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PREFACE

The works presented in this Ph.D. thesis are the result of the activity research cariiedheut
laboratory of Applied Physical Chemistry of the Department of Pharmacy, Health and Nutritional
Sciences (University of Calabria) and embrace different topics ranging from the development of
innovative techniques of polymer materials functionaloratio the study of chemical physical
parameters to understand the aggregation mechanism of a complex biomacromolecule.

The first part of the thesis reviewed different functionalization methods able to realize -stimuli
responsive polymemembranesvith the ability to tuneopportunelytheir physicochemicaproperties
including electrical dipole moment, molecular volume, and exposed chemical gnoderthe
application of light as external stimulus, paying particular attention to chemical groupsspodsive
mechanismslight can induce different and interesting physicochemical property changes, which can
affect the performance of a great variety of devices. In faahkis toa reversible isomerization of a
light-sensitive chemical groups or molées) such as lighdwitchable chromophoreéscorporaédin

the structure of the polymer or immobilized onto the membrane suifaisepossible to reach a
photocontrol of the final performance of the membrane

Some of the lightwitchable chromophores, astly usedto prepare lightesponsive polymer
membranesinclude azobenzene, spiropyraand their derivates able tandergo a reversible
isomerization from the more stable trans form to the cis form lighhirradiation. Photochromic
molecules have beapplied in liquid crystal compounds and polymiarsrder to obtain photochromic

liquid crystalshavingphotoresponsivability. Recently, he employment of polymer networldsedto
stabilizeliquid crystalshas becomen attactive field of research this to the ability of polymer
dispersed liquid crystals (PDLCs) becometransparent or opaque according to lilgeid crystal
orientation upon application of an external field.

In this context, an innovative electoptical responsive device, formed#&porous polymer membrane
imbibed with liquid crystal, Polymer Membranes Dispersed Liquid Crystal (PMDLC) was presented.
Polymer membranes sputtered with a thin layer of conductive indium tin oxide &t@}ppolymer
networkhosing liquid crystalsfor the electric modulation of scattering properteSIDLC represent

an alternative, cheap and flexible to PDLC devices, thanks to the reduced amount of used liquid crystal,
the absence of rigid conductigabstratend the fast response tim&sanks tahe orientation of liquid
crystals present in the polymer matrix, these materials can be characterized by an opaque OFF state or
a transparent ON state in response to electric field as external stimulus.

In the second part of the thesis many strategidsiraftionalization wereexploredto improve the
performanceof existing materialsmakingthemsuitablefor potentialapplicationssuchas Advanced
Oxidation Procesg$AOP) or Electrocoagulatiorprocess(EC). Both processesre widely usedin
pharmaceuticalield for the removal of emergingrganiccontaminants such pharmaceuticals from
wastewaterHowever, these processes generally represent a preliminary or intermediate step during the

large-scale industrial treatment of wastewater drmedombination of nmabrane separation afDP
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or ECcould become an advantageand emerging technology for the complete removal of pollutants
sinceeach technique complements the advantages of the other.

The third part of the thesisis focusedon the study on the impact different functionalizedsurfaces
proposeds suitable substrate for the crystallization of the protein lysozyme used as model at lower
supersaturation conditions. The combined effect of surface porosity atarmhmicremeter length

scale and surfacehemistryof a polymericporousmembranesupportinga thin layer of hydrophilic

silica on the heterogeneous nucleation of crystals wagstigated.The surface functionalizatioloy
physical vapor deposition (PVDffers the possibility to combirtée ablity of silica nanoparticle

favor interactions protetsurface keeping unchanged thgorous structure of polymeric membranes
able to promote therystallization processes.

The protein crystallization process walso studied on the surface ohavel multifunctional hybrid
alginatehydrogelfunctionalized with caffeic acid and graphene oxide with the double aim of obtaining
a mitigation against the oxidative damage induced {gys and to modulate the release of lysozyme

as an antibacterial agefor biomedical application3.his systemaims to overcoma great challenge

in both drug delivery and discovery, since the possibility to reduce oxidative damages is a key property
for any material designed for interactions with living tissues, asagsilh the Xray crystallography,
where the oxidation of protein sample in the crystallization droplet can lead to the failure of the
crystallization process.

Besides, the impact of two types of polyelectrolytes having opposite charge, poly(acrylic dcid) an
polydiallyldimethyl ammonium chloride, on the crystallization of lysozyme was investigated
functionalizing surfaces by simple coating and by Ldyetayer deposition methodNon-specific
attractive and local interactions between the protein and thelpotsolyte may promotiemolecular
collisions leading to the formation of the protein crystal nunlshort time.

Finally, in the fourth part of the thesis, the study of crystallization is extended to a more complex
biomacromolecule, thiill-lengh monoclonal antibody AMCD20, a therapeutic protein extensively
used for treatment of chronic lymphocytic leukaemia andthand g ki nds. | y mp h o ma
Physicechemical parameters like the osmotiecond virial coefficient (B) and the melting
temperature () are measured byorrespondinglyStatic Light Scatteringand Dynamic Light
Scatteringn order toinvestigate the aggregation mechanism and the colloidal stability of this protein
in PEG400/NaSO/H20 solution near liquidliquid phase separation conditernThe relationships
between the crystallization propensity of AGID20 in the Ne&SOQ/PEG400 solvent system of different
compositions and these measurable parameters allow to understand the aggregation mechanism
governing the nucleatiearystallization of this complex biomacromolecule. In factinee the
crystallizationof mAb is not a trivial processa thorough understanding tfe intimate mechanism
underlying proteirbehavior in the crystallization solutioreeds to be investigatéaking account of

the role of the solvent and the environmental conditions such pH, ionic strength and temperature
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INTRODUCTION

Functionalization is an effective way of adding properties to a materathieve specific goals such as
inducing a desired response, inhibiting a potentially adverse reaction or improving the interactions with the
surrounding environment. Functionalized surfaces can be developed to address needs for biological, medical,
commercal and industrial applications. Infact, several functionalized surfaces find numerous practical
applicationsn variousbranche®f industryandeverydaylife. A few examplesncludeantimicrobialmaterials

to prevent bacterial adhesion and infectiorsgnductive devices able to control the transmittance of light
when an external stimulus is appliédpiosensors based on the immobilization of enzymes, antibodies and
other type of cells*®self-cleaning materials applied in energy and environmengalsa

Membranes are selective barriers able to separate components with different sizes or physical/chemical
properties. The efficiency of a membrane separation process depends on the performance of used membrane
andthusonits propertiesIn particular the mostimportantpropertyof amembranencludesselectivity,which

is the ability to separate solutes rejecting the unwanted compouridtaingthe desired onpassthrough.
Generally, the membrane selectivity depends on the affinity between the substances and membrane surface.
Hence the importance of modifying membrane surface toawnepits properties making it suitable for the
process in which it will besed.

Functionalizatiorhasbeenwidely appliedto polymericmembranetn manyy e | addfiasprogressedapidly

in recent years. Membrane surface has been engineered to modHeritgstry and topography in order to
achieve a final product characterized by innovative properties. The modified membranes have been widely
used in various applications, such as in separat:.i
Membranes able to change their physicochemical properties to respond to environmental stimuli are called
intelligent or smart membranes and are attracting-iexeeasing interests in numerous fields ranging from
controlled release to separations. Several fanat groups incorporated in the membrane structure or grafted

on its surface could change the membrane properties on demand. Stimuli such as light, temperature, pH,
electricandmagnetidields, ionic strengthhumidity causehetransitionof a propertyatthemicroscopidevel
whichledto macroscopi@and,often,reversiblechangesn membrangerformancén termsof separationfux,

fouling potential andpermselectivity® Todaytheapplicationsof stimuli-responsivenembranearenumerous
andtheresearchaimsatdesigninganddevelopinghewandinnovativepotentialapplicationsvheremembranes

are key components of complex technical systems such as sensors, separation processes, and drug deliven
devices. The use of stimukesponsive polymers dtad on the membrane surface or into its porous structure,
represents a common method to add responsiveness to the membrane. In such a way, it is possible to modify
transport properties (e.g. permselectivity and hydrophilicity) enabling a fouling mitigatid tunable self

cleaning membrane surfaces without the use of physical/chemical cleaning methods required for membranes

under normal operatingpnditions®
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CHAPTER 1

1. LIGHT -RESPONSIVE POLYMER MEMBRANES (REVIEW )

Published as: E. Pant uso, G. De Fil po, Advakced Ni c 0
Optical Materials2019 7, 1900252https://doi.org/10.1002/adom.201900252

1.1 SUMMARY
Stimuli-responive polymer membranes have gained particular attention for the ability to tune opportunely

their physicochemicapropertieaunderthe applicationof anexternalstimulus.Heat,pH value,ionic strength,
pressure, humidity, electric and magnetic fielsjgen/antibody interactions, chemical reactions, and light

can be used as triggers for specific responses in polymer membranes. In particular, light is a fascinating
stimulus asit is agreenenergywhich canbemodulatedn apreciseandconvenientvay. In addition,it allows

remote and contactless interactions without changing the original chemical environment. This review reports
recent progresses in lighesponsive polymer membranes with particular attention to chemical groups and

responsivanechafsms.

1.2 INTRODUCTION
Responsive membranes represent a new class of advanced membranes that are able to respond to one or mol

external stimuli and allow the control of membrane performance and funttinauli such as heat, electric
and magnetic fields,umidity, light, and presence of specific ions cause the transition of a property at the
microscopic level in responsive sites, which led to macroscopic and, often, reversible changes in membrane
performancé.The responsive sites are coated as thin film® ¢he membrane, but can cover or fill the
functionalized pore walls in the case of porous membranes. According to the induced property change,
Darvishmanesh et al. categorized stimulfas:

1. direct,if themembraneesponsivesitesrespondo aspecificcue(pH, ionic strengthpiologicalcues);

2. indirect, if the changes in membrane performance are due to temperafitn&sounds;

3. field induced, if the property transition is caused by light or an external electric or magnetic field.

The most commoudirect stimuliresponsive membranes are prepared with polymers bearinggpidnsive
chemicalgroupssuchaspyridineandcarboxylgroups At low pH theacid-swellablegroups(suchaspyridine)

are protonated and give rise to large charge repulsions repedaner chains, which cause the membrane
swelling. Alkaliswellable groups such as carboxyl groups, on the contrary, experience an increase in charge
density and a polymer swelling at high pH valt&gpical polymers used in the manufacturing of direct
stimuli-responsive membranes are poly(methacrylic acid), poly(acrylic acid), poty#yridine), and
poly(N,N-dimethylaminoethyl methacrylate). Indirect stimrdsponsive membranes are generally gregp

with polymers such as polyisbpropylacrylamide), poly(@imethylamineethyl methacrylate), or
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p ol y (didthyNwdtylamide)Thesepolymersshowa critical solutiontemperatur¢CST),abovewhich they

undergo a phadeansition from a soluble hydrophilic swollen state to an insoluble hydrophobic shrunk state
(lower critical solution temperature or LCST). Polymers with an upper critical solution temperature, on the
contrary, undergo a phase transition from an insolatate to a soluble state if temperature is higher than
CST?®/

High performance magnetiesponsive membranes are generally filled with magaetive nanoparticles of

metals, metal oxides, or ferromagnetic materials. Their main application is thedsdtirery and release of

drugs loaded in small polymer drug delivery systems such as liposomes, niosomes, and ¥&scicles.
Electroactive membranes can be obtained by addition of electroactive materials such as carbon nanostructures
(nanoparticles, nanoteb, graphene nanosheets) or by using conductive polymers (e.g., polypyrrole,
polythiophene, polyaniline). It is important to note that an electric field can increase the temperature through
Jouleheating and confer thermoresponsive properties to an eletiti® membrané.

Electroactivity can be also obtained by casting or grafting of conductive polymer thin films on the membrane
surfaces or by seHissembling of monolayers by physical and chemical vapor depositiorsbialarer
assembly, and spin coagi/f

Light-responsive chemical groups such as azobenzenes, spiropyrans, diarylethenes, and semiconductor
nanoparticles can be physically blended or chemically bound within the membrane bulk structure or
immobilizedby coatingor graftingontothe membranesurfaceand/orpores Differentlight wavelengtiranges

(UV, Vis, NIR, and IR) can be used to trigger structural transformations according to the specific functional
groups to be activatedSpecific wavelengths can cause conformational changes gbattieular light
responsive groupsand/or heating of the surrounding environment leading to changes in macroscopic
propertiest This paper reports recent progresses and a guide to the relevant literature in light responsive
polymer membranes with partiem attention to photoswitching properties of the involved chemical groups

and responsive mechanisms, which can change the membrane properties on demand. Readers interested t
smart membrane technologies actuated by multistimuli can refer to excellerd pagereviews present in

literaturel®14

1.3 PHOTOSWITCHING MECHANISMS AND COMPOUNDS

1.3.1 POLYMER MEMBRANES AND LIGHT
A precise definition of the term membrane is rat

separates and contacts two adjacest phe s 0 al | owi ng the exchange of ma
information between the two phaséa membrane can be solid or liquid, homogeneous or heterogeneous, with

a symmetric or asymmetric structure, with selective or nonselective propamigsmade with organic,
inorganic, or biological material§ Accordingly to the constituent material, membranes can be categorized as
liquid, metal, glass, ceramic, and polymer membranes. Polymers are characterized by peculiar properties suct
as high vales of porosity, specific surface area, large permeability, and low déHsitgddition, polymers

show chemical versatility and easy processability. Light represents an appealing stimulus that can alter the

dimensional or structural composition of madésiaccording to a contactless way and with no change in the
9



surrounding environment.Light also offers excellent spatial and temporal control over the energy input
requiredfor tuningmaterialproperties® In addition,comparedo otherexternalstimuli suchasheat,pressure,

pH, electric and magnetic field$23light is a fascinating stimulus, as it is a green energy, as its intensity,
wavelength, and polarization direction can be modulated in a precise and convenient way. Color, alignment,
wettability, charge roughnessshapejon binding, andpermeabilityare somematerialsurface/bulkproperties

that can be locally addressed and changed by#ighiThe irradiation of a photoresponsive group generally
causes molecularrearrangemenwith a consequentnodificationof the electroniclevelsandlight absorption
allowing the visual observation photoswitching.

1.3.2 PHOTOSWITCHABLE CHEMICAL GROUPS
In orderto makeapolymerphotoresponsivelight-sensitivechemicalgroupor moleculemustbeincorporated

in its structure by entrapment, crdissking, or insertion in the side chain or as a part of the oraim?’

The lightinduced changes in polymers are often based on a reversible isomerization upon exposure to UV or
Visible (Vis) light of the chromophoric groups. The ligktvitchable chromophores, mostly used in light
induced changes in polymer matrices, are listed in Scheme 1. Azobenzene (Azo) and spiropyran (SP)
derivatives represent undoubtedly the most commonly used chromophoric ghaopderivatives can
undergo a reversible isomerization from the more stable trans form to the cis form upon UV irradiation.

Heat and Vis irradiation allow the reverse reaction from cis to trans isomer, as shown in Scheme 1. The
transition from the roghaed trans to the beshaped cis isomer decreases the Azo molecuérgth from

9.9t0 5.5A andincreasedts dipolemomentfrom 0.5D to 3.1 D. Thedifferentmoleculargeometryof thetwo
isomersaffectstheir electricalpropertiesandallowsthe photocontrobf somepropertiedncludingsize,shape,
wettability, swelling, solubility, adsorptionenzymeactivity, soli gel transition,permeability andion binding.

Upon UV irradiation, SP groups can isomerize by a ring opemgagtion (Scheme 1jyhich leads to the
reversible switching between the colorless hydrophobic-giaged spiropyran form and the colored
hydrophilicring-openednerocyanindMC) form. Thedipole momentof SPmoleculestronglychangedy the
formation of the zwitterionic MCtructure from 4.3 D to 17.7 B¥The photoconversion from the SP to the

MC form canbetriggeredby UV irradiation(typically at 365nm), while SPform canbe usuallyrecoveredy

Vis light. The MC isomer can bind ions with a consequent color shift thawslits use as reversible
chemosensd? Photochemicahducedcycloadditionreactiongrovidethe possibilityto reversiblycreateand

break bonds between molecuféslowever, reversible cycloaddition reactions in polymers are limited to a few
moleculesncluding thymine, coumarin, stilbene, and cinnamic acid for [2 + 2] cycloadditions and anthracene
for [4 + 4] cycloadditior’* The coumarin derivatives are known to undergo photodimerization reactions, which
lead to the formation of cyclobutane ringsaingh [2 + 2] cycloaddition, when they are irradiated with UV

light with a wavelength greater than 358.

Thereverseeactionis gainedby irradiationwith UV light atawavelengtrshortethan260nm3? Nevertheless,

the risk of polymer damage is highs the reverse reactions typically require high energy photons. Thus, an
exciting challenge in photochemistry research is the development of céiteé/¢teversible) cycloaddition

reactions driven by Vis ligh
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Scheme 1Some lightswitchable chromophores.

Typical molecules able to give reversible cycloaddition reactions are reported in Scheme 2. Schemes 1 and 2
show several lighswitchable chromophores and reversible cycloaddition reactions, respectively. Despite
some similaritiesn the previously reported molecular reactions, it is almost impossible to compare these
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commonly used families of molecules in terms of their physicochemical properties such as volume change,
responsive behavior (both switch and decay times), and sensitis, as they are characterized by different
modesof action.In addition,photochemicaleactionsaredependenbnseveraparametermcludingthenature

of the molecule or polymer backbone to which the chromophore is bounidyi®/VMght intensity and
frequency, exposure times, desired amount of change (e.g., percentage of variation in transmittance, release,
or bending), effective free volume, environmental conditions (temperature, solvent polarity, viscosity, pH,
solution, or solid state), and sampitéckness. Consequently, there is no optimal photoresponsive molecule

that can be used in aapplication®

>350 nm O O
OCO eneon 2 O Anthracene

Ho\(\/@
B
5 o} >300 nm
——
XN B ——
@MOH <260 nm

(o] o]
A I >350 nm o} - o]
<260 nm O O Coumarin
(o] (0]
8

Cinnamic acid

<300 nm

<260 nm O)\ u N ’go

6 Thymine

' Stilbene

Scheme 2.Typical moieties capable to give reversible cycloaddition reactions by UV irradiation. Reproduced with

permissiort® Copyright 2013Royal Society of Chemistry.

1.3.3 PHOTOCHROMIC LIQUID CRYSTALS AND PHOTOALIGNING AzZO-COMPOUND DYES
(PAADYS)
Photochromic molecules have been applied in liquid crystal (LC) compounds and polymers to add

photoresponsiveness to LC selfjanizatior®®3” Photochrorit LCs are generally obtained by physical
additionof smallamountf photochromianoleculesor by incorporationof photochromi@roupsin polymer

structures®Upon light irradiation photoresponsive liquid crystalline matedats
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maintain their origingbhase;
transform into another L@hase;

undergo photoalignment photoorientation;

Ll

modulate their properties such as pitch poldrization;

5. show photomechanicploperties.
Photochromid.Cscanundergaeversiblephasdransitionsby light irradiation.Generally the phasdransition
is due to the different compatibility of the two photoisomers within the LC matrix, which consequently
decreases or increases the local order degree with a change insthérphsitiotemperaturé®
In the case of Azgsompounds, the local order change is due to the variation in the geometric size and shape
of trans (long roeéshaped molecules) and cis (short bsmiped molecules) isomers. Reversible
photodisalignment ophotoalignment of liquid crystals can be obtained by UV or Vis irradiation of a

homeotropic photochromic layer, as shown in Figute 1.

g (b)

Figure 1. a) Reversible photoreorientation of a LC cell between homeotropic and random planar states upon irradiation

with UV and Vis light. b) Molecular structure of azobenzene isomers. Reproduced with perifi€ipgright 2013,

Elsevier.

One important and simple application of Azempounds in the last 30 years has been their use as thin films

to photoalign LC'** The PAAD have been found to be effective in the alignment and formation of high
resolution patterns in LC, enabling their use as grating polarizers and spiral phaggates’é

Themainadvantagesf PAADs aretheir extendedbsorptiorrange(up to 4000 nm), thelow exposuresnergy,

and the possibility to be easily deposited over large 4fddse UV light causes the isomerization of
photochromic layer and the LC transition from a homeotropic to a random siiatear

Common chiral LC phases, such as cholesteric LCs, blue phases, and chiral smectic C phases, display quite
fascinating optical and electaptical phenomena, including the lightdriven pitch modulation and

photoinduced phase transitions by isomerizatiomgbtiesponsive molecules. In addition, PAAD layers can

13



be used to make atiptically controlled LC modulators and phase shifters. In their work, Perivolari*®et al.
reported an optically controlled haifave plate based on a commercially available phigtoialg Azo-dye
(PAAD-22D) andatwistednematidiquid crystalcell. Theirradiationof PAAD-22D layer (castedbnonecell
substrate) with a Vis light caused its isomerization from the trans to cis state and the switching between two
perpendicular alignmerstates in the cell surface, resulting in a controllable polarization. In fact, the PAAD

LC cell switched from the initial planar to a final twisted state, obtaining a rewritable LC device driven only
by visible light without the use of electric fieldBhe device controlled in an efficient way both the light
transmission and polarization with a high recovery (90%) of the transmitted intensity after many twist and
untwist cycles. Thanks to their reduced thickness (a few hundred nanometers) PAAD layeraitteactive

to form surface relief gratings after irradiation by two interfering laser b&aavrona et al. studied the
opticalpropertiesandphotoinducedespons®f threedifferentphotoaligningAzo-dyes(PAAD- 22D, PAAD-

22E, and PAAR22N)*Dyes were casted as thin films (thickness between 15 and 150 nm) byosiimg on

indium tin oxide coated glasses by dissolving PAADs in methanol. Results showed that the films were
characterized by high refractive indices (between 1.6 and 1.8) and acaigmnjfhotoinduced birefringence.
Birefringent phase gratings were recorded with Vis light and diffraction efficiency measurements were used
to monitor their temporal evolution. The time constants to record the photoinduced diffraction gratings were
5,4,and120sfor PAAD-22D,PAAD-22E,andPAAD-22N, respectivelyThe PAAD-22N films showedthe
highest diffr.a&t3 o 80 ,56h c'1y@ e photoifddced gratings in such thims
werefoundto beassociatetb therefractiveindexchangeatherthanto theformationof asurfacerelief. More

robust photoresponsive coatings can be synthesized from organic azobenzene dyes and polyhedral oligomeric
silsesquioxane@zo-POSSs)Tkachenkeetal. describedhesynthesiof anewseriesof branched AzePOSS
structures with different flexible spacers between the inorganic POSS €binese new hybrid materialsere

ableto form thin andsmoothfilms characterizedhy enhancedhermal,mechanicalandoptical properties. In

fact,tth n fi |l ms (ae6PMO%IM)haod ladw rAeforacti ve i ndweres ( a&.
foundby atomicforcemicroscopynvestigationsn Azo-POSSilms with Azo-dyeshaving side isolation groups

into the POSS core. Morphology smoothness pagsible thanks to the suppression of the crystallization and
aggregation of azobenzene chromophores. Moreover, such molecules had a significant decrease in the trans
cis photoisomerization rate as the isolation groups effectively prevented the chrorsogdgnegation and
allowed faster photoisomerization proces$é8The light absorption by a dichroic dye is dependent on its
polarization, being maximum or minimum if light is polarized parallel or perpendicular to the principal axis of
dyes. When dichiio dyes are dispersed in LC, the dye molecules align patall€l directorandthelight
absorptioncan be modulatedby the LC director reorientationln addition, alossin the local order canbe
obtainedby thetrang cis photoisomerizationf Azo-chiral dopantghatinduce the transition from the chiral to

the achirastructure.

Wangetal. dispersedhdichroicdyein amixture of anAzochiraldopantandanematicLC in orderto achieve

three stable states (focal conic, fingerprint, amomeotropic) with different optical transmittance
characteristics (opaque, attenuated, and transparent, respectively), as shown in Bigwitcling among

the threedifferent statescould be obtainedby applyinglight with a wavelengthof 408 or 532 nm. An easy
14



switching, acceptable contrast ratio, and low power consumption were the main advantages of such device.
Theinitial LC cell wasin afocal conicstate Irradiationwith alow intensity(10mw cm' § 408nmlaserlight

switched cell first in a fingerprint state and then in a homeotropic texture state when the following condition

wasfulfilled

C

Vv

N
oD
w N

(1)

where P is the cholesteric pitch, d the deitkness, kand ksthe twist and bend LC constants, respectively.

Homeotropic texture

Focal conic texture

Fingerprint
state
Focal conic
state
Homeotropic L ..;:ﬁ%ﬁ% AL
state DEYICES LA

(b)

Figure 2. a) Optical switching in a tristable CLC device. b) Textures and optical transmittances in the three states.

Reproduced with permissiéRCopyright 2014, Elsevier.

The homeotropic texture relaxed back to the focal conic texture within a few hours after the 408 nm light
turningoff. Thedyebackisomerizatiomprocesdo thefocal conicstatecouldbeacceleratetby cell irradiation
with a 532 nm laser light intensity lagthan 200 mW ch? For lower intensities of 532 nm light the

homeotropidexturerelaxedobackto thefingerprinttexture.ln thefocal conicstate jncidentlight wasabsorbed

15



by dichroic dye and scattered by randomly oriented cholesiguid crystal (CLC), while in the fingerprint
state LC molecules did not scatter light as CLC helical axes were perpendicular to the incident light. In the
homeotropic state both dye and LC molecules were parallel to incident light leading to a maximum

transmittance value as scattering and absorption were strongly réfluced.

1.34 PHOTORESPONSIVE WINDOWS
The employment of polymer networks to stabilize LCs has recently become an attractive field of Pésearch.

Two different types of LC/polymer dispersions canpbeduced according to the polymer concentration. In
polymer dispersed liquid crystals (PDLCs) the polymer concentration is kept in the raB8gec20.C can form
micrometersized droplets randomly dispersed in the polymer matrix (Swiss cheese morpholegi¥persed

in the voids and crevices of a polymer ball morphology. The refractive index mismatching or matching between
LC and polymer matrix confer to PDLCs an opaque or transparent appearance due to incident light scattering.
Upon application of anxternal field, the liquiecrystal phase reorients and film becomes transparent or opaque
according to the initial LC orientation and dielectric anisotropy (direct or reverse mode PDLCs, respéttively).

> In polymer stabilized liquid crystal texture polgmconcentration is maintained below 10% in order to
stabilize the LC (generally cholesteric) textut®¥eon et al. realized a light shutter, formed by a-dgped

CLC layer and a PDLC film for simultaneous control of haze and transmiftindbe opgue state it provided

black color by the dyedoped CLC and hid the objects by using the PDLC film properties. By switching the
light shutter placed at the back of the-lg®ugh device, it was possible to choose between ththsaegh

mode and the highisibility mode. In addition to the control of haze and transmittance, photochromic PDLCs
can confer to smart windows salfljusting photocontrol and color aesthetic added valttéBebije and co
workers designed smart windows consisting oftaed lunmiescent solar concentratéfsble to absorb
sunlight and emit downshifted light. The emitted light could escape from the lightguide edges, where the
attached photovoltaic cells converted the collected light into electricity. These devices were prepmsed a

alternative green source of electricity.

14 LIGHT -DRIVEN FUNCTIONS

1.4.1  LIGHT -DRIVEN WETTABILITY
AiWettability is the ability of a liquid to mainta
between the intermolecular interactions asthesive type (liquid to surface) and cohesive type (liquid to
| i g PliLatusleawesputterflywings,geckofeet,rosesurfacesandfish scalesaresomebeautifulexamples
of controlled wettability in natur®*which inspired researchers to desiggw photoresponsive materials
(such as inorganic materials, small organic molecules, and photoactive polymeistabteol
their wettability. %% @ Thesechangesreoftenbasednthereversibleisomerizatiorof Azo or SPgroupsupon
exposure to UV oVis light.®®25Pei et al. investigated the structure and wettalglioperties
of photoactive Azo monolayers casted on silicon surf&Hse reversible water contact angle (CA) changes
are due to the photoisomerization process, which changes the dipatent of Azo moieties during UV or

Vis irradiation. Consequently, the CAs decrease due to the higher dipole moment of the azobenzene cis
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isomers/! while wettability recovers its initial value after Vis irradiation. The photoisomigsizanf Azo-
compounds present on surfac¢éhe shuttling of cyclodextrin ringSor the release of hydrophilic guedtsan

hide or expose the hydrophobic/hydrophilic groups, resulting in the surface wettability variations.

Cyclodextrins (CDs) have beeised as host molecules because of their characteristic structure with a
hydrophilicexteriorsurfaceandahydrophobidnterior cavity,ableto accommodatawide rangeof molecules

as guest$>"®Azo groups do not possess photocleavage properties, iout ¢ 0 mb i n -@yclodextrinesi t h U
( {&D) may form photodissociating supramolecular complexes upon irradiation with light at 365 nm. Upon
irradiation at 460 nm the Azo groups #fboompléxeso mer i
formagain”A successful example of t un abCDeosbguestfsystene s wi t
was presented by Wan et al., who fabricated a kind of molecular shuttles on gold with reversible changes in
CA of nearly 50°. The agrepared monolayer was hydrdlphthanks to presence of CD molecules on the

surface, but after UV light irradiation, the CD sliding down along the alkyl chain made the surface

hydrophobic, as shown in Figure23Chen et al. controlled the surface wettability of gold substrates

desiquing a tripodal stator to fix an overcrowded alkene group, which upon irradiation exposed or hid a
hydrophobic fluorinated chain. As thRéF; groups faced outside the surface wettability change bet@6én

+1° and 82% 1°.78

N

F
‘ == SH i \.\ = 3¢ N ~~O(CH3)4SH
CF,AzoSH

CD
Vis

Figure 3. Photoreversibleazobenzene shuttles. Reproduced with permiséi@apyright 2008, Royal Society of

Chemistry.

Moreover, the wettability of Azo and SP layers can be influenced by the surface roughness and presence of
aligned functional group®:2°Surface coatings wita SPcontaining polymer showed large reversible and
reproducible changes in wettability with difference in water CA values up to 30° (from 48° to 78°) over ten
cycles® After 12 h in dark conditions, SP molecules recovered the pristine hydrophobid b&ateversible
wettability of photoresponsive Sfntaining surfaces could be enhanced by increasing the substrate
roughnes$? Vis light responsivenaterialshavereceivedncreasingttentionin recentyearssincehigh energy

UV light hinders somebiomedical applications of photosensitive molecules due to their possible
photodegradatioff The group of Read de Alanf2°designed and synthesized a new class of visible light
activated molecules, named doinaeceptor Stenhouse adducts (DASA). Thayeha unique combination of
physical and chemical properties with excellent fatigue resistance and large polarity changes. The
photoswitching mechanism of DASAs is based on the structural change from a conjugated, ceptred,

chain, hydrophobic trienrm to a zwitterionic cyclopentenone, colorless, hydrophilic form upon irradiation
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with Vis light858 Singh et al. grafted responsive DASAs on an amino functionalized polycarbonate film
surface using a photor es pon s.Pruahermard, Balamurudam ard Leet i v €
reportedhesynthesiof anacrylatebasedrolymerbearingsomeDASA groupsasprobefor theselectiveand

reakttime photodetection of diethyl cyanophosphate both in solution and vapor®pAasgher interesting
applcation was proposed by Sinawang et al.,, who reported the synthesis of a polysasede
photoresponsive polymer with DASA pendafitsunder Vis light, DASA films displayed good
photolithographic performance with welldefineatterns.

1.42  LIGHT -DRIVEN ROUGHNESS
The surface roughness is Athe | ocal deviation of

properties and performance of surfat®&d:*2The surface of lotus flower leaves is kept clean by the presence

of nanoscaledrchitecturesuperimposednmicroscalegapillaewhich givesrepellencytowarddustparticles

and watef>**Such seHcleaning effects inspired researchers in the fabrication of $ypeophobic surfaces

by choosing appropriate chemicals and structures. The attaténge is to make these surface structures
switchable, i.e., able to be turned ON and OFF on demand by an external and remote trigger such as light.
Different surface relief patterns were realized by introducing Azo moieties in polyherswitchingof the

CA between different wetting regimes was possible by using surfaces with a nanoscale roughness and a
coverage with azobenzene functiogadups?-°®

Yadavalli and Santer demonstrated the possibility to switch reversibly the topography-obmaning
polymersin situ by changingheirradiationconditions’’ Thereorientatiorof Azo moleculesalongadirection
perpendiculato thatof thelight polarizationcausednaodificationsin the orientationof polymerbackboneso

which the Azo moieties werattached. Macroscopic surface deformations appeared due to the strong
mechanical coupling between the photoactive molecules and the pahgatnier®®°

Lomadzeet al 1°°reportedon Azo groupscovalentlyboundto poly(methacrylicacid) brushegpolymerchains,

able to move freely along the light intensity gradient and create different topographies in response to light.
Thus,relief gratingswereobtainedafterphotoisomerizationf Azo groupswith interferencepatternsasshown

in Figure 4. The height dhe grating was controlled by irradiation time. Sample irradiation for shorter times
gavepatternghatcouldbeerasedy solventswhile permanenpatternsvereobtainedwith longerirradiation

times because of the photochemical scission of covalensk@mtdegrafting of polymehains.

Zettsu et al. reported on liquid crystalline linear polymer systems that can generate surface reliefYratings.
Kopyshev et al®2investigated in real time the lightinduced reversible changes in thickness and reugfhnes
poly(methacrylic acid) brushes loaded with a cationic surfactant containing an Azo group in its hydrophobic
tail. UnderUV light irradiation( & 365nm)thebrushcomplexshrankinducingthedecreasef polymerfilm
thicknessandtheconsequenncreasaf thesurfaceroughnesgseerigureb), becaus¢hecis-azobenzenanit

requires more free volume than its trans counterpart. Polymer brushes recovered their initial stdiiander
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Il i ght irradiation (o amrd expaddon prongsses \iete eevecsible over aapeaied
irradiation cycles and characterized by switching times lower than a few seconds.
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Figure 4. a) Generatiorof photosensitivazo-poly(methacrylicacid) brushesb) Initial polymerlayer.c,d) Brushesafter
10 and 30 min of UV irradiation. Reproduced with permis$f8@opyright 2011, American Chemic8bciety.

azo-TMAB

photosensitive brush

rms,, >> rms,,

Figure 5. a) Chemical structure of polyelectrolyte brushes and cationic surfactants containing Azo groups. b)
Representation of thdiitkness and roughness switching under UV or Vis irradiation. Reproduced with perrii$sion.
Copyright 2016, American Chemical Society.

1421  LIGHT-DRIVEN ROUGHNESSBY LC NETWORKS
Liquid crystalnetworks(LCN) consistof reactiveLC photochromianonomemixturesactingascrosslinkers

and deformation triggers. The elasticity, anisotropy, sthmdponsiveness, and molecular cooperation of
LCN allow to build interesting photoresponsive surfd€&¥® Generally, monomer mixtures are insitu

phaopolymerized after having gained a preferential alignment. UV exposure of prealignedmaming
19



LCN changeshelocal molecularorderandcreatedocalizedtopographiesvithouttheneedof complexoptical
setupsSeveralktudiesof Liu etal. demonstratethatthe networkfree volumeresponsibldor thetopography
formation was enhanced by the presence of Azo mesogenliokams %71 They obtained permanent
topography changes in A2aCN by adding chain transfer agents to the mixture compisn By contrast,
reversible surface topographies could be fabricated with normal polymerization conditions (i.e., in absence of
chain transfer agents) under continuous or sequential illumination. In addition, the same authors reported on
the photoformatin of fingerprint textures in flat CLN coatings aligned parallel to the substrates, as shown in
Figure 6. When the CLN coating was actuated by light, 3D fingerprint structures appeared as helixes formed
protrusions where molecules were aligned paralleth surface, while surfaces withdrew where their
orientation was perpendicular. Fingerpsfitaped protrusions disappeared when light was switchéedf off.

Zhan et al'! made photoresponsive azotola®eNs with different surface topographies, including sub
micropillars and suimicrocones arrays by using colloidal lithography techniques. These two surfaces
exhibited supehydrophobicity (CA,larger than 141°) and completely different water wettability mimicking
rose petal and lotus leaf behavior, respectiysete Figure 7). The suhicropillar arrayed film behaved as a

rose petal (with a large water adhesion and a sliding angle, SA, greater than 90°), whilentier@tdne
arrayed film behaved as a | ot us | ethahkstp itsihierarchigal, | ar g
duatlength scale morphology. Both microarrayed films showed reversible CA switching in the super

hydrophobic region under alternating irradiation with blue and digien

homeotropic hv

planar J TRE
A7 ng\ﬁvn
|V~ "\\\\‘ﬂ' ,\»ff‘{
ol I\~ !
N A { | \\‘—rJ. ‘ -~
: () (b)

Figure 6.a) Schematic representation of fingénps dynamics. b) Polarized optical microscopy images of a fingerprint

texture as observed between crossed polarizers. Bright regions correspond to planar and black areas to homeotropic
orientation. Reproduced with permissiBfCopyright 2014, WileyvCH.
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(c) CA (trans-state): 144.0 + 1.7° (d) cA(cisstate) 141.7+0.°
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Figure 7. (Top) SEM imagesof a) thetop view andb) at atilt angleview of submicropillar arrayedilm. c,d) Contactingoehaviorof

a5 ¢ Lwaterdropletonthesubmicropillararrayedilm in transstate(CA = 144.0°)andcis-state(CA = 141.7°),respectively(Down)

SEM images of a) the top view and b) at a tilt angle view ofrsuibc r ocone arrayed film. c¢c,d) Cont
dropletonthesubmicroconearrayed filmin transstate(CA = 156.4°)and cisstate(CA = 154.5°),respectivelye,f) Sliding anglesin

the trans and cis states. The alternating irradiation time for blue light (470 nm, 120 im}¥angreen light (530 nm, 30 mW th

was 120 s in both cases. Reproduced with permidsi@uapyright 2015, Amgcan ChemicaSociety.

1.4.2.2  LIGHT-DRIVEN ROUGHNESSBY SKIN BILAYERS
Reversible lightresponsive patterns were created by using surface wrinkles of a stiff skin bound to an

elastomeric substrate. A reversible variation of wettability was observed@ssaquence of the dramatic
changes in surface roughnéss'*Nearinfrared (NIR) wavelengths represent an efficient approach to tune
spatiallyandtemporallythesurfacefeatureswith theadvantagesf ultrafastresponsegontrollableoperability,
andregion selectivity!“Li et al*>obtained novel NIRight-responsive dynamic wrinkle patterns by using
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bilayer system formed by a substrate of polydimethylsiloxane (PDMS) elastomer doped witiwsiiegle
carbon nanotubes (CNTs) amdtop stiff layer of functional polymers. Upon exposure to ddBiation,
photoswitchable wrinkle patterns formed as a consequence of the high-pittermal energy conversion

by CNTs, which caused the expansion of the elastic-BNMS substrate. Rewable transitions from the
wrinkled state to the wrinkléree state were obtained by turning ON or OFF NIR light (see Figure 8). These
NIR-responsivelynamicaWwrinklescouldbeusedo preparalynamiclight gratingsno-ink displays andNIR-
controlledelectronicsTheNIR-drivenwrinkling strategycouldbeexploitedby theintroductionof otherNIR-
responsive materials into the elastic substrate (e.g., graphenenaneiaarticles,

organic dyes, and conjugated polymers) and the use of more versatiie substrates such as liquid

crystalline elastomerd®1t/

1) Heat/NIR
CNT-PDMS
2) Cool to RT

120

NIR radiation CNT content in PDMS|
— 0.05%
— 0.026%
—0

100

@
<

NIR removed

Temperature (C)
5 3

)
S

o

0 200 400 600 800
Radiation time (s) (b) ( C)

Figure 8. a) Fabrication process of Ni&iven dynamic wrinkles. b) Temperature variation in GRDMS substrate
during NIR ON or OFF switch. ¢) Atomic force microscopy images to test réildysof NIR-driven wrinkles. NIR
intensitywasa 1 WEn' 2 Reproduceavith permissiort'® Copyright2018,AmericanAssociatiorfor the Advancement

of Science.

1.43  LIGHT -DRIVEN ACTUATION
A light-drivenactuatotis adevicecomponenthatundertheapplicationof alight signalrespond$y converting

the stimulus energy into motion. Therefore, ligh$ponsive polymer films can find application as actuators of
the electromagnetic radiati@emergy.

The simplest lightesponsive actuator is a bilayermed by a lightesponsive polymer casted as an active
layer on a passive layétor added by postpolymerization modification of polynéfs.

In this frame a film of the lightesponsive polymer, poly[di(ethylene glycol)methyl ether methacrglate
(4-methoxyphenylazo) acrylate], was physically adsorbed onto the surface of a polypropylene fabric, acting
as passive layéf°The functional polymer composite promptly responded to UV stimuli and showed reversible
shapgbending)ransitionsdueto thevolumeconstrictionsn theactivelayer.Similarly, Kim etal. synthesized
polynorbornenes with Azbased dendron side chains, which upon irradiation with UV light expanded and

bent away from the lighgource!?!

143.1 LIQUID CRYSTALLINE ACTUATORS
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Evenif cumbersomayntheticroutesarerequiredthemajority of light-responsiveactuatorsonsistf liquid-
crystallineAzo moietiesalignedalongonedirectionin flexible matrices'??12*Thedevelopmenbf light-driven

liquid crystalline materials has exploited in the last years by the design and synthesis of new molecules and the
study of particular photoinduced phenomena and properties such as phase transitions, alignment, orientation,
polarization, pitch modulation, and defmation. Ultraviolet, visible, and infrared light can drive these
materials,which are often the result of a fascinatingcombinationof photochromismljiquid crystallinity,
experimental techniques, and fabricatholditives.

Liu et al. prepared lightespasive films and fibers with reactive linear liquid crystal polymers bearing Azo,
which curled toward the incident light direction (at 405 or 445 nm) and reverted to their initial state through
heating or light irradiation at 530 ni#.

Gelebart et al*>reported on a rewritable polymer film that could generate various shapes upon Vis light
irradiation.

The LCN film contained a pHand lightresponsive azomerocyanine dye that could be locally converted into

the hydroxyazopyridinium form by an acid treatmemhe order reduction in the LCN imparted by
photoisomerization and photothermal effects led to anisotropic shape changes. The use of azobenzenes to
achieve lightinduced surface topographies has some limits such as reduced polymer lifetime due to the
charcteristicUV absorptiorof Azo groupsandthe undesired/ellow-color of coatingsit hasbeenshownthat

it is possible to design opportunely linear Azo polymers to overcome these drawbakeksertheless, an
ambitious goal is to synthesize lighigger moleculed?’which can respond to natural lighdurces.

Kumar et at?®incorporated a photopolymerizable orthofluoroazobenzene into a nematic polymer network to
develop a Vis light responsive soft actuator based on LCN. The resulting filnaydidpan autonomous
oscillationuponexposurego sunlightor the combinedight of blueandgreenlight emittingdiodes(LEDS), as

shown in Figure.
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Figure 9.a,b) UVi Vis absorption spectra of the planar aligned polymer film as a function of illumirtatierafter

exposure to light of 530 and 405 nm, respectively. c,d) Smi@nted film after illumination by light wavelengths of 530
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and 405 nm, respectively. e,f) Representations of the film molecular orderexgtesure to light of 530 and 405 nm,
showing the mesogen (grey) and Azo molecules (orange), respectively. Reproduced under the termsBdf a CC

license!?8Copyright 2016, The authors, published by Springer Nature.

Moreover, these polymers are attraetias seHpropelling actuators for setfieaning coatings and surfaces
powered by sunlight, being able to prevent adhesion of particles and (bio) chemicals in outdoor applications.
I k e da 6% @bricatecpLC polymer films using monand diacrylags containing Azo groups, able to

fold along the same direction of a linearly polarized light. The authors evidenced that the bending intensity and
rate were dependent on the polymer clodsng degree and initial alignment of the Azo groups. In fact-Az
monodomains folded only when the light polarization was parallel to the alignment direction of mesogenic
azogroups, while in polydomains the folding took place along all the light polarization directions (see Figure
10).

Figure 10. Precisely directio-controlled bending of polydomain films induced by linearly polarized light (LPL).
Reproduced with permissid&Copyright 2011, Elsevier.

This entaileda contractiorof thefilm surfacewith homogeneousrientationandanexpansiorof thefilm with
homeotropi@rientation.

The lightinduced folding was explained considering the large absorption extinction coefficient and the
reduction of the long range orientational order of the azobenzene chromophores in the upper surface of
irradiated film, which aused a volume contraction on the film surface (see Figuré®11).

LC polymers can respond to light through the reversible change in their order parameter, which can induce
mechanical deformatiori€>Polymer films with hierarchical order in 3D can giveerto more complex and
macroscopic deformations through the use of patterned alignment layers in combinations with polymerizable

LC. They have been proposed as components fordigien belts, cones, and oscillatdts!6:137
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Figure 11. Anisotropic volume contraction in the surface region and consequent anisotropic bending. Reproduced with

permission:>°Copyright 2004, American Chemical Society.

1.4.4 SHAPE MEMORY POLYMERS
Shape memory polymers are a particular classhapeshifting polymers, able to temporarily fix and later

recover on demand some programmed sh&p&¥A plastic polymer is a permanently reshaping polymer
without macroscopic meltinf° Plasticity may be triggered by heat or light expostié&t?Liu et all43
proposedasimplestrategyfor theself-folding of 2D polystyrenesheetsnto 3D objectsusinglight. Theycould
temporallyandspatiallycontrolthe sequencef shapdaransformationio generatenultiple andcomplexshapes

from the samestarting material. The surface of polymer sheets was printed with ink, which discriminately
absorbed light. Hinges of different colors printed onto the same sheet fold sequentially depending on the used
light wavelength, as shown in Figuta.

The absorbedight gradually heated the underlying polymer and caused the strain relief inducing folding.
Anotherexampleof polymerlight responsiveshapeshiftingwaspresentedby lamsaardtal.*** Theydesigned
springlike materials combining the asymmetric defatian of thin films of LC polymer networks with a
differential stiffness that ran through the film thickness. The UV induced structural changes at a molecular
level convertednto largeamplitudeshapevariationasafunctionof cuttingdirections,asshown in Figurel3.
Thespringsreturnedo theirinitial shapen ambientight conditions.Irradiationwith Vis light acceleratethe
shapeecovery.

Nanomotors and micromotors are snrwlle devices, able to respond to specific stimuli with particular
mechanical movement(s) such as rolling, rotation, contraction, shuttling, or a more general collective
behavior!*UV or Vis radiation is the most appealing fuel for small scatgors being light a renewable
contactless green energy source. The usefsilrdswettability control has been demonstrated in the
macroscopic transport of a liquid across a surface. The remote control of wettability could provide a gentle and

cheap alternative to expensive microscopic pumps and strong electric field®mdahip applicationg?®
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Ichimura et al. were able to induce reversible motion of an olive oil droplet with a diameter of several
millimeters by UV radiatio?’ They coated with an Azterminated calix[4]resorcinarenes monolayer the
inner suface of a glass tube and observed ligtiven droplet migration upon asymmetric irradiation. As the
olive oail interacts more favorably with the fully extended trans alkyl chains of calix[4]arene molecules, the
formation of more transalix[4]arene on onside rather than on the other side caused the movement of the
dropletawayfrom thecis-rich regions Whentheolive oil wasreplacedwith aliquid crystal,the choiceof the

direction and intensity of the light gradient allowed the control of the mditieation*®
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Figure 12.a) Radar plot for used ink colors. b,d) Controlled folding of polystyrene sheets by using different hinges in
responseo differentcolor LEDs. c) Bendingangleasa functionof LED exposurdime for yellow andcyanhingesunder
the exposure of red and blue LEDs. Reproduced with permi&¥Si@opyright 2017, American Association for the

Advancement o$cience.
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Figure 13.Pol ymer spring shapes as a funct i onon}*€Copyighe20l6,ut t i n

Springer Nature.

1.45 PHOTORESPONSIVE HYDROGELS
In recent years, microfluidic devices have been the subject of intense research activity as they can allow

complex measurements through miniaturized processes.[149,150] Photosensitigelsychn be composed

by either photoactive chains[151] or thermosensitive hydrogels mixed with dyes, acting as photothermal
converters®?If photosensitive gels exhibit a LCST phase transition, the irradiated area shrinks after having
reached the LCST amesults in dampening of heat generation. When the cooling, due to the surrounding
environment, overcomes the light heating, the shrunken hydrogel starts to reswell once it has reached a
temperature below the LCST, resulting in the increase of heat genewaltich will promote an autonomous
oscillation.

Narita and ceworkers investigated photoresponsive behavior of thermosensitive hydrogels with LCST and
containing carbon black. Both experimental results and numerical simulations confirmed that phvtsensi
gels with hysteresis can selfoscillate under stationary#ght.

Sugiura et al. developed spirobenzopyhamctionalized poly(Nsopropylacrylamide) (pNIPAAmM) gels
allowing for realtime pathway opening and enhanced flow photocd#trol.

Delaney et al**showed that hydrogels allow the flow rate control in microfluidic channels. Valve structures
were created using photoresponsivef@itionalized pNIPAAmM hydrogels photopolymerized around pillar
structures within the channels. The set up was highletiover several hours of constant operation with no
drift in the flow rate.
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Similarly, Coleman et a@f®were able to regulate the flow rate of a pNIPAAm valve by irradiation with a
pulsating LED light, which kept the valve staméermediate between a fully opened and a closed state. The
flow rate depended on the ON/OFF frequency and pulse duration of LED source.
However, one should consider that hydrelga$ed valves have three main limitations:

1. hydrogels are soft materials wiimited values of pressure they carthstand;

2. valvematerialsarein directcontactwith fluid mediumandcouldabsortor releas&omponentpresent

in the fluid, during swelling or shrinkirgteps;

3. hydrogels are generally limited to watssisednedia.
In this regard tremendousmprovementhavebeenreportedoy reducingthevalve operationtime, decoupling
the valve from the analytical fluid placing a flexible protective membrane between the valve and sample, and
using an external reservoir for the valwadration, thus solving the contaminatissue!®’
Amongthevariousmethodsusedto movethefluid throughthechannel°® 160 systemsableto mimic peristaltic
motion in response to light have aroused much intéte$tThis movement as been recgngtudied by
Francis et at®*who placed onto a ratcheted surface a bipedal hydrogel walker, based on pNteAAm
acrylated spiropyracoc-acrylic acid p(NIPAAmceSRco-AA) able to shrink and swell in aqueous
environments, when exposed to light. The admabf the bipedal gel produced a walking motion in a

unidirectional fashion (see Figutd).

(b)

Figure 14.a) p(NIPAAmco-SPco-AA) photoswitchable mechanism. b) Snapshots showing the behavior of a hydrogel
walker. Reproduced with permissiéiiCopyright2017, Elsevier.
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1.46 PHOTOTHERMAL EFFECTS
Interesting photoresponsive materials can be obtained from polymer/carbon nanocortfpdbigeisiclusion

of carbon nanoparticles, nanotubes, and nanosheets in polymer membranes allows |lacatiogd
photothermal effect, due to the optical absorption by carbon atoms and fast thermal energy dissipation in the
polymer film1651%These polymer/carbon nanocomposites can be used as optomechanically deformable
materialst®®1%®  PimentelDominguez et all”® studied the photothermal response of
polydimethylsiloxane/carbon nanoparticle films (PDMS/CNP) as a function of several parameters including
the concentration of carbon nanostructures, polymer material, membrane geometry, and dimensions. The
change in heat generation and membrane conduction was evaluated for the application of these films as
microfluidic devices and thermatsponsive coatings. In particular, the authors investigated boiling flows in
microchannels as prototypes of efficient coglsystems to be applied in microelectroriié&xperimentally,

they produced twqhase flows in microchannels by evaporating water inside a glass capillary coated with
PDMS/CNP, which was heated with a laser light (see Figure 15). Different flow regieresproduced,
including the optimal bubbly flow regime, by adjusting the flow rate inside the capillary and the laser optical
power. In fact, the bubbly flow represents the optimal compromise between a good heat removal and a
satisfactory flow. Phototherah effects of PDMS/CNP coatings were tested on optical fiber Bragg grating
(FBG) "2in order to realize optically tunable fibers as alternative to devices activated by electrooptic effects.
Theirradiationof PDMS/CNPcoatingswith auniform975nm IR laser shiftedthereflectionpeakof the FBG
spectrunof a 0 . &n7(€quivalento alocalincreasen temperaturef about16.8°C) for themaximumused

power. Finally, thin layers of CNP were embedded immediately underneath the polymer surface and allowed

for etching the PDMS surface with improvwedolution.
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Figure 15.a) PDMS/CNP coatings for boiling flows. b) Different flows obtained by adjusting the flow rate and optical
power.Reproducedinderthetermsof aCC-BY license!’° Copyright2016,Multidisciplinary Digital Publishinginstitute
(MDPI).
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1.5 LIGHT ADAPTIVE GATES
Gating is the ability of smart nanochannels to open and close in response to external stimuli in a similar way

to biological ion channels. Selective and prograimimanass transfer (including ions, liquids, and gases)
representanimportantway to createseveralkcustomizechanovalveswhich havepotentialfor applicationsas

drug delivery, signal transduction, optical switches, and nanofluidic systéBisckage,surface charge
distribution, wettability, and geometry are some properties of the inner surface that cargatingol
Theselectiorof materialsandfabricationtechnologies$o preparesynthetionanochannels influencedby their

specific applicatiorrequirements. Two different approaches can be used to design smart photoresponsive
nanochannels: the direct fabrication with functional materials or the functionalization of the inner surfaces or
pore orifices of channelé?Photosensitive nanochannels/édeen successfully developed by using several
photoresponsive molecules such as spiropyrans, azobenzenes, and polffHytiisie photoinduced
variation of diameter, wettability, and surface charge in nanochannels can effectively control the tofnsport
ions and molecules across the membrar@channel$%181

Upon irradiation, the chromophores can switch either between the trans and cis isomers (stilbenes,
azobenzenes, and hemithioindigos) or interconvert between closed and opened forms (diesylethe
spiropyrans, and fulgides) and the resulting geometry change can control mass and ion tfansport.

1.5.1 PHOTORESPONSIVE POLYMER NANOCHANNELS
Block copolymers with microphase separated structures are interesting molecular systems for the fabrication

of hekrogeneous and homogeneous hgigponsive nanochannels. Soberats et al. photocontrolled the
conductivityin ion channelsy azobenzenkquid crystallinemoietiesirradiatedwith linearpolarizedlight.82

The authors achieved a photocontrollablei@®transporting membrane by homeotropic orientation of the
ionic layersin asmecticLC imidazoliumbasednaterial bearingazobenzengroups.Theasobtainedilm was
characterized by anisotropic ion transport along the directions perpendicular to tttéc dayers and
reversiblychangedts alignmentandtransportdirectionuponirradiationwith linearly polarizedight, asshown

in Figure 16. Membranes with nanochannels can find applications in water or gas purification as their high
porosity, narrowpore diameter distribution, and tunable physicochemical properties guarantee high
permeabilityandselectivity131#4n addition,thephotoresponsivgaspermeabilityby photochromignodified
membraneshowspotentialuseasnanovalvesn microreactorgor light-controllableadditionof reactantgnd
removal of products. Weh et ‘@.described the photoswitchable gas permeation through zhobted Aze
modifiedmembranesT hechangean gaspermeationthroughthesehosi guestcompositenembranedepended

on the irradiation wavelength, membrane quality, and amount of adsorbed azobenzene. Gas permeation was
higher when Azo was in the traf@m and, consequently, decreased under photoirradiation. The original
permeability could be reproduced undarldconditions. Similarly, mesoporous silica glasses modified with
photochromic spironaphthoxazine suppressed the gas permeation of gasgomsd NCQ after
photoisomerization to the merocyanfoem.!8®

In the work of Fujiwara and Imurd’the Azosubstituents were grafted to an anodized alumina membrane to

achievea photoresponsiveanoporousystemableto regulatethe permeatiorof waterunderthe simultaneous
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UV and Vis irradiation (from 300 to 600 nm) for 10 min. Water did petmeate if the membrane was
irradiated only with UV (around 350 nm) or Vis (around 440 nm) light. Furthermore, this membrane allowed
the purification of feed water, because dyes, proteins, and salts dispersed in the feed were not involved

in the photoindced permeation. Less than 0.01% of salt content permeated through the membrane if a 3.5%
NaCl solution was used as model seawater, confirming the great potential of such devices to seawater
desalination and water purification by solar enéf§y?°

The mre hydrophilicity plays a key role in the transport of ion water solutions across microcHantiels.
Vlassiouk et at®*and Kumeria et dP*confirmed that smart nanoporous membranes provide the possibility to
control on demand the molecular trangpamd separation selectivity for various advanced applicatténs.
Multiresponsive nanochannels, mimicking the functions of biological ion channels, play an important role in
life sciences for their realorld applications as molecular filters, biosensars] nanofluidic devices. Zhang

et al!®*®* modified with spiropyrans single nanochannels, which behaved asghitgd and pktontrolled
nanofluidic diode systems, with current rectification features. They produced a single conical nanochannel
withabasessi de of &350 nm and tip side a12 nm in the m
membrane functionalized with spiropyrans. Under UV light irradiation (365 nm) and at pH 7,

the gatewasin anopenedstateandthe currentflowed from thetip to thebase analogouslyo a diode.In dark
conditions, the nanochannel switched into a closed statetddifenge of configuration) and behaved as a
resistance. At pH 3, the situation (and the diode) was reversed. The neutral SP form was hydroptuabic and
channel was in the closed state, while the MC-dpgned form was in a hydrophilic state after irradiation
with UV light.
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Figure 16. Photoinducedeorientatiorof smecticlayersandresultinganisotropidon transportatiorthange Reproduced

with permissiont82Copyright 2014, American Chemic8bciety.

The channel was catieselective at pH 7 because of the negatively charged form. On the contrary, at pH 3, the
channel became aniaelective. Wen et al. functionalized the interior surface oh&cabnanochannel with a
malachite green derivative to create an efficient and reversible ionic gate activated by pH aftiThght.
singleconicalnanochannelaspreparedn al2¢ nihick polyimidemembraneThenanochannelasin OFF

state after moditation with the malachite green derivative, which was neutral and hydrophobic. After pH

lowering or UV irradiation, the nanochannel gate opened because the inner channel surfabedwade
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positively charged due to hydroxide ions release. The OFF state was recovered by putting the positively
charged system in an alkali environment or storing the system in dark conditions. Xdhmlatined a
multiresponsive ionic gate incorporatinghgdroxypyrenel,3,6trisulfonate on the inner surface of a track
etchedsingleconicalnanochann€l® pH andUV light couldactivateseparatelyr cooperativelfthe gate. The

inner surface of nanochannels was first grafted with ethylenediamine via a caoeplitign with lethyl-3-
(3-dimethylaminopropyl) carbodiimide and -Ndroxysuccinimide. Then, the -l8/droxypyrenel,3,6
trisulfonate was assembled onto the ethylenediamiogified hanochannel by electrostatic interactions. UV
irradiation or an increas® environmental pH transformed the surface charge of nanochannels from neutral to
negativeandthe smartnanochanneswitchedfrom a nonselectivestateto cationselectivestate.The channel

could recover the nonselective state after pH lowering or UXtkimg off. The switchable changes could be

maximized when UV and pH operatsichultaneously.

1.5.2 PHOTOCLEAVABLE DEVICES
1521 PHOTOACID GENERATORS (PAG)
PAG are commercially available molecules used in microelectronics, able to undergo photolysis by UV light

andform an acidic moiety. lkbal et al. used PAG to impart photoresponsiveness to surfaces. They exploited
the ability of ferrocene and ferrocenyl derivatives to undergo chemical modifications in the presence of light
and designed new PAGs based eacitylferoceneoxime (dacetylferroceneoximeolycaprolactone), and
demonstrateds controlledwettability. BeforeUV irradiationthe surfaceshoweda CA a 145°indicatingthat

the surface was hydrophobic. UV |ightityr@@Aadi d®hn
caused the polymer decomposition with the photogeneration of-ak groups®

1.5.2.2 LAYER-BY-LAYER (LBL) FiLMS
LbL technigue is based on the electrostatic interactions between materials with opposite charges and can be

obtained bydip-coating, spircoating, spraxcoating, and flowbased techniqueég®®’Dip-coating technique

is carried out by immersing substrates alternately in different solutions containing positive (polycations) and
negative species (polyanions). Uniform phospansive films can be obtained by multilayer

films assembled using the abedescribed LbL techniques. Pennakalathil and Hong developed a double LbL
film composed by a thin {5 layers) film of poly(acrylatemerocyanine) and poly(diallyldimethylammonium,
which served as photodelamination substrate for a second thicker (several tens of lay&&)fitter white

light irradiation in water, the photoconversion of negatively charged MC to the neutral SP form in the

thinner LbL film caused the disassembly lo¢ first layers and detachment of the second film. Following this
idea,Campostal.investigatedhephotoinducediisassemblysingVis light of aLbL film madewith bilayers

of poly(allylaminehydrochloride )andphotochromimorbornengpolymerbearingmerocyaninesidegroupst®®
Suchfilms wereableto disassemblenderphotoirradiatiorwith white light, dueto the photoconversioof the

MC molecules from their zwitterionic opened form to the ne@rRtlosed form. A 5 bilayers film with an

initial thickness of 165 nm was disassembled to a thickness of 11 nm after white light irradiation for 22 h.
Therefore, SRunctionalized polymers were suggested in the production of photoresponsive capsules for the

photocontrolled release of therapeutics in targateds.

30



1523 PHOTODIMERIZATION REACTIONS
Photodimerization is an interesting photoreversible reaction for its applications as photoresisézliself

materials, nanocarriers, and responsive polydtéf8in addition, dimerizationgan be considered green
chemistry reactions because photons do not leave residues and reactions can take place at room temperatur
and even in the solid stad® 2°Photodimerization reactions have been applied for the fabrication of hydrogels,

i.e., cosslinked polymer networks capable of absorbing high percentages of water and avoiding the
dissolution of their hydrophilic chairf8*Chujo et af**studied the first hydrogel based on photodimerization
reactions. In particular, they synthesized a padywmline having both anthracene and disulphide groups by
partial hydrolysis of poly(Macetylethylenimine) with @& nt hracenyl ) m e Witig- | hyc
dipropanoate in the presence of dicyclohexylcarbodiimide as condensing agent. If the polyoxaziime so

was irradiated (& > 300 nm), -lihkingthepolymeohaneandeading ve g
to theformationof agel, whichwasableto swellin water.Thedegreeof swelling (up to 2000 %) was studied

both as a function of theradiation time and number of replacing anthracene groups. Gelation was reversible
upon the reductive cleavage of disulfide crlisks. Zheng et al®reported the synthesis, photogelation, and
photocleavage of a new photoswitchable hydrogel (i.e.,@omeer or a hydrogel system able to undergo a

fast photogelation or photocleavage in the absence of either initiators or catalysts). They synthesized
nitrocinnamate modified poly(ethylene glycol), which was photogelated via [2 + 2] photodimerization of
nitrocinnamate groups under UV light at wavelengths greater than 290 nm. The obtained cyclobutene ring
could be cleaved upon irradiation with UV light of wavelength lower than 260 nm. Miyamoto et al. synthesized

a hyaluronan derivative, linking cinnamic atidthe carboxyl moiety of hyaluronan by 3-
aminopropanot’’The hyaluronan derivatives were photocrosslinked via the
photodimerization of the cinnamic acid leading to the formation of a water insoluble hyaluronate hydrogel.
Gelsshowedjoodtissuecompatilility anddid notinduceexcessivenflammationattheinjectionsites.Gattas

Asfura et al. reported the synthesis of gelatin havimitqecinnamate pendant grouf¥8UV irradiation at a
wavelengtlof 365nm causedheformationof agelatinhydrogelonly in afew minutes.Thehydrogelswelling

degree was found to depend on gelatin concentration, solution ionic strength, and irradiation type. The
photocleavage of the hydrogel network was obtained with UV light irradiation at 254 nm. Yang and Zeng
synthesized a thyminrtinctionalized multiresponsive hydrogel based on polyacrylaffifdeelation and
solubilization of polyacrylamide were obtained via the photodimerization and photocleavage of grafted
thyminesuponirradiationwith 365and240nm UV light. Moreover polyacrylamidechainswereableto form

thyming Hg?"i thymine complexes and, consequently, a hydrogel in the presence of mercury dications. The
hydrogel dissolution was obtained via the complex dissociation. Recently cinnamoyl, coumarin, and
anthracene photoresponsive moieties have been added as pendant groups in polymer chains to-confer self
healingpropertiesy reversiblephotodimerizatiomeactiong1 212 Light irradiationcaninducetheself-healing

of surface cracks if the photoreaetimoieties form new chemical bonds via [2 + 2] cycloadditéAnother
application of photodimerization reactions is the synthesis of nanosized pholodtedshydrogelparticles
(nanogels)* and the stabilization of micelles for their interestamplications as drug delivesystems. In an

aqueous medium amphiphilic block copolymers, i.e., polymers with both hydrophilic and hydrophobic parts,
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form supramolecular core/shell structures (micelles), where the hydrophobic and hydrophilic parts form the
micellar core and shell, respectively.

Polymercrosslinking canstabilizethemicellesandcycloadditionreactiongepresentinghe preferredmethod

for the abovementioned green advantgddsiteresting photoresponsive molecules are anthracene and its
derivatives, used in optoelectronics thanks to their high fluorescence quantun?¥ialdbracene is a
polycyclic aromatic hydrocarbon, which undergoes photodimerization on exposure to tight?sf

In a recent study, Madhavan et'® prepared a lbck copolymer membrane by using poly(styrdne
anthracene methyl methacryldtenethylmethacrylate), containing anthracene moiety ashioick between
poly(styrene) and poly(methyl methacrylate). The amphiphilic character of the block copolymer alewed t
formation of both lamellar and ordered hexagonal aggregates in bulk solution under appropriate solvent
compositionsAfter UV irradiationat 365nm, theanthracenenoietiesunderwenphotochemicadliimerization

to give [4 + 4] cycloadducts, which allowdite photoorganization of bulk aggregates into surface layers of
spherical and cylindrical aggregates. Surface layers could be photocleaved to original bulk solution upon
exposure to UV light at 254 nm, as shown in Fidufe

Bulk Surface layer

/,I K » ._\1
- — e
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Figure 17. a) Selfassemblyof poly(styreneb-anthracene methyl methacryldienethylmethacrylate) copolymers:
anthracene block dimerization under irradiation. b,c) Organization from solution bulk to membrane surface as spherical

and cylindrical micelles, respectively. Reproducedhwiérmissiort®? Copyright 2016, Royal Society of Chemistry.

1.6  BIOLOGICAL APPLICATIONS
Light has been proposed to trigger phase transitions and control surface properties also in biological

systemg18219The noninvasive feature and spatiotemporal comtiate photostimuli promising triggers in
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biological applications including drug delivery, programmable matrices for controlled release, templates for

cell micropatterning, cell manipulation, and programmable scaffotdsssue engineering? 224

1.6.1 LIGHT -CONTROL OF BIOLOGICAL FUNCTIONS
The development of photoresponsive systems is very attractive in biotechnology, if one considers the

possibilityto reversiblycontrolbiologicalfunctions.LC polymernetworkswereusedto tailor in a permanent

way the topography and roughness of hybrid surfaces by using patterned masks and dosing UV intensity to
study their influence on cell migratidfP-1°*Kocer et al. showed that the cell speed and migration patterns were
stronglydependent botlon thetopographyheightandsurfaceroughnessSuchresultsopentheresearch iithe

field of on demandreversibletopographiego enhancethe performanceof biomaterialsfor regenerative

medicineapplicationg?®
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Scheme3. Irreversibleandreversiblephotocleavablgroups:a) o-nitrobenzyl(ONB) derivativesp) truxillic acid(TRA)
derivatives, and c0y alzodbdeebhesigeestciplexds. Repratiucdd with permissidn.
Copyright 2013, Royal Society @hemistry.

Shimoboiji et aP?® proposed a technology for the photoswitching of enzyme activity. They designed a
photoresponsivpolymerincorporatingwo photoactivecoelementinto the polymerbackboneN,N-dimethyl
acrylamideco-4-phenylazophenyl acrylate andN,N-dimethyl acrylamideco-N-4-phenylazophenyl
acrylamide Theactivity of N5S5C mutantof endoglucanas&2A couldbemodulatecby d 2 56UV radiation

in the coupled conditions. Interestingly, when the polymers were added to the enzyme solution asla physic
mixture, no significant difference in activity was found. Different research gt&\fffsshowed that Azo

derivatives can work as optical switches of regulatory molecules and biological fluorescence agagisng
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Nicotinic acetylchtine receptor, endonuclease 12A, chymotrypsin, volgagjed potassium channels,
ionotropicglutamataeceptordiavebeeninvestigatedor opticalmanipulatior?®>22T r a u greupabtained

the control of K channels in nerve cells and realized tight control of ionotropic glutamate receptors
(iGIuR).Z3234|n the latter work a lighgated iGIUR used the maleimidgobenzenglutamic acid 9 as
photochromic agonist. Only the cis isomer allowed the interaction between glutamic acid and regegtor act

site, opening the iochannels.

1.6.2 PHOTOCONTROLLED PROTEIN ADSORPTION AND CELL ADHESION
Photocleavablpolymersarea particularclassof polymersthatcontainmetastabl@hotochromigroupsLight

irradiation can detach these groups with the resuttagyradation of polymestructure.

Thefirst synthesif a polymerincorporatingchromophorigroupsin its chainwasmadeby Barltropetal. in
19662%°who used enitrobenzyl groups (ONB) as photocleavable groups. The ONB group isomerizes from
ONBintoo-ni t rosobenzal dehyde (OBA) form only in a few
as reported in Scheme?3The photocleavage igeversible.

Similar behavior is shown by truxillic acid derivatives, which undergo a photocleavage upon UMignadia

at wavelengths lower than 260 ri#incorporation of photosensitive moieties in their backbones can confer
photodegradabilitpropertiego polymers.In fact, bondcleavagef photosensitivéunctionalgroupscansplit

the polymer chains in desiredafiments if photosensitive moieties are opportunely placed in the polymer
backbonde.g.,betweerdifferentsegmentsf ablock copolymer atthemidpointof ahomopolymerchain,as

part of the repeatnits) 23’

Surface modification with photocleavabiekers, which connect functional polymer chains to the substrate,
allows to control hydrophobicity, protein immobilization, and cell adhesion byZight.

Cell adhesioron aminobearingurfacesvascontrolledby reversibleconjugationof polyethylengglycol via a
photocleavable linker,-(5-methoxy2-nitro-4-prop-2-ynyloxyphenyl)ethyiN-succinimidyl carbonat&®The
photocleavable linkers had alkyne and succinimidyl carbonate at each end connected by photocleavable 2
nitrobenzyl ester. The molecules we@njugated between amines and azides. Therefore, the linkage could
cleave upon neddV light irradiation and affect dramatically protein adsorption andacklésion.

Physically crossinked photolabile hydrogels have potential applications as a funttsomiace that can
selectively release adherent abiotic or living spedfegéamaguchi et af**added an ONB linker between
poly(ethylene glycol) (PEG) chains and oleyl groups to obtain a photoresponsive cell substrate. Under dark
conditions oleyl groupbound to nonadherent cells via insertion into cell membranes. On the contrary, light
irradiation promoted the photocleavage of ONB linkers and the cell detachment from substrates. By using
opportunegphotomask# waspossibleto createmicropatternedell populationsascellsaggregatedh masked

areas and detached in irradiated ones, as shown in Egure

PendanONB functionalgroupscanconferto macromoleculachaingphotoresistharacteristicfor successive

surface modification. In the work of Azzam i 0 s ?*?ghotofunptional groups were able to modulate

interfacial properties upon exposure to light. In particular, the surface of a -gilkssn wafer couldbe
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selectively switched from a hydrophobic to a hydrophsliate by the UV photolysis of covalently coated
poly(4,5dimethoxy2-nitrobenzyl methacrylate) brushes grafted onto glass surfaces.

Light canalsoactivatesurfacesontainingchemicaffunctionalities cell bindingdomainspioadhesivdinkers,

like arginineglycine-aspartic acid (RGD), protected with a photocleavable group (é&g&Light irradiation

removes the cage (ONB group) and exposes the reactive groups present onto the surface inducing a controllable
transition from substrates with celhtiadhesion properties to substrates with cell adhesion propéties.
particular, cell adhesionwas promotedby RGD adequatelyprotectedoy ONB and its derivatives on the
carboxylic acid side chaitt®?*’After bond cleavage, RGD and other bioadhesieels could be exposed on

the surfaces for the enhancement of cell adhe&i®@imilarly, bioadhesive pol.-lysine concealed by
nitrobenzyl cages did not allow cell adhesion, but after UV irradiation, the nitrobenzyl groups underwent bond
cleavage alloimg the exposure d®RGD peptides and promoting cell adhesion as shown in Figuré&Ibae
photocontrollable cell detachment is also promising for cell diagnostic and tissue engineering. For instance,
PEG molecules with -ghydroxymethyl)3-nitrobenzoic aic (ONA) and RGD groups underwent bond
cleavage and the RGD moieties with cells detached from the surface upon NIR irradiation, as shown in Figure
19b 250
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Figure 18.a) Chemicalstructureof (blue) ONB functionalgroupsusedasphotolabilelinkersbetweer(green)maleimide
terminatedPEG chainsand(red)oleyl groups.b) Schematidllustration of cell patternformationby selectiveremovalof
oleyl groups through lighinduced scission of ONB linkers. Reproduced with permis&ib@opyright 2012 Wiley-
VCH.
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Figure 19.a) Photoresponsiveurfacesrom cell antiadhesioto cell adhesionReproducedvith permissior?*® Copyright
2008, WileyVCH. b) ONA-based polymers can control cell detachment. Reproduced with pernif8§iopyright 2014,

American Chemicabociety.

Photoresponsive surfaces including SP moieties, such as poly(nitrobenzosphapyratinyl methacrylate)

and poly(SFco-NIPAAmM), were used to control cell detachment by the wettability switch induced by UV
light.?t

Higuchi et al. observed the photoinduced detachment of mesenchymal stem cells from dishes coated with a
copolymer of nitrobenzospiropyran and methyl methacrylate upon UV irradiation. The hydrophilicity of the
cell culture dishes was reversibly altede to change of closed nonpolar SP into the polar zwitterionic MC
isomer?®? Surfaces grafted with cell recognition sites linked to photocleavable groups can control cell
detachmenandattachmentrom substrateWirkner et al. studiedsurfacegraftedwith RGD peptideshearing

a photocleavable group in order to phototrigger the cell reféddpon photocleavage, researchers observed

the effective detachment of cells from the substrate. Inspired by biological systems, He et al. integrated an
ONB protectd acrylamide into a thermoresponsive polyacrylamide (pNIPAAmM) in order to enable
temperatureandlight-responsivesmartpolymers?*UponUV irradiation,thehhydrophobicONB groupswere

cleaved with subsequent release of the caged NH groups and genaratame hydrogen bonds witlvater,
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resulting in an increased LCST of pNIPAAmM in water. Ligigponsive biomaterials represent promising
candidates for the controlled culture of stem c&i$>’ Stem cells can be easily detached frdishes with
immobilized lightresponsive polymers avoiding damaging methods such as the use of enzymes, thermal
liftoff, and mechanical meart&Auernheimer et al. investigated the possibility to photocontrol

cell adhesion properties by changing the distaand orientation of the RGD peptide. They prepared a
poly(methyl methacrylate) surface grafted with integrin binding domains of cyclieGNMgA\sp-PheLys
(cRGDfK) peptides, which were bound to Azo molecules and joint segrfbligon UV light irradiation
(wavelength 366 nm), they observed the detachment of mouse fibroblasts. Micropatterned surfaces modified
with RGD peptideconjugated Azo can reversibly regulate the cell adhesion and detachment. The application
of UV light (15 W@365 nm) for 10 m allowed the release of RGD peptideo nj ugat ed Azo fr
cyclodextrin substrate and cells detachment from the micropatterned <fftface.

1.6.3 LIGHT -RESPONSIVE POLYMER MEMBRANES AS DRUG DELIVERY SYSTEMS
One future perspective in the field of medical mats is the employing of adaptive materials able to

simultaneously monitor the physiological parameters and deliver drugsmand®' One example is the
development of smart transdermal delivery systems that can overcome undesired peaks in drug
concentation?62:263n fact, photoresponsive drug delivery systems allowsgitific release and activation by
controlling the light irradiation site, power, and duration.[264] Biocompatibility, biostability, and high oxygen
permeability®326” make poly(2hydroxyethyl acrylate) and polydimethylsiloxane conetworks appealing as
matrices for controlled drug release, contact lenses, cell culture surfaces, tissue engineering scaffolds,
immunoisolation membranes, biomaterials, antifouling surfaces, sensors, ntorereancd functional
transdermal delivery devicé® 2’ Another great advantage is the control of the permeability resisbgnce
adjustingthe membranecompositionand thickness.It is possibleto give photoresponsivenes® these
conetworks by the incporation of photochromic dyes either by postmodification of preformed membranes or
copolymerization. Schéller et &P created photochromic membranes incorporating SP and spirooxazine
derivativesinto nonporousfilms of poly(2-hydroxyethyl acrylate)and polydimethylsiloxaneThe authors
studiedin their permeabilityteststhetransdermatielivery of caffeine,ableto stimulatetherespiratory system

and reduce the risk of apnea in pretesonates’®

Under UV irradiation the reversible heterolytic rogening reaction of dye molecules led to the polar MC
form, while white light resultedn thebackisomerizatiorto the SPform.2”4 MC form, beingmorehydrophilic

than SP isomer, increased the permeability of caffeine through the merflbfdtfeermeability properties

were tested in vitro as a function of components ratio and film thickness using porcine ear skin in order to
simulate the permeability of human preterm neonatal skin. The caffeine flux through conetworks increased or
decreasedofarund +40% or 140% under UV or Vis |light as
ear skin (0.15 mm chth' J in dark conditions. Qian et al. developed a hypogsponsive drugelivery

system based onritroimidazolegrafted conjugated polymer @mpoly(vinyl alcohol}based surface coating,

able to encapsulate doxorubicin, DOX. The conjugated polymealtagunder Vis or NIR radiation) to

consume oxygen and produce radical oxygen scavengers, thus creating a hypoxic environment and inducing
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tumor cell apoptosis and necrosis as well as vascular damage. As sucitrolnidazole underwent a
transformation to 2&minoimidazole via singtelectron reduction and triggered the nanocarrier dissociation
and DOX releasé&’

LC polymers can be tailored with desired uniform nanometer pore size, which favors molecular
adsorptiort’827°In order to control the capture, transport, and release of chemical species in nanoporous
materials by light, van Kuringen et al. reported on a-fte@ding photoresponsivamoporous LC polymer

film incorporating Azo crostinkers (a mixture in the molar ratio 5: 95 of AGBMA, a photoresponsive Azo
diacrylate crosdinker, and 60BA, a hydrogemonded dimer diacrylate) in a smectic hydrogenbonded
polymer network®%3%The polyner network was treated with an alkaline solution in order to break H bonds
and create nanopores. After UV light exposure a decrease in the layer spacing of the smectic phase was
observed, suggesting that the dimensions of cavities, hosting the Azo malegete lowered. In addition,

light reducedhenumberof thebindingsitesdueto theadsorptiorof cationsasaconsequencef light-induced

change in the dipole moment of Azo crdisskers. Nevertheless, the release of absorbed cations needed the
pH lowering.

1.6.4 PHOTORESPONSIVE SILICA MATERIALS
Zeolites, AIPO4, hexagonal mesoporous silica, Mobil Composition of Matter No. 41 (#iGMsanta Barbara

Amorphousl5 (SBA15), and porous glasses are some of the most common silica materials characterized by a
uniform and ordered distribution of their pore size.[281] Porous silicas can be classified as microporous,
mesopor ous, and macroporous according to their p
respectivelyf®2In addition to their weldefined surface properties, mesoporous silica materials (MSMs) are
extensively investigated because of their easy surface functionalization with different types of molecules
(including stimuliresponsive, luminescent, and capping groups) and the possibiibytiml on demand their

pore size®3 The large surface area and small volume make these materials suitable for a wide range of
applications including separatiétt,adsorptiorf®® catalysis’®® imaging?®’ chemical sensing? medicine?®®

energy storag€®2°!nanotechnology?? chromatography®® photonié® and electronic device$® and drug
delivery?%®

Moreover, the catalytic activity and adsorptive capacity of these solids can be enhanced by hosting large
molecules into their cavities includimgavy metal ions, biomolecules, and organic volatfes.
ThemostcommonmesoporousilicasareMCM-41 andSBA-15, which belongto thefamilies of mesoporous

silicate and aluminosilicate materials, respectively. They are characterized by a 2D hexagonaif arrays
uniform, cylindrical, and controllable mesopof&sSeveral methods have been proposed to synthetize these
materials81:2%8302 The mostcommonsyntheticstrategiesisetemplatingagentsaroundwhich a frameworkof
nanosized silica spheres is built up. Then, the template is removed by calcination, solvent evaporation, or
washing. The molecular chain length of the templating agents (genguatgrnary ammonium ions and
triblock copolymers for MCM41 and SBAL5, respectively) determines the pore $fZeRecently,

functionalized SBAL5 mesoporous particles have been used as porous fillers to improve the perfasiance
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various polymer membranes in terms of permeability, fouling resistance, and separatiori®4ffiyang et

al. investigated the properties of a polysulfone hybrid ultrafiltration membrane incorporatingl55BA
mesoporous silica functionalized with poly[polii@ene glycol) methyl ether methacrylate]. The water
permeabilityandantifouling propertiesof suchhybrid membranesvereenhancedvith respecto SBA-15-free
membranes and the membrane selectivity waaltered3®

Applications of MSMs as smart sensors and gated switéfiesse MCM41 and SBA15 particles
functionalized with responsive polymer brushes, able to control the pore opening and closing in response to
the surrounding physicochemical changes.

Li et al. reaized a controllable ion transport system by grafting an-dibtock copolymer on the pore inner
surface of SBAL5. The poly(2dimethylamino)ethyl methacrylate) (PDMAEMA) block conferred pH and
thermalresponsivityto thesystemwhile thetrang cisphotosomerizatiorof theterminalAzo-block controlled

the brush opening and closing. The device was able to regulate the ion conductivity in response to pH,
temperature change, or UV light exposure. More precisely, thegeoilil response of PDMAEMA increased
asaresultof trang cis photoisomerizationThe gateon statewasachievedat high pH andtemperatureabove

the lower critical solution temperature under UV light irradiation, while a gateoff state was possible upon
exposure to Vis light®® The biocompatibility of MSMs has been widely exploited in biotechnological and
pharmaceutical applications, as high quantities of therapeutic agents can be loaded -asdé8Mirug
delivery system&%°In order to combine together photothermal therapy and ati@rapy, Zhang et al. realized
aNIR-responsiveandphotothermallytriggereddrugdelivery systembasedn MSMs, DNA, andCuS, which

allowed DOX release in response to temperature, NIR irradiation, and glutatbamneen®

Hebds group asd grapmneé exide (RGO with drimethekyctadecyl)silane functionalized
MCM-41 (MSNC18) to develope a novel NIR liglgsponsive intracellular drug delivery system for cancer
therapy. In absence of NIR light the pores of MGINB were closed by the cappioRGO sheets. The pore
uncapping occurred upon exposure to NIR light, which caused the RGO abscission and the release of loaded
DOX as shown in Figure 2G& A similar anticancer drug delivery nanocarrier based on a polgoaed

MSM, responsiveo bothVis light andpH, wasdevelopedy Wangetal. MSMswereemployedo loadDOX,

while perylengfunctionalized poly(dimethylaminoethyl methacrylate) was electrostatically bound on the
MSM surfaceo sealthepores.ThesynergicVis light andacidicpH stimulationcausedhepolymerstretching,

pore unsealing, and release of the loaded DOX, as shown in Figut®R8bodic mesoporous organosilicas
(PMOs) represent another class of mesoporous silica material characterized by a periodically organized po
systemanda very narrowporeradiusdistribution.Insidethe pores,organicgroupsactasbridgesbetweerthe

Si cent eSiIRISi(((RRANFN] = or CHs, R bridging organic groupsy® The organic
functionalization of the inner surfaces of PM@Kows the tuning of the surface properties including
hydrophilicity, mechanical or optical properties, surface reactivity, molecular binding, resistance from
chemicalattack,andmoleculartransport®® In particularthe poretunability canbe achievedby incorporating
switchable photoactive bridging organic grod/d. nagaki 6s group obtained PM
harvestingpropertiesby binding coumaringroups®'® Gréschet al. employedbiphenytbridged PMOs with
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crystallike porewalls and two types of chromophores loaded into PMO pores to study thadigltsting

behavior of these systems by multistep fluorescence resonance energy transfer exgétiments.

1.6.5 PHOTOCHROMIC LIPID BILAYERS
Biological membranes are bilayered structdemed by mixtures of lipids and proteins that separate cells

from the surrounding environment. They act as selectively permeable barriers by-pastinion channels
that allow the passage of specific ions after appropriate stimulation. The incanpafphotoswitchable
moleculesn channeproteinscanallow thecontrolof channefunctionin vivo. Moreover bilayerorganization

and membrane permeability can be controlled by the use of photores@onphiehiles.
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Figure 20. a) DOX@MSNC18RGO system as carrier for NIR photoresponsive drug delivery. Reproduced with
permissiortt Copyright 2015, Royal Society of Chemistry. b) MSMs coated with PDMAEMA and loaded with DOX.
Upon Vis light irradiation and acidic pH the nanopores were unsealed axdvix® released. Reproduced with
permissiort*?Copyright 2016, WileyvCH.

Szymanski et al*’ used a photochromic molecule to confer light sensitivity to a mechanosensitive channel
located in the cytoplasmic membrane of Escherichia Coli. These chanmeladds tension changes in the

lipid bilayeruponasudderhypo-osmoticshockandfunctionassafetyvalvesto protectbacterigfrom lysing 318

Channels can also gate upon an increase in the pore hydrophilicity. Small photocleavable molecules were
bound tothe channel pore restrictions. In dark conditions no current flow was observed through the protein
channel s, but , upon UV irradiation, the channel [
channels pH responsive on demand using photolgzgidoiups that could be removed only by UV radiation.

The same authors applied the reversible photoinduced change in the abovementioned mechanosensitive
channels in order to control gating even in the absence of tension tAtjdé¢psn irradiation at 366m,
photochemicaling-openingprocesse®okplace resultingin channelsharacterizetdy higherwettability and

increased flow toward water and ions. Exposure to Vis light (larger than 460 nm) resulted in the reverse ring

closing reaction,which restoredthe original closedstate.An effective alternativeto photomodulatethe

40



transporthroughthelipid membranes the useof stimuli-responsivévilayers,which canbe obtainedby three
generaktrategies? In thefirst approachphotoswitchableopolymersareincorporatedn thelipid bilayer2?!
while in the secondstrategyJight-responsiveipids areusedasdopantsn themembrané?? Alternatively,the
bilayer can be constructed completely with photochromic liffitighe group of Tribéf! incorporated
photoswitchable Azdearing copolymers into lipid bilayers to realize lipid bilayers with photomodulated

permeability.

1.7 MEMBRANE PROCESSES

1.7.1 TRANSPORT ACROSSPOLYMER MEMBRANES
The performance of a membrane dependsereral parameters including polymer crystallinity, porosity,

wettability, surface roughness, and synthetic procedure (phase inversion, stretching, template leaching,
sintering, track etching, polymerizatiotffPolymerization is the conversion of reagtimonomers into larger
polymer molecules or 3Prosslinked networks. Photopolymerization has been and is one of the most rapidly
expanding processes for production of materials, due to the advantages related to the use of light rather than
heat. Infactlight-d r i ven monomer Y pol y-freeffastcspatiatoetrollsd, lovenergg a s
input, versatile chemical reactiéf®The net movement of atoms, ions, or molecules from a region where they
show a higher concentration to a region witlowdr concentration determines their coefficient of diffusion.
Flow across porous polymer membranes is mainly regulated by setliiosion and pordlow mechanisms
according to the membrane natéf&Diffusion in dense (nonporous) membranes is due ¢éontlolecular
permeation through transient thermally driven opening ofyodemes in the polymer chains, allowing the
molecular jumps from a polymer cavity to another adjacent cavity. Koros and Fédafinedthe diffusion
coefficient, Qim, in polymerdense membranes as
oo
Og &= e (2)

wherel andf aretheaveraggump lengthandfrequencyObviously,f is dependenbntemperatur¢according
toanArrhenius like relation)andmoleculargeometryshapeandsize)3?® Thetransporbf moleculesn porous
membranes is due to the presence of their permanent pores. Diffusion in porous polymer membranes takes
place when the potential energy of molecules within the pores is lowethiiarexternal potential energy
externalmembranesuctionaction).Theporediameterfor whichthedifferencebetweerexternalandinternal
potentialenergy,g Eis zero,determinesheminimumporesize,} mi for molecularsurfacediffusion, while
thecondi ti on o@E = RT def i Activatddhsarfadé rmouddksesemifilisioa met e r
mechani sms can account for the diffusion in polyn
Fmine mnd<  } min< Bk, respegtivelyy?

Memlranes allow the separation of mixture components because of their different transport rates (fluxes)

across the membrane upon the application of a driving force (pressure, concentration, temperature, chemical
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and electrical potential graaits)®*9332The flux of a molecular species My,Jis given by the following

Equation

_ AuA

Ju==p= 3)
where @e is the permeation driving force, A and
component M, respectivel y. me , R, and A are wusual

of fouling settlements, giving a constant value J@r The separation can be achieved by phase equilibrium
mechanisms as in thermally driven processes or by sieving mechanisms as in piréssungrocesse's.

Porous polymer membranes consist of a solid porous matrix with interconnected voids and ar¢viee

average size ranging from snanometer dimensions to several tens of micrometers. According to their pore
size, which enables the different membrane processes (pervaporation, reverse osmosis, gas separation,
nanofiltration, ultrafiltration, miasfiltration, distillation) and component separation (gas, salts, sugars,
proteins, bacteri a, emul si ons, coll oids), porous
mi croporous (0.1 < }J < 2 nm), mes omdmm) mambrgnds. < |
Separation in sieving processes is strongly dependent on feed components and membrane pore sizes anc

applied stimul?

1.7.2 ADVANCED OXIDATION PROCESSES(AOP)
An AOP by membraneeactords the exploit of the polymermembrandiltration to removeparticulatematter

and the chemical oxidation of dissolved organic compounds by hydroxyl radicals generated from different
reactions (ozone, 4@, ultraviolet radiation, Fenton reaction, electrolysis, sonolysis, and photocatalysis) in a
single reactor. The most common membrane reactors for AOP are ozone membrane 8actors,
electrochemically active filtration devicé¥,and photocatalytic membrane reactfdn a photocatalytic
membrane reactor, UV light activates the photocatalytic semimbodsuspended in the feed or entrapped
onto membrane surface leading to the oxidation (i.e., degradatio@iardl CQ) of the dissolved aieposited
organic compounds. Accordingly, it is possible to mitigate and control membrane fouling and enhance flu
Both suspension and entrapment of photocatalysts have some drawbacks. In particular, suggensions
affectedby the problemof catalystrecovery,while reducedphotoactivityandrisk of polymer membrane

damage could limit the photocatalyst entrapmerb themembranesg3®

1.7.3 ANTIFOULING AND ANTIMICROBIAL MEMBRANES
Fouling is the detrimental time reduction of the flux through a membrane due to concentration polarization

effectsandtheformationof cakesor gellayersby theaccumulatiorandattachmenof inorganic,organic,and
biological constituents of the feed solution onto membrane suffa€esling is dependent on several
parameters including the particular membrane process, polymer material, feed flow, module design, particle
sizeandconcentrationionic strengthpH, andsurfaceinteractions®®” Foulingis anirreversibleprocessyhich

can scale from some minutes to several days. The best method for the prevention and control of membrane
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fouling depends on the material améchanisms causing the foulitilt is often a set of different methods

such as feed pretreatments (prefiltration, chemical precipitation, chlorination, pH adjustment, and carbon
adsorption), surface modification with hydrophilic or charged layers, dydeomic optimization of the
membrane module, periodic membrane chemical cleaning and/or physical washing. More generally, the
inhibition of foulants adsorption or settlement on a membrane surface can be obtained by any method able to
weaken the attractivieteractions between foulants and membrane surfaces.

The antimicrobial activity of a membrane module is defined as its capacity to prevent the development of
microorganismsAntimicrobial compoundsschlorinebasedlisinfectantaregenerallyintroducedn thefeed
effluentduringthe cleaningstages Neverthelesshis approacrsuffersthe disadvantagef theformationof
undesired byproducts, so the use of ozone and AOP is preferred even if they are more expensive. Membrane
biofouling is probably thenain drawback of polymer membrane processes, as it decreases transmembrane
fluxesandpermeategualityincreasingoroductioncosts.In particular, drinkablewatermustbepathogerfree.
Antimicrobialmembranessedfor watertreatmentaveto showgoodantibacteriapropertiesandlow toxicity

toward health and environmetif. Commonly used antimicrobial agents are quaternary ammonium
compoundssilverandcoppelionsor metaloxidenanoparticles;arbomnanomateriald)V light in cooperation

with photoactive compounds (e.§i,).34¥343

1.7.4 SELF-CLEANING MEMBRANES
Self-cleaning membrane surfaces can be obtained by deposition of metals oxides such A230,iGe0s,

Cds, and CuO, which under UV irradiation cause the chemical decomposition of argataiminants and

actuate the hydrophobic/hydrophilic transition making the surfaces easily wa¥fable.

NH

N H H
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ofi OH Michael addition N
NH
Dopamine DA i (a)
HG ©OH
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Figure 21.a) Scheme of PDA f or mat tazodianibne and PDAdhcough Minhsel ddditiony e e n
leading to covalent linkages. b$elfcleaning behavior of the photoresponsive membrane. Reproduced with

permission.[357] Copyright 2018, Elsevier.
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TiOzis undoubtedlythemostusedphotocatalysthanksto its nontoxicity,largeavailability, chemicalstability,
recyclability, and biocompatibility’® Recently, the degradation of Rhodamine B dye by poly(allyl amine
hydrochloride)andpoly(styrenesulfonatesodiumsalt) multilayerscontainingTiOz hasbeenevaluatedifter4

h of UV irradiation®*® Composite membras, prepared from mixtures of CNTs and F&D.Os;, were
proposed for pollutant degradation during water treatment. The achieved fluxes were three times higher and
theremovalrateof humicacidwas10%largerthanvaluesobtainedrom CNT-free membrane$*’ This could

be ascribed to the ability of CNTs to work as electrons acceptors, thereby suppressing the charges
recombination under UV irradiation. Polyvinylidene fluoride (PVDF) membranes were loaded with different
amounts of TiQyielding antibacteriaproperties against E. Coli, photodegradation against Reactive Black 5
dye, and seitleaning and antifouling characteristics against bovine serum albumin sofitiGosled
membranes need periodic cleaning procedures by-fhastking or using chemicalge.g., bases, acids,
biocides)3*® However, such cleaning procedures interrupt the industrial production cycle and use strong
chemicals, which can cause irreversible damages to the polymer membrane &tirfaekésleaning
membranes possess athinlagef fAsmart o materials able to respon:
membrane surface properties, and mitigate foulifiin this approach, photoresponsive materials can be
grafted or coated in order to provide switchable and antifouling propeuiag light as a noninvasive
stimulus®?For example, the switchability of Sfased materials, which become zwitterionic and thus more
hydrophilic under UV light, can be used to generate antifouling surfat®4l he control of surface wettability

and permeability by UV light can be gained if the membrane surfaces are moditfed\zo-based
derivatives®*The main advantage of polymers incorporating Azo gréfissthe possibility to cast them on
membrane surfaces as thin films without pore blockagd permeance decrease. Ramanan &t al.
demonstrated a facile oset e p c 0 at i-azaglianiine tard polydopaNjine (PDA) on different
commercial ultrafiltration membrane surfaces to achieve selfcleaning when membranes were exposed
alternatively to UVand Vis light, as shown in Figure 21. In particular, azodianiline and PDA were casted on
membranes, in order to allow the covalent grafting of the aminecontaining dye to the polymer membrane
surfacethroughMichaeladditionor Schiff basereactionswithout a dramaticblockingof the surfacepores.In
addition,azodianilinemightalsointeractwith PDA through” i~ stackingandhydrogenbonding(noncovalent
bonds)**®3¢°The PDA/Azo layer reversibly shrank and expanded under alternative exposuzeld #nd

Vis light, avoiding the foulant accumulation onto surfaces. Furthermore, the polymer stability under UV light
was increased by the presence of PDA providing UV protection and free radical scavenging. The membrane
permeancavasmeasuredisinga deal-endfiltration systemwhile thefeedwaterwasreplenishedo maintain

the concentration of bovine serum albumin solution at 1' ¢§ The fouling tests confirmed the film
effectiveness in selfleaning the membrane surface and increasing water permgaatmost 160% in UV
irradiated membranes. Current methods for achieving antifouling properties in membranes coated with PDA
require alkali conditions and relatively long reaction times. Baek ¥tathtained a PDA modification of a

polyamide membran@aideionized water by UV irradiation for 30 min. The obtained membrarastained
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good salt rejection and water permeability and exhibited excellent antifouling properties toward alginate.
Dubner et af?demonstrated a new method foe thabrication of a pHand lightresponsive polypropylene
membrane. pHresponsiveness was imparted via grafting of poly(methacrylic acid) (PMAA) brushes using a
plasmainduced freeadical graft polymerization. Conversion into a lighsponsive membrane w/a
performed via a twatep postpolymerization modification, which allowed the covalent attachment of SP
moieties to the grafted polymer brushes (PM8R). A pH change or the application of a light stimulus
successfully changed the wettability and permégtaf both PMAA- and PMAASP-modified membranes.

The brush swelling changed dramatically the flux properties efwitthed PMAAmModified membranes,

while the photoswitching of SRodified membranes was highly influenced by hydrophilicity changes.

1.7.5 LIGHT RESPONSIVE POLYMER MEMBRANES FOR WATER PURIFICATION
Oneof themostimportantapplicationsof stimuli-responsivgolymermembraness theremovalof pollutants

from feed streams and, in particular, of oil contaminants hampering the qualaeof

Accidertal oil spills and industrial oily wastewater can generate high stable oil/water (nano)emulsions. Thin
membranes with superwetting properties resulted as interesting filters for their low energy consumption,
scalable productivity, high separation efficigngood durability, and stability. Under UV irradiation for 3 h,

thin film membranes made by Ti@oated singlevalled carbon nanotub®$3¢ gained reversible
superhydrophili@ndunderwatepleophobiovettability propertied® asthe surfaceCA changedrom & 8 20A

& 0 Aheinitial CA valuewasrecoveredifter7 daysin thedark. Thefilm waseffectivein separatingil/water
mixtureswith ahighflux rate(30000L m' ?n' 'bar ) andseparatiorefficiency(99.99%),asshownin Figure

22.The UV irradiationgranted antifouling and lighhduced sekcleaning propertie3hese

membranes could be efficiently used for the treatment of emulsified wastewater and purification of crude oil
and fuel. Hu et al. developed a dual ligahd temperatureesponsive nanopous membrane composed of
PDA-coated singlavalled CNTs modified with lightensitive gold nanorods and temperasgasitive
poly(N-isopropylacrylamideco-acrylamide)?*® Similarly to the previousthin films, thesemembraneshowed
hydrophilicandunderwatepleophobiovettabilitiesandwereableto separat®il-in-waternanoemulsionwith

a high efficiency (99.99%) and flux (up to 35 890 L4m bar ). In addition, light irradiation allowed the
modulation of the permeation flux and enhancemétt®antifouling and recyclability properties, thanks to

the incorporation of gold nanorods aapolymer.

Surface coating and grafting with nonpolar hydrophobic molecules, such as fluorinated and-lséd&esuhe
photoresponsivpolymers representhe mog commonlyusedchemicalmodificationsto impartself-cleaning
properties to polymer membran®$3’ The zwitterionic hydrophilic MC isoform possesses excellent
antifouling properties, i.e., high resistance to the adsorption of biomolecules preserieathff *’°Recently,
Kaneretal 3*preparedhin film membranewiith antifoulingpropertiesiueto light inducedchanges in surface
morphology at constant pore size and water permeability. Thelsaliing membranes were obtair®d
coatingaporousPVDF membranevith athinlayerof combshapedyraftcopolymersattwo side chain lengths
featuring polyacrylonitrile backbones and photoreactive SP methacrylate side chains. Upon UV irradiation

photoresponsiveggroupsisomerizedfrom the hydrophobic SP state (that allow the adsorptionof organic
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solutes) to the zwitterionic, hydrophilic MC state. The changes in surface hydrophilicity caused morphology
change®nthemembraneurfacethereleaseof adsorbednoleculesandthefull recoveryof the initialwater
flux after2 h of irradiationat254nm. In addition,partialself-cleaningof afouledmembranevas detected upon
backisomerization to the hydrophobic SP isomer after Vis irradiation. This result can be considered the first
report of aself-cleaning mechanism accompanied by a decrease in hydrophilicity. Photochrolaaules
canbeusedto selectivelybind metalions. Photocontrollednetalion detectionusing SP derivatives has been
widely demonstrateé’.*"*To realize the photodeteati and binding of metal ions, several approaches have
been reported in literature including coatings of microbeads and surfaces integrated into microcagifdries.
Dunne et af’#realized microcapillaries operating in a continuous flow regime, capatblightregulated
binding and qualitative detection of divalent metals. Specifically, microcapillaries were coated with SP
polymer brushes using rirgpening metathesis polymerization and were able te salfcate through a
colorimetric response théofv system state (passive, active, métal bound). In addition, an external light
source allowed the control of both metal ion releaseuptake.
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Figure 22.a) DifferenceshetweerhydrophobicandunderwateonleophobianembraneskReproduceavith permissiori®
Copyright 2016, American Chemical Society. b) Separation of ain-eiater emulsion by light responsive membranes
made by TiG-coated singlavalled carbon nanotubes. Reproduced with permis§fo@opyright 2014, American

ChemicalSociety.

UV light irradiation switched the SP polymer brushes from the passive state to the active MC isoform, which

resultedableto bind severalivalentionssuchasCd?*, Ni?*, Cuw?*, Co?*, andZn?*. Irradiationwith white light
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caused theecovery of the passive SP isoform and the release of the divalent ions from the microcapillary

coating.

1.7.6 FLUX CONTROL
Pore size and flux through polymer porous membranes can be controlled by the conformational changes in

light responsive polymer chaingpon UV irradiation. Thus, many research groups have focused their
investigations in developing on demand gated membranes containing light responsive molecules able to
modulate pore size, surface hydrophilicity, channel charge, and pdldftyShi et al®"® prepared a
photoresponsive polyethersulfone membrane based on théghost s t compl ex bet weer
cycl od eCD}). Poly(ethylerie glycol) (PEGOOO and PE 0 00) was used as a fAb
A z o-CDband polymer membrane to provideffmient space for the photoisomerization and complex
formation.Underirradiationat 450 nm, the formationof complexedetweerAzo andb-CD moleculesclosed

the membrane pores and permeability for water and PEG solutions was low; under UV irradzéiomrat

the complex collapse opened the membrane pores and permeability increased, as shown in Figure 23. The
photoresponsivity i ncr ea-€@eahdddnbtishow dvidentateouatiort aftev 8 Az

irradiationcycles.
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Figure 23.a) Polyethersulfone membranes with photoresponsive permeability. b) Selective permeation66DPEG
PEG4000, and PEA0 000. Reproduced with permissitBCopyright 2014, Elsevier.

1.8 CONCLUSION
In this paper, we reported recent progresses in ligigtoresive polymer membranes with particular attention

to photoswitching properties of the involved chemical groups and responsive mechanisms, which can change
themembrangropertiesondemandLight caninduceveryfew physicochemicabropertychangeswhichcan
affectthe performanceof a greatvariety of devices.This progresseporthasfocusedits attentionon some
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important research applications driven by photoresponsive polymer membranes. The chemical groups
commonlyusedto prepardight-responsivgolymermembranesverereviewedn thefirst partof this progress

report. Upon irradiation, the new isomer generally shows a different molecular geometry, which results in a
variation of several physicochemical properties including étettdipole moment, molecular volume, and
exposed chemical groups. The change of such molecular properties is exploited in the manufacturing of
polymermembraneableto photocontrotheir wettability, swelling,adsorptionenzymeactivity, cleaningand
permeability. Particular focus was given to some important applications of photoresponsive polymer
membranes according to the used chromophoric groups. Photochromic liquid crystals and liquid crystalline
polymer networks can reversibly change their mesohisnp, alignment, or pitch after UV or Vis light
irradiation. Generally, it results in a macroscopic change of the optical states (opaque, intermediate, and
transparent) of liquid crystal devices, polymer dispersed liquid crystals, and chotedteric

Several applications related to photoreversible change of surface andgttaeility in polymer membranes
incorporating azobenzene and spiropyran groups have been reported. The change in the hydrophilic or
hydrophobidehaviorof polymermembraneallowsthe productionof light adaptivenanochannelgjatesand

valves for the mass transfer of ions, liquids, gasks.

Furthermore, photochromic molecules placed on the surface of polymer membranes can photocontrol the
surface roughness and confer to the fmemes superhydrophilic or superhydrophobic properties able to
influence the cell migration on polymer membrane surfaces. Particular attention has been paidiwdight
actuatordi.e.,devicesableto convertthe electromagneticadiationenergyinto motion) suchasphotochromic
bilayers, polymer films, liquid crystalline polymers, elastomers, hydrogels, and droplets flowing in
microchannels. For instance, motion can be due to the reversible bending of photochromic polymer films related
to the anisotrpic volume contraction in the irradiated surface or the cyclic swelling and shrinking of
photoresponsive and thermoresponsive hydrogels. The biological applications of photoresponsive polymer
membranes thepresenivork includetheprogresses thecontrolof biologicalfunctions proteinadsorption,

cell adhesion, and drug delivery by light. Finally, membrane processes were reviewed with a particular focus
on the transport theory through porous polymer membranes, advanced oxidation processesoalfde to
antifouling, antimicrobial, and setfleaning properties, and applications of lighsponsive polymer
membranes in water purification and flux control. There is no doubt that the development-ddfgisive
polymer membranes will offer numemwpportunities for designing advanced multifunctional surfaces and
new highperformance devices in analogy to natural biological membranes, where multistimuli response
mechanisms are present. Moreover, computational studies will undoubtedly providedevglidance to find

the optimal coupling between membrane physicochemical properties and photoresponsive groups to be used in

advancea@pplications.
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CHAPTER 2

2. POLYMER MEMBRANES DISPERSEDL IQUID CRYSTAL (PMDLC):
A NEW ELECTRO -OPTICAL DEVICE

Published as: Qe Filpo, K. Armentano, E. Pantuso, A.l. Mashin, G. Chidichimo, F.P. Nicoletta, Polymer
Membranes Dispersed Liquid Crystal (PMDLC): a new elegptical deviceliquid Crystals2019 46, 986.
https://doi.org/10.1080/02678292.2019.1566506

2.1 SUMMARY
Polymer Dspersed Liquid Crystals (PDLCs) are liquid crystal dispersions in a polymer matrix, which look

like opaque in their OFF state, when no electric field is applied, and transparent in their ON state. They are
generally obtained by a phase separation prosesk,as Thermal, Solver@nd Polymerizatioiinduced Phase
Separation (TIPS, SIPS and PIPS, respectively), between two transparent conductive glass sulibigates. In
paper,a new electreoptical device,formed by a porouspolymer membrandgmbibedwith liquid crystal by

capillary suction, is presented (Polymer Membranes Dispersed Liquid Crystals, PMDLC). Polymer membrane
surfaceswere made conductivebefore liquid crystal loading by magnetronsputteringof a thin layer of
conductive indium tin oxide. Thenorphology and the electaptical response of these devices were
investigated and the observed transmittances and relaxation times were found to be similar to those of
conventional PDLCs. In addition, PMDLCs showed interesting flexibility as no soliductine substrate is

required and economic convenience as there is no loss of liquid crystal in the poatmer

2.2 INTRODUCTION
Several types of materials have been proposed as smart windows, i.e. large area devices able to control the

transmittance of light and heat in buildings. Photochromic, thermochromic, electrochromic,
photoelectrochromiandliquid crystallinematerials''® canchangeheir opticalpropertiesuponapplicationof
anexternalstimulussuchaslight, heatandelectricfield allowing thevariationof theamountof incidentlight
and/or heat and maintenance of outwards vision. In particular, Polymer Dispersed Liquid Crystals (PDLCs)
are dispersions of a liquid crystal in a polymer matrix widely used as optical materials becausewhteall
transmitted light modulation by an electric change of the orientation of the LC domiair&wiss cheese
PDLCs the LC domains consist of about spherical LC droplets dispersed in a solid polymer matrix. On the
contrary polymer ball, PDLCs are cheterised by a morphology where the LC molecules filvthids

and the crevices of a small polymer ball netwbrlk both cases, the random average orientation of LC
domains causes the scattering of the light impinging on devices and their milky appéatABcOFF state.
Theapplicationof anelectricfield (ON state)allowsthere-orientationof theliquid-crystallinedomainsalong
thefield directionandthemodulationof light transmittancdill afull transparentieviceif thematchcondition

between the ordinary refractive index of LC and that of the polymer matrix is fuliilROLCs were patented
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in 1987byDoaneetal. °. Theyaregenerallyobtainecby aphaseseparatioprocesssuchasThermat, Solvent

and Polymerizabn-Induced Phase Separation (TIPS, SIPS and PIPS, respectively), between two transparent
conductiveglasssubstratedn TIPSandSIPSprocessestartingfrom ahomogeneousnixtureof liquid crystal

and polymer, phase separation is induced by eitbeling the mixture or allowing the solvent evaporation

from the mixture at a controlled rate. In PIPS processes, the initial homogeneous mixture is generally formed
by liquid crystal, monomers, crofiskers and a thermabr photoinitiator. The phase paration is induced

by the growth and crodik of monomer/oligomer molecular chains, which at the end result less miscible with
liquid crystal than the initial short chain length mononiers

For the sake of completeness, in 198 28ropsseceenewy ear s
display based on electrically induced index matching in an inhomogeneous medium by filling a filter,
composed of mixed esters of cellulose (Millipbr¢y p e MF, nominall pore size of
= 1.495) with ZL}1083 liquid crystal, whose ordinary refractive index matched that of the filter. The liquid
crystaHilled matrixwasplacedbetweenwo transparenkT O-coatedconductiveglassesDespitetherefractive

index matching, the liquid crystal domains size distribution did not allow an adequate transmittance value in
the ON state (maxi mum v al u'el respd8ndeimess-aame teastof msh Inf i e
addition, the presemcof conductive glasses did not give flexibility to the device. The authors did not claim
the economic convenience of their device as PDLCs were not yet invented and Drzaic used the term of
imbibing porous structure with liquid crystal to define such devia his book

Despite the great technological advances in the fabrication of PDLCs with the above described methods, one
importantdrawbackof PDLCsis theliquid crystallostwithin thepolymermatrix ©° dueto its solubility, giving

rise to unpredictable final electaptical properties and increased costs. Several research groups have
investigated polymerization parameters and PDLC components chemical nature and composition in order to
minimise the abowvenentioned drawback anchaximise the PDLC performancé€?’®. In particular, any
parameter, able to increase the LC domain size, will reduce the driving fields and rise times, but increase the
decay times and costs. An attempt to improve the device performance and minimisecewgtg included

the use of nanoparticlé&’. In addition to their welknown applications in many different fields such as
adsorption, photocatalysis, disinfection, electrical conductivity, reaction rates, drug delivery, topological
defects of liquidcrystals and enhancement of the performance of liquid crystal dé¥iteé\erosil® NPs
wereinterconnectetby freeradicalpolymerisatiorto form a network?2% whosevoidswerefilled by nematic

mixtures. In such way, it was possible to obtain etegfitical devices working both in dirednd reverse

mode (being this last device characterised by a transparent OFF state and an opaque ON state) with no liquid
crystal lost in the surrounding network and, consequently, reduced costs and excellestoetiect
performanceln this paperanewelectreopticaldevice,formedby a porouspolymermembranembibedwith

liquid crystal by capillary suction, is presented (Polymer Membranes Dispersed Liquid Crystals, PMDLC).
Polymermembraneurfacesveremadeconductivebeforeliquid crystalloadingby magnetrorsputteringof a

thin layer of conductive indium tin oxide. The morphology and the electrooptical response of these devices

were investigated and the observed transmittances and relaxationtareefound to be similar tothose
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conventional PDLCs. In addition, PMDLCs showed interesting flexibility as no solid conductive substrate is

required and economic convenience as there is no loss of liquid crystal dispersed innttee plirix.

2.3 EXPERIMENTAL
The nematic liquid crystals used in this work was E49 (Merck, Darmstadt, Germany), a nhematic eutectic

mixture whose main chemicphysical properties are reported in Table 1.

Porous membrane rectangles (40 x 20°9pnwere cut froncommercially available polypropylene membrane
sheetgAccurelPP2EHFMembranaGmbH,Wuppertal Germanyrefractiveindex1.490,porosity70%,mean

pore diameter 0.4 ¢&m, t hi ckness -Aldrch, Milarg Hay) bg and wa s
ultrasoric bath (model M1800HE, Bransonic, Danbury, CT, USA) and overnight driedl0acC.

Table 1. Some chemicaphysical properties of E49. From the left: nemddimtropic temperature, TNI; ordinary
refractive index, no:; biy,efopl;ngpearcal,| ain;diddled etcrtird cp ernr

bend constant, K33; rotational vi scosity, 2.

Tw/’C o An  Ae g Ku/100PN Kss/107'? N y/cSt
100 15270 02610 166 239  15.80 28.20 47

The deposition of indium tin oxide on polypropylene membranes was obtained by sputtering of an ITO target
(purity 99.99% GoodfellowCambridge_td., Huntingdon England)or differenttimes(20,40,60 and90min)

by process inert gas ions (Argon, purity 99.999%) in a Edwards ABOBsputtering system (Edwards,
Burgess Hill, United Kingdom). IT@puttered surface resistance offAR@mbranes was measured bgaint

probes method as a function of sputtering time. The sputtered ITO layer acts as a conductive substrate for
PMDLCs.Acopper tape with conductive adhesive was applied to each of the two opposite surfaces of PP
membranes in der to insure optimal electric contacts between ITO layers and wires. Finally, an acrylic
protective lacquer (APLSP from Electrolube, Ashby de la Zouch, United Kingdom) was sprayed on samples
to protectelectriccircuitry andavoidLC leakagewithoutlosing flexibility. ThecompletePMDLC preparation

is schematised in Figure 1. Membrane and layer morphology was investigated by scanning electron
microscopySEM. Observationsvereperformedothon membrandop surfacesandcrosssectiondy aleica

LEO 420 (eica Microsystems, Cambridge, England) scanning electron microscope. Before SEM analysis,

samples were left under vacuum for several hours in order to extract LC and, then, coated with a thin gold film.
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Process inert gas

ITO Thin Film
?

PP membrane

Figure 1. Schemeof the preparatiorof aPMDLC: a) aftercleaningPPmembranesveresputteredn both surfaceswith
a conductive ITO layer in a Edwards AUT3D6 sputtering system; b) two copper strips with conductive adhesive were
placedon onesideof bothmembranesurfacesg) membrangoreswerefilled with liquid crystalby capillary suction;d)
afterexternalring trimming andsealingwith anacrylic protectivelacquer electricwiresweregluedon copperstripswith

an electrically conductivpaste.

Transmission Electroklicroscope, TEM, images were collected with a JEM 1400 Plus transmission electron
microscope operating at 100 kV (Jeol, Akishima, Tokyo, Japan). The size of ITO nanoparticles was obtained
by softwareanalysisof TEM pictures.The numberof measuredhanopaticles,takenfrom differentpicturesof

the same sample, was at least 100 and their size was evaluated with an image software (Motic Images Plus
2.0). The electraptical properties of PMDLCs were investigated with the experimental setup described in a
previouswork [1] by applyingelectricfields, whosestrengthrangedrom 0to 5V ¢ m‘atadriving frequency

of 1 kHz. The light intensity transmitted through air was assumed as fula | e i nt ensichy . Th
anddecaytime, Urr, of aPMDLC are respectivelydefinedasthetime requiredto reach90% of its maximum

transmittance and return to 10% of the optical response after the external field switiching

24 RESULTS AND DISCUSSION
PMDLCswerepreparedvith differentsputteringimesaccordirg to theprocedureutlinedin theexperimental

part and schematised in Figure 1. As shown in Figure 1(d) PMDLC has a yellowish opaque appearance in its
OFF state due to the deposition of the ITO layer. The longer the sputtering time, the more yéleish
appearance. Figure 2 shows the SEM pictures from the top surfaces angectimsss of virgin and ITO
sputteredPP membranesafter different sputteringtimes (t = 0, 20, 40, 60 min). It is evidentfrom the

observation of top surfaces that thelt@gthe sputtering time, the denser the morphology. At the same time,
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from the observation of cross sections, it is clear that the higher the sputtering time, the thicker the ITO layer.

An almost complete ITO coverage on surfacegised with a 60 min sputtering time.

Sputtering Time Cross Section

t =0 min
t =20 min
t =40 min
t =60 min

Figure 2. Top surfaceandcrosssectionof virgin andITO sputtered?Pmembranesfterdifferentsputteringiimes:t =0
(virgin PPmembrane)t = 20 min, t = 40 min, andt = 60 min. The higherthe sputteringtime, the closerthe morphology.

almost complete ITO coverage on surfaces is gained with a 60 min spuitagng

Figure3 reportsa TEM pictureof themorphologyof ITO layergrownon PPmembranesfterfew minutesof
sputteringime. Thelayeris composedy aggregatesf primaryITO nanoparticlesywhich areratherspherical

in shape with an average diameter of 15 nm. These nanoparticles agglomerate into larger aggregates. It is
expectedhattheincreaseof sputteringime andconsequenicreasen surfacecoverageandthicknessof ITO

layergivesadecreasen thesurfacaesistivityof ITO sputtered®Pmembranes.
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PP membrane

Figure 3.Morphology of ITO layer grown on PP membrargse layer is composed by aggregates of primary nanopatrticles,

which are rathespherical in shape with an average diamatés nm.

Figure4 showsthedependence of the surface resistivity of ITO layer on PP membranes as a function of the
sputtering time. The surface resistivity of ITO layers decreases according to a single eapdeesy curve

(full inein Figure 4,R= 0. 994) and r eac he s lafter 6p iniawith adecaptime af b o u t
about 15 min. As a consequence, the time of 60 min was assumed to be the best sputtering time to prepare
PMDLCs as it guaranteesn o pt i mal sur f ace FlassiTOscoveredighasges (Iseceiw t e
conventional PDLCs) and the minimum yellowish of devices. Figure 3 reports the electrdefielddent
transmittance of a PMDLC. After LC capillary suction samples wereacterised by an opaque yellowish
appearance with very low transmittances in the OFF state£10.5%, left inset in Figure 5) thanks to the

high scattering arising from the random distribution of LC directors in the PP membrane pores. By applying
anelet ric field of i ncr'ethetiamgittasce vakies gradnally(incrpasetleadingtoV ¢
a highly transparentellowishdevicedueto there-orientationof LC directorsalongtheelectricfield direction

because®f theirpositivedielectricanisotropy(Ton = 65%,rightinsetin Figure5). Evenif therefractiveindices

of E49(1.527, ordinary one) and PP (1.490) are very close; nevertheless, the maximum transmittance achieved
was only 65%, due probably to both the presence ofsttiet | TO | ayers and t he membr
As reported in Table 2 the contrast ratio, CR defined as the ratio between the transmittance value in the ON

and OFF statesjs 130, while the switchingandsaturatiorelectricfields, Eio% and Egos definedasthe field

strengta bl e to gain 10% and 90% of the 'nmespectivalyn t r ansn
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Figure 4. Dependence of the surface resistivity of ITO layePBhmembranes as a function of the sputtering time. The line
is the exponential single decay fit of experimental points{R.994).

The values of the rise slope of T vs E curve apg, Bre slightly larger than those generally found in
conventionaPDLCs.Thiscouldbeduetothesizedispersiorof membrangoredargerthanthesizedispersion
of LC domainsachievablén PDLCs.In fact, theswitchingfield is reachedisthesmallest.C crystaldomains,
ableto influencethetransmittancearereorientecby the appliedelectricfield. Theseresultsarein rathergood

agreemenwith thefollowing theoreticaEquation(1) for switchingfieldsin PDLCswith adropletradiusR ©:

1 K

E(; or " —
90% R E(}AE

(D)
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where o@U is the L ethedaceuin perntitivity consiantiarsd & the bCpelastic constant in
the oneconstanapproximationEquation(1) predictsthatsmallerLC dropletswill becharacterisety alarger

switchingfield.

—lgg o
T“\ l()3 /0

“* ON state

Transmittance / %

0 1 2 3
Electric Field / V pm

Figure 5. Electric fielddependent transmittance oPMDLC. In the insets: the device as it looks in its OF&=€F 0.5

%) and ON state (@n = 65%).

Table 2. Electroopticalpropertief PMDLCs:transmittancén theOFFandON state,Torr andTon; contrastatio, CR;

switching and saturation electfields, Bowand Eos; rise and deltraiys @.i me, Urise and
Tore/% Ton/%  CR Eyga/V pum ™' Egge/V um™"  T0/ms Tgecay/MS
0.5 65 130 0.6 1.8 4 40

Consequentl vy, by inserting in E(nzLBaBSXiltfbﬁl\?\/_k ;2L|<)~2,2txhe f
10' 1 and assuming the minimum pore size affecting transmittance is R~R fritheestimation fothe

requiredswitchingfield inaPMDLCisaround2V ¢ th din quitegoodagreementvith theexperimental results.

After the electric field switching off, the restoring forces acting at PP pores causes the recovery of the initial
random alignment of LC directors and opaque OFF state. The electreoptical responseof PMDLCs was
charactemoNsatdueyl as 4 tbFsaof abbut 40sns, avhiath are cordparable with those
measured in conventional PDLCs [6]. In fact, from a theodepioat of view the rise times are essentially

dependent from the driving field strength, as reported in the following Eq{@)ion
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2
where BppieccaNd Evar e t he applied and threshold electric fi
while the decay times are dependent fré&m R, o9 and
R%y
TOFF K 3)

i.e. larger LC domains are expected to be charaed by a longer OFF time. In the case of PMDLCs, the
averagegporesizewas0.4¢ msoassuminghatthe maximumdropletradiusinvolvedin thereorientatiorwas

2 em (see Figure 2), ofkvgaulautei olness s( 2t)drvadnaadhroums)l0 aggi dv ea &
Thesevaluesarelowerthantheexperimentabnes(4 and40 ms,respectively)dueprobablyto theassumption

of strong anchoring of liquid crystal molecules to the polymer walls made for Equations (2) and (3), which
could not hold folPP, being an apolaolymer.

Therefore, PMDLCs can be designed with enhanced eleptical properties similar to or better than those

of conventional PDLCs by choosing a polymer matrix with an adequate pore size and refractive index
(matching the LC ordiary refractive index no) and a liquid crystal with optimal eleoptical and visco
elasticpropertiegi.e. gpnep Ub,andK). It is importantto notethatPMDLC canbeobtainedwith a LC amount

lower than that generally required in conventional PDL@nf40 to 85 wt%Yand no LC is dispersed inside

the dense fibres of polymer matrix, on the contrary of what happens in conventional PDLCs, where polymer
matrix andliquid crystalkeepa mutualsolubility after phaseseparationThesetwo characteristicsepresena

liquid crystal saving and so a relevant reduction in the deoists.

2.5 CONCLUSIONS
In this paper polymer membrane dispersed liquid crystals were successfully prepared and theipéiesitro

properties were investigated as a function otghyaied electric field. Polymer membranes were sputtered with

a thin layer of conductive ITO in order to play the role of a polymer network, hosting LC after capillary suction,
with conductive substrates for the electric modulation of scattering prop@itiesequired amount of liquid
crystal is dependent on the membrane porosity and the etgttoal properties of the devices cha
predicted in advance thank to the use of a polymer network withdefiled optical and viseelastic
characteristicsyhich do not change after LC filling (on the contrary to what happens in procedures requiring
phase separation processes). PMDLCs were characterised by an opaque OFF statg-with.8%, thanks

to the LC director random orientation, and a transpa®hstate with a dn= 65%, due to the rerientation

of LC directors under the action of a saturation electric fiete£E 1 . 8' ! Respomse times were fast and
similar to those found in conventional PDLCs. Results indicated that the ebptical poperties of devices
wereessentiallydetermineqand,consequentlycouldbeeasilyenhancedpy polymermembraneveragegore

size and refractive index values and by LC viscbast i ¢ parameters (o/ K rat
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Therefore, PMDLC could bproposed both as alternative, cheap and flexible PDLC devices, thanks to the
reduced amount of used LC and the absence of rigid conductive supports. In addition, they could find
application for theoretical investigation of LC in special and restrggeuetries.
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CHAPTER 3

3. CHEMICAL VAPOR DEPOSITION OF PHOTOCATALYST
NANOPARTICLES ON PVDF MEMBRANES FOR ADVANCED

OXIDATION PROCESSES
Publishedas: G. De Filpo, E. Pantuso, K. Armentano, P. Formoso, G. Di Profio, T. Poerio, E. Fontananova,
C. Meringolo, A.l. Mashin, F.P. Nicoletta, Chemical Vapor Deposition of Photocatalyst Nanoparticles on
PVDF Membranes for Advanced Oxidation Processddembranes 2018 8, 35 https:/
doi:10.3390/membranes8030035

3.1 SUMMARY
The chemical binding of photocatalytic materials, such as 8@ ZnO nanopatrticles, onto porous polymer

membranesequiresa seriesof chemicalreactionsandlong purification processesyhich oftenresultin small

amounts of trapped nanoparticles with reduced photocatalytic activity. In this work, a chemical vapor
deposition techniqgue was investigated in order to allow the nucleation and growth of ZnO and TiO
nanoparticlesntopolyvinylidenedifluoride (PVDF) porousmembrane$or applicationin advanceaxidation
processes. The thickness of obtained surface coatings by sputtered nanoparticles was found to depend on
processonditions.Thephotocatalytiefficiencyof sputterednembranesvastestedagainsbothamodeldrug

and a model organic pollutant in a small continuous flaetor

3.2 INTRODUCTION
Thin films are material layers that have thicknesses varying from tens of nanometers to a few miérometers

They are generally obtained bgpmbsition processes on the surface of given substrates. The thin film growth

is generally a twetep process where an initial random nucleation step is followed by an ordered growth.
Nucleation and growth and consequently the film structdrelepend on theubstrate chemistry (surface
composition and structure), the method ésadd deposition conditiohis

Thinfilm depositiormethodsareclassifiedin solid, liquid, andgasphasedepositiormethodsaccordingo the

physical state of the deposited materifalfurther classification of gas deposition methods distinguishes
chemical vapor deposition (CVD) and physical vapor deposition (PVD) processes. Both methods involve the
deposition of atoms or molecules carried in their vapor phase industries. Efficiardts@pand purification

are also important for food aptiarmaceutical

plants in order to guarantee high quality water a
Pharmaceutical active compounds can be considered as hazardous substanssof their potential threat

to health and the environment. They are also considered an emerging pollutant due to the failure of classical
treatments (such as filtration, adsorption, bio o

irradiation) to effectively remove thér In addition to common chemical pollutants, over 80 pharmaceutical
80



active compounds have been detected in wastewater effluents and surface water across®thaitivorld
concentration ranging frofiew ng L' o several g L The most important sources of pharmaceutical active
compound are incorrect disposal of unused drugs and effluents of wastewater treatment plants (including
phar maceuti cal industries, hospbt &@dihieghe measuteed r , 3
concentrations can result in water that is low or below drinking water guidelines and health1ibeiia
continuous accumulation in aquatic environment can also represent a real hazard.

More recently, polymer memanes have been used as innovative separation madteAalsembrane can be
defined as fAa barrier that separates and/ or cont a
andenergybetweerther e g i‘oTodaygmembraneareefficiently usedfor waterdesalinizationwastewater
purification, recovery of valuable constituents from production waste, gas separation in petrochemical
processes, concentration and purification in food and drug applications, artificial organs and therapeutic
systens, energy conversion, and storage systeésin addition to their technical simplicity and energy
efficiency, me mbrane processes can be easily wupsc
scale continuousperations.

An advanced oxigtion process (AOP) is a simple technique that allows an efficient degradation of organic
pollutants generally found in wastewater. In an AOP, organic pollutants are mineralized by the generation of
highly reactive hydroxyl radicals Among the advancedeatment technologies, UV photocatalysis by
nanoparticles (e.g., ZnO and B)Qhas attracted great interest in recent y&alrs a photooxidation process

(Figure 1), electrons are promoted from valence band to conductio® besdting in the formationfo
electronhole pair® when the catalyst nanoparticle (@Ns irradiated by UV light with energy intensigrger

than the characteristic band gap (3.37 eV for ZnO and 3.2 for F@€pectivelyy?L

UV light

OH’

Conduction band ¢

Valence band L

H,0 0,

Catalyst Nanoparticle
Figure 1. Schematization of the photoactivity otatalyst nanoparticle (CNp).

Both electrons and holes can move to the semiconductor surface and produce radicals, which can oxidize
organic compounds (OC), whereas electrons can reduce them, according to the reactions Both electrons and
holes can move tthe semiconductor surface and produce radicals, which can oxidize organic compounds
(OC), whereas electrons can reduce them, according to the reactions t&poited degradation of organic

compounds (OC) by photocatalyst nanoparticlesg)dsdishown kelow.
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ZnOandTiOz arethemostcommonlyusedphotocatalystdueto theirredoxability, chemicaltability, reduced

toxicity towards the environment and health, and lowZobt addition to the mineralization of organic
compounds, the reactive redox spedissich as hydroxyl radicalfO'd), superoxide aniongl, %, and
hydrogen peroxide molecules ABb) generated by UV irradiati@hcan damage the cell membrane of
microorganism& and kill bacteria, viruses, fungi, and aléfaghus conferring longerm antibacterial and
antifungal prpertie$®28to photocatalysts. More recently, submerged membranes have been integrated by
semiconductor photocatalysts in order to photomineralize membrane f&&lingereby reducing cleaning

and maintenance costs. In particular, Ho et al. obtaineshlaancement in the filtration flux of a submerged
membrane reactor by integration of photooxidation process and membrane fiftratiile MendezArriaga

et al*?studied the Ti@photocatalytic degradation of pharmaceuticanpounds

such as diclofenamaproxen, and ibuprofen.

Thecombinatiorof membraneseparatiormandadvanceaxidationprocesses anemergingechnologyfor the
completeremovalof pollutantsbhecauseachtechniquecomplementsheadvantagesf theother.In particular,

the AOPeliminates membrane fouling and allows the remediation of the concentrate while, at the same time,
the membrane process filters the feed and concentrates pollutants to an optimal AVEF¥Sr.

Nevertheless, the chemical binding of photocatalysts patous polymer membranes requires a series of
chemical reactions and long cleaning processes, which often result in small amounts of trapped nanopatrticles
with reduced photocatalytic activity. In addition, some polymers, such as polytetrafluoroethytbne an
polyvinylidene fluoride, are hardly functionalizable in order to trap photocatalyst molecules.

In thiswork, achemicalvapordepositiorprocessvasinvestigatedn orderto allow thenucleatiorandgrowth

of ZnO and Ti@photocatalytic nanoparticlesito polyvinylidene difluoride (PVDF) porous membranes for
applicationsn AOP. The purposeof thiswork wasthecouplingof filtration propertief polymermembranes

with the photocatalytic activity of ZnO and Ti@anoparticles nucleated and grown onCHVporous
membranes using the CVD technique. The substrates used were membrane disks in PVDF, which is a
thermoplastic material characterized by high strength and nontoxicity and, consequently, widely used in
membrane processes and food applications. Mered®VDF is characterized by high chemical and UV
stability, which renders this material particularly interesting for photocatalytic applications. CVD is-a well

knownchemicalprocesdgor theproductionof high-purity, high-performanceolidthin films. In atypical CVD
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process, the substrate is exposed to one or more volatile precursors, which react on the substrate surface tc
produce the desired layer (Figure 2).

Figure 2. Schematization of the chemical vapor deposition (CYd2jhnique. The substrate is exposed to one or more

volatile precursors, which react on the substrate surface to produce the desired thin film.

The photocatalytic efficiency of sputtered membranes was tested against a model drug (diclofenac sodium)

and a nedel pollutant (methylene blue) in a small continuous flow reactor.

3.3 MATERIALS AND METHODS
The substrates used were PVDF membrane disks with a diameter of 47 mm, a porosity of 70%, and a mean

poresizeof 0.10um (Durapore®, Merck KGaA, DarmstadtGermany) Priorto use membranesverewashed

in methanolSigmaAldrich, Milan, Italy) by anultrasonicbath(modelM1800H-E, Bransonic Danbury,CT,

USA). The deposition of nanostructured photocatalysts on PVDF membranes was obtained by sputtering of
appropriate targets by process inert gas ions (argon) in a Edwards-B806I §puttering system (Edwards,
Burgess Hill,UK).

ZnO was deposited on PVDF membranes by Argon (purity 99.999%) sputtering of a ZnO target (purity
99.99%, Goodfellow Cambridge Ltd.,uHtingdon, England). The deposition of nanostructurec: W&
obtained by reactive sputtering using a Ti target (purity 99.999%, Goodfellow Cambridge Ltd., Huntingdon,
England) in presence of a gaseous mixture of argon and oxygen (purity 99.999%, megasrenixture:

p(Ar) = 2.8 x 1 mbar and p(@ = 1.2 x 1¢ mbar, p(Ar)/p(Q) = 2.3). The reactive gas mixture reacts with

the substrate and sputtered atoms, forming a thin film of desired compound onto the substrate. The particular
pressureatio betneenAr andO, waschoserin orderto form theanatasgolymorphof TiO2%, whichis more
photoactive than rutilpolymorpH"’.

A microRaman spectrometer (Labram, Horiba Jobin Yvon) equipped with an Olympus microscope and
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interfaced to a color camera wased to confirm the presence of T@datase thin layers. The Raman spectra
were collected through a 100x objective using BNtelaser (emission wavelength at 632.8 nm, power 5 mW).
Membrane and nanoparticle morphology was investigated by scanning relentcooscopy (SEM).
Observations were performed on membrane top surfaces coated with a thin gold or graphite film by a Leica
LEO 420 (Leica Microsystems, Cambridge, England) or a Quanta 200 (FEI/Philips, Eindhoven, Netherlands)
scanning electron microscopeq ui pped with a backscatter el ectron
maps were obtained with a Phenom ProX SEM (Phenom
electron microscope (TEM) image were collected with a JEM 1400 Plus transmadsadron microscope
operating at 100 kV (Jeol, Akishima, Tokyo, Japan). The shape and size of nanoparticles was obtained by
software analysis of TEM pictures. The number of measured nanopértialen from different pictures of

the same sampdewas at last 100, and their size was evaluated with an image software (Motic Images Plus
2.0, MoticEurope S.L.U., Barcelona, Spain).

Static contact angles to pure water were measured with a CAM 200 contact angle meter (KSV Instruments
LTD, Helsinki, Finland) at 28C. A drop (2 uL) of water was put onto the sample surface by a microsyringe,
andmeasurementserecarriedout by settingthetangentonbothvisible edge<f thedropletonfive different

positions of each sample and calculating the average valueré#seirements.
Thepermeationiestswerecarriedoutwith distilled waterusingatangentiaflow filtration cell havinganactive

area of 14.5 ci The feed solution (at 261 °C) was pumped parallel to the membrane surface by a gear
pumpatthetransmembranpressuref 0.4bar. Thefeedflow ratewas250mL mint. Permeatsamplesvere

collected every 5 min in order to determine the transmembrane flux, J, defined

v, (1)

where 4 is the permeate volume passed through the membrane fixédetime interval Dt and A is the
effective membrane area. The photoactivity of ZnO and: TEigers was tested in a small continuous plant
where either a diclofenac sodium (9.3 *°M, Sigma Aldrich, Milan, Italy) or methylene blue (1.36°M,
SigmaAldrich, Milan, Italy) watersolutionwasrecirculateddy a peristalticsystenmthrougharoundcell, which

was equipped with a quartz window to allow UV irradiation and divided into two compartments by
membran®. The sputtered side of membranes wagosed to the UV light from a medidnigh pressure
mercury vapor lamp (ZS lamp, Helios Italquartz, Italy) with an irradiance of B&NVANthe cell exit, the
solution passed through a quartz flow cuvette placed inside a spectrophotometer able toatesutthhace
valueateither275nmor 665nm, which arethewavelengtrof maximumabsorptiorof diclofenacsodiumand

methylene blue, respectively. The absorbance was measured at regular intervals ohor 15

3.4 RESULTS AND DISCUSSION
The quality of the obtained thin film is strongly dependent on the process parameters. In particular, the

sputtering yield (Y) is defined as the number of sputtered atoms per impinging ion. Consequently, a higher
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yield results in a higher sputtering depinsi rate. The sputtering yield depends on several pararfieters
including the energy of the incident ions, the masses of the ions and target atoms, the binding energy of atoms

in the solid, and the incident angle of ions. The sputtering yield can bessagras:

Mm E,,

i @
(M + m) U

= X

wheremandM are the mass of the bombing ion and target atom, respeckwxeas/the kinetic energy diombing
ion,andUmi s the bonding energy of t ar gaegte ofivesit s importddt t a k e
to recall that magnetic field strengf@yD chamber volume, power density, gas composition and pressure are
other factors that can affect yield valtfesn addition, the film deposition rate decreases for increasing target
substrate distances. Therefore, under the chosen sputtering process parameters (obtained starting from value
based on the previous wotk&using the same sputtering source), an optimal deposition rate for ZnO and TiO

of about 2 and 1 nm min respectiely, was gained. The sputtering time used for the ZnO target was twice that

of the Ti one in order to have similar layer thicknesses. The different sputtering cor(@atsringpowerand

time, targetdistance andgaspressureyveretestedin orderto find the optimal setof parametersableto give a
homogeneousembraneoveragevith nopolymersubstratelamagendvery small photocatalyst nanoparticles.

This last condition ensures a high photoactivity, with catalysis being a surface process. iDadeduate
sputtering conditions, typical sample drawbacks were inhomogeneous coverage, pore occlusion, and presence c
cracks (damage of thin film), as shown in Figure 3. The best ré@sultermsof both coverageguality and
nanoparticlesized wereobtairedwith thesputteringconditions (sputtering power, target distance, gas pressure,
sputtering time) shown in Tahle
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Figure 3. Morphology of virgin and TiO2 sputtered polyvinylidene difluoride (PVDF) membranes after different
sputteringtimes (t): @) virgin PVDF membrane; t=0Bjt=1h; C)t=2h; D)t=3h; E)t=4 h.

Table 1. Optimal sputtering parameters able to give a homogeneous coverage with no substrate damage and small

nanoparticles.

Photocatalyst Sputtering Target 6 Sputtering

Target Layer Power/W Distance/10~2 m Pressure/107" bar Time/min
ZnO ZnO 35 8 P(Ar)=45 30
Ti TiO, 65 7 P(Ar)=2.81 60

1P(O;)=1.2 x 10~ ® bar.

Figure 4 shows thenorphology of the top surface in virgin and sputtered PVDF membranes under the
experimental conditions reported in Table 1. Both photocatalyst coatings (Figure 4B,C for ZnO and TiO
respectively) were homogeneous with no evident alteration/damage afdimeRVDF membrane (Figure

4A). In addition, no occlusion of membrane pores was present. Coatings had a cauliflower structure with
aggregate diameters of around 100 nm and formed by agglomeration of smaller primary nanoparticles (see

later).
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Figure 4. Morphology of virgin and sputtered PVDF membranes under the experimental conditions reported in Table 1:
(A) virgin PVDF membraneB) ZnO sputtered PVDF membrane; a@j TiO. sputtered PVDF membrane.

In order to furtherconfirm that PVDF membranes were homogeneously covered with photocatalysts, SEM
backscattering electron micrographs and spot EDX analysis on sputtered PVDF membranes were performed.
Figure 5 shows SEM backscattering electron micrographs and EDX maps Qorizoh TiQ sputtered

membranes.
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Figure 5. (A,B) Scanning electron microscopy (SEM) backscattering electron microgr&yb3,elemental mapping,
and Ei H) energydispersive Xray (EDX) analysis performed on TiQon theleft) and ZnO (on theight) sputtered

PVDF membranes.

At largermagnificationsTEM analysisallowscharacterizinghemorphologyof primarynanoparticlegrown
on PVDF membranes. As shown in Figure 6A,B, both ZnO and fiithary nanoparticles were rather
spherical in shape with similar average diameters of # 4@ and 12.% 3.4 nm, respectively (Figure 7).

Primary nanoparticles agglomerated into laggggregates.
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50 nm

Figure 6. Morphology of catalyst anoparticles grown on PVYDF membranes under the experimental conditions reported
in Table 1: (A) ZnO sputtered PVDF membrane; and (B).$jidittered PVDF membrane.

5 10 15 20
Diameter / nm

ra
wn

Figure 7. Distribution of diameters shown by primary nanoparticles present on Zn®Di@pdputtered PVDF
membranes.

MicroRaman spectrum of PVDF membrane obtained by reactive sputtering using a Ti target is reported in
Figure 8.
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Figure 8. Raman spectrum of Tianoparticles sputtered on PVDF membrane. The pe829ab16, and 639 cniare

associated to the Raman active modes B1g, Alg, and Eg, respectively, confirming the anatase structure of TiO

The Raman spectrum of Ti@anoparticles consisted of three peaks with strong intensities at 399, 516, and
639 cm twhich can be associated to the Raman active modes Blg, Alg, and Eg of anatase structure of TiO
thinlayers Thesevaluesarein goodagreemenwith theRamarbandseportedn literature®, Thefourthactive

Raman mode of anatase structure of ;Ji@hichis generally placed at 196 Ed{Eg mode), was out of the
instrumentange lt is expectedhatthedepositiorof ZnO andTiO- thin films couldchangehehydrophilicity

of virgin PVDF membranes. Table 2 shows the static contact angles to pure waterethéasuirgin and
sputtered membranes. Both ZnO and ;filin films drastically reduced the contact angle, i.e., increased the
hydrophilicity of virgin PVDF membrane from 61° to 27° and 26°, respectively, with a consequent decrease
in fouling. It is imporant to recall that the photoactivity of ZnO and Ti&yers is able to further overcome

this drawback. Moreover, the increase in hydrophilicity is expected to have a positive effect in the membrane
permeation properties. Table 2 also shows the transmeenfiuxes of virgin and sputtered membranes. The
performant effect of catalyst thin film increased the transmembrane flux of virgin PVDF from a value of 200
to 760 and 710 L ' ¥or ZnO and TiBthin films, respectively, as a result of the increaseddpfilicity.

These results also confirm that the sputtered thin layer did not occlude the mgmobeane

Table 2. Contact angle and transmembrane flux of virgin and sputtered PVDF membranes under the experimental

conditions reported in Table 1.

Photocatalyst Contact Angle/deg Transmembrane Flux/L m—2 h—!
Virgin PVDF 61 +1 200 =15

ZnO 27 +2 760 £ 15

TiO; 26+£2 710 £ 15

In orderto test their photocatalytic activity against pharmaceutical active compounds and organic pollutants,
sputtered membranes were placed in a small continuous flow reactor where a water solution of either diclofenac
sodiumd awel | lamdwn i nfdrusdromadthgleng blued awe | | longamiwdyed was
circulated. Figure 9 shows the activity of ZnO and zl8Quttered membranes in the diclofenac sodium salt

photodegradation. The drug photodegradation by PVDF membranes with sputtered ZnO and TiO
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nanopartiaés followed a first order kinetics with similar rate constants of 68%h' ‘and 8.3x1G mint
respectivelyAn almostcompletephotodegradationf diclofenacsodiumsaltwasobtainedwithin 6 h in both
casesSimilarly, Figure 10 shows the activitf ZnO and TiQsputtered membranes in the methylene blue
photodegradation. Also in this case, the photodegradation kinetics of the organic pollutant by PVDF
membranesvith sputterednO andTiO2 nanoparticlesvasafirst orderkineticsbutwith largerrate constants

of 2.2 x 1# mintand 2.8 x 18 min?, respectively. Nevertheless, the methylene blue photodegradation
stopped after 4 h with a plateau of 33% and 8% for PVDF membranes with sputtered ZnO and TiO
nanoparticles, respectively. The behavior of virgin PVDF membrane reported in Figures 9 and 10 takes into
account the UV photolysis of diclofenac sodium and methylene blue, respectively. Several parameters can
affect the degradation efficiency of photodgsés including the particular dye/drug, the pH of the solution, the
presence of oxygen, the addition of hydrogen peroxide, the nanopatrticle average size, and the afypant and

of catalyst. In particular,severalexperimentalinvestigationshave found that TiO, nanoparticlesshow a
photocatalytiefficiencyhigherthanZnO nanoparticleslueto their bandgapvalue$®46. Indeed ZnO samples

have a larger band gap, which leads to the production of less radicals and, consequently, to a lower dye
photodegradation. On the contrary, Tias a higher quantum yield engendered by a relatively skatron

hole pair recombinationfasterelectronhole pair migrationto the surface fewer defectsandexciton traps in

100
N
R0 -

Virgin

the crystalattice*’.

Diclofenac

TiO
04— - —y
0 100 200 300 100

Time / min

Figure 9. Photodegradation diclofenac sodium by PVDF membranes with sputtered ZnO anthiidparticles. The

behavior of virgin PVDF membrane takes into account the UV photolysis of diclofenac.

Even if kinetic rate constants are strongly dependent on memboam@osition, investigated pollutants and
theUV lamppowerused?, it isimportantto notethatthe obtainedvaluesof kinetic rateconstantarethesame
order of magnitude as those found in other literature works where the photoactive nanomaterigdewas ei
directly synthesized or immobilized on polymer substfdfés These rate values make the CVD of
photocatalyshanoparticle®n porouspolymermembranes suitabletechniqueor applicationsn thefield of
advanced oxidation processes. In fact, @D of photocatalysts is a fast process that avoids expensive and
t i me c ogsyrdheseandclganingp o st t rasididpossibid directly sputterphotocatalystento

commercially available membranes while keeping good photocatalytic actatities same timeRecycling
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of a catalyst is a very important property in practical applications. In order to assess the recycling properties
of photocatalysts, ten photodegradation cycles were performed using the same film and frgsimenefue.

Both ZnO and Ti@sputtered membranes were reused in successive runs without performing any cleaning
procedureandgavepercentagesf degradednethylenebluesimilarto thoseobtainedafterthefirst run. These
resultsdemonstratetheability of theZnOandTiO. sputterednembraneso fully preserve/restoreeirinitial
photocatalytic efficiency. In addition, the lotgrm stability of photocatalyst deposit onto polymer substrates
was checked after ten cycles of successive photodatalisacesses. No evident damage was revealed in the
nanoparticletayermorphologyconfirmingthe mainadvantag®f aneasyreuseof membranesvith sputtered
catalystoverthehomogeneouandheterogeneousatalysigprocessesyvhich sufferthedrawbacksf catalyst
recovery and damage of polymers used to functionalize membranes or bind éatddystiser work is in
progress in order to control the primary particle size in a Wagt

(R v v
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80+ B
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© 60 -
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m40- Zn0O
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Figure 10. Photodegradation of methylene blue by PVDF membrandsspitttered ZnO and Tidanoparticles. The

behavior of virgin PVDF membrane takes into account the UV photolysis of methylene blue.

3.5 CONCLUSIONS
In this work, the results of a CVD functionalization of polymer porous membranes with photocatalytic

nanopaiicles, and an application of their use in AOP were shown. The overall sputtering process took less
thanl h, whichis lowerthanconventionatimesemployedn organicsynthesigprocessesf similar materials.

The thickness of obtained surface coating dpyuttered nanoparticles was found to depend on process
conditions. The membranes functionalized with ZnO and: Médoparticles were characterized by contact
angles lower than that shown by virgin membrane, making these composite membranes suitable for the
filtration of aqueous solutions. The deposition of a thin layer of nanoparticles increased the transmembrane
fluxes as hydrophilicity increased, and no pore occlusion occurred. In addition to HgHlongtability and
solventfree features, the proposqufocess of membrane functionalization can be easily upscaled to
manufacture membrane modules for the efficient degradation of organic pollutants generally found in

wastewater.
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CHAPTER 4

4. WO3/BUCKYPAPER MEMBRANES FOR ADVANCED OXIDATION
PROCESSES

Published as: G. De Filpo, E. Pantuso, A.l. Mashin, M. Baratta, F.P. Nicolettgbii¢ypaper membranes
for advanced oxidation processkembranes10, 157 (2020). https:// doi:10.3390/membranes10070157.

4.1 SUMMARY
Photocatalytic materials, such as W@iO,, and ZnO nanoparticles, are commonly linked onto porous

polymer membranes for wastewater treatment, fouling mitigation and permeation enhancement. Buckypapers
(BPs) are entanglements of carbon nanotubes, which have been recently proposed as innovative filtration
systems thanks to their mechanical, electronid, thermal properties. In this work, flexible membranes of
single wall carbon nanotubes are prepared and characterized as efficient substrates to deposit by chemical
vapordepositiorthin layersof WO; andobtain,in suchaway, WOs/BP compositanembrane$or application

in advanced oxidation processes. The photocatalytic efficiency of BRQomposite membranes is tested
against model pollutants in a small continuous flow reactor and compared with the performance of an

equivalent homogeneous W®asedeactor.

4.2 INTRODUCTION
Advanced oxidation processes, AOPs, allow the mineralization of organic pollutants by the generation of

highly reactivehydroxyl radicald. PhotocatalyticeactionsareparticularAOPs,which arecarriedout whena
catalystsirradiaedby aradiationof suitablewavelength. Photocatalysifinds severainterestingapplications
includingselectiveorganicreactionspollutantdegradationphotocatalyticsurfacege.g. tiles,cementspaints,

and asphalts), filters for gaurification, water splitting in Hand Q, water purification plants, C®eduction

to energy fuels and bacterial disinfecfién Semiconductors are the most common used materials used in
photocatalytic processes. Upon irradiation, electrons are prorfrotacthe valence band to the conduction

band,generatinglectron hole pairs.Electronsandholescanmoveto the semiconductosurfaceandgenerate
oxidizingspeciesuchashydroxyl radicals(OHl:_L superoxidenions(O: Eandhydrogerperoxidemolecules

(H202), which are able to react with the present chemical species (dyes, pollutants, and other undesired
molecules) and degrade thenSeveral materials have photocatalytic properties (GaP, GaAs, CdSe, CdS,
FeOs, TiOz, WO, ZnO, SnQ, and CdS, st to mention a few), however not all of them are sufficiently
efficientandstableovertime to beused.In fact, GaP,GaAs,CdSe,CdS,or FeOs arelessstablein theair and

degrade more easily. ZnO forms a passivating layer of Zn{@Hits surfacewhich seriously compromises

its photocatalytiqropertied. Anotherimportantfactordeterminingthe choiceof a semiconductois its band

gapvalue , whichmustbeassmallaspossiblan orderto allow theuseof electromagneticadiationwith larger
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wavelengths. Titanium dioxide, T¥Dand tungsten trioxide, WQare lowcost semiconductor materials
characterized by reduced toxicity towards environment and health and relatively low energgbsutd.2
eV and 2.6 eV, respectivelywhich allow their activation with UWis light (387 nm and 476 nm,
respectively)’. Further problems for the use of semiconductors in the photocatalytic processes are:

1. The need of high surface area, which can be overcome by using nanometer sized raaterials
2. Thesemiconductorecoveryaftertheir use which canbesolvedfor examplepy nanaesemiconductors
with a magnetic core, by chemically crdsked semiconductor nanoparticles onto polyroeceramic

membraneand,morerecently by vapordepositiorof thin semiconductofilms ontosuitablesubstrate’s.

Thin film deposition methods can be distinguished in physical vapor deposition, PVD, and chemical vapor
deposition, CVD, processes. In both methods, atoms or molecules in their vapoargheagied onto the
substratesurfaceandsettleto form athin layer!. Food,pharmaceuticand,morein generalchemicalplants

need efficient separation and purification processes in order to guarantee an efficient treatment of their
wastewaters. The removal of toxic pollutants from industrial wastewiatarshallenge due to the facts that

they could not be effectively moved by filtration, adsorption, sedimentation,-biddation, chlorination,
coagulation, UV, and other classical treatmerifand could represent potential threats to environment and
health even at low concentrations (few ngd) las a consequence ofeth bio-accumulatiok**°> Recently,

polymer membranes have been suggested as simple and efficient materials to be used in water treatments
including separation, purification, desalinization, recovery of critical raw materials and'*®®Rs fact,
photccatalyticmembraned,e.,membranesvith embeddear supportedsemiconductorby chemicabinding,
physicalblendingandvapordepositionhavebeenpreparedn orderto reduce/mitigatenembrandouling®®2?,

enhance filtration fluxé$ degradevastewater pollutants, and remediate the conceftrtevertheless, the

binding of photocatalysts and polymer functionalization could need several chemical reactions and long
cleaning processes, while the physical blending generally alters the mechanpeaties of membranes and

reduce the photocatalytic performance, as only the catalysts onto the membrane surface can play their
photocatalytic activity. In addition to their potential applications as TV screens, fire protection systems, heat
dispersion in microelectronics, electricalonductive tissue engineering, electromagnetic interferences
shielding, electrodes for batteries and supercapacitors, buckypapers (BPs) have been proposed as innovative,
high-temperatureesistanandlightweightfiltration systemsTheyconsistof anentangledassemblyf carbon
nanotubes (CNTSs) obtained by filtration of CNT dispersions through a polymer mefitafecording to

such simple procedure, it is possible to get l@mgge BP membranes that merge the mechamiegtronic,
andthermalpropertiesof CNTswith theflexibility, porosity,andtransporpropertiesof polymermembranes.

At a microscopic |evel, BPs show ai hiaghhdl yv achi sdoerrd
interactionsbetweerandwithin bundlesof carbonnanotube¥-?2 ConsequentlyBPscanresultbrittle. Sucha

problem and the risk of nanotubes release can be overcome enhancing the mechanical properties of BPs by
polymer intercalatiof?*%. In this work, flexible membranes ofngjle wall carbon nanotubes, SWNT, (or

buckypaperBP)werepreparedindcharacterizeasefficientsubstrateso depositoy CVD thin layersof WOs
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and obtain, in such a way, WBP composite membranes for application in advanced oxidptmresses.
The photocatalytic efficiency of WYBP composite membranes was tested against model pollutants
(Methylene Blue, Indigo Carmine, and Diclofenac Sodium) in a small continuous flow reactor and compared

with the performance of an equivalent homogeus W@-based reactor.

4.3 MATERIALS AND METHODS

4.3.1 PREPARATION OF BP MEMBRANES
Buckypapemembranesvereobtainedby filtration of SWNT dispersionshroughPTFEdisks(diameter= 47

mm, average pore size =5 um, Durapore®©, Merck KGaA, Darmstadt, Germany). The average diameter of
SWNTs was 1.4 0.1 nm and their length was longer than 5 pum as reported in the datasheet from Sigma
Aldrich, Milan, Italy. Thirty milligramsof SWNTswere dispersedn 200mL of a0.4%TRITON X100 water
solutionby anultrasonicbhath(modelM1800H-E, BransonicDanbury,CT, USA) for 30 min. Then,solutions

were filtered through the PTFE disks with a vacuum pump (presstdé4 bar), washed with 20 mL of
methanol and, finally, dried at room temperature. All chemicals were purchased from/Aiyiol, Milan,

Italy.

4.3.2 DEPOSITION OF WO3 ONTO BP MEMBRANES
Thedepositiorof nanostructuretngstertrioxide ontoBP membranesvasobtainedoy reactiveRF sputtering

usingof atungstertarget(purity 99.999% GoodfellowCambridgd_td., Huntingdon England)in thepresence

of oxygen (purity 99.999%) as process and reactive gas under different conditions of oxygen flow, sample
targetdistancesputteringime, andappliedRF procesgpower.Theoptimalprocesgonditionsin termof layer
homogeneity and catalyst droplet size were found to be: Oxygen flow 35 mi,_saimpletarget distance 8

cm, sputtering time 30 min, applied RF process p&ogv.

The amophous WQthin films deposited on BP membranes were converted in monoclinigtMrCfilms,

which are characterized by a larger catalytic activity, by heat treatment at 350 °C for 30 min.

4.3.3 CHARACTERIZATION OF BP AND WO3/BP MEMBRANES
The porosity, P, of BRnd WQ/BP membranes was determined by gravimetric method at 25 °C, measuring

the weight of a wetting liquid (3NFC-40, 3M ltalia Srl, Pioltello, Milan, Italy), contained in the membrane

pores. The porosity was calculated according to the following Equét)o

Ww —W4

S »
‘r\'“-'_‘r\'d “_d

dw d m

where w is the weight of the wet samples;thve weight of dry samplesy the wetting liquid density (1.855
g-cnt®), and ¢his the average membrane density (0#60.03 g-cn? as calculated from measurements of

buckypaper weight, thickness, and surface area).
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Pore size distribution was evaluated by a capillary flow porometer-(GB8® AEXL, PMI Porous Materials
Inc., Ithaca, NY, USA). Membranes were fully wettadkeeping them in Porewick® (Sigr#ddrich, Milan,
Italy) for 24 h. Then, nitrogen was gradually allowed to flow into the membrane by increasing its pressure and
the registration of gas pressure and permeation flow rate allowed the calculation of thiggdistribution.
The electrical conductivity of membranes was determined from the BP electrical resistanéddartent
voltage) measurements by a waveform generator (33220A Agilent, Santa Clara, CA, USA) and a digital
multimeter (34410A Agilent, Sda Clara, CA, USA) on BP rectangular strips (width 5 mm and length 3 cm).
The mechanical properties were measured with a SauterSV&Dsile tester equipped with a Sauter HH
digital dynamometer and AFH FAST software (Sauter GmbH, Balingen, Germany).
The rectangular strips (width 5 mm and length 3 cm) were tested at a strain rate of 0.1 mfhmitests
allowed the determination of the tensile strength as the maximum stress, the fracture strain as the percentage
of elongation at the breakingpoinha t he Youngdés modulus. Thermogr av
Regulus simultaneous thermal analyzer, Netzsch, Selb, Germany) was employed to assess the BP membrane
thermal stability. TGA was carried out from room temperature to 750 °C with a hedéraf £2°C/min in a
flowing gas mixture consisting of 1%,@nd 99% Ar at a flow rate of 100 sccm. The average roughness of
WO4/BP surfaces was evaluated by atomic force microscopy (Nanoscope lll, Digital Instruments, Santa
Barbara, CA, USA).
Static contacangle measurements of BP and MlBP membranes were measured with a gonioniRigidtest,
SerravalleScrivia AL, Italy) at 25 °C. A drop (2 yL) of waterwas put onto the samplesurfaceby a micro
syringe and measurements were carried out by settingrihertis on both visible edges of the droplet on five
different positions of each sample and calculating the average valuenddberements.
Thepermeatiortestswerecarriedout with distilled waterusingafiltration cell havinganactiveareaof 5 cn?.
The feed solution at 251 °C was pumped by a gear pump at a transmembrane pressure of 1 bar. The feed
flow rate was 250 mL-mih Permeate samples were collected every 5 min in order to determine the
transmembrane flux, J, defined:

o= L @

OWwo

whereV, wasthe permeate&olumepassedhroughthe membranen thefixed time interval, gptandA wasthe

effective membranarea.

4.3.4 PHOTODEGRADATION EXPERIMENTS
The photoactivity of W@BP membranes wasvestigated in a small continuous plant with model pollutant

water solutions (250 mL) of a cationic dye (Methylene Blue, MB, 5, 10, and 20 ppm), an anionic dye (Indigo
Carmine, IC, 20 ppm) and a drug (Diclofenac Sodium, DS, 20 ppm), which were recttdylaeperistaltic
system (flow rate 16.6 mL-mih Masterflex® L/S®, ColeParmer Srl, Cernusco sul Naviglio, Ml, Italy)
through a round cell. All model pollutants were purchased from Sigdréch, Milan, Italy. The experiment

temperature was 261 °C béng the becker with the pollutant solutions placed in a thermostatic bath (model
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1225, VWR, Milan, Italy), which kept constant the flowing solution temperature and avoided the pollutant
thermolysis All modelpollutantswerepurchasedrom SigmaAldrich, Milan, Italy. The WOs/BP membranes
divided the cell volume in two compartments: The upper one (thickness 5 mm, photocatalytic afea 8 cm
irradiated volume 4 cfhwas equipped with afBK7 optical glass window to allow U¥is irradiation fran
a Suntest CPS+sun simulator (1.5 kW Xenon arc lamp, with an average irradiance of 506\thm
wavelength range 300 00 nm, see Figure S1 of S, Atlas, Linsengerflienhalilau, Germany). The light
power of sun simulator was calibrated by a FieddiMtTO digital power/energy meter (Coherent Italia S.r.1.,
Monza,ltaly) equippedvith aPM210thermopile TheWO3sputteredurfaceof membranes/asexposed to UV
light. After irradiation, the solution passed through a quartz flow cuvette placed inside a spectrophotometer
able to read at regular intervals (5 min) the absorbance value at the maximum absorption wavelength of MB
(665 nm), IC (610 nm), anBS (275 nm). Similarly, the photoactivity of 0.2 mgrebnoclinic WQ nane
powder (which was the same amount of WO3 sputtered onto BP membranegjea@sed. As each
experiment generally lasted 150 min and the recirculation time was around 15 mirerdigeasontact time
of solutions with the active photocatalysis region was estimatedninl0
The photodegradation of pollutafiis generally described by the fistder kinetics

dC _

FTi -kC )
where C is the pollutant concentration, k is the catestant and t is the reaction time. After integration, the
following equation is obtained:
C(t)
Co

In = —kt (4)

whereCo andC(t) aretheinitial concentratiomndtheconcentratiomttimet of thepollutants Therateconstant

can be obtained from the slope of the pIoﬂc&f—b)as a function of.
oo

Experimental data were corrected by taking into account the effective photon fluence impinging lagai/O
(see SI).

The percentage of pollutant removal, %R, was calcuked

Co—Cl(t
R = =€

-0

% 100 (5)
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4.4 RESULTS AND DISCUSSION
Several factors influence the BP membrane properties including sonication time of the SWNT solution, the

magnitudeof thevacuumdepressionisedo filter the SWNT solution,theporosityandmaterialof thefiltration
membranes. After several trials, which gave unacceptable results, includiegachable BP from polymer
membranes (due to small pore size filtration membrane), and brittle and broken BP (due to fast solvent
evaporation), Figuréda, intact BP were obtained under the optimal conditions reported in the Materials and
Methods, Figure 1b. Such BPs are easily detachable from the filtration membranes, Figure 1c, and look like

free-standing and flexible disks (average thickness 2Gm) as shown in Figurgéd.

Figure 1. Appearance of buckypaper (BP) membranes under different experimental preparation procadBrite (
andun-detachabl®P membrandiltered throughapoly (vinylidenefluoride) (PVDF) membranavith reducecporesize;
(b) wholeanddetachablefc) free-standingand(d) flexible BP membranebtainedunderthe optimalconditionsreported

in the Experimentadection.

At amicroscopidevel, BP membraneshoweda highly disorderegorousmorphologyduet o-" andvander
Waals interactions between and within bundles and clusters of carbon nanotube&daiigure
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Figure 2. (a,b) Morphology of BP membranes at two different magnificatiahp;Thermal stability of BP membranes.
The initial weight los is due to solvent evaporation, while the second one, which starts at around 400 °C, is due to the

thermal degradation of single wall carbon nanotubes (SWNTS).

Thethermalstability of BP membranesvasassesseldy TGA. As reportedn Figure2c, afteraninitial weight

loss of about 5% due to water evaporation, BP membranes were found to be stable up to 400 °C. For larger
temperatures, the degradation of SWNTSs is observed. Table 1 reports some geometrical data and properties for
BP membranes. In particulatensity, porosity, and water flow rate values of BPs (8®03 g-cn¥, 70£5%,

and 12,50@& 100 L-m?h1-bartrespectively) fall in the range of values shown by porous polymer membranes,
generallyusedfor filtration processes. In addition,the electrical conductivityandthe mechanical properties,
namelytensilestrength fracturestrainandY o u nrgoduwdus,reportedin Tablel, allow to consider BPs as

strong and conductiv@embranes.
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Table 1.Physicaichemical properties @&Ps.

Property Value

Thickness 45 £ 2 pym
Diameter 37.0+x0.1 mm
Density 0.60 + 0.03 g-cnd
Porosity 70 £ 5%

Electrical Conductivity 83 +4 S cmt
Tensile strength 11.8+2.2 MPa
Fracture Strain 26+0.1%
Youngds Moc 09+0.1GPa

Water FlowRate 12,500 + 100 L m-ht-bar?

In orderto give photocatalytiqropertieso BP membranegheywerecoveredwith thinlayersof WOz by RF
magnetron chemical vapor deposition. CVD is a wkethwn chemical process for the deposition of desired

thin films onto substrate surfaces by chemical reactions among one or more volatile precursors. Nevertheless,
the film quality is strongly dependent on the CVD process parameters. Consequently, in this work di different
sputtering conditions (oxygen flow, salejparget distance, sputtering time, and power) were tested in order

to find the optimal set of parameters able to give a homogeneous BP coverage without cracks and small WO3
nanoparticles to avoid BP membrane occlusion and incpbaseactivity.

The bestresults, in terms of both coverage quality and nanoparticle size, were obtained with the following
conditions: Flow(Q) = 35 mL-mint, d = 8 cm, t = 30 min, power = 50 W. The WBP membranes looked

like flexible, greenish/yellowish disks as showrFigure 3a.

Figure3b showsthe morphologyof thetop surfaceof a WO3/BPmembranesputteredunderthe experimental
conditionspreviouslyreported A homogeneoukayerof smallnanoparticlesyith arathersphericashapeand

an average diameter of around @m, constitutes the Ws@oating without cracks and pore occlusion. It is
important to remind the presence of BP membrane under thelaj. Figure 3c shows the picture of a
particularfaulty WOs/BP membranevith a smallcrack,whereit is possibleto seeinsidethe crackthetexture

of SWNT bundles, which form the Bfabstrate.

Figureda,breportthe poresizedistributionof botha pristineBP anda WOs/BP photocatalytianembranend

the SEM crosssectionpictureof a WO3/BPmembranetrespectivelyAs shownin Figure4abothmembranes

show similar pore size distribution (within experimental errors) with two size populations placed at around
0.160 pm (0.163 0.016 pm and 0.1550.018 pum, respectively) and at around 0.035 pm (003003 pm

and 0.08 £ 0.003 um, respectively) accounting for the presence of a major macroporous structae and
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mesoporous structure (intkrbe pores with a size between 2 and 50 nm) formed between SWNT criss
crossings in the samgfe

It is evident from the cross section of WBP membrane, that the Wyer is a few tens of nanometers thick,
butWO; nanopatrticlepenetratehe BP membrandor £ 2 pm, accountingmostlikely, for thereductionin the
mesopore average size. However, all the membranes prepared are characterized by a porasibpmf 70
which is expected to favour the water permeability thrabigm.

The homogeneous covering of BP membranes W& further assessed by EDX speatopy. Figure Shows

the EDX color mapping images of the border area between a WO3/BP membrane (lower area) and a BP
membrane (i.e., the part of sputtered BP membrane, which was covered by a locking mask, upper area). BP
membranaredookslike aredhomogeneousgiondueto thepresencef carborandchemicaimpuritiesfrom

SWNT, on the contrary WEZBP membrane area looks like a red background covered by yellow and green

spots, deriving by the covering of SWNT with \Af@noparticles.

200 nm

C

Figure 3. (a) Flexible, greenish/yellowish WO3/BP membrands; Mlorphology of the top surface of a WBP. The
WQOs coating is a homogeneous layer of small nanoparticles, without cracks and pore ocotjistvack of a faulty
WOs/BP membrane, inside which it is pdssi to see the texture of BP substrate.

101



100 -
{ —e—BP

— \N"OS,B P

o
(=]
ad

Pore distribution (%)

0.00 005 010  0.15 020
Pore diameter (um)

Figure 4. (a) Pore size distribution of both a BP membrane (black dots) and #8BR@hotocatalytic membrane (red

dots); ) SEM cross section picture of a WO3/BP membrane.

Figure 5. EDX color mappingimageandEDX spectreof theborderareabetweera WO3/BPmembrandlower area)and

a BP membrane (upparea).

TheWO; layershowedanaveragemsroughnes®f 0.268um asdeterminecdby AFM measurementsgigure
6a. Suctroughness gives a hydrophilic character to the top surface afBR@nembranes, as confirmed by
contactangle measurements. In fact, the average coatagte value of WE&BP membranes was founda®
equalto 57.0°+ 0.5°,whichis significantlysmallerthantheaveragecontactanglevalue(119.0°+ 0.5°) shown
by aBP, Figure6b,c.The contactanglevaluesof the WOs/BP membraneslid not changeafter3 h continuous
irradiation by solar simulator, confirming the stability of \W&yer under UWVis light. The hydrophilicity of
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WO3/BP membranes could result in a possible increase of membrane fouling, i.e., the deposition of organic
cakes onto the surfaces, but such possible drawback is overcome by fouling mitigation deriving from the
photoativity of WOz layers. Moreover, the increase in hydrophilicity is expected to have a positive effect in
the membrane permeation properties and makes such membranes suitable for the filtration of agueous

solutions.

Figure 6. (a) AFM topology image of a\ W3/ BP membr ane. The aver ad@eAveragess r 0 U

contactangle value of a BP membrane) Average contaeangle value of a WeBP membrane.

It is well known that CVD deposition of tungsten trioxide onto substrates gives amorphagsviiich is
about ten times less photoactive than monoclinics¥%@onsequently, WgBP membranes were thermal
treated at 350 °C in order to convert the amorphous M4@r into the more photoactive monoclinic one.
Obviously,suchtreatmenivaspossiblehanksto theenhancedhermalpropertieof BP comparedo polymer
membranes. Figure 7a shows the thermal evolution of FRlarnan spectrum of WYZBP membranes. The
Raman spectrum of akeposited Welayer shows three main vibrational bands in the ran@®@f1000cnT

! observedat 265,781,and969cnit. Thefirst peakincreasesn heightasafunctionof thetemperaturewhile
the secondsplitsinto two intensepeaksat around700and800cnt. Thesepeaksarethetypical Ramarpeaks

of monocliniccrystalline WQ, which correspond to the stretching vibrations of the bridging 0X¢¢eand
are assigned to WO stretchi(, WO bending tahd OWO deformatioft ) modesrespectively?=°.
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Figure 7. (a) Thermal evolution oRaman spectrum of WO3 deposited onto BP membranes. The peaks at around 700

50 60 b

and 800 crt are assigned to WO stretchiigs WQ bending( ), and OWO deformatiorf ) modes, respectively,

confirming the monoclinic structure of WQ(b) X-ray diffractionpatterns of W@layer sputtered onto BP membranes.

Peaks are related to the reflection planes of the monoclinic phase pf WO

The transmembrane flux WP membranes was evaluated in a small continuous plant and found to be 9.4

x 10BL m' ?h *baf taval ue

of the deposition of W&ayer.

The photoactivity of WG@BP membranes was tested with model pollutant water solutions (250 mL) of a
cationic dye (Methylene Blue, MB, 5, 10, aBd ppm), an anionic dye (Indigo Carmine, IC, 20 ppm) and a

drug (Diclofenac Sodium, DS, 20 ppm), which were recirculated by a peristaltic system through a round cell.
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The effect of initial concentrations of Methylene Blue (5, 10, and 20 ppm) on theoreeat# is shown in

Figure 8. It is evident that the kinetic constant values decrease with increasing initial concentredioiegk
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were 0.122 + 0.003, 0.113 + 0.003, and 0.085 + 0.002 hnspectively). The higher values for theekin
constant obtained at lower MB concentrations are explained as a conseqtfefice of

- The increase of the number of photons available penidhcule;

- the higher amount of available catalytically active sites per BM moleanie;

- an easier penetratiai photons through the less concentrai@dtions.

0.0 1

@ Methylene Blue 20 ppm
_05_' @ Methylene Blue 10 ppm
i @ Methylene Blue 5 ppm
_ ~1.01
2 -1.5
Nt .
] 2.0‘
5 2.5
-3.01
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404+————"———
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Figure 8. Effect of initial concentrations of Methylene Blue (5, 10, 20 ppm) on the reaction rate.

Nevertheless, the reported rate constants were corrected for the different photon fluence and their values do
not differ so much from the uncorrected ones (0.118.003, 0.110+ 0.002 and 0.082 0.002 mint,
respectivelyseeSl). Accordingly,the differentphotonabsorptiorfrom MethyleneBlue solutionsat different
concentrations is not the major cause for the observed differences in the rate constants for Methylene Blue
degradationMostprobably suchdifferencescouldarisefrom thecompetitionof MB moleculegsowardsactive

surface sites and reactive oxygpecies.

In all cases the percentage of MB removal within 35 min was larger than 90%. The residual concentration of
MB wasrespectivel\0.3,0.7,and1.5ppm,valuesin agreementvith otherdatapresentn literature®. Removal
experiments with no irradiation found very low pollutant adsorption by membranes. After a 3 h run
aWOs/BP membranevasableto adsortabout0.003mgof MB, whichwasnotasignificantquantitycompared

to theweight amount of MB present in the ussdutions.

Figure 9 reports the photocatalytical properties of d8© membranes against water solutions of a cationic

dye (Methylene Blue 20 ppm), an anionic dye (Indigo Carmine 20 ppm) and a drug (Diclofenac 3odium
ppm), generally used as model pollutants. In all casesB¥Omembranes are able to efficiently degrade the
water contaminants with a kinetic constant value of 008002, 0.064- 0.001, and 0.0120.001 mint,

respectively. Such values are of tlaene order of magnitude or lower than the kinetic constants against the
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same pollutants, found with WQOTIO,, or other catalyst nanoparticles dispersed either in the solutions or
casted on carbon nanotubes, flakes of graphene oxiderangppolymer membrarfés?, as no BP bearing

photocatalysts, to the knowledge of authors, was ever proposed in literature.
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| : @ Diclofenac Sodium
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Figure 9. Photoactivity of W@BP membranes against water solutions of a cationic dye (Methylene Blue 20 ppm), an

anionic dye (hdigo Carmine 20 ppm) and a drug (Diclofenac Sodium 20 ppm).

Dark changes in absorbance were less than 1%, while UV controls for all three pollutant solutions found that
afterthreehoursof irradiationthe absorbancehangesliueto thephotolysisthrougha BP membraneavereless

than 2%. Such results can be explained by the particular spectrum of solar simulators (see Figure S1), which
haveonly UV-A andUV-B emissionsandby theparticulartransmittancef N-BK7 opticalglasscover,which

cuts UV-B emissions with wavelengths lower than 300 nm. The absence et dvd lower UVB
wavelengths remarkably reduces the molecular degradation of pollutants by photolysis. The performance of
WOs/BP membranes was also compared with the photoactivity of 0.@f mgpnoclinic WQ nanepowder

(the same amount of W@puttered onto BP membranes). As shown in Figure 10, the photodegradation of
MethyleneBlue by bothsystemgWOs/BP membran@ndmonoclinicWOs; nanepowder)follows afirst order
kineticswith arateconstantof 0.085+ 0.002min* and0.029+ 0.001min’%, respectivelyThe enhancemeruf

the photoactivity in W@BP membranes can be due to the presence of BP, as the SWNT substrate prevents
theelectron/holepair recombinatiorduringphotocatalysisindincreaseshe kinetic rateconstant'. An almost
completephotodegradatioaf MethyleneBlue wasobtainedwithin £ 50 min andf 140min by usingWOs/BP

membranes and WO3 napowder, respectively. Such relatively short degradation times make/tbgBP
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membranes suitable for applications in advanced oxidation processes. In addition, ieenfosibility of
WO3/BP membranes was checked by ten cycles of successive photocatalysis processes. Figure 10 shows the
morphology and thphotocatalycal efficiency of a W{BP membrane after the tenth photocatalytical cycle of

a 20 ppm BM solution, revealing no evident damage in the morphology ofBFGnembranes and no
important change in the degradation efficiency, being the rate comataatequal to the pristine one within
experimental errors (0.08D.002 min').

In addition, the morphology of the WO3/BP membrane, after the tenth photocatalytical cycle, reveals the
absencef anycakesonthesurfaceandamorphologysimilarto thatshownin the pristineWOs/BP membrane

(Figure 3b), thanks to its photoactivity and different surface chemistry preventing and destroying any
depositionFurtherinvestigationsrein progresso testthe antifoulingactivity of WOs/BP membranesnreal
industrial wastes rather than on model dye and drug waldions.
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Figure 10.Photodegradatioaf MethyleneBlue by aWO3/BPmembrandreddots)andby monoclinicWOs; nanopowder

(black dots) in the same amount of Wfesent on W&BP membrane.

4.5  CONCLUSIONS
A newflexible membranebasedon SWNT andwith improvedthermalandcatalyticpropertieswasobtained
by RF magnetron sputtering of a nanostructured thin layer of tungsten trioxide and successive conversion in
the more photoactive monocliniphase. The W&BP membrane was characterized by SEM, TGA,

porosimetry,XRD, EDX, AFM, Raman,contactangle and permeationrmeasurementsl he photocatalytic
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activity of WOy/BP membranes was tested following the degradation of three diffpodintant water
solutionsin asmallcontinuougplantconfirmingthe beneficialcontributionof thehydrophilicWOs layer. The
degradation kinetics rate of the Methylene Blue by¥B® membranes was about three times that found by
an equivalent amount ¥¥Oznanepowder. The main advantages of the proposed/BRmembranes caye
summarizedn:

1. Thepossibilityto makeheterogeneoushotocatalyticaprocessewith aneasiercatalystrecoveryand
reuse;

2. their application in continuous floplants;

3. asimplerand cleaner synthetic approach. Chemical vapor deposition processes do not require long and
expensivepurification procedureswhich are necessaryn otherchemicalsynthesessuchas solvo-
thermal processes. In addition, CVD allows the catalyst ansawirig, avoiding its dispersion in the
substratédoulk;

4. a higher photocatalytical efficiency, due to the facilitated eledtamsfer between carbon
nanostrucutreandcatalysthanoparticlesareducedecombinatiorbetweerelectronsandholes?, and
the gesence of catalyst nanoparticles with small size just only on the top surface of substrates rather
than in the polymer bulk (where they cannot play any catalgtion);

5. the possibility to change the photocatalyst crystal structure in a more photaawivey thermal
annealing processes at temperatures higher than the melting point of commonly used polymer
substratePTFE,polytetrafluoroethyleneyhich hasoneof the highestmeltingpoints,meltsat 327°C,

a temperature lower than the W@dorphousnonoclinic phase transitisemperature.
On the contrary, BP membranes result thermally stable up to 400°C;

6. BPs have both light weight and strong mechanical resistance, and, consequently, are easy to handle.
In addition,BPsareresistanto all organicsolventsandacidandbasesolutionswhile porouspolymer
membranes can be damagan

7. agreenchemistyapproaclwith analmostzeroenvironmentafootprint, asthe BP preparations based
onrathersimpleandcleanexperimentasetups,which allow therecoveryandreuseof solventsCNT
processing waste, end of life BPs and photocatalysts for the preparation of new catalyst/BP
membranes.

The improved photoactivity, longerm stability, solventree features, fast catalyst recovery andise,and
the possibility of an easy tgrale make WeBP membranes efficient devices for the pollutant degradggion

advanced oxidation processes.

Supplementary Materials: The following are available online atttp:/www.mdpi.com/207<
0375/10/7/157/s1Figure S1: Spectrum of Suntest CPS+ sun simulator for three different irradiance values.
Reprintedrom [S1], with permissiorfrom Royal Sodety of Chemistry FigureS2:Normalizedfluenceacross
solutions of Methylene Blue, Indigo Carmine, and Diclofenac Sodium, Table S1: Fluence uncorrected and
fluence corrected rat®nstants.
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CHAPTER 5

5. ELETTROCOAGULATION AND ELECTRORESPONSIVE M EMBRANES

5.1 SUMMARY
ElectrocoagulatiofEC)is anelectrochemicabrocessisedfor wastewatetreatmentvith theaimof removing
various types of pollutants. Since the beginning of th&c2htury it has become one thfe most studied
methods in the environmental field, thanks to its energy efficiency, environmental compatibility, versatility,
safetyuseandits low costs! Electrocoagulatioin largescaleindustrialprocessesepresenta preliminaryor
intermediatestep for the treatment of wastewater, which is generally followed by separation and filtration
processes One of the most used and innovative separation and filtration techniques is the membrane
separatiorprocessin which a porousmembranés usedto separatehe componentpresenin afeedsolution
rejecting unwanted substances, but allowing the others to pass through the membrane. In this work an
integrated system is proposed in which the EC and filtration processes can proceed simultaneouse within
same system, using as electrodes for the EC process polymer porous membranes made conductive by sputterin
a thin layer of aluminum. The integration of the two processes can lead to greater efficiency of the
electrocoagulation system in industrial ifiaation processes due to a greater removal of pollutant and a

reduction of membrarfeuling.

5.2 INTRODUCTION
Electrocoagulation is an electrochemical process based on the dissolution of a metal from a sacrificial anode

to obtainanactivemetalhydroxideasa strongcoagulanthatdestabilizesandaggregatetheparticlesandthen
removes them by precipitation or adsorption. The theoretical principles of this process are similar to those of
traditional coagulation but presents greater advantages in tereffsc@fncy, less use of additional reagents
and, consequently, advantages in economic téifhss technique finds its main application in wastewater
treatment, but it has potential applications in the delivery of drugs, proteins and potymers.
During elestrocoagulation performed using aluminum electrodes, the reaction occurring are:
- The generation of aluminum ions on the anode: AAI®* +3e
The reduction of water to gaseous hydrogen and hydroxide anion on the cathode:
2H,O +2e  H,+ 20H

The hydrolyzed aluminum forms several monomeric species such as AlOMJOH)* and also large
insoluble polymeric species, #&DH):s>*, AlZ(OH)i7**, AI(OH)is®*, Al/(OH)i7** e Alg(OH)*". These
monomericandpolymericspeciegurnsinto largeandinsolubleamorphoug\l(OH)3 ableto chemicallyadsorb

the desired substances and remains in solution in the form of gelatinous suspension. Rudfilditietent
chemicalphysical nature (suspended solids, solutions, emulsions or colloidal systems) can be imvolved
electrocoagulatiorprocess.In particular, colloidal particlesfinely dispersedin solution (of the order of

di mensi ons bet ween 1nm and 10¢em) presefht re
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Flocculateccontaminantscanberemovedby physicalmethodsor in situ, by sedimentatiomr electroflotation.

In the latter case, $ideveloped from the cathode in the form of bubbles, drags flocculesstarfiee.
Thegreaterefficiencyandthelower useof chemicaladditivescomparedo traditionalclarificationtechniques

led the research to investigate on the influence of different parameters on the efficiency of the
electrocoagulatioprocess.

In this work, a multfactorial analysis was carried out on three @& thost influential parameters on the
electrocoagulation process including initial pollutant concentration, current density and pH with the aim of
identifying optimalvaluesfor theremovalof methylenebluedyefrom anaqueousolution.Thesevalueswere

crossed according to the experimental model of Taguchi to understand the interaction between them and how
they contribute to the entire process of electrocoagulation. Other important parameters such as electrode
material, distance between electrodes, vaurh solution, reaction time, previously optimized, were kept
constant during the tests. The concentration*abhk greatly influences the electrocoagulation process, as it
determines which chemical species are prevalent in solufitve prevailing corentration of one species is
deduced from the pH of the solution: soluble cationic species prevail at pH lower than 4, the presence of
aluminates (anions) prevails when the pH is greater than 10, while the insoluble form ARKQRY
predominant in the pkange between 4 and 10. The aluminic cationic species counterbalance the negative
charge of the hydroxyl ions generated at the cathode, witkfar effect that brings the final pH to a value
between 7 and 8. As a result, the prevalent formation of A{Qrithe form of amorphous floccules with a

large surface area, optimal for rapid adsorption of soluble organic compounds and for trapping colloidal
particles® The current density is the key operating parameter of electrocoagulation, on it depemasuthie a

of ionsreleasedrom theanodeandtheamountof bubbleggeneratedby the cathoderesponsibletespectively,

of coagulation and flotation of the substance to be renfo¥dé@ amount of metal released by the oxidation

of the anode is defined by thew of Faraday. However, the higher applicable current density is not the ideal
value for achieving the higher efficiency of the systemfact excessive electrical stimulation of the anode

may result in the formation of a layer of stable oxides on ifa&e, promoting corrosion phenomena and
generating passive effeét&lectrocoagulation in largecale industrial processes represents a preliminary or
intermediatestepfor wastewatetreatmentgenerallyfollowed by separatiomndfiltration processes hemost

used and innovative separation and filtration techniques is the membrane separation process, where a porous
membrane is used to separate the components present in a feed solution by rejecting unwanted substance:
allowing others to cross the membeaitself. The second goal of this work was to propose electroresponsive
membraneproducedvith theaimof couplingto electrocoagulatioa membraneseparatiorprocessin aone
potsystemForthis purpose PVDF membranesveresputteredsuperficiallywith analuminumlayerandused

aselectrodes.
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5.3 MATERIALS AND METHODS
5.3.1 MATERIALS
The methylene hydrochloride blue used was from Sigidaich and the sodium chloride and sodium

hydroxidewerefrom CarloErba.TheconductivityandthepH of solutionsweremeasuredisingaconductivity
meter (WTWHProfiline Cond 3310) a pH meter (VWsHenomenal® pH 1100L)espectively.
The substrates used as electrodes in the various tests were:

- plates ofaluminum,

- strip ofaluminum,

- PVDF membrane disksputtered with a thin layer afuminum.
The membranes used were PVDF disks with a diameter of 47 mm, a porosity of 70%, and a mean pore size of
0.10 um (Durapore ©, Merck KGaA, Darmstadt, Germany). The deposition of the thin layer of aluminum on
PVDF memlpanes was obtained by sputtering of appropriate targets by process inert gas ions (argon) in a
Edwards AUTG306 sputtering system (Edwards, Burgess Hill, UK).
The electrodes were connected to the two poles of an electric current generator {BPXA€0S)
Samples of solution analysed by spectr e/phlegtoomet er

determine the residual methylene btomcentration.

5.3.2 ELECTROCOAGULATION PROTOCOL
5.3.2.1  TEeST1.DOE TAGUCHI
A Design Of Experiments (DOE) is a method of apprdactine design and organization of experiments, by

which it is possible to analyze in a systematic way the nature, the objectives, the significant elements of the
experimentandtheprocessesnwhichtheyoperateandthusfinalize theexperimentatestsin orderto obtain

the maximum efficiency. In particular, through the adoption of orthogonal matrices and the Taguchi method,
it was possible to investigate a large number of parameters with a minimum number of experimeftal tests.
Taguchi 6s osninimeseé thg influence of tuncontrollable parameters optimising the levels of
controllable factors. The optimized design is achieved not choosing the best performance in ideal conditions,
butrathersearchinganacceptablg@erformanceonditionevenwhenthe systenis exposedo theinfluenceof
uncontrollablefactors?®

In this work for three parameters, initial methylene blue concentrfidh, current density and pH, three

values have been defined (minimum, maximum and intermediate) andTB@Ehi nethod reduced the
numberof theexperimentalestsfrom 27to 9in orderto assestheinfluenceof theseparametersntheprocess
simultaneously.Table2 lists thetestswith therespectiveraluesof J, pH and[BM] requiredoy DOE-Taguchi

model.

The electrocoagulation setup consisted of a 500 ml reactor containing 300 ml of methylene blue aqueous
solution. Two aluminum plates were placed in the reactor, immersed vertically in the solution for a total
immersed area of 33.6 énirhe plates, acting adectrodes, were connected to the two poles of an electric
currentgeneratoandspacedf 5 cm eachother.At thebottomof the beakera magneticstirrerwasplacedto

ensurea slow but constantstirring. Samplesof solution were taken every 5 minutesard analysedby

spectrophotometer to determine the residual methylene blue concenédtimmeach sampling 5 ml of
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distilled water were introduced, to avoid the alteration of values caused by the loss of volume and to
maintain thesinkconditions. The duration of the test was 100 min.

The percentage removal of methylene blue is calculated using the following equation:

R=2"% 100 1)
(@4}

Where @ is the initial concentration (mg/L) and {S the concentration at time t (min).

The experimental parameters of preliminary tests are summarized in Table 1. While the value of analyzed

parametergBM], J and pH are reported in the Table 2.

Table 1.Experimental parameters of DOEaguchi tests.

Volume 300 mi
Electrodes Platesof Aluminium
Total immersed area of electrodes 33.6 cnf
Distance between electrodes 5cm
Test time 100 min
Sampling 5ml/5 min

Table 2.Values of current density (J), initial concentration [BM] and pH for B2iguchi tests.

Test [BM] [mg/L] J [mA/cm?] o [uS/cm]  Current Intensity pH
[A]
#1 7.16 5 670 0.17 6.0
#2 7.16 10 1340 0.34 7.5
#3 7.16 15 2010 0.51 9.0
#4 18.00 10 1340 0.34 6.0
#5 18.00 15 2010 0.51 7.5
#6 18.00 5 670 0.17 9.0
#7 25.83 15 2010 0.51 6.0
#8 25.83 5 670 0.17 7.5
#9 25.83 10 1340 0.34 9.0
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To act on the

J it

the submerged surface area constant.

wa s

5.3.2.2 TEST2. ECSYSTEMOFSMALL SIZE

In order to replace the aluminum plates used in the preliminary tests with polymeric porous membranes
sputtered with a thin layer of aluminum,smaller EC system has been developed. In fact the sputtered
PVDF samples were diské$ small size having a diagter of 47 mndue to the geometry of the vacuum
chamber of the sputtering system. To this purpBSesystem was first tested with two aluminum
electrodeg7.5cmx 1 cm) consistingof two piecesof Aluminumsstrip, attachedo aglasssupportThereduced
electrocoagulation system consisted of a 50 ml beaker containing the MB solution. The electrodes were
verticallyimmersedn thesolution,placedat 1.1 cmfrom eachotherandl cmfrom the bottomof the beaker,

to allow magnetic stirring, as shown in Figul. The electroconductive surfaces of the two electrodes were

directed towards each other and the total submerged surface areanwas 4

necessary

The parameters used in these tests are summarized in the Table 3.

Figure 1. Small EC system.

Table 3.Parametersor smallscale EC.

o vary the

Test [MB] mg/ml Volume 0 mS/cm pH
S1 50 25 40.8 9
S2 50 25 26.5 103 5.6
S3 25 25 22.7 7.3
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5.3.2.3  TEST3.ECTESTWITH SPUTTERED MEMBRANESAS ELECTRODES
Theelectrocoagulatiosystemconsistedf a 25 ml beakercontaining25 ml MB blue solution,two electrodes

consisting of sputtered PVDF membranes, each attached to an aluminum strip and to a plastic support. The
distancebetweerthetwo electrodesvas1 cmandbotharedistant2 cmfrom the bottomto facilitate magnetic

stirring. Thetotalimmersedareaof thetwo electrodesvas2 cn?. Theelectrodesreconnectedo a DC power

supply 12\V/0.5A.

Table 4. Parameters for EC process with spattered membranes

Volume 25 mL
Electrodes Sputtered aluminurmembranes
Distance between electrodes lcm
Submerged area 2 cnt
Reaction time 450 min

5.4 RESULTS AND DISCUSSION
5.4.1 TEST1.DOE TAGUCHI
The objective of the DOHaguchi electrocoagulation tests was to identify the optimal values of three key

parameterginitial dye concentration, current density and pH) of the solution for the removal of methylene
bluefrom anaqueousolution.Variableparametewaluesandpercentagesf dyeremovalachievedattheend

of each test were reported in the Tdhle

Table 5.Values of current density (J), initial concentration [BM] and pH for B2iguchi tests.

Test [BM] [mg/L] J [mA/cm?] o [uS/cm]  Current Intensity pH Dye Removal
(Al [%]
#1 7.16 5 670 0.17 6.0 16.2
#2 7.16 10 1340 0.34 7.5 21.0
#3 7.16 15 2010 0.51 9.0 10.9
#4 18.00 10 1340 0.34 6.0 12.8
#5 18.00 15 2010 0.51 7.5 254
#6 18.00 5 670 0.17 9.0 16.1
#7 25.83 15 2010 0.51 6.0 37.5
#8 25.83 5 670 0.17 7.5 8.0
#9 25.83 10 1340 0.34 9.0 46.9
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5.4.1.1  ANALYSIS OF THE RESULTSAS FUNCTION AGAINSTBM CONCENTRATION
In the graph in Figure 1a. the three tests at the lowest initial concentration of BM (tests #1, #2 and #3) are

reported: test #2, with intermediate pH and J values, was not only the one with the highest percentage of
renoval achieved, but also the test with more regular removal as a function of time, as shown by the value of
RZ4 1n thetrendof thegraphshownin Figure2b.,which showsthetrendof the percentagef removalof the

BM during thereaction.

Concentration 7.16 mg/ml
% DYE REMOVAL TEST #2

N
o

100

25
- 90 R2= 0,9t
L 80 20
15 [ 0o -
T L 602 SIS
[0}
(8]
g 10 50 3 Elo
E L 40 5 i
- L 308 85
162 21 L 20— =
’ 109 | 10 0
’ 6 9 ’ ©
YYSH 0 20 40 60 80 100
TIME (MIN)
a mJ[mA/cm2] m Dye RemovdPo] b Trend

Figure 2. a. Percentage of dye removal in three tests at low concentration of BM (7.16 mg/L); b. trend of peoéentage

removal of BM during the test 2.

From these results, it was assumed that for limited concentrations of BM, particularly "aggressive" reaction
conditions, such as those adopted in test #3, are not preferable. In fact, as shown in Figure 3, test#g,the
the solution assumed a grepaque coloration, symptom of the excessive liberation Hfigxs, and presented

an unstable flocculate tending to disintegrate.

C LRI/

Figure 3. Flocculate disintegration and precipitate formation at the bottom in theoE@on during test #3.
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Flocculated disintegration led to the release of the previously trapped dye as confirmed by the trend of the
percentage of removal during the test #3 shown in Figure 3, which began to decline after having reached a

maximum point.

% DYE REMOVAL TEST #3

R2?=0,652

%DYEREVIOVAL
=
o

0 20 40 60 80 100
TIME (MIN)

Figure 4. Trend of percentage of removal of the BM during the test 3.

The graph in Figure 5a. shows the results ofttivee tests (#4, #5 and #6) at intermediate initial BM
concentratiorf18.00mg/L). Thehighestpercentagef dyeremovalatmediumconcentratiorof BM wasfound

in #5, with intermediate pH (7.5) and maximum pH J (15 mA)cBimilarly, to test #3, even in test #5 the
removal rate began to decrease over a certain reaction time (as reported in the graph in Figure 5b.), due to
excessiveurrentdensityapplied. However,in this casehe negativeeffectsof high J arebalancedy aneutral

pH and for this reason the maximum point of the curve is reached at a higher taaetion

Concentration 18.00 mg/L % DYE REMOVAL TEST#5
40
20 100
R2=0,262
30
15 80
& L o = 20
6 03 £
X 10 3 @)
E L 40 3 E 10
- 2
5 20,4 2 >
' 20 - & o0
12,8 .16,1 L =
0 0 -10
6 75 9 0 20 40 60 80 100
pH
T TIME (MIN)
a m J[mA/cm2] DyeRemoval [%] b rend

Figure 5. a. Percentage of dye removal in three tests at intermediate concentration of BM (18 mg/L); b. trend of

percentage of removal of BM during the test 5.

The graph in Figure 6a. and b. shows the results of the three tests (#7, #8 andcig8pr initial BM
concentration (25.83 mg/L) and the trend of percentage of removal of BM of the test #9, respectively. The

highest percentage of dye removal achieved was obtained in #9 (pH = 9; J= 1®mA/cm
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Figure 6. a. Percentage of dye removal in three tests at high concentration of BM (25.83 mg/L); b. trend of percentage

of removal of BM during the test 9.

The graphs in Figures 2&a. and 6a. show how higher BM removal rates can be achieved from more
concentratedolutions.In particular,ascanbeseenn thegraphin Figure5 it is necessaryhatthereis atleast

a "forced" reaction condition (J or pH) to treat a more concedtsatieition obtaining satisfactory results (as

in test #8, which has an intermediate pH and a lealuk).

5.4.1.2  ANALYSIS OF THE RESULTSAS FUNCTION OF pH
The graph in Figure 7 analyses the tests at different values of pH. Under slightly acidic pH corMBions,

solution requires high J values to obtain a satisfactory percentage of dye removal in 100 minutes.
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Figure 7. Percentage of dye removal at a. pH 6, b. pH 7.5 and c. pH 9.

At the pH value of 7.5, theemoval percentage depended mainly on the applied J value; under neutral

conditions, in fact, it was possible to increase the applied current intensity without incurring the side effects

occurred during test #3 (at pH=9). A basic value of pH (pH=9) alldwdékat more concentrated solutions,

obtaining high removal percentages and stable systems over time, with intermediate J values (see test #9).
121



Using the Taguchi method, it was possible to make the graph in Figure 8 which allows to analyze how the

threefactors in analysis affected the percentage of average removal of the dye. In particular:

1.

The percentage of BM removal increased as the initial concentration of the solution increased.

Specifically, a significant increase was observed between 18 mg/L5a88hR)/L;

A moderately alkaline pH value (9) was the best condition for the removal of MB, while a neutral

pH did not provide a good yield of Bf@atment;

By increasing the current density value J from 5 to 10 mA/tmepercentage of dye removal could

be greatly increased. A further increase of up to 15 mAlkxinto a decrease in the procgisdd.
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Figure 8. Graph of the main effects on the average percentage of dye removal.

As aresultof theresultsandexperimentabbservation®btainedrom testscarriedout with the DOE-Taguchi

model, it was possible to define optimal values for the treatment of aqueous MB solution with
electrocoagulation system. In particular, it has been observed how it was possible to remof/thétdge in

100 minutes of treatment for solutions with concentrations of MB of 25.83 mg/L. For this purpose, it was
necessary to have some basic pH conditions (pH=9) and use a current density at intermediate values (J=10
mA/cn?). An excessively high Jalue may present sevepabblems:

A Excessiveelectricalstimulationof the anodecancauseahe formationof alayer of stableoxidesonits
surface promoting corrosion phenomena and generating passivationeffatsmay result in the

shutdown of th@peration of the EGystem;

A the increase in the electrode dissolution rate may tieatianges in pH; in particular, an excessive
increasen the concentratiorof OH ionsmayaltertherelativeconcentrationsf the chemicalspecies

present in solution a@h consequently, alter the stabilityflaicculate;

A the excessive release of aluminum from the electrodes leads to the formation of a proportfon of Al
ionsthatdoesnot participatein the phenomenaf coagulatiorandflocculationand,thereforeyemains
free in solution. This would lead to the formation of a new pollutant in a system which has as its

objective the recovery of wasteter.

5.4.2 EC TESTSOFSMALL SIZE
Electrocoagulation tests with a small system were carried out in order to obtain a systetibt®mvjh the

use of sputtered membranes as electrodes. These tests have highlighted that a "fragile" system represented b
electrodes having reduced thickness, if subjected to excessive pH and conductivity conditions, may suffer

corrosion phenomena amacessive consumption of aluminum that cause the failure of the process.

123



In the test S1, after 30 minutes, the solution was clearer than the initial one and the anode is completely
consumed due to its reduced thickness and the dispefsideiminum in the solution.

The cathode connected to the black clamp remained almost intact, while the anode was completely consumed
as shown in the Figure 9. The aluminum strip at the anode was replaced twice in one hour.

In addition, the increased tudily of the solution gave a UV spectrum characterized by multiple peaks which

had not made it possible to determine the concentration of MB. After an hour the test was stopped.

Figure 9. The intact cathode (connected to the black caliper) ancotieumed anode.

At the end of the test S2, the solution had a much lighter color, as shown in Figure 10, while at the flocculate

between the two electrodes appeared an aggregate of dark blue color.

Figure 10. Appearance of solutions at the end of timgt S2
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After 12 hours the solution appeared completely discoloured, but had small fragments of flocculate finely
dispersediFromthe spectrophotometrianalysisof analiquotof thesolutionit waspossibleto determinatehe
residualconcentratiorof MB equalto 2.37mg/L andcalculatehepercentagef dyeremovalequalto 95.26%.

In the test S3, Figure 11 shows that after 30 minutes the solution concentrates methylene blue on the surface,
while the rest of the solution hadight-grey appearance. This is due to the release of aluminum from the
anode, almost completely consumed. After one hour the test has been suspended because the aluminum

released in solution made this so opaque that it could not be analyzespatctinehotometer.

Figure 11.Solution after a. 30 minutes and b. 1 hour of EC treatment.

The reduced system test which led to more satisfactory results was the EC test with initial concentration
solution[BM]=50 mg/L andunchangeaonductivityconditions While in previousteststhe high conductivity
of the solution had led to a rapid consumption of aluminum electrodes, in this test it was possible to obtain an

almost complete removal of the dye (R=95.26 %), even if in long {inéed 2 h ) .

5.4.3 TEST 3.EC TEST WITH SPUTTERED MEMBRANES AS ELECTRODES
After 330 minutes of treatment the test was interrupted because the membrane acting as the anode was worn

in thepartin contactwith thealuminumstripsandit wasnolongerconductivg Figurel12). Thecathod€Figure
12) showed traces of corrosion but maintains conductive spots. In figure 13 the trend of the percentage of
removal of dye is shown.
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Figure 12.Anode (up) and cathode (down) after 330 of EC test.
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Figure 13.Percentage of removal during EC treatment with sputtered Al membranes.

The removal rate obtained at the end of the test was &.@#sdemonstrated that the use of electro responsive
sputtered membranes within an EC system is possible, highlighting that the main problems to overcome is the

excessive consumption of aluminum resulting in loss of membrane functionality as electrode.

5.5 CONCLUSION
Electrocoagulation and membrane separation processes are currently two of the most studied and used

technologies for wastewater treatment. Both systems have great advantages and some limits, for which research

is looking for new solutions: electrocadgtion requires reaction conditions that make it more biocompatible

(lower use of electricity, lower release of residual metals in the reaction environwigité)the membranes

have the limit of fouling, which involves its replacement when this phenamiereparably compromises their

functionality.

Thecreationof anintegratedsystemwhich includesbothtechnologies¢ouldgive the opportunityto improve

the performance of the entire process and to overcome the problems of individual treatments. The possibility
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of developing electro responsive composite membranes, in order that they can be inserted in an
electrocoagulation system, can lead bothatdecreasef the phenomenon of fouling of the membranes
themselves, an increase in the energy efficiency of the electrocoagsiatiem.

127



REFERENCES

[1] M.Y.A. Mollah, P. Morkovsky, J.A.G. Gomes, M. Kesmez, J. Parga, D.L. Cochke,
Fundamentals, present and future perspectives of electrocoagulatsavier B.V,2004

[2] K. Rajeshwar, J.G.Ilbanez, G.M. Swain, J. App. Electroci&®¥ 24,1077.
[3] J.N. Hakizimana, BGourich, M. ChafiDesalination2016 404, 1.

[4] G. Robic, E.A. MirandaBiotechnol. Prog201Q 26, 1.

[5] G. ChenSep Purif TechnoR004 38, 11.

[6] S.S. Borchate, G.S. Kulkar¥.S. Kore, S.V. Korelnter. J. Inn. Eng. Technd014
[7] M. Kobya, M. Bayramoglu, M. Eyvad,.Hazard. Mater.2007, 148 311.

[8] O. Sahu, B. Mazumdar, P.K. Chaudh&myiron. Sci. Pollut. Res. 12014 21, 2397.
[9] A.K. Panda, R.K. Singh R. Hnt. J. Multidiscip. Curr 2013 1, 50.

[10] A. Prakash, G. Sarkhel, K. Kumatater TodayProc, 2015 2, 2380.

128



PART Il

129



INTRODUCTION
In an ideal situation, definedomogeneous nucleatiomolecules crystallize in a solution extremely pure

without inhomogeneities or impurity. The formation of a crystalline bond occurs when molecules brought
together by translational diffusion inside the solution and a successful collision between them happens. This
delicate step requires a close approach amstrict constraint on the spatial orientation of the species. To
increase the chance for finding the correct physical patches leading to aggregation, a subsequent rotational
diffusion movement of molecules is necessary. However, the chances of maleteutation are reduced in
largesystemavheretherandomrotationof moleculesslow downrapidly. This concerngn particularcomplex
biomacromolecules such proteins, that require highly selective and precise directional interaction for the
aggregation teakeplace.

In homogeneous nucleation, the formation of nuclei depends by the product of two factors:

(a)the number of nucleation sitead

(b) the probability that a nucleus of critical size has grown around it.

The rate of nucleation (R) is given by tBguation(1):

R = NgZjexp (%if) (1)

whereNsis the number of nucleation sit&ds a proportionality constant, the Zeldovich factor (term that refers

to the probability of the critical nuclei at the top of the activation energy barrier to grow into stable grystal),

is the rate of attachment of molecules to one another in the nugiélis the free energy barrier for forming

a nucleusks is the Boltzmann constant, amds absolute temperature.

The size of the freenergy barrier to homogeneous nucleation is relatively high (of the order kd¥T1®0

more). Consequently, in mayystallization experiments, supersaturation is not reached and nucleation does
not occur.

The surface of a foreign material is able to lower the activation energy barrier for nucleation facilitating the
aggregation under conditions which would not be ad##for spontaneous homogeneous nucleation. This
process is defineldeterogeneous nucleation

Heterogeneous nucleants reduce the change in free energy required to induce nucleation and hence obtain
crystals at low solute concentration. The request fomai amount of starting material and the possibility to
increasdhenucleatiorrateshorteningoroteincrystallizationtimesareinterestingaspectshatled theresearch

to investigate on different surfaces able to create an environment that favassléagiorprocess.

Several studies highlighted the contribution of surface properties in heterogeneous nucleation. These studies
demonstrated the effects of protsimface interactions on nucleation and crystal growth. Different susfaces
based approachdsr promoting the crystal nucleation have been studied with a focus on surface chemistry
and topography.

Someimportantexamplef surfaceusedasheterogeneousucleantdor the promotionof nucleationnclude

disorderegoroussurfaceavingwide poresizedistribution,surfacewith chargedunctionalgroups abléo
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interact with the charged molecule to crystallize. Biopolymers and biominerals are also reported to induce
protein crystallization at relatively low protein concentrations.

Furthermore, there are many studies on surfaces with different functional groups that suggest that
functionalized surfaces could promote nucleation.

An innovativecrystallizationconceptbasedntheuseof membranesvasproposedn 2001,whentheconcept

of membrane distillation (MD) was applied to the crystallization of sodium chlb8dee then, the use of

porous hydrophobic membranes were extended to the crystallization of biomotdhéesorking principle

of a membrane crystallization procesbases on the evaporation of a volatile solvent through a microporous
hydrophobic membranes in order to concentrate feed solution above its saturation limit thus attaining a
supersaturated environment where crystals can nucleate and grow. During the maeanpstallization
process, the membrane surface put in direct contact with the solution containing the molecule to crystallize
acts as heterogeneous nucleants. For this reason, the structural and the chemical properties of the membran
surface play an ingotant role in controlling nucleation and growth of crystddsfferent functionalization
strategies were investigated with the aim of creating an ideal environmtmefioicleation process, promoting

the chemical and physical interactions between tystallizing molecules and the membrane surface.
Functionalized porous polymer surfaces are able to promote biomolecular heterogeneous nucleation in a
variety of experimental conditions, which could be not fruitful in batethods.

Since the crystallizath is the result of attractive interaction between protein and surface, the control of
porosityandsurfacechemistryof heterogeneousucleantarekey considerationfor successfuhpplicationof
membranes in protein crystallizatiprocess.

Different meahods of functionalization were investigated in order to improve approaches to protein
crystallization. Among the many materials, hydrogels have attracted special attention as heterogeneous
supports. Composite polymeric membranes supporting a homogeheaohydrogel layer characterized by
tailored chemical composition, naaochitecture and selected morphologies were used as crystallization
platform. These materials offered the possibility to increase the efficiency of the crystallization process
enhancig the diffraction properties of crystals produced at lower protein concenttation.

Specific physicalichemical properties of hydroge
wettability have been found to influence the heterogeneous nucleationteinperystals of lysozyme and
thermolysin®

In the past years, several studies have been carried out on the realization-lrfilcedssoft polymer able to
actasaheterogeneousrystallizationplatform[polino]in which proteinandadditiveswereeasilydeliveredto

the gel network, the supersaturation was generated by gradual solvent removal in vapor phase through the
porous structure of both support membrane and hydrogel layer, and crystals appeared at lower protein
concentration and in experimentahciitions which are not conventionaftyitful. %°

It was demonstrated that crdgsked soft polymers are unique in their ability to concentrate solute molecules
thanks to the favorable interactions between polymer and molecules of solute. Desphie thatntproblem

related to the use of hydrogels as crystallization platforms is represented by their poor stability and handling.
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At this purpose, the research on hydrogels and in particular on composed porous menignéigbted the

necessity to improve the mechanical stability of these materials.

Duringthe PhDwork severafunctionalizedhydrogelsurfacesvereusedascrystallizationsupportin orderto
investigate the effect of the gel saficrostructure and diffent additives on the nucleation process of the
model protein lysozyme. Among the many surfaces studied special attention was paid to the realization of
polypropylene membrane completely transparent realized matching the refractive index of its constituents
PolypropilengPP)(RI =1.49)andhydrophobiccompoundslissolvedn the hydrogelsolutionDarocur®1173

(Rl =1,53) and PEGDMA (RI =1,46) and the monomer Acrylamide. The PP was pretreated in a solution of
benzophenonm heptaneandgraftedby a photopolymerizationprocessnducedby UV light, with asolution
containing Poly(acrylic acid) (PAA) to promote the adhesion of the hydrophilic components to the matrix of
the hydrophobic membrane. This functionalization strategy offered the possibilieipenetrating the gel

within the pore structure of the polymeric membrane, in order to improve the mechanical stability of the
hydrogel obtaining an innovative material. The PP membranes characterized by transparency, stability in
agueougnvironmentmechanicastrengthandstoragecapacityovertime, wereusedascrystallizationsupport

in a traditional vapour diffusion hanging drop process using a low concentration of the protein (10 mg/mL).
The achievement of oveaturation in the macromoleculaplgtion allows the nucleation and growth of
crystals. The observation by optical microscope allowed to characterize a higher number of crystals appeared
after 48 h on the functionalized membrane having smaller dimensions crystals than those growth on the
reference sample (glass). The ability of transparent functionalized membranes to promote the growth of
numerous smaller crystals was attributable to the filling of the pores of the polymer support with a layer of
hydrogelandthesizeof thethreedimensionahetworkof the hydrogelitself; the compartmentalizatioof the
macromolecular solution within the 3D porous gel network limited the mobility of adsorbed molecules and
provided a favorable environment for protein crystallization. In adib being a good substrate for protein
crystallization, transparent membrane presents an important advantage, that is to allow the observation of the
crystals in an easy way to the conventional transmission optical microscope, unlike the opaquethapports

require the reflective microscope to monitor the presenceysiials.
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CHAPTER 6

6. SILICA SPUTTERED PVDF MEMBRANE FOR THE

CRYSTALLIZATION OF LYSOZYME

6.1. SUMMARY
In thiswork PYDF membranesveresurfacgunctionalizedby physicalvapordepositionPVD), awell-known

process for the production bigh-purity, highperformance solid thin films, in order to create a thin layer of
hydrophilicsilica. Thefunctionalizatiorof themembranesurfaceusedassubstratef crystallization promotes

the creation of sites for the heterogeneous nucleationysfats combining the effect of specific surface
porosityatnane andmicro-meterlengthscaleandsurfacechemistryontheheterogeneousucleatiorprocess

of lysozyme used as protein model at lower supersatuaiattions.

6.2. INTRODUCTION
During thecrystallization process, the surface properties of the material in direct contact with the molecule to

crystallize, play a fundamental role. The roughness and porosity of membrane surface may physically block
protein molecules into the concaves so thay tre forced to be packed into compact aggregates resulting in

a relatively higher local supersaturation, which could increase the possibility of nucleation. A recent study
examinedhe combinedeffectof specificsurfaceporosityat nanometelengthscaleandsurfacechemistryon
crystallization of proteins at lower supersaturafidiis study demonstrated that nanoporous silica particles
with controlled pore diameter, narrow pore size distribution, and surface chemistry having specific functional
end graips are able to significantly lower the critical protein concentrations required to induce controlled
heterogeneous nucleation and crystallization of five model protein systems: lysozyme, thaumatin, human
serum albumin (HSA), concanavalin A and catalasmdyorous silica offers heterogeneous nucleation sites
having a fixed diameter size range in which the protein can reach the supersaturation conditions required for
the nucleation process. Despite this significant achievement, it is important to ngveotkat molecules

having different dimensions require pore of different size to access them inside. Nanoporous silica is able to
promote the crystallization of proteins but provided that there is an optimal ratio of protein size and pore
diametersHere,a novelmethodof surfacefunctionalizatiorbasednthephysicalvapordeposition(PVD) of

a thin layer of silica nanoparticles was investigated. This technique allowed to obtainputighhigh
performancesolid thin films of thedesiredmaterialleaving its physicalandmechanicapropertiesuinchanged.

The surface functionalization offers the possibility to combine silica nanoparticles which favor interactions
proteinsurface andporousstructureof polymericmembranegenerallyusedin crystallizaton processeslhe
porouddistributionof thepolymericmembranes preserveé@ndmoleculesdependingntheirsize,canchoose

the required range of pore size in which they can concentrate and nucleatel(fFigure

133



Supersaturation
Silica sputtered surface

PVDF membrane

Figure 1. Schematiacepresentation of a porous polymeric membrane covered by a thin layer of silica nanoparticles used as

heterogeneous nucleants.

6.3. MATERIALS AND METHODS
Hydrophobic PVDF membrane disks with a diameter of 47 mm, a porosity of 70%, and an average pore size 0O

0.10 pm (Durapore®©, Merck KGaA, Darmstadt, Germany) were used as substrate for the crystallization tests.
PVDF membranes were covered with silica inorganic layers of different thickness by physical vapor deposition
(PVD). The substrate is exposed to onarmre volatile precursors, which react on the substrate sudace
producethedesiredayer.Thedepositiorof silicananoparticleen PVDF membranesvasobtained by sputtering

of appropriate targets by process inert gas ions (argon) in an Edwards-2Q6[¥puttering systerfEdwards,
Burgesdill, UK), shownin theFigure2. Thereactivegasmixturereactswith thesubstrate and sputtered atoms,

forming a thin film of the desired compound ontogbbstrate.

Figure 2. Edwards AUTQ306 sputtering systeand a schematic representation of sputtering process.

Thepresencef nanoparticle®n membranesurfacecould alsoreducemembrandiydrophobicity resultingin a
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potential mitigation of fouling, while keeping its narettingaptitude.

The optimalsputtering conditions shown in Table 1 were found after several trial in which different setting
parameters were changed including power, target distance, pressure and sputtering time in order to find th
optimal conditions able to give homogeneous coveeagiding pore occlusion or substrate damage.

Table 1.Parameters of sputtering process.

TARGET PHOTOCATALYST SPUTTERING TARGET PRESSURE/10 SPUTTERING DEPOSITION
LAYER POWER/W DISTANCE/10© 5BAR TIME/MIN RATE
2M NM/MIN
SiOz SiOz 35 8 P(An)=3.5 30 2
SiOz SiOz 35 8 P(An=3.5 40 2

Crystallization trials were carried out using the hanging drop vapor diffusion method, in which a drop of protein
solution was deposited on the membrane surface and added with an equal volume of precipitant solution.
Sodium chloride solution 7 wt. % was used as precipitant agent.

The system was then incubated at 20 + 0.1 °C before optical microscopy inspection of the droplets. The used

crystallization parameters are reported in Table 2.

Table 2.Crystallizationparameters

[LYSOZYME] 10 mg/ml

Buffer solution (solvent water) 0.1 M sodium acetate, pH 4.6
Precipitant solution (solvent buffer) NaCl 7%

Volume of protein solution and precipitant 5ul

solution in the drop 1:1
Reservoir volume 6 ml

Temperature of incubation 20°C

During the crystallization process schematized in the Figure 3, protein concentration in the drop increases by
solvent removal in vapor phase, while, the film of silica sputtered on porous surface of PVDF membrane, put
in contactwith thedrop,favorsthecrystallizationof proteinbecausé actsasheterogeneougmplatenucleant

thanks to its large pore size distribution and controlled sucfemistry.
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protein solution and
stripping solution
1:1

glass cover slip membrane

Crystals in the drop

silicon oil 7l

__ stripping solution

Figure 3. Hanging drop with a membrane useccasstallization support.

Protein crystals were observed under an optical microscope equipped with-aaritema.

6.4. RESULTS AND DISCUSSION
In the SEM picturesshownin Figure4 areshownsputteredsilicamembranesurfacewith alargerangeof pore

size.

Figure 4. SEM picture of sputtered silica PVYDF membrane.

Preliminary results showed that layers were able to confer hydrophilic properties to membrane surfaces as

confirmed by contact angle measurements and favor lysozyme crystallization.
As it can be sen in the scheme the size of lysozyme crystals on glass cover slip used as reference are similar

to crystals growth on PVDF membrane sputtered with a thick layer of hydrophilic silica.
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Scheme 1: &e of lysozyme crystals grown on diféett substrates

PVDF with
a thin silica

PVDF with
a thick
stlica layer

Thissilicalayerreproducesheidealhydrophilicconditionof glasssurface keepingheporosityof membrane,
while the surface roughness offers different heterogeneous nucleation sites in which the protein can reach the

supersaturation conditions required for the nuclegtioness.

6.5. CONCLUSIONS
Thefunctionalizednembranesvereableto favorlysozymecrystallization. Theenhancemertf crystallization

process can be attributed to the combined effect of surface cheamdtsurfacgorosity.
The preliminary crystallization batch trials demonstrate that silica sputtered PVDF membranes allow an

accurate control of supersaturation by solvent removal in vapor phase.
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CHAPTER 7

7. HYBRID HYDROGELS FOR THE CRYSTALLIZATION AND THE
CONTROLLED RELEASE OF LYSOZYME

7.1. SUMMARY
This work is focused on the synthesis and the analysis of chephigsical parameters of specific hybrid

alginate hydrogels (ki), made in the form of thin polymeric films in order to demonstrate their versatility in
two distinct fields of application reted to the world of proteins: crystallization and controlled release. In the
field of crystallizationa possibledamagenitigationstrategybasednthe useof hydrogelfunctionalizedwith
aphenoliccompoundwith antioxidantactivity, Caffeic Acid (CA) ascrystallizationsupportwasinvestigated.

While, in the field of controlled release of proteins of pharmaceutical interest, the possibility of creating an
electrosensitive release device adding graphene oxide (GO) to the starting polymer systemnatad.

7.2. INTRODUCTION
Protein crystallization represents the preliminary step-mayXcrystallography studies since this technique is
basednthediffraction of thethreedimensionabrderedstructureof the crystallinelattice. Overtheyears X-
ray crysallography provided unprecedented opportunities to promote the development of biological research
and drug desighThe exact knowledge of the structure of a specific macromolecule with biological activity,
for example allowsthedesignof a drug (leadcompoundthatcouldacton a specificbindingsiteandblock a
pathologicapathway Dataonthegenesequencef biological systemslerivedfrom recentadvanced DNA-
recombinant technology, together with the information on the-iraensionaktructure of proteins, allow to
investigate on the basic biochemical mechanisms of a living organism essential in the development of targeted
therapies.
X-ray crystallography is certainly the method of choice to determinate the structure of a proteira When
monochromatic xay beam strikes the crystal, the light scatters and a diffraction pattern is generated. The
resultingdiffraction patterngnadeof dispersedlackspotscanbe processedb obtainthe electrondensitymap
of theunit moleculeusedto finally determinatehe molecularstructureof theanalyzedprotein? However the
incident xrays contain so much energy that could damage the crystal. Radiation damage of crystals inflicted
during diffraction data collection in macromolecular crystabgiyy represents a challenge and affects the
interpretation of the correct structure of the protein. This damage is caused by aedting generation of
radicalspecieghatareresponsibldor thedamageof the protein,butalsodeterminghe unwantedappearance
of artifacts that make difficult the interpretation of the biologitalictural properties of the crysédlin
addition, structural changes induced radiatlamage could affect the biological properties of
macromolecules, for example chargime oxidation state of metal ions in structural/active sites and causing

decarboxylationof glutamateand aspartateresidues. The numberof studieson the radiation damagein
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macromolecular crystallography is constantly growing. Tinst fattempt to mitigate radiation damage
highlightedtheimportanceof temperaturén the damageprocess. In cryo-crystallographythe diffraction data
arecollectedwith thesampleheldatlow temperaturéaroundl00K), reducinghesecondaryadiationdamage
arisingfrom theformationof low-energysecondarglectronsableto diffuseandinducefurtherionizationand
excitationevents’

However, even at crytemperatures was observed the degradation of data quality and specific structural
damage to padular aminoacids due to radiation damage. Besides, certain macromolecular crystals (e.g. of
viruses) suffer large increases in mosaicity upon flash cobligalid alternative to cryocooling for
prolonging crystal lifetime is the use of radioprotectaotenpounds able to scavenge the free radical species
formed upon Xray irradiation®

The aim of this work was to realize and analyze the chesloadical characteristics of a polymeric system,

a hydrogel based on Alginate, demonstrating its remarkedsbatility in two specific fields of application:
protein crystallization and controlled drug release, using Lysozyme as the model protein.

The work focused primarily on the realization of Alginate hydrogels, starting from monomers such as 2
hydroxyethyl acrylate (HEA) and polyethylene glycol dimethacrylate (PEGDMA), exploiting a synthetic
biocompatible strategy and interesting for a real biotechnological application.

Caffeicacid(CA) andgraphen@xide (GO) havebeenintroducedn thechemicalcompositonof thehydrogel,

as functional additives in order to improve the performance of the system, depending on the specific purpose.
Thehydrogelwasdesignedor theapplicationin thefield of proteincrystallizationln this context,anefficient
strategyto mitigate one of the unresolved problems that occurs during the collection of RX diffraction data,
theradiatiorinduceddamagewvasinvestigatedTherefore the ideaof introducinginto the hydrogela specific
protectivefunctionfor crystalsledto its derivatizatiorwith amoleculewith knownantioxidantproperties.
Specifically, the synthetic strategy concerned the functionalization of Alginate (ALG) with CA, a phenolic
compound with antioxidant activity to obtain a sodium alghtatifeic acid bioconjgate (ALGC).

CA is a phenolic compound that, as reported in the literature, has demonstrated in vivo significant beneficial
effects, such as antiflammatory, antimutagenic, antbacterial and artancerogenic properties related to

its known antioxidant activityl° CA is produced, both in free and in esterified form from the secondary
metabolism of plant substances, such as coffee grains, olives, potatoes, carrots, propolis and various fruits. At
the level of the cell walls, of these substances CAhisdant and intervenes in the defense mechanisms of
plantsby inhibiting the growth of bacteriafungi andinsectsandprotectingthemfrom ultravioletradiationB;

it also represents the main hydroxyinnamic acid in the human diet. Fehenacalstructural point of view,

CA (3,4 dihydroxyinnamic acid) belongs to the phenolic acid family and has a phenylpropanoid structure (C6
C3) with an aromatic ring 3;dihydroxylate bonded to carboxylic acid by a transethylene comp&renthe

exiding literature suggests, the antioxidant action and the role of "scavengers" of free radicals responsible for
damaging oxidative processes against oxidizable substrates of phenolic compounds, is closely related to the

chemical structure of the compoundgnestion: the number and location of hydroxyl gro(#ps
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OH) present in the structure, and also related to the concentration of the same compound in the reaction
environment?

At the same time, the possibility of making hydrogel applieab the field of drug delivery of proteins
peptides was evaluated. Specifically, the possibility of making the polymer system “intelligent"
electrosensitiveableto modulatehereleaserofile asafunctionof theapplicationof anexternalelectricfield

was studied. For this purpose, GO was introduced in the chemical composition of the hydrogel, exploiting its
knownelectricalconductiorpropertiesGOwhichis aderivativeof graphenas the oxidizedform of graphene

with hydroxyls, epoxides, diol&etones and carboxyls functional groups. Thanks to the specific properties as
electrical conductor, GO gave the hydrogel sensitivity to an electric field applied, with the consequent
possibility of modulation of chemical propertiphysical system and ese of charged drugplecules.

The comparison of Lysozyme release profiles from the hybrid polymer system with those recorded using the
control hydrogel without GO, both in the absence and in the presence of external electric field, allowed to
highlight the potential applicability of the proposed system for the release of protein molecules of
pharmaceutical interest.

The research work also focused on the characterization of the final composite polymer system, carried out
through instrumental and functiorahalysis. Through the differential scanning calorimetry (DSC) analysis,
informationonthechemicalphysicalstability of the polymersystemwereobtainedwhile, by meanof optical

microscopy observation the growth of the Lysozyme crystals over timehsasred.

7.3 MATERIALS AND METHODS
7.3.1 SYNTHESIS OF THESODIUM ALGINATE-CAFFEIC ACID CONJUGATE
The synthesis of the bioconjugate (ALGC) was performed in heterogeneous phase using as biocatalyst the

polymericmembraneontainingtheenzymelipase.The Lipasewasimmobilizedon athin polymericsupport
preparedisingthe monomerAcrylamide(Aam) andthe crosslinkingagentPolyethyleneglycotlimethacrylate
(PEGDMA750)in thepresencef thesolubilizedenzyme!**4Briefly, 100mgof ALG and20mgof CA were
dissolved in a mixture (3.5 mL) of DMSO (5%) in water, then the catalyst Lipase (20 magldems

After incubation, the mixture was purified of unreacted CA by dialysis (membranes Spectra/Por, Medicell
International LTD, MWCO: 12.06Q4.000 Da) against agtion medium (mixture of DMSOA®) and then
distilled water at room temperature for 7 days, changing the solution twice a day. At suitable time intervals,
the amount of CA in the wash water was determined byld\at 325 nm. The dialyzed solution wasefre

dried to obtain a white vaporous solid. All chemicals were obtained from Merck/Sigma Aldrich, Germany.

7.3.2 SYNTHESIS OF POLYMERIC MATRIX
The copolymers containing GO fHzo, HaLca-co), were synthesized according to the following procedure: a

givenamountof GOwasdispersedby sonicationin anaqueousolutionof ALG or ALGC. Thenthemonomer
2-hydroxyethyl acrylate (HEA) and the crosslinker polyethylene glycol dimethacrylate (PEGDMA) were
added. The resulting solution was stirred to obtain a homogeneous mix@ ©hen the polymerization
initiator potassium persulfate §80g) wasadded (8 wt.% respect to the monomer). The hydrogels were

thermopolymerized at 37 °C in an oven for 24 h in two differeays:
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a. Single glass plate (2.5 x 2.5 &non which, a circular Teflon spacer (thickness of 2mm) was fixed by
binderclips. Theglasssupportwaspreviouslydippedin a50%nitric acidsolutionfor 30min, in order
to increase the roughness of the glass surface improving the adhesion of the hydrogel thin film, a
processcalled et chi ngo;
b. Two glass plateseparated with Teflon spacers (thickness 0.8 mm) and brought together by binder
clips.
Theobtainechydrogelsvereextensivelywashedwith distilled waterandethanol/watemixturesof increasing
concentrations for 6 h and then dried at room temperature under reduced pressure. Blank hydrogels without
GO (HaL € Haica) were prepared following the same procedure. The used composition was reported in the

Table 1. All chemicals were obtain@dm Merck/Sigma AldrichGGermany.

Table 1.Hydrogel composition.

Reagent HaL HaLca HaL-co HaLca-co
Graphene Oxide (mg) - - 5.0 5.0
Distilled HO (mL) 25 25 25 25
ALG (mg) 100 - 100 -
ALGC (mg) - 100 - 100
HEA (mg) 184 184 184 184
PEGDMA (mg) 196 196 196 196
KPS (mg) 30 30 30 30

ALG: Sodium Alginate; ALGC: Sodium AlginateCaffeic Acid conjugate; GO: Graphene Oxide; HEA: 2
hydroxyethyl acrylate; KPS: Potassium persulfate; PEGDMA: polyethylene glycol dimethacrylate.

7.3.3 CHARACTERIZATION OF CONJUGATEHYDROGELS
The calorimetric analysis of the hydrogels was carried out using a differential scanning calorimeter Netzsch

DSC200 PC, heating the sample from 25°C to 300 C° under nitrogen with a flow rate of 25ahohia
speed of 15 C mih Spetrophotometric analysis was performed using an Evolution 201 spectrophotometer
(Thermofisher Scientific, Hillsboro, OR, USA).

7.3.4 DETERMINATION OF SWELLING PROFILES
TheswellingdegregS%) of preparechydrogelswasdeterminedn wateratroomtemperatureisinga known

amount of hydrogel (30 mg). The swelling percentage (WR) was measured either in the absence or in the
presence of an electric field (12, 24 and 48 V). After 24 h, excess water was removed and samples were

weighed. The water content percent@d#R) was expressed by the following equafibn
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6'Y = *22x 100 (1)

vQ
where Wiand Ware the weight of dried and swollen sample, respectively.

7.3.5 CRYSTALLIZATION EXPERIMENTS
The crystallization testsvere performed by conventional hanging drop vapor diffusion method using the

prepared thin films of hydrogel as crystallization supports. Lysozyme (Merck/Sigma Aldrich, Germany) was
dissolvedn sodiumacetatébuffer (0.1 M, pH 4.6) attheinitial concentation10mgmL' ! Theprecipitantand
stripping solution were composed of Sodium Chloride, NaCl (purchased from Panreac) (7.0 wt.%), dissolved
in the same buffer. A drop of protein solution (E
addedwith the equal volume of precipitant solution was left equilibrating with 6 mL of stripping solution in
thewell.

The final crystallization solution after mixing the protein and precipitant solutions, was 5 hg mL

To assure the result reproducibility 8ptica experiments for each tested condition were carried out by
introducingsamplesn thecrystallizationsystem.Thecrystallizationsystemwasthenincubatedat 20+ 0.1°C

before optical microscopy inspection of the droplets after time intervals @f82dnd 72 h. Protein crystals
wereobservedinderanopticalmicroscopdZeissAxiovert 25) equippedvith avideo-cameraTo analyzethe
antioxidant performance of the hydrogel conjugate, the same experimental conditions were used.@dding H
as oxidativestress. HO. solution at the concentration of 15% was added to the hanged drop ant the reservoir

solution.

7.3.6 LYSOZYME LOADING AND RELEASE EXPERIMENTS
Lysozyme was loaded by the impregnation technique consisting of the introduction of the polymer into the

solution containing the protein. For the impregnation process, a known amount of polymeric matrix (150 mg)
was dipped in a solution of lysozyme (0.75 ml) having a known concentration of 1.0 mg/mL in PBS 0.4 M,
pH 4.6. The loading was performed at room terafure away from light and heat for 3 days. The loaded
hydrogels were dried ad reduced pressure.

The release profiles of lysozyme were determined inserting the sample (10 mg) in the release media (5 mL)
consisting of phosphate buffered saline 0.1 M ai8gHand acetate buffer 0.4 M at pH 4.6. The analysis of
release profiles were performed in the presence of an electric field of 12, 24 and 48 V and in the absence of
electric field (0 V) in a thermostaticalyontrolled water bath (TRM 750) at the temperatof 37 °C. At

suitable time intervals, the amount of lysozyme in the release media was determinearisyay$25 nm.

7.4 RESULTS AND DISCUSSION
HaL was prepared via a thermal free radical polymerization at a temperature of 37 °C, using potassium

persuliite as a catalyst (Figure 1).
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Figure 1.schematic representation ofHpreparation.

The general mechanism of the reaction consisted in a radical grafting: ALG was grafted on the growing
network HEAPEGDMA. As reported in théterature, natural polysaccharides such as Alginate have the
ability to takepartin a procesof radicalpolymerizationthanksto thereactivity of the heteroatomgresenin

the side chains of such polymers, which react with the growing radicals |eadithg formation of a
"macroradical" that can participate in the propagation reaction of the polydhaimc®

Different polymeric compositions were investigated by varying the ratio of ALG respect to the total amount
of monomerg10, 30,40, 50%). The bestchemicalcompositionof thereactionmixturethatprovidedan ALG

ratio of 40% was the best in terms of mechanical properties given the considerabtmsistency and the

best adhesion to the glass slide on which the polymerization was carriad esgential point for a potential
application in the process of protein crystallization using the Hardyimg method. The hydrogel is also
macroscopically homogeneous and the adhesiveness is maintained even after repeated treatments of the

polymer systm with water/ethanol mixtures used as wasklgtions.

7.4.1 CHARACTERIZATION OF COMPOSITE HYDROGELS
The ALGC conjugatenvascharacterizethy determinatiorof the phenolicgroupsavailableby Folin-Ciocalteu

assay and Differential Scanning Calorimetry (DSC)e Tésults of the Foli€iocalteu test gave a degree of
functionalization, expressed as mg of CA per gram of conjugate, equal to 1209/¢.3

The DSC analysis of ALG and ALGC (Figure 2) shown that the conjugation of the antioxidant molecule to the
polysactaride chain resulted in an increase in the thermal stability of the conjugate. In fact, The ALG
thermogranwascharacterizethy anendothermidransitionaround100°C dueto thelossof watermolecules,

while the exothermic transition around 241c&responds to the decomposition of the polymeric chain. In the
case of ALGC, the exothermic transition relative to decomposition was shifted to 252 °C, indicating the

stabilizing effect of CA residues on the polyrokains.
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Figure 2. DSC thermogram of ALG and ALGC.

For the preparation of the electrosensitive hybrid hydrogel, Graphene Oxide was added to the polymerization
mixture. The functional groups in the structure of GO, such as carboxylic gr&@@©K), hydroxyl groups

(-OH), emxy groups {O-) may establish interactions with the polymeric matrix of Alginate hydrSgel.

The chemicaphysical characterization of hydrogels H¢ Ha-.cowas carried out by differential scanning
calorimetry(DSC)anddeterminatiorof thedegreeof swellingin water(S%).Theanalysisof thethermograms

of the Hy. and Hi..co hydrogels shown in Figure 3, shown that the introduction of the GO in the chemical
structure of the hydrogel resulted in a significant increase in chemical stability of tha.sysfact H, had

a transition to 250 °C, while in the same area there was no effect on the hydkoge] €bnfirming the
increase in rigidity given to the system by the interconnection between the polymer lattice and the graphene
sheets. Besides, frothe analysis of the thermograms it is possible to observe that there was no difference
between hydrogels synthesized using the conjugate ALGC those synthesized using native Alginate, because

of the low amount of CA present in the polyradtice.

—A —B

mW mg-!
— Exo
—

0 50 100 150 200 250 300 350
Temperatura (°C)

Figure 3.DSC thermogram of (A) Kl and (B) H.-co.
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Thedeterminatiorof the degreeof swelling (S %) is crucialin obtaininginformationusefulfor evaluatinghe

releaseof adrugfrom a polymericsystem.The swellingstudywascarriedout in agueousnediumbothin the

absence and in the presence of electric field (at voltage values of 12, 24 and 48 V), and the behaviour of the
hybrid HAL-GO system was compared with that of the Hontrol system (TabR).

Table 2. Swellingvalues(S%)of HaL € H aL-co after24hin aqueousnediumwithout (0V) andin the presence
of electric field (12, 2448V).

S (%) ov 12V 24V 48V
HAL 605 + 9 599 + 10 591 + 15 597 +12
HAL -GO 696 + 12 540 + 8 564 + 11 598 + 10

The application of an electric field (12, 24, 48 V) did not involve a significant variation in the degree of
swelling of the H. hydrogel compared to the conditions of absence of electrical stimulation.

The addition of GO in the polymer system.ko gave a certain degree of mechanical rigidity, greater
hydrophobicity and considerable eleetesponsibility. In particular, the electrosensitive behavior could be
explained on the basis of the change in osmotic pressure, which occurs within a hydrogethelaifferént
concentration of ions between the inside and the outside of the polymeric network (Figure 4).
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+ ': B s T
H au.c—", (o
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electroosmoslis)

- " + Mobile counter ions
. g

Figure 4. Schematic representation of the contraction mechanism of an electrosensitive hydrogel.

When a charged gel strip was placed in partdle@ pair of electrodes and an electric field was applied to the

system, a migration of the ions present inside the gel, as well as free ions in solution, towards the electrode of
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opposite sign occurred. As a result of this movement afges, there was the formation of an ionic gradient
within the polymer matrix which underwent a contraction. At the same time, ionization of the ionizable
residuegresentn thelateralchainof the hydrogel,consistingof the carboxylatedyroupsof the Alginate, led

to the formation of negative charges that tend to repel counteracting the contraction force due to the ionic
gradient. From the summation of these effects, the result was a contraction of the hydrogel which was more
markedat 12V, avalueatwhich theionizationof carboxylatedyroupswasnot ableto counteracthe osmotic

flow. As voltageincreaseghe osmoticforcelostits effectivenessvith respecto electrostaticepulsionforces

between negative charges in the polymeric lattice, samelling values tend to rise progressively without

reaching the values recorded in the absence of elgetdc

7.4.2 CRYSTALLIZATION TESTS
The conventional Hangirdrop crystallization technique allowed to investigate the best conditions for

obtaining good esults in terms of the quality of the Lysozyme crystals and their protection against radical
specieslin generaljn acrystallizationprocesghebestresultin termsof crystalquality wasobtainedvhenthe
crystals displayed on the drop at the enthefprocess are few and large. However, several parameters could
influencethephase®f nucleatiorandgrowthof the crystals Nucleationtakesshapewvhenthe proteinsolution
reachesanoptimallevel of oversaturationin anideal condition,key parametes relatedto the solutionsuchas

pH, temperatureprecipitatingagent)eadtheproteinsolutionto thelabile areaof oversaturationat whichthe
protein may encounter a spontaneous nucleation. When the crystalline nuclei are formed and, therefore,
level of over-saturatioris reducedthe metastableoneis reachedwherethe growth of thecrystalis favored?

As a general rule, the condition of ovaturation can be favored by the addition to the protein solution of
suitable precipitating ages)tsuch as PEG, organic solvents, or even inorganic salts such as sodium chloride.
These contribute to the achievement of the state ofsateration of the solution by varying the chemical
physical characteristics (temperature, ionic force, pH). Inildét@rganic salts act for this purpose by
influencing the ionic strength of the protein solution. In addition, to achieve the state &atwetion the
amount of precipitating agent must be balanced at the concentration of the pra&ition.

In this work, crystallization tests were performed using the polymeric systanagéi H ca as support ofhe
crystallizing drop to promote the growth of crystals. Specifically, in a process of crystallization in vapour
phase, the polymeric hydrogel film wsas support, thanks to its porosity, promoted the establishment of a
conditionof balancebetweerthe proteindropandthe strippingsolutionin thewell, throughthe migrationand
subsequent evaporation of the solvent in vapor phase from the drop stripipegng solution. At these
conditions, the state of ovsaturation at which the nucleation can take place was morereasihed.

The best conditions, among the various analyzed in this work, were:

- Lysozyme protein solution concentration of 10 mg/mAaetate Buffer 0.1M, pH.6;
- 7% wlv of precipitating agent (NaCl) diluted in the same Buffer Acetate, in the drop andvillthe
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In the Table 3 are reported the images of Lysozyme crystals at optical microscope obtained at certain intervals
of time (24, 48 and 72h) using the polymeric systexn Bnd Hca.

Table 3.Lysozyme crystals on Ad and Hy.ca at 24, 48 e 72h.

HaL Hacca

24

48 .-
72 --

The predominantly morphological shape of observed lysozyme crystatheviegragonal form.

The crystallization test was also performed on hybrid polymekbland Hica-co, and the crystals obtained
are shown in the Table 4.
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Table 4.Lysozyme crystals on {d.coand Hica-coat 24, 48 e 72h.

HaL-co HaLca-co

24

48

7.4.3 CRYSTALLIZATION STUDIES IN THE PRESENCE OF OXIDATIVE STRESS

In order to demonstrate the efficiency of the polymer support containing the antioxidant CA in the mitigation
of radiation damage, @ystallization test was performed on the prepared hydrogehH
Radiationdamageausuallyoccursontheproteincrystalduring X -ray crystallographyanalysisnevitablyaffects

the structural interpretation of the studied protein. For this purpose/gstigate the effect of CA against the
development of free radical species Hydrogen Peroxig®F80% was addicted to the crystallization drop.

The results are shown in the Table 5 far ldnd H.ca, respectively.
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Table 5.Lysozyme crgtals on AL and HALCA both without and in the presence of®bp at 24, 48 e 72h.

HaL Hacca HaL + H2O2 Halca + H202

24 . .
48 . -
! - -

From the comparison of the results obtained it is possible to higthigtantioxidant properties of thenlda
support in terms of the number and size of the Lysozyme crystals. In fact, in the preses@gooftHe H.

support without antioxidant functionality, there was no formation of real crystals, but rather structures

comparable to "clusters”, small molecular aggregates, probably due to oxidative damage to the protein and,
thus, the denaturation of its tertiary structure. Instead, the antioxidant action exerted by the residuals of CA in
HaLca contrasted the oxidativersss induced from #D,. Compared to the conditions of absence of oxidative
stress, a greater number of small crystals with their characteristic shape was obtained.

The similar results obtained omitoand Hica-cosupports confirmed the validity of thgrghetic strategy

(Table 6).
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Table 6.Lysozyme crystals on AL-GO and HALCA -GO both without and in the presence af®p at 24, 48 e 72h.

HaL-co HaLca-co Hac-co+ H20> HaLca-co+ H202

24----

7.4.4 DRUG RELEASE EXPERIMENTS
The release profiles were recorded using &hd H..counder two different pH conditions: acid (PBS 0.4M,

pH 4.6) and basic (PBS 0.4 M, pH 8.0), in the absence (0V) and in the presence (12, 24, 48&lgaifian
field applied according to Equation 2:
Releas@®) = “>x 100 )

0o

48

where Mrepresents the proportion of drug released at a certain timgrépkésents the proportion of drug
charged into the hydrogel.

In detail, the release profiles bfysozyme H. in acidic (Figure 5 A) and basic environment (Figure 5 B),
clearlyprovedthatthereleasevasfasterin basicenvironmentprobablydueto theweakeningof thehydrogen
interactions between the matrix and the protein. At pH 4.6, the systgrtoyed about 70 h to complete the
release, while at pH 8.0 it reached 100% of lysozyme released in 24 h. In addition, the application of the electric

field did notsignificantlychangehereleaserofiles,whichappeareg@omparabléo all voltagevalues
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testedThisisin full agreemenvith thedataof S (%), whichindicatenosignificantresponseo theapplication

of the external electriteld.
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Figure 5. Release profile of WL at pH 4.6 (A) and 8.0 (B).

Instead, therend of the release profiles ofalso hydrogel (Figure 6), shown that the presence of the GO
changedoththespeedandthetotalamountof proteinreleasedandmadepossibleamodulationof therelease

as a function of the electric field applied. The predominantly hydrophobic charatiber@D determined a

lower amount of Lysozyme released, since in addition to the hydrogen bridge interactions also occurred
hydrophobic interactions between ot and spcarbons system on the GO surface. In this case the pH
variation mainly changed the release rate, while it influenced in a lesser way the total amount of protein

released after 72 h, which is equal to 45% at acidic pH and 54% apHasic
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Figure 6. Release profile of AL -GO at pH 4.6 (A) and 8.0 (B).

Regardinghereleaseate,after 24 h theamountof Lysozymereleasedt pH 8.0is almosttwice thatreleased

at acidic pH (53% against 25%), to underline that the interaction between thenditige matrix occurred

mainly for hydrophobic interactions and/or through H bonds. The application of an electric field of voltage
equalto 12V andcurrentintensty equalto 0.1 A, resultedn asignificantchangen the releaseprofile at both

pH values. At 12V a clear increase in the amount of Lysozyme released by the polymer matrix after 72 h
became equal to 91% and 93% at bothvphdes.

The application of thelectric field contributed to the generation of an osmotic pressure responsible for a
consequent physical deformation of the hydrogel resulting in an increase in the amount of protein released.
The application of higher voltage values resulted in a regluati the quantity and release rate compared to
12V, althoughbothparametersverehigherthanthoseobtainedn theabsencef electricalstimulation.In this

casejn fact, the polarizationphenomenaf the systenprevailed theintroductionof drug-matrix electrostatic
interactions opposed the diffusion of lysozyme from the matrix to the reteasem.

Theresultsshownthatthe hybrid systemcouldactasa versatileplatformfor modulatingthereleaseof adrug
accordingo thevoltageapplied with the possibility of obtainingthreeprofilesclearlydifferentdependingn

the intensity of the electric field. This characteristic made the system suitable to meet different therapeutic
needs and represented a valid starting point for subsequestifgations to demonstrate its real potential
application.

The functionalization of the Alginate hydrogel with the Graphene Oxide has also greatly improved its
mechanical properties, in fact the control hydrogel without the functionalization with the@®d &ss self

confidence and tends to flake off more easily inside the polymerization reactor.
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7.5 CONCLUSION

In the presenwork ahydrogelbasedn Alginatein theform of athin polymericfilm wasrealized n orderto
examine its characteristics apdtential applications. Through specific modifications to the basic polymeric
material, the functionalization with Caffeic Acid on the one hand and with Graphene Oxide on the other one,
it was demonstrated the versatility of the proposed system in twotiabfields of application related to the
world of proteins: protein crystallization and electrosensitive contnatledse.
In the protein crystallization process, the synthesized hydrogel was used as support for crystalline growth,
appreciating the adwntages that a process of crystallization in gel involves. The conjugation of Alginate with
Caffeic Acid offered the possibility of creating a hydrogel with antioxidant and protective activity. The
antioxidant property of the polymer system can be exmldite the protection of the protein crystal against
the radiation damage that, inevitably, happens during the analysisagfcfystallography.
Since radiation damage inflicted on crystal during the execution of such analytical procedures results in a
biological-structural misinterpretation of the protein, this research activity demonstrated the possibility of
creating a polymeric system that could promote the crystallization process having a protective action against
protein crystals.
In the field of theDrug-delivery, the introduction of Graphene Oxide in the reaction mixture of the polymer
network allowed the realization of a hydrogel in the form of thin polymer film, able to control the release of
the protein over time in response to the applicaticanagxternal electric field.
Theelectroresponsiveydrogelwasableto modulatehereleasef theloadeddrugasafunctionof two effects
due to the application of externailltage:

i) thevariationin thedegreeof swellingasaresultof theestablishmemf anosmoticgradientwithin

the hydrogel and electrostatic repulsion between the ionized lateral chains of the rgmtiogel

i) the establishment of electrostatic interactions between the matrix ahdighe
Further experimental investigations will béned at demonstrating the possibility of applying the proposed
system as a protection agent against oxidative damage induceddys Jdnd to modulate the release of

lysozyme as an antibacterial agent for biomedical applications, such as the treaskanivoilunds.
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CHAPTER 8

8. THE IMPACT OF POLYELECTROLYTES ON THE CRYSTALLIZATION
OF LYSOZYME CRYSTALS

8.1. SUMMARY
In this work the impact of different polyelectrolytes on the crystallization of lysozyme, a positively charged protein, was

investigaed. The crystallization tests of the protein were carried out using coatings of polyelectrolytes and multilayer
polyelectrolytemembranesTwo typesof polyelectrolytespoly(acrylicacid) (PAA) andpolydiallyldimethylammonium
chloride (PDADMAC) wereused. The surface of polymeric membranes was modified by dgykeayer deposition
method.Theproteinmoleculesvereputin contactwith thepolyelectrolytesbleto promotetheheterogeneousucleation.

It was found that the crystallization of lysozyme the vapor diffusion technique was influenced by the presence of
polyelectrolytes positively charged. The growth rate increased when the polyelectrolyte PDADMAC was used. Non
specific attractive and local interactions between the protein and the ptilylgtecmight promote molecular collisions

for the formation of the protein crystal nuclei. The results of this preliminary study suggest that there is a progortionalit
between the amount of polyelectrolyte and crystal growth for which it may becomblpdssthoose the amount of

polyelectrolyte to be used to achieve the desired cryizial

8.2. INTRODUCTION
Sinceall proteinscontainchargecaminoacids,i.e.,aspartateglutamatelysine,arginine andhistidinetheyareconsidered
polyelectrolytesandare charged either positively or negatively depending on the pH of the system. The charged areas on
their surface are important for the interaction of the protein with other molecules. The interactions of proteins and charged
polyelectrolyteshad attractedthe interestof s ¢ i e mattent®rtinsgfycobiology, tissueengineeringbiosensing, and
pharmacology due to their potential applications in different fields such as separations, delivery and wourtd repair.
Besides, in many applications such as chrograiphic separation of proteins, immobilization, biosensorsjesign of
biocompatible materials for medical applications the interactions of proteins with charged surfaces play a®key role.
Polyelectrolyte films realized by the alternated adsorptiosadibnic and anionic polyelectrolyte layers represents a
simple and promising technique to modify surfaces in a contratgd-°
In practice, the Layeby-Layer (LbL) deposition method involves alternating sequential adsorption of polyelectrolytes,
polycations and polyanions, on the surface, thataeglénize on a charged surface, leading to the formation of
polyelectrolyte multilayer (PEM) film§.
Polyelectrolyte multilayer assemblies on material surfaces found application in the field of bialatissue
engineering and biophysics. The possibility to adsorb biomolecules such proteins on an oppositely charged-thin layer
or to immobilize antl g G6s wi t hi n®*Yropehstnew ways ¢ordesign Hiomaterials with specific biological
propeties. In particular, PEMs have emerged as a powerful tool for the immobilization of biomolecules with preserved
bioactivity ®. PEM films are 2D materials and their surface composition is important because it can affect protein

adsorption (depending on tpéof the protein and surface charge of the substrate) and ultimately cell adhesion. In
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addition,PEMsmay serveasnewbiomimeticmatriceswith controlledphysicalpropertiesandcontrolledpresentatiomf
biochemical moieties, for ingtigating cell/material or cell/cetteractions’

Todate thistechniquehasallowed,by simplecontactto adsorlonthefilm agreatvarietyof compoundsuchasproteins,
antibodies,*'2dyes!®particles**® clay microplatest®

However, PEMd$ave not been used before to crystallize macromolecules.

This work aims to investigate the impact of two different polyelectrolytes, poly(diallyldimethylammonium chloride)
(PDADMAC) and poly(acrylic acid) PAA, on the crystallization of the model proteindyme.

Poly (diallyldimethylammonium chloride) (PDADMAC) is a cationic polyelectrolyte used as an electrolytic solution in a
variety of applications such as water purificattédyug administration® biomedical system®,and sensors, which
include biognsors and chemical senséff®oly(acrylic acid) is an anionic polyelectrolyte which finds numerous
application in the development of functional materials system&-2,

Polyelectrolyte Multilayer Membranes (PEMMS) are prepared on top of a polyméstratie by digcoating method,
which involves consecutive immersions of the polymeric membrane into oppositely charged polyelectrolytes (PE)
solutions for a certain time, followed by a rinsing step to remove excess and weakly adsorbed PE, as degisted in Fi

124

H

polycation polyanion rinsing

fe B

substrate

AR R

I3

Figure 1.Preparation of PE multilayer membranes by Laygt ayer method (digcoatingf*

Polycation-polyanion bilayer

The interfacial concentration of ions caused by attractive interactions, which promote the crystallization of
biomacromolecule$>??, suggests that charged polymeric films should be considered as suitable surfaces for protein
nucleation.?® The goal of this work is to study the effect of different polyelectrolytes having opposite charge on the
crystallization of lysozyme, a positivetharged protein. The polyelectrolytes were deposited on polymeric surfaces by

LbL deposition method or used as dried polymeric layer and tested as heterogeneous nucleant surfaces. In the latter way

the polyelectrolyte molecules are free to interact withgtotein molecules present in the crystallization drop.

8.3 MATERIALS AND METHODS

8.3.1 MEMBRANES ANDPOLYELECTROLYTES
Two types of polymeric membranes were used as support of-bsslayer system in this work: hydrophobic
Polyvinylidene difluoride (PVDF, disksitth a diameter of 47 mm, a porosity of 70%, and a mean pore size of 0.10 pm)
purchased from Durapdt@nd Hydrophilic Polyethersulfone (PESH, UHO50P) purchased from Nadir. In Table 1 the
isoelectric point (IEP) of used membranes, the pH at which thevmaitid negative charges exactly balance so that the

membrane can be considered unchaitme reported.

Table 1.Isoelectric point of membranes

Membrane IEP Ref

Hydrophilic Polyethersulfone 371287121 30,31

156



PESH

Polyvinylidenefluoride
31 35 31-34
PVDF

Poly(acrylic acid) (PAA, average Mw 1800, cod. 323667) and Poly(diallyldimethyl ammonium chloride) (PDADMAC
solution having average Mw 200,0380,000, 20 wt. % in kD, cod. 409014) were obtained from Sigma Aldrich. In
Table2 themolecularstructuresandthe pKa value(whichis the pH atwhich 50%of thep o | y rfuaatidhalgroupsare

ionized) of used polyelectrolytes aesported.

Table 2.Polyelectrolytes chemical structure and pKa.

PE PE type Structure pKa Ref.
~4.5
PAA becomes ionizeg
PAA o aboveits pKavalueof 4.7.
polyanion The PAA is fully ionized| **°
Poly(acrylic) acid o 1 at high pH values (pH 9.

or pH 10), and almos ¥

completely deionized 4

pH4.
PDADMAC, a
PDADMAC Cl~ poly(quaternary
. ammonium), is charged § 4
Polydiallyldimethylammonium polycation + n all pH values.

chloride HsG CHs

PAA and PDADMAC were dissolved in TRIS buffer pH =7.5 at the concentration of 1. @\i_this pH value the
carboxylicgroupsin PAA aredeprotonate@ndnegativelycharged®, wherea DADMAC is positivelycharged®. The
molarity of the buffer was 0.1 M for PAA and 1 mM f@DADMAC.

8.3.2 MONOLAYER AND MULTILAYER MEMBRANES PREPARATION

PESH membranes were initially soaked in deiedizvater for about 24 h, during which the water was replaced several
times.Theactivationof hydrophobid®VDF is achievedy wettingthemembranavith ashorttreatmentn ethanolwhich
increases the hydrophilic degree of the membrane. PESH and R¥Dibranes were soaked in the polyelectrolyte
solutions for 1 h in a vertical position. Then, they were washed in a large ambuffeof

For the preparation of bilayer multilayered membranes, PESH and PVDF were alternately immersed into 1 g/L
PDADMAC and1 g/L PAA for 30 min. After each deposition step, the membranes were taken out and rinsed for 3 min
with thebuffer solutionof the correspondingolyelectrolyte Rinsingshouldremoveanylooselyboundpolyelectrolytes.

Thus,onebilayerof selfassemblymembranavascompletedTheadsorptiormprocedurevasrepeated timesfor bilayer
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membrane and 10 times for the multilayer one. A schematic representation of the preparation procedure of multilayer
samples is reported in Figure 2.
Since PESH membranes are negatively charged (IEP= 2.1) at pH 7.5, the first layer adsorbed on its surface was a

polycation.*®42

Figure 2. Preparation of PAAPDADMAC™ multilayer membrane.

8.3.3 PREPARATION OF POLYMERIQAYERS

During the crystallization tés the protein drop was put in contact with the polyelectrolyte on the membrane surface and
the heterogeneous nucleation may took place thanks to the contributions of the surface and the polyelectrolyte bound on
it, Figure 3 a. However, if the bond of thelyelectrolyte with the membrane surface is not stable, it is possible that the

protein interacts with the polyelectrolyte dissolved in the crystallization drop, Figure 3 b.

A A

Crystallization drop

% Lysozyme

@  Folyelectrolyte

‘ Nuclei of lysozyme crystals

Figure 3. After the deposition of the drop on the cover slip or membsaméace, a. the protein interacts with the
polyelectrolyteandbindsonthesurface Theheterogeneousucleatiortakesplaceonthesurfacep. the proteinmolecules

interact with the polyelectrolyte dissolved in trep.

In this regard, the effect dhe polyelectrolytes in the crystallization drops was investigated preparing four different
agueous polymeric solutions of PDADMAC and PAA.

Polymeric layers were prepared using polymeric solutions of PAA and PDADMAC in water at 1%, 5%, 10% and 20%
wivconentration. For each polymer solution 10 ¢l aliquo
crystallization plate, in triplicate for reproducibility. The solvents of the polymer solution drops welre dsfiporate
completelyatroomtemperatee (20 °C) overnight.In thefigure 4 is reporteda schematiaepresentatioof the polymeric

layer preparation. The polyelectrolyte was not bind on the surface and during the crystallization test it may dissolve in the

drop interacting with the proteirgproducing the condition reported in the Figube 3
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oo * o
Deposition of a drop of Water evaporation Blend of polyelectrolyte
polyelectrolyte in water

Plastic coverslip or membrane
surface

@ Polyelectrolyte
Figure 4. Preparation of polymeric layer.

This procedure was performed to prepare the bilayerssPRBADMAC and PDADMAGCPAA.

8.3.4 CRYSTALLIZATION EXPERIMENTS
Chicken hen egg white lysome (HEWL, cod. 62970) purchased from SigAldrich was used for the crystallization

experiments. Sodium Chloride (NaCl, 7 wt%, cod. 131659.1211, from Panreac), dissolved in the same buffer, was used

as stripping solution for HEWL. HEWL is a positively chad protein and its properties are resumed in the Table 3.

Table 3.Lysozyme properties.

Protein Mw (kDa) Isoelectric point Net charge

Lysozyme 14.3 11.3 Positive at pH 7.4

Lysozyme solution at the initial concentration of 10 mg'pkepared irsodium acetate buffer was mixed 1:1 volume
ratio with the stripping solution. Crystallization tests were carried out by usingell5plates (from Qiagen)
conventionally used for the vapor diffusion technique and adapted for mendssiaeed crystallizain experiments in
hanging drop mode. The setup consisted of a 10 €L drop
membrane piece (~1 &nfixed on the cap by double sided tape, and 1 mL of stripping solutions as reservoir. The
crystalization tests were carried out at 20 °C with three replications for each condition to test the reproductively of the
results Crystallizationtrialswerealsocarriedoutby usingtheuntreatednembraneandtheconventionaplasticcoverslips
as templatesfor reference. Crystal growth was monitored at regular times through a stereomicroscope (Nokia AZ100)
equipped with a videoamera.
The final concentration of each crystallization drop was the following:

a. Lysozyme Smg/ml

b. Sodium chloride 3.5 wk

c. Sodiumacetate buffer 0.1

The crystallization trials were performed on LbL membranes and on polymeric layers. The goal was to study the impact
of polyelectrolyte on the growth rate of lysozyme crystals.

Thehangingproteincrystallizationdropwasdepositedaoth on monoandmultilayer LbL membraneandonthedry layer

of polyelectrolytepreparedaccordingo the methoddescribedn the Figure4. Alternatinglayerof PAA andPDADMAC

were deposited also on the inert plastic coverslip used as reference to evaluate the effect of the polyetattiudytes

crystallization excluding the contribution of membranefaces.

8.4 RESULTS AND DISCUSSION
8.4.1 CRYSTALS ON LBLMEMBRANES
The crystdization tests were performed on monolayer and multilayer membranes prepared by LbL method. The crystal

growth was followed over time by optical microscopy. It was not possible to observe and analyze crystals on monolayer
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and multilayelPESHPAA membranes because the crystallization drop dried a few minutes after the deposition on the
membrane surface.

In the Figure 5, the number and length crystals after 24 h are compared. It is possible totiolstrgepolyelectrolyte
PDADMAC monolayer had a slight positive effect on the growth of crystals compared to the unmodified PESH
membranebutnotontheirnumber(Figure5a). Themonolayerof PDADMAC hada positiveeffectonthegenerabrowth

rateof thecrystals asshownin theFigure5b. Crystalsgrowthon PVDF membrandunctionalizedwith thepolyelectrolyte
PDADMAC reached a larger size. In particular, the crystals on monolayer PIMDMAC and on multilayePVDF
PDADMAC ending, after only 24 hf@rystallization test were 43 um and 66 um, respectively. However, the presence of
polyelectrolyte mono and multilayer had no effect on the growth rarystls.
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Figure 5. a.andb. Comparisorbetweemumberandlengthcrystalsafter 24h;b. andc. Growthrateof crystalson prepared
PESH and PVDF membranesspectively.

8.4.2 CRYSTALS ON POLYMERIC LAYERS OF PAA ANI’PDADMAC
The impact of polyeletrolyte coating on the crystallization of lysozyme was evaluated. The crystallization drops were
depositenthetop of the dried polymericcoatingandleft equilibratingwith the strippingsolutionin a closedsystem at

20°C. Theexperiments were performed in adapted crystallization well plates and followed over top&caly
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microscopy. All sample wells containing PAA layers turned opaque when protein and buffer solutions were deposited
ontothem.No crystalsappearedn PAA 20%and10%layers.OnPAA 1% and5%layerscrystalsappeareafteralonger
time of 6 h and 20 h, respectively. Before then it was possible to observe a cloud made of thousands of little nuclei as

shown in Figures.

Figure 6. Crystals on PAA 5% before 20h, unit bar 200 um.

Figure 7 shows the evolution of the length of crystals as a function of time for polymeric coatings of PAA and
PDADMAC.
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Figure 7. Length of crystals observed versus timedqgrc. PAA and b., d. PDADMAC polymeric coating.
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Thepresencef theelectrolytesnfluencedhegrowthratesprofilesleadingto afastergrowthratein theinitial
24 h followed by a stabilization of the crystal dimension in the following period cagsin the

Figure 7 c. and d. The position of the plateau was dependent on the concentration of used
polyelectrolyte, i.e. bigger crystals were reached as the concentration of the polyelectrolyte

increased.

In orderto obtainafastercrystallizationprocessheuseof polyelectrolytesnaybeadvantageous.

In standaraonditions, approximately 72 h was required to obtain the size of the crystals obtained
in only 24 h in the presence of 20% of the polyelectrolyte PDADMAC. It is important to note that
there is a difference of size crystals growth rate in the first 24 hours of the crystallization test, as
shown in the Figure 8. In this time frame samples PDADMAC 20% and 10% shown an important
growth rate respect to other samples anddfezence
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Figure 8.Growth rate of crystals on prepared polyelectrolyte layers.
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Figure 9. Length of crystals observed versus % PDADMAC.
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The crystalsizeafter 24 h versusthe usedpercentagef PDADMAC is analyzed irFigure9 with
theaim of determining thelependence of the crystal dimension on the amount of PDADMAC and
allowing to predict the final crystal size as function of the used amount of polyelectrolyte. In this
way, it became possible the selection of the exact amount of the polyelectrolyte PDADMAC
according to the desired cryssate.

8.5 CONCLUSION
It can be concluded that the use of cationic polyelectrolyte in the form of layer or deposited on polymeric layer

by LbL method are suitable for protein crystallization. Crystals of different size calnt&ieed on these films

at lower protein concentration and with shorter crystallization times than those required with the siliconized
coverslips. However, the mechanism of protiemudyelectrolyte interaction is still an open field of research in
which mwch more experimentalork is needed. The crystallization of lysozyme by the vapor diffusion technique
was influenced by the presence of polyelectrolytes positively charged. The growth rate increased when the
polyelectrolyte PDADMAC was used. Nospecificattractive and local interactions between the protein and

the polyelectrolyte might promote molecular collisions for the formation of the protein crystal nuclei. The results
of this preliminary study suggest that there is a proportionality between thatwhpolyelectrolyte and crystal

growth for which it may become possible to choose the amount of polyelectodigtesedo achievehedesired
crystalsize. The useof polyelectrolyteshouldbe usefulfor crystallization of proteins from solutions kw

concentration and for protein with very long crystallizatiores.

163



REFERENCE

[1] P.J. Butterworth, Lehninger: principles of biochemistry (4th edn) (Eds. D. L. Nelson and M. C. Cox), W. H.
Freeman & Co., New Yorl2004

[2] A.B. Kayitmazer, D. Seeman, B.B. Minsky, P.L. Dubin, Y. ¥gft Matter2013 9, 2553.

[3] A. Steudle, J. Pleis&iophys 22011, 100 3016.

[4] G. Decher, J.D., Hong, J. Schmithin Solid Filmsl992 210,831.

[5] G. DecherSciencel997, 277, 1232.

[6] V. Gribova, R. Auzelyvelty, C. PicartChemistry of Material2012 24, 854.

[7] Y. Lvov, K. Ariga, |. Ichinose, T. Kunitakelournal of the American Chemical Soci&895 117,6117.
[8] S. GuedidiEnzyme and Microbial Technolog®12 51, 325.

[9] F. Caruso, K. Niikura, D.N. Furlong, Y. Okahatangmuirl997 13, 3427.

[10] C.G. Kelly,Nature biotechnolog$999 17, 42.

[11] F. Caruso, D.N. Furlong, K. Ariga, I. Ichinose, T. Kunitakangmuir1998 14, 4559.

[12] S.W. Keller, H:N. Kim, T.E. Mallouk,Journal of the American Chemical Socié804 116 8817.
[13] I. Ichinose, K. Fujiyoshi, S. Mizuki, Y. Lvov, T. Kunitak€hemistry Letterd996 25, 257.

[14] T. Cassagneau, T.E. Mallouk, J.H. Fendleyrnal of the American Chemical Soci#808 120, 7848.
[15] Y. Lvov, K. Ariga, M. Onda, I. Ichinose, TKunitake,Langmuir1997, 13,6195.

[16] K. Ariga, Y. Lvov, I. Ichinose, T. Kunitakédpplied Clay Scienc&999 15, 137.

[18] Q. Yang,Chemistry of Material2005 17, 5999.

[19] Y. Qiu, Biomaterials201Q 31, 7606.

[20] X. Zhang,Journal of the American Chemical Soci2f04 126, 3064.

[21] Y.-H. Chiao,PolymersBasel202Q 12.

[22] X. Xu, Colloids and Surfaces B: Biointerfac282Q 194, 111206.

[23] I. Merino-Garcia, F. Kotoka, C. Portugal, J. Crespo, S. VelizaroWeénbrane®02Q 10, 134.

[24] N. Joseph, P. Ahmadiannamini, R. Hoogenboom, I.F.J. Vankelddaym CherlJk 2014 5,1817.

[25] L. Addadi, J. Moradian, E. Shay, N.G. Maroudas, S.A. Welregeedings of the National Academy of Sciences
1987 84, 2732.

[26] G. Falini, S. Albeck, S. Weiner, L. Addadciencel996 271, 67.

[27] G. Falini, S. Fermani, M. Gazzano, A. Ripamo@themistryi A European Journal997 3,1807.

164



(28]

[29]

[30]

[31]

[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]

[42]

S. Fermani, G. Falini, M. Minnucci, A. Ripamonlpurnal of Crystal Growtl2001, 224, 327.

A. Bandyopadhyay, in Book Review Water Quality Engineering: Physical/Chemical TreRtmeesses (Eds.

M.M. Benjamin, D.F.Lawler) Wiley, Hoboken, NJ, US2013

S. Mozia, A. Grylewicz, M. Zgrzebnicki, D. Darowna, A. Czyzews$ldlymersBasel2019 11, 671.

A.Ma r s zJaBpledkiewicz,G.K a mi &s WaciechowskiEnvironmenProtectionEngineering2016 42,

197.

D. Breite, M. Went, A. Prager, A. SchulzBplymersBasel2015 7,2017.

A. Schulze, M. Went, A. Prage¥jaterials2016 9, 706.

D.M. Davenport, M.H. Gui, L.R. Ormsbee, D. Bhattachary@lymersBasel2016 8, 32.
J. Goicoechea, F.J. Arregui, J.M. Corres, |.R. Maflagynal of Sensor2008 7.

J. Choi, M.F. Rubneiacromolecule2005 38, 116.

M. Wi Sniewska, T. Urban, E.ColeidRoNrd 8cB014 292 699.

J.A. Jaber, J.B. Schlenoffangmuir2007, 23, 896.

D.S. Salloum, J.B. Schlenof8iomacromolecule004 5, 1089.

J. Kochan, T. Wintgens, J.E. Wong, T. Melesalination201Q 250, 1008.
F.E. JurinColloid Surface 2015 486, 153.

R. Malaisamy, M.L. Bruenind,angmuir2005 21, 10587.

Zar ko,

165

V.



PART IV

166



INTRODUCTION
The everexpanding number of therapeutic proteins, including antibodies, cytokines, enzymes, hormones and

growth factors, led the research to investigate on the possibility to formulate safe, stable and efficacious
formulation that can be delivered in a patiémendly mannet.

Proteinbased therapeutics, especially monoclonal antibodies (mAbs), have become a key driver in the
pharmaceutical industry. They are a large growing class of drugs in a continuous developmeprtesedt

an integrated part of treatment of lifereatening conditions including cancer, leukaemia, autoimmune
disorders, inflammatory, cardiovascular, respiratory, and infectious diseases.

Generally, mABbased therapies require high doses in the rahgandreds of milligrams to a gram per dose

to reach the desired therapeutic concentration. As required by FDA, subcutaneous injections of mAbs are
preferred over intravenous administrations from patient compliance. To administer such a high dose range in
a small volume, typically less than 1.5 mL, by the subcutaneous route, mAb formulations need to be prepared
at a concentration greater than 100 mg/mL.

However, a highly concentrated mAb preparation could have adverse effects due to the increased viscosit
which canfavortheformationof aggregateshealterationof biologicalactivity andtheonsetof immunogenic
reactions. To overcome these formulation challenges, proteins can be developed in their crystallized forms.
Crystalline suspensions guarantaghly concentrated formulations with low viscosity, small volume and
increased stability. In fact, it has been demonstrated that highly concentrated crystalline suspensions do not
show the large increase in viscosity observed in solution. In additmmphécules are usually more stable in
crystalform thanin solution,afeaturethatis crucialin the caseof sampleghateasilydegradesuchasprotein
molecules’ Physical and chemical degradation may be significantly reduced for proteins dryshaline

form, thus the physical, chemical and biological integrity of the therapeutic agent in the lattice structure are
protect during processing and storage and dékvery?

Unfortunately,in in thecaseof complexbiomacromoleculesuchmAbs, crystallizationis notatrivial process

and a thorough understanding of protein aggregation behavior in solution and an accurate study of optimal
conditions are necessarin fact, it is important to consider that protein structures are dynamic rather than
staticandtherole of the solventandthe environmentatonditionssuchpH, ionic strengthandtemperaturere

essential since protein conformation and interactions depend orf Trenstate diagram of protesolvent
systemgsanprovideindicationsaboutthephaséehaviourof biomacromoleculeandtheir stabilityin solution,

but the intimate mechanism underlying protein nucleation and crystal growth remains elusive and needs to be

investigated.
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CHAPTER 9

9. ON THE AGGREGATION AND NUCLEATION MECHANISM OF THE
MONOCLONAL ANTIBODY ANTI-CD20 NEAR LIQUID -LIQUID
PHASE SEPARATION (LLPS)

Published as: EPantuso, T.F. Mastropietro, M.L. Briugli@t al. On the Aggregation and Nucleation
Mechanism of the Monoclonal Antibodynti-CD20 Near LiquieLiquid Phase Separation (LLPScientific
Report202Q 10, 8902.https://doi.org/10.1038/s4159820-657766

9.1. SUMMARY
The crystallization of AntCD20, a fulllength monoclonal antibody, has been studied in the

PEG400/Na2S04/Water system near Liguiguid Phase Separation (LLPS) conditions by both sktirap

vapour diffusion and batch methods. In order to understand theCR20 crystallization propensity in the
sdvent system of different compositions, we investigated some measurable parameters, normally used to
assess protein conformational and colloidal stability in solution, with the aim to understand the aggregation
mechanism of this complex biomacromoleculee Wopose that under crystallization conditions a minor
population of specifically aggregated protein molecules are present. While this minor species hardly
contributes to the measured average solution behaviour, it induces and promotes crystal fofimation.
existence of this minor species is the result of the LLPS occurring concomitantly under crystallization

conditions.

9.2. INTRODUCTION
A thorough understanding of protein aggregation behaviour in solution is crucial for the controlled manufacture

and formulgion of therapeutics and for the development of crystallizatised purification strategiésr
biologicaldrugs®“. Unfortunatelywhile the statediagramof proteinsolventsystemsanprovide indications
about the phase behaviour of biomacromolecaled their stability in solution, the intimate mechanism
underlyingprotein nucleationand crystal growth havenot beenfully understoodyet and,in many cases, it
remains elusive. Protein aggregation is directly related to pfptetein interactions and may be strongly
related to protein crystallization behavidurSince different types of intermolecular forces are invoived
proteininteractionssuchaselectrostaticyanderWaalsandhydrophobic, environmentafactors likepH, ionic
strengthandthe presencef additives candrasticallyaltertheintermoleculainteractionprofile of proteins in
solution'®,

Colloidal and conformational stabilities are the two main factors that govern the existence of a protein
aggregate in a solutioh®. Colloidal stability is a delicate balance between repulsive and attractive forces

betweerproteinswhile conformationasttability is relatedo thefreeenergydifferencebetweertwo molecular
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states, folded and partially or totally unfolded. Several investigations have found that the melting temperature
(Tm) andthe osmoticsecondvirial coefficient(B22) canrespectivelyaccountor theproteinconformationaf

and colloidal?? stability. Both Tm and B can be experimentally determined by using correspondingly
Dynamic Light Scattering (DLS) and Static Light Scattering (SLS) methbd&ggregationinduced by

thermal unfolding can be monitored by measuring the average hydrodynamic diameter value as a function of
temperature, while Bdescribes the first deviation from ideal behaviour of dilute colloidal solufibr’s
positiveor negativevalueof B2z accountdor anetrepulsiveor attractiveinteractionbalancerespectivelyand

could therefore be used to predict stable, crystallizing or precipitating protein solution conditions. According
to the experimental crystallization slot of George ants®Vi'®, a protein solution would be: stable iB22 >

TO. 8 4MLmbl@? crystall i'XiBp<g Ti0f. 8mBimo#t BpreciplatingifB.< 1 8. 4

x 10 “mL mol d ? Haas and DrentH postulated a modified crystallizationslota ngi ng f rrtom 1 0. ¢
T 0. 35 *mol mL @ For protein with a molecular size as high as 140 kDa.

TheZ-potentialis anotherindicatorof colloidal stability, which measurethe magnitudeof the electrostati®r
chargerepulsion/attractiobetweerparticles'. It is relatedto thesurfacechargeof themoleculestheadsorbed
layerattheinterfaceandthenatureandcompositiorof thesurroundingenvironmentA largeZ-potentialvalue
(|Z-potentialp>30mV) canbe considereanindicatorof colloidal stability. Recently the useof theinteraction
parametekq hasbeenalsosuggestedsamorehigh-throughpuimeango quantifyproteinproteininteractions

18,19.

In this work, we focus on the relationships between the crystallization propensity e€EB2d in the
NaxSQ/PEG400 solvent system of different compositions and its relation with some measurable parameters
normally used to assess protein conformationdl@iloidal stability in solution, with the aim to understand

the aggregation mechanism of this complex biomacromolecule-CGRfD is a fulllength monoclonal
antibody(mAb) andit is atherapeutigroteinextensivelyusedfor treatmenbf chroniclymphogytic leukaemia
andnoAHodgki néds | ymphoma, which is commercialized wi
the crystallization of this biomolecule has been observed in a PEG48@NAater system near Liquid

Liquid Phase Separation (LLPS) caotimiis by both vapour diffusion and batch methods. LLPS is a very
commonphenomen#or monoclonakntibodies® andis of greatinterestbecausghefactorswhichinducethe
separation of protein solutions into coexisting profmor and proteinich phases are observed to play a
central role in protein interaction and crystallizatfdnFor several protein/PEG or protein/salt systems both
theLLPSandtheaggregatiompropensityof proteinsin solutionhavebeenshownto coincidewith netattractive
interactions between moleculés®®. Monte Carlo simulations performed on systems that undergo phase
separation demonstrated that the interactions between the proteimgéofalié shortange regime and are
strongly anisotropi@®. Over time, the anisotropic interactions may be responsible for the evolution of the
system from the phase separation to reversible aggregation conditions. In this situation, the LLPS has been
spealated to behave as a metastable state towards nucl&fiom fact, the pathway for the formation of
crystalnucleidrasticallychangesiearthe metastabléow density high densityliquid regioncoexistencewith

the free-energybarrierfor crystalnucleationbeingstronglyreducedIn this scenariothe crystalnucleation
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rate increases by many orders of magnitude over that predicted from classical nucleatior®thbosy
generating a fast and diffuse crystallizatibat often results in poajuality crystals.
The results of this investigation allowed us to gain further insights into the mechanism governing th

nucleationcrystallization of a complex system such as the-@mR0 mAb.

9.3. MATERIALS AND METHODS
Anti-CD20 crystallization experiments. ARED20 monoclonal antibody (MW = 144.5 kDa) was kindly

provided by FUJIFILM Diosynth Biotechnologies (Billingham, UK) at high level of purity (>98% HPLC,
>95%SDSPAGE)in 0.025M sodiumcitratebufferatpH 6.5and0.154M sodiumchloridesolution.Sodium

sul phate anhydrous (purity O 99. 99%), PEG400, HEP
chloridehexahydrat¢ O 9 &sdiNaOH(purity O98%),from SigmaAldrich (Italy), wereusedwithoutfurther
purification. MilliQ water was used to prepare all solutions. ABf)20 was thawed fori3 hours in an 8 °C

water bath before buffer exchange with HEPES 0.1 M and concentration by Amicon Ultra centrifugal filter
tube (Ultra4, cutoff 10 kDa, from Merck) at 6,000 g and@ Finally, the protein solution was diluted to the
desired concentration by adding HEPES buffer 0.1 M. NaOH 1 M was used to adjust the pH to the desired
value. The AntiCD20 concentration was determined by measuring protein absorbance at 280 naVby UV
spectrophotometer (extinction coefficient at 280 nm 237,38&M 3.

Protocols suitable for crystallizing ARED20 reproducibly by vapour diffusion and batch methods were
developedn previousworks’®* Precipitansolutionsveremadeby dissolvingsodiumsulphatén theHEPES
buffer solution containing PEG400 at the proper <c
Anotop 10 Filter Unit (Whatman)In sitting-dropvapourdiffusion crystallizationexperimentsgropsmadeof

10¢ Lof precipitantsolutionand10¢ Lof proteinsolutionswereequilibratedn a sealedwvell againstl mL of

a hypertonic solution of MgCI2-6H20 30 wt.% used as reservoir. For the batch crystallization experiments, a
volume of protein solutions having a certamitial concentration was mixed with the required volume of
precipitant solution to obtain a supersaturated solution of known composition (final volume 1 mL). All
crystallization experiments were performed in a vibrafiee refrigerator at 2C.

Analysis of Ant-rCD20 crystals. Crystals obtained from crystallization experiments were observed using an
optical microscope (Eclipse LV 100ND, Nikon Instruments, Italy) equipped with a video camera, separated
from themotherliquor by usingacentrifuge(MiniSpin PlusEppendorimodellVD) andcentrifugetubes(0.22

em pore size) and extensively washed. Washing sol
whose concentration was optimized to avoid crystal solubilisation according to standard pro¥eédsinesl

crystals were dissolved by using 0.01 M THSI, NaCl 0.15 M, pH 8.0 and analysed by UV
spectrophotometry

(Lambda EZ201, Perkin Elmer) to estimate protein concentration.

Circular dichroism (CD) measurements. TheW CD spectra of AntiCD20 undeiinitial conditions, after

buffer exchange with HEPES 0.1 M, and after mixing with the precipitant solution, were recorded between
200and300nmonaChirascarCD spectrometefApplied PhotophysicslJK) at20 °C with a1 nmbandwidth

resolutionand currert time-per-point of 3 s.100¢ Lof mAbs solutionwereaddedin a 0.1 mm pathlength
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guartz cuvette that was placed in the spectrophotometer. Typically, three scans were recorded and baseline
spectra were subtractdtbm each spectrum. Data were processed using Applied Photophysics Chirascan

Viewer.

9.3.2. MELTING POINT AND Z-POTENTIAL ASSESSMENT BY DLS
Thermal stability (melting temperatur@m) of protein solutions was assessed by a Zetasizer Nano ZS

instrument (Malvernequipped with a 4 mW Hé&e laser at 632.8 nm and a detector placed at 173° in
agreement to the proprietary NIBS (Non Invasive Back Scatter) technology.

Samples were placed in quartz cuvettes (1 cm-leatith), heated by a Peltier module and the average
hydrodynamic diameter was measured as a function of temperature from 20 °C to 90 °C (temperature increment
0.5 °C). DLS can monitor the thermal denaturation of proteins, which leads to irreversible loss of their structure
and function as the protein unfol®#8hen the average protein size is observed by DLS versus tempesature,

will observeasignificantincreasen theaverageroteinsizefor temperaturelrgerthanthe aggregation point,

which is generally assumed as the onset of protein melting gaintthe Zpotential evaluations, the
appropriate ratios of protein and buffer solutions were placed in disposable folded capillary cells (DTS 1070,
Malvern), and then inserted into the Zetasizer instrument. Thetehtial was measured by laser Doppler
micro-electrophoresis. Briefly, an electric field was applied to the protein solution and consegaehtly
molecule moved with a velocity related to its Z-potential. The velocity was measuredusing a laser
interferometric technique (MBhase analysis lightcattering), which allowed the calculation of the

electrophoretic mobility, and from this, the averageafential and Zotentialdistribution.

9.3.3. LIGHT SCATTERING MEASUREMENTS
Static and dynamic light scattering measurements were performed on polgiion samples with a

concentration between 0.1 and 5.0 mg mLiT 1 in diff

The AnttCD20 concentration in these solutions was checked by measurement of the absorbance at 280 nm.

Al | the soluti ons wterr(Anotdp iLd, Whatman)l befor@a measur@megt.ZT heesamplési

wereplacedin quartzultra-low volumecuvetteZEN 2112,optical path3 mm, Malvern)to measurevith the

ZetasizeNanoZS instrumentiMalvern)in staticmodefor thesecondvirial coefficientB22 or dynamicmode

for the protein diffusion coefficier@m. The light intensity and its time autocorrelation function were measured

at 173° scattering angle. All measurements were performed at 20 °C after 2 min of equilibration using

automatic timesettings.

The Debye plots were generated by using Debyeds |
‘:—Z = Aj—w +2B,,C )

whereRyis the excess Rayleigh ratio of the protein in a solution with a protein concen@atraMW is the

average molecular weight of the protdfnis the optical constant and is defined as:
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wheren is the solvent refractey index, d/dc is the refractive index incremergis the wavelength of the
incident light,t andNA i s Avogadrods number B2Zhlemlsemohdgv2y)yiwah
from the slope of the linear Debye plotkl€/Rd v er sus protCein concentration
The static light scattering results 22 were accepted if the following criteria were satisfied:

1. Signal to noise ratio >130%, where noise is solkeatints;

2. Increasing trend for signal kcounts vs. protmncentration
Theinteractionparameteks [mML mg } andtheself-diffusion coefficientDs[m?s } weredeterminedy using
linear fitting of the protein diffusion coefficienDm, determined from the dynamic light scattering

measurements, plotted against the protein concent@fiory mL' 1, using the following Eq. %:
Dm=Dg (1 + de) (3)

The determined interaction parametgcan be interpreted as the difference between a thermodynamic term

related to the producBMwand a hydrodyna)mic term (3
ka= 2B22MwT  31(+ Q) (4)

wheresy is obtained from the virial expansion of the concentratiependent frictional coefficient ards the

solvent viscosity. Solutions that showed turbidity, indicating peaparation and crystallization/precipitation,

were not used for measurements.

9.3.4. PROTEIN PARTITIONING MEASUREMENTS
Anti-CD20repartitionbetweeraqueousindPEGphasehasbeenestimatedy themethoddescribedy Kress

et al %2 A solution (5 mL)containing NaSQ: 1.1 M (13.54 wt.%) and PEG400 10.46% V/V (10.22 wt.%) in
HEPES 0.1 M at pH 7. 4,-CDRasolutiandl@.2mdg mbfin thensanZe ffer.cAfter An t i
vigorous stirring for 5 minutes by vortex, the mixture has been left tovestight. The concentration of the

protein in the two separated phases visually detected and in presence of excess of precipitated protein, was
then assessed by UV spectrophotometry ana80

Solution composition near the crystallization point: 20 mg #nti-CD20, 9.6% V/V PEG400, 0.86 M

NaSQ: in 0.1 M HEPES buffer at pH 7.4.
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Figure 1. Optical microscopemageof (a) crystalline Anti-CD20 monoclonalantibodyobtainedby sitting-drop vapour

diffusionmethodand(b) Liquid- Liquid PhaseSeparatioroccurringjust prior to crystallization.

9.4RESULTS AND DISCUSSION
9.4.1 ANTI-CD20 CRYSTALLIZATION AND CRYSTALS ANALYSIS
Anti-CD20 needldike crystals (Fig. 1a) appear by sittidgop vapour diffusion crystallization experiments

using a 1:1 volume ratio mixture of a 20 mg 'Mhrotein solution in HEPES buffer 0.1 M at pH 7.4 and a
precipitant solution containing PEG400 9.6% V/V (9.4 wt.%) ang5le0.86 M (10.6 wt.%) in the sanhiffer.
Therefore, the initial composition of theogh in the vapour diffusion tests corresponds to 10 mig¥riti-CD20,
4.8%V/IV PEG4000.43M N&SQ,in 0.1M HEPESata pH of 7.4andis shownby thediamondsymbol in Fig.

2. The crystals appear when the volume of the drop is nearly halved with respect to its initial volume.
Accordingly, the final concentration of the components in the crystallizing drops is almost doubled that compared
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to the initial composibns and it is indicated by the pentagon symbol of Eig.

Batch experiments in similar solution composition as that for crystallizing drdips vapour diffusion tests (the
term Asimilaro is used since t hdizatoxmiatunder equilb@ton t i o
with thereservoirsolutionit is notknown),give alsoriseto crystals. Thereforethebatchworking point coincides

with the final conditions of the vapour diffusion tests. Since the batch composition does nwitlvdityme, due

to the absence of solvent evaporation, it is evident that the solution is supersaturated immediately upon mixing
the protein and precipitant solutions, which results in a shorter crystallization tiii8 (iRthan that observed

with the siting drop set up (388 h). The UWis and DLS measurements of wasldidissolvedcrystals
confirmedtheir proteinnature All theanalysedsampleshowedanintenseband centred at 280 nm, typical of
proteins absorption. The size distribution analysisnbensities show a single peak near 12 nm, size expected
for Anti-CD20 protein molecule¥, and a polidispersity <20%, indicating a high monodispersity. Litjigdid

Phase Separation (LLPS) is observed nearly simultaneously with, or just prior talscayppearance (Fig. 1b)

both in the vapour diffusion and batch crystallizatitais.

In accordance with other mAbs crystallization studies reported in litefafth& also here it appears that the

LLPS is a key step in AntCD20 crystallization.

Crystallization trials, aiming to investigate the effect of precipitant solution composition on crystal quality
havebeenalsoperformedoy changinghe startingamountof PEG400and/orNaSQu. As expectedtheshape,
sizeanddensityof crystalg(numberof crystalsperunity of volume)arefoundto dependnbuffercomposition,

initial protein concentration and crystallization method (sitting drdyatah).
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Figure 2. Experimental state diagram for the system PEG4028@a/H20 at 293.15 K. Squares: experimental liguid

liquid equilibrium data from reft2; solid line: asymptotic fitting to titines data from ref*2; circles: batch crystallization
conditions reported in Table 1; diamond: starting solution composition in vdjffusion tests; pentagon: ending solution
composition in vapour diffusion tests; triangles: measurements poinB2#pdotted line: shifted binodal curve in the

presence of AMCD20 protein. Solution composition is expressed as weight fraction (wt.).
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Table 1. Mixed solution compositions, crystallization behaviour and crystal appearance in the batch crystallization

Na S0, [M]

Crystallization behaviour

Size
lum]

Shape

Opalescent solution,
Instantanecus
Precipitation

=1 gel beads

Precipitation/
crystallization in
12-24 hours

spherulite

Crystallization in
1836 howrs

needle

Crystallization in
2448 hours

] needle

Crystallization in
2448 hours

M needle

Clear and stable solution

Clear and stable solution

experiments using an ArRED20 concentration 20 mg rhL19.6% V/V PEG400 and 100 mM HEPES buffer at a pH of

7.4.

All theseparameterfavealsoshownto impactonthetime requiredto observecrystallization.Table1l shows

the effect of the salt concentration on the crystal appearance for the batch experiments. Needles with a size of

near |

t han

y

24

20

hour s

and

crystals

€ m a r abtaihed fer starting spletoris with ©.§% \NARES&400 and @70 M
NaSQu. A further increase in N&Q, concentration produces a faster and massive protein nucleation in less

o -fike mampholody appeas Foraedad < 1 0

concentratiorof 0.9M or larger,uponmixing the solutionimmediatelyturnsopalescentiueto a macroscopic

LLPSin thesolution,followed by arapidproteinprecipitationasgelbeadsOntheoppositeside,for thelowest

amount of salt (N\8Q:O 0. 6 5

M), the

s anonihs. i

ons

rema i

n

cl ear

Figure 2 shows the experimental state diagram for the system PEGBOIRBO at 20 °C indicating the

loci of the points related to solution compositions used for batch crystaltizmsts (circles) of Table 1,

together with the starting (diamond) and ending (pentagon) solution compositions in vapour diffusion tests.

The figure also displays the experimental ligligiid equilibrium data and the asymptotic fitting to-lilmes

data reported in ref. 36.

Buffer T Q) Z-potential [mV] | Z,,, [nm] PDI

HEPES® £8.5+05 22407 113 0.1 0.10-£ 0.03
Sodium Citrate® 68505 11+0.2 12202 0.04£ 0.03
TRIS® 69.0£05 70%10 12.63+0.03 0.12+0.01
?fﬁi\'j.i}f:""‘“""] IEPES £9.0+0.5 0.19+0.04 13.6402 )15+ 0.03
TRIS/HEPES (1:1 Val) 69.0£05 23210 12.13£ 0.03 0.06+0.01

Table 2. Results for melting point (Tm), -Botential, intensity weighted mean hydrodynamic size (Zavg), and

polydispersion index (PDI) from formulation buffers screening (820 concentration 20 mg rhLa HEPES buffer
0.1 M, pH7.4; b Sodium Citrate buffer 0.
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Figure 3. The second virial coefficient® as a function of PEG400 volume concentratioP$ at a constant amount

0f 0.48 M N@SQ4 in HEPES)D.1 M buffer at pH 7.4. The crystallization slot accogrlio ref. 15 is shown in light grey.
The solid line is a guide for the eyes.

9.4.2 SLS/DLS ANALYSIS
Theproteinstabilityin severaformulationbuffersbutwithout precipitatingagent{PEGand/orNaSQs), was

assesseldy DLS, resultingin valuesfor themeltingpointandZ-potential.As reportedn Table2, all samples

are characterized by similar values of melting poiapaZential, intensity weighted mean hydrodynamic size
Zaygandpolydispersionndex(PDI). All proteinsampleshowlow positivevaluesof theZ-potentialindicating
areducectolloidal stabilityin thevariousbuffer solutions .Neverthelesgjueto aPDI closeto 0.1, all samples
canbeconsiderednonodisperseNo significantvariationswereobservedn the sampleaggregatiorstateover

time in the range 124 h. Accordingly, further SLS/DLS studies were performed by using HEPES as
formulation buffer since it was used in previously published crystallization protétogo study the
aggregatiompropensityon Anti-CD20in HEPESbufferandin variousPEG400/Na&SQy solutioncompositions,

SLS and DLS measurements were performed on freshly prepared samples allowing to determine the second
virial coefficientBx,and the interaction parameter respectively. The value ®fC/Rywas determined as a
functionof proteinconcentrationtangingfrom 0.1t0 5.0mgmL’ 1 by SLS.Resultsvereusedto evidencehe
combined effect of PEG400 and 488, on Anti-CD20 colloidal stability and to compare these results with
effective crystallizatiomutcomes.

It is well known that the addition of salts can cause an electrostatic double layer around the protein surface
charges, which involves a shielding and the reduction of repulsive interactions among macromolecules.
Furthermorethe saltsionscompee with the proteinfor watermoleculesanddehydratehe protein(saltingout

effect®’), thus inducing aggregation by mainly electrostatic and hydrophobic interactions. On the other side,
polymers such as PEG bring the protein molecules together due to preferential inteeutiossotic
potential®®. Accordingly, the addition of PEG400 blaSQ:to Anti-CD20 solutions is expected to increase

the aggregation aptitude of the protein and facilitate crystallization, as experimentally observed, e.g., in batch

crystallizationtestsof Table 1. However,asdisplayedin Figs. 3 and4, for increashg amountsof PEG or
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NaSQ: when both components are present in solution, Biemoves towards larger positive values,
theoretically indicative of an increase in repulsive interactions. Furthermore, effectiveCefi
crystallization onditions seems to lay outside the crystallization slot defined by George and Wilson

Both Figs. 3 and 4 show that the combined effect of PEG400 at®0Naas a noteworthy consequence on
the Bx2value. For instance, for the solution containing 0.48 843, in absence of PEG,B.v al ue o f

x 10 “mL mol d 3s obtained (Fig. 3) that is slightly below the crystallization slot. However, when adding
PEG400 to the solution while keeping salt concentration consBantsteeply increases through the
crystallization window towards positive values already at 3% V/V of PEG.
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Figure 4. The second virial coefficient ® as a function of N26Q4 molar concentration (§a2S04 for constant
PEG400 volume concentratiorPkG= 4.8% V/V in HEPES 0.1 M, pH 7.4 hE solid square symbol indicateg Bfor
a PEG400 concentration of 9.6% V/V without NaCl. The crystallizagionaccording to refLis shown in light grey.

The solid line is a guide for the eyes.

Figure 5. pH dependencef B22 for Anti-CD20solutionswith 4.8%V/V PEG4000.43M Na2S(Q4, andHEPESO.1 M.

Thecrystallizationslotaccordingto ref. 15is shownin light grey. The solid line is a guidefor theeyes.
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