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RESUMO

A cicatrizagdo € um processo complexo no qual orquestram-se varios
tipos celulares assim como proteinas estruturais. O Fibrinogénio (F1), proteina
principal da matriz provisoéria na ferida, € responsavel por ocluir a area lesionada,
dando inicio ao processo cicatricial. A Fibronectina (FN) é uma proteina que se liga
ao F1 e assim, estabiliza-se a matriz na area da ferida. Uma vez estabilizada,
ocorrem processos de migracao celular ao leito da lesdo como também ligagdo do
F1 ao colageno da pele ilesa circundante. No entanto, a maioria dos estudos
descrevem que a ligagdo do F1 a FN acontece apenas em situagdes patologicas
como infecgbes ou doengas inflamatérias, embora, um estudo recente descreveu a
purificacdo do complexo de F1 ligado FN a partir de plasma humano de individuos
saudaveis.

Este trabalho trata-se de estudo in vitro e in vivo, no qual foi avaliada a
velocidade de cicatrizagdo, morfologia da ferida, modulagéo de genes envolvidos no
processo de cicatrizagdo, proliferagdo e migragcdo celular em animais, tratados
diariamente por via topica com o Fibrinogenio (F1) e Fibronectina (FN). Também
avaliamos o uso das matrizes de F1 e FN em modelos in vitro de cicatrizagdo. As
feridas foram foto documentadas sistematicamente e as amostras foram extraidas
nos dias 2, 6 e 11 apds a excisdo. Estas amostras foram analisadas por meio de
PCR em tempo real, imunofluorescéncia, microscopia 6ptica e de luz polarizada.
Nossos resultados mostraram que o complexo yy'F1: pFN acelera significativamente
o proceso cicatricial, formacao de tecido de granulagao, e estimula a reepitelizagéo
em feridas na pele de camundongos. Além disso, o uso da mistura de F1 e FN em
feridas feitas em pele humana equivalente também estimulou o proceso cicatrizial.
Para analise estatistica, os grupos foram comparados utilizando test t student para
dois grupos e 2-way ANOVA com o teste Bonferroni para trés grupos ou mais. O
nivel de significancia adotado foi de p<0,05. Os dados foram expressos como

medias, erro-padrao, sendo indicado o numero de experimentos independentes.

Linha de Pesquisa: Tecnologia e Inovagao no Cuidado de Enfermagem e Saude.

Palavras-chave: Fibrinogénio; Cicatrizacao; Receptor de Fibronectina; Enfermagem.



ABSTRACT

The healing process is a complex multi-steps process in which several cell
types and structural proteins are orchestrated. Fibrinogen (F1), the main protein of
the provisional matrix in the wound, is responsible for occluding the injured area,
initiating the healing process. Fibronectin (FN) is a protein that binds to F1 and thus
stabilizes the matrix in the injured area. Once stabilized, macrophage aggregation
processes, cell migration to the wound bed, as well as binding of F1 to the collagen
of the surrounding unhealthy skin occur. However, most studies describe that F1
binding to FN occurs only in pathological situations such as infections or
inflammatory diseases. A recent study described the purification of the F1-bound FN
complex from human plasma from healthy individuals.

This work is an experimental study in animals and in vitro, in which the
healing speed, wound morphology, modulation of genes involved in the healing
process, proliferation and cell migration in animals with acute wound model, will be
evaluated by a daily topically application of Fibrin and Fibrinogen. We will also
evaluate the use of F1 and FN matrices for in vitro healing models. The wounds will
be systematically documented, and the samples will be extracted on days 2, 6 and
11 after excision. Our results showed that the complex yy'’F1: pFN significantly
accelerates the healing process, formation of granulation tissue, how to potentiate
reepithelization in mice skin wounds and in human equivalent 3D skin wounds.
These samples will be analyzed using real-time PCR, optical microscopy, and
polarized light. For statistical analysis, the groups were compared using test t student
when comparing two groups and 2-way ANOVA with the Bonferroni test when
comparing three groups or more. The level of significance adopted will be p <0.05.
The data will be expressed as means, standard error, indicating the number of

independent experiments.

Keywords: Fibrinogen; Wound Healing; Nursing; Receptors, Fibronectin
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INTRODUGAO

O processo de cicatrizagao é caracterizado pela formagao de novo tecido
na area lesionada. Na pele, o reparo tem como objetivo iniciar a estabilizagcdo da
funcdo de barreira através da formacao da Matriz Extracelular (MEC) proviséria a
qual é substituida finalmente por tecido fibrético ou cicatricial (1). Este processo
pode ser dividido didaticamente em quatro fases seriadas, embora ocorram em
paralelo: inicialmente a homeostase, seguida da resposta inflamatéria, proliferacéao-
migracao celular e finalmente a remodelacédo do novo tecido (2-5).

Em feridas cutaneas, imediatamente apds a leséo, inicia-se o processo de
hemostasia, com o objetivo de interromper a perda de fluidos (6). O Fibrinogénio ou
Fator de coagulacéo | (F1) € o componente principal do sistema hemostatico (7). O
fibrinogénio e a fibronectina (FN) (10:1 Molar no sangue) séo polimerizados pela
trombina e estabilizados pelo fator XllI (FXIIl) para formar o tampao de fibrina
estabilizado (8-10). As plaquetas e os leucdcitos polimorfonucleares aglomeram-se
no coagulo para logo secretar fatores que amplificam a agregagdo de outras
plaquetas, processo conhecido como ativacdo plaquetaria (11). As plaquetas
aderidas ao coagulo, proporcionam um sistema de armazenamento e transporte de
fibrinogénio, como também de fatores inflamatérios e de crescimento, entre eles o
Fator de Crescimento Derivado de Plaquetas (PDGF), Fator de Crescimento
Transformador (TGF) e o Fator de Crescimento Endotelial Vascular (VEGF) (12, 13).
A estabilizacdo da matriz de fibrina é secundaria a formagao do complexo fibrina-
fibronectina (F1:FN) (14). Macréfagos circulantes ligam-se a matriz de F1:FN,
liberando inicialmente, citocinas inflamatdrias (15, 16). Estas citocinas, mais

peptideos produto da clivagem do fibrinogénio soluvel em insoluvel, como também a
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Proteina Quimioatratora de Mondcitos-1 (MCP-1), atraem outros mondécitos e

macrofagos, marcando a seguinte etapa, a fase inflamatoria (3, 17).

Na fase inflamatéria, logo apdés a formagdo do coagulo de fibrina,
leucdcitos no local da ferida eliminam bactérias por meio da fagocitose, e monécitos
atraidos na lesdo, diferenciam-se em macrofagos ativados os quais, liberam
citocinas inflamatérias como TNF-a IL1-B, IL-6, Procr e Plaur (18-20). Além disso,
leucdcitos no local da ferida junto as plaquetas, secretam fatores de crescimento que
iniciam a formagéo do tecido de granulagdo (3). Entre os fatores de crescimento
secretados nessa fase estdo o TGF- a/B, VEGF e o PDGF, que por um lado
participam da formagdo da nova matriz extracelular e angiogénese, como também
estimulam a ativagcdo de fibroblastos das bordas da lesdo. Estes ultimos sao
capazes de secretar Interleucina-1 (IL-1) e Fator de Crescimento Semelhante a

Insulina (IGF-1) que em conjunto com macréfagos, dardo inicio a fase proliferativa
(3).

Na fase proliferativa, novos macréfagos sao ativados e aumenta a
secrecao de TGF-B, MCP-1, PDGF, IGF-1 e o Fator de Crescimento de Fibroblastos-
2 (FGF-2). A matriz de F1:FN comeca a ser substituida por um tecido mais
resistente e estavel (21). Macrofagos transdiferenciados em fibroblastos
representam a vasta maioria das células produtoras de colageno (20).
Progressivamente, a matriz de F1:FN e substituida pelo colageno, sendo degradada
pela Plasmina ativa, protease especifica contra a fibrina, (17, 22), dando inicio a fase
de remodelacdo, etapa final do processo de reparo tecidual. E nesse periodo que a
cicatriz adquire sua maxima resisténcia, assim como uma intensa deposi¢cao e
concentracdo de colageno. Inicialmente o colageno tipo Il é depositado, o qual

forma uma estrutura flexivel para logo depois, ser substituido parcialmente pelo
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colageno do tipo | com fibras dispostas de forma organizada e reticuladas, com
menor porosidade e menor quantidade de vasos sanguineos, dando o aspecto

caracteristico da cicatriz (21).

Fibrinogénio e Fibronectina (F1:FN)

O Fibrinogénio € uma glicoproteina circulante de 340 kDa, sintetizada
principalmente por hepatocitos e constituido por duas moléculas simétricas, cada
uma composta por um conjunto de trés cadeias polipeptidicas diferentes
denominadas alfa (a), beta (B) e gama (y). Esta molécula é altamente heterogénea
devido ao splicing alternativo, a modificagdo pos-transducdo extensiva e a
degradagao proteolitica (9). O Fibrinogénio apresenta duas classes de cadeias
gama: 1) gama e 2) gama' (gama prima), que diferem uma da outra por as suas
sequéncias COOH terminais. Quando o Fibrinogénio polimerizado pela trombina e
estabilizado na presenga do Fator de Coagulacdo Xlll ativado (FXllla) e o Ca2 +,
forma-se dois tipos de dimero gama (Figura 1): 1) gama - gama e 2) gama - gama '
(23). Em torno de 10% da fibrina possui uma subpopulagéo y’. A ligagao da trombina
ao Fibrinogénio ocorre em dois locais, sendo um deles na cadeia gama prima (24).
O Fibrinogénio heterodimérico (y / y’) apresenta varias atribui¢gdes funcionais unicas
decorrentes dos seus 25 aminoacidos adicionais no terminal carboxilico da cadeia

gama (25). Esses 25 novos aminoacidos do fibrinogénio gama’ apresentam lugares

de ligagao extras tanto para a trombina quanto para o fator XllI (24).
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Figura 1: diferentes variantes do fibrinogénio a modificagdo pds-transdugao.

Figura construida pelo autor.

Uma das proteinas capaz de interagir com o Fibrinogénio (F1) é a
Fibronectina (FN) (22). No humano, ha duas formas de FN, a Fibronectina
Plasmatica (pFN) sintetizada por hepatécitos e a Fibronectina Celular (cFN)
sintetizada por fibroblastos, células endoteliais, macréfagos e algumas células

epiteliais (26).

A ligacdo da FN ao F1 & chamada de ligacdo de Reboque ou Passo a
Passo. No primeiro passo acontece a interagcdo nao covalente na qual a FN liga-se
de forma reversivel ao F1. No segundo, o FXllla estabiliza a interagdo nédo covalente
mediando a reticulagdo covalente, também conhecida como ligacdo cruzada (27,
28). De fato, a deficiéncia de FXIIl foi extensivamente estudada usando

camundongos knockout os que apresentam cicatrizagao de feridas prejudicada (29).

Estudos da década dos 80 forneceram importantes informagdes sobre a
fungéo e estrutura da FN. Grinnell e Feld (1981), em um estudo in vitro, descobriram

que a FN esta distribuida ao longo de filamentos de fibrina dos coagulos de sangue
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(30). Um ano apéds, o mesmo grupo de pesquisadores identificou que a FN também
faz parte do coagulo formado durante o processo de cicatrizagdo (31). Eles
concluiram que os coagulos sanguineos formados sdo um complexo de fibrina-
fibronectina e que ha uma camada continua de FN sobre os coagulos responsaveis
por proporcionar a estabilidade mecéanica necessaria para o inicio da cicatrizacao
(30). Estudos posteriores demonstraram que a FN ligada ao F1 age como substrato
para migracao celular pois esse complexo adota uma conformagao desdobrada que
resulta na exposigdo dos dominios de ligacdo para as células (integrinas). As
integrinas sdo uma familia de receptores de superficie celular heterodiméricos,
capazes de ligar-se a F1 e FN e interagir com esses dominios de ligagao.
Especificamente, a integrina alfa 5 (ou Itga5, a5B1, ou receptor alfa de fibronectina)
€ altamente e somente expressa na papila migratoria de células epiteliais em contato
direto com a matriz F1:FN da ferida (19). Demostrou-se que a interagao da integrina
Itga5 da membrana celular dos queratinécitos com a fibronectina contribui para a
proliferagao, além de facilitar a ades&o e a migragéo através da matriz F1:FN destas
células (32). Além disso, a adesédo de fibroblastos a matriz F1:FN durante a

cicatrizagao de feridas também & mediada via integrina Itga5 (3).

No entanto, estudos tém demonstrado que o complexo F1:FN existe
apenas no plasma de pacientes com doencas inflamatdrias, infecciosas como no
plasma de pacientes com artrite reumatoide (33-37). Devido a este fato, nosso
parceiro da Universidade de Nebraska nos Estados Unidos, tem trabalhado com o
objetivo de purificar esse complexo, devido as perspectivas do seu uso para

tratamento de feridas.

Ismail e colaboradores (38), isolaram o complexo F1:FN a partir de

plasma humano de individuos saudaveis utilizando uma sequéncia de
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crioprecipitacdo com sulfato de aménio e cromatografia em gel. Em uma segunda
cromatografia com gelatina, o grupo demonstrou que o componente F1 plasmatico, o
qual liga-se a FN plasmatico, € composto exclusivamente pelo heterodimero yy'. Os
autores identificaram também que o complexo Fibrinogénio plasmatico vy’ (yy’'F1)
associado a Fibronectina (pFN) do plasma (yy'F1:pFN) purificado € termicamente
estavel quando comparado com as preparagdes de plasma que ndo contém FN,
como também é estavel em pH fisiolégico. Além disso, este grupo demonstrou in
vitro que na matriz formada a partir do complexo yy'F1:pFN houve aumento
significativo da forga de resisténcia do coagulo e do tempo de coagulagdo quando

comparado com outras combinacdes (F1 e FN), ou de F1 e FN isoladamente (38).

Feridas e complicagoes relacionadas

Em algumas situagdes de doengas o processo de reparo tecidual torna-se
prejudicado, como por exemplo, na presenga de biofilmes (39), ulceras vasculares
(40) e feridas do pé diabético (41). Nesses casos ocorre inflamagéo prolongada (42),
pobre angiogénese e uma menor deposi¢ao de colageno na MEC (43). Além disso,
em Diabetes Mellitus (DM), ocorre diminui¢&o significativa de alguns dos importantes
fatores de crescimento como o IGF-1, TGF-B e VEGF como também aumento de
enzimas capazes de destruir a MEC como as Metaloproteinases 1 e 2 (MMP-1 e
MMP-2) e a redugédo dos Inibidores de Metaloproteinase-2 (TIMP-2) que sao
inibidores enddgenos dessas enzimas que degradam MEC (44). Especificamente, as
feridas cronicas contém proteases que digerem a fibronectina e interferem na

polimerizacao do Fibrinogenio (45-50).

Uma das principais limitacbes na cicatrizagcao de feridas em pacientes

com feridas cronicas € a insuficiéncia circulatéria devida, entre outros, a rigidez dos
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microvasos. Nesse sentido, pesquisas anteriores tém desenvolvido matrizes de
fibrina com alta capacidade de estimular o crescimento de células endoteliais in vitro
e in vivo (10) e assim, estimular o crescimento de vasos no contexto de feridas
cronicas. Matrices formadas exclusivamente por Fibrinogenio gama prima,
permitiram que células endoteliais criassem estruturas estaveis dentro da matriz
(51). Por outro lado, pacientes com feridas crénicas apresentam uma diminui¢céo da
quantidade assim como da atividade da Proteina quinase B (AKT) e Quinases
reguladas por sinal extracelular (ERK) fosforiladas, proteinas chaves da sinalizagao
de insulina (52). A FN apresenta um dominio de adesado celular que estimula a
ativacdo de ERK1/2 (53). A FN interage com outras proteinas da matriz extracelular
e através de integrinas de superficie celular (54). Além disso, a diminuicdo da Akt1
em fibroblastos resulta numa adesao e migracao a fibronectina prejudicadas, sendo

a FN um dos principais ligantes da integrina Itga5 (55).

Modelo de feridas in vitro em Pele humana equivalente

O uso de animais experimentais em testes de toxicidade e irritabilidade,
tem mostrado alta variabilidade nos seus resultados tanto dentro quando entre
laboratorios (56). Por esse motivo, desde a década dos 70, foram desenvolvidos
métodos alternativos ao uso animal que conseguiram diminuir a variabilidade dos
resultados e assegurar uma determinada reprodutibilidade (57). Estes modelos in
vitro de pele humana equivalente tém sido validados como testes alternativos de
irritacdo cutadnea (57-60), gerando diretrizes mundiais descritas pela Organizagao
Internacional de Normalizagédo (ISO 10993-23:2021). Porém, até hoje, ndo ha um
modelo in vitro que recapitule ou esteja validado para reproduzir todas ou parte das
fases do processo de cicatrizagdo animal. Nesse sentido, grandes avangos tém sido

realizados para mimetizar em parte cada uma das fases do processo de reparo
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cutanea animal, desde modelos in vitro em duas dimensdes (61, 62) até o uso de
Pele humana equivalente em trés dimensdes. Até hoje, os modelos in vitro
disponiveis tém demostrado ser capazes de reproduzir algumas das caracteristicas
do processo de cicatrizacdo. Embora, em todos estes modelos, a imitagao da matriz

inicial de Fibrinogénio e Fibronectina fisioldgica foi ignorada (63-70).

HIPOTESE

Nossa hipotese se baseia em que células epidérmicas e dérmicas
identificam a matriz de Fibrina e Fibronectina como um estimulo vectorial
concéntrico de proliferagdo e de migragao. Este biomaterial pode facilitar o processo
de cicatrizacao fisiolégico, por ser uma cobertura instantdnea, com baixo risco de
rejeicao, e baixos efeitos colaterais, por ser um composto formado por substancias
endogenas. Este componente transitoério acelular, comporta-se como uma matriz
natural, biocompativel e reabsorvivel que ajudara na oclusado instantédnea da ferida,
permitira uma rapida migracdo de queratindcitos, como também estimulara a

proliferagao celular em modelos in vivo e in vitro de cicatrizacdo de pele.

JUSTIFICATIVA

Trocas frequentes de coberturas, que utilizam materiais nao
reabsorviveis, muitas vezes traumatiza e afetam negativamente o processo
cicatricial. Desse modo, nosso trabalho se justificou em utilizar coberturas advindas
de materiais bioabsorviveis (71), que diminuam a iatrogenia secundaria ao ato de
troca do curativo. O nosso trabalho se justificou também pela importancia de
desenvolvermos substancias biocompativeis, ndo imunogénicas, reabsorviveis e que

possam dar suporte estrutural ao crescimento celular (72). Nesse sentido, a
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compreensao aprofundada do efeito do complexo yy’F1:pFN e a mistura de F1 com
FN no processo de cicatrizagdo em modelos in vivo e in vitro € importante para dar
sustentagdo as futuras investigagcbes da utilizacdo deste complexo em seres
humanos. Nesse sentido, este trabalho se justifica também na importéncia da
enfermagem como ciéncia, no desenvolvimento de novos conhecimento e de novas
tecnologias para finalmente estas, consigam ser transladadas ao trabalho de

enfermeiros clinicos.
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OBJETIVOS
Geral

Avaliar os efeitos do uso tépico do Complexo yy'’F1:pFN e mistura F1 e
FN no processo de cicatrizagdo de feridas em camundongos e pele humana

equivalente.

Especificos
Determinar o tempo de cicatrizagdo e aspectos morfologicos da ferida;

Avaliar crescimento de células de resposta imunoldgicas e células

epiteliais;

Avaliar a expresséo génica e protéica de citocinas, quimosinas, fosfatases
e fatores de crescimento envolvidos com o processo cicatricial como TNF-a, IL-6, IL-
1B, IL-10, TGF, IGF, VEGF, FGF, MCP-1, Plaur, Procr, Itga5, FLRT2 e MMP9;
METODOS

Trata-se de um estudo experimental, no qual foi investigada a evolugao de
feridas cutdneas provocadas na regido dorsal de camundongos (73) e pele humana

equivalente.

O complexo fibrinogénio-fibronectina plasmatico (yy’F1:pFN), VEGF, FII

como o rFXllla foi gentiimente cedido pelo Prof. Dr. Wiliam H. Vellander da
Universidade de Nebraska (EUA). Este foi derivado de 1000 unidades de plasma
sanguineo humano testado e avaliado livre de patdégenos especificos, doado de
soldados voluntarios saudaveis aprovado pela Forcas Armadas dos Estados Unidos

através do Departamento de Defesa dos Estados Unidos de América.
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Figura 2: desenho experimental do uso da matriz de fibrina-fibronectina no

modelo de pele humana equivalente e no modelo animal. Figura construida pelo

autor.

Foram utilizados Camundongos Isogénicos Mus musculus C57BL/6J

(CEUA aprovado, numero 4467-1/2017, Anexo 1) machos com 08 semanas de idade

recebidos com quatro semanas de vida, provenientes do Centro de Bioterismo da

UNICAMP (CEMIB) e mantidos em caixas individuais desde 1 semana antes do

inicio do experimento. Os camundongos foram alimentados e hidratados com racao

padrao para roedores (Purina) e agua “ad libitum” sob condi¢gdo padronizada de

iluminagao (ciclo de 12 horas claro/escuro) e temperatura de 22 + 2°C.



26

Os animais foram separados aleatoriamente em 03 grupos:

01-Grupo que recebeu o complexo yy'F1:pFN (Complexo para abreviar);

02-Grupo que recebeu a mistura de pF1 e pFN (Mistura para abreviar);
03-Grupo que recebeu soro ringer (Controle ou CTL);

As amostras de pele humana equivalente 3D foram separadas aleatoriamente em 03

grupos:

01-Grupo pele 3D que recebeu a mistura de pF1 e pFN com feridas de 7

milimetros;

02-Grupo pele 3D que recebeu a mistura de pF1 e pFN com feridas de 4

milimetros;

03-Grupo de animais que recebeu soro ringer (Controle ou CTL);

Realizagao das Feridas no modelo animal

Com 8 semanas de idade, as feridas foram confeccionadas com um
perfurador de biopsia de 6 mm de didmetro em camundongos anestesiados,
excisando a pele e o panniculus carnosus subjacente, seguindo o Modelo de Feridas
Excicionais como descrito na literatura (74, 75). Cada animal foi anestesiado com
cloridrato de ketamina (100 mg/kg) e cloridrato de xylazina (10 mg/kg) intraperitoneal
usando o aplicativo para plataforma Android, Labinsane (2017), desenvolvido para
este projeto, para este proposito. Este aplicativo calcula uma mistura mestre de
anestésico baseado no peso total de todos os animais, para depois, identificar os
microlitros individuais para cada animal dependendo do peso/massa de este (76)
disponivel no Google Play Store (Dados nao publicados, manuscrito em revisdo em
Frontier Veterinary Surgery and Anesthesiology). 10-15 minutos depois de conferida

a perda do reflexo cérneo e pedioso, foi efetuada a tricotomia e depilagdo dorsal,
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para o dia seguinte, a excisdo da pele. As feridas foram cobertas e a cicatrizagao
ocorreu por segunda intengdo (74). Os animais foram tratados com Tramadol 20
mg/kg administrada por via intraperitoneal 15-20 min apds o inicio da cirurgia e
continuaram, duas vezes por dia, durante 48 h como analgesia (77) usando o

aplicativo Labinsane para o calculo analgésico individual.

Realizag&o das Feridas no modelo de Pele humana equivalente 3D

As feridas foram confeccionadas com perfuradores de biopsia de 7mm e
4mm de didmetro no centro de cada Equivalente de Pele Humana (EPH) dia 11 apos
da sua criagdo. Cada EPH foi transladado para uma placa de Petri seca apds o
tratamento com 10 ml de inibidor de tripsina: HEPES (1:1) por 1 min para remover
restos de meio de cultura. Realizamos o ferimento com um rapido e unico
movimento perpendicular, para depois realizar um movimento rotatério e assim
liberar o tecido lesionado do EPH. A ferida no centro do EPH foi imediatamente
preenchida com a mistura de F1-FN e trombina e transladada na incubadora 37 °C,

5% CO2 para sua polimerizagao.

Tratamento da ferida

As feridas dos animais foram tratadas nos dias 0, 2, 4, 6 e 9 apos sua
excisdo e supervisadas até a cicatrizacao completa. As feridas nas peles humanas
reconstituidas foram tratadas uma unica vez no dia 0, imediatamente depois da

confeccao da ferida.

Avaliagao macroscopica da ferida

O processo de cicatrizagao foi avaliado através de fotografias realizadas
com camera digital Nikon D610® (Japao). As fotografias foram feitas pelo mesmo

avaliador, cada dois dias até o fechamento completo utilizando um tripé apropriado.



28

Para capturar as imagens, cada animal foi anestesiado com cloridrato de ketamina
(70 mg/kg) e cloridrato de xylazina (7 mg/kg) intraperitoneal usando o aplicativo para
plataforma Android Labinsane. As imagens foram digitalizadas e a area das feridas,
mensurada por meio da utilizagdo do software ImageJ® (National Institutes of
Health, Bethesda, MD). O fechamento da ferida foi expresso em porcentagem (%)

em relagcado a area inicial.

Coleta dos tecidos

As amostras dos tecidos foram coletadas nos dias 2, 6 e 11 dias apds a
excisdo no modelo animal e no dia 10 no modelo in vitro. As amostras foram fixadas
com 4% PFA (pH 7,5; corrigido com NaOH), e incubadas a 4°C durante a noite (pele
animal) e 15 minutos 4°C pele in vitro. O PFA foi descartado das amostras, seguido

de trés lavagens de 15 min cada com PBS 1x.

Teste de adesdo 2D em cultura de ceélulas

Fibroblastos de prepucio humano foram cultivados em DMEM com 10%
FBS (78, 79). O uso de fibroblastos primarios de doadores andnimos com
consentimento informado, aprovado pelo Institutional Review Board no Centro
Médico da Universidade de Nebraska e pelo Comité de Pesquisa e Desenvolvimento
do Centro Médico Omaha, EUA. Foram usadas células nas passagens 4 a 6. As
células endoteliais da veia umbilical humana (HUVECs) foram adquiridas da
Bioscience Lonza e cultivados no Meio de crescimento de ceélulas endoteliais-2
(EGM2). Foram plaqueadas 1x10* em 200 ul de meio em placas de 96 pogos. As
células aderidas foram documentadas com microscépio de contraste de fases. As
células foram fixadas com PFA 4% e coradas com DAPI. Os nucleos foram

documentados com microscopio de fluorescéncia.
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Cultura de células 3D dentro das matrizes de fibrina.

Foram preparados 100 pl de matriz de fibrina com 2x10* células em pogos
individuais de uma placa de formato de 96 pocos. 200 ul de meio foram adicionados
em cada poc¢o. A morfologia foi registrada por microscopia de contraste de fase. A
viabilidade das células dentro do gel foi determinada pelo kit de analise de células

Live/Dead (Invitrogen) de acordo com as instru¢des do fabricante.
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Microscopia Optica

Apos dissecgdo, os tecidos de pele fixados por imersdao em
paraformaldeido foram processados com alcool em concentragdes crescentes (70%,
80%, 95% e 100%), xilol e parafina, incluidos em blocos de parafina, seccionados
em cortes de 5 um com o auxilio de micrétomo e fixados em |dminas de microscopia
previamente tratadas com polilisina. Para a avaliagdo da morfologia celular na
cicatrizacdo os cortes foram corados com a técnica de hematoxilina e eosina. Os
cortes foram incubados 30 segundos com hematoxilina, passados em agua destilada
e incubados por mais 30 segundos com eosina, seguidos de nova passagem em
agua destilada e desidratacdo. As laminas foram montadas com Entellan® e a seguir

analisadas e a imagem digital captada em microscopia optica.

Imuno-histoquimica

Apos fixacdo com formaldeido 4% durante o periodo da noite e crio
protegdo com sacarose 40%, cortes de 30 p foram realizados usando o criostato
CM3050S Leica (Leica Mycrosystems), secados em 24 horas em temperatura
ambiente. Os tecidos foram lavados trés vezes em PBS durante 3 min e incubados
em temperatura ambiente 2 horas com solugdo bloqueio (5% de BSA, Tween 20
0.5% em PBS 1x). Foram utilizados os anticorpos primarios especificos para
marcadores de queratinécitos (K14, Abcam, ab7800, diluicdo 1:200) e Fibronectina

(ab23750 diluigado 1:1000), Fibrinogénio (ab27913 diluicdo 1:1000).
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Extracao de RNA

As amostras foram homogeneizadas em reagente de TRIzol® (InVitrogen,
Sao Paulo, Brasil) por 30 s usando um homogeneizador de tecidos (Polytron-
Agrgregate, Kinematica, Littau/Luzern, Switzerland) na velocidade maxima. Em
seguida foram centrifugadas a 6.000 g, e o conteudo total de RNA foi isolado de
acordo com as instrugbes do fabricante e quantificado por espectrofotometria. A
integridade do RNA foi verificada por eletroforese em gel de agarose. A sintese de
cDNA foi realizada com 2ug do total de RNA usando o Hight-Capacity cDNA

Reverse Transcription Kit (Applied Biosystems).

PCR em tempo real

A expressao génica foi analisada através de PCR em Tempo Real usando
o sistema génico (SABioscience). Foram usados os oligonucleotideos gene-
especificos sintetizadas pelo fabricante (SABiosciences). Os dados foram analisados
usando o sistema PCR Data Analysis Software (Excel & Web based)
(SABiosciences). Aliquotas de 5,0 ng de RNA foram submetidas a transcricao
reversa utilizando-se primers hexaméricos randémicos e Superscrit Maloney MLV
transcriptase reversa. As reagdes de PCR em tempo real foram realizadas
utilizando-se o sistema TagManTM (Applied Biosystems), que é constituido por um
par de primers e uma sonda marcada com um fluoréforo. O gene GAPDH
(TagManTM - Applied Biosystems) foi escolhido como controle endégeno da reagéo,
o qual serve para normalizar a expressao do gene de interesse nas diferentes
amostras. Apos o calculo das eficiéncias de amplificacdo do gene de interesse e do
controle endégeno, foi construido um grafico de dispersao, o qual tem por finalidade
definir qual é a amplitude de concentragdes para as quais o sistema é eficiente. Para

a quantificagdo relativa do gene em estudo, as reagdes de PCR em tempo real
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foram realizadas em duplicata a partir de: 6,25uL de TagMan Universal PCR Master
Mix 2x, 0,625uL da solugédo de primers e sonda, 1,625uL de agua e 4,0uL de cDNA,
sendo que no controle negativo, foi adicionado 4,0 pL de agua ao invés do cDNA. As
condigdes de ciclagem foram: 50° C por 2 minutos, 95° C por 10 minutos e 40 ciclos
de 95° C por 15 segundos e 60° C por 1 minuto. Primers para genes especificos
foram adquiridos de Applied Biosystems e IDT DNA Technology contra TGF-1f3
(Mm.PT.58.43.479940), TNF-a (Mm00443258_m1), IL-6 (Mm00446190_m1), VEGF-
a (Mm.PT.58.14200306), FGF-1 (Mm.PT.56a.41158563), SOX-2
(Mm.PT.58.12958650.g), IGF-1 (Mm.PT.58.5811533), IL-18 n(Mm00434228 m1),
MCP-1 (Mm99999056_m1), IL-10 (Mm01288386_m1), SDF-1 (Mm00445553_m1),
itga (NM_010577.3), Plaur (ENSG00000011422), MMP9 (ENSG00000100985),
Procr (ENSG00000101000) FLRT2 (ENSG00000185070) e GAPDH (4352339E). Os
valores da expressao génica relativa foram obtidos pela analise dos resultados no

programa 7500 System SDS Software (Applied Biosystems).

Fator Recombinante XIII.

O Fator Xlll recombinante (rFXIIl) foi produzido pela equipe do Prof.
William H. Velander, de acordo com os métodos descritos por Park (80).
Resumidamente, o rFXIll foi purificado a partir de lisados celulares utilizando Ni-
IMAC da GE Healthcare. A atividade foi determinada usando o kit Pefa (Pentapharm,
Norwalk, CT). A atividade especifica final das preparagbes de pureza foi > 95% com

meia 59 + 19 unidades/ mg.
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Preparacgao de fibrinogénio e fibronectina

As unidades de plasma humano armazenaram-se em -80°C para depois
ser descongelada a 4°C. O plasma foi centrifugado a 4000 rpm durante 20 min. O
sobrenadante foi re-congelado e armazenado para subsequente purificagdo de
fibrinogénio e fibronectina e outras proteinas derivadas do plasma. O crioprecipitado
foi suspenso em citrato de sddio 45 mM, acido 6-aminocaproico 100 mM, pH 7,0 a
37°C. Depois a solugao foi centrifugada durante 25 minutos, 4000 rpm. O sedimento
foi descartado e o sobrenadante teve inativagao viral com detergente solvente por
adi¢ao de 0,15% de Tri(n-butyl) fosfato, 0,5% de Triton 100x a temperatura ambiente
e agitado durante 60 min. O sobrenadante foi tratado com o solvente-detergente
ajustado a 1M de sulfato de amédnio. A amostra foi agitada a temperatura ambiente
durante 30 min, e em seguida centrifugadas a 2000 rpm durante 15 min a
temperatura ambiente. O pellet foi re-suspenso em citrato de sédio 20 mM e NaCl
100 mM. A amostra foi dialisada a temperatura ambiente durante a noite com o
mesmo tampao. A amostra dialisada foi centrifugada a 2000 rpm durante 15 min a

temperatura ambiente. Qualquer precipitado resultante foi descartado.

O sobrenadante foi fracionado para isolar o yyF1, yy'F1 e pFN como
descrito por Siebenlist et al (81), utilizando cromatografia de DEAE Sefarose a
temperatura ambiente. A amostra foi aplicada uma coluna de DEAE e em seguida,
lavada com uma 10 de citrato de sédio 20 mM, NaCl 100 mM, pH 7,4. A fragdo nao
absorvida foi descrita como yyF1. Além disso, foi extraido a partir do DEAE uma
mistura aproximadamente equimolar de yy'F1 e pFN. A mistura foi dialisada usando

um dispositivo de ultrafiltracdo de de 10 kDa em 4000 g durante 30 minutos.
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Polimerizagao do fibrinogénio-fibronectina

Foi confeccionada a matriz misturando 40.0 yL do complexo gama-
fibrinogénio-fibronectina (6.75 mg/mL), ou mistura fibrinogénio e fibronectina (2.97
mg/mL) com 10.0 uL de FXllla (0.216 mg/mL) e fator de coagulacéao Il ativado (25
Unidades/mL) com 1.0 yL de VEGF (0.8ng/uL) e Soro Ringer (2.9 uL), misturado
completamente com o uso de vortex®, durante 10 segundos. Em seguida, 40.0 uL
dessa mistura foi aplicado imediatamente sobre a ferida. Os animais controles
receberam as mesmas quantidades sem o uso do complexo ou a mistura. Segundo
dados do estudo piloto sobre a formacdo da matriz de F1:FN, escolhemos a
concentracao de 0,1 mg/ml de rFXllla para reticular as fibrinas na concentragao de

2,5 mg/ml de yy'F1 ou F1.

Fibras colagenas

As laminas para analise das fibras de colageno e elasticas foram coradas
com Picrossirius red a analise foi realizada pela técnica de birrefringéncia e luz clara
respectivamente. A avaliacdo da organizagcao e maturagao de fibras colagenas foi
realizada através da tipificagdo da birrefringéncia da area da ferida por meio de
Picrossirius sob a luz polarizada. As fibras de colageno foram determinadas de
acordo com seu padrdao de birrefringéncia (esverdeado/amarelo-esverdeado ou
laranja/laranja-avermelhado), a aparéncia morfolégica e sua deposicao (reticular,
paralela ou intercalada). As amostras foram coletadas nos 6 e 11 dias apds da
lesdo. As laminas foram visualizadas utilizando microscoépio (ZEISS West Germany)
com objetiva de 16X/2, camera Zeiss Axiocam ICc5 e processadas utilizando

software Image Pro-Plus.
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Aquisigao, filtragem e processamento de dados de sequenciamento de RNA de

célula unica

As analises in silico foram realizadas usando um notebook HP ENVY 17
Leap Motion SE NB PC com 16 GB de RAM e processador Intel i7 de quatro
nucleos. Amostras de matrizes de expressao de camundongos foram obtidas do
Gene Expression Omnibus e ArrayExpress: cédigos E-MTAB-6583 e GSE113854.
As células foram filtradas por seu numero total de leituras, por seu numero de genes
detectados e pela sua porcentagem mitocondrial. Usamos as configuragdes
nFeature_ RNA> 100 e <5000, nCount_ RNA> 100 e <25000 & percent.mt <6. As
amostras foram processadas em Seurat v3.1 usando o fluxo de trabalho Seurat
padrdo. Para agrupamento e visualizagdo, usamos o padrdo do pipeline Seurat e a
visualizagéo do grafico de pontos. Os nomes dos clusters foram anotados de acordo
com os tipos de celulares dos artigos originais do Joost e colaboradores, como

também do Guerrero-Juarez e colaboradores (82, 83).

Interagdes receptor-ligante

Para definir possiveis interagdes entre as células, selecionamos os genes
FN1 (Fibronectina), Itga5, Itgb1 e Itgav. foi usado. Para determinar se os receptores
e ligantes em duas populagbes formam pares, usamos iTALK, uma abordagem
computacional para caracterizar e ilustrar sinais de comunicacao intercelular no
ecossistema de feridas baseados no ambiente tumoral multicelular usando dados de

sequenciamento de RNA de célula unica (84).
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ABSTRACT
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Plasma fibrinogen (F1) and fibronectin (pFN) polymerize to form a fibrin clot that is both a hemostatic and
provisional matrix for wound healing. About 90% of plasma F1 has a homodimeric pair of y chains (yyF1), and
10% has a heterodimeric pair of y and more acidic y’ chains (yy'F1). We have synthesized a novel fibrin matrix
exclusively from a 1:1 (molar ratio) complex of yy’F1 and pFN in the presence of highly active thrombin and
recombinant Factor XIII (rFXIlIa). In this matrix, the fibrin nanofibers were decorated with pFN nanoclusters
(termed yy'F1:pFN fibrin). In contrast, fibrin made from 1:1 mixture of yyF1 and pFN formed a sporadic dis-
tribution of “pFN droplets” (termed yyF1 4 pFN fibrin). The yy'F1:pFN fibrin enhanced the adhesion of primary
human umbilical vein endothelium cells (HUVECS) relative to the yyF1 +FN fibrin. Three dimensional (3D)
culturing showed that the yy'F1:pFN complex fibrin matrix enhanced the proliferation of both HUVECs and
primary human fibroblasts. HUVECs in the 3D yyF1:pFN fibrin exhibited a starkly enhanced vascular mor-
phogenesis while an apoptotic growth profile was observed in the yyF1+ pFN fibrin. Relative to yyF1+ pFN
fibrin, mouse dermal wounds that were sealed by yy'F1:pFN fibrin exhibited accelerated and enhanced healing.
This study suggests that a 3D pFN presentation on a fibrin matrix promotes wound healing.

1. Introduction

440 kDa globular protein having two chains with cellular binding do-
mains. Both F1 and pFN have cellular binding domains that remain

Skin wound healing consists of four phases: hemostasis, inflamma-
tion, proliferation, and remodeling. After an injury in healthy people,
plasma fibrinogen (F1) and plasma fibronectin (pFN) (10:1 at M ratio)
are polymerized by thrombin and factor XIII (FXIII) to form a fibrin clot
to stop bleeding (i.e., the hemostasis) [1]. In the clot, fibronectins are
attached covalently to the fibrin nanofibers [2]. In a material sense, F1
and pFN are both diverse macromolecules that greatly contrast each
other in structure. F1 is a linear, hexameric, 340 kDa glycoprotein
having two alpha, two beta, and two gamma chains [3-5]. pFN is a
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cryptic until crosslinking by activated Factor XIII (FXIlla) into the fibrin
matrix [6]. About 90% of F1 circulates as a homodimeric pairing of y-
chains (yy F1) while the remaining 10% presents a heterodimeric
pairing of y with a more acidic y-chain (yy'F1)[6]. The y’-chain occurs
from an alternative transcript having 20 additional amino acids at the
carboxy-terminal that has been correlated with a pleiotropic impact on
vascular health [6-8]. Importantly, pFN and yy’F1 both occur at about
the same concentration in plasma of about 300 pg/mL [7-11] and,
therefore, their presence in fibrin clots,
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The hemostasis begins with thrombin-mediated activation of F1 and
FXIII. The activated F1 produces a semi-soluble, viscoelastic fibrin ag-
gregate [3,12,13] containing pFN entrained from plasma. The FXIII is
inherently present within the polymerizing fibrin aggregate as a com-
plex with 1 out of every 100 yy’F1 molecules [7]. It disassociates upon
the formation of activated FXIII that enables efficient intra-fibrin cross-
linking activity to produce an insoluble fibrin matrix [14-18], and to
simultaneously anchor the matrix to the wound surface in about 3 min
[7,19]. This clotting process causes protein conformational changes
that induce interactions between pEN, fibrin, and also wound healing
cells.

After hemostasis, the fibrin clot acts as a provisional matrix for
different cell types to heal the wound [20]. Neutrophils and in-
flammatory (or M1) macrophages first enter the matrix to clear bacteria
and tissue debris. Neutrophils secrete anti-microbial peptides, proteases
and reactive oxygen species (ROS) to remove bacteria and damaged
tissue [21]. These chemicals are toxic to surrounding healthy cells as
well [21]. The M1 macrophages phagocytosis bacterial and damaged
tissue [22-30]. Both cell types directly bind to fibrin nanofibers via
their amfs integrin receptors. Once the wound is debrided (takes ~3
days [31]), neutrophils undergo apoptosis, and M1 macrophages switch
to the regenerative M2 phenotype that secretes cytokines and growth
factors to recruit and stimulate healing cells such as endothelial cells,
fibroblasts and keratinocytes to heal the wound (i.e., the proliferation
phase) [32-34]. Endothelial cells form new blood vessels, and fibro-
blasts deposit new extracellular matrix proteins to form a granulation
tissue (takes ~7 days) [32-34]. Keratinocytes migrate on the granula-
tion tissue to form a new epidermis to close the wound (i.e., re-epi-
thelization) [33]. Healing cells adhere to the fibrin matrix by binding to
fibronectins with their integrin receptors [32-35]. The binding also
triggers downstream signalings that are required for these cells to mi-
grate, proliferate, and repair the wound [32-36]. Fibronectins also
bind, enrich, protect, orientate, and present growth factors locally to
potentiate their functions [37-48]. In short, the fibrin-based provisional
matrix is the central stage for cells to heal a wound, and fibronectins are
essential for adhering and stimulating the healing cells. Consequently,
insufficient provisional matrix or fibronectins or fibronectin-induced
cell signalings lead to pathological wound healings [32-35,37]. For
instance, small wounds can heal in about 14 days, while large wounds
take much longer time to heal partially due to the insufficient fibrin-
fibronectin provisional matrix.

We hypothesize that increasing the pFN content or FN-cell inter-
action in the fibrin matrix will promote wound healing via enhancing
the migration, proliferation, and function of healing cells. The natural
fibrin matrix only contains 10% (molar ratio) fibronectins [1]. Pre-
viously, we reported a novel method to increase the pFN content up to
50% (molar ratio) in the fibrin matrix and to present the pFN as na-
noclusters on the fibrin nanofibers [8]. In this report, we showed that
this novel pFN: yy’F1 fibrin enhanced the adhesion, proliferation, and
morphogenesis of healing cells in vitro, and accelerated re-epitheliza-
tion and granulation tissue formation in mouse dermal wounds. This
engineered fibrin sealant has attributes useful to both hemostasis and to
promote faster wound healing, including improvement of granulation
tissue quality.

Fibrin sealants using fibrinogen purified from human plasma are
commercially available for various biomedical applications such as
hemostat, tissue sealant, and tissue adhesive [49,50]. They are also
widely used for tissue engineering, and drug and cell delivery. How-
ever, studies on using purified fibrin sealant alone to enhance wound
healing are limited [51-54]. The outcomes are positive but inconsistent
and limited. Research showed cells did not infiltrate the topically ap-
plied fibrin sealant in rodent skin wounds [55]. Instead, cells migrated
underneath the sealant. The limited success may because fibrin sealants
typically use high fibrinogen concentrations (e.g., > 25 mg/mL). The
resultant fibrin matrices have large and dense fibrin fibers that prevent
cell infiltration and proliferation [56]. Additionally, the fibronectin
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content and presentation in the matrices are not defined. Some studies
use fibronectin-deprived sealants. Others use sealants that contain small
amounts of fibronectin (1 fibronectin per 10 fibrinogens). Our sealant is
novel and different from these commercial fibrin sealant. First, it has
low protein concentrations (< 9 mg/mL), and the resultant matrix has
similar micro- and nano-structures to the natural fibrin provisional
matrix. Second, it contains high fibronectin content (e.g., 1 fibronectin
per 10 fibrinogens). Third, fibronectins are presented as nanoclusters on
the fibrin fibers.

2. Methods
2.1. Materials

All reagents were obtained from Sigma Chemical Company (St.
Louis MO) unless otherwise noted. Human source plasma was provided
by the U.S. Army Materials Command (Fort Detrick, MD.). Recombinant
human thrombin was purchased from ZymoGenetics (Seattle, WA).
DEAE Sepharose fast flow, Superose 6, and Gelatin Sepharose were
purchased from GE Healthcare (Uppsala, Sweden). 4-12% NuPage Bis-
Tris SDS polyacrylamide gels, Colloidal Blue stain, and See Blue mo-
lecular weight markers were from Invitrogen (Carlsbad, CA). Polyclonal
antibody (GMA-034) for human fibrinogen was purchased from Green
Mountain Antibodies (Burlington, VT). Antibody (ab2413) for human
fibronectin was from Abcam.

2.2. Production of recombinant factor XIII

Recombinant active Factor XIII (rFXIIla) was expressed in Pichia
Pastoris following published methods [56-58]. The activity was de-
termined using Pefakit (Pentapharm, Norwalk, CT).

2.3. Preparation of fibrinogen and fibronectin from human plasma [8]

Three units of human plasma that had been stored at —80 °C were
thawed at 4 °C. The plasma was centrifuged at 4000 rpm for 20 min.
The cryoprecipitate was re-suspended in 45 mM sodium citrate,
100 mM 6-aminocaproic acid, pH 7.0 at 37 °C. The solution was then
centrifuged for 25 min at 4000 rpm. The supernatant was treated with a
solvent detergent to inactivate the virus by addition of 0.15% TnBP,
0.5% Triton X-100 and stirred at room temperature for 60 min. The
supernatant was adjusted to 1 M ammonium sulfate. The sample was
stirred at room temperature for 30 min and then centrifuged at
2000 rpm for 15 min at room temperature. The pellet was re-suspended
in 20 mM sodium citrate, 100 mM NaCl. The sample was dialyzed
overnight at room temperature against the same buffer. The dialyzed
sample was centrifuged at 2000 rpm for 15 min at room temperature.

The supernatant was fractionated to isolate yyF1, yy’F1 and pFN
using DEAE Sepharose Fast Flow chromatography at room temperature
[59]. The sample was applied to a DEAE column then washed with 10
column volumes of 20 mM sodium citrate, 100 mM NaCl, pH 7.4. The
unabsorbed fraction was yyF1. Bound protein was eluted with a linear
gradient of 0.1 M-1.0 M NaCl. The pooled eluate produced an ap-
proximately equimolar mixture of yy’F1 and pFN that was dialyzed
against 20 mM citrate buffer, 20 mM NaCl at pH 6.8. The dialyzed
mixture was concentrated using a 10 kDa centrifugal ultrafiltration
device at 4000 g for 30 min.

Pure pFN and yy’F1 were produced by application of the DEAE el-
uate pool to gelatin-Sepharose. Briefly, a 10 mL yy’F1:pFN (“yy’F1:pFN”
that we will name from here as “complex”) was applied to a 3 mL
analytical gelatin-Sepharose column. The column was washed with
10 vol of the dialysis buffer then eluted with the same buffer containing
6 M urea. pFN was eluted by urea while the yy’F1 fell through the
column.
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2.4. 2D adhesion assay

Human foreskin fibroblasts were isolated and cultured in DMEM
with 10% FBS. The use of primary human fibroblasts from anonymous
donors was approved by the Institutional Review Board at the
University of Nebraska Medical Center and by the Research and
Development Committee at the Omaha VA Medical Center. Passage 4 to
6 cells were used. HUEVCs were purchased from Lonza and cultured in
EGM2 medium. Passage 3 and 4 cells were used for the experiments.
100 pl fibrin matrix was made in one well of the 96-well plate.
1 x 10* cells were placed in each well with 200 yl medium. Three
hours after plating, medium, and unattached cells were removed. Cells
were washed with 200 pl PBS once. 100 pl fresh medium with 10 pl
Alamar blue reagent was added and incubated for 3 h. 100 pl medium
was collected for measuring the fluorescence that was calibrated to a
standard curve to calculate the numbers of attached cells within each
well. After the quantification, cells were fixed with 4% PFA and stained
with DAPI. The nuclei were recorded with a fluorescence microscope.

2.5. 3D cell culture within the fibrin matrix

100 pl fibrin matrix with 2 x 10* cells were made in individual
wells of a 96-well format plate. 200 pl medium was added to each well.
At varied time points after plating, cell morphologies were recorded by
phase-contrast microscopy. The medium was removed and 100 pl fresh
medium with 10 pl Alamar blue reagent were added and incubated for
3 h. 100 pl medium was collected for measuring the fluorescence that
was calibrated to a standard curve to calculate the numbers of cells in
each matrix. The viability of cells within the gel was accessed with a
Live/Dead cell assay kit (Invitrogen) according to the Manufacturer's
instruction.

2.6. Fibrin formulation

To make the fibrin matrix for the above cell culture experiment, the
following components were mixed to the final concentration of fi-
brinogen (yyF1, yy’F1) at 2.5 mg/mL; thrombin at 1 U/mL; rFXIII at
15.4 U/mL; and pFN at 3.3 mg/mL. F1 and pFN were at a 1 to 1 M ratio.
The mixtures were incubated at 37 °C for 15 min to form the fibrin
matrix.

2.7. SEM and confocal microscopy

Fibrin matrices were made according to the formulation above. For
SEM, samples were fixed with 2.5% glutaraldehyde in 100 mM phosphate
buffer (PH 7.0) at room temperature for 1 h, then at 4 °C overnight.
Samples were rinsed with phosphate buffer twice, 10 min each. Ethanol
dehydration series were performed: 30%, 50%, 70%, 2 x 95%,
2 X 100%, 5 min for each procedure. Then samples were treated with
hexamethyldisilazane (HMDS) as the following: 33% HMDS, 66% HMDS,
2 x 100% HMDS, 2 min for each procedure. Samples were left in 100%
HMDS to air-dry at least overnight before sputter-coated with gold-palla-
dium and imaged with the scanning electron microscope (Hitachi S4700
Field-Emission SEM, Hitachi, Tokyo, Japan) at 10 kV. For confocal mi-
croscopy, samples were fixed with 4% paraformaldehyde (PFA) at 4 °C
overnight, washed with PBS for 3 times, and blocked with 5% goat serum
for 1 h before incubating with primary antibodies at 4 °C overnight. After
extensive washing, secondary antibodies were added and incubated for 2 h
at room temperature. Samples were then washed with PBS before imaged
with confocal microscopy (Nikon A1-R confocal system on a Nikon Eclipse
90i upright fluorescence microscopy).

2.8. Animal research

All animal protocols were approved by the Institutional Animal Care
and Use Committee of the State University of Campinas (protocol
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number 4467-1/2017) and the University of Nebraska-Lincoln (pro-
tocol 1571). All experimental procedures were performed following the
guidelines of the Institutional Animal Care and Use Committee of the
University of Campinas and the University of Nebraska-Lincoln and. For
the surgical procedure, mice were anesthetized using intraperitoneal of
xylazine (10 mg/kg) and ketamine (100 mg/kg). Individual doses were
calculated using Labinsane App (Labsincel, 2017). A deep anesthetic
plane was verified by the loss of pedal and corneal reflexes. Two
symmetrical 6-mm full-thickness excisional wounds were created on the
back of each mouse as described previously [60]. Donut-like splints
with an 8 mm diameter of the center hole and 15-mm diameter of the
disc were created. The splint was carefully placed around the wound
and secured to the skin with eight interrupted sutures. After surgery,
animals were maintained in a warm bed for anesthetic recovery. We
applied intraperitoneal injection of tramadol (25 mg/kg) at 0, 12, and
24 h after surgery as an analgesic treatment.

2.9. Mice fibrin sealant treatment

First, we cleaned the unwounded surrounding skin with a saline
solution to remove any traces of biological residue. We sealed the
wound with 50 pL fibrin. The fibrin sealant contained 2.5 mg/mL fi-
brinogen, 3.3 mg/mL fibronectin, 15.4U/mL rFXIlla, 5 U/mL thrombin,
16 ng/mL VEGF, 5 mM CaCl, in the Ringer solution. Control animals
received the same amount of CaCl, and VEGF in the Ringer solution.
The wounds were covered with a sterile transparent Tegaderm dressing.
On days 2, 4, 6, and 9, we cleaned and disinfected the surrounding skin
as described above and reapplied 25 L fibrin sealant.

2.10. Wound healing process documentation and analysis

Macroscopic evaluation of the healing process was evaluated by
photographs taken at 0, 2, 4, 6, 9, and 11 days after wounding using a
Nikon D610 (Nikon Systems, Inc., Tokyo, Japan) camera with an AF-S
DX NIKKOR 18-55 mm £{/3.5-5.6G VR objective. The same distance
(wound to the objective lens), top white fluorescence illumination, and
operator were used on each occasion. We calculate Wound Area as
follows: Wound Area (%) = [(wound area of day 0 - wound area of day
x)/wound area of day 0] x 100. In each group, we use 16 to 20 pho-
tographs per day of analysis. The percentage of wounds with complete
closure was calculated by the number of mice that achieve 100% of
reepithelization over the total of mice. Wound re-epithelization was
examined by ImageJ Software (1.49v).

2.11. Histology

The skin samples containing wounded and unwounded areas were
carefully harvested using an 8 mm biopsy punch. The samples were
fixed in cold 4% (wt/vol) formaldehyde in PBS at 4 °C overnight.
Formaldehyde was discarded, and the tissues were washed 3 times
using PBS 1x. We divided the circular sample in the middle of the circle
to standardize the diameter of the sectioned samples. Then, the samples
were treated with increasing concentration of alcohol (70%, 80%, 95%,
and 100%) followed by xylol and paraffin and finally fixed in paraffin
blocks. We sectioned at 5.0 pm and set 4-6 slices on microscope slides
pretreated with poly-r-lysine. Following this procedure, we stained the
skin sections with hematoxylin and eosin (Sigma). We incubated the
slices with hematoxylin for 30 s, rinsed them in distilled water, in-
cubated them for 30 s with eosin, washed them over in distilled water,
and dehydrated them. For Picrosirius red staining (Picro Sirius Red
Stain Kit, Sigma), we soaked the section for 30 min in distilled water.
Then we incubated the section with Picro-Sirius red solution for 60 min.
Slides were washed with acetic acid solution, and then they were wa-
shed with absolute alcohol. For Masson's Trichrome Staining, we in-
cubated slides in preheated Bouin's Fluid for 60 min and cool for
10 min. We rinsed it in distilled water, and then we incubated in
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Fig. 1. a) Reducing SDS-PAGE gel. b) rFXIlla activity (153.5 + 19 U/mg) was measured using the 5-(biotinamido) pentylamine incorporation assay. The effect of
rFXIIla on the viscoelastic and clotting kinetics of yyF1 (c), yyF1 + pFN mixture (d), vy’F1 (e), and yy'F1:pFN complex (f) were evaluated via TEG assay.

Weigert's Iron Hematoxylin for 5 min, Biebrich Scarlet Acid Fuchsin
solution for 15 min, differentiate in the phosphomolybdic acid solution
for 15 min, Aniline Blue solution for 10 min and acetic acid solution for
5 min. Finally, we mounted the slices on Entellan®, digitally captured
the images under bright field microscopy (Leica DM4500B), and pro-
cessed with Leica Application Suite 3v for Full view reconstruction.

2.12. Collagen quantification
To analyze the birefringence patterns, we used microscopy (Nikon®

Corp., Kanagawa, Japan) with two CPL polarized filters. We captured
the images with a 10x or 40x objective and assessed them for collagen

Type I (bright green color) and collagen Type I (red color), with a total
magnification of 100X and 400X. The birefringence for Type I collagen
was dense, strongly birefringent red fibers, whereas Type III collagen
showed thin, green, and softly birefringents [61]. We used Image Pro
Plus (version 4) to measure the stained collagen fibers as the percentage
of total pixels in each wound pictures.

2.13. Full view reconstruction
To increase the precision of evaluation, we reconstructed the whole

skin section using unwounded and wounded images. We used a Nikon
Microscopy to take 10-15 adjacent microphotographs (with 30% of
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yy'F1:pFN complex

Fig. 2. Confocal microscopy fibrin matrices made from yyF1, yy'F1, 1:1 mixture of yyF1 and pFN, or yy’F1:pFN complex.

common areas, 5x objective) and then reconstructed each skin section.
We applied the Photomerge tool with the perspective layout in Adobe
Photoshop (19.1v).

2.14. Transcript expression determination by real-time polymerase chain
reaction (PCR

We used sample aliquots with 5.0 ng RNA for reverse transcription,
applying random hexamer primers and Superscript Moloney-MLV reverse
transcriptase. PCR reactions were performed in real-time using the
TagMan™ system (Applied Biosystems). The GAPDH gene
(TagMan™—Applied Biosystems) was employed as the endogenous con-
trol for the reaction to which the expression levels of the gene of interest in
different samples were normalized. After calculating the efficiencies of
amplification, a scatter plot was constructed to define the series of con-
centrations for which the system was competent. Primers for the target
genes were purchased from Applied Biosystems and IDT DNA Technology
against the TGF-1p (Mm.PT.58.43.479940), TNF-a (Mm00443258_ m1),

IL-6 (Mm00446190 ml1), VEGF-a (Mm. PT.58.14200306), FGF-1
(Mm.PT.56a.41158563), IGF-1 (MmPT.58.5811533), IL-1Ip n
(Mm00434228_m1), MCP-1 (Mm99999056_m1), IL-10
(Mm01288386_m1), SDF-1 (Mm00445553.m1), ITGA (NM_010577.3),
Plaur (ENSG0O0000011422), MMP9 (ENSGO0000100985), Procr
(ENSG00000101000) FLRT2 (ENSG00000185070), F4/80
(Mm00802529_m1), Cd11b (Mm00434455_m1), iNos
(Mm.PT.5843705194), Cd163 (Mm00474091_m1), Argl

(Mm.PT.58.8651372) and GAPDH (4352339E). We Used the StepOnePlus

Real-Time PCR System™ (Thermo Fisher Scientific). For transcript quan-
tification, the PCR in real-time were carried out in duplicate in reactions
containing 3 pl of TagMan Universal PCR Master Mix 2X, 0.25 pl of pri-
mers and probe solution, 0.25 pl of water and 4.0 pl of cDNA. The negative
control used 4.0 pl of water in place of cDNA. The cycling conditions were
as follows: 45 cycles of 95 °C for 2 min, 95 °C for 5 s, and 60 °C for 30 s.
The relative gene expression values were obtained by analyzing the results
in the StepOne™ 2.2.2v (Applied Biosystems).

2.15. Statistical analysis

The data are presented as the mean *+ S.D. We used an unpaired t-
test to compare two groups and one-way ANOVA to compare more than
two groups. P < 0.05 was considered statistically significant. We used
GraphPad Prism 6 for Windows 6.01v to perform statistical analysis.

3. Results

3.1. Highly active factor XIII was critical to forming a stable fibrin matrix at
low sealant concentration

Recently, we developed a scalable process to separate yyF1 and
vy’F1 from human plasma at production scale [8]. We observed that
vy’F1 and pFN isolated as a noncovalent complex at about 1:1 M ratio
[8]. This complex could be dissociated by passing through a gelatin
affinity column where the pFN was absorbed, and yy’F1 passed through
the affinity column. We also found that the dissociated yy’F1 and pFN
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Fig. 3. Culturing primary human fibroblasts on top of (a, d) and within 3D fibrin matrices (b, c, e). a) The nuclei of cells attached to fibrin matrices at 3 h. b)
Fibroblasts in 3D fibrin matrices at 2 h and 48 h. ¢) Live and dead cells at 48 h. d) Cells attached to the fibrin matrices were quantified with alamar blue assay. e) Cells

in 100 pl fibrin matrices at 48 h were quantified with alamar blue assay. Cell numbers are related to the initial seeded cells. **

could quickly re-associate at room temperature [62]. The high purity of
the compositions used in this paper consisting of pFN, yyF1, yy'F1,
vy'F1:pFN and a 1:1 mixture of yyF1 and pFN (yyF + pFN) were con-
firmed with reduced SDS-PAGE (Fig. 1a).

The normal concentration of fibrinogen in blood plasma is 2-4 mg/
mL [63]. The natural fibrin clot is strengthened by platelets. In litera-
ture, the fibrin matrix is typically prepared at high protein concentra-
tion, such as > 25 mg/mL F1, to provide sufficient stability and
strength [56]. However, our previous research found human cells ty-
pically did not grow well in fibrin matrix > 9 mg/mL due to the dense

:p < 0.01.

fiber structures [56]. Thus, we recommended using < 9 mg/mL fibrin
for 3D in vitro cell culture, cell delivery, and wound healing application
[56]. However, at such low concentration, it required FXIII-catalyzed
covalent crosslinking to form a stable fibrin matrix [56]. To achieve
this, we expressed a recombinant FXIII [56] with a specific cross-linking
activity of 154 U/mg, which was about 6-fold higher than plasma-de-
rived FXIII (Fig. 1b).

We then tested if stable fibrin matrix could be formed with low F1
concentration using this recombinant FXIIla, and how the pFN influ-
enced the gelation kinetics and resultant matrix mechanical properties.
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Fig. 4. Culturing primary human umbilical vein endothelial cells (HUVECs) on top of (a, d) and within 3D fibrin matrices (b, c, e). a) HUVECs attached to fibrin
matrices at 3 h. b) HUVEGs in 3D fibrin matrices at 30 min and 48 h. Red and black arrows point to apoptotic and live cells respectively. ¢) Live and dead cells at 48 h.
d) Cells attached to the fibrin matrices were quantified with alamar blue assay. e) Cells in 100 pl fibrin matrices at 48 h were quantified with alamar blue assay. Cell
numbers are related to the initial seeded cells. ***: p < 0.001 and ****: p < 0.0001.

We used a commercially available, biotherapeutic grade recombinant
thrombin and our rFXIlla at different concentrations to make fibrin
matrices with yyF1 alone, yyF1 alone, yy’F1:pFN complex, or a 1:1
mixture of yyF1 and pFN. All sealants were formulated at an F1 con-
centration of 2.5 mg/mL with 3.3 mg/mL pFN for both vyy’F1:pFN and

analogous yyF1 + pFN mixtures. All groups formed stable matrices with
higher concentrations of rFXIIla observed to accelerate gelation and
improve the mechanical properties of the fibrin (Fig. 1c—f). Thus, this
highly active rFXIIIa allowed us to use a low concentration fibrin matrix
for our following in vitro cell culture and in vive studies.
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and (c) the percentage of mice achieved 100% re-epithelization on different days. 10 mice with 20 wounds were used. *: p < 0.05; *:compared to no treatment

group; *: compared to complex.

3.2. 3D fibronectin presentation on the yy’F1:pFN matrix

We used immunostaining and confocal microscopy to study the
distribution of pFN and F1 in the fibrin matrices (Fig. 2). We found that
all formulations produced similar fibrin fiber networks. Most fibers
were between 100 and 400 nm in diameter while having a similar
degree of branching. Large depots of pFN sporadically occurred within
the fibrin matrix made from the yyF1+ pFN mixture. The fibrin made
from the yyF1:pFN complex presented pFN throughout the matrix as
nanoclusters superimposed on the continuous yy’F1 fiber network.

3.3. The 3D fibronectin presentation enhanced the adhesion, migration,
proliferation, and function of healing cells

As previously documented, healing cells interact with the fibrin
provisional matrix through binding fibronectins with their integrin re-
ceptors [32-35]. We hypothesized that the 3D fibronectin nanoclusters
could potentiate the cell-matrix interaction. We first tested the inter-
actions of fibroblasts with these 4 different fibrin matrices. The adhe-
sion of fibroblasts to fibrin made with yyF1, yy'F1, 1:1 yyF1+pFN
mixture, and yy’F1:pFN complex were examined through culturing
them on top of the matrix. Cells were allowed to attach to the matrix for
3 h, a time that is sufficient for cellular adhesion. The nuclei of the

attached fibroblasts were stained by DAPI (Fig. 3a). Adhered cells were
also quantified with Alamar blue assay (Fig. 3d). The results showed
that fibroblasts had similar adhesion to these matrices.

For efficient wound healing, the provisional matrix also needs to
support the survival, proliferation, and morphogenesis of both fibro-
blasts and endothelial cells (ECs) in addition to good adhesion. Since
cells in vivo are in the 3D matrix, we also used 3D culture to study these
phenomena in the 4 matrices. Fibroblasts were cultured within the fi-
brin matrix. After 48 h, fibroblasts exhibited extended morphology,
indicating good adhesion in all matrices (Fig. 3b). Fibroblasts survived
well in all matrices, as shown by the live/dead cell staining (Fig. 3c).
However, the numbers of cells in the yy’F1:pFN complex matrix was
significantly higher (~1.5 fold) than in other matrices (Fig. 3e). These
results showed the yy’F1:pFN matrix or the 3D pFN presentation pro-
moted the proliferation of fibroblasts.

The interactions of HUVECs with these 4 matrices were also in-
vestigated. HUVECs adhered to the surfaces of all fibrin matrices after
3 h. The numbers of HUVECs adhered to the yy’F1:pFN matrix was 2
fold of these to the yyF1, yy’F1, and 1:1 yyF1+pFN mixture matrix,
indicating HUVECs had stronger adhesion to yy’F1:pFN complex matrix
(Fig. 4a and 4d). After 48 h of culturing in 3D fibrin matrices, HUVECs
in yyF1, yy’F1, and yyF1 +pFN matrix showed spherical morphology,
indicating poor adhesion to the matrices. Some cells showed blebs, a
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Fig. 6. H&E staining of days 2, 6 and 11 wounds. Reprehensive images from 5 animals or 10 wounds.

sign of apoptosis (Fig. 4b). The existence of apoptosis was confirmed by
live/dead cell staining (Fig. 4c). HUVECs in yyF1:pFN complex matrix
showed no apoptosis. Also, they showed a high level of morphological
sprouting. Quantification found 400% more cells in the yy’F1:pFN
matrix than other formulations (Fig. 4e). These results showed the
vy'F1:pFN complex matrix or the 3D pFN presentation significantly
promoted the adhesion, survival, proliferation, and morphogenesis of
HUVEGs.

3.4. The 3D fibronectin presentation accelerated skin wound healing in
healthy mice

Based on the in vitro cell culture data, we hypothesized that the
novel matrix could enhance the granulation tissue formation and
wound closure in vivo. We tested this hypothesis in a full-thickness
model in healthy mice. Wounds were treated with yy’F1:pFN complex,
or yyF1 and pFN mixture. The macroscopic evaluation showed the
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Fig. 7. Masson's trichrome staining was done to evaluate the total collagen deposition. Collagen (blue) on the wound bed was much less than the surrounding normal

skin. Reprehensive images from 5 animals or 10 wounds.

vy'F1:pFN complex significantly speeded up wound closure (Fig. 5a).
Indeed, 50% and 81% of wounds treated with the yy’F1:pFN complex
achieved full re-epithelization on days 4 and 6, respectively. On the
other hand, 22% and 64% of wounds treated with the mixture achieved
full re-epithelization on days 4 and 6, respectively, and 0% and 30% of
the control wounds (without treatment) achieved full re-epithelization
on day 4 and 6 respectively (Fig. 5c). The microscopic evaluation
confirmed these observations. The migration of epidermal cells was
significantly increased in the yy'F1:pFN complex treated group just (i.e.,
the leading edge) 2 days post-treatment (Fig. 6a) and showed a com-
plete epithelization over the wound bed on day 6 (Fig. 6b). Histology
also showed dense granulation tissue at the wound center only in the
vy’F1:pFN complex treated group (Fig. 6b). These data supported that
the novel fibrin sealant/matrix or the 3D pFN presentation promoted
epidermal cell migration, resulting in faster re-epithelization in vivo.
We also evaluated the extracellular matrix formation via histoco-
lorimetric analysis of collagen content (Fig. 7). Total collagen deposi-
tion was identified by Masson's trichrome staining on days 6 and 11
post-wound, period when the highest production of collagen is reached
[64]. Animals treated with yy’F1:pFN complex or yyF1 4 pFN mixture
treatments showed no differences in total collagen deposition.

However, the quality of collagen was different. Staining showed dense
and aligned reticular collagen fibers in the yy’F1:pFN complex group on
day 6, suggesting high-quality granulation tissue (Fig. 7a). The other
treatment groups had a distinctly more sparse and randomly oriented
collagen layer showing less mature granulation tissue.

We evaluated the collagen subtype progression through Picrosirius
Red Staining, which stains collagen III in green and collagen I in red
(Fig. 8). In physiological wound healing, granulation tissue mainly
consists of collagen III in the proliferative phase that gradually changes
to mesh-like collagen I in the remodeling phase. Our data of control
wounds agreed with this (Fig. 8). However, wounds treated with the
vy'F1:pFN complex on day 6 showed higher collagen I content. Even
more, yy’F1:pFN complex on day 6 was similar to day 11 of control
group wounds (Fig. 8a—c). On day 11, the yy’F1:pFN complex group had
the mesh-like collagen organization (Fig. 8b). These data showed the
vY'’F1:pFN complex shifted the granulation formation, collagen re-
modeling about 5 days earlier, and improved the quality of the new
tissue.

We assessed the expression of 20 signature genes associated with
the transitioning between sequences of inflammation, cell migration,
and proliferation [65] that could corroborate macroscopic changes in
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Fig. 8. Picrosirius red staining on collagen I (red) and III (green) on day 6 (a, c)
and 11 (b, d). Reprehensive images from 5 animals or 10 wounds. Standard
error is presented in (¢, d). *:p < 0.05. CTL: control without treatment.
Complex: yy'F1:pFN complex. Mixture: 1:1 mixture of yyF1 and pFN.

dermal tissue structure. Several statistically significant changes in gene
expression related to the sequence of these processes were observed
among the broad panel of assays presented here (Fig. 9a). For signals
associated primarily with an active inflammatory phase, we observed
by day 2 the yy’F1:pFN fibrin treatment group had decreased expression
of inflammatory cytokines IL-B1 and IL-10 relative to the other treat-
ment groups(Fig. 9a). Furthermore, by day 6 both relative levels of IL-
(1 and IL-6 had receded to very low relative levels as had the macro-
phage marker F4/80 and monocyte chemoattractant MCP-1. These al-
ready diminished signal profiles related to the inflammatory phase in-
dicates that the inflammatory phase was resolved very early in the
healing process.

The transition from inflammation to signaling needed for kerati-
nocyte migration also occurred early. We found that PROCR, a gene
highly expressed by migrating keratinocytes [66], was increased by the
complex and Mixture treatments on day 6 (Fig. 9a). Moreover, the
complex group showed an early expression of PROCR on day 2. The
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Fibronectin Leucine Rich Transmembrane Protein 2 (FLRT2), a cell-cell
adhesion marker for keratinocytes, is highly expressed in the leading
edge during wound healing [65]. FLRT2 is not expressed in healthy skin
epidermis but is expressed during the granulation tissue formation. Our
result showed that the FLRT2 expression was decreased on days 6 and
11 in the yy’F1:pFN complex group, supporting that the cell migration
was completed before day 6 in the complex group (Fig. 9b). Keratino-
cytes bind to the fibrin matrix using alpha 5 integrins (ITGA5), in order
to migrate. We found ITGAS5 expression increased on day 2 and sig-
nificantly decreased on days 6 and 11 for the complex group, sup-
porting that cell migration was completed before day 6 (Fig. 9b). These
data agree with the acceleration of tissue structure observed, such as
the complete re-epithelization and granulation tissue structure found on
day 6 for the yy’F1:pFN treatment group.

Growth factor signaling is critical for granulation formation. We
found the yy’F1:pFN treatment decreased expression of TGF-p1, FGF1,
SDF1, VEFG-a and IGF1 genes on day 11, supporting that cell pro-
liferation, granulation tissue formation, and re-epithelization were
completed before day 11 in the yy’F1:pFN complex group (Fig. 9a).
Even more, IGF1 early declined on day 6, showing the end of the
proliferative phase. Taking all together, animals treated with the
vY'F1:pFN complex showed a non-inflammatory, non-proliferative, and
non-migrative profile on day 11, suggesting an early resolution of the
wound healing process. In short, our data showed the yy’F1:pFN com-
plex or the 3D pFN nanoclusters significantly accelerated skin wound
healing in healthy mice.

4. Discussion

The topical application of the fibrin matrix represents a promising
approach to enhance the healing of skin wounds. The natural provi-
sional matrix contains a small number of fibronectins [1,67-69]. Pre-
vious reports have shown that raising the fibronectin content in the
matrix promotes wound healing. For instance, human fetus [70-72]
and invertebrate animals newts [73] heal wounds much faster because
their provision matrices contain much more fibronectins that allow
cells to migrate and proliferate faster. The topical application of pure
soluble fibronectins enhances normal and diabetic wound healing in
animals [70,74-78]. These soluble fibronectins aggregate or attach to
surrounding tissue, but do not form a 3D matrix in the wound bed. A
recent study shows that if processed into a 3D nanofiber scaffold, fi-
bronectins can heal normal skin wound much faster [70]. However,
processing fibronectin nanofibers at a large scale is extremely challen-
ging, limiting their clinical applications.

Both receptor occupancy and clustering are required for integrin
signaling [79-81]. Most recent research shows that one way to boost
integrin signaling is to present fibronectins as nanoclusters that can
cluster the integrin receptors. For example, when cells are cultured on a
uniformly fibronectin-coated substrate, high fibronectin density is re-
quired to trigger the integrin signaling. On the other hand, if fi-
bronectins are patterned into nanoclusters, they trigger a much higher
integrin clustering, signaling, and cell function [81-87]. However,
nano-patterning fibronectin has only be achieved on a 2D substrate to
date. How to pattern fibronectins as nanoclusters in a 3D matrix,
especially on the fibrin nanofibers, and how the 3D nanoscale pre-
sentation influences the cell-matrix interaction and cell signaling are
still unknown.

In our previous paper [8], we reported a bioprocess to separate yyF1
and yy’F1 from plasma, and we found that yy'F1 and pFN formed a tight
complex. The yy'F1 and pFN occur at nearly a 1:1 M ratio in normal
human plasma [9,10,88,89], thus the yy’F1:pFN complex we isolated
may already exist in human plasma (Fig. 1). The yy’F1:pFN complex
formed a matrix with fibronectin nanoclusters on the fibrin nanofibers
in the presence of highly active thrombin and rFXIlla (Fig. 2). We
showed that the fiber diameters and branch points are markedly similar
for all of the fibrins studied. Thus, the fibronectin nanoclusters likely
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Fig. 9. The relative expression of genes related to inflammation (a), and cell migration and proliferation (b). RNA level was normalized to the untreated group.

*:p < 0.05, *:compared to no treatment group; *: compared to complex.

arose from interactions of pFN with the y’ tails that are uniquely dis-
played by the yyF1 fibrils. Future research should make clear the dy-
namics of forming these nanoclusters, as well as how the sealant
composition affects the matrix structure and properties. This report
successfully reproduced all our previous findings (Figs. 1 and 2),
showing the robustness of the separation process, the yy’F1:pFN com-
plex, and the novel nanostructures.

We found that the yy’F1:pFN matrix potentiated the adhesion of key
cells that participate in the wound healing process, including fibroblasts
(Fig. 3) and endothelial cells (Fig. 4) in vitro. This enhanced interaction led
to boosted cell survival, proliferation, migration, and morphogenesis in 3D
culture. This was particularly clear for endothelial cells. Because of the

similarities in core fiber matrix structure among all fibrins studied here, the
enhanced interaction of ECs with yy’F1:pFN fibrin was likely due to the
pFN nanoclusters. As said, angiogenesis is the rate-limiting step of granu-
lation tissue formation, and granulation tissue formation is the rate-limiting
step of wound healing. Thus the capability to stimulate endothelial cells has
a significant impact on wound healing. The plasma-derived fibrin has a
10:1 ratio of F1 to pFN [7]. This fibrin has been previously shown to
support the colonization of fibroblasts [90], but not EC. FGF-2 and or VEGF
supplementation has been reported as the primary catalyst of EC coloni-
zation in plasma-derived fibrin [91-93]. In contrast, we observed an ac-
celerated EC colonization in the yy’F1:pFN fibrin without using these
growth factors. Future research should systematically make clear the
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dynamics of cell-matrix interaction and integrin clustering, and how the
interaction alters the global gene expression and cell phenotypes. It is also
very valuable to systematically study how the sealant composition and
matrix structure influence the matrix interaction with the major cell types
of the wound healing process.

Our in vivo studies agreed well with the in vitro cell culture results.
The novel nanostructure significantly accelerated the re-epithelization
(Figs. 5 and 6), granulation tissue formation, and modeling (Figs. 7 and
8). The whole wound healing process was speeded up about 5 days.
Additionally, the quality of the granulation tissue was significantly
improved. This conclusion was supported by the macroscopic mor-
phology (Fig. 5) and microscopic structure analysis (Figs. 6-8) as well
as molecule profiles (Fig. 9). Here we have shown that animals treated
with yy’F1:pFN complex accelerated cell migration. The previous report
showed that cells at the leading edge in direct contact with the fibrin
matrix do not proliferate actively but migrate to the center of the
wound [65,94]. Animal treated with the yy’F1:pFN complex modulated
two key membrane proteins that guide cell migration and cell adhesion.
It will be valuable to systematically study the cellular profiles at dif-
ferent time points along the healing process in the future.

As said, large acute skin wounds after surgery, trauma, and burn heal
slowly (e.g., take > 1 month) and result in scarred skin that has an ab-
normal appearance, structure, and function. We believe our novel matrix
has a high potential to promote the healing of these wounds. Since all
materials used in our matrix are human proteins, their safety is expected.
Thus our matrix can be quickly translated to bedside once the efficacy and
underlying mechanisms are made clear. Since our matrix is fibrin-based, it
can be used for both hemostasis and enhancing wound healing. In addition
to the acute wounds, our matrix may be used to treat the chronic wound as
well. Skin wounds in the aged population, people with diabetes, obesity,
and vascular diseases present serious difficulties to heal [95,96]. Current
treatments have limited success [95-98]. It will be very valuable to study
treating chronic wounds with our novel sealant in the future.

In conclusion, we confirmed that the 10% vyF1 in plasma could be
separated from the 90% yyF1 using our previously reported method [8], as
well as yy’F1 formed a complex with pFN. We also confirmed that the
vy’ F1:pEN complex formed a fibronectin-nanocluster-on-fibrin-nanofiber
structure. We found that the 3D nano-scale presentation of the FN could
significantly potentiate the cell-matrix interaction in vitro and accelerate the
granulation formation, re-epithelization in a mice skin wound.
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Wound healing is life-dependent feature for animal survival. After a skin insult, keratinocytes, fibroblasts, and
immune cells are recruited to restore the protective skin function. Immediately after injury, soluble fibrinogen is
cleaved by thrombin and polymerize to insoluble fibrin clot. Immune cells infiltrate into the fibrin clot to activate
the inflammatory response. Surrounding keratinocytes in contact with the fibrin clot migrate to the wounded area
meanwhile distant keratinocyte proliferate. However, in virro wound models have important limitations related to
wound fibrinogen polymerization and immune cell recruitment. This study expands previous in vitro 3D skin
equivalent co-culture platforms to include the installation of a physiologically relevant fibrin provisional matrix.
Method: Here, we developed a fibrin provisional matrix installed into a wound facsimile of a bioprinted human
skin equivalent (HSE). A mixture of plasma-derived fibrinogen-containing factor XIII, fibronectin, thrombin, and
macrophages (an FPM “bioink™) was extruded into the wound site. The surrounding in vitro tissue culture became
a source of keratinocytes to achieve wound closure by a re-epithelialization process signaled by the FPM.
Results: An in vitro analog of wound closure and re-epithelialization by keratinocytes occurred over the FPM after a
normal migration initiation at 3 days.

Conclusion: This co-culture model was shown to temporally synchronize a re-epithelization process for initiation of
keratinocyte migration from a surrounding tissue and the migration process over the top of an FPM. A future study
of the analogous subepithelial healing pathway is envisioned using the same in vitro bioprinted tissue study
platform for co-culture of keratinocytes, melanocytes, fibroblasts, endothelial cells, and macrophages using more
specialized FPMs.

1. Introduction thrombin-activation of coagulation factor XIII (FXIIIa).

The re-establishment of the epidermis is a fibrin-receptor-mediated

Cutaneous healing begins with a hemostatic response that integrates
several physiologic processes: the cessation of blood loss, immediate
wound stabilization by sealing tissue from the environment, the initia-
tion of the inflammatory cell response [1], and the simultaneous instal-
lation of the fibrin provisional matrix (FPM) to initiate the recruitment
and proliferation of healing cells. Thus, the FPM mediates the initiation
of re-epithelialization and the construction of a well vascularized, pro-
visional subepithelial tissue. The FPM is penultimately generated by the
activation of thrombin from the coagulation cascade and by the

process that guides keratinocyte migration from the interfollicular
epidermis that surrounds the FPM sealed wound surface. While kerati-
nocytes migrate along the FPM to the wound center, they are continually
re-supplied by proliferating keratinocytes in order to complete the
wound closure process [2,3]. Provisional subdermal tissue repair is
simultaneously initiated to re-epithelialization by the infiltration of the
FPM by fibroblasts, endothelial cells and macrophages [4,5].

In vitro wound healing models are advancing to 3D culture formats:
these models strive to emulate cell interactions with clustered integrins
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positioned all around the cell membrane surface. However, engineering
of the FPM-cell interface with a complement of different cell types does
not re-capitulate the natural tissue healing process. This study expands
the in vitro 3D skin equivalent co-culture platform to include the instal-
lation of a physiologically relevant FPM. This includes using the physi-
ological ratio of macrophages to wound-site fibrin clot volume [6], the
physiological concentration of fibrinogen used to form fibrin [7], and the
spatial positioning of the re-epithelialization behavior of keratinocytes
over FPM at the skin insult [3]. We include a physiological concentration
of human fibrinogen and plasma Fibronectin (pFN) [7] and macrophages
during the formation of fibrin. The resultant FPM simulates what typi-
cally exists during the animal initiation of granulation tissue construction
beginning at about 24 h after injury [6]. This FPM fills the subepithelial
wound space and within a surrounding store of keratinocytes derived
from dermal tissue after a wound insult [3]. Our study presents the
re-epithelialization and corresponding wound closure phenomena stim-
ulated within a bio-printed tissue co-culture platform. A temporal com-
parison is made between dermal wound healing in the 3D bio-printed
platform and a murine dermal wound model. This platform also serves as
a basis for future granulation tissue formation studies.

2. Materials and methods
2.1. Experimental animals

Eight-week-old male C57BL/6J isogenic mice (n = 6) were obtained
from the Breeding Animal Center of University of Campinas. Animals
were maintained under pathogen-free conditions in individual cages on a
12:12 h dark:light cycle at 21-23 °C. Mice received chow and water ad
libitum. Mice were anesthetized with intraperitoneal injections (accord-
ing to body weight) using ketamine hydrochloride 80 mg/kg and xyla-
zine chlorhydrate 8 mg/kg. Under general anesthesia, we created two
full-thickness excisional wounds (6.0 mm diameter each) on the back of
each animal, according to the mouse excisional wound splinted model
protocol [8]. Animal experiments were approved by The Animal Ethical
Committee at the University of Campinas, Brazil (certificate of approval
no. 4467-1).

2.2. Animal photo documentation

Photo documentation of the wound healing process was obtained
using a D610 Nikon digital camera (Nikon Systems, Inc., Tokyo, Japan).
To ensure a similar distance from the camera to wound site, we used a
stand and the same person took the photos.

2.3. Fibrin provisional matrix (FPM)-macrophage and FPM- human
endothelial cells (HUVEC) bioink mixture formulations

We created two master solutions to produce a fibrin sealant delivering
PFN and macrophages to the mechanical insult of the tissue culture.
Mixture 1 contained whole population Fibrinogen (2.5 mg/ml) from
normal human plasma, pFN (0.25 mg,/ml) and 200 macrophages/puL or
500 HUVEC/pL in phosphate buffered saline (1 x PBS) suspension.
Polymerization and protein crosslinking were catalyzed by Mixture 2,
which contained thrombin (5 U/ml), calcium (5 mM), and FXIII (50 pg/
ml). The same amount of PBS 1 x without cells was used as the control.
To convert fibrinogen to fibrin, we used F2 (activated thrombin). All
values are the final concentration in the fibrin polymer matrix.

2.4. FPM droplet studies for bio-ink formulation

FPM-macrophage mixture droplets (30 pL and 50 pL) were applied to
autoclaved glass slides with 8-well silicone cell culture chamber wells
(Ibidi) by first combining Mixture 1 and Mixture 2, with 200 macro-
phages/pL or 500 HUVEC/L (Fig. 1a). After 15min at 37 °Cina 7% CO
incubator, the polymerized/cross-linked FPM, 400 pL Iscove's Modified
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Dulbecco’s Medium (IMDM) 20% Fetal Bovine Serum (FBS) medium was
added to each well and cultured at 37 °C in a 7% CO; incubator for 7
days. The macroscopic FPM stability was evaluated using photographs
taken 0 and 7 days after confection using a 1 x Olympus SZX16 micro-
scope and cellSens Standards Software 1.11 (Olympus Corporation) with
KL1500 LCD (Schott) 3200K top illumination.

2.5. Primary cell culture preparations

Primary keratinocytes and fibroblasts were harvested and isolated
from human skin, as previously described [9], and under institutional
review board approved #AAAB2666 protocol. About 2-4 passages of
primary keratinocytes were made in culture in 37 °C in a 7% CO; incu-
bator with KBM-Gold supplemented with KGM-Gold Single Quots
(Lonza) medium to 80% confluence in 100 mm Petri dishes. Primary
fibroblasts (passages 2-6) were achieved in culture in 37 “Cin a 5% CO2
incubator with DMEM High Glucose (Gibco™) with 10% FBS to 80%
confluence in 100 mm Petri dishes. HUVEC cells were cultured to <8
passages in EBM-2 (Lonza) supplemented with EGM-2 Single Quots
(Lonza). Bone marrow human macrophages (KG-1 ATCC® CCL246™,
passages 2-5) were cultured in cell suspension flasks using IMDM me-
dium (Gibco™ GlutaMAX™, HEPES) with 20% FBS. Macrophage sus-
pensions were cultured at 37 °C in a 5% CO; incubator. We maintained
macrophages at a concentration of less than 1 x 10° viable cells/mL,
replacing the culture medium twice a week by centrifugation at 130xg
for 7 min.

2.6. Preparation of printed human skin equivalent

Human skin equivalent (HSE) was prepared according to previous
protocols [9]. In brief, Collagen I (2.5 mg/ml final solution), reconsti-
tution buffer 10 x (Table 1), 1:1 HAM:F12 10x, and primary fibroblast
(1.5 x 10 final solution) were mixed, gently homogenized, and then
manipulated over a cooled metal rack at 4 °C. The solution was manip-
ulated over a cooler cartridge head to 4-8 °C, and then applied to a
printer bed at 4 °C with 2200 pL of the mixture into a 3 mL-printer
cartridge. This collagen—fibroblast solution was extruded (Table 2) into
each of the 6 wells of a 24 mm transwell (200 s of extrusion; pressure, 50
kpa; Nozzle type, 30G; no top piston). Next, more 1100 pL (130 s of
extrusion; pressure, 50 kpa; Nozzle type, 30G; no top piston) were mixed
in the previous transwell totaling 3000 pL per transwell (Fig. 2a). Then,
6-well plates were incubated in a 5% COz incubator for 30 min at 37 °C to
assure gel formation. Next, 0.5 ml of DMEM was applied to the top of
each individual culturing skin equivalent, with 2 ml between the trans-
well and plate, while incubating for 1 h at 37 °C in the 5% CO,.

After all DMEM medium was removed, 450 pL of 1:1 KGM gold/
Creation medium containing 1 x 1 (1 primary keratinocyte was extruded
into the center of each transwell (55 s of extrusion time at 10 kPa pres-
sure using Nozzle type 30G with no top piston). An additional 2 ml of 1:1
KGM gold/Creation medium was added underneath the transwell. Ker-
atinocyte culturing on the top of each skin equivalent layer was main-
tained for 24 h to achieve cell adhesion at 37 “C in 7.5% CO». After 24 h,
the keratinocyte media was discarded and each skin equivalent was de-
tached from the transwell walls using a sterile surgical spatula and
transferred to the air-liquid interphase, and placed in a deep 6-well plate
using sterile forceps. Twelve milliliters of Creation Medium (Table 3) was
added below each transwell, while avoiding bubble formation where
these air-liquid interphase incubation samples were maintained at 37 °C
in 5% CO3 The Culture medium schedule (Table 3) was maintained for
10 days.

A surplus stock of 10% solutions for treating all cell layers is used for
bubble formation management. The sterility of the print chamber was
maintained by UV light within a HEPA-filtered chamber. The initial
extrusion of collagen—fibroblast solutions used a Z0 position 1 mm above
the transwell membrane, and with secondary extrusions set Z0 position 1
mm application above the previous dermal solution layer. Keratinocyte
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Fig. 1. Droplet experiment using the fibrin clot bioink. Day 0 and day 7 after the droplet experiment (a). CD31, DAPI, and Ki67 labeling using HUVECs in the fibrin

clot on days 0 and 7 (b).

solution extrusion used a Z0 position of 1 mm, applied above the poly-
merized collagen-fibroblast gel layer.

2.7. Wound creation of the HSE

Full-thickness injuries were made at the middle of each HSE sample
on day 11 using a sterile 4 mm or 7 mm dermal biopsy punch [10]. Each
HSE was placed in a dry Petri dish after treatment with 10 ml of 1:1
Trypsin inhibitor and HEPES for 1 min to remove traces of culture me-
dium. The injury motion consisted of a single, quick perpendicular stroke
accompanied by one rotatory movement to free the punch from the HSE
(Figs. 2a and 3a). The cleared wound HSE cavity was immediately filled
with FPM-macrophage “bioink.”

2.8. 8- printing fibrin clots in a wounded HSE

Macrophages were washed by centrifugation and suspended in 1 x
PBS without calcium to eliminate medium traces. The fibrin
clot-macrophage bioink containing Mix 1 (2.5 mg/ml F1, 0.25 mg/ml
FN, 200 macrophages/pL, and 25 pM aprotinin) was pipetted into a
bioprinter cartridge. Forty microliters of fibrin clot bioink was extruded
(6 s of extrusion; 10 kpa; 30G needle; 20 mm/s; no top piston; 400 pL of
Mixture 1 inside the cartridge) into the center of each wound. Ten mi-
croliters of Mixture 2 were manually applied on the top of each fibrin clot
bioink (Fig. 2a and b). The cartridge head and printer bed were main-
tained at room temperature. We added aprotinin because, in a pilot
experiment, the fibrin clot bioink was enzymatically digested during the
first 24 h after wounding the skin (data no shown). All values are final
concentration in the fibrin clot bioink. To extrude the fibrin clot bioink,
we set the Z0 position to 1 mm above the transwell membrane, in the
center of the injured HSE. This extrusion system could be easily replaced
by a less restrictive method, such as the use of pipettes.

Table 1

Reconstitution buffer.
Ingredient Concentration Amount
NaOH 005M 0lg
NaHCOs 2.2% 11g
HEPES 200 mM 238¢g
Water (milli-Q) q.s.p. 50 ml

2.9. HSE wound healing photo documentation

The healing process was evaluated through photographs taken 0, 2, 6,
8, and 10 days after wounding using a 1 x Olympus SZX16 microscope
and cellSens Standard Software 1.11 (Olympus Corporation) with
KL1500 LCD (Schott) 3200K top illumination. The wounded areas and re-
epithelialized areas were analyzed with ImageJ Software (1.49v).

2.10. HSE culture medium refreshment for managing the transition
between the inflammatory phase and proliferative phase cell culture
environment

Newly prepared HSEs were maintained for 10 days before injury
using “Creation medium.” On day 10 of the pre-wounding phase, the HSE
media was refreshed with “Pre-Wound Media™ to clear traces of hydro-
cortisone and toxic choleric. The newly wounded HSE was then main-
tained for an additional 10 days using a sequence of media designed to
mimic the natural transition from the inflammatory phase to the prolif-
erative phase. The composition of the media regimen is detailed in
Table 3. After injury, the HSE were refreshed with inflammatory phase
media. On day 2 after wounding, 20 pg/ml (final medium concentration)
of aprotinin [11] was added to manage FPM degradation. On day 3
post-injury, 50% of the inflammatory phase media (6 ml) was removed
and replaced with an equal volume (6 ml) of proliferative phase medium
to begin the transition to the proliferative phase. This gradual dilution by

Table 2

GCodes for bioprinting experiments.
Dermis Dermis Epidermis Fibrin-clot
GO X0 Y0 GO X0 YO0 GO X0 YO GO X0 YO
GO Z15 GO Z15 G0 Z15 GO Z15
T1 T1 T1 T1
G1 Z0 Fe00 G1 Z0 Fe00 G1 Z1 Fe00 G1 Z1 Fa00
M400 M400 M400 M400
M750 T1 M750 T1 M750 T1 M750 T1
G4 5200.000 G4 5130.000 G4 555.000 G4 56.000
G1 Z10 F90 G1 Z10 F90 G1 Z10 F90 G1 Z10 F90
M400 M400 M400 M400
M751 T1 M751 T1 M751 T1 M751 T1
GO Z15 GO Z15 G0 Z15 GO Z15
G1 X0Y0 G1 X0YO0 G1 X0 YO G1 X0 YO
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Fig. 2. Bioprinted human skin equivalent. Schematic representation of wound creation, wound confection, fibrin clot extrusion, and re-epithelization (a). Human
skin equivalent in the air-liquid interphase (b). Cytokeratin-DAPI labeling in a skin equivalent after 10 days of air-liquid interphase (c).

proliferative phase medium occurred on day 6 and 9, with harvest
occurring on day 10.

2.11. Immunofluorescence viability analysis of FPM-macrophage droplet
bioink

To assess viability after 7 days in culture, IMDM medium was dis-
carded from droplets of FPM-macrophage. These droplets were then
fixed using 4% PFA for 15 min (7.5 pH; corrected with NaOH). PFA was
discarded and fibrin clots were washed 3 x 15 min with PBS 1 x . Fibrin
clots were blocked for 1 h with PBS 1 x , 0.05% Tween 20, and 5% BSA.
Antibodies were prepared with PBS 1 x , 0.05% Tween 20, and 1% BSA
solution. Anti-CD31 (1:50, ab28364) and Ki-67 (1:100, BD 610968) were
maintained at 4 °C overnight. Secondary antibodies, Alexa 488 (1:200,
ab150077) and Alexa 647 (1:200, ab150115), were maintained at 4C°
overnight. Vectashield with DAPI was used for mounting and counter
nuclear staining.

2.12. Immunofluorescence analysis of HSE and mice

After 10 days post wounding, the proliferative medium was discarded

from the HSE, and these samples were fixed by 4% PFA (7.5 pH; cor-
rected with NaOH), with incubation at 4 °C overnight. The PFA was
discarded from the samples, followed by three 15-min washes with PBS 1
% . Samples were then embedded in Optimal Cutting Temperature (OCT)
inside of a quadrangular prism foil form and quickly frozen using 100%
ethanol in dry ice. Tissue sections (50 pM) were obtained using Microm
HMS505E Cryostat and placed in a glass slide. To remove OCT, tissue
sections were washed for 30 min in distillated water, and peripheral
marking was made using a hydrophobic marker. These tissue sections
were blocked for 3 h with PBS 1 = , 0.05% Tween 20, and 5% BSA. Anti-
K14 (1:200, ab7800) antibodies in PBS 1 = , 0.05% Tween 20, and 1%
BSA solution were incubated with samples at 4 °C overnight and then
warmed for 30 min at room temperature. Secondary antibody Anti-
Mouse Alexa Fluor 488 (1:1000 Invitrogen A1101) was incubated with
samples at room temperature for 4 h. VECTASHIELD with DAPI was then
applied for counter nuclear staining, with images obtained by confocal
microscopy (Zeiss LSM 510 Meta Spectral Confocal) at a penetration
thickness of 20 pM. Mice wound-site immune cells were evaluated by
Cd11b immunostaining. After 1-day post wounding, animal wounds
samples were fixed by 4% PFA (7.5 pH) overnight. Section samples (20
pum) were incubated overnight with Cd11b primary antibody (sc28664,

Table 3
Culture medium schedule.
Medium

Reagent Unit Creation Pre Inflammatory Proliferative
Medium treatment days 10 1 2 8
Inflammatory:proliferative ratio 1:1, 1:3, 1.7
DMEM W 67.5 71 74.5 67.5
HAM/F12 1 = ¥ 225 24 25 22,5
FBS W 10 5 1 10
Aprotinin pm 30
Toxin coleric pM 100 50
Insulin pg/mL 5 5 10 10
Apo-Transferin pg/mL 5 5 5 5
Hydrocortisone pg/mL 400 200
EGF jg/mL 1 1 1 1
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Fig. 3. Comparison of the wound healing process with human bioprinted skin and skin from an animal model. Human skin equivalents (n:6) versus animal
healing (n:6) and wound contraction rate comparison graphs (b). Human skin equivalent 11 days post-creation (D0), unwounded, using a 4 mm or 7 mm biopsy punch
(a). In vitro wound healing process (c-d) compared to the mice healing process (e) using 7 mm (c), 4 mm (d), and 6 mm (e) biopsy punches. The images are

representative of three distinet experiments.

1:200). Section samples (20 pm) were incubated with secondary anti-
body Alexa 488 (A11008). VECTASHIELD with DAPI was used as
mounting medium and nuclear counterstaining. Images were obtained
using a confocal microscope (Leica TCS SP5 II).

2.13. Hematoxilin/eosin (HE) staining for histological imaging

After 10 days post wounding, HSE samples were fixed as above.
Tissue sections were stained as follows using HE: 30-min soak in dis-
tillated water followed by a 2-min soak in hematoxylin (Sigma-Aldrich)
and rinsing with tap water for 5 min. Tissue sections were stained with

Eosin (Sigma-Aldrich) soak for 10 min, then the following ethanol drying
sequence of 5 min soaks: 50% ethanol, 70% ethanol, 90% ethanol, 95%
ethanol, 100% ethanol, fresh 100% ethanol, fresh 100% ethanol, Xylol I,
and fresh Xylol II for the last 5 min. Slide assemblies were made with DPX
mounting solution and a coverslip.

2.14. Full view tissue image reconstruction

To improve the accuracy of the analysis, we reconstructed the whole
skin section (unwounded and injured sample). We used a Nikon digital
camera (Nikon Systems, Inc., Tokyo, Japan) to take 10-20 adjacent
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microphotographs (with 10-20% of common areas; 10 x objective) used
to reconstruct every skin section. We used the Photomerge tool with the
perspective layout in Adobe Photoshop (19.1v).

2.15. Wound area and wound contraction evaluation

We calculated wound area and contraction as previously described
[12,13]. Wound Area (%) = [(wound area of day 0 — inner wound area of
day x)/wound area of day 0] = 100. Wound contraction (%) = [(wound
area of day O - outer visible wound border area of day x)/wound area of
day 0] x 100.

3. Results
3.1. Fibrin stability and cell viability of the FPM-cell mixtures

Bioinks made containing Macrophages or HUVECs were observed for
7 days. The macroscopic matrix stability of the FPM-macrophage and
FPM-HUVEC bioinks were stable for =7 days as judged by the lack of
macroscopic matrix degradation (Fig. la-b). The Macrophages or
HUVECs cultured within this FPM droplets were observed to proliferate
for the entire 7-day culture period (Fig. 1b).

Wound Edge

b

Wound Center

Wound Center

li
L
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3.2. Re-epithelization over an injured HSE sealed with the
FPM-macrophage bioink tissue sealant

The entire 21-day HSE and HSE wound healing sequence is sche-
matically shown in Fig. 2a. HSEs maintained for 1 day while submerged
and for 10 days in the air-liquid interphase were harvested and histo-
logically visualized. The keratinocyte layer was observed on top of the
fibroblast—collagen layer (Fig. 2¢). A typical unwounded HSE is shown in
Fig. 3a (left). Also, two different wound sizes were made using a 4 mm
(Fig. 3a, center) and a 7 mm (Fig. 3a, right) biopsy punch. The wounds
were sealed with just FPM (Supplementary material) and FPM-macro-
phage bioink after injury. After 8 days post wounding, the 4 mm injured
HSE showed complete reepithelization (Fig. 3b, d). After 10 days post
wounding, the 7 mm injured area showed complete reepithelization
(Fig. 3b and c¢). This contrasted the wounded HSE without the
FPM-macrophage bioink treatment, which showed an inhibited wound
closure (Fig. 3b). Both 4 mm and 7 mm wounds (Fig. 3¢ and d) were
observed to mimic the macroscopic animal wound closure (Fig. 3b—e).
Next, we evaluated if our HSE wound model follows the mice wound
contraction process [14]. In this way, 4 mm and 7 mm wounds showed
different wound contraction starting from 6 day after wounding (Fig. 3b,
right).

During mammalian skin wound healing, keratinocytes proliferate and

Wound Edge

Wound Edge
Il

Scale bar 2.5 mm

Woun

|_Wound Center direction '

Migratory k_f;r_at_inqute_s

Wound Center

Epidermal Layer

Fig. 4. Microscopic evaluation of the wound healing process. Representative images of wound sections on day 10 post-injury with hematoxylin—eosin staining. A
full-view reconstruction approach was used for section analysis (a-b). Animal wound sections (a) and skin equivalent wound sections (b). 10 Days after fibrin matrix
extrusion, keratinocytes migrated from the healthy skin to the new dermis, reaching the wound center (c-d). Cytokeratin staining for keratinocytes (green) and DAPI-
labeling nuclei (blue). Immunofluorescent sections showed keratinocyte migration from the healthy skin (d, left) to the new dermis (d, right). The yellow “H” in the
figure indicates healthy skin. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)



C. Poblete Jara et dl.

56

Bioprinting xxx (xxxc) xxx

Fig. 5. Macroscopic and microscopic evaluation of the fibrin clot structure. Representative macrophotograph of the animal fibrin clot on the top (a) and his-
tological full view reconstruction on bottom (b). Yellow arrows indicate wound edges, and the yellow “H” indicates healthy skin. Representative fibrin clot sections on
day 1 post-injury using hematoxylin—eosin staining and immunofluorescence showing immune cell infiltration into the fibrin dot (b-d). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

migrate from the interfollicular epidermis to the wound center [2,3]. Our
results suggest that keratinocytes migrated from the wound edge to the
wound center using the fibrin clot-macrophage bioink as a platform
(Fig. 4c and d). In the same way as the animal model (Fig. 4a), wounded
HSE model (Fig. 4b) regenerated a new layer in the wound center. The
re-epithelization in the wounded HSE model is dependent on the initial
wound size and the presence of hemostatic fibrin clot bioink (Fig. 3b).

3.3. Bioprinted HSE mimics epidermal differentiation of the animal healing
process after injury

Microscopic evaluation of the HSE suggested that keratinocytes
within the wound center could differentiate. After 10 days post wound-
ing, a new stratum corneum appear to be formed (Fig. 4c, right) in the
wound center of the HSE. A similar differentiation process was observed
in the wound center of the animal model (Fig. 4a, right).

4, Discussion

Our study demonstrates in vitre a 3-D wound healing model incor-
porating a bioprinted human skin equivalent, a mechanical injury of that
skin facsimile, and an FPM-macrophage installed that seals the wound.
Importantly, the FPM utilizes the intimate contact of fibrin, pFN, and
macrophages to sustain macrophage viability that normally includes the
catalysis of M1 to M2 trans-differentiation. This FPM-viable-macrophage
mixture was stable for 7 days and installed as a “bioink” using an
extrusion system. Once installed the FPM-macrophage mixture served to
guide keratinocytes for emulating the wound closure portion of the
mammalian skin repair process. For example, on day 1 after mouse
dermal injury, the fibrin clot structure presented a high infiltration of
immune cells (Fig. 5b—d) as previously shown [6]. The FPM-macrophage
sealed HSE wound seeks to establish a structural platform for normal

keratinocyte migration. This contrasts previous in vitro wound healing
models that lack a FPM [15-18], fibroblast incorporation into a dermal
layer [19], and a corresponding epidermal layer [20]. Other scaffolds
employed in past models were made from non-fibrin nanofibers [21],
collagen— glycosaminoglycan, commercially available collagen matrices,
or collagen—elastin materials [22].

Normal FPM integrin engagement [1,23] uses Ita5, a5p1, or other
fibronectin alpha class receptors belonging to the (RGD)-binding class
integrins. These integrins bind to extracellular matrix proteins, such as
fibronectin and fibrinogen [24], and are expressed in keratinocytes and
fibroblasts. The w5 integrin class is expressed by keratinocytes only after
a skin injury and at the wound edge on day 1 post wounding and then
steadily progresses to decreased levels during migration [2]. Previous in
vitro cell cultures have used supraphysiological concentrations of
fibrinogen (F1) without fibrin suspension of macrophages [10]. Our FPM
formulation used a physiologic 10:1 ratio of purified F1 and pFN with a
suspension of macrophages to promote keratinocyte wound surface
migration. Future formulations will use pFN nanostructures incorporated
into the fibrin network.

As a 3D co-culture model, we purposely altered the culture media
environment to emulate the progression from an inflammatory to a
proliferative healing phase environment. Table 3 shows the transition of
this culture media achieved by sequential media dilution over day 3 to
day 10 of HSE healing. For example, we decreased the insulin and FBS
concentrations during the wound inflammatory phase and increased the
concentration during the proliferative phase. The gradual dilution of the
initial inflammatory media by proliferative media every 2.5 days was
designed to empirically taper the cytokines and microRNA levels, as well
as temporally changed the growth factor signaling described in the
wound healing process [2,4-6,25,26]. The need for an inflammatory
phase and a transitional dilution series of media typical of inflammation
to one typical of proliferation has been documented. In the normal
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wound healing process, keratinocytes migrate to the wound center at the
end of the inflammatory phase [2,3]. Furthermore, in vitro models typi-
cally show keratinocyte migration immediately to the mimetic wound
center after injury [10]. Importantly, the re-epithelialization phenomena
over the HSE, in this case, displayed stratification and differentiation
where prior in vitro models did not show stratum corneum formation
[10].

A healthy wound healing pathway requires macrophages engagement
with the FPM [4,5]. Initially M1 phenotype macrophages promote an
inflammatory response at the wound site. The inflammatory phase that is
needed for the process of debridement is normally resolved by M1
apoptosis and with a trans-differentiation component of M1 to M2 mac-
rophages [4,5]. Thereafter fibroblast colonization results in the secretion
of collagen based provisional scaffolding to stage angiogenesis by
endothelial cells (ECs). In previous reports, we isolated specific fractions
of pF1/pFN mixture [27,28]. Also, we demonstrated that specific frac-
tions of pF1,/pFN polymeric matrix accelerated wound healing process in
healthy mice [13]. Here, we analyzed the first level compatibility of
FPM-EC bioink formulation where EC viability was observed. Based on
the feasibility demonstrated here for FPM-macrophage bioink installa-
tion into the HSE wound site, our future work will explore the engi-
neering of a vascularized granulation by EC and fibroblasts co-culture
using FPM that are more specialized for EC colonization. Importantly, the
current model formulation produced no fibrotic scar tissue structures
where future studies will strive to develop capillary structures within a
sub-epithelial granulation. In summary, the 3D bioprinted dermal wound
healing model incorporating FPM-macrophage bioink provides an in vitro
co-culture study platform for staging re-epithelialization by keratino-
cytes. These future studies of an analogous subepithelial healing pathway
is envisioned using co-culture of keratinocytes, fibroblasts, endothelial
cells, and macrophages.

We visualize several benefits of using bioprinting approach for
construct our human skin equivalent wound model. For example, as a
candidate platform for pharmacological tests and dermatological
research, future versions may improve throughput and scalability in the
production of equal wounded skin samples. Indeed, the generation of a
precise and reproducible in vitro wound model is essential to guarantee
comparable results between different test runs [17]. Beside the genera-
tion of a bioprinted wound healing model in a HSE itself is challenging,
but also to establish a highly standardized wound sealant application by
hand is awkward. In the same way, a previous report showed the benefits
of using a bioprinting sealant approach in the injured site. The Albanna
and colleagues described a mobile skin bioprinting system that provides
on-site management of wounded skin. The authors showed a wound
model sealed with different layers of dermal fibroblasts and epidermal
keratinocytes in a hydrogel bioink which accelerated re-epithelialization
[29]. The proof-of-concept here showed using a bioprinting approach
facilitated the precise delivery of our macrophage bioink directly into an
injured area, replicating the instantaneous natural installation of the
fibrin clot structures.

5. Conclusion

The FPM here is analogous to a tissue sealant composed of a physi-
ologic mixture of macrophage/fibrinogen/fibronectin that is applied to a
mechanically wounded, bioprinted dermal tissue culture. This treatment
is shown to temporally synchronize a normal re-epithelization process by
keratinocyte migration from the surrounding tissue and over the top of
the FPM. Both the keratinocyte migration and wound closure phenomena
were demonstrated by the FPM-macrophage tissue sealant mixture.
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FPM: fibrin provisional matrix

HSE: human skin equivalent

FXIIT: coagulation factor XIIT

3D: three-dimensional

PFN: plasma Fibronectin

FI: fibrinogen

PFI: plasma fibrinogen

F2: Thrombin

HUVEC: Primary Human Umbilical Vein Endothelial Cells
DMEM: Dulbecco’s Modified Eagle Medium
KGM: Keratinocyte Growth Medium

FBS: Fetal bovine serum

TMDM: Iscove Modified Dulbecco Media

HEPA: High Efficiency Particulate Air

PFA: Paraformaldehyde

OCT: Optimal Cutting Temperarure

DAPI: 4',6-diamidino-2-phenylindole

RGD: tripeptide Arginine, Glycine, and Aspartate
M1I: macrophage type 1

M2: macrophage type 2

ECs: endothelial cells

CAPES: Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior
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Transcriptomica e interagao ligante-receptor de feridas de camundongo
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Figura 3: Grafico de pontos (Dotplot) de feridas de pele de camundongos
wildtype. Os genes foram escolhidos do PCR dos genes diferencialmente expressos
dos animais tratados com o Complexo F1 gama prima e FN, e com a mistura F1:FN.
Transcriptoma publico (82) de ferida de pele de camundongo extraida nos dias 1, 4,
10 e 1 més apos lesdo. A producao e a analise de dados foram realizadas usando o

pacote Seurat R 3.1. Figura construida pelo autor.

Analise transcriptdbmica usando Sequenciamento de célula unica (Single
Cell RNA-sequencing) de células da camada epidérmica, mostrou que integrina a5
(Itgab) é altamente expressa no dia 4 ap0s a lesédo e diminui a sua expressao com o
passar dos dias até a fase de remodelacao (Figura 3). A Proteina Transmembrana 2
Rica em Leucina e Fibronectina (FIrt2) demostrou incrementar a sua expressao no

dia 4 alcangando a sua maxima no dia 10 apés lesdo e diminui a sua expressdo com
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o passar dos dias até a fase de remodelagdo (Figura 3). O gene que codifica para o
receptor da proteina C (Procr) é altamente expresso por células da camada
epidérmica na fase de remodelagao tardia (Figura 3). A Interleucina 6 é altamente
expressa no primeiro dia apdés a lesdo, mas diminui sua expressdo na fase
proliferativa e de remodelacdo (Figura 3). FGF1 mostrou baixa expressao na fase
inflamatoria e um aumento progressivo na fase proliferativa e de remodelagao inicial
(Figura 3). Vegf-a mostrou aumentar sua expressao nas células da camada
epidérmica na fase de proliferacéo e criagdo de tecido de granulagéo (Figura 3). O
gene Cxcl12, que codifica para o Fator 1 Derivado de Célula Estromal (SDF-1) inicia
sua expressao no dia 4 apds lesado, alcancando sua maxima expressao no dia 10,
para logo diminuir até a fase de remodelacado final (Figura 3). O gene Ccl2, que
codifica para a Proteina quimioatraente de mondécitos 1 (MCP-1) é expresso na fase
inflamatdria, mas sua expressao diminui na fase proliferativa e de remodelacao

(Figura 3).
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Figura 4: Interatdmica de pares receptor-ligante de feridas de pele de
camundongo de 12 dias apds lesdo. Ponta de flecha representa o tipo celular
produtor do receptor para o determinado ligante. Inicio da flecha representa o tipo
celular produtor do ligante. DC: células dendriticas, B cell: Linfécitos B, T-CD8:
Linfocito T CD8+, T-CD4: Linfécito T CD4+, SCH: Células Shwann, NK: Natural
killers, Mono: mondécitos, Macro: macréfagos, Granulo: Granuldcitos, Fig4/5: mix de
fibroblastos 4 e 5, Fig2: fibroblastos 2. Fig1/3: mix de fibroblastos 1 e 3, Endo:
células endoteliais. Interactoma publico (83) de ferida de pele de camundongo
extraida no dia 12 apds leséo. A produgéo e a analise de dados foram realizadas

usando iTalk e o Pacote Seurat R 3.1 e. Figura construida pelo autor.
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Analise Interatdmica usando Sequenciamento de célula unica (Single Cell
RNA-sequencing) de células da camada dérmica, mostrou que em feridas de pele de
camundongo 12 dias apos lesdo todos os tipos celulares aqui mostrados codificam o
gene de Fibronectina (FN1), embora, s6 as células endoteliais e o mix de
fibroblastos 4 e 5 codificam o gene de receptor especifico para a integrina alfa 5
(Itgab). Outra integrina capaz de se acoplar ao FN é a integrina beta 1 ou Itgb1(85-
87). Analise interatbmica mostrou que tanto células endoteliais, o mix de fibroblastos
do 1 até o 5, como também as Células Shwann codificam o gene para a integrina
beta 1, doze dias apos les&o. Por outro lado, Células dendriticas da ferida interagem
com a Fibronectina por meio da Integrina Subunidade Alfa V, ou ltgav 12 dias apos

leséo (Figura 4).
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DISCUSSAO GERAL

A evolucao diversificou as defesas dos vertebrados selecionando células
imunes adaptativas especificas para determinadas familias de antigenos, como
também expandiu um sistema de coagulagdo para defesa e reparo tecidual (88).
Em um contexto de vida ou morte, uma resposta rapida na contengdo da perda de
sangue, € uma caracteristica vital. Especificamente, os animais tém a capacidade de
responder rapidamente frente a perda de sangue, criando um tampao fibroso,
ocluindo um ferimento em segundos (88, 89). A afinagao evolutiva levou os humanos
para o desenvolvimento de receptores de superficie celular, como o fator tissular
(88, 89), crucial para iniciar uma serie de ativacbes consecutivas ou “efeito cascata”
para a formacao do tampao de fibrina. Mas nédo sé essa afinagcao evolutiva tem a
poténcia de ativar a cascata da coagulagdo. Os humanos preservam algumas
caracteristicas dos seus ancestres invertebrados. Uma resposta imune inata
coagulante € desencadeada por bactérias e lesdes, similar como acontece com a
hemolinfa dos insetos (88, 89). Hoje, nés entendemos esses dois bragos evolutivos
da cascata da coagulacdo que possuem os mamiferos, como Ativacao Intrinseca e
Extrinseca (88). Por outro lado, existem proteinas do sistema da coagulagao
conservadas entre animais. Um exemplo disso, sao as transglutaminases que
parecem contribuir para a coagulagdo em todos os invertebrados como também o

seu homdlogo, o fator Xl no humano (89).

A fibrina derivada do plasma tem uma proporcao de 10:1 de F1 para FN
(90). Em um coagulo sanguineo, a fibrina e a fibronectina plasmatica séo reticuladas
covalentemente pelo fator XllI ativado para formar multimeros de fibrina e FN (91). O

fator Xlll ativado pertence a familia das transglutaminases e é necessario para



64

estabilizar o coagulo pela unido de complexos de fibrina-fibrina por meio de ligagdes

covalentes entre glutaminas e lisinas (89).

A coagulagao do sangue € iniciada quando o fator tissular € exposto ao
sangue apos lesao. O fator VII, uma proteina circulante no sangue, liga-se ao fator
tissular agora exposto e, apds sua ativagao (FVlla), o complexo FVlla / fator tissular
ativa os fatores X e IX (92). E assim, como se fosse uma “bola de neve”, uma
proteina ativa especificamente uma outra, um efeito cascata de serina proteases que
culminam na ativagdo da trombina. Embora a trombina possua um receptor
especifico de membrana celular, quando ativada, esta cliva o mondémero fibrinogénio
em mondémeros fibrinas os quais se acoplam um com os outros iniciando a formacéao
da matriz de fibrina ou coagulo. Mas esse processo vital ndo poderia depender da
fabricagdo de fibrinogénio sob demanda. Por exemplo, se uma pessoa decidisse
reparar uma parede quebrada da sua casa, e fazer um tijolo desde o zero ou fabricar
seu proprio concreto, demoraria mais tempo do que obter o tijolo pronto para seu
uso. O mesmo principio de construcédo acelerada ou “pronto para usar” acontece no
tamponamento de feridas. Em individuos saudaveis, o fibrinogénio circula no sangue
em altas concentragdes de 2-5g/L (93, 94). O Fibrinogénio € a terceira proteina de
maior concentracdo no sangue, depois das albuminas e globulinas (95, 96).
Especificamente, no coagulo, o fibrinogénio ganha mais protagonismo ainda, sendo
a proteina com maior concentragédo, seja sua fita alfa, beta ou gama (7). Entao,
parece aceitavel a apreciagado que, o aumento do fibrinogénio e da trombina no leito
da ferida, poderia, pelo menos, melhorar a hemostasia. De fato, a aplicagao tépica
da matriz de fibrina € uma realidade na pratica clinica no contexto de selante

cirurgico (97-100).



65

Fisiologicamente, o tampao de fibrina contém uma pequena fragcdo de
fibronectinas (101-103). Para os nossos estudos in vivo, ndés incrementamos 10
vezes a mais a concentracao de fibronectina, comparado com a fibrina, no entanto
para o nosso modelo de feridas in vitro usamos a razao fisiolégica de 10:1 de fibrina:
fibronectina.  Publicacbes anteriores que estudaram a aplicacdo topica de
fibronectinas puras em feridas, mostraram que estas aceleram a cicatrizagdo de
feridas diabéticas e nado diabéticas em animais (104-108). Essas fibronectinas
soluveis agregam-se ao tecido circundante no leito da ferida, mas elas ndo formam
uma matriz 3D per se. Um estudo recente mostrou que as fibronectinas podem
acelerar o processo de cicatrizagcdo em feridas cutaneas, se processada em nano
fibras (104). No entanto, o processamento de nano fibras de fibronectina em grande

escala parece ser extremamente desafiador.

O nosso parceiro da Universidade de Nebraska-Estados Unidos, durante
0 processo para separar as fibras yyF1 e yy'F1 do plasma humano, identificou que
uma porgao das yy'F1 formava um complexo compacto com a FN (38). No plasma
humano, o yy'F1 e o FN estdo presente em uma proporgéo de 1: 1 M (15, 109-111).
No presente trabalho, para o estudo in vivo ndés usamos um complexo de yy'F1: pFN
e uma mistura de yyF1 e pFN de alta pureza para as nossas matrizes, as quais
foram confirmadas por meio de SDS-PAGE. Por outro lado, a pureza da pdF1 e
pdFN utilizada na matriz in vitro, foi confirmada sob pedido nosso pelo Servigos

Analiticos da Sigma-Aldrich (Anexo 2).

Aqui nés apresentamos trés novas formulagbes da matriz de fibrina-
fibronectina feitas a partir de diferentes proporgdes entre fibrina e fibronectina

(Figura 2). Estas combinagdes entre fibrina e fibronectina mostraram tanto acelerar o
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processo de cicatrizagdo em camundongo quanto simular uma matriz transitéria da

fase hemostatica da ferida na pele humana equivalente 3D.

O complexo de yy'F1: pFN aqui usado, na presencga de trombina e FXllla
formou uma matriz 3D com nano aglomerados de fibronectina nas fibras de fibrina.
Nesse sentido, sugerimos que os nanoclusters de fibronectina da matriz yy'F1:FN
aqui estudada, podem interagir com as caudas y' que sao exclusivamente exibidas
pelas fibrinas yy'F1. Estudos anteriores mostraram que a presenca de FN em nano
dominios promove fortemente a disseminagao celular (112). Além disso, nano

padrées de FN influenciam a proliferacao e a disseminagao em HUVECs (113).

Para elucidar o efeito das matrizes de fibrina e fibrinogénio na migragao,
proliferagdo e resposta imune do processo de cicatrizagdo, confeccionamos e
testamos um perfil de genes regulados positivamente durante as fases de
cicatrizacdo e comparamos com sequenciamento de RNA de células unicas.
Seguindo os principais genes modulados no processo de cicatrizagcdo de feridas
(19), e usando a técnica de pods-analise de sequenciamento de células Unicas da
camada epidérmica, identificamos que o gene do Receptor da Proteina C (Procr),
que € altamente expresso por queratindcitos no contexto migratério (114),
fisiologicamente aumenta a sua expressao na fase de remodelagdo. Feridas de
animais tratados com o Complexo e a Mistura aumentam a expressao de Procr no
dia 6 poés-ferimento. Além disso, o grupo tratado com o Complexo mostrou uma
expressao do gene Procr aumentada ja no dia 2 ap6s o ferimento. A Proteina
Transmembrana 2 Rica em Leucina e Fibronectina (FIrt2) modula a adesao célula-
célula e a migracao celular. De fato, a proteina FIrt2 ndo esta presente na epiderme
da pele sem feridas, mas sim no tecido de granulagdo da pele lesionada (19).

Usando a técnica de pés-analise de sequenciamento de células unicas da camada
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epidérmica, identificamos que a FIrt2 é altamente expressa 10 dias apos o ferimento,
na fase de remodelagcdo. Nos animais tratados com o Complexo, a expressao de
Firt2 diminuiu nos dias 6 e 11, sugerindo que a migragéo celular neste grupo ocorreu
nos dias anteriores. Estes dados sé&o consistentes com a observagao macroscopica
e analise histologica no qual o dia 6 mostrou reepitelizagdo completa no grupo do
Complexo. Para apoiar ainda mais esta hipotese de que o Complexo e a Mistura
poderiam modular a migragdo no contexto de feridas, avaliamos a principal integrina
que se liga ao fibrinogénio, e que também orienta a migragdo dos queratinécitos na
matriz de fibrina, a integrina alfa 5 (ltga5). A analise de sequenciamento de células
unicas mostrou que a Itga5 é altamente expressa no dia 4 apds lesdo. Uma
diminuicao significativa da expressao de Itgab nos dias 6 e 11 foi achada nas feridas
de animais tratados com Complexo e Mistura, o que sugere que a migracéo celular
em ambos 0s grupos ocorreu nos dias anteriores. Se a observagdo de que o
Complexo e a Mistura aceleram o processo de cicatrizagao, diferencas na resolucao
inflamatoria deveriam ser mostradas também. Nesse sentido, animais tratados com
o Complexo e a Mistura diminuiram a expressao de IL-1B8 e IL-6. Além disso, os
animais tratados com Complexo e Mistura diminuiram a expressdo de F4 / 80,
apoiando que a resolugao inflamatoéria ocorreu nos dias anteriores em comparagcao
com o grupo controle. Seguindo a hipotese de que tanto o Complexo como a Mistura
poderiam acelerar o processo de cicatrizagdo, entdo, diferencas na expressao
génica dos fatores de crescimento poderiam ser achadas. Os animais tratados com
o Complexo e a Mistura diminuiram a expressao dos genes TGF-31, FGF1, SDF1,
VEFG-a e IGF1 no dia 11 pés-ferimento, apoiando o conceito de que a proliferacéo
celular ocorreu nos dias anteriores. Ainda mais, o IGF1 mostrou uma diminuicao

precoce no dia 6, sugerindo o fim da fase proliferativa.
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Estudos descritivos sobre a dindmica das células-tronco e a migragao
durante a cicatrizagdo de feridas na epiderme da pele de camundongo, demostraram
qgue as células epidérmicas da borda das feridas, em contato direto com a matriz de
fibrina, ndo proliferam, mas migram aceleradamente para o centro da ferida (19,
115). Nesse sentido, sugerimos que queratinocitos ao redor da ferida, em contato
com as nossas matrizes de fibrina-fibronectina migraram rapidamente em resposta
aos nano aglomerados de FN no modelo animal, como também, sugerimos que a
presenga do FN tenha estimulado a migragdo dos queratindcitos no modelo de ferida

in vitro.

Estudos prévios in vitro, tem demostrado a capacidade de imitar
determinadas caracteristicas do processo de cicatrizacdo animal. Estes estudos
mostraram tentativas de imitar determinadas caracteristicas do processo de
cicatrizagdo animal com importantes limitagdes, como por exemplo, modelo in vitro
sem uso de fibroblastos na camada dérmica (67), sem camada epidérmica (68), a
imitacdo de uma primeira fase do processo com o uso de peptideos sintéticos (69),
ou matrizes de colageno- glicosaminoglicano (70). Embora, em todos estes modelos
nado houve reprodugdo da fase hemostatica inicial nem uso de fibrinogénio ou

fibronectina (63-66).

Nossas perspectivas sobre um possivel uso na pratica clinica, sdo que
baseados no uso de fibrinogénio gama prima e fibronectina de origem humana, a
nossa matriz possa ser transladada a pratica clinica mais rapido, e apos validada
com ensaios clinicos, consiga ser usada tanto para hemostasia quanto para
melhorar a cicatrizacdo de feridas. As nossas perspectivas sobre o uso do modelo

de feridas em pele humana reconstituida, € que seja um modelo no qual préximos
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estudos consigam progressivamente recapitular toda e cada uma das fases do

processo de cicatrizagao da pele humana.

Apesar das doses anestésicas recomendadas serem conhecidas
mundialmente, as doses finais injetadas podem ser diferentes das calculadas. As
principais causas dos erros na administracdo de medicamentos em humanos estao
relacionadas as falhas no preparo e a falta de padronizagdo na administracdo destes
(116). A seguranca do animal experimental também deve garantir o calculo e
administracdo adequados dos anestésicos. Dessa forma, o aplicativo Labinsane
busca garantir a seguranga dos camundongos. A plataforma do Instituto de
Tecnologia de Massachusetts (MIT) App Inventor (appinventor.mit.edu) permite que
0s pesquisadores criem facilmente aplicativos para telefones inteligentes. Nesse
sentido, um estudo prévio validou o uso de um aplicativo moével para calculo
anestésico inalatério (117). Esperamos que Labinsane, um aplicativo moével baseado
na plataforma App inventor do MIT, ajude reduzir significativamente a mortalidade

relacionada a anestesia intraperitoneal.

Em 1959 Russell e Burch (118) propuseram que todos os esforgos
deveriam ser feitos para minimizar o uso e o sofrimento de animais experimentais
em pesquisas biolégicas e de saude (3R). Hoje, apés 60 anos, ainda estamos
lutando para atingir os altos padrdes idealizados por eles. As nossas perspectivas
sobre o0 uso do nosso modelo de feridas em pele humana equivalente como o uso de
Labinsane para o calculo individual de anestésico, convergem na possibilidade de

ajudar na diminuicdo do uso de animais experimentais nas pesquisas.
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CONCLUSAO

Concluimos que o 10% de yy'’F1 no plasma separado do total de yyF1,
bem como yy'F1 formam um complexo com pFN. Também confirmamos que o
complexo yy'F1: pFN formou uma estrutura de fibronectina em nano aglomerados na
fibrina. Sugerimos que a apresentagdo em nano escala 3D do FN pode potencializar
significativamente a interacdo célula-matriz e acelerar a formacdo de tecido de
granulagdo, como potencializar a reepitelizagdo em feridas na pele de camundongos
e em modelo de feridas em pele humana equivalente em 3D. A matriz de fibrina-
fibronectina, representa uma abordagem eficiente tanto para melhorar a cicatrizagéo
de feridas na pele de camundongos quanto como matriz transitéria em modelos de

pele humana equivalente em 3D.
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Anexo 1

A

uUNICAMP a A
CEUA/UNICAMP

e N A A s AR R
CERTIFICADO

Certificamos que a proposta intitulada Avaliacdo do efeito do complexo fibrinogénio/fibronectina sobre

a_cicatrizacdo de feridas em animais diabéticos, registrada com o n° 4467-1/2017, sob a

responsabilidade de Profa. Dra. Eliana Pereira de Araujo e Carlos Poblete Jara, que envolve a produgéo,

manutencéo ou utilizagdo de animais pertencentes ao filo Chordata, subfilo Vertebrata (exceto o homem)
para fins de pesquisa cientifica (ou ensino), encontra-se de acordo com os preceitos da LEI N° 11.794, DE 8
DE OUTUBRO DE 2008, que estabelece procedimentos para o uso cientifico de animais, do DECRETO N°
6.899, DE 15 DE JULHO DE 2009, e com as normas editadas pelo Conselho Nacional de Controle da
Experimentagdo Animal (CONCEA), tendo sido aprovada pela Comissédo de Etica no Uso de Animais
da Universidade Estadual de Campinas - CEUA/UNICAMP, em 29 de marcgo de 2017.

Finalidade: ( ) Ensino ( X ) Pesquisa Cientifica

Vigéncia do projeto: 01/02/2017-01/02/2021
Vigéncia da autorizagdo para manipulagio | 29/03/2017-01/02/2021
animal:
Espécie / linhagem/ raga: Camundongo isogénico / C57BL/6J
No. de animais: 192
Peso / Idade: 09 semanas / 21g
' Sexo: machos
Origem: CEMIB/UNICAMP

A aprovagdo pela CEUA/UNICAMP no dispensa autorizagdo prévia junto ao IBAMA, SISBIO ou CIBio e &
restrita a protocolos desenvolvidos em biotérios e laboratérios da Universidade Estadual de Campinas.

Campinas, 29 de margo de 2017.

FJM M L WE W \
Profa. Dra. Liana Maria Cardoso Verinaud Fatima M
Presidente Secretaria Executiva

IMPORTANTE: Pedimos atengéo ao prazo para envio do relatério final de atividades referente a este protocolo: até 30 dias
apoés o encerramento de sua vigéncia. O formulario encontra-se disponivel na pagina da CEUA/UNICAMP, area do
pesquisador responsavel. A ndo apresentagao de relatério no prazo estabelecido impedira que novos protocolos
sejam submetidos.
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SIGMA-ALDRICH

sigma-aldrich.com

Product Name:

3050 Spruce Street, Saint Louis, MO 63103, USA

Certificate of Analysis

Fibrinogen from human plasma - 50-70% protein (=80% of protein is clottable)

Product Number: F3879

Batch Number: SLBZ2294
Brand: SIGMA

CAS Number: 9001-32-5
MDL Number: MFCD00131060
Storage Temperature: Store at -20 T
Quality Release Date: 06 NOV 2018
Recommended Retest Date: NOV 2023

Website: www .sigmaaldrich.com
Email USA: techserv@sial.com
Outside USA: eurtechserv@sial.com

Test Specification Result

Appearance (Color) White to Off White White

Appearance (Form) Pow der Pow der

Solubility (Color) Colorless to Light Yellow Almost Colorless

Solubility (Turbidity) Clear to Hazy Slightly Hazy
10 mg/mL, 0.9% NaCl

Water (by Karl Fischer) < 10 % 7 %

% Protein (Biuret) 50 - 70 60

% Clottable protein > 80 93

Tested For Infectious Agents Tested Tested

Human Source Testing (Source) Tested Tested

HBSAG Negative Negative

HCV Negative Negative

HIV-1/HIV-2 Negative Negative

A olhel

Rodney Burbach, Manager
Analytical Services
St. Louis, Missouri US

Sigma-Aldrich warrants, that at the time of the quality release or subsequent retest date this product conformed to the information
contained in this publication. The current Specification sheet may be available at Sigma-Aldrich.com. For further inquiries, please contact
Technical Service. Purchaser must determine the suitability of the product for its particular use. See reverse side of invoice or packing

slip for additional terms and conditions of sale.
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