig. 3, increasing the ratio between the water volumetric flow rate to
the lipids-ethanol volumetric flow rate the liposomes dimension decreases (Fig. 3a)
while the PDI value increases (Fig. 3b). In particular, starting with a 10:1 Vhs/Vls
ratio, liposomes of 49 nm in size were obtained up to a diameter of 33 nm for
liposomes achieved with 40:1 Vhs/Vls, the higher volumetric flow rate ratio tested.
Viceversa opposite trend is visible for the PDI whose 0.36 value obtained from the
10:1 Vhs/Vls becomes 0.73 when a 40:1 Vhs/VIs ratio was used, index, the latter,
of a highly polydispersed sample. Taking into account that the Vhs/Vls ratio was
increased by enhancing the water flow rate and maintaining constant that of the
lipids-ethanol solution, what plays a key role in the liposomes diameter size
reduction is the diffusion rate of the lipids into the hydration solution. Considering
constant and uniform the lipids concentration for unit of volume in the alcoholic
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(a) (b)
60.00 0.90
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Fig. 3 a Sonicated and not sonicated liposomes mean diameter size at different volumetric flow
rates ratio. b Polydispersity Index (PDI) of sonicated and not sonicated liposomes at different
volumetric flow rates ratio. Results are expressed as average of three determinations and reported
along with the standard deviation

solution, when the water volumetric flow rate increases the impact between the two
liquids increases too and lipids spread faster in a greater water volume. Lipids so
scattered join together to form vesicles even more small with the increase of water
flow rate. For both size and size distribution it can be observed that the applied
ultrasound assisted process did not globally affect, for all the volumetric flow rates
explored in this study, the trend found for the not-sonicated samples.

In particular, at constant flow rate ratio there isn’t evidence of size changes
between sonicated and not sonicated samples (p > 0.05), whilst sonication has
effect on PDI. In particular, for not sonicated samples, PDI is worsened when flow
rate ratio increases from 20 to 40 (it is kept statistically constant between 10 and
20); for sonicated samples, PDI is worsened going from a flow rate of 10-15; for
higher flow rates it can be considered constant (Fig. 3b). Reasonably it is possible
to affirm that homogenization assisted by ultrasonic energy can reduce liposomes
aggregates.

3.3 Influence of Lipid Concentration on Liposomes
Formation

It was observed that at equal flow rates, when the lipids concentration increases also
the liposomes size has risen. In Fig. 4a data shown illustrate liposomes diameter
average size obtained at different PC concentrations in the hydroalcoholic solution.
As the PC concentration increases from 0.15 to 5 mg/ml the liposomes size also
increases from approximately 49 to 81 nm. It can be explained by the fact that at
higher PC concentrations more phospholipids will impact at the same alcohol/water
interface area and will dissolved in the same water volume making them physically
closer to each other, thus forming larger vesicles. Homogenization step, performed
by sonication, seems do not have effect on liposomes size (p > 0.05).
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(a) (b)
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Fig. 4 a Sonicated and not sonicated liposomes diameter size at different PC concentrations in the
hydroalcoholic solution. b Polydispersity Index (PDI) of sonicated and not sonicated liposomes at
different PC concentrations in the hydroalcoholic solution. Results are expressed as average of
three determinations and reported along with the standard deviation

For PDI values it seems that increasing the PC concentration the sample size
distribution improves except for the 0.15 mg/ml concentration (Fig. 4b). The
sonication in this case shows to have (except for the 0.15 mg/ml) a slight positive
effect on the size distribution (values statistically significant, p < 0.05) confirming
its suitability as homogenization treatment.

4 Conclusions

Nanoliposomes have been achieved by using a protocol based on the microfluidic
principles. Effects of solutions flow rates and lipids concentrations on size and size
distribution have been investigated. Increasing the ratio between the water volu-
metric flow rate to the lipids-ethanol volumetric flow rate the liposomes dimension
decreases; at equal flow rates, when the lipids concentration increases also the
liposomes size has been observed increasing. Ultrasonic energy was used to
enhance homogenization of the hydroalcoholic bulk and, in turns to limit liposomes
aggregation.
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Production of Nanostructured
Microspheres Biopolymer-Active
Principle-Magnetic Nanoparticles

by Supercritical Assisted Atomization

Renata Adami@® , Mariarosa Scognamiglio
and Ernesto Reverchon

Abstract Supercritical Assisted Atomization (SAA) has been applied to the pro-
duction of nanostructured microspheres ampicillin-chitosan-magnetic nanoparticles
(AMP-CH-NMPs). Several ampicillin/chitosan (AMP/CH) ratios with a fixed
content of NMPs were processed in acid water solutions, to produce microspheres
with different size, drug content and amount of NMPs. To verify the successful
formation of microparticles, drug content and nanoparticle dispersion, they were
characterized by SEM (Scanning Electron Microscope), EDX (Energy Dispersive
X-ray), TGA (ThermoGravimetric Analysis), HPLC (High Performance Liquid
Chromatography), UV-vis obtaining information on morphology, particle size
distribution, nanostructure, loading of active principle in the polymeric matrix and
drug release rate. Spherical microparticles were obtained, with a maximum particle
size of 2 um and loading efficiencies up to 99%. The microspheres produced by
SAA showed a controlled release of the drug over about 72 h.

Keywords Supercritical assisted atomization - Magnetic nanoparticles
Nanostructured microparticles - Controlled release - Targeted delivery « Ampicillin
trihydrate

1 Introduction

Nanoparticles with Magnetic Properties (NMPs) can be used as contrast agent in
magnetic resonance imaging (MRI) [1], as hyperthermia agents and as vectors for
the targeted delivery of drugs; in this case they will be coprecipitated with the drug
and driven to the target tissue [2]. NMPs have unique physical properties and ability
to act at the cellular and molecular level of biological interactions [3].
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Encapsulation of antibiotics in nanoparticles increases the maximum tolerated dose
and therapeutic index of antibiotics when compared with the free drug [4].

In this work Supercritical Assisted Atomization (SAA) has been used for the
production of nanostructured microspheres biopolymer-ampicillin-NMPs for
biomedical applications. The aim was to entrap the drug and the NMPs in a polymer
carrier that has the role to protect the active principle and to control its release.
Moreover, the encapsulation in a polymeric coating makes the NMPs biocompatible
and the polymer provides a steric barrier to prevent nanoparticle agglomeration [5].
Chitosan (CH) has been selected: it is a biopolymer of great interest as a carrier
because of its natural origin; ampicillin tri-hydrate (AMP) has been chosen as
model drug; Fe;O,4 nanoparticles have been used as NMPs.

In literature there are some attempts at loading ampicillin in chitosan, in form of
beads (850-1100 pm) or microgranules by coagulation of complex pastes followed
by drying or in form of nanoparticles by ionic gelation method with the aid of
sonication [6-8]. Nanoparticles of ampicillin trihydrate loaded in chitosan
demonstrated superior antimicrobial activity with respect to plain nanoparticles and
the reference, due probably to the synergistic effect of chitosan and the drug. In
vitro release data showed an initial burst followed by slow sustained drug release
[7].

The use of NMPs for treating infections is not well documented, on the other
hand antibiotics are widely used in modern medicine [9]. Nanoparticle-based
antimicrobial agents exhibit several advantages, including their inhibitory and/or
killing effect on various microorganisms [10]. Hussein-Al-Ali et al. [11] prepared
AMP-CH-Fe;0,4 nanocomposite using a three step process: first NMPs were pre-
pared through an iron salt coprecipitation method in an alkaline medium, followed
by a chitosan coating step for the production of CH-coated NMPs, finally, the
NMPs were loaded with AMP mixing AMP aqueous solution with CH-NMPs to
form AMP-CH-NMP nanocomposite. The synthesized nanocomposites exhibited
antibacterial and antifungal properties, as well as antimycobacterial effects.

To overcome the limitations of the traditional techniques, supercritical fluid
based processes have been developed for several applications [12—-14]. In particular,
Supercritical Antisolvent (SAS), Supercritical Assisted Atomization (SAA),
Supercritical Fluid Extraction from Emulsion (SEE) have been developed to pro-
duce micro and nanoparticles [15-25]. SAA has been successfully used for the
production of co-precipitates, as nano-structured microparticles formed by a carrier
in which the active principle is uniformly distributed [26—-31] or as nanostructured
polymeric microparticles loaded with nanoparticles [32, 33]. SAA is based on the
formation of organic solvent + solid solutions in which SC-CO, is solubilized to
form an expanded liquid of reduced viscosity and surface tension. These conditions
produce an improved atomization, producing controlled micro and submicro dro-
plets that, upon drying, form the corresponding polymer + drug coprecipitated
microparticles [27, 28].

In previous works, the formation of polymer microparticles loaded with NMPs
[32] and the production of AMP/CH microspheres [34] using SAA technique has
been studied. In this work the formation of complex composite microparticles is
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proposed, starting from a suspension in which NMPs have been finely dispersed in
a solution containing CH and AMP. It is the first time that a complex mixture of
three compounds is processed by SAA. The aim is to obtain coprecipitates that can
be applied in the targeted delivery and allow the sustained release of the drug when
it is on the site of delivery. Several ratios AMP/CH are investigated, namely 1/2,
1/4 and 1/6 wt/wt and the effect on particle size distribution and AMP controlled
release are studied.

2 Materials and Methods

Chitosan, medium molecular weight (CH), ampicillin trihydrate (AMP, Fig. 1) and
Fe;04 nanopowder (d, < 50 nm, >98% trace metal basis) were supplied by
Sigma-Aldrich (Milan, Italy). Water (HPLC grade) with a purity of 99.5% was
supplied by Sigma-Aldrich (Milan, Italy). Carbon dioxide (CO,; purity 99.9%) and
Nitrogen (N,; purity 99.9%) were purchased from SON (Naples, Italy).

In order to verify the stability of the suspension before the micronization pro-
cess, solutions of acidic water at 1% v/v acetic acid and CH were prepared and
Tween 80 was chosen as surfactant, because of its compatibility with water and
with pharmaceutical processes. Solutions at concentrations of CH of 10 and
20 mg/mL and Tween 80 at different % wt/wt surfactant/solvent were sonicated in
an ultrasound bath for 10 min. Then, increasing amounts of Fe;O, nanoparticles
(mean diameter 50 nm) were suspended in the solution and sonicated using a
high-intensity ultrasonic probe at 50% amplitude for 1 min at pulse mode and their
stability was monitored. SAA laboratory apparatus used is composed by two
high-pressure pumps (mod. 305, Gilson, Villiers Le Bel, France) to deliver the
water solution and the liquid CO, to the saturator. The saturator is a heated high
pressure packed vessel (volume:25 cm’) which assures a large contact surface
between liquid solution and CO,. The expanded liquid obtained in the saturator is
sprayed through a nozzle into the precipitator (v = 3 dm?) that operates at atmo-
spheric pressure. A controlled heated flow of N, (about 1200 nL/h) is flown to the
precipitator to enhance the evaporation of water from the droplets. A sintered filter
at the bottom of the precipitator, with a porosity of 0.5 um, allows the collection of
the powder and the flowing through of the gases. SAA apparatus layout and further
details can be found in previous papers [24].

Fig. 1 Molecular structure of NH
Ampicilin trihydrate H H
N, <
S
o]
JIX
* 3H,0 ~0
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The morphology of produced particles has been analysed by a Field Emission
Scanning Electron Microscope (FESEM, mod. LEO 1525, Carl Zeiss SMT AG,
Oberkochen, Germany). Powders were dispersed on a carbon tab previously stuck
to an aluminium stub (Agar Scientific, United Kingdom). Samples were coated with
gold (layer thickness 150 A) using a sputter coater (mod. 108 A, Agar Scientific,
Stansted, United Kingdom). Several SEM images were taken for each batch to
verify the powder uniformity.

Particle size (PS) and particle size distribution (PSD) were measured from
FESEM images using the Sigma Scan Pro Software (rel. 5.0, Jandel Scientific,
Erkrath, Germany). Histograms representing PSDs in terms of volumetric cumu-
lative were best fitted using Microcal Origin Software (rel. 8.5, Microcal Software,
Inc., Northampton, MA).

SAA coprecipitates were also characterized by Energy-dispersive X-ray spec-
troscopy (EDX) microanalysis. Elemental analysis and element mapping were
performed using the FESEM equipped with an energy dispersive X-ray spec-
troscopy (EDX, INCA Energy 350, Oxford Instruments, Witney, United Kingdom).

The loading of NMPs in the polymeric matrix was determined by thermo-
gravimetric analysis (TGA) (SDT Q600, TGA/DSC, TA Instruments, USA), as the
residue remaining after the total combustion of the organic component of the
particles. The sample was placed in alumina crucibles and heated from 25 up to
600 °C at a rate of 10 °C/min, under a constant air flow of 100 Ncm3/min).

Solid state analysis of the samples (XRPD = X-ray powder diffraction) was
performed using an X-ray diffractometer (mod. D8 Discover, Bruker AXS, Inc.,
Madison, WI) with a Cu sealed tube source. Samples were placed in the holder and
flattened with a glass slide to assure a good surface texture. The measuring con-
ditions were as follows: Ni-filtered CuKa radiation, A = 1.54 A, 26 angle ranging
from 2 to 90° with a scan rate of 3s/step and a step size of 0.02°.

Drug loading was performed dissolving Samples of AMP/CH powder under
vigorous stirring in a solution water-acetic acid 2% v/v (pH 2.24) at 37 °C. The
solution was stirred for 5 min and stored for 24 h at room temperature to obtain the
complete release of the drug from the carrier. The obtained solution was filtered to
eliminate the NMPs and CH residue and diluted with water to increase the pH and
analysed by HPLC-UV/vis (Hewlett-Packard model G131-132, USA). The column
used is a reverse phase C18 column (4.6 x 250 mm; 5 mm particle size; 80A pore
size; Hypersil BDS RP-C18); it was equilibrated at a flow rate of 0.5 mL/min with a
mobile phase consisting of phosphate buffer pH 5.0 and acetonitrile (ratio 70:30
v/v). AMP was monitored at 225 nm with a retention time of 5-6 min. Loading
efficiency was calculated as the ratio of the drug content of the produced particles
over the drug loaded at the beginning.

The drug release rate was analysed by UV/vis spectrophotometer (model Cary
50, Varian, Palo Alto, CA) using a physiologic solution (PS) at pH 6.8 as disso-
Iution medium. 40 mg of powder was charged into a tea bag filter and immerged in
200 mL of PS continuously stirred at 200 rpm and 37 °C. Absorbance at wave-
length 264 nm was monitored as: every 1 min for 1 h, every 10 min for 1 h, every
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30 min for 8 h, every 60 min for 72 h. Then, the absorbance values were converted
into AMP concentration, using a calibration curve.

3 Results and Discussion

The system processed by SAA was a suspension of NMPs in an aqueous solution of
CH and AMP; therefore, preliminary studies were performed on the suspension in
terms of stability of NMPs dispersion and degradation of the drug.

3.1 Stability of Suspensions

For a successful SAA precipitation, it is relevant to have a stable suspension, that
does not split before precipitation. For this reason, in a previous work, a study on
the suspension stability has been performed [32]. The suspensions were considered
useful for SAA processing if they were stable for at least 30 min. Such suspensions
were obtained at a chitosan concentration of 10 mg/mL plus 2% Tween 80 (w/w
surfactant/solvent) with a maximum loading of 20% of Fe;0, nanoparticles (w/w
NMPs/chitosan) and at a chitosan concentration of 20 mg/mL plus 7.5% Tween 80
(w/w surfactant/solvent) with a maximum load of 40% NMPs (w/w
NMPs/chitosan).

3.2 Micronization Experiments

The micronization of the system AMP/CH by SAA has been studied in a previous
work [34] and several operating conditions have been investigated. Based on the
previous results [32], the operating conditions for the experiments performed in this
work have been chosen as reported in Table 1. For all the experiments a ratio
between CO, and liquid solution (gas to liquid ratio = GLR) of 1.8 have been used.

Table 1 Operating conditions of SAA experiments varying the global concentration,
R = AMPt/CH, conc = solute concentration, P, = mixer pressure, T,, = mixer temperature,
P, = precipitator pressure, T}, = precipitator temperature, Q = flow rate

Conc. CH | Conc. R Twm °C) | P T, (°C) [P, (bar) | Qguspension | Qcoz

(mg/mL) | AMP (wt/wt) (bar) (mL/min) | (gr/min)
(mg/mL)

10 5 12 90 90 | 113 1.6 4.48 8.06

10 2.5 1/4 91 99 [112 1.8 4.62 8.31

10 1.67 1/6 80 109 | 113 1.1 4.41 7.94
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Fig. 2 Example of powder
obtained by SAA of
coprecipitate AMP/CH
containing 40% di Fe;04
(Wt/WtCH)

The following SAA process parameters have been selected: static mixer tem-
perature and pressure at 90 °C and 100 bar, respectively; precipitator temperature
set at 110 °C and a concentration of CH of 10 mg/mL. 40% wt of NMPs have been
suspended in the starting solution and AMP/CH ratios of 1/2, 1/4, 1/6 have been
studied.

After each experiment, a dry powder with a brownish colour (Fig. 2) was col-
lected on the filter of the precipitator, giving a first evidence of the presence of
NMPs uniformly distributed in the particles.

In all the experiments the particles obtained showed a spherical morphology, as
in the Fig. 3, that reports, as an example, SEM photomicrographs of coprecipitates
at AMP/CH ratios 1/2, 1/4, 1/6 (wt/wt). By increasing CH content a characteristic
wrinkling of the particle surface can be noted.

In Fig. 4 particle size distributions in terms of cumulative volumetric percent-
ages are reported, showing that the mean diameter ranges between 0.5 and 1 pm
and the maximum observed particle size is about 2 um. The results did not show a
clear influence of drug/polymer ratio on the particle size and distribution in the case
of R =1/2 and R = 1/4, and there is a slight increase of particle size in case of
R = 1/6.

The obtained microspheres have been characterized by several analytical tech-
niques to verify the efficiency of SAA micronization. XRPD analyses of the
coprecipitates showed the presence of the characteristic halo typical of an amor-
phous material and Fe;O,4 crystal peaks (Fig. 5). Therefore, the microspheres are
amorphous, the drug is intimately mixed with the polymer and, during the pre-
cipitation, the NMPs do not modify their characteristic crystalline structure: they are
simply entrapped in the polymeric matrix.

EDX microanalysis allowed to identify the elemental composition of the parti-
cles in a SEM photomicrograph, showing the presence of the elements character-
istic of the three compounds (Fig. 6). Oxygen (white in Fig. 6) is present in all the
compounds, Sulphur (yellow in Fig. 6) is present only in the AMP molecule, as can
be observed in Fig. 1 reporting the molecular structure, and Iron (cyan in Fig. 6) is
present only in Fe;O,4. Figure 6 confirms that the three elements are present in the
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Fig. 3 SEM photomicrographs of SAA coprecipitate containing 40% di Fe;O, at different
R=AMP/CH:aR=1/2,bR=1/4, ¢ R =1/6

Fig. 4 PSD of AMP/CH
loaded with 40% NMPs
micronized by SAA at
different R (AMP/CH ratio,
wt/wt), in terms of cumulative 80
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Fig. 5 XRPD spectra of powders: comparison among untreated materials and microspheres
produced by SAA
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Fig. 6 EDX microanalysis of SAA coprecipitated microparticles loaded with 40% Fe;0,.
Particulars of: SEM image of the analysed areas; Oxygen maps (white); Sulphur maps (yellow);
Iron maps (cyan). R = AMPt/CH ratio, wt/wt

coprecipitates; therefore, AMP and NMPs are loaded in the CH particles; further-
more, the key chemical elements are uniformly distributed in the microparticles,
confirming that AMP and CH are intimately mixed in each particle at nanometric
level. Furthermore, it is shown that the NMPs are also uniformly distributed in the
microparticles, mainly as a result of the stability of the suspension during the
micronization process.

To obtain a quantitative information about the NMPs present in the micropar-
ticles, TGA analysis has been performed on the coprecipitates obtained by SAA
producing the combustion of the organic material. The organic components CH and
AMP decompose by combustion, leaving the inorganic residue Fe;O,4. The quantity
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Table 2 Loading efficiency of AMP and NMPs in SAA coprecipitates.
concentration 40%

Fe;0, starting

Conc. CH R = AMP/CH Fe;0,4 loading Fe;0y4 AMP loading AMP
(mg/mL) wt/wt efficiency (%) loaded efficiency (%) loaded

(Wt%) (Wt%)
10 12 37 14.81 63 20.95
10 1/4 31 12.47 66 13.24
10 1/6 31 12.25 99 14.12

Fig. 7 Release profiles from
microspheres produced by
SAA and physical mixtures at
different drug loadings;

R = AMP/CH ratio wt/wt,
mix = physical mixture

drug released, %

a8
o
8 Yy
anaabﬁA ®  mix R=1/2
5 o R=172
= mix R=1/4
o R=1/4 o
. :m 0.5 1.5
: |!:u| Ii 16 time. h
1 i L 1 i 1
30 40 50 60
time, h

of NMPs loaded in the microparticles varies between 31 and 37%, as reported in
Table 2

HPLC analyses showed that a loading efficiency of the active principle in the
range of 63—-99%, as reported in Table 2. AMP loading efficiency increases with the
decrease of the AMP/CH ratio; this is because the increase of the relative amount of
CH improves the entrapment of the active principle.

Drug release studies have been performed using a filter bag in physiologic
solution at pH 6.8 and 37 °C. CH is very soluble at very low pH values, on the
contrary, at pH close to neutral, characteristic of human tissue, it has a very low
solubility and can be used for delayed release. The controlled drug release studies
were elaborated considering the measured drug loading: the maximum percentage
of drug released from the microspheres was normalized on the drug effectively
loaded in the coprecipitate. The release form microspheres was compared with the
release form physical mixtures of AMP, CH and NMPs at the same ratios than in
the microspheres.

As can be noted in Fig. 7, physical mixtures release the drug within 55 min,
mainly because AMP is not entrapped in the CH and dissolves in the aqueous
environment. The release of AMP from CH microspheres is slower compared to the
physical mixtures, and the release rate is controlled by the AMP/CH ratio. It can be
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Fig. 8 SEM
photomicrographs of SAA
coprecipitate containing 40%
di Fe304 at R = 1/4, after
the AMP release

observed for release of AMP at all the ratios studied a fast release in the first
150 min, followed by a slow release, that is different for the AMP/CH ratios: the
higher the amount of CH, the slower the release.

The drug is completely released after about 33 h for R = 1/2, after about 55 h
for R = 1/4 and after about 65 h for R = 1/6. The observation of the morphology of
the microparticles, after the release tests, showed that the particles were dissolved
and moved to a gel-like structure.

SEM observation of the microspheres, showed that the presence of NMPs
affected the release: the morphology of particles showed that the NMPs opened
several holes on their surface during their release (Fig. 8).

4 Conclusions

Composite microparticles chitosan-ampicillin loaded with Fe;O4 nanoparticles
were successfully produced by SAA and can be used for the production of phar-
maceutical formulation for the targeted release of the active principle in specific
sites. The spherical morphology and controlled PSD with a maximum diameter of
about 2 um allow to use the microspheres for different biomedical applications.
High loading efficiency of AMP in CH microspheres can be obtained. The release
of the active principle can be controlled by the AMP/CH ratio and there is no
interference of NMPs to the release of AMP from the formulation. A starting burst
effect followed by a sustained release allow the formulation to be effective up to
72 h for a AMP/CH 1/6.
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Encapsulation of Hydrophilic

and Lipophilic Compounds in Nanosomes
Produced with a Supercritical Based
Process

Paolo Trucillo®, Roberta Campardelli®® and Ernesto Reverchon

Abstract Liposomes are created when phospholipids self-assemble in an aqueous
medium creating spherical closed structures. These vesicles can be loaded with
hydrophilic active principles (AP) into the aqueous inner core or with lipophilic
compounds in the lipidic double layer. In this work a new supercritical based
process for the one-step continuous production of nanosomes is proposed for the
encapsulation of hydrophilic and lipophilic compounds. This process is called
Supercritical Assisted Liposome Formation (SuperLip). The innovation of this
process consists in the inversion of the traditional phases of production of lipo-
somes: water droplets are created by a spray atomization in a high pressure vessel,
and then a double layer of phospholipids fast surrounds them. A systematic study
on liposome size, morphology, encapsulation efficiency has been performed for
several different hydrophilic AP (ampicillin, ofloxacin, bovine serum albumin,
fluorescein, eugenol and theophylline). Some operative parameters were also
optimized to achieve the production of nanometric liposomes with high encapsu-
lation efficiencies. Operating in this way nanometric and monodispersed liposome
suspensions were produced with EE up to 99%. To complete the study, other lipidic
compounds were entrapped in the double lipidic layer, obtaining high entrapment
efficiencies (TE), also in this case, up to 84.9%.

Keywords Liposomes : Drug carriers - Supercritical fluids
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DLS Dynamic Light Scattering

MD  Mean Diameter

SD  Standard Deviation

TE  Entrapment Efficiency

SEM Scanning Electron Microscope
TEM Transmission Electron Microscopy
Exp Experiment

PSD Particle Size Distributions

1 Introduction

Generally, the use of drug carriers [1] enhances the bioavailability of drugs [2],
while they are reaching the target cell or tissue. For this reason, the entrapment of a
molecule inside a biocompatible shell or a vesicle gives the possibility to protect the
drug from acidity, toxicity, light and heat [3]. In fact, external stimuli can be
dangerous for the preservation of drugs. Moreover, without a drug carrier, it is
difficult to achieve a successful targeted drug delivery.

For the entrapment of active principles (AP), nanotechnology has developed
many kind of drug carriers. For example, nanospheres, nanocapsules and nano-
somes were designed and produced [4, 5].

Among these, liposomes are lipidic vesicles characterized by one or more double
lipidic external layers and a water inner core [6]. Lipophilic drugs can be entrapped
inside the lipidic layer whereas the hydrophilic AP can be encapsulated in the inner
core. Due to their similarity with living cell membranes, liposomes are used as
non-toxic and biocompatible drug carriers for proteins [7], vitamins [8], antibiotics
[9], vaccines [10], markers [11], anticancer [12], enzymes [13] and DNA and RNA
for gene therapy [14-19]. Indeed, the favorable interactions with in vivo systems
increased the interest in the optimizations of the vesicles composition. Liposomes
were considered as a formidable and versatile model for cell membrane barrier that
can be administrated with oral, gastrointestinal, intra-venous or via skin penetration
delivery [20]. Drug encapsulated into liposomes generally showed a higher
shelf-life with higher circulating time, reduced toxicity and the fundamental skill to
reach the target cell with minor lack of its content. Furthermore, liposomes have a
better cargo potential for drugs, compared to polymer particles.

Conventional processes were developed to produce liposomes loaded with dif-
ferent kind of drugs; for example, thin layer hydration is the simplest and the most
used method since the first liposomes suspension was prepared [21]. But, con-
ventional methods often suffered of many drawbacks, like batch layouts, production
of giant micrometric vesicles, difficult reproduction of particle size distributions and
low encapsulation efficiency (EE) of hydrophilic compounds. As a consequence of
this, micrometric vesicles are created, with difficulties in the elimination of the
organic solvent. Moreover, to increase the encapsulation efficiency, a further post-
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processing step of sonication has been generally performed. Furthermore, to reduce
the dispersion of the samples, an extrusion step could be added to the vesicles
formation.

Supercritical fluids have been successfully used to produce also polymeric and
biocompatible nanoparticles for drug delivery applications [22-26].

The application of supercrtitical fluids technology has been proposed also to
overcome the problems linked to conventional liposome preparation processes [27],
Nevertheless, many supercritical processes developed to produce liposomes still
present some drawbacks as low EE of hydrophilic AP. Also, post-processing is still
required to obtain nanometric-sized liposomes.

Recently, a novel supercritical fluid assisted process has been developed for the
production of liposomes [28]. This technique is called SuperLip (Supercritical
Assisted Liposome formation) and exploits CO, peculiar properties of high diffusion
coefficient and low viscosity in supercritical conditions. In fact, the fast diffusion
permits the phospholipids to create one or more layer in a very fast manner compared
to other processes. Indeed, in this process the first step is the production of the water
droplets and then phospholipids fast surround them producing liposomes. In this
way, small unilamellar vesicles are formed [29]. Furthermore, SuperLip is a con-
tinuous process, that can be scaled up easily and that can work for 24 h a day.

2 Materials

Among hydrophilic compounds, Fluorescein (MW 332.31 g/mol, >99.5 purity),
Bovine Serum Albumin (MW 66463 g/mol, >99% purity), Ampicillin (MW
349.41 g/mol, 99% purity), Ofloxacin (MW 361.37, > 99.5%purity), Theophylline
MW 180.16, >99% purity), Eugenol (MW 164.20, purity >99%) were bought
from Sigma Aldrich, Milan, Italy.

Among amphoteric and lipophilic compounds, alpha-Lipoic Acid (MW
203.66 g/mol, >99%  purity), cholesterol (MW  386.67, >99% purity),
L-a-phosphatidylcholine from egg (~60% purity), phosphatidylethanolamine
(>97% purity) was supplied by Sigma Aldrich, Milan, Italy. All the compounds
were used as received.

Among the solvents used to perform SuperLip process, ethanol was purchased by
Sigma Aldrich, Milan, Italy (>99.8% purity). Carbon dioxide was provided by SON,
Naples, Italy (>99.4% purity). Distilled water was self-produced in our laboratories.

3 Methods

3.1 Liposomes Dimensions

Liposome suspensions were characterized using Dynamic Light Scattering (DLS)
technique. Using the instrument Mod. Zetasizer Nano S (Worcestershire, UK),
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liposomes mean diameters (MD) were measured, as well as polydispersion index
(PDI) and standard deviation (SD) of the vesicles. DLS instrument works at 25 °C
and is equipped with a 5.0 mW He—Ne laser operating at 633 nm with a scattering
angle of 173°. Every sample was measured 3 times in order to calculate the mean
values of the measurements.

3.2 Liposomes Morphology

Transmission electron microscopy, TEM, (JEOL 1400, 100 kV accelerating volt-
age) was used with negative staining as a further confirmation of liposomes mor-
phology and mean diameter. For samples preparation, a droplet of liposome
suspension was placed on a copper grid allowed to sit for 60 s. Then, the droplet was
dried with filter paper. A droplet of staining agent was subsequently placed on top of
the grid and left reacting for 30 s, the excess was then removed with a filter paper.

3.3 Encapsulation Efficiency

The determination of the encapsulation efficiency (EE) of liposomes was measured
with the most used supernatant method [30] Triplicates of the analysis were per-
formed and the results reported are the mean values of the EE. First, liposomes
samples were ultra-centrifuged at 13,000 rpm for 50 min at —4 °C. Then, the
supernatant was kindly removed from the top. The amount of drug in the supernatant
was measured using a Micro-volume UV-Vis spectrophotometer (BioSpec-nano,
Shimadzu Scientific Instruments, Columbia, USA) at various wave lengths
depending on the AP. In details, for hydrophilic compounds encapsulated into
liposomes, the wavelength for fluorescein UV- Vis assay was 515 nm, for bovine
serum albumin 280 nm, for ampicillin 225 nm, for ofloxacin 290 nm, for theo-
phylline 275 nm and for eugenol 280 nm. Among lipophilic or amphoteric com-
pounds, the UV-Vis assay was 280 nm for eugenol and 325 nm and a-lipoic acid.
The Encapsulation Efficiency was calculated as the complement to 100 of the per-
centage of drug present in the supernatant, as expressed mathematically in the Eq. (1).

(1)

EE[%)] = 100 * (1 _%)

PPMyg,4eq

Instead, the amount of cholesterol entrapped in the lipidic double layer was
measured with Gas Chromatography (GC) assay (GC-FID, mod. 6890 Agilent
Series, Agilent Technologies Inc), according to the method reported in the literature
[31]. A defined volume of liposome suspension was centrifuged at 13,000 rpm for
50 min at —4 °C, then the pellet was re-suspended in 3 mL of hexane and kindly
agitated for 30 min. Finally 2 pL of this solution were used for GC analysis.
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3.4 Statistical Analysis

The Particle Size Distributions (PSDs) of liposomes samples were all expressed in
terms of mean value =+ standard deviation (MV % SD),determined using one-way
analysis of variance (ANOVA) and Student’s t-test, with a 0.05 level of probability
considered as significant.

4 Apparatus

In this process, lipids and eventual lipophilic compounds were dissolved in ethanol.
SC-CO, and ethanol solution were fed separately in a thermally heated saturator
where an expanded liquid (EL) was obtained. The saturator worked at the pressure
of 100 bar. Then, the EL was fed to a high pressure stainless steel Formation Vessel
(FV) at the same pressure. A third feed line was used to add the water solution in
the formation vessel. This solution was atomized to generate water droplets con-
taining the hydrophilic drug. The atomization was performed through a nozzle of
the diameter of 80 pum. Carbon Dioxide was pumped using an Ecoflow pump (mod.
LDC-M-2, Lewa, Germany), whose head was continuously refrigerated by a
thermostatic bath (mod. FL 300, Lauda, Germany), working with a 70:30 (vol/vol)
ethylene glycol-water solution. Instead, water and ethanol solutions were pumped
separately using high pressure precision pumps (Model 305, Gilson, France). An
exit at the top of the FV was provided to eliminate the expanded liquid without
contaminate the liposomes suspension, that was recovered from the bottom, instead.
A fundamental decompression step was provided to separate CO, and ethanol,
using a stainless-steel separator that operated at 10 bar and 25 °C. SuperLip
lab-scale plant scheme is reported in our previous work [28, 32].

The flow rate of ethanol solution was set to 3.5 mL/min., and CO, was fed to the
saturator at 6.5 g/min, together with ethanol solution. Mass based Gas to Liquid
Ratio (GLR) was equal to 2.4. Working temperature was set to 40 °C. Water flow
rate was fixed to 10 mL/min for all the experiments.

5 Results

5.1 Empty Liposomes

The first experiments were performed for the production of empty liposomes, to
verify the possibility of producing nanometric and stable vesicles with this process.
For these experiments, 500 mg of phosphatidylcholine (PC) were dissolved in
100 mL ethanol to form a lipidic solution. The mixture Ethanol + PC was pumped
at the flow rate of 3.5 mL/min. The flow rate of carbon dioxide was set to
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Fig. 1 Liposomes mean B 40 pim
diameters as a function of . B 60um
.. . - .
lipid concentration and water ~ T

flow nozzle diameter

6.5 g/min, with a GLR of about 2.4, mass based. The pressure was fixed to 100 bar
and the temperature to 40 °C. The effect of the variation of two parameters was
investigated: lipidic concentration and the diameter of the water atomization nozzle.
Results are summarized in Fig. 1.

As reported in Fig. 1, the size of the liposomes produced are in the range
between 200 and 300 nm. The mean diameters decreased when the diameters of the
nozzle used for water atomization decreased. This is explained by the fact that the
jet break up brings to the formation of smaller droplets when a smaller injector was
used. Instead, the lipid concentration did not affect significantly liposomes mean
diameters. A maximum concentration of 12 mg/mL was reached for the successful
production of liposomes for 60 and 80 pm diameters of the nozzle. Above this
limit, the nozzle risks to be blocked. This limit decreases to 5 mg/mL for 40 pm
water injector diameter. No simultaneous effect of both parameters variation was
observed.

5.2 Hydrophilic Compounds Encapsulation

Once established that SuperLip is able to produce liposomes of nanometric
dimensions with a good control of particle size distribution, a systematic study on
liposome size, polydispersion and encapsulation efficiency has been performed for
the encapsulation of several compounds belonging to different families. Some
operative parameters were also optimized to achieve the production of nanometric
liposomes with high encapsulation efficiencies.
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Table 1 Theoretical loadings, mean diameters (MD) and encapsulation efficiencies (EE) of many
compounds entrapped in the inner core with SuperLip

Compound Theoretical loading (%, w/w) MD (nm + SD) EE (%)
Empty - 290 + 60 -
Fluorescein 3 277 £ 55 90.0
Bovine Serum Albumin 60 245 £ 73 93.9
Ampicillin 3 313 £+ 69 99.0
Ofloxacin 1 256 + 71 86.2
Theophylline 1 136 £ 86 98.0
Eugenol 20 131 £ 48 92.5
Fig. 2 Comparison of 16
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Operating in this way, nanometric and monodispersed liposome suspensions
were produced with high encapsulation efficiencies, as reported in Table 1 and
Fig. 2.

As reported in Table 1 and Fig. 2, six different compounds were encapsulated
inside the water core of the liposomes. It was possible to achieve the production of
liposomes with a mean diameter included between 131 £ 48 nm and
313 £ 69 nm. This means that the pressure and the temperature chosen for the
process contributed to the production of water droplets smaller than 300 nm.
Indeed, mean diameters are not affected by the kind of compound encapsulated. The
high diffusion coefficient of carbon dioxide in supercritical conditions gave also
the possibility to fast surround water droplets, avoiding a lack of the drug. In fact,
the encapsulation efficiencies were high and included between 86.2 and 99.0%.
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Table 2 Theoretical loadings, mean diameters (MD) and entrapment efficiencies (TE) of many
compounds entrapped in the lipidic layer with SuperLip

Compound Theoretical loading (%, w/w) MD (nm + SD) TE (%)
Cholesterol 2.5 171 + 119 81.6
PE 2.5 197 + 40 80.5
Eugenol 30 229 + 96 84.9
ALA 30 109 + 49 63.2

5.3 Lipophilic Compounds Encapsulation

To complete the study, cholesterol and phosphatidylethanolamine were included as
additives in the lipidic PC layer. To further confirm that the described process is
able to encapsulate compounds successfully, amphoteric compounds as eugenol
and ALA were entrapped in the lipidic layer compartment of liposomes. Mean
diameters and encapsulation efficiencies are reported in Table 2.

As reported in Table 2, four different compounds were dissolved in the lipidic
solution together with phosphatidylcholine for the entrapment inside the double
layer of liposomes. Also in this case, the pressure and temperature conditions
chosen brought to the production of vesicles whose diameters is included between
109 £ 49 nm and 229 £ 96 nm. The entrapment of the drugs inside the lipidic
layer did not affect the mean size of liposomes that is possible to produce with
SuperLip. In the best working conditions reported in Table 2, the entrapment
Efficiency (TE) in the lipid compartment is included between a minimum of 63.2%
and a maximum of 84.9%. Compared to hydrophilic entrapment efficiency, the
average value of lipophilic TE is smaller than hydrophilic EE. In fact, when the
drug is encapsulated in the inner core, it is more preserved from lack and
degradation.

5.4 Microscopy Characterization

Transmission Electron Microscope (TEM) has been used to confirm the round
shape of liposomes section and the presence of the lipidic layer. An example is
reported in Fig. 3.

As shown in Fig. 3, the perimeter of liposomes is much evidenced if compared
with the white inner core and the external bulk.

Moreover, the total working cost of SuperLip lab-scale plant was estimated. In
particular, those calculations were performed on the basis of 1 h of work. First, it
was expected that human resources cost more than reagents. Finally, heating,
pumping and refrigerating cost was evaluated. All these points of cost were sum-
med together to obtain the total working cost for 1 h of the work performed with
SuperLip. Then, the final cost was compared with the selling cost of the vesicles
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Fig. 3 Transmission electron
microscope on theophylline
loaded liposomes

Table 3 Lab scale plant Human resources

working cost: human

resources Operators 2
One operator cost 35 (€/h)
Total human working cost 70 (€/h)

suspension produced in 1 h, according to an average of prices available online.
Human cost is reported in Table 3.

For human resources, it was considered that the presence of two operators is
required for health safety. The experiment lasts about an hour, and consequently the
total human cost is 70 €/h (see Table 3).

In Table 4 reagent costs used for costs estimation are also reported. The average
consumptions of CO, has been calculated as an average of all the experiment
previously performed with SuperLip since its construction. The average volume
consumption of carbon dioxide was also converted into mass consumption, taking
into account the average density of CO, at the operative pressure and temperature.
The quantities of water and ethanol required were fixed, instead. The quantity of
lipids required were an average of all the experiments performed in the past, as well
as the drug encapsulated into liposomes. Considering the drugs, also the cost is an
average of the cost of all the drugs purchased for this work, as reported in Table 4.

For the formation of the water droplets, distilled water was directly
self-produced in our laboratories. For this reason, it was considered free for
SuperLip unit process. It was evaluated that every single experiments costs 4.16 €
in terms of reagent involved. Taking into account the start-up time, as the average
experiment time lasts 1 h, the reagents cost is 4.16 €/h.
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Table 4 Lab scale plant working cost: reagents

Reagents cost

Compound Quantity used Buying cost 1 exp. cost
CO, 200 dm® 374 g 0.60 €/Kg 0.224 €

H,O 300 mL / Self produced
Ethanol 100 mL 26.88 €/L 2.69 €

Lipids 500 mg 2 €lg 1€

Drug 50 mg 5 €lg 025 €

1 experiment reagent cost 4.16 €
Experiment time 1h

Total experiment cost 4.16 €/h

Table 5 Lab scale plant working cost: heaters (A), pumps and refrigeration (B) cost

A. Heating cost

Formation vessel (FV) 2 x 800 W

Saturator (S) 2 x 140 W

Separation step (SS) 1 x275W

Total power required 2155 W = 2.155 KW

Power cost in this area 0.3374 €/KWh

Total Power cost 0.7271 €h

B. Pumping and refrigerating costs

/ H,O pump Ethanol CO, pump Refrigeration bath
pump

Efficiency 0.70 0.70 0.75 0.90

Power (KW) 0.125 0.125 0.370 0.170

1 Exp. Cost (€) 0.060 0.060 0.166 0.064

Total power cost | 0.35 €/h

In Table 5 the heating, pumping and refrigerating cost used for costs estimation
are reported. Particularly, for the liquid pumps it was considered a working effi-
ciency of 0.70, while for the carbon dioxide it was estimated a coefficient of 0.75,
instead for the refrigeration bath an efficiency of 0.90.

As reported in Table 5, total power cost is greatly less than reagent and human
cost. This means that SuperLip does not require great power supply, especially in
the idea of scaling up the process. In fact, the total power supply cost is 1.08 €/h,
that represents only the 1.44% of the total working cost.

Finally, it is possible to say that SuperLip has total operative cost of 5.24 €/h,
without taking into account the human cost.

In Table 6 the net profit calculation is reported.

As shown in Table 6, it was considered that 1 mL of liposomes suspension
might be sold at the price of 2.67 €/mL at least, as reported in the online catalogues
for similar liposomes drug formulations. Therefore, the suspension produced during
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Table 6 Net profit Net profit on liposome sales (€/h)

calculation for liposomes
Human resources 70.00

sales on a lab scale plant

production Reagent cost 4.16
Power heaters 0.73
Power pump and refrigeration 0.35
Total working cost 75.24
Approx. liposomes liquid solution sales revenue 2.67
Gross profit 801.00
Net profit 725.76

1 h with SuperLip at the average water flow rate of 10 mL/min can be sold at the
price of 801 €. The gross profit is almost 1064.6% of the total working cost.
Considering that the total working cost is 75.24 €/h, SuperLip guarantees a net
profit of 725.76 €/h.

6 Conclusions

SuperLip is a powerful technique for the production of liposomes of nanometric
mean diameters, exploiting the fast diffusion coefficient of carbon dioxide in
supercritical conditions.

Different kind of hydrophilic compounds were successfully incorporated in
water droplets with SuperLip process. Moreover, also lipophilic compounds were
successfully entrapped inside the double lipidic layer of liposomes. In both cases,
the measured encapsulation efficiencies were included between a minimum of
86.2% to a maximum of 99.0%, confirming the higher potential of this technique
compared to other conventional and supercritical processes.

In the future, other kind of compounds will be encapsulated to understand if it is
possible to choose the optimal operative parameters according to the family that the
compounds belong to.
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Supercritical Antisolvent Process:
PVP/Nimesulide Coprecipitates

Iolanda De Marco, Valentina Prosapio and Ernesto Reverchon

Abstract Nimesulide (NIM) is an anti-inflammatory drug, widely used in the
treatment of acute pain associated with different diseases. A major limitation in its
usage is due to its reduced solubility in water; therefore, large doses are required to
reach the therapeutic level, with consequent undesired effects on patient’s health. In
order to improve NIM dissolution rate, a possible solution is represented by its
micronization. Traditional micronization techniques show several drawbacks: lack
of control over the particle morphology and particle size distribution, large solvent
residues and use of high temperatures. An alternative to conventional techniques is
represented by supercritical carbon dioxide (scCO,) based processes. In particular,
nanoparticles and microparticles of different kind of materials were successfully
obtained by supercritical antisolvent (SAS) precipitation. However, when processed
using SAS, nimesulide precipitated in form of large crystals or it is completely
extracted by the mixture solvent/antisolvent. A solution to this problem can be the
production of drug-polymer composite microspheres, using a water soluble polymer
in which the drug is entrapped. In this work, NIM coprecipitation with
polyvinylpyrrolidone (PVP) is proposed on pilot scale. The effects of polymer/drug
ratio, concentration, pressure and temperature were investigated to identify suc-
cessful operating conditions for SAS coprecipitation. Microparticles with a mean
diameter ranging between 1.6 and 4.1 um were successfully produced. Drug release
analyses revealed that NIM dissolution rate from PVP/NIM microparticles was 2.5
times faster with respect to unprocessed drug. The possible precipitation mecha-
nisms involved in the process were discussed.
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1 Introduction

Nimesulide (NIM) is a non-steroidal anti-inflammatory drug, largely employed for
the treatment of back pain, toothache, postoperative pain and inflammation, head-
ache and migraine [1]. A major limitation in its usage is due to its reduced solubility
in water (<0.01 mg/mL), which imply the necessary use of large doses to reach the
therapeutic level, with consequent undesired effects on patient’s health, such as
heartburn, nausea, diarrhea, vomiting, peptic ulcer and hepatic damages [2]. In
order to improve NIM dissolution rate, and correspondingly reduce its dose, a
possible solution is represented by particle size reduction at micrometric diameters
thanks to the larger surface area in contact with the medium [3]. Traditional
micronization processes, such as spray-drying, emulsification/solvent evaporation,
liquid antisolvent precipitation, freeze drying and jet-milling, suffer from some
drawbacks: lack of control over the particle morphology and particle size distri-
bution, large solvent residues and use of high temperatures [4].

An alternative to conventional techniques is represented by supercritical carbon
dioxide (scCO,) based processes, characterized by fast mass transfer, high solvent
power, high density, near zero surface tension, low viscosity and high diffusivity,
that can be tuned varying pressure and temperature. They have been successfully
applied in different fields: micronization [5—7], liposomes’ formation [8], extraction
[9], impregnation [10], membranes and scaffolds production [11, 12]. In particular,
nanoparticles and microparticles of different kind of materials were successfully
obtained by supercritical antisolvent (SAS) precipitation [13—15]. However, when
processed using SAS, NIM precipitated in form of large crystals or it is completely
extracted by the mixture formed by the organic solvent and scCO,, as a result of
the partial solubility of this drug in the mixture solvent/antisolvent [16]. In order
to overcome this limitation, an effective solution can be the production of
drug-polymer composite microspheres, using a water soluble polymer in which the
drug is entrapped. The fast solubilization of the polymer should release the drug in
nanometric sub-microparticles obtaining an improvement of their bioavailability.
Nevertheless, SAS coprecipitation is difficult to obtain, since the two compounds
generally tend to precipitate separately. In SAS literature only few papers are
devoted to coprecipitates formation and the results showed in these works are
characterized by irregular and coalescing particles, with broad particle size distri-
butions, low drug entrapment efficiency and, in some cases, questionable demon-
stration of the occurred coprecipitation [17-20]. Recently, Reverchon and
co-workers obtained successful results in the production of composite micro-
spheres Polyvinylpyrrolidone (PVP)/liposoluble vitamins [21], PVP/B-carotene
[22] and PVP/corticosteroids [23], taking advantage of PVP ability to retard crystal
growth [24]. NIM coprecipitation with PVP was also performed on bench scale
[25]: coprecipitated microparticles were obtained, overcoming the above mentioned
limitations and, therefore, improving NIM bioavailability.

In this work, NIM coprecipitation with PVP is proposed on pilot scale. The
following effects will be tested: polymer/drug ratio, operating pressure, temperature
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and overall solute concentration. Samples will be characterized using different
techniques in order to verify the occurred coprecipitation and the improvement of
NIM dissolution rate. An explanation of the involved coprecipitation mechanisms
will be proposed.

2 Materials, Methods and Procedures

2.1 Materials

Polyvinylpyrrolidone (PVP, average molecular weight 10 kg/mol), Nimesulide
(NIM, purity > 98%) and Dimethylsulfoxide (DMSO, purity 99.5%) were sup-
plied by Sigma-Aldrich (Italy). CO, (purity 99%) was purchased from Morlando
Group s.r.l. (Italy). All materials were used as received. Solubility tests performed
at 20 °C showed that: the solubilities of the materials in DMSO are about
250 mg/mL in the case of PVP and 200 mg/mL in the case of NIM.

2.2 SAS Apparatus and Procedure

SAS pilot plant used for the experiments reported in this work is shown in Fig. 1. It
consists of two high pressure pumps used to deliver the liquid solution and
supercritical CO,, respectively. A cylindrical vessel of 5.2 dm® internal volume (I.
V.) (L/D ratio equal to 9.4) is used as the precipitation chamber. The liquid mixture
and the supercritical CO, are fed to the precipitator through a tube-in-tube injection
system (internal tube d = 3 mm; annulus d = 8.5 mm). The generation of small
liquid droplets is ensured by the presence of a 0.5 mm nozzle fitted on the tip of the
internal tube. The gaseous CO; is cooled in a shell and tube heat exchanger,
condensed and recirculated to the storage vessel. Pressure is measured by a test
gauge manometer and regulated by a micrometric valve located at the exit of the
precipitator. Temperature is set by a PID controller connected with electrically thin
bands. A stainless steel frit (pore diameter of 0.1 pm) located at the bottom of the
precipitator is used to collect the produced powder, allowing the CO,-
solvent-solution to pass through. A second collection vessel located downstream
the micrometric valve, whose pressure is regulated by a backpressure valve, is used
to recover the liquid solvent. At the exit of the second vessel, CO, flow rate and the
total quantity of antisolvent delivered are measured by a rotameter and a dry test
meter, respectively.

A SAS experiment begins delivering CO, to the SAS vessel until the desired
pressure is reached; then, pure solvent is sent through the nozzle to the vessel for at
least 15 min. When a quasi-steady state composition of solvent and antisolvent is
realized inside the SAS vessel, the flow of the solvent is stopped and the liquid
solution is delivered through the nozzle, producing the precipitation of the solute.
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Fig. 1 Schematic representation of SAS apparatus. S1 CO, supply; S2 liquid solution supply; CB
cooling bath; PI, P2 pumps; PV: precipitation vessel; MV micrometering valve; LS liquid
separator; BPV back-pressure valve

At the end of the solution delivery, supercritical CO, continues to flow, to wash the
precipitator, eliminating the solution formed by the liquid solubilized in the super-
critical antisolvent. If the final purge with pure CO; is not performed, the organic
solvent contained in the fluid phase condenses during the depressurization step and
can solubilize or modify the precipitates. At the end of the washing step, CO, flow is
stopped and the precipitator is depressurized down to atmospheric pressure.

2.3 Analytical Methods

Samples of the precipitated material were observed by a Field Emission Scanning
Electron Microscope (FE-SEM, mod. LEO 1525, Carl Zeiss SMT AG,
Oberkochen, Germany). Powder was dispersed on a Carbon tab previously stuck to
an Aluminum stub (Agar Scientific, United Kingdom); then, was coated with Gold
(layer thickness 250 A) using a sputter coater (mod. 108 A, Agar Scientific,
Stansted, United Kingdom).

Particle size distribution (PSD) of the powders was measured from FE-SEM
photomicrographs using the Sigma Scan Pro image analysis software (release 5.0,
Aspire Software International Ashburn, VA). Approximately 1000 particles, taken
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at high enlargements and in various locations inside the precipitator, were analyzed
in the elaboration of each particle size distribution. Histograms representing the
particle size distributions were fitted using Microcal Origin Software (release 8.0,
Microcal Software, Inc., Northampton, MA).

Drug dissolution studies were performed using an UV/vis spectrophotometer
(model Cary 50, Varian, Palo Alto, CA) at a wavelength of 396 nm. Accurately
weighted samples containing an equivalent amount of NIM (1.5 mg) were sus-
pended in 2 mL. of phosphate buffered saline solution (PBS) and placed into a
dialysis sack; they were then incubated in 300 mL of PBS at pH 7.4, continuously
stirred at 200 rpm and 37 °C. Each analysis was carried out in triplicate and the
proposed curves are the mean profiles.

Precipitation yield (PY %) of each sample was measured by UV-vis analysis,
measuring the absorbance obtained in the release medium at the end of the drug
release; i.e., when all NIM was released from the microspheres to the outer water
phase. The absorbance was, then, converted into NIM concentration, using a cal-
ibration curve. Therefore, PY % was calculated comparing the amount of NIM in
the initial solution and the amount of NIM in the SAS processed powder, as shown
below:

mg NIM processed sample

PY% = 100 (1)

mg NIM initial solution

DMSO residues were measured using a headspace sampler (model 7694E,
Hewlett Packard, USA) coupled to a gas chromatograph equipped with a flame
ionization detector (GC-FID, model 6890 GC-SYSTEM, Hewlett Packard, Agilent
Technologies Mfg. Gmbh & Co. KG, USA). The solvent was separated using two
fused silica capillary columns connected in series by press-fit: the first column
(model Carbowax EASYSEP, Stepbios, Italy) connected to the detector, 30 m
length, 0.53 mm id., 1 pm film thickness and the second (model Cp Sil 5CB
CHROMPACK, Stepbios, Italy) connected to the injector; 25 m length, 0.53 mm i.
d., 5 um film thickness. GC conditions were: oven temperature at 160 °C for a total
time equal to 8.80 min. The injector was maintained at 250 °C (split mode, ratio
5:1), and helium was used as the carrier gas (2 mL/min). Head space conditions
were: equilibration time, 9 min at 170 °C; pressurization time, 0.3 min; loop fill
time, 0.4 min. Head space samples were prepared in 20 mL vials filled with 50 mg
of drug dissolved in water. Analyses were performed on each batch of processed
drug, in triplicates.

3 Experimental Results

SAS experiments were carried out using a CO, flow rate equal to 20 kg/h and a
solution flow rate equal to 10 mL/min (10 grams of material were processed in each
test). DMSO was used as the liquid solvent. The effect of PVP/NIM w/w ratio (R),
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Table 1 Summary of SAS experiments performed on PVP/NIM (MP microparticles; CM
coalescing material; M morphology; m.d. mean diameter; s.d. standard deviation; PY %
precipitation yield)

# P, MPa R, w/w T, °C C, mg/mL M m.d.um s.d., um PY %
1. 9 0:1 40 30 - - - -

2. 9 1:0 40 30 MP 4.80 2.32 -

3. 9 2:1 40 30 CM |- - 65.8
4. 9 3:1 40 30 MP 2.27 1.33 98.4
5. 9 5:1 40 30 MP 3.92 1.81 99.8
6. 9 10:1 40 30 MP 4.03 2.16 99.5
7. 9 5:1 40 20 MP 3.98 2.20 99.1
8. 9 5:1 40 35 MP 3.96 2.12 99.8
9. 9 5:1 35 30 MP 1.62 0.81 99.2
10. |9 5:1 45 30 MP 4.12 2.68 98.9
11. 15 5:1 40 30 MP 3.12 1.62 96.6

Fig. 2 FE-SEM image of
PVP precipitated from DMSO
at 9 MPa, 40 °C, 30 mg/mL

Mag= 500K N

total concentration (C), operating pressure (P) and temperature (T) was investigated.
A list of the most relevant experiments was reported in Table 1, with the indication
of the operating conditions employed, the obtained morphology and, in the case of
particles, their mean diameter (m.d.) and standard deviation (s.d.).

The first experiment was performed processing NIM alone (which has a char-
acteristic yellow color) at 9 MPa, 40 °C and 30 mg/mL (run #1 in Table 1);
however, no powder was recovered at the end of the experiment since NIM was
probably extracted from the mixture CO,/DMSO.

Then, PVP alone (characterized by a white color) was processed at the same
conditions (#2 in Table 1); in this case, well separated microparticles with a mean
size equal to 4.80 wm were obtained, as shown in Fig. 2, where a FE-SEM image is
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reported. Therefore, this polymer represents a good candidate as carrier for SAS
coprecipitates formation.

In order to verify if PVP is able to avoid NIM extraction during SAS and to
allow a successful coprecipitation, several experiments were performed on the pilot
plant on the system PVP/NIM at different process conditions.

3.1 Effect of Polymer/Drug Ratio

The first effect taken into account was the polymer/drug ratio, which was varied
from 2:1 to 10:1, at 9 MPa, 40 °C and 30 mg/mL. When PVP/NIM 2:1 (#3 in
Table 1) was processed, precipitates were characterized by crystals and coalescing
material, suggesting that probably the two compounds precipitated individually.
Increasing PVP/NIM ratios at 3:1 (#4), 5:1 (#5) and 10:1 (#6), spherical
microparticles were obtained, as shown in the exemplificative images reported in
Fig. 3a, b. Moreover, the powder in these last experiments had a uniform yellow
color, suggesting the presence of both NIM and PVP.

Comparing the PSDs of PVP/NIM particles, it was observed that increasing the
polymer/drug ratio the particle mean size increased and the particle size distribution
enlarged, as it is possible to observe from data reported in Table 1.

3.2 Effect of Overall Solute Concentration

The effect of the concentration of solutes in DMSO was investigated at 9 MPa, 40 °C
and PVP/NIM 5:1, varying it from 20 to 35 mg/mL. Using a concentration of

Zone Mag= 500 KX r1|'“" Mag= 500K X

Fig. 3 FE-SEM images of PVP/NIM particles precipitated from DMSO at 9 MPa and 40 °C at
different polymer/drug ratios: a 5:1; b 10:1
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(b)
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Fig. 4 FE-SEM images of PVP/NIM 5/1 particles precipitated at 9 MPa and 40 °C at different
total concentrations in DMSO: a 20 mg/mL, b 35 mg/mL

20 mg/mL (#7 in Table 1), microparticles, with a mean diameter of about 4 pum,
were produced, as showed in Fig. 4a. Increasing the concentration at 35 mg/mL
(#8), microparticles were still produced, as it is possible to observe in Fig. 4b.

The comparison of the PSD of the microparticles obtained at 20, 30 and
35 mg/mL, showed that, varying the concentration, no significant change in the
particle mean diameter occurred (see Table 1).

3.3 Effect of the Operating Temperature and Pressure

The influence of the temperature on particles morphology and size was studied
varying it from 35 to 45 °C. When the temperature was fixed at 35 °C (run #9),
microspheres were obtained; increasing the temperature at 45 °C (#10),
microparticles were still produced, but with larger mean diameter, as it is possible to
observe from Fig. 5, where the comparison of the PSDs of particles obtained at
different temperature is reported.

In order to obtain a complete screening of the effect of the SAS operating
parameters on PVP/NIM microspheres, the influence of the operating pressure was
then investigated. Therefore, an experiment was carried out at 15 MPa (#11 in
Table 1). At this condition, microspheres, with a mean diameter of 3.12 pm, were
still obtained as shown in Fig. 6, where a FE-SEM image is reported.

Comparing the data reported in Table 1, it is possible to observe that increasing
the operating pressure from 9 to 15 MPa, the obtained particles underwent only to a
small reduction of the mean size, whilst the morphology did not change.
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Fig. 5 Volumetric
cumulative PSDs of
PVP/NIM 5:1 microparticles
precipitated from DMSO at
9 MPa, 30 mg/mL and
different temperatures 80

100

20

Fig. 6 FE-SEM image of
PVP/NIM 5:1 particles
precipitated from DMSO at
15 MPa, 40 °C and

30 mg/mL

d Mag= 3.00KX
]

3.4 Characterization of Precipitates

UV-vis spectroscopy was used to measure the precipitation yield (PY %) and the
drug dissolution profiles.

PY was found to be equal to 65.8% when coalescing material and crystal were
produced. PY, instead, was found to be between 98.4 and 99.8% for all the samples
formed by microspheres PVP/NIM, as shown in Table 1; therefore, in presence of
PVP, NIM is not extracted by the mixture solvent/antisolvent and it is all present in
the powder recovered at the end of the experiment. This evidence, along with the
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Fig. 7 Dissolution profiles of Physical mixture
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uniform yellow color, suggests the probable coprecipitation when microparticles are
produced.

In order to have a further evidence, dissolution tests in PBS at 37 °C were
performed for unprocessed NIM, the physical mixture PVP/NIM 5/1 and the SAS
processed PVP/NIM 5/1 obtained at 9 MPa, 40 °C and 30 mg/mL (run #5 in
Table 1). The dissolution rate of the examined samples was monitored for 3.5 h by
plotting the percentage of dissolved NIM as a function of time. As shown in Fig. 7,
unprocessed NIM and the physical mixture PVP/NIM 5/1 reached the 100% dis-
solution in about 3.5 h; SAS processed PVP/NIM 5:1 microparticles, instead,
showed a reduction of the dissolution time, achieving the complete release in about
1.5 h. Therefore, the dissolution rate of the drug, when entrapped in the micro-
spheres, was largely improved: 2.5 times faster than the unprocessed Nimesulide.

A headspace sampler, coupled to a GC, was used to quantify the solvent residue
content in SAS produced powders. According to the Food and Drug Administration
(FDA) guidelines, DMSO belongs to class 3 solvents; therefore, its maximum
acceptable concentration in the final product is 5000 ppm. The analysis revealed
that in all the samples PVP/NIM the solvent residue was around 500 ppm that is
largely below the limit fixed by the FDA.

4 Discussion

A possible interpretation of the results discussed in this work can be proposed on
the ground of SAS precipitation mechanisms. It has been frequently observed that,
during SAS processing, when the operating point is located near above the mixture
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critical point (MCP) of the binary system solvent/antisolvent, jet break-up and
drying mechanism takes place, with consequent formation of microparticles. When
the solution is formed by two compounds, since all the content of the droplet
concurs to form the dried particle, coprecipitation is successful. This hypothesis has
been confirmed by PY and dissolution tests, which showed the presence of NIM in
the processed powder and an improvement of NIM dissolution rate of 2.5 times,
compared to the unprocessed drug. This last observation could be explained
hypothesizing that NIM is formed by uniformly distributed nanoparticles inside
each PVP microparticle. Moreover, it was observed that it is possible to modulate
particle mean size, according to the employed operating conditions.

The study on the effect of the polymer/drug ratio showed that, starting from
PVP/NIM 3/1, microspheres are produced and that increasing the ratio the particle
mean diameter increases as well. In correspondence of 2/1, instead, the presence of
coalescing material was observed, suggesting that the precipitation behavior of PVP is
still not predominant, which is also confirmed by the lower PY. Varying the tem-
perature, it was observed that increasing this parameter the particle mean size
increased and the PSD widened. This result is due to a broadening of the miscibility
gap of the system DMSO/CO, at higher temperatures [26]; therefore, the operating
point become closer to the MCP, with consequent precipitation of larger particles.
Varying the pressure, it was observed that at 15 MPa microparticles are still produced,
but their mean size decreased. The obtainment of this morphology is uncommon, since
at this pressure, the system should be in the single phase mixing, with production of
nanoparticles. However, this phenomenon has already been observed for PVP by De
Marco et al. [27]: also at high pressure it continues to produce microparticles.

5 Conclusions

SAS process demonstrated to be effective in polymer/drug coprecipitation, also on
pilot scale, when selected operating conditions are employed. The use of PVP as
carrier revealed to be a key strength since it allowed not only to avoid NIM
extraction, but also to obtain well separated spherical microparticles with improved
drug dissolution rate.
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PLA-Based Nanobiocomposites
with Modulated Biodegradation Rate

Valentina Iozzino, Felice De Santis, Valentina Volpe
and Roberto Pantani

Abstract The disposal of polymeric waste is increasingly becoming an issue of
international concern. The use of biodegradable polymers is a possible strategy to face
most of the problems related to the disposal of the durable (non-biodegradable)
polymers. Among biodegradable polymers, polylactic acid (PLA), obtained from
renewable sources, is a very attractive one, due to its relatively good processability,
biocompatibility, interesting physical properties. Hydrolysis is the major depolymer-
ization mechanism and the rate-controlling step of PLA biodegradation in compost.
The propensity to degradation in the presence of water significantly limits specific
industrial applications such as automotive, biomedical, electronic and electrical
appliances, agriculture. Therefore the control of biodegradation rate is somewhat even
more important than the characteristic of biodegradability itself. In this scenario, it is
critical to find additives able to modulate the biodegradation rate of biodegradable
polymers, in relationship to the expected lifetime. Since the kinetics of hydrolysis
strongly depend on the pH of the hydrolyzing medium, in this work some fillers able to
control the pH of water when it diffuses inside the polymer were added to PLA. In
particular, fumaric acid, a bio- and eco- friendly additive, and magnesium hydroxide, a
common antiacid, were used. These fillers were added to the material using a
melt-compounding technique, suitable for industrial application. The results obtained
are encouraging toward the possibility of effectively controlling the degradation rate.
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1 Introduction

Over the years, polymers have found an increasingly important use in different
sectors. The problem of the use of traditional polymers, beyond the necessity of
using oil as a raw material, is their difficult to dispose after use. A very good
alternative is the use of biodegradable polymers: their macromolecules, under
exposition to atmospheric agents, break down into CO,, H,O and inorganic non-
toxic material in a lapse of time of a few months. Biodegradation process consists in
two different steps: hydrolysis, in which water molecules break down the polymer
chains into simpler molecules, and effective biodegradation, in which microor-
ganisms feed on the hydrolysis products of transforming them into compounds that
return to be a part of the natural cycle (CO,, CH,4, biomass).

PLA is one of the most interesting biodegradable polymers, it is an aliphatic
polyester derived from 100% renewable sources (synthetic product from starch
derived from maize) [1]. Several studies investigated peculiar aspects of this resin,
going from crystallization kinetics [2] to processing like injection molding [3, 4] and
melt compounding [5-7]. Some investigations have focused on the hydrolytic
degradation of aliphatic polyesters, analyzing the factors which can influence such
phenomenon [8-10]: it is generally accepted that, among other key factors like
temperature, the hydrolysis of PLA in solution depends on the media pH [11, 12]. The
propensity of PLA to degradation in the presence of water significantly limits specific
industrial applications, particularly for durable products with long-term performance.

In this work, the influence of acid and basic fillers on the hydrolysis rate is
explored.

2 Materials

Polylactic acid (PLA) (M,, = 181 kg/mol, M,, = 320 kg/mol) was purchased from
Nature Works LLC in pellet form (PLA 4060D). This commercial PLA grade
contains about 15% of p-lactide. Because of this relatively high percentage of
D-lactide this neat resin is a fully amorphous grade, generally extruded or coextruded
to obtain PLA film. Fumaric acid, C4H40,4, and magnesium hydroxide, Mg(OH),,
were purchased from Sigma Aldrich.

3 Experimental

3.1 Sample Preparation

The PLA pellets and all the fillers were dried for 24 h under vacuum at the tem-
perature of 60 °C. The materials were melt compounded in a Minilab Haake
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Thermoscientific twin-screw mini-extruder, with a homogeneous temperature of
170 °C and at 100 rpm, with a cycle time of 5 min. The materials for subsequent
testing were obtained: PLA extruded; PLA +3% wt fumaric acid; PLA +3% wt
magnesium hydroxide.

From all the extruded materials several amorphous films were obtained by
compression molding (T = 170 °C) with the thickness in the range 200-300 pm.

The consequence of hydrolysis process on these polymer films was monitored
following the time evolution of selected sample properties:

e pH change, by the means of a pH-meter, in the solution in which the sample
hydrolyzes;
weight loss of the sample;
crystallinity degree of the sample.

3.2 Hydrolysis Tests

Hydrolysis process can be schematized in two step. In the first step the water gets
into the polymer bulk, breaking the bonds in the amorphous phase and, as a result,
the macromolecular chain is divided into fragments shorter than the initial one,
soluble in water. In general, for a semi-crystalline PLA, this phenomenon involves
initially the amorphous phase with a decrease of molecular weight, without an
evident change of the mechanical properties given by the crystalline phase.

In the second step, the molecular weight reduction is followed by the drop of
mechanical properties, while the water is still breaking the macromolecular chains:
when the products of this degradation become soluble in water, i.e., enough short, a
decrease in the weight is observed.

In this work, hydrolysis tests were conducted following the degradation of ten
film samples in bi-distilled water (pH = 5.5) at 58 °C. This temperature was
carefully chosen weighed because this is the temperature adopted for biodegrada-
tion tests according to ASTM and ISO standards [13, 14]. Several films (having a
thickness of about 250 pm, weighing about 50 mg and dimensions 1.5 x 1.5 cm?)
of each of the samples were placed in a glass vessel containing the water. The
volume of water [ml] was fixed in the ratio 800:1 with the mass [g] of the dry
samples, according to a previously defined protocol [15]. At selected days of
hydrolysis, the vessels containing the samples were emptied by sucking the liquid
with a syringe, dried under vacuum at 60 °C for 2.5 h and then weighed. One of the
films of each sample, after measuring its weight, was placed in a desiccator for
further analysis. All the other vessels were re-filled with water and put again at 58 °
C to continue the hydrolysis test. The hydrolysis of the samples was followed for
21 days.
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3.3 Calorimetric Tests (DSC)

A differential scanning calorimetry analysis was carried out on all the samples. The
mass of the samples for these tests was about 6 mg. The tests were carried out by means
of a Mettler Toledo DSC 822 under a nitrogen atmosphere. The samples were heated
from —10 to 200 °C at 10 °C/min, held for 2 min at 200 °C, cooled from 200 to 10 °C
and then heated again from —10 to 200 °C. The thermal analysis was conducted to
evaluate the glass transition temperature (T,) and the crystalline degree (X,) [16].

4 Results

4.1 Hydrolysis Tests: PH Evolution

The evolution of pH during hydrolysis test in water is shown in Fig. 1.

During the first week, a large deviation in the measured pH of the water is
observed, for all the samples, before the hydrolysis starts.

This behavior is consistent with the degradation process in which the water
molecules are present in thermodynamic equilibrium as

2H,0=H;0" + OH~ (1)

At first, the water penetrates inside the polymeric matrix: the ions hydronium
H;0" attack the polymeric macromolecules and are, therefore, taken from the
solution.

This scenario implies a decrease of ions hydronium concentration in water: the
solution is thus richer in OH™ ions and as a result there is an increase of the pH.

Fig. 1 Evolution of average
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hydrolysis at 58 °C
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With the advancement of the hydrolysis process, the counter-diffusion of the
reaction products (carboxylic acids, alcohol and H* ions) that pass into solution is
observed: this involves the passing of ions in solution H*. When the hydrolysis is
completed the release of H" ions stops, therefore the measured pH is found to be
almost unchanged compared to that of the starting solution.

For a short time, the subtraction of H* ions from solution prevails, while for long
times the hydrolysis production of H* and in water the related release overcomes.
As it can be observed from the data collected experimentally in Fig. 1, for the
samples of PLA the pH value grows for the first days and then dropping until it
reached a practically constant value. In particular, the samples with the addition of
3% of fumaric acid present an evident drop of pH: the fumaric acid in the samples is
the reason of this behavior with a rapid release of H* to the water, reaching a
constant value of 3 just after the first week.

4.2 Hydrolysis Tests: Weight and Appearance Evolution

In the hydrolysis process, with water diffusion in the polymer and subsequent
depolymerization, the soluble fragments of the macromolecular chain go into water
solution with gradual reduction of sample weight.

The evolution of the average residual weight is reported in Fig. 2. The samples
of PLA and PLA with 3% of Mg(OH), present a minimum variation of the weight
during the first ten days, while after this period a relevant and rapid reduction is
evident, reaching 50% of starting value after 21 days.

As for pH evolution, the samples of PLA with 3% of fumaric acid present a
different behavior: the weight shows a sharper variation after the first week so that
at the end of the test, after 21 days, the samples have a weight that is the 25% of the
starting one.

Fig. 2 Evolution of average
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2 days 7 days

15 days 21 days

Fig. 3 Microscopy images, with scale bar 5 mm, of the PLA samples during hydrolysis in water
at 58 °C

15 days 21 days

Fig. 4 Microscopy images, with scale bar 5 mm, of the PLA with 3% of Mg(OH), samples
during hydrolysis in water at 58 °C
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15 days 21 days

Fig. 5 Microscopy images, with scale bar 5 mm, of the PLA with 3% of fumaric acid samples
during hydrolysis in water at 58 °C

The weight evolution is confirmed also by the appearance of the samples, shown
in Figs. 3,4, and 5. Also observing the images it is clear that the addition of fumaric
acid to PLA 4060D induces a more rapid degradation and fragmentation of the
material. This phenomenon can be explained by the fact that the hydrolysis is an
auto-catalytic process that leads to the production of acidic products (-COOH) in
the terminal part of the chain. Due to the slow diffusion of the terminal of the
chains, the acids fragments may accumulate within the chain and cause a faster
degradation of the macromolecules.

On the contrary, the addition of magnesium hydroxide seems to have a weak
retarding effect on the process, although these changes, if compared to the pure
material behavior, are limited.

4.3 Hydrolysis Tests: Calorimetric Characterization
of the Samples

The thermal analysis was conducted for the evaluation of the glass transition
temperature (T,) and the crystalline degree (X.).The samples (melt compounded
PLA, with fumaric acid and with magnesium hydroxide) hydrolyzed to 15, 50, and
70% were analyzed.
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As expected, all the film samples are completely amorphous (Fig. 7), before the
hydrolysis test, with similar glass transition temperature of about 54-56 °C (Fig. 8)
that is also the same of the neat unprocessed 4060D PLA resin [17, 18].

During the hydrolysis test, as for the other characterizations, the calorimetric
results show an interesting behavior, as shown as an example in Fig. 6 for the neat
resin. The first heating reveals a melting peak related to the melting of the crys-
talline phase, absent in the not hydrolyzed samples. It is confirmed by calorimetric
characterization in all the hydrolyzed samples, and crystallinity degree is higher for
longer hydrolysis time. This behavior can be related to the fragmentation of
macromolecules, and as a consequence, the crystallinity degree is almost linearly
linked to the weight loss, as shown in Fig. 7.

Obviously similar crystallinity degree, about 0.5, corresponding to the same
weight loss, 50%, is reached by the sample with fumaric acid (15 days) in less time
than the neat sample or with magnesium hydroxide (22 days).
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On the other hand, glass transition temperature depression is evident in all film
samples on increasing of weight loss, as shown in Fig. 8. Once again this phe-
nomenon can be related to increased mobility with de-polymerization of macro-
molecules in hydrolysis tests.

5 Conclusions

Since the kinetics of hydrolysis strongly depend on the pH of the hydrolyzing
medium, in this work some fillers able to control the pH of water when it diffuses
inside the polymer were added to PLA. In particular, fumaric acid, a bio- and eco-
friendly additive, and magnesium hydroxide, a common antacid, were used. These
fillers were added to the material using the melt-compounding technique, suitable
for industrial application. The results obtained are encouraging toward the possi-
bility of accelerating the degradation rate with fumaric acid. On the other side, the
protective effect of magnesium hydroxide is less evident, if compared to the neat
PLA hydrolysis test. The degradation, during hydrolysis, affects the pH of the water
in which the test is conducted and the sample weight. Therefore the fragmentation
of macromolecular chain has a strong influence on crystallization of the samples so
that it changes this resin, that usually is amorphous, increasing crystallinity degree
with hydrolyzation.
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Modelling Approach to Enzymatic pH
Oscillators in Giant Lipid Vesicles
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Abstract The urease-catalyzed hydrolysis of urea can display feedback driven by
base production (NH3) resulting in a switch from acidic to basic pH under
non-buffered conditions. Thus, this enzymatic reaction is a good candidate for
investigation of chemical oscillations or bistability. In order to determine the best
conditions for oscillations, a two-variable model was initially derived in which acid
and urea were supplied at rates ky and ks from an external medium to an
enzyme-containing compartment. Oscillations were theoretically observed provid-
ing the necessary condition that ki > kg was met. To apply this model, we devised
an experimental system able to ensure the fast transport of acid compared to that of
urea. In particular, by means of the droplet transfer method, we encapsulated the
enzyme, together with a proper pH probe, in I-palmitoyl-2-oleoyl-sn-glycero-
3-phosphatidylcholine (POPC) based liposomes, where differential diffusion of H*
and urea is ensured by the different permeability (P,) of the membrane to the two
species. Here we present an improved theoretical model that accounts for the
products transport and for the probe hydrolysis, to obtain a better guidance for the
experiments.
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1 Introduction

Oscillations can spontaneously arise in the concentration of some chemical reaction
intermediates, provided that the system is sufficiently far from the state of the
thermodynamic equilibrium [1]. The first examples of oscillating reactions can be
traced back to the beginning of the 20th century, however it is only in the mid
1960’s, after the discovery and characterization of the Belousov-Zhabotinsky
(BZ) reaction that chemical oscillations begun to attract attention [2]: over the years
the BZ system has been performed in a great variety of reaction environments such
as gels [3], micelles [4-9], water in oil reverse microemulsions [10-13], lipid
bilayers [14-18], organic and inorganic beads [19, 20] always looking for new
spatio-temporal behaviours. Moreover, the number of chemical oscillators grew so
much that it is now possible to list almost 200 variants ranging from the bromate
family to the Mn-based to the most recent family of pH oscillators [2].

Oscillations in pH occur naturally in plants, during glycolysis in yeast cells and
are also used by C. elegans for muscle contraction. In these systems the pH
oscillations have small amplitude and are driven by other autocatalytic processes,
rather than a direct feedback through acid/base interaction; on the contrary, in
synthetic pH oscillators, the hydrogen ion plays the most important role in the
reaction kinetics and the variation in pH can be as large as 6 pH-units [2]. So far
several pH oscillators have been developed, however all of them require open
(flow) reactors and harsh inorganic redox chemistry; in contrast to this, there is a
need for increasing the range of closed autocatalytic reactions, in mild or physio-
logical conditions, for biocompatible applications and pH oscillators driven by
enzyme-catalyzed reactions seem to be a valid and promising alternative [21].

Among the several enzymatic reactions known to depend on the pH, one can-
didate, the urea-urease system has recently been revised by our group [21-23]. The
hydrolysis of urea by the enzyme urease results in the production of a weak base,
ammonia, and carbon dioxide, which hydrolyses to give bicarbonate. This reaction
occurs in numerous cellular systems, for example it is used by bacteria Helicobacter
Pylori in order to raise the local pH to protect himself from the harsh acidic
environment of the stomach [24]. The wurea-urease reaction follows
Michaelis-Menten kinetics and has a bell-shaped rate-pH curve with maximum at
pH 7. In non-buffered conditions, the rate-pH curve can be exploited to obtain
feedback-driven behaviour, e.g. by delivering an acid or a base to the solution a
reaction acceleration or inhibition can be obtained. The reaction has also the distinct
advantages of high solubility and stability of substrate and enzyme in water making
it suitable for experiments in vitro. Few nonlinear dynamical behaviors were
obtained in different experimental conditions (bistability, front propagation, etc.)
[21, 25], however oscillations were never observed.

In a recent work [23], we showed that for obtaining oscillations a fast transport of
the acid with respect to that of urea must be ensured in the reaction medium; we then
proposed to use 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC)
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liposomes to encapsulate the enzyme and profit of the different membrane perme-
ability (P,) of H* (~ 1073 cm/s) and urea (~ 107® cm/s) [26, 27].

The encapsulation of the enzyme into liposomes could be attained by means of
the droplet transfer method, introduced by the Weitz group [28], recently optimised
by Luisi and collaborators [29] and successfully employed to confine the
Belousov-Zhabotinsky chemical oscillator in a network of vesicles [30]. This
innovative method first takes advantage of the facile compartmentalization of
water-soluble solutes (enzyme in this case) in water-in-oil (w/o) droplets, and then
convert the solute-filled w/o droplets into vesicles that can be dispersed in an acidic
solution of urea. The pH changes in time can be monitored through the use of a pH
probe, pyranine (8-hydroxy-1,3,6-pyrenetrisulfonate) whose emission intensity (at
510 nm) is strongly dependent upon the pH of the solution, over the range 6-10.
Both the probe and the enzyme do not leak out of the vesicles once entrapped
therein, while urea and proton can easily diffuse through the membrane at different
rates (depending on the concentration gradient between the inside and the outside of
the membrane).

The diffusion of urea (ks) and proton (ky) through the lipid bilayer has been
investigated experimentally and the transport of acid was found to be faster than
urea, thus confirming that the necessary condition for oscillation ky > kg is met.
Experimental investigations also showed that liposomes are indeed open com-
partments where both the reactants and the products can permeate the bilayer
membranes by a passive diffusion mechanism; thus, the original two-variable model
(see Egs. (1) and (2) in the Results section) which did not account for the leakage of
the products [23], had to be modified. In this work we present an improved model
which accounts for the ammonia leakage and for the hydrolysis of the pH
fluorescent probe used in the experiments; simulations show new phase diagrams
where oscillations are still present but in a different part of the plane. Also other
dynamical behaviours, such as low and high pH steady states, autocatalysis, clock
regimes, etc. were predicted by the model for more realistic experimental
conditions.

2 Results: Modelling

The two-variable model for describing the temporal dynamics of the urea-urease
reaction in a confined environment, where a solution of urea (S) and acid (H") could
be delivered into the system, had the form:

dfs]

S = ks(1Sly -~ [5]) - R (1)
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where
. Ke[EILS] _ .
(e D1+ e + 55)

kg =3.7 % 107° ml Muflsfl, K,=3x 1073 M, Kgs1 =5 X 10°° M, Kgsp =
2 x 10~ M are urease specific quantities and K,, = 10~'* M? is the ion product of
water.

The rate constants for the hydrolysis equilibria and for the enzymatic rate
constants were taken from the literature, with values slightly adapted to match our
experimental conditions [21]. The kinetic constants of the passive transport are
expressed as k; = 6P;/d where P; denotes the permeability coefficients
(Ps =2.45 x 107 cm/s and Py = 1.82 x 1073 cm/s for bilayers made of lipids
having a 16 carbon long hydrocarbon chain [27]) and d = 10 um is chosen as the
diameter of the vesicle.

The model was scaled and simulations were carried out with XPPAUT [31]
using CVODE as integration method; the diagrams reported in Fig. 1 were obtained
by using the routine AUTO.
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The cross-shaped phase diagrams reveal the presence of four possible states: two
stable states (SS low and SS high) and two unstable (a bistability region and an
oscillatory domain). The phase diagrams in Fig. 1a and b were obtained in the pHy
versus [S]y parameter space and Fig. 1b shows the effect of the enzyme concen-
tration on the shape of the diagram: decreasing the enzyme content the region of
oscillations diminishes while the region of bistability increases; for very low con-
centrations (e.g. E = 13 U/mL) the regions of bistability and oscillations become
both very thin.

Figure lc depicts the effect of the transport constants and, indirectly, the effect of
the vesicle size (see the relationship between the permeability and the diameter) on
the dynamical behaviour: for some droplet sizes the oscillations were suppressed,
but a large region where oscillations exist is present.

Finally in Fig. 1d the phase diagram was obtained in the [S]y versus E parameter
space once the value of pHy is fixed.

Despite the good results obtained with the two-variable model, we decided to
add few more processes taking place in the vesicles to improve the confidence for
the ability of the simulations to guide experiments.

As in the case of the two-variable model, here we take into account the main
reactions occurring in the urea-urease system (without including the carbon dioxide
equilibria) but we do not consider the steady state approximation for
ammonia/ammonium equilibrium, we add the hydrolysis of the pH probe pyranine
(pyrOH) and, most important, we consider that reaction products can leak out from
the vesicles. The new model has, therefore, the form:

HY 2H* )
k
CO(NHy), ,,, = CO(NHy), (5)
CO(NH,), + H,0 5 2NH; + CO, (6)
k

NH; +H™* k:z NH," (7)

2r

k
H* +OH™ = H,0 (8)

Sr

k
pyrOH k:f H* +pyrO~ 9)
kn

NH3 - NH3 out (10)

A cell-like compartment that reproduces our experimental conditions is
schematically drawn in Fig. 2: the enzyme and the probe are encapsulated inside
the vesicles, while the substrate and the acid are delivered as external solutions.
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Urease
pyranine

Fig. 2 Lipid vesicle containing the urea-urease reaction and the fluorescence probe: ky = ex-
change rate of the acid, ks = exchange rate of the urea, kn = exchange rate of the product
ammonia with the external solution of concentrations [H "] , [S], and [NH3],

The exchange of matter between the urease-loaded compartment and its sur-
rounding is modelled by the flow terms (4), (5) and (10). In Fig. 2 the substances
added from the outside are shown in blue, while ammonia that is produced inside is
shown in red.

The system of ODEs derived from reaction kinetics reads:

B (st - 15) - & (1)
d[ﬁ?ﬂ = 2R + ko, [NH, ] — ko[NH3][H " ] + kn (NH3], — [NH3])  (12)
d[zlt I_ Foe[NH[] — ho[NH3|[H7] + ke[pyrOH] — K{pyrO7J(HT] 5
+hu(H], — [HT]) + ks; — ks[OH][H™]
dIOHT] _ ks; — ks[OH™][H "] (14)
dr
APYIOMT _  pyrOH] + & fpyr0 7] (15)
dNH/] _ ky[NH3][H™] — kye[NH," | (17)

dr
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(a) _ o (b) o
10+ sustained oscillations 10+ damped oscillations
8 8
5 6 5 6
4 4
0 100 200 300 0 100 200 300
time (s) time (s)
()] (d)
10, 10,
8 8 _
low steady state high state
5 6 5 6
4 4
0 6000 12000 18000 0 9000 18000 27000 36000
time (s) time (s)

Fig. 3 pH-time plots for E = 1300 U/mL, ks = 0.0147 s7!, kg = 10.9 s7!, ky = 1.08 s7!,
[Slo = 0.015 M, [NH3], = 0 M. a with the two-variable model and pHy = 4.2; b with the full
model at pHy = 4.2; ¢ with the full model and at pHy = 3.9; d with the full model at pH, = 4.8.
The red line is intended to emphasise the difference between damped and sustained oscillations

The numerical simulations of the Eqgs. (11)-(17) were performed using
XPPAUT with the same integration method applied for the two-variable model.

Figure 3 shows the most common dynamical behaviours obtained from the
integration of the two models; in contrast to the two-variable model which admits
sustained oscillations (Fig. 3a), the full system shows damped oscillations
(Fig. 3b), i.e. oscillations whose amplitude decreases over time until a steady state
is attained. Figure 3¢ shows a typical low pH steady state, that can be easily found
for several experimental parameters. High pH (basic) steady state are, on the
contrary, difficult to obtain; this is probably due to the leakage of the NH; out of the
vesicle. In fact, high pH transient states (high state) can be obtained for a limited
amount of time, but the final attractor of the model is generally a low pH state (see
Fig. 3d where the pH is still decreasing over a timescale of 10 h).

The phase diagrams reported in Fig. 4 were obtained by choosing a time interval
of 10 h, the initial concentrations of the species inside the vesicle were in the range
of those used for the experiments (e.g. pyrOH = 50 uM, S =0 and [H* ] = 10 ~’
M). The shape of the diagrams is similar to the two-variable model, however some
differences can be pointed out: the region of bistability present in Fig. 1a disappears
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in Fig. 4a and b, being replaced by the oscillatory domain; In Fig. 4c, where the
ammonia permeability has been set to a lower value (ky = 1.08 x 1073 s71), the
phase diagram E versus [S]y presents the same features of that obtained for
the two-variable model (Fig. 1d), thus the higher the permeability of ammonia, the
more the two models differ.

Panels a and b of Fig. 4 show the effect of ky on the dynamics of the system: by
increasing the ammonia permeability the region of damped oscillations becomes
wider, but the number of oscillations decreases as reported in Table 1. Finally,
Fig. 4d shows the kg versus ky parameter space once E, Sy and pHp have been
fixed. Here, when the permeability of ammonia is high, just a low steady state is
possible and high pH values cannot be reached.

Despite kinetics (11)—(17) give a more realistic picture with respect to the
two-variable model, some processes occurring in the experimental system were still
neglected: for example the carbon dioxide equilibria and the leakage of the
ammonium ion were not considered. As for the ammonium, we considered that the
lipid membrane is only slightly permeable to cations different from protons [27],
however, to better understand some of the dynamical behaviours found in simu-
lations (damped oscillations and high states), we further included the permeability
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Fig. 4 Phase diagram for E = 1300 U/mL, ks = 0.0147 s, kg = 10.9 s! a ky = 1.08 s .
by =108 s L. ¢ pHy = 4.2, ks — 0.0147 s, kyy = 10.9 s, ky = 1.08 x 102 s~ 1. d E = 600
UL, [Sly = 0.02 M, pHy = 4.2, ky = 10.9 5!
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Table 1 Total number of oscillations for the following conditions: ks = 0.0147 s kg =109s7!,
[Slo = 0.02 M, pHy = 4.2, E = 510 U/mL

Ammonia Permeability (ky in s~1) Total number of oscillations
0.8 34
1 27
2 13
5 5
7
(@) (b)
10 4 10 -
9
8
N
4 i (44444444444 444444d4444 vy 6 T
0 1000 2000 3000 0 9000 18000 27000 36000
time (s) time (s)
(©) (d)
10 - 10 -
9 4
8 i
8 4
:IC:). 6 :'Q:_ 7
4] 61
0 1000 2000 3000 0 9000 18000 27000 36000
time (s) time(s)

Fig. 5 Simulated time series for [S]y = 0.024 M, ks = 0.0147 7!, kyg = 10.9 57!, ky = 1.08 571,
a ki = 6x1074 571, pHy = 4.18, E = 500 U/mL. b kny = 6x10~* 51, pHy = 4.2, E = 450
UlnL. ¢ ki = 6108 5!, pHy = 4.18, E = 500 U/mL. d kny — 6x10-8 s, pHy = 4.2,
E =450 U/mL

of ammonium ion (kyg). A relevant ammonium permeability can be physically
possible when the membrane has structural defects and percolation takes place.
Thus, in this case, the following equilibrium must be added to the reactions

“4)-(10).

kNH
NH;" = NH; (18)

4 out
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and the ODE for the ammonium ion becomes:

d[NH;' ]
dr

= ko[NH3][H | — e [NH," | + ke ([NH ], — [NH,T]) - (19)

If the ammonium permeability (kng) has a value close or few orders of mag-
nitude lower than the permeability of ammonia (kn), the system shows the features
typical of the two-variable model (possibility of sustained oscillations and high
steady states, see Fig. 5a and b), while a low ammonium permeability (e.g. 6 X
1078 s71) gives the same results seen in the full model that didn’t include the
ammonium permeability (Fig. 5¢ and d show the same trends of Fig. 3b and d).

By properly balancing the permeabilities of ammonium and ammonia, the sys-
tem behaves like an open reactor in which all the species can enter and exit; a low
or zero ammonium permeability makes the system more similar to a semi-batch
reactor in which the chemical species are continuously delivered in, but there is no
outlet (in this case, the ammonia leaks out easily in contrast to its ionized coun-
terpart, ammonium, that remains entrapped inside).

3 Conclusions

The pH dependence of the urea-urease reaction can be exploited to give
base-catalyzed feedback. A simple model with two variables, the substrate and the
acid as source of negative feedback, can capture the temporal dynamics of the
urea-urease in CSTR but not in cell-like compartments. Indeed, while in a CSTR it
is possible to set the flow rate of the reactants, in microcompartments like giant lipid
vesicles the flow rate depends on the properties of the lipid boundary: the phos-
pholipid bilayer is generally permeable to small neutral molecules but shows a low
permeability for ions, with the exception of the proton which undergoes to a dif-
ferent exchange mechanism [32]. The transport rates of the products, completely
neglected in the two-variable model, become relevant in the new model and,
actually, they drive the whole dynamical behaviour. In fact, depending on the ratio
between the ammonium and the ammonia permeability the model (11)—(17), (19)
behaves in two different ways: at higher values of ammonium permeability sus-
tained oscillations and both stable steady states can be possible, at lower values
damped oscillations and only a low steady state are observed.

So far in our experiments, we verified the ability of urea, acid and ammonia to
cross the lipid bilayer of giant vesicles, furthermore we successfully encapsulated
the enzyme and the probe. The next step is to add a solution including both urea and
acid to the GVs and see if clock reactions, oscillations or bistability can be found.
For this purpose, the simulations presented in this paper could help us in optimising
the experimental conditions.



Modelling Approach to Enzymatic pH Oscillators ... 73

Acknowledgements Y.M. and F.R. were supported by the grants ORSA158121 and
ORSA167988 funded by the University of Salerno (FARB ex 60%). The authors acknowledge the
support through the COST Action CM1304 (Emergence and Evolution of Complex Chemical
Systems).

References

10.

11.

12.

13.

14.

15.

16.

. Nicolis, G., Prigogine, I.: Self-organization in nonequilibrium systems. Wiley, New York

1977)

. Orban, M., Kurin-Csorgei, K., Epstein, L.R.: pH-Regulated chemical oscillators. Acc. Chem.

Res. 48(3), 593-601 (2015)

. Takeoka, Y., Watanabe, M., Yoshida, R.: Self-sustaining peristaltic motion on the surface of a

porous gel. J. Am. Chem. Soc. 125(44) (2003) 13320-13321 pH Oscillators in GVs 11

. Paul, A.: Observations of the effect of anionic, cationic, neutral, and zwitterionic surfactants

on the Belousov-Zhabotinsky reaction. J. Phys.Chem. B 109(19), 9639-9644 (2005)

. Rossi, F., Varsalona, R., Liveri, M.L.T.: New features in the dynamics of a ferroincatalyzed

Belousov-Zhabotinsky reaction induced by a zwitterionic surfactant. Chem. Phys. Lett. 463
(4-6), 378-382 (2008)

. Jahan, R.A., Suzuki, K., Mahara, H., Nishimura, S., Iwatsubo, T., Kaminaga, A., Yamamoto,

Y., Yamaguchi, T.: Perturbation mechanism and phase transition of AOT aggregates in the Fe
(ID[batho(SO3)2]3—catalyzed aqueous Belousov-Zhabotinsky reaction. Chem. Phys. Lett.
485(4-6), 304-308 (2010)

. Rossi, F., Liveri, M.L.T.: Chemical self-organization in self-assembling biomimetic systems.

Ecol. Model. 220(16), 18571864 (2009)

. Sciascia, L., Rossi, F., Sbriziolo, C., Liveri, M.L.T., Varsalona, R.: Oscillatory dynamics of

the Belousov-Zhabotinsky system in the presence of a self-assembling nonionic polymer.
Role of the reactants concentration. Phys. Chem. Chem. Phys. 12(37), 11674-11682 (2010)

. Rossi, F., Varsalona, R., Marchettini, N., Turco Liveri, M.L.: Control of spontaneous spiral

formation in a zwitterionic micellar medium. Soft Matter 7, 9498 (2011)

Vanag, V.K., Epstein, LR.: Pattern formation in a tunable medium: The
Belousov-Zhabotinsky reaction in an aerosol OT microemulsion. Phys. Rev. Lett. 87(22),
228301-4 (2001)

Toiya, M., Vanag, V.K., Epstein, LR.: Diffusively coupled chemical oscillators in a
microfluidic assembly. Angew. Chem. Int. Ed. 47(40), 77537755 (2008)

Rossi, F., Vanag, V.K., Epstein, L.LR.: Pentanary cross-diffusion in water-in—oil microemul-
sions loaded with two components of the Belousov-Zhabotinsky reaction. Chem. Eur. J. 17
(7), 2138-2145 (2011)

Tompkins, N., Li, N., Girabawe, C., Heymann, M., Ermentrout, G.B., Epstein, .R., Fraden,
S.: Testing turing’s theory of morphogenesis in chemical cells. Proc. Natl. Acad. Sci. 111(12),
4397-4402 (2014)

Walde, P., Umakoshi, H., Stano, P., Mavelli, F.: Emergent properties arising from the
assembly of amphiphiles. Artificial vesicle membranes as reaction promoters and regulators.
Chem. Commun. 50(71), 10177-10197 (2014)

Tomasi, R., Noel, J.M., Zenati, A., Ristori, S., Rossi, F., Cabuil, V., Kanoufi, F.,
Abou-Hassan, A.: Chemical communication between liposomes encapsulating a chemical
oscillatory reaction. Chem. Sci. 5(5), 1854-1859 (2014)

Rossi, F., Zenati, A., Ristori, S., Noel, J.M., Cabuil, V., Kanoufi, F., Abou-Hassan, A.:
Activatory coupling among oscillating droplets produced in microfluidic based devices. Int.
J. Unconventional Comput. 11(1), 23-36 (2015)



74

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

Y. Miele et al.

Torbensen, K., Rossi, F., Pantani, O.L., Ristori, S., Abou-Hassan, A.: Interaction of the
Belousov-Zhabotinsky reaction with phospholipid engineered membranes. J. Phys. Chem.
B 119(32), 10224-10230 (2015)

Stockmann, T.J., Noél, J.M., Ristori, S., Combellas, C., Abou-Hassan, A., Rossi, F., Kanoufi,
F.: Scanning electrochemical microscopy of Belousov-Zhabotinsky reaction: how confined
oscillations reveal short lived radicals and auto-catalytic species. Anal. Chem. 87(19), 9621—
9630 (2015)

Taylor, A.F., Tinsley, M.R.,Wang, F., Huang, Z., Showalter, K.: Dynamical quorum sensing
and synchronization in large populations of chemical oscillators. Science 323(5914), 614-617
(2009)

Rossi, F., Ristori, S., Marchettini, N., Pantani, O.L.: Functionalized clay microparticles as
catalysts for chemical oscillators. J. Phys. Chem. C 118(42), 24389-24396 (2014)

Hu, G., Pojman, J.A., Scott, S.K., Wrobel, M.M., Taylor, A.F.: Base-catalyzed feedback in
the urea-urease reaction. J. Phys. Chem. B 114(44), 14059-14063 (2010)

Wrobel, M.M., Bansagi, T., Scott, S.K., Taylor, A.F., Bounds, C.O., Carranza, A., Pojman, J.
A.: pH wave-front propagation in the urea-urease reaction. Biophys. J. 103(3), 610-615
(2012)

Miele, Y., Bansagi, T., Taylor, A.F., Stano, P., Rossi, F.: Engineering enzyme-driven
dynamic behaviour in lipid vesicles. In Rossi, F., Mavelli, F., Stano, P., Caivano, D. (eds.):
Advances in artificial life, evolutionary computation and systems chemistry. Number 587 in
communications in computer and information science, pp. 197-208. Springer International
Publishing (2015)

Stingl, K., Altendorf, K., Bakker, E.P.: Acid survival of Helicobacter pylori: how does urease
activity trigger cytoplasmic pH homeostasis? Trends Microbiol. 10(2), 70-74 (2002)
Muzika, F., Bansagi, T., Schreiber, 1., SchreiberovAa, L., Taylor, A.F.: A bistable switch in
pH in urease-loaded alginate beads. Chem. Commun. (Cambridge, England) 50(76), 11107—
11109 (2014)

Lasic, D.D., Barenholz, Y.: Handbook of nonmedical applications of liposomes: theory and
basic sciences, vol. 1. CRC Press (1996)

Paula, S., Volkov, A., Van Hoek, A., Haines, T., Deamer, D.W.: Permeation of protons,
potassium ions, and small polar molecules through phospholipid bilayers as a function of
membrane thickness. Biophys. J 70(1), 339 (1996)

Pautot, S., Frisken, B.J., Weitz, D.A.: Production of unilamellar vesicles using an inverted
emulsion. Langmuir 19(7), 2870-2879 (2003)

Carrara, P., Stano, P., Luisi, P.L.: Giant vesicles colonies: a model for primitive cell
communities. ChemBioChem 13(10), 1497-1502 (2012)

Stano, P., Wodlei, F., Carrara, P., Ristori, S., Marchettini, N., Rossi, F.: Approaches to
molecular communication between synthetic compartments based on encapsulated chemical
oscillators. In Pizzuti, C., Spezzano, G., (eds.): Advances in Artificial Life and Evolutionary
Computation. Number 445 in Communications in Computer and Information Science, pp. 58—
74. Springer International Publishing (2014)

Ermentrout, B.: Simulating, analyzing, and animating dynamical systems: a guide to
XPPAUT for researchers and students, vol. 14. Siam (2002)

Mathai, J.C., Sprott, G.D., Zeidel, M.L.: molecular mechanisms of water and solute transport
across archaebacterial lipid membranes. J. Biol. Chem. 276(29), 2726627271 (2001)



Dissipative Particle Dynamics Study
of Alginate/Gelatin Aerogels Obtained
by Supercritical Drying

Simona Concilio®, Stefano Piotto® , Lucia Sessa@® , Lucia Baldino,
Stefano Cardea and Ernesto Reverchon

Abstract The properties of alginate/gelatin (A/G) interpenetrated polymer net-
works have been studied by dissipative particle dynamics (DPD) simulations. The
simulation predicted some mechanical properties of A/G blends with different A/G
ratios in water. Results from new synthesized aerogels have been used to validate
the range of exploitation of the DPD simulations. Good mechanical and morpho-
logical properties of the aerogels have been achieved from aerogels derived from
hydrogels with water content higher than 95%. DPD simulation results indicated
that an optimal shear viscosity is reached for a composition of 95% water, 3%
alginate and 2% gelatin. Furthermore, this approach can be of great interest in
designing novel materials.

Keywords DPD - Hydrogels - Supercritical drying

1 Introduction

Natural polymers, such as alginate and/or gelatin, can be used to produce scaffolds
for tissue engineering applications, even though their mechanical and biochemical
performance need often to be improved. A way to overcome these limitations is the
generation of multi-component scaffolds, by blending two or more polymers. One
way to realize this is the formation of an interpenetrating polymer network
(IPN) between biopolymers, or the functionalization of one polymer with peptide
sequences, in order to promote cell recognition [1].
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Alginate is largely used in biomedical field, due to its biodegradability, bio-
compatibility, hydrophilicity and low toxicity [2]. Nevertheless, its negative charge
inhibits protein adsorption and reduces cellular adhesion. For this reason, bioactive
molecules such as arginine-glycine-aspartic acid (RGD) and fibronectin are often
proposed for the immobilization within the hydrogel, to induce cells adhesion [3-5].
Gelatin is formed by denatured collagen; it has relatively low antigenicity compared
to its precursor and maintains signals that may promote cell adhesion, differentiation
and proliferation, such as RGD sequence of collagen [6]. Interestingly, gelatin
structure can be easily functionalized with anti-inflammatory compounds [7], cell
membrane modulators [8, 9], or antimicrobial compounds [10, 11] for tissue engi-
neering applications.

Alginate and gelatin are often mixed and prepared in form of hydrogels for soft
tissue applications, or dried by lyophilization, for hard tissues application. In the
latter case, the scaffold can collapse, due to the surface tension exerted by the
solvent on the polymer matrix during the drying process. The preparation of bio-
compatible scaffold for tissue engineering requires good mechanical properties and
high porosity. Nevertheless, scaffolds are generally characterized by poor
mechanical properties and could not have the correct porosity to let the cells interact
to each other during the recognition process. For example, when freeze drying is
used for biopolymer aerogel production, the authors often obtain microporous
aerogels that do not exhibit a sub-nanostructure, but an irregular and closed mor-
phology [12-14].

The extraction of solvent from the hydrogel is a key moment because the inner
fluid must be removed without the collapse of the structure. The decline of fluid
pressure in connection with the withdrawal of fluid from the hydrogel gives rise to a
change in volume of both fluids and gel structure. The volume variation of the
matrix results in a decrease of both the pore volume and the total volume of the
fluid-filled formation.

In our previous works, interpenetrated alginate/gelatin hydrogels have been
successfully obtained and preserved by supercritical carbon dioxide drying
(SC-COy), performed at 200 bar and 35 °C [15]. The process allowed modulation
of morphology and mechanical properties of these blends, and the complete
elimination of crosslinking agents, such as glutaraldehyde [16]. It was possible to
obtain this result thanks to a supercritical drying process that, working at zero
surface tension, allows preserving the hydrogels nanostructure in the corresponding
aerogels.

Hydrogels with high shear viscosity are those that can successfully resist to the
drying process. The shear and bulk viscosities of a potential scaffold are important
properties, in relation with the final use of the system. More specifically, the
translational molecular motion is associated with the shear viscosity. The resistance
of a fluid to compression is related to the bulk viscosity.

In this work, we explored the possibility to use coarse grain simulations, namely
dissipative particle dynamics (DPD), for calculating shear and bulk viscosity in
ternary systems of water, alginate and gelatin. The present work consisted in run-
ning molecular dynamics for calculating the Flory-Huggins parameters needed for
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DPD calculations. Flory-Huggins parameters permitted to run DPD calculations for
15 ternary systems with water content higher than 95%. Moreover, some new A/G
aerogels obtained with a series of different polymer composition were prepared, in
order to explore and validate the computational results.

A rationalization of experimental results can be obtained from DPD simulation,
which allows to predict and explain the different morphologies we obtain experi-
mentally. As a result of this study, it will be possible to predict and select the final
scaffold structure by changing the polymers composition.

2 Materials and Methods

2.1 Dissipative Particle Dynamics

The simulation of the aggregation of polymer mixture at different composition was
carried out employing an efficient coarse grain algorithm, i.e. the dissipative particle
dynamics (DPD). The DPD approach is a powerful, off-lattice, dynamical model. In
a DPD simulation, the number of particles are significantly lower than a full ato-
mistic representation and each particle represents the center of mass of a cluster of
atoms.

The simplest and best-known theory of the thermodynamics of mixing and phase
separation in binary systems is the Flory-Huggins model [7]. The interaction
parameter, 7, is defined as:

where E,;x is the mixing energy; that is, the difference in free energy due to
interaction between the mixed and the pure state.

The coarse graining of all particles of this study was performed following the
original protocol of Groot and Warren [17]. DPD repulsive parameters are linearly
correlated to the mixing energies. In the present work, we used the CVFF force
field, [18-20] that reproduce correctly the experimental observations. The rela-
tionship between the Flory-Huggins parameter and the repulsion parameter is:

ajj = 25+ 3.50)(

Because most of the parameterization of polymers were made in aqueous
solutions, we calculated the free energy of mixing among all the species listed in
Table 1 and water clusters. The values of yy were rescaled to completely adhere to
the original Groot-Warren interaction values. The peptides have been parameterized
according to Neimark and coworkers [21].
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Table 1 DPD repulsive parameters obtained via molecular dynamics protocol [19] and from the
work of Vishnyakov [21] for the peptide intrachain terms (N and P)

Glycine |N |P | Water | Alginate | Hyd Proline | Alginate | Gelatin
proline node node
Glycine 40
N 35 80
P 35 12 |80
Water 40 25 125 |25
Alginate 50 20 120 |25 25
monomer
Hyd proline | 40 30 |30 |30 25 32
Proline 40 50 |50 |60 40 40 30
Alginate 50 20 |20 |25 25 40 25 10
node
Gelatine 40 35 |35 |40 50 40 40 50 10
node

For the simulation of alginate and gelatin, several types of particles were used
and their mutual interactions were expressed in terms of repulsion parameters.
The DPD parameters are related to the compressibility of fluid and to Flory-
Huggins solubility parameters such that a reasonable description of the thermo-
dynamics of the real system can be obtained.

The topology of alginate consists in a string of 50 beads with two random
positions for cross-linking. The sodium ion was not explicitly considered and was
included in the water simulation. Gelatin was represented of 63 beads (the triplet
Gly-Pro-Hyp was repeated 21 times), with two random positions for cross-linking.
The link between alginate polymers and between gelatin polymers was reproduced
with a repulsive parameter set to 10.

2.2 Mechanical Properties Calculations

Application of the Green-Kubo formalism to the shear viscosity gives the following
relation between shear viscosity and the time correlation functions involving the off
diagonal components of the pressure tensor:

where the P,z denote the three equivalent off diagonal elements of the (instanta-
neous) pressure tensor.
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The bulk viscosity m, is related to the decay of fluctuations in the diagonal
elements of the stress tensor as follows:

oo

n = | (GP@PO)a

0

where P =P =P — <P >.

2.3 Production of Alginate/Gelatin Aerogels

PROTANAL LF 10/60 was termed high-G alginate, with M/G = 25/75 and was
kindly provided by FMC BioPolymer; gelatin, type B from bovine skin, Calcium
Chloride, Glutaraldehyde solution 25% w/w in water and Ethanol (purity > 99.8%)
were purchased from Sigma-Aldrich; Carbon Dioxide (99% purity) was bought
from Morlando Group S.R.L. (Sant’Antimo, NA—Italy). Distilled water was pro-
duced using a laboratory water distiller supplied by ISECO (St. Marcel, AO—
Italy). All materials were used as received.

Experimental procedure to produce alginate/gelatin aerogel

Two aqueous solutions of alginate (2% w/w) and gelatin (2% w/w) were prepared,
as described in ref [15]. The solutions were stirred for 24 h at 200 rpm. Then, the
solutions of alginate and gelatin were mixed in three different ratios by volume:
A/G—20/80, 50/50, 80/20. The mixtures were stirred for 1 h and, then, poured into
cylindrical molds of 2 cm diameter and thickness of about 2 mm. Each sample was
immersed in 25 mL of CaCl, at 5% w/w in water for 24 h, to promote Alginate gel
formation. The obtained hydrogels were repeatedly washed with distilled water to
remove Ca”* residues. Afterwards, samples were immersed in 30 mL of an aqueous
solution of GTA (aqueous GTA, 25% w/w) 8% v/v to induce the crosslinking of
gelatin. A/G hydrogels were rinsed three times in distilled water to remove GTA
excess and underwent to the same process of multistage exchange of the solvent
used for single polymer hydrogels.

Supercritical gel drying

A/G aerogels were prepared using a homemade laboratory plant that consists of a
316 stainless steel cylindrical high-pressure vessel with an internal volume of
200 mL, equipped with a high pressure pump (mod. LDB1, Lewa, Germany) used
to deliver SC-CO,. Pressure in the vessel was measured by a test gauge (mod. MP1,
OMET, Italy) and regulated using a micrometering valve (mod. 1335G4Y, Hoke,
SC, USA). Temperature was regulated using PID controllers (mod. 305, Watlow,
USA). At the exit of the vessel, a rotameter (mod. D6, ASA, Italy) was used to
measure CO, flow rate. The vessel was filled with SC-CO,; then, when the required
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pressure and temperature were obtained (200 bar and 35 °C), drying was performed
using a SC-CO, flow rate of about 1 kg/h for 5 or 8 h. A depressurization time of
about 30 min was used to bring back the system at atmospheric pressure.

3 Results

Aerogels formed by blends of alginate (A) and gelatin (G), were observed by
FESEM to analyze their structure. In Fig. 1, pictures of W/A/G aerogel at different
percentages are reported, in order to evaluate the changes in morphologies due to
the different polymer composition. Gelatin aerogels, W/A/G 95-0-5 (Fig. 1a), were
characterized by a nanofibrous structure, while Alginate aerogels W/A/G 95-5-0
(Fig. 1b) showed a nanoporous homogeneous structure. W/A/G aerogels mor-
phology changed with the relative proportion of the two polymers; the trend was
less evident for W/A/G 98-0.4-1.6, 98-1-1 and 98-1.6-0.4, showing that an optimal

(b)

Fig. 1 Morphology of A/G blend aerogels: a W/A/G 95-0-5, b W/A/G 95-5-0, ¢ W/A/G 95-1-4,
d W/A/G 95-2.5-2.5, ¢ W/A/G 95-4-1, f W/A/G 98-0.4-1.6, g W/A/G 98-1-1, h W/A/G
98-1.6-0.4. Magnification 50,000 X. Pictures a—e are taken from Ref. [15]
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Table 2 Comparison among tensile mechanical properties of W/A/G aerogels, processed at
200 bar, 35 °C, 5 h

W/A/G Aerogel Young modulus [MPa] Tensile strength at break [MPa]
95-0-5* 091 £ 0.11 141 £+ 0.15
95-1-4* 0.85 £ 0.08 1.92 £ 0.18
95-2.5-2.5% 0.78 £ 0.06 233 £0.25
95-4-1* 0.61 £ 0.05 2.54 £ 0.30
95-5-0° 0.48 £ 0.03 2.78 £ 0.36
98-0.4-1.6 0.47 £ 0.07 0.74 £ 0.04
98-1-1 0.39 + 0.04 1.09 £ 0.06
98-1.6-0.4 0.27 £ 0.04 1.35 £ 0.09

“Values from Ref. [15]

morphology distribution can be obtained with at least 5% of polymers in water. The
water content cannot be higher than 95%, in order to favor a proper polymer
crosslink and appreciate the hydrogel morphology changes. As a result, it is pos-
sible to select the scaffold structure by changing the polymers relative proportions.
In all cases, the nanoscale morphology was preserved. The supercritical process
does not modify gel organization and avoid of gel collapse during drying of A/G
blends.

In Table 2, tensile mechanical properties of W/A/G aerogels are reported.

The aerogels of single polymers (W/A/G 95-0-5 and 95-5-0) are characterized by
a higher Young modulus for gelatin (0.91 MPa) and a higher tensile strength at
break for alginate (2.78 MPa). Combining the two polymers, intermediate values
are obtained. This was also confirmed for the series W 98-0.4-0.6 to 98-1.5-0.4, but
in these cases the values are considerably lower that the series with 95% of water,
indicating that in this case the polymer content is too low for the formation of a
solid network. These results confirm that it is possible to continuously modulate
A/G aerogels mechanical properties, since gelatin produces an increase of the
elasticity of alginate, and alginate increases the tensile strength of gelatin, pro-
ducing an aerogel with intermediate characteristics.

3.1 DPD Results

A wider range of W/A/G aerogel compositions were analyzed by DPD, from 95 to
98% water content, with at different A/G ratios blends. We have performed 15 DPD
simulations at compositions listed in Table 3.

We explored the balance of alginate and gelatin to promote cross-linking still
preserving the viscosity that is need for safe solvent removal. The results can be
plotted in a ternary diagram. The viscosity values are colormapped.

Unsurprisingly, the bulk viscosity has a maximum for pure water system and
decreases monotonically along with the water content. Contrarily, the more
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Table 3 DPD simulations of bulk and shear viscosity for different W/A/G compositions. The
errors are lower than 5%

W/A/G Aerogel Bulk viscosity 108 (Pa-s) Shear viscosity (Pa-s)
95 1.27 5.15
95-4-1 1.30 214
95-3-2 1.32 77.3
95-2.5-2.5 1.34 26.2
95-2-3 1.35 21.1
95-1-4 1.38 22.8
95-0-5 1.40 24.8
96-0-4 1.42 1.61
96-4-0 1.30 28.0
96-1-3 1.39 49.0
96-3-1 1.33 21.7
98-1-1 141 4.08
98-0.4-1.6 1.42 3.22
98-1.6-0-4 1.39 4.98
100-0-0 1.45 5.06
(a)

95 98
Water

Fig. 2 Ternary diagrams for the system water-alginate-gelatin with bulk viscosity (a) and shear
viscosity (b)

important parameter, the shear viscosity, has a more complex behavior. As shown
in Fig. 2b the maximum of shear viscosity is reached for a system made of 95%
water, 3% alginate and 2% gelatin. Though the red region can be considered
optimal, also green region shows a shear viscosity above 30 Pa-s that is sufficient,
under mild and controlled extraction, to prevent the collapse of the network.
DPD results confirm the experimental observation that a minimum water content
of 95% is necessary in order to obtain good mechanical properties of the scaffold.
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4 Conclusion

The preparation of a proper scaffold for tissue engineering is a complex procedure
that must consider, among other parameters, the correct porosity, biocompatibility,
high level of interconnection and good mechanical properties. Here we concen-
trated on exhaustive investigation of the hydrogel preparation.

The most important parameter for a hydrogel is the shear viscosity that must be
high enough to prevent the collapse of the three dimensional network during the
SC-CO, extraction. We used DPD to calculate shear and bulk viscosity in 15
ternary systems with water content equal or higher than 95%. The maximum in
shear viscosity is reached for a composition of 95% water, 3% alginate and 2%
gelatin. The region between 97 and 95% of water show acceptable shear viscosity,
in order to prevent the collapse of the network. The water content in any case
cannot be higher than 98%. We synthesized new samples that confirm the DPD
results. Taken together, these results indicate a reliable strategy for the design of
biomaterials, using MD and DPD simulations. The study indicates that the com-
bination of experiments and the computer simulation can be an effective way of
designing and developing the polymer blends with the tailored properties.
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Molecular Dynamics and Morphing
Protocols for High Accuracy Molecular
Docking

Lucia Sessa(®, Simona Concilio® and Stefano Piotto

Abstract Molecular docking is a popular technique to analyse the geometry and
the interactions of a ligand in a protein binding site. Flexibility in molecular
docking studies is particularly important when the binding pocket is buried inside
the protein and the ligand binding is responsible for backbone deformation of the
receptor. The major limit is that the most popular docking programs do not consider
the conformation changes in the protein of the receptor during the process of
binding of the ligand. Here we have considered sampling of molecular dynamics
trajectory, and morphing protocol to generate conformers of the receptor, which
differs from the available crystal structure. We have also considered the presence of
conserved residues to drive ligands toward the binding pocket under blind docking
analysis.

Keywords Flexible docking - Yada - Cross-docking

1 Introduction

The main goal in drug discovery is the accurate evaluation of ligand binding to a
protein receptor. The computational techniques are gaining interest because they
reduce the time and the cost of experimental tests to identify a bioactive compound.
In this field, molecular docking is the most used tool to analyse the geometry and
the interactions of a ligand in a protein binding site. Recently [1, 2], docking
technique has been used successfully for designing new drugs with high binding
affinity [3].
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The aim of this study is to explore the limits of current docking method and the
best strategies to improve the accuracy. The major problem is that the most popular
docking programs do not consider the conformation changes in the protein of the
receptor during the process of binding of the ligand. When the three-dimensional
structure of a protein is known, it only represents the protein conformation under
the condition of the X-ray crystallography experiment. Crystallographic data show
that different ligands may stabilize different receptor conformations. Consequently,
the 3D structure represents only a successful binding event of a specific protein
conformation and ligand. Because a single representative structure for the receptor
in docking study is not enough, the flexible docking is widely used today.
Flexibility in molecular docking studies is particularly important when the binding
pocket is buried inside the protein and the ligand binding induces the backbone
deformation of the receptor to permit the ligand to get in. Cross-docking is a
validation procedure consisting in docking a series of ligands into different con-
formations of the same receptor and calculating root mean square deviations
(RMSD) between the predicted structure of a ligand/receptor complex with the
better binding energy and the crystallographic complex conformation. Since the
structures of the same receptor can be rather different, the cross-docking results are
typically very poor [4]. It is well known [5-8] that proteins acquire different
conformations upon binding with ligands.

Typically, receptor flexibility, when considered, is limited to side chain mobility.
This flexibility is easy to perform and is available on the most popular docking
software. Unfortunately, with few exceptions represented by surface binding sites,
it does not offer a general and reliable procedure and it fails when the ligands are
confined in the interior of the protein. Recently, and similarly to the work of Zhao
et al. [9], we started to explore the possibility of using molecular dynamics (MD) to
generate alternative backbone conformations. MD is an inexpensive method to
generate a series of target structures for docking analysis. MD deforms the shape of
the cavity that may now accommodate the ligand in the docking studies.
Unfortunately, based on the docking results the MD provided various conforma-
tions with different internal cavities but this was not enough to improve the docking
results. The problem of docking can be reduced to the search of the best method to
add backbone flexibility without avoidable deformation. In the present work, we
have considered sampling of molecular dynamics trajectory, and morphing protocol
to generate conformers of the protein, which differs from the available crystal
structure. We have also considered the presence of conserved residues to drive
ligands toward the binding pocket under blind docking analysis [10].

The use of a single structure of the receptor can radically affect the outcome and
alter the cross-docking results. This is because in that conformation the buried
binding pocket is not large enough to accommodate all ligands. In these cases, the
ligands remain confined on the receptor molecular surface. Here we take into
account the androgen receptor (AR) since several receptor/ligand structures are
known, and it provides a good set for docking method validation.
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2 Materials and Methods

2.1 Data Set

The androgen receptor is a nuclear receptor that controls the expression of specific
genes [11] with a binding site well buried inside. The natural ligands are
Sa-dihydrotestosterone (DHT) and testosterone (TES) [12]. In the PDB database
there are 204 structures collected via X-ray crystallography and nuclear magnetic
resonance (NMR). In our study, we selected 11 crystallographic structures of AR in
complex with 11 different ligands (see Table 1). The proteins showed the 100% of
sequence identity. To estimate the conformational variability of the experimental
structure of AR, we report the RMSD values calculated between the receptor
structure in 3L3X (the crystallographic structure with the native ligand) and
the receptor structure in the other 10 AR conformation. The resolution of the
protein/ligand complex was smaller than 2 A. The binding site is buried inside the
protein; it represents a cavity that hosts the ligand. The position of the binding site
was the same in all structures, while the shape and the volume are rather different.
We calculated, for all receptors, the Van der Waals surface using 1.4 A as radius of
the water probe. In Table 1 the volumes of the cavities and of the respective ligands
are compared. For two receptors (2AM9 and 3B67) the binding pocket is not
insulated from the solvent and, therefore, there are not cavities to calculate.

In Table 2 the structures of the 11 ligands are shown. The ligand R18 is the only
ligand with a steroid structure similar to the natural ligand DHT and TES.

Table 1 Receptor dataset

PDB Ligand Resolution RMSD respect to Volume Volume
ID A) 3L3X (A) cavity (A%) ligand (A%)
3L3X DHT 1.55 0.000 561.47 322.62
2AM9 TES 1.64 0.469 n.a. 323.81
1XOW | RI8 1.80 0.389 520.6 315.83
3B5R B5R 1.80 0.572 650.8 395.87
3B65 3B6 1.80 0.602 651.5 375.26
3B66 B66 1.65 0.573 648.6 393.86
3B67 B67 1.90 0.512 n.a. 406.27
3B68 B68 1.90 0.606 767.30 420.89
2AX8 FHM 1.7 0.454 657.3 375.61
2AX9 BHM 1.65 0.464 555.6 295.86
2AX6 HFT 1.5 0.521 520.1 268.44




L. Sessa et al.

88

(panunuod)
HO, /////
.
o oprureuedoxdAyeur-g
Z Y -Kx01pAy-g-(Axouaydoued-y)-¢-([Auoydopor-¢-oueko-)-N-(S¢) | 9d€ | S9d¢
N X El
4
o aprwreuedordiAyjow-g-Axo1pAy-g
Z ° -[1Aueyd(jApeworonyn)¢-oueko-]-N-(Axousydorony-¢-o1o[yd-)-¢-(S7) | A | USE
UO-¢-UAL-T 6 H-ensA[AYIaW- £ [-Ax01pAy-£ [-(30qLT) | 8T | MOXT
QUOIA)S0IS], SHL 6INVC
quorsoisajoIpAyrp-eydie-¢ | THA | X¢€T1€
QuEN ar add

QImonns

josejep puedry g dqeq,



89

Molecular Dynamics and Morphing Protocols ...

El
E} H OH
N
E)
0. (o}
N

d oprwreuedord (jAusyd(jAypeworongin)-¢-oniu-)-N-[Ayjow-g-AxoIpAy-z | IJH| 9XVT
] u I/‘.VM\
N X g
El
.O/Z (e}
I oprureuedord [[Kuoyd(Ayieuroronym)-¢-on1u-]-N-[Ayaw-g-Ax01pAy-g-owoiq-¢-(4) | WHI | 6XVT
4 /@/
S ° 4 sprwreuedord
I [[Auoyd(jAyreworonym)-¢-ontu-]-N -[Aylow-g-Lxo1pAy-g-(Axouaydorony-y)-¢-§ | WHA | 8XVT
4 HO, &
’ { ,,,,,u 0,
El o
O o %
m b oprureuedoid [[Auayd([Ayyewroronyiiy)
° -g-on1u-]-N-[Aypew-g-Axo1pAy-z-[Axouayd(ourure[Q1aoe)-]-¢-(S7) | 899 |  894€
E] HO. o E]
El
N ¢ 4 4 aprwreuedoid (Axousydoronpgeiuad)
I : -¢-[1Auayd(jApoworonyn)-¢-oniu-y]-N-[Aypowr-g-Axo1pAy-g-(Sg) | L99 |  L9dE
4 N
4 H HO, qz// )
| L
= * W ” I[IIUOZUdq ([AYJowoIonyin)
) ! -¢-{ourwe[j&doid(Axouaydontu-p)-¢-[Apow-g-Kxo1pAYIp-' 1-(STADI}-v | 999 |  99d€
AImonng QwreN dl adad

(Ponunuod) g Iqe,



90 L. Sessa et al.

2.2 Sampling Stage

The flexible docking protocol [4] permits to explore the receptor conformational
variability. Proteins extracted from crystal structure were prepared by adding
hydrogen atoms with the protonation state simulated to pH = 7.4. All water
molecules and molecules different form the ligand compound (such as glycerol etc.)
were removed. A molecular dynamics simulations (MD) of the complexes were
performed using a method already described in our previous work [4]. We collected
from MD 5000 conformations for each ligand/receptor complex at regular time
interval (each 500 ps).

2.3 Morphing

Morphing method generates a clash-free, physically rational, trajectory connecting
two or more conformations of a macromolecule. We created a hybrid receptor
structure (HYBR) transforming a structure with small cavity (3L3X with 561 A3
into a structure with bigger cavity (3B68 with 767 A*) during a simulated annealing
minimization. A low-energy pathway between the two conformations was calcu-
lated with YASARA [13] using the Amberl4 force field [14]. After removing
clashes with an initial unrestrained steepest descent minimization, the procedure
continued with a restrained simulated annealing minimization (time step 2 fs, atom
velocities scaled down by 0.9 every 10th step). A force of 100 Piconewton
(pointing towards the target coordinates) was applied to all the atoms and the
RMSD from the target coordinates was measured every 10th step. If the RMSD
improved less than 0.01 A, the pulling force was increased by 50%, till a maximum
of 10,000 pN.

2.4 Docking Stage

The molecular docking simulations were performed using a new version of the
software YADA [15] in which the docking analysis is correlated to the receptor
sequence conservation. In addition, YADA exploits a novel genetic algorithm to
improve the pose ranking. To reduce the computational time we used a specialized
grid (GRIMD) to distribute the calculations [16].

The AR protein is highly conserved through species, the binding pocket (Fig. 1)
is extremely conserved and, therefore, the use of YADA was particularly
appropriate.

We build the conservation string in two steps. Using the web tool BLAST [17],
we collected 1000 proteins reported in Uniprot database [18] with similar sequence
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Fig. 1 Molecular surface of AR (PDB 3L3X). In yellow are the highly conserved residues of the
protein, in grey are showed the residues with low conservation trough the species (a and c).
Section of the conserved binding pocket housing the DHT (b and d)

to AR. Then the conserved regions were extracted by multiple sequence analysis
using the tool online ClustalOmega [19].
The conservation string built for AR is the following:

Seq 1-50 SQPIFLNVLEAIEPGVVCAGHDNNQPDSFAALLSSLNELGERQLVHVVKW
Cons-weight 48815547953999478679495339840218955992956697616999
Seq 51-100 ARALPGFRNLHVDDQMAVIQYSWMGLMVFAMGWRSFTNVNSRMLYFAPDL
Cons-weight 69389998897679964689899928649687999934455379899999
Seq 101-150 VFNEYRMHKSRMY SQCVRMRHLSQEFGWLQITPQEFLCMKALLLFSIIPV
Cons-weight 87880893271674392184365479259865069977994888853892
Seq 151-200 DGLKNQKFFDELRMNYIKELDRIIACKRKNPTSCSRRFYQLTKLLDSVQP
Cons-weight 79974920979793499699262831324522225499889988996563
Seq 201-250 IARELHQFTFDLLIKSHMVSVDFPEMMAEIISVQVPKILSGKVKPIYFHT
Cons-weight 64349328482384353243969979839895196996349258664993

The residues with conservation weight > 7 were treated as conserved amino
acid.
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In Fig. 1 the conserved regions in AR protein are mapped in yellow. We put in
evidence a section of the binding pocket (B and D) housing the DHT. The rest of
the protein surface is represented in grey.

3 Results

The crystallographic structures of 11 AR/ligand complexes show clearly how the
receptors deform their conformations to better accommodate the ligand during the
binding. In some re-docking studies, we observed that some popular software [20—
22] are very accurate in reproducing the complex structure. Unfortunately, in case
of cross-docking, that is the docking of a ligand against the crystallographic
structure of the same protein with different ligand, the results are extremely poor.
There is a large variation of accuracy in cross-docking if ligands different in size,
shape or chemical structure are docked into one structure.

Our goal was to improve the output introducing some degree of receptor flex-
ibility. We collected different receptor conformations at regular intervals of time
during a long MD simulation. The MD is an easy way to collect different con-
formations of the receptor that hopefully can match a crystallographic structure.

Unfortunately, this method is largely unsatisfactory because of the huge amount
of data required for increasing the docking reliability. Furthermore, remains the
problem to identify the correct receptor structure and to perform a docking analysis
on that specific structure.

To validate the procedure of flexible docking, the predicted pose with the highest
binding energy was superposed on the crystallographic complex conformation to
calculate the root mean square deviation (RMSD).

The overall results of re-docking as listed in Table 3 is excellent (italic), but the
cross-docking is severely limited.

The cross-docking study shows that small ligands like testosterone, are not
docking properly in AR receptor with large binding cavities. Larger ligands such as
3B6, B67 and B68, 4 times out of 11 did not enter in the receptor.

The application of morphing permitted to generate a new geometry (HYBR) that
greatly improved the quality of docking. Even large ligands (3B6 and B68) can
enter the structure (Fig. 2a and b). R18 is the only ligand with a steroid structure
like testosterone and DHT, with a low RMSD in all structures but with a RMSD of
3.75 A in HYBR. This is because the binding pocket of HYBR is large enough to
accommodate R18 in an upside-down conformation (Fig. 2c).
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Fig. 2 a The best pose HYBR/3B6 superposed with the crystallographic one (3B65) (left). The
best pose 3L3X/3B6 superposed with the crystallographic one (3B65) (right). In green is the
experimental ligand pose; in magenta is the ligand docked pose. b The best pose HYBR/B68
superposed with the crystallographic pose (3B68) (leff). The best pose 3L3X/B68 superposed with
the crystallographic one (3B68) (right). In green is the experimental ligand pose; in blue is the
ligand docked pose. ¢ The best pose HYBR/R18 superposed with the crystallographic pose
(1XOW). The hydroxylated group on the left shows the upside-down conformation of the docked
ligand
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4 Conclusion

When the crystallographic structure of the complex protein/ligand is available, the
position of the binding site is known and the docking procedure is facilitated. In the
present work, we compared 11 different AR/ligand complex and the binding pocket
was the same in all structures. The binding pocket is also extremely conserved, so
the software YADA is particularly adapt to dock an AR agonist. Unfortunately, AR
is a particularly flexible receptor and the binding site deforms to adapt to a large
variety of ligands. Therefore, it is critical the choice of the receptor geometry, and
poor results can results from inaccurate receptor choice. Often, the changes in the
binding pocket geometry are overlooked in docking works. Here we presented new
protocols to deal with backbone flexibility.

We compared the deformations produced by molecular dynamics, with the ones
obtained using of morphing procedure. Molecular dynamics downside is evident for
proteins with a very flexible binding site. When unrestrained dynamics is used, the
backbone flexibility is too high to prevent the irreversible collapse of the binding
site. Therefore, the only available choice is morphing that is capable to deform the
binding site even when it is buried inside a protein. The presence of highly mobile
and conserved residues can be exploited in restrained MD simulations and it will be
the subject of further investigations.
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Modelling Giant Lipid Vesicles Designed
for Light Energy Transduction

Emiliano Altamura@® , Francesco Milano( , Massimo Trotta® ,
Pasquale Stano@® and Fabio Mavelli

Abstract In this paper a deterministic kinetic model describing giant lipid vesicles
designed for the transduction of light into chemical energy will be presented and
discussed. Although the model is based on a simplified mechanism, kinetic con-
stants taken from experimental measurements have been used. The obtained results
have shown that giant vesicles encapsulating the Reaction Center in the lipid
membrane can exhibit, in suitable experimental conditions, a sensible increase of
the internal pH in half an hour under a constant light irradiation.

Keywords Reaction center - Giant vesicles - Light transduction - Kinetic model -
pH gradient

1 Introduction

The synthesis of living cells, starting from scratch is one of the most challenging
goals in chemistry and biology [1, 2]. As first, this theme was conceived in the field
of the origin-of-life on Earth studies [3, 4], but, in the recent years, it has been
enforced due to rapid expansion of synthetic biology that has given additional
conceptual stimuli and technical tools to this topic [5, 6]. Despite the recent pro-
gresses in the implementation of compartmentalized enzymatic systems [7], the
primary generation of chemical energy by molecular machineries remains a missing
key function. In this paper, we try to bridge this lack, by studying the feasibility of
the implementation of protocells, i.e. simplified minimal cells, capable of trans-
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ducing light into chemical energy based on the reconstitution of the photosynthetic
reaction center (RC) in the membrane of giant unilamellar vesicles (GUVs).

The photosynthetic reaction center (RC) is a transmembrane pigment-protein
complex that plays a major role in the photochemical conversion of light into chemical
energy in plants, algae and photosynthetic bacteria [8, 9]. It couples light-induced
electron transfer to the generation of a proton concentration gradient across a lipid
membrane, via reactions involving a quinone molecule that binds two electrons and two
protons at its active site. The so-obtained electrochemical gradient can be harnessed to
synthesize ATP [9]. It has been previously show [10-12] that the reconstitution of
functional, but randomly oriented, RC is possible in conventional (diameter 50100 nm
see Fig. 1) lipid vesicles typically obtained by the detergent depletion method [13].

On the other hand, in recent papers, we have prepared giant lipid vesicle (1—
100 um) by using the droplet transfer method [14, 15] in order to encapsulate in the
internal core volume enzymes for cascade reactions [16], suspension of purified
biomolecules for the synthesis of proteins and nucleic acids [17]. Furthermore, we
have also explored the possibility to decorate the lipid bilayer with self-assembled
pores made of hydrophobic molecules in order to improve transportation of sub-
strates across the vesicle membrane [18].

Remarkably, the facile assembly of GUVs, as obtained by the droplet transfer
method, paves the way to couple this technique with the procedure for the recon-
stitution of RC in nano-sized lipid membrane. This can allow the construction of
novel and more functional protocells for synthetic biology (RC@GUVs) able to
transduce light energy in chemical energy in form pH gradient that ultimately can
be exploited for the synthesis of ATP molecules.

This work is part of a series of ongoing experimental [16—18] and theoretical
investigations [19-22] on the design and construction of self-sustaining protocells

Fig. 1 Physiologically oriented photosynthetic RCs within a nano-sized vesicle membrane
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[2]. In particular, here we try to assess theoretically the feasibility of RC@GUVs as
transducers of light into chemical energy in form of a pH gradient taking place
across the lipid membrane. For this purpose a simplified deterministic model for the
reaction center photo-activity will be presented in the next section. This model will
be used to predict the rate of the pH increase in the internal aqueous lumen of
GUVs under defined operative conditions.

2 The Photo-Conversion Model

In this section, a simplified model for the cyclic photo-conversion performed by
RCs will be presented and discussed in details (see Fig. 2). The proposed reaction
scheme has been derived from a more detailed stochastic model recently presented
by Geyer et al. [23] and further improved from some of the authors [24]. The
Geyer’s model is focused on the description of the behavior of in vivo chro-
matophores under different operative conditions and it takes into account also the
presence of the enzymatic complexes: ubiquinol-cytochrome c¢ oxidoreductase and
FO-FI ATP sythase in the membrane of the compartments. On the other hand, the
aim of our simplified model is only to make a forecast for the pH time increase in
the RC@GUVs internal lumen under fixed experimental conditions: a continuous
illumination and the presence of an excess of quinone and cytochrome ¢**. In
particular we are interested in estimating the time scale of the proton consumption
by ranging the size of the GUVs and the RC surface concentration.

2.1 General Assumptions

The main assumptions that underlie our theoretical approach are the following:
(1) the stochastic effects due to fluctuations in the occurring time of reactive events

Fig. 2 The RC photocycle. hv
Schematic draw of the QH
reaction network for 2 DQ,Q;
transducing light into \
chemical energy producing an
increase in the internal pH of D*Q,Qq”
GUVs. Blue labels evidence Q oyt c2*
aqueous species o
DQ,QgH, cyt ¢
" DQ,QH
cyt c+ /
D*Q,QzH \
oyt o QA B
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can be neglected [25], at least in first approximation, since giant vesicle are very
large (with diameter ranging from 10 to 60 pm) compared to natural cromatophores
(with diameters ranging from 40 to 60 nm); (2) giant vesicles are considered
spherical systems, with poly-dispersed diameters, composed by a lipid bi-layered
membrane and the aqueous internal core; (3) diffusion is assumed very fast compare
to chemical reactions and it will be neglected in first approximation [23]; (4) all the
reactions of the photo-cycle take place in the lipid membrane, where all the reacting
specie are embedded except for the oxidized/reduced cytochrome and protons that
are bulk aqueous species taken from external and the internal water pool respec-
tively; (5) the free quinone Q is present in excess in the lipid membrane, so that the
Qg site of the reaction center is supposed completely occupied.

2.2 The Photo-Cycle Reaction Network

A sketch of the proposed reaction network for the photo-cycle is reported in Fig. 2.
The kinetic mechanism is composed by 5 different main stages that condense many
elementary steps in order to simplify the mathematical treatment. Under the
assumption that an excess of free quinone is present in the lipid membrane, the
process starts when RC (DQAQg) absorbs a photon and generates an electron-hole
couple (D*QAQg). This event triggers the first stage of the photo-cycle: the cyto-
chrome cyr ¢®* present in the external solution donates an electron by reducing the
RC, while a proton taken from the internal aqueous solution neutralizes the negative
charge on the Qg site (DQAQgH). These two stages are repeated when a second
photon is absorbed generating again an electron-hole couple (D*QAQgH). This
electron-hole intermediate undergoes the same fate as before: it consumes another
molecule of ¢y ¢** and binds a second proton, thus producing the quinole in the Qg
site (DQAQgH>). Therefore, a pH increase is determined in the giant vesicle internal
water pool by proton depletion. The quinole is then rapidly replaced by a fresh
quinone from the lipid membrane and the photo-cycle can starts again by absorbing
a new photon.

In vivo, the quinol-cytochrome c oxidoreductase recycles both the quinone/
quinol and the reduced ¢**/oxidized ¢** cytochrome pools, while the proton gra-
dient is used by the cell to fuel ATP synthesis and ultimately the whole metabolism
of the organism. As already mentioned, in this paper the attention is focused only
on the light-driven proton depletion in the internal vesicle aqueous core due to the
RC photo-cycle.

2.3 The Reaction Rates

The mechanism proposed is constituted by two main stages: (a) the electron-hole
couple formation driven by the photon absorption and (b) the proton uptake and RC
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reduction due to the cytochrome ¢** oxidation. These two stages are repeated twice
in a photo-cycle, reactions (1) and (1’), (2) and (2') in Fig. 2, in order to form a
quinol.

Therefore, a final stage occurs (3) that consists in the replacement of quinol in
the QgH, site with a free quinone present in the lipid membrane. This brings back
the RC to the initial state of the photo-cycle.

Stages (1) and (1') can be approximated into elementary steps by the following
scheme that takes place in the lipid membrane { }u:

{DQAQuX} o {D " QaQaX},— kup{D T QuQsX},,

where label X can represent both the precence of a bounded hydrogen or its
absence. k.qp is the rate of the electron transfer from Qa to Qg while k., is the
constant for the charge recombination, both constant value are reported in Table 1.
o, 1s the rate of charge separation driven by the photon absorption under the
experimental conditions. By using the steady state assumption on the intermediate
[DT Q5 0pX]y the rate of the stage can be approximated by the following formula:

keqbaph
1 =——"——|D X 1
i foog + keqb[ 040X\ (1)

[DO40pX]m being the membrane concentration of DQAQp or DQAQgH
involved in stage (1) and (1') respectively.

In order to estimate o, we consider that the sample can be irradiate through a
red filter (A > 600 nm) using a halogen lamp. The measured irradiance, after the
red filter is ca. 200 W/m? (DO 9721 Quantum Photo-Radiometer, Delta OHM). It
can be shown that, according to the emission spectrum of the source, the irradiance
in the 800-900 nm range (where the RC exhibits a absorbance peak) correspond to

Table 1 Rate constants for elementary steps involving the Reaction Center

Reaction Rate Constant value References
constant

Charge recombination krcq 10s7! [12]

Electron transfer from D to Q, kegb 1010 57! [23]

Binding of reduced cytochrome c, ke 1.4 x 10° nm®/ [23]
(s-molecule)

Reduction of D* and unbinding of keub 10°s7! [23]

oxidized ¢,

Proton uptake and transfer to Qy kgn 10 nm3/(s~molecule) [23]

Quinone binding Ky 1.25 x 10° nm%/ [23]
(s-molecule)

Quinol unbinding kqub 40 57! [23]
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ca. 10% of the total irradiance. Thus, taking into account the distance between the
lamp and the vesicle suspension, the photon flux density in the 800-900 nm range
that reaches each GUV can be estimated by reducing the lamp outgoing flux by an
attenuation factor 10° obtaining: 0.02/(hc/2,,), where h and c are the Plank constant
and the speed of light, whereas 4,, is the average wavelength (i.e., 850 nm). This
gives a 800-900 nm photon flux density (PFD) of 8.55 x 10'® photons s~ m™2.

As the cross section area of the BChl dimer of about 1.0 nmz, it can be calcu-
lated that each RC is irradiated by about 0.086 photons/s per RC in average. The
probability p of photon absorption can be estimated from the RC molar absorption
extinction (€) in the 800-900 region, according to the formula p = 2.3 Eq/S, where
E is the molecular extinction coefficient (nm?) (E = 1.67 x 1077 x ¢), whereas
S (nm?) is the cross-sectional area of the chromophore (more correctly, the area of
density of electron which is responsible for the optical transition), while g is a factor
taking into accounts the diverse possible orientation of the chromophore [26]. By
using €g9p_9p0 ~ 1 X 10°ecm™ ' M™!, g = 0.3, S ~ 1 nm?, p is about 1%. This means
that under the assumed constant illumination conditions, the rate of charge sepa-
ration driven by photon absorption is about g, = 8.6-107* 1/s.

Stages (2) and (2') represent different elementary steps: (a) the cytochrome
binding and unbinding from the external aqueous solution, that determines the
reduction D*—D, (b) the proton uptake from the internal water core. These two
processes can take place with different order bringing to the formation of
DQAQgXH. Therefore, we assume that the global reaction rate can be calculated by
the following formula:

kc}, [CZ7L ]0 —
e <kcub + kep [CzZT]oUT Cll D7 0:0p X, .

where [D"QAQgpX]ym is now the membrane concentration of the electron-hole
couple D*QAQg or D*QAQgH, while the subscripts OUT and IN indicate aqueous
concentrations of the external and the internal water solution respectively.
Equation (2) takes into account that in normal conditions the proton uptake is the
rate determining step, but the global rate is also modulated by the cytochrome
concentration. In fact, if [C2+]OUT > 0 step (a) does not influence the global rate at
all, otherwise when [C2+]OUT tend to O step (a) reach a stationary condition.
Finally, the rate of stage (3) is calculated as follows:

r3 = qub[DQAQBHZ]M (3)

assuming that the quinole unbounding is the rate determining steps in the Qp site
repletion, due to the presence of an excess of quinones in the lipid membrane, i.e.
assuming that kg,[Qlm > Kgup-
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2.4 The Ordinary Differential Equation Set

The differential equation set (ODES) to be solved in order to get the time evolution
of all the reacting species involved in the photo-cycle can be written down as
follows:

(a) d[DQ;;tQB]M — =1 (2) % - _n
d|D* 0405 d|cy?*
(b) [ d;‘ B]M =1 (h) [”dr]OUT — _ VS(;AZ/T (7”2 +r2,)
(©) d[DQAdQBH]M R (0 d[cytd Jour _ Su (rs+r2) @
t t our 4
d|D* 0,0z H +
(@) L2y iy () — Sy 4y )O((H )
d[DOs0sHs]y _ _
(E) [Dth 2] == - DG6UV (Vz + rzl)q)([H+}IN)
() 6 = rs
. K

The ODE set is composed by ten equations seven (a-g) describing the time
evolution of membrane species and three (h—i) the time course of bulk aqueous
species. [cyr* lout and [y oyt are present in the external environment, while
[H |y is depleted from the internal water core of the giant vesicle. Since the
reaction rates r; are all expressed as surface reaction rates, i.e. the unit measure is
[mol dm™?t""], they must must be converted from a rate per surface unit into a rate
per unit volume [mol dm >t '] by multiplying them for the surface/volume ratio
Su/Vin. Sy is the surface area of the giant vesicle membrane, while Vjy is the
volume of the water pool where the bulk aqueous species are present. Assuming
spherical vesicles, the ratio Syy/V;y simply reduces to 6/Dgyy as reported in Eq. 4
(D), Dgyy being the giant vesicle diamenter. On the other hand, for the species
located in the external environment Voyr is the GUV co-volume obtained by the
reciprocal of the number of vesicles per unit volume:

1
NaCoyv

(5)

Vour =

where Cgyy is the GUV molar concentration and N4 the Avogadro’s Number.
Moreover, the function ®([H"];y) in Eq. 4(i) takes into account the acid-base
equilibria occurring in the vesicle water pool, as discussed in the next session.

2.5 The Differential Equation of Proton Consumption

In order to couple the differential equations describing the proton depletion in the
internal water core with the rate of hydro-quinones and quinoles formation in the
lipid membrane, the acid-base equilibria taking place in the vesicle water core are
assumed so fast to reach rapidly equilibrium:
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TH* < HY + Tr Ky = g ()

H,0 X H* + OH~ Ky = [H*]y[0H ]

The first equilibrium reported in Eq. 7 is due to the Tris buffer while the last one
is the water protolysis. Tris buffer is usually present as chloride salt TrH"CI™, at
very low concentration in order to adjust the initial pH value to 7.0 inside the
GUVs. The following values have been used for the equilibrium constants:
pKr: = 8.2 and pKw = 14. Therefore, the differential equation describing the
proton comsumption in the vesicle aqueous core can be obtained by writing down
the hydrogen/charge balance equation:

6
Dgyy

([DOAQsH],, + [DT Q405 H),, +2[DO4Q5H:),, + 2[0Hs)],,)

+[H* Iy + [TrH * Jiw=[OH ]}y +[Cl"] 1y

(7)

that accounts for the accumulation of negatively charged species in the vesicle
lumen due to proton binding by the membrane. By using the acide-base equilibrium
equations (Eq. 7) along with mass conservation laws of Tris Buffer:
Cr, = [Tr] + [TrH"] = [CI"], one has:

6
Dgyy

([DQsQyH],, + D 0aQFH]y, +2[D0sQsH )y +2(0Ho]y,) =
CTrKTr KW (8)

B Kr+[HY |y [HT ]y

By deriving both members of the previous equations and rembering Eq. 4c—,
finally it is obtained the searched relathionship:

d[H+]IN__ 6 r2+}’2/
dt - D 1 + Cr K7y Kw
ooy (KT;+[H+],N)2 + [H+ ]y

3 Results

In this section, the outcomes obtained by numerically solving the ODE set reported
in Eq. (5) are presented and discussed. In Table (2) the used parameters are
reported. By neglecting the membrane thickness (ca 4 nm), the giant vesicle con-
centration can be estimated by assuming that all lipids present in the system form
vesicles with an average diameter Dgyy = 20 pm:
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Table.Z Parame‘fters used for  paiater Label Value
numerically solving the ODE Reacti - c 2.0 uM
set reported in Eq. (5) eaction centre concentration 'RC 0 p
Reduced cytochrome concentration Ceos 50.0 uM
Quinone bulk concentration Co 50.0 uM
Lipid concentration Crip 400 uM
Average vesicle diameter Dgyy 20 pm
POPC lipid head area o 1p 0.72 nm?
Initial pH in the vesicle aqueous core pHo 7.0
Criporip
Couy = DL )
ooy

where the factor 2 takes into account the bi-layered nature of the membrane,
whereas SypmeDguy is the vesicle spherical surface. The amphiphile head area is
set considering a pure POPC GUV suspension: o;;» = 0.72 nm?. The initial surface
concentration of [DQ40glo = 0.12 nmol/dm® and [Q]o = 5.78 nmol/dm? are
obtained multiplying the bulk concentration, reported in Table (2), by the ratio
Vout/Smems Where Vour = 1.45-10'" dm? has been calculated with Eq. (6). In the
case of RC the obtained value has been also divided by 2, assuming that proteins
are randomly oriented and only 50% are aligned correctly to interact with the
external cytochrome.

Moreover, it is worthwhile to stress that the obtained surface concentration is
about the 30% of the RC average density in the intra-cytoplasmic membranes of
photosynthetic bacteria [27].

In Fig. 3, the time course of the reduced/oxidized cytochrome bulk concentra-
tion and the quinone/quinole surface concentration are reported in the upper and
lower plot respectively. These graphs clearly evidences that, in the plotted time
window, quinone and reduced cytochrome can be considered really in excess
accordingly to the made assumptions, since their concentration remains almost
constant in time.

On the other hand, Fig. 4 shows that after 30 min the surface concentrations of
the different reaction center forms present in the lipid membrane reach a
quasi-steady state. The concentration values at the steady state are represented by
the black dotted horizontal lines and they can be obtained by equating to zero Eq. 4

(a)—(e):

[DOAQBly 57 _ [DOAQHy 51 _ kg  [DQaOpHa]y 57 _

0.5
Crc Crc k—k“’/fg“ - Crc
e+ keq
[D+QAQI;]M,ST _ [D+QAQEH]M,ST _ kqub [DQAQBHz}M.ST —73% 10710
CRC CRC (kv hkiftrzg' 2+ ) kqh 1 O_IJHO CRC .

(10)
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Fig. 3 Time course of the reduced/oxidized cytochrome bulk concentration (upper plot) and the
quinone/quinole surface concentration (lower plot)
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Fig. 4 Time course of different reaction center species in the GUV membrane. The logarithm of
surface concentration of each different species divided by the overall concentration Cgc is reported
against time
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and by substituting Eq. (11) in the mass conservation of the RC:

-1

[DOAQsH:] o I Kqub “ 11 x 10°5
C Kegh Opn ke Ce _ '
ke Krcg T ll:e,,b (k(.ub o ot ) kg 10-PHo

(11)

As it can be seen from the plot in Fig. 4, in the given experimental conditions,
the RC is mainly present in the two forms DQ,Qp and DQ,QgH (both about 50%),
while DQ,0gH, is present at a much lower fraction: 1.1 X 10~°. Furthermore, the
charged species “DQ,Qp and *DQ4QzH are very instable and they are present at a
very low fraction. It is import also to remark that Eq. (11) does not predict the
steady state value of the charged species satisfactorily, since their concentrations
depend on the pH of the internal vesicle solution that continuously change in time.

In Fig. 5, the pH time trend in the internal giant vesicle core is reported for
different vesicle diameter. The black line has been calculated using the same
parameters as in Figs. 3 and 4, while in order to determine the pH time courses
assuming different Dgyv also the Cgyv and Vour parameter have been recalculated
by using Eqgs. (6) and (7). This plot clearly displays that pH increases faster in
smaller GUVs. This is due to the fact that, since the surface concentration of
correctly aligned RCs remains constant, i.e. the ratio Crc/(0.5C;po;p), also the
uptake rate of protons per surface unit remains almost constant, while the internal
vesicle volume per surface unit increases as Dgyy/6 and this induces a slower
increase in the pH as the vesicle is getting larger.

Dgyy = 10 um
——Dg,,=20um
——Dg = 30um
Dgyy = 50 um

0 10 20 30 40
time (min)

Fig. 5 pH increase in the GUV internal aqueous core depending on the vesicle diameter D¢y
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Fig. 6 pH increase in the GUV internal aqueous core depending on the overall RC concentration

In Fig. 6, the time course of the internal pH is plotted for different RC overall
concentrations that are linked to the surface concentration by the formula:
[DOAOglo = 0.5CrcVour/Smem- As expected, the pH increase is faster when the
RC surface is higher. Moreover, even if the surface concentration of active RC is
very low (3% of the physiological value) an increase of 0.2 pH units is still
observed in 30 min.

4 Conclusion

In this paper, a simplified deterministic model has been presented and discussed in
order to assess the feasibility of the implementation of giant vesicles as light into
chemical energy transducers by using the photosynthetic reaction centers extracted
from Rhodobacter sphaeroides. In past years, giant unilamellar vesicles have been
prepared with enzymes encapsulated in the internal water core or proteins
embedded in the lipid membrane [16—18]. On the other hand, purified RCs have
been also successfully reconstituted in nano-sized vesicles keeping their function-
ality [10, 12]. In this paper, we envisage that RCs reconstituted in giant lipid
membrane RC@GUVs can be used as micro sized transducers for the conversion of
light energy into a pH gradient across the lipid membrane. We have shown that
RC@GUVs can produce, in the internal aqueous vesicle pool, a pH increase of
about one unit in less than half an hour when an excess of quinone and reduced
cytochrome are added externally. This increment can take place even if the RC
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surface concentration is lower than the one observed in nature (about 30%) and the
sample is continuously irradiated in a not very efficient way (attenuation factor
about 10*). Moreover, smaller giant vesicles have been proved to be much more
efficient energy transducers in terms of pH increase thanks to a more favorable
volume/surface ratio. We hope that these results will give a strong pulse to the
implementation of compartmentalized systems for light transduction by coupling
the photosynthetic reaction center and the giant vesicles, thus making a step forward
toward the synthesis of autotrophic protocells.
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A Computational Approach to the Design
of Scaffolds for Bone Tissue Engineering

Antonio Boccaccio, Antonio Emmanuele Uva, Michele Fiorentino,
Vitoantonio Bevilacqua, Carmine Pappalettere and Giuseppe Monno

Abstract Design of scaffolds for tissue engineering entails multi-disciplinary and
multi-scale aspects. Since in vivo analysis of the tissue regeneration process is quite
difficult in terms of selecting experimental protocols and requires considerable
amount of time, a variety of numerical models have been developed to simulate
mechanisms of tissue differentiation. The tremendous enhancement in computing
power led researchers to develop more and more sophisticated models mostly based
on finite element techniques and mechano-regulation computational models. In this
article, we present an algorithm that combines the finite element model of an
open-porous scaffold, a numerical optimization routine and a mechanobiological
model. This algorithm has been utilized to determine both, the best scaffold
geometry and the best load value (to apply on the scaffold) that allow the bone
formation to be maximized.

Keywords Geometry optimization - Scaffold micro-architecture - Bone tissue
scaffold - Computational mechanobiology

1 Introduction

Bone tissues undergo continuous remodeling to preserve functionality after injury.
Diseases or trauma may cause bone inability to maintain its initial structural
properties and even small perturbations may alter bone regeneration processes. In
these conditions, surgery is usually required in order to re-establish the structural
integrity of the fractured bone.

Bone defects of critical dimensions usually present harsher challenges to suc-
cessful bone repair. Scaffold implantation hence becomes mandatory as it provides
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a porous framework, i.e. an incubator for cell attachment and proliferation.
Scaffolds must favorite important biological processes such as vascularization,
signaling and production of extra-cellular matrix. Furthermore scaffolds must cor-
rectly transfer the mechanical loads to the biological tissues located in the vicinity.
Typically, three different groups of biomaterials are utilized in the fabrication of
scaffolds for bone tissue engineering: ceramics, synthetic polymers and natural
polymers. Each of these biomaterial groups has both, advantages and disadvantages
which led to the use of composite scaffolds comprised of different phases [1].
Mismatch of the mechanical properties, between scaffold and surrounding tissue,
can lead to stress shielding around the scaffold and subsequently inhibit tissue
ingrowth or lead to implant loosening. Therefore, the mechanical properties of
scaffolds for bone tissue engineering should be adapted to the mechanical properties
of the surrounding tissue.

Complexity of scaffold geometries and large variability of bone tissue properties
(e.g. pore size and distribution, mechanical properties, mineral density, cell type
and cytokines gradient features), as well as differences in age, nutritional state,
activity (mechanical loading) and disease status of individuals, make the design of
scaffolds a very challenging task.

The most common approach in bone tissue engineering is the ‘trial-and-error’
(T&E) approach where the existing design is modified based on the outcome of
in vitro or in vivo experiments [2, 3]. Such an approach requires costly protocols
and time-consuming experiments [3]. Furthermore, osteogenesis may be very dif-
ferent if it is produced through in vivo or in vitro experiments. For example, a lower
porosity stimulates osteogenesis in vitro by suppressing cell proliferation and
forcing cell aggregation, whereas a higher porosity and pore size (> 100 pum) results
in a greater bone ingrowth for in vivo experiments [4].

Computational models allow to simulate within a certain degree of approximation
how the mechanical environment affects tissue differentiation and bone regeneration.
Besides the fact that numerical simulations obviously reduces the experimental part
of bone tissue engineering, it should be remarked that computational models can be
used for carrying out parametric studies that help to fully understand the mechanisms
behind tissue differentiation. The accurate knowledge of those mechanisms will help
to enhance reliability of scaffolds functionalities [5—7].

The geometry of porous scaffolds has recently been shown to significantly
influence the cellular response and the rate of bone tissue regeneration [8—14].

The objective of this study is to optimize the geometry [15] of scaffolds through
the combined implementation of finite element models, numerical optimization
routines and mechano-regulation algorithms. In detail, an algorithm has been
developed to determine both, the best scaffold geometry and the best load value (to
apply on the scaffold) that allow the bone formation to be maximized.
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2 Materials and Methods

A parametric three-dimensional finite element (FE) model of an open-porous
scaffold with circular pores was developed to investigate its structural response
under compression loading (Fig. 1). To this purpose, the general purpose finite
element software ABAQUS® Version 6.12 (Dassault Systémes, France) was uti-
lized. Both the scaffold and the granulation tissue were modelled as poroelastic
materials. The radius R of the pores has been optimized so as to maximize the

(a) (b)

Fig. 1 a CAD model of the scaffold (a) and of the granulation tissue b occupying the scaffold
pores. ¢ Assembly view of the scaffold system
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Table 1 Material properties Material Property Value

utilized for the granulation ;

tissue Young’s modulus 0.2 MPa
Permeability 1 x 107" m*/N/s
Poisson’s ratio 0.167
Porosity 0.8
Bulk modulus grain 2300 MPa
Bulk modulus fluid 2300 MPa

Fig. 2 Finite element mesh
of the scaffold-granulation
tissue system

amount of bone. The bottom surface nodes were clamped while, a force to generate
an apparent pressure of 1.5, 2.5 and 3.5 MPa was applied on the nodes of the upper
surface via a rigid plate. According to Byrne et al. [16], the pore pressure on the
outer surfaces of the granulation tissue was set equal to zero.

According to Byrne et al. [16], the Young’s modulus for the scaffold was fixed
equal to 1000 MPa. The material properties used for the granulation tissue are listed
in the Table 1.

Mesh included poroelastic elements (C3D4P) available in ABQUS and was
properly (Fig. 2) refined so as to reach a good compromise between the compu-
tational time and the accuracy of the FEM predictions.

We developed in Matlab environment an algorithm that combines the finite
element model above described, a numerical optimization routine and a
mechanobiological model (Fig. 3). In each iteration cycle, the algorithm calculates
the biophysical stimulus acting on the tissue occupying the scaffold pores.

The biophysical stimulus that triggers the bone regeneration process was
assumed to be a function of the octahedral shear strain and of the interstitial fluid
flow [17-25]. Following Prendergast et al. [26] if 7 is the octahedral shear strain and
v the relative fluid/solid velocity, the stimulus S is defined as:
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Initialize the parameters to optimize

Optimization solver
Build CAD model

Apply boundary and loading
conditions Optimization
End

Run FEM analysis

Compare the computed biophysical
stimulus with the ideal one and
Compute the biophysical stimulus calculate the distance 6

Fig. 3 Schematic of the algorithm utilized to determine the best geometry and the best load value
for scaffolds for bone tissue engineering

s=1+

Q=

()

S <

a and b being empirical constants [27], where a = 3.75% and b = 3 pms™ . The
algorithm compares the actual biophysical stimulus obtained in the specific iteration
cycle with the ideal one that corresponds to the formation of mature bone and
perturbs the scaffold geometry until the difference between these two stimuli is
minimized. The optimization problem was solved with the Sequential Quadratic
Programming (SQP) method, a globally convergent gradient-based optimization
algorithm available in Matlab®. In each cycle of the algorithm, the Size of the
Current Search Direction (SCSD) is compared with the Step Size Tolerance (SST).
The optimization process terminates when: SCSD < 2SST. In the case the above
inequality is not satisfied, the optimization algorithm perturbs scaffold geometry
thus commencing a new iteration.

3 Results and Discussion

It was found that the ideal pressure value that can be applied on the scaffold surface
with a 200 pm radius circular pores is 0.1777 MPa. In Table 2 the values of R for
each of the hypothesized values of the compression loading are listed. Interestingly,
the obtained results are consistent with experimental studies reported in the liter-
ature [8].

Future research lines should be focused on the development of random-type
microstructure geometries as well as on including the angiogenesis process [28] in
the optimization algorithm.
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Table 2 Values of the radius Pressure (MPa) Radius R (um)
R predicted by the
optimization algorithm for 1.5 190
different values of the load 2.5 175
3.5 150
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Air Assisted Production of Alginate Beads
Using Focusing Flow Microfluidic Devices:
Numerical Modeling of Beads Formation

Francesco Marra, Angela De Vivo and Fabrizio Sarghini

Abstract Alginate micro-bead production represents an interesting technological
application in many fields such as pharmaceutical, food, and cosmetics. Usually the
studies of micro droplet or micro-bead creation in micro channels formed in dif-
ferent geometries and different techniques (mostly T channel or flow-focusing) have
been the subject of many research studies using pure, well characterized solutions
and do not take into account the behavior and interaction of food grade and natural
products. The possibility of using air as focusing flow [2] in microfluidic devices to
produce sodium alginate micro-bead introduce some advantages; for example, the
utilization of different focusing fluids like oil frequently requires complicate pro-
duction processes, introducing a barrier to the interaction of alginate solution with
the calcium ions during gelification phase and requiring a posteriori filtering and
washing procedure. Moreover, direct immersion of liquid alginate drops in a cal-
cium chloride bath to induce gelification usually happens at relatively high speed,
inducing a bead shape deformation due to inertial effects. As in microfluidics details
really matter, the geometry of the device represents an important issue: small
changes in geometrical configuration, like coaxial misalignment could results in
major changes in the dynamics of droplet formation. In this work such effects are
investigated using numerical analysis.

Keywords Alginate beads - Pre-gelation « Microfluidic -+ Numerical modeling
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1 Introduction

Conventional micro and nanoparticles (MP &NP) or encapsulated active com-
pounds fabrication techniques are often characterized by polydispersity and
batch-to-batch variations.

The technological framework is plenty of emulsification approaches, mostly
involving mixing two liquids in bulk processes, and many of them using turbulence
to enhance drop breakup.

In these “top-down” approaches to emulsification, little control over the for-
mation of individual droplets is available and, as a consequence, a broad distri-
bution of sizes is typically obtained, together with a limited loading efficiency
control.

This heterogeneity remains a significant obstacle in bulk preparation of drug
delivery systems or encapsulation of active compounds for functional foods.
Innovations in microfluidics, the science of manipulating fluids in nano/pico-liter
scale, introduce several opportunities to improve the fabrication process.

Microfluidic devices can be used both in NP fabrication and for core-shell matrix
encapsulation structures. In these processes, the active compounds are driven to the
area of adsorption by a carrier enclosed in matrix or core—shell configuration.

The majority of microfluidic methods produce droplet using passive devices
generating a uniform, evenly spaced, continuous stream of droplet whose volume
ranges from femtoliters to nanoliters.

Their operational modes take advantage of the characteristics of the flow field to
deform the interface and promote the natural growth of interfacial instabilities,
avoiding in this way the necessity of any local external actuation.

Alginate micro-bead production represents an interesting technological appli-
cation in many fields such as pharmaceutical, food, and cosmetics in both matrix or
mono/poly-nuclear encapsulation.

Industrial scale production of possibly monodispersed alginate beads with
desirable characteristics such as controlled size and shape is a desirable target in
food industry. Several mechanical and chemical methods had been introduced to
produce particles with narrow size distribution in a single step approach, (e.g.
milling, oil-water and water-oil emulsions, coacervation, spinning disk, atomiza-
tion, vibrating nozzle) [6].

Microfluidic devices plays an interesting role in microbeads production due to
their relatively cheap technology, and several devices based on different approaches
had been proposed; they seem to work quite well on a laboratory scale with fluid
mixtures of quite simple rheology and well known properties.

Nonetheless the scale-up of such technologies to the industrial scale often rep-
resents a powerful challenge, as several additional characteristics are required:
devices should be easy to build, possibly arranged in parallel arrays for mass
production with minimal interference between the single devices, the separation
between fluids and microbeads should be simple, and possibly cheap.
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Fig. 1 Sketch of the experimental set-up considered in this work

Among many possibilities, flow focusing is a microfluidic technique where two
or more phases of liquid or gases are co-axially focused and then forced through a
small orifice. The flow rate of the outer phase, called the continuous phase (CP),
usually exceeds that of the inner dispersed phase (DP), typically by ten to thousand
times depending on the fluid characteristics. The DP is thus forced into a narrow jet
and obliged by DP confinement to flow at the orifice. Due to the rapid change in
pressure chamber to the outlet and the prevailing effects of shear stress, fluid
dynamics instabilities appear, and the jet breaks up into droplets after passing the
orifice [6].

The experimental setup used for this work is described in Fig. 1, where two
different configurations (a and b) are depicted: in configuration (a) microbeads
produced by the air assisted microfluidic device (shown in Fig. 2) were collected
directly by a falling liquid film, acting like a liquid screen obtained using a slot in a
polycarbonate horizontal tube; in configuration (b) the micro-beads were recovered
after a longer fly using an open collector tank positioned at 1.2 m of distance from
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Fig. 2 Details of orifice of the air assisted microfluidic device used in the present study

the microfluidic device. The liquid screen was positioned at 0.15 m from the drop
formation zone, as the relatively high gas velocity would result in a liquid sheet
break-up if positioned at a nearer distance, otherwise leaving a hole for the drop
following.

In Fig. 2, the geometry of the microfluidic device used in this work is shown.
Solution containing the alginate moves in the internal tube, while air traveling in the
shell is then forced through the orifice (gas-liquid focusing device). In such a
device, the main driving force to generate and force the liquid jet out is represented
by the gas pressure drop applied to the gas stream, which—in this case—flows with
the liquid jet across the orifice of diameter D, as described in Fig. 2. The main
geometrical parameters are the internal and external diameters (D; and D)
respectively of the internal and external orificies, and the capillary-to-orifice dis-
tance H.

In order to obtain a better understanding the dynamics of drop formation and a
model prevision of their possible shape and dimension at the exit of the microfluidic
device, a numerical simulation was performed using computational fluid dynamics.

2 Materials and Methods

Alginate solution (DP) was obtained by purchasing low-viscosity alginic acid
sodium salt (obtained from brown algae, Sigma-Aldrich). The aqueous solution
used in the experiments was prepared by mixing for 12 h at 30 °C distilled water
with a 2% w/v concentration of alginate. The solution was then coloured using UV
activated red florescent Createx water based colour for optical inspection. Surface
tension for alginate was set to a value of 65 mN/m [1], while rheological properties
were obtained experimentally by using a Rheometrics RFS II rheometer. When
used in a 2% concentration, the aqueous solution of alginates exhibits a
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quasi-Newtonian behaviour, while increasing the sodium alginate concentration
enhanced the viscosity and shifted the flow behaviour from almost Newtonian to
pseudoplastic with thixotropy [9]. In this work a power-law formulation was
adopted in numerical simulations, being k = 0.2 the consistency index (Pa s") and
n = 0.88 is the power law index (dimensionless). Calcium chloride solution for
gelation was prepared using AppliChem GmbH Ottoweg Calcium chloride dried
powder pure at 97% in a baker stirred on a warm hot plate at 20 °C until the powder
was dispersed in distilled water, using concentrations varying from 0.5% w/v to 2%
w/v.

Size distribution of obtained alginate micro-beads was determined using a light
scattering particle sizer (Mastersizer 3000, Malvern Instruments), and optically with
an optical stereomicroscope equipped with a digital camera with 40X magnifying
power. Illumination was provided by using a UV lamp at 390 nm wavelength.
Mastersizer was used with a laser obscuration greater than 10%; experimental test
were repeated three times for each run, and micro-beads were characterized as
milky particles with particle adsorption index equal to 1.51 and particle refraction
index equal to 1.36. Results were averaged using at least 20 independent measures.

The general equation set governing transport phenomena has been obtained by
applying conservation of mass, momentum and energy laws on a control volume in
3D Cartesian coordinates, and it is described in the following lines [8]:

continuity equation

Dﬁ _ 811,‘

Di +p8—x,-:0 (1)

conservation of momentum (fluid flow equations)
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while for the evolution of the alginate fraction function C (Volume of Fluid)
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DC ocC
Dr + u; o 0 (5)
where, u; is velocity (m sfl), T is average temperature (K), P is pressure (Pa), p is
density (kg/m?), e = K" is the effective dynamic viscosity for the alginate
solution (Pa s), and ¢, is the heat capacity (J kg™' K™") at constant pressure, and
C is the fraction function. All the physical quantities are averaged
(¥ = CXug + (1 — C)Xur) depending on the fraction function C of alginate in the
local volume. i.e., for each cell, properties such as density p and viscosity are
calculated by a volume fraction average of all fluids in the cell.

These properties are then used to solve a single momentum equation through the
domain, and the numerical velocity field is shared among the fluids.

The numerical solver adopted in this work is OpenFoam (Openfoam v2.2.0, [5]),
a CFD software package.

Several mesh configurations were tested, ranging from 2E5 up to 2E6 control
volumes.

A Large Eddy Simulation approach was used for turbulence modelling of the gas
phase using a scale similar model [7], while CP-DP interaction was analysed by
using a Volume of Fluid (VOF) approach [4], as implemented in Denaro and
Sarghini [3]. A value of 65 mN/m of relative surface tension between alginate
solution and air was set [1], while rheological properties was obtained experi-
mentally by using a Rheometrics RFS II rheometer.

Several ratios between DP and CP were tested: CP mass flow rate ranged from 1
to 1.5 L/min and DP mass flow rate ranged between 0.3 and 0.5 mL/min.
Numerical simulations were adopted as a design tool to optimize geometrical
configuration of experimental setup and microfluidic device and to analyze jet
break-up dynamics providing a droplet size prediction.

i 505m BT 2000wy
Di1=80 Hm CP 151/ min
Y —— Dg= 200um DP 0.3 ml/min
o * Hy=5004m
o CP11/min
- DP 0.3 ml/min

Fig. 3 Distribution of particle size and microbeads obtained, in configuration a (jetting on a liquid
screen) and configuration b (jetting in a collector tank)
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3 Results

Before analyzing the results of the numerical analysis, it is opportune to describe
the mina results of the experimental activity. In Fig. 3, the distribution of particle
size obtained in configuration (a) (jetting on a liquid screen) and configuration
(b) (jetting in a collector tank) are shown. The beads obtained in configuration a
show a relatively small range of particle size, centered at 350 pm, but bead shape
was far from being spherical. Respect to the configuration a, beads collected after
the splash into the collector tank without hitting the liquid screen show mean size of
200 pm, with a wider range of particle size (caused by the impact and fragmen-
tation of the drops on the liquid tank surface) but also spherical shape, mainly
because of the aerodynamic pressure regularization effects during the flight. The
relative high speed at which micro-beads gas-liquid extrusion takes place and the
stress related to the beads landing are also responsible of this fragmentation.

In Fig. 4, the dynamic of droplets’ formation and flying trajectory is show, at
different instants of time (denoted in the figure as t;)). Each image is taken at

Fig. 4 Dynamic of droplets’ formation and flying trajectory
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different instant of process time, separated by an interval of 3e-4 s. Since the first
instant (t;) a droplet (D) is already present in the investigated domain, while the
liquid jet, detached from the tip of the inner capillary, is elongated due to the effect
of external disturbance.

Subsequently (time t;), a droplet D,y is detached in the frontal part of the jet
while the remaining part of the jet undergoes to a secondary elongation and
instability, ending with a final formation of two droplets of different sizes, D,g; and
D,s», respectively at times t; and t4. In the domain of interest it is evident the
presence of four droplets, each with its own mass and speed: this complex situation
brings to further interactions also among droplets themselves. Droplet merging can
happen, as in case of Dj, resulting from merging of D,y with droplet Dy. The
reader can follow further evolution in the dynamic of droplets’ formation from the
pictures in Fig. 4. The final main size of obtained droplets (drop D5 or D, in Fig. 4)
is 320 um, in good agreement with the Ds, diameter obtained with experiments
above described.

The effect of CaCl, concentration was also investigated, as the availability of
Ca** ions, connected to the concentration of CaCl, in the aqueous solution which
forms the vertical liquid screen, plays an important role in the dynamics of gelation
and consequent shape fixation. The dynamics of gelation, which starts from the
outer surface of the micro-beads and then move inwards by diffusion, tends to
oppose to the successive deformations due to the effects of entrainment of the
micro-beads into the liquid screen. These effects can produce either a further
breakage of the droplets, resulting in a variation of the dimensional classes’ dis-
tribution, or in shape regularization due to the interaction of the gelation phase with
hydrodynamics effects. Moreover, in 2% w/v CaCl, concentration, several drops
including a tail from incomplete main-satellite separation were also present,
increasing the quantitative size spread detected by the light scattering analyser.

4 Conclusions

In this work, the capabilities of numerical analysis applied to modeling of droplets’
formation in an air assisted microfluidic device for alginate beads production have
been shown and discussed. Particularly, the results were able to describe the pro-
posed configuration (a gas continuous phase plus a liquid sheet to induce an
immediate gelation), which represents a viable solution for possible mass produc-
tion of alginate micro-beads, at least for matrix encapsulation. Quite small and
regular micro-beads were produced, although the theoretical lower limit of
micro-beads diameter for used device was not investigated in this work.
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Environmental Application
of Extra-Framework Oxygen Anions
in the Nano-Cages of Mayenite

Adriano Intiso, Raffaele Cucciniello, Stefano Castiglione,
Antonio Proto and Federico Rossi

Abstract Trichloroethylene (TCE) is a chlorinated volatile organic compound
(CVOC), used in the last years in dry-cleaning applications and as degreasing agent.
In this study we report on the catalytic oxidation of gaseous trichloroethylene
(TCE), in a fixed bed reactor, performed by using mayenite (Ca;,Al14033) syn-
thetized by using the ceramic method. Results show that mayenite promoted the
total oxidation of TCE to carbon dioxide and chlorine in the temperature range
300-500 °C. The catalyst is stable under the investigated reaction conditions
showing high recyclability and could be used for several reaction cycles without
any loss of activity and selectivity.

Keywords Mayenite - Trichloroethylene - Catalytic oxidation - Chlorinated
VOCs

1 Introduction

Trichloroethylene (TCE) is a common chlorinated volatile organic compound and
nowadays it has become a dangerous pollutant, being toxic, chemically stable and
carcinogenic for humans [1, 2]. TCE is poorly soluble in water, shows high density
(>1 g cm™?) and high affinity for organic compounds [3]. TCE is one of the major
contaminants of the aquifers [4] and basin on its own physic-chemical properties
tends to stratificate at the bottom of groundwater. Actually, several strategies have
been developed for the removal of TCE including pump and treat, surface enhanced
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dissolution, adsorption processes, air stripping and phytoremediation [1, 5-7].
Moreover, thermal and catalytic routes were investigated as valuable techniques to
TCE complete destruction [8]. Among all the investigated techniques for the
elimination of TCE, the catalytic oxidation represents an interesting alternative to
the thermal incineration (T > 700 °C) that permits to operate at lower temperatures
(250-550 °C) with a drastic reduction of energetic costs.

Furthermore, incineration shows some limitations connected to the chlorinated
by-products formation. Recently published works reported the preparation of cat-
alysts able to oxidize and quantitatively convert trichloroethylene, such as metal
oxides (MO) and supported noble metals (SMO) [9-11]. MO and SMO show some
limitations due to the formation of chlorinated by-products, such as per-
chloroethylene (PCE) [12]. Highly active hydrotalcite-like compounds to host metal
catalysts, such as Mg(Fe/Al), Ni(Fe/Al) and Co(Fe/Al), have been recently sug-
gested by Blanch-Raga et al. [13]. Catalysts have shown good performances for the
TCE oxidation, mainly due to the presence of O, and O, sites that enhance the
catalytic productivity, but at the same time, the formation of several by-products
(HCI, PCE and Cl,) were observed. Also many zeolite-like based catalysts were
also employed, and they showed a good productivity but a rather low recyclability
[14]. In this scenario, many efforts are directed towards the research of new cata-
lysts able to oxidize TCE with high productivity, selectivity and recyclability. The
use of noble or transition metals free catalysts has to be preferred to avoid the
metals depletion and the high costs for their recovery at the end of the material
life-cycle, in agreement with the Green Chemistry principles [15-17].

In our previous works, we have synthesized a mesoporous calcium aluminium
oxide, namely mayenite (Ca;,Al;4053) [18]. The framework of mayenite is com-
posed of interconnected cages with a positively electric charge per unit cell that
includes two molecules, [Ca24A128064]4+, and the remaining two oxide ions 0%,
often labelled “free oxygen”, were trapped in the cages defined by the framework
[19]. Mayenite derivates can be obtained by substituting the free oxygen ions with
other anions (CI ,H, O, OH, NH, , e, etc.) have prepared and used in several
research fields [20-22]. In this study we have investigated the ability of O~ ions in
the cages of mayenite [23] as active species in the catalytic oxidation of TCE. In the
last years, mayenite has already been used in catalysis, for example, Ruszak and
coworkers exploited the oxidation ability of mayenite for the selective decompo-
sition of N,O [24] while Li et al. used mayenite as active support for Ni catalyst for
the biomass tar steam reforming [25].

Here we report on the use of pure mayenite as active catalyst for the total
oxidation of gaseous TCE. TCE oxidation was carried out in a stainless-steel fixed
bed reactor. Mayenite catalyst was prepared by using ceramic method starting from
cheap and easily available compounds such as Ca(OH), and AI(OH);. The reaction
products were analyzed by means of GC-MS, IC and a IR-based CO, probe.
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2 Experimental

2.1 Mayenite Catalyst Preparation and Characterization

In this study mayenite catalyst was prepared following the ceramic method
described by Li et al. [26]. A stoichiometric mixture of Ca(OH), and Al(OH)s,
(83.00 and 101.4 g respectively), was added to 2 L of distilled water. The mixture
was grounded under magnetic stirring (350 rpm) for 4 h at room temperature. The
obtained product was separated by filtration and dried at 120 °C overnight, crushed
into fine powder and finally placed into a furnace at 1000 °C in air for 4 h.

X-ray powder diffraction was taken with a Bruker D8 Advance automatic
diffractometer operating with a nickel-filtered CuKa radiation. Data were collected
in the 20 range of 4-80° with the resolution of 0.02°.

The BET surface area of the catalyst were determined using a Nova
Quantachrome 4200e instrument using nitrogen as the probe molecule at liquid
nitrogen temperature (—196 °C). Before the adsorption measurement, mayenite
sample was degassed at 100 °C under vacuum for 12 h. The surface area values
were determined by using 11-point BET analysis.

2.2 Apparatus and Experimental Conditions

Catalytic tests were carried out a in a stainless-steel fixed bed reactor (150 mm
long, 22 mm o.d, 18 mm i.d) schematically shown in Fig. 1.

The desired mass of the catalyst (0.80 g) was placed into the reactor between
two quartz fiber glass layers. The reactor was located in an electrically-heated
furnace, and the temperature was measured by a K-thermocouple. Experiments
were carried out at different temperature, between 25 and 500 °C. Mayenite was

NDIRS
flux COx

regulator tubolar PROBE

reactor T

. O e ) J;

catalyst
bed
AIR GC-MS
TCE
TANK

fumnace

Fig. 1 Experimental setup for trichloroethylene catalytic oxidation
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conditioned at the operative temperature with air for 30 min before starting the
experiments.

Liquid trichloroethylene (1 pL) was sparged with humid air (RH = 60%) in
order to have 1700 ppm of TCE in the gas flow. Catalytic tests have been per-
formed for two different GHSV (Gas Hourly Space Velocity, GHSV,; = 60 h™",
GHSV, = 12000 h™"), in order to evaluate the dependence of the TCE conversion
yield by the flow rate.

Blank experiments was also performed in the same reaction conditions but
introducing only quartz fiber glass into the reactor without catalyst.

Tedlar sampling bags were used to collect gaseous reaction products before
analysis. TCE and other organic compounds of the gas flow were analysed with a
GC-MS (Agilent 7890A) equipped with a DB 17-MS column (30 m x 0.25 mm
250 pm). A GC oven was run isothermally at 100 °C for 10 min. Helium was used
as carrier gas with a flow rate of 0.5 mL/min and 1.0 mL of sample was analyzed in
a split-less injection mode [27].

The concentration of both COy and relative humidity was measured by a NDIRS
on line probe (Q-Track Plus IAQ Monitor, TSI) placed in the reactor outlet [28]. Cl,
concentration was determined by SIM mode GC-MS analysis, using the same
operative conditions described for VOCs analysis [29]. Furthermore, the presence of
Cl, was evaluated by means of iodometric titration, by bubbling the effluent stream
through a 0.06 M solution of KI and 0.1 M of H,SO, using soluble starch as indi-
cator. The concentration of chloride ions were determined by bubbling the effluent
into a 2.6/0.76 mM solution of NaHCO3/Na,CO; and analyzing the resulting
chloride amount through ion chromatography (IC) using a Dionex DX 120 (Dionex,
Sunnyvale, CA, USA) equipped with a Ion Pac AS14 column (4 mm x 250 mm).
Moreover 0.5 g of mayenite were extracted with 3 mL of 2.6/0.76 mM solution of
NaHCO5/Na,COj3; and analyzed by means of IC with the same experimental con-
ditions used for the gas.

Equation (1) reported the TCE conversion yield, defined as the ratio between the
reacted TCE over the total TCE delivered into the reactor:

i [
TCE conversion [%]:mTCE - e o 100 (1)
MTcE

where mi are the moles of TCE delivered into the reactor and m$qy are the
number of moles measured at the reactor outlet.

3 Results and Discussion

Figure 2 presents the XRD patterns of mayenite, prepared according to the ceramic
method, by mixing and calcinating a mixture of calcium and aluminium
hydroxides.
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It can be seen the characteristic peaks of mayenite at 20 = 18.1°, 30°, 33.4°,
36.7°, 41.2°, 46.7°, 55.2° and 57.4°. CaAl,O4 and Caz;Al,0O¢ were also detected in
trace as common impurities formed during the mayenite synthesis. The BET surface
area of the catalyst was 4.5 m* g~ ' in line with those reported in literature for this
class of materials.

To evaluate the influence of the GHSV on the TCE conversion yield, we tested
the catalytic material by using the reactor reported in Fig. 1 at 60 h™' and
12000 h™', ranging in the interval 25-500 °C. Furthermore, for all the catalytic
tests the concentration of TCE in the flowing air stream was kept constant at
1700 ppm.

Figure 3 shows the TCE degradation yield calculated by means of Eq. 1 for
60 h™' and 12000 h™".

In each case, for low temperatures (<300 °C) we could not observe a significant
degradation of TCE and the concentration of the chlorinated compound at the
reactor outlet was found the same as at the reactor inlet. The catalytic activity of the
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mayenite catalyst starts at 300 °C, where approximately 30% of the delivered TCE
was converted. Complete conversion of TCE was reached at 450 °C for
GHSV = 60 h™", where for 12000 h™' the maximum conversion of the pollutant
was 75%.

Therefore, as reported in Fig. 3, TCE conversion yield was found to reduce
drastically increasing the GHSV. As reported before, the free oxygen species
present in the mayenite framework was responsible for the TCE oxidation.

This is in accordance with the temperature and flow rate dependence of the
conversion yield; actually, mayenite, at higher temperatures (>400 °C), interacts
with the atmospheric O, to form reactive oxygen species (0°~, O~, O,") that, in
turn, can react and oxidize TCE to CO, [30].

Moreover, pollutant oxidation process depends by the residence time on the
catalytic bed of the catalyst. Therefore, at higher GHSV, gaseous TCE have less
time to react with the active oxygen species, so decreasing the maximum conver-
sion yield of the pollutant.

Blank experiments, made without using mayenite catalyst at any investigated
temperatures, didn’t reveal any traces of TCE oxidation.

The organic reaction products were identified and quantified by full spectrum
GC-MS analysis. Furthermore, a NDIRS technique was employed to evaluate the
presence of COy species. Both the techniques revealed that the only carbon-product
was CO,; in our conditions no other organic compound, included CO, wasn’t
observed. Chlorinated products, generally resulting from TCE oxidation (Cl,, C1
ClIO,) were analyzed by iodometric titration and ionic chromatography. Iodometric
titration did not show the formation of Cl, and this sentence was also support by
SIM mode GC-MS analysis, centered on the mass m/z = 70.

To detect anion species like C1™ and ClOy, both the outlet gases and the catalytic
material were analyzed. The effluent stream were bubbled in aqueous solution of
bicarbonate/carbonate; at the end of the experiment 20 pL of the solution were
injected in an ionic chromatograph. The same analysis was applied for mayenite,
after extraction with a carbonate buffer.

IC showed that chloride ions were present only on the catalytic material; no
other chlorinated species ClOy like were detected in the outflow gases or in the
catalyst. These results are in accordance with literature where is reported that
mayenite tends to adsorb Cl to form chloromayenite (Brearleyite, Ca;;Al;4,05,Cl,)
due to the replacement of free oxygen species with chlorides [31]. In summary,
qualitative analysis of the post-reaction gases and of the catalytic material showed
that CO, and Cl are the mainly products of TCE oxidation, confirmed the data
obtained in a previous work [32].

These sentences are in accordance with literature, especially with those reported
in a recent review, where the presence of water enhances the reaction selectivity
towards HCI1 and CO, [33].

The catalyst stability was tested for ten consecutive experiments in the best
operative conditions. At the end of each reaction, mayenite catalyst was restored by
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treating at 450 °C in moist air for 30 min. In this way, the reaction products (e.g.
chlorine) could be replaced by free oxygen ions. The results obtained at
GHSV = 60 h™! and T = 450 °C are shown in Fig. 4. As it can be seen, the cat-
alyst was stable at this temperature and there was not a significant deactivation after
for ten consecutive catalytic cycles (10 h), without any significant loss of activity
and selectivity.

These results indicate that mayenite is highly active and stable catalysts for the
TCE oxidation. Regarding TCE conversion yield, mayenite showed better perfor-
mances (90% at 400 °C) than metal un-doped zeolites (<10% at 400 °C) but is less
active than metal-loaded zeolites (90-95% at 350 °C) for GHSV = 12000 h'.

Furthermore, respect to other catalytic systems, mayenite showed several
peculiar advantages, namely (i) a complete conversion of TCE in non-toxic species
like C1 and CO,, (ii) the existence of reactive oxygen species (0*7, 07, 0,)
inside the mayenite that made unnecessary the use of noble and heavy metals, thus
reducing the costs and the environmental impact at the end of the material
life-cycle.

4 Conclusions

In this work, we showed the prominent use of mayenite as active catalyst for the
total oxidation of TCE in the gas phase. TCE is favorably converted, in humid air,
with high conversion (>90%) in less hazardous compounds such as CO, and HCI at
temperature of 460 °C using a GHSV of 60 h™" while a moderate drop in con-
version (75%) is observed at GHSV of 12000 h™". Catalyst shows high stability and
recyclability being reused several times without losses in activity and selectivity.
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Current Directions in Synthetic Cell
Research

Pasquale Stano, Giordano Rampioni, Francesca D’Angelo,
Emiliano Altamura, Fabio Mavelli, Roberto Marangoni,
Federico Rossi and Luisa Damiano

Abstract The construction of synthetic cells of minimal complexity is today one of
the most attractive and challenging goals in synthetic biology. Synthetic cells are
assembled by combining the methods of liposome technology and microfluidics,
and components of cell-free systems. In this contribution, we will shortly illustrate
the state-of-the-art of synthetic cell research; next we will present some current
trends and scenarios, that could lead to a qualitative jump in the next years. In
particular, we will focus on the construction of novel multi-compartment vesicles,
the achieving of new functions via the reconstitution membrane-bound proteins, the
shift from the isolated cell—to the cell population/community perspective, the
exploitation of chemical signalling, and the integration of stochastic mathematical
models. The ambitious goal of approaching embodied and minimal cognition from
this experimental perspective is also shortly mentioned.
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1 What Are Synthetic Cells

Synthetic Cells (SCs) can be defined as those cell-like molecular systems con-
structed in the laboratory by inserting biological or synthetic molecules inside and
on the surface of lipid vesicles (liposomes, see Fig. 1). Ideally, SCs mimic bio-
logical cells with respect to structure, functions, interactions, and any other possible
property (including the ultimate and long-term goal of being alive) with minimal
complexity.

Historically, SCs have been first explored to shed light on some origin of life
questions, but it became clear that they can be created and adapted for investigating
biological mechanism or developing biotechnological tools (Fig. 1). SCs are rele-
vant in origin of life studies [26] because they are useful models of primitive cells
(protocells), especially when they are built with allegedly primitive membrane
forming compounds (e.g., fatty acids), and host compounds and reactive systems of
primitive importance (ribozymes, simple peptides, self-replicating molecules, etc.)
[52]. One of the goal is to show that simple living cells, maybe imperfect and
“limping” ones, can however emerge from the self-organization of non-living
molecules.

On the other hand, synthetic cells can be used to reconstruct, in realistic cell-like
architecture, those biological processes that can be advantageously studied in a
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other S ol 0NGRIRE
components 2
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Origin of Life Basic Science Synthetic
Understanding the Understanding Biology
basic mechanisms  biological processes  Developing novel

leading to the without the inter- cell-like systems
origin of life ference of capable of
from inanimate background performing specific
matter cellular processes functions

Fig. 1 Schematic drawing of a liposome-based synthetic cell. a Synthetic cells are built by
incorporating in the aqueous core and in the membrane of lipid vesicles (diameter 0.1-10 um) the
minimal number of molecular components in order to obtain a cell-like structure that performs
specific function (ultimately: being alive). The image is taken from [54] with permission from
Elsevier [the image has been adapted to represent a synthetic cell, but it actually sketches a
biological exosome]. b Synthetic cells (or, more correctly, semi-synthetic, cf. [26]) can be built by
incorporating nucleic acids, proteins, ribosomes and other compounds inside and on the surface of
a lipid vesicle. Synthetic cells of conventional size (i.e., diameter below 0.5 um) can be
conveniently imaged by electron microscopy (c), whereas giant ones (i.e., diameter: 1-50 um) can
be seen by optical microscopy. d Synthetic cells can be adapted to perform research in origin of
life and basic science, and also be used as biotechnological tools according to synthetic biology



Current Directions in Synthetic Cell Research 143

simplified platform. In fact, by reconstructing a certain process in a synthetic cell,
its understanding results easier because the interfering “noise” of background cel-
lular processes, as unwanted interactions with other components are purposely
removed. The process of interest can be finely tuned owing to the control of
synthetic cell composition whereas such control is impossible in living cells.

Finally, SCs can be used as tools for biotechnological applications. Their design
and construction is developed under the synthetic biology paradigm, which includes
the use of standard parts (http://parts.igem.org), the concepts of modularity and
orthogonality [13], and fully programmability (at least in principle). Such bio-
engineering perspective has led to sketch the possible use of SCs in nanomedicine
[25] or in applications of biotechnological flavours, such as sensoring, analysis,
programmable on-chip chemical devices, and so on [32, 41].

Starting from the 1990s, several research groups have been involved in synthetic
cell research, contributing to setting up the stage for actual and future developments
(for reviews, see [47, 49]). It must be noticed that in addition to liposome-based
SCs, other artificial compartments have been also explored (e.g., water-in-oil dro-
plets, polymersomes, colloidosomes, coacervates, micelles, oil-in-water droplets).

1.1 From the Pioneer Phase (up to 2001) to the Most Recent
Developments

After the 1989 paper on the use of reverse micelles as minimal autopoietic systems
[28], early investigation was primarily reported by ETH-Ziirich team (Pier Luigi
Luisi, Peter Walde and Thomas Oberholzer), which carried out pioneering research
on vesicle self-reproduction [55] and performing important proof-of-principle
experiments on micro-compartmentalized reactions, namely RNA replication [37],
polymerase chain reaction [35], and polypeptide synthesis [36]. Actually, most of
the current experimental strategies stems from these seminal papers, with the
exception of the recently introduced droplet transfer method and microfluidics-based
procedures. The end of the pioneering phase can be symbolically placed in 2001,
when the production of a well-folded and thus functional protein inside liposomes
was achieved by the Yomo group [58]. Protein synthesis inside liposomes plays a
strategic role in SCs research because the proteins carry functions, e.g., they are
enzymes, transcriptional factors, membrane channels, and so on.

In the following ten years or so, several fundamental aspects of compartmen-
talized protein synthesis were explored, and important milestones were reached:
(a) the prolongation of intraliposome transcription-translation (TX-TL) reactions for
about four days owing to the generation of a a-hemolysin based membrane pore
(from inside) [34]; (b) the realization of two-steps genetic cascade reactions inside
liposomes [19]; (c) the first report on the synthesis of hydrophobic enzymes
(membrane embedded) [22]; (d) the RNA replication via a self-encoded mechanism
[21]; (e) the spontaneous formation of super-filled vesicles [27, 48] (Fig. 2); (f) the
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(a)

Fig. 2 Cryo-transmission electron microscopy images of ferritin-containing lipid vesicles.
Super-filled vesicles coexist with empty vesicles. The internal ferritin concentration reaches high
values (in these vesicles about 4-12 times the expected concentration). The diameter of
ferritin-filled vesicles are 195, 219, 118 nm, respectively, for picture (a), (b), and (c). A similar
behavior is observed with ribosomes [46] and with the full TX-TL machinery (PURE system), see
[48]. The fact that solute-filled vesicles form spontaneously might help to explain the origin of
solute-rich primitive cellular structures. Reproduced from [27] with permission from Wiley

droplet transfer method [34, 39, 57], which can be used to produce solute-filled
giant vesicles with good yields and high encapsulation efficiency; and (g) the
ongoing development of microfluidic devices for high-throughput production, in
highly reproducible manner, of solute-filled giant vesicles [12]. Many of these
results have been obtained by employing the PURE system [45], a standardized and
minimal set of macromolecules for synthesizing proteins inside liposomes.

All this—and many other advancements which are omitted here due to space
limitation—has brought to a kind of maturation of the field, which now attracts
more and more researchers. In other words, times are probably ripe for a sort of
qualitative jump.

2  Current Directions in SC Research

What are the current directions in SC research? Here we report a number of topics
that we consider important, and that mirror our attitudes, without the presumption
of being exhaustive.

2.1 Reconstitution of Advanced Architecture and Functions
in SCs

Vesosomes. Whereas current SCs are generally based on a single lipid compart-
ment, generally containing just one lipid membrane (unilamellar lipid vesicle),
novel architectures could derive from including small vesicles inside a larger one
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(b)
Light

Fig. 3 a Vesosomes are multi-vesicular vesicles composed by smaller vesicles inside a larger
vesicle. By inserting compartments inside compartments, interesting vectorial properties might
arise from oriented membrane proteins. Moreover, the content of internal vesicles can be released
in the external medium after membrane fusion. b ATP has been produced by coupled reactions
between bacteriorhodopsin, a light-driven transmembrane proton pump, and FoF;-ATP synthase
motor protein, reconstituted in polymersomes. Reprinted with permission from [6]. Copyright
2005 American Chemical Society

(Fig. 3a). Technically, these are called multivesicular vesicles or vesosomes, and it
is not rare to find them in vesicle samples formed by classical methods. However,
when vesosomes are specifically needed in order to assembly synthetic cells with
hierarchical topology (vesicles inside vesicles), their preparation should follow
dedicated methods. The construction of vesosomes follows specific protocols [5,
38] but their employment as synthetic cell has not been explored in detail (however,
see [16]). The interest in this architecture stems from the cytomimetic role of
internalized vesicles: they could play the role of intracellular organelles, allowing
novel SC designs in terms of sub-compartmentalization, in particular for exploiting
the concentration gradients across their membranes, and expanding the intracellular
total membrane area (which will possibly include membrane-bound machineries).
Moreover, small vesicles could fuse with the outermost membrane to release their
content (a signal molecule for instance) outside the SC in programmable way.
Membrane proteins. Until now, the fundamental relevance of membrane
embedded devices (proteins) has been only partially addressed. This is due to the
difficulty of reconstituting functional membrane proteins or of synthesizing them
directly by SCs. These difficulties are both intrinsic (poor understanding of
mechanism of membrane protein folding, refolding, membrane insertion,
lipid-membrane interactions) and practical (conflict between required experimental
conditions). An early attempt of direct synthesis inside SCs has been reported [22,
44]. Two acyltransferase proteins were successfully produced via transcription and
translation reactions, but the main message of the work was more general. In order
to accomplish the important goal of membrane protein synthesis in SCs, the vesi-
cle’s lipid simultaneously should: (a) form good vesicles; (b) do not chemically
interfere with the complicated molecular mechanism of protein synthesis; (c) allow
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the correct insertion and folding of the membrane protein. Therefore, a careful
design is needed for functionalizing SCs with membrane proteins. There are really
several relevant functions done by membrane proteins. One of the most important is
the energy production. Attempts to reconstitute parts of the ATP synthase
machinery have been published [23]. By coupling bacteriorhodopsin and ATP
synthase [6], it has been reported the reconstitution of cytomimetic polymer vesi-
cles, Fig. 3b, which were able to transduce light into chemical energy, i.e., ATP.

2.2 The Population/Community Perspective

This is probably the most fascinating scenario for future SC research, namely the
transition from studying individual, non-interacting SCs to a population of mutually
interacting ones. The population can be composed of SCs that are free moving,
immobilized, networked, and so on, so that one could imagine SC communities,
biofilm-like assemblies, or 2D/3D synthetic tissues (Fig. 4). Interesting work has
been reported by [18], who assembled vesicles arrays by means of controlled
linking (this was achieved by functionalizing the vesicle surface with nucleic acids).
Protein synthesis inside such vesicle network has been also published [17]. In the
context of origin of life, a simple way to observe formation of “colonies” has been
reported [4]. 3D synthetic cell systems have not been announced yet, to the best of
our knowledge. Spontaneous organization or directed construction could lead to 3D
SCs arrays with featured properties. Ideally, a guided assembly could be realized
via 3D printing, possibly on a microsculptured scaffold, and the whole system
stabilized by inter-vesicles links or by a gel. Giant vesicles randomly embedded in a
gel matrix are routinely prepared in our lab, displaying excellent stability. Clearly, a
population of objects becomes interesting when there is a kind of physical or
chemical interaction among the parts. The synthetic biology approach allows us to
go one step further, foreseeing interactions that are based on exchange of infor-
mation. This consideration brings us straightly to the next scenario.
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Fig. 4 From one to many. Possible experimental approaches involving synthetic cell arrays. a In
the population/community perspective, great emphasis is given to vesicle diversity (in size, in
content, in reactivity) and to the mutual interaction between them, which can be physical or
chemical. b One easy way to immobilize synthetic cell is their embedding in a gel matrix.
Alternatively, 2D (c) or 3D (d) arrays can be envisaged. These systems can be models of tissues,
can be used as biotechnology tool, or can be studied to simulate primitive cells communities
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2.3 Manipulation of (Bio)Chemical Signals:
The Bio-Chem-ICTs Perspective

SCs constructed according to the synthetic biology paradigm (standardization of
parts, modularity, orthogonality, etc.) not only can serve to first demonstrate that
life can emerge from inanimate matter—e.g., consider the first man-made
autopoietic cell—but also have the tremendous potential of communicate with
each other. This will become possible if SCs will be able to manipulate chemical
signals, performing molecular communications [33]. This innovative field can result
in novel information and communication technologies based on bio-chemical sig-
nals, or bio-chem-ICTs [1]. European networks focus on these issues
(cobra-project.eu, fet-circle.eu).

Inspired by previous work [8, 14, 20, 25], we have clearly defined in which way
synthetic cells can be used as tools for bio-chem-ICTs [50], and research is in
progress in our laboratory to create a communication protocol allowing synthetic
and natural cells communicating with each other (Fig. 5a), based on quorum
sensing bacterial mechanisms. In particular, our first goal is the creation of synthetic
cells capable of communicating with bacteria (Rampioni et al., in preparation), but
also with cells of superior organisms. SCs that communicate with biological cells
could be used as programmable devices for nanomedicine, as depicted in Fig. 5b.

Another intriguing direction refers to mimicking complex morphogenetic pat-
terns, based on the confinement of chemical oscillators in microcompartments [42].
For instance, the Belousov-Zhabotinsky reaction has been reconstituted inside
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Fig. 5 a Is it possible to create a chemical communication protocol for establishing synthetic
communication between synthetic and natural cells? Quorum sensing molecules and mechanisms
can be exploited to establish a two-way communication channel (synthetic cells/bacteria). Taken
from [50]. b By advancing the current biotechnology of synthetic cell construction, medical
potential applications of more sophisticated, communicating and programmable synthetic cells can
be envisaged. A goal would be to construct cell-like systems that, once injected in human body,
reach a specic target region and thanks to chemical information processing, is able to act
accordingly, for example producing in situ a cytotoxic drug or a stimulus to trigger a cellular
response. Very recently, the concept of “pseudo-cell factories” or “nanofactories” (illustrated
above) has been proposed. Redrawn, with minor modifications, after [25]
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vesicles within liposomes [43, 51, 53]. The overall reaction is driven by the oxi-
dation of an organic substrate, e.g. malonic acid, by bromate in acidic solution in
the presence of a catalytic specie in the form of an organo-metal complex such as
ferroin (a phenanthroline-iron(II) complex). The oscillatory dynamics is governed
by the amount of the inhibitory intermediate bromine and the excitatory interme-
diate bromous acid present in the vesicles which might diffuse between individual
units, thus affecting the overall oscillatory synchrony of multiple drop arrays. These
intermediates actually serve as messenger molecules between individual units. In
these works it has been proven that networks of oscillating vesicles provide a model
to apprehend the propagation and processing of chemical information and the BZ
reaction was used as “signal transmitter/receiver” to probe and study complex
communication networks, mainly displaying an inhibitory character, i.e., anti-phase
oscillations and stationary “Turing” structures. In fact, synchronisation of dynamic
elements via chemical communication is a widespread phenomenon in nature and in
relevant fields such as biology, physics and chemistry, where coupling and syn-
chronisation are achieved by messenger molecules diffusing from one element to
others triggering and spreading a chemical reaction.

2.4 The Integration of Mathematical Models

Engineering inspires synthetic biologists. Such attitude requires the integration of
wet-lab approaches with mathematical modelling. Due to the very nature of SCs,
which are microscopic compartments often filled with a limited number of mole-
cules, stochastic biochemical modelling plays a major role, but the deterministic
approach has been also applied (Fig. 6). We can distinguish models that operate on
SCs at different levels. First, models can describe just the mechanisms of inter-
nalized reactions, like protein synthesis, transcriptional regulation, enzyme activity,
and so on. The diffusion of solutes across the membrane is often coupled to the
course of these reactions. The hierarchical vesosome architecture shown in
Sect. 2.1 and Fig. 3a also needs a combination of chemical reactions and
diffusion/transport modelling. Second, the focus can be on the vesicle transfor-
mations such as shrinking, swelling, growth, division, fragmentation, including
vesicle formation and the physics of solute capture. These aspects can be com-
plemented by the mechanical analysis of membranes (elasticity, curvature, bending
energy,). Third, modelling SCs in a population context (strictly speaking, any
systems with more than one SC) considers interaction among vesicles (with
exchange of chemical signals), coordinated behaviour, associations in clusters,
formation of high-order structures (2D/3D arrays). It is clear that in the more
complex cases, a correct model can be obtained only if it spans through different
scales, from the molecular nanoscale to the compartment mesoscale and above,
blending together chemical and physical processes.

An important SC topic concerns stochastic effects. The SC volume lies in the
al-fL-pL range, implying that solutes are often present in a small number. For
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Reaction Mechanism taking place in a
compartmentalized system
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Fig. 6 Typical approaches used in theoretical modelling of compartmentalized reactions
(reactions occurring inside vesicles). The specific example is on compartmentalized oscillating
chemical systems (i.e., a Lokta-Volterra-like mechanism including five species A, B, X, Y, P,
fuelled by external addition of the components A and B, to which the vesicle membrane is
supposed to be permeable, as it is for the product P). On the left, the ‘deterministic approach’,
generally used in bulk chemical kinetics, makes use of rate laws and ordinary differential
equations, which are solved analytically or integrated numerically to find the time-dependent
concentrations of all species, known the initial conditions. Such an approach is best suitable for
systems with high number of molecules and assumes that all the reacting compartments behave
similarly in average. On the right, the ‘stochastic approach’ which expresses the rate law by means
of the so-called kinetic master equation, which is solved numerically via Monte Carlo simulations
[15, 30]. In contrary to the deterministic approach, the stochastic approach uses the number of
molecules as variables, instead of their concentration, and reaction probability instead of reaction
rate. Such an approach is generally used for systems with low number of molecules. However, it
should be remarked that in some specific examples (e.g., reactive systems with consumption)
samples with low numerosity can be correctly modelled by a deterministic approach; and vice
versa, some high numerosity systems need the stochastic approach (e.g., the repressilator [56]).
More in general, the two approaches especially differ for ill-conditioned systems

instance, in vesicles of 100 nm (diameter), a concentration of 10 uM corresponds to
an average of 3 molecules/vesicle. Stochastic phenomena occur both during the
formation of vesicles, generating vesicles with different solute content. In turn,
these vesicles will originate a kind of “diversity” in terms of the rates of internalized
reactions (extrinsic stochastic effects).
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We have recently studied both extrinsic and intrinsic stochastic effect in
protein-synthesizing SCs, providing detailed analysis of the PURE system mechanism
and its energy requirements [3, 24, 29]. Moreover, with reference to the
above-mentioned anomalous encapsulation statistics (Fig. 2), a recent in silico study
has demonstrated that the measured distribution of protein production inside SCs can
be explained only if solute encapsulation (during SC formation) obeys to a power-law
distribution, thus rejecting the null hypothesis of random encapsulation [31].

By combining observation and stochastic models it is therefore possible to get
insights into the laws governing SC structure and reactivity. Contributing to basic
understanding of compartmentalized reactions, such investigations can provide also
useful information for modern cell physiology and biophysics.

2.5 Synthetic Biology and Artificial Intelligence:
The Potential of Synthetic Cell Research
Jor the Synthetic Exploration of Embodied Cognition

In the last years synthetic biology research, and in particular SC research, has been
starting to cross the limits of its original disciplinary area, extending its investi-
gations into the field of the cognitive sciences. These avant-garde developments, by
shifting the focus of the inquiry from applicative to genuinely basic research pur-
poses, are specifically related to the recent rise of the “Embodied Cognitive
Science” (ECS) [7]. ESC directs the attention of research in cognitive sciences
towards the fundamental role(s) the biological body plays in cognition. With this
new center of interest in the scientific study of cognition, a strong synergy between
ECS and biology is growing: a cooperative exploration of the biological groundings
of cognitive processes to which, in the last years, SC research has been planning
and inceptively starting to actively contribute.

From the methodological point of view, the role of SC research in the scientific
exploration of “embodied cognition” relies on the understanding-by-building
method [40], originally introduced by cybernetics and today increasingly adopted
by scientists to study biological and cognitive processes [10]. Its key method-
ological concept is the following: to test and to develop scientific theories about the
mechanism underlying life and cognition, by (i) incorporating related hypotheses in
artificial functioning systems, and (ii) comparing the behaviours that these systems
produce with those observable in the target natural systems.

Today this “synthetic” or “constructive” approach [10] methodologically sup-
ports the involvement of SCs in the exploration of cognition. This can be done by
modelling and investigating natural cognitive processes via artifacts building. These
artifacts are not limited to computer programs and robotic platforms, but include
chemical artificial systems. In other words, the development of artificial intelligence
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(AD) research not only through software and hardware, but also wetware models of
cognitive processes.

From the theoretical viewpoint, this project finds its groundings in the idea that
we can ascribe to minimal living systems (minimal cells) with elementary “cog-
nitive” capabilities. According to this view, introduced by biology of cognition
research in the last century and currently developed by radical approaches in ECS
[9], these capabilities rely in the “autonomy” of minimal living systems, that is, the
property they share with all biological organisms of producing and conserving
themselves (their material identity) by actively maintaining a dynamical coupling
with their environment [2]. This coupling is what allows us to think minimal
living systems as minimally cognitive systems, as it relies on their capability of
regulating their dynamics of self-production in response to environmental changes
through processes of perception and active reaction. To be more explicit, per-
ceiving some external variations as perturbations of the internal process of
self-production; reacting to them through changes in the metabolic dynamics that
compensate these alterations; stably associating to external variations internal pat-
terns of self-regulation, that is, internally generated “operational meanings”
allowing the systems to survive in the given environmental conditions.

This theoretical perspective offers to current SC research a significant role in
“Embodied AI” [7]: studying minimal forms of embodied cognition—and possibly
their evolution—by synthesizing and empirically exploring chemical models of
minimal cells, and their interaction with their environment. The centres of interest
of contemporary research are multiple, such as (i) exploring the role of regulation in
the origins of biological cognition, (ii) understanding and designing minimal forms
of collective intelligence, and (iii) studying specific cognitive functions—such as
anticipation—in their minimal forms, among others [11].

3 Concluding Remarks

The combination of vesicle technology and cell-free systems is a very fecund vein
in synthetic biology. Different approaches coexist, such as the construction of
synthetic cells as primitive cell models, or as a tool for study biological processes
thanks to simplification, or for designing and building artificial systems for
biotechnology. We have firstly summarized the state-of-the-art of synthetic cell
research, in particular of the so-called semi-synthetic approach [26, 47].

Starting from the recent achievements, it is possible to foresee directions for
future studies on next generation synthetic cells, whose developments seem to be at
the same time challenging and exciting.
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Green Synthesis of Gold Nanoparticles
from Extracts of Cucurbita pepo L. Leaves:
Insights on the Role of Plant Ageing

Cristina Gonnelli, Cristiana Giordano, Umberto Fontani,
Maria Cristina Salvatici and Sandra Ristori

Abstract Environment-friendly and cost effective methods to obtain metal
nanoparticles represent a major issue in modern material science. In particular,
synthetic routes relying on green chemistry appear to be promising for large scale
production. In this work, we prepared and characterized gold nanoparticles
(AuNPs) from extracts of Cucurbita pepo L. leaves, which constitute an agricultural
byproduct of large diffusion and abundant biomass. The investigation was carried
out at different plant ages, from 1 to 4 months, and the production of nanoparticles
(in term of size, shape and yield) was correlated with the concentration of
chlorophylls and carotenoids in the extracts. The synthesis was carried out by using
purely aqueous extracts at relatively low temperature (70 °C) and diluted solutions
of HAuCl, (from 5 x 107°M to 107>M in the final samples) to provide for the gold
precursor. TEM microscopy evidenced that lower Au(Ill) concentration promotes
the formation of anisotropic particles and platelets, while higher concentrations
favor a huge production of more monodisperse AuNPs with size in the range of
10-15 nm. In addition, the age of plants was showed to play a role in controlling
the shape and size of the AuNPs. Our results open new perspectives for the control
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of shape and size of nanoparticles obtained by green methods in view of their
applications in technological fields, which may range from nanocatalysis to
biomedicine.

Keywords Green chemistry - Gold nanoparticles - Plant extract - Plant life cycle

1 Introduction

The field of green chemistry came into the world of research two decades ago,
because of the increasing request for more sustainable processes in the chemical
manufacturing. Such new technology aims at decreasing the use of toxic substances
and the generation of noxious wastes, while preserving efficacy [1]. Over the same
years, along with such general growing demand, another issue has raised from the
market and industry claiming for a massive production of metal nanoparticles, due
to their increasing application in the most disparate fields, such as catalysis, sensing,
electronics, photonics and medicine. Actually, in the past years such spectacular
development of nanotechnology was carried out without concern for a potential
effect of the nanoparticle synthesis byproducts on human health and the environ-
ment. Nowadays, the two above-mentioned concerns have met and it is widely
recognized that environment-friendly and biocompatible methods to obtain metal
nanoparticles represent a major challenge in material science [2]. Consequently,
green chemistry is increasingly directing its effort to meet sustainability require-
ments in nanotechnologies, involving the utilization of harmless capping agents,
less dangerous reducing agents, and selection of environmentally acceptable sol-
vents [3]. Therefore, substances from biological sources have become the preferred
tool for the green synthesis of metal nanoparticles. Among them, plant extracts
represent a promising route for the production of nanoparticles, being rich in
molecules potentially able to act concurrently as reducing and capping agents [4]. In
this context, procedures to obtain nanoparticles using plant extracts are easily
scalable and cost-effective, when compared with the more expensive methods based
on microbial processes and whole plants [5]. Moreover, using a conventional
synthetic route, i.e. reactants mixed in solution and stirred at constant temperature
for a definite time, allows better control on the ensuing nanoparticles.

Among the different plant materials, the use of agricultural leftovers for the
synthesis of nanoparticles can be extremely attractive, because it not only gives new
values to the discarded biomass but also contributes to eliminate a waste. For
example, the red grape pomace from winery has been suggested for the synthesis of
Au, Ag, Pd, and Pt nanoparticles [6] and the remnant water of soaked Bengal gram
for the synthesis of gold nanoparticles (AuNPs) [7]. We already showed the
effectiveness of water extracts from Cucurbita pepo L. [8], a species of large
agricultural diffusion, whose abundant and nonedible biomass still has to find a
suitable route of recycling. To find out the most effective procedures for obtaining
control over yield and morphology of nanoparticles, here we carried out the
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synthesis of AuNPs in a set of ecofriendly and mild chemical conditions taking into
account the two following parameters: (i) the plant age over its life cycle and
(i1) different concentrations of gold precursor. Indeed, we supposed that extracts
from plants at different stages of their life cycle could contain different concen-
trations and combinations of plant-derived reducing and capping agents, thus
influencing the process of AuNP formation. In addition to such natural variability of
the extract composition, we tested the effect of different concentrations of the
precursor salt on the nanoparticle production: to the best of our knowledge, this is
the first time that the effect of the combination of these two parameters has been
investigated for the green synthesis of AuNPs. Our results show the dependence of
the yield and morphology of the obtained nanoparticles on the selected parameters
and open new direction toward a reliable control over the shape and size of
green-synthesized nanoparticle in view of their applications in many technological
fields, from nanocatalysis to biomedicine.

2 Materials and Methods

2.1 Plant Material and Preparation of Plant Extracts

Seeds of Cucurbita pepo L. (var. Faenza) were sown in peat soil during spring 2015
and grown at the greenhouse facilities of the Department of Biology at the
University of Florence (Italy). After 1, 2 and 4 months of growth, fully expanded
plant leaves were harvested and the samples were named 1M, 2M and 4M
respectively. Leaves were washed three times with distilled water, blotted dry,
weighed, ground in 3 ml g~' fresh weight of distilled water and filtered with
Miracloth (Calbiochem).

2.2 Preparation of AuNPs

The synthesis mixture was composed by 0.4 ml of extract, 1.1 ml of milli-Q grade
water and 1.5 ml of HAuCly solutions for a total volume of 3 ml. The extract was
mixed with water and equilibrated at 70 °C before adding the solutions of
metal salt, dropwise and under stirring, at different concentrations with final
Au(IIl) concentrations in the reaction vessel of: 6.35 x 107°M, 1.27 x 107*M,
3.17 x 107*M, 6.35 x 10™*M and 1.27 x 10~*M. These samples, differing by Au
(IIT) concentration, were named Au-1, Au-2, Au-3, Au-4 and Au-5, respectively.
For the reference samples (Au-0), 0.15 ml of HCl 0.1M diluted to 0.5 mL were
used instead of HAuCly. The heating and stirring were arrested after 30 min, and all
samples were stocked in the dark at room temperature. Control AuNPs samples
were also prepared with the standard procedure devised by Turkevich and Frens
[9, 10] for the sake of comparison.
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2.3 Visible Spectroscopy

Extinction spectra were recorded with a Perkin Elmer lambda 35 spectropho-
tometer. Samples were put in quartz cuvettes with a 1 cm path length and diluted
with milli-Q water when the optical density was too high (i.e. when the absorbance
in the range 500-600 nm was > 3.0). The scan rate was 60 nm/min.

2.4 Electron Microscopy

Transmission electron microscopy (TEM) analyses were carried out on a TEM CM
12 PHILIPS, equipped with an OLYMPUS Megaview G2 camera, with an accel-
erating voltage of 80 keV. Samples for TEM analysis were prepared by suspending
in water and deposing a drop of the obtained suspension on a Carbon Cu grid,
followed by solvent evaporation. The samples with high amount of organic matrix
were processed with a slightly different procedure: the grid was laid down on the
surface of a drop of suspension for 1 min, and then, after solvent evaporation, it was
introduced into the TEM.

2.5 Determination of Pigment Concentration in the Extracts

The absorbance of the extracts was determined at 470, 665.2 and 652.4 nm, using a
Perkin Elmer lambda 35 spectrophotometer. The concentrations of chlorophyll a and
b and of total carotenoids were calculated using the equations from Wellburn [11].

3 Results and Discussion

The presence of nanoparticles in the reaction mixture was firstly suggested by a
change of color, which took place 2-3 min after adding the precursor to the extract
solutions. The samples went from pale green to light orange or red/purple,
depending on the concentration of gold precursor. Differences in the extinction
spectra with respect to the reference systems, i.e. diluted extracts and pure HAuCly,
were also detected after 1 h from the reaction, though they were not in the form of a
well-defined plasmonic peak. The presence of a characteristic surface plasmon
resonance of AuNPs in the range 500-600 nm with low intensity could be inferred,
but it was masked by other signals such as the strong upturn of the visible spectra at
low wavelengths due to the scattering of small objects in solution (Fig. 1). At
higher wavelengths (>600 nm), the extinction spectra are dominated by the
chlorophyll absorptions. Noticeably, these signals were strongly reduced, with the



Green Synthesis of Gold Nanoparticles from Extracts of ... 159
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only exception of the sample containing the lowest precursor concentration, indi-
cating that in this case the ratio Au(IlI)/extract was not high enough to allow all the
consumption of all the chlorophylls present in solution.

Indeed, at 1 h after the synthesis, the absorbance in the spectra of the different
samples was lower than that of the reference sample, but with a progressive trend
which followed the increase of the Au(Ill) starting concentration, thus indicating
the presence of nanoparticles with a high degree of polydispersity. This was sub-
sequently confirmed by TEM analysis, as detailed in the following paragraphs. The
UV-vis characterization of the reaction mixture with 2M and 4M extracts gave
similar results as for samples 1M, with a decreasing absorbance of the spectra with
increasing Au(Ill) concentration (data not shown).

3.1 Nanoparticles from Plants at the Beginning
of the Life Cycle

The TEM images of 1MAu-1 samples showed few nanoparticles, most of them
displaying large dimensions (100-200 nm of diameter), which were mainly of
polygonal shape and often precipitated in aggregates (Fig. 2).

Increasing the Au(Ill) concentration, the yield of AuNPs increased, while their
size progressively decreased. Moreover, the shape was predominantly spherical.
Actually, in 1MAu-5 samples the size reached a minimum range of 5-15 nm
(Fig. 3).

The gold nanoparticles obtained in the experimental conditions of sample
1MAu-5 were quite similar to those obtained by the method originally proposed by
Turkevich [9] and refined by Frens [10], that is generally considered the reference
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(a)

Fig. 2 TEM images obtained from sample 1MAul. Bar scale 200 nm (a and b) and 500 nm (c)

(a) (b) (c)

Fig. 3 TEM images obtained from sample 1IMAu-5. Bar scale 100 nm

procedure to obtain AuNPs by chemical synthesis (Fig. 4). As it can be observed by
comparison with Fig. 3a, the only differences with respect to particles obtained by
Cucurbita pepo extracts are a slightly higher uniformity and the absence of an
underlying organic matrix, both of which might be expected if considering the
much simpler reducing agent (i.e. sodium citrate) of the Turkevich-Frens method.

In 2M samples with low Au(IIl) concentrations, the TEM analysis evidenced
few nanoparticles, with very variable shape, even if mainly polygonal. Their size
was large and reached about 800 nm for platelet-shape aggregates (Fig. 5). In this
latter case, the observed particles could be possibly classified more as standard
crystallites, rather than nanoparticles.

Increasing the concentration of Au(Ill), the number of nanoparticle increased
and from sample 2MAu-3 onward the increasing presence of small spherical
nanoparticles with diameter under 10 nm was observed, while the rod-like platelets
were scarcely detected (see for example 2MAu-4 sample in Fig. 6).

With respect to 1M samples, in 2M systems the presence of small spherical
nanoparticles was remarkable from samples Au-3 and not only from sample Au-4
onwards.
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Fig. 4 TEM image of AuNPs obtained by the standard Turkevich-Frens method from HAuCly
1.5 x 107°M and Na citrate 5 x 107°M; T = 70 °C. Bar scale 100 nm

(@) (b) (c)

Fig. 5 TEM images of sample 2MAu-2. Bar scale 100 nm (a), 200 nm (b) and 500 nm (c)

(a) (b) (c)

Fig. 6 TEM images of sample 2MAu-4. Bar scale 100 nm (a) and 200 nm (b and ¢)
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(a) (b) ~ (¢)

Fig. 7 TEM images of sample 4MAu-3. Bar scale 200 nm (a) and 100 nm (b and ¢)

¥

(a) ) (b) (c)

Fig. 8 TEM images of samples 4MAu-5. Bar scale 200 nm

3.2 Nanoparticle from Plants at the End of the Life Cycle

In the case of 4M samples, the TEM analysis highlighted different results in
comparison with the other nanoparticles obtained using extracts from younger
plants. Actually, in Au-1, Au-2 and Au-3 samples TEM images showed the pres-
ence of small nanoparticles (with a diameter lower than 10 nm) with a low degree
of polymorphism and with a relatively low abundance (see Fig. 7 for 4 MAu-3
sample).

In sample 4MAu-4 and 4MAu-5, with the highest concentrations of Au(Ill), a
copious yield of large nanoparticles with a high degree of polymorphism was
showed (Fig. 8).

3.3 Pigment Concentration in the Extracts

The concentration of chlorophyll a and b and total carotenoids in the plant extracts
is reported in Table 1. Both chlorophyll a and chlorophyll b increased in the
extracts according to the age of the plant, whereas the concentration of total car-
otenoids did not follow a definite trend over the plant life cycle, thus rendering
impossible any speculation on the role of these latter pigments in the synthesis of
AuNPs.
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Table 1 Concentration of pigments in Cucurbita pepo L. extracts from plant at different age
(expressed as pg ml~' of extract). Values are means of three replicates + standard deviation,
significant differences between the means (analyzed by Tukey test) appear with different letters (at
least p < 0.05)

Chlorophyll a Chlorophyll b Total carotenoids
IM 3.27 + 0.05a 3.42 £ 0.09a 0.06 + 0.01a
2M 6.65 &+ 0.02b 4.68 £ 0.01b 0.13 + 0.01c
4M 11.46 £ 0.05¢ 8.15 + 0.02c 0.08 £+ 0.01b

The peculiar result obtained with extracts from 4M plants, with production of
small nanoparticles at lower Au(IIl) concentration, could be explained by the higher
chlorophyll concentration in these extracts. In fact, due to their highly negative
redox potential [-1.1-1.3 V, 12] chlorophylls can act as reducing agents for Au(III)
in the presence of visible light and promote fast formation of Au(0) nuclei. These
are subsequently capped by extract components, which limits their growth and
results in a fairly homogeneous population of small globular AuNPs. At higher
precursor concentrations, the ratio between Au(Ill) and plant extracts increased
becoming unfavorable for efficient capping. This generated larger aggregates and
occasional formation of platelets, which can be considered boundary structures
between nanoparticles and crystallites.

4 Conclusions

It is well-established that plant extracts can be used as efficient reactants to obtain
metal nanoparticles; in particular, Cucurbita pepo L. aqueous extracts have been
used for such purpose [8, 13]. Here, we highlighted not only the importance of the
precursor concentration, but also, and for the first time, the role played by plant
growth in controlling the morphology and yield of AuNP production. Depending on
the type of desired nanoparticles, optimal conditions of plant ageing and Au
(IIT) concentration can be found by suitable adjustments of these parameters. In
particular, the most abundant production of nearly spherical AuNPs, similar to
those obtained by standard chemical methods, was found to occur for samples aged
one month.
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Photosynthesis Without the Organisms:
The Bacterial Chromatophores

Emiliano Altamura, Fabio Mavelli, Francesco Milano
and Massimo Trotta

Abstract Anoxygenic photosynthetic bacteria are an extremely old form of life
that inhabits planet Earth since approximately 3 Gya. They represent the model
system for the far more complex photosynthetic organisms appeared later in time,
i.e. cyanobacteria, algae and plants, and capable of performing the oxygenic pho-
tosynthesis. In this chapter we wish to present a short review of the cell architecture
of one specific phototrophic bacterium, namely Rhodobacter sphaeroides, devoting
particular attention to cytoplasmic membrane and its invagination originating under
anoxygenic conditions and exposure to light. The structure and enzyme organiza-
tion of the so-called chromatophores of two strains of Rhodobacter sphaeroides are
presented, along with the isolation and purification procedures.

Keyword Photosynthetic bacteria

1 Introduction

Aliens landing on Earth will immediately realise that virtually the sole energy
source for our planet is solar radiation. Next, they will realize that photosynthetic
organisms are able to transduce solar radiation in other forms of energy readily
viable for all life forms and, consequentially, sustain life on Earth. Their attention
will be drawn toward awesome organisms like trees, bushes, or grass fields but will
hardly find any interests in the small and often disregarded ecological niches where
photosynthetic bacteria live and prosper.
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Fig. 1 The evolution of oxygen content in the atmosphere since the formation of planet Earth
obtained by isotopic evidence. Red and green lines represent the higher and lower estimation of
Oxygen concentration. Figure adapted from [3]

Photosynthetic bacteria “thrive in the anaerobic part of aquatic environments;
from moist and muddy soils to ditches, pools, ponds, lake, sulphur springs, and
marine habitats” [1, 2]. What a pity for an alien to miss them, since they will not
discover some colourful spots and, most of all, they will not learn how photo-
synthesis works in anoxygenic conditions, i.e. the environmental conditions present
on planet Earth in the first billion or so years after its formation [3, 4] (see Fig. 1).

Photosynthetic bacteria live in anaerobic environment and hence make no use of
oxygen during the synthesis of the constituents of their bacterial cell. The overall
chemical equation for the photosynthetic reaction taking place in anoxygenic
bacteria was described by Van Niel [5] in the form:

CO; + 2H,A + Light Energy — [CH,0] + 2A + H,0 (1)

where H,A represents any electron donor molecule able to reduce carbon dioxide
and eventually fix it. The above equation is quite general and remains valid for
oxygenic photosynthetic organisms; in the latter case A represents oxygen.

2 C(lassification of Photosynthetic Bacteria

Photosynthetic bacteria are classified on the bases of their distinctive features in five
main families, according to Fig. 2.

The first branching of the scheme deals with the electron donor species of Eq. 1:
photosynthesis in cyanobacteria is based on two large enzymatic complexes called
Photosystem I and II; the latter includes the so-called oxygen evolving complex, a
protein subunit were electrons withdrawn from water are used in the bacteria
metabolism. The overall reaction produces oxygen as by-product. The appearance
of these microorganisms on Earth is responsible for the dramatic modification of the
planet atmosphere shown in Fig. 1 and, as consequence, for the emergence of all
oxygen-based life forms.
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Photosynthetic bacteria

oxygenic anoxygenic
|
cyanobacteria
green bacteria purple bacteria heliobacteria

non sulfur sulfur  sulfur non sulfur

Fig. 2 Classification of the photosynthetic bacteria

Green phototrophs are gram-negative bacteria and fall in two categories; the first
collects the nonmotile and obligate anaerobe collectively known as Chlorobiaceae.
They depend on the presence of light and hydrogen sulphide to develop. Hydrogen
sulphide is reduced to sulphate or, depending on the intensity of light and on the
sulphide concentration, to sulphur that collects in small granules outside the bac-
terial cells. The second category is represented by the Chloroflexaceae, filamentous
gliding bacteria, able to thrive under anoxygenic conditions, performing photo-
synthesis mostly using organic compounds as electron donor, and under oxygenic
conditions. Both categories have a photosynthetic apparatus related to the photo-
system I of the cyanobacteria.

Purple bacteria are gram-negative motile species and are classified according to
their ability to oxidize sulphur to sulphate. In particular, all purple sulphur bacteria
do show such capability, while the purple non sulphur photosynthetic bacteria
cannot withdraw electrons from sulphur [6]. As result, purple non sulphur photo-
synthetic bacteria either directly oxidize sulphide to sulphate or, if sulphide
reduction produces elementary sulphur, the latter is deposited outside the cells and
left unused. Purple non sulphur photosynthetic bacteria exhibit a notable range of
morphological, biochemical and metabolic diversity. Purple bacteria develop a
photosynthetic apparatus related to the photosystem II of the cyanobacteria.

The first member in the group of Heliobacteria was identified in the soil of a
garden in the campus of Indiana University, Bloominton in 1983 [7]. Remarkably
this newly discovered Halobacterium chlorum belongs to the class of gram-positive
bacteria, differently to all other phototrophs. Subsequently several other members of
the Heliobacteria were identified and cultured in several laboratories. Heliobacteria
grow photosynthetically over a limited range of organic compounds and present a
photosynthetic apparatus related to the photosystem I of the cyanobacteria.

3 The Wild Type of the Bacterium Rhodobacter
sphaeroides

The purple non sulphur bacteria Rhodobacter (R.) sphaeroides, main actor of the
present article, is taxonomically placed in the o subgroup of Proteobacteria and
exhibits a very versatile metabolic capability, being able to grow
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Fig. 3 A flowchart description of the metabolic versatility of the purple non sulphur bacterium
Rhodobacter sphaeroides
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Fig. 4 Growth curve for a culture of R. sphaeroides wild type exposed to 10% Ix in a closed
system. Redrawn from [8]. The duplication time of the strain R26 (see text) is twice larger

photoautotrophically, photoheterotrophically, chemoautotrophically, and chemo-
heterotrophically according to the scheme in Fig. 3.

Rhodobacter sphaeroides is able to use a variety of electron donors and carbon
sources during its photoheterotropic growth, namely acetate, citrate, ethanol,
fructose, fumarate, gluconate, glucose, glycerol, lactate, malate, mannitol, pyruvate,
succinate, tartrate, yeast extract.

Cell culture of the wild type strain of R. sphaeroides under illumination and kept
in anoxygenic conditions grow photosynthetically. A typical culture requires an
initial inoculum followed by a dark adaptation time that cells will use to consume
all oxygen present in the liquid medium by respiration. Six to twelve hours after the
inoculum, the cell culture is exposed to light (in the range between 1500 and
65,000 Ix) and the photosynthetic growth initiates, entering in the exponential
growth phase (see Fig. 4).
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Photosynthetically grown cultures assume a deep red colour because of the
presence of carotenoids molecules, are rod-shaped and their dimensions are
0.5-0.8 pm in width and 1-2 pum in length [9]. The cellular architecture shows the
presence of several components:

e An external cell wall responsible for the maintaining the cellular shape and to
ensure osmotic protection to the inner cell. The thickness of the cell wall ranges
between 5-6 nm [10];

e An internal membrane that separates the periplasm from the cytoplasm. The
thickness of inner membrane ranges between 7-8 nm [10].

e The intracytoplasmic membranes (ICM), invaginations of the membrane that
forms exclusively under illumination and in anaerobic conditions and that
contains the entire photosynthetic apparatus. These ICM can be obtained
mechanically isolated from the cell membrane. Under opportune conditions,
isolated ICM form closed spherical vesicles and can be purified to high degree.
These small vesicles were firstly isolated and identified in 1952 and named
chromatophores [11, 12] as they appear strongly coloured due to the presence of
the photosynthetic pigments bacteriochlorophylls and carotenoids.

e A single flagellum medially located externally to the cell that allows to swim and
change direction [13, 14]. A video showing swimming cells of R. sphaeroides is
available at https://www.youtube.com/watch?v=wcJIK7EP7UE.

4 The Energy Conversion Apparatus

R. sphaeroides is capable to grow chemoheterotrophically in presence of oxygen.
Reducing the partial pressure of O, to less than 3% (compared to 21% of the atmo-
sphere) in the culture vessel and illuminating, imposes the transition toward photo-
synthetic metabolism, triggering the invagination of the cytoplasm membrane, to
form the ICM, and the consequent synthesis and assembly of the photosynthetic
apparatus. The yield in bacterial biomass is rather high, reaching 4 g of wet cells per
litre of liquid medium. Once the mature photosynthetic growth conditions are
reached, the cascade of reactions starting with the absorption of light and eventually
ending with the synthesis of the energy-rich adenosine triphosphate (ATP) will be
responsible for powering the entire cellular metabolism. The photon-to-ATP con-
version apparatus is mainly based on a cluster of four main proteins sketched in Fig. 5:

e The light harvesting complexes (LHC), a set of two transmembrane
multi-subunit proteins organized in circular shape, responsible of the light
harvesting and its subsequent transfer to the following enzymatic complex;

e The photosynthetic reaction center (RC), a three-subunit transmembrane enzy-
matic complex, that functions as the photochemical core where photons are used
to reduce ubiquinone-10 (coenzyme Q) into ubiquinol withdrawing electron
from the redox protein cytochrome c, (cyt c,) present in the periplasm. As
consequence of these reactions, protons are sequestered from the cytoplasm and
stored into the membrane;
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periplasm
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2 cytochrome be,
3 Reaction center

4 ATP-synthase

Fig. 5 Schematic representation of the main components of the photosynthetic and proton
translocating apparats of a purple non sulphur bacterium. Sitting in the center of the IC membrane
are shown the molecule of ubiquinone-10 and ubiquinol-10. Enzymes and molecules are drawn not
in scale. Red arrows indicate the release of ubiquinol by the RC and its uptake by the cytochrome
be,. Green arrows indicate the release of ubiquinone by the cytochrome and the subsequent uptake
by the RC. Blue arrows indicate the transfer of one electron from the cytochrome bc; to the
oxidized cyt c,, and from the reduced cyt c, to the RC. For sake of clarity, the light harvesting
complexes are omitted. See also [15, 16]

e The ubiquinol-cytochrome ¢ oxidoreductase (cyt bc;), a multi-subunit mem-
brane enzyme, which uses the ubiquinol molecule produced by the RC to
oxidize the cyt c,. During this reactions protons are released into the periplasm;

e The net ApH established between periplasm and cytoplasm will be eventually
used to drive the ATP-synthase, a multi-subunit enzyme having a large membrane
and a soluble portions, which translocates protons back from the periplasm to the
cytoplasm and synthesizes ATP from ADP and inorganic phosphate.

5 The Chromatophores

The contemporary exposure to anaerobic conditions and to light triggers the
invagination of the cytoplasmic membrane and the development of the photosyn-
thetic apparatus, which is exclusively located into the ICM. The isolation of the
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Fig. 6 Representation of a portion of the cell from R. sphaeroides
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Fig. 7 Zoom of a single ICM. The orientation of the enzymatic complexes illustrated in Fig. 5 is
shown. Cyt c, is confined in the periplasm, while the synthesis of ATP takes place in the
cytoplasm. Numeration of enzymes is coincident to Fig. 5. In the inset is shown the French
Pressure Cell used to disrupt the cell wall of photosynthetic bacteria retaining the activity of
enzymes and producing chromatophores. This press consists of a cell with a central bore on the top
and a smaller bore at the bottom. The bore at the bottom is sealed with a needle valve. The cell
suspension is poured in the upper bore with the lower one closed. A piston is than inserted and a
pressure of 1400 atm is applied. When the needle valve is opened, the suspension is squeezed
through and experience a shear stress and a sudden decompressions. Bacterial cells are efficiently
disrupted and the biological material retains full activity if all operations are performed at
temperature lower than 4 °C

ICM requires a method to disrupt the bacterial cell wall that is accomplished
mechanically by the use of a French Pressure Cell Press (see inset Fig. 7).
Luckily enough, the use of the cell press ensures the full activity of the enzymes
present in the bacteria and, in the specific case of R. sphaeroides, results in the
closure of the ICM that detach from the membrane and reorganize in closed vesicle,
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the chromatophores. The sealing process most probably takes place at the neck of
the invagination (see Fig. 6) [11, 12].

Upon cells disruption, a fraction of the cyt c, is lost while another portion is
trapped within the chromatophores, which could be considered as the cytoplasm of
the vesicle (Fig. 7). On the opposite, the ATP-synthase will synthesize ATP in the
open solution, which can be considered the periplasm of the chromatophores. For
these reasons, the energy transduction and proton translocation in chromatophores
are often considered as inverted compared to the intact whole cell [17].

The chromatophores have a diameter varying from 60—100 nm and an internal
volume of roughly 1.2 puLL per mg of protein [17]. The overall content in reaction
centers depends on the actual size of the vesicle; for vesicles having a diameter of
60 nm, Saphon et al. found an average of 20 reaction center and 2-3 ATP-synthase
per chromatophore [18]. Both enzymes are fully active [19, 20].

The purification procedure of chromatophores present in literature requires 7
steps and is shown in Fig. 8.

3 day-growth; 30°C; '
el A 5 of ook iic: —| Photosynthetic cell culture!® | 1
14,000 g at 4 °C for 30 minutes
corresponding to ~ 24 g wet cells per 100 mL

Centrifugation; T,E, buffer double/triple washing
Resuspension in T,E, to a final concentration of 0D, =50

cell suspension 2
Operations at 5 °C, Operation pressure 20,000 psi High Pressure extrusion (French Press)
10,000 g at 4 °C for 5-10 minutes| Centrifugation
- cell debris
g * precipitate cell lysate supernatant 3
-
156,000 g at 4 *C for 90 minutes Centrifugation
cytoplasmic membrane cytoplasmic membrane
precipitate M supernatant 4
Resuspension
: discard
[ Re-suspended subcellular particles | 5
5-30% w/'w sucrose gradient over 60% cushien| |¢ ntrifugation on
27,000 g at 4°C for 200 min| [inear sucrose gradient in 10 mM Tris«HCI
Loading 2 mL of re-suspended particles
coarse chromatophores | 6
156,000 g at 4 °C for 90 minutes | | Centrifugation
chromatophores | 7
Dialysis

V

Fig. 8 The procedure for preparation and purification of chromatophores



Photosynthesis Without the Organisms: The Bacterial ... 173

Fig. 9 Stained thin-section
of a cell form R. sphaeroides
R26 examined under
microscope with a x99,000
magnification. Two kinds of
intracyoplasmic membranes
are visible, the spherical

(S) ones and the lamellar
(L) ones. The measuring bar
corresponds to 0.1 pm. The
inset shows a 27,000
magnification factor.
Reproduced from [21] with
permission

6 The Strain R26 of R. Sphaeroides

A green coloured carotenoidless mutant of R. sphaeroides named R26 is also
deeply investigated as model system in bacterial photosynthesis. Not much is
available in literature on the ICM organization in this strain. Lommen and
Takemoto [21] showed that, differently from the wild type described above, the
ICM of R. sphaeroides R26 are not homogenously developed, but form a inho-
mogeneous assembly of round and lamellar investigations, as shown in Fig. 9.

7 Conclusions

Purified chromatophores represent a very intriguing system to be used in almost
in-vivo investigations, including the photochemistry of the reaction center and the
synthesis of ATP by ATP-synthase. Chromatophores offer to chase the possibility
of isolate the sole and entire photosynthetic apparatus, getting rid of all the
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“obnoxious” biological components not involved in the process of light transduc-
tion. The short review here presented cannot be considered in any way exhaustive.
State-of-the-art investigations on the structure of ICM and on the architecture of the
enzymatic organization within the chromatophores are present in literature [10, 22].

Acknowledgements MT wishes to thank Prof. Benoit Leblanc, Universit¢é de Sherbrooke
(Canada) for the scheme of the French press cell reproduced in Fig. 7.
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