


Universidade do Minho
Escola de Engenharia

Silvia Cristina Gomes Pereira

Genetically engineered new spider silk
chimeras for bone regeneration

Tese de Doutoramento
Programa Doutoral em Engenharia de Tecidos,
Medicina Regenerativa e Células Estaminais

Trabalho efectuado sob a orientacao do
Professor Rui L. Reis

e do

Professor Joao F. Mano

Janeiro de 2011



DECLARACAO

Nome: Silvia Cristina Gomes Pereira

Endereco electronico: silvia.gomes@dep.uminho.pt
Telefone: 966322742
Numero do cartdo do cidaddo: 11474010

Titulo tese: Gnetically engineered new spidet silk chimeras for bone regeneration

Orientador(es): Professor Rui Reis e Professor Jodo Mano

Ano de conclusio: 2011
Ramo de Conhecimento do Doutoramento: Programa Doutoral em Engenharia de

Tecidos, Medicina Regenerativa e Células Estaminais

E AUTORIZADA A REPRODUCAO PARCIAL DESTA TESE/TRABALHO (indicar,
caso tal seja necessario, n® maximo de péginas, ilustragdes, graficos, etc.), APENAS
PARA EFEITOS DE INVESTIGACAO, MEDIANTE DECLARACAO ESCRITA DO
INTERESSADO, QUE A TAL SE COMPROMETE;

Universidade do Minho, [/

Assinatura;




To my family






Acknowledgments

After all the research work and writing the moment as come to express my sincere
appreciation to all the people that in one way or another contributed for this thesis.

For sure without them the accomplishment of this work would not be possible.

First, | would like to thank my supervisor Professor Rui Reis for giving the opportunity
of being a PhD student at the 3B’s research group where | had all the support and
freedom to pursuit my research interest. | am also grateful for the chance to
participate in the writing and managing of several research projects, for sure these
skills and knowledge will be extremely important for my future professional life. To
Professor Jodo Mano, | am grateful for his intelligent critics and guidance that without
a question contributed in a decisive way for the accomplishment of this thesis. To
Isabel Leonor (commonly known as Belinha), my sincere and enormous gratitude for
her encouragement, friendship, thoughtful advice and supervision during my good and
bad moments. Thank you for being always there.

To Professor David Kaplan, for its crucial and decisive contribution to this thesis | will
be always grateful. Without your support and guidance this thesis would never be
possible. Also, by opening the doors of your group you gave me the chance to learn
and grow as a researcher and to contact with amazing and friendly people that were
always there for me. | am very grateful to all the people from Tufts, Aneta, Monica,
Nicolle, Dean, Heather, Guokui, Sreevidhya and Carmen for your friendship,
encouragement and support to this work. To Olena, Keiji and Jabier | will be always
grateful for your enormous help and patience during the work we developed together,
for your friendship and for all the happy and funny moments spent together. To Milva,
Rossella and Cleyton, | will never forget all the interesting conversations and the funny
moments we spent. Also from Boston, thank you to my roommates Iffet, Jerome,
Tanya, Zuzana and Maayke for the conversations, support in bad moments, cinema
sessions and happy experiences.

Since this thesis would never be possible without a scholarship | thank Fundagao para a
Ciéncia e Tecnologia (FCT) for providing my PhD grant (SFRH/BD/28603/2006), which

supported the costs with human resources and part of this work.



During these past years at the 3B’s group | had the chance to contact and work with
different personalities, which was a golden opportunity to open my mind and improve
my social and human skills and at the same time a lesson for life. To the ones more
close to me - Paula Lopez, Vitor Junior and Helena Lima - | have no words to describe
how you made this load easier to carry. Thank you for the crazy, deep and nonsensical
talks and for the support during the bad moments and the laughs during the good
ones. Thank you to Iva and Ricardo Pires for your friendship and of course for being my
faithful “roadmates” during these long trips between Taipas and Braga. Thank you to
Ricardo Silva for your help during my first stapes into the amazing world of chitosan
and for the interesting and intelligent discussions. Also | would like to thank to Helena
Azevedo, Marcia Rodrigues, Marta Silva, Ana Rita, Simone Silva, Bruno Ferreira,
Alexandra Marques, Albino Martins, Paulo Bessa, Tiago Silva, Tircia Santos, Liliana
Gomes, Virginia Aradjo and Wojciech Szymczyk for your friendship and support during
my research at the 3B’s group.

Estou eternamente grata a minha mae e a Golgalves pela compreensdo, apoio
incondicional, carinho e amor, mesmo durante os momentos mais dificeis, que me
permitiram chegar onde me encontro hoje. Sem vocés esta tese ndo seria possivel.

Ao meu amor e companheiro de “viagem”, Duarte, obrigada pelo amor, compreensao,
PACIENCIA (e muita), carinho e forca durante os maus momentos em que as duvidas se

avolumaram no horizonte e por estar sempre presente durante os bons momentos.

FCT Fundagio para a Ciéncia e a Tecnologia

MINISTERIO DA CIENCIA, TECNOLOGIA E ENSING SUPERIOR

? .' . TISSUE ENGINEERING
~o | RESOURCE CENTER
7

s Tufts University | National Institutes of Health | Columbia University
National Institute of Biomedical Imaging and Bioengineering

UNIAQ EUROPEIA

Fundo Social Europeu

Vi



Genetically engineered new spider silk chimeras for bone regeneration

Abstract

Tissue engineering and regenerative medicine are emerging fields focused on the
development of tissues and organs that can be used in transplantation surgeries for
the replacement or repair of damaged tissues or organs. This accomplishment would
discard the need to use autologous and allogenic grafts, overcoming problems such as
donor rejection, disease transmission or organ scarcity. The materials science field
contributes directly for the achievement of this goal through the functionalization of
natural or synthetic polymers or with the development of new biopolymers with
diverse mechanical and biological characteristics. More recently, many research
studies show the potential of using biotechnology approaches to generate new
bioactive multifunctional materials engineered at the molecular level. An advantage of
using genetically bioengineered biopolymers is the possibility of generating new
genetic variants carrying different functional domains.

The main goal of this thesis is to develop new multifunctional proteins that can be
used in the fabrication of a new generation of biomaterials with improved features
such as infection control, enhanced cell functions and better mechanical performance.
As a result, the main objectives of this thesis are:

I. Design of new functionalized spider silk fusion proteins through the combination of
six repeats of the consensus unit for the native sequence of the major ampullate
dragline silk | from Nephila clavipes (6mer) with two different types of proteins: bone
sialoprotein (BSP) and the human antimicrobial peptides, namely human neutrophil
defensin 2 (HNP-2), human neutrophil defensins 4 (HNP-4) and hepcidin. The four
protein domains were fused with spider silk through recombinant DNA technology and
the new chimeric proteins and silk alone were expressed in Escherichia coli RY-3041
strain. 6mer, 6mer+BSP, 6mer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin were purified
with affinity chromatography and their identity was confirmed.

Il. Study the in vitro activity of the new chimeric proteins to verify if protein domains
maintained their activity. Attenuated total reflection Fourier transform infrared (ATR-
FTIR) results show that the spider silk domain, 6mer, maintained its ability to self-
organize into a B-sheet conformation, an important feature related with its mechanical

properties. Additionally, in vitro mineralization studies demonstrated that 6mer+BSP
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fusion protein with BSP retained the ability to induce the deposition of CaP. Finally,
radial diffusion tests showed that the antimicrobial domains present in 6mer+HNP-2,
6mer+HNP-4 and 6mer+Hepcidin proteins maintained bactericidal activity.

lll. Assess the mechanical properties and roughness of 6mer+BSP protein films and its
behaviour in the presence of calcium ions. Since 6mer+BSP was synthesized for bone
regeneration applications the study of these parameters is important. In this way,
atomic force microscopy (AFM) was used for imaging and for force spectroscopy. The
results obtained show that 6mer+BSP had a higher stiffness than 6mer protein. For
both proteins the roughness values were similar. In the presence of Ca ions, the AFM
imaging showed the ability of 6mer+BSP chimeric protein to form supramolecular
networks through ionic crosslinking.

IV. Address the in vitro activity of the new chimeric proteins. Cell culture studies with
human mesenchymal stem cells (hMSC) indicated that 6mer+BSP protein sustained
hMSC proliferation and differentiation into the osteogenic lineage. In the case of
6émer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin proteins in vitro cell studies
demonstrated that these new proteins were capable of sustaining the proliferation of
mammalian osteosarcoma cell line (SaOs-2).

V. Finally, based on the results obtained with the in vitro, 6mer+BSP and
6mer+hepcidin were selected for in vivo studies and the results showed no major
differences between the inflammatory responses to the 6mer+BSP and 6mer+Hepcidin
films and the responses observed for the controls 6mer, poly-lactic-glycolic-acid (PLGA)
and empty implants.

The results obtained in this thesis demonstrated that 6mer+BSP, 6mer+HNP-2,
6mer+HNP-4 and 6mer+hepcidin bioengineered proteins represent promising protein-
based biomaterial for future biomedical applications. Additionally, the results reported
here also highlight the potential of using new genetically engineered proteins to
develop new hybrid multifunctional biomaterials for tissue engineering and
regenerative medicine applications. This new generation of multifunctional proteins
can combine different functionalities such as enhanced cell adhesion, mineral
nucleation and infection control, and therefore exclude the need for additional

chemical modification which has considerable disadvantages.
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Novas quimeras de seda de aranha geneticamente modificadas para aplicacio em
regenera¢ao de 0sso

Resumo

Engenharia de tecidos e medicina regenerativa tém como principal objectivo o
desenvolvimento de estruturas para substituicdo de tecidos e érgaos danificados. Este
feito excluiria a necessidade de utilizar implantes autélogos ou alogénicos,
ultrapassando os problemas de rejeicdo e escassez de 6rgdos e de transmissdo de
doengas associados a este tipo de intervencles. A drea de ciéncias dos materiais
contribui directamente para o alcance deste objectivo através da funcionalizacdo de
polimeros naturais ou sintéticos e do desenvolvimento de novos polimeros. Estudos
recentes mostram as vantagens do uso da biotecnologia na sintese de novos materiais
bioactivos e multifuncionais. Os estudos descritos nesta tese centram-se no uso da
engenharia genética para o desenvolvimento de novas proteinas multifuncionais para
aplicagdao no desenvolvimento de uma nova geragao de materiais dotados de diversas
caracteristicas vantajosas tais como a capacidade de controlar infec¢des e de induzir
melhores respostas a nivel celular e propriedades mecanicas superiores. Desta forma,
os principais objectivos desta tese sdo:

I. Desenvolvimento de novas proteinas quiméricas através da fusdo de seis unidades-
consenso da sequencia nativa da proteina "major ampullate dragline silk I”, da espécie
Nephila clavipes (6mer), com dois tipos diferentes de proteinas: sialoproteina do osso
(BSP) e péptidos com propriedades antimicrobianas, “human neutrophil defensin 2”
(HNP-2), “human neutrophil defensins 4“(HNP-4) and “hepcidin”. Utilizando a
tecnologia de ADN recombinante, estes dominios proteicos foram fundidos com a
sequéncia da seda e as novas proteinas foram expressas na estirpe de Escherichia coli
RY-3041. As proteinas 6mer, 6mer+BSP, 6mer+HNP-2, 6mer+HNP-4 e 6mer+hepcidin
foram purificadas por cromatografia de afinidade e a sua identidade foi confirmada.

Il. Estudar, através de estudos in vitro, a actividade dos dominios proteicos das novas
proteinas. As analises de infravermelho por transformada de Fourier com reflexdao
total atenuada (ATR-FTIR) demonstram que o dominio da seda de aranha, 6mer,
manteve a sua capacidade de auto-organizacdo em estruturas “B-sheet”,
imprescindivel para as propriedades mecanicas desta proteina. Os testes de

mineralizagdo in vitro com a proteina 6mer+BSP mostram que o dominio BSP manteve



a sua capacidade para induzir a deposicdo de fosfatos de calcio. Os testes de difusao
radial com 6mer+HNP-2, 6mer+HNP-4 e 6mer+hepcidin mostram que estas
mantiveram a sua actividade anti-bacteriana.

lll. Caracterizacdo das propriedades mecanicas e da rugosidade das membranas de
proteina 6mer+BSP, e do seu comportamento na presenca dos iGes de cdlcio. Este
estudo é importante na medida em que a proteina 6mer+BSP foi concebida para
aplicacdoes em osso. O microscopio de forca atdmica (AFM) foi utilizado para a colheita
de imagens e para espectroscopia de forca. Os resultados mostram que as membranas
de 6mer+BSP sdo mais rigidas que as de 6mer. Os valores de rugosidade sdo
semelhantes para ambos os tipos de membranas. Na presenca de ides Ca’* as imagens
de AFM mostram que a proteina 6mer+BSP é capaz de formar complexos supra-
moleculares através de reticulagdo idnica.

IV. Caracterizacdo in vitro da resposta celular as novas proteinas. O estudo com
células estaminais mesenquimais humanas (hMSC) indicaram que a proteina
6mer+BSP é capaz sustentar a sua proliferacdao e diferenciacdo osteogénica. Os testes
com 6mer+HNP-2, 6mer+HNP-4 e 6mer+hepcidin mostram que estas proteinas
sustentaram a proliferacdo de uma linha celular derivada de osteosarcoma de
mamifero (SaOs-2).

V. Com base nos resultados obtidos as proteinas 6mer+BSP e 6mer+hepcidin foram
seleccionadas para estudos in vivo. A comparacao das respostas inflamatdrias entre os
implantes de 6mer+BSP e de 6mer+hepcidin e entre os controlos de 6mer, acido poli-
lactico-glicélico (PLGA) e sem implante ndo mostrou diferencas significativas.

Os resultados descritos nesta tese mostram que as proteinas 6mer+BSP, 6mer+HNP-2,
6mer+HNP-4 e 6mer+hepcidin, desenvolvidas através de engenharia genética,
constituem promissores biomateriais proteicos para futuras aplicacdes na drea
biomédica. Estes resultados também destacam o potencial da engenharia genética no
desenvolvimento de novas proteinas para o fabrico de novos materiais hibridos e
multifuncionais para aplicacdo em engenharia de tecidos e medicina regenerativa.
Estas proteinas combinam varias funcionalidades como melhor adesdo celular,
deposicdo de minerais e controlo de infecgdes, excluindo a necessidade de

modificagcGes quimicas adicionais.
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conformations after ATR-FTIR spectra deconvolution of the 6mer and 6mer+BSP films.

XXi

Page

56
57

57

63
67

68

79

82

92

98

929



Figure 11l.4. (A) Surface morphologies and (B) EDS characterization of the 6mer and
6mer+BSP films before and after soaking in AMS solution for 1 and 6 hours.

Figure 1lIl.5. Morphology of the 6mer and 6mer+BSP films seeded with hMSCs and
cultured for 3, 7 and 14 days. In all assays, the 6mer and 6mer+BSP films without cells
were used as controls.

Figure lll.6. EDS characterization of the 6mer and 6mer+BSP films seeded with hMSCs
and cultured for 3, 7 and 14 days. In all assays, the 6mer and 6mer+BSP without cells
were used as controls.

Figure lII.7. Viability of cells seeded on the 6mer and 6mer+BSP films for 3, 7 and 14
days of culture and determined by Alamar Blue. Cell viability is expressed in relative
fluorescence units. Asterisks indicate statistically significant differences (p<0.05).
Figure 111.8. Transcript levels from hMSCs cultured on the 6mer and 6mer+BSP films
after 3, 7 and 14 days for genes COL1A1, ALP and IBSP. Asterisks indicate statistically

significant differences (p<0.05).

Chapter IV — AFM study of morphology and mechanical properties of a
chimeric spider silk and bone sialoprotein protein for bone regeneration
Figure IV.1. Amino acid sequence for the 6mer+BSP protein. The linkers for the BSP
sequence are underlined. The 6mer is represented in black and the BSP sequence is
represented in gray.

Figure IV.2. Force curves on 6mer and 6mer+BSP films, and on mica: a) cantilever
approaching the surface; b) contact point; c) cantilever in contact with the surface.
Figure IV.3. ATR-FTIR spectra of the 6mer and 6mer+BSP films after 2 hours of
treatment with 70% methanol.

Figure IV.4. Topographies of AFM images (tapping mode) for 2% 6mer and 6mer+BSP
films using 20 x 20 pm?, 10 x 10 um? and 2 x 2 um? scan sizes.

Figure IV.5. Topographies of AFM images (tapping mode) and corresponding section
analysis of 6mer (A1-A2) and 6mer+BSP (B1-B2,) proteins in HEPES buffer 0.1 mM (pH
7.4).

Figure IV.6. Topographies AFM images (tapping mode) and corresponding section
analysis of 6mer (A1-A2) and 6mer+BSP (B1-B2) proteins in HEPES buffer 0.1 mM with
Mg in a ratio of 1:1000 (protein:Mg).

Figure IV.7. Topographies AFM images (tapping mode) and corresponding section

analysis of 6mer (A1-A2) and 6mer+BSP (B1-B3) proteins in HEPES buffer 0.1 mM with
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Cain a ratio of 1:1000 (protein:Ca).

Figure IV.8. CD spectra for the 6mer and 6mer+BSP recombinant proteins dissolved in
HEPES buffer 0.1 mM (pH 7.4), in HEPES buffer 0.1 mM with Ca in a ratio of 1:1000
(protein:Ca) and in HEPES buffer 0.1 mM with Mg in a ratio of 1:1000 (protein:Mg).

Chapter V — Antimicrobial functionalized genetically engineered spider silk
Figure V.1. (A) Amino acid sequences for the chimeric proteins carrying silk block
copolymer (6mer) and the HNP-2 (a), HNP-4 (b) and the hepcidin (c) peptide
sequences. The 6mer block is represented by black. The HNP-2 (a), HNP-4 (b) and
hepcidin (c) sequences are represented by a gray. The restriction sites for the insertion
of HNP-2, HNP-1 and hepcidin sequences are underlined. (B) Amino acid sequences for
the hydrophobic and hydrophilic blocks present in each of the six units forming the silk
block copolymer (6mer).

Figure V.2. SDS-PAGE gel stained with colloidal blue (A) and western-blot using anti-
histidine antibody (B). 1 - 6émer, 2 - 6mer+hepcidin, 3 - 6mer+HNP-2 and 4 -
6mer+HNP-4.

Figure V.3. ATR-FTIR spectra of 6mer, 6mer+HNP-2, 6mer+HNP-4, 6mer+hepcidin films
before and after treatment with 70% methanol and respective percentage of B-sheet
and random coil/helix conformations after ATR-FTIR spectra deconvolution.

Figure V.4. Graphics representing the antimicrobial activity of 6mer+HNP-2,
6mer+HNP-4 and 6mer+hepcidin using a radial diffusion assay. Recombinant
6mer+HNP-2, 6mer+HNP-4, 6mer+hepcidin proteins were used in concentrations of 10
pg/ml, 50 pg/ml and 100 pg/ml against E. coli and S. aureus. 6mer was used as control.
As mentioned in section 3.4. No inhibitory effect was detected for the 6mer protein
and for that reason it was not included in the graphic representation.

Figure V.5. Images showing the antimicrobial activity of 6mer+HNP-2, 6mer+HNP-4
and 6mer+hepcidin using radial diffusion assay. Recombinant 6mer+HNP-2,
6mer+HNP-4, 6mer+hepcidin proteins were used at concentrations of 10 pg/ml, 50
pg/ml and 100 pg/ml against E. coli and S. aureus. 6mer was used as control. Discs
were 8 mm in diameter.

Figure V. 6. DLS measures of particle diameter (nm) as a function of protein
concentration.

Figure V.7. CD spectra for the recombinant 6mer+HNP-2, 6mer+HNP-4, 6mer+hepcidin

and émer.
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Figure V.8. Alamar blue for cells cultured on 6mer+HNP-2, 6mer+HNP-4,
6mer+hepcidin and 6mer films after 3 days. TCP stands for tissue culture plastic, used

as a positive control, and * stands for p<0.05.

Chapter VI — In vivo biological responses to chimeric proteins: silk proteins
functionalized with bone sialoprotein

Figure VI.1. Amino acid sequence for the 6mer+BSP chimeric protein. The 6mer silk
domain is highlighted in black and the BSP domain in gray. Linkers for the insertion of
the BSP domain are underlined.

Figure VI.2. SDS-PAGE for the 6mer and 6mer+BSP proteins. Both gels were stained
with colloidal blue.

Figure VI.3. ATR-FTIR spectra for the 6mer and 6mer+BSP films before and after UV
irradiation.

Figure V1.4. Flow cytometry profiles for CD14, CD25, CD8, CD3 and CD4 antigens after
2 and 6 weeks.

Figure VI.5. Graphic representation of the percentage of positive cells detected by
flow cytometry based on the surface markers.

Figure VI.6. Host inflammatory response after 2 and 6 weeks after staining with
hematoxylin and eosin (H&E). Images were obtained at 10x magnification. *marks the
implant. Black arrow indicates blood vessel.

Figure VI.7. Histological analysis with von Kossa staining for the detection of calcium
deposits. Images were obtained at 10x magnification. *marks the implant. Black arrow

indicates calcium deposits.

Chapter VII — Biological responses to spider silk-antibiotic fusion protein

Figure VII.1. Amino acid sequence for the new chimeric protein, 6mer+hepcidin. The
6mer sequence is depicted in black and gray stands for the hepcidin domain. The TS
restriction site was used to insert hepcidin sequence.

Figure VII.2. SDS-PAGE gel electrophoresis showing two bands of around 28 kDa for
6mer and 6mer+hepcidin. Dimers and multimers were also observed for the
6mer+hepcidin.

Figure VII.3. Representative flow cytometry plots for surface markers. Positive cells for
the surface markers are depicted in black and gray stands for negative cell population.

Figure VII.4. Representative plots of one experiment for the expression of CD4, CDS,
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CD14, CD3 and CD25 surface markers for the cells extracted from the region
surrounding each implant sample at the end of 2 and 6 weeks. Numbers represent the
average percentage of positive cells for each marker. Gray shows marker expression

and black stands for the negative control, with no secondary antibody added.

Figure VII.5. H&E staining of PLGA, 6mer and 6mer+hepcidin films and the empty 219
control after 2 and 6 weeks of implantation. Magnification 10X. * marks the implant.

Black arrows mark blood vessels.
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Chapter | — Genetically engineered proteins for tissue engineering

Abstract

To overcome the limitations of the traditionally used autografts, allografts and, to a
less extent, synthetic materials there is the need o develop a new generation of
scaffolds comprising different features such as adequate mechanical and structural
support, able to control cell attachment, migration, proliferation and differentiation
and being bio-resorbable, allowing for the body to heal itself at the same rate as the
implant degradation. Genetic engineering offers the possibility to express biological
components already present in nature and to generate new peptides and protein
sequences by establishing new artificial self-assembling peptides or by fusing together
different bioactive domains or protein motifs. In this way, with genetic engineering is
possible to generate alternative sequences with tunable properties that can be used as
promising biomaterials for medical applications.

In this review we address some of the most frequently used proteins for tissue
engineering and biomedical applications and describe the techniques most commonly
used to functionalize protein-based biomaterials by combining them with bioactive
molecules in order to enhance their biological performance. Finally we highlight the
use of novel design approaches, namely genetic engineering, for protein heterologous
expression and the synthesis of new protein-based biopolymers, focusing the
advantages of these functionalized biopolymers when compared with their
counterparts extracted directly from nature and modified by techniques such as

physical adsorption or chemical modification.

1. Introduction

Treatment of injured tissues or organs focuses on the use of autologous and allogenic
grafts [1]. However, this practice has significant limitations for the patient and health
systems worldwide. Autologous grafts cause donor site morbidity and consequent loss
of organ functionality. Allografts are associated with risk of disease transmission and
require the use of immunosuppressants with associated side effects [2, 3]. In the field
of orthopaedic implants, autologous and allogenic grafts account for 90% of the grafts
currently used, with synthetic materials (metals, polymers, ceramics and composite
systems) used in 10% of surgery cases. In the three types of grafts there are numerous

cases of implant failure as a consequence of undesirable local tissue responses
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resulting in implant loosening, insufficient osseointegration, osteolysis, inflammation
and infection [4, 5]. These complications account for a failure rate of 13 to 30% in the
case of autografts and 20 to 40% for allografts [6] .Besides autologous and allogenic
grafts, synthetic materials have also been used for controlled drug delivery systems,
scaffolds design and orthopaedic fixation as screws, pins or rods [7, 8]. Nevertheless,
synthetic polymers are too hydrophobic and need additional bulk or surface
modifications to render the material more biocompatible and suitable for implantation
[9]. Therefore, there is a need for alternatives to these practices. Tissue engineering
and regenerative medicine offer an approach to circumvent the present therapies with
new methods of health care treatment with the purpose of improving the quality of
life [6, 10]. This improvement can come in the form of new cytocompatible and non-
toxic biomaterials for the manufacture of a new generation of scaffolds comprising
adequate mechanical and structural support and able to control cell attachment,
migration, proliferation and differentiation [4, 11]. Furthermore, this future generation
of scaffolds should not behave as a permanent prosthesis but instead should perform
as bio-resorbable temporary implants, allowing for the body to heal itself at the same
rate as the implant degradation [11, 12].

In recent years a small number of synthetic biodegradable polymers, mainly polyesters
containing glycolic (PLG) or lactic (PLL) acids and caprolactone (PCL) were approved by

I™ (autologous

the Food and Drug Administration (FDA) for use in sutures [12]. Epice
keratinocyte skin graft to treat severe burn victims from Genzyme Biosurgery,
Cambridge, MA), Carticel’ (autologous chondrocyte transplantation to treat cartilage
injury from Genzyme Biosurgery, Cambridge, MA) [13], MACI™ for matrix-induced
autologous chondrocyte implantation (Genzyme Biosurgery, Cambridge, MA) where
chondrocytes are supplied seeded onto a type I/Ill collagen scaffold secured to the skin
injury with fibrin glue [14], and Aplifraf (bovine collagen | matrix seeded with
keratinocytes for wound care from Organogenesis, Canton, MA)[15], are products for
cell therapy also available in the market. Other examples of products already
commercially available are Atrigel® (Atrix Laboratories, Fort Collins, Co, USA) a system
of biodegradable polymers for drug delivery [16] and the calcium phosphate based

products Collagraft (Zimmer, Warsaw, IN; and Collagen Corporation, Palo Alto, CA) and

ProOsteon (Interpore international, Irvine, CA) for bone applications [6]. However,
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since giving a detailed description of these and other products available in the market
is not the purpose of this review we advise the reader to address other reports for
more information [6, 12-16].

Despite the enormous research effort during the last few decades materials
scientist have not fully developed a new generation of biocompatible biomaterials
[12]. This limitation of tissue engineering to move forward from the laboratory into the
clinic is the result of many issues, including legal, the need to develop functional blood
vessel networks to nourish the new tissues mainly inside scaffolds, inability of the
biomaterials to promote the formation of functional tissues, and many related issues
[12]. For these reasons it is critical to develop the next generation of biomaterials that
will address the limitations above. New approaches in the fields of bionanotechnology,
protein engineering and bionano-fabrication will play a role in the development of

these next generation biomaterials [17].

In this review we address some biopolymers already being used or with potential
applications in regenerative medicine and tissue engineering, giving special focus to
proteins and protein-based biomaterials. Additionally, we will also focus on the
different approaches used for functionalization of these biomaterials in order to
improve performance, mechanical efficiency, biocompatibility and degradability,
usually with a goal towards control of these processes. This overview will be followed
by a description of the novel design approaches, namely genetic engineering, enabling
the synthesis of new protein-based biopolymers inspired in nature but without many
of the drawbacks of their native counterparts when extracted directly from natural
sources. Additional information can be found in recent related reviews addressing the
use of biomimetic materials in tissue engineering [18], the application of protein
templates for tissue engineering [4], the synthetic modification of proteins and
peptides [19] and the use of bioengineering for biomaterials design [20, 21] just to

name some examples.

2. Natural proteins for biomedical applications
The similarity between natural polymers and macromolecules forming extracellular

matrices suggest an innate ability for some of these polymers to interact with cells and
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biomolecules present in host tissues, offering mild immunological reactions when
compared with synthetic materials [11, 22, 23]. Natural polymers such as fibrin,
fibronectin, collagen, elastin, silk, keratin, chitosan, alginate, amylose/amylopectin and
hyaluronic acid are widely used in tissue engineering [22, 24]. Within the myriad of
biopolymers present in nature, proteins are the most sophisticated group in terms of
chemistry [25]. Therefore some proteins with potential use in the biomedical field will
be addressed in the next paragraphs. Table I.1 addresses some of the basic features of
the animal proteins described in this section.

Collagen is synthesized by fibroblasts and is the most abundant protein in the
mammalian body, accounting for 20-30% of the total protein [26]. Its primary functions
in tissues are to provide mechanical support [27] and to control cell adhesion, cell
migration and tissue repair [28]. Collagens form a large family of triple helical
molecules with about 28 different types described [29]. All collagens share the same
triple-helical structure where three parallel polypeptides, a-chains, coil around each
other forming a right handed triple helix chain. In animals these collagen triple helices
are known as tropocollagen and its hierarchical organization into more complex
structures generates the fibers and networks in tissues such as bone, skin tendons,
basement membranes and cartilage [30, 31]. Collagen is easy to modify and process
and its abundance, nonantigenicity, biodegradability, biocompatibility and plasticity
make collagen a promising biopolymer for applications in the medical and
pharmaceutical fields and tissue engineering purposes [27]. Reconstituted gels of Type
| collagen are widely used for biomedical applications and its main sources are animal
tissues such as skin and tendons [24, 32]. Collagen scaffolds have been extensively
used for soft tissue repair [33], vascular [34] and dermal tissue engineering [35, 36],
bone repair [37] and as a carrier for the delivery of drugs [38] and biologically active
molecules [39]. Additionally, collagens can also be used to fabricate microspheres for
cell encapsulation and drug loading for controlled release.

However, despite the wide range of applications collagens matrices lack the
mechanical properties required for hard tissue during initial implantation. For this
reason collagen is often blended with other materials, either synthetic [40] or natural

[41], to overcome mechanical limitations [4].
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Fibronectin is also a component of the extracellular matrix with important
functions such as structural support and signalling for cell survival, migration,
contractility, differentiation and growth factor signalling [42]. Fibronectin s
synthesized by different cell types, such as fibroblasts and is secreted as a dimer with
disulfide bonds formed between the 230-270KDa subunits. These subunits are formed
by three types of repeating modules named type |, Il and Il [43]. Fibronectin is a multi-
domain glycoprotein with a remarkable number of biological functions, many of which
are mediated through interactions with integrins, such as via the RGD sequences
present in fibronectin. Besides binding to cell integrins, fibronectin binds to other
biologically important molecules such as heparin, collagen/gelatin and fibrin [44]. Since
fibronectin is biocompatible and easily recognized by cell integrins, the use of
fibronectin or domains of the protein to functionalize scaffolds for tissue engineering is
often considered [45]. Polymeric scaffolds of chitosan [46, 47], collagen [48] and
hyaluronic acid [49] have been modified with fibronectin to improve cell adhesion and
proliferation.

Additionally, fibronectin-mimetic peptide-amphiphiles were used in the
fabrication of nanofibers and gels with excellent cell adhesion properties [45]. Another
strategy was to prepare fibronectin-terminated multilayer films of poly-lysine and
dextran sulphate for the study of the spreading behaviour of human umbilical vein
endothelial cells. The cells spread to a greater extent and in a more symmetric manner
on the films coated with fibronectin, suggesting that such fibronectin coated films may
represent a promising strategy to control cell interactions with the materials in tissue
engineering [62].

Together with collagen and fibronectin, elastin is also part of the core

architecture supporting cell adhesion and growth [50]. Elastin fibers are mainly present
in connective and vascular tissues, the lungs and skin. Elastin is a polymer of
tropoelastin monomeric precursor and elastin fibers are an important component of
the extracellular matrix to impart elasticity to organs and tissues. Hydrophobic
domains present in the elastin sequence are responsible for these elastic properties
[63, 64]. Elastin also has chemotactic activity, inducing cell proliferation and regulating
cell differentiation, with the specific binding of integrin o,B3 to the C-terminus in

tropoelastin [65]. Due to its characteristics elastin is of interest for drug delivery and
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tissue engineering and has been used in the fabrication of hybrid materials in
combinations with collagen [66], gelatin [67], polycaprolactone (PCL) [68] and silk [69]
for the production of vascular grafts [70], hydrogels [71], bone repair [72] and for drug
delivery [73]. However, the crosslinking occurs between the water-soluble tropoelastin
monomers to form the insoluble and stable elastin fibers limits the use of elastin from
animal origin [50]. Therefore artificial proteins incorporating elastin-like peptides have
been of interest for the development of new protein-based biomaterials [74, 75] with
properties similar to native elastin [76].

Fibrin is another example of a specialized extracellular matrix protein with
potential application for tissue engineering. However, unlike collagen, elastin and
fibronectin, fibrin networks form mostly during blood clotting. Fibrin is the result of
fibrinogen polymerization in the presence of thrombin [77]. Fibrinogen is a 340 kDa
protein present in plasma formed by pairs of three different polypeptides, Aa, BB and
v, held together by disulfide bridges [78]. Fibrin and fibrinogen are two important
components in blood clotting, fibrinolysis, cellular and matrix interactions,
inflammation, wound healing and neoplasia [54]. In the particular case of clot
formation, thrombin cleavage both Aa and BB chains at their N-termini, leading to the
exposure of polymerization sites in both chains [79]. Subsequently the combination of
these polymerization sites leads to the formation of double-strand twisted fibrils.
These fibrin protofibrils undergo lateral aggregation and form branches, producing a
three dimensional network [80]. Blood clots are further stabilized by covalent bonds
formed by the plasma transglutaminase, factor Xlll, making the clot more mechanically
stable and less susceptible to enzymatic digestion [81]. Fibrin is a viscoelastic polymer
and is used clinically as a medical adhesive; fibrin sealants are FDA approved.
Furthermore, fibrin is also used for skin repair, replacing sutures and staples in fixation
of skin grafts promoting a better wound healing [82], and in the transplantation of
keratinocytes in burned patients [32]. Fibrin is also a promising biopolymer for
applications in tissue engineering, in the repair of damaged tissues [83, 84], and drug
delivery, as a carrier for growth factors [85].

Additionally, two proteinaceous components of the extracellular matrix,
laminins and vitronectin, are mainly used to coat synthetic and natural polymer-based

materials to improve cellular response. Laminins are cell adhesion glycoproteins
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localized in the extracellular matrix of the basement membrane and are able to bind to
other matrix proteins [55]. Recently, lamimin-derived peptides have been used as
coatings to induce the adhesion of different cell types such as hepatocytes [86] and
human dermal fibroblasts [87]. Also, these peptides are being studied for drug delivery
in the development of targeting drug-loaded systems for cancer treatments [88].
Vitronectin is a multifunctional glycoprotein present in the extracellular matrix where
it binds to glycosaminoglycans, collagen, plasminogen and urokinase-receptor and its
RGD allows it to mediate the adhesion and spreading of cells [56]. This multipartner
binding makes vitronectin an attractive biopolymer for tissue engineering and to
induce cell attachment when used as a surface coating [89, 90].

The proteins described above are extracellular matrix proteins and have been
more commonly used for tissue engineering and regenerative medicine applications.
However, in the past few years other proteins have also emerged as potential

biopolymers for the fabrication of new biomaterials, such as Keratin [91]. Moreover,

since it is a protein shared by all mammals with a highly conserved amino acid
sequence it is expected to offer good cell and tissue responses [57]. keratin fibers are
hierarchically structured proteins present in hard and filamentous structures, such as
hairs, horns and nails [91]. The presence of a LDV cell binding domain in keratin amino
acid sequence [91] suggests utility for the fabrication of scaffolds for tissue
engineering. Keratin based biomaterials have been used to support adhesion, spread
and growth of L929 fibroblast cells [92], and the growth and differentiation of
osteoblasts (MC3T3-E1) [93]. Keratin films have an inhibitory effect on the IgE
receptor-stimulated histamine release from mast cells, making it suitable for use in
antiallergenic materials [94].

As collagen and keratin, silk is another example of a hierarchically structured
fibrous protein. Silk is characterized by its outstanding mechanical properties out-
competing high performance man made fibers such as Kevlar, nylon and high-tensile
steel, and by its self-assembly leading to fibers with a complex hierarchical
arrangement [25]. Silk-protein-based fibers are produced by insects [95] and spiders

[60] which use it for different ends such as cocoon and nest construction.
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Table I.1. Basic features of some of the proteins with potential applications in the biomedical field.

Protein Main functions Basic structure Relevant properties
Collagen Structur'al pr'oteln in tissues s.uch as Three paral!el polypeptide chains formec? by GXY (G - glycine, X - Biodegradability, low antigenecity and
connective tissue, tendon, skin, bone and usually proline, Y - usually 4-hydroxyproline) repeats and arranged | . -
[28, 31] . S . biocompatibility
cartilage in triple helix
Fibronectin Structural suoport and cell sienallin Dimer of two non-identical polypetide chains bonded at the Multi-domain protein with cell (RGD motif),
[42, 44] PP & & carboxyl end by disulfide bonds collagen and fibrin binding motifs
Elastin Structur.al pr-oteln found predgmlnantly |n- Cross-linked units of tropoelastin formed by hydrophoblc. (.ofteﬁ 3 Temperature dependent self-assembly and
connective tissue of arteries, ligaments, skin | to 6 repeats of GVGVP, GGVP and GVGVAP) and hydrophilic lysine . .
[50-52] . phase separation behaviour
and lung domains
BI lotting, fibrinolysi lul hf indi i i ith
Fibrin ooc.l c.ottlng,. |br|n.o ysis, ce u ar and Resultant from the polymerization and cross-linking of fibrinogen Growth factor binding and interaction wit
matrix interactions, inflammation and wound . . cells such as platelets, leucocytes,
[53, 54] . units after thrombin cleavage ) .
healing fibroblasts and endothelial cells
Major components of basement membranes
Laminins underlying epithelial and endothelial cells Heterotrimers of one 8, one a and one y chain, which represent Self-assembly and binding to several matrix
[55] and embedding Schwann, muscle and fat different gene products proteins and integrins
cells
. . Multi-domain protein with an RGD motif to
Regulates clot formation and immune . . . . - . .
. . . . . In human blood is found as a single chain or as a dimer while in the | mediate the attachment and spreading of
Vitronectin | response, provides biological cues for cell L e . . L .
- S . . extracellular matrix exists as a disulfide-linked vitronectin cells and binding motifs for collagen,
[56] adhesion, migration and proliferation and . . . A
. multimer heparin, plasminogen, glycosaminoglycan
extracellular anchoring o .
and fibrin binding motifs
Keratin structural proFem .m the cytoskelletons.of Formed by a-helical coiled-coil dimers assembled into 10 nm wide | Biocompatibility, good cell attachment and
vertebrate epithelial cells and epidermis )
[57, 58] . . filaments growth
appendages such as hair, nails and wool
Silk Building element of many arthropod nests, Highly repetitive core domain of alternating poly-A hydrophobic Self-assembly and remarkable mechanical
[59, 60] cocoons and prey traps and G rich hydrophilic motifs properties
. . . . Function over a wide range of
Repetitive sequence, with molecular weights ranging between 5 . -
MAPs . . . . temperatures, humidity and salinity and
Substrate adhesion and 120 kDa and high presence of 3,4-dihydroxyphenyl-L-alanine . .
[61] form permanent bonds to a wide variety of

(DOPA)

surfaces
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However, despite the multitude of functions and different protein structures,
many silk-based fibers have similar amino acid compositions and high levels of
crystallinity. Silkworm silk produced by the silkworm species Bombyx mori is the most
well studied silk protein [95]. The silk fiber is formed by two microfilaments
embedded in glue-like glycoproteins named sericin which works as a coating. Each
microfilament results from the assembly of a hydrophobic ~370 kDa heavy-chain
fibroin protein, a relatively hydrophilic ~25 kDa light-chain fibroin and a 30 kDa P25
protein [96]. Spider dragline silk has a slightly different structure with a core filament
formed by two spidroin molecules, major ampullate spidroin protein 1 (MaSp1) and 2
(MaSp2), coated by glycoproteins and lipids [97]. The remarkable mechanical features
of the different types of silk are in part due to the presence of a-helix and B-turns,
responsible for its elastic properties, alternating with B-sheets which confer toughness
to silk fibers. The strong molecular cohesion occurring with amide-amide interactions
in the B-sheet crystalline regions is thought to be responsible for the remarkable
stiffness of silk fibers [98]. In B. mori silk, the hexapeptide repeat GAGAGS is involved
in the formation of the B-sheets. In spider silk besides GA sequences there are also
poly-Ala blocks and both motifs contribute for the formation of anti-parallel B-sheets
[98]. These poly-A and GA motifs are embedded in amorphous regions formed by
either GGX (X can be Tyr, Leu or GIn) or GPGXX motifs believed to be responsible for
the elastic features [99]. The outstanding mechanic features and biocompatibility are
reasons why silk has been used through the millennia in such diverse applications as
hunting, fabrication of paper, wound dressing, textiles and sutures [59]. With new
technologies in the fields of polymer synthesis and processing, silk continues to be an
important topic of research for biomaterial and biomedical research. In the case of B.
mori silk, sericulture provides the product used by the textile industry and in medical
sutures [60]. Additionally, this silk is being studied for tissue engineering in the form of
scaffolds for a range of tissue needs, such as corneal regeneration [100, 101], cartilage
repair [102, 103], vascular grafts [104, 105], bone regeneration [106, 107] and drug
delivery [108, 109]. As mentioned above B. mori silk is available in large supplies from
sericulture, and is therefore most commonly used for the above studes. In the case of
spiders, it is difficult to breed spider species due to their cannibalistic behaviour. With

the advance of biotechnology tools it is now possible to bioengineer spider silk genes
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to produce spider silk-like proteins [110], such as for tissue engineering [111], cell
culture [112], nerve regeneration [113, 114] and wound dressings [115].

Mussel adhesive proteins (MAPs) are produced by marine mussels and used in

the formation of the byssal threads which allow the animal to anchor to substrates. A
common feature to all the adhesives produced by mussels is the presence of the
amino acid 3,4-dihydroxyphenyl-L-alanine (DOPA). DOPA residues are key elements for
the chemisorption to substrates underwater and the crosslinking process within the
adhesive molecules [116]. These natural adhesives display outstanding properties in
terms of function under harsh marine environments with wide temperature, salinity
and humidity fluctuations and the mechanical effects of tides, waves and currents
[117]. These remarkable properties make MAPs attractive biomaterials as
bioadhesives. MAPs have been used as bioadhesives for cells [118] and tissues [119],
and as self-adhesive micro-encapsulated drug carriers for biotechnological, tissue
engineering and biomedical applications [120]. MAP derivatives were also used in the
fabrication of adhesive-coated meshes as wound sealants, replacing tradition sutures,
staples and tacks [61].

The proteins addressed above are widely used for tissue engineering and
biomedical applications and can be obtained from animal sources. Moreover, the
majority of proteins used in the development of new scaffolds for tissue engineering
are extracted from natural sources. However, this strategy can have side effects since
in the case of proteins extracted from animal tissues, such as collagen and fibrin; there
are risks of disease transmission and allergic reactions. Biotechnology can be a
powerful approach and tool kit to address this problem, since many of these proteins
can be expressed in heterologous systems such as Escherichia coli, thereby overcoming

the disadvantages inherent to native sources.

3. Techniques for the functionalization of protein-based biomaterials

The properties of protein-based biomaterials can be improved by combining
them with bioactive molecules to enhance in vitro and/or in vivo functions. This
chapter refers to approaches used for functionalization of these biomaterials. The
surface of protein-derived scaffolds can be modified by physical adsorption, physical

entrapment (encapsulation) or by chemical modification. These techniques are
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commonly used to functionalize protein-based biomaterials with different biologically
active molecules, such as growth factors and antibiotics, improving cell and tissue
responses.

Physical adsorption is a simple immobilization procedure and is frequently
used to attach bioactive molecules such as extracellular matrix proteins or growth
factors to the surface of scaffolds by dip coating [121]. Adsorption efficiency is
dependent on the physical and chemical properties of the material, including
wettability, surface topography, functional groups, pH and electrical charge, among
other factors [122]. Many biomaterials are hydrophobic, therefore, methods are
needed to enhance wettability to make them more hydrophilic. Physical methods such
as bombardment with ions, UV light and plasma modification are used to disrupt
chemical bonds between carbon and non-carbon atoms generating unsaturated bonds
and radicals which react with oxygen, increasing hydrophilicity and enhancing
reactivity towards biological molecules [122]. Natural polymers have the advantage of
being rich in reactive chemical groups (hydroxyl, carboxyl, amide) which make them
more hydrophilic and capable of interacting with bioactive molecules. Collagen and silk
are examples of protein-based materials that have been functionalized through
adsorption of bioactive molecules, including bone morphogenetic proteins (BMPs)
[123, 124], basic fibroblast growth factor (bFGF) [125], vascular endothelial growth
factor (VEGF) [126] and therapeutic compounds such as antibiotics [127] and heparin
[128] as it is summarized in Table 1.2. In most of these studies the protein-based
scaffolds were soaked in a solution containing the bioactive component. In other cases
the proteins were blended with the bioactive molecule in solution and then cast to
form scaffolds [129].

Since adsorption is based on relatively weak or moderate electrostatic, van der
Waals , hydrogen and hydrophobic interactions the binding stability of the adsorbed
molecules can vary depending on environmental conditions. In this way, changes in
pH, ionic strength and adsorbed species concentration of the surrounding medium can
result in an uncontrolled release of the immobilized species [121]. For example, bone
morphogenetic proteins (BMPs) tend to diffuse away from the fracture area and high
doses are required to induce the desired osteogenic response. The release profile of

BMP-2 from collagen sponges shows an initial burst during the first 10 minutes, where
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the carrier loses around 30% of the BMP-2, followed by slow release during the next 3
to 5 days. This initial burst release can cause clinical complications, such as ectopic
bone formation, soft tissue hematomas and bone resorption [130, 131].

To overcome these issues, covalent immobilization has been widely used since
it has the advantage of providing stable attachment of bioactive agents to polymeric
scaffolds. With proper design, covalent conjugation has proven to be a very effective
strategy to control the release profile of the immobilized agent since these molecules
are retained for longer time periods at the delivery site, when compared with
adsorption [11]. Carbodiimide coupling is broadly used in protein chemistry to react
activated surface carboxylic acid groups from protein-based scaffolds with the amines
present on the peptide or protein to be immobilized [132, 133]. Carboxylic groups are
activated by using 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) mixed with
either N-hydroxysuccinimide (NHS), dicyclohexyl-carboiimide (DCC) or carbonyl
diimidazole (CDI) [132, 133]. This basic protein chemistry has been extensively used to
immobilize molecules as it is shown in Table 1.2, including BMPs and RGD peptides
onto silk and collagen scaffolds. A drawback of this coupling method is the difficulty in
characterizing the new peptide-protein scaffolds, due to the background noise from
the protein scaffold itself, making it difficult to measure the signal coming from the
small amount of peptide immobilized on the scaffold surface in order to quantify how
much peptide was immobilized [133]. Another drawback can be the presence of
reactive amine groups aside from the N-terminal amine. These reactive side groups
need to e protected, followed by deprotection after the coupling chemistry is carried
out, although the use of harsh conditions can affect the biological activity of the
immobilized molecules [132].

Glutaraldehyde, polyethylene glycol diacrylate and hexamethylene diisocyanate
can be used to bridge the amine groups present in the peptide or protein to be
immobilized and in the protein based scaffolds [133, 134]. Glutaraldehyde has been
used to couple insulin [135] and lipase [136] onto silk scaffolds and to crosslink blends
of collagen and silk [137]. However, the potential release of toxic residual molecules
formed during the crosslinking process is a concern if these biomaterials are to be used

for biomedical applications [134].
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Encapsulation of bioactive molecules within protein matrices has also been
explored as a method to control the release of bioactive agents. In many cases
chemical modifications are required in order to have better control over the release
profile of the encapsulated molecules. Crosslinked gelatin microspheres later
impregnated with basic fibroblast growth fact (bFGF) and loaded into collagen sponges
were used in order to have controlled release of bFGF at a defect site [138] (Table 1.2).
Furthermore, crosslinked collagen microspheres loaded with bovine serum albumin
(BSA) and nerve growth factor were prepared and release profiles assessed [139]. In
both studies collagen microspheres had to be crosslinked in order to reduce the initial
burst and attain better control of protein release. EDC and NHS were also used as
coupling reagents to covalently bind 2,3-dihydroxybenzoic to gelatin microspheres,
which were incorporated into a reconstituted collagen scaffold for a wound dressing
[140]. Silk microspheres were used for the encapsulation of bioactive proteins and
other molecules, exploiting the self-assembly properties of silk to control the release
profile [141].

Many formulations and delivery strategies have been explored in order to
achieve functionalization and sustained release of different molecules. However, in the
particular case of bioactive proteins loaded into protein-based scaffolds, protein
structure and topology must be considered in order to prevent protein denaturation,
as a consequence of the adsorption or immobilization processes, and protein
aggregation during the release period which can result in the loss of bioactivity [11,
179]. Proteins in denatured forms are often antigenic and can induce immunogenic
reactions with negative clinical consequences [179].

Most of the methods being used for functionalization of polymeric structures
and drug release have some disadvantages and new strategies are clearly needed.
Advances in the fields of self-assembly and biotechnology, mainly via recombinant
DNA approaches, can offer some important options to address the deficiencies noted

above, to help in the development of the next generation of biomaterials.
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Table 1.2. Summary of protein based scaffolds functionalized with different bioactive molecules.

Protein matrices Modification process Modifying molecule Application References
VEGF Vascularisation/angiogenesis [142, 143]
EDC/NHS covalent immobilization
FGF/VEGF Vascularisation/angiogenesis [144]
Heparin BMP/FGF/PDGF delivery system [145-147]
Collagen Traut's Rgagent .a.nd §ulfo—SMCC poly-Histidine antibody BMP delivery system [148]
covalent immobilization VEGF Vascularisation/angiogenesis [149]
Adsorption BMP-2 BMP delivery system [150]
FGF Cartilage regeneration/Growth factor delivery [151, 152]
Microsphere encapsulation BMP-7 BMP delivery system [153]
VEGF Vascularisation/angiogenesis [154]
EDC covalent immobilization TGF-beta Cartilage regeneration [155]
TGF-beta/IGF Cartilage regeneration [156]
Adsorption FGF Growth factor delivery [151]
Gelatin Fibronectin Cartilage regeneration [157]
TGF-beta Chondrogenesis/cartilage regeneration [158, 159]
Microsphere encapsulation BMP-2/VEGF Angiogenesis and osteogenesis [160]
BMP-2 Growth factor delivery [161]
o Microsphere encapsulation FGF Angiogenesis [162]
Fibrin BMP-2 Bone regeneration [163, 164]
Patterning immobilization FGF-2 Tissue engineering [165]
Heparin Michael type addition BMP-2 Bone/ligament regeneration [166]
HGF Hepatocyte differentiation [167]
Silk Cyanuric chloride immobilization Lactose Hepatocyte attachment [168]
Cross-linking Gelatin Tendon tissue engineering [169]
Adsorption FGF Growth factor delivery [170]
Gelatin Drug/Growth factor delivery [171]
Collagen/chodroitin-6- Tendon tissue engineering [172]

sulfate/hyaluronan
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Collagen tendon tissue engineering [173, 174]
BMP-2 Bone regeneration [175]
Microsphere encapsulation IGF Drug/Growth factor delivery [176]
Blend Gelatin Tissue engineering [177]
Silk/collagen Adsorption SDF-1 tendon tissue engineering [178]
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4. Recombinant proteins for tissue engineering

Since mammalian tissues are the main source of materials as collagen, gelatin,
fibrin and elastin there are concerns with disease transmission and immunogenic
responses in in vivo studies, as well as batch-to-batch variability [20, 180]. To
overcome these limitations, peptide synthesis and recombinant DNA protein
methodologies have been explored. Chemical synthesis can be a quick and efficient
method to fabricate short peptides in relatively small quantities [181]. However, the
synthesis of peptide sequences with more than 35-40 amino acids is not feasible due
to a drop in yield and efficiency paralleled by an exponential increase in cost [182].
Recombinant DNA technology provides well established protocols for cloning,
mutation and gene fusion in different host cells for the expression of peptides and
proteins with a broad range of sizes [183]. Furthermore, the increased efficiency in
making synthetic oligonucleotides and the use of standardized kits and protocols for
cloning and protein expression make the transgenic production approach more cost-
effective for large scale protein production [183]. Besides engineering biological
components already present in nature as shown in Table 1.3, the field of synthetic
biology is also focused on the design of new peptides and protein sequences. This can
be achieved by establishing new artificial self-assembling peptides or by fusing
together different bioactive domains or protein motifs that are not otherwise found
together in nature. Table I.4 gives an overview of the studies published during the past
few years using this approach [183]. Since genetic engineering offers the possibility of
altering the amino acid sequence of the expressed protein by adding or substituting
codons, it is possible to generate alternative sequences with tunable properties that
can be used as promising biomaterials for medical applications.

Below we will address some of the proteins that have been effectively cloned
and expressed in different recombinant systems. The potential of genetic engineering
to be used as a tool for the functionalization of biopolymers with different bioactive
peptides through the synthesis of new fusion proteins will also be discussed.

Collagen has been cloned and expressed in recombinant systems (Table 1.3).
The use of recombinant collagen has benefits since it can be a safe product with useful
self-assembly features [183] and the possibility of being functionalized with bio-

instructive domains [20] such as cell adhesion ligands [180]. Over the past 20 years
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recombinant systems for the large scale-production of recombinant collagen have
been developed and optimized. Recombinant collagen has been expressed in
mammalian cells, insect cells, Escherichia coli (E. coli), transgenic tobacco, mice and
silkworm [184]. From these recombinant hosts only the mammalian cells expressed
collagen with 4-hydroxyproline content identical to native collagen. However, since the
level of protein production was low (0.6-20 mg/ml) this system was not commercially
viable [185]. Since the production cost in yeast and E. coli is much lower than in
mammalian cell culture, a multigene expression technology was adopted in order to
overcome the absence of the enzyme prolyl 4-hydroxylase, an essential element in the
synthesis of fully hydroxylated collagens [185]. The absence of this enzyme leads to
non-triple-helical and non-functional collagen molecules, which are unstable below
physiological temperatures and thus unsuitable for medical applications. Hence, the
multigene expression approach based on the co-expression of procollagen polypeptide
chains and a- and B-subunits of proyl 4-hydroxylase using the yeast, Pichia pastoris,
was developed [186]. Collagen types |, Il and Ill were expressed with a 4-
hydroxyproline content identical to the native human proteins and expression levels of
0.2t0 0.6 g/mlin 2 L bioreactors were achieved [186]. The use of recombinant collagen
as a gel has been reported for chondrocytes [187], as a microcarrier [188], as corneal
substitutes [189] and for bone regeneration applications [190]. Furthermore,
customized collagen-like peptides formed with tandem repeats of the D4 domain of
human collagen type Il, a critical sequence for supporting the migration of
chondrocytes, were also reported [140]. Chondrocytes seeded on polyglycolic acid
scaffolds coated with this collagen-like protein formed cartilaginous constructs with
superior properties to the scaffolds coated with native type Il collagen [191]. These
advances highlight the importance of recombinant DNA technology in the synthesis of
proteins with applications that until now have only been available from animal
sources.

Recombinant DNA technology was particularly advantageous in the expression
of large and repetitive proteins such as silk. As in the case of collagen, different
expression hosts have been explored for the biosynthesis of spider silk (Table 1.3).
Major ampullate silk was successfully expressed by bovine mammary epithelial cells,

hamster kidney cells, insect cells and in the milk of transgenic goats, generally with low
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yields [241]. However, bacteria can be grown at large scales and have the advantage of
being easier to handle and more cost-effective. Therefore, E. coli has been actively
pursued as an expression host for spider silks. Since bacterial hosts have distinct codon
usages, silk sequences from different spider species were reverse transcribed into
cDNA, using the E. coli codon preferences, and double stranded oligonucleotides
coding for different domains of silk proteins were prepared [242]. These double strand
oligonucleotides were then assembled into synthetic genes coding for silk proteins
[241]. This cloning strategy was employed with successes for the expression of Nephila
clavipes consensus sequence for major ampullate silk protein 1 (MaSp1) and MaSp2
[243] and the flagelliform silk protein [235] from the same species. Cloning and
expression in E. coli, of both major ampullate silks ADF-3 and ADF-4 from the species
Araneus diadematus was also reported (Table 1.3) with yields between 140 and 360
mg/ml [234]. Besides E. coli, other hosts for the cloning and expression of spider silks
have also been explored. The yeast Pichia pastoris is considered an attractive host for
the expression of recombinant proteins since this expression system is well developed
for industrial fermentation, reaching high cell densities using low-cost media. For these
reasons it was successfully used for the expression of spider silk dragline using genes of
up to 3,000 codons with no evidence of truncated synthesis, a common occurrence in
E. coli host [233]. Plants such as tobacco and Arabidopsis thaliana are also being
explored as transgenic host systems for silk proteins, with yields of 2% in tobacco
leaves, 8.5% in A. thaliana leaf apoplasts and 18% in the endoplasmic reticulum of
seeds [241]. Similar approaches as above for collagens and silks have been applied to
the fabrication of recombinant elastin-like proteins that mimic native elastin (Table 1.3)
[50]. These new protein polymers have a modular structure formed with repeats of the
pentapeptide (VP-Xaa-Yaa-G), where Xaa is either G or A and Yaa can be any residue
but P. These recombinant elastin-like proteins are capable of reversible temperature-
dependant self assembly in aqueous medium [74].

Additionally there is the possibility of amino acid substitutions in the
pentapeptide repeats and previous studies have shown that the replacement of G by A
leads to mechanical changes in the protein from elastic to plastic [244]. Synthetic
amphiphilic block copolymers with distinct block polarity composed of hydrophilic and

hydrophobic segments can also be generated [74].
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Table 1.3. Biopolymers expressed in recombinant systems and their potential uses.

Protein Expression system Advantages/Applications References
Transgenic corn Food and pharmaceutical industries [192]
Yeast Pichia pastoris Identical 4-hydroxyproline content to human collagen; medical applications [186, 189, 193]
such as corneal replacement
Yeast Saccharomyces Study of collagen expression and maturation [194, 195]
cerevisiae
Mammalian HT1080 cells Optimization of recombinant collagen expression and isolation methodology  [196, 197]
Collagen |
Insect cells Optimization of recombinant collagen expression and isolation methodology; [198, 199]
Structural studies
Mammalian, mouse milk Optimization of recombinant collagen expression [200, 201]
E. coli IM109 strain Large quantities production / Therapeutic, biomaterial, or bioengineering [202]
applications,
E. col Bone tissue engineering [190]
Coll ' Yeast Pichia pastoris Identical 4-hydroxyproline content to human collagen [186]
ollagen
Insect cells Optimizing recombinant collagen expression systems [203]
Yeast Pichia pastoris Higher production level; Identical 4-hydroxyproline content to human [186, 189, 204]
collagen; Scientific and medical applications such as corneal replacement
Collagen Il Yeast Saccharomyces Optimizing recombinant collagen expression systems [205]
& cerevisiae
Insect cells 4-hydroxyproline content similar to human collagen; Study of collagen chain  [206, 207]
association and folding
Silkworm Viable expression system for bulk protein expression [208]
Collagen V Mammalian cells Structural studies [209]
Collagen VI Mammalian cells Collagen and heparin binding studies [210]
Collagen VI Mammalian cells Study of dystrophic epidermolysis genetic disorder [211]
Collagen X Mammalian HEK293 cells Optimizing recombinant collagen expression systems [212]
Collagen XI E. coliBL21 Study the regulation of collagen fibrillogenesis [213]
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Collagen-like protein Mammalian HT1080 cells Biomedical applications [191, 214]
Gelatin-like proteins Yeast Pichia pastoris Biomedical applications [215]
Yeast Pichia pastoris Optimizing cloning and expression process [216]
- . E. coli strain BL21-Gold Vascular replacement; Tissue engineering, controlled drug release and cell [217-224]
Elastin-like peptides A ] . o
encapsulation; Biomedical applications
E. coli BLR strain Biomedical applications [225]
E. coli RY-3041 Structural studies/Biomedical applications [226, 227]
. . . E. coli SG 13009pREP4 Structural studies/Biomedical applications [228]
Spider silk major ampullate from - - - - —
. . E. coli BL21 Structural studies/Biomedical applications [229-231]
Nephila clavipes
E. coli M109 strain Structural studies/Biomedical applications [232]
Yeast Pichia pastoris Structural studies/Biomedical applications [233]
Spider silk major dragline E. coli BLR strain Structural studies/Biomedical applications [234]
proteins ADF-3 and ADF-4 from
Araneus diadematus
Spider silk flagelliform from E. coli BL21 strain Structural studies/Biomedical applications [235]
Nephila clavipes
Spider silk like proteins - NcDS, E. coli BL21 strain Structural studies/Biomedical applications [236]
(Sp1)7 and [(Spl)4/(Spll)1]4
L Mammalian cells Fibrin sealant [237]
Fibrinogen — - —
Yeast Pichia pastoris Fibrin sealant [238]
Fibronectin E. coli Cell adhesion [239, 240]
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These block copolymers exhibit tunable mechanical and amphiphilic properties
dependent on the amino acid substitution. The flexibility of these block copolymer
designs extends the range of applications from micelles formed by self-assembly of
amphiphilic sequences for drug delivery, to temperature responsive hydrogels for cell
encapsulation and coatings of medical devices to improve host responses [245-247].
Genetic engineering also offers the possibility of enriching the sequences of proteins to
improve their biological activity by fusing them with other protein motifs with specific
bioactivities (Table 1.4). Initial elastin matrices for cell adhesion showed that cells did
not adhere to these biomaterials [248]. RGD and REV cell adhesion peptide sequences
were inserted into the elastins leading to a dramatic increase in cell attachment [246,
247]. Silk-based block copolymers were also engineered to carry an RGD cell binding
domain for intracellular gene delivery and by confocal laser scanning microscopy was
possible to observe the presence of labelled DNA inside cells demonstrating the
potential of these silk bioengineered block copolymers as highly tailored gene delivery
systems [249]. The addition of a recognition site for an enzyme with proteolytic activity
can also be incorporated into the sequences, favouring biomaterials degradation [250].
The fusion of the N. clavipes consensus sequence for MaSp1l with proteins such as
dentin matrix protein and bone sialoprotein, involved in calcium phosphate deposition
in teeth and bone [251, 252], respectively, also had positive results from a biomaterials
perspective [253, 254]. In both fusion proteins the silk domain retained its self
assembly properties and the dentin matrix protein and bone sialoprotein domains
maintained their ability to induce the deposition of calcium phosphates. These results
demonstrated the potential of chimeric proteins for applications in tissue engineering
and regenerative medicine for the design of new protein-based scaffolds for bone
regeneration [253, 254].

Furthermore, promising results were also obtained when the N. clavipes
consensus sequence for MaSpl was fused with antimicrobial peptides, namely
neutrophil defensins 2 and 4 and hepcidin, using a step-by-step cloning methodology
[255]. The cloning and expression of these new fusion proteins expanded these
chimera or fusion approaches to include antimicrobial-functionalized protein-based

biomaterials [255] offering a path forward in reducing the use of antibiotics to prevent
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infection in implants and in the design of a new generation of protein-based materials
bioengineered to prevent the onset of infections.

Other proteins have also been expressed as fusion proteins with biological
activity, such as FGF2-FNIII9-10 formed by a fibronectin fragment FNIII9-10 connected
to the carboxy terminus of fibroblast growth factor 2 (FGF-2). Previous studies
reported the synergistic effect of fibronectin and FGF-2 on osteoblast adhesion. The
FGF2-FNIII9-10 fusion protein showed a significant increase in cell adhesion and
proliferation when compared with FNIII9-10 alone [262]. The cell-binding domain of
human fibronectin was also fused with epidermal growth factor (EGF), important in
tissue regeneration to accelerate wound healing and enhance cell proliferation. The
new construct, designated as C-EGF, had both cell-adhesive and EGF activity and the
recombinant construct may be an effective drug delivery system for EGF in therapeutic
situations [276]. EGF polypeptide was fused with collagen type Il and the new
construct retained the triple helix of collagen and the mitogenic activity of EGF,
suggesting that this protein could be used as a biocompatible, biodegradable and
adhesive fibrous mitogen for tissue regeneration [263].

The examples outlined above highlight the potential of synthetic biology in
the synthesis of biopolymers for tissue engineering and regenerative medicine (Figure

1.1.).
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Figure 1.1. Scheme highlighting some of the features and applications of chimeric protein-

based biomaterials synthesized through recombinant DNA technology.
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Table 1.4. New chimeric proteins with potential application in the biomedical field.

Fusion protein Expression system Applications References
R136K (FGF-1 mutant) + collagen biding E. coli BL21 (pLysS) Selective binding to collagen and potent angiogenic, mitogenic and 256, 257]
domain strain chemotactic activity for endothelial cells !
VEGF + collagen biding domain E. coli BL21 strain Improve diabetic wound healing [258]
FGF + fibronectin cell-binding domain E. coli IM109 strain Stimulates angiogenesis, biomedical applications/tissue engineering [259]
FGF + collagen-binding domain E. coli BL21strain Delivery systems/Biomedical applications/Tissue engineering [260]
FGF + glutathione S-transferase (GST-bFGF)  E. coli Stimulate the growth of human umbilical vein endothelial cells [261]
FGF2 + Fibronectin (FGF2-FNII19-10) E. coli TOP10 strain Delivery of bioactive molecules [262]
EGF + collagen-binding domain E. coli BL21(DE3) strain  Delivery systems/Biomedical applications/Tissue engineering [260]
EGF-collagen Insect cells Tissue engineering applications [263]
EGF + immunoglobulin G (IgG) Fc region E. coli BL21 strain Cell adhesion [264]
(EGF-Fc)
Silk + elastin (SELP-47 K) E. coli Promote cell attachment and growth/Tissue Engineering [265]
Spider silk + dentin matrix protein E. coli RY-3041 strain Biomedical applications/Tissue engineering [254]
Spider silk + bone sialoprotein E. coli RY-3041 strain Biomedical applications/Tissue engineering [253]
Spider silk + antimicrobial domain (HNP-2, . . . . N . . .
HNP-4 and hepcidin) E. coli RY-3041 strain Biomedical applications/Tissue engineering [255]
Bombyx mori silk + RGD + elastin (FES8) E. coli BL21 strain Biomedical applications [266]
RGDS + silk fibroin (RGDSx2 fibroin) Silkworm Facilitate chondrogenesis [267]
Collagen + . . - . . . . . . N
GYIPEAPRDGQAYVRKDGEWVLLSTFL E. coli BL21 strain Stabilize the triple helix formed in the proteins/Biomedical applications [268]
BMP-2 + collagen-biding domain E. coli BL21strain Bone repair [269-271]
TGF_B.I-FI and TGF-B1-F2 + collagen-binding E. coli Biomedical applications/Tissue engineering [272]
domain
hbFGF-F1 hbFGF-F2 Il -bindi

b G. and hbFG + collagen-binding E. coli Biomedical applications/Tissue engineering [273]
domain
PDGF + collagen-binding domain E. coli BL21 strain Tissue regeneration and wound repair [274]
Fibrinectin 1117-10 + cadherin 11 EC 1-2 E. coli Rosetta-gami Orthopaedic regeneration [275]

strain
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Fibronectin cell-binding domain-EGF (C-EGF) E. coli HBIOI strain Drug delivery [276]
Fibronectin cell-binding domain-EGF . . L . .

(FNCBD-EGF) E. coli Skin wounds, catheter-injured arteries, and hind limb muscles [277]
E(GEII:D)/EGF/hydrophoblc sequence E12 (ERE- E. coli Controlling cell functions [278]
NGF-B + collagen-binding domain E. coli BL21strain Delivery system for neuronal development and regeneration [279]
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5. Conclusions
Genetic engineering makes it possible to develop new biopolymers with a

complexity and functionality resembling natural polymers formed in nature. By using
synthetic DNA it is possible to combine different functional domains for a fusion
protein, merging cell adhesion and migration, mechanical properties and antimicrobial
factors, towards multifunctional biomaterial systems. This approach obviates the need
for several chemical methodologies, such as covalent binding of bioactive motifs and
crosslinking, which can have drawbacks of protein denaturation and residuals with
toxicity. Although there has been a significant progress in exploiting genetic
engineering for tissue engineering and regenerative medicine purposes during recent
years, there remains a lot to be explored in order to take full advantage of the
outstanding potential of genetic engineering to be used as a tool in the development

of the next generation of custom-design biomaterials.
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This thesis focuses in the development and characterization of new silk based chimeric
proteins for future application in tissue engineering. So, the main goals of this work
are:

1. Design of new protein sequences combining spider silk (6mer) and bone
sialoprotein (BSP) and spider silk and the antimicrobial peptides human
neutrophil defensins 2 and 4 (HNP-2 and HNP-4) and hepcidin. The new
proteins were named 6mer+BSP, 6mer+HNP-2, 6mer+HNP-4 and
6mer+hepcidin;

2. Test the activity of the new proteins;

3. Evaluate the in vitro biocompatibility of the developed proteins;

4. Assess the mechanical properties of 6mer+BSP and its behaviour in the
presence of Ca**ions;

5. Evaluate the in vivo behaviour of some of these proteins (6mer+BSP and

6mer+hepcidin).

The intent of this chapter is to a give a general overview of the different
methodologies used in the different experiment studies performed during the course
of this thesis with the purpose of testing the following hypothesis:

1. Different protein domains can be combined without disturbing silk self-
assembly properties and the respective biological activity of the new
protein domains added;

2. The new silk based proteins can be processed into protein films capable
of sustaining cell proliferation and/or differentiation;

3. 6mer+BSP has similar mechanical properties to silk alone;

4. The new proteins are biocompatible and have no cytotoxic effects;

5. The new chimeric proteins induce mild inflammatory responses during

in vivo tests

In this thesis two different types of chimeric proteins were developed. Chapter
[ll describes the cloning and expression of 6mer+BSP chimeric protein, which combines
the mechanical properties of spider silk with the biological properties of BSP such as:

ability to induce the deposition of calcium phosphate (CaP) and to stimulate cell
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adhesion. Also, in this chapter we have the results for the ability of 6mer+BSP to
support osteogenic differentiation. Additionally, since 6mer+BSP is to be used for bone
regeneration applications, in chapter IV the mechanical properties, mainly the
elasticity, of 6mer+BSP and 6mer films are assessed by using atomic force microscopy
(AFM). Also, the roughness of these films was measured and the capacity of 6mer+BSP
and 6mer proteins to form supramolecular networks in the presence of Ca?* ions was
also evaluated. In chapter V is described the design of a new set of chimeric proteins
with antimicrobial properties, 6mer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin, and its
antimicrobial activity and biocompatibility were also assessed through proper activity
tests. The two final chapters describe in vivo inflammatory responses to 6mer+BSP and
6mer+hepcidin. The overall experimental approach described in this thesis aims to
develop and test new chimeric proteins for biomedical applications. The present
chapter describes with more detail the different methodologies and instruments used
to develop and characterized, from material and biological perspectives, the different
proteins. This set of methodologies is summarized in Table 1 and can be divided as
follows:

1. Gene design and cloning of 6mer, 6mer+BSP, 6mer+HNP-2, 6mer+HNP-4
and 6mer+hepcidin;

2. Proteins expression, purification and identification;

3. Secondary structure characterization to confirm the ability of 6mer silk
domain to form B-sheet when combined with other protein domains
and to assess the overall secondary conformation of the new chimeric
proteins;

4. |In vitro activity tests to evaluate the biological activity of BSP, HNP-2,
HNP-4 and hepcidin domains when combined with silk;

5. AFM analyses to assess the mechanical properties and roughness of
6mer+BSP and 6mer films and the behaviour of these proteins in the
presence of Ca**;

6. Biological tests to assess the in vitro and in vivo performance of the new

proteins.
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Table I1.1. Brief overview of the methodologies described in this chapter.

. In vitro activity Mechanical Biological tests
Proteins Structure analyses
tests tests in vitro in vivo
Fourier Transform Infrared Human
(FTIR) AEM mesenchvmal Subcutaneous
6mer+BSP Mineralization Atomic Force Microscopy v implant
spectroscopy stem cells )
(AFM) (HMSC) (mice)
Circular Dichroism (CD)
6mer+HNP-2 Antimicrobial _ B
6mer+HNP-4 activity - -
(Escherichia FTIR/ CD Osteosarcoma
coli and cell line (Sa0s-2) Subcutaneous
émer+hepcidin  Staphylococcus _ implant
aureus) (mice)
1. Materials

In this thesis different chimeric proteins were developed. The coding sequence for BSP
was purchased from the Harvard clone collection “The ORFeome Collaboration”,
Dana-Farber/Harvard Cancer Center, Boston MA, (Clone Identification:
HsCD00082642). The oligonucleotide coding sequences for HNP-2, HNP-4 and Hepcidin
were purchased from Invitrogen, CA, USA. For the other reagents, details will be given
when used for the first time during this chapter. All reagents were used and stored

according with the instructions and safety protocols provided by the supplier.

2. Gene design and cloning
This section intents to give a more detailed overview of the methodologies
used in the construction of the cloning vector, the gene design and the cloning of the

new chimeric proteins (Figure 11.1).
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Figure Il.1. Overview of the cloning process for the different chimeric proteins.

2.1. pET30L bacterial vector

A cloning cassette linker with Ncol and Xhol restriction sites was generated
through the annealing of two complementary synthetic nucleotide sequences,
30aNHistop and 30aNHibottom as it is shown in the Figure I.2. Annealing reaction of a
20 pmol/ul oligonucleotide mixture solution (30aNHistop and 30aNHibottom) took
place by decreasing the temperature from 95 to 202C at a gradient of 0.12C/s. The
resultant double strand oligonucleotide linker was inserted in vector pET30a(+)
(Novagen, San Diego) after the digestion with Ncol and Xhol, restriction enzymes. Both
restriction sites were preserved after digestion. The new cloning vector was

designated pET30L [1].
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For purification purposes, pET30L carries a N-terminal tag of six histidines. The
presence of this histidine tag is very important since it allows the use of affinity
chromatography for protein purification. This process will be discussed in more detail

in section 3 of this chapter.

Nco | Nhe | Spel Xho |

5" catggctgctagecggtgacctgataacactagttaaac 2
33 cgacgatcgecactggacttattgtgatcaatttgaget 5°

M A A 8 G D L N N T SEndT R

Figure 11.2. Oligonucleotide sequence for pET30L linker. Adapted from Rabotyagova [1].

2.2. Cloning of 6mer coding sequence

The spider sequence unit used in this PhD project was selected based on a
consensus motif derived from the back translation of Nephila clavipes MaSpl
(Accession P19837) protein into complementary deoxyribonucleic acid (cDNA),
considering a bacterial codon usage. Silk coding units (Figure 11.3) were prepared as
oligonucleotides sequences that were annealed in a reaction with a decreasing
temperature from 95 to 20°C at a gradient of 0.12C/s. A 20 pmol/ul oligonucleotide
mixture solution was used for annealing. Later, double strand spider silk block motifs
were digested with Nhel and Spel restriction enzymes and inserted into pET30L. T4
DNA ligase was used for ligation of silk inserts and the reaction was held at 162C. A
total of six silk blocks were inserted using step-by-step cloning approach. The resultant

silk block copolymer sequence was named 6mer.

5 ctage ggt aga ggt ggt ctg ggt ggt cag ggt gcg ggt geg geg geg geg geg
3 g cca tct cca cca gac cca cca gic cca cga cca cga cga gcg cga gcg
S GRGG LG GQ G A G A A A A A

ggt ggt geg ggt cag ggt got tat ggt ggt ctg ggt age cag ggt a ¥

cca cca cga cca gte cca cca ata cca cca gac cea tcg gtc cca tgate 5

G G AGQG GY GG LGS Q GT

Figure 11.3. Nucleotide and amino acid sequence for silk coding block. Restriction sites

are underlined.

2.3. Cloning of BSP coding sequence
Human bone sialoprotein (BSP) cDNA sequence was obtained from a clone
containing the bacterial plasmid pENTR223.1. pENTR223.1 vector is a 4311 bps plasmid

with two genes, ccdB and CmR, located in the region flanked two restriction sites for
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Sfil enzyme. The ccdB gene (DNA gyrase inhibitor) provides a strong negative selection
against the vector molecules retaining this gene, whereas CmR (chloramphenicol
resistance gene) provides a positive selection for propagating the vector. During
cloning, both genes are replaced by the inserted DNA, in this case BSP coding
sequence, as it is shown in the.

PENTR223.1 was inoculated into Luria Bertani (LB) medium and grown
overnight at 372C with shaking (200 rpm/min). Afterwards, the pENTR223.1 plasmid
was extracted using Qiagen miniprep kit (28704) and digested with Sfil enzyme (New
England Biolabs, R0123S), which cuts in the regions flanking the BSP cDNA sequence
(Table 2). The digestion product was run in a 0.8% agarose gel. The band for the BSP
cDNA sequence (951bp) was purified using a QlAquick gel extraction kit (Qiagen,
28706). For ligation of the BSP cDNA sequence to the 6mer spider silk clone, a linker
was design. This linker contains in its central region a restriction site for Sfil for the
insertion of BSP cDNA sequence, and also restriction sites for Spel (New England
Biolabs, R0133S) and Nhel (New England Biolabs, R0131S) related to the spider silk
clone. For insertion of the linker in the expression vector pET30L, the vector was
digested with Spel, dephosphorylated with Alkaline Phosphatase, Calf Intestinal (CIP)
enzyme (New England Biolabs, M0290S) and run on 0.8% agarose gel. The linearized
vector was purified using the QlAquick gel extraction kit.

The linker was double digested with Spel and Nhel restriction enzymes
generating compatible ends with those generated by Spel with the expression vector
PET30L. The linker was run on 0.8% agarose gel and purified using the QlAquick gel
extraction kit. After, the linker was inserted in the linearized vector pET30L. The
ligation reaction was carried out with T4 DNA ligase enzyme (New England Biolabs,
MO0202S).

For combining BSP and 6mer spider silk cDNA sequences, both vectors, pET30L
carrying the linker (vector pET30L + linker), and pENTR223.1 alone, were digested with
Sfil. In the case of the linearized vector pET30L + linker, the ends generated by the
digestion with Sfil were dephosphorylated with CIP. After running the digestion
products of both vectors in a 0.8% agarose gel, the bands corresponding to the BSP
cDNA sequence and to the linearized vector pET30L + linker were purified using the

QlAquick gel extraction kit. The ligation reaction between the vector pET30L + linker
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and the BSP cDNA sequence was carried out with T4 DNA ligase. The new coding

sequence was designated by 6mer+BSP (Table 2).

2.4. Cloning of HNP-2, HNP-4 and hepcidin coding sequences

The HNP-2, HPN-4 and hepcidin cDNA sequences were prepared through the
annealing of synthetic single strand oligonucleotide sequences (Invitrogen, CA, USA):
HNP-2 top and HNP-2 bottom, HNP-4 top and HNP-4 bottom and hepcidin top and
hepcidin bottom (Table 2). The annealing reactions of a 20 pmol/ul oligonucleotide
solution were carried out by decreasing the temperature from 952C to 202C with a
gradient of 0.12C/s. The presence of the annealed products was verified using
electrophoresis in 5% agarose gels. At the edges of each cDNA sequence, restriction
sites are present for Spel and for Nhel for the insertion of the cDNA sequences into the
vector pET30L. This vector already carried the DNA encoding of the silk block
copolymer. For the insertion of the cDNA sequences into pET30L, the vector was
digested with Spel (New England Biolabs, MA, USA, R0133S), dephosphorylated with
calf intestinal phosphatase (CIP) (New England Biolabs, M0290S) and run on 0.8%
agarose gels. The linearized vector was purified using the QlAquick gel extraction kit
(Qiagen, CA, USA, 28706).

The cDNA sequences were double digested with Spel and Nhel and the
digestion products run in a 0.8% gel and the bands for the cDNA sequences were
purified using a QlAquick gel extraction kit. HNP-2, HPN-4 and hepcidin cDNA were
ligated individually to the silk 6mer present in the expression vector pET30L using T4
DNA ligase enzyme (New England Biolabs, M0202S). The new coding sequences were

designated by 6mer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin (Table 2).

2.5. Transformation of DH5a and RY-3041 E. coli strains

DH5a E. coli strain was used for plasmid cloning and RY-3041 strain was used
for protein expression.

DH5a cells (Invitrogen, 18258-012) are suitable for the construction of gene
banks or for the generation of cDNA libraries using plasmid-derived vectors and are
also capable of being transformed efficiently with big plasmids. For transformation

DH5a competent cells were thawed on ice and 100 ul of these cells were gently mixed
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with 10ul of the ligation product (vector pET30L carrying 6mer, 6mer+BSP, 6mer+HNP-
2, 6mer+HNP-4 and 6mer+hepcidin cDNAs). The reaction mixture was incubated on ice
for 30 minutes. After, the cells were heat-shock for 45 seconds in a 42 eC water bath
and placed on ice for two minutes. 900 ul of Super Optimal broth with Catabolite
repression medium (SOC) was added to the reaction mixture followed by one hour
incubation at 37 2C. Afterwards, 100 ul of the mixture was spread onto agar plates
with 25 pg/ml kanamycin. Plates were incubated overnight at 37 2C. In the following
day plates were searched for positive clones.

Transformation of RY-3041 E. coli strain was done using a methodology very
similar to DH5a cells. RY-3041 cells were thawed on ice and 20 pl of this cell
suspension was mixed with 2 ul of the ligation product. Later, the cells were heat-
shock for 90 seconds in a 42 2C water bath and placed on ice for two minutes. 80 pl of
SOC medium was added to reaction mixture followed by incubation for one hour at 37
oC. Following incubation, the cell suspension was platted on an agar plate with 25

ug/ml kanamycin and left to incubate overnight for selection of positive clones.

Table 11.2. Proteins nucleotide and amino acid sequences and the systems used for cloning and
expression.

Protein cDNA coding sequence and protein amino acid sequence Cloning  Expression

agcggtaga ggt ggt ctg ggt ggt cag ggt gcg ggt gcg geg geg geg geg ggt ggt geg gat
SGRGGLGGQGAGAAAAAGGAG

cag ggt ggt tat ggt ggt ctg ggt age cag ggt act agc ggt aga ggt ggt ctg ggt ggt cag ggt
QGGY GG LGSOQGTSGRGGTLGGTO QG
gcg gt gcg geg geg geg geg ggt ggt geg ggt cag gt ggt tat ggt ggt ctg ggt age cag got
AGAAAAAGGAGQGGY GGLGS SO QG

actagc ggt aga ggt ggt ctg ggt ggt cag gt geg ggt geg geg geg geg geg ggt ggt geg gt

TSGRG GLGGO QGAGAAAAAGTG A G

cag ggt ggt tat ggt ggt ctg ggt agc cag ggt act agc ggt aga ggt ggt ctg ggt ggt cag ggt

QG GY GGLGSQG TS G G LG GQ G DHSaE  RY-3041E.
gcg ggt geg geg geg geg geg ggt ggt geg ggt cag ggt gat tat ggt ggt ctg ggt age cag ggt coli coli
AGAAAAAGG AGQGGY GG LG S Q G

actagc ggt aga ggt ggt ctg ggt ggt cag ggt geg ggt geg geg geg geg geg ggt ggt geg gat

TSGRGG LGGQGAGA AAAATGTGAG

cag ggt ggt tat ggtggt ctg ggt age cag ggt act age ggt aga ggt ggt ctg ggt ggt cag ggt

QGGYGG L GSQG TSGRGGLGGO QG

geg ggt geg geg geg geg geg ggt ggt geg ggt cag ggt ggt tat ggt ggt ctg ggt age cag ggt

AGAAA AAGG AGQGGY GG LGS QG

act agc

TS

6mer
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6mer + tggccgtcaaggcecg +
W PSR P

atg aag act gct tta att ttg ctc agc att ttg gga atg gcc tgt get ttc tca atg aaa aat ttg cat cga aga
M KTALILLSILGMACAFS MKNL HRR
gtc aaa ata gag gat tct gaa gaa aat ggg gtc ttt aag tac agg cca cga tat tat ctt tac aag cat gcc
V K1 EDSEENGVF KY RPRYY LY KHA
tac ttt tat cct cat tta aaa cga ttt cca gtt cag ggc agt agt gac tca tcc gaa gaa aat gga gat gac
YFY PHLK RF PV Q GS S DS SEENGDD
agt tca gaa gag gag gag gaa gaa gag gag act tca aat gaa gga gaa aac aat gaa gaa tcg aat
S SEEEEEEEETSNEGENNETESN
gaa gat gaa gac tct gag gct gag aat acc aca ctt tct gt aca aca ctg ggc tat gga gag gac gec
EDEUDSEAENTTLSATTLGY G E DA
acg cct ggc aca ggg tat aca ggg tta get gea atc cag ctt ccc aag aag get ggg gat ata aca aat
TP GTGYT GLAAI QL PK KAGDI TN
aaa gct aca aaa gag aag gaa agt gat gaa gaa gaa gag gag gaa gag gaa gga aat gaa aac

6mer+BSP KATK EKESDEEEEEEEEGNE N DH5a E. RY-3041 E.
gaa gaa agc gaa gca gaa gtg gat gaa aac gaa caa ggc ata aac ggc acc agt acc aac age coli coli
EESEATEVDENIEOQG INGTS TN S
aca gag gca gaa aac ggc aac ggc agc agc gga gga gac aat gga gaa gaa ggg gaa gaa gaa
TEAENGNGSS GGDN GEEGEE E
agt gtc act gga gec aat gca gaa gac acc aca gag acc gga agg cag ggc aag ggc acc tcg aag
SVTGANAEDTTETGRQGIKGT S K
aca aca acc tct cca aat ggt ggg ttt gaa cct aca acc cca cca caa gtc tat aga acc act tcc cca
TTTS PNGGFEPTTPPOQQVY RTTSP
cct ttt ggg aaa acc acc acc gtt gaa tac gag ggg gag tac gaa tac acg ggc gcc aat gaa tac gac
PFGK TTTVEY EGEY EY TGANEYD
aat gga tat gaa atc tat gaa agt gag aac ggg gaa cct cgt ggg gac aat tac cga gcc tat gaa gat
NGYE IY E N E P GDNY R A Y E
gag tac agc tac ttt aaa gga caa ggc tac gat ggc tat gat ggt cag aat tac tac cac cac cag
EY SYFK G QGY DGY D GQNYY HHQ
ggc ctc atg ggc cac 3’
GL MG H
6mer +
actagctgt tat tgc cgt ata cct gct tgt att gca gga gaa cga cgt tat ggt act
6mershNP2 T SC Y C R I P A C I A G E RRY G T  DHaE RY3041F
tgtata tat caa gga cgt tta tgg gct ttc tgt tgc 3’ coli coli
cCl' Yy Q G R LW A FC C
6mer +

actagcgta tgt agt tgc cgt tta gtt ttc tgt cgt cga act gaa tta cgt gta gga :
GmersHNP-4 T S V C S C R LV FC R R TE L R V G  DHSaE RY-3041E

aattgt tta ata ggt gga gtt agt ttc aca tat tgt tgc act cga gta 3 coli coli

NC L I G GV SF TY C CT R V

6mer +

actagcgat act cat ttc cct ata tgt att ttt tgc tgt gga tgt tgc cat cgt agt .
6mer+hepcidin T S D T H F P Il ¢ I F C C G C C H R S DH5a £. RY-3041E.

aaa tgt ggt atg tgt tgc aaa act 3’ coli coli

KCGMCCK T

2.6. Confirmation of DNA coding sequence by DNA sequencing

For confirming the inserts presence, after transformation, positive clones were
selected and grown overnight. In the next day the plasmids were extracted with
QlAprep spin miniprep kit (Qiagen 27106) according with the protocol provided by the
supplier. The presence of the 6mer+BSP, 6mer+HNP-4, 6mer+HNP-2 and
6mer+hepcidin inserts was confirmed by DNA sequencing [2] with a ABI 3130XL DNA
sequencer (Applied Biosystems, USA), at Tufts core facilities, using T7 and T7 term

primers in pET30L vector.
3. Protein expression, purification and identification

After confirming the insertion of the coding sequence for 6mer, 6mer+BSP,

6mer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin into pET30L vectors, these were used
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for protein expression in E. coli RY-3041 bacterial strain. This section describes in more
detail the expression and purification of the chimeric proteins and addresses the

different methodologies and instruments used to confirm protein identity.

3.1. E. coli RY-3041 bacterial strain for protein expression

E. coli RY-3041 bacterial strain is a mutant strain of E. coli BLR(DE3) SlyD
defective in the expression of SlyD protein [3]. SlyD protein is a member of FK506-
binding protein family and is one of the gene products initially identified as a
suppressor of phage lysis [4]. This protein, SlyD, was reported in previous studies as co-
eluting together with silk proteins during purification by Ni-NTA affinity
chromatography. This happens due to the high content of histidine, an amino acid with
known affinity for Ni-NTA columns. In E. coli RY-3041 strain the C-terminus, with high
content of histidine amino acids, of SlyD protein was deleted to avoid its co-elution
with the expressed protein. Pure silk extracts were obtained when silk was expressed
in E. coli RY-3041 [5]. This is the reason why E. coli RY-3041 bacterial strain, kindly
provided by Professor Ry Young (Texas A&M University, College station, TX, USA) was

selected for the expression of the proteins described in this study.

3.2. Protein expression and purification

6mer, 6mer+BSP, 6mer+HNP-4, 6mer+HNP-2 and 6mer+hepcidin proteins were
expressed in E. coli RY-3041 strain. Cells were cultivated at 37 2C in Luria-Bertani (LB)
medium or Hyper Broth™ (Athens Enzyme Systems 0107-S) supplemented with 25
ug/ml kanamycin until an ODggg between 0.9 and 1 was reached. At this point, the
protein expression was induced by adding isopropyl B-D-thiogalactoside (IPTG,
Invitrogen, 15529019) to reach a final concentration of 0.5 mM. After 2 hours, cells
were harvested by centrifugation at 6500 rpm. The cells pellet was resuspended in a
denaturating buffer of 100 mM NaH,P0O4, 10 mM Tris HCl and 8 M urea at pH 8.0 and
left overnight with stirring for a complete cell lysis. Insoluble cell fragments and soluble
proteins present in the cell lysate were separated by centrifugation at 11000 rpm.
The supernatant was mixed with Ni-NTA resin (Qiagen, 30250) and left for 2 hours with
stirring. The supernatant/Ni-NTA resin mixture was loaded onto a glass Econo-column

(Biorad) and washed several times with denaturating buffer at pH 8.0 and at pH 6.0.
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The protein 6mer+BSP was eluted using denaturating buffer at pH 4.5 as it is shown in
the Figure 11.4. The purified proteins were first dialysed, for one day, against a 20 mM
sodium acetate buffer, to keep a steady pH and avoid protein precipitation. After, an
extensive dialysis, against water was done to remove all the salts. For dialysis the
protein solutions were poured into cellulose ester snake skin membranes with a 100-
500 Da molecular weight cutting off (Spectra/Por Biotech, 131054). Finally, the

dialyzed proteins were lyophilized and kept at room temperature.

Econo-column

—> Protein solution

| ——>Mi-NTA resin

—> Purified protein

Figure 11.4. Protein purification using Econo-column column.

3.3. Protein identification
Different methods and instruments were used to better characterize and
identify the new chimeric proteins. These methodologies and instruments are

described in the next sections.

3.3.1. Sodium dodecyl sulphate polyacrylamide gel electrophoresis - SDS-PAGE
SDS-PAGE was used as qualitative method to assess expression levels and
molecular weight of 6mer, 6mer+BSP, 6mer+HNP-4, 6mer+HNP-2 and 6mer+hepcidin
proteins. Protein solutions were mixed with NUPAGE LDS sample buffer (Invitrogen,
NP0007) and heated at 80 oC for 10 minutes. The samples were separated using a Bis-
tris 4-12% gel (Invitrogen, NP0321BOX) at 200 V for 20 minutes. Afterwards, gels were

stained with a colloidal blue kit (Invitrogen, LC6025) for detection of protein bands.
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3.3.2. Western-blot

For the western blot, the His-Tag AP western kit was used according with the
protocol provided by the supplier (70972, Novagen, EMD Biosciences, NJ, USA). Briefly,
the bands were electro-transferred onto a nitrocellulose membrane at 30 V for 16
hours. Membranes were blocked for one hour with 3% bovine serum albumin (BSA) in
tris buffered saline (TBS) buffer (blocking solution). After washing with TBS buffer, the
membrane was incubated for 1 hour with mouse anti-histidine monoclonal antibody
(Novagen) diluted 1:1000 in blocking solution. After a proper washing with TBSTT
buffer (TBS with Tween 20), the membrane was incubated for 1 hour with goat anti-
mouse IgG AP conjugated antibody diluted 1:5000 in blocking solution. Colorimetric
detection was performed with a solution of 5-bromo-4-chloro-3-indolylphosphate

(BCIP) and nitrobluetetrazolium (NBT).

3.3.3. Amino acid analysis

Amino acid analysis is a technique used for protein identification through the
guantification of its amino acid composition. The protein or peptide is first hydrolyzed
into its amino acids, which are then separated and analysed through chromatography.

In this study, amino acid analysis was carried out at Yale University, W. M. Keck
Foundation Biotechnology Resource Laboratory (New Haven, CT USA). After an
overnight in vacuo acid hydrolysis at 115 2C the samples were loaded into a Hitachi L-
8900 amino acid analyzer. The analyzer uses an ion-exchange column with a pH and
temperature gradient to separate the amino acids. EZChrome Elite for Hitachi software

was used to run the instrument and collect and analyze the data.

3.3.4. Matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF)

MALDI is a type of mass spectroscopy that can provide valuable information on
the structural organization of biomolecules such as: sequence, molecular weight,
branching and linkage. MALDI was first developed for the analysis of molecules with
large molecular weights. To obtain a signal, the sample is mixed with a solvent and
after evaporation is subjected to a pulse from a laser. Due to the pulse nature of the
laser source and its ability to ionize large molecules MALDI was coupled to a time-of-

flight (TOF) analyser. MALDI-TOF is widely used, mainly due to its large mass range.
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and higher sensitivity. This equipment produces protein fingerprints, which are later
used to compare to a database of reference for protein identification [6]. In this thesis,
MALDI-TOF (Tufts Core Facility, Voyager-DE Pro, Applied Biosystems, CA USA) was used
to confirm the protein identity. For MALDI-TOF, the samples were dissolved in water in

a concentration of 2 mg/ml.

3.3.5. Protein sequencing

Protein sequencing at Tufts Core Facility (ABI 494, Applied Biosystems, CA USA)

was used to confirm the N-terminal amino acid sequence for the five proteins, 6mer,
6mer+BSP, 6mer+HNP-4, 6mer+HNP-2 and 6mer+hepcidin.
Sequence analysis was done with samples extracted from the protein bands observed
in SDS-PAGE gels after electrophoresis and colloidal with blue staining. In-gel digestion
of the samples it was done with trypsin or a mixture of trypsin and chymotrypsin, to
get a better coverage of protein sequence. After proteolysis, the high complex protein
mixtures were analysed by liquid chromatography (LC) coupled with tandem mass
spectroscopy (MS) (LC/MS/MS). The search of LC/MS/MS data was done using the
NCBI non-redundant protein database.

LC/MS/MS has the advantage of combining the ability of LC to separated
different components of a mixture with MS ability to identify these components due to
the fact that the mass spectra of several compounds are sufficiently specific to allow
their identification with a high degree of confidence [7]. For instance, in many
biological samples the compounds of interest are present in a mixture, LC/MS/MS can

be very useful in solving the composition of these complex analytes.

4. Preparation of the protein films

Protein films were selected to be used for activity and biological studies. Films
are easy to process and can be prepared with small quantities of protein, which is an
advantage since it is difficult to express the large amounts of protein necessary to
produce more complex structures such as porous matrices.

Based on published literature, different solvents, such as
hexafluoroisopropanol (HFIP), were tested to dissolve the lyophilized proteins. Better

results were obtained with water, which was selected as a solvent for dissolving
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recombinant 6mer, 6mer+BSP, 6mer+HNP-4, 6mer+HNP-2 and 6mer+hepcidin
proteins.

Proteins were dissolved in Milli-Q (MQ) water to a final concentration of 2%
(w/v), for in vitro studies, and 4% (w/v) for in vivo studies.

60 pl of each protein solution was cast into a plastic non-adherent polystyrene
surface or into the wells of tissue culture plates and left to dry at room temperature.
The films were treated with a 70% methanol solution for 2 hours or 99% methanol for
30 minutes to induce the transition of secondary structure from random coil to B-sheet
present in the 6mer. This transition is very important for silk mechanical properties
which are in part a consequence of the amino acid chemistry where the hydrophilic
GGX motif (G stands for glycine, X is mostly glutamine) alternates with poly-alanine
(poly-A) motifs. The hydrophilic GGX motifs are responsible for the less crystalline
regions and the poly-A motifs form the crystalline regions. The hydrophobic poly-A
motifs are responsible for the formation of rigid and highly packed anti-parallel B-
sheets [12] due to hydrogen bonding (Figure I1.5), and generate the physical cross-links
that stabilize silk structures in these crystalline regions. The GGX motif adopts a helical
conformation forming an amorphous region that connects the poly-A motifs providing
elasticity to the silk fibers [10]. The combination of glycine-rich domains with the poly-
A regions and the formation of B-sheet cross-links between blocks give rise to the
impressive mechanical properties of major ampullate silk fibers [13]. The treatment
with organic solvents increases the number of hydrogen bonds between silk chain
segments by removing water molecules, which disrupt inter- and intra-molecular
hydrogen bonding in the silk matrix [9]. In this way, methanol treatment allows the
formation of rigid and highly packed anti-parallel B-sheets due to hydrogen bonding,
generating the physical cross-links that stabilize silk structures in the hydrophobic poly-
alanine crystalline regions [10, 11]. The treatment with methanol produces films with
improved mechanical properties and more resistant to the dissolution in water or

other aqueous environments such as culture media.
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GG motit Poly-alanine block GGX motif
Random coilfa-helix [-sheet Random coilla-helix

Figure II.5. Model for the crystalline assembly of silk.

For cell culture studies, the films were treated with 70% (w/w) ethanol solution
for sterilization purposes. For in vivo studies besides treatment with 70% ethanol
solution, the films were also exposed to UV light during 15 minutes on each side in
order to assure that the films were sterilised.

As a control in the in vivo it was used PLGA films. In this way, PLGA was
dissolved in dichloromethane in a 1:15 ratio (w/v) and 60 pl of this solution was casted
into a polystyrene surface and left to dry at least for two days. Afterwards, the films
were treated with 70% (v/v) ethanol solution and irradiated with UV for 15 minutes for
sterilization reasons.

Also for in vivo studies, immediately before implantation, the films were

hydrated with sterile phosphate buffered saline (PBS).

4.1. Secondary structure characterization

As in the case of other silk proteins, major ampullate silk protein presents a
molecular structure formed by poly-A motifs involved in the formation of B-sheets in
crystalline regions that alternate with less organized GGX motifs regions. In Figure 1.6
it can be seen the amino acid sequences for 6mer hydrophobic and hydrophilic blocks.
B-sheet and a-helix are responsible for protein secondary structure conformation. In
this thesis attenuated total reflection Fourier transform infrared (ATR-FTIR) and
circular dichroism (CD) analyses were used to assess the secondary structure of 6mer,
6mer+BSP, 6mer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin. Although these techniques
are not able to provide the same level of structural detail as for example nuclear
magnetic resonance (NMR), they can be applied readily for a qualitative and

guantitative analysis of protein secondary structure.
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Hydrophobic Block:
GAGAAAAAGGAG

Hydrophilic Block:
QGGYGGLGSQAGTSGRGGLGGQ

Figure 11.6. Amino acid sequences for 6mer hydrophobic and hydrophilic blocks.

4.1.1. Attenuated total reflection Fourier transform infrared characterization

FTIR analysis works by shining an infrared light into a sample and detecting the
wavelengths in the infrared region, which are emitted by the sample. Different
compounds have characteristic bands in the infrared spectrum and in this study, amine
| and Il, are the most prominent vibrational bands of protein back-bone. The most
sensitive spectral region for protein secondary structure analysis is amide | region
(1700-1600 cm™) that results almost entirely from C=0 stretch vibrations. Amide II
region (1600-1450 cm™) derives mainly from N-H binding. Together C=0 and N-H
ligations contribute for the formation of hydrogen binding and thus for protein
secondary conformation [14].

ATR-FTIR was performed on a model FT/IR-6200 (Jasco Inc., MD, USA)
equipment. The characterization was performed before and after methanol treatment
of 2% (m/v) films in order to investigate the secondary structure. Spectra were
collected in the absorption mode at 8 cm™ resolution and the region between 4000
and 400 cm™ was scanned. The quantification of the secondary structure was based on
the analysis of the amide | and amide Il regions (1700 to 1450 cm™). The average
percentage for the secondary structures, mainly p—sheet content in 6mer (control
sample), 6mer+BSP, 6mer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin proteins, was
calculated through the integration of the area of each deconvoluted curve followed by
the normalization of the obtained value to the total area of the amide | and amide Il
regions. Spectra were curve integrated in the amide regions using Burker Opus

software.

4.1.2. Circular dichroism (CD) characterization
The CD concept is based on the fact that polarized light can be viewed as being
made up of two circularly polarized components of equal magnitude: one rotating

counter-clockwise (left handed, L) and the other rotating clockwise (right handed, R). If
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after passage through the sample the R and L components are not absorbed or are
absorbed at the same extent, the recombination of these two components would
generate radiation polarized in the same plan. However, if R and L components are
absorbed in different extents the resulting light will possess elliptical polarization
(Figure 11.7A) [15]. CD refers to the differential absorption of these two components by
the sample. CD signals only appear when radiation absorption occurs due to the
presence of optically active cromophores. In proteins, these cromophores can be
peptide bonds (absorption below 240 nm), aromatic acid side chains (absorbing
between 260 and 320 nm) and disulphide bonds (absorption around 260 nm) [15].
Through the analysis of peptide bonds is possible to assess B-sheet and a-helix
composition of a protein/peptide molecule (Figure 11.7B). Thus, CD has become
increasingly recognized as a valuable structural analysis for addressing protein
secondary conformation in solution [15].

CD spectroscopy was performed on an Aviv, Model 410 instrument (Biomedical,
Inc. NJ USA). The spectra were collected between 260 and 180 nm with a step size of 1
nm in an averaging time of 1 s and five scans were collected for each sample. A
baseline spectrum was subtracted from the samples. Sample cells with a 0.1 cm path
length were used and the measurements were performed with 1 mg/ml protein
solutions in a phosphate buffer (pH 7.4).

Furthermore, CD analysis was also used to assess changes in protein secondary
conformation induced by the presence of divalent ions, mainly calcium and
magnesium. In this case were used 1 mg/ml protein solutions in 0.1 mM HEPES buffer
(pH 7.4) and in 0.1 mM HEPES containing Ca** or Mg”* ions in a molar ratio of 1:1000

(protein:Ca).
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Figure I1.7. A) CD effect. B) CD spectra associated with different types of secondary

conformations. L, left polarized light and R, right polarized light.

5. In vitro experiments to assess the activity of the new chimeric proteins

In this section will be addressed the different activity testes used to determine if the
fusion of 6mer silk with BSP, HNP-2, HNP-4 and Hepcidin interfered with the activity of
these last four domains. Two different types of activity tests will be described:
antimicrobial and mineralization tests. Antimicrobial tests were performed to
determine if HNP-2, HNP-4 and hepcidin kept their activity after fusion with 6mer
domain. Mineralization tests aim to test the ability of BSP to induce deposition CaP

after fusion with the émer.

5.1. Evaluating the capacity of proteins films to induce mineralization

6mer+BSP and 6mer films were incubated during 1 and 6 hours at 37 2C, with
an accelerating calcification solution (ACS) with the following composition: 150 mM
Na®, 20 mM of HEPES, 3.75 mM Ca** and 2.32 mM PO,>, at pH 7.4 [18]. This solution
was adapted from the ACS solution used by Li and colleagues [18] and produced faster
mineralization results when compared with simulated body fluid (SBF) solution.
After incubation the films were washed with MQ water and dried at room
temperature. Field-emission scanning electron microscopy (FE-SEM) and energy
dispersive spectroscopy (EDS) analyses were used to address possible mineral

deposition during incubation with ACS.
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5.2. Antimicrobial activity

Radial diffusion assay was selected to assess the antimicrobial activities of
6mer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin. This methodology was adapted from
Kirby-Bauer original method for testing the bacterial resistance to antibiotic drugs [16].
The main reasons why this method was selected were: its high sensitiveness, easy to
use and has good reproducibility.

The purified recombinant proteins were tested for antimicrobial activity against
Gram- E. coli (American-Type Culture Collection ATCC 25922, VA, USA,) and Gram+
Staphylococcus aureus (ATCC 25923), purchased from American-Type Culture
Collection. The fact that both species do not demand for special growth conditions is
one of the main reasons why they were selected for this study. Moreover, E. coli and S.
aureus were previous used by other authors for antimicrobial tests, which makes it
easier to compare the results obtained in this thesis with the results obtained by
previous studies. The radial diffusion assay [16] was used to test three concentrations
of the purified proteins dissolved in phosphate buffer (pH 7.4): 10, 50 and 100 pg/ml.
The 6mer protein was used as a negative control in order to exclude the effect from
silk itself and from possible contaminants derived from the expression and purification
processes.

E. coliand S. aureus lawns were plated on LB-agar plates, using liquid E. coli and
S. aureus cultures grown overnight at 37 2C. A biopsy punch 8 mm in diameter was use
to cut circles from filter paper (Whatman, 09-845B) that were used as blank
susceptibility disks. For sterilization, the disks were immersed in a 70% (v/v) ethanol
solution for 1 hour and left to dry for two hours in a hood. After drying, the discs were
immersed in the different protein solutions, placed on the bacterial lawns and
incubated overnight at 3792C. The zones of growth inhibition formed around the
susceptibility disks were measured by using Image J software to determine the number

of pixels forming each zone of inhibition. Experiments were carried out in triplicate.

5.2.1. Dynamic light scattering (DLS)
DLS is a technique used to measure the fluctuations in the intensity of the light
scattered by particles in a solution. This analysis is widely used to determine the

diffusion coefficients and the sizes of particles in solution [17].
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In the scope of this thesis, DLS analysis was selected to assess the possibility of protein
aggregation that could interfere with the antimicrobial activity of 6mer+HNP-2,
6mer+HNP-4 and 6émer+hepcidin. As described in more detail in chapter V and in
contrast to what was observed in previous reports for HNP-2, +HNP-4 and hepcidin
proteins, the antimicrobial activity of the new chimeric proteins was not always
concentration dependent. Since silk proteins are known to aggregate in solution with
increased concentration the 6mer silk domain was pointed as the probable reason for
this observation. In this way, DLS was used to address the probable relationship
between protein concentration and the size of the aggregates resulting in a decrease
of protein activity with increase concentration. A Zetasizer NanoZS instrument
(ZEN3600, MALVERN Instruments, Worcestershire, UK) was used for DLS
measurements. DLS was performed on solutions at the same concentrations used for
the antibacterial assay described in section 5.1., mainly 10, 50 and 100 pg/ml. Samples
were prepared in phosphate buffer (pH 7.4). The scattering light was collected at a

1739 scattering angle.

6. Atomic force microscopy (AFM) characterization

Since its invention in 1986 AFM [19] as proven to be a useful and powerful
instrument in the imaging of biological molecules such as proteins and DNA and also in
the visualization of more complex systems as cells. Besides imaging, AFM can also be
used to measure the local mechanical properties of soft samples.

A commercial AFM (Veeco Dimension V 3100 Scanning Probe Microscope, NY,
USA) with a scanning range of 90 pm” and a z range of 7-8 pm was used for imaging
and force-curve measurements. AFM cantilevers (Veeco, FESP) made of silicon with a
spring constant of 3.152 N/m were used. AFM imaging and force-curve measurements
were performed in the dry mode. Force curves were collected using contact mode
AFM. Samples were imaged with tapping mode AFM. The tapping mode operation
allows visualizing weakly adsorbed samples by eliminating the lateral forces between
the probe tip and the sample. In this thesis, AFM force curve measurements were used
to assess local mechanical properties of 6mer+BSP and 6mer films. By using AFM
imaging was possible to acquire surface images from the protein films for roughness

measurements and to evaluate the formation of protein networks in the presence of
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calcium ion. Section analysis using Nanoscope image analysis software was used to

determine the height of the imaged structures.

6.1. Mechanical characterization

For measuring the local mechanical properties of soft samples the AFM tip is
used to indent the sample. This indentation results in a force curve used later to
analyse the elastic response of the sample to the small loading force applied by the
AFM tip. Also, the force curve values can be integrated into the Hertz model for elastic
indentations and used to calculate the Young’s modulus (E).

In a force curve, the cantilever deflection (d) is registered as a function of its
vertical position (z), see equation 1 (Eq. 1). The slope of the force curve gives a
qualitative idea of the sample elastic properties. For a stiff sample the force curve is
characterized by a flat area when the tip is approaching the sample and by a slope
region where the cantilever deflection is identical to the z movement, d = z. However,
in the case of a soft sample this slope region becomes shallower as a result of the

decrease in the deflection value due to elastic indentation (6),
d=z-6 (Eg.1)
The Hooke law relates the deflection with the applied force through the force constant
of the cantilever (k)
F=kd=k(z-%) (Eq.2)
The Hertz model allows us to relate the indentation 6 with the loading force F and by

using the Sneddon modification we have

where E is the elastic or Young’s modulus, v is the Poisson ration of the sample,
assumed to be 0.5 for incompressible materials, and a is the opening angle of the AFM

tip. By combining equations 2 and 3 we have

0% tan(o) (Eq. 4)

kd = E
™ 1-v2
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Whit the rearrangement of equation 3 we have an expression for indentation 6

5= kd (Eq. 5)
(2fm) [EA1-v2)] tan(a)

Since 6 can not be detected directly by AFM it can be replaced by combining equations
land5

z=d+ kd (Eq. 6)
(2/m) [EA1~2)] tan(a)

For data treatment we will use the more general form

k{d—d,)

|z—zD|=d—dD+\l (Eq.7)
(2fm) [EA1-v2)] tan(a)

do and zp are the initial values of deflection and height, respectively.

Equation 7 was used to fit the date from the recorded force curves and to
calculate the value of the elastic modulus, E, for each of the local measurements done
in 6mer+BSP and 6émer films. A total of 100 force curves were recorded for both
6mer+BSP and 6mer films using the software NanoScope V (Veeco). E values were
calculated by averaging over all points where the force curves were collected. Films
were casted on mica, which was also used as a control. Force curves were collected

using contact mode AFM.

6.2. Measuring films roughness

Roughness measurements were performed with the NanoScope V (Veeco). Two
values were measured: the root mean square (RMS) and the arithmetic average height
(Ra). RMS represents the standard deviation of the height values within a given area
and it allows us to describe the surface roughness by statistical methods. R, is the most
frequently used roughness parameter and is defined as the average deviation of the
roughness irregularities from the mean line over one sampling length. Because

roughness values change with the scan size the measurements were performed using
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three different scan windows: 20 x 20 pm?, 10 x 10 um? and 2 x 2 pm®. Roughness
measurements were performed on 2% protein films casted on mica. Mica was used as

a control.

6.3. Assessing the formation of protein networks

In this thesis, AFM tapping mode imaging was used in a preliminary study to
address the behaviour of 6mer+BSP molecules in the presence of divalent ion Ca®".
Since 6mer+BSP is to be used for future bone regeneration applications its ability to
bind Ca® ions is a very important feature for two reasons: first the deposition of CaP
induced by BSP is believed to be related with the interaction between poly-E domains
presence in this protein sequence; second, BSP, as many other proteins, as proven to
be able to form calcium mediated networks, which could be an important feature for
the osteointegration process, promoting the binding between the host tissue proteins
and the implant.
For studying the formation of protein networks, 6mer+BSP and 6mer proteins were
dissolved in three different solutions: (i) HEPES 0.1mM buffer, (ii) HEPES 0.1mM buffer
containing magnesium (Mg) ions in a molar ratio of 1:1000 (protein:Mg) and (iii) HEPES
0.1mM buffer containing calcium (Ca) ions in a molar ratio of 1:1000 (protein:Ca)[20].
The final protein concentration was 0.01mg/ml. Protein solutions were deposited into

a freshly cleaved mica surface and left to dry at room temperature.

7. Biological behaviour of the protein films

As mentioned previously in this chapter the biological behaviour of the new
chimeric proteins was evaluated through in vitro and in vivo tests. In vitro cell tests
were used to assess the biocompatibility of all the new chimeric proteins while the
ability to sustain osteogenic differentiation was only assessed for 6mer+BSP and 6mer
(control). 6mer+BSP and 6mer+hepcidin proteins were selected for in vivo studies. The
selection of these proteins for in vivo studies was based in the promising results
obtained during the in vitro studies. 6mer+hepcidin protein showed antimicrobial
activity and was able to sustain the proliferation of mammalian cells and 6mer+BSP

was able to induce the deposition of calcium phosphates and to sustain cell
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proliferation and differentiation into the osteogenic lineage. The following sections

address the methodologies used for in vitro and in vivo characterization.

7.1. In vitro cell tests

In this thesis, two different cell types were used to assess cell responses to the
four recombinant proteins produced, osteosarcoma cell line (SaOs-2) and human
Mesenchymal Stem Cells (hMSC).
In the case of 6mer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin Sa0s-2 cells were used to
assess the possible cytotoxic effect of these protein films. In the case of 6mer+BSP
films besides cytotoxicity there was also the need to study osteogenic differentiation
of cells seeded onto these protein films, leading to the selection of hMSC for cell
studies. The differentiation of hMSCs into osteoblasts was evaluated through real time
guantitative reverse transcription-polymerase chain reaction (real time gRT-PCR). FE-
SEM and EDS analyses were used to address cell morphology and possible mineral
deposition during cell culture.

Alamar Blue was used to measure cell viability and cytotoxicity in both cell
studies and 6émer films and Tissue culture plate (TCP) were used as controls in both

studies.

7.1.1. Cell culture

Sa0s-2 is an immortalized human osteosarcoma cell line (ATCC HTB-85), which
was selected for these in vitro studies due to its osteoblastic features, such as elevated
alkaline phosphatase activity and production of mineralized matrix [21]. Thus, this cell
line offers a good study model for biopolymers such as 6mer+HNP-2, 6mer+HNP-4 and
6mer+hepcidin, primarily developed for future bone applications [21]. Cells were
cultivated using basal medium consisting in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 1% penicillin-
streptomycin (v/v), at 37 2C with 5% CO, in a humidified environment. After reaching
confluence, cells were harvested with trypsin/EDTA and after counting cells were
seeded at 3.0x10° cells/cm” in a 96 well plate coated with the four different types of
protein films (6mer+HNP-2, 6mer+HNP-4, 6mer+hepcidin, 6mer, control) and cultured

for 3 days.
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HMSC have been shown in previous studies to have capacity to differentiate
into osteoblast when supplemented with certain growth factors. In this thesis, the
hMSC were aspirated from bone marrow originated from a young healthy donor
obtained from Lonza (Walkersville, MD). These cells were used to evaluate in vitro cell
responses to 6mer+BSP films. Frozen passage 3, hMSC stocks were thawed and seeded
at 3.0x10% cells/cm? in a 96 wells plate, containing 6mer and 6mer+BSP films, using
basal medium. The basal medium was DMEM supplemented with 10% (v/v) fetal
bovine serum (FBS), 1% penicillin-streptomycin (v/v) and 10 ng of basic fibroblast
growth factor (bFGF). Cells were cultivated at 37 2C with 5% CO; in a humidified
environment. After cells reach 80-90% confluence, the culture medium was changed
from basal medium to osteogenic medium consisting in DMEM supplemented with
10% (v/v) FBS, 1% antibiotic/antimycotic, 100 nM dexamethasone, 10 mM [3-glycerol
phosphate and 0.05 mM ascorbic acid. Samples were collected after 3, 7 and 14 days
of culture. 6mer+BSP and 6mer films cultured with osteogenic medium, without cells,

were used as controls to test for the possible influence of cells on mineral deposition.

7.1.2. Cell viability tests

The Alamar blue (Invitrogen, DAL1025) assay was used to determine cell
viability/proliferation after 3 days of culture for 6mer+HNP-2, 6mer+HNP-4,
6mer+hepcidin and after 3, 7 and 14 of cell culture for 6mer+BSP. In both studies,
Alamar Blue reagent was added to the growth media in a 1:10 dilution ratio and data
was collected using fluorescence at 530-560 nm excitation and 590 nm emission [23].
The Alamar Blue system incorporates an oxidation-reduction indicator (redox
indicator) that fluoresces and changes colour as a result of chemical reduction of
growth media due to cell metabolic activity. This redox indicator was demonstrated to

be minimally toxic to cells. In these tests 6mer and TCP were used as controls.

7.1.3. Real time quantitative reverse transcription-polymerase chain reaction
detection of osteogenic markers
Real time gRT-PCR enables reliable detection and measurement of products

generated during each PCR cycle. This measurement is possible due to a dual-labeled
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fluorogenic probe named TagMan probe and provides very accurate and reproducible
guantification of gene copies [22].

Real time gRT-PCR was used to assess the expression of osteogenic markers
after three, seven and fourteen days of culture of hMSCs on 6mer+BSP films. So, for
real time quantitative RT-PCR, the mRNA of cells was extracted using RNeasy mini kits
(Qiagen, 74106) and cDNA synthesis was performed using High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, 4368814), following the suppliers protocols. For
the PCR reaction the TagMan Universal PCR Master Mix (Applied Biosystems, 4304437)
was used, following the procedure provided by the supplier, and the Tagman Gene
Expression Assay was used to access the expression of the following genes: COL1A1
(collagen type | alpha 1, Hs00164004 m1), IBSP (integrin bone sialoprotein,
Hs00173720_m1), ALP (alkaline phosphatase, Hs00758162_m1), GAPDH
(Glyceraldehyde 3-phosphate dehydrogenase, Hs99999905 m1) and COL2A1 (collagen
type Il alpha 2, Hs01064869_m1). Results were normalized to GAPDH expression used

has a housekeeping marker. 6mer and TCP were used as controls in this test.

7.2. In vivo tests

In this thesis in vivo studies were used to characterize the inflammatory
response elicited by two of the four new chimeric proteins generated: 6mer+BSP and
6mer+hepcidin. In both in vivo studies the results obtained for 6mer+BSP and
6émer+hepcidin were compared with the outcomes observed for 6mer and poly-lactic-
glycolic-acid (PLGA), a Food and Drug Administration - FDA - approved polymer, films
and with a control exposed to the same treatments but with no implanted material.
The inflammatory responses were evaluated after 2 and 6 weeks of grafting by

histology and flow cytometry analysis.

7.2.1. Mouse subcutaneous implant

All procedures were conducted under animal care protocols approved by Tufts
Institutional Animal Care and Use Committee.

All animals used in this study were five to seven weeks old balb/c female mice
(Charles River breeding labs). Animals were maintained under general anesthesia with

an isoflurane and oxygen delivery mask. Mice were positioned in ventral recumbency
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and their backs were aseptically prepared for surgery. Under anesthesia, a part of the
dorsal back was shaved with an electric razor and disinfected with ethanol 70% (v/v).
After, a 1cm length incision was performed with fine scissors and the hydrated sample
was implanted into a void space created in the subcutaneous area between skin and
muscle layer. After insertion this skin incision was closed with a surgical suture line and
again disinfected with a betadin solution (Figure 11.8). The healing process at the
incision region was monitored during the all study period and no deaths were
registered during the experiment.

The mice were randomly assign to each of the four experimental groups and
only one sample was implanted in each mouse in a total of five mice per tested group,
6mer, 6mer+BSP and PLGA. Also, five mice were used as a control group, subjected to
the same surgical procedures as the implanted groups but with no sample implanted.
A total of 40 mice were used in the experiment, distributed by four experimental
groups each with two time points, 2 and 6 weeks.

In order to check for acute and chronic inflammatory responses, mice were
euthanized by cervical dislocation after 2 and 6 weeks post-implantation and samples
explanted along with the overlying skin for histological examination and flow

cytometry analysis.

2y

Films hydration Implantation Suture

Figure 11.8. Overview of the surgical procedure for films implantation.

7.2.2. Flow cytometry analysis
Flow cytometry analysis was used to assess the type and number of cells
present in the host tissue around the implanted material. In this way, the tissue

surrounding the graft and overlying skin was used for cell extraction. When present,
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subcutaneous fat and muscle tissues were removed by scraping. The cleaned skin was
minced with the help of fine scissors and digested for two hours, at 379C, in 5 ml
mixture solution of 2 mg/ml collagenase IV (Invitrogen, 17104019) and 1.2 units/ml
dispase (Invitrogen, 17105041) in PBS. After digestion the mixture was centrifuged at
1500rpm for 5 minutes at 42C and the pellet was resuspended at a density of 10°
cells/ml in PBS supplemented with 0.5% BSA, flow cytometry buffer. The suspension
solution was filtered with a cell strainer with 100 um pore to eliminate non digested
tissues and cell suspension was collected in a 50 ml falcon flask and centrifuged at
1500 rpm for 5 minutes at 42C. For the removing of red blood cells the pellet was
resuspended in lysis buffer (NaCl 137 mM, Na,HPO4 8 mM, KH,PO,4 1.46 mM, KCl 2.68
mM, in distilled water, pH 7.0) and incubated at room temperature for four to five
minutes with occasional shaking. Lysis reaction was stopped by diluting the lysis buffer
with 20 to 30 ml of PBS. Cells were spin down at 1500 rpm for five minutes at 42C
followed by two washes with flow cytometry buffer. For antibody staining, cells pellet
was resuspended in PBS, incubated for 15 minutes on ice in the presence of rat anti-
mouse FcRII/IIl (clone 2.4G2, BD Pharmingen, 553141) antibody, to block non-antigen-
specific binding of immunoglobulins to Fc receptors. After washing and centrifugation
the pellet was again resuspended on PBS. Finally, for cell surface marker antigen
analysis approximately 50ul of cell suspension were incubated for 30 minutes on ice

antibody with one of the secondary antibodies described in Table 3.

Table 11.3. Secondary antibodies used for cell labelling.
Secondary antibody

Target cells

Fluorescein isothiocyanate (FITC) conjugated rat anti-
mouse monoclonal antibody CD3 (BD Pharmingen,

555274)

Thymocytes and mature T lymphocytes [32, 33]

Allophycocyanine (APC) rat anti-mouse polyclonal
T and B lymphocytes [34, 35]
antibody CD25 (BD Pharmingen, 558643)

Alexa-conjugated rat anti-mouse monoclonal antibody

CD4 (BD Pharmingen, 557667)

T helper (Ty) cells, immunosuppressive regulatory T

cells and natural killer T (NK-T) cells [36, 37]

Alexa-conjugated rat anti-mouse monoclonal antibody

CD8 (BD Pharmingen, 557668)

T suppressor/cytotoxfic cells [37, 38]

Phycoerythrin (PE) conjugated rat anti-mouse

monoclonal antibody CD14 (BD Pharmingen, 557740)

Cells expressing CD14, a receptor for the complex
formed by lipopolysaccharide (LPS) and a LPS binding

protein present in plasma [39]
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After incubation, samples were centrifuged at 1500 rpm for 5 minutes at 4°C,
washed twice with flow cytometry buffer and suspended in 200 to 300 ul of flow
cytometry buffer with ethylenediaminetetraacetic acid (EDTA, Sigma, 431788) 5 mM to
protect cells until flow cytometry analysis. For live/dead discrimination 5 pl of 7-
amino-actinomycin D (7-AAD, BD Pharmingen, 559925) was added to each sample.

Cells were analyzed by a four-color FACSCalibur instrument equipped with a
488nm argon-ion laser and a 635nm red diode laser (Becton Dickinson, NJ, USA) and

data was processed using FlowJo analysis software (Tree Star, Inc., OR, USA).

7.2.3. Histology

Retrieved samples together with the overlaying tissues were processed for
histological examination to determine the extent of films degradation and to search
for inflammation responses to the implanted materials. After collection, samples were
immediately immersed in a buffered 4% formalin solution in PBS and sent for
processing at Tufts Animal Pathology Core where samples were embedded in paraffin,
cut into 10um sections and stained with hematoxylin and eosin (H&E). H&E is widely
used in histology for the recognition of various tissues as it can be seen in Figure 11.9.
Hematoxylin has blue purple colour and stains nucleic acids. Eosin is pink and colours
proteins in an unspecific way. In in vivo studies with 6mer+BSP proteins the histology
analysis was complemented with Alizarin and Von Kossa dyes for calcium deposits.
Alizarin red is used to identify calcium deposits in tissue sections and acts by forming
chelate complexes with calcium yielding a birefringent red salt. Alizarin can also react
with other with other divalent ions like magnesium, manganese, barium and iron.
However since the concentration of these ions in tissues is very low they should not
interfering with the staining process [24]. Von Kossa is a stain that identifies anionic
salts such as phosphate and carbonate salts which in most cases are bonded to calcium
ions. So, this dye is an indirect way to detect calcium deposits since it does not bind

directly to calcium [25].
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Connective Blood vessels
tissue
Dermis
Epidermis

Figure 11.9. Mouse skin section stained with hematoxylin and eosin.

8. Morphological and elemental analyses

For morphological and elemental characterization were used FE-SEM and EDS,
respectively. SEM microscope is one of the most versatile instruments available for the
examination and analysis of the microstructural characteristics of solid objects. Two of
the most important features of SEM are its ability to take high-resolution images of
bulk objects and its large depth of field, responsible, in part, for the three-dimensional
appearance of the specimen image. For conceiving an image, SEM first generates high-
energy electrons and focuses them into an electron beam used to scan the sample
surface. These electrons are either absorbed or scattered by the sample and this
energy exchange can be detected by SEM detectors and used to generate images from
the sample surface [26].

EDS is an analytical technique used to evaluate the elemental composition of a
certain material. EDS systems are excellent choices for a rapid qualitative and
guantitative analysis of the elements forming a sample. This is accomplished through
the emission of X-rays by the sample when bombarded by an electron beam, which
leads to the ejection of electrons from the specimen surface. X-rays are emitted when
electrons from a higher shell fill the vacant space left by the ejected electrons. EDS X-
ray detector measures the number and the energy of the rays emitted. Element
analysis is possible because the energy value of an emitted X-ray is specific for each
element. EDS analysis attached to SEM microscopy allows us for an elemental analysis

on microscopic sections of the materials [26].
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8.1. Field-emission scanning electron microscopy (FE-SEM) characterization

In this thesis, FE-SEM (NanoSEM, FEI Nova 200) was used to assess mineral
deposition on 6mer+BSP and 6mer films before and after incubation in ACS for
different periods of time, as described in the section 5.1. In the biological tests (section
7.1.), the SEM analysis was also used to evaluate the morphology of cells seeded on
the 6mer+BSP and 6mer films before and after 3, 7 and 14 days of cell culture in
osteogenic medium. Samples were fixed with a 2.5% glutaraldehide solution in
phosphate buffer (PBS) (w/w) and dehydrated in a series of ethanol-water solutions
with increasing ethanol concentration (v/v): 25%, 30%, 50%, 70%, 80%, 90% and 100%.

For FE-SEM analysis, samples were sputter coated with gold-palladium.

8.2. Energy dispersive spectroscopy analysis of mineral deposition

EDS analysis (EDAX- Pegasus X4M) was used to evaluate the elemental
composition of the mineral deposited on the surface of 6mer+BSP and 6mer protein
films. So, EDS analysis was used to characterize the surface of 6mer+BSP and 6mer
films before and after incubation in ACS and to access mineral deposition onto
6mer+BSP and 6mer films after 3, 7 and 14 days of cell culture in osteogenic medium

(please see the sections 5.1. and 7.1.). EDS analysis was done without coating.

9. Statistical analysis

SPSS 17.0 software was used to perform all statistical analysis described in this
thesis. The Shapiro-Wilk test was use to test for the normality of the data. For data
with no normal distribution, the nonparametric Mann-Whitney and Kruskal-Wallis
tests were used to test for significant differences between two and more than two sets
of data, respectively. For data with normal distribution was used one-way ANOVA with
a Dunet’s T3 or Bonferroni post hoc comparison for comparing more than two datasets
and the parametric test t was used for comparing only two data sets. Statistical

significance was defined as p<0.05.
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Abstract

The remarkable mechanical characteristics of spider major ampullate spidroin protein
suggest this polymer as a promising biomaterial to consider for the fabrication of
scaffolds for bone regeneration. Herein, a new functionalized spider silk-bone
sialoprotein fusion protein was designed, cloned, expressed, purified and the
osteogenic activity studied. Bone sialoprotein (BSP) is a multi-domain protein with the
ability to induce cell attachment and differentiation and the deposition of calcium
phosphates (CaP). Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR)
was used to assess the secondary structure of the fusion protein. In vitro
mineralization studies demonstrated that this new fusion protein with BSP retained
the ability to induce the deposition of CaP. Studies in vitro indicated that human
mesenchymal stem cells had significant improvement towards osteogenic outcomes
when cultivated in the presence of the new fusion protein vs. silk alone. The present
work demonstrates the potential of this new fusion protein for future applications in

bone regeneration.

1. Introduction

The increasing demand for organs and tissues represents a major health
challenge worldwide. Bone grafting is the second most frequent transplant procedure
after blood transfusion. Transplantation of bone tissue from autogeneic and allogeneic
sources has been a major strategy in tissue repair. However, major challenges
regarding transplantation remain, including the limited availability of suitable and safe
tissues and organs, frequent adverse immune responses and disease transmission, loss
of biological and mechanical properties after processing, high costs and worldwide
scarcity [1]. As an option, tissue engineering has been explored for bone regeneration
with the objective of generating bone functional equivalents to overcome the
limitations of the currently used methodologies mentioned above [2]. For this purpose
different polymers with diverse mechanical and biological characteristics have been
studied with respect to support for regeneration of damaged bone tissue.

A particularly relevant polymer for consideration as biomaterial scaffolds in
bone regeneration are silk proteins, derived from spiders and silkworms. Silks harbour

remarkable mechanical properties, while also offering slow biodegradation in vivo and
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appropriate biological compatibility [3]. While silkworm silk has been extensively
studied with regard to bone tissue formation in vitro and vivo, spider silks have been
less studied in this context.

Spiders produce different types of silk for different functions. Among these
different silk types, the major ampullate silk, or dragline silk, secreted by the major
ampullate gland presents tensile strength comparable to Kevlar (4x10° N/m?) and
extensibility around 35%, compared to 5% for Kevlar [4]. Major ampullate silk protein
presents a molecular structure formed by beta sheet forming crystalline regions that
alternate with less organize regions protein chains. These two regions correspond to
two chemically distinct blocks in the protein polymer chains, where the hydrophilic
GGX motifs (G stands for glycine and X is mostly glutamine) are responsible for the less
crystalline regions and the poly-alanine (poly-A) motifs form the crystalline regions.
The hydrophobic poly-A motifs are responsible for the formation of rigid and highly
packed anti-parallel B-sheets [5] due to hydrogen bonding, and generating the physical
crosslinks that stabilize silk structures in these crystalline regions. The GGX motif
adopts a helical conformation forming an amorphous region that connects the poly-A
motifs providing elasticity to the silk fibers [6]. The combination of glycine-rich
domains with the polyalanine regions and the formation of B-sheet cross-links
between blocks give rise to the impressive mechanical properties of major ampullate
silk fibers [7].

The silk from the silkworm Bombyx mori, supplied in large scale by sericulture,
however, no equivalent production process is currently available for spider silks. For
this reason the production of spider silk is carried out in heterologous expression
systems, such as Escherichia coli, as used by ours and other research groups to provide
sufficient spider silk for study [7, 8]. Furthermore, the use of recombinant DNA
technology in the synthesis of these protein based biopolymers has significant
advantages over conventional production systems, allowing precise control of the
protein primary sequence and thus chemistry, along the length and for control block
distribution [8]. The major ampullate spidroin protein (MaSpl), produced by the spider
species Nephila clavipes, is one of the spider silks most extensively studied using

recombinant DNA technology [4]. The high strength, toughness, light weight and
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expression in heterologous systems make MaSpl a suitable choice for the fabrication of
high performance biomaterials for bone regeneration applications.

An advantage of using genetically bioengineered fibrous proteins such as spider
silks is the possibility of generating new genetic variants carrying different functional
domains. Therefore the synthesis of new chimeric proteins with enhanced features
when compared with the native isolated counterparts, can offer multifunctional
features that otherwise are difficult to obtain, require extensive chemical
modifications or are challenging to control during preparation. Thus, MaSpl can be
expressed together with other proteins resulting in a new chimeric proteins, retaining
the self-assembly and outstanding mechanical performance of the native silk
materials, but adding new functional features to improve or control biocompatibility
and osseointegration. We have previously demonstrated this approach with both silica
[9] and hydroxyapatite [10] nucleation domains fused to spider silk.

Different studies demonstrate the ability of bone sialoprotein (BSP) in inducing
the attachment and migration of endothelial cells [11], together with adhesion and
differentiation of osteoblasts [12] related to bone remodelling [13]. The ability to
induce cell adhesion is related with the presence of a C-terminal RGD sequence in BSP
that binds to integrins [14-18]. Additionally, in vivo studies indicate that previous
incorporation of BSP into collagen [19, 20] or titanium [21] implants promoted
osteoblast differentiation and proliferation and enhanced osteoinductive effects.
Furthermore, BSP is also responsible for the deposition of calcium phosphate in bone
tissues, specially after association with collagen type | [22]. There is some evidence
that in the first stages of mineralization hydroxyapatite crystals nucleate and grow
inside the 68 nm gaps (hole zones) present between the triple-helical collagen fibrils.
As the crystals continue to grow they compress the collagen fibril molecules,
eventually fusing to form plate shaped crystals [23, 24]. The labelling of BSP allowed
the detection of this protein in these hole zones between the collagen fibrils
suggesting that this protein may regulate the onset of calcification at these gap zones
[25]. The flexible BSP structure is one reason for the ability of the protein to interact
with different binding partners [26] including collagen [22], hydroxyapatite [27], matrix

metalloproteinase, factor H [28], and integrin a,Bs present in cell membranes [16, 17].

91



Chapter Il - Spider silk-bone sialoprotein fusion proteins for bone tissue engineering

The objective of the present study was the generation of a new silk fusion
protein through the combination of BSP and MaSp1l consensus sequences (Figure
[1I.1A). The silk block carries six repeats of the consensus repeat unit for the native
sequence of the major ampullate dragline silk | from N. clavipes. Each silk repeat is
formed by a hydrophilic GGX motif and a hydrophobic poli-A motif (Figure 11l.1B).

(A)
SGRGGLGGQGAGAAAAAGGAGQGGYGGLGSQGTSGRGGL
GGQGAGAAAAAGGAGQGGYGGLGSQGTSGRGGLGGQGAG
AAAAAGGAGQGGYGCGLGSQGTSGRGGLGGQGAGAAAAAG
GAGQGGYGGLGSQGTSGRGGLGGQGAGAAAAAGGAGQGG
YCGCGLGSQGTSGRGGLGGQGCGAGCAAAAAGGAGQGGYGGLGS
QGTSWPSRPTMKTALILLS IEDSE

'R

(DR w)
o

mom-—=< O

GLMGH Stop

(B)
Hydrophobic Block:
GAGAAAAAGGAG

Hydrophilic Block:
QGGYGGLGSQGTSGRGGLGGQ

Figure 111.1. (A) Amino acid sequence for the chimeric protein carrying the consensus repeats
for MaSp1 and the BSP sequence. The linkers for the BSP sequence are underlined. The 6mer is
in black and the BSP sequence in gray. (B) Amino acid sequences for the hydrophobic and

hydrophilic blocks present in each of the six units forming the silk block copolymer (6mer).

The present work describes for the first time the assembly of a novel molecular-
level biomaterial combining a spider silk consensus sequence with the complete
sequence for BSP. When compared with previous silk chimeras [9, 10] this new fusion
protein as the advantage of combining the remarkable mechanical performance and
self-assembly capability of silk with the multi-domain BSP sequence. This multi-
domain nature of BSP is advantageous in a way that will allows us to control at the
same time different processes such as the deposition of calcium phosphates (CaP), cell

adhesion, cell migration and the differentiation of different types of cells.

2. Materials and methods
2.1. Cloning of BSP into pET30L vector containing the silk modules
The vector pET30a+ (Novagen, San Diego Ca) was used for the construction of

the vector pET30L carrying the silk block copolymer and its assembly was described in
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our prior studies[8]. The spider silk block copolymer was cloned together with six
histidine residues to facilitate purification[8]. The clone containing the bacterial
plasmid pENTR223.1 carrying the human BSP cDNA sequence (Clone ldentification:
HsCD00082642) was purchased from the Harvard clone collection “The ORFeome
Collaboration” (Dana-Farber/Harvard Cancer Center, Boston MA). The clones with
PENTR223.1 plasmid carrying the BSP cDNA sequence were inoculated in Luria Bertani
(LB) medium and grown overnight at 372C with shaking (200 rpm/min). The
PENTR223.1 plasmid was extracted using Qiagen miniprep kit (28704) for plasmid
isolation and digested with Sfil enzyme (New England Biolabs, R0123S) which cuts in
the regions flanking the BSP cDNA sequence. The digestion product was run in a 0.8%
agarose gel and the band for the BSP cDNA sequence (951bp) was purified using a
QlAquick gel extraction kit (Qiagen, 28706). For ligation of the BSP cDNA sequence to
the 6émer spider silk clone, a linker was designed containing in its central region a
restriction site for Sfil for insertion of the BSP clone, and also restriction sites for Spel
(New England Biolabs, R0133S) and Nhel (New England Biolabs, R0131S) related to the
spider silk clone. For insertion of the linker in the expression vector pET30L, the vector
was digested with Spel, dephosphorylated with Alkaline Phosphatase, Calf Intestinal
(CIP) enzyme (New England Biolabs, M0290S) and run on 0.8% agarose gel. The
linearized vector was purified using the QlAquick gel extraction kit. The linker was
double digested with Spel and Nhel restriction enzymes generating compatible ends
with those generated by Spel with the expression vector pET30L. The linker was run on
0.8% agarose gel and purified using the QlAquick gel extraction kit. The linker was then
inserted in the linearized vector pET30L. The ligation reaction was carried out with T4
DNA ligase enzyme (New England Biolabs, M0202S).

Escherichia coli DH5a cells (Invitrogen, 18258-012) were transformed with the
ligation product and transformants were identified by incubation on agar plates
containing 25 pg/ml kanamycin. The presence of the linker in the pET30L vector was
confirmed by DNA sequencing. For the insertion of the BSP cDNA sequence both
vector pET30L carrying the linker (vector pET30L + linker) and vector pENTR223.1 alone
were digested with Sfil. In the case of the linearized vector pET30L + linker the ends
generated by the digestion with Sfil were dephosphorylated with CIP. After running

both digestion products in a 0.8% agarose gel the bands corresponding to the BSP

93



Chapter Il - Spider silk-bone sialoprotein fusion proteins for bone tissue engineering

cDNA sequence and to the linearized vector pET30L + linker were purified using the
QlAquick gel extraction kit. The ligation reaction between the vector pET30L + linker
and the BSP cDNA sequence was carried out with T4 DNA ligase. E. coli DH5a cells
transformed with the ligation product were identified by incubation in agar plates
containing 25ug/ml kanamycin. The presence of the BSP insert was confirmed by DNA

sequencing and the new constructs were named 6mer+BSP.

2.2. Protein expression, purification and identification

Both 6mer and 6mer+BSP proteins were expressed in E. coli RY-3041 strain, a
mutant strain of E. coli BLR(DE3) defective in the expression of SlyD protein [29, 30].
Cells were cultivated at 372C in Luria-Bertani (LB) medium, with 25 pg/ml kanamycin
until an ODggo between 0.9 and 1 was reached. At this point expression was induced by
adding isopropyl PB-D-thiogalactoside (IPTG, Invitrogen, 15529019) to a final
concentration of 0.5 mM. After 2 hours cells were harvested by centrifugation at 6,500
rpm. The cells pellet was resuspended in a denaturating buffer (100 mM NaH,PQ,4, 10
mM Tris HCl, 8 M urea, pH 8.0) and left overnight with stirring for complete cell lysis.
Insoluble cell fragments and soluble proteins present in the cell lysate were separated
by centrifugation at 11,000rpm. The supernatant was mixed with Ni-NTA resin (Qiagen,
30250) and left for 2 hours with stirring. The supernatant/Ni-NTA resin mixture was
loaded onto a glass Econo-column (Biorad) and washed several times with
denaturating buffer at pH 8 and at pH 6.0. The protein 6mer+BSP was eluted using
denaturating buffer at pH 4.5. The purified protein was dialysed first against a 20mM
sodium acetate buffer followed by extensive dialysis against water using cellulose ester
snake skin membranes with a 100-500Da molecular weight cutting off (Spectra/Por
Biotech, 131054). Finally, the dialyzed proteins were lyophilized.

Protein sequencing (Tufts Core Facility, Boston, MA) and SDS-PAGE were used
to confirm protein identity. For SDS-PAGE, proteins were mixed with NuPAGE LDS
sample buffer (Invitrogen, NPO007) and heated at 802C during 10 minutes. Afterwards,
the samples were separated using a bis-tris 4-12% gel (Invitrogen, NP0321BOX). For

band detection was used the colloidal blue staining kit (Invitrogen, LC6025).

94



Chapter Il - Spider silk-bone sialoprotein fusion proteins for bone tissue engineering

2.3. Film formation and secondary structure analysis

Both recombinant 6mer+BSP and 6mer proteins were dissolved in MQ water to
a final concentration of 2% (w/v). Then 60ul of each protein solution was cast into a
plastic non adherent polystyrene surface and left to dry at room temperature. The
films were treated with a 70% methanol solution for 2 hours to induce the transition of
secondary structure from random coil to B-sheet. For cell and mineralization studies
the films were treated with 70% (w/w) ethanol solution for sterilization purposes.

The transition of the silk secondary structure was confirmed by Attenuated-
Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) (Jasco model
FT/IR-6200 type A). Spectra were collected in absorption mode at 8cm™ resolution
using 64 scans in the spectral range 4000 to 400cm™. The quantification of secondary
structure was based in the analysis of the amide | region (1700 to 1600cm™). The
average percentage for the secondary structures, mainly B—sheet content, for the
6mer (control) and 6mer+BSP proteins were calculated through the integration of the
area of each deconvoluted curve followed by the normalization of the obtained value

to the total area of the amide | region.

2.4. In Vitro Mineralization

To investigate the mineralization potential of the new chimeric protein
6mer+BSP, a protein solution was prepared as described previously and 60 pl of this
solution was used to prepare films. The films were treated with methanol as described
above, and a similar procedure was carried out for the control 6mer protein. Both
protein films were incubated during 1 and 6 hours at 372C, with an accelerating
calcification solution (ACS) of 150mM Na*, 20mM of HEPES, 3.75mM Ca** and 2.32mM
PO,”, pH 7.4 [31] . At the end of the incubation periods of 1 and 6 hours the films were

washed with MQ water and dried at room temperature.

2.5. In Vitro hMSCs responses to 6mer and 6mer+BSP films

Human mesenchymal stem cells (hMSC) were aspirated from bone marrow
originated from a young healthy donor obtained from Lonza (Walkersville, MD). Frozen
passage 3 hMSC stocks were thawed and seeded at 3.0x10° cells/cm? in a 96 wells

plate, containing 6mer and 6mer+BSP films, using basal medium consisting of
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Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal
bovine serum (FBS), 1% penicillin-streptomycin (v/v) and 10ng of basic fibroblast
growth factor (bFGF) at 372C with 5% CO, in a humidified environment. After cells
reach 80-90% confluence culture medium was changed from basal medium to
osteogenic medium consisting in DMEM supplemented with 10% (v/v) FBS, 1%
antibiotic/antimycotic, 100nM dexamethasone, 10mM B-glycerol phosphate and

0.05mM ascorbic acid. Samples were collected after 3, 7 and 14 days of culture.

2.6. Analytical methods

Cell morphology was accessed through field-emission scanning electron
microscopy (SEM) (NanoSEM, FEI Nova 200). Samples were fixed with a 2.5%
glutaraldehide solution in phosphate buffer (PBS) (w/w) and dehydrated in a series of
ethanol-water solutions with increasing ethanol concentration (w/w): 25%, 30%, 50%,
70%, 80%, 90% and 100%. For SEM observation the samples were sputter coated with
gold-palladium.

Alamar Blue (Invitrogen, DAL1025) assay was used to determine cell
viability/proliferation after 3, 7 and 14 days of culture. The Alamar Blue system
incorporates an oxidation-reduction indicator (redox indicator) that fluoresces and
changes colour as a result of chemical reduction of growth media due to cell metabolic
activity. This redox indicator was demonstrated to be minimally toxic to cells. Alamar
Blue reagent was added to the growth media in a 1:10 dilution ratio and data was
collected using fluorescence at a 530-560nm excitation wavelength and 590nm
emission wavelength[32].

For real time quantitative reverse transcription-polymerase chain reaction (real
time qRT-PCR). the mRNA of cells was extracted using RNeasy mini kits (Qiagen, 74106)
and cDNA synthesis was performed using High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, 4368814). For the PCR reaction the TagMan Universal PCR
Master Mix (Applied Biosystems, 4304437) was used, following the procedure
provided by the supplier, and the Tagman Gene Expression Assay was used to access
the expression of the following genes: COL1A1 (collagen type | alpha 1,
Hs00164004_m1), IBSP (integrin bone sialoprotein, Hs00173720_m1), ALP (alkaline
phosphatase, Hs00758162_m1), GAPDH (Glyceraldehyde 3-phosphate dehydrogenase,
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Hs99999905_m1) and COL2A1 (collagen type Il alpha 2, Hs01064869 m1). Results

were normalized to GAPDH expression used has a housekeeping marker.

2.7. 6mer and 6mer + BSP film characterization

Surface morphology of 6mer+BSP and 6mer films before and after incubation in
ACS for different periods of time was characterized using field-emission scanning
electron microscopy (SEM) (NanoSEM, FEI Nova 200). Samples were sputter coated
with gold-palladium for SEM observation. Elemental composition of the mineral
deposited on the surface of the protein films was characterized by energy dispersive
spectrometer (EDS) (EDAX- Pegasus X4M) and no coating was used for this analysis.
SEM and EDS characterization were also used to characterize 6mer+BSP and 6mer
films after 3, 7 and 14 days of cell culture in osteogenic medium to access mineral
deposition. 6mer+BSP and 6mer films cultured only with osteogenic medium, with no
cells, were used as controls to test for the possible influence of cells on mineral
deposition. For SEM, samples were sputter coated with gold-palladium and as

mentioned before no coating was used for EDS analysis.

2.8. Statistical Analysis

SPSS 17.0 was used to perform statistical analysis. The Shapiro-Wilk test was
used to test for the normality of the data. To compare between two sets of data
mainly 6mer+BSP vs 6mer films (control) two statistical tests were used: two-tailed
nonparametric Mann-Whitney test for non-normal distributed data and student t-test
to analyse data with normal distributions. To test for significant differences between
three experimental groups (3, 7 and 14 days) one-way ANOVA with a Bonferroni post
hoc comparison was applied to the data with normal distribution and nonparametric
Kruskal-Wallis test was used for the data with non-normal distribution. Statistical

significance was defined as p<0.05.

3. Results
3.1. Cloning and expression of BSP silk chimera
The presence of the BSP insert in the cloning vector containing the silk modules

was confirmed through DNA sequencing. SDS-PAGE indicates that both expression and
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purification of the 6mer+BSP and the silk control, only 6mer, were successful and
protein sequencing confirmed the N-terminal amino acid sequence. For 6mer+BSP
protein the theoretical molecular weight is approximately 52kDa and with SDS-PAGE it
is possible to observe a strong band at around 49kDa. In the case of the 6mer the
estimated molecular weight is approximately 21.8kDa and the SDS-PAGE shows a band
at 28 kDa (Figure 11l.2). After purification, dialysis and lyophilisation the yield of

6mer+BSP and 6mer was approximately 17mg/L and 25 mg/L, respectively.
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Figure 11l.2. SDS-PAGE gels for 6mer and 6mer+BSP proteins, stained with colloidal blue.

3.2. Film formation and secondary structure

The ATR-FTIR spectra of 6mer and 6mer+BSP films after 2 hours treatment with
70% methanol solution exhibited strong amide | (1700-1600 cm™) and amide Il (1600-
1500 cm™) regions (Figure 11.3A). ATR-FTIR spectra for both protein films, 6mer+BSP
and émer, exhibited vibrational modes in the range of 1650-1647 cm™ amide | region,
indicative of helix/random coil conformations and in the range of 1626-1628 cm™?,
amide | region, and at 1533 cm™, amide Il region, both peaks indicative of antiparallel
B-sheet structures [8, 33, 34]. After spectral deconvolution the percentage of
helix/random coil and antiparallel B-sheet structures was determined (Figure 111.3B).
For both protein films the percentage of secondary structures was similar and
statistical analysis indicated no significant (p>0.05) differences between the 6mer+BSP

and 6mer control films. For helix/random coil conformations the percentages were
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35% for the 6mer films and 32% for the 6mer+BSP films. For B-sheet structures the

percentages were 33% and 32% for the 6mer and 6mer+BSP films, respectively.
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Figure 1Il.3. (A) ATR-FTIR spectra of the 6mer and 6mer+BSP films after 2 hours of treatment
with 70% methanol. (B) Percentage of B-sheet and random coil/helix conformations after ATR-

FTIR spectra deconvolution of the 6mer and 6mer+BSP films.

3.3. Analysis of in vitro mineralization

After 1 hour in ACS at 379C SEM analysis did not generate evidence for the
formation of minerals on either film, 6mer or 6mer+BSP (Figure IIl.4A). However, EDS
analysis indicated the presence of calcium (Ca) and phosphorous (P) in the 6mer+BSP
films but not in the 6mer films (Figure 111.4B). The Ca/P ratios in 6mer+BSP films varied
between 1.72 and 1.86. After 6 hours of incubation it was possible to observe by SEM
the formation of mineral aggregates on the surface of the 6mer+BSP films, with
diameters around 8-10um (Figure IIl.4A). EDS analysis indicated a composition for Ca
and P with Ca/P ratios between 1.82 and 2.03 (Figure 111.4B). For the 6mer films, the
formation of mineral was not observed even after at 6 hrs (Figure Ill.4A). These results
are in agreement with the EDS analysis, where no mineral was detected on the 6mer

control films surface after 6 hours of immersion in ACS (Figure 111.4B).
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Figure 111.4. (A) Surface morphologies and (B) EDS characterization of the 6mer and 6mer+BSP

films before and after soaking in ACS solution for 1 and 6 hours.

3.4. In vitro hMSC responses to films
3.4.1. SEM-EDS analysis

After 3 days in osteogenic culture media no mineral formation was observed on
the surface of the 6mer+BSP films (Figure II.5), although EDS characterization
confirmed the presence of Ca on the surface (Figure Ill.6). At day 7 in osteogenic
medium the Ca/P ratio varied between 0.90 and 1.19 (Figure 1ll.6). As time in
osteogenic medium increased the Ca/P ratio increased significantly up to 1.53 and 1.72
(Figure I11.6). For the control 6mer+BSP films incubated in osteogenic medium without
cells, mineral formation was observed by SEM after 14 days (Figures lII.5). EDS
characterization also detected the presence of Ca and P in the control films (Figure
[11.6), however there were differences between the films that were incubated in the
presence of cells and the controls without cells. In the case of the controls a small
amount of Ca and P was detected after 3 and 7 days of incubation (Figures II1.6), while
after 14 days the intensity of Ca and P signals increased significantly, reaching values
for Ca/P ratios between 1.26 and 2.07 (Figure 111.6).

For the 6mer films no mineral was observed after 3 days of culture (Figure Il1.5)
and EDS analyses indicated considerably lower Ca/P ratios after 7 and 14 days of cell

culture (Figure 111.6) when compared with the 6mer+BSP (Figure II1.6).
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Figure 11I.5. Morphology of the 6mer and 6mer+BSP films seeded with hMSCs and cultured for

3, 7 and 14 days. In all assays, the 6mer and 6mer+BSP films without cells were used as

controls.
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Figure 111.6. EDS characterization of the 6mer and 6mer+BSP films seeded with hMSCs and
cultured for 3, 7 and 14 days. In all assays, the 6mer and 6mer+BSP without cells were used as

controls.
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For 6mer films Ca and P were only detected after 7 days of culture with Ca/P
ratios of 0.58-0.90. After 14 days this ratio had values of 0.64-0.97. For 6mer+BSP films
only Ca was present after 3 days of cell culture and after 7 and 14 days the Ca/P ratios
reached values of 0.90-1.19 and 1.53-1.72, respectively (Figure I11.6).

SEM revealed differences regarding mineral morphology between the
6mer+BSP and 6mer films after 7 and 14 days (Figure 1l.5). SEM characterization also
found that the cells cultured on 6mer+BSP films during the 3, 7 and 14 days of culture
had osteoblastic-like morphology, based on their flattened and polygonal morphology

with multiple filopodia or very thin extensions[35] (Figure III.5).

3.4.2. Cell viability

Cell viability/proliferation was measured after 3, 7 and 14 days of culture in
osteogenic medium using the Alamar Blue assay and indicated that hMSCs cultured on
6mer+BSP films supported higher cell viability/proliferation (p<0.05) than cells

cultured on 6mer films (Figure I11.7).
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Figure lIl.7. Viability of cells seeded on the 6mer and 6mer+BSP films for 3, 7 and 14 days of
culture and determined by Alamar Blue. Cell viability is expressed in relative fluorescence

units. Asterisks indicate statistically significant differences (p<0.05).

3.4.3. Osteoblastic gene expression
The expression of genes COL1A1, ALP and IBSP after 3, 7 and 14 days of culture

in osteogenic medium was up-regulated in cells cultured on the 6mer+BSP films (Figure
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[11.8). In the case of 6mer films there was significantly higher expression of COL1A1
after 3 and 7 days (p<0.05) of culture, however this expression level had a significant
decrease (p<0.05) during time in culture. For the 6mer+BSP films after 14 days of
culture the expression of COL1A1 was higher than the 6mer controls (p<0.05) (Figure
[11.8). For ALP expression, there was no significant difference (p>0.05) between the
6mer+BSP and 6mer films at 3 and 7 days of cell culture (Figure I11.8). However, after
14 days in the 6mer+BSP films ALP expression reached levels significantly higher than
those for the 6mer films (p<0.05). Furthermore, for the 6mer+BSP films there was a
significant increase in ALP transcript level between 3 and 7 days of culture (p<0.05).
For the 6mer films there was a progressive decrease ALP expression during time of
culture however, this decrease was only significant between 7 and 14 days of culture
(p<0.05). For BSP, expression levels were significantly higher for the 6mer+BSP films
after 3 and 7 (p< 0.0001) days of culture when compared with control 6mer films. No
significant difference was registered for this transcript after 14 days (p>0.05) between
the 6mer+BSP and 6mer films (Figure 111.8). During the time in culture a progressive
increase for IBSP transcript was detected in the case of 6mer+BSP films, reaching
significant values (p<0.05) between 3 and 7 days of culture. No expression of COL2A1,

a chondrogenic gene, was detected under any of the conditions (data not shown).
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Figure II1.8. Transcript levels from hMSCs cultured on the 6mer and 6mer+BSP films after 3, 7
and 14 days for genes COL1A1, ALP and IBSP. Asterisks indicate statistically significant
differences (p<0.05).

4. Discussion
The design and characterization of a new chimeric protein resulting from the

combination of six monomers of the consensus repeat for the spider silk protein
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MaSp1 (6mer) with the human protein bone sialoprotein is reported. The DNA and
protein sequences confirmed the successful cloning and expression of this new fusion.
FTIR analysis demonstrated that the introduction of the BSP domain with the spider
silk did not affect disrupt the self assembly capacity of the silk sequence, manifested
through the formation of B-sheet after treatment with methanol (Figure 111.3).
Furthermore, this new protein retained the function of BSP to induce the nucleation of
calcium phosphate (CaP), confirmed by EDS and SEM. EDS characterization showed
that the incubation of 6mer+BSP films in ACS at 372C and pH 7.4 for one hour induced
the deposition of CaP with a Ca/P ratio varying between 1.72 and 1.86, values close to
those for hydroxyapatite (1.67) [36] (Figure IIl.4). In the case of the 6mer control films,
no deposition of CaP was detected even after 6 hours of incubation in ACS (Figure
[1.4). This result indicates the predisposition of the 6mer+BSP sequence to induce the
nucleation of CaP, due to the presence of the BSP domain, a sequence know to be
involved in the mineralization process in bone tissue [25, 27].

EDS characterization of 6mer+BSP samples after 7 and 14 days of cell culture in
osteogenic culture medium indicated an increase in Ca/P ratios from 0.90-1.19 at day 7
to values between 1.53-1.72 at day 14 (Figure 111.6). These last values are very close to
those found for tricalcium phosphate (1.50) and hydroxyapatite (1.67), respectively
[36]. For 6mer samples there was also a slight increase in Ca/P ratio, however much
lower that that obtained for 6mer+BSP.

For 6mer films after 3 days of cell culture the Ca/P ratio was 0 as no Ca or P was
present, and this changed to 0.58-0.90 after 7 days. reaching values around 0.64-0.93
after 14 days in cell culture (Figure I11.6). EDS analyses for the controls, 6mer+BSP and
6mer films incubated in osteogenic medium without cells indicated the precipitation of
CaP in both types of films after 14 days of culture. However the rates for Ca and P
deposition were significantly different from those registered for these samples when
incubated in the presence of cells for the three periods of time. This fact is particularly
obvious for the 6mer+BSP films without cells that register very small amounts of Ca
and P deposition after 3 and 7 days in osteogenic medium. After 14 days of culture,
Ca/P ratios reached values between 1.26 and 2.07 for 6mer+BSP without cells, versus

those obtained for 6mer+BSP films with cells, 1.53-1.72 (Figure II1.6).
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SEM characterization provided an assessment of the morphology of the CaP
formed on the films after cell culture. The morphologies of the minerals were
different, mainly in the case of the 6mer+BSP films after cell culture vs 6mer+BSP films
incubated with no cells (control) (Figure IlI.5). At day 14 the CaP films formed on
6mer+BSP films presented a globular cauliflower-like morphology while for the control
samples, 6mer+BSP films without cells, a flat layer of CaP was observed (Figure III.5).
Both the SEM and EDS results suggest that these differences in mineral morphology
and in Ca/P deposition may be the result from the presence of cells that might play a
role in the deposition and posterior modulation of calcium phosphates, inducing a
more controlled mineralization process.

HMSC cultivated in osteogenic differentiation medium provided generated an
osteoblast-like morphology during 3, 7 and 14 days of culture (Figure IIl.5) and Alamar
Blue results (Figure 1I.7) indicated good cell viability/proliferation on the 6mer+BSP
samples. The presence of cell binding domains in the 6mer+BSP protein within the BSP
sequence [11, 12], may be responsible for the cell response when compared with
control samples. For the 6mer films, osteoblast-like morphology was not as evident
and a reduction in viability/proliferation was observed after 3, 7 and 14 days in
osteogenic medium. The expression of bone-related genes by hMSCs cultured on
6mer+BSP indicated significant (p<0.05) up-regulation of ALP, IBSP and COL1A1 during
14 days of cell culture. For the 6mer samples a significant decrease (p<0.05) in
expression level was observed specially for ALP and COL1A1 from days 3 to day 14, and
the expression of IBSP gene was low at days 3 and 7, and increased at day 14.

ALP transcript levels for both 6mer+BSP and 6mer films were similar for days 3
and 7, while at 14 days transcript levels were significantly higher on the 6mer+BSP
samples. ALP is considered an osteoblast marker [37] and an increase in the level of
ALP transcript suggests ordered deposition of mineral phase within the extracellular
matrix [38]. The genesis of biological apatite is considered a biochemical process
controlled by different enzymes such as carbonic anhydrase [39] and alkaline
phosphatase [40]. Alkaline phosphatase is responsible for the release of
orthophosphates through the cleavage of polyphosphates or pyrophosphates [41, 42].
In vitro studies indicate that the polyphosphates function as inhibitors of apatite

formation [43] and also responsible for inactivation of polyphosphate, an inhibitor of
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calcium phosphate nucleation [44]. Humans and mice lacking ALP exhibit a decrease in
bone biomineralization [42]. These functions for ALP suggest possible reasons why ALP
is important in the mineralization process. In the present study, the difference in ALP
responses may suggest one reason for the differences in mineralization that was
observed with the SEM and EDS data.

With the onset of mineralization other genes are expressed [38]. This is the
case for IBSP expression, usually confined to later stages of osteoblast differentiation
and early stages of mineral deposition [36]. The IBSP gene codes for BSP, a protein
synthesized mostly in bone tissue and involved in mineralization, constituting
approximately 15% of the noncollagen matrix in young bone [45]. Furthermore, BSP is
capable of binding to calcium ions and hydroxyapatite and inducing cell and collagen
attachment through its cell binding and collagen binding domains, respectively. For
the 6mer+BSP samples, a significant up-regulation of IBSP transcript from day 3 to day
14 of cell culture (Figure 111.8) was observed. This result is in good agreement with the
results for ALP gene expression, suggesting active mineralization in 6mer+BSP films.
IBSP up-regulation also reflects the induction of synthesis of other extracellular
proteins*’, such as collagen type I. Type | collagen is the most abundant extracellular
matrix protein in bone tissue and is involved in early stages of the mineralization, as
described earlier [46, 47]. Type | collagen also functions as a scaffold where non-
collagenous proteins bind to act as mineral nucleators. In this way, collagen | fibers
play an important role in bone formation as both a primary building block and for
higher organized architectures related to this process [36]. The transcript data indicate
significant up-regulation of COL1A1 for the 6mer+BSP samples, indicating a progressive
increase of type | collagen. In the 6mer+BSP samples, the up-regulation of COL1A1
transcripts accompanied the increase in ALP and IBSP expression levels after 3, 7 and
14 days in culture. For the 6mer samples, COL1A1 transcripts were significantly
(p<0.05) down-regulated between days 3 and day 14, although transcript levels were
higher when compared with the 6mer+BSP samples at 3 and 7 days of cell culture.
After 14 days down-regulation for COL1A1 was lower than those for the 6mer+BSP
samples. The absence COL2A1 transcript, a chondrogenic gene, confirmed that no
chondrogenic differentiation was taking place in the 6mer+BSP or in the control 6mer

samples.
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Real-time RT-PCR for ALP, IBSP and COL1Al suggest that controlled
mineralization is occurring on the 6mer+BSP films during culture in osteogenic medium
when compared with the control 6mer films. These findings concur with the Ca/P
ratios determined by EDS characterization, which increased from day 3 to 14 of
culture, with an increase from 0 to 1.53-1.72, values similar to tricalcium phosphate
(1.50) and hydroxyapatite (1.67), respectively [36]. The in vitro results suggest that
these films are actively involved in the mineralization process. Osteoblasts are the
main cells responsible for the osteogenic process, involved in the deposition of bone
organic matrix and in mineralization. This extracellular matrix is formed by collagen,
non-collagen proteins (BSP, osteopontin, osteocalcin) and polysaccharides [36].
Osteoblasts also secrete alkaline phosphatase, an enzyme responsible for the
hydrolysis of pyrophosphate, a known inhibitor of mineralization, into orthophosphate
for incorporation along with calcium ions into the growing mineral lattice [41, 42, 48].
The osteogenic potential of the hMSCs used in the present study was confirmed by the
deposition of a calcified matrix, based on both SEM and EDS analyses, as well as the
real-time RT-PCR data. These results indicate early up-regulation of IBSP, a marker
usually confined to the later stages of osteoblast differentiation [36], and ALP, a
frequently used marker for osteoblast activity, as well as the absence of transcripts for

COL2A1 gene, a marker for chondrogenic differentiation.

5. Conclusions

In summary, the successful design of a new chimeric protein conjugating spider
silk with human bone sialoprotein (BSP) is described. The combination of both silk and
BSP domains in a single protein chain did not interfere with the functions of each of
these domains. This includes the ability of the spider silk to self-organize into a B-sheet
conformation, an important feature related with its mechanical properties, and the
aptitude of BSP to induce the nucleation of calcium phosphates. During the 14 days of
culture this new chimeric protein sustained hMSC proliferation and differentiation into
the osteogenic lineage. These data are evident for cells seeded onto the 6mer+BSP,
indicating that the conjugation with the amino acid sequence of human BSP improve
cellular function towards the osteoblastic phenotype. These promising results suggest

the potential for this new chimeric protein as a new biomaterial for tissue engineering
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applications, especially for the construction of grafts for bone regeneration.
Additionally, these results also highlight the potential of chimeric proteins as
multifunctional biomaterial systems allowing the control over different types of
cellular response such as cell differentiation, cell migration and cell adhesion, protein
adsorption, etc. The importance of this approach relies in its ability to engineer
nanoscale composite systems that can be used in the fabrication of new families of
smart biomaterials capable of self-modification either before, in vitro, or after

implantation, in vivo.
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Abstract

Atomic force microscopy (AFM) was used to assess a new chimeric protein consisting
of a fusion protein of the consensus repeat for Nephila clavipes spider dragline protein
and bone sialoprotein (6mer+BSP). The elastic modulus of this protein in film form was
assessed through force curves, and the calculation of film surface roughness was also
determined. The results showed a significant difference between the elastic modulus
of the chimeric silk protein, 6mer+BSP, and control films consisting of only the silk
component (6mer). The behaviour of the 6mer+BSP and 6mer proteins in aqueous
solution in the presence of calcium ions (Ca’") was also assessed to determine
interactions between the inorganic and organic components related to bone
interactions, anchoring and biomaterial network formation. The results demonstrated
the formation of protein networks in the presence of Ca®* ions, characteristics that
may be important in the context of controlling materials assembly and properties

related to bone-formation with this new chimeric silk-BSP protein.

1. Introduction

With the potential importance of tissue engineering in healthcare the design of
new biopolymers with improved mechanical and biocompatibility characteristics has
become a major goal in the field of biomaterials research. Spider dragline silk fibers
exhibit remarkable viscoelastic properties, combining a tensile strength similar to steel
and Kevlar with a high elasticity that is comparable to rubber [1]. In part these
mechanical properties are a consequence of the amino acid chemistry where the
hydrophilic GGX motif (G stands for glycine, X is mostly glutamine) alternates with
poly-alanine (poly-A) motifs [2]. The GGX motif adopts a helical conformation forming
an amorphous region that connects the poly-A motifs, providing elasticity to the silk
fiber. The hydrophobic poly-A motifs are responsible for the formation of rigid and
highly packed anti-parallel B-sheets [3] resulting from hydrogen bonding and
hydrophobic interactions [4]. The remarkable mechanical properties together with the
inherent biocompatibility suggest spider silk as a promising biopolymer for bone

repairs and bone growth [5].
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Recombinant spider silk offers advantages over natural spider silk. With
recombinant DNA technology the protein amino acid sequence and length can be
controlled to tailor the sequence chemistry and polymer features to the target needs
in terms of structure and functional features [6, 7]. Our previous work [8] described
the synthesis of a new chimeric protein through the fusion of a spider silk (6mer) with
six repeats of the consensus amino acid block from the native sequence of the major
ampullate dragline silk | protein, MaSpl, from the spider specie Nephila clavipes, with
bone sialoprotein sequence (BSP) designated by 6mer+BSP (Figure IV.1). BSP is a
noncollageneous protein present in bone tissue that can induce the deposition of
calcium phosphate in the form of hydroxyapatite to bind to collagen fibers [9]. At the
cellular level BSP induces the attachment and differentiation of osteoblasts [10] and
stimulates osteoclast activity [11], thereby playing an important part in the
remodelling process of bone. In previous work we have demonstrated that the fusion
protein 6mer+BSP maintains the ability to induce the deposition of calcium phosphate,
due to the presence of the BSP domain [8].

SGRGGLGGQGAGAAAAAGGAGQGGYGGLGSQGTSGRG
GLGGQGAGAAAAAGGAGQGGYGGLGSQGTSGRGGLGG
QGAGAAAAAGGAGQGGYGGLGSQGTSGRGGLGGQGAG
AAAAAGGAGOGGYGGLGSQGTSGRGGLGGQGAGAAAA
AGGAGQGGYGGLGSQAGTSGRGGLGGQGAGAAAAAGGA
GQGGYGGLGSQGTSWPSRPTHKTH_ LLSILGMACAFSM

KMLHRRVKIEDSEENGVFKYRPRYYLYKHAYFYPHLKRFP
VOGSSDSSEENGDDSSEEEEEEEETSNEGEMNNEESNED
EDSEAENTTLSATTLGYGEDATPGTGYTGLAAIQLPKKAG
:T“'{A._'r<E*(EEDEEEEEEEEGHEHEESEHE /DENEQGIN
GTSTNSTEAENGNGSSGGDNG EGEEE VTGANAEGTT
ETGGCGQGKGTSKTTTSPNGGFEPTTPPQV PT_SF‘FG«(T
TTVEYEGEYEYTGVNEYDNGYEIYESENGEPRGDNYRA
EDEYSYFKGQGYDGYDGQNYYHHQGLMG H Stop

Figure IV.1. Amino acid sequence for the 6mer+BSP protein. The linkers for the BSP sequence

are underlined. The 6mer is represented in black and the BSP sequence is represented in gray.

In the present study atomic force microscopy (AFM) was used to collect
topographic images of 6mer and 6mer+BSP films, to measure surface roughness of
these films and to assess the elasticity of the films AFM can also be used to determine
local mechanical properties of soft samples. The AFM tip is used to indent the sample
resulting in a force curve that can be analyzed for elastic response of the sample to the
small loading force applied by the tip [12]. The Hertz model for elastic indentations can
be used to calculate Young’s modulus (E) [13]. Previous studies have used AFM to

measure the elastic properties of spider silk either by stretching a spider silk fiber

116



Chapter IV - AFM study of morphology and mechanical properties of a chimeric spider silk and
bone sialoprotein protein for bone regeneration

attached to the AFM tip [6] or by indentation into the fiber [13]. In the present work,
AFM was used to assess the elasticity of 6mer+BSP films vs the controls.

Since 6mer+BSP was synthesized for bone-related biomaterial needs, the
behaviour of 6mer+BSP in the presence of divalent Ca®* ions was also assessed with
AFM imaging. The deposition of calcium phosphate induced by BSP is related to the
negatively charged polyglutamic sequences that interact with positively charge calcium
ions [14, 15]. The binding with Ca®* ions was important in the formation of calcium
mediated networks of osteopontin proteins, increasing the ability of these networks to
dissipate energy in response to applied forces, contributing to bone plasticity [16]. The
study of 6mer+BSP in the presence of Ca** ions is important to gain insight into how
these types of molecules form calcium mediated networks related to bone
regeneration. The presence of these types of networks between calcium-BSP
mediated binding fully integrated with a robust silk biomaterial could be useful both in

osteointegration as well as for structural support.

2. Materials and Methods
2.1. Cloning and protein expression

The clone carrying the DNA sequence coding for BSP was purchased from the
Harvard clone collection (Clone Identification: HsCD00082642, “The ORFeome
Collaboration” Dana-Farber/Harvard Cancer Center, Boston, MA, USA) and inserted in
the vector pET30L (Novagen, San Diego, CA, USA) carrying the silk block copolymer([7],
as we have described previously [8]. The 6mer+BSP protein was expressed in E. coli
RY-3041 strain grown in Hyper Broth™ (0107-S, Athens Enzyme Systems, Baltimore,
MD, USA) to an ODggo of 1 in the presence of kanamycin 25 pg/ml. Expression was
induced with isopropyl B-D-thiogalactoside (IPTG, 15529019, Invitrogen, Carlsbad, CA,
USA) 0.5 mM. The cells were harvested by centrifugation and cell pellet was lysed
under denaturating conditions using the buffer 100 mM NaH,PQ04, 10 mM Tris HCl, 8 M
urea (pH 8.0). Insoluble cell debris was excluded from the mixture by centrifugation
and the supernatant was collected. After incubating the supernatant with Ni-NTA
resin (30250, Qiagen, Valencia, CA, USA) for two hours, the mixture was loaded in a

column and washed several times with denaturating buffer at pH 8 and at pH 6.0.
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Protein was eluted using denaturating buffer at pH 4.5. Protein solution was loaded
into snake skin membranes (131054, Spectra/por Biotech, Rancho Dominguez, CA,
USA) and dialysed against 20 mM sodium acetate buffer (pH 4.75) followed by dialysis
in MQ water. Finally protein solution was lyophilized in a LabConco (Kansas city, MO,

USA) lyophilizer.

2.2. Sample preparation

The 6mer+BSP and 6mer protein (silk control) were dissolved in MQ water to a
final concentration of 2% (m/v). Then 20 pl of protein solution was cast onto freshly
cleaved mica surfaces and left to dry at room temperature. After drying the protein
films were treated with 70% methanol solution for two hours to induce the transition
of secondary structure from random coil to B-sheet, providing stability in aqueous
solutions. These protein films were used to collect force curves. To study the formation
of protein networks, the 6mer+BSP and 6mer proteins were dissolved in three
different solutions: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, pH 7.4)
0.1 mM buffer, HEPES 0.1 mM buffer containing magnesium (Mg*?) ions in a molar
ratio of 1:1000 (protein:Mg) and HEPES 0.1 mM buffer containing calcium (Ca*) ions in
a molar ratio of 1:1000 (protein:Ca) [17]. The final protein concentration was 0.01
mg/ml. Protein solution was deposited onto a freshly cleaved mica surfaces and left to

dry at room temperature.

2.3. AFM imaging and force spectroscopy

An AFM (Veeco Dimension V 3100 Scanning Probe Microscope, NY, USA) with a
scanning range of 90 um? and a z range of 7-8 um was used for imaging and force-
curve measurements. AFM cantilevers (Veeco, FESP) made of silicon with a spring
constant of 3.152 N/m were used and AFM imaging and force-curve measurements
were performed in the dry mode. A total of 100 force curves were recorded for both
6mer+BSP and 6mer films, respectively, using the software NanoScope V (Veeco). Mica
was used as a control. Force curves were collected using contact mode AFM. Samples
were imaged with tapping mode AFM. The tapping mode operation allowed the

visualization of weakly adsorbed samples by eliminating the lateral forces between the
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probe tip and the sample [18]. The heights of the structures imaged on mica were
determined by section analysis using Nanoscope image analysis software. Roughness
measurements were performed with the NanoScope V (Veeco). Two values were
measured: the root mean square (RMS) and the arithmetic average height (R,;). RMS
represents the standard deviation of the height values within a given area and allows
the surface roughness to be determined by statistical methods [19, 20]. R, is the most
frequently used roughness parameter and is defined as the average deviation of the
roughness irregularities from the mean line over one sampling length [19, 20].
Because roughness values change with the scan size the measurements were
performed using three different scan windows: 20 x 20 umz, 10 x 10 um2 and 2 x 2

um?.

2.4. Analysis of the data from the force curve measurements

In a force curve, the cantilever deflection (d) is registered as a function of its
vertical position (z) [equation 1 (Eg. 1)]. The slope of the force curve gives a qualitative
idea of the sample elastic properties. For a stiff sample the force curve is characterized
by a flat area when the tip is approaching the sample and by a slope region where the
cantilever deflection is identical to the z movement, d = z [12, 13]. However, in the
case of a soft sample this slope region becomes shallower as a result of the decrease in

the deflection value due to elastic indentation (6),
d=2-5 (Eq.1)
Hooke’s law relates the deflection with the applied force through the force constant of

the cantilever (k)
F=kd=k(z-8) (Eq.2)
The Hertz model relates the indentation & with the loading force F and by using the

Sneddon modification [21, 22] we have

Fe2._ & 5. tan@ (Eq.3)
™ 1-v2
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where E is the elastic or Young’s modulus, v is the Poisson ration of the sample,
assumed to be 0.5 for incompressible materials [23], and a is the opening angle of the

AFM tip. By combining equations 2 and 3 we have

kd=2._F  .5.tan(a) (Eq.4)
T 1-v2

Whit the rearrangement of equation 3 we have an expression for indentation

5= q kd (Eq. 5)

(2f) [E/(1-v7)] tan(a)

Since 6 can not be detected directly by AFM it can be replaced by combining equations

1 and 5 [24]

z=d+ \l kd (Eq. 6)
(2fm) [E/(1-v3)] tan(a)

For data treatment we will use the more general form

k (d — do)

o ledo (Eq.T)
fe-2] = d°+\| (2) [E(1-v?)] tan(a)

do and zg are the initial values of deflection and height, respectively [25].
Equation 7 was used to fit the date from the recorded force curves and to

calculate the value of the elastic modulus, E, for the 6mer+BSP and 6mer films.

2.5. Secondary structure analysis

Since B-sheet and random coli/helix content are considered major factors
related to the mechanical properties of spider silk materials, Attenuated-Total
Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) was performed to
assess the secondary conformation of both the 6mer and 6mer+BSP proteins. These
data provide structural details to support the interpretation of mechanical properties
from the AFM studies, including the differences between the calculated Young’s

modulus for the 6mer and 6mer+BSP films. ATR-FTIR measurements were performed
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with the 6mer and 6mer+BSP films, prepared as mentioned in section 2.2, using a Jasco
model FT/IR-6200 type A equipment (Jasco Inc. MD, USA). Spectra were collected in
absorption mode at 8 cm™ resolution using 64 scans in the spectral range 4000 to 400
cm’. The quantification of secondary structure was based on the analysis of the amide
| region (1700 to 1600 cm™) and was determined through the deconvolution of the
spectra followed by the normalization of the obtained values to the total area of the

amide | region [26].

2.6. Circular dichroism

Circular dichroism (CD) spectroscopy was performed with an Aviv, Model
410 (Biomedical, Inc. NJ USA) equipment. The spectra were collected between 260
and 180 nm with a step size of 1 nm, an averaging time of 1s. A total of five scans
were collected. A baseline spectrum was subtracted from the samples. Cells of 0.1 cm
path length were used and measurements were performed with 1 mg/ml protein
solutions in 0.1 mM HEPES buffer (pH 7.4) and in 0.1 mM HEPES containing Ca ions in a
molar ratio of 1:1000 (protein:Ca), as mentioned in section 2.2. The procedure was
repeated in the presence of Mg2+ ions, 0.1 mM HEPES containing Mg2+ ions in a molar
ratio of 1:1000 (protein:Mg). CD provided a check to determine if there were any
differences in secondary conformation of the 6mer+BSP and 6mer when in a buffer

solution with pH of 7.4 in the presence of Ca** or Mg®" ions.

2.7. Statistical analysis

Statistical analysis was performed with SPSS 17.0. Shapiro-Wilk test was use to
test for the normality of the data. Because the data had no normal distribution, the
nonparametric Mann-Whitney test was used to test for significant differences. In the
case of data with normal distribution the parametric test t was used. Statistical

significance was defined as p<0.05.
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3. Results
3.1. Force curves and Young’s modulus (E) calculations

Figure IV.2 shows the force curves for the 6mer and 6mer+BSP films and on a
hard sample control, mica. By comparing the slope regions the elastic modulus (E) was
calculated using the d and z values extracted from the force curves collected using
equation 7 (2.4. Materials and Methods section). The E values for both the 6mer and
6mer+BSP films were 1.1 GPa and 1.5 GPa, respectively. Statistical analysis indicated
that the Young’s modulus value calculated for the 6mer film was significantly lower
than the value obtained for the 6mer+BSP film (p<0.05). E values were calculated by

averaging over all points where the force curves were collected.

100 -
6émer+BSP émer
50 + Soft sample
with deformation
0-

Cantilever approaching
-50 -
sample surface

d (nm)

Hard sample
no deformation

-100 -

-150 4 2 b

| 1 1 1 | ] 1
0 50 100 150 200 250 300 350 400
z (nm)
Figure IV.2. Force curves on 6mer and 6mer+BSP films, and on mica: a) cantilever approaching

the surface; b) contact point; c) cantilever in contact with the surface.

3.2. Secondary structure analysis

For both the protein films, 6mer control and 6mer+BSP, ATR-FTIR spectra
revealed no major differences between secondary structures. For both proteins two
peaks were observed, at 1624 and 1520 cm™, indicative of an antiparallel B-sheet
conformation, and a third peak was found at 1650 cm™ corresponding to a

helix/random coil conformation [2, 7, 27] (Figure IV.3). Spectral deconvolution
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indicated that both proteins had similar percentages of B-sheet and helix/random coil

(Table IV.1) and statistical analysis indicated no significant difference (p>0.05).

0.10
Random coil/Helix. Beta sheet ﬁ:t::he.ft
t6s0cm™  _ 1624cm” /NP
0.08 4 [ i
—— 6mer [i ﬁﬁl /,-" “‘
——6mer+BSP | | || / P\
0.06 - [ / Fo

AU

0.04 -

0.02 4

0.00 =, . y — . .
1800 1750 1700 1650 1600 1550 1500 1450 1400

Wavelength (cm-1)

Figure IV.3. ATR-FTIR spectra of the 6mer and 6mer+BSP films after 2 hours of treatment with

70% methanol.

Table IV.1. Percentage of B-sheet and helix/random coil for 6mer control and 6mer+BSP films.

Sample B-sheet helix/random coil
6mer 34.516 31.317
6mer+BSP 34.313 33.449

3.3. Roughness measurements

Figure IV.4 shows representative surface topographies from AFM images of the
6mer and 6mer+BSP films, used for the calculation of the roughness values RMS and
Ra. RMS and R, values were similar for the 6mer and 6mer+BSP films (Table 1V.2) and
statistical comparison indicated no significant difference (p>0.05). The RMS value for
blank mica using the scan sizes of 20 x 20 pm?, 10 x 10 um?, 2 x 2 um’ were 0.881,
0.455 and 0.085 nm, respectively. For R, these values were 0.712, 0.377 and 0.067 nm

for 20x 20 umz, 10x 10 p.m2 and 2x2 },Lm2 scan sizes, respectively.
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Figure 1V.4. Topographies of AFM images (tapping mode) for 2% 6mer and 6mer+BSP films

using 20 x 20 umz, 10x 10 um2 and 2 x2 umz scan sizes.

Table IV.2. Surface roughness, RMS and R, for the 6mer and 6mer+BSP films using different
scan sizes.

6mer 6mer+BSP Mica

RMS(nm) Ra(nm) RMS(nm) R,(nm) RMS(nm) R.(nm)

22;;52:1222 252.8+43.2  194.2#32.0  249.4t704  201.8t61.4 0.881 0.712
12;;:2:’;[:2 124.4+11 99.618.8 144.8+79.1 115.1+63.0 0.455 0.377
ic);rzl :T; 23+5.1 18.3+4.8 14.6%6.0 12.245.5 0.084 0.066

3.4. AFM imaging
Tapping mode AFM imaging showed that when dissolved in HEPES 0.1 mM (pH

7.4) most of the 6mer appeared as large globular, amorphous protein aggregates
(Figure IV.5A). The aggregates had different sizes, with diameters ranging from 0.489
to 0.736 um and heights varying from 122.7 to 134.7 nm. Aggregates with similar

morphology and size were also observed when the 6mer protein was dissolved in
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HEPES buffer containing Mg”* ions in a molar ratio of 1:1000, protein:Mg (Figure
IV.6A). However, after dissolving the 6mer protein in HEPES buffer containing Ca* ions
in a molar ratio of 1:1000 (protein:Ca) the 6mer appeared more fibrous with a
tendency to form fiber aggregates (Figure IV.7A). The cross-sections of these fibers or
aggregates showed a width ranging from approximately 0.1 to 0.04 um and a height
between 2.6 and 5.8 nm.

In the case of the 6mer+BSP dissolved in HEPES, AFM imaging revealed two
different forms of aggregates: elongated sheets forming large assemblies and spherical
particles (Figure IV.5B). The sheets had heights between 1.4 and 1.8 nm. The second
population of aggregates corresponding to spherical particles had heights between 6
and 7 nm (Figure 1V.5B) and widths around 0.098 um. Both types of aggregates had
different shapes from those observed in the case of the 6mer protein dissolved in
HEPES. Similarly to what happen with the 6mer protein, when the 6mer+BSP was
dissolved in HEPES buffer containing Mg2+ ions the aggregates observed were similar
to those obtained when dissolved in HEPES solution only. Once again large assemblies
of elongated sheets were detected together with particles with an amorphous shape.
These sheets had heights ranging between 1.89 and 1.35 nm, as observed for the
HEPES solution (Figure 1V.6B).

When the 6mer+BSP protein was dissolved in HEPES with Ca two distinct
structures were observed, one corresponding to protein networks with different
widths and another corresponding to individualized particles (monomers and
dimmers). The widths for the aggregate networks varied, the smaller ones in Figure
IV.7B1 have widths of around 0.2 nm and the largest ones corresponding to number 3
had diameters of 1.1 nm as seen in cross-sectional images. The height values for these
structures were between 1.9 and 2.3 nm. The second population of structures
corresponded to particles with diameters of 0.02 to 0.04 um and heights of around 0.8
nm (see section for Figure IV.7B3). Once again the forms observed were different from
those imaged with the 6mer protein and also different from those detected for the

6mer+BSP dissolved in HEPES and HEPES with Mg added.
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Figure IV.5. Topographies of AFM images (tapping mode) and corresponding section analysis

of 6mer (A1-A2) and 6mer+BSP (B1-B2,) proteins in HEPES buffer 0.1 mM (pH 7.4).
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Figure IV.6. Topographies AFM images (tapping mode) and corresponding section analysis of

6mer (A1-A2) and 6mer+BSP (B1-B2) proteins in HEPES buffer 0.1 mM with Mg in a ratio of

1:1000 (protein:Mg).
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Figure IV.7. Topographies AFM images (tapping mode) and corresponding section analysis of

6mer (A1-A2) and 6mer+BSP (B1-B3) proteins in HEPES buffer 0.1 mM with Ca in a ratio of

1:1000 (protein:Ca).
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3.5. CD analysis

CD spectroscopy for the 6mer protein showed no apparent difference between
the spectra collected for the protein dissolved in HEPES and that dissolved in a HEPES
with Ca or Mg added. For the three spectra a predominance of B-hairpin conformation
(Figure IV.8) was found, characterized by a negative ellipticity with a minimum at
approximately 202 nm [28, 29]. Also for the BSP+6mer protein no major differences
were observed between the spectra collected in the presence of Ca or Mg and in
HEPES. In the three spectra the presence of B-sheet and a-helix were observed, with

two minima at 210 and 220 nm [28, 29] (Figure 1V.8).

104 10-
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Figure IV.8. CD spectra for the 6mer and 6mer+BSP recombinant proteins dissolved in HEPES
buffer 0.1 mM (pH 7.4), in HEPES buffer 0.1 mM with Ca in a ratio of 1:1000 (protein:Ca) and in
HEPES buffer 0.1 mM with Mg in a ratio of 1:1000 (protein:Mg).

4. Discussion

In the present work the Young’s modulus was calculated for the 6mer control
and 6mer+BSP films based in the force curves. The values for the Young’s modulus
were 1.1 and 1.5 GPa for the 6mer and 6mer+BSP films, respectively, and statistical
analysis showed a significant difference (p<0.05). This divergence may be due to the
insertion of the BSP domain which could interfere with the ability of the silk to form B-
strands, resulting in a change in assembly and thus in mechanical characteristics.
However, ATR-FTIR analysis showed a similar presence of the B-sheet (1624 and 1520
cm'l) for both the 6mer and 6mer+BSP films, after treatment with methanol.
Furthermore, with the deconvolution of ATR-FTIR spectra the percentage of B-sheet
and random coil (Table IV.1) showed no statistical differences (p>0.05) between the

6mer and 6mer+BSP films.
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An alternative explanation for the differences in mechanical properties
determined by AFM could be the high content of the amino acid glutamic acid in the
BSP domain [14] of the 6mer+BSP protein. Mechanical studies performed on silkworm
silk fibers treated with four different solvents (water, acetone, ethanol and
isopropanol) showed that immersion in acetone, ethanol and isopropanol leads to an
increase in stiffness when compared with water. In contrast, the immersion of fibers in
water resulted in a decrease in tensile modulus of the fibers. These results were
explained by the fact that water disrupts inter- and intra-molecular hydrogen bonding
in the silk matrix. This disruption allows the molecules to move with greater freedom
resulting in more flexible and elastic fibers [30] with a consequent decrease of
stiffness, which was also observed for other biopolymers such as chitosan in the
presence of water [31]. These hydrogen bonds occur between the amide hydrogen and
carbonyl oxygen present in adjacent protein chains [32]. In the 6mer+BSP sequence
the carboxyl groups present in the side chains of the glutamic acid residues constitutes
an additional hydrogen donor increasing the number of hydrogen bonds occurring
between protein chains. Different studies performed with poly-glutamic peptides
demonstrate the ability of these molecules to form strong hydrogen bonds [33, 34].
The presence of several glutamic acid residues with carboxyl groups in their side chains
in the BSP sequence may also contribute to an increase in the number hydrogen bonds
in the 6mer+BSP proteins [14]. This gain in hydrogen bonding between 6mer+BSP
proteins chains may be a reason for the higher stiffness observed for 6mer+BSP films
when compared with 6mer films. As mentioned above, the increase in number of
hydrogen bonds between silk chain segments, as a consequence of the treatment with
organic solvents, resulted in an increase in elastic modulus values for silk [35].

Furthermore, the values of 1.1 and 1.5 GPa obtained for the 6mer and
6mer+BSP films are close to the values obtained for silk fibroin films, 2.7 GPa [36] but
still far from the values of 20-22 GPa for stiffness attributed to the major ampullate
dragline silk from the spider Nephila clavipes [37]. This difference indicates that there
remains a lot to learn about processing and assembly of silk proteins related to

functional properties.
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AFM was also used to provide topographic images and roughness for the 6mer
and 6mer+BSP films. The topographic images show that the 6mer+BSP films had a
smoother surface that the 6mer films, however, a statistical comparison showed no
significant difference between. Furthermore, the roughness values indicated a
relationship between this parameter and the size of the scanned area; an increase in
the size of the scanned area resulted in an increase in roughness values. This
phenomenon was observed for both the 6mer and 6mer+BSP films (Table 1V.2). Similar
results were obtained in other studies when measuring the roughness properties of
different materials using AFM [38-42]. A possible reason for this result is the effect of
tip geometry on the measurements of surface roughness. At small scan sizes, if the tip
is larger than the features causing the surface texture the surface will appear flatter as
a consequence of poor access to lower points on the surface, and the roughness values
will be lower [42]. With the increase of the scan size there is an increase of roughness
values [40]. In this way, by changing the scan size it is possible to acquire different
surface topographies, with different roughness values [38].

Finally, the behaviour of the 6mer+BSP protein in the presence of divalent ions,
Ca and Mg, was investigated. During the past few years the role of Ca?* ion in the
formation of protein networks has been studied due to the importance of these
networks in mechanical properties. For example, the abalone shell is a good example
of a composite material formed by calcium carbonate plates arranged between organic
matrix layers of B-chitin and proteins named lustrins [43]. The organic layers are
responsible for the remarkable properties of these natural composites [43-45] acting
as a organic adhesive holding the calcium carbonate plates together. Smoth and co-
workers [44] used AFM to carry out pulling experiments on freshly cleaved nacre
surfaces and obtained force-extension curves with a saw-tooth pattern probably
resultant from the repeated unfolding of molecules, such as lustrin A. This unfolding is
the outcome of successive opening of folded or looped domains of long molecular
chains. When the pulling force rises to a value close to that needed to break the
molecule backbone a domain unfolds or a loop opens and the molecule needs to be
pulled again until another domain unfolds or a loop opens. Only when all the domains

are unfolded and loops opened does the molecule finally break [44]. Furthermore,
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when the applied force is relaxed the unfolded domains and open loops have the
ability to reform acting as a self-healing mechanism [44]. These sacrificial bonds are
believed to be the key for the outstanding mechanical properties of natural
biocomposites [44] [46]. Divalent ions like Ca®" and Mg2+ are crucial for the formation
of these sacrificial bonds since this mechanism relies in the formation of intra and
inter-chain ionic bond cross-links. Nacre organic matrix is rich in acidic macromolecules
in which carboxylate groups are strong calcium binders [45] and are probably involved
in the formation of sacrificial bonds. Other AFM studies performed with the cement
tube of Phragmatopoma californica worms [47] and with the cell wall of Cylindrotheca
fusiformis diatom give similar results [48].

Bone is also a good example of a natural biocomposite where the formation of
calcium mediated sacrificial bonds and the presence of unfolded lengths are
responsible for the stiffness and enhanced energy dissipation [46, 49-53]. The
presence of many noncollagenous proteins in bone organic matrix such as bone
sialoprotein and osteopontin, in the case of bone, and amelogenin [54] in the case of
dental enamel, with a high number of negatively charged groups are capable of
binding together through the formation of Ca ionic bonds [53]. This organic matrix acts
as glue embedding the mineralized collagen fibrils and is capable of dissipating energy
through the rupture of sacrificial bonds and stretching molecules, preventing the
formation of cracks and increasing the total energy needed to fracture the material,
thereby contributing to the improved toughness [50]. As in the case of nacre, when the
applied force is removed the sacrificial bonds reform allowing the bone to repair itself
[46].

Because it is still unclear which molecules are involved in the formation of
these protein networks and what bonds are responsible for keeping them together
some studies addressing the network forming behaviour of different proteins present
in tooth and bone organic matrix have been published. Fincham and co-workers
studied the self-assembly of a recombinant amelogenin protein and found that this
protein was capable of forming supra-molecular aggregates which the authors suggest
to be responsible for controlling the formation of enamel crystals [54]. More recently,

a recombinant osteopontin protein was reported to form long aggregate networks and
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to dissipate large amounts of energy when its molecules were pulled by an AFM
cantilever tip [16]. In the presence of Ca?' ions the resistance of these protein
networks to the pulling force increased considerably [16]. The same authors
performed similar experiments with other proteins, namely BSP [16] and dentin matrix
protein [55], and the same network-forming tendency was observed. As in the case of
osteopontin the presence of Ca potentiated the network-forming behaviour.

In the present work one of the objectives was to study the behaviour of
6mer+BSP protein in the presence of Ca’* ions. In the same way as other negatively
charged proteins, osteopontin, BSP, amelogenin and dentin matrix protein, our
chimeric silk-BSP protein retained the ability to form supramolecular aggregates and in
the presence of Ca®" ions these aggregates generated networks which, as in the case of
amelogenin [54], co-existed with protein monomers and multimers. These structures
were not observed in the presence of Mg®" ion which suggests affinity of the BSP
domain to Ca** over other divalent ions as Mg**. The size of Ca** ion electron cloud
may be the cause for this selectivity [56].

Furthermore, in the case of the 6mer+BSP protein the network-forming
behaviour could be potentiated due to the presence of the spider silk domain (6mer).
AFM mechanical and structural studies with a recombinant dragline silk protein
showed that this protein spontaneously forms long nanofibers with high intersegment
flexibility. When subjected to a pulling force the force vs. piezo extension curves
displayed a saw-tooth rupture pattern most probably due to the presence of sacrificial
bonds [6]. Similar patterns were obtained with the capture silk fibers from Araneus, a
orb-weaving spider, where a pulling force revealed rupture peaks due to the break of
sacrificial bonds, that reform after relaxation of the fibers [57]. These rupture peaks
are also characteristic of the composite materials and proteins mentioned above,
placing silk fibers in the category of the self-healing biomaterials [57]. Although we did
not observe the formation of nanofibers when the 6mer was dissolved in HEPES alone,
the formation of supra-molecular complexes resembling fibers was observed when Ca
was added to the HEPES solution. These results are in accordance with the outcomes
of other studies where AFM [58] and dynamic light scattering (DLS) [59] were used to

assess the behaviour of fibroin, from Bombix mori, in the presence of Ca®" ions. In
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these studies, silk fibroin molecules gave rise to intermolecular networks through the
formation of ionic bonds between divalent ions, mainly Ca, and the anionic carboxylic
groups (COQO") of fibroin amino acid groups [58, 59].

CD spectra indicated that no conformational change was induced by the
presence of Ca** ions, suggesting that the interaction between 6mer+BSP and 6mer
and Ca is probably induced by electrostatic attractions rather than by a conformational
change in the protein structure [60].

As mentioned previously and based on the results obtained by different
authors, Ca** ions seems to be a crucial element for the maintenance of mechanical
integrity of many biological systems. The development of new biocomposite materials
for biomedical applications is a desired goal. The design of novel organic-inorganic
hybrid biomaterials [61], such as those described in the present work, may provide a
new family of high performance structures for bone regeneration. The results
discussed above re-enforce the potential of 6mer+BSP proteins in the development of
these types of new hybrid biomaterials, where design principles can be employed in

specialized designs for structural and functional outcomes.

5. Conclusions

The main goal of the present study was to assess the mechanical and structural
characteristics of a new recombinant protein, 6mer+BSP, using AFM for imaging and
force spectroscopy. In our previous work [8] this protein retained mineralization
potential attributed to the BSP domain and sustained human mesenchymal stem cell
proliferation and differentiation into the osteogenic lineage. However, if this protein is
to be used for bone regeneration applications additional mechanical and structural
studies were required. The force curves collected for the 6mer and 6mer+BSP films
showed that the 6mer+BSP had a higher stiffness, likely due to the glutamic acid
residues. Furthermore, the behaviour of the new recombinant protein in the presence
of Ca, and as reported previously by others for osteopontin, amelogenin and dentin
matrix protein, the present chimeric protein retained the ability to form
supramolecular networks in the presence of Ca** ions through ionic crosslinking. This

study shows the potential for new bioengineered polymers, such as 6mer+BSP, for the
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design of new nanocomposite systems. The presence of the silk domain in 6mer+BSP
protein allows this biopolymer to be processed into different three-dimensional
scaffolds. In addition, the BSP domain with its calcium affinity provides functions as an
organic glue for use in new synthetic nanoscale composites, cross-linking organic and
inorganic components, such as hydroxyapatite crystals, and increasing the stiffness and

toughness of these systems by dissipates energy through the break of sacrificial bonds.
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Abstract

Genetically engineered fusion proteins offer potential as multifunctional biomaterials
for utility in the medical field. In the present study, three new fusion proteins were
designed, cloned and expressed and assessed for function, by combining the
consensus sequence of dragline spider silk with three different antimicrobial peptides.
The spider silk domain maintained its self-assembly features, a key aspect of these new
polymeric protein biomaterials, allowing the formation of B-sheets to lock in structures
via physical interactions without the need for chemical cross-linking. The human
antimicrobial peptides human neutrophil defensin 2 (HNP-2), human neutrophil
defensins 4 (HNP-4) and hepcidin were fused to the spider silk during the
bioengineering process. These new functional silk proteins were assessed for
antimicrobial activity against Escherichia coli and Staphylococcus aureus, a Gram
negative and positive, respectively, and microbicidal activity was demonstrated.
Dynamic light scattering was used to assess protein aggregation to clarify the
antimicrobial patterns observed. In vitro cell studies with a human osteosarcoma cell
line (Sa0s-2) demonstrated the compatibility of these new proteins with mammalian

cells with two of the three proteins studied.

1. Introduction

Around 350 billion dollars are spent worldwide on organ replacement therapies
to prolong the lives of more than 20 million patients. Most organ replacement
surgeries rely on the use of organometallic devices, most of which were developed in
the 1960s [1]. Tissue engineering is an emerging interdisciplinary field focused on the
development of tissues and organs that can be used to replace damaged and failing
tissues and organs. One of the major goals of tissue engineering is to replace
permanent implanted prostheses with temporary implants with reconstructive and
regenerative characteristics capable of directing the full restoration of normal tissue
structure and function in the body; thus they must be fully degradable over time [2].
Achieving this goal would revolutionize healthcare treatment as well as patient well
being [3]. The biomaterials field contributes directly toward this goal through the
development of polymers with diverse mechanical and biological characteristics [4-7]

that can be used to facilitate the regeneration of damaged tissues. In the case of bone
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repair, meeting mechanical and functional requirements at the implant site remains a
challenge for most polymeric biomaterials [8, 9].

In the present work, spider silk was selected for the core polymer due to its
potential as a biomaterial to meet the requirements for both mechanical stability and
biocompatibility necessary for bone tissue engineering, as well as its accessibility to
bioengineering [10-12]. Furthermore, recombinant DNA technologies allow the
generation of spider silk proteins fused to other protein domains not normally found in
spider silks, thereby expanding the function of these protein polymers. These new
chimeric or multifunctional spider silk-like molecules combine the properties of silk
(e.g., self-assembly, robust material properties, physical cross-linking to stabilize
materials) with characteristics of the new domains added to the silk. These types of
new multifunctional polymeric biomaterials provide a new route to control of
biomaterial features related to both material features and biological interactions. The
addition of antimicrobial peptides to reduce or control infections at the site of
implantation was the direction sought in the present study.

There are more than 600 peptides known with antimicrobial activity, most with
broad activity against different microorganisms, including Gram+ and Gram- bacteria,
virus, protozoa and fungi [13]. These peptides play an important role in inflammation
[14], and chemotaxis for monocytes and T cells to activate the acquired immune
response system [15]. These peptides also intervene in the wound healing [16] by
stimulating the proliferation of fibroblasts and epithelial cells [17, 18], induce
neovasculogenesis [19] and mobilize cytokines [20]. Human a-defensins are cationic
cysteine-rich peptides containing between 29 and 35 amino acids [21, 22]. Six a-
defensins have been described, human neutrophil defensins 1 to 4 (HNP-1, HNP-2,
HNP-3 and HNP-4) [23], which are expressed in neutrophils, and human defensins 5 to
6 (HD-5 and HD-6) expressed by Paneth cells of the small intestine and by the epithelial
cells of the female urogenital track [24]. HNP-2 manifests bactericidal activity against
both Gram+ and Gram- bacteria [25]. HNP-4 was considered more effective against
Gram- Escherichia coli and Enterobacter aerogenes. Moreover, HNP-4 was more
effective than HNP-1, HNP-2 and HNP-3 in protecting human peripheral blood

mononuclear cells from infection by both X4 and R5 HIV-1 strains [26].
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Resembling the human neutrophil defensins described above, hepcidin (also
named LEAP-1 for liver expressed antimicrobial peptide), is also a cysteine rich
peptide. Hepcidin mRNA was found primarily in the liver and was isolated initially from
human blood [27] and later detected in urine [28]. Hepcidin exhibits bactericidal and
fungicidal activity with activity against Gram+ and Gram- bacteria. Hepcidin was active
against the Gram- E. coli ML35 strain and Neisseria cinerea, and against the Gram+
Staphylococcus aureus, Staphylococcus epidermis, Staphylococcus carnosus, Bacillus
cereus, Bacillus megaterium, Bacillus subtilis, Micrococcus luteus and group B
Streptococcus [27-31]. After incubation of K562 cells (American Type Culture
Collection leukemic cell line CCL-243) for 15 hours with hepcidin at a concentration of
30 uM, viability of 74% was found [32]. Thus the cytotoxicity of hepcidin was much
lower than after incubation of these cells with 30 uM a-defensin HNP-1, where only
9% of the cells were viable over the same time frame [28]. Based on the antimicrobial
activities of HNP-2, HNP-4 and hepcidin, these peptides were selected for fusion with
the silk protein major ampullate spidroin protein (MaSpl) in the present study. The silk
was selected as the main protein component as it has been shown to self-assemble
into impressively strong and tough protein-based biomaterials, is biodegradable due to
the activity of proteases, and can be formed into a range of material formats using
water [33-35].

Due to the relatively low cytotoxicity, resistance to microorganism adaptation
and broad spectra of action some antimicrobial peptides are considered strong
candidates to be used in coatings of polymeric surfaces to help preventing microbial
contamination. However, few studies have addressed this topic. In the past few years
different antimicrobial peptides were expressed together with a carbohydrate binding
module from Clostridium thermocellum, to enable attachment to different cellulosic
surfaces for antimicrobial properties [36, 37]. The chemical coupling of antimicrobial
peptides to different types of surfaces, such as: polyamide resins [38], polystyrene-
polyethylene glycol beads [39-41] and titanium [42], has also been reported. To our
knowledge this is the first study describing fusion proteins combining both silk and
antimicrobial domains.

The goal of the present study was to construct three new fusion proteins

combining spider silk with antimicrobial features hepcidin, HNP-2 and HNP-4 (Figure
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V.1A). Three different antimicrobial peptides were selected due to the possible
decrease in activity when the peptides were coupled with the spider silk. In this way,
the activities of the three different fusion proteins could be compared to identify the
most useful sequence for biomaterials formation and characterization. The silk domain
in the proteins carries six repeats of the consensus repeat for the native sequence of
the protein major ampullate dragline silk | (MaSpl) from the spider Nephila clavipes.
Each silk repeat is formed by a hydrophilic GGX motif and a hydrophobic poly-A motif
(Figure V.1B).

A

Emer+HNP-2
SGRGGLGGQGAGAAAAAGGAGQGGYGGLGSOGTSGRGGLGGAQGAGAAAAAGGAGQGGYGGLGSA
GTSGRGGLGGUGAGAAAAAGGAGCUGGYGCGLGESUGTSCRGGLGGQGAGAAAAAGGAGUGGYGGLG
SOGTSGRGGLGGAGAGAAAAAGGAGAQGGYGGLGSAQGTSGRGGLGGAGAGAAAAAGGAGQGGYGG
LGSQGISCYCRIPACIAGERRYTSGTCIYQGRLWAFCCIS Stop

emer+HNP4
SGRGGLGGQGAGAAAAAGGAGQGGYGGLGSQGTSGRGGLGGQGAGAAAAAGGAGQGGYGGLGSQ
GTEGRGGLGGQGAGAAAAAGGAGQGGYGGLGEQGTEGRGGLGGQGAGAAAAAGGAGQGGYGGLG
EQGTSGRGGLGGAOGAGAAAAAGGAGOGGYGGLGEQGTSGRGGLGGAGAGAAAAAGGAGQGGYGG
LGSQGTISVCSCRLVFCRRTELRVTSGNCCLIGGYSFTYCCTRWVIS Stop

Bmer+hepcidin
SCGRGGLGGAGAGAAAAAGGAGAUGGYGGLGESQGTSGRGGLGGAQGAGAAAAAGGAGQGGYGGLGSQ
GTEGRGGLGGQGAGAAAAAGGAGQGGYGGLGESQGTEGRGGLGGQGAGAAAAAGGAGQGGYGGLG
SOGTSGRGGLGGOGAGAAAAAGGAGQGGYGGLGEQGTSGROGGLGGAGAGAAAAAGGAGQGGYGG
LGSQGISDTHFPICIFCCGCCHRSKCGMUCCKTLIS Stop

B

Hydrophobic Block

GAGAAAAAGGAG

Hydrophilic Block
QGGYGGLGSQGTSGRGGLGGQ

Figure V.1. (A) Amino acid sequences for the chimeric proteins carrying silk block copolymer
(6mer) and the HNP-2 (a), HNP-4 (b) and the hepcidin (c) peptide sequences. The 6mer block is
represented by black. The HNP-2 (a), HNP-4 (b) and hepcidin (c) sequences are represented by
a gray. The restriction sites for the insertion of HNP-2, HNP-1 and hepcidin sequences are
underlined. (B) Amino acid sequences for the hydrophobic and hydrophilic blocks present in

each of the six units forming the silk block copolymer (6mer).

The three different silk-antimicrobial fusions were successfully expressed and
characterized for structure and function. The antibacterial activity was studied by
radial diffusion. Secondary structure of the recombinant proteins was assessed by
attenuated-total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) and

Circular Dichroism (CD). Dynamic light scattering (DLS) was used to assess aggregation
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related to antimicrobial activity in solution. Finally, cytotoxicity tests were performed
to confirm the potential utility of these new multifunctional silk proteins in contact

with mammalian cells.

2. Materials and Methods
2.1. Cloning HNP-2, HNP-4 and hepcidin into pET30L vector containing silk modules

Vector pET30a+ (Novagen, San Diego CA) was used for the construction of the
vector pET30L carrying the silk block copolymer using procedures described in our
previous work [43]. The silk block copolymer carries six repeats of the consensus
repeat for the native sequence of the protein major ampullate dragline silk | from the
specie N. clavipes. This spider silk block copolymer (6mer) was cloned with six histidine
residues to facilitate protein purification, and with two restriction sites, one for Spel
and another Nhel, flanking its edges to allow the addition of other DNA [43].

The HNP-2, HPN-4 and hepcidin cDNA sequences were prepared through the
annealing of synthetic single strand oligonucleotide sequences (Invitrogen, CA, USA):
HNP-2 top and HNP-2 bottom, HNP-4 top and HNP-4 bottom and hepcidin top and
hepcidin bottom. The annealing reactions were carried out by decreasing the
temperature of the oligonucleotide solution from 959C to 202C with a gradient of
0.12C/s. The presence of the annealed products was verified with 5% agarose gels. At
the edges of each cDNA sequence restriction sites were present for Spel and for Nhel
for the insertion of the cDNA sequences into the vector pET30L. This vector already
carried the DNA encoding the silk block copolymer. For the insertion of the cDNA
sequences into pET30L, the vector was digested with Spel (New England Biolabs, MA,
USA, R0133S), dephosphorylated with calf intestinal phosphatase (CIP) (New England
Biolabs, M0290S) and run on 0.8% agarose gels. The linearized vector was purified
using the QIAquick gel extraction kit (Qiagen, CA, USA, 28706). The cDNA sequences
were double digested with Spel and Nhel and the digestion products run in a 0.8% gel
and the bands for the cDNA sequences were purified using a QlAquick gel extraction
kit. HNP-2, HPN-4 and hepcidin cDNA were ligated individually to the silk 6mer present
in the expression vector pET30L using T4 DNA ligase enzyme (New England Biolabs,
M0202S).
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Escherichia coli DH5a cells (Invitrogen, 18258-012) were transformed with the
ligation products and successful transformants were identified by plating on agar
plates containing 25 pug/ml kanamycin. The presence of the HNP-2, HPN-4 and hepcidin
inserts was confirmed by DNA sequencing (Tufts Core Facility, Boston, MA) using T7
primers and the new constructs were named: 6mer+HNP-2, 6mer+HNP-4 and

6mer+hepcidin.

2.2. Protein expression and purification

The 6mer, 6mer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin were expressed in E.
coli RY-3041 strain, a mutant strain of E. coli BLR(DE3) defective in the expression of
SlyD protein[44, 45]. Cells were cultivated at 37°C in LB medium, with 25 pg/ml
kanamycin until an ODggg between 0.9 and 1 was reached. At this point expression was
induced with isopropyl B-D-thiogalactoside (IPTG, Invitrogen, 15529019) to a final
concentration of 0.5 mM. After 2 hours of expression the cells were harvested by
centrifugation at 6,500 rpm. The cell pellet was resuspended in denaturating buffer
(100 mM NaH,P0O4, 10 mM Tris HCI, 8 M urea, pH 8.0) and left overnight with stirring
for complete cell lysis. Insoluble cell fragments and soluble proteins present in the cell
lysate were separated through centrifugation at 11,000 rpm. The supernatant was
mixed with Ni-NTA resin (Qiagen, 30250) and left for 2 hours with stirring. The
supernatant/Ni-NTA resin mixture was loaded onto a glass Econo-column (Biorad) and
washed several times with denaturating buffer at pH 8 and then pH 6.0. The
6mer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin proteins were eluted using
denaturating buffer at pH 4.5. The purified proteins were dialysed first in a 20 mM
sodium acetate buffer followed by extensive dialysis in MQ water using cellulose ester
snake skin membranes with a 100-500 Da molecular weight cut off (Spectra/Por
Biotech, 131054). The dialyzed proteins were lyophilized in a LabConco lyophilizer.
Protein sequencing (Tufts Core Facility, Boston, MA), SDS-PAGE and western blot were

used to confirm protein identity.

2.3. Protein identification by western blot
Proteins were mixed with NuPAGE LDS sample buffer (Invitrogen, NPO007) and

heated to 802C for 10 minutes. The samples were separated using a Bis-tris 4-12% gel
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(Invitrogen, NP0321BOX). For the western blot the His-Tag AP western kit provided by
Novagen, EMD Biosciences, NJ, USA (70972) was used with the protocol provided.
Briefly, bands were electro-transferred onto a nitrocellulose membrane at 30V for 16
hours. Membranes were blocked for one hour with 3% bovine serum albumin (BSA) in
TBS buffer (blocking solution). After washing with TBS buffer the membrane was
incubated for 1 hour with mouse anti-histidine monoclonal antibody (Novagen) diluted
1:1000 in blocking solution. Following proper washing with TBSTT buffer the
membrane was incubated for 1 hour with goat anti-mouse IgG AP conjugated antibody
diluted 1:5000 in blocking solution. Colorimetric detection was performed with
developing  solution of  5-bromo-4-chloro-3-indolylphosphate  (BCIP)  and

nitrobluetetrazolium (NBT).

2.4. Film formation and ATR-FTIR secondary structure analysis

Recombinant 6mer+HNP-2, 6mer+HNP-4, 6mer+hepcidin and 6mer proteins
were dissolved in MQ water to a final concentration of 2% (w/v). Then 60 ul of each
protein solution was cast onto a non adherent polystyrene surface and left to dry at
room temperature. The films obtained were treated with 70% methanol for 2 hours to
induce the transition of secondary structure from random coil to B-sheet. This
treatment produced films with improved mechanical properties and more resistant to
dissolution in water or other aqueous environments such as culture media. For cell
studies the films were treated with 70% (w/w) ethanol solution for sterilization
purposes. ATR-FTIR (Jasco Inc., MD, USA, model FT/IR-6200) was performed before
and after methanol treatment of the films to investigate secondary structure. Spectra
were collected in absorption mode at 8 cm™ resolution and a 4000 to 400 cm™ region
was scanned. The quantification of the secondary structure was based on the analysis
of the amide | and amide Il regions (1700 to 1450 cm™). The average percentage for
the secondary structures, mainly B—sheet content for the 6mer (control situation),
6émer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin proteins was calculated through the
integration of the area of each deconvoluted curve followed by the normalization of

the obtained value to the total area of the amide | and amide Il regions [46].
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2.5. Antibacterial assay

The purified recombinant proteins were tested for antimicrobial activity against
E. coli (American-Type Culture Collection ATCC 25922, VA, USA,) and S. aureus (ATCC
25923), purchased from American-Type Culture Collection. The radial diffusion assay
[47] was used to test three concentrations of the purified proteins dissolved in
phosphate buffer (pH 7.4): 10, 50 and 100 pg/ml. The 6mer protein solutions were
used as controls. E. coli and S. aureus lawns were plated on LB-agar plates, using liquid
E. coli and S. aureus cultures grown overnight at 372C. A biopsy punch 8 mm in
diameter was use to cut circles from filter paper (Whatman, 09-845B) that were used
as blank susceptibility disks. For sterilization, the disks were immersed in a 70% (v/v)
ethanol solution for 1 hour and left to dry for two hours in a hood. After drying, the
discs were immersed in the different protein solutions, placed on the bacterial lawns
and incubated overnight at 372C. The zones of growth inhibition formed around the
susceptibility disks were measured using Image J software. The 6mer protein was used
as a negative control in order to exclude the effect from silk itself and from possible
contaminants derived from the expression and purification processes. Experiments

were carried out in triplicate.

2.6. Aggregation

A Zetasizer NanoZS instrument (ZEN3600, MALVERN Instruments,
Worcestershire, UK) was used for DLS measurements. DLS was performed on solutions
at the same concentrations used for the antibacterial assay (section 2.5): 10, 50 and
100 pg/ml. Samples were prepared with phosphate buffer (pH 7.4). The scattering light

was collected at a 1732 scattering angle.

2.7. Circular dichroism spectroscopy

Circular Dichroism (CD) spectroscopy was performed on an Aviv, Model 410
(Biomedical, Inc. NJ USA) instrument. The spectra were collected between 260 and
180 nm with a step size of 1 nm, an averaging time of 1s and five scans were collected
for each sample. A baseline spectrum was subtracted from the samples. Sample cells
with a 0.1 cm path length were used and measurements were performed with 1 mg/ml

protein solutions in phosphate buffer (pH 7.4).
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2.8. Cytotoxicity assay

Human osteosarcoma cell line (Sa0Os-2) is an immortalized cell line with
osteoblastic phenotype (HTB-85) and was purchased from the American-Type Culture
Collection. Cells were cultured using basal medium consisting in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 1%
penicillin-streptomycin (v/v), at 372C with 5% CO, in a humidified environment. After
reaching confluence, cells were harvested with trypsin/EDTA and after counting cells
they were seeded at 3.0x10° cells/cm? in a 96 well plate coated with the four different
types of protein films (6mer+HNP-2, 6mer+HNP-4, 6mer+hepcidin, 6mer (control)
films, prepared as in section 2.3. Tissue culture plate (TCP) was used as a positive
control in this assay. The Alamar blue (Invitrogen) assay was used to determine cell
viability/proliferation after 3 days of culture. Alamar Blue reagent was added to the
growth media in a 1:10 dilution ratio and data was collected using fluorescence at 530-

560 nm excitation and 590 nm emission [48].

2.9. Statistical analysis

SPSS 17.0 was used to perform statistical analysis. The Shapiro-Wilk test was
use to test for the normality of the data. To test for significant differences between
different experimental groups (6mer+HNP-2, 6mer+HNP-4, 6mer+hepcidin, 6mer) one-
way ANOVA with a Dunet’s T3 post hoc comparison was used. Statistical significance

was defined as p<0.05.

3. Results
3.1. Cloning and expression of HNP-2, HNP-4 and Hepcidin

The presence of the HNP-2, HNP-4, hepcidin inserts in the cloning vector
containing the silk modules was confirmed through DNA sequencing (Tufts Core
Facility, Boston, MA). SDS-PAGE and Western blots (Figure V.2) indicated that both
expression and purification of 6mer (control), 6mer+HNP-2, 6mer+HNP-4 and
6mer+hepcidin proteins was successful and protein sequencing at Tufts Core Facility,
Boston, MA confirmed the N-terminal amino acid sequence for the all three proteins.
For 6mer+HNP-2, 6mer+HNP-4, 6mer+hepcidin and 6mer proteins the theoretical

molecular weights were approximately 24.6, 25, 24.1 and 21.8kDa, respectively, and
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with SDS-PAGE and Western blot assays bands were observed at around 28kDa (Figure
V.2). Furthermore, with SDS-PAGE and Western blot the presence of dimers and
multimers corresponding to aggregation products of the monomer forms were also
observed, together with pre-terminated sequences representing proteins whose
expression was incomplete and therefore present a lower molecular weight than the
monomeric complete proteins. After purification, dialysis and lyophilization the yield of
6mer+HNP-2, 6mer+HNP-4, 6mer+hepcidin were approximately 12 mg/L for each of

the proteins, and for the 6mer control protein the yield was 25 mg/L.

A B 4 3 2 1

kDa kDa
188 — 188
98 —_ 98

p— Mu“imam —

62 —_ 52
49 +——— Dimers —> ——
38 — 38
28 4 Monomers ——— — 28

Pre-terminated
sequences

17 St 4

—_— 14

Figure V.2. SDS-PAGE gel stained with colloidal blue (A) and western-blot using anti-histidine
antibody (B). 1 - 6mer, 2 - 6mer+hepcidin, 3 - 6mer+HNP-2 and 4 - 6mer+HNP-4.

3.2. Film formation and secondary structure analysis

The ATR-FTIR spectra for the 6mer (control), 6mer+HNP-2, 6mer+HNP-4 and
6mer+hepcidin films, before and after methanol treatment, exhibited strong amide |
(1700-1600 cm*) and amide 11 (1600-1500 cm™) regions (Figure V.3). Before methanol
treatment the ATR-FTIR spectra for 6mer+HNP-2, 6mer+HNP-4, 6mer+hepcidin and
6mer protein films exhibited vibrational modes in the range of 1650-1647 cm™, amide |
region, indicative of helix/random coil conformations. After methanol treatment two
peaks appeared, one in the range of 1620-1630 cm™, amide | region, and another in
the range of 1510-1530 cm™, amide I region. Both peaks were indicative of antiparallel
B-sheet structures [43, 49, 50]. Spectra deconvolution revealed the percentage of

helix/random coil conformations and of antiparallel B-sheet structures for the
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6mer+HNP-2, 6mer+HNP-4, 6mer+hepcidin and for 6mer films before and after
methanol treatment (Figure V.3). For all four films an increase of B-sheet content was
observed with a corresponding decrease in the helix/random coil conformation after
methanol treatment (Figure V.3). The B-sheet content after methanol treatment was
similar for all four constructs ranging between 39.8% for 6mer+HNP-2 and 42.8% for
6mer+HNP-4. For the 6mer and the 6mer+hepcidin films the content was 40.8% and

41.9%, respectively.
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Figure V.3. ATR-FTIR spectra of 6mer, 6mer+HNP-2, 6mer+HNP-4, 6mer+hepcidin films before
and after treatment with 70% methanol and respective percentage of B-sheet and random

coil/helix conformations after ATR-FTIR spectra deconvolution.

3.3. Antimicrobial activity of 6mer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin proteins

The antimicrobial activity of 6mer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin
against the Gram- E. coli and the Gram+ S. aureus was studied using the radial diffusion
assay. The three proteins displayed antimicrobial activity against E. coli with the
formation of inhibition zones at all three concentrations tested (Figures V.4, V.5). In
the case of E. coli, 6mer+HNP-4 and 6émer+hepcidin registered higher bactericidal
values when compared with the 6mer+HNP-2 peptide. For all three proteins the
highest antimicrobial activity was at a concentration of 10 pg/ml (p<0.05). Against S.
aureus there was a decrease in bactericidal activity for all the three peptides when
compared to E. coli, based on the smaller diameter inhibition zone, especially in the
case of the 6mer+hepcidin and 6mer+HNP-2 (Figure V.5). For the proteins tested there
was a decrease in the bactericidal activity from 10 to 100 pg/ml (p<0.05). The 6mer
protein was used as a negative control and no inhibition zones were detected for the

three concentrations tested (Figure V.5).
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Figure V.4. Graphics representing the antimicrobial activity of 6mer+HNP-2, 6mer+HNP-4 and
6mer+hepcidin using a radial diffusion assay. Recombinant 6mer+HNP-2, 6mer+HNP-4,
6mer+hepcidin proteins were used in concentrations of 10 pg/ml, 50 pg/ml and 100 pg/ml
against E. coli and S. aureus. 6mer was used as control. As mentioned in section 3.4. No
inhibitory effect was detected for the 6mer protein and for that reason it was not included in

the graphic representation.
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émer against S. aureus

emer+HNP-2 against S. aureus

émer+HNP-4 against S. aureus

émer+hepcidin against S. aureus

Figure V.5. Images showing the antimicrobial activity of 6mer+HNP-2, 6mer+HNP-4 and
6mer+hepcidin using radial diffusion assay. Recombinant 6mer+HNP-2, 6mer+HNP-4,
6mer+hepcidin proteins were used at concentrations of 10 pg/ml, 50 pg/ml and 100 pg/ml

against E. coli and S. aureus. 6mer was used as control. Discs were 8 mm in diameter.
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3.4. Aggregation

For the 6mer, 6mer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin, DLS
measurements detected an increase in particle diameter with increasing protein
concentration, indicating that aggregation was dependent on protein concentration
(Figure V.6). In the case of the 6mer, only one peak was detected for each of the three
concentrations measured. In contrast, for 6mer+HNP-2, 6mer+HNP-4 and
6mer+hepcidin two peaks were always detected, except for 6mer+hepcidin at
concentration of 100 ug/ml. These data indicated the coexistence of smaller (between
24 and 44 nm) and larger (between 110 and 238 nm) aggregates, the size of which

decreased with decreasing protein concentration.
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Figure V.6. DLS measures of particle diameter (nm) as a function of protein concentration.

3.5. Circular dichroism spectroscopy

CD spectroscopy was carried out for the four recombinant proteins, 6mer+HNP-
2, 6mer+HNP-4, 6mer+hepcidin and 6mer, in phosphate buffer (pH 7.4). The spectra of
the 6mer indicated a dominant B-hairpin conformation characterized by a negative
ellipticity with a minimum at approximately 203 nm (Figure V.7). In the case of
6mer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin the spectra suggested the presence of

both B and a conformations with two minima at 204-208 and 220nm [51-54].
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Figure V.7. CD spectra for the recombinant 6mer+HNP-2, 6mer+HNP-4, 6mer+hepcidin and

6mer.

3.6. Cytotoxicity

Cell viability/proliferation with the SaOs-2 cells was measured after 3 days of
culture using the Alamar Blue assay. The results indicated that there were no
significant differences (p<0.05) in cell viability/proliferation between cells cultured on
6mer+HNP-2, 6mer+HNP-4, 6mer+hepcidin and 6mer films. Furthermore, when cell
viability/proliferation results (expressed in cell number) for 6mer+HNP-2, 6mer+HNP-4
and émer+hepcidin films were compared with the results for the positive control TCP,
only the 6mer+HNP-4 films had a cell number significantly lower than TCP, p<0.05
(Figure Vv.8).
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Figure V.8. Alamar blue for cells cultured on 6mer+HNP-2, 6mer+HNP-4, 6mer+hepcidin and
6mer films after 3 days. TCP stands for tissue culture plastic, used as a positive control, and *

stands for p<0.05.

4. Discussion

The design and successful expression of three new chimeric proteins is
presented through the fusion of the consensus repeat for spider silk protein MaSp1
(6mer) with hepcidin, HNP-2 and HNP-4 (Figure V.1). ATR-FTIR was used to confirm the
integrity of the 6mer sequence in the three proteins (Figure V.3). The spectra collected
for the three new proteins films, 6mer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin,
demonstrated the presence of B-sheet, with peaks in 1620-1630 cm™ for amide |
region and 1510-1530 cm™ for amide I region [43, 49, 50], after methanol treatment.
Furthermore, spectral deconvolution indicated an increase of B-sheet content for
6mer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin, after methanol treatment, reaching
values similar to those obtained for the 6mer control (Figure V.3); with 39.8% for
6mer+HNP-2, 40.8% for the 6mer, 42.8% for 6mer+HNP-4 and 41.9% in the case of
6émer+hepcidin. These data demonstrate that the core self-assembling spider silk
domain retained function related to the generation of beta sheet crystals in these new
fusion systems. This is important for the material performance of these new proteins
to attain self-standing material formats, such as the films studied here.

The three new fusion proteins, 6mer+HNP-2, 6mer+HNP-4, 6mer+hepcidin, also

retained antimicrobial activity attributed to the inserted motifs HNP-2, HNP-4 and
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hepcidin, respectively (Figure V.4 and V.5). Previous studies have demonstrated the
efficacy of HNP-2, HNP-4 and hepcidin against different strains of E. coli [32].
6mer+HNP-4 presented the highest antibacterial activity, except for the concentration
100 pg/ml, whereas 6mer+HNP-2 manifested the lowest bactericidal activity. These
data support the functional attributes of the antimicrobial component of the fusion
proteins, the second critical component of the protein polymer designs, to add to the
silk material properties above.

The three proteins had a decrease in their antimicrobial activity against S.
aureus when compared to E. coli. This reduction in activity was also detected
previously in the case of hepcidin. Park and co-workers isolated two different hepcidin
peptides, hepcidin 20 and hepcidin 25, from human urine and tested their bactericidal
activity against different bacterial strains, E. coli ML35p and S. aureus. Both peptides
were antimicrobial against E. coli ML35p but showed a reduction in activity against S.
aureus [32]. Ericksen and colleagues [55] studied the activity of different a-defensins
(HNP-1, HNP-2, HNP-3, HNP-4, HD-5 and HD-6) against different bacterial strains and
demonstrated that HNP-4 was the most effective against Gram- bacterial strains, one
of which was E. coli ATCC 25922, the same strain as used in this present study.

Furthermore, in the present work for a concentration of 10 pg/ml the
6mer+hepcidin was more efficient against S. aureus than the other two proteins.
However, with an increase in the protein concentration from 10 to 50 pg/ml the
6mer+HNP-4 became more effective. For both E. coli and S. aureus 6mer+HNP-2
proved to be the less bactericidal. Wilde and colleagues [56] compared the
antimicrobial activities of HNP-4 and a mixture of HNP-1, HNP-2 and HNP-3 and
concluded that HNP-4 was approximately 100-fold more potent against Gram- E. coli
and about 4-fold more potent against Gram+ Streptococcus faecalis. This difference in
efficacy may be one of the reasons why human neutrophils produce HNP-1, HNP-2 and
HNP-3 at a 60-fold greater abundance when compared with the production of HNP-4
[55, 57]. These results are similar to those obtained in the present work where
6mer+HNP-4 had higher antimicrobial activity when compared with 6mer+HNP-2.

Additionally, in order to facilitate the comparison between the present study
and previous studies, using the same antimicrobial domains, the peptide

concentrations studied here were kept within the same range of concentrations as
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those used previously [55, 56, 58, 59]. However, in the present study and in contrast to
what was observed in previous reports, the antimicrobial activity of the new chimeric
proteins was not always concentration dependent. The presence of the 6mer silk
domain explains this behaviour, since silk proteins are known to aggregate in solution
with increased concentration. The 6mer protein, similar to the silk fibroin collected
from the silk worm Bombyx mori, is rich in hydrophobic amino acids having a high
percentage of the hydrophobic amino acids alanine and glycine. The presence of these
hydrophobic cores induce the assembly of 6mer+HNP-2, 6mer+HNP-4 and
6mer+hepcidin proteins toward the more thermodynamically stable assembly resulting
in a structural reorganization with reduction of exposure of hydrophobic residues [60].
In the case of the silk domains, this stability is achieved by self-assembly or by
aggregation. In the present study a relationship between protein concentration and
size of the aggregates was found as measured by DLS (Figure V.6). The 6mer registered
the highest values of aggregate size for the 50 and 100 ug/ml concentrations with an
average of 279 and 670 nm, respectively. The other three proteins, 6mer+HNP-2,
6mer+HNP-4 and 6mer+hepcidin, presented bi-modal distributions of sizes, except for
6mer+hepcidin at a concentration of 100ug/ml. In most cases the aggregate size
generated by these proteins was smaller than in the case of the 6mer alone. This fact
can be explained by the presence of the antimicrobial domain which increases the
number of charged amino acid residues resulting in a reduction of the tendency of
these proteins to aggregate by enhancing interactions with the solvent. A previous
study where DLS was applied to the dynamic behaviour and the conformational
characteristics of B. mori silk fibroin demonstrated that this molecule forms large and
stable aggregates even in very dilute solutions, supporting the tendency of silk
molecules to form aggregates even in dilute conditions [61].

In the present work the decrease in antimicrobial activity of the new chimeric
proteins as their concentration in solution increased can be explained by the
occurrence of aggregation resulting in larger and more stable aggregates as protein
concentration was increased. This interaction leads to a depletion of protein
monomers in solution leaving fewer molecules free in solution to act against the

bacteria.
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CD analyses indicated that in aqueous medium 6mer+HNP-2, 6mer+HNP-4 and
6mer+hepcidin displayed both B-hairpin and a conformations. In the case of the 6mer
B-hairpin or B-sheet are the predominant conformations (Figure V.7) [51-54].

For quantitative evaluation of the cytotoxic response to the chimeric proteins,
the osteosarcoma cell line SaOs-2 was cultured on 6mer+HNP-2, 6mer+HNP-4 and
6mer+hepcidin films. The 6mer+HNP-2 and 6mer+hepcidin 2% films showed the same
ability as TCP to support viable cells (p>0.05), while the 6mer+HNP-4 films showed a
significant difference (p<0.05) from TCP (Figure V.8). No significant difference was
observed between TCP and 6mer+HNP-2, 6mer+HNP-4, 6mer+hepcidin and 6mer
films. These results indicated that these chimeric proteins, when processed into films,
are capable of supporting cell proliferation, and the bactericidal activity does not
impact mammalian cell function.

Many drug delivery systems for antibiotics have been described.
Hydroxyapatite microspheres can be loaded with an antibiotic and used as a local drug
delivery system for the treatment of periodontitis [62], chronic osteomyelitis [63], as
just two examples. Nonetheless, hydroxyapatite-carrying systems tend to have a initial
burst releasing the entire antibiotic in the first hours [62] and in many cases the
antibiotics elute only for a short period of time [64, 65]. This can be problematic if the
final purpose is to obtain a more controlled release of the drug through time. In recent
studies, different biopolymers have also been tested for potential applications as drug
delivery systems. Silk fibroin [66, 67], collagen [68, 69] and hyaluronic acid [70] are
examples of natural polymers that have been used as a carrier systems for growth
factors, such as bone morphogenetic proteins (BMPs), and antibiotics, in the form of
micro-particles, membranes and scaffolds.

Antibiotic-doped biomaterials can be used to address growing concerns with
the selection and spreading of multiresistant pathogens [71]. Antimicrobial peptides,
as new chemotherapeutic molecules due to their activity against different types of
microorganisms, are also important options, including antimicrobial functions as well
as immune response [72] and wound repair [16] impacts. However, due to their
peptidic nature these biomolecules are more susceptible to proteolytic digestion [73].
Therefore, their combination with a suitable delivery system, such as the one

presented in this work, may represent an advantage by decreasing proteolitic digestion
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[74] and by allowing for more controlled release of these peptides to prolong
effectiveness over time. This more controlled release is important in maintaining
regional or localized effects, more precisely at the interface between the implant/host
tissues, where bacterial colonization and posterior inflammation development first

take place [71].

5. Conclusions

The present study outlines the formation of new silk-based chimeric proteins
with antimicrobial potential. Secondary structure analysis, performed by ATR-FTIR,
indicated that silk maintains B-sheet formation capability even after adding the
antimicrobial domains, HNP-2, HNP-4 and hepcidin. The maintenance of the capacity
to form B-sheet is important, since these physical cross-links are responsible for the
exceptional mechanical properties, stability and slow degradability of silk. Moreover,
activity tests against Gram- and Gram+ organisms showed that the antimicrobial
domains present in 6mer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin proteins
maintained bactericidal activity. Cytotoxicity/proliferation studies demonstrated that
the new proteins were capable of sustaining the proliferation of mammalian cells.
These new chimeric proteins suggest a new multifunctional approach to generate
biomaterials with useful properties, in this case, control of infections due to the

addition of the antimicrobial peptides.
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Abstract

Auto- and allografts are widely used for the treatment of injured tissues or organs,
accounting for 90% of the grafts used, despite significant drawbacks. Bone healing
treatments would benefit from the development of biodegradable, osteoinductive,
biocompatible and mechanically strong biomaterials. Recombinant 6mer+BSP protein,
combining six repeats of the consensus sequence for Nephila clavipes dragline (6mer)
and bone sialoprotein sequence (BSP), has shown good support for cell viability and
induced the nucleation of hydroxyapatite and tricalcium phosphate during osteoblast
in vitro culture. The present study was conducted to further characterize this
bioengineered protein-based biomaterial for in vivo behaviour related to
biocompatibility. Films formed from the recombinant protein were implanted in
subcutaneous pouches in the back of mice and responses were evaluated at 2 and 6
weeks by flow cytometry analysis and histology. For flow cytometry analysis five
different surface markers, CD14, CD3, CD25, CD8 and CD4, were selected to assess the
number and type of immune cells present at the implant site, and later were compared
with histology. The results obtained for the 6mer+BSP films were compared with
controls of 6mer (silk films alone), poly-lactic-glycolic-acid (PLGA) films, and empty
implant sites. The results showed no major differences between the inflammatory
responses induced by 6mer+BSP films and the responses observed for the controls.
Therefore, this new chimeric protein could represent an alternative for bone
regeneration applications when considering the outcome from the inflammatory

reaction and the prior in vitro cell studies.

1. Introduction

Advances in genetic and metabolic engineering have provided a route for the
development of new custom-design biopolymers with potential for future fabrication
of high-value medical devices [1]. Genetic engineering has proven to be a particularly
useful tool for the design, cloning and expression of protein polymers and block
copolymers with repetitive amino acid sequences [2, 3]. This is the case of silk, a
natural biopolymer with a highly repetitive amino acid sequence [4]. Natural spider silk

proteins have a molecular weight ranging from 70 to 700 kDa [4] and an amino acid
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sequence characterized by repeats formed by hydrophobic poly-alanine (poly-A) motifs
alternating with hydrophilic GGX (glycine-glycine-X) domains [5]. The alignment of the
poly-A motifs, to form beta sheet physical cross-linked crystalline domains in the silk
materials is responsible for strength. The GGX domains form amorphous regions and
are responsible for the more flexible features of silk fibers [6]. The organization of
these motifs leads to the formation of functionalized silk biomaterials with mechanical
and biological characteristics which make silk one of the most remarkable fibers found
in nature, combining durability, exceptional strength and toughness. These special
mechanical features allied to its biocompatibility and biodegradability make of silk a
biomaterial of interest for tissue engineering applications [4].

However, the large-scale production of spider silk is challenging due to the
cannibalistic behaviour of spiders and the relatively low levels of silk production, when
compared with Bombyx mori silkworm silk. The silkworm silk can be produced at a
large scale through sericulture [4]. Therefore, genetic engineering has been explored in
order to overcome the drawbacks with spider silks via cloning and expression of spider
silk-like proteins [4]. Furthermore, genetic engineering also provides the opportunity
to tailor biopolymer chemistry with biologically active motifs such as morphogens,
cytokines and other extracellular matrix elements. For example, the RGD cell binding
peptide sequence was fused with recombinant spider silk to improve cell responses of
silk films [7]. Other chimeric proteins were also synthesized through the fusion of
Nephila clavipes spider silk consensus sequences for major ampullate dragline silk |
(MaSpl) with human dentin matrix protein 1 [8], and with silaffin-derived R5 peptide
from Cylindrotheca fusiformis [9], to induce and control the deposition of calcium
phosphates and silica particles, respectively. In this way, these new bioengineering
strategies become powerful tools in the study of protein structure and function and
also in the design of new biomaterials with tunable nanoscale features [4], providing a
path forward for the fabrication of more complex and matrix-like scaffolds capable of
controlling cell adhesion, migration and differentiation [7].

These bioengineered protein scaffolds mimic the extracellular matrix and have
been suggested as future alternatives to decellularized extracellular matrix that has

been used for different therapeutic applications but carries a risk of disease
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transmission and immune response [10]. The extracellular matrix is a highly complex
structure formed by different biopolymers such as collagens, fibrin and elastins which
form part of the core architecture to direct cellular activities [11]. Besides its structural
function, the extracellular matrix provides a reservoir of biologically active molecules.
In the case of bone, elements responsible for the maintenance, remodelling and
formation of new bone tissue are entrained in the matrix [12]. For instance, bone
sialoprotein (BSP), a highly phosphorylated and glycosylated protein expressed by
newly formed osteoblasts, is mostly found in mineralized connective tissues [13]. BSP
is one of the main non-collagenous components of bone and is a member of the
SIBLING (small integrin-binding ligand, N-linked glycoprotein) family together with
osteopontin, dentin matrix protein 1, dentin sialophosphoprotein and matrix
extracellular phosphoglycoprotein [14].

As the other members of the SIBLING family, BSP displays a tripeptide RGD
motif that mediates cell adhesion [15] and is secreted into the extracellular matrix of
mineralizing bone and dentin tissues [16]. During the first stages of mineralization the
BSP acts as a nucleator for the deposition of apatite crystals on the collagen matrix.
This nucleation ability is probably related to the presence of two poly-glutamic
domains in the BSP amino acid sequence [17]. These findings are supported by the
detection of labelled BSP in the hole zones between collagen fibers [18], a region
where the deposition of hydroxyapatite crystals first occurs in growing bone [19, 20],
highlighting the possible role of this protein in the mineralization process. Besides its
interaction with hydroxyapatite, BSP also interacts with other binding partners such as
collagen [21] and different cells types, inducing the attachment and migration of
endothelial cells [22], adhesion and differentiation of osteoblasts [23] and stimulating
osteoclast activity involved in bone remodelling [24]. Due to these features, previous
studies described the incorporation of BSP into collagen [25, 26] and titanium [22]
implants and the in vivo results showed an increase in osteoblast differentiation and
proliferation and enhancement of osteoinductive effects.

More recently we expressed BSP together with six repeats of the consensus
sequence for the spider dragline MaSpl [22]. This new chimeric protein was named

6mer+BSP (Figure VI.1). Infrared analysis showed that the presence of the BSP domain
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did not interfere with the ability of the silk to self-assembly to form B-sheets. The
incubation of 6mer+BSP films with a mineralizing solution showed the deposition of
calcium phosphates (CaP) indicating that the BSP maintained its aptitude as a
nucleator of CaP. Furthermore, human mesenchymal stem cells differentiated into
osteoblasts with good expression of collagen |, BSP and alkaline phosphatase, and CaP
deposits were formed on the films with a Ca/P ration of around 1.7 after 14 days of cell
culture. These results prompted the present study in order to evaluate the in vivo
behaviour of this new chimeric protein 6mer+BSP. Additionally, understanding the
biological reactions taking place during foreign body reaction and accessing the extent
and duration of this reaction is crucial for the development of high performance

medical devices [27].

SGRGGLGGQGAGAAAAAGGAGQGGYGGLGSQGTSGRGGLGG
QGAGAAAAAGCGGAGQOQGGCYGGLGSQGTSGRGGLGGQGAGAAAA
AGGAGQGGYGGLGSQGTSGRGGLGGAQAGAGAAAAAGGAGQGG
YGGLGSQGTSGRGGLGGQGAGAAAAAGGAGQGGYGGLGSAG
TSGRGGLGGAQGAGAAAAAGGAGQGGYGGLGSQGTS WPSR

PT MKTALILLSILGMACAFSMKNLHRRVKIEDSEENGVFKYRP
RYYLYKHAYFYPHLKRFPVQGSSDSSEENGDDSSEEEEEEEET
SNEGENNEESNEDEDSEAENTTLSATTLGYGEDATPGTGYTGL
AAIQLPKKAGDITNKATKEKESDEEEEEEEEGNENEESEAEVDE

NEQGINGTSTNSTEAENGNGSSGGDNGEEGEEESVTGANAEG
TTETGGAQGKGTSKTTTSPNGGFEPTTPPQVYRTTSPPFGKTTT
VEYEGEYEYTGVNEYDNGYEIYESENGEPRGDNYRAYEDEYSY
FKGQGYDGYDGQANYYHH QGLMGH

Figure VI.1. Amino acid sequence for the 6mer+BSP chimeric protein. The 6mer silk domain is
highlighted in black and the BSP domain in gray. Linkers for the insertion of the BSP domain are

underlined.

As mentioned above, BSP has a RGD cell binding domain capable of interacting
with osteoblasts and osteoclasts and also with the integrin receptors of macrophages,
and therefore increase the attachment of these and other cell types [28]. In a recent
study, the attachment of macrophages (human promonocytic THP-1 cells) to an
interpenetrating polymer network coating functionalized with a peptide sequence
from rat bone sialoprotein containing the RGD motif [bsp-15(RGD)] and found that the
presence of this peptide sequence promoted monocyte attachment when compared
to the non-modified coating [28]. These findings underlie the importance of
inflammation studies in the improvement of implant performance.

In the present study early inflammatory responses elicited by 6mer+BSP films

after subcutaneous implantation in mice in comparison with controls, 6mer films, poly-
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lactic-glycolic-acid - PLGA films, were assessed. PLGA is a synthetic polymer with good
biocompatibility and biodegradability [29] and was approved by the Food and Drug
Administration (FDA) for use in sutures, bone plates and drug delivery systems [30],
reasons why it was selected as one of the controls in this study. The inflammatory
responses were evaluated after 2 and 6 weeks of grafting by histology and flow

cytometry analysis.

2. Materials and Methods
2.1. Design of synthetic coding sequence for 6mer and 6mer+BSP protein

Our prior studies described the cloning process for the 6mer [2, 7] and
6mer+BSP [31] coding sequences. Briefly, for the 6mer sequence the repeating unit is
based on the consensus sequence (SGRGGLGGQGAGAAAAAGGAGQGGYGGLGSQGT)
inspired by the back translation of the native sequence of MaSpl [2]. A cloning cassette
linker was inserted in a pET30a+ vector (Novagen, San Diego, CA) and the resulting
plasmid was designated pET30L. After, the pET30L vector was used for the insertion of
the oligomers coding for spider silk block sequence repeats. In this study, a silk block
copolymer with six repeating units was used, referred to as 6mer [2]. The 6mer block
copolymer was cloned with six histidine residues for purification. The coding sequence
for the BSP domain was extracted from a clone containing the bacterial plasmid
PENTR223.1 carrying the human BSP cDNA sequence (Clone Identification:
HsCD00082642). This clone was purchased from the Harvard clone collection “The
ORFeome Collaboration” (Dana-Farber/Harvard Cancer Center, Boston MA). After
growing in Luria Bertani (LB) medium pENTR223.1 plasmid was extracted with Qiagen
miniprep kit (28704, Valencia, CA, USA). BSP cDNA sequence was extracted from the
vector by digestion with Sfil (R0123S, New England Biolabs, Ipswich, MA, USA). The
digestion product was later run in 0.8% agarose gels and a 951 bp band corresponding
to BSP cDNA was purified with a QlAquick gel extraction kit (28706, Qiagen). For the
ligation of BSP sequence to the silk block copolymer sequence, a linker carrying a
restriction site for Sfil and for Spel (R0133S, New England Biolabs) and Nhel (R0131S,
New England Biolabs), related to the spider silk clone, was designed. After double

digestion with Spel and Nhel restriction enzymes the linker was inserted into the
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linearized vector pET30L, previously digested and dephosphorylated with Spel and CPI
(Alkaline Phosphatase, Calf Intestinal enzyme, New England Biolabs, M0290S),
respectively. The BSP sequence was finally inserted by digesting the vector
pET30L+linker with Sfil enzyme followed by dephosphorylation with CPIl. The ligation
reaction was carried out with T4 DNA ligase (M0202S, New England Biolabs). The
ligation product was used to transform E. coli DH5a cells (18258-012, Invitrogen,
Carlsbad, CA, USA) and positive clones were identified by incubation on agar plates
containing 25 pg/ml kanamycin (K1876, Sigma, St. Louis, MO, USA). The presence of
the BSP insert was confirmed by DNA sequencing (Tufts Core Facility, Boston, MA) and

the new constructs were named 6mer+BSP.

2.2. Protein expression and purification

Both spider silk block copolymer 6mer and 6mer+BSP encoding sequences were
expressed as described previously [31] in a E. coli RY-3041 strain, a mutant strain of E.
coli BLR (DE3) defective in the expression of SlyD protein [8, 32]. Cells were cultivated
at 379C in Hyper Broth™ (Athens Enzyme Systems 0107-S), with 25 pg/ml kanamycin
(Sigma, K1876) until an ODggo between 0.9 and 1 was reached. After, isopropyl B-D-
thiogalactoside (IPTG, Invitrogen, 15529019) was added to the media at a
concentration of 0.5mM to induce expression during 2 hours at 372C. Cells were
harvested by centrifugation at 6500 rpm and cell pellet was lysed under denaturating
conditions using a buffer solution of 100 mM NaH,P0O4, 10mM Tris HCIl, 8 M urea (pH
8.0). After overnight incubation insoluble cell debris were excluded from the mixture
by centrifugation and the supernatant was collected, mixed with Ni-NTA resin (Qiagen,
30250) and left for 2 hours with stirring. The mixture was then loaded into a glass
Econo-column (Biorad, Hercules, CA, USA) and washed several times with denaturating
buffer at pH 8 and at pH 6.0. 6mer and 6mer+BSP proteins were eluted with
denaturating buffer at pH 4.5. The purified proteins were then dialysed first against a
20 mM CH3COONa buffer followed by dialysis against water using cellulose ester snake
skin membranes with a 100-500 Da molecular weight cutting off (131054, Spectra/Por
Biotech, Rancho Dominguez, CA, USA). After extensive dialysis, protein solutions were

lyophilized. Protein size and purity were assessed through sodium dodecyl sulphate-
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polyacrylamide gel electrophoresis (SDS-PAGE) and protein sequencing (Tufts Core
Facility, Boston, MA) was used to confirm protein identity. For SDS-PAGE, gels
(Invitrogen, NP0321BOX) were stained with a colloidal blue kit (Invitrogen, LC6025).

2.3. Film preparation

Recombinant 6mer+BSP and 6mer proteins were dissolved in Milli-Q water to a
final concentration of 4% (w/v). Afterwards, 60 pl of each protein solution was cast
onto a non adherent polystyrene surface and left to dry at room temperature. The
films obtained were treated with 90% methanol (v/v) for 30 minutes to induce the
transition of secondary structure from random coil to B-sheet. Films were left to dry
for three days. This treatment produces films with improved mechanical properties
and more resistant to dissolution in water or other aqueous environments such as
culture media.

For sterilization, 6mer+BSP and 6mer films were immersed in 70% ethanol (v/v)
solution for 2 hours and left to dry at room temperature. Before implantation each
side of 6mer+BSP and 6mer films was treated for 15 minutes with ultraviolet (UV) light.
ATR-FTIR (Jasco Inc., MD, USA, model FT/IR-6200) analysis was used to check if the UV
treatment interfered wtih the secondary conformation of the proteins and the
perecentage of B-sheet was assessed through spectral deconvolution.

PLGA with a molecular weight between 40-75kDa (P2191, Sigma) was dissolved
in dichloromethane in a 1:15 ratio and 60 pl of this solution was cast onto a
polystyrene surface and left to dry at least for 2 days to form films. Films were treated
with 70% ethanol (v/v) solution and with UV for 15 minutes for sterilization.

Before in vivo studies, the films were hydrated with sterile PBS and after

hydration their diameter was around 8 mm.

2.4. Animal procedures

All procedures were conducted under animal care protocols approved by Tufts
Institutional Animal Care and Use Committee. All animals used in this study were five
to seven weeks old balb/c female mice (Charles River breeding labs). A total of 40 mice

were used in the experiment, distributed by four experimental groups each with two
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time points, 2 and 6 weeks. The mice were randomly assign to the four experimental
groups and only one sample was implanted in each mouse for a total of five mice per
tested group: 6mer, 6mer+BSP, PLGA and a control group subjected to the same
surgical procedures as the implanted groups but with no sample implanted.

Animals were maintained under general anesthesia with an isoflurane and
oxygen delivery mask. Mice were positioned in ventral recumbency and their backs
were aseptically prepared for surgery. Under anesthesia, a part of the dorsal back was
shaved with an electric razor and disinfected with ethanol 70% (v/v). After, a
longitudinal 1 cm length incision was performed with fine scissors and the hydrated
sample was implanted into a void space created with the help of a scissors in the
subcutaneous area between skin and muscle layer. After insertion the skin incision was
closed with a surgical suture line and again disinfected with a Betadine solution.

The healing process at the incision region was coarse monitored during all
study period and no deaths were registered during the experiment.

To check for inflammatory responses, mice were euthanized by cervical
dislocation after 2 and 6 weeks post-implantation and samples explanted along with

the overlying tissue for histological examination and flow cytometry analysis.

2.5. Cell Isolation and flow cytometry analysis

The protocol for cell isolation was adapted from Montanaro and co-workers
[33]. The tissue surrounding the graft and overlying skin was used for cell extraction.
When present, subcutaneous fat and muscle tissues were removed by scraping. The
cleaned skin was minced with the help of fine scissors and digested for 2 hours, at
379C, in 5 ml mixture solution of 2 mg/ml collagenase IV (Invitrogen, 17104019) and
1.2 units/ml dispase (Invitrogen, 17105041) in PBS. After digestion the mixture was
centrifuged at 1500 rpm for five minutes at 42C and the pellet was resuspended at a
density of 10°cells/ml in PBS supplemented with 0.5% bovine serum albumin (BSA),
flow cytometry buffer. The suspension solution was filtered with a cell strainer with
100 um pores to eliminate non-digested tissues and the cell suspension was collected
in a 50 ml falcon flask and centrifuged at 1500 rpm for five minutes at 49C. To remove

the red blood cells the pellet was resuspended in lysis buffer (NaCl 137 mM, Na,HPO, 8
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mM, KH,PO,4 1.46 mM, KCl 2.68 mM, in distilled water, pH 7.0) and incubated at room
temperature for four to five minutes with occasional shaking. The lysis reaction was
stopped by diluting the lysis buffer with 20 to 30 ml of PBS. Cells were spun down at
1500 rpm for five minutes at 42C followed by two washes with flow cytometry buffer.
For antibody staining, cells pellets were resuspended in PBS, incubated for 15 minutes
on ice in the presence of rat anti-mouse FcRII/Ill (clone 2.4G2, 553141, BD Pharmingen,
San Jose, CA, USA) antibody, to block non-antigen-specific binding of immunoglobulins
to Fc receptors. After washing and centrifugation the pellet was again resuspended on
PBS. Finally, for cell surface marker antigen analysis approximately 50 ul of cell
suspension were incubated for 30 minutes on ice with the secondary antibodies
described in Table VI.1.

After incubation, samples were centrifuged at 1700 rpm for five minutes at 42C,
washed twice with flow cytometry buffer and suspended in 200 to 300 ul of flow
cytometry buffer with 5 mM ethylenediaminetetraacetic acid (EDTA, Sigma, 431788),
to protect cells until further analysis. For live/dead discrimination 5 pl of 7-amino-
actinomycin D (7-AAD, BD Pharmingen, 559925) was added to each sample. Cells were
analyzed by a four-color FACSCalibur instrument (Becton Dickinson, NJ, USA) equipped
with a 488 nm argon-ion laser and a 635 nm red diode laser and data was processed

using FlowJo analysis software (Tree Star, Inc., OR, USA).

Table VI.1. Secondary antibodies used for cell labelling.

Secondary antibody Target cells

Fluorescein isothiocyanate (FITC) conjugated rat anti-
mouse monoclonal antibody CD3 (BD Pharmingen, Thymocytes and mature T lymphocytes [34, 35]

555274)

Allophycocyanine (APC) rat anti-mouse polyclonal

antibody CD25 (BD Pharmingen, 558643)

T and B lymphocytes [36, 37]

Alexa-conjugated rat anti-mouse monoclonal antibody

CD4 (BD Pharmingen, 557667)

T helper (Ty) cells, immunosuppressive regulatory T

cells and natural killer T (NK-T) cells [38, 39]

Alexa-conjugated rat anti-mouse monoclonal antibody

CDS8 (BD Pharmingen, 557668)

T suppressor/cytotoxfic cells [39, 40]

Phycoerythrin (PE) conjugated rat anti-mouse

monoclonal antibody CD14 (BD Pharmingen, 557740)

Cells expressing CD14, a receptor for the complex
formed by lipopolysaccharide (LPS) and a LPS binding

protein present in plasma [41]
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2.6. Histology

Histological sections were examined to assess the extent of film degradation
and to look for local inflammatory responses at the implant-host interface, such as for
neovascularisation, fibrosis and the presence of inflammatory cells. After collection,
samples were immediately immersed in buffered 4% formalin solution in PBS and sent
for processing at the Tufts Animal Pathology Core Lab (Boston, MA, USA) where
samples were embedded in paraffin, cut into 10 um sections and stained with
hematoxylin and eosin (H&E). Additionally, sectioned samples were stained with

Alizarin and Von Kossa dyes for detection of calcium deposits.

2.7. Statistical Analysis

SPSS 17.0 was used to perform statistical analysis. The Shapiro-Wilk test was
use to test for the normality of the data. To test for significant differences between
different experimental groups (6mer+BSP, 6mer, PLGA) one-way ANOVA with a
Dunet’s T3 post hoc comparison was used. Statistical significance was defined as

p<0.05.

3. Results
3.1. SDS-PAGE and protein analysis

SDS-PAGE analysis showed the presence of two large broad bands, one at
around 28 kDa for the 6mer (theoretical molecular weight of 21.8k Da) and another
around 48 kDa for 6mer+BSP protein (theoretical molecular weight of 52 kDa). Lower
molecular weight bands were observed for both proteins and correspond to pre-
terminated products. Dimers are also present in the case of 6mer+BSP protein (Figure
VI.2). Sequencing analysis of the bands of interest confirmed the N-terminal sequence

for both 6mer and 6mer+BSP.
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Figure VI.2. SDS-PAGE for the 6mer and 6mer+BSP proteins. Both gels were stained with colloidal

blue.

3.2. Secondary structure analysis

According to the ATR-FTIR spectra, the UV treatment resulted in no apparent
differences between treated and untreated protein films. As mentioned above, the B-
sheet percentage was assessed through spectra deconvolution (Figure VI.3). In the
case of the 6mer films the percentage of B-sheet conformation was 25% for the
untreated films and 24% for the treated films. For 6mer+BSP films these percentages
were around 26% for untreated films and 24% for irradiated films. Statistical

comparison shows no significant difference (p>0.05) between treated and untreated

films.
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Figure VI.3. ATR-FTIR spectra for the 6mer and 6mer+BSP films before and after UV irradiation.

3.3. Comparison of surface markers on 6mer, 6mer+BSP, PLGA and control explants
No atypical animal or tissue responses were detected during coarse

examination of the animals and grafts at the time of their retrieval.
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The expression of CD14, CD25, CD8, CD3 and CD4 surface markers was analysed
for the cells extracted from the tissue surrounding the 6mer, 6mer+BSP and PLGA films
and the empty control (Figure V1.4 and VI.5). After 2 weeks flow cytometry analysis
revealed two distinct cell populations for all samples: a population marked in gray,
referring to a population of cells that do not express the markers listed above, and a
second population of cells, marked in black, expressing the antigens of interest as it
can be seen in Figure VI.4. The percentage of a side population of positive cells for
each of the antigens studied was assessed by comparison to a control sample stained
only with a primary antibody (Figure VI.5). The values obtained were used for
statistical comparison. For the grafts explanted after 2 weeks the marker CD4 showed
the highest fluorescence intensity with values of around 67.7%, 60.5%, 60.6% and
77.7% for 6mer, 6mer+BSP, PLGA and empty control, respectively (Figure VI.5). The
lowest fluorescence intensity was observed for the CD3 antigen with values ranging
between 12.4% and 6.8% for 6mer and empty control, respectively (Figure VI.5).
Based in these results, after 2 weeks the expression patterns for the different surface
markers was similar for the different implants and also for the empty control.
Statistical analysis only found significant differences (p<0.05) for the CD25 marker,
between the empty control and 6mer+BSP, and for the CD4 antigen, between the
empty control and the PLGA.

After 6 weeks, flow cytometry analysis revealed an increase in the expression of
most surface markers, and mainly in the case of CD25. At 6 weeks the CD4 marker
registered the highest fluorescence intensity with average values of 51.5%, 70.6%,
69.9% and 71.7% for the 6mer, 6mer+BSP, PLGA and empty control, respectively,
similarly to the results obtained at 2 weeks (Figure VI.5). For the CD25 the values were
also high, ranging between 54.6 and 74.9% for the 6mer and 6mer+BSP, respectively.
Also, as in the case of the 2 weeks explants, the CD3 showed the lowest marker
intensity (Figure VI.5).

Statistical comparisons between time points at 2 and 6 weeks for the same
samples showed a significant (p<0.05) increase in expression of CD3 and CD14 surface
markers for PLGA samples. For CD25 this increment in expression from 2 to 6 weeks

was also detected for the 6mer, 6mer+BSP and PLGA samples.
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Figure VI.4. Flow cytometry profiles for CD14, CD25, CD8, CD3 and CD4 antigens after 2 and 6

weeks.
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Figure VI.5. Graphic representation of the percentage of positive cells detected by flow

cytometry based on the surface markers.

3.4. Histology

After 2 weeks of implantation H&E staining showed the presence of an acute

inflammation response with inflammatory cells present in all of the implanted films

and in the surrounding tissues, a process consistent with a mild inflammatory response
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(Figure VI1.6). After 6 weeks implantation, H&E staining showed a decrease in the
inflammatory response for the 6mer and 6mer+BSP films, with less inflammatory cells
being detected on the films and in the tissues adjacent to the implants. In the case of
the PLGA films there were fewer inflammatory cells in the overlying tissue and a higher
number of inflammatory cells infiltrated into the biomaterial. For all three types of
films no encapsulation response was detected at the interface between the implant
and the host tissue (Figure VI.6).

In the case of empty controls after 2 and 6 weeks fewer inflammatory cells
were observed when compared with the implanted films. Vascularisation was
observed in the three types of films and also in the empty controls, however few
vessels were present and there were no major differences between the four
experimental conditions.

Alizarin red and Von Kossa were used to detect calcium deposits in the tissue
sections. Von Kossa detected calcium after 6 weeks in the 6mer+BSP films (Figure VI.7),
while Alizarin red staining did not detect mineralization (data not shown). In the case
of the empty controls and PLGA films, no deposits were detected after 2 and 6 weeks.
For the 6mer films a few small deposits were present after 2 and 6 weeks however

none of them had formed directly on the implanted silk (Figure VI.7).
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Figure VI.6. Host inflammatory response after 2 and 6 weeks after staining with hematoxylin

and eosin (H&E). Images were obtained at 10x magnification. *marks the implant. Black arrow
indicates blood vessel.
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Figure VI.7. Histological analysis with von Kossa staining for the detection of calcium deposits.

Images were obtained at 10x magnification. *marks the implant. Black arrow indicates calcium
deposits.
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4. Discussion

Since implantation initiates a wound-healing process through an inflammation
response, the goal of the present study was to evaluate the in vivo response to a new
chimeric protein, 6mer+BSP. This bioengineered protein was described in our previous
study with promising results towards osteogenic outcomes in vitro [31]. The present
report describes the subcutaneous implantation of the 6mer+BSP films and compares
their inflammatory response with the reactions against control films, the genetically
engineered spider-like silk alone (6mer) and PLGA films, as well as empty implant sites.

With implantation of a biomaterial the host engages a number of foreign body
responses such as the adhesion of monocytes, macrophage differentiation and fusion
to form foreign body giant cells [42]. In this study, flow cytometry and histology
analysis were selected to follow these responses and the different aspects of tissue-
material interactions, such as the number and type of immune cells at the
implantation site as well the presence of a capsule surrounding the implant. For flow
cytometry analysis CD14, CD4, CD3, CD25 and CD8 surface markers were selected. For
2 and 6 weeks time points CD4 was the marker showing the highest fluorescence
intensity. CD4 marker is expressed by some groups of lymphocytes such as T helper
and T immunosuppressive cells and natural killer cells. T helper cells activate and direct
other immune cells through the secretion of cytokines and chemokines [42].
Additionally, CD8 and CD25 were also used to assess the presence for other types of
lymphocytes mainly cytotoxic T cells and B lymphocytes, respectively. For both
markers there was an increase in expression from 2 to 6 weeks of implantation.
However this increment was only significant for CD25 marker for the 6mer, 6mer+BSP
and PLGA films. Lymphocytes are important cells for the immune system response to
foreign bodies. CD8 expressing cells are designated as cytotoxic T cells and are capable
of directly killing target cells [43] and B lymphocytes contribute to the immune
response through the production of antibodies [44]. Besides their broad spectra of
functions during the immune process, lymphocytes also enhance macrophage
adhesion to the biomaterial surface and induce the activation and fusion of these cells
[45]. Additionally, lymphocytes adhere directly to the surface of biomaterials, affected

by the surface chemistry of the materials [46, 47]. In this way, lymphocytes can be
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considered important cells when addressing the inflammatory cell response to
implanted materials. In the present study flow cytometry results for CD4 and CD25
markers after 2 weeks showed significant differences (p<0.05) between the 6mer+BSP
and control with no implant, and between PLGA and the control with no implant. For 2
and 6 weeks no significant differences were detected between 6mer+BSP and PLGA
films.

Furthermore, the presence of CD14 positive cells at the implantation site was
also detected. CD14 marker is expressed by monocytes, macrophages and to a less
extent by granulocytes. Since these cells constitute the first line of defence against
foreign bodies they are the first to react after biomaterial implantation, either in soft
or hard tissues. In the specific case of macrophages they are involved in both
inflammation and foreign body responses as essential components in tissue
regeneration through the recruitment and regulation of proliferation and
differentiation of fibroblasts, osteoblasts and endothelial cells in the healing phase
[48]. Additionally, macrophages mediate biomaterial degradation and resorption
through phagocytosis or extracellular digestion [48]. In the case of the 6mer+BSP, flow
cytometry analysis showed the presence of macrophages, however no significant
differences were detected when comparing mice grafted with the 6mer+BSP films and
mice implanted with the 6mer, PLGA or with no implant.

The flow cytometry results are in accordance with the observations from
histology which showed the presence of immune cells in the implant region and in the
surrounding host tissue with no major differences between the 6mer, PLGA and
6mer+BSP films. Finally, the expression of CD3 marker was also quantified by flow
cytometry S analysis. This marker shows the lowest expression values when compared
with the other markers, and as in the case of CD8 and CD14, there were no significant
differences between experimental conditions.

The different types of immune cells described above are considered some of
the key elements in directing and regulating host immune response to foreign bodies
such as implanted biomaterials. The flow cytometry and histology results reveal no
major differences between the immune responses observed in mice with no implants,

where a post surgical healing process was taking place, and the mice implanted with
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the different types of films, mainly the 6mer+BSP, 6mer and PLGA. Since there were no
significant differences between the control with no implant and the implanted animals
we can assume that the host immune response to the implanted materials is mild or
low and restricted to a local reaction.

As mentioned above, after the implantation of a biomaterial the host body
engages a foreign body reaction. The magnitude and duration of this reaction are two
important features since they have a direct impact in the biomaterial stability and
biocompatibility, dictating its efficacy as a future medical device [49]. So,
understanding the biological reactions taking place during foreign body reaction is
crucial for the development of high performance medical devices [27]. The early stages
following biomaterial implantation are characterized by the formation of a
thrombus/blood clot at the material-tissue interface. This thrombus/blood clot is a
protein matrix formed by adsorbed proteins such as albumin, fibrinogen, fibronectin
and vitronectin. These proteins form a cell recognition system due to the cell binding
motifs present in their sequences which makes them able to interact with the
adhesion receptors expressed by immune cells [50, 51]. The presence of an RGD triplet
has been confirmed for many extracellular matrix proteins such as fibrinogen,
fibronectin and vitronectin. Additionally, some cell membrane receptors expressed by
different types of cells are capable of interacting with these RGD binding domains [49].
For instance, macrophages are cells capable of complexation with these RGD domains
through their integrin a;fs and oypBs receptors [52]. RGD has been widely used to
functionalize biomaterials with the purpose to improve their ability to induce cell
biding. However, this approach can have drawbacks due to the redundancies existing
between receptors and binding proteins [49]. As mentioned earlier, BSP has an RGD
cell binding domain at the carboxy terminal region, which in the case of the 6mer+BSP
protein films could induce and amplify the binding reaction of macrophages leading to
a harsher inflammatory reaction. However, as mentioned above no major differences
were observed between the inflammatory reactions to the 6mer+BSP and to the other
implanted materials or even to the control with no implant. Further, the silk

component of the bioengineered protein is void of such specific binding sites.
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Few studies have used BSP for biomaterial functionalization. O’Toole and co-
workers first described the use of BSP for enhancing bone-implant adherence [53]. BSP
was used to coat titanium implants which were later implanted into rat femora.
Results demonstrated that BSP coated implants had osteoinductive properties [53].
Later, Hilbig and colleagues tested and compared the efficiency of BSP-, collagen- and
fibronectin-coated and noncoated implant materials for the development of adult
human maxillar bone [54]. The authors observed higher cell survival in the case of the
implants coated with BSP when compared with collagen-coated implants [54].
Recently to promote integration of implants into host tissue, BSP was used to coat the
surface of titanium samples and its efficiency was compared with implants coated with
collagen | or hydroxyapatite (TICER®) [22]. After three days in in vitro culture BSP-
precoated implants showed uniformly distributed cells whereas the collagen pre-
coated implants induced an irregular distribution of cells. Furthermore, when
compared with collagen-coated implants, BSP-coated implants displayed superior
osteoinductive performance as revealed by osteocalcin and osteonectin expression
[22]. Besides metal implants, collagen was also used as a delivery matrix for BSP in rat
calvarial defects and thoracic subcutaneous pouches. Results showed that in calvarial
defects, BSP-collagen but not collagen alone induced mineral deposition after four to
five days, followed by osteoblast differentiation and the formation of new bone [25].

These previous studies reporting the use of BSP for implant functionalization
show promising results, both in vivo and in vitro. In the present in vivo study, good
results were also obtained with the development of a mild to low inflammatory
response to the 6mer+BSP implanted films with no apparent differences from the
controls. Also, when compared with the implants described by these previous studies
cited above, the 6mer+BSP has the advantage of being a chimeric protein combining
the properties of BSP and silk. As mentioned before BSP has the ability to induce the
deposition of calcium phosphate. In the present study Von kossa staining indicated the
presence of calcium deposits for the 6mer+BSP films implanted after 6 weeks. The
existence of these deposits are likely due to the BSP domain in the 6mer+BSP chimeric
protein, since the deposits observed for 6mer control films were not formed directly

on the implant surface but instead in the surrounding host tissue. However, these
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findings and the potential for 6mer+BSP to be used in bone repair need to be
confirmed with future in vivo studies to assess the ability of 6mer+BSP to induce
osteoregeneration of critically sized bone defects. Finally, besides the BSP domain the
presence of the spider silk domain can be advantageous due to its mechanical
properties as well as its facility to be processed into fibers [55], films [56], porous

matrices [57] and hydrogels [58].

5. Conclusions

In this study, we address the host inflammatory response to 6mer+BSP films
implanted in mice. Flow cytometry and histology results show no differences between
the inflammatory reaction to the 6mer+BSP samples and the responses observed for
the controls including the silk film (6mer), PLGA films and the controls with no implant.
The 6mer+BSP bioengineered proteins represents a promising protein-based
biomaterial for future tissue engineering applications for bone regeneration.
Furthermore, the results also highlight the potential of biotechnology approaches in
the development of new multifunctional biomaterials as 6mer+BSP, an example of a
multifunctional protein combining in one protein the mechanical properties and
processability of silk and the function of BSP to interact with cells and collagen through
its RGD and collagen binding regions, respectively, and to act as a calcium phosphate

nucleator.
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Abstract

The development of a new generation of multifunctional biomaterials is a continual
goal for the field of materials science. The in vivo functional behaviour of a new fusion
protein that combines the mechanical properties of spider silk with the antimicrobial
properties of hepcidin was addressed in this study. This new chimeric protein, termed
6mer+hepcidin, fuses spider dragline consensus sequences (6mer) and the
antimicrobial peptide hepcidin as we have recently described, with retention of
bactericidal activity and low cytotoxicity. In the present study mice subcutaneous
implants were studied to access the in vivo biological response to the 6mer+hepcidin,
which were compared with controls of silk alone (6mer), poly-lactic-glycolic-acid
(PLGA) films and empty defects. Along with visual observations, flow cytometry and
histology analyses were used to determine the number and type of inflammatory cells
at the implantation site. The results show a mild to low inflammatory reaction to the
implanted materials and no apparent differences between the 6mer+hepcidin films
and the other experimental controls, demonstrating that the new fusion protein has

good in vivo biocompatibility, while maintaining antibiotic function.

1. Introduction

Over the past few decades natural polymers have been extensively studied and
tailored for potential use in the design of new devices for medical applications,
including vascular [1] and tendon [2] grafts and sealants [3, 4]. In the case of proteins
such as collagen and fibrin, their main sources are animal tissues, namely skin, tendons
[5, 6] and serum [4]. However, the use of materials from animal origins has
disadvantages, including the risk of disease transmission and immune reactions [4]
and batch-to-batch variations [7, 8]. Some proteins such as spider silks would be
desirable due to their mechanical properties; however they are not easy to obtain
from nature, unlike the case for gelatin and alginate. In the case of Bombyx mori
silkworm silk, sericulture allows for a constant supply of silk from the textile industry
that has been extensively utilized in the medical suture field [9]. In the case of spider
silk the supply of natural protein is scarce since it is difficult to breed spiders [10]. In
recent years genetically engineered spider silk has been prepared and studied for a

range of fundamental and applied biomaterials needs [10] including cell culture

203



Chapter VIl - Biological responses to spider silk-antibiotic fusion protein

surfaces [11], nerve regeneration [12, 13] and wound dressings [14]. The outstanding
mechanical properties of silks [15] together with biocompatibility and slow
biodegradation in vivo [16], and Food and Drug Adminstration approval for silkworm
silk biomaterials, drive the interest in a broader range of silk-based biomaterials for
medical needs [17].

Spider dragline silk is one of the many different types of silks produced by some
spiders and the core filament is formed by two spidroin protein molecules, the major
ampullate spidroin protein 1 (MaSp1l) and protein 2 (MaSp2) [18]. MaSp has two
chemically distinct blocks or peptide regions: hydrophilic GGX motifs (G stands for
glycine and X is mostly glutamine) and hydrophobic poly-alanine (poly-A) motifs [19].
GGX motifs assume a helical conformation forming less crystalline and amorphous
regions with elastic properties [20] which alternate with the poly-A motif crystalline
regions characterized by tightly packed anti-parallel B-sheets responsible for the
stiffness of silk fibers [21]. Additionally, MaSp1 protein produced by the spider species
Nephila clavipes, is one of the most studied silks via recombinant DNA technology [22-
24]. MaSp1 production in heterologous expression systems, such as Escherichia coli,
has advantages over natural sources, since these expression systems represent a
constant source of spider silk providing sufficient amounts of protein for study.
Further, this genetic engineering approachs provides a path for precise control over
the amino acid sequence in the protein, including the chain length and the sequence
chemistry. This approach also offers the possibility of enriching the native sequence
with other protein motifs with specific bioactivities or functions, thereby generating
new chimeric proteins with selective biological activity. Silk-based block copolymers
have been fused with different protein motifs such as RGD, a cell binding domain
known to improve cell adhesion, for the design of tailored silk systems for gene
delivery [25]. Also, dentin matrix protein and bone sialoprotein motifs have also been
combined with spider silk block copolymers to improve osseointegration, highlighting
the potential of these bioengineered silk protein-based biomaterials for tissue
engineering [26, 27].

In the present study the in vivo biological responses to a new chimeric protein
with antimicrobial features, designated 6mer+hepcidin (Figure VII.1), were assessed.

The 6mer stands for a spider silk block copolymer formed by six repeats of the MaSp1
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consensus sequence. We previously described the design of this fusion protein and
activity studies demonstrated that antimicrobial activity of the chimeric protein was
preserved when evaluated against E. coli and Staphylococcus aureus. Cell viability and
proliferation studies also supported that there were not obvious cytotoxic effects from
the chimeric protein on mammalian cells [28]. These data set the stage for the current
study, where in vivo responses to the protein were addressed to further determine
feasibility of this type of protein for new biomaterial systems.

Hepcidin is a antimicrobial peptide expressed by the liver [29] and different
studies have demonstrated its antibacterial activity against different stains of Gram+
and Gram- bacteria, such as: gram- E. coli ML35 strain and Neisseria cinerea, and
gram+ S. aureus, Staphylococcus epidermis, Staphylococcus carnosus, Bacillus cereus,
Bacillus megaterium, Bacillus subtilis, Micrococcus luteus and group B Streptococcus
[30-32]. Besides being an antimicrobial peptide, hepcidin also emerged as an
important regulator of iron homeostasis, acting as an iron regulatory hormone and
behaving as a negative regulator of intestinal iron absorption, iron transport across the
placenta and macrophage iron release [33]. Besides many other functions, iron is an
important element in infections and many pathogens have developed the ability to
sequester iron from host. Therefore, iron deficiency may limit bacteria growth and
inhibit the formation of biofilms [34].

The role of hepcidin in iron metabolism was first demonstrated when
overexpression of mRNA coding for hepcidin in the liver of iron overloaded mice was
reported [35]. Hepcidin mRNA overexpression by hepatocytes was also observed after
treatment of the mice with lipopolyssacharide (LPS) [33]. A 25-fold increase in hepcidin
MRNA levels were found within 8 hours after treatment with interleukine-6 (IL-6), a
cytokine produced by monocytes and macrophages exposed to LPS [36]. These studies
showed that hepcidin expression is regulated by iron as well as by immune stimuli.
Upon infection hepcidin acts in a dual way against bacteria, by reducing the amount of
iron available for bacteria growth and also by attacking the bacteria directly [37].
Hepcidin’s dual antimicrobial role in the infectious process makes it an attractive target
in the design of biomaterials for biomedical applications. These biomaterials could be
used in the design of a new generation of grafts to reduce infections after surgery and

preventing the formation of bacterial biofilms, a significant cause of implant failure
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[38, 39]. Promising results were obtained in vitro with the 6mer+hepcidin [28], where
the potential of a highly tailored multifunctional protein system for biomaterials was
described. The system combined the mechanical features of silk protein and the
antimicrobial properties of hepcidin peptide. These in vitro results together with role
of hepcidin in inflammation are the starting point for the present in vivo study. Early
biological responses to 6mer+hepcidin films were assessed, along with controls
including, poly-lactic-glycolic-acid (PLGA) films, and silk alone (6mer), as well as empty
defects. PLGA is a synthetic polymer approved by the Food and Drug Administration
(FDA) for drug delivery, diagnostic and other clinical and basic science applications
such as cardiovascular disease, cancer, vaccines and tissue engineering [40]. Films
were implanted subcutaneously in mice and responses were assessed visually, via
histology and with flow cytometry analysis.
6mer+hepcidin

SGRGGLGGQGAGAAAAAGGAGQGGYGGLGSQGTSGRGGLGGQGAGAA
AAAGGAGQOGGYGGLGSQGTSGRGGLGGOQGAGAAAAAGGAGQGGYGGL
GSQGTSGRGGLGGQGAGAAAAAGGAGQGGYGGLGSQGTSGRGGLGGQ
GAGAAAAAGGAGQOGGYGGLGSQGTSGRGGLGGQGAGAAAAAGGAGQG
GYGGLGSQG TS DTHFPICIFCCGCCHRSEKCGMCCKT

Figure VII.1. Amino acid sequence for the new chimeric protein, 6mer+hepcidin. The 6mer
sequence is depicted in black and gray stands for the hepcidin domain. The TS restriction site

was used to insert hepcidin sequence.

2. Materials and Methods
2.1. Cloning

The design and cloning of the 6mer [22, 41] silk control, and the 6mer+hepcidin
[28] sequences was described in our previous studies. Briefly, a pET30a(+)(Novagen,
San Diego, CA) vector was used for the construction of pET30L carrying the 6mer silk
bock co-polymer coding sequence with a Spel restriction site next to it for further
sequence insertions. The hepcidin cDNA sequence was prepared by annealing
synthetic single stranded oligonucleotides (Invitrogen, Carlsbad, CA, USA) encoding for
hepcidin. The resultant cDNA double strand sequence carried Spel and Nhel restriction
sites for insertion into the vector pET30L+6mer. After digestion with Spel (R0133S,
New England Biolabs, Ipswich, MA, USA,) and Nhel (R0131S, New England Biolabs), the
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hepcidin cDNA sequence was inserted into pET30L+6mer vector using T4 DNA ligase
(M0202S, New England Biolabs). The ligation product was transformed into Escherichia
coli DH5a cells (18258-012, Invitrogen). Successful transformants were identified by
plating on agar containing 25 pug/ml kanamycin. The presence of the hepcidin insert

was confirmed by DNA sequencing (Tufts Core Facility, Boston, MA).

2.2. Protein expression, purification and characterization

2.2.1. Protein expression and purification

The constructs pET30L+6mer and pET30L+6mer+hepcidin were used to
transform E. coli RY-3041, a mutant strain of E. coli BLR(DE3) defective in the
expression of SlyD protein [42, 43]. Bacteria were cultivated at 372C in Hyper Broth™
(Athens Enzyme Systems 0107-S), with 25 ug/ml kanamycin (K1876, Sigma, St. Louis,
MO, USA) until an ODgyo between 0.9 and 1. Protein expression was induced with
isopropyl B-D-thiogalactoside (IPTG, 15529019, Invitrogen) at a concentration of 0.5
mM. After 2 hours cells were harvested by centrifugation at 6,500 rpm and the
bacterial pellet was lysed in denaturating buffer (100 mM NaH,PO,4, 10 mM Tris HCI, 8
M urea, pH 8.0) and left overnight with stirring for complete cell lysis. For removal of
cell debris the mixture was centrifuged at 11,000 rpm. The resultant protein solution
was incubated for 2 hours with Ni-NTA resin (30250, Qiagen, Valencia, CA, USA) with
stirring. The protein/Ni-NTA resin mixture was loaded onto a glass Econo-column
(Biorad, Hercules, CA, USA). After washing several times with denaturating buffer at pH
8 and at pH 6.0, proteins were eluted with denaturating buffer with pH 4.5. Eluted
protein solutions were dialysed first in a 20 mM sodium acetate buffer followed by
extensive dialysis in Milli-Q (MQ) water using cellulose ester snake skin membranes
with a 100-500 Da molecular weight cut off (131054, Spectra/Por Biotech, Rancho

Dominguez, CA, USA) for salt removal. Finally, dialyzed proteins were lyophilized.

2.2.2. Sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE)

The purity of the 6mer and 6mer+hepcidin proteins was verified by SDS-PAGE
electrophoresis followed by colloidal blue staining. Briefly, proteins were mixed with
NuPAGE LDS sample buffer (NPO0O7, Invitrogen) and heated at 802C for 10 minutes.
The samples were loaded into a Bis-tris 4-12% gel (NP0321BOX, Invitrogen) for
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electrophoresis separation. Afterwards, gels were stained with a colloidal blue kit

(LC6025, Invitrogen) for protein band detection.

2.2.3. Amino acid composition analysis

Amino acid analysis was carried out at Yale University, W. M. Keck Foundation
Biotechnology Resource Laboratory (New Haven, CT, USA) on a Hitachi L-8900 amino
acid analyzer (Tokyo, Japan) following an overnight in vacuo acid hydrolysis at 1152C.
The analyzer uses an ion-exchange column with a pH and temperature gradient to
separate the amino acids. EZChrome Elite for Hitachi software was used to run the

analyzer, collect and finally to analyze the data.

2.2.4. Matrix assisted laser desorption time-of-flight (MALDI-TOF) and protein

sequencing
MALDI-TOF (Voyager-DE Pro, Applied Biosystems, CA, USA) and protein

sequencing (ABI 494, Applied Biosystems, CA, USA) were used to confirm protein
identity and both analyses were performed at the Tufts University Core Protein
Chemistry Facility (Boston, MA USA). For MALDI-TOF, samples were dissolved in water
in a concentration of 2 mg/ml. Protein sequencing was carried out with samples
extracted from the protein bands observed by SDS-PAGE after electrophoresis and

colloidal blue staining.

2.3. Fabrication of protein films

Protein films were prepared by dissolving the Iyophilized 6mer or
6mer+hepcidin proteins in MQ water to a final concentration of 2% (m/v). Then 60 pl
of each protein solution was cast onto a non-adherent polystyrene surface and left to
dry at room temperature. After complete drying the films were treated with 90% (v/v)
methanol solution for 30 minutes to induce B-sheet conformation, thereby inducing
insolubility of the proteins. With methanol treatment there was an improvement in
the mechanical properties of the films as well as preventing immediate dissolution in
culture media or in vivo in contact with body fluids. After methanol treatment films

were left to dry for three days for methanol evaporation.
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PLGA film controls were prepared by dissolving PLGA with a molecular weight
between 40-75kDa (P2191, Sigma) in dichloromethane in a 1:15 ratio. After complete
dissolution, 60 pl of PLGA solution was cast onto a polystyrene surface and left to dry
at least for 2 days for complete dichloromethane evaporation. PLGA has been
extensively studied because of its high biocompatibility and biodegradability [44] and
is approved by the FDA for many clinical applications such as sutures, bone plates,
abdominal meshes and drug delivery due to its [45]. These are the main reasons why
PLGA was selected as one of the controls in this study.

For sterilization, the PLGA, 6mer and 6mer+BSP films were treated with 70%
ethanol (v/v) solution for 30 minutes and immediately before implantation each film
side was treated for 15 minutes with ultraviolet (UV) light.

Before implantation, films were hydrated with sterile PBS 15 minutes. Films had

a final diameter around 8 mm.

2.4. Grafting

All procedures were conducted under animal care protocols approved by Tufts
Institutional Animal Care and Use Committee. Subcutaneous grafting was performed in
the back of balb/c female mice five to seven weeks old purchased from Charles River
(Wilmington, MA, USA) breeding labs. A total of 40 animals were used in this study.
The animals were divided into four groups of five animals. Three groups carrying the
6mer, 6mer+ hepcidin and PLGA films, respectively and a fourth control group, formed
with animals subjected to the same surgical procedure but carrying no implant.

The animals were anesthetized with isoflurane and part of their back was
shaved with an electric razor and disinfected with 70% (v/v) ethanol solution. Under
anesthesia and after disinfection, a longitudinal dorsal incision approximately with 1
cm long was prepared with the help a fine scissors. Grafts were inserted in a
subcutaneous pocket between skin and muscular layers. A single test sample was
implanted in each animal. The incisions were closed with polyester/dacron suture line
and surgical wounds were again disinfected with betadine. The incisions were
monitored, as were the animals, for atypical signals. Animals were sacrificed by
cervical dislocation after 2 and 6 weeks to retrieve the implanted materials and to

check for inflammatory responses. The implants together with the overlying tissue

209



Chapter VIl - Biological responses to spider silk-antibiotic fusion protein

were removed and processed for flow cytometry and histology analysis as described in

the next sections.

2.5. Flow cytometry analysis

2.5.1. Cell isolation

For cell isolation the tissue surrounding the implant was removed and minced
with the help of scissors or scalpel. The minced tissue was digested in 2 mg/ml
collagenase IV (Invitrogen, 17104019) and 1.2 units/ml dispase (Invitrogen, 17105041)
solution, prepared in PBS, for 2 hours at 372C with occasional stirring. The digestion
mixture was centrifuged at 1500 rpm for five minutes at 49C, the supernatant was
removed and the pellet was resuspended at around 10° cells/ml in flow cytometry
buffer (PBS supplemented with 0.5% (v/v) of bovine serum albumin, BSA). To eliminate
undigested tissue the mixture was passed through a 100 um pore cell strainer and
collected in a 50 ml Falcon tubes and again centrifuged at 1500 rpm for five minutes at
4°C. To remove the red blood cells, the cells pellet was resuspended in 5 ml of a lysis
buffered solution containing NaCl 137 mM, Na,HPO, 8 mM, KH,PO,4 1.46 mM, KCl 2.68
mM, in distilled water at pH 7.0. After 4 to 5 minutes of incubation 20 to 30 ml of PBS
was added to stop the reaction. The cell suspension was centrifuged as before
followed by two washes with flow cytometry buffer. Blocking was carried out by
suspending the cell pellets in PBS followed by 15 minutes incubation on ice in the
presence of rat anti-mouse FcRII/Ill antibody (clone 2.4G2, 553141, BD Pharmingen,
Franklin Lakes, NJ, USA). The antibody reacts specifically with a common epitope on
the extracellular domains of mouse Fcyll/lll receptors and blocks non-antigen-specific
binding of immunoglobulins to the Fcyll, Feylll and possibly Fcyl receptors, in vitro and
in vivo. After spinning the cell pellet at 1500 rpm for five minutes at 42C, the cells were
resuspended in 500 ul of flow cytometry buffer and used for cell immunostaining for

flow cytometry analysis.

2.5.2. Cell labelling

For antibody staining, 50 ul of cell suspension prepared as above was aliquoted
and gently mixed with second antibody solution and incubated on ice for around 30

minutes. Secondary antibodies were labelled with allophycocyanine (APC),
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phycoerythrin (PE), alexa fluor and fluorescein isothiocyanate (FITC) fluorescence
dyes. After incubation with secondary antibody, the cells were washed twice with flow
cytometry buffer and resuspended in 200 to 300 pl of the same buffer supplemented
with ethylenediaminetetraacetic acid (EDTA, Sigma, 431788), to protect the cells until
flow cytometry analysis. Brief descriptions of the secondary antibodies used in this
study to assess biological responses to the implanted materials are given below:

PE conjugated CD14 (557740, BD Pharmingen, San Jose, CA, USA) antibody

reacts with CD14 glycoprotein expressed by cells of monocyte and macrophage
lineages and to a lesser extent by granulocytes. CD14 is a receptor for
lipopolysaccharide (LPS) complex, a component of outer-membrane of Gram negative
bacteria. After recognition of the LPS complex, cells from the immune system rapidly
engage inflammatory defense mechanisms which in some cases can lead to septic
shock [46].

Alexa fluor’ conjugated CD4 (557667, BD Pharmingen) antibody recognizes CD4

surface marker, a transmembrane glycoprotein expressed by developing thymocytes,
major histocompatibility class Il restricted mature T lymphocytes, including T helper
cells and immunosuppressive T cells [47], and a subset of natural killer T cells [48]. CD4
is critical in both thymocyte development and T-cell activation and the expression of
CD4 surface marker by T-cells during development induces its differentiation into T-
helper cells exclusively [47].

FITC conjugated CD3 (555274, BD Pharmingen) antibody reacts with the CD3

component of T-cell receptor (TCR), a multimeric surface complex resulting from the
assembly of 7 different proteins. The T-cell receptor associated CD3 complex is
expressed on many thymocytes and mature T lymphocytes and is essential for antigen
recognition and the resulting specific immunity [49].

APC conjugated CD25 (558643, BD Pharmingen) antibody acts against the low

affinity CD25 subunit (IL2 receptor a) forming the interleukin-2 receptor (IL-2R) a
surface cell receptor expressed in activated T and B lymphocytes. IL-2R recognizes the
interleukin-2 molecule which triggers cell proliferation and the emergence of effector T
cells important for the full expression of immune responses [50].

Alexa fluor’ conjugated CD8a (557668, BD Pharmingen) antibody recognizes the

38kDa a and 34kDa o’ chains of the CD8 coreceptor, a T cell surface glycoprotein
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expressed by the major histocompatibility class | restricted cytotoxic T cells and
involved in antigen recognition by cytotoxic T lymphocytes. CD8, as CD4 coreceptor,

are critical for the development and activation of T cells [51].

2.5.3. Instrumentation

Analyses were performed in a four-color FACSCalibur instrument (Becton
Dickinson, NJ, USA) equipped with a 488 nm argon-ion laser and a 635 nm red diode
laser and data were processed using FlowlJo analysis software (Tree Star, Inc., OR,

USA).

2.6. Histological procedure

Samples were retrieved after 2 and 6 weeks of implantation for histological
examination. Immediately after collection, samples were immersed in a 4% formalin
buffer solution and sent for processing and staining at the Tufts University Animal
Pathology Core Laboratory. Samples were embedded in paraffin and 10 um sections

were prepared. Hematoxylin and eosin (H&E) were used for staining.

2.7. Statistics

All statistic analyses were performed with SPSS 17.0 software. The Shapiro-Wilk
test was used to assess normality of the data. To test for significant differences
between experimental groups (6mer+hepcidin, 6mer, PLGA and empty controls) one-
way ANOVA was used in conjugation with Dunet’s T3 post hoc for multiple

comparison. p<0.05 was considered statistically significant.

3. Results
3.1. Protein Characterization

SDS-PAGE analysis of the proteins show an apparent molecular weight around
28 kDa for both the 6mer, with an expected molecular weight of 21.8 kDa, and the
6mer+hepcidin, with an expected molecular weight of 23 kDa (Figure VII.2). In the case
of the 6mer+hepcidin higher molecular weight protein bands were also observed
which correspond to dimers and multimers as preiviously observed [32]. Amino acid

analysis confirmed the corrected composition of the chimeric protein (6mer+hepcidin)
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and the control (6mer). As expected glycine and alanine are the most abundant amino
acids in both 6mer and 6mer+hepcidin proteins (Table VII.1). MALDI-TOF analysis
confirmed protein identity and showed a peak at 20.9 kDa for the 6mer protein, a
value close to the expected molecular weight of 21.8 kDa. For the 6mer+hepcidin,
MALDI-TOF analysis showed a peak at 22.9 kDa, a value very near to 23k Da predicted
size. Finally, protein sequencing analysis confirmed the N-terminal sequence for both

the 6mer and 6mer+hepcidin proteins.

kDa " kDa
188 .. 188
98 Multimers . 08
62 - 62
49 » Dimer . 49
38 » 38

28 % 6mer+hepcidin Bmerﬂ. 28

17 ' 17
14 14
6 6
3 3

Figure VII.2. SDS-PAGE gel electrophoresis showing two bands of around 28 kDa for 6mer and

6mer+hepcidin. Dimers and multimers were also observed for the 6mer+hepcidin.

Table VII.1. Amino acid composition analysis of 6mer and 6mer+hepcidin recombinant

proteins (only the major amino acids are represented).

. . 6mer (20.7kDa) 6mer+hepcidin (23.0kDa)
Amino acid
Observed Expected Observed Expected
% %

Glutamine + Glutamic Acid 9.4 8.5 9.1 7.7
Serine 4.8 6.9 4.4 6.9
Glycine 36.4 40.6 24.4 37.3
Alanine 18.7 19.5 14.9 17.5
Leucine 6.1 5.7 7.3 5.1
Threonine 3.3 3.2 4.2 4
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3.2. Cell characterization by flow cytometry analysis

All animals survived without visible signs of stress or inflammation. After cell
isolations from the implant sites, five different surface markers were assessed for cell
types present in the implantation region after 2 and 6 weeks: CD4, CD8, CD14, CD3 and
CD25. In Figure VII.3 representative flow cytometry plots are shown for the labelling,
and these data were used to determine the percentage of positive cells expressing the
surface marker of interest (Figure VI1.4). 2 weeks after grafting the CD3 marker had the
lowest expression values ranging between 6.8% and 12.4% for the empty controls and
the 6mer films, respectively. In Figure VII.4A no major differences betweens the plots
for the samples and the empty control were found and statistical comparison shows
no significant differences (p<0.05) between samples. CD4 showed the highest
expression values with an average of 67.7, 60.6, 77.7 and 68.4% for the 6mer, PLGA,
empty control and the 6mer+hepcidin, respectively (Figure VII.4A). For the CD4 marker
the presence of a second population of positive cells with high fluorescent levels was
evident from the flow cytometry plots in Figure VII.3. ANOVA analysis for CD4 showed
significant differences, p<0.05, between samples and Dunet’s T3 post hoc for multiple
comparison showed significant differences between the PLGA and empty controls. For
CD25 antigen ANOVA analysis showed a significant difference between PLGA, 6mer
and 6mer+hepcidin and the controls with no implants.

After 6 weeks of implantation flow cytometry analysis showed an increase in
the percentage of cells expressing surface markers CD14, CD8, CD25 and CD3. For CD4
marker expression increased only for the PLGA samples. Figure VII.4B shows the
presence of a second population of positive cells that was not evident for the samples
collected after 2 weeks. Also flow cytometry labelling (Figure VII.3) showed an increase
in fluorescence intensity for most of the surface markers. As in the case of the samples
collected after 2 weeks, after 6 weeks CD3 showed the lowest percentage of positive
cells with 12, 38.5, 26.6 and 15.3% for the 6mer, PLGA, empty control and
6mer+hepcidin, respectively. Again CD4 antigen showed the highest expression for
most samples with values ranging between 51.5 and 71.7% for the 6mer and empty
control samples (Figure VII.4B). Statistical comparison showed no significant
differences between the different samples for each marker. However, when comparing

expression values obtained for the same samples after 2 and 6 weeks some significant
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differences where observed. For CD4 a significant (p<0.05) increase in expression from

2 to 6 weeks for the 6mer and 6mer+hepcidin samples was found. A significant

increase in expression was also observed for CD25 for the 6mer, PLGA and

6mer+hepcidin samples.
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Figure VII.3. Representative flow cytometry plots for surface markers. Positive cells for the

surface markers are depicted in black and gray stands for negative cell population.
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Figure VII.4. Representative plots of one experiment for the expression of CD4, CD8, CD14,

CD3 and CD25 surface markers for the cells extracted from the region surrounding each

implant sample at the end of 2 and 6 weeks. Numbers represent the average percentage of

positive cells for each marker. Gray shows marker expression and black stands for the negative

control, with no secondary antibody added.

3.3. Histological characterization

Histological characterization with H&E staining was also used to assess

biological responses to the 6mer+hepcidin films and to compare this to the various

controls (6mer, PLGA and empty implants). After 2 weeks a mild inflammatory reaction

was detected around the 6mer, 6mer+hepcidin and PLGA implanted films, with fewer

cells in the empty controls when compared to the implanted films (Figure VII.5).
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2 weeks B 6 weeks

6mer PLGA Control

6mer+hepcidin

Figure VIL.5. H&E staining of PLGA, 6mer and 6mer+hepcidin films and the empty control after
2 and 6 weeks of implantation. Magnification 10X. * marks the implant. Black arrows mark

blood vessels.
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After 6 weeks in vivo fewer cells could be observed in the tissues surrounding the
implants and in the empty controls and a more localized cell response is observed.
Moreover, the formation of a fibrous capsule was not detected for any of the

implanted materials (Figure VII.5).

4. Discussion

The importance of antimicrobial peptides in the inflammation process has been
previously discussed [32, 52, 53], functioning as chemotactic agent for monocytes and
T cells or involved in activating the acquired immune response system [54]. These
peptides are also important elements in wound healing [55], stimulating the
proliferation of fibroblasts and epithelial cells [56, 57], inducing neo-vasculogenesis
[58] and cytokine mobilization [59]. In the specific case of hepcidin, besides its direct
antimicrobial activity against pathogens, it is also a key element in controlling plasma
iron concentration. Due to its role in iron homeostasis, hepcidin is considered to be a
crucial link between host defense and iron metabolism [60]. During the early stages of
bacterial infections the exposure of monocytes and macrophage to LPS, a component
of Gram negative bacteria outer-membrane, leads to the secretion of different types of
cytokines [36]. The cytokine IL-6 is secreted by monocytes and macrophage [61] and
induces hepcidin synthesis by hepatocytes during the acute phase of inflammation in
mice and humans [62]. Hepcidin binds to ferroportin an iron transmembrane
transporter, which blocks iron efflux from hepatocytes in liver, macrophages and
absorptive enterocytes in the small intestine [63]. This binding leads to the
degradation of ferroportin resulting in the trapping of iron inside hepatocytes,
macrophages and enterocytes with a consequent decrease of available serum iron
[63]. The decrease in blood iron diminishes the availability of iron for invading
microorganisms. As mentioned previously, iron deprivation limits bacterial growth and
inhibits biofilm formation, favouring the appearance of mobile individual forms, which
are vulnerable to host attack [33]. Therefore, hepcidin has an important role in early
stages of infection and inflammation, exerting dual antimicrobial activity by attacking
bacteria directly and by reducing the amount of available iron necessary for microbial

metabolism. These characteristics together with is low cytotoxicity [64] make hepcidin
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a promising molecule for use in the design of biomaterials with antimicrobial
properties to reduce the risk of infection after implantation.

However, this strong link between hepcidin and the immune system can also
elicit an undesired inflammatory response to biomaterials carrying this molecule. For
instance, the binding of hepcidin to the ferroportin receptor present in the cell
membrane of macrophages [63] can promote macrophage adhesion to the implant
surface, which could accelerate the degradation of the implanted biomaterial and also
lead to an intensification of host immune response. For these reasons and since the
evaluation of tissue-material responses are important in order to assess the suitability
of a new biomaterial for biomedical applications, this study addresses the first stages
of the inflammatory response to 6mer+hepcidin films implanted in mice. Flow
cytometry analysis was used to access the expression of five different surface markers:
CD4, CD8, CD3, CD25 and CD14. These five different markers are specific for different
types of immune cells and were used to assess the cellular response to implanted
films. Flow cytometry assay was complemented with histology studies and both
analyses showed similar inflammatory responses between the three polymers tested
(6mer+hepcidin, PLGA, an FDA approved polymer, and 6mer) and the empty controls.

Flow cytometry analysis provided a quantitative evaluation of the inflammatory
response through different cell markers. CD4 marker had the highest expression levels
at both 2 and 6 weeks. As mentioned previously this marker is expressed by sub-
groups of T lymphocytes, such as mature T helper and immunosuppressive T cells, and
also by natural killer cells. T helper cells activate and direct other immune cells such as
cytotoxic T cells and maximize the bactericidal activity of macrophages [65].
Furthermore, the presence of positive cells for CD8, CD3, CD25 and CD14 was also
observed, mainly after 6 weeks when these markers had stronger expression.
Activated CD8 positive cytotoxic T cells are efficient and rapid killers of target cells
[66]. These cells only become fully activated in the presence of CD4 T cells and they
exert their effect either by releasing lytic granules, which carry molecules capable of
forming pores in the membrane of target cells or by inducing cell apoptosis [67]. The
detection of a CD25 positive cell population showed the presence of B and T
lymphocytes, which are cells responsible for the production of antibodies and for cell-

mediated immune responses, respectively [68]. Additionally, CD14 positive cells were
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detected by flow cytometry which indicates monocytes, macrophages and
granulocytes. Macrophage and granulocytes play a role in host inflammatory
responses forming the first line of immune defence [69, 70].

In conclusion, the flow cytometry results are in concordance with the histology
observations and both analyses showed a mild or low inflammatory host response to
all of the implanted materials. Flow cytometry indicated the presence of different
types of immune cells at the implant site and histological analysis showed these types
of cells around the implant. Additionally, except for CD4 in the PLGA films and empty
controls, flow cytometry analysis shows no significant differences in either the number
or type of inflammatory cells for the 6mer+hepcidin films when compared with the
6mer, PLGA and empty controls. Since similar responses were observed for the
implanted films and for the controls we conclude that the observed mild or low
inflammatory response was not caused by the implanted films. Also, these results
show that the host immune response is mild or low and restricted to a local reaction,
mainly after 6 weeks.

The in vivo behaviour of different silk implants has been described. The
inflammatory response induced after intramuscular implantation of silk and silk-RGD
films in mice in comparison to polylactic acid (PLA) and collagen films has been
reported [71]. The inflammatory response to the silk and silk-RGD films was equivalent
to or less than that observed for collagen controls, and far less than to PLA film
controls. Minimal inflammation responses were observed for silk, silk-RGD and
collagen films after 6 weeks [71]. For PLA films the presence of granulomatous
inflammation was found based on the presence of multinucleated giant cells and
macrophages [71]. Degradation of silk films was not observed over the 6 week period,
while for collagen there was considerable degradation and only remnants of these
films detected [71]. Recently, recombinant spider silk films as a wound dressing
biomaterials was evaluated in rats [14]. In vivo results showed that as a biomaterial,
the recombinant spider silk films had good biocompatibility and were able to induce
skin regeneration. For the silk films the wound healing extent was between 95 and
90% after 21 days [14]. Other studies also addressed the in vivo behaviour of silk-based
scaffolds functionalized with bioactive molecules such as bone morphogenetic protein

2 (BMP-2) [72] and tissue growth factor (TGF-B) [73]. Although a considerable number
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of studies addressed the in vitro and in vivo responses to silk-based materials, to our
knowledge these are the first results reporting the in vivo inflammatory response to a
protein graft, fabricated from a chimeric protein combining spider silk with an
antimicrobial peptide.

In the literature, the use of biomaterials incorporating antimicrobial peptides is
scarce. Recently, Bombyx mori silk fibroin films were modified with a cecropin B
antimicrobial peptide, through the carbodiimide chemistry, showing satisfactory
antimicrobial in vitro results [74]. Furthermore, cross-linked gelatin hydrogels for the
delivery of lysozyme antimicrobial peptide prevented the adherence of bacteria to
valves used in cardiac valve replacement [75]. Cross-linked gelatin showed sustained
release of lysozyme during 30 hours after implantation, while the lysozyme content in
the surrounding tissue was elevated for 50 hours. Later a chemically cross-linked
gelatin-chondroitin sulphate hydrogel impregnated into Dracon grafts was used as a
controlled release system for the delivery of two antimicrobial peptides: lysozyme and
recombinant thrombocidin, a protein derived from human blood platelets [76]. The
results showed that cross-linked gelatin-chondroitin sulphate hydrogels had a higher
loading capacity for lysozyme and recombinant thrombocidin than cross-linked gelatin
hydrogels. Also, in vivo assessments found that the hydrogels were biocompatible and
degraded almost completely after 18 weeks of implantation [76].

Other studies have described the use of silk and other natural origin based
scaffolds as delivery systems for antibiotic molecules [74, 77]. However, in most cases
the scaffolds are soaked in the antibiotic solution and therefore uncontrolled
desorption of the immobilized species is observed [78].

Microbial infections are major concerns to the medical community in cases of
internal prostheses, cutaneous dressings and other medical devices such as contact
lenses and catheters. To prevent these problems antibiotic pre-operative prophylaxis
and antibiotic local delivery are used. However, even with the extensive use of
antibiotics the frequency of implant related infections continues to be a major health
care concern. Currently used methods of pre-operative prophylaxis and antibiotic local
delivery have the major disadvantages of not assuring homogeneous delivery of the
drug throughout the host body and of favouring the appearance of antibiotic-resistant

strains [79]. Also, the generalized use of antibiotics can lead to the development of
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resistant bacterial strains. Therefore, there remains an urgent need to develop new
biocompatible biomaterials with antimicrobial properties, both to reduce the use of
antibiotic drugs as well as to maintain localized release at the defect site, both issues
that can be addressed with the functionalized antimicrobial biomaterial system

addressed in the present study.

5. Conclusions

In the present study the biological responses are reported to a new chimeric
protein, 6mer+hepcidin, with antimicrobial activity [28]. Flow cytometry and histology
results showed no significant differences in the inflammatory responses between mice
carrying the 6mer+hepcidin films and mice implanted with various controls; PLGA,
6mer or empty defects. These results are promising and give further support to the
developing new bioengineered biomaterials with antimicrobial properties that offer a
path forward in reduction in the use of antibiotics to prevent infection in implants. The
6mer+hepcidin and other future fusion proteins with antimicrobial properties may
represent a new and promising approach to the design of a new generation of
multifunctional biomaterials bioengineered to prevent the onset of infections, to be

biocompatible and to elicit tissue integration during the tissue regeneration process.
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Chapter Vil
General conclusions

For centuries nature has been a source of different types of polymers and bioactive
compounds with major importance in human actions. Proteins are within the most complex
and sophisticated biopolymers in nature and during the past few decades different proteins,
namely collagen, silk and elastin, have been the target of intense research in tissue
engineering and regenerative medicine fields. One of the reasons for this increment is the
similarity between these proteins and the extracellular matrix, making them suitable for the
fabrication of new scaffolds with improved features to be used in tissue and organ repair or
replacement. Additionally, these biopolymers can also be combined with molecules with
biological activity to enhance their properties. In this way numerous bioactive molecules such
as growth factors, hormones and other biomolecules with known activity, have been used to
functionalize proteins as collagen and silk in order to improve their biocompatibility by
inducing better cellular response. In most of these cases, this functionalization was
accomplished through simple adsorption, chemically cross-linked or encapsulation of bioactive
molecules into the protein-based scaffold. More recently, genetic engineering has been used
for the synthesis of numerous proteins using different expression systems, avoiding the main
drawbacks of proteins extracted from natural sources, mainly batch-to-batch variation and the
risk of disease transmission attributed. Also, genetic engineering enables the design and
expression of new fusion proteins, which can combine structural proteins such as silk or
collagen with other protein or peptide domains with biological activity. These new fusion
proteins are easier to process into different structures and shapes, due to the structural
protein domain, and at the same time are functionalized with one or more bioactive motifs.
This approach allows the design and tailoring of new biomaterials according with the
characteristics of the tissue to repair or replace. Furthermore, control over biomaterial
assembly and functionalization is of major importance for the control of important features
namely material degradation rate, cell adhesion, proliferation and differentiation, mineral
deposition, immunological response, among others.

The present thesis describes the use of recombinant DNA methodology to design new
silk-based chimeric proteins for future applications in the tissue engineering and regenerative
medicine. Different methodologies and techniques were used to assess the structure and
composition of these new proteins and to test their activity and biological behaviour.
Additionally, mechanical features such as elasticity and roughness were also studied for some

of the developed proteins.
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The present chapter intents to give a general overview over the main accomplishments

and results achieved within this thesis, which are summarized as follows:

1. A Genetic engineering approach for protein functionalization

Different research studies demonstrate the growing importance of novel design
approaches, namely genetic engineering, in the fabrication of new nature-inspired
biopolymers with improved mechanical and biological features. In this thesis, four new
chimeric proteins were design, cloned, expressed and purified. These new proteins were
named 6mer+BSP, 6mer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin.

In chapter Ill is described the fusion of bone sialoprotein sequence (BSP) with a silk
block copolymer 6mer. Since our major goal with this study was to produce a biofunctional
material for bone regeneration applications, BSP was selected due to its ability to induce the
attachment, migration and differentiation of osteoblasts, being involved in bone formation
and remodelling. Furthermore, BSP is also responsible for the deposition of calcium phosphate
in bone tissues. In this way, with the fusion of BSP features with the remarkable mechanical
and self-assembly properties of spider silk we were able to produce a new chimeric protein
with promising features for future applications in bone tissue engineering. However, the fusion
of both protein domains could interfere with the activity of these domains. In this work, the
results show that the fusion of the BSP domain with the spider silk did had no interference in
the self assembly capacity of the silk sequence, manifested through the formation of B-sheet
after treatment with methanol. Furthermore, in vitro mineralization tests show that this new
protein retained the function of BSP to induce the nucleation of calcium phosphate (CaP).
After one hour incubation in accelerating calcification solution (ACS), energy dispersive
spectrometer (EDS) shows the deposition of CaP with a Ca/P ratio varying between 1.72 and
1.86, values close to those for hydroxyapatite (1.67). CaP deposits were not detected in 6mer
films.

The in vitro biological activity of 6mer+BSP films was also addressed in chapter Il
through the use of human mesenchymal stem cells (hMSC) cultivated in osteogenic
differentiation medium. Alamar Blue tests indicated a good cell viability/proliferation on the
6mer+BSP samples while in 6mer films a reduction in viability/proliferation was observed after
3, 7 and 14 days in osteogenic medium. Furthermore, real time quantitative reverse
transcription polymerase chain reaction (real time gRT-PCR) shows an up-regulation of ALP,
IBSP and COL1A1 during 14 days of cell culture. For the 6mer samples a significant decrease in
expression level was observed specially for ALP and COL1A1 from days 3 to day 14, and the

expression of IBSP gene was low at days 3 and 7, and increased at day 14. Additionally, field-
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emission scanning electron microscopy (FE-SEM) shows the deposition of CaP during cell
culture and the EDS analysis indicates an evolution in Ca/P ratio from day three to fourteen of
culture, with an increase from 0 to 1.53-1.72, respectively. In this way, Alamar Blue, real time
quantitative Reverse Transcription-Polymerase Chain Reaction, SEM and energy dispersive
spectroscopy (EDS) results indicate that during the 14 days of culture, this new chimeric
protein sustained hMSC proliferation and differentiation into the osteogenic lineage.

In chapter IV atomic force microscopy (AFM) was used to assess the elasticity of the
6mer and 6mer+BSP films, to collect topographic images of the films to measure their surface
roughness, and to address the behaviour of these proteins in the presence of the divalent ions
calcium and magnesium. The elastic modulus of 6mer and 6mer+BSP protein films was
assessed through force curves and results showed that 6mer+BSP films had a higher stiffness
when compared with 6mer films, likely due to the glutamic acid residues present in BSP
sequence. For roughness characterization, the topographic images showed apparent
differences between 6mer+BSP and 6mer films, however, a statistical comparison of the
roughness values showed no significant difference between.

Finally, different research studies showed the importance of calcium ions in the
formation of calcium mediated networks increasing the ability of these networks to dissipate
energy in response to applied forces, contributing to bone plasticity. In this way, the behaviour
of the 6mer+BSP protein in the presence of divalent ions, calcium and magnesium, was
investigated. This study give an important insight into how these types of molecules form
calcium mediated networks that are related to bone regeneration. AFM imaging shows that
the chimeric 6mer+BSP protein retained the ability of BSP to form supramolecular aggregates
and in the presence of calcium ions these aggregates generated networks, which were not
observed in the presence of magnesium. Additionally, these results also suggest the affinity of
the BSP domain to calcium over other divalent ions such as magnesium.

Chapter V highlights the importance of designing fusion proteins with antimicrobial
domains. For that, it was performed the design, cloning, expression and the activity and
biological tests of a different set of chimeric proteins. These proteins combine the consensus
sequence of dragline spider silk with three different antimicrobial peptides, HNP-2, HNP-4 and
Hepcdin and were designed as 6mer+HNP-2, 6mer+HNP-4 and 6mer+Hepcdin. The DNA
sequencing, protein sequencing, sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE) and western blot confirmed that the cloning process and protein expression were
successfully achieved.

As mentioned above the fusion of different protein domains can alter the activity of

these domains. In the case of 6mer+HNP-2, 6mer+HNP-4 and 6mer+Hepcdin proteins,
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attenuated total reflection Fourier transform infrared (ATR-FTIR) analysis demonstrated that
the core self-assembling spider silk domain retained function related to the generation of beta
sheet crystals in these new fusion systems. Additionally, a radial diffusion assay also
demonstrated that these three proteins retained the antimicrobial activity attributed to the
inserted motifs, HNP-2, HNP-4 and hepcidin.

The new chimeric proteins were tested against Escherichia coli and Staphylococcus
aureus bacteria in three concentrations: 10, 50 and 100 pg/ml. 6mer+HNP-4 presented the
highest antibacterial activity against E. coli, except for the concentration 100 pg/ml, whereas
6mer+HNP-2 elicited the lowest bactericidal activity. All three proteins had a decrease in their
antimicrobial activity against S. aureus when compared to E. coli. However, in the present
study and in contrast to what was observed in previous reports, the antimicrobial activity of
the new chimeric proteins was not always concentration dependent and a decrease in the
bactericidal activity from 10 to 100 ug/ml was observed. Since silk proteins are known to
aggregate in solution with increased concentration the presence of 6mer domain could be the
cause for this reduction in the bactericidal activity. Dynamic Light Scattering (DLS) results
confirmed this assumption by showing the relationship between protein concentration and the
size of the aggregates.

The cytotoxic response to the chimeric proteins was also addressed in Chapter V with
an osteosarcoma cell line SaOs-2 seeded on 6mer+HNP-2, 6mer+HNP-4 and 6mer+hepcidin
films and kept in culture for three days. Alamar Blue results show that these chimeric proteins
films are capable of supporting cell proliferation, and the bactericidal activity does not have
impact in the mammalian cell function.

The results described in chapters Ill, IV and V are promising and clearly emphasize the
potential of using genetic engineering for the generation of new protein-based multifunctional
biomaterials with useful properties. In the present work, we were able to improve osteogenic
mineralization functions due to the presence of BSP and control infections due to the addition
of the antimicrobial peptides. Moreover, the presence of the silk domain allows these new
biofunctional materials to be processed into different structures such as fibers, films, porous

matrices and hydrogels.

2. New protein-based biomaterials for biomedical applications

The promising results described above suggest the potential of these new chimeric
proteins as new protein-based biomaterials for tissue engineering applications and prompted
the use of animal models in order to evaluate the in vivo behaviour of some of these new

fusion proteins. Chapters VI and VIl describe two in vivo studies used to address the
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inflammatory responses to 6mer+BSP and 6mer+hepcidin films, respectively. The selection of
these proteins for in vivo studies was based in the promising results obtained during the in
vitro studies. 6mer+hepcidin protein showed antimicrobial activity and was able to sustain the
proliferation of mammalian cells and 6mer+BSP was able to induce the deposition of calcium
phosphates and to sustain cell proliferation and differentiation into the osteogenic lineage.
The films were implanted subcutaneously in the back of mice and the early inflammatory
response was assessed through histology and flow cytometry. Additionally, in both studies the
results obtained for 6mer+BSP and 6mer+Hepcdin films were compared with controls of 6mer
(silk films alone), poly-lactic-glycolic-acid (PLGA) films, and empty implant sites.

In Chapter VI in vivo studies results show only a mild inflammatory reaction to the
implanted materials and no apparent differences between 6mer+BSP films and the other
experimental conditions demonstrating good in vivo biocompatibility and suggesting that this
new chimeric protein represents an alternative for bone regeneration applications when
considering the biological responses obtained here and the prior studies on osteogenic
outcomes. Moreover, von Kossa staining indicated the occurrence of calcium deposits after six
weeks for the 6mer+BSP films. The reason for this occurrence is most likely due to the
presence of BSP domain in this chimeric protein. These findings and the potential for
6mer+BSP to be used in bone repair need to be confirmed with future in vivo studies to assess
the ability of 6mer+BSP to induce osteoregeneration of critically sized bone defects.

Chapter VII describes the inflammatory response to 6mer+hepcidin. Flow cytometry
and histology results show no relevant differences in the inflammatory response between the
mice carrying 6mer+hepcidin films and the mice implanted with PLGA samples or without
implant. These results are promising and give further support to the possibility of developing
new biomaterials with antimicrobial properties that in the future can lead to a reduction in the
use of antibiotics to prevent infection in prosthetic implantation.

The work developed in this thesis emphasized the importance of using genetic
engineering approaches namely the recombinant DNA technology in the synthesis of new
fusion proteins that can be used as a new generation of multifunctional materials for
biomedical applications, creating a new paradigm in biomaterials design. Using this
recombinant technology has significant advantages over the conventional production systems
namely the development of new genetic variants carrying different functional domains,
excluding the need for extensive chemical modifications or changing control conditions during
preparation, and decrease the risk of disease transmission attributed to proteins extracted

from natural sources.
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Another important outcome from this thesis was the design and expression of four
new chimeric proteins: 6mer+BSP, 6mer+HNP-2, 6mer+HNP-4 and 6mer+Hepcidin. The
6mer+BSP protein was develop for bone regeneration applications while the other three
proteins with antimicrobial properties have a more broad range of applications and can be
used in the fabrication of devices with antimicrobial properties for different tissue engineering
purposes such as bone repair or wound dressing. In all four proteins, the presence of the
spider silk domain is advantageous due to its self-assembly features and outstanding
mechanical performance. Also, the presence of spider silk domain facilitates the processing of
these proteins into different three-dimensional shapes such as porous scaffolds or hydrogels.

Finally, it is worth to say, even if this concept was not addressed during the
experimental work of this thesis, that these four new chimeric proteins can be combined all
together as an integrated structure with multifunctional properties, gathering together a
better biocompatibility and cellular function of 6mer+BSP with the antimicrobial properties of
6mer+Hepcidin, or other antimicrobial proteins. However, since the combination of different
proteins could interfere with their activity, this new and challenging approach needs a deeper
and detailed study before being considered as a valid approach. For sure this demanding topic

will be the subject of future studies and can open the doors to a new range of applications.
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