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EXECUTIVE SUMMARY

Nano3Bio has been a huge challenge, exciting research, and a rewarding experience! We had a large internationaliplihiyteatisorti-

um of academic and industrial partners to cover all aaleaspects of the subject, to allow us to successfully and efficiently address the different
aspects associated with it. We aimed to dtgvdiotechnological production techniques for chitosan polymers and oligomers which are better
defined and moreclosey r esembl i ng natur al c hi t o s adoced frorh reatural thitidd usigg®&isemicabnmeans. n t i
Chitosans are one of the most promising classes of functional biopolymers, with many different possible applicationgoSumecatpro-

tect plants from disease and some chitosans can promote growth and fruit development in plants; some chitosans can wugp oot veal
without scar formation and someitdsans can be used to deliver drugs to their target tissues; some chitosare assed for waste water
purification or drinking water clarification, and some chitosans can be used as food conservatives or stabilisers is. dagtagtichitosans

are produced from the enormously widespread biopolymer chitin which is mainly soanseshfimp and crab wastes of the fishery industries.
However, the chemical conversion of chitin to chitosan leads to random mixtures of chitosans whose properties andiésat®dé#ficult to
predict and even more difficult to reproduce. Thislbag hindered the development ofitokanbased products and applications. Research of
the past twenty years, in which some of the Nano3Bio partners were centrally involved, has shed light on theistaiioreelationships of
chitosans so that todayhe chemical conversion process can be steered in a reproducible way to yield ratdeeviel ned ~second
chitosans with known functionalities. These are currently becoming available omkéies mizindustrially relevant volumes, and prosibeised

on them are increasingly appearing in differentmadkets, such as in agriculture. These products are fully biocompatible argradable,

they are nortoxic, nonallergenic, environmesafe and consumefriendly. They are, thus, ideally sditte® meet the needs of the ongoing
convesion from a petrebased to a bidased industry in an interest of sustaining the basis of life on Earth, and to satisfy the demands of in-
creasingly critical, healtriented cstomers.

However, even these secondngeation chitosans are probably not truly representative of natural chitosans which are produced by some fun
from the chitin in their cell walls using enzymes called chitin deacetylases. In contrast to chemical methods, enzyeatidéekpected to
yield much more closely definedittisans, and we had predicted based on preliminary evidence that these natural or biotechnologically prc
duced chitosans would differ from their chemically producedtequarts. In a small previous project, the core N&woPartners had already
provided proobf-principle that a biotechnological production of different, fully defined chitosan oligomers is possible. To this eatichiicteri
synthase encoding genes were transferred to the bacterium E. coli, tllardtarorking horse for biotechnology and genetic engineering. This
allowed E. coli to produce chitin oligomers, and adding genes for different chitin deacetylasésdctress into different chitosan oligomers.
The Nano3Bio project now convened a congartifiexperts from Academia and Industry to try and extend tkesséis with the goal to

0 identify anccharacterisehitin synthase and chitin deacetylase genes and enzymes from different organisms;
biotechnologically produce a broader diversity of @dfined chitosan oligomers;
improve the yield and purity of the biotechnologically produced chitosan oligomers;
biotechnologically produce novel chitosan polymers differing from conventional, chemically proithsztsch
improve analytical techniquesitwestigate the structures of the novel chitosan oligomers and polymers;
determine biological activities of the novel chitosans in comparison with conventional chitosans;
i develop nandormulations of the novel chitosans in comparison with conventionaiahétosans.

[ enti et ant i et i et

All of these goals were achieved:

We produced the first chitin polymers in vitro using a recombinant chitin synthase.

We produced all fourteen possible chitosan tetramers using a range of recombinant chitin deacetylases.

We improved the effimncy of biotechnological production of chitosan oligomers by a factor of 20.

We engineered transglycosylating chitinases and converted them inteyaithiases, yielding chitin polymers.

We provided the first experimental evidence that different raceilated chitosan tetramers have different bioactivities.
We identified the first nefungal natural chitosan in green algae, offering a source for the first plant chitosan.

We developed enzymatic/mass spectrometric fingerprinting for chitosan analypietedanted molecular detail.

We found that greealgal chitosan differs from all known conventional chitosans in itstfingture.

We showed that greealgal chitosans are at least as good as conventional chitosans in different bioactivities.

We developd an enzymatic process to produce chitosan polymers which resemble natural chitosans more closely than conventional c
tosans.

i We developed chitosdrased nandormulations for improved drug delivery and-liimeralised bone implants.

coocoaocacoc

Moreover, we praded

i the first comprehensive life cycle assessments for chitosans, also showing that the biotechnological production caonatretadyith
and in some aspects beat the conventional production in terms of sustainability;
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U an exhaustive report on the Egspects of production and registration of products based on bimtiegically produced chitosangs a
case study for other functional biopolymers that will be essential players in the conversion to a sustainable, eaouranijo

We are convinege t hat the Nano3Bio project, t hus, has made moraiohéanch
tosans. These will be chitosans that are even better defined than the current second generation of chitosans, thegravikeiia tieeir size
distribution and they will have different, vedfined sequences of acetylated and-aoptylated monomeric unitsunlike the current conven-

tional chitosans in which due to their chemical means of production, the acetylated @uetytaed monomers are randomly distributed. They

will be of noranimal origin and, thus, will be suited for séme markets such as cosmetics and biomedicine. Some of the novel biotech chi-
tosans can already be produced at pilot scale and, hence, al@bbfair benchmarking and integration into existing processes and products.
Alkin-all, we can certainly state with pride and without exaggeration that the Nano3Bio project hasde=sfuseven beyond high initial ex-
pectations both on the scientific anchahe economic level.
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1. SUMMARY DESCRIPTION OF THE PROJECT CONTEXT AND OBJECTIVES

The Challenge:

Chitosans are an amazing family of highly promi&ingtional biopolymersith superb physiceghemical properties and a host of interesting
biological actities. Chitosans are functional biopolymers combining superior material properties with excellent biocompatibility eeddnighly
tile biolajical activities with promising advanced applications e.g. in biomedicine and agriculture, but also in casrdesiientes and many
other lifescience related market fieldSo-calledfirst generationchitosanscan be produced by a chemical process from natural chitin, one of
the most abundant renewable resources on eattérjived from the exoskeletons of shrintpy a b, crawfish and other
partial deN-acetylation in a relatively simple way. These rather harshicilgmnocedures require high energy input and employ e.g. concentrat-
ed acid and alkali solutions, leading to large volumes of fflakres which in turn require sophisticated and expensive wester treatment,

and they yield mixtures of chitosans which differ in composition from batch to batch unless strict measures of qudligreantooyed.
These industrial grade producteeasufficient for many applications where the material ptegeof chitosans are relevant rather than their
biological activities (e.g. wastewater treatment, textile finishes). However, thegutedIfor more demandingpplications which are basexh

the biological functionalities of chitosans, such as in agriculture or medicine.

Currently, chitosans armgpplied in various fieldsThe global chitosan market is classified according to applications such as water treatment,
biomedicine & phanaceuticalindustrial, food & beverages, cosmetics, agrochemical, and others (including fuel cells, photographic products
etc.). Chitosans are marketed undarious product gradesuch as industrial, pharmaceutical, and food & beverage depending upon product
purity and according talifferent enduser demands Shrimpis globally used as thprimary sourcefor chitosan production (80% of the total
chitosan market volume in 2015), followed by crab. Apart from crustacean shell waste, chitosan can also be produextaifromgi How-

ever, low amount of chitin in the cell walls of fungi and the absence of an optimal procedure for extraction of clatimuereial scale make it

a less used source for obtaining chitosAgcording to the Zion Market Research repo@hi t osan Mar ket for Water
Pharmaceutics, Industrial, Food & Beverages, Cosmetics, Agrochemical and Other Appli@tdtmaisindustry Perspective, Comprehensive
Analysis, and Forecast, 2042 0 2 1 °globaltchitesan marketas valued at over USD 1.84 billion in 2015 amXected to reach USD 4.74
billion in 2021, growing at a CAGR of slightly above 17.1% between 2016 and 2p2ft from convesion to glucosamine by acid hydrolysis,

the use as dlocculating agentto treat wastewater is the largest application of chitosan coveringhodeof the global market. The major
reason for the growth in the global chitosan market is the rise in defoamqtoducts used for the treatment of contaminated water. Rapid
industrialization in the BRIC nations accompanied with a growing urban population has propelled the clean water denttzadjlabessd

will further complement the chitosan industry ghlav@hitosan is a coagulant for organic and inorganic compounds present in water and is also
used as chelating agent to bind toxic heavy metals that are present in industrial wastewater. Chitosan as a renewabtemeseustfective

and costs less thanonventional flocculants in water treatment and will therefore lead the chitosan market in future as well, at leastfin terms
mass volume. In terms of mass, théomedical and pharmaceutical markeégments are much smaller. However, as mentioned abewe,
different qualities of chitosans are required for these different market sectors, with very different price tags alsosgitei®f low volumes,

these market sectors are highly interesting. The demand for chitosans in this biomedicine andeuit@ahsector is also expected to increase.
The chitosan market for biomedicine and pharmaceutical applications is projected to grow at an annual rate of moreubag2Q1B2024.
Chitosans are used in manufacturing pharmaceuticals, as filler aigd frarcontrolled release drugs and as coating on pharmaceutical products
(https:/iwww.gminsights.com/industapalysis/chitosamarket, 2017). Chitosan based hydrogels amdind healing bandagebave found a
market in the field of medicirie the form & nonwovens, nanofibers, composites, films, and spongé®mostatichandages in particular are
widespread. Similar products are temporary surgical dressings, stuffable dressings and gauze dressingsvdtunthéressingsare used for
protective treatma of partial and full thickness dermal ulcers, leg ulcers, superficial wounds, abrasions, burns, as well as donorasites. Tod
these applications focus in particular on fiteysical propertiesof chitosans. Theongoing R&D activitiesare directed towardshe various
biological activities and novel applicationsf chitosans by developing new, safer, more environiframtdly production technologies. This will
lead to a considerable, positive influence on the market growth in this field. The result®Naht38io project will contribute to this positive
development.

Increasing applications of chitosansaggicultural biologics by helping beneficial microorganisms in soil to thrive and inhibiting the growth of
harmful microorganisms, as environmetitandly bio-fungicides and biepesticides, and apreservative coatingsare expected to have a
positive impact on the market growth as well. The agrochemical segment is likely to refastetstegrowthamong all the applicationsegment.

At present, it holdaround 5% of the demamnygnerated for chitosan globally
(https://www.transparencymarketresearch.com/pressrelease/chit@séint.ntm 2015). The results of theako3Bio project will have a positive
impact on the future development of this market segment, too.

The demand for chitosans is also considerable irfdbd and beverage industrgs it is used as a food stabilizer, preservative, and a crucial
coagulatioragent. In addition to this, chitosans are also used as a dietary supplement due to the alleged ability to reduce btupugkight

the fat binding mechanism. Moreover, chitosan has been approved for its application as a dietary supplement in seaxiesal coun
(https://www.gminsights.com/industmalysis/chitosamarket 2016.) Chitosans are also commercially used in the productionsofetics
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e.g. as a substitute for hyalurormcid in antaging cosmetics. Furthermore, apart from skin care products, they are also used to manufacture
hair care products. They possess the ability to form an elastic film on hair, thereby imparting softness and phystcab $teenfiberin addi-

tion, chitosans are used dental careproducts such as toothpaste and mouthwashes. The increased usage of chitosans in the manufacturing ¢
cosmetics and rising demands of different cosmetic products in developed and developing nations are mgjéaators for the global
chitosan marketdowever,there is also a sizeable rise in the number of consumers optimgpfeanimal based, biederivedproducts. This will

have a negative impact on the market growth, becaukee pr i mar y s oiwsar goductiorn is drustaceaps®kell wakiBsis

affects not only applications in the cosmetics industry, but also in the biomedical, pharmaceutical and in the food agyed itwstry.
Nano3Bio will contribute to the solution of this problem.

Geograpically, the global chitosan market was dominated by the Asia Pacific region which accounted for over 55% shares of the dglobal mal
in 2015. Asia Pacific is followed by North America and Europe. Japan and China are the major producers of chito&siasRadtiie region.
However, thalemand for chitosaims the highest in North America and developed economies of Europe and Jdyeato large demands for
high-quality grades of chitosan for cosmetics, biomedical and pharmaceutical applicattdoweverenvironmental concerns associated with

the commercial manufacturing of chitosan and high production costs are expected to curtail the growth of this indusitpsdimenarket

price trend, due to high cost of manufacturing from raw materials, is adstsaint. The chemical manufacturing technique has been
continuously improved, but remains conceptionally unchanged from the time it was first introduced. Moreover, the coshgof trea
environmentalipazardous waste produced during the manufacturingepsois substantial. In addition, the industry facempetition from

animal feed manufacturer&/ho source the same raw materiglsttp://www.reportsnreportsom/reports/404544lobalchitosanmarket2015
2019.htm| 2015).

Themarketfor chitosan is vergompetitivedue to the presence of several small and large scale players in the industry. The industry is highly
integrated and most of the manufacturerscarce chitosans as well as the end products. However, certain food supplement makers, cosmetics
and biomedical product makers, pharmaceutical companies, cosmetic manufacturing companies, and natural diet supplertemningranufa
companies procure chitosaff®m manufacturers and use them as an ingredient to manufacture the end products.

The chitosan markets have been impacted in recent years by a lack of quality, purity, reproduceability, tradeiahilisyessential primarily in

the pharmaceutical andedical industry and by high production costs, production shortages as well as heavy pollution during the production
process. All of these issues can be addressette are being addressed successfully by a few responsible large and small scale chitosan
producers who use highly sophisticated techniques optimised in terms of product quality and environmental impact andoehmgendigh

quality management standards, but most production processes globally are still rather crude and often malssinglytiped tarnishing the
reputation of the whole industry.

Moreover, initial oveoptimistic promises reported in the scientific literature could not be &epécially with regard t@sults on bioactivities.

They did not lead to the promised develepinof highly sophisticated applications because the results were not reliably reproducible. Chitosan:
differ in their structures and fations. Some special chitosans can protect plants from specific diseases, some can be used for targeted dru
delivery,some can protect food from spoilage, and some can support wound h&dineg. main factors, the degree of polymerisation (DP), the
degree of acetylation (DA), and the pattern of acetylation (PA) of chitosan oligomers and polymers have been shovor EDBg&st¢d (PA)

to determine their physiechemical properties as well as their biological activilie® decades of fundamental research on struefumetion
relationships have led to the development of a limited collection of high quitdisaieh vhich are welllefined in terms of DP and DA and which
have reliably random PA, with known physitemical properties and reproducible biological fumalittes. Todaythese secondgeneration
chitosansare ready for the marketbecoming available in dicient quarities for the development of successful products which begin to appear
on the marketsJust recently, the European Commission registered chitosan hyatracltd e as a -basi ¢ substance®
agricultural products withotihe need for lengthy and costly toxicity studies and registration processes. Hotvevgotential for life sence
applications of chitosans far from being fully exploitedEven the highest quality, bestaracterised chitosarfsswhether generated chacally

or chemoeenzymatically are mixtures of polymers differing greatly in their DP and DA, and in the case of enzymatic deacetylation or depolyme
isation for the production of chitosan oligomers, also PA. This inherent heterogeneity, which isrk balinpolymers, is a very significant
hurdle to the development of marketable chitelsased products for highly sophisticated applications, not least due to regulatory rules which
are defined based on the properties of sytithehemicalsThe lack ofeliability and reproducibility of chitosans is due foralamental lack in
understanding molecular structure/function relat&hips and cellular modes of actions partially acetylated chitosans. Only if it were known
which chitosan exactly is exhibgiwhich specific biological adtiy we would be able to successfully exploit the full, fascinating potential of this
family of biopolymers. Progress towards such a detailed understandingéstiyuongoing, and the Nano3Bio project has again sigtigican
contributed to it. Another problenmaduntered with some life science applications of chitosans iartimeal originof almost all commercially
available chitosans todags in the eyes of some customers of e.g.-bi@metics, this animal origin appedo be associated with assumed
problems of allergenic or viral contaatians. This is an issue that is very difficult to address scientifically as it based on false assuntpdons
rigorous chemical processes involved in chitin extraction and convesichitosan safely remove all possible contaminations of allergenic
proteins or viruses, as has been experimentally proven many times. Still, the fear is there, both with customers atglofitidpatry also, in

the latter case sometimes based orop@xperiences made in the past witkdéfined first generation chitosans or chitosans procured even
today from producers lacking rigorous quality control measures in their production processes. For sensitive marketsisucisrastios

which are govered by emotions rather than by scientific evidence, biotechnologically produced Nano3Bio chitosans may also offer a solution.
However, Nano3Bio goes beyond emotions: biotechnologically produced chitosans which are more closely resembling satgahahito
which differ signi€antly from conventional, chemically produced chitosans, with their novel structural properties and biological fusictionalitie
will open up new markets for ittisans, complementing and not competing with high quality conventidtosans.
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Addressing the challenge

The EU funded Nano3Bio project, therefore, aimed to desitechnologicalway®y usi ng nat ur weldefinednatlra thitdo pr
generation chitosans of animal and namimal origin,which differ from theiconventional, chemically produced counterparts by hdeéttgr
defined and different structureandmore reliable functionsThey promise to allow the development of novel, sustainable, envirefrirardly

and customesafe solutions e.g. in plant diase protection, food preservation, targeted drug delivery for instance for tumor therapy, and im-
proved wound healing even of large, third degree burns and chronic wounds.

A strong consortium of 22 appropriately experienced and highly motivated parbmerachdemia and industtgamed upfor the Nano3Bio
project.Together, these partners possessed a J@gad spectrum of expertise and experienitethe development and use of statkthe-art
methodology in glyecbiolbgy and chemistry, perfectly complemtiag each other and allowing the direct transfer of results from lab to pilot plant
scale. Our consortium consisted of tivdole product chairfrom theraw materials producerso the developers, suppliers, and users of the
chitosans and further to the alysis and evaétion of thedeveloped productsFurthermore, the project included a thorough investigation of
the legal requirements for their registration, in order to identify constraints and bottlenecks impeding market engybafpblysnebased
biomaterials and biactives. In parallel, comprehensive life cycle assessments of the novel biotechilplpgidaiced chitosans were per-
formed in comparison to conventional chitosans available on the market today, to ensure compliance with thgentisesl afithe transition

to a bieeconomy, namely reduced energy input, reduced environmental burden, and concomitantly improved product qoetigpsaut i
consumer safety.

The Nano3Bio project pursuado different, parallel approaches towards theobechnological production of novel, natural, custemade
chitosans Bot h approaches made use of nature®s own t oo leszymhatcrcontehe b
sion of chitin into citosans using chitin deacetylaseshd raw material used in this process weagural chitinisolated from shrimp and crab

shell wastes of the fishery industriethe same that is used today for the chemical conversion into chitosan. Chitin deacetylases can be found i
a range of fungi, whitcare rare natural producers of chitosan, as well as in some bactautawe now also discovered them in some viruses
and microalgae, which we found to also be natural producerstosahs. Also, we used chitinases and chitosanases to convert chiiolyan

mers into chitosan oligomers, adding structural and functional specificity in the process. Interestingly, we found tifahesmenzymes can

also be used in reverse when applying appropriate conditions in vitro, allowing synthesis rather HukatiolegHowever, we had to realise that
these enzymes often do not perform well in biotechnological processes so that wedpdidhise them through bioinformatidsased protein
engineering Genes for chitin synthases, chitin deacetylases, and transglstiog chitinases were mined from different sources and heterolo-
gously expressed, and the recombinant enzymes were characterized and optimized by protein engineering through ratiorhhugsigrar
evolution, e.g. targeting engineered glycosynthadéthe end of the Nano3Bio project, we have achieved the first production of biotdehnolog
cally produced, natural chitosans tteucture of which differs significantly from all known conventional chitosamsl the biological function-
alities of which e currently invetigated.

Thesecond approaclior the biotechnological production of chitosans went one step further bypes@ncing the chitin in an enzymatic pro-

cess Nat ur e®s e n zohitmesythases are widespread &.¢. & fungidamsects, but we again also found them in some viruses,
bacteria, and microalgae. These are mostly large, complex enzymes naturally embedded in cell membranes and onceyisxhikit ethe
tremely poor performance. Therefore, we used these enzymtgimnatural environment, i.e. in living cells. Combining different, natural or
optimised chitin synthases and chitin deacetylases irefi@ctveachieved the production of a range of fully defined, small chitosan oligomers
Sophisticated metabolic engaring of the production strains led to high purities and yields of the target chitosans. Upscaling of fermentatiol
and downstream processing led to the productiorsafficient amountf thesenovel chitosanswhich are now being studied for their bgito

cal activities.

The bioinspired chitosans obtained from both of these approaches were analysed and formulatethinerdlised hydrogels, nanopatrticles,
nanoscaffolds, etc., to impart novel properties, including by surfaceimg@niating, electrespinning and-spraying as well as 3plotting, and

were benchmarked against their conventional coupéets in a variety of cell based assays and routine industrial tests for e.g. cosmetics and
pharma markets.

The eight key objectives

The Nano3Bio pmegt was subdivided into eight closely cooperating work packatyésh arereflecting its key objectives

Work package as devoted to identifying and characterizing suitable genes and enzymes for the biotechnological synthesis and mibdificatiol
chitinand chitosan oligeand polymers from a broad range of sources to harvest the potential of natural biodiversity.

Work package 2vas devoted to using the enzymes identified and characterized in WP1 for the in vitro production of defined chitosan oligom
and polymers in a biorefinery approach.

Work package 3vas devoted to using the genes identified and characterized in WP1 for the in vivo production of defined chitosan ntigomers &
polymers in a cell factory approach.

Work package 4vas devoted tdhe structural and biological analysis of biotechnologically produced chitosans delivered by WP2 and WP3,
comparison to the best conventional chitosans available on the markets today, and to a wide range of speciality chitosahat pabcsaale.
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Work package %vas devoted to the evaluation of the application potential of the novel, biotechnologically produced chitosans del®2red by W
and WP3, as compared to that of the best conventional chitosans available on the markets today, and to gewitdspexciality chitosans
produced at lab scale in WP4. As the biotech chitosans were not yet available during the first half of the projedly devilitiped new
nanoformulations of wellefined caventional chitosans, to set the benchmarks forltiséech chitosans.

Work package &vas devoted firstly to the first ever comprehensive Life Cycle Assessment of chitosan production,including all perforent data
different conventional and biotech chitin and chitosan polymer and oligomer produd¢tieaypaSecondly, this WP provided a comprehensive
overview of legal@nands and constraints for the biotechnological production and use of functional biopolymers sitdsassdhn a range of
pertinent markets.

Work package Tvas devoted to the admétiative, legal, and financial management of the large project, which comprised 24 partners from 21
European and 1 Indian institutions.

Work package 8vas devoted to dissemination and exploitation of the goals, strategies, and results of the Nang8Bio pro
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2. DESCRIPTION OF THE MAIN S&T RESULTS/FOREGROUNDS

2.1 WORK PACKAGE 1 - GENES AND ENZYMES

Objectives

The main objective of WP1 was to identify, clone, heterologously express, characterise, and optimise genes and eneghieshevalsyn-

thesis and modification of chitin and chitosan, to be exploited in WP2 and 3 for the production of chitin/chitosan wiblefiniely tuned
structural properties. The target genes were (1) novel soluble chitin synthases (CS) yielding chitin oligdifierendf defined degrees of
polymerization (DP); (2) novel transmembrane CS with different rates of processivity yielding chitin polymers of djfi@&enowP chitin
deacetylases (CDA) with unique deacetylation specificity yielding chitosarerdigatim different, defined degrees of acetylation (DA) and pat-
terns of acetylation (PA); (4) novel CDA with different rates of processivity yielding chitosan polymers with differersspi&knovel chi-

tosan hydrolases cleaving chitosans at narralefined, specific sequences; and (6) novel chitosan hydrolases with strong transglycosylating
activities. WP1 relied on a multidisciplinary approach in which fundamental research was combined withphreedeséloew technologies to
serve the translatil activities of the project and the development of concrete chitin/chitasad products with potential and, where possible,
shortterm commercial applications in a whole range of sectors.

Outcomes

This WP successfully delivered its planned outcomitts in the first instance, the discovery of new chitin/chitosan active enzymes through the
mining of public and ihouse gene databases at an unprecedented scale. The work included the useafthtaséet gene mining approaches

to screen fungal, oonagete, diatom, microalgal, viral and bacterial genomes. Following the implementation of these activities during the first ye
multiple newly uncovered enzymes were expressed in heterologous systems to demonstrate their biochemical activity, amd aogie w
neered to improve their potential use for the production of chitin/chitosardtijiteaccharides with welkfined structural and biological prop-
erties. This part of the work required the tuning of existing expression systems to facilitate aneé ¢émbaxpression of challenging proteins
such as the membrardeound CS and other challenging proteins that do not express easily in traditional prokaryotic systems. In parallel to tl
characterization and engineering of new enzymes, WP1 involved the dpithezation of multiple enzymes that were available at the beginning
of the project from previous research led by the different partners.

An important task in this WP has been the identification of suitable genes that encode CS and CDA with anrgphasithat are likely to

be involved in chitosan biosynthesis and modification (Task 1a). Two main approaches were successfully used for gatieridgrdifialysis

of the expression profiles of CS and CDA genes in bacteria, fungi, oomycetess diatbmicroalgae that were expected to produce and/or
modify chitin and/or chitosan and identification eéxpressed genes; ii) bioinformatics analysis of CS and CDA genes from the abovementionec
organisms. Complementary analytical work has also beformped in WP1, in collaboration with WP2 and WP4, to confirm the occurrence of
chitin/chitosan in selected diatoms and algae. This involved the use of a combination of analytical approaches asaildglepadreership,
including, but not limited tanonosaccharide and linkage analysis by GC/MS; detionitof molecular weight and degree and patterns of
acetylation using a combination of techniques such as viscometry, light scattering and enzymatictfirgg@rpliling L&S/MS approaches;
NMR sgctroscopy; cell biology and optical microscopy underpinned by the availability of specificeffugrmbes such as chitin or chitosan
binding proteins. Aighthroughput screening technology was also developed to detect chitin/chitosan in microatgée foropetary collec-

tion of one of the industry partners involved. Methods adapted to the extraction of these polymers and chitin/chitezahatiges were also
devdoped. This was critical for the charactaion of so far poorly characterizedganisms such as the diatoms and microalgae.

From the gene mining approach, suitable CS and CDA genes were cloned in different expression systems, ikgaréidalda colSaccha-
romyces ceevisiag Hansenula polymorphand diatoms (Tasks 1b and)lIn several instances, it was necessary to generate new expression
systems to facilitate scraang of biochemical activities and enzyme production prior to characterization. For eRangrleyisiaenutant strains

that show virtually no CS activityvitro were engineered to decrease background activity and facilitate the expression of new heterologous C:
The strain SK53 was mutated in two of its CS genes &hH6dnMX4 and chs&:HIS3) and in a protease (pepa.YS2) to limit protein degrada-

tion during heterologous expression. Several CS from different organisms, e.g., oomycetes, the Zygomycdiiéanghe Chlorellavirus,
bacteria, and diatoms were susstully expressed in this strain and bioclieatly characterized. This tool was also crucial to engineer CS activi-
ties for the production of compounds with specific properties. A whole range of CS mutants were successfully productkimemombinant

form that produced chitoligosaccharides of different molecular masses as well as insoluble chitiflitegstath crystallinity indices as high as
75%. Completely new systems were also devised for the expression of CS and CDA with the objectising toese organisms into engi-
neered systems for the largeale production of chitin/chitosamsvivo(WP3). Some diatoms were successfully shown to be natural producers
of chitin and potential factories for the production of chitin/chitosan promuetga Multiple microalgal species were also shown to be natural
producers of chitin/chitosan polymers and oligomers. Screening of tens of species frotmoaisénibrary from one industry partner, combined
with the charactéation of the products forad naturally by some of these species, revealed the potential to produce specific compounds in
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guantitative amounts by scaling up cultures of microalgae.

Available and new recombinant CDAs were analyzed for their enzymatic properties (Task 1d). A Cyptdamocus neoformars one of

several wdthorses that arose from the project. It was successfully expressed in optiméestnulastrains where it was also @xpressed

with a CS protein fror@. neoformanso produce deacetylated forms of chitin.identify noshomologous CDA genes in bacteria, Zygomycetes,
Basidomycetes, viruses, and algae, a detailed bioinformatic analysis was carried out. As a result, based on theasichdéfiiemces among

the CDA, phylogenetic relationships wereldistzed and six classes in two divisions were defined at the taxonomic level. Further, in each class,
the presence and organization of carbohydbéteing @mains as well as the presence of a GPI anchor suggesting membrane association were
assessed. Severalystals were obtained from the truncated form of a bacterial CDA and the first 3D structure of the enzyme was solved a
shown to form a dimer. Analysis of the loops structure demonstrated that the protein contains short loops providingiadinogetébwhere

the substrate may bind in different modes. This is only one of several examples where mechanistic details were obtaguednfrioant

and/or engineered enzymes. Deacetylase activity of expressed CDA proteins on chitooligosaccharides wesognetflo®S. For example,

one of the characterized enzymes had no activity towards DP2 but it was active on DP3, DP4 and DP5, the activity iithcteadii®) af the
substrate. This enzyme is characterized by a processive behaviour or multipletabkimachanism. Enzyme specificity was analyzed by a new
labelling technique and Méhalytic methodologies developed within the project.

Another aim that was successfully addressed was the identification and engineering of transglycosylating dlatkdsss Genome searches

of multiple bacterial species, e.glavobacterium johnsonig@aenibacillus elgBMA1-SDCHO02Stenotrophomonas maltophjlBacillus amylo-
liquefacienandNocardia dassonvilleévealed the presence of genes for chitin antbshin degrading/modifying enzymes. The characterization
of chitinolytic enzymes from these bacteria revealed the presence of chitifgde€ PeChil andStmChiA) with very low or no transglycosyla-

tion (TG) activity. A family 46 glycoside hydrolase (EEdByme showed activity on both chitin and chitosan oligomers, and also showed TG
activity on chitin tetramers. The characterization of chitinases mainly included determination of optimum conditiwitg ¥atraptlymeric and
oligomeric substrates.emplate based homology modeling was performed for several chitosanases using the crystal strGtteptoofiyces

N174 chitosanase. The residues essential for catalytic activity were identified aftepirp¥ieéo model and protein engineering approaches
were implemented.

Based on the data obtained in this WP, the Partners involved in WP1 jointly selected through a continuous processlévamhgsine candi-
dates to be further assessed and evaluatednfeitro chitosan production and/or modificationVP2 and foin vivoproduction in WP3.

In addition to gene discovery and enzyme expression and engineering, WP1 has included the development of novel tetaigeesr&dion

and charaterization of combinatorial libraries for directed evoldigreriments. Specifically, a new type of combinatorial library based on Gene-
Artpu Stringspy DNA Fragments was developed and commerci @alGmbhHed b
This development enables to defilibraries mich faster and at significantly reduced cost. In addition, a next generation sequencing technology
was devéoped. It allows the characterization of tens to hundreds of thousands of specimens from a given library as opposedroup péer
dozens to hunekds, which has been the latest standard until this new development.

Outlook

WP1 has generated a wealth of fundamental information that has been exploited in WP2 and WP3 for the production chitbiemgmd-

uctsin vitroandin vivq respectivelySeveral organisms that were not expected to be producers of chitin and/or chitosan polymers and oligo
mers have been identified and their potential for exploitation has been evaluated. Some of the newly identified predexensbeawn used as
expressia systems for enzyme characterization. These include some diatom species. It remains to be determined whether theseamganisms
be commercially exploited as such and/or what approaches could be implemented to increase their product yield. Verclassassiof
organisms for this purpose are several microalgal species. In this casfotnaation approaches for genetic engineering have yet to be tested,
but the project has already demonstrated that-manlified species are excellent catates for commercial production of chitin/chitosan mole-
cules. The gene mining approaches have also revealed new chitin/chitosan active enzymes, many of which were sucaessfitigdchad

even engineered to the extent where specific products with defined salugtaperties have been obtained.wedger, the enzyme discovery
activities were part of a continuous approach during several years and, to ensure delivery of the expected and planesdfoctisowas

given in the last part of the project to the full wderization and engineering of the most promising enzyme targets. This means that there is
still a wealth of proteins that have been identified and preliminarily characterized in the project that would desentieeiodbedied and eval-

uated for theprodiction and engineering of tailored chitin/chitosan products.

2.2 WORK PACKAGE 2 - IN VITRO BIOSYNTHESIS

Objectives of the work package

This WP aimed at developing biocatalytical approaches for ¥ biosynthesis of chitosans with a rangfedefined degrees of polymerization
(DP), degrees of acetylation (DA), and patterns of acetylation (PA). This was to be achieved by using the enzymes deliveredrbg ®WP1 (s
ready available at the beginning and others obtained during the course ajdet)@nd engineered variants suitably adapted to biocatalysis in
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this WP. Suitable chitosan oligomers and derivatives needed to be prepared for enzymatic polymerization reactionsictind tundéions
for preparative scale production of the tangetducts were to be optimised. Differentrgdementary strategies had to be developed to access a
range of defined chitosans by using:

a) specific wildtype chitin deacetylases (CDA) acting on chitin/chitosan oligo/polymers alone or in combination;

b) engneered chitin deacetylases for improved efficiency and novel deacetylation patterns;

c) transglycosylating (TG) chitinases engineered to improve transglycosylation over hydrolytic activity and usingtdefinesligbimers as

donor substrates; d) spdid chitinases engineered as glycosynthases (GS) in combination with chemically activated donor substrates derived
from defined chitosan oligomers.

The work package in the context of the project

WP2 was initially focused on CDA acting on chitosan oligomigh IQS (P3) studying chimeric CDA to understand subsite specificities, and
WWU1 (P1) using combinations of CDA to produce as many-tgtitaoses as possible for bioactivity studies in WP4. These approaches relied
on the supply of rather large amosrif fully acetylated chitin oligomers produdedvivo by BBEPRP12) usingE.coli clones supplied by
WWUL1 (P1) anduGentl (P2). Protein enginemg of CDAs (and related carbohydrate esterases of the same family active on chitooligosaccha
rides) were caducted by 1QS (P3) both to understand thedtme-function relationships defining the different deacetylation patterns exhibited
by this family of enzymes and to engineer specificity for efficient preparation of chitosan oligosaccharides. Thelegte® stee developed

to polymerize the chitin and chitosan oligosaccharides to access oligomeric/polynderatsptoansglyosylating chitinases with unmodified
oligomers as donor substrates BlYDERP9), and glycosynthases derived from chitinases@® (P3), the latter using chemically activated
oxazoline oligomers as donor substrates, which were prepar&NBWNTIAP21). Synthetic genes and gene libraries were sgizbd and
provided byGA/LTT P9) , some wusing their mmlbdyy devel oped ~DNA Strings®° te

Results achieved during the project

Task 2a: Chitosan oligosaccharides by enzymatic deacetylation.

A) Specific wildtype chitin deacetylases (CDA) acting on chitin/chitosan oligo/polymers alone or in combindtare CDAs have the salient
abiliy to deacetylate chitin oligomers at specific positions, thereby generating chitosan oligomers with a defined pattgtatioh g&t).
Bacterial chitin deacetylases such as NodB/a&@DA are specific for deacetylating a single residue within a cligtimer, thus producing
moncdeacetylated chitosan oligomers. NodB deacetylates exclusively the GIcNAc unit atrédticing end (yielding DAR4), whereas
VACDA deacetylates the second unit from the-remtucing end (yielding ADpA). WWUL1 (P1) icentified and characterized several fungal CDAs
yielding paCOS#4rtiallyacetylatedChitosanCligoSaccharides) with diffent patterns of acetylation in WP1. Both &datand fungal CDAs have
been here exploited by WMIUP1) to successfully produce brhry of chitosan tetramers in mg scale. Unfortunately, chitosamaig having
only the reducing end deacetylated cannot be produced by any of these enzymes. Ehkgiosdilation of chitosan oligomers was tfiere
developed since CDAs are able ttalieze the reverse reaction in the presence of excess acetate. In this wayl {P&Q)Wvas able to produce a
broad range of chitosan oligomers with specific PA by enzymatic deacetylation of chitin oligomers or enageigtatibh of chitosan oligo-
mersusing different combations of enzymes. In fact, using these approaches, we can now produce e.g. all fourteen possible partially acetylat
chitosan tetramers in a pure form regarding their DP, DA, and PA. This enables for the first time to investigatentte of the PA on the
bioactivity of the paCOS without the problem of contamination with other paCOS, as detailed in WP4.

Besides chitin deacetylases, some peptidoglycan deacetylases (PG) are also active on COS. IQS (P3) shBaetlutRGasspecific for
deacetylating chitin tetramer and pentamer in all positions except the reducing end. When catalyzing the reverdd-aeattlation of fully
deacetylated oligomers, a chitosan oligomer with only the reducing end left deacetylatediu@edpthus having a new enzyme able to gener-
ate those difficulto-produce monaleacetylated paCOS at the reducing end with a single enzyme.

The strategy of enzymatic deacetylation has also been applied to polymers to generate chitosan polymers-ritid@m®A. In this way,
WWUL1 (P1) was able to produce different chitosan polymers with DA 30% using different recombinant chitin deacetylasecaGalysisira
(*H-NMR and the enzymatic / mass spectrometric fingerprinting method described in Waléprawaore blockise or a more regular pattern
of acetylation in these polymers, depending on the chitin deacetylase used, unlike the random pattern observed ini@ilatocivemidéy
produced chitosans.

B) Engineering specificity of chitin deaggdses

Based on the crystal structure W60CDA sol ved by P3 and the proposed ~subsite capp
have been esigned to evaluate structure/function relationships and introduce novel specificities aimedaaiubiop of chitosan oligosaccha-
rides with defined patterns of acetylation.

B.1.-Chimeric CDAsThe initial strategy designed by 1QS (P3) to engineer CDA enzymes was the construction of chimeric proteins. Shuffling
N-t and Gt moieties of four selecte CDAs with different specificity gave twelve chimeric constructs that were recombinantly expressed. Th
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most soluble and active ggeins were purified and characterized. Remarkably, one chimera based on the scaffold of a fungal processive CDA :
the Nt part from a bacterial singkete specific CDA acquired the bacterial specificity for single site deacetylation. These results are in agreemer
with the ~subsi t epromposep that the deavetythtioh pattem lexhibited by different CDAseisgd by critical loops that
shape and differentially block accessible subsites in the binding cleft of CE4 enzymes

B.2.- VCCDA. Using theV. choleraecC DA as a model , P3 designed experiments toianal
ti ve) anrnrdedtuhcei ngnoennd°® (or negative) subsites of the enzyme®s bi

" Reducing eViddDA uprs e fiecstg chitbbidé®(DP2) as substrate and has a strongly reduced activity on longer substrates.
Modelling stdies basedot he ~subsite capping model ®° suggested that Loop 5 h
than DP3 by partially blocking the positive subsites of the binding cleft. P3 conducted extensive mutagenesis workecsplsite tcapgpg

model and to engineer substrate specificity. First generation mutants included the engineering of a disulfide bonadp Babknamics, and

reduction of the |l oop size by replacing Loopl f5 dbeyY anmughamrtt erretlac
activity on DP2 substrate, but remarkably had strongly reduced activity with DP4 and DP5, concluding that Loop 5 hiesdbieea those
conformation that prevents binding of long substrates as predicted bydpesgd subsi te capping model . The

a rather unstable protein prone to precipitation and with low deacetylase activity on any substraer, Hwvactivity ratio on DPé. DP2
substrates has been reverted relative to the metyene, again in accordance to the model. Second generation mutants involved the fine tuning o
Loop 5 to obtain new variants with high activity on long substrates: increase Loop 5 flexibility by mutation of priaimessioreduce the loop

size up tathe native SS bridge at the beginning of the loop, remove eithehogt t-kelicesan Loop 5. All constructs were highly active and
showed a remarkably increased activity with long substrates while having reduced activity with DP2. Activity withri¥8f (iagtevas about

7 to 10 fold higher than the native wt &ityi with its preferred substrate DP2. The PG mutant (proline residues replaced by glycine) is the mos
relevant for applications due to its high expression yield, catalytic properties, and stability, and it retains theioegatglea [ADA] with

long substrates.

"Nereduci ng e The negatitesubsitesofCDAs are shaped by Loops 1, 6, an&/@DA, Loop 6 and Loop 1 establish strong
interactions which maintain the loops in a position that caps theedcing end of the substraténding cavity and define the specific deacety-
lation pattern for the peftimate GlcNAc residue from the m@ducing end of the substrate. P3 showed that simple approaches to delete these
interactions were highly detrimental, such as partial deletiomay IL, point mutations to disruptttnd interactions or a double mutant to
eliminate key interactions between Loop 6 and Loop 1efbier a different strategy was considered: directed evolution by an lterative Satura-
tion Mutagenesis (ISM) method caréfidelecting four sites for the combiogal approach.

To screen large mutant libraries, a suitable high throughput screening (HTS) method was first required. To this endld@3o(8) and
validated an HTS assay based on capture of the mutantnsr@tem an expression library (random or targeted directed evolution libraries) with
functionalized magnetic beads and detection of product formation from COS substrate. Validation using wt as posithetarelrantant as
negative controls gave goaensitivity (Aactor as quality parameter) to discriminate active and inactive mutants. The HTS method was applie
to the screening of a random library of t4eCDA catatic domain looking for active mutants at 50°C, finding one hit that came to lve a ne
variant with 1€fold higher activity than the wt enzyme with long oligomers. Next, synthetic combinatorial libraries orredeciog end sub-
sites were prepared using the ~DNA String®° t emgioven Heacgtylasormguta@A/ L T

B.4.- Fungal CDAs.Fungal CDAs that show a multiple chain mechanism deacetylate more than one position, yielding paCOS with defined
terns. WWLL (P1) evaluated the preference for acetylated or deacetylated units at defasé#@s in the active site. Structural analysis on the
modelled structures of three seted fungal CDArevealed that they differ in the amino acids which interact with the unit bound at silasite
the enzymes® acti ve s irdsidues bBtweerheazyrges resulfed i differene belthvidrsf vath pantia reversal of specifici-
ties, which will be further studied. WY¥lalso used three different recombinant fungal CDAs to enzymatically convert a conventional high D,
chitosan (DA 60%) intbree low DA chitosans (DA 30%-NMR diad analyses as well as the newly developed enzymatic / mass spectrometric
fingerprinting analysis in WP4 revealed that one of these low DA chitosans resembled a conventional chitosan of DA% Witk wie

another one had a more bleekse PA and the third one a more regular PA. These are, thus, the first chitosan polymers with proaedamn

PA which will allow to investigate the influence of PA on biological activities (see WP4).

B.5.- PG deacetylase A bacterial peptidoglycan deacetylase showed a multiple chain mechanism deacatypaisitgpns except the reducing

end of COS substrates (above). 1QS (P3) solved the 3D structure of the catalytic domain, and docking studies providedftstino the
enzyme®s specificity. I nitial deacetylation occur s ewas pr@gosgd too f
stabilize one of the binding modes relative to others for initial binding leading to the firsfldBaneatvent. Mutational studies conducted by P3
demonstrated that replacement of that Arg by smaller and more hydrophobic residues shifts the binding preference toreddindifey

mode. This strategy will by further studied to engineer specificity.

Task 2b: Polymerization by transglycosylating chitinases

HYDER (P8) has characterized the chitin&p&hiD,StmChiA,FChiC, andPeChil which revealed to have transglycosylation (TG) ability with
chitin oligosecharides (COS) as substrates. Hence, gitsrwvere made to improve TG activity of these enzymes through a 3D-guodckd
stedi rected mutagenesi s wittrha ntshgel yacions yd fa tii chegrft infuytiamg s Hyoprersynt he
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selected chitinases showed iroped transglycosylation/hydrolysis ratios relative to the parental wt enzymes. The analysis was extended to
number of double mutants on the best performing single mutan8p®hiD andPeChil enzymes. All of them were characterized for residual
hydrolag activity and for transglycosylation activity using acetylated chitopentaose (DP5, A5) as substrate. Main transglpcodyletson
detected by HPLC were DP6 and DP7, with variable product yields and stabilities over time due to further hydrelgsil$ tighthydrolase
activity of the mutants. Out of them, a point tyrosine mutant dBéhneatia proteamacula@hiD clitinase gave best results producing COS with

the maximum detectable chain length of DP10, and major TG products being DP6 antfddént. ldaction conditions were investigated: effect

of substrate concentration, pH and reaction buffer, effect of osmolytes, ionic liquids, and other additives. Additidiquitioonp to 15% in the
aqueous buffer reduced the hydrolase activitydbstt had a significant effect reducing TG activity. Likewise, osmolytes and humectants did not
improved TG yields. In a large scale reaction using the tyrosine mutant of SpChiD enzyme, P8 reported the producifmmeiianmokture

mainly containing B6 and DP7 in 11% and 6%, respectively, with a total transglycosylation producttatoc®f ~17%.

P8 also evaluated the transglycosylation abilitgpghiD, wt and tyrosine mutant, with chitosan oligomers with different patterns of acetylation
as dubstrates, namely tetramers produced by P1 (WWU), and a pentamer supplied by P12 (BBEPP). The enzymes only exhibitBdATB Avith
chitosan tetramer, probably reflecting the specificity of this chitinase for acetylated and deacetylated residue$enerihsubigites of the
binding site cleft. The results envision the ptitg of SpChiD to produce longer chain COS from chitosan oligosaccharides of different patterns.

Task 2c: Chemical activation of chitosan oligomers

For the glycosynthaseatalyzed pgmerization strategy (below, task 2d), the chitin and chitosan oligomers have to be activated. ENANTIA (P2
was engaged in the preparation of chitooligosaccharides having an oxazoline ring at the reducing end to be used asngiscbyyP8 in

Task 2. P21 developed anabal HPLC/MS methods using a PGC (porous graphitic carbon) column instead of the usual BEH Amide column
analysis of botlfD-acetylated an@®-deacetylated compounds. Different purification protocols of the DP5/DP4 mixtures suppliet(BBEPP)

to obtain pure DP5 were studied. The initial gdace based on peracetylation/purificationldacetylation was discontinued. Alternatively, re-
peated dispersion/crystallization of the DP5/DP4 materials from organic solvent (aceton2Q IR#gtitres in the presence of tributylamine
were also found to partially remove DP4. Purification asodl (hundreds of mg) affording pure DP5 was developed by semipreparative HPLC
using also a PGC, Hypercar by c o Oxaroline form&iéndomHiRpko@cteld Semiadetalic @mpownds 6 |
(either fully or partially fcetylated) using-2hloro1,3-dimethyl1H-benzimidazed-ium chloride (CDMBI) was investigated and optimized. Reac-
tions proceeded with good yields, but the difficwas the final purification step to remove salts. Otheritiond for oxazoline formation allow-

ing the coupling with the next enzymatic polynagdm reaction were also investigated. Replacement of the base usually employed (trimethyla-
mine) by a comlpiation of an inorganic soluble base {/Na, the same base to be used for buffering the enzymatic reactions) and a polymer
supported base, which can be removed from the reaction medium by filtration, gave good results. The final oxazolinegyetratderred

to 1QS (P3) for task 2d.

Task 2d: Polymerization by engineered glycosynthases

The second proposed strategy fonvitro biosynthesis of chitosan oligomers/polymers with defined acetylation pattern was to engiteer G
chitinases into glycosynthes for the controlled polymerization of activated chitosan oligosaccharides. To this end, 1QS (P3) selected nine GH
chitinases, from which six could be expressed as soluble and active proteins. Since GH18 chitinases act by a substraiatagtishecha-

nism, their engineering into glycaslyases was initially based on removal of the assisting residue involved in the first step of the hydrolase
mechanism with the aim of abolishing or reducing dlytic activity and catalyzing the controlled polyra¢inn of activated chitosan oligosac-
charides. Alanine mutants at the assisting residues wepamd for the six selected chitinases, and initial work was performed @etratia
proteamaculans Chillhe mutant showed glycosynthase activity by polygatien of acetylated chitopentaose oxazoline (DRH A precipitat-

ed polymer was obtained in low yield, which contained mainly DP10 oligomer. Althatigh meaditions were improved, the polymer was
partially redissolved due to the still high residimsidrolase activity of the mutant (about 1% of the wt enzyme). A systematic analysis of first
generation (single point mutants at the assisting residue) from the other selected chitinases did not give better mdbudigimad significant
hydrolase etivity. Then, further engineering was conducted onSiehiD enzyme. A second generation of mutants was designed by adding a
second mutation at residues in the neighborhood of the assisting catalytic residue. Hydrolase activity was further decrtesed,tants
showed enhanced glycosynthase activity. In particular, a double alanine mutant showed the best performance yieldingnpaijyniersl0)

which increased in time and which were not hydrolyzed. However, the yield in polymer was low (3ib&oyeAetation for the SpChiD chi-
tinase was designed, in which a thirdides was mutated on the best double mutant. From a small library of triple mutants, one performed the
best as glycosynthase, yielding an insoluble polymer (mainly composed of DBtAPi60% yield, and retaining very low hydrolase activity (5
orders of magnitude lower than the wild type enzyme).

Task 2e: Analysis and optimization of polymerization reaction conditions

The proofof-concept to produce chitin oligomers/polymers by tthe strategies, transglycosylating chitinases (TG) with unmodified COS do-
nors, and glycosyhases derived from chitinases (GS) with activated oxazoline COS, has been established.
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a) The TG strategy renders mainly oligomers of low degree of polymeraadidow product yields for preparative production. Work is in pro-
gress to engineer new enzyme variants to improve efficiency. (P8, HYDER)

b) The GS strategy renders longer oligomers, DP10 being the major compound. In triple mutants with glycosyvityatieeaetsidual hydro-
lase activity has been reduced 5 orders of magnitude, and long oligomers were obtained in 60% yield (analytical st=la)pkvgréss to
increase the glycosynthase aitjivand upscale the reactions. (P3, IQS)

In both strategis, the use of chitosan oligosaccharides (DADA for TGOXCehd ADAARX for GS) also showed oligomer/polymer formation,
but so far with low yields only. Improved production of chitosan oligomers and polymers is under investigation with aragengemsS and
GS mutants.

Outlook

In this WP, the in vitro biefinery approach towards the production of novel chitosan oligomers and polymers was successfully pursued, usir
the enzymes provided by WP1. A range of recombinant and engineered chitinlagexeigre used to produce a large range of fully defined
chitosan oligomers, i.a. a ful set of the fi@en possible partially acetylated tetramers. Some of these chitin deacetylases were also used t
convert high DA conventional chitosans with randorterpet of acetylation into biotechnologically modified low DA chitosans witlamdom
patterns of acetylation. Interestingly and unexpectedly, this yielded polymers with both mewedal@sid more regular distribution of the GIcN

and GIcNAc monomeriaits than their random distribution in all chitosarympers known today. These novel chitosans have significantly differ-
ent solution properties and biological functionalities, e.g. in terms of digestability by human chitinases, as showndn/W#B4raking them
interesting candidates for biomedical applications. The use of optimized transglycosylsating chitinases gave accesh#nlahifér oligo-

mers produced from short chain chitin oligomers obtained from the cell factory approach of WPBigreseP chitin oligomers are particu-

larly interesting for research into plant strengthening activities of chitosans and they are, thus, potentially inberagtiogltural applations,

as shown in WP4. Glyaynthases engineered based on these Iymnsglycosylating chitinases gave access to even longer chitin oligomers
when acting on chemically a@tted chitin oligomers obtained in good yields from the natural oligomers provided by the cell factories of WP3. F
the time being, the amounts ofde oligomers and small polymers available through glynthases are too low to be tested for bioactivities,

but first results already indicate that the approach can be used on chemically actiitateth aligomers, too, which can be expected to yield
chitosan polymers with fully defined structure, an exciting project for the future. Finally, one unexpected result whitHovesgen in the
project proposal was the in vitro use of recombinant chitin synthases to yield clytireylWe did not dar® hope that these transmembrane
enzymes would remain their activity and sufficient processivity to yield polymers, but this was indeed the case. Thevermouimiste, but

with a value of 150, the degree of polymerization reached was amazing. Whetbiethes will ever be useful for the production of sufficient
amounts of biotechnologically produced chitin polymer to be used in any bioassay may remain to be seen, butahgripojoe was
achieved beyond the initial expectation.

2.3 WORK PACKAGE 3 - IN VIVO BIOSYNTHESIS

The overall objective of Work Package 3 (WP3) 7~ I n Veégre®ofmliynesynt |
zation (DP), degree of acetylation (DA) and pattern of acetylation (PA). Ta ttvgoeapproaches were followed:

A Approach 1:Consisted in the in vivo production of chitin/chitosan oligomers by bacterial chitin synthases (CHS) and chitin deacetylas
(CDA) in miabial cell factories. Then, by the use of transglycosylating chitinasegmeered chitaynthases, these oligomers were to
be linked together to produce specific polymers in vitro in the framework of WP2 (Figure 3.3.1, left).

A Approach 2Consisted in the production of specific polymers directly by transmembrane chitmsggntbmbined with extracellular chitin
deacetylases (Figure 3.3.1, right).
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Approach 1: In vivo production of chitosan oligomerswhich are subsequently converted to Approach 2: In vivo production of chitosan polymersby transmembrane CHScombined
specific polymersby action of transglycosylatingenzymes (WP2) with extracellular CDA
Invivo Invivo
ais @ DA \ ais @A
®P—uwr® — 8 — er R @ [e000d] — (00009
] T n n
—_ —_—
G-source: —*T - ) C-sourct —J -/ )
Invitro (WP2) = Screeningof natural chitin/ chitosan production strains
transglycosylation = Development of metabolicengineeringtoolsfor selected strains

n Metabolic engineering of natural and non-natural chitin/ chitosan production strains

Figure 3.3.1. Approaches followed in Work Package 3 (WP3) to produce a wide range of chitdpansach 1: In vivo production of chitosan
oligomers which are subsequendgnverted to specific polymers by action of transglycosylating enzymes in vitro in WP2 (left). Approach 2: Ir
vivo production of chitosan polymers by transmembrane chitin synthase (CHS) combined with extracellular chitin dedaa)y{egatjOF-

acety glucosamine is represented by a filled blue citdiglucosamine is represented by an open circle.

To this end, different hosts, such as bacteria, fungi/yeast, and algae were to be used. Fermentations were to be pénfatnasbtale and
pilotscale to poduce sufficient quantities of these specific chitosans

Imagel: Pilot plant BBEPP

To obtain this objective, WP3 closely interacted with other WPs in the Nano3Bio\pi®gedepended on the delivery of novel genes (CHSs and
CDAs) by WP1. The chitins and chitosprixluced in this WP were analysed in WP4, used in WP2 adefieid starting material (chitosan
oligomers), and used to identify suitable (nano)biotechnological applications in WP5. Furthermore, the developed pachssemvpere
evaluated in WP6 hysing life cycle ssessment (LCA) methodology.

Approach 1in vivoproduction ofchitosan oligomers which are subsequently converted to specific polymers by action of transglycosylating
chitinases or engineered chitsynthases in vitro in WP2

At the startof Nano3Bio, WWUWU (P1) and UGertt (P2) had arEscherichia cofilatform at their disposad produce chitosan oligomers. During
the Nano3Bio project, this platform was improved by:
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A increasing product yield and productivity,
A improving product purity,ral
A expanding the library of walkfined chitooligosaccharides produced in.vivo

More specifically, this availal#e coliplatform was extended with other CHSs and CDAs (selected from WP1) to imcneggectra of highly
specific chitosan oligomers tarms of DP, DA, and PA. Further optimization was focused on increasing product titres, narrowing product spec
ficities, and facilitating product purification.

These improvements were realized by applying newly developed metabolic engineering toelk (R dras developed a method called SSA
to easily and reliably fine tune gene expression. This method was further extended with the Golden Gate assembly rnetied ¢ontbina-
torial engineering of paways, called SSAto easily and reliably constt and fine tune pathways. Furthermore, genetic circuits were built to
control and moitor pathways.

In addition toE. coli,alternative microorganisms were investigated for their applicability as chitosan oligomer production host. The microorga
isms Connebacerium glutamicumand Bacillussp. seemed to be attractive candidates. Also for these hosts, the metabolic engineering and
synthetic biology toolbox was extienl. To this end, a versatile genome editing tool was developed based on the CRISPR/&asT lsyst
developed system allows scarless genomic editing (kaotk knockins, and point mutations) in an iterative or combined fashion. In addition,

in order to vary gene expression, promoter libraries were evaluated for these alternative hosts.

Using hese novel tailemade microbial cell factories for the production of-defined and pure chitosan oligomefsrmentations were per-
formed and opmized both at lalscale and pilescale. In addition, adequate methods for product recovery were develngespimized. As
such, sufficient quantities of these specific chitosan oligomers were produced for WP2 (deliverable D3.1), WP4 foarzhalyBis, for
(nano)biotechnological applications.

Approach 2: In vivo production of chitosan polymers by transirame chitin synthase (CHS) combined with extracellular chitin deacetylase
(CDA)

In this approach, the in vivo production of chitosan polymers was assessed by:
A evaluation of chitin and chitosan polymer production hosts,
A development of metabolic engineeringls for selected hosts,
A metabolic engineering and screening of selected chitin and chitosan producers, and
A upscaling and downstream processing.
From a literature research and preliminary data, the following hosts were selected to evaluate fod chiiosam polymer production:
A BacteriaE. colj C. glutantum andBacillussp.
A YeastHansenula polymorptend Saccharomyces cere\asi
A DiatomsThalassiosira pseudonaaad Phaeodactylum tricornutum
A MicroalgaeChlamydomonas reinhargd@ihlorella varilis
For all these hosts, novel metabolic engineering tools were designed and optimized:
A Bacteria: see under approach 1

A H. polymorphaArtes (P16) evaluated new selection markers in order to assistance genes. Although ti8accharomyces CUP1
genehasbeen used before, e. g. for genetic mani pHadsentlaidnot work, br «
among other reasons due to a high and varying basic copper resistance of the host strains. HowSeechti@myces cerevisiae
SUQ gene seems promising as selection markdd@msenulaThe selection is based upon the fact that expressi@c8UC2n Han-
senularendersHansenulaaffinose. Concluding expanents are carried out to test whether matipy integrants lead to a stabkf-
finose phenotype.

A Microalgae: Greenaltech (P13) initially continued to focus on developing metabolic engineering taelmfardii the model micro-
alga in terms of molecular biology, resulting in a good set of molecular biology toGlsriarhardtii In addition, Greenaltech has
started to develop the metabolic engineering toolboCfdorellsstrains. They developed a transformation method based on the prep-
aration of protoplasts, they evaluateleral antibiotics which can work as a séecagent, they have also adapted a protocol to ex-
tract RNA from the extremely difficult to br&ibrellacells, they have designed an infection protocol and produced enough viral par-
ticles of CvsAl and MN0810.1 for infections at scales in which thegiadof chitin or chitosan can be quantified.
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These metabolic engineering tools were successfully applied to evaluate the selected
natural and nomatural producers (deliverable 3.2 and 3.3).

Based on the experience from the former project PolyMod&s A?tL6) in collaboration
with WWLUIL started to use natural produckl polymorphaas exprasion organism for >
new, previously uncharacterized CDAs (from WP1) to produce chitosan polymers. .':
addition, to increase the chitosan polymer production, CHSs (W) were co '
expressed in CDA expression strains. Unfortunately, cell wall analysis revealed no hifgss 2
for specific changes in cell composition. Alternatively, gene ldskcan be on option 253 "0
to increase the chitin level in yeast. To test this, seveiatide strains covering.g. -':;0
protein processing available at Artes were provided to \WWglanalysis of the cell wall 3.’-.'; s
composition. Unfortunately, the results of the cell wall analysis were not conclusiveéiss = %
likewise due to experimental agrtainties. Furthermore, some attempts were made to 'wc"'f 255
create these deletions in the CHS/CDA expreddamsenla strains which were not ;;Z,“ﬁ 2

. °r0

successfuljikewise, the combination is harmful to the cell. P e

&3 o
2o 0 ¢ K ,‘3,,6
o' o5 \5

CNRS (P5) assessed the possibility of diatoms as poteriatal chitosan polymer

production host in collaboration with W¥YUAccording to an optimized chitin localization assay usingaadmhicroscopy and flow cytometry,
T. weissflogjiT. pseudonanandT. rotulaappeared to be good candidates for chi@mafiber production. More specific, results indicate that
chitinous fibres in these species are extracellular. Furthermore, chitin synthases, chitin deacetylases and chitinasetiafomy] as well as

a range of genes from other organisms includiagtéria and fungi (selected in WP1), were manipulatedtont, bothT. pseudonanandP.
tricornutum using available technologies for gene overexpression and for gene silencing. Expression of CH3 geteesitum resulted in
higher synthesis afhitosans. Interestingly, localization of the protein was observed to change during cell division.

Of the nomnatural producers, bacteria were assumed to be the most challenging.kReiyathe pellet oE. coliexpressing a viral CHS from
CVK displayednaincreased GIcNAc content which suggests a functional expression of CHS for chitin polymer production. However, follow
research is required to confirm the product and optimize the yield.

At the start of Nano3Bio, it was thought that the expressi@nnfmes from other chitosangalucing species would be the best strategy to
produce chitosan oligomers in microalgae, as there was no evidence of the presence of chitosan or even chitin in npiaro&igaedsatoms

and PhaeocystisTherefore C. reinhadtii was transformed with CHSs (from WP1) using the developed and optimized tools. Unfortunately, the
formation of chitosan oligomers or polymers was not detected in any @f. tiegnhardtiextracts, meaning thattiad no chitin synthase activity.
Interestingly, using a newly developed and optimized technique that allows to easily and quickly detect chitin/chitoserir #uedeterior

of microalgal cell walls ifchted that some of the microalgal species tested were capable of producingrchiisaers naturally. These strains
were further characterized in depth. In addition, optimizing the synthesis of chitin and chitosan polymers in thesedattia posts was
started using the developed metabolic engineering tools.

In order to obtan enough quantities of microalgal chitosan polymers for its characterization and the determination of its bioactpritiéscthe

tion process was optimized, scaleg and an optimized recovery process was developed (deliverable 3.4). At the endieGheleaslbeen able

to develop a protocol with which batches of riim of natural microalgal chitosan polymers are obtained. These microalgal chitosan polymers
were provided to WP4 for complete analytical and physical characterization (DP, DA yPéicpuaind the study of its bioactivities in WP4 and
WP5.

Using the developed technology and kdww during the Nano3Bio project, we want to further explore the various applications of chitosan
oligomers and polymers in different fields such as humamal and plant health. Still, more understanding of specificity of bioactivities of
chitosan oligomers and pohers will be required to develop applications.

Applying the developed environmental friendly, fully controllable, robust and reproduciblésrfatithe production of wedlefined and pure
chitosan oligmers and polymers in terms of DP, DA and PA, we can provide the required amounts of products for application developme
However, to fully exploit the potential applications of chitosaonwig and polymers, further research and development should focus on:

A expanding the chitosan oligomer and polymer portfolio in view of understanding IthegsBu&hteiiasptelity relation oflviosas
and poymers, and

A optimizing process parameters iewiof reducing the production cost.

Outlook

In this WP, the in vivo cell factory approach towards the production of novel chitosan oligomers and polymers was pyoessfllusing
the enzymes provided by WP1. A range of wildtype and engineeradsghttiase genes were expressecdEincoliand C. glutamicumyielding
cell factories for the prodtion of fully acetylated chitin oligomers of different degrees of polymerization. These were tested for their biologic:
activities in WP4, and providedWaP2 for their in vitro conversion into fully defined chitosan oligomers and longer chain chitin oligomers, anc
for their chemical activation to be converted into very large chiton@ig and even small chitin polymers using engineered-shitthases.
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Adding different wild type and engineered chitin deacetylase genes to these chitin oligomer producing baeteriely/felctories for the pro-
duction of fully defined, partially acetylated chitosan oligomers. Again, these were tested for theiridsaaciiit4 and made available to WP2
where first evidence for their in vitro chain elongation and polymerization were already obtaineehedsimprmetabolic engineering allowed
to strongly increase the yield and purity of the oligomeric products, dimdlizgd dowrstream processing allowed their pilot scale production in
qualities already sufficient to be tested in dimpxperiments of industrial processes.

In spite of numerous attempts using a range of microbial and microalgal systems, the prasfuctitin or chitosan polymers in cell factories

was not yet successful. This was clearly the most ambitious part of our project, and the progress we made allows tatheiidbehathieva-

ble in future. Both in yeasts and in diatom algae, we wereessful in heterologously ovexpressing chitin synthase and chitin deacetylase
genes, and the resulting recombinanzymes were shown to be catalytically active in vitro and in vivo. An exciting results that we had not ex
pected, at least not with suclm amazing impactnamely the discovery of green algae as the first naturafuragal chitosan producers put an

end to our attempts of engineering such a chitosan polymer producing cell factory. Instead, we focused on this natucal @eildf optimed

the extraction and purification processes required for the isolation of this highly precious biopolymer. This novelagndonanimal and
nonGMO chitosan was provided in sufficient quantities to WP4 for structural and biological charactaridatiiolyP5 for nanformulation

and benchmarking against structurally similar, conventional chitosans, includifig eéxppriments for use as a dual action gelling and preser-
vation agent in hand cream formulations.

2.4 WORK PACKAGE 4 - PRODUCT ANALYSIS

The WP in the context of the project

This work package served to analyse the potentially novel chitosan oligomers and polyistexhnologically produced in WP 2 and WP 3
using enzymes provided by WP-Iregarding their chemical structures and theiological activities, to guide the development of nano
formulations and the identification of promising applications in WP 5. To this end, techniques for the analysis ofithbmtpetties and the
biological functionalities of the chitosans neettetie developed or optimized, to make them suited for the biotech chitosans. Properties and
functionalities of the biotech chitosans needed to be benchmarked against their conventional, chemically produced scolimeebaire, an
additional importantask of the WP was to produce and characterise a large set of conventional chitosans differing widely in their structure
namely in terms of their degree of polymerization (DP) and their degree otamret{DA). While these conventional chitosans amvknto

have random patterns of acetylation (PA), the prediction was that the biotechnologically prathsstsahight have other, naandom PAs.

The objectives of the WP when we started the project

This WP, thus, aimed to
u produce and characterize aga set of conventional chitosans using established chemical technologies;
1] develop or optimize techniques for the analysis of the structural properties of chitosan polymers and oligomers;
1] compare the structural properties of chemically and biotechnolggicatiuced chitosan polymers;
1] compare the structural properties of chemically and biotechnologically produced chitosan oligomers;
1] develop techniques for the analysis of the biological functionalities of chitosan oligomers and polymers;
1] determine the antiforobial activities of chitosan oligomers and polymers against bacteria and fungi;
1] determine the plant growth promoting and plant disease resistance inducing activities of chitosan oligomers and polymers;

1] determine the cytocompatibility and bioaiitis o chitosan oligomers towards human cells.

Where are we now at the end of the project; what are the expected and unexpected results of the WP?

All of these objectives were achieved, as detailed below.

Production and characterization of a large set of adior@al chitosans using established chemical technologies

The SME partners GILLET (P10) and HMC (P20) produced a large set of chitosans with different DP and different DA, be-Nhemical
acetylation ofJchitin extracted from shells of shrimp (P10) or white snow crabs (P2B)chitin from squid endoskletons, and/or chemical
depolymerisation of the high MWitdsans thus obtained. In addition, WA{(P1) and HMC (P20) produced series of chitosans vfiterent

DA by chemical rdl-acetylation of a high MW pglucosamine obtained from the above chitins by repetitive, complete alkalidedetylation,
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using acetic anhydride. Together, these chitosans were aimed to span a DP range from ca. 100 twl 3b@A aange from O to 70%. As
chemical methods were used, the PA of all of these conventional chitosans was expected to be random. In addition tmstrepelghiers,
HMC (P20) also supplied one mixture of chitosan oligomers from their range of kahmpmducts that was described as comitaj water
soluble oligomers of a MW < 5 kDa, i.e. a DP < 25.

Development or optimization of techniques for the analysis of the structural properties of chitosan polymers and oligomers

The DP of chitosan polymetan be analysed using a number of established techniques, the current gold standard beir@ HWPSES. This
method separates the polymers according to their size and allows absolute quantification of the molecular weights bhastideomdex and

light scattering deteni nat i ons. Thus, the technique gives not only average
merly polydispersity index) |- unlike e.g. viscometry, a widely adopted method because it does not requirsiesefnastructure, which gives
average values only. We analysed all chitosans using both techniques and initially found discrepancies in the resuits sbtamehitosans.
These allowed us to refine the analysis of the MALLS datapeligmfivinggood agreement between both techniques.

Equally, the DA of chitosan polymers can be analysed using a wide variety of techniques, the current gold staritthhMiRindpich we also
used to chaacterise our chitosans. Again, as this method requires siqated infrastructure, different titration techniques are more widely
used, particularly by chitosan producing companies with no access to NMR. Like viscometryptisaticechniques are prone to yield unreli-
able results unless performed by skillesigpnnel. WWA2 (P1) developed a new variant of a titratiased assay which is fast and reliable and
which can be used to follow e.g. the progress of enzignda N-acetylation of a chitosan sample. However, all of the available techniques for DA
determnation require rather large amounts of sample (in the mg range, i.e. large when dealing with novel chitosans prodursdade, dia

small when thinking of commercial chitosan production). Also, all methods yieldeavalues for DA even though okén samples are always
mixtures of polymers differing in DP and DA. This is particularly important as (i) thepeogii in DA (for which there is not only no way of
measuring it, but for which not even angyol has been defined so far) is expecteddiffer greatly between samples produced usingNde
acetylation versus fi-acetylation, and (ii) the DA has been shown to greatly influence the biological activity of chitosan polymengly appa
more so than the DP. We have developed two new methodsfymatic / mass spectrometric fingenting analysis of the DA of chitosan
polymers. The first one involves the complete enzymatic degradation of the polymer sample using a mixture of recormzsastartdtchi-
tosanases delerered by WP 1, and maspectrometric quantdation of the monomeric and dimeric products obtained. This allows the calcula-
tion of GIcN and GIcNAc units present and, thus, of the average DA of the sample. In addition, the method allowstte graatifyt of chi-
tosan in a smple and, thus, its purity. Surgingly, there is no accepted standard hwet for this important analysis and in fact, no reliable
method seems to exist so far. The best method currently available is elemental analysis, but thiplisrerriorthe presnce of organic con-
taminants such as proteins. The second fingerprinting method we developed uses a mosa&h ¢ctydrolase named chitinosanase recently
discovered and characterized by WAV({P1) which cleaves chitosan polymers into products each canfaine block of consecutive GIcN units
along with the neighboring block of consecutive GIcNAc units. Again, these oligomers are quantified using masstrgpeacidime results are
analysed using sophisticated multiparametric statistics. Both methodeassed on very small chitosan samples (in the pug range) and the DA
values obtained are as accurate as those determined ti$iNg/R. In theory, the second technique even has the potential to inform about the
DA polydispersity for which no method currely exists, as discussed abovéut this is not yet an established, reliablehteéque.

The least studied structural aspect of chitosan polymers is their PA. The only method currently available to analgseaRAlysidiusingfCG-

NMR, a mdtod requiing both sophisticated, expensive infrastructure and rather large amounts of sampd® (11@). This method has been
used to establish that all chitosans produced using chemical means, be it heterogeneous or homogedemeasytiion of chitin or horge-

neous reN-acetylation of polyglucaesiine, yield chitosan polymers with random PA. TheaRie of these chitosans typically ranges from ca.
0.8 to 1.1 (surprisingly, unexpectedly, and not yet understood: increasing with increasing DA, starting as$ \@wes ca. 0.5 for chitosans

with a DA close to 0%, reaching the theoretically expected value of 1 at around DA 20%, and increasing to about t.DA®) highere a

value of 1 would indicate perfect random PA, a value of 0 perfect blockwisedRAyane approaching 2 perfect regular PA (unlike suggested
in literature, this value of 2 can only be reached when the chitosan has a DA of 50%, while the maximum possible \sdadatdorear and
higher PAs). The second enzymatic / mass spectranfatgerprinting analysis described above also has the potential to inform about the PA of
a chitosan sample and it could provide even more information on the sizes of GIcNAc and GIcN blocks within the chigrsatigoolgiad
analysis. Haever, both mthods can only safely establish whether the PA of a chitosan can be or cannot be random. Thus, if a chitosan has
nonrandom PA, this can be determined with certainty by exclusion of the possibility of randomness, wihilen&¥acan never be determihe

with certainty.

Analysing DP, DA, and PA of chitosan oligomers is much more straightforward since the development of mass spectronastriChraditw
of a chitosan oligomer gives accurate information on both DP and DA, and as the analytes are separdied to their MW, the methods give
not only average values but also inform about the distribution of both DP and DA in the sample. However, isomeric pataBOf? idnd DA
but different PA cannot be digguished using simple ordimensional (I8') techniques. However, tadimensional (M3 techniques can allow
sequencing of paCOS by fragmentation, and Y¥\{R1) has developed a quantitative, combined/MiS technique which allows to sequence
paCOS even in mixtures, as long as the mixtures etréon complex and the oligomers are small enough, i.e. with@®Rnd to quantify the
amounts of the different paCOS in the mixture.

Comparison of the structural properties of chemically and biotechnologically produced chitosan oligomers
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Surprisingly, mass spectrometric analysis performed by VWWWRL) on the chemadly produced chitosan mixture provided by HMC (P20)
showed the preence of only minute amounts of mostly fully deacetylated GIcN oligomers imtple.s@ihe result was corroborated by NMR
analysis which found no evidence for chitosans in the samplee Tesglts are consistent with previous analyses performed by others (includ-
ing our Scientific Advisory Panel member Prof. Dr. Martin Peter) for theacpmbo also had been unable to detect chitosan in the sample.
The reason for this unexpected result eens elusive. WWU (P1) produced several samples of chitosan oligomers by acid hydrolysis of chi-
tosan polymers on lab scale, and mass spectrometric analyses of these samples allowed their full cti@racteris

Mass spectrometry was also used by WP to analyse the chitosan oligomers produced in WP2 using thefiiery approach, and in

WP3 using the cell factorp@aroach. The bioefinery approach of WP2 yielded a large variety of fully defined paCOS, in particularly by partia
enzymatic dé\N-aceylation of fully acetylated GIcNAc oligomers and partidlaeetylation of fully deacetylated GIcN oligomers, or a combina-
tion of both, performed by WWLU(P1). As an example, this approach allowed to prepare all 14 possible different tetrameric pa€@8y U

large chitin oligomers, namely up to DP 8, wdrmimed by HYDER (P8) using optimized transglycosylating chitinases, and particularly by 1QS
(P3) using engineered chigynthases, reaching up to DP 15 (which adicay to some definitions might lnsidered small polymers already).

The portfolio of different paCOS available through the cell factory approach waesdédosomewnhat, but the main focus of WP3 was on meta-
bolic engineering to improve titers and yields by UGHENT (P2) and on upscaiegdéon and dowstream processing by BBEPP (P12).
Here, the quantitative sequencing method allowed to analyse in detail the purity of the samples, thus steering therogtiorizatif WW1

(P1) in purifying defined paCOS produced using recomtithém deacetylases through HILIC, of IQS (P3) in engineering chitin deacetylases for
changed substrate and product profiles, oHEET (P2) in improving yield and purity of paCOS produced in vivo, and of BBEPP (P12) in en
hancing yield and purity of paS@uring dowrstream pocessing after fermentation of the cell factories.

Comparison of the structural properties of chemically and biotechnologically produced chitosan polymers

The DP analyses performed by WAV(P1) showed that the conventional chitopatymers produced ranged in DP from ca. 100 to ca. 3200,
i.e. in the target range. Also, in most cases, the results confirmed the expectations or measurements of the SME petntheiws pvbduced
and provided them. The T nfivmang tha the ciosansdaddow fo vepyrtow dispdrsitiesand2thug, werecobhigh to
very high quality. Similarly, the DA analyses revealed values in the range of 0.2 to 28% for the chitosans prodi&addbylateon of chitin,

and of 0.2 to 65% fahe chitosans produced by-iacetylation of polyglucasiine. Again, the values determined were in good agreement with
the values reported by the producing SME partners GILLET (P10) and HMC (P29), providing evidence of the high qualitpletiHsal
cases measured, the PA of these chitosans was consistent with the assumption oinesslo

Both 3GNMR diad analysis and enzymatic / mass spectrometric fingerprinting analyses, both performed byPA)Vestablished beyond
doubt that the chitosapolymers produced using chitin deacetylases irrgiimery in vitro approaches had nmandom PA. Interestingly, when
the enzymes were used to partially@cetylate chitosans with high DA (e.g. DA 60%) to yield chitosans with low DA (e.g. DA 38%d; the
ucts obtained differed in PA depending on the chitin dgasetused. As hoped, one CDA yielded a chitosan with a morewbteclPA (R

0.85) while another one yielded a chitosan with a more regular PIA3® than the random PA seen with chenjcgatoduced chitosans P
1.11). Interestingly, a third CDA yielded a chitosan whichdiegdo *G-NMR analysis appeared to have a random RA.@®) but which was
clearly distinguished from the chemically produced conventiomasahs as well as fro the two other biotechnologically produced chitosans of
the same DA as revealed by enzymatic / mass spectrometric fingerprinting analysis followed by multivariate statistegpélttéd uresult
shows on the one hand the superior power of our new teoalyednique, but on the other hand that there is still a need for deeper analyses
and for the development of even more powerful techniques.

Perhaps the most remarkable result in terms of structural comparison of novel versus conventional chitosais igdllgenobservation of a
nonrandom PA of the newly discovered natural chitosan in green algae. Whet \(PQjLperformed enzymatic / masgectrometric finger-
printing analyses on the green algal chitosan supplied by GREENALTECH (P13) using chitichesamases followed by quantitative se-
qguencing of the paCOS produced, it becamerappshat diads of adjacent GIcNAc residues were stronglyrepersented compared to expec-
tation based on a random distribution. This is the first and so far onigahahitosan that has been analysed in such detail, in fact the first one
ever to be analysed for its PA. For the time being, thus, it must be concluded that all conventional chitosans, whetgfrpradehitin by
alkaline deacetylation of from pdlygpsamine by chemical reacetylation, are psewataral bipolymers, not natural ones.

Development of techniques for the analysis of the biological functionalities of chitosan oligomers and polymers

WWU1 and WWE2 (P1) had already developed quantigtimicrotiterplate based bioassays to measure the antimicrobial activities of chitosans
against bacteria and fungi, and these were wsed basis by GREENALTECH (P13) to develophanse assay for the antimicrobial activities
of green algal dlosan.These lakscale assays were complemented by industandard challenge assays performed by COSPHATEC (P11).

WWU1 (P1) and HYDER (P8) also had already established a number of bioassays to test the bioactivities of chitosans toeaisiamdant
intactplants. HYDER expanded this portfolio by a number of assays using intact plants, regarding both plant growth and leesistzecs.
One of the most widely used eblised assays is an elicitor assay qifgimg the rapid and transient productiorhgfirogen peroxide in suspen-
sioncultured plant cells. Such cell lines are available for a range of plant species, including important crop plants sutheserassays are
fast and convenient, but they are often criticizedabse they are using ratheapidly dividing, undifferentiated cells which have often been
cultured in suspension for several decades during which time any number of mutations and chromosomal rearrangementscetiltrbdve

Page20 of 47 08 December 2017



Nano3Bio: Final publishable summary report

WWUL1 therefore developed and standardized new assassdoon Arabidopsis seedlings or plant leaf discs that can also be performed in mi-
crotiter plates. These assays allow to estimate the potential of a chitasdrpossibly other compoundgo be used as a plant biostimulant

i.e. a compound stimulatirgrowth and devepment, inducing tolerance towards abiotic stress, and/or induce a state of systemic resistance to
pathogens. Based on these assays, Dr. Rebecca Melcher fromIWRY is currently about to sep a startup biotech company for which
seedfinancing has already beehtained from public sources.

Finally, UHEI (P7) and WYZUP1) had already established a few-baked bioassays to determine cytocompatibility and bioactivities of chi-
tosans against a range of human cells. During the Nan@8&ject, both partners have expanded their portfolio of bioassays. To measure chi-
tosaninducedchanges in tight junction integrity of mammalian cells, V2Wak developed an assay based on automatedtimngtransepithe-

lial impedance measurements as mpiovement over previously performed ldwoughput assays that had to be performed manually using
handheld electrodes and often damaged cell layers. In cooperation, UHEI anr@ Wék&loped an assay to detect the formation of a protein
corona around chigan coated nanocapsules and its influence on theitrocelular uptake.

Determination of the antimicrobial activities of chitosan oligomers and polymers against bacteria and fungi

WWUL1 (P1) had already performed a comprehensive and systematic gawiestiof the influence of DP and DA on the-batierial and anti

fungal activities of conventional chitosan polymers. The results showed that the highest bacteriostatic and fungiststioaxciassociated

with small, highly deacetylated chitogaotymers. Best activities were seen for chitosans of DB028nd DA @5%. In the past, the elucidation

of structurefunction relationships concerning the antimicrobial activities of chitosans had been performed udiefineglthitosans produced

by reN-acetylating polyglucosamine under laboratory itiomg. We now repeated the experiments with conventional chitosans obtained either
from Ukchitin (provided by HMC, P20) or frdwchitin (provided by GILLET, P10), both produced by heterogeneous deacetylation. Due to the
production process, these commercial chitosans are expected to have much broader DA polydispersities than the dabiehitosahs.
However, we found thaum grano salisthe same results were obtained as described before, evidencing that the results obtained in the lab ar
relevant for commercial chitosans produced on industrial scale, too.

There is a plethora of liert ur e on the antimicrobial activities of chitosan c
"more active than the polymers®°. This is why we ¢ omgpéanequalgysed o
tematic investigation into the antinoisial activities of chitosan oligomers, under identical conditions. We found that chitosan oligomers clearly
also possess antimicrobial activities, but these were much lower than those of chitosan polymersoBiatimativities decreased witle-d
creasing DP and increased with decreasing DA, i.e. large, fully or very highbcdiylated chitosan oligomers were the most active ones.
Viewed together, the best antimicrobial activities are still shown by smialy, degceflated chitosan polymers. Interestingly, the novel natural
chitosan sourced from green algae possess exactly these properties, and its antimicrobial activity also is at par fwitnweational chi-
tosans of similar structure in terms of DRRJaDA. The challenge tests performed BSEBHATEC (P11) are reported in WP5 below.

Determination of the plant growth promoting and plant disease resistance inducing activities of chitosan oligomers end polyme

WWU1 (P1) and HYDER (P8) have ample expegiém determining the resistance inducing activities of chitosans in plants, and both partners
have recently also started to analyse the growth promoting activities of chitosans. In a nutshell, these trials perfotmeeplsténvo decades

had shown thiathe best chitosan to induce disease resistance reactions in plants differ from species to species and from disease,to disea
making it difficult to draw general camgibns. However, as a general trend, it may be concluded that large chitosan peljtméngermediate

DA seem to be best suited to induce plant disease resistance. Again, as described above for the antimicrobial acthatiekistbn was

drawn from wellefined lakchitosans, and we now repeated the experiments using the comnaditdesians of GILLET (P10) and HMC (P20),
obtaining similar results. Of course, these experiments were performed with a limited set of chitosans only and usirgjsthedeay on

potato leaves only, but overall, we feel confident to conclude thatghksrebtained using lathitosans cangcum grano salisagain be trans-

ferred to commercial chitosans.

Recent evidence tends to suggest that chitosan polymers applied to plants are partially degraded to chitosan oligonusisobgribigtic
enzymes presnt in the plants, namely chitinases secreted by the plant cells into the apoplast and, possibly, chitosanases prodafdd/tiy en
fungi living in the intercellular sps of the host plant. Therefore, in the Nano3Bio project, we focused on the hiesafchitin and chitosan
oligomers towards plant cells and intact plants. A first set of experiments was performed by HYDER (P8) using chitiaritekaptamer
produced in WP2 from chitin tetramer, itself from the celbfacipproach of WP3 proed by BBEPP (P12), using a hypransglycosylating
chitinase engineered by HYDER (P8) in WPL1. In addition, thedmacetylated d¢tosan hexamer with a GIcN residue at its-nesfucing end,

also from the cell factory approach and provided by BBEPPnaladdd in the comparison. In all tests performed on rice plants, the chitin
heptamer had the strongest effect. Gene induction studies indicated that this elicitor may induce both the salilgpienaedt pathway of
Systemic Acquired Resistance (SAR]) the jasmonic acidependent pathway of Induced Systemic Resistance (ISR).

A second set of experiments was performed by \WM(B1) using paCOS produced in WP2 by partial enzymatic digestion of conventional chi-
tosans of different DA, using different redonant chitinases and chitosanases characterized in detail in WP1. When these paCOS were testt
for their elicitor activities in rice cells, only those with higher DA proved active. When separated according to lednidaBtivity decreased

with decrasing DP, as expected. In a second series of bioassays, the paCOS were tested for priming activity in the samer ¢ce#sinideicfo

tion of a state of alert allowing the cells to react more effigiém a second eliciting trigger given at satimalconcentration. Also in these
experiments, paCOS of higher DA and higher DP were more active bugirsgiyprihe tetrameric products of chitosanase digestion proved
primingactive while the tetrameric chitinase products did not. Detailed studiesrénatiyed that the moracetylated tetramer with the GIcNAc
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residue at its nomeducing end was the most active one. This is the first evidence ever that the PA of chitosan is crucial for its luleactjvity,
proving that this difficult to control andfitult to analyse factor needs to be taken into account when optimizing bioactivities.

Finally, WWA (P1) also analysed in detail the composition of a chitosan sample which GILLET (P10) had developed based on the result
previous jointesearch projets and which has proven superior performance as a plant biostimulator. It turned out that this sample was a mixtur
of small chitosan polymers and large chitosan oligomers, both of which possess antimicrobial and plant strengtheamdraetisttiigly, we

found that these two parts of the original mixture exhibit synergistic activities, both towards microbes and towargsgddnysexplaining its
superior performance.

Determination of cytocompatibility and bio@étiv of chitosan oligomerswards human cells

Most of the experiments related to bioactivities of chitosans towards human cells were performed usiogmaated chitosans to overcome
the problems of solubility at physiological, rReautral pH values, and are therefore reportedlViP5. However, some experiments were per-
formed using defined chitosan oligomers provided by WP2 and 3. UHEI (P7) used a series of fully defined paCOS prepafe(Pdy WwU
tryptophan fluorscence assay and quantified their binding affinity to-40la human chitin binding protein possibly involved in tumour pro-
gression. Binding affinities decreased with decreasing DA, but were influenced by the PA of the paCOS, in particitabfeddaeetylated
ones, again corroborating the importance off®*Aioactivities.

UHEI (P7) then performed a functional assay using recombinamOYgioducing cells mimicking neutrophils to attract melanoma cells in a
migration asay. In this assay, the migration of melanoma cells towards thel¥ itoducing cellsvas inhibited by the presence of chitin and,
less strongly, chitosan oligomers in the medium. At the rather high concentration useddapeRf8ence of this inhibitory effect was seen.
While chitin oligomers had a stronger antgratory effect in this dellar assay, these oligomers are expected to have a rather shelifehaif

the blood or other human tissues due to the presence of chitinolytic enzymes such as human chitotriosidase. In coafipsicetated
chitosan oligomers are not degradeylthese enzymes and might, thus, persist longer in a patient.

Outlook

In spite of the breakthrough results obtained regarding the analysis of structure anditésacti third generation chitosan oligomers and
polymers with nosrandom PA, a number of important analytical questions remain. The most important ones are thought to be:

1] developing a method to analyse the dispersity in DA of chitosan polymer samples;
1] improve the mass spectrometric sequencing analyses of chitosan oligomers to extend beyond hexamers;
u improve the enzymatic / mass spectrometric fingerprinting analyses of chitosan polymers \nétidioom PA.

Beyond these tools that are required to investigablecular structuréunction relationships in even deeper detail, future work will no doubt
focus on elucidating cellular modes of action of chitosans, to understand how chitosans inhibit bacterial and fundab\grtveth promote

plant growth and delopment, how they induce stress tolerance and disease resistance in plants, how they are taken up and how they are
gested by man cells, how they support sefiee wound healing, if and how they exhibit-turtiour and the many other biomedical adgsit

that have been reported anecdotally in literature, but that sgessied controversially and that have not been studied in a systematic and com-
prehensive way. A prerequisite for performing such analyses is the availability of fully characterszed dalltjtoners and wetharacterised
chitosan polymers with not only different DP and DA, but also different PA. The Nano3Bio project has finally deliveiredgamsration
chitosans through its WP2 and 3, using enzymes provided by WP1, as evidgticedabalyses performed in this WP4. WP4 has also already
provided proofof-concept that the PA of chitosan oligomers crucially determines their biological activities, both towards plant and $luman ce
We are expecting similar results for the influeaE®A of chitosan polymers on bioactivities, and we are confident that these are forthcoming.
However, the biggest hurdle here is the stitt@mely limited amount of such chitosans that can currently be provided. Cleataling their
production is anonttrivial task that the partners will continue tili@ss, in continuation of WP2 and 3.

2.5 WORK PACKAGE 5 - FORMULATION AND APPLICATIONS

The WP in the context of the project

WP5 was devoted to the development of chitdsased biomaterials, biopmaaceutical formulations and applications in life sciences and bio-
technology. This involvesaluating the potential of the novel, biotechnologically produced chitosans delivered by WP2 and WP3, as comparec
that of the best conveional chitosans availebon the markets today, and to a wide range of specialty chitosan produced at lab scale in WP4. A
the biotech chitosans were not aghié until the last year of the project, we developed new nanoformulations uskugfineltl conventional
chitosans, teset the benchmarks for the biotech chitosaRise formulations and potential applications of the chitosans relied on the use of the
polymers in aqueous solution, enzymatically mineralized physical hydrogels, or in the form of nanostructures suchriddezamapecap-

sules or nanofibersNe have developed enzymatic methods for the biomineralizatioitoshohhydrogels potentially useful for bone repair. We
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have found a way to stiilze chitosan nanofibers produced by electrospinning in aqueous splserthat they can be used as drug delivery
agents in biomedical systems. We prepared nanocapsules to interfere with bacterial quorum sensing as a future poENRkt@lseIPpress

the virulence of pathogenic bacteria and amelioraibaanérial esistance to antibiotics. We have developed chitosan nanoparticles for the effi-
cient delivery of genes to mammalian cells. We have, for the first time, followed the uptake and intracellular trah&psanofianoparticles

into and in mammalian cells. the long run, perhaps the most infitial discovery we made relates to a method to use chitosan particles for the
diagnosis and possibly even treatment of cancemmetastases. A more immediate potential of chitosans we are developing is their cagal use
thickener and preservative in hand cream and body wash formulations.

Where are we now at the end of the project; what are the expected and unexpected results of the WP?

At the outset of the projecive aimed at comparing biotechnologiecpligdued bioinspired chitosanwith fully characterized standard chitosans

obt ained by chemical met hods. We expected that the nenablebiatectai | a
nological pproaches (biaefinery and cell factms) would perform at least equally well as the standard counterparts, and perhaps in some
instances outperform them or lead tongaetely unexpected functionalities (e.g. in biological activities or material properties). For the develop
ment of cosmetic ath biomedical formations, we required polymers, rather than oligomers, as the material properties, namely thickening of
solutions, hydrogels, nanofibers, nanoparticles, and films, all rely on gmeepial characteristics of chitosan. We succeeded inaihis thanks

to the advent of chitosan polymers from green microalgae and enegityatieacetylated ones that became available in sufficient amounts
towards the end of the project. This enabled us to establish the necessary comparisons with the céodard in the different systems. In

all the tested systems so far, the biotechnological chitosans have performed up to the same standard as their convenépeatsof simi-

lar characteristics (molecular mass and degree of acetylation) per teeahptoperties (e.g, particle size and zeta potential of npsdes,
mechanical properties of biomineralized hydrogels, characteristics of electrospun nanofibers). Unexpectedly, we akst iat@héiosan
oligomers can be used to generate narefibcaffolds in aqueous conditions by harnessing the electrostatiasselfnbly capacity upon inter-
acting with xathan gum. In terms of antimicrobial properties, the microalgal chitosan has shown to perform equally effective as tihe standa
counterpart. fis is a great achievement of the project, as it paves the way towards the future availabilitgrofabmand nofGMO chitosans

for the highprice sector of bi@osmetics and medical devices, and probably food too. Yet to be fully established dfertivecds in biological
properties that the new generation of chitosans generated in the projads.eThe activities of the WP haveabkled us to conclude that the
biotech chitosamperformed in fully comparable manner wiieir conventional countparts of similar structural characteristics. This has been
undoubtedly one of the major achievements of the profith a perspective to future devateents, we can safely predict that these novel
chitosans will open up a completely new chapter of chitossearch, significantly boosting the claim of chitosans being the most promising and
most versatile functional biopolymers for a circular bioeconomy.

The main formulations and applications developed throughout the project can be summarized as follows

Thickening and antimicrobial chitosan cosmetic formulations.

Hydrogels and mineralized hydrogels as bienwls and drug delivery.

Surface functionalizgably-T-caprolactone electrospun fibers and 3D printed structiareissue engineering.
Chitosarbased nanofibres for drug delivery.

Chitosarbased nanoparticles for vaccine delver

Chitosarbased nanocapsules to target bacterial quorum sensing signalling in gram negative bacteria.
Chitosarbased nanocapsules to target cancer tumor cells.

Chitosarbased nanopatrticles produced by electrospraying for vacciivenge

Nonviral particles for delivery of miRNA intracellularly to breast cancer cells comprised by specific chitosans.

CoNoGaRrWNRE

Each of these items is explained in further detail:

1. Conventional and biotech chitosan solutions for use in the cosmetiic. SEmroughout the project, Cosphatec (P11) has overseen
the applietion of the chitosans generated by the consortium about their rheological behaviour and antimicrobial activities in tw
cosmetic formulations, namely emulsified hand creams and liguiestgels (Cosphaderm® Liquid Soap). The viscosity of both
formulations was optimized using conventional and microalgal chitosans to the level that full replacement of other thickeni
agents (e.g. xanthan or konjac gums) can bdized. Antimicrobial chahge tests of the various formulations also enabled to
identify chitosan combinations that can suppress the growth rate of gram pditaueréu¥ and gram negativeE( coli, P. aeru-
ginosg bacteria, yeast (@lbican$, and to a certain extent, alscetfungusA. brasiliensisDemonstration of the &sibility of re-
placement of the thickener and preservative systems by a biotechnologically produced chitosan constitutes one of the ma
achieements of the project. This was a basic prerequisite necessanansfer previously acquired knowledge of conventional
chitosan application to the future use of a novel biotechnologitatiyiced chitosan in cosmetic formulations, as it was shown
for hand creams and liquid shower gels. Here, theardmal and notGMO origin of the algal chitosan is a crucial asset, particu-
larly for the higkprice sector of bi@osmetics.

2. Biomineralized thermosensitive chitosan hydrogels for bone regenet#BBIENT (P2) developed chitosan temperature sensitive
hydrogels foruseabi omat eri als for bone r egener-aadiunoglycerollphosphatet(NaGR)e g
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along with ALP (alkaline phosphatase) to induce enmyetkated formation of apatite minerals (CaP) when incubated in calcium
glycerol phosphate (8aP)in the absence of osteogenic growth factors. Several formulations suitable to produce chitosan hydro-
gels were identified. Osteoblast cells encapsdlwithin the hydrogels were found to be viable at the different time points investi-
gated. These resultsuggest that the deveped hydrogels are suitable for cell encapsulation. Also, conventional chitosans were
compared in their gelation ability with microalgal chitosan. The results showed that thermosensitive hydrogels using chitos
sourced from microalgaleads to scaffolds that exhibit almost identical properties in viscosli§iog time, mechanical proper-
ties and biomineralization ability when compared to those furnished from conventional chitosans.

3. Chitosan surfac@unctionalised pol{-caprolactoneslectrospun fibers and 3D printed structurBkectrospun fibers and 3D print-
ed polycaprlactone (PCL) scaffolds were also developed by UGHENT (P2). These fibres were coated with two different chitose
of varying molar mass. The anicrobial activity ofhe materials again&taphylococcus aureUsTCC 6538 anfitaphylococcus
epidermidisET 13 was investigated. The fattechscaffolds were evaluatéul vitroto study their cytotoxicity and cell adhesion
ability by UHEI (P7). PCL surfanedified scaffolsl showed no cyttoxicity. PCL surfaemodified fibres using biotech chitosan
led to fibers that exhibited similar results in coverage of the surface as probed by FTIR and XPS, when compared t@those m
fied with conventional chitosans, thus offering th@opof-concept of the utilization of the novel chitosans in biomaterials func-
tionalization.

4. Nanofibers by electrospinning and by electrostaticasslémbly The feasibility of fabricating chitosaased nanofibers by elec-
trospinning was thoroughly inu@sated throughout the project by DTU (P6). To this end, the series of conventional fully charac-
terised chitosans with different Mw and DP provided by GILLET (P10) and HMC (P20) were evaluate

Image3: Fluorescent Chitosan electrospun fiber Image4: Electrospun chitosan fiber mat

This entailed to determine the optimal solventerpo the electrospinning process. To increase stability of the electrospun chi-
tosan fibers, seeral strategies were explored, including chemical crosslinking with genipin, as weillrazadon using NaOH,
NaCQ and NH. Further, the inclusion/bleing) ofphospholipids solutions with chitosan was assessed as a novel and alternative
stabilization method. Among all of the diaition methods tested, the inclusion of phospholipids was shown to be the most
promising protocol to fabricate electropsurt@san fibers. Homogeneous and uniform nanofibers, made with GILLLET (P10) Chi-
tosan112, were obtained and the diameters tended to increase with the increase of phospholipid content. FTIR spectroscopy
fered finger prints of the nanofibers and showed barefsred at 2935 and 2856 ciindicative of the presence of aliphatic
methylene groups from phospholipidsCk and -CH, respectively) and an attenuated band at 1537 ¢oorresponding to
NH3+), the result of the interaction with chitosan. DLS measuntersbowed that the zeta potential from chitosan solution be-
comes less positive with the increase of phospholipid content also as result of the interaction of positively chargedugsine g

of chitosan with phospholipids. The size analysis of data fr@nsbawed that the average size increased drastically (exceeding
the limits of detection of the equipment). By opticarascopy it was observed that these fibers remained viable in PBS at least
for a period of seven days with reduced water uptake andhwegs. The potential of the chitosan/phospholipid fiber matrix to be
used as delivery carrier for lipophilic drugs (e.gcomin and diclofenac) and vitamins (e.g. vitamin B12) was investigated. The
encapsulation of vitamin B12 was successfully accshgaliwihout changing significantly fiber properties. Both FTIR spectra dis-
play the same signature with and without encapsulated drug. Sustained release of the vitamin B12 from nanofibers e@s registe
over a period of seven days. The same fibers wereveho be non cytotoxic when applied to fibroblast cells (in collaboration
with UHEI, P7). Additionally, the fibroblast seeded on top of the fibers were shown to adhere and grow at the top rif.this mat
The potential of nanofibers to be used in bone @ssngineering was also investigated in collaboration with UGHENT (P2). Miner-

Page24 of 47 08 December 2017



Nano3Bio: Final publishable summary report

alization of the fibers was achieved by soaking in a solution of the enzyme urease, followed by the incubation ircargaintion

ing enzyme substrate (urea) and €ns, demostrating the potential of this matrix to be used in bone regeneration therapies.
Electrospun naofibers produced with HMC 90/2500 chitosan (P20) were tested with MDCK cells in terms of cytotoxicity (collabo
ration WWLR, P1). Herein it was concluded thatatgxicity is mediated by the density of fibers used in cell culture media. With
regard to the influence of chitosan structure on the mechanical strength of the nanofibers, it was possible to estatbiish that
tosans with higher Mw and lower DA increaseirmodulus of elasticity of Ch/P systems. The results on chiteased electro-

spun fibres achieved throughout the project have provided systematitustrfunction relationships between different chitosans

of varying Mw and DA, and the physicochemicapgrties of the nanofibers. Thesesults are of enormous relevance for the
subsequent development of biomaterials and medical devices to be realized in wound healing, tissue engineering ane other aj
cations. On a different front, in collaboration WitivUJ2 (P1), DTU (P6) discovered a protocol whereby mixiitgszm oligo-

mers (from HMC, P20) with xanthan gum (from COSPHATEC, P11) yieldedesalfled nanofibers in aqueous solution. The
morphology of these nanofibers was observed to be controlleHebipmic strength, concentration and position of both compo-
nents and by the time of incubation. This was a result that offered a simple new route to obtain bidasgtheanostructured
materials. It also provided the preaffconcept that it is possibl® use not only long polymeric chitosans, but also its oligomers,

to trigger the sefassembly of xanthan gum and to generate a novel 3D nanostructured scaffolds. The realization of this process
generate directly hydrated nanofiber scaffolds for thedation of novel biomaterials is yet to be establishedime studies.

5. Chitosarbased nanoparticles by electrosprayifipitosan particles for oral vaccine delivery have been generated using elec-
trospraying by DTU (P6). Mixtures of acetic acid andnethwere used as solvent and different concentrations and chitosans with
different DA and DPbtained from HMC (P20) were tested. Low DP chitosans were found to facilitate particle formation. An adju
vant, Qu#A, was added and thelease of ovalbumin, Bl as a surrogate antigen, from chitosan microparticles was tested for the
different series of chitosans. These particles displayed mucoadhesive properties and the production of biesndkerdén-
dritic cells was also investigated to assess immunpaeses triggered by this system.

6. Chitosargenipin mesoscopic gelat WWLR (P1), the feasibility to prepare gel particles with chitosans provided by GILLET (P10)
and HMC (P20) of varying Mw and DA (ranging from 34 to 213 kg/mol and from 9 to 20% vedghentis establishedofFthe
first time, irregulagektion kinetics at below critical chitosan concentratiamg for chitosans with low molar mass were docu-
mented. Under these conditiorgsitical crosslinking times can be measured by dynamic ligitesmg (DLS), thushowing they
occur earlier than the onset of macroscopic gelation measmitedother rheological techniquéale hypothesized that smlled
mesoscopic gels formed by the sequential connection dfishuchl polymer chains that connetttheir outer contact points. Even-
tually, the growing polymer network resembles the appearance-lifgetrictures. This work offered a novel route to generate
chitosan particles of varying size and morphology.

7. Chitosarbased nanocapsules for bactéaatiquorum sensingAt WWLWR2 (P1), chitosaftoated oilcore nanocapsules were in-
vestigated in terms of their interaction withEancoliTop 10 biosensor, and their influence in bacterial quorum sensing activity. It
has been possible to quéfiyt experinentally and in silico in a very precise manner the ratio of nanocapsules to bacteria that
achieve a maximum degree of adsorption of 145 nanocapsules/bacterium. At this maximum ratio, the bacteria aggregate, wher
at lower or higher ratios, bacteria remanaggregated. The influence of aggregation on the quorum sensing response was evalu-
ated and we found that at the greatest aggregation point, the quorum segs@gsalso minimal.

8. Chitosan nanocapsules in interaction with mammalian Adfigl andysis of the interaction of chitosan nanocapsules with mam-
malian cells was performed between UHEI (P7) and &/WUY P 1) . It was found that the <ch
with lipids and cell nrebranes in seruniree conditions. In the presencé gerum proteins, we found a strong quenching of the
particle uptake suggesting the formation of a protein corona at the particle surface. As model system, we used idrtiéisial lip
cles (DPP&esicels), HEK293 cells, and human ucdilvein endothelicells (HUVECS). Experiments were performed under
static cell culture conditions and under physiological blood flowitmred Accordingly, we confirmed that chitosan nanocapsules
formulated with a chitosan of DA 34% are most hemocompatible, suggegtoigragyed circation in blood.

9. Nonviral nanoparticles for gene delivery to mammalian &ilgVWLR (P1), norviral strategies for microRNA delivery to breast
cancer and pEGF$§IRNA cedelivery to cystic fibrosis cells systems were addressed. Chigzsaples of biomedical grade purity
were obtained from GILLET (P10), and fully characterized in their Mw and DA features. These chitosans were used to prepare
ther nanocomplexes (NCXs) or nanocapsules (NCs) micrbBNIA5, known to be downregulated MCF 7 breast cancer tu-
mor cells. Selhssembled chitos@miRNA nanocomplexes (NCXs) and chitéxesed nanocapsules were furnished at varying
molar charge equivalent (amino/phosphate, [n-})/patios (from 0.6 to 8). As a general trend, th@verage pdicle diameter of
the NCXs was 8290 nm. The binding affinity was studied using&e Plasmon Renance (SPR) and fluorescence spectros-
copy. Transfection was carried out, targeting Junction Adhesion Molecule M) JAich was successfully doweguhted in
presence of chitosan with highP and intermediate DA of 30%, indicating reduction in breast cancer cell motility and invasive-
ness. In parallel, we evaluated chit@gd#GFP and chitoSgEGFFSIRNA complexes using conventional chitosan from HMC
(HMC Sample 70/5). Cell viability studies did not show any significant cytotoxic effect of the-tlaiseshoomplexes in a human
bronchial cystic fibrosis cell line (CFBE}1@/e evaluated the transfection efficiency of this cell line with both chjieS#P
and cotransfected with chitosapEGFPSIRNA complexes at (amine/phosphate, N/P) charge ratio of 12. We reported an increase
in the fluorescence intensity ohitosarpEGFP and a reduction in the cellstramsfected with chitosapEGFFsiRNA. These
studies provided proedf-principle that cdransfection with chitosan might be an effective delivestesyin a human cystic fi-
brosis cell line.
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Outlook

The Nan3Bio project has been a unique and instrumental platform that has enabled to address the influence of chitosan stiuwretsiaf fe

series of seond generation chitosans on the properties of every category of the major nanostructured materialthéard@nd biomedical
application. These materials span polymeric solutions, nanoparticles (matrix and oil core nanocapsules), nanofil@osniiitenegized hydro-

gels, and nosviral gene delivery particles. The achieved results have enabled inasestto help answering the questiorwh i ch chi t o
best suited f or Whenghe bietath chifpgan became availableé @uring the second half of the project, with a limited set o
characteristics (Mw and DA), and in small amounts, ibiéiathmark comparisons were possible between this chitosan and the conventional
ones. As expected, the bestited clitosan for a given application did not always match those of the first biotech chitosan polymers available
Hence, future studies will be eessary to continue the initiated béntarking between conventional and biotech chitosans produced at large
scale, and possibly with additional, different structural characteristics.

For most of the different formulations and applications addressed, we have achieved in viméqmooépt of the biological performance of
the different systems. Future studies will be needed to address the in viveopmofciple of preclinical value particularly for the biomaterials
for bone regeneration and for gene delivery.

26 WORK PACKAGE 6 - LIFE CYCLE ASSESSMENT

The objective of WP6 was to provide a detailed environmental assessment of biotechnologically and convertdigsllgiutosans by using

life cycle assessment (LCARAnother major objective of this WP was to clarify the legal constraints for market entry of biotechnologically pro
duced biosimilars using the novel chitosans as a case study, to identify bottlenesgkistiation procedures, and to draft possible scenarios to
overcome such legal hurdles. Below, we provide the main findings of the two assessments.

LCA was appliedbtthe production of chitosans obtained from chitin from crab shells, chitosans obtaimedhitin from shrimp shells and
chitosans obtained from chitin from squid pens. We also assessed production af thitogo sacchari des (COS), the
particular, we assessed pradion of COS obtained through biotechnology el as from conventional sources, namely from chitin from crab
shells, shrimp shells and squid pen.

Production of chitin and chitosans was assessed based on primary data at industrial scale. For chitin and chitosanpfisimlishaind squid

pen, data wee provided by Gillet Chitosan, a commercial producer of these materials in India. Both chitin and chitosan are pioelstate in t

of Guijarat, using bgroducts from a nearby fish processing factory. For chitin and chitosan from crab shells, thelsaipply more complex.
Shell s are obtained from Canada®s Atl antic coast f i semty,rchite $s. D
shipped to Europe, where the chitosan producer is located. Data for chitin and chitzkastigms were obtained from the actual producers,
whereas crab shell waste processing data were obtained froatuliter

Biotechnological production of COS was assessed based on pilot scale production by the BioBase Europe Pilot Planh§REERFcaling
up of the process to a large fermentation tank of 4,500 L. Finally, production of COS from chitin was assessed basattdmattiivy one of
the commercial dlosan producers in the Nano3Bio consortium, using as main data source a patensohjéct.

The system under study is a -cradle to gate® one, wthdionefbngtural h e
resources and raw materials up to pr oduc du@ gselfmsaercluded, hotvever managbmestt r
of waste and byroducts generated in the supply chain, including manufacturing, is included. We also included an estimate of the exlvironmel
impact associated to indirect land use changes (iLUC), that istiamate of how the demand for Hi@ased products like chitosans and COS
induce deforestation and intensification of agricultural land currently in use.

For chitosans from crab shells, one of the identified key drivers was energy use: the use of coawamfuehitin production in China as well

as the overall electricity use dominate several environmental impacts, such as greenhouse gas (GHG) emissions. Afeenefitia envi-
ronment was identified, related to the supply of crab shells forselmitproduction. These shells are diverted from a composting process, there-
by avoiding the ammonia emissions associated to composting. As for transports, their influence is not a key drivergbveafitghells and
chitin are transported over long distes.

For chitosans from shrimp shells, one of the key contributions to the impact of its supply chain in India is the prédetiomchloric acid
consumed during chitin production. Overall, the contribution of energy use (heat and electrittitg)doitosan supply chain is relatively low.
This is to a large extent due to the fact that both chitin and chitosan are dried using solar energy. Overall, wén&érghtimpshell chitosan

supply chain is a very efficient one, as it is local, fesyinternally many of its bgyroducts, such as caustic soda and water, uses solar energy
for product drying, and has substantial economies of scale due to its relatively high production capacity. On the dthérisiaogply chain,
shrimps are diveed from animal feed production. This diversion creates an additional demand for animal feed crops such as soy, thus creat
pressure to either put new land into cultivation, via deforestation, or by increasing yields in currently cultivated kash Jibstantial effect
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on the results.

Production of chitosans from squid pen has as key environmental impact contribution the production of electricity, chéstnusee final
product. In terms of GHG emissions, electricity production accounts fer then 90% of the total emissions attributable to this production
route. Production of chemicals, most notably caustic soda and sodium chloride, have a substantial contribution in seveaiegopies. It

must be highlighted that production of chins from squid pen does not require hydrochloric acid, as opposed to production from crustacean
shells.

Biotechnological production of COS appears to have two key contributions to most environmental impacts included iartey @r&doction

of electreity and production of glucose. Both products are used in the fermentation process, which is the step in the procesklclshiowgh
the biggest impact. Electitig is also used in all the other processes taking place before and after fermentationetitakévg all of those
processes together (excluding fermentation), their contribution is relatively low. Regarding the production of chesticadedzaand ammo-
nium chloride are the most important ones in the results. While the first substanee ismamly for cleaning the equipment, the latter is needed
as a nutrient during inoculum development and the following fermentation process.

Besides identifying the key environmental aspects of the different chitosan and COS production routes, iawaslatédghe project to com-

pare COS prodition following the Nano3Bio approach (fermentation) with the conventional approach (chitin hydrolysis: breaking doten chitin i
COS). This comparison was performed only with a preliminary character. This gelBcproduction of COS by fermentation has been mod-
elled based on data at pilot scale, even though an effort has been made to scale up the data for a higher productjd?) gapdaittion of

COS from the hydrolysis of chitin is not based on real gtafubut on a patent description and expert knowledge by the Nano3Bio consortium;
3) the COS obtained by the two routes are different in composition, therefore they might not be functionally equipiiertf these limita-

tions, it was decided to plrm this comparative analysis in order to have a first look at the relative sustainability of the new biotechnologic:
process. The results showed that COS produced by fermentation have lower impact scores than any of the chitin alteinatvesdri6

impact categories. As a summary, we can say that as a general trend, in many impact indicators, COS producethtigrfgrenform better

than COS production from chitin, except when the chitin source is shrimp by the Indian producer. Thesegesdtairaging for the technol-

ogy developed by the Nano3Bio project, since at an early stage of process development we can see that in many impscitsnoecédo
mance is comparable to the current technology.

Future research on the life cycle imtgaof chitosans should focus on the following areas, which we could not reach in Nano3Bio: 1) to assess
COS/chitosan production using data from full industrial scale, in order to reduce uncertainties induced by the usmlef piltitesature data,;

2) to expand the scope of the study to account for the remaining phases of the life cycle, namely the use phase and 8htbatdifgpare,

on a full lifecycle basis, chitosans/COS with alternative products fulfilling the same functions, in ordemandgiotential environmental ad-
vantages or drawbacks.

The requlatory analysiscarried out in this WP addressed three fundamental areas: operations, products, and a gap/bottleneck analysis. T
regulatory angsis started with a process mapping of chitosmurces leading to the various products. The traditional production of chitosans
was examined versus bioteahogical production methods of defined COS and polymers. Different cases were identified that allowed to inves
gate legal requirements and pdssi differences between conventionally produced and biotechnology based chitosans. Where needed, bo
national and EU legislation was included in the analysis. Finally, also selagahoequirements were reviewed in order to picture the potential
impact

On the operational aspects, there are general requirements such as those related to environmental protection and deeajtiatibaalare
applicable for all cases. They are very general in nature, yet nanomaterials may require specific attem¢ixtnddtieemining factor for opera-

tional aspects is the use of gdioally modified organisms (GMO), which imposes specific measures. Finally, specific testing on animals and/(
humans may be required depending on the development objective. Such testibjei to legal obligations, which may differ when dealing
with nanomaterials. Most of these legislations are based on implementations of EU Directives.

In addition, one of the goals of the project was to identify if differences in implementationnbeteraber states lead to competitive {Jlis
advantages. Project partners did not identify any specific bottleneck. In consequence, the national implementatianet®ieratg opera-

tional aspects did not reveal to hinder the implementation of akypassnational consortium.

When considering legal requirements related to product types, legislation on chemical compounds, in particular REACtd|eiganighs it
addresses nanomaterials and provides guidance for assessment. It would be lepgplesgiective of the production method. No new EU legisla-
tion for nanomaterials has been introduced. Either provisions are included in other legal instruments (e.g. produlegsglatiic) or intro-

duced via national legislation. The main issuedaiis this context is the difficulty of applying the nanomaterial definition to complex and diverse
products such as chitosan.

Concerning the use of GMO, given that biotechnological production of COS involves extracting the product from therfercthenggtioo

GMO will be present. As such, it would not be considered a GM product, but rather a product developed with a GM prboa4siagiaivn-

stream noAfood/nonfeed uses are in any case not covered by legislation, the absence of the GM mat@BicinitGsan would also place it

out of scope of the GM legislation.

In addition, legislation defining organic production was reviewed. The legislation covers specifically agricultural probitinetio excludes any
involvement of GMO. This would alsdude chitosan produced with GM microorganisms. Some organic certification schemes have expande
the concept to cover other sectors such as cosmetics. In that case, both GMO as well as nanomaterials are potentifsoexchedeertifi-

cation scheme. #iough such schemes are voluntary, they are usually requested by a specific client or market.

Page27 of 47 08 December 2017



Nano3Bio: Final publishable summary report

With very diverse cases for medical applications, regulatory requirements relating to medicinal products for human alsgevizediccom-

bined advanced therapgedicinal product and nanotechnoldmsed medicinal products/medical devices were reviewed. One of the challenges
remains the determination of the category in which a product will fall, in particular for products that represent aarowbioattionkties.
Furthermore, the evaluation stressed the need to have similar approaches for similar products: the information reqomedeftiomal chi-
tosanbased wound healing application should not differ from those required for a biotechnology basadoefermed nanomaterials.

Placing on the market of other products (cosmetics, functional feed ingredients, feed additives and crop protectiothefskbatesspecific
legislation. In some cases, nanomaterials are clearly covered and specifiemmeqtsrare indicated.

Although we lack actual nanomaterial products to compare regulatory data requirements, it can be concluded that 1erpesguet thgisla-

tions incorprate provisions for addressing concerns related to nanomaterials; 2) whew@naterials are covered, this usually results in
additional data requirements and/or a default h i g hoe tabels is aldeadyc | a ¢
required in the legislation on food, cosmetics and biscide

To conclude, Europe's Bazonomy Strategy addresses the production of renewable biological resources and their conversion into vital produc
and bieenergy. The Nano3Bio project analysed the framework in which example cases of such applicatiossigfoGidmbining the infor-
mation with the exp@nce of the project partners, the following recommendations were formulated: 1) creatingcfasind reduced data
requirements for biotechnology products replacing conventional products and harnessirgptbtential of designed products; 2) applying the
nanomaterial definition in a pragmatic way, ensuring that products are not stigmatised and subject to more requireiecasismigf a mat-

ter of definition; 3) further harmonisation of legislatind &s implemerztion, in particular for aspects related to market introduction; 4) bridging
the knowledge gap of hazards related to nanomaterials and establishing realistioryesfuidy designs that deliver information adapted to the
competent authdrii e s ® needs.

Outlook

This WP has provided a wealth of precious data required to calculate environmental impacts of industrial chitosan pratlitctias,pro-
duced the first set of comprehensice Life Cycle Assessments for different conventionaligmgohocesses yielding chitin and chitosan poly-
mers and oligomers. We see that our first publication on the topic has been very well received and we are confidetidnz & varge im-

pact on making chitosan production more envirantaily friendly hopefully far beyond the two commercial chitosan producers in the Nano3Bio
consortium who already operate under strictly quality controlled, largely optimised conditions. The first Life CyclenA$setssnigiotechno-
logical production of chitin oligeers, and its comparison to a conventionacpss yielding a similar produethough not yet fully reliable as
both were based on pilot scale experiments, written descriptions and educated assusrgitiesdy suggtest that the biotechnological process-
es can be on par with the conventional chemical processes. It will be important to accompany the further developmeatechtiaagical
processes with parallel LCA investigations to steer the process in the best possible direction.

Similarly, the comhensive regulatory analysis will be influential in steering future developments towards the biotechnological production a
use of functional biopolymers such as chitosan which in this context served as an example only. Not unexpectedly, iedebameucrent
legislation which was developed in the past to deal with the production and use of synthetic chemidlatg, dnobus polymers, sometimes
clashes with the characteristics of biopolymers. The analysis, thus, serves on the one hand tossldetgpplication fields for biotedhoyi-

cally produced chitosans that are less prone to create problems during manufacturing and registration. On the otlraahaish gerve as a
guide to policy makers idéfying gaps and needs for modificatiohcurrent legislation to adapt the rules to empower biomaterials and bioac-
tives in the interest of a smooth transition to a knowleolged, circular beonomy. One emerging field of particular interest and of clear need
of action in this respect is aggmatic definition of nanomaterials.
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3 POTENTIAL IMPACT (INCLUDING THE SOCIO-ECONOMIC IMPACT AND THE WIDER SOCIAL IMPLICA-
TIONS OF THE PROJECT SO FAR) AND THE MAIN DISSEMINATION ACTIVITIES AND EXPLOITATION OF
THE RESULTS

3.1 IMPACT

The EU funded Nanoi®Boroject aimed to develop biotechnological ways of producing well defined polysaccharides and nanotechnological to
for their formulation and functionalization, yielding products with known phgkEmical properties and reliable biological activiflée
Nano3Bio project offered a fresh approach towards realising the ecological and economical potential of these fundiomzishiopening
new opportunities for the knowledbeased deviepment of high addedalue products utilisable e.g. in phareaiics, medicine, or cosmetics.

We used chitosans, possibly the most versatile and promising polysaccharides available, for the implementation of/éiselistgdain the
corresponding work programme by broadly addressing concrete, industry defiedsl Tiee outcomes of Nano3Bio are addressing certain
societal challengedike health, demographic change and wellbeing; food security, sustainable agriculture and forestry, marine and maritime &
inland water research, and the &onomy; climate actioenvironment, resource efficiency and raw materials.

The Nano3Bio project aimed at providing an important cornerstone in the buildikgasfladgeBased BieEconomy Therefore, the Nano3Bio
project had two parallel ambitions, namely (intwease basidknowledgeand (ii) touse the new knowledgéor technology transfer and devel-
opment. The progress, both in fundamental science and in the development of applications, has only been achievatethetsiogtal, inter-
disciplinary, and intersectoriatesearch. This is demonstrated e.g. by a number of scientific publications produced by the project and invitec
presentations. The efficient cooperation between partners from science and industry that is between researchers, deapldpetsrers and

proje¢ management services was tkey factorfor our siccessful project work and will alloapid technology transfefrom the academic field

into economy. The greatonomic potentiabf the generated project foreground is demonstrated by the relatiggynumber of patent appli-
cationsresulting from the project. One patent appicahas already been made. Fdurther patent applications have been drafted and are
currently in the approval phase carried out by the project partners.

Nano3Biengaged industy and SMEstrategically. Besides the highly interdisciplinary academic team, our consortium consisted of the whole
product chain from the raw material producers to the developers, suppliers, and users of chitosans. Furthermore, aeexpanecoarrie

out a regulatory analysigor the novel bieengineered, smart chitosans in order to investigate the legal requirements for their registration, to
identify constraints and bottlenecks impeding market entry of biopolymer based biomaterials and, thtisn#ha@dvancement of the KBBE. In
parallel, comprehensiVife cycle assessmentsf the novel biotechnologically produced chitosans were performed in comparison to convention-
al chitosans available on the market today, to ensure compliance with thé ahjecdives of théransition to a bieeconomy namely reduced
energy input, reduced environmental burden, and concomitantly improved product quality and increased consumer safety.allhabera
non-confidential project outcomes will be offeredopen accessublications for a wide public use and will be extremely helpful for informing
especially SMEs, allowing them to anticipate regulatory requirements as well as on the environmental impacts dudpgehef fifeir prod-

ucts. Theidentified policy gapscan as well support decisianakers inimproving legislationto facilitate the valorisation of products produced
with biotechnology.

In line with the topics of the callNano3Bio converged biotechnological production and nanotechnologicdtiormf innovative, biactive,
bio-mimetic, bieinspired, and bi@ngineered chitosans as high added value materials for a range of applications in the high price market secto
of the life sciences. Thpotentials of molecular engineering, bioinformedi, systems biology, and nanobiotechnologyere used to design

and engineemiproved biocatalysts and béatalytic processes, improving their performance in the production of high value primary materials,
deploying bigprocesses with increased yield, qtyaland purity of the conversion products, i.e. narrowly or even fully defined chitosan polymers
with known and tested biological functidiesd. The Nano3Bio approach entailed bothjrthévo productionof biomimetic materials as well as

their in vitro production based on innovative di¢chnology processing using chemenzymatic technologies. Nano3Bio included under the
same umbrella different approacheset@loit current progress in nanattechnology i.a. biologically produced bioinspired and n&masured
polymers with novel anidhproved biefunctionalities, biomineralization of physical chitosan hydrogfds bone repair, and the development of
chitosannanoparticles, nanocapsules, and nanofibrés overcome solubility limitations of adsiains an to improve their bi@accessibility and
bio-compatibility.

Furthermore, the projecttimulated the mobilityof researchers not only within the Europadmon but also beyond its borders, because one
Indian institution participated in the project, too. KBBE will not only play an important role because it is an extremely valuable economic
resource, but will also help to firsblutions for the most pressing challenges facing our and the future generatibnerefore, alobal work-

ing environments a funédimental requement, especially fagarly stage researchers and doctoral studentano3Bio contributed also particu-

larly to broaden theskills and know how. Thu$echnical Training Workshops f ocusi ng on di fferent adipect
engineering?®, " SPReManbgemenaptrowriting® were or dgarthammoedespecialy c o n
young scientistsvere encouraged to visit the labs of other partners to make use of their expertise astduistfreein order to establish lasting
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and trusted links between the partners of the consortiamd they made ample use of this opportunity. The crucial rgdersbnnel exchange
will have a beneficial impact on their future careers.

The Nano3Bio pmjt aimed at developing biotechnological biosynthesis strategies for partially acetylated chitosan oligomers and polymers w
narrowly defined qualityftwo different approachesvere adopted in parallel: &m vitro biorefinery approactand anin vivo cellfactory ap-

proach In the biorefinery approach, we used bioengineered and optimized chitin synthesizing, modifying, and degrading ennuaesaon ¢

ally produced chitin and chitosans or their chemically activated building blocks, to yield novelkaolitbsaore defined, nerandom patterns

of acetylation not achievable using chemicalgeais. In the cell factory approach, we used genes coding for chitin synthases and chitin
deacetylases towards the production of wmanal oligechitosansBoth appoaches were successful, partly beyond expectatiés an exam-

ple, we have identified several natural chitgsamucing orgaisms outside the kingdom of fungi to which natural chitosan production was
thought to be limited. Thisffers unprecedented opportities for the biotechnological prodtion of pure chitosans in their native fornfer
which we already have strong reasons t o b e lodueed @itosamsaMoredvér,eghg nod i f f
animal origin of these novehitosans will allow rathawift entryinto sensitivehigh-price makets such as biecosmetics. The novel biotech
chitosans are not onlglifferent from conventional chitosangroduced chemically, e.g. in having different,-ramdom patterns of acetylati,

they are also more defined in terms of their chemical properties amubt likely, as this remains to be provehiological functionaties, and

the ones produced in cell factories will in addition equally avoid the problems of animal originted/¢ostéraracterize these novel chitosans

and their nandormulations more thoroughly, and assessed their performance in a range of benchmarking application tests, in particular 1
cosmetic products, but also for other markets.

In the past, our series dfighly successful European research proj@AfRAPAX, NanoBioSaccharidesd PolyModEhas paved the way from
yesterdafy®sed | 4and poorly reproducible@effnesdt genendtigemechii os
appear on the markets in sufficient quantities for the development of reliable cligsshproducts, firstly in the agricultural market sector and
increasingly also in the biomedical sector. We are confidenthén&tano3Bio project will guide the wagtvar ds t omorr ow®s |
c hi t owheEmdué to their biotechnoliocgl production processes will be different and more natural than the conventional chitosans derived
by chemical processes from shrimp and crab shell wastes. The comprehefsi@ydle Assessment, which we performed in the Nano3Bio
project, will allow tdurther optimizing the conventional productiongoesses lowering their environmental impact, and will guide the way to
the development of sustainable biotechnological pramugtiocesses. In parallel, the thorough analysis ofebal constraintshindering the
commercial success of bimased products, in particular products based on functional biopolymers such as chitosans, will point towards hc
spots of required future lebactivities to foster the transition to a sustainable, circulaetdmomy.
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3.2 MAIN DISSEMINATION ACTIVITIES

Efficient dissemination and use of the results generated by Nano3Bio were among the fundamental requirements forahes pdrthip
project since the success of dissemination activities decisively contributesdeettadl success of a research projeas measured by usage of

its outcomes through external entities from science, industry, education and the public health sector. B@sémkiesamany forms depending

on the foreground to be communicated and on the different target groups. On the one hand, classical activities sucttiasspubiicientific
journals and at conferences were performed. On the other hand, the conguuitisued abroader approachncorporating relatively new media

like smartphone apps and Social Media. The Nano3Bio consortium had a commitment to engage target groups beyond saesty and in
communities to increase a broader interest induignces andio-technology and to get into a dialogue as to public hesitation concerning hew
developments in these fields. This summary provides an overview of the Nano3Bio dissemination strategy and selest@aréativitie by

the consortium.

Strategy
Dissemmation activities within the Nano3Bio project were designed to communicate relevant project résyltiatget groupsn order to

exploit the project®s results and to ensure the wisdmtwdtiondorjsimer s
action in this field were profiling the consortium members and the project itself, generating contacts to relevantasalamifiscientific play-

ers and increasing opportunities for future activities based on Nano3Bio projéts. st least, Nano3Bio aimed to explain the project ap-
proach and its results to the interested public in order to explain the included perspectives for society, the envirdnnterstignand in order

to underline that t heabrdugh®ostsignificam behefite forthesefeldde. hi s pr o

Overall, the consortium pursuedtargetoriented policyof disseminating the progress of the project. It incorporated the following goals: to
disseminate new scientific knowledge, to use the new ledgel for developing novel technologies as well as to raise public awareness and
understanding for science and technology.

Target audiences
During the project, the Nano3Bio consortium had the following target audiences for the fields of disseminatommamication in focus:

potential industrial partners respectively clients, policy makers, scientific networks and communities, young acadareossteg: general
public and the internal staff of paipiating organisations. Accordingly, the Nano3Bransunication strategy was not exclusively designed for
the scientific world. The consortium tried tavenunicate the scientific work of the project to the public as well in order to fostead under-
standing of related scientific mattera n d N a naochB&Bment®.s

Messages
To focus target group oriented communication, the following strategic key benefits were defined for different targeatgelpyenssages:

a) Benefits for science. Nano3Bio stands for highly forleaikdng innovation in théefd of bieengineering related to chitin and chitosans. b)
Benefits for young academics: Nano3Bio offers a lot to discover particularly towards students and young scientistés éprBiedeftry:
Economic use cases are part of the Nano3Bio appr@mhrt chitosans are expected to open up new market sectors. d) Benefits for society:
Nano3Bio aims to create beneficial impact for society as a whole. e) Benefits for environmentally interested targeargp88is:aNns at
producing chitosans more effient | y. The accordant benefits were specified in d
group related subpages.

Furthermore, within its communications, the consortium made use of the following main and unique charadt®tetic8Rio, which were

i mpl emented and repeated within the project®s di s s dinmestmanachitosans a c
are rightfully regarded as the most versatile and promising class of functional miexsollg) Nano3Bio delivers third generation chitosans with
known and defined patterns of acetigin. These will come up with clear properties and functionalities and will be highly interesting for various
applications. ¢) Nano3Bio establishes a detafledaycle assessment of chitosgsroduction processes, allowing comparison of different pro-
duction approaches as to environmental effects. d) Nano3Bio has reached a number of impressive achievements (see below).

Not least, the dissemination strategy of d&io included three consecutive phases.

The first phase waawarenessoriented In the early stage of the project, the priority was to present the project in order to build awareness for
its existence and its general approach. Key content during thée ptes: What the project is about, what it aims at, who is involved, and what
are its potentials. The most important key messages for this phase were: chitosans are an amazing class of functiomeisbiopdigps the

most versatile and most promisinge chitosans can be used in medicine, agriculture, food industry, cosmetics, and many other applicatiol
fields, there are significant differences between firsipiseé and third generation chitosans, Nano3Bio will meet new market requirements, which
cannd be complied with traditional chitosans, examples for general benefits that can be realised by implementing biotdghpehagatald
chitosans, a description of the capacity aggregated within the Nano3Bio consortium and its European funding.

The secod phase was ratheresult-oriented At a later stage, when results were available, the communication of these achievements was ir
focus in order to involve interested parties. The key messages in this phase were more specific and particularly melatepl tod j e ct ®s
ments and their possible apg@ions. Accordingly, today e.g. an impressing list of Nano3Bio major achievements including related press releas
can be found in the press section of the Nano3Bio project website.
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The third phase was méyrexploitationoriented in this final phase, specific activities were undertaken to start the actual exploitation targeted to
potential clients in order to allow project results to be implemented in specific products and subsequent research Axtortiiegly, the
related messages were very specific and application or research field oriented. Furthermore, if applicable, potepgaintersirahowing
interest in Nano3Bio, were contactedanabpr ded wi t h i nf or mat i o nnditsinavel éppottunides.pr oj ect ®s o

Activities
Al | consortium partners were involved in Nano3Bi o®s dributesnformi n a't
mation and knowledge through a variety of ways with different purposestoahei ous t ar get groups. I'n thi

mentioned above were ingphented in order to reach the different target groups with an appropriate level of information as to technical qualifice
tion and depth of details. The different ati&is are specified below:

- Website

The Nano3Bio websiteww.nano3bio.eis the primary dissemination tool presenting the project. Comprehensive information about the project
and related information can be found hérke website aims to meet the communication needs of a wide range of users. The website serves fo
communication and s8emination to all target groups mentioned above. Other dissemination elements (like the factsheet, press releases, vid
clips etc.) areavailable for download.

Apart from communicating the general project approach, its targets and expected benefits, research activities and a;hitevemebstte is

used to promote events and publications. When creating the website, it was one ofrtlgoatsto direct the content to the target groups of

the project. For example, the bgite contains explicit subpages clearly directed to those target groups (potential partners from industry, younc
academics, press and media, the general public etd.showing their potential benefits through Nano3Bio.

The website provides easily accessible information about Nano3Bio basics and invites users to get into continuingtiseaég. ititincorpo-

rates the basic rules of contemporary web usability dsasesearch engine optimisation and a responsive design allowing easy and comfortable
access via desktop comjaus, tablet computers and smartphones. Not least, the website is the background information channel for all activitie
real i sed o socid media phanoglsgsed bBlsw). Furthermore, the website is implemented as a platform to provide the video clij
produced by the project.
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Discover the future of biotechnology! New applications
f Huge Nano3Bio potentials

While the oil is slowly but surely running out, renewable resources are becoming
v increasingly important. In future, the biological production of raw materials has to

play an even greater role to meet the needs in a more efficient manner, with less

resource consumption and environmental pollution. Our international consortium of
S researchers and companies now rises to this challenge. Learn more
in Manifold benefits and connecting factors

Chitosan bio-stimulants are promising

The potential of functional bio-polymers ~ Nano3Bio's main object of investigation
and engineering - is evident. Nano3Bio provides significant chances as well as
natural connections to a wide variety of target groups and application fields. Science,
industry, society and presumably also the environment will benefit. Lea

compounds for sustainable, environ-
ment-friendly and consumer-safe agri-
culture, increasingly desired by the
market. Learn more

High grade conferences
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Image 3: Nano3Bio website

- Social Media

Nano3Bio is represented with a project specific profile on the popular Social Media platiGadk, Google+, Facebook, Twitter and YouTube
as well as on the topioriented platform Nanobay. A Nano3Bio account on these platforms was created and provided with the project logo a
other specific design elements and descriptions. These channelsused to deliver all kinds of updates about the project.
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Additionally, due to the relevance of Wikipedia on the internet in the information search process nowadays, the pedject\Gkiaedia entry
about itself.

- Social Media

Nano3Bio is represes with a project specific profile on the popular Social Media platforms LinkedIn, Google+, Facebook, Twitter and YouTu
as well as on the topioriented platform Nanobay. A Nano3Bio account on these platforms was created and provided with the prafect log
other specific design elements and descriptions. These channels were used to deliver all kinds of updates about the project.

Additionally, due to the relevance of Wikipedia on the internet in the information search process nowadays, the prdject\ikiaedia entry

about itself.

Image6: Selected Social Media platforms incorporated by Nano3Bio

-Smartphone Apps

Threeproject specific smartphone appwere developed and distributed by the project. Ideas and requirements regarding these apps were
collected during project meetings.

The first app, theonfeence/meeting apps a comprehensive tool for managing and accompanying Nano3Bio related events. The app is di
rected to project partners and external visitors of Nano3Bio meetings or conferences and it is a beneficial tooldandaisiompanying the
project ®s d itirgs EBomthat putpase it pravides all relevant information for participants of such events inclididgtepnfor-

mation about aspects like a complete agenda including scientific agenda points, meals, breaks, so@aldebackground information. Fur-
thermore, it contains a tool for organising @éneone appoitments of participants (matahaking tool).

Nano3Bio: Tapping the
potential of chitosans

ing class of functional biopolymers

Traditional chitosan and new
market requirements

Image 7Selected smartphone app views of the Nano3Bio conference app
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The second app provides the functionalities and contentdomgrehensive information base on chitin andtolansincluding their contem-

porasyppducti on met hods. The

app

al |l Dwe Clriatdo s gowardlidkNarmbABiopli®ggneral a wiki e ¢

is a media type that provides collaborative modification of its content by aldefiopen community by the aid of digital platforms. Any person

ordefnedmember s can contribute

cessful

new
publ i c Wi ki Chtlonsiatni aWilkyi,

content or enter existing

is guaranteed that the Nano3Bio project contribution is visible to related target groups very well. The future oppdrivoitynfipa broader

community to edithe wiki, driven bythesoal | e d

-col

ective intellkgepce@, tpeopirdgsch

beyond the project duratianFurthermore, active usage by potential follppaprojects is possible and intended, so that wiki app can be
understood and further upgraded towards a compnsive European knowledge base related to chitin and chitosan.

The third smartphone appistikehi t os an

T ut o rlts @rget grodghnhainly éBists obyouingpakca®emics and pacularly students

on an upper secondary school intensive course level. The Chitosan Tutorial App offers a visually appealing interfagen coatségieable
amount of text o pvide an easily understandable introduction into scientific work as welpksation areas of chitin and chitosans. Its han-
dling is possible intuitively and playfully without any basic knowledge by an interactive selection of topics and |lavetiteTine of infor-

mation all ows
catl y mor e

target
detailed informati

g r onu pl sameds &:i tau a-tfi aosnt

di splayed in addit i orouséppdews.gns (

this manner tk app explains étosan science and applications step by step at which it provides the opportunity to chte@snkwo degrees
of difficulty. The three smartphone apps are easily accessible via the Nano3Bio project website.
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- Scientific publications

- Factsheet

The Nano3Bio ftsheet provides a brief summary describing the
project, its objectives, participating organizations, expected results and
planned actities. It was made available for download and as a printed
version as a spporting tool for presentations, at events &od indi-
vidual meetings. In adibn, it served as a communication tool provid-
ing essential background informatiorwithin mailings to target
groups.

The Nano3Bio factsheet was designed as a flexible intesset! and
printable medium that could be adaptém many occasions and
updated due to new project outputs. Its sevepalates contain a brief
description of the Nano3Bio overall approach, new major achieve-
ments and specific aspects related to the respective occasion of us-
age. Not least the factshedt/gs imprasions as to the multiple appli-
cation areas of chitosans; it underlines the generated benefits in line
with the communication strategy (see above) as well as the European
funding of the project.

Peerreviewed scienfic articles constitute an excellent dissemination activity to reaehder scientific audienceand make it aware of the
pr oj e citte®and resalts. iDwing the duration of the Nano3Bio project, its partners disseminated many findings by mearsvavped
articles. Furthermore, numas scientific posters and lectures were presented at conferences and other scientific events. These publicatior
involve external review of @limgs, which is crucial for safeguarding the overall scientific quélibe g@roject. Moreover, project findings were
published in professional and technical journals, which areortant source of information for stakeholders from science and industry.

- Classical press and media work

Theregional and local media are ingptant for reaching the general publiBy means of press releases, interviews and events, the Nano3Bio

partners informed these medi

about the project ®s wsagds wetertrdns-f i n

ferred intoa rathereasy and general vocabulamg order to produce a clear idea of the project for a broad public. Whenever appropriate due to
project results or public activities, clasd press and media work was carried out in cooperation with the consortilithealeading partner in
charge of the respective news or action. New arelaat Nano3Bio issues were regularly processed as classical press releases and publishec

accordingly. Al

media releases

ar e jextwabsiteetabl e on the respecti v
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- Networking with related EU projects and conferences

Nano3Bio used several occasions to create and to pramiserking with external projects, conferences and everithis cooperation includ-
edcanmuni cati ng e ach ada redia c®anels, pdrteipatioa in evants dnd somferences, dissemination meetings, appearanc
on a trade fair as well as support in the field of press and media communication. Amongst others, the following orgg@ngjatitmand con-
ferences were irnlved in these nevorking activities: CommNet, CommBeBiz, ProBio, VDI and Nanotech 2015, European Symposium on Biop
ymers, ICCC and EUCHIS, NRW Nano it€aonée EUROCARB Conference, Indian Chitin and Chitosan Society. Moreover, many scientific prese
tations of project partners on further conferences and meetings spread the word about Nano3Bio. Not least, the involvenpent ofjthe ¢ t @
Advisory Panel Members was in line with the networking approadsifogon sience and potential application partners.

Image 9: NRW Nano Confereri2@]6

- Conferences and other events

Active participation iconferences and workshops an important dissemination activity, offering excellent opportunities to present the project to
different target groups and to get in touch with other plagarsicularly from the fields of research, education as well as industry. Hence, the
consortium made use of opparities to participate in conferences in the role of a speaker, (poster) presenter, moderator or exhibitor. Not least
Nano3Bio held severaténnational scientific dissemination meetings (see below). As a specific tool for creating awareness for Nano3Bio on
conferences, the Nano3Bio meeting/conference app (see below) was created.

Image 11:  Nano3Bio dissemination conferen@g15 Image 12: ® Nano3Bio dissemination conferen@17
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