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1. PROJECT OBJECTIVES & MAJOR ACHIEVEMENTS 

The problems, already well known during processing conventionally rawstock for leather upper end use, are inherent to the nature of the raw hides and skins, but also of the supply chain. The Tanner was obliged before Dermagenesis to use hides and skins preserved quite often using a curing process to ensure long term preservation; salt loads in the effluent, in turn, represents an intrinsic pollution load that the Tanner to confront as a priority. The rawstock market has been quite volatile, and hides and skins always an unpredictable and precious commodity.

On the other hand, the variability of the hides and skins, being eco-systems with a mechanical performance that is by far superior in the starting material and always reduced in the finished product, in conjunction to problems linked to this topographic diversity even on the same skins or hides was not so far possible to tackle, but only accept and try and improve the quality consistency of the final product with good chemistry. This project aimed at integrating the end users specifications the soonest possible in our process – objective achieved during the 1st year of the project - this time by looking into the development of a neo-tissue, but as it became apparent during P3 reporting period also through the transfer and adaptation of processes established or investigated in the biomedical sector to a traditional and rather inefficient commercial production process – i.e. Leather making. 

During the third year of the project it became apparent that the intrinsic limitations of the new process development in terms of phase duration, as well as the high operational costs of the experimental protocols and set ups, if the original set objective for the development of an upper leather analogue were to be met. Presenting the new biohybrids to the Tanners clearly surfaced the need to investigate thoroughly the spin off applications, results of the project in the short term eventually aiming the production of a tailored-to-the-client bio-upper in the mid-to-long-term. 

During the last year the development in the field of processing natural animal origin and synthetic biohybrid fabrics aiming at the dedicated low or no waste production of novel metal, salt, and biocide-free semi-processed dried commodities, as well as their closed loop stabilisation and finishing operations has yielded already some of the most exciting results of the project, that can be taken up by the end of the execution phase by the Industrial partners. 

On the other hand, an upper leather analogue, of consistent quality, processed with different machines without the need for trimming or clicking and the generation of difficult to treat solid waste remains a long term expectation for the project and a prevailing Industrial need for the Sector, even after 54 months from its kick-off. 

By the end of the execution phase of the project the feasibility of the production of a 3 mm thick 3D –bovine dermis analogue to be stabilised and processed de novo in vitro with a complete set of novel post-tissue growth formulations, systems and apparatus has been demonstrated beyond doubt.

This groundbreaking result has been achieved for the first time through the amalgamation of the traditional leatherworking skills with the cutting-edge techniques and knowledge of the tissue engineering and biomedical fields.

This has been very well received from both the Tanning and Footwear Sector at an open International workshop held on month-51, as well as greeted as the vehicles for the Sectors transformation by Public and Governmental National Authorities declarations. 

Moreover, DERMATOX, a new and never achieved hitherto microtoxicity testing portable instrument, not requiring all the facilities of a laboratory is the system of choice, is probably one of the most promising horizontally applicable inventions of this project Laboratory-based toxicity testing systems are widespread and well-established so that a new entrant should address the weak points of such systems. The MicrotoxR system has developed a unit for field use, whose feasibility derives to a large extent from the fact that the test organism employed, the light-emitting marine bacterium Vibrio fischeri, can be stored in the freeze-dried form, at ambient temperature.

However, it has become apparent on month-54 that the new optimised biohybrid based derma analogue components applicability, fitness for end use and economic viability as upper material in shoe manufacturing remains to be re-evaluated using bio-fabric material generated with the optimised culture protocols successfully scaled up and stabilised with the new combo-Dermagenesis pilot set-up at BIOFIN; albeit the structure of the produced tissues on month-54 does not appear to be that of a mature dermis, the basic macromolecular components and their assembly resemble closely that of a dermis at its early stage of the development.

2 Project S&T Objectives and Technological Targets – Status 

The chief project objective of this project at start was the design and development of a cost-effective process (Dermagenesis) for the production at pilot scale of Bio-techno-leather, a stabilised bovine bio-engineered leather analogue, for upper end use. For this purpose state-of-the-art tissue engineering techniques currently used for biomedical applications, were transferred, tested, validated and a completely de novo designed in-vitro biohybrid generation process was developed and currently set-to-work and optimised by the end of the project.

Consequently, the consortium set out on the 15th of January 2004 to identify the most appropriate cells, bio-materials and processes, as well as their combinations – at least one. 

Process - cells - biomaterials? 

Along these lines, the enhance research activities the 2-stage process protocols successfully developed during the life time of the project are outlined in Figure 1


Figure 1: Summary of 2-step Dermagenesis process components achieved by project end 
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Therefore, by project end, the most appropriate combination of cells, materials and process (hydrodynamic conditions and bioreactor configuration) have been identified and successfully applied at lab scale.

Lab- and Pilot- scale Bioreactors?
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On the other hand, at start it was projected the development of lab scale bioreactors and of a pilot scale bioreactor comprising semi-automated control, aseptic growth environment and monitoring of metabolic activity with feedback control mechanism to ensure production according to specification. 

During P2 soon became apparent the need for a series of six (6) lab micro-bioreactors development and later on the commissioning of another eight (8) appliances on month-46 necessary for the survey and optimisation of the process conditions and set up and the eventual development and remodelling of the biohybrids in vitro within the time scale of the project execution phase. 

These were the lab scale bioreactors, 14 in total, optimised and used throughout the extension period of the project execution phase.

On the other hand, during the last period, the construction of the pilot-scale bioreactor was completed. The main technical argument supporting such change is the substantial equivalence, from the scale-up point of view, of the two chambers, as the main scale-up step is really that from the single-inlet chamber to the multi-inlet chamber. Once this scale-up is successfully achieved, the mere increase in chamber size was felt to represent a much smaller technical hurdle.

PILOT BIOREACTOR DESIGN SPECIFICATIONS

The pilot demonstrator was designed on the basis of the following User Requirements (USR):

a) perfusion chamber of rectangular shape allowing the production of biohybrids with the following dimensions:

· length: 
150 mm

· width:
200 mm

· thickness: 
    2 mm

b) dimensioning of all bioreactor components to allow the installation of a larger perfusion chamber with the following dimensions:

· length: 
300 mm

· width:
400 mm

· thickness: 
    2 mm

c) ability to effect perfusion of biohybrid both in cross-flow mode (i.e. with the perfusion medium crossing the thickness of the biohybrid) and in tangential-flow mode (i.e. with the perfusion medium moving parallel to the biohybrid’s surface)

d) ability to sterilize the fully-assembled bioreactor in a steam autoclave at 121 °C for 20 min

e) ability to retain within the perfusion chamber sub-spherical microcarriers, or tissue elements, having representative dimensions of  > 200 μm in diameter

f) use of materials compatible with the growth and proliferation of mammalian cell, and in particular of fibroblast cell lines

g) ability to maintain the pH value of the perfusion medium at the desired value by means of equilibration of said medium with a 5% CO2 in-air mixture

h) provision for the aseptic loading of the perfusion chamber with cell-colonized fibroblasts obtained during a previous cultivation phase to be carried out in a dedicated stirred bioreactor, included in the scope of supply

i) provision for the continuous monitoring of pressure drop across the biohybrid during the cross-flow perfusion phase, as a means to estimated the degree of closure of the biohybrid structure following cell proliferation and Extra-Cellular Matrix (ECM) deposition

j) provision for the aseptic sampling of the perfusion medium for the off-line analytical determination of the concentration of substrates and/or metabolites

k) provision for the in-line monitoring of perfusion medium composition by means of FT-NIR spectroscopy
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The specifications for the expected biotechno- neo-tissue product of “Dermagenesis” as depicted with the project proposal have been revised already with Deliverable D-2. Already on month-24 it was predicted that most probably the biohybrids harvested stabilised and processed would only partially meet this technological expectation. This, however, as clearly confirmed by the Market surveys of commercial products in P2, should not hinder the use of the new material in hybrid and bonded components development for upper or other leather product end use. 

By the project end, although the results obtained are remarkable and constitute the first proof that a fully functional 3D biological tissue can be reproduced in vitro, it is clear that the enormous potential of the proposed strategy has not been fully exploited; to obtain a bovine derma analogue using the tools and processes developed more time and further research is needed.

Product neo-fabric unitary costs can be achieved?

For the purposes of this project and during the design phase of its technical content the target unitary costs for the new finished leathers set at project start was:

· Finished bio-techno leather average unitary selling price will be 50€ / m2 

· Threshold net profit value will be 5 € / m2.

The profit margin for most finished leathers is surprising low seldom exceeding 8-10% of the unitary price – particularly if one integrates in the current analysis the direct impact of sorting grades, namely quality, in the selling price of a lot of leathers bought as a single delivery of raw material, usually in the range of 100tonnes. The average selling price for upper leather firsts full grains ranges from 30 to 50 €/ m2. At this point it is important to mention the peculiar structure of the production of leathers that is that - with the notable exception of sole leathers and some types of vachette - hides and skins are bought on a weight basis and sold by surface area (sq.m. or sq. ft). The average yield for the substance foreseen as maximum for the product biotechno-leathers seldom exceeds 20% on wet salted basis, namely for each kg of raw material ca. 0,2 sq.m. or 2 sq.ft. of leather are produced. This only partially explains the cost structure of the finished product, since quite often firsts represent less than 10-15% of a batch of raw material bought with at a fixed price. The costs of chemicals for the pre-tanning and tanning process can range between 65 and 80 € /tn of raw material and total power consumption for the same production line was ca. 275 kWh (process duration ca. 74 hours). 

It is important however to reiterate that each processing protocol is tailored according to the raw material origin, type of conservation, mean weight, substance, quality grade and type of desired end product.

Table 01: Biopelt a real animal origin pelt analogue?

Property
Specification
Status
Comments

Composition – Ultra structure
Uniform – better than natural analogue
Achieved
Deliverable D-9 

Substance
.1,5 mm
Achieved
Neo-tissue d=3 mm

Rheological properties
As in bovine dermis

 (prior to processing)
Achieved - Very similar to papillary layer bovine dermis 
Deliverable D-9 –

 Figure Section02

Mechanical properties
Quality values as per Deliverable D-2
Flexible, strong even after only 2 weeks of maturation
Deliverable D-9

Linear Dimensions
30x40 cm or complex geometry
Not yet achieved - Only 35 mm diameter discs harvested
Deliverable D-9

Aesthetic properties
As for foetal calf
Not yet achieved


Hydrothermal stability
Prior to stabilisation 50-55 C – 
Leather characteristic peaks evident in thermographs on uncrosslinked samples -
Deliverable D-12 /D-14

Fitness for tanning / post-Dermagenesis Processing
As per model calf pelt bench mark
Achieved for stabilisation – Ready protocols for rapid closed loop processing to finished biofabric (not tested yet)
Deliverable D-14 – No bio hybrid samples processed to biotechno-fabrics

Stability to biochemical attack
As for semi-processed calf leathers (wet-white, wet-satbilised)
Achieved after processing with dedicated new dehydration system developed
Deliverables D-16, D-22

Shape mouldability
JIT modulated
In-built design option for bioreactors
Scaling up hydrodynamic considerations prevail

There is no unique recipe or process or to that matter costing structure for the Tanneries

The operational costs and profit margins for the product technology were revised by BIOFIN at the 6- 12th, 24th-Final milestone in order to pre-assess the viability of the industrial process, based on the results of cells and bio-materials screening and testing for in-vitro dermis growth. The outcome of the reverse engineering approach adapted by BIOFIN was an integral part of the consortium annual reports and were extensively discussed and addressed at the Mid-term Audit in Brussels in April 2006.

The final economic analysis raise unitary cost to over €49,000/m2 of biopelt, that can however be reduced easily by 10 -20 times to a final approximate figure of €2,000/m2, that is still 40-times higher than the average upper leather unitary price, a considerable barrier to its eventual commercial viability as upper leather.

Obviously much higher prices than €50/m2 can be justified, since product leathers will be of consistent flawless and guaranteed quality and performance. At the design phase of this project this appeared only reasonable, since surface area yield data and itemised costs for the Dermagenesis operation and equipment leasing or purchase were not available, namely to retain profit margins expected by the average upper leather producer. The latter is a theoretical value, when if only the routine reject rate of raw hides and skins is concerned (10 to 15%) this profit is achieved before even the Dermagenesis switch was turned on.  A moderate projection for the profit margins for the new finished leathers would be in the range of 25 to 30%, but this remains to be confirmed. 

Is High productivity (biopelt amplified growth rate) technically feasible?

Along these lines, unless the optimisation of biotechno-pelt and leather production rate – directly linked to the biosynthetic rate – was achieved; this, in turn, is a prerequisite for the commercial viability of “Dermagenesis” biofabrics. However the growth rates obtained for biohybrids hitherto range from 2 to 8 weeks, depending on the biomaterials used and the desire degree of maturation. There is no data obtained for wet-runs of the pilot bioreactor by project end. Routine commercial upper leather production from raw to finished leather lasts 1 to 2 weeks.

Obviously, crucial parameters as uniformity, consistency, fastness and yield of treatments for the manufacture of Biotechno-articles, that, in turn, define commercial value, will be evaluated if and when sufficient samples were available for this purpose. These, in turn, will also depend on the extent of possible integration of characteristics as colour been generated during “Dermagenesis” – “smart” properties. 

There was no Biotechno-fabric sample available at project end, in turn, due to the slow growth rates and the delayed success of remodelling processes that started on month 23, continued in P4, and concluded at project end.

Concomitantly, the project is aiming at zero emissions levels for the bio-techno-leather production and valorisation of waste and organic by-products. In the 1st year of the project benchmarking of the available treatment and disposal techniques of exhaust liquors and solid waste generated during routine leather was undertaken, coupled with environmental audits carried out in a representative section of the members of the IAGs. 

During the project the overall use of water as the principal reaction medium, conventional reactors and processes was revised and a new chemistry and biochemistry for the stabilisation and post-Dermagenesis treatments was de novo applied with a quantified 12,4% reduction in its Carbon Footprint. Several conventional mechanical operations applicable at the Tannery and the Footwear Industry were rendered redundant with significant potential economic gains for the Industry. The entire above project results, in conjunction to the outcome of the investigation of all available options for waste management and valorisation in P4 do prove the feasibility of the technological expectations of the project linked to clean production.

3. PUBLISHABLE RESULTS

This section provides a publishable summary of each exploitable result the project has generated. Included are only results the consortium is ready to publicise and that have been appropriately protected.

1. 3D-BIOHYBRIDS BOVINE DERMIS ANALOGUE 
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Result description (product envisaged, functional description, main advantages, innovation)

Product: 3D-biohybrids bovine dermis analogue of variable size with a substance that can exceed 3 mm.

Functional Description: The product is flexible and strong even though harvested only after 2 weeks, using the optimised intermittent flow (tangential / perfusion) and bioreactor configuration, in conjunction with the primary wt- BF cell line and ad hoc engineered gelatine microcarriers with tuneable biodegradability.  

Main advantages: Prototype Raw Material for the leather industry developed in vitro and harvested without the sacrifice of animals.

Innovation: The 3D-biohybrids bovine dermis analogue has structural, compositional and rheological properties by far superior of any hitherto skin analogue product harvested in-vitro.

Possible market applications (sectors, type of use...) or how they might be used in further research (including expected timings)

Possible market applications: Leather industry. Potential partners in other sectors of application could be as a testing substrate for toxic substances in the Cosmetic industry, Chemical industry or Eco-Toxicity Testing Laboratories…
Possible use in further research: Further R&D work is required for improving yields and reducing costs. Estimated development time: Min. 1 year before validating results and patenting before commercial exploitation.  

Stage of development 

Laboratory prototype

Collaboration sought or offered 

Financial support or investment with a view of a subsequent manufacturing agreement

Collaborator details

Type of partner sought: 1) Universities; 2) Private Research institutions knowledgeable in Bioreactors and Cell cultures; 3) Public or Private Test Houses well introduced in Toxicity and Eco-toxicity testing

Task to be performed: Final development of the process and product, cost reduction, commercial development in high value products notably in the laboratory testing environment.

Intellectual property rights granted or published

The process, cell line and bioreactor before their optimisation were subject of the 2nd provisional patent application filed on month-46 and protected with the updated EPO patent application n° 07120969.6 submitted on 17th of November2007.

2. ONE (1) PROTOTYPE PILOT BIOREACTOR AND FOURTEEN (14) LAB MICROBIOREACTORS 
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· Result description (product envisaged, functional description, main advantages, innovation)

Product: 

-One pilot scale bioreactor currently set-to-work and ready for start up and demonstration.

- 14 novel two-stage micro-bioreactors all commissioned, optimised and set-to-work at BIOFIN and CRIB. All bioreactors ready-to-use for the process optimization after project end and the production of biohybrid discs with a 1cm diameter and 2 mm thickness. 

Functional Description: 

The bio-reactors using the optimised intermittent flow (tangential / perfusion) and developed bioreactor configuration, produces, in conjunction with the primary wt- BF cell line and ad hoc engineered gelatine microcarriers with tuneable biodegradability, a flexible and strong tissue even though harvested only after 2 weeks.  

Main advantages: Improved tissue production.

Innovation: The 3D-biohybrids bovine dermis analogue have structural, compositional and rheological properties by far superior of any hitherto skin analogue product harvested in-vitro.

Possible market applications (sectors, type of use...) or how they might be used in further research (including expected timings)

Possible market applications: Leather industry. Potential partners in other sectors of application could be as a testing substrate for toxic substances in the Cosmetic industry, Chemical industry or Eco-Toxicity Testing Laboratories…
Possible use in further research: Further R&D work is required for improving yields and reducing costs. Estimated development time: Min. 1 year before validating results and patenting before commercial exploitation.  

Stage of development 

Laboratory prototypes

Collaboration sought or offered 

Financial support or investment with a view of a subsequent manufacturing agreement

Collaborator details

Type of partner sought: 1) Universities; 2) Private Research institutions knowledgeable in Bioreactors and Cell cultures; 3) Public or Private Test Houses well introduced in Toxicity and Eco-toxicity testing  

Task to be performed: Final development of the process and product, cost reduction, commercial development in high value products notably in the laboratory testing environment.

Intellectual property rights granted or published

The process, cell line and bioreactor before their optimisation were subject of the 2nd patent application filed on month-46 and protected with the updated EPO patent application n° 07120969.6 submitted on 17th of November2007.

3. A NEW STABILISED BOVINE FIBROBLAST CELL LINE (DERMAGENESIS) 

Result description (product envisaged, functional description, main advantages, innovation)

Product: The cell line was developed, characterized and validation at the molecular and cellular level. 

Functional Description: Up to project end the application of the new stabilized cell line using Deliverable D-9 optimised cell culture protocols, biomaterials and bioreactor configuration did not yield sufficient ECM or biohybrids of good quality. Problems also witnessed after Passage-43 with contamination during protocols and cell line transfer to BIOFIN. Alternative stabilized and fibroma cell lines have been tested with most promising results at BIOFIN.

Main advantages: Improved tissue production.

Innovation: The 3D-biohybrids bovine dermis analogue have structural, compositional and rheological properties by far superior of any hitherto skin analogue product harvested in-vitro.

Possible market applications (sectors, type of use...) or how they might be used in further research (including expected timings)

Possible market applications: Leather industry. Potential partners in other sectors of application could be as a testing substrate for toxic substances in the Cosmetic industry, Chemical industry or Eco-Toxicity Testing Laboratories…
Possible use in further research: Further R&D work is required for improving yields and reducing costs. Estimated development time: Min. 1 year before validating results and patenting before commercial exploitation.  

Stage of development 

Laboratory prototypes

Collaboration sought or offered 

Financial support or investment with a view of a subsequent manufacturing agreement

Collaborator details

Type of partner sought: 1) Universities; 2) Private Research institutions knowledgeable in Bioreactors and Cell cultures; 3) Public or Private Test Houses well introduced in Toxicity and Eco-toxicity testing  

Task to be performed: Final development of the process and product, cost reduction, commercial development in high value products notably in the laboratory testing environment.

Intellectual property rights granted or published

The process, cell line and bioreactor before their optimisation were subject of the 2nd patent application filed on month-46 and protected with the updated EPO patent application n° 07120969.6 submitted on 17th of November2007.

4. NEW SPIN-OFF PROCESSES FOR THE CONSERVATION OF HIDES, SKINS AND OF THEIR BIOHYBRID ANALOGUES, FREE-OF-SALTS AND BIODIDES IN DRY CONDITION, RAPID CONTINOUS FLOW STABILISATION AND WET-FINISHING OF THE DEHYDRATED SEMI-PROCESED 

Result description (product envisaged, functional description, main advantages, innovation)

Product: Spin-off technology for dehydration of hides and skins. Full protocols, formulations of process steps, tangible product leathers and model shoes generated using the new animal origin “leathers”, all available material ready for take up by Tanners. 

Functional Description: Biopelt production and continuous flow, rapid, clean energy efficient and climate friendly solvent based processing of ovine, bovine, kangaroo and pig hides and skins proven and tested successfully. Pickle free processing using transglutaminase and 2 organic crosslinkers validated and ready to be taken up by the Leather Sector.

Main advantages: Improved environmental performance. The consortium carried out the blueprinting of the new ideal European Tannery through the systematic assessment of the new processes environmental impact, waste and pollution prevention and control measures coupled for the first time with Carbon Footprint calculations for the conventional bovine upper, biopelt and dehydrated –rapidly tanned upper leather configurations, using new models for this purpose, generated for Dermagenesis project with the CARBON TRUST Methodology
Innovation: New conservation method free of salt and biocides of intermediate raw materials easy and quick to tan in a solvent-based solution and further processing to leather.

Possible market applications (sectors, type of use...) or how they might be used in further research (including expected timings)

Possible market applications: Tanning industry. Potential partners in other sectors of application could be downstream leather using industries.
Possible use in further research: Further R&D could aim at improving the technology or demonstrating its efficiency. Research in new enzymatic crosslinkers (genipin / oleuropein was abandoned as the biohybrid substrates were not sufficient for further testing. However, these crosslinkers can be the foundation of innovative stabilisation processes applicable to biohybrids generated by result 2 bioreactors after the completion of the project.

Stage of development 

Pilot Industrial application

Collaboration sought or offered 

Financial support or investment with a view of a subsequent manufacturing agreement

Collaborator details

Type of partner sought: Leather articles manufacturing industry downstream to the tanning industry  

Task to be performed: Development of Just in Time and Quick Response business approaches in the leather value chain





























































































































































































































































2-Step process development: summary 





- Particulate Material 


a) Steam sterilisable Gelatine microbeads (Percell)  


b) Ad hoc engineered microcarriers with tuneable biodegradation rate


c) Commercial microporous biodegradable and sterilisable scaffolds


- Seeding Phase + Phase O amplification step


Spinner flask culture 





Process 


Perfusion Bioreactor / Lab scale & Pilot  


Maturation chamber filling (Injection step)


Culture condition (perfusion and tangential flow)


Maturation/ Stabilisation combo  chamber dimension / configuration/ tests


Time of culture (from 2 8 weeks)


Cell type 


- Primary Fibroblast, 


- Dermagenesis Stabilized Fibroblast 


- Fibroma commercial stabilized Fibroblast cell line





2. Maturation Phase: to obtain dermal equivalent





1. Dynamic cell seeding: to obtain tissue precursor
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