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RESUMO

Neste trabalho, estudou-se a producdo de dcido hialurdnico (AH) por cultivo de

Streptococcus zooepidemicus em estado sélido com enfoque bésico nas alteracdes inerentes
a estimulos na concentragdo inicial de actcares (CIA), concentracdo inicial de ascorbato
(CIAsc), vazao de ar e disponibilidade de oxigénio e tamanho de particula. O primeiro
enfoque mostra a comparacao entre cultivos em meio liquido (FS) e em estado sélido (FES)
e a producdo de AH integrada em substrato caju. Cada lkg de caju pode gerar 761 mg
(FES) e 1790 mg (FS) de AH, o que permite além da possibilidade de utilizacdo integral
deste residuo, a producao consorciada para a obtencdo de moléculas de AH que podem ser
usadas em aplicagdes biomédicas. A segunda abordagem trata da adi¢cdo de ascorbato ao
meio, que favoreceu os efeitos de despolimerizacdo por oxi-reducdo causados por radicais
hidroxila, alterando a massa molar final do produto obtido, o que explica as menores
massas molares obtidas em cultivos em meio de caju quando comparados a meios
sintéticos. Na terceira abordagem deste trabalho observou-se os efeitos da CIA, mostrando
a influéncia direta desta varidvel sobre o metabolismo microbiano e em especial sobre o
comportamento da competicdo entre a formagcao de AH e a biossintese celular (Y apx). O
desvio metabdlico para a producdo de AH em relacdo a sintese de células é superior para a
faixa entre 30-90 g.L"' em fase liquida (0,61 g.g"). A quarta e dltima abordagem traz a
importancia do oxigénio no cultivo em estado sélido. Como principal resultado, observou-
se a grande importancia da razdo entre vazao de ar/massa de agucares. A faixa ideal
observada foi de 1,27-2,8 L de ar / (g sugars. min), o rendimento Y 5p/x foi mdximo. Este
conjunto de resultados contribui pioneiramente ao processo de producdo de AH em FES e
para a otimizacdo da sua producdo, assim como para um melhor entendimento do
mecanismo metabolico do Streptococcus zooepidemicus.

Palavras-chave: dcido hialurénico, fermentacdo, Streptococcus zooepidemicus, metabélitos, massa

molar, Caju.
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ABSTRACT

In this work, hyaluronic acid (HA) production was studied the in solid state cultivation

(SSF) of Streptococcus zooepidemicus, focusing on metabolic changes induced by varying
the initial sugar concentration (ICS), initial concentration of ascorbate (ICAsc), volumetric
air flow rate, oxygen availability and particle size. The first approach shows the comparison
between liquid (SF) and solid state (SSF) culture medium, exploring the HA production by
the cashew substrate-integrated. Each 1kg of Cashew can generate 761 mg (SSF) and 1790
mg (SF) of HA, which allows, for the possibility of full utilization of this waste, with
production focused on HA molecules that can be used in biomedical applications. The
second approach shows that the addition of ascorbate in culture medium favored HA redox
depolymerization effects by hydroxyl radicals, altering the molecular weight of the final
product. This explains the lower molecular weight obtained from cashew culture medium
when compared to synthetic medium. In the third part of this work, we observed the effects
of the ISC, showing the direct influence of this variable on the microbial metabolism and,
in particular, on the behavior of HA/Biomass Yield (Y amx). The metabolic deviation for
the HA production related to cell synthesis is superior, in the range of 30-90 gL'1 in liquid
phase (0.61 g.g'l). The fourth and last approach presents the role of oxygen in solid state
cultivation. As the main result, it was we observed the importance of the ratio of air flow
rate / mass of sugars. The ideal range was between 1.27-2.8 L / air (g sugars. min), for
which case Y ap/x was maximum. These pioneering results contribute to the HA production
in SSF, as well as to understanding the metabolic mechanism of Streptococcus
zooepidemicus.

Keywords: hyaluronic acid, fermentation, Streptococcus zooepidemicus, metabolites,

molecular weight, Cashew apple.

XVii

——
| —



SUMARIO

CAPITULO 1- INTRODUGCAOQ ...ueeeeeeerrensesesnessessessesssssssssssessessessssessassssssesss 1
Acido Hialurénico: Caracteristicas, Aplicagdes e Producdo Fermentativa ...........c......... 1
ODBJELIVO ettt ettt et e ettt e et e st e e et e e eab e e sab e et e e nt e e nnee e S
Aspectos Abordados e Estrutura do Trabalho ..........ccccooviiiiiiiiiniiiiiieeee 5
CAPITULO 2- REVISAO BIBLIOGRAFICA .....u.cucueererncrncnncnsessessssassscssessenes 4
2.1 ACIAO HIAIUIONICO w.vvvvveveereernreesceesseesseessseesssesesse st sst st esesse st sessesessnssens 9
2.1.1. Breve HISTOTICO ..coiiuiiiiiiiiiiiie ettt ettt sttt 9

2.1.2. Estrutura € Propriedades ..........coccveeriiiiniiiiiniieeciieeieeeiee et 10
2.1.3. Comportamento €M SOIUCAO ......ceevuvieriiiieeiiiieeiieeeie et eeieeesree e eibeeesireeeaaeeens 10
2.2. Biossintese Microbiana de Acido Hialuronico .............cooevevuerueeeeeesveeeseeseesesenennns 14
2.2.1. Mecanismo da Biossintese Celular de Acido Hialurdnico ............cocovvveveereennnn. 18
2.2.2. Metabolismo Microbiano na Producio de Acido Hialurnico ............ccceeeuee..... 23
2.2.3. Biossintese Microbiana vs. Extracdo de Tecidos ANimais ........ccocceeeeveernveennineenns 28
2.3. Utilizagdo de Residuos Agricolas para Produgdo de Acido Hialuronico ................. 29
2.3.1. Meios de Cultivo Usados para a Producio de Acido Hialuronico ...................... 29
2.3.2. Utiliza¢do de Caju para a Producio de Acido Hialuronico ...........c..cocoeeeerevene.. 33
2.4. Fermentacao em Estado SOIIAO ......ccccuiviiiiiiiiiieiieeeieeeeeeee e e 38
2.4.1.Caracterizac@o dO CUIIVO .....eieiuiiieiiie ettt esbee e sareeeaaeeens 38

——

)
XIX J



2.4.2. Reatores Usados em Fermentagao no Estado SOIdO.........c.ccevcvvieviieiniieeniieiies 41

2.4.3. Fenomenos de Transferéncia de Massa no Cultivo em Estado Sélido................... 45
2.4.4. Transferéncia de Oxigénio em Fermentag¢do em Estado SOlido ..........ccceeenenneee. 49
2.5. Mercado e Aplicagdes do Acido HIalurdnico .............oovveveeveveeveeeeseerseeseseeseneeeas 53
2.6. Referéncias BiblIOZIrafiCas .......cooueiiiiiiiiiiiiiiiiieiececeete et 56
CAPITULO 3 — RESULTADOS E DISCUSSAOQ .....cuouverrncrnerresressnsacsscssesens 71
T BN o) (1<) 11 Loz 1o TR 71

(Artigo 1)Total Cashew Apple pseudo-Fruit (bagasse and juice) as resource for the
production of hyaluronic acid ...........coocuiieiiieriiieiiieeieeee e e e 73

(Artigo 2) Hyaluronic acid depolymerization by ascorbate-redox effect on solid state
cultivation of Streptococcus zooepidemicus in cashew apple fruit bagasse .........cccce....... 91

(Artigo 3) Metabolic Effects of Initial Sugars Concentration on the Microbial Production

of Hyaluronic Acid by Solid State Fermentation in Cashew Apple Bagasse..................... 111
(Artigo 4) The Role of Oxygen in the Hyaluronic Acid Production by solid state
cultivation of Streptococcus zooepidemicus in Cashew Apple Bagasse..........ccccceevueeennee. 131
CAPITULO 4 — CONCLUSOES ......coueemmmnecnmmesersssnsessssassesssssssssssssssssassasees 155
4.1, CONCIUSTES ...ttt ettt ettt ettt e sat e st e bt e bt e b e saneesaeeeabeenaees 155
4.2. Sugestdes para Futuros Trabalhos ..........cccceeviiiiiiiiiniiiiiieceecce e 156

XX

——
| —



LISTA DE
FIGURAS

Figuras do CAPITULO 1

Figura 1.1. Estrutura global da pesquisa desenvolvida destacando a organizagdo dos resultados em

textos submetidos 2 periodicos CIENLITICOS. .ivurvuriuririrenriirireeneiererrerenererreeeneeenereeesennenerensennan 7

Figuras do CAPITULO 2

Figura 2.1. Estrutura do tetrassacarideo de uma cadeia de 4cido hialurénico. Adaptada de
Gomez-Alejandre et al. (2000). .....oeiiiiiiie e e 11

Figura 2.2. Ocorréncia de AH em diferentes tecidos animais e sua concentra¢do (Adaptado
de Kogan et al., 2007 € Pires, 2009)......cccuii ittt 11

Figura 2.3. Modelos para o comportamento de AH em Solucao (adaptado de Hardingham,

Figura 2.4. Estrutura do AH mostrando os hidrgénios axiais formando a face apolar
(adaptado de Hascall & Laurent,1997). .......cccooviiiiiiiiiiiieeiieeeeeeeeeeee et 15

Figura 2.5. Estrutura de fita torcida para o comportamento do AH em solu¢do (adaptado de
Hascall & Laurent, 1907 .....ueeeeiiioiieieeeeeeee ettt e e e e e e eaaaereee e 16

Figura 2.6. Modelos de condensacdao do AH em Solu¢do (adaptado de Cowman et al.,
2005) ettt ettt et ettt b e e a e e bt et e e a b e bt et e e st e ehe e beeate e bt e b e enee bt enbeeate e 18

Figura 2.7. Micrografias eletronicas de células de Streptococcus equi subespécie
zooepidemicus obtidas no final da fase exponencial de crescimento de uma cultura em
biorreator aerado (A) examinadas em microscopio eletronico de transmissdo (Chong et al.,
2005) e (B) examinadas em microscopio eletronico de varredura (Ogrodowski, 2006)...... 19

XXi

——
| —



Figura 2.8. Esquema simplificado para representacdo da sintese de AH. (adaptado de
Yamada & Kawasaki, 2005 € Weigel, 2004) ..oooveiiiiiiiieeeeeeeteeete et 20

Figura 2.9. Esquema simplificado para representacdo da sintese de AH. (adaptado de
Yamada & Kawasaki, 2005 € Weigel, 2004) ...coeoiiiiiiiiiieiieee et 22

Figura 2.10. Via biossintética para producdo de 4cido hialurbnico por Streptococcus.
(Adaptado de Chong ef al., 2005). .....ooouiiiiiiiieiieete ettt 25

Figura 2.11. Fluxo metabdlico do S. zooepidemicus (adaptado de Chong & Nielsen, 2002)

Figura 2.12. Fluxo de carbono baseado em 100 C-mol de glicose consumido. (Adaptado de
Chong & Nielsen, 2003). ....cooiiiiiiiiie ettt ettt s s 30

Figura 2.13. Perfil dos aminodacidos classificados como essenciais em diferentes fontes de
nitrogénio organico provenientes de subprodutos agroindustriais (adaptado de Pires, 2009;

Sgarbieri et al., 1999; Kreider, 2004; Cardinal & Hedrick, 1948). ......ccccooviiiniiiiniiinnncnn. 32
Figura 2.14. Perfil dos aminodcidos majoritdrios presentes no Suco de Caju (adaptado de
Oliveira ef al. (2002). ..ooueeieiieie ettt sttt sttt 37
Figura 2.15. Reator de Bandejas do Tipo Koji (adaptado de Durand, 2003) .................... 41
Figura 2.16. Reator de tambor rotativo (adaptado de Durand, 2003) .........ccceecveeieeniennnn. 42
Figura 2.17. Reator de misturador horizontal de pas (adaptado de Durand, 2003) ........... 43
Figura 2.18. Reatores do tipo leito fixo em escala laboratorial (adaptado de Durand, 2003).
.............................................................................................................................................. 44
Figura 2.19. Esquema de coluna esterilizavel para escala laboratorial(adaptado de Durand,
2003) ¢ttt ettt h et e a b bttt ea b e bt e bt e h b e bt et e ea b e bt et e e nte bt enbeeaae e 44
Figura 2.20. Fenomenos MacroscOpicos que ocorrem em biorreatores. .........ccooc.eeeeevennee. 48
Figura 2.21. Transferéncia de Oxigénio em Sistemas s6lidos porosos. ........c.cceccceeerueenee. 50

Figura 2.22. Representacdo geral da teoria do Filme e do transporte de oxigénio em FES.

XXii

——
| —



Figuras do CAPITULO 3
Figuras do Artigo 1

Figure 1. Scheme of the fixed bed column used in the SSF experiments: 1. Primary
humidifier, 2. Inlet air tube, 3. Bagasse packed bed, 4. Glass column, 5 outlet air tube, 6.
Ny 1= 8 (S 21 1<) U 80

Figure 2. Overview of mass balance for the HA production starting from 1 kg of in natura
total cashew apple pseudo fruit (CAPF), from which the cashew apple juice and the
bagasse Were ODLAINEd. ........cooiiiiiiiiiiiiie et 85

Figuras do Artigo 2

Figure 1. Scission of the HA chains may be due to -cleavage of the C-centered radical
formed at, for example, C(1) of the glucuronic acid residue.(Soltes ez al., 2007) ............. 94

Figure 2. Kinetic profiles of (A) sugars consumption, (B) cells growth and (C) HA
production for SSF with forced aeration (1 L. min™) using a culture medium composed of
cashew apple bagasse moisturezed with the juice supplemented with yeast extract, salts
and ascorbate at the concentrations 1.7 (©) 3 (0) and 10 mg.L'1 (7 ) R 100

Figure 3. Profile of lactate (A) and acetate (B) biosynthesis for SSF with forced aeration
(1 L. min™) using a culture medium composed of cashew apple bagasse moisturezed with
the juice supplemented with yeast extract, salts and ascorbate at the concentrations 1.7 (0)
3(0) ANA 10 MEL™ (A ). coroeeeeeeeeeeeeee et 101

Figure 4. Average and distribution of the hyaluronic acid molecular weight. (A)
Representative chromatogram for the molecular weight analysis of the HA produced by
SSF in the presence of ascorbate. The two main populations (B) Behavior of the two
populations with the increasing concentration of ascorbate 10 KDa (©) and 1KDa (o). (C)
My distribuition for the HA produced in the solid state fermentation. (D) Average M,
behavior with increasing concentration of ascorbate. M,, of 1.7 g.L‘1 (in natura)was 2.5 x
107 DA oottt ettt 103

XXiii

——
| —



Figuras do Artigo 3

Figure 1. Central metabolic pathways in Streptococcus zooepidemicus involved in the
conversion of glucose to hyaluronic acid and fermentation products through the (a)
homolactic and (b) mixed acid metabolisms. HAS, hyaluronate synthase; NOX, NADH
oxidase; LDH, lactate dehydrogenase; PFL, pyruvate formate lyase; PDH, pyruvate
dehydrogenase; ADH, alcohol dehydrogenase; AK, acetate kinase (Adapted from Chong
and INIelSen, 2003D) ....ccoiiiiiiiiie et ee e e e e e e e e e e e e e e araraeeas 113

Figure 2. (A) Scheme of the fixed bed column used in SSF experiments: 1. Primary
humidifier, 2. Inlet air tube, 3. Comminuted bagasse packed bed, 4. Glass column, 5 outlet
air tube, 6. Sterile water. (B) Picture of the columns inside the microbial incubator. ...... 119

Figure 3. The metabolic effects of the initial glucose and fructose concentration on: (A)
total sugars consumption and production of (B) HA; (C) cell mass (D) lactic acid (E)
acetic acid and (F) Yya/x Behavior in solid state fermentation using cashew apple bagasse
moisturized with the cashew juice at the total sugar concentrations 3Og.L'1 (15 mg.g'1 moist
bagasse), SOg.L'1 (25 mg.g’1 bagasse) and 90g.L'1 (45 mg.g'1 bagasse). ...ccccevveereeeneenne 125

Figure 4. Effects of initial concentration of sugars (glucose and fructose) on HA (A)
molecular weight distribution (B) Average My. ....ccccccooviiiiiiiiniiiiniiienieeeeeee e 126

Figure 5. Consumption of glucose and fructose along solid state fermentations in cashew
apple bagasse, moisturized with cashew apple juice, yeast extract and salts at (A) 30g.L"
total sugars (15 mg.g'l) and (B) 9Og.L’1t0tal sugars (45 mg.g'l) ....................................... 127

Figuras do Artigo 4

Figure 1. (A) Mechanism of oxygen transfer in a porous particle. (B) (1) oxygen in the gas
phase diffuses to the liquid phase in a stagnant liquid film and then (2) diffuses into the
| 010) (PSPPSR 134

Figure 2. Characterization of the four groups of solid particles used for the studies of
particle size in the production of HA. Sauter mean diameters were determined by the
equation for mean dp = 1/(x,/dp)+(x2/dp2)+...H(Xn/dp,) using xi as the mass fractions for
each diameter (dp;) in the particle population (m) 3.20mm, (=) 2.48 mm (o0) 1.54mm and
(M)0.67 MMM <ottt a et et sbe et s sae e 136

Figure 3. Effects of particle Sauter mean diameter on the (A) moisture accumulation by the
solid phase after 24h of fermentation, (B) global Yya/x (production of HA related to cell
growth), (C) total oxygen consumption in bagasse bed and (D) molecular weight of HA. ....
143

XXiv

——
| —



Figure 4. Images obtained of the cashew bagasse particles by a ophthalmologic slit lamp
(A) and 3.20mm (B) 0.67mm showing the greater exposure of water in the surface of
particle of 0.67 mm. Scanning electron microscopy micrographies obtained for the same
particles (C) 3.20mm highlighting the larger pores into the particles of 3.20mm.and (D)
(U0 1115 F T TP P SO PR U RO UORP P OPPORTRTOP 144

Figure 5. Effect of volumetric inlet air flow rate on the production of (A) HA, (B)
Biomass and the global yields(C) Y ams and (D) Yx/s 145

Figure 6. Effect of volumetric air flow rate on the (A) global yield Ypnax , (B) total
oxygen consumption, (C) gas-liquid oxygen transfer coefficient ( K;a ) at the exponential
phase of microbial growth (D) HA Molecular weight. .......c.cccoceeviiniiiniiniienicnieeneee 147

Figure 7. (A) Effects of volumetric air flow rate on the moisture content accumulation in
bed(A), (B) Optical micrography detailing liquid film, (C) Oxygen concentration profiles
in liquid film (at 12h fermentation) and (D) Intra-particle oxygen concentration (at 12h
fermentation). Air flow rates: 0.4 (0),0.6(m),0.8(A),1.0(A),1.2(0) and 1.8(0) L.min™. . 148

Figure 8. EffectS of the R ratio (volumetric air flow rate/total sugar mass) on Ypa/x. yield.
(*) Data obtained at total sugar concentration was constant 45 mg. g'1 (9Og.L'1) in liquid

phase and air flow rates from 0.4 to 1.4 L.min™". (**) Values obtained at 1 L.min" and

4525 and 15 mg.g"' total sugar concentration (90, 50, 30 2.L™). oo, 149

XXV

——
| —



LISTA DE
TABELAS

Tabelas do CAPITULO 2

Tabela 2.1. Comparacdo entre massas molares de AH extraido de diversas fontes. ......... 13
Table 2.2. Composic¢ao tipica do Suco de Caju (SC) e do Bagago de Caju (BC). ............. 34
Tabela 2.3 — Aplicagdes industriais da FES (adaptado de Raimbault, 1997). ................. 39
Tabelas do CAPITULO 3

Tabelas do Artigo 1

Table 1.Composition of the total cashew apple pseudo-fruit: juice and bagasse. .............. 76

Table 2. Composition of the synthetic medium supplementation (Swann et al., 1990). .... 78

Table 3. Yield parameters obtained from fermentations of cashew apple pseudo-fruit juice
in submerged fermentation (SF) under natural and forced aeration, and in solid
fermentation (SSF) using cashew apple pseudo-fruit bagasse. In both cases the culture

media were supplemented with yeast extract and salts as proposed by Swann et al. (1990)

XXVii

——
| —



Tabelas do Artigo 2

Table 1. Composition of the synthetic medium supplementation (Swann et al., 1990) ...... 96

Table 2. Yield parameters obtained from the fermentation of cashew apple bagasse (SSF)

with different acorbate concentrations in liquid phase. ........c.ccoccveeveieeriiieeniieeniee e 102
Tabelas Artigo 3

Table 1.Composition of the total cashew apple pseudo-fruit: juice and bagasse. ............ 116
Table 2. Composition of the synthetic medium (Swann et al., 1990) .........c.ccceevieenennn 117

Table 3. Specific growth rate and yields determined in solid state fermentation using
cashew apple bagasse moisturized with the cashew juice at the total sugar concentrations
30g.L'1 (15 mg.g'1 moist bagasse, SOg.L'l (25 mg.g'l moist bagasse) and 9Og.L‘1 (45 mg.g‘1
IMNOIST DAZASSE) ettt ettt 126

Tabelas do Artigo 4
Table 1. Composition of the synthetic medium supplementation (Swann et al., 1990).... 135

Table 2. Water Activity as a function of particle Sauter mean diameter .............cccco....... 142

{ XXViii }



NOMENCLATURA

a Area interfacial para transferéncia de O,
AcCoA Acetil coenzima A

ADH Alcool desidrogenase

ADP Adenosina difsfato

AFM Microscopia de forca atémica

AK Acetato quinase

ANOVA Andlise de variancia

AOAC Associacdo de analistas quimicos oficiais
ARD Derivados agroindustriais

ATCC American Type Culture Collection

ATP Adenosina Trifosfato

BHI Brain Heart Infusion

C* Concentracdo de O, na interface gas-liquido
C/N Razao carbono nitrogénio

Ca Célcio

CAJ Suco de caju

CAPF Cashew Apple Fruit

XXiX

——
| —



Ce
CLS
Co

CO;
CoASH
Cu

Da
DNA
EMP
Fé6P
FDA
Fe

G6P
GC-MS
HA
HAS
HPLC
HSPC
ICP-OES
IGC

K

K.

LAB

Concentragdo média de O; no filme liquido

Agua de maceragdo de milho
Cobalto

Diéxido de carbono

Coenzima A

Cobre

Daltons

Acido desoxiribonucleico

Via Embden-Meyerhof-Parnas
Frutose-6-fosfato

Food and Drug Administration
Ferro

Glicose-6-fosfato

Cromatografia gasosa acoplada ao espectrometro de massa

Acido hialurdnico

Hialuronato sintase

High performance liquid chromatography
Hidrolisado de concentrado protéico de soja
Espectrometria de emissao por plasma
Concentragao inicial de glicose

Potassio

Coeficiente de transferéncia de oxigénio na fase liquida

Bactérias laticas

XXX

——
| —



LDH

MFA

MQD

MW

NAD"
NADH
NADPH
NMR
NOX
PDH

PFL

Pi
Pp
PPi
Px
PYR
RNA

SEC

Lactato desidrogenase

Anélise de fluxos metabdlicos

Magnésio

Manganés

Molibdénio

Meio quimicamente definido

Massa molar

Taxa volumétrica de transferéncia de oxigénio
Nicotinamida adenina dinucleotidio oxidada
Nicotinamida adenina dinucleotidio reduzida
NAD Fosfato (forma reduzida)

Ressonancia magnética nuclear

NADH oxidase

Piruvato desidrogenase

Piruvato formato liase

Potencial hodrogenionico

Fosfato

Produtividade de 4cido hialurénico
Pirofosfato

Produtividade de células

Piruvato

Acido ribonucléico

Cromatografia de exclusdo por tamanho

XXXi

——
| —



SF

SSF

TP

UDP

UDPG

UDPNAG

UTP

uv

WPC

YAc/S

Yroms

YFor/S

YHA/S

YLac/S
YX/S

Zn

KUx

submerged fermentation

solid state fermentation

Triose fosfatos

Uridina difosfato

UDP-4cido glicurdnico

UDP-N- acetilglicosamina

Uridina trifosfato

Ultravioleta

Vetor de fluxos metabdlicos

Concentrado protéico de soro de leite

Coeficiente de rendimento de acetato em relacdo a glicose
Coeficiente de rendimento de etanol em relacio a glicose
Coeficiente de rendimento de formato em relacdo a glicose
Coeficiente de rendimento de 4cido hialurdnico em relacdo a glicose
Coeficiente de rendimento de lactato em relagéo a glicose
Coeficiente de rendimento de células em relacdo a glicose
Zinco

Velocidade especifica de crescimento

XXXii

——
| —



CAPITULO 1

INTRODUCAO

1.1. Acido Hialurdnico: Caracteristicas, Aplicacoes e Producao

Fermentativa

O 4cido hialurbnico (AH) é um polissacarideo linear de alta massa molar
pertencente a familia dos glicosaminoglicanos e consiste em unidades dissacaridicas
polianidnicas de dcido D-glicuronico (GlcUA) e N-acetil-glicosamina (GlcNAc) unidas

alternadamente por ligacdes  (1>3) e (1> 4).

O AH foi descoberto em 1934 por Karl Meyer ¢ John Palmer, que descreveram o
procedimento para isolamento deste glicosaminoglicano procedente do humor vitreo
bovino. O nome, 4cido hialurdnico, originou-se da jun¢do entre o termo grego hialdide

(vitreo) e acido urdnico.

Solugdes de 4cido hialuronico tém consisténcia gelatinosa, alta viscoelasticidade e

alto grau de hidratacdo devido as suas caracteristicas estruturais. AH é descrito como um



polieletrélito de esqueleto enovelado e estrutura semi-rigida, que ocupa um grande volume
hidrodindmico. Mesmo em baixas concentracdes (1 mg.L™"), as suas cadeias sdo capazes de
interagir formando redes. Esta substincia estd presente em varios tecidos conjuntivos de
animais e possui importantes fungdes como flexibilidade e manutencdo da estrutura dos
tecidos. Alguns 6rgdos sdo particularmente ricos em dcido hialur6nico, tais como o cordao
umbilical, fluido sinovial e o humor vitreo. Na pele e em cartilagens, a sua func¢ao € ligar-se
a dgua, manter a tonicidade e elasticidade dos tecidos. Nos fluidos das articulagdes, serve

como lubrificante, proporcionando protecao as células.

O AH ¢ nao-imunogénico e, portanto, possui um grande potencial de aplicacdes nas
inddstrias cosmética, médica e farmacéutica, incluindo hidratantes para a pele,
preenchedores faciais, tratamento de osteoartrite, cirurgia oftalmoldgica, cicatrizacdo de
ferimentos, prevencdo de adesdo de cirurgias, oncologia e liberacdo controlada de

farmacos.

O mercado mundial para o AH de grau médico corresponde a aproximadamente 1
tonelada por ano, sendo comercializado a U$ 40.000-60.000 kg'l. O volume do mercado de
AH empregado no setor cosmético € cerca de 10 a 20 vezes superior, enquanto 0 preco se

encontra na faixa de U$ 1.000-2000.kg™, dependendo da qualidade do produto final.

O AH pode ser extraido do fluido sinovial, pele, tenddes, do corpo vitreo dos olhos,
do corddo umbilical e de crista de galo. Porém, a associacdo deste biopolimero de origem
animal a antigenos limita as suas aplicacdes na drea médica, e € esta atual preocupacio e
restricdo quanto ao uso de materiais de origem animal para aplicacdes biomédicas,
conferindo aos processos fermentativos de produ¢do do AH uma alternativa cada vez mais

atrativa e confiavel.




Em geral, os processos fermentativos para producdo de AH envolvem
microrganismos do género Streptococcus do grupo C de Lancefield, em particular
Streptococcus equi sub. equi e Streptococcus equi sub. Zooepidemicus. Sob condicdes
controldveis, este grupo de organismos pode produzir AH em maiores rendimentos pela
imposicdo de otimizacdes ao processo. Os polimeros resultantes de ambas as fontes
apresentam a mesma estrutura quimica daqueles encontrados em animais, podendo diferir

apenas com relacdo a massa molar.

O processo de producdo em via fermentativa apresenta também um aspecto
importante em relacio aos processos de extragdo, que € a obtencdo de um produto livre de

caracteristica antigénica, tornando os esfor¢os na sua purificacio menos onerosos.

O meio de cultura € fundamental para o desempenho de microrganismos em
processos fermentativos. Streptococcus dos grupos A e C apresentam requerimentos
nutricionais fastidiosos com relacdo a nitrogénio organico. De modo geral, os meios
incluem extrato de levedura, peptonas ou hidrolisado de caseina como fonte de nitrogénio e

fatores de crescimento.

Visando a redug¢do de contaminagdes oriundas de fontes animal no cultivo de
Streptococcus zooepidemicus, este trabalho propde a utilizacdo de substrato vegetal de caju
(Anacardium occidentale L.) para a producdo de AH em via fermentativa. O caju € uma
fruta tropical, cuja produgdo, no Brasil, estd concentrada no Nordeste. A agroindustria do
caju no Nordeste produz cerca de 217 toneladas de castanha e 2 milhdes de toneladas de
pseudofruto por ano. Mesmo apresentando uma grande potencialidade como matéria-prima
para diversas aplicacdes, o pseudofruto do caju tem cerca de 90% da sua producdo

descartada a cada ano. em funcdo da sua alta perecibilidade. Outra justificativa para esse
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desperdicio é o fato da comercializacdo ou aproveitamento do peddnculo ndo ser o
principal negécio para a agroindustria do caju e sim o processamento e comercializacdo da

améndoa.

Dados para o mercado mostram que o consumo de suco de caju oscila em torno de
40 mil toneladas, o que ainda é muito discreto em relacdo a produgdo. Este consumo ¢é

limitado simplesmente ao mercado interno.

Segundo o Instituto Brasileiro de Geografia e Estatistica, em 2004, o Brasil possuia
691.331 ha destinados a colheita de caju. Esta area esta distribuida, prioritariamente, pelas
regides Norte, Nordeste e Centro-oeste do pais, sendo a regido Nordeste a que apresenta a

maior drea disponivel ao plantio de caju (688.562 ha).

Com relagdo a produgio agricola nacional, a agroindustria do caju representa pouco
mais de 1% da édrea plantada no Brasil. Dado significativo quando comparamos a cana-de-
acicar, um dos mais importantes e significativos produtos agricolas nacionais, que

contribui com pouco mais de 9 % da 4rea plantada no Brasil.

Este aspecto confirma o grande potencial econdmico para aproveitamento dessa
matéria-prima com uso de processos alternativos e que possibilitem a agregacao de valor ao
produto final obtido por estes processos, visto que grande parte dessa produgdo €

desperdicada como residuo da agroindustria.

Considerando as potencialidades do caju como matéria-prima e sua disponibilidade,
foi estudada neste trabalho a utilizacdo integral do caju como substrato, com especial énfase
a producdo por processos fermentativos em estado sélido e a caracterizacdo do AH

produzido por via fermentativa com meio de cultura a base de caju, em continuidade aos




trabalhos anteriormente desenvolvidos no Laboratorio de Desenvolvimento de Processos

Biotecnol6gicos da FEQ/UNICAMP.

1.2. Objetivo

Este trabalho tem como objetivo fundamental o estudo da produg¢do de AH por

cultivo no estado sélido ou fermentacio em estado solido (FES) de Streptococcus

zooepidemicus, além da caracterizacao do biopolimero produzido.

1.3. Aspectos Abordados e Estrutura do Trabalho

Este trabalho aborda quatro aspectos fundamentais do processo de producdo de AH

em FES (Figura 1.1) apresentados neste texto sob a forma de artigos cientificos. Os quatro

aspectos sdo:

il.

Viabilidade da producdo de AH através do cultivo em estado soélido de

Streptococcus zooepidemicus. Esta abordagem € apresentada na comparacdo entre a

producdo de AH com substrato caju em meio liquido e meio sélido. Além de
mostrar a viabilidade na produgdo, o principal objetivo desta abordagem ¢é
demonstrar o aproveitamento integral desta fonte de baixo custo.

Efeitos resultantes da presenca de ascorbato no meio liquido. A principal diferenca

encontrada por Pires ef al. (2010) em seu trabalho comparativo entre a produgdo de
AH em meio sintético e a producdo em suco de caju foi a menor massa molar do
AH obtido do cultivo em suco. Uma das explicacdes que aqui € proposta para
explicar este fendmeno € a presenca, no suco de caju, de moléculas como o

ascorbato, que promovem a evolucdo de espécies reativas de oxigénio e provocam

cisdo nas ligacdes entre os mondmeros. Além da explicacio do mecanismo este




iii.

.

artigo apresenta a possibilidade de modulacdo da producdo de AH de baixa e média
massa molar, de grande importancia para aplicagdes na sinalizacdo de células e
liberacdo controlada, com a presenca natural de ascorbato no suco.

AlteracOes metabdlicas decorrentes da concentracdo inicial de acicares no meio de

cultivo para a produgdo de AH. Estudos preliminares deste grupo de pesquisa (Pires

et al., 2010 e Pires e Santana, 2010) mostraram que a presenca de agicares em
altas concentragdes levam a inibi¢do catabdlica. O trabalho prévio, que compara a
producdo por fermentacdo em estado sélido e por fermentacdo submersa, mostrou
que nenhum comportamento inibitério € evidente quando o substrato caju, que
apresenta altas concentracdes de acticares, glicose e frutose, (préxima a 90 g.L'™") é
utilizado. O objetivo desta abordagem &, portanto, apresentar as alteracdes
metabolicas inerentes a relacdo entre a concentracdo de agucares e os desvios da
biossintese microbiana para a produ¢cdao de AH, uma vez que estas duas vias que
competem pela mesma fonte de carbono.

Papel do oxigénio na producdo de AH. Como conseqiiéncia dos primeiros estudos

comparativos entre a produgdo por fermentacao em estado solido e por fermentacao
submersa, um dos aspectos que torna estes dois processos diferentes € a
disponibilidade de oxigénio a célula. Em processos em estado sélido, a transferéncia
ocorre em um menor volume de liquido (filme em volta da particula), o que
favorece a disponibilidade de oxigénio as células, ao contrdrio do que ocorre em
fermentacdo submersa. Outra vertente desta abordagem é a comprovada relacdo
entre a transferéncia de oxigénio e o estimulo a producdo de AH, que forma uma

capsula protetora contra os efeitos téxicos do oxigénio as células.
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Figura 1.1. Estrutura global da pesquisa desenvolvida destacando a organizacdo dos

resultados em textos submetidos a periddicos cientificos.

Além dos quatro aspectos abordados nos textos submetidos a periddicos cientificos,
uma patente foi submetida a INOVA/UNICAMP como finalizagdo dos estudos em FES
para a producdo de AH. Neste documento técnico, comunicamos e solicitamos a
propriedade intelectual de uma unidade escalondvel modular de leito fixo, que reproduz as
condicdes de uma coluna de leito fixo de escala laboratorial. Portanto esta unidade
minimiza os efeitos dispersivos e pode ser usada, além de piloto para o desenvolvimento
destes processos, também em como mdédulo experimental para reproducdo de ensaios em

condi¢Oes diversas.




CAPITULO 2

REVISAO
BIBLIOGRAFICA

2.1. Acipo HIALURONICO

2.1.1. BREVE HISTORICO

Em 1934, Karl Meyer e seu assistente, John Palmer, trabalhando no Laboratério de
Bioquimica do Departamento de Oftalmologia da Universidade de Columbia, descreveram o
procedimento para isolamento de um novo glicosaminoglicano procedente do humor vitreo de
boi. Em seu trabalho, Meyer e Palmer apresentam esse novo composto como um polissacarideo
que continha dcido urdnico e um amino-acucar, mas nao apresentava nenhum sulfoéster. Meyer e
Palmer propuseram o nome Acido Hialurénico para aquela substincia, nome que veio da jung¢io

entre o termo grego hialdide (vitreo) e acido urdnico (Laurent, 2002 e Yamada et al., 2005).



Poucos anos mais tarde, em 1937, Kendall, Heidelberger ¢ Dawson observaram a
semelhanca entre um polissacarideo da cdpsula de Streptococcus do grupo A hemolitico e o 4cido

hialurénico, sendo este o primeiro relato da producao microbiana desta biomolécula.

Na década seguinte a descoberta, Meyer e outros colaboradores dedicaram-se ao
isolamento de AH de tecidos animais incluindo fluido sinovial, pele, cordao umbilical e crista de
galo em um procedimento original de preparo que incluia remog¢do de proteinas por desnaturacao
ou digestdo proteolitica e, entdo, uma precipitacao dos polissacarideos com dlcool ou acetona. No
entanto, as preparacdes originais retinham muita proteina e este fato gerou discussdes sobre a

complexacdo entre esta biomolécula e proteinas sobretudo nos anos 60-70.

O marco da histéria do AH, no entanto, estd nos anos 50, quase 20 anos depois de sua
descoberta, quando a sua estrutura foi elucidada por Karl Meyer e seus assistentes. Naquela
década e na seguinte (50-60), o foco principal dos estudos eram as propriedades do AH e seu
complexo comportamento em solu¢do, que mesmo em baixas concentracdes representavam um
desafio naqueles anos. Muitos trabalhos enfocaram medidas biofisicas de espalhamento de luz
(“light scattering”), osmometria, viscosidade e sedimentacdo para fornecer subsidios a modelos

de comportamento (Hardingham, 2004).

2.1.2. ESTRUTURA E PROPRIEDADES

O 4cido hialurdnico (AH) é um polissacarideo linear de alta massa molar constituido de
unidades dissacaridicas de acido D-glicuronico e N-acetilglicosamina unidos por uma ligagao
glicosidica PB(1-3). As unidades dissacaridicas sdo linearmente polimerizadas por ligacdes

glicosidicas B(1-4) (Lapcik Jr. et al., 1998), conforme demonstrado na Figura 2.1.

10

——
| —



Figura 2.1. Estrutura do tetrassacarideo de uma cadeia de dcido hialuronico. Adaptada de
Gomez-Alejandre et al. (2000).

O AH pertence a um grupo de polissacarideos denominados “polissacarideos do tecido
conjuntivo”, “mucopolissacarideos” ou “glicosaminoglicanos”, grupo que inclui também o

sulfato de condroitina, sulfato de dermatana e heparina (Lapcik Jr. ef al., 1998).

O AH € uma molécula estruturalmente simples, no entanto o nimero de unidades
dissacaridicas repetidas presentes em sua estrutura pode exceder 30.000.000, caracteristica que
lhe confere massas molares da ordem de 1 x10’ Da ou até mesmo superiores a este valor. Esta
importante caracteristica fisico-quimica atribui ao AH propriedades hidrodinamicas particulares e
que o tornam uma molécula complexa e com ampla aplicabilidade nos campos médicos e

cosméticos (Kogan et al., 2007).

O AH € um componente essencial na maior parte dos tecidos de organismos vertebrados
(Figura 2.2.). Deste modo, diversos tecidos animais sdo utilizados como fonte para isolamento e
producdo de AH de alta massa molar. Entretanto, o AH comercialmente disponivel ¢&
prioritariamente origindrio de processos de extracdo a partir de crista de galo e do cordao

umbilical, por serem estes os tecidos onde o AH é mais abundante. (Adam & Ghosh, 2001).

Além de estar presente em tecidos animais, o dcido hialuronico também € encontrado em

procariotos, principalmente em Streptococcus dos grupos A e C de Lancefield, que sintetizam
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esse composto naturalmente como parte de sua cdpsula externa (Armstrong & Johns, 1997 e

Wessels et al., 1991).
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Figura 2.2. Ocorréncia de AH em diferentes tecidos animais e sua concentracio (Adaptado

de Kogan e al., 2007 e Pires, 2009).

O AH normalmente encontrado em tecidos animais possui a mesma estrutura quimica em
relagdo ao produzido por fermentacdo microbiana, no entanto uma grande diferenca entre estas

duas fontes de AH, como cita Cooney et al. (1999), é a massa molar do biopolimero.

A Tabela 2.1 apresenta a variacdo da massa molar de HA de acordo com a fonte de sua obtengao.

12

——
| —



Tabela 2.1 - Comparacao entre massas molares de AH extraido de diversas fontes.

Fonte Massa Molar (Da)
Fluido sinovial 1,0-8,0x 10°
Corddo umbilical 3,6-4,5x10°
Crista de galo 12 - 14 x 10°
Humor vitreo bovino 0,38-2,08 x 10°
Fermentacao microbiana 2,4-3.4 x 10°

(Adaptada de Ogrodowski, 2006; Adam e Ghosh, 2001; Igbal et al., 1997.)

H4, no entanto, restrigdes ao AH extraido e purificado de tecidos animais, segundo Chong

(1998), que sdo:

1. Reducdo da massa molar apds os processos de extracdo e purificacio;

ii.  Dificuldades de isolamento de moléculas com alto peso molar devido a formacao de

complexos com proteoglicanos;
iii.  Controle da massa molar do polimero;

iv.  Questdes éticas e argumentos morais a utilizagdo bioquimica dessa substancia devido ao

risco de infecgdes virais.
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2.1.3. COMPORTAMENTO EM SOLUCAO

Solugdes de AH apresentam propriedades viscoeldsticas e a base biofisica de seu

comportamento ndo-ideal tem sido fonte de muitos estudos.

Em solugdes diluidas, o AH comporta-se como um novelo aleatdrio e rigido. A presenga
de segmentos conectados age em oposicdo ao enrijecimento da cadeia. Em solucdes
concentradas, os segmentos rigidos e enrolados mostram-se interligados e formam solucdes

viscoeldsticas. A presenca de segmentos conectados pode levar a formagdo de uma rede e,

conseqiientemente, a formacao de géis (Hardingham, 2004).

Solugbes
Diluidas

Solugdes
Concentradas

Segmento Aleatério
Enrrolado e Rigido

Segmentos
Conectados

Figura 2.3. Modelos para o comportamento de AH em Solucdo (adaptado de

Hardingham, 2004)
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O seu comportamento em solucdo aquosa, portanto, € bem peculiar e a sua rigidez pode
ser justificada, em parte, devido as ligacdes de hidrogénio entre sacarideos adjacentes, combinado
com algum efeito de repulsdo eletrostatica mutua entre grupos carboxila (Hardingham, 2004).
Os atomos axiais de hidrogénio (indicados na Figura 2.4) formam uma face apolar, relativamente
hidrofébica, enquanto as cadeias equatoriais dao forma a uma face mais polar, mais hidrofilica,
criando, desse modo, uma estrutura de tor¢ao (Figura 2.5). Conseqiientemente, uma molécula de
AH apresenta uma estrutura randdomica e expandida em solugdes fisiologicas, ocupando um

grande espaco (Hascall & Laurent ,1997).

H CDO’ H CHQDH

NHCOCH,

@ Hidrogénio axial

Figura 2.4. Estrutura do AH mostrando os hidrogénios axiais formando a face apolar
(adaptado de Hascall & Laurent,1997).

Assim, as interacdes entre as moléculas da dgua e os grupos carboxila e N-acetila
conferem ao polimero a capacidade de retencdo de dgua e certa rigidez conformacional,

limitando, assim, a sua flexibilidade.
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Figura 2.5 — Estrutura de fita torcida para o comportamento do AH em solugdo
(adaptado de Hascall & Laurent,1997).

A Figura 2.5. mostra o AH em solucdo. As cores azul e vermelha alternadas representam
a estrutura da fita com faces hidrofilicas (azul) e hidrofébicas (vermelha). A estrutura do dominio
de AH tem interessantes e importantes consequéncias: moléculas menores como a &gua,
eletr6litos e nutrientes podem difundir livremente através do solvente dentro do dominio.
Entretanto, moléculas maiores como proteinas podem ser parcialmente excluidas do dominio

devido a seu tamanho hidrodinamico em solug¢ao.

Cowman et al. (2005) sugerem que as fungdes bioldgicas do AH estdo vinculadas a
existéncia de indmeras conformacdes e de interacdes especificas. E provavel que as
conformacgdes sejam afetadas pelo ambiente, pela acdo de forcas como forca idnica e interagdes
especificas do fon, constante dielétrica local, efeitos de exclusdao de volume exposicdo a forcas
mecanicas, e presenga substancias que proporcionem interacdo (por exemplo, proteinas e aos
lipidios).

Em pH 7,0 a molécula de AH comporta-se como um polidnion, onde os grupos

carboxilicos estdo predominantemente ionizados, haja visto o pK destes grupos presentes nos
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residuos de 4cido D-glicuronico variarem entre 3,0 e 4,0, dependendo das condig¢des iOnicas

(Hascall e Laurent, 1997).

Balazs ¢ Laurent (1951) observaram no AH o padrdo de viscosidade caracteristico a
polieletrdlitos, também verificando uma distancia aproximada de 1 nm entre as cargas ionizadas
dos grupos carboxilicos presentes nos residuos de &cido D-glicurénico, cargas que sao
influenciadas pela forca i0nica e pelo pH do ambiente, implicando, assim, nas formas das cadeias
€ na sua interacdo com as moléculas vizinhas. As cadeias de AH sofrem contragcdo com o
aumento da forca idnica e reducdo de pH, segundo afirma Cleland (1968), ao demonstrar o

comportamento polietrolitico desta biomolécula.

O raio de giro do AH, segundo os estudos de Laurent (1957) em viscosidade e
espalhamento de luz para o hialuronato de sédio em &dgua e hialuronato de cetilpiridina em
metanol, depende do solvente empregado e diminui a medida que as cargas se estabilizam.
Quando o grau de ionizagdo € zero, ou seja, quando a cadeia estd colapsada, o pK do polimero,

obtido por extrapolacdo, foi estimado por Reed e colaboradores (1989) como 2.9.

Estudos das propriedades de solucdes de AH prurificado fornecem uma vista de
conformagdes moleculares relevantes ao comportamento hidrodindmico e suas propriedades

mecanicas. (Fouissac ef al., 1993)

Cowman et al. (2005), através de microscopia de forca atdmica, elucidaram o
comportamento do AH microbiano em faixas de massa molar entre 10° a 10° Da e discriminaram

inimeras estruturas para estas duas classes de AH, baixa e alta massa molar.

Como resultado, Cowman et al. (2005) mostram provaveis formas para condensagdo do

AH (Figura 2.6).
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Colar de pérolas Cilindro Glébulo

{randdmico) (randémica) {randdmica)
Alta MM W
Colar de pérolas (espiral) Haste (espiral)
—— Colar de pérolas (dobras) Haste (dobras)
"\___‘

Colar de pérolas (grampos)  Haste (grampos)

\w &

Toroide Toroide colapsado

o D [+ 2

Fibras Pilhas
. ] ~4
Baixa MM —— !F’;M ;";;’;

Figura 2.6 — Modelos de condensagdo do AH em Solu¢do (adaptado de Cowman et al.,
2005)

2.2. BIOSSINTESE MICROBIANA DE A CIDO HIALURONICO

2.2.1. MECANISMO DA BIOSSINTESE CELULAR DE A CIDO HIALURONICO

O AH ¢é sintetizado no interior da membrana plasmatica como um polimero capsular
linear. A enzima responsavel pela sintese desse glicosaminoglicano € a hialuronato sintase (HAS)

(Yamada & Kawasaki, 2005).
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A cdapsula de AH é produzida como um fator de viruléncia por bactérias Gram-positivas,
catalase negativa, anaerdbias facultativas com algumas estirpes aerotolerantes, que nao
esporulam e produzem 4cido latico como subproduto do catabolismo de glicose (Chong et al.,
2005). Segundo Schmidt e al. (1996) e Wessels et al. (1991), a cdpsula protege a bactéria do

sistema imune de organismos superiores que ndo a reconhecem como um corpo estranho.

Figura 2.7. Micrografias eletronicas de células de Streptococcus equi subespécie zooepidemicus
obtidas no final da fase exponencial de crescimento de uma cultura em biorreator aerado (A)
examinadas em microscopio eletronico de transmissao (Chong et al., 2005) e (B) examinadas em
microscopio eletronico de varredura (Ogrodowski, 2006).

HAS € uma enzima de dificil solubilizacdo e purificacdo, assim, foi preciso um intervalo
de 65 anos desde a identificacdo do AH e a primeira purificacio de uma sintase ativa, que

aconteceu em 1999 (Weigel, 2004).

A sintese de AH ocorre na extremidade redutora por transferéncia alternada dos

substratos UDP-GIcNAc e UDP-GlcAc para o UDP-hialuronato. Esse mecanismo difere das
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sinteses de glicopeptidios e proteoglicanos, os quais sdo elongados na extremidade ndo redutora

(Prehm, 1984).

O primeiro modelo tedrico para a biossintese de AH propunha que trés sitios ativos
estavam envolvidos na transferéncia de actcares dos precursores para o terminal ndo redutor da

cadeia alternadamente (DeAngelis,1999).

DeAngelis (1999) afirma que o mecanismo de controle do tamanho da cadeia ainda ndo

¢ conhecido.

Yamada & Kawasaki (2005) e Weigel (1998) apresentaram em seus estudos um
modelo tedrico para a sintese e elongagdo da cadeia do AH no interior da membrana plasmatica,

que € apresentado na Figura 2.8.

Cadeia de AH Cadeia de AH

Membrana

B = Glchac
@ = Gicua

Figura 2.8. Esquema simplificado para representacdo da sintese de AH. (adaptado de Yamada
& Kawasaki, 2005 e Weigel, 2004)
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A figura 2.8 apresenta 3 momentos fundamentais no mecanismo de sintese do AH com

as seguintes etapas:
i. Lado esquerdo da Figura 2.8.:

(1) UDP-GIcNAc comeca a se ligar para a formagdo da cadeia de AH-GIcUA-UDP

intracelular;
(3) AH-GIcUA-UDP é montado;
(5) AH-GIcUA-UDP: UDP-GIcNAc, B—1,3(AH-GIcUA) transferase
i1. Lado Direito da Figura 2.8.:

(2) UDP-GIcUA comeca a se ligar para a formacdo da cadeia de AH-GIcNAc-UDP

intracelular;
(4) AH-GIcNAc-UDP € montado;
(6) AH-GIcNAc-UDP: UDP- GIcUA, B—-1,3(AH-GIcNAc) transferase;

1i. Extrusao do AH mostrado em (7).

Uma das questdes mais polémicas e ndo respondidas envolvendo os mecanismos de
biossintese de AH € conciliar a habilidade de sintese e também extrusdo do AH pela sintase, que
€ uma proteina tinica complexada com fosfolipidios. Uma hipétese, no entanto, foi levantada por
Weigel (2004) na tentativa de explicar este fendmeno, que se relaciona a elongacdo das cadeias
de AH. A esta suposicdo, Weigel (2004) chamou de hipétese do péndulo, que pode ser mostrada
na Figura 2.9 e tem duas etapas bdsicas. Na primeira etapa, o crescimento das cadeias de AH sdo
mostrados dentro do espago celular e na segunda etapa a adi¢do de agucares € repetida e a cadeia

de AH atravessa o poro no complexo HAS-Proteina-Lipidio.
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Figura 2.9. Esquema simplificado para representacdo da sintese de AH. (adaptado de Yamada
& Kawasaki, 2005 e Weigel, 2004)

A HAS tem dois dominios funcionais que agem como "bragos". Cada brago contém um
sitio de ligacdo para um dos UDP-agucar, um sitio ativo de uma das glicosiltransferases, e um
local obrigatério para o doador de AH-UDP. (como mostrado na parte esquerda e direita Fig.
2.8). Os sitios de ligacdo para o AH-UDP interagem com vdrios acgucares na cadeia do acido

hialurénico e esses sitios individuais nos dois bragos sdo compensados em relacdo ao seu registro
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para ligacdo da cadeia de 4cido hialurdnico. Cada “brago” pode movimentar-se em trés posicoes
funcionalmente diferentes (como uma transferase ativa, inativa e ativa como um aceptor), assim,
enquanto um braco age como transferase, o outro serve como um aceptor. A movimentagdo dos
bragos é provocada pelas mudangas conformacionais envolvidas nos processos energéticos
ligados a UDP-actcar e € esta movimentacdo que é capaz de transferir a molécula de braco a
braco até que ele seja extrudado para o espaco extracelular através do poro no complexo HAS-

Proteina-Lipidio.

2.2.2. METABOLISMO MICROBIANO NA PRODUCAO DE AcIDo HIALURONICO

Chong & Blank (1998) descreveram a rota metabdlica para a sintese de AH por

Streptococcus (Figura 2.10).

O é4cido D-glicurdnico e a N-acetil glicosamina sdo derivados da glicose-6-fosfato e
frutose-6-fosfato. Assim, segundo a rota metabdlica para o Streptococcus, a primeira reagdo € a
que leva a glicose-6-fosfato. a- fosfoglicomutase converte a glicose-6-fosfato em glicose-1-
fosfato em uma reagdo reversivel. UDP-glicose fosforilase catalisa a reagdo de UTP e glicose -1-
fosfato para a produgao de UDP-glicose. UDP-4cido glicuronico é obtido por oxidacao especifica
do grupo alcool do UDP-glicose através da acdo da UDP-glicose desidrogenase. A rota originada
da frutose—6-fosfato é envolvida na produc¢do de amino-actcares. Grupos amino transferidos da

glutamina para a frutose-6-fosfato por uma amidotransferase levam a glicosamina-6-fosfato.

Grupos acetila transferidos por uma acetiltransferase formam N-acetil glicosamina-6-fosfato.
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Rearranjo de grupos fosfato por mutase geram a N-acetil glicosamina-1-fosfato a partir de N-
acetil glicosamina-6-fosfato. Por fim, a pirofosforilase adiciona UDP para obten¢do de UDP-N-
acetilglicosamina. A participacdo de UTP nestas reacdes geram doadores glicosil ativados que

podem ser polimerizados em AH por AH sintase (Chong ef al.,2005).

A biossintese do polimero € dispendiosa para o microrganismo com relagdo ao consumo
de energia e de carbono (Chong & Nielsen, 2003). Um total de 4 moles de ATP € consumido
para produzir 1 mol da unidade dissacaridica de AH, sendo 2 moles consumidos nas duas reacdes
mediadas pela glicoquinase para fornecer as hexoses precursoras fosforiladas para cada
ramificacdo da via biossintética e os outros 2 moles de ATP utilizados para regenerar os doadores
UTP. A reacdo de oxidacao catalisada pela UDP-glicose desidrogenase gera 2 moles de NADH

para cada 1 mol de AH sintetizado.

Além de fornecer os precursores para a sintese de AH, essas duas vias fornecem também
constituintes da parede celular como peptideoglicano e 4cidos teicdicos. Assim, para producdo de
grandes quantidades de AH pelas células, € necessario que esses metabodlitos sejam mantidos em

niveis adequados para que também possam sustentar o crescimento celular (Widner et al., 2005).

Armstrong (1997) observou uma relacdo negativa entre a velocidade especifica de
crescimento e a produtividade especifica de AH e sua massa molar. Entretanto, essa relacao
(negativa) s6 ocorre quando a inibi¢do do crescimento ndo se associa com baixa assimila¢do da
fonte de carbono. Quando as condi¢gdes sdo suficientes para inibir o consumo de glicose, primeiro
a produtividade e, em seguida, a massa molar diminuem. Esse comportamento permite inferir que

a producao de AH compete por fontes limitadas com a sintese de massa celular.
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Via das Pentoses

Glicolise
Fosfatadas
Fosfoglico-
) Glicoquinase ) isomerase
Glicose Glicose-6-P ——— > Frutose-6-P
Fosfoglico- Glutamina

ATP ADP mutase

Aminotransferase
|

Polissacarideos da <::| Glicose-1-P \—Glutamato
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L
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2 NAD™ \ N-Acetil Glicosamina-6-P
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Pirofosforilase
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cido Hialuronico |« '/ UDP N-Acetil Glicosamina
UDP

Figura 2.10. Via biossintética para producdo de dcido hialurénico por Streptococcus. (Adaptado
de Chong et al., 2005).

Chong & Nilsen (2002) propuseram o modelo de fluxo metabdlico para o metabolismo
de carbono em Streptococcus zooepidemicus. Esses autores estimaram os fluxos intracelulares e
validaram a consisténcia de suas medi¢des na determinag¢do dos metabdlitos. A estrutura base do
modelo proposto foi composta das seguintes rotas: Embden-Meyerhof-Parnas (v1-v5), pentose
fosfato (v12 e v13) e as reacdes responsaveis pela fermentacdo observada em S. zooepidemicus.
Os produtos metabdlicos (lactato, formato, acetato e etanol) sdo produzidos pelo lactato
desidrogenase (LDH,v6), piruvato formato liase (PFL, v7), acetato quinase (AK, v10) e alcool

desidrogenase (ADH, v9). Sob condi¢des aerdbicas, a enzima piruvato desidrogenase (PFH, v8)
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supostamente domina a conversao do piruvato a acetil-CoA devido a extrema sensibilidade do

PFH ao oxigénio (Figura 2.11).

v'[ﬂ
ATP —=» DATP

/ v v
vnv?ﬁT Vi, i‘v 2 v,

HA UDPG «—— GLCEP — > RSP \-—\: GTP—2> DGTP
N\ Vs,
l“' Vit uTP —p DTTP

UDPNAG +—' FRUGP |

V.; v,
"‘H'z/ \ lva Vi CTP —» DCTP ﬁMiNU ACIDS

DHAF" LE 1 van ' ' “29
\ AWhLL FEFG F":U't DHA FHBT
S \ \. F'EF' \. v %

T e ———— e i i T ] o __:7_ __-L._____-.____'.
v, v, - Vs, BIOM
LAC+——PYR
co2 Vs Y FOR NMADH —» NAD

11

ATP —UP ADP

33

ETOH +—— ACOA ——» ACE
UB l""I'Hil

Figura 2.11 — Fluxo metabdlico do S. zooepidemicus (adaptado de Chong & Nielsen, 2002) .
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12 GLC(E)+ PEP — GLC6P + PYR

v, GLC6P — FRU 6P

Vv, FRUG6P + ATP — 2DHAP + ADP

v, DHAP + NAD + ADP + PI — PEP + NADH + ATP

Vs PEP + ADP — PYR + ATP

Ve PEP + NADH — LAC + NAD

Vv, PYR + CoA — FOR+ ACoA

Vq PYR + CoA + NAD — ACoA + NADH + CO,

Vs ACoA +2NADH — ETOH + CoA+2NAD

Vio ACoA +2NADH — ACE + CoA + ATP

v, 2NADH + 0, - 2NAD +2H,0

Vi, GLC6P +2NADP — RSP +2NADPH + CO,

Vi3 3RSP — 2FRU 6P + DHAP

Via A+ R5P+4ATP — ATPN +4ADP + PPI

Vis G +R5P+4ATP — GTP+4ADP + PPI

Vig U+ R5P +4ATP — UTP+4ADP + PPI

Vi, UTP+GLN + ATP — CTP+GLU + ADP + PI

Vig ATPN + NADPH — DATP + NADP

Vig GTP+ NADPH — DGTP+ NADP

Vso UTP+ NADPH — DGTP+ NADP

Vy, ATPN + MTHF +2ATP + NADPH — UDPNAG + GLU
+CoA + PPI

Vy FRUG6P +GLN + ACoA+UTP — DTTP+ DHF +2ADP +
+ NADP + PPI

Vyy UDPNAG + PEP +35ALA+GLU + LYS +8ATP + NADPH — PEPG +
+2UTP+8ADP +TPI + NADP

Vs, GLC6P +UTP — UDPG + PPI

Vys UDPG +3DHAP +3NADH +5ATP — TEIC +3NAD +5ADP + UTP + 2PPI

Vss UDPNAG +2G6P +2NADPH +3ATP — AWALL + UTP+2NADP +3ADP +2PPI

12 UDPG +UDPNAG + 2NAD +2ATP — HA+2UTP+2NADH +2ADP

Vag 23.9AC0A + 2,IDHAP +0,65UDPG + 43,5NADPH +24.3ADP +21NAD — LIP +
+23,9C0A +43,5NADP +24,3ADP + 2 INAD +0,65UTP + 1,1PPI +2,2PI +2,1H,0

Vso 100AMINAc +430,6ATP — 100PROT +430.6ADP +430,6PI

Vi 29DATP+29DTTP+21DGTP+21DCTP +137,2ATP — 100DNA+137,2ADP +137,2P +10PPI

Vs 26,2ATPN +21,6UTP+32,2GTP+20CTP + 40ATP — 100RNA + 40ADP +40PI +100PPI

Vs, 86,7PROT +2PEPG +1,6TEIC +0,7AWALL +1,1DNA +7,6RNA + 0,5LIP — 100BIOM

Vi, ATP — ADP + PI

Reacgdes do fluxo metabdlico do S.zooepidemicus (adaptado de Chong & Nielsen , 2002).
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Chong & Blank (1998) ainda observaram que a massa molar do AH produzido na
fermentacdo € inversamente relacionada com a taxa de crescimento celular da bactéria. A
afirmacdo de Chong & Blank apdia-se, também, na observacdo de que a parede celular de
bactérias gram positivas € construida a partir de um dissacarideo que contem um dos precursores
da sintese do AH, o N-acetil-glocasamina, que une-se por meio de ligacdes B 1-4 ao N-
acetilmuramico, formam a molécula glicano que varia no comprimento (de 5 a 30 unidades)

dependendo do tipo de bactéria utilizada (Navarre et al., 1999).

Portanto, a taxa especifica de producdo do AH (g g’ h™") aumenta com a diminuicdo da
taxa de crescimento especifica, de modo que maiores taxas de producdo podem ser atribuidas a

maiores taxas de polimerizacao através da AH sintase.

2.2.3. BIOSSINTESE MICROBIANA VS. EXTRACAO DE TECIDOS ANIMAIS

Como é mencionado no item 2.1.2 deste capitulo, a obten¢do do 4cido hialuroénico puro a
partir de fontes animais apresenta algumas desvantagens, duas destas, certamente as mais

significativas sdo:
i.Necessidade de purificacdo laboriosa, uma vez que esse produto encontra-se usualmente
misturado com outros mucopolissacarideos e proteinas;
ii.Reducdo de sua massa molar, devido a degradacdo das cadeias nos procedimentos complexos

requeridos para a purificagao.

Além destas duas questdes tecnoldgicas destes processos de extracdo, questdes mais

profundas relacionadas com a crescente resisténcia a utiliza¢do de materiais de origem animal em

( )
1 2 )



produtos biomédicos devido ao risco de infecc¢des virais, assim, embora inicialmente tenham sido
empregados tecidos animais para producdo de materiais utilizados clinicamente com a aprovacao
do Food and Drug Administration (FDA), ultimamente esta substancia de alta massa molar
secretado como cdpsula microbiana tem sido oferecido por diversas indudstrias, o que se deve
também a grande semelhanca nas caracteristicas de massa molar do AH microbiano com o AH de

tecidos animais.

2.3. UTILIZACAO DE RESIDUOS AGRICOLAS PARA PRODUCAO DE ACIDO

HIALURONICO

2.3.1. MEIOS DE CULTIVO USADOS PARA A PRODUCAO DE AcIDO HIALURONICO

Streptococcus sdo bactérias laticas nutricionalmente fastidiosas e que requerem meio de
cultivo rico para crescimento (Armstrong et al., 1997). Em condi¢des anaerdbias, o principal
produto fermentativo derivado do catabolismo de glicose € o 4cido latico, com baixos niveis de
formato, acetato e etanol. A Figura 2.11 apresenta as vias metabdlicas centrais envolvidas na

conversao de glicose a AH e outros metabdlitos por Streptococcus zooepidemicus.

A maior parte do carbono € recuperado como produtos de fermentacdo e baixos niveis
recuperados em biomassa, como € caracteristico a bactérias laticas, que t€m as suas necessidades
biossintéticas supridas principalmente pela fonte de nitrogénio orginico, como é mostrado na

Figura 2.12
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Glicose
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85.46 v 4,92
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T-‘c"ﬂ| \_,gs
Formato "= Etanol

Figura 2.12. Fluxo de carbono baseado em 100 C-mol de glicose consumido. (Adaptado de
Chong & Nielsen, 2003).

Os fluxos da Figura 2.12 foram estimados a partir das alteracdes nas concentracdes de

metabolitos durante a fase exponencial de crescimento, utilizando modelo de fluxo metabdlico.

Sendo entdo microrganismos exigentes nutricionalmente, geralmente sdo cultivados em

meios complexos contendo extrato de levedura ou extrato animal, peptona e soro.

A fonte de carbono mais comum nos diversos trabalhos envolvendo produ¢do de AH por
fermentagdo € a glicose (Chong & Nielsen, 2003; Cooney et al., 1999; Armstrong et al., 1997,
Armstrong & Johns, 1997; Kim et al., 1996; Johns et al., 1994; Akasaka et al., 1989;

Holmstrom & Ricica, 1967; Thonard ef al., 1964).
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Fontes de nitrogénio organico sdo consideradas essenciais para um bom crescimento das
células, visto que existem evidéncias que esses componentes fornecem grande parte do carbono

para biossintese celular (O’Regan et al., 1994).

Além de fornecerem parte do requerimento de carbono, os suplementos em nitrogénio
organico também vinculam-se, segundo Armstrong et al. (1997), aos requerimentos quanto aos
11 aminoécidos essenciais (além da glutamina) para o Streptococcus zooepidemicus, que sao
arginina, lisina, cisteina, isoleucina, tirosina, metionina, histidina, valina, fenilalanina, leucina e

triptofano.

Pires et al. (2010) avaliou suplementos de nitrogénio organico em meios de cultivo de
origem vegetal para Streptococcus zooepidemicus. Foram testados residuos agroindustriais como
Hidrolisado Protéico de Soja, Concentrado Proteico de soro de leite e suco de caju, selecionados
com base nos requerimentos nutricionais descritos por Armstrong et al. (1997) com relacdo aos

aminodcidos essenciais presentes nestas fontes.

A Figura 2.13 apresenta o perfil dos aminodcidos essenciais em diferentes fontes de
nitrogénio orginico provenientes de subprodutos agroindustriais estudados por Pires er al.

(2010).
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Como resultado de seu trabalho, Pires et al. (2010), demosntrou que o suco de caju foi o
mais promissor para a producdo de AH em massa molar média (10* Da) que serve para
aplicagdes biomédicas. O concentrado protéico de soro de leite e Concentrado protéico de soja
foram efetivos para o crescimento celular. A suplementagio Agua de maceracio de milho ndo

influenciou a producido de AH nos diversos meios.

2.3.2. UTILIZACAO DE CAJU PARA A PRODUCAO DE A CIDO HIALURONICO

Além de demonstrar a factibilidade de utilizacdo de fontes agroindustriais, um ponto que
agrega grande importancia ao trabalho de Pires er al. (2010) é apresentar o caju como uma
matéria prima de grande significancia a producdo de AH, quando comparada aos meios
convencionais sintéticos e outras fontes agroindustriais. O caju, além de ser uma fonte renovavel

e de baixo custo, também contorna problemas com contaminag@o por proteinas animais.

O Caju (Anacardium occidentale L.) desperta o interesse para processos fermentativos
nao sO pelos aspectos econdmicos (também referenciados no capitulo 1) mas também pelo seu
conteddo nutricional em agucares (glicose e frutose), vitaminas, minerais € aminodcidos
(Campos et al., 2002). O suco tem sido usado em processos fermentativos em meio liquido para
a producao de dextrana, 4cido l4tico, manitol e oligossacarideos (Honorato et al., 2007, Rabelo
et al., 2009), bem como o bagaco em fermentagdo no estado solido para a producio de enzimas,
(Pinto et al., 2001, Rodrigues et. al, 2007, Alcantara et. al, 2010) usando fungos filamentosos
em ambos os processos, na producdo de Oligossacarideos prebidticos usando Leuconostoc

mesenteroides (Rabelo, 2008) e também na produc¢do de bioetanol (Gondim, 2009)
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A composi¢do tradicionalmente apresentada para o caju compilada de diversas fontes na

literatura € apresentada na Tabela 2.2.

Table 2.2 — Composicdo tipica do Suco de Caju (SC) e do Bagaco de Caju (BO).

Parameters SC? BCP References

Morton and Dowling (1987) *, Campos et al.

pH 3.8-4.2 4.01 (2002)°
Matias et al. (2005)°

Moura Fé et al., (1972)*

Acidez (g Ac. Citrico/100g) 0.35 1.34
Matias et al. (2005)°
Campos et al. (2002)*
Solidos Soldveis (°Brix) 74 12.0
Matias et al. (2005)"
Actcares Redutores Souza et al. (2002)*
107* 6.84%*
(g/L)* ou (mg/100g)** Matias et al. (2005)"
Acucares Totais
111%* 7.68%* Matias et al. (2005)°
(g/L)* ou (mg/100g)**
Proteinas (%) 0.92 1.83 Matias et al. (2005)°
Vitamina C (mg/100g) 158,26 - Moura Fé et al., (1972)"
Taninos x 10° (g/L) 0,06 - Campos et al. (2002)*
Lipideos (%) - 0.38 Matias et al. (2005)"
Fibras (%) - 33.10 Matias et al. (2005)"
Umidade (%) - 78.76 Matias et al. (2005)°
Atividade de Agua, ay - 0.8 Alcantara et al. (2009)*
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Além da composi¢do caracteristica como € apresentada na tabela 2.2., Oliveira et al.
(2002) apresentam na composicdo oito aminodcidos livres majoritdrios detectados no suco de
caju (Figura 2.14). Dentre estes, a alanina e a serina parecem ser os aminodcidos-chave para a
identificacdo do suco de caju, uma vez que permaneceram majoritirios ao longo do periodo da

safra.

Pela figura 2.14., observa-se que dos 11 aminoécidos essenciais para a producdo de AH
descritos no trabalho de Armstrong et al. (1997), 3 estdo presentes no suco de caju, sdo eles a

fenilalanina, a leucina e a tirosina.

Para a producdo de AH, o trabalho pioneiro de Oliveira (2004) apresentou a utilizacio de
suco de caju como meio de cultura visando a substitui¢do do meio BHI (Brain Heart Infusion),
recomendado pela ATCC para o cultivo de S. zooepidemicus. Desse modo, pode-se eliminar a
presenca de antigenos que, por ventura, possam estar nos meios de cultura de origem animal,

reduzindo, assim, as contaminacdes no produto.

Os experimentos de Oliveira apresentam resultados da suplementacao do meio de suco de
caju puro com BHI, para o preparo do in6culo, nas concentracdes de 10,20,30 e 37 g/L, sendo

que, nesta ultima o cultivo foi feito, também, por 24 horas.

Dessa forma, observa-se que a crescente adicdo de BHI ao meio de cultivo gera um

aumento na concentra¢do celular final.

A suplementacdo com extrato de leveduras também é proposta por Oliveira como

alternativa ao uso do BHI. Os significativos resultados de seu trabalho mostram que, semelhante
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ao que ocorre com o BHI, a concentracdo celular cresce com a crescente adi¢do de extrato de

levedura ao meio de suco de caju.

Macedo (2007) também apresentou o estudo da producdo do AH em substrato de caju
considerando a sua total utilizagdo como meio liquido para processos submersos e o bagaco como
meio para processos no estado sélido (suporte/substrato). Macedo observou o incremento na
producdo de AH em processos submersos com utilizacdo de sistemas aerados e agitados em
relac@o aos processos conduzidos sem aeracdo em frascos de Erlenmeyer. Assim, os processos de
producdo de AH por fermentacio mostraram que o crescimento e a producdo de AH sado
influenciados pelas condi¢des de aeracdo do meio; processos conduzidos em auséncia de aeracao
forcada apresentaram resultados para crescimento celular e evolucdo de biomassa inferiores aos
obtidos em sistemas agitados e aerados. O favorecimento das condi¢des de aeragdo do meio,
observados em ensaios em reator mostram que a produtividade em células aumenta em
aproximadamente 65% e a produtividade em AH em 77% em processos conduzidos com
suplementacdo de oxigénio quando comparados a processos sem aeracdo forcada. Ensaios
comparativos entre processos conduzidos com suco de caju in natura e clarificado mostram que a
reducdo dos taninos no suco clarificado ndo produz diferengas expressivas na produtividade ou
crescimento celular (em torno de 6%). Com relacdao a produ¢do do AH em cultivo em estado
s6lido, estudos preliminares conduzidos em reatores de leito fixo apresentados também neste
trabalho mostram que hé factibilidade da producdo deste biopolimero através desse tipo de
processo. Valores obtidos para a producdo de AH em FES chegaram a 0,0070 g de AH/ g de

bagaco de caju.
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2.4. FERMENTACAO EM ESTADO SOLIDO

2.4.1. CARACTERIZACAO DO CULTIVO

O cultivo em estado s6lido ou fermentacdo em estado sélido (FES) € caracterizado
pelo crescimento de microrganismos sobre uma matriz sélida, ou seja, suporte insolivel, na
auséncia ou perto da auséncia de dgua livre (Pandey, 2003; Raghavarao er al. 2003;

Guitiérrez-Correa & Villena, 2003).

Atualmente, a técnica de fermentacio semi-sélida tem sido extensamente explorada
devido as vantagens oferecidas principalmente no cultivo de fungos filamentosos (Hasan,
2002). Segundo afirma Pandey e colaboradores (2002) e reforca Hasan (2002), nos
ultimos dez anos tem havido crescente desenvolvimento da FES com aplicagdo em diversas
areas, como bioremediacao e biodegradacdo de compostos toxicos, detoxificagdo biolégica
de residuos agroindustriais toxicos, biotransformacdo de residuos de plantacOes para
enriquecimento nutricional e para obtencdo de produtos biologicamente ativos como
metabolitos secunddrios, incluindo micotoxinas (aflatoxina e ocratoxina), biopesticidas
(endotoxinas bacterianas), hormonios de crescimento de plantas (4cido giberélico),
promotor de crescimento (zearalelona), antibidticos (penicilina, cefalosporina, cefamicina
C, oxitetraciclina, iturin, surfactin e monodern), drogas imunosupressivas (ciclosporina A),
acidos organicos, compostos aromaticos alimentares e diversas enzimas. A maioria das
aplicacdes citadas envolvem a utilizacao de residuos agroindustriais como substrato, apesar

de alguns usarem suportes inertes para cultivo.

38

——
| —



Tabela 2.3 — Aplicacdes industriais da FES (adaptado de Raimbault, 1997)

Aplicacoes

Exemplos

Alimentos Fermentados

Koji, Tempeh, Ragi, Attieke, queijos

Bioconversao de Residuos

Bagaco de cana, polpa de café

Aditivos de Alimentos

Flavorizantes, Corantes, 6leos essenciais

Bioinseticidas

Beauveria, Metarhizium, Trichoderma

Produg¢do de Enzimas

Amilases, Celulases, Proteases, Pectinases e

Xilanases

Farmacos Penicilina e Probidticos
Producdo de Acidos Acido Citrico, Fumarico, Galico, Lactico, Giberélico
Orgéanicos

Fermentacdo Alcodlica

Schwanniomyces sp., Malteacao

Metabdlitos Fingicos

Hormonios e Alcaldides
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Ha aspectos importantes que devem ser considerados no desenvolvimento geral de
um bioprocesso em FES. Esses incluem selecdo de microrganismos e substratos adequados,

otimizacdo dos parametros de processo, isolamento e purificagdo do produto.

Selec¢dao de um substrato adequado € outro ponto chave da FES. Em FES, o material
sOlido ndo € soldvel, agindo, em muitos casos, como suporte e fonte de nutrientes. O
material sélido pode ser de origem natural tal como residuos agroindustriais ou um suporte
inerte impregnado de solu¢do nutriente (Pandey et al.,2000; Ooijkaas et al.,2000; Pandey,
2003). Durand (2003) menciona que matrizes usadas como suporte nos processos em
estado s6lido podem variar na sua composi¢do, tamanho, resisténcia mecanica, porosidade

e capacidade de retencdo de dgua.

Sistemas em estado solido apresentam diversas vantagens em relacdo aos cultivos
submersos. Como vantagens bioldgicas cita-se a baixa demanda de agua, utilizacdo de
substratos insoldveis em dgua e fontes de carbono pouco usuais e a similaridade com o
ambiente natural de muitos microrganismos. Podemos citar como vantagens de processo a
alta produtividade volumétrica, facilitada recuperacdo de produtos e reduzidas exigéncias
energéticas. No entanto, esses sistemas podem apresentar alguns problemas como o
surgimento de gradientes de temperatura, umidade, oxigénio e nutrientes. Além disso, estes
processos apresentam desvantagens tais como a utilizacdo apenas de microrganismos que
desenvolvam-se em baixos niveis de umidade e atividade de 4gua, dificuldades na medida e
controle de parametros, necessidade de elevados indculos, pré-tratamento do substrato e

dificuldades no escalonamento do processo (OQoijkaas et al.,2000; Bastos, 2000).
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Mencionando a classificagdo tedrica baseada na atividade de d4gua, somente fungos e
leveduras seriam adequados aos processos de fermentacdo em estado sélido. Devido ao
elevado requerimento de atividade de 4gua, pensava-se que culturas bacterianas nao fossem
adequadas a esses processos. No entanto, a experiéncia tem demonstrado que culturas

bacterianas podem ser bem controladas e manipuladas em FES (Pandey, 2003).

2.4.2. REATORES USADOS EM FERMENTACAO NO ESTADO SOLIDO

Os tipos mais comuns de biorreatores usados em cultivo em estado s6lido, segundo
Durand (1997), Mitchell er al. (2000) e conforme reafirma Bastos (2006), sao do tipo

bandeja, leito fixo, agitados e de leito fluidizado gés-sélido.
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Figura 2.15. Reator de Bandejas do Tipo Koji (adaptado de Durand, 2003)

Biorreatores de bandeja sdo caracterizados pela simplicidade de sua configuracdo,

uma vez que o substrato é disposto em bandejas que normalmente sdo perfuradas para a
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facilitacdo da convec¢do do ar. Neste tipo de biorreator ndo hd aeracdo forcada nem
agitacdo mecanica, por isto se utiliza finas camadas de substrato com o intuito de controlar
0 aquecimento metabdlico e para a manutencdo das condi¢cdes aerdbias (Robinson &

Nigam, 2003; Durand, 2003 ; Bastos, 2006).

Na Figura 2.15, apresentada acima, adaptada de Durand (2003), observamos uma
configuragdo tipica para reatores do tipo bandeja usados no processo Koji, onde
observamos (1) uma sala Koji, (2) valvula de dgua, (3) tubo de UV, (4,8,13) sopradores,
(5,11) filtros de ar, (6) saida de ar, (7) umidificador, (9) aquecedor, (10) recirculacdo de ar,

(12) entrada de ar, (14) bandejas e (15) suportes para as bandejas.

Figura 2.16. Reator de tambor rotativo (adaptado de Durand, 2003)

Reatores agitados podem apresentar duas configuracdes peculiares:

1. Reatores de tambor rotatoério e

1i. Reatores estaticos.
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Na primeira configurag@o a agitacdo € promovida pela rotagdo do tambor em torno
do eixo do motor, diferindo do segundo grupo por apresentarem estes agitadores mecanicos

que promovem a mistura do meio sélido.

Figura 2.17. Reator de misturador horizontal de pés (adaptado de Durand, 2003)

A Figura 2.16 apresenta uma tipica configuracdo para reatores do tipo tambor
rotativo, onde observamos (1) entrada de ar, (2) junta de rotacdo, (3) acoplamento, (4)

bocais, (5) linha de ar, (6) rolamentos, (7) tambor, (8) meio sélido e (9) bordas.

Na figura 2.17, Durand (2003) apresenta um sistema tipico para reatores com
mistura promovida por sistemas de pds em eixo horizontal. No esquema observamos (1)
entrada de ar, (2) termopar, (3) jaqueta, (4) pas, (5) saida de ar, (6) motor de agitacdo, (7)

reator, (8) meio sélido e (9) eixo de agitacao.

Em reatores de leito fixo (figura 2.18 e 2.19) a aeracdo forgada é promovida através

da camada de substrato. Esses biorreatores sao tipicamente cilindricos, feitos em vidro ou
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em plastico, com controle de temperatura feita em por meio de banho termostético ou

através de camisas nas colunas (Durand,2003; Bastos 2006).
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Figura 2.18. Reatores do tipo leito fixo em escala laboratorial (adaptado de Durand,
2003).
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Figura 2.19. Esquema de coluna esterilizdvel para escala laboratorial(adaptado de Durand,
2003).
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2.4.3. FENOMENOS DE TRANSFERENCIA DE MASSA NO CULTIVO EM ESTADO SOLIDO

O cultivo em estado sélido é caracterizado como um sistema heterogéneo, de
maneira que possui algumas limitagdes, em especial limitagdes quanto ao transporte de
massa e calor, podendo, assim, comprometer a produtividade (Gowthaman et al., 1993;
Bastos, 2006). Observa-se, portanto, que as caracteristicas desses fenOmenos de
transferéncia, conforme ressalta Bastos (2006), estdo intimamente ligados a natureza do
substrato € do microrganismo, condutividade térmica, difusividade efetiva, porosidade e

teor de umidade do substrato sélido.

O crescimento dos microrganismos € dependente da difusdo interparticula e
intraparticula dos gases (O, e CO,) como também de enzimas, nutrientes e produtos do

metabolismo.

Para Raghavarao er al. (2003), os fendmenos que ocorrem em sistemas reacionais

dessa espécie podem ser classificados como:

i. Fendmenos macroscopicos e

ii. Fendmenos microscopicos.
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Macroscopicamente (figura 2.20), os processos de transferéncia de massa incluem:

i. O fluxo de ar no biorreator que traz como conseqiiéncias mudancas na temperatura e

nas concentracdes de O,, de CO; e de 4gua;

ii. A convecc¢do natural, a difusdo e a condugdo que ocorrem na direcdo normal ao

fluxo de ar durante a aeragao;

11i. Conducao de calor através da parede do biorreator;

1v. Efeitos de cisalhamento causados pela mistura dentro do biorreator que inclui

aspectos da manutencao da integridade das particulas solidas.

Apesar desses fendmenos apresentarem importantes contribuicdes para os balancos
de massa e energia, ndo necessariamente apresentam-se com a mesma intensidade em todos

os tipos de biorreatores, segundo afirma Mitchell e colaboradores (2000).

Mitchell e colaboradores (2000) apresentam o resumo dos principais fendomenos

que ocorrer dentro de um reator de FES.
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Os vérios fendmenos de transferéncia de massa e de energia que ocorrem dentro do
leito em FES estdo relacionados entre si. Hd duas abordagens para a discricdo destes
fendmenos, na primeira delas, os fendmenos relacionados a um leito estdtico sdo tratados
considerando um sistema homogéneo e com uma Unica fase. Na segunda abordagem, o ar e
a fase sélida sdo tratadas como fases distintas.

O leito € o sitio onde ocorre o crescimento microbiano e, portanto, € o local onde
acontecem os fendmenos relacionados ao metabolismo destes microrganismos. Dentre estes
fendmenos, destacam-se a producdo de calor, 4gua e as mudancas de composi¢do pela
producdo de metabdlitos. Inerente aos fendmenos metabdlicos observa-se a conducio deste
calor formado, em resposta aos gradientes de temperatura, com a energia que flui de regides
mais quentes para regides mais frias; a difusdo dos componentes da fase gasosa (O, CO, e
vapor d’ dgua) que acontece nos espacgos inter-particulas em resposta aos gradientes de
concentracdo; a transferéncia de calor e massa por conveccdo, que ocorre em leitos
forcosamente aerados, e que correspondem ao carreamento de massa e energia formada
pela movimentacdo da fase gasosa no leito; evaporagdo da dgua formada com a remocgao de
energia da fase s6lida na forma de entalpia de vaporizacao.

Além dos fendomenos internos ao leito microscopicamente ocorrem fendmenos de
transferéncia de massa e energia que estdo vinculados ao dominio da particula e ndo apenas
do leito como uma fase continua e homogénea. Assim todas as transferéncias de calor e

massa sao peculiares a cada particula do leito como um subsistema particular.
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Figura 2.20. Sumdrio Representativo dos Fendmenos Macroscopicos que ocorrem em
biorreatores( adaptado de Mitchell e colaboradores, 2000).
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Microscopicamente, observamos que os microrganismos crescem na regiao imida
na superficie dos substratos s6lidos. No caso de sistemas fungicos, durante o crescimento,
as hifas penetram na particula em busca de nutrientes, o que acarreta difusdao de solutos do
interior da particula (Mitchell ez al., 2000; Bastos, 2006). No caso de sistemas bacterianos,
o crescimento se dd no meio liquido que estd estagnado em volta da particula e na regido

intraparticular embebida por liquido em um meio estagnado intraparticular.

2.4.4. TRANSFERENCIA DE OXIGENIO EM FERMENTACAO EM ESTADO

SOLIDO

A forma mais pratica de aumentar o metabolismo aerébio € facilitando a
transferéncia de Oxigénio da fase gasosa para os microrganismos via aumento da drea de
interface entre a fase gasosa e o biofilme. A drea interfacial pode ser aumentada através da

redugdo do tamanho das particulas ou pré-tratamento do substrato (Qostra et al., 2001).

Assim, em processos que ocorrem sob aerobiose, a transferéncia de oxigénio é um
dos fendmenos mais importantes para o crescimento € manutencdo do microrganismo

durante esses Processos.

O coeficiente global de transferéncia de massa (gas-liquido), o K;a, portanto, € uma
varidvel de grande importincia na descricdo destes processos, conforme menciona

Poughon e colaboradores (2003).

49

——
| —



Nos cultivos em estado sélido, s@o raros os trabalhos que abordam este tema de
maneira quantitativa, mesmo que a transferéncia de oxigénio seja um fator limitante em

alguns sistemas reacionais, conforme observa Bastos (2006).

Fase Gasosa

Fase Liquida em Filme Externo

Fase Liguida em Zona de Estagnacéo

‘ 'd
Nutrientes

Fase Solida

Figura 2.21. Transferéncia de Oxigénio em Sistemas s6lidos porosos.

Os microrganismos crescem no interior ou na superficie de particulas porosas. Ha

formacao superficial de um filme liquido delgado.

De uma forma geral, a transferéncia de oxigénio nesses processos estd associada a
trés dominios de ocorréncia (Figura 2.21). H4 uma etapa inicial de transferéncia de
oxigénio do dominio gasoso para o dominio liquido no filme externo a particula. A segunda
etapa estd associada ao transporte no liquido estagnado nas reentrancias e poros do soélido,
constituindo uma de zona de estagnacdo. Dessa forma, menciona Thibault e al. (2000), o
oxigénio € transferido por conveccdo da fase gasosa para o filme estagnado e por difusdao

molecular através do filme e nos poros do substrato sélido. Thibault er al. (2000)
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comprovam que o coeficiente de transferéncia de massa convectivo ndo influencia na

transferéncia de oxigénio em cultivos sobre substratos sélidos.

Bastos (2006) assume a afirmagdo de Thibault ef al. (2000) e considera apenas a

transferéncia difusiva de oxigénio através do filme liquido em seu sistema.

Doran (1997) mostra que a taxa global de transferéncia de oxigénio pode ser

expressa por:

N=K;a(C*-Cy) (Equacao 2.1)

Onde N ¢ a taxa volumétrica de transferéncia de oxigénio; K, é o coeficiente de
transferéncia de oxigénio na fase liquida; a € a drea interfacial para transferéncia de O,; C*
€ a concentracdo de O, na interface gis-liquido e C; € a concentracdo média de O; no filme

liquido.

H4, no entanto que se fazer a assertiva de que o K;a deve ser usado com muito
cuidado, visto que devido a presenca de organismos no filme liquido, os perfis de

concentracdo de oxigénio sdo fruto da difusdo e do consumo.

A teoria do filme podera ser aplicada para caracterizar a transferéncia de oxigénio.
O balanco gasoso no biorreator poderd ser usado, segundo Thibault er al. (2000),para
estimar o K;a, visto que o método dinamico, aplicado a fermentagcao submersa nao pode ser

aplicado em FES.
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Figura 2.22 — Representacdo geral da teoria do Filme e do transporte de oxigénio em FES.

Considerando a teoria do filme (figura 2.22), e observando a figura que mostra a
transferéncia de oxigénio no s6lido poroso intumescido, podemos considerar a existéncia de

2 interfaces que descrevem o sistema em questao.

1- gés/liquido em filme externo;
2- liquido/liquido na zona de estagnacdo.

Continuamente, a assertiva desta hipdtese assumida é que essas duas regides 1-2 e

2-3 fazem parte do mesmo contetido de liquido disponivel a transferéncia de oxigénio.




Onde C,O; € a concentracdo da solubilidade de oxigénio no meio liquido; C;, é a
concentracdo de oxigénio no filme externo e Cs € a concentragdo de oxigénio no interior do
sOlido intumescido. H4 portanto que se destacar a difusdo do oxigénio inicialmente no filme

liquido externo e a difusdo no liquido estagnado no interior do sélido.

Assim, A taxa global de transferéncia de O, nesse caso ficard sendo resultado de
uma funcdo direta do coeficiente global de transferéncia de oxigénio e da diferencga entre as

concentracoes Csy; e Cs.

N =K;a (Csp; -C3) (Equacao 2.2)

2.5. MERCADO E APLICACOES DO AcIDO HIALURONICO

2.5.1. APLICACOES DO ACIDO HIALURONICO

O AH tem sido usado em diversas especialidades médicas, entre as quais
dermatologia, ortopedia, otorrinolaringologia e oftalmologia (Soll,2004). Na dermatologia,
o AH tem sido empregado no tratamento de tlceras cronicas de pele, acelerando a
cicatrizagdo dessas lesdes. Em ortopedia, o AH vem sendo utilizado no preenchimento de
articulagdes acometidas por osteoartrose e por artrite (Soll,2004; Goa & Benfield, 1994).
Em otorrinolaringologia, tem sido utilizado como adjuvante na cicatrizagdo de perfuragdes

timpanicas (Goa & Benfield, 1994). Na oftalmologia, o uso de AH ja ¢ bem difundido
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como substancia viscoeldstica para utilizagdo em cirurgias intraoculares, principalmente na

cirurgia de catarata (Belkin er al,1996; Soll, 2004). Entretanto, novas aplicacdes

oftalmoldgicas t€m sido propostas para esse mucopolissacarideo (Soll,2004).

Balazs (2004) classifica os usos médicos do AH como:

L.

il.

iii.

1v.

Viscocirurgia: para proteger tecidos delicados e fornecer espaco durante
manipulagdes cirdrgicas como em cirurgias oftalmolégicas;

Viscoaumento: para preencher e aumentar espagcos em tecidos como a pele,
musculos esfincter e tecidos vocais;

Viscosseparacao: para separar superficies do tecido conjuntivo
traumatizadas por procedimentos cirdrgicos ou injdria, no intuito de
prevenir adesdes e formacdo excessiva de cicatrizes;

Viscossuplementacao: para substituir ou suplementar fluidos de tecidos,
como substitui¢do do fluido sinovial em artrite aguda, e para aliviar dores.
Viscoprotecao: para proteger superficies saudaveis, feridas ou injuriadas de
desidratacdo ou agentes ambientais prejudiciais, e para promover a cura de

tais superficies.

Asari (2004), no entanto, classifica o AH de acordo com trés grandes grupos de

aplicacdes médicas, aplicacdes que exploram as suas caracteristicas fisico-quimicas, nas

aplicacdes que se baseiam nas funcdes bioldgicas da célula e as aplicagdes que exploram

ambas as caracteristicas.
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Funcdes Biologicas da Célula

Propriedades Fisico-Quimicas

AH Oligossacarideos

Cirurgia de Catarata

Engenharia de Tecidos

Cicatrizagéﬂ de Feridas AH Conjmgados {DrogaS, DNA)

Adestes Pos-Operatorias

Figura 2.23 — Trés tipos de aplicagdes médicas do AH (adaptado de Asari, 2004)

Assari apresenta as aplicacdes do AH com base em suas propriedades viscoeldsticas
como: cirurgia de catarata e ressec¢ao endoscopica da mucosa, aquelas relacionadas com as
funcdes bioldgicas celulares como as aplicagdes de oligossacarideos de AH em tumores e
as aplicagdes que envolvem as duas caracteristicas como tratamento da osteoartrite,
engenharia de tecidos, cicatrizacdo de feridas e usos em condutas pds-operatdrias para

evitar adesdo.

O primeiro produto a base de AH no mercado foi Healon®, extraido de crista de
galo fabricado em 1979 pela Biotrics, Inc. (Arlington, MA) e posteriormente pela
Pharmacia, Suécia, agora Pfizer (Nova lorque, EUA). Atualmente, diversas preparacdes de
variadas massas molares sao disponiveis, incluindo uma combinac¢do entre o AH e o sulfato

de condroitina. (Chong et al., 2004).
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Além das aplicagdes classicas do AH em oftalmologia, diversas outras maneiras de
utilizd-lo nesta drea foram desenvolvidos nos dltimos anos. A mais recente aplicacdo e
também a que tem ganhado mais notoriedade € a terapia génica ocular, como alternativa
promissora para o tratamento de diversas afeccdes oculares. Tem-se investigado a eficdcia
da aplicacdo de AH como carreador de genes para cornea e conjuntiva. De la Fuente ef al.
(2008), estudaram o mecanismo de acdo de nanoparticulas de baixa citotoxicidade
preparadas a partir de AH e de quitosana com essa finalidade. A interacdo do AH com o
receptor CD44 parece exercer papel importante no fluxo de particulas para o meio
intracelular, favorecendo o uso dessa substancia para o carreamento de genes da superfici

ocular para as células corneais e conjuntivais.
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CAPITULO 3

RESULTADOS
E DISCUSSAO

3.1. APRESENTACAO

Este capitulo traz os diversos enfoques desta pesquisa, suas respectivas
metodologias cientificas e seus resultados discutidos a luz de trabalhos recentemente
publicados e que trazem abordagens importantes a produ¢do de AH. Como mencionado no
capitulo 1 desta tese, estas abordagens sdo aqui apresentadas na forma de artigos
submetidos a periddicos cientificos selecionados de acordo com a afinidade do periddico e

com o aspecto abordado.



3.2. PERIODICOS E ARTIGOS

3.2.1. Total Cashew Apple pseudo-Fruit (bagasse and juice) as resource for the
production of hyaluronic acid . Artigo submetido a Biotechnology and Applied
Biochemistry (editado pela Wiley-Blackwell).

3.2.2. Hyaluronic Acid Depolymerization by Ascorbate-Redox Effect on solid
State Cultivation of Streptococcus zooepidemicus in Cashew Apple Fruit
Bagasse. Artigo Submetido a World Journal of Microbiology and Biotechnology
(editado pela Springer).

3.2.3. Metabolic Effects of Initial Sugars Concentration on the Microbial
Production of Hyaluronic Acid by Solid State Fermentation in Cashew Apple
Bagasse. Artigo Submetido a Applied Biochemistry and Biotechnology (editado pela
Springer).

3.2.4. The Role of Oxygen in the Hyaluronic Acid Production by solid state
cultivation of Streptococcus zooepidemicus in Cashew Apple Bagasse . Artigo

Submetido a Process Biochemistry (editado pela Elsevier).

72

——
| —



TOTAL CASHEW APPLE PSEUDO-FRUIT (BAGASSE AND JUICE) AS RESOURCE FOR

THE PRODUCTION OF HYALURONIC ACID
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SUMMARY — The performance of the total cashew apple (CAPF) was evaluated in solid state (SSF)
and submerged (SF) fermentations, for the production of hyaluronic acid (HA) by Streptococcus
zooepidemicus. The bagasse was previously comminuted up to a Sauter mean diameter 0.67 mm,
dried (to 30% moisture) and moisturized (to 50% moisture) by adding a mixture of cashew apple
juice, yeast extract and salts at the same composition of the medium used in SF. SSF was
performed in fixed bed columns (modified Raimbault columns) under forced aeration. The SFs
were carried out in Erlenmeyer flasks (500 mL) and in a 3L batch bioreactor. Results showed
appreciable HA yields related to total sugars (glucose+fructose), which were 0.159 gg' (SSF) and
0.025 gg”' (SF). Each lkg of total CAPF yielded 761.25 mg (SSF) and 1790 mg (FS), which were
quantified after HA recovery from three consecutive precipitations with ethanol. The average HA
molecular weights were 1.83x10* Da (SF- natural aeration in flasks), 2.52x10" Da (SFE- forced
aeration in bioreactor) and 1.60x10° Da (SSF), which are within the required range for valuable
pharmaceutical and cosmetic applications. These results point to the HA production from CAPF as
promising and economically viable, given that a high aggregated value polysaccharide can be
produced from a non-significant cost substrate (about 90% of CAPF production is lost in the field
after removing the nut), added to the environmental benefits. Moreover, the HA from vegetable
resources is safe and preferable by consumers.

Key-words: hyaluronic acid, agricultural resources derivatives, fermentation, Streptococcus zooepidemicus.
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1. INTRODUCTION

Agricultural resources are the most suitable, low cost substrates for microbial
cultivation even so their complex composition. Besides their renewable nature, and
valuable source of nutrients, agricultural resources avoid the risk of chemical contamination

common to synthetic substrates [1,2].

The cashew apple pseudo-fruit (CAPF) (Anacardium occidentale L.) is valuable for
the production of high value-added products, due to its known content of reducing sugars
(glucose and fructose), vitamins, minerals and some aminoacids [3]. The juice has been
used in submerged fermentation (SF) for the production of dextran, lactic acid, mannitol,
and oligossacarides [4,5], as well as enzymes had been produced from the bagasse in solid
state fermentations (SSF) [6,7]. Filamentous fungi were used in both processes. Prebiotic
oligosaccharides were also obtained using Leuconostoc mesenteroides cultivated in cashew
apple bagasse [5].

Hyaluronic acid (HA) is a linear polysaccharide with high molecular weight
composed of disaccharide units of D-glucuronic acid (GlcUA) and N-acetylglucosamine
(GIcNAc) joined alternately by B-1-3 and B-1-4 glycosidic bonds [8]. Due to its high
viscoelasticity and ability to retain large volumes of water, HA has been of great value for

the cosmetic and medical industries [9]. The final products containing HA present high
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aggregated value, ranging from US$ 2,000 to 60,000/kg , regarding the above mentioned
applications.

Fermentation has been the preferred source of HA, when considering the risk of
viral contamination present in the HA from animal tissues, mainly roost combs and
umbilical cords, not to mention the high costs required for its purification [10].
Furthermore, fermentation processes allow the optimization of product yield and better
control of culture conditions [9].

In our previous article, we evaluated the main components or supplements of the
culture media obtained from agricultural resources derivatives (ARDs), for the production
of HA by Streptococcus zooepidemicus (ATCC 39920). The studied main components
were hydrolysate soy protein concentrate, whey protein concentrate and cashew apple juice
(CAJ). Corn steep liquor was also evaluated as a supplement. They were selected based on
the amino acids requirements of Streptococcus zooepidemicus, as well as the qualitative
and quantitative variability of amino acids in the different sources. The fermentations were
carried out in Erlenmeyer flasks. Comparatively, among the evaluated ARDs, only CAJ
proved to be a promising medium for the production of HA, with average molecular weight
in the magnitude order of 10* Da, which finds applications in the biomedical and healthcare
fields [11]. CAJ contains the glucose and fructose sugars which may benefits the HA
production. From the metabolic pathways in Streptococcus zooepidemicus involved in the
conversion of glucose to HA, the activated nucleotide sugar units, UDP-glucuronic acid
(UDPG) and UDP-N-acetylglucosamine (UDPNAG), are derivatives of glucose-6-

phosphate and fructose-6-phosphate, respectively [12].
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Besides the valuable composition of CAPF juice, the bagasse is rich in fibers with
high water activity, which benefit the microbial growth in SSF [7]. As far as we know, the
HA production in SSF has not been described in the literature yet. Table 1 shows the

composition of CAPF juice and bagasse.

Table 1 - Composition of the total cashew apple pseudo-fruit: juice and bagasse

Parameters Juice Bagasse References
pH 3.8-4.2 4.01 [13], [3], [14]
Acidity [15], [14]
(g Ac. Citric/100g of the
sample) 0.35 1.34
Solule Solids (°Brix) 7.4 12.0 [3], [14]
Reducing Sugars (g/L)* or [16], [14]
(mg/100g)**

107* 6.847+%*

Total Sugars (g/L)* or [16], [14]
(mg/100g)** 111* 7.68%*
Proteins (%) 0.92 1.83 [16], [14]
C Vitamin (mg/100g) 158,26 - [15]
Total Tannins x 10° (g/L) 0,06 - [3]
Lipids (%) - 0.38 [14]
Fibers (%) - 33.10 [14]
Moisture (%) - 78.76 [14]
Water Activity, ay - 0.8 [7]

76

——
| —



Considering the above mentioned aspects, the present study focuses on the
production of HA from the total CAPF. The bagasse was used in SSF, moisturized with the
juice, yeast extract and salts as supplements. The same compositions of juice and
supplements were used in the SF under natural and forced aeration. Air was continuosly
supplied in SSF. The performance of the processes was compared with focus on the yields,
molecular weights, productivity and the amounts of HA produced from 1kg cashew apple
pseudo-fruit through SF and SSF. Finally, the viability of utilization of the total CAPF as a

resource for HA production was analyzed.

2. MATERIAL AND METHODS

2.1. Microorganism. Streptococcus equi subsp. zooepidemicus ATCC 39920 was obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA) as a lyophilized

culture kept in ampoules.

2.2. Culture Maintenance and Inoculum Preparation. The stock culture was maintained
frozen in Brain Heart Infusion (BHI) broth containing 10% glycerol and glass beads. The
inoculum for SFs was prepared in two steps: initially five glass beads were transferred to a
50 mL Erlenmeyer flask containing 25 mL of the culture medium and incubated at 37°C for
24 hours. Later on, the medium was transferred to 500 mL Erlenmeyer flasks, containing
250 mL of the fresh culture medium, and incubated under reciprocal shaking at 150 rpm,

37°C, during 10 h. The same media were used in the two steps of the inoculum preparation
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and in the fermentations. The inoculum for SSF was prepared in one step only: ten glass
beads were transferred to each tube containing 10 mL of the culture medium and incubated

at 37°C for 12 hours.

2.3. Culture Media

The culture media based on CAJPF were prepared using commercial cashew apple CAJU
GAIA® (Itaueira Agropecudria S/A, Russas, Ceard, Brazil) at harvesting season.

2.3.1. Liquid medium. The liquid medium was prepared from the cashew apple juice in
natura, containing around 45 g.L'1 glucose and 45 g.L'1 fructose concentrations and
supplemented with yeast extract and salts according Swann et al. [17], except for the
glucose (Table 2). The pH was adjusted to 7.5 with NaOH (0.1 M). The liquid medium was
sterilized by microfiltration through 0.22 pm cellulose acetate membranes and used in the

SF assays.

Table 2 — Composition of the synthetic medium supplementation (Swann et al., 1990).

Component Concentration (g.L'1 deionized water )
Glucose 45.0
Yeast extract 60.0
K>SOy 1.3
MgSO4.7H20 1.0
NaQSO4.12H20 0.2
CaC12.2H20 5.0%
FCSO4.7H20 5.0%*
MnS0O4.4H,0 1.0*
ZnS0,4.7H,O 1.0*
CuS04.5H,0 0.1*%
H3PO4 1.0 mL

* mg.L'1 deionized water
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2.3.2. Solid medium. After extraction of the juice through crushing, the bagasse was
comminuted using a multipurpose food processor (850W - Arno Multichef MPAI), getting
solid particles with a Sauter mean diameter of 0.67 mm. The particles were dried until 30%
moisture. The content of total sugars in the moist bagasse was 45 mgg". Due to the low
amounts of total sugars and nitrogen, the bagasse was supplemented with the liquid
medium described in 2.3.1, until a final moisture content of 50%. The solid medium was
sterilized by U.V. radiation during 1 hour.

2.4. Fermentation. The SFs were carried out in two types of processes: one in 500 mL
Erlenmeyer flasks containing 250 mL of medium, under agitation and natural aeration,
and the other, under forced aeration, was conducted in a 3 L batch bioreactor (BioFlo III,
New Brunswick Scientific Co. Inc., Edison, NJ., USA) using an operating volume of 2.5 L
.The media were inoculated with 10% v/v. The agitation rate and temperature adopted in
the bioreactor were 250 rpm and 37°C, respectively. The bioreactor was sparged with a

continuous air supply (2 vvm) and the culture pH was not controlled during the cultivation.

The fermentations in flasks were conducted in duplicate and the pH, cell mass, total
sugars and HA (molecular weight and concentration) were determined for each flask at the

initial and final times. The fermentation in the bioreactor was carried out during
24 h. The analyses were performed in triplicate.

The SSF was carried out in a system composed of six fixed bed columns (modified
Raimbault columns) with 3 cm diameters, which were packed with bagasse (3 cm fixed bed

hight), and coupled to a primary humidifier. Each column was fed with air at 1 L. min™".
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The air was supplied by an air compressor. The columns were mantained at 37 °C inside a

controlled temperature microbial incubator. Figure 1 illustrates the set up of a column used

in the SSF.

Figure 1. Scheme of the fixed bed column used in the SSF experiments: 1.
Primary humidifier, 2. Inlet air tube, 3. Bagasse packed bed, 4. Glass column, 5

outlet air tube, 6. Sterile water.

2.5 Recovery of HA

The recovery of HA from FS was started by centrifugation of the fermented medium
at 3200 rpm for 20 minutes. The cell free supernatant was treated with ethanol in a

proportion 1.5:1 v/v ethanol: supernatant. The solution was cooled down, remaining at 4°C
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during 1 hour for the precipitation of HA. The precipitated HA was re-dissolved in a 0.15
mol.L-1 sodium chloride solution. Three steps of precipitation and re-dissolution were

performed to increase the yield of the precipitated HA.

For SSF, the products were extracted from bagasse through one stage lixiviation
using 10 mL of Milli-Q water during 1h. The obtained extract was centrifuged for cell

separation and the HA was precipitated according to the same protocol described for SF.

2.6. Analytical Methods

2.6.1. Cell growth. The cell growth was determined by cell dry weight according to the
gravimetric method. To this end, 10 mL of the culture broth was microfiltred throught 0.2
pm cellulose acetate membranes (Sartorius, Goettingen, Germany) which was dried to
constant weight at 60°C.

2.6.2. HA concentration. The HA concentration was determined by the carbazol reagent

[18]. Sodium hyaluronate (HylumedTM

) from Genzyme Corporation (Cambridge,
Massachusetts, USA) was used as a standard.

2.6.3. Total Sugar Content. Total sugar concentration was determined by HPLC reverse
phase with a Hicrom C18 (250mm x 4.6mm) column and a refractive index detector

(Shimadzu RID-6A).Acetonitrile-water (20:80 v/v) was used as isocratic mobile phase at a

0.5 mL.min"" of flow rate.

2.6.3. HA molecular weight. The average molecular weight of HA was determined by
size exclusion chromatography. It was used a Shimadzu chromatography system (Shimadzu

Corporation, Kyoto, Japan), containing a (35 x 7.8 mm) Polysep-GFC-P column guard
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(Phenomenex, Torrance, California, USA) mounted in series with a (300 x 7.8 mm)
Polysep-GFC-P6000 column of the gel filtration (Phenomenex, Torrance, California, USA)
and a refraction index detector. (Shimadzu RID-6A). The analysis conditions were: injected
sample of 20 pL, sodium nitrate 0.1 mol.L™' as the mobile phase, flow rate of 1.0 mL.min™’
and 25°C temperature, as suggested by the column manufacturer. Dextrane (American
Polymer Standards, Mentor, Ohio, USA) with molecular weight ranging from 10> to 10° Da
was used as a standard for the calibration curve as described by Balke et al. [19].

2.7. Statistical analysis

The variance was analysed by ANOV A method and the media compared by Tukey test

at 5% probability (p<0.05).

3. RESULTS AND DISCUSSION

3.1. Comparative analysis of the fermentations
Results from the SFs and SSF fermentations are presented in Table 3. Data compare
the performance of the fermentations in terms of maximum specific cell growth rate,
production of HA, yield of HA/total sugars (glucose + fructose), average molecular weight
of the HA produced and total sugar consumption.
As expected, the forced aeration in the bioreactor increased the specific cell growth
rate, uy, compared with the SF under natural aeration. The production of HA was also

increased with forced aeration, as a consequence of the defense mechanism of the
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Streptococcus cells (Lancerfield groups A and C). Under the oxygen tension, an external
capsule of HA is produced in order to maintain the cell viability [8,20]. Under forced
aeration the production of HA (2.24 £0.12 gL'l) exceeded by two times the concentration
of SF under natural aeration (0.84 +0.077 gL). Statistically there was no difference
between the yields Yx/s and Yuass in liquid medium with either forced or natural aeration

(Table 3).

The performance of SSF was similar to the one of SF with natural aeration, in terms
of ux and HA production. However, the yields Yx/s and Ynass were about 10 times higher
to SSF than to SFs under forced or natural aeration. Besides the oxygen stress caused by
forced aeration, the smaller volume of water in the liquid film on the surface and pores of
the solid in SSF, produces a better dispersion and availability of oxygen stimulating the

production of HA, as analyzed by Hasegawa et al. [21] and Huang et al. [22].

According to Chong and Nielsen [12], the HA production and biomass synthesis
compete for the same energy sources from the culture medium, so there is a metabolic
regulatory mechanism between growth and protection of these cells by the HA capsule.
This competition is quantified by the Yawx yield, which remained constant in all of the
studied processes, according to Tukey test at 5% probability (Table 3). The productivity of
HA increased with the availability of oxygen in liquid medium. Assuming the density of
the liquid medium used in SF around 1 gmL'], the highest productivity was observed in

SSF, where the availability of oxygen to the microrganism is more favored.
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Besides the important role of the oxygen in the productivity of HA, its availability
also influenced the molecular weight (Mw) of HA. The average Mws of HA for both SFs

were around 10* Da, while for SSF they were of one order magnitude higher (10° Da).

Comparing to the average Mw of the HA produced in synthetic medium (10" Da)
[11,23], we could see that smaller polymer chains were produced from CAPF (10° Da or
10%). This is probably due to the presence of ascorbic acid in CAPF (Table 1), which
induces depolymerization and breaks the chains, reducing the Mw of HA as reported by Liu

et al. [24].

The metabolic effects of the sugars glucose and fructose, the ascorbate concentration
in the medium, as well as the oxygen transfer in SSF, allows to design strategies for
increasing the microbial production of HA from CAPF. Studies of these aspects are ingoing

in our laboratory.

Figure 2 summarizes the production of HA from 1Kg of CAPF, in a global balance of
the analyzed processes. Considering SSF and forced aeration FS, a total of 2.55 g of HA
could be produced from lkg of CAPF, being 1.79 g from the juice and 761 mg from the

bagasse.

These data show the feasibility of HA production from total CAPF through both SSF
and SF processes. In terms of treatment of the raw material, the comminution and drying
processes represent additional treatments for SSF. However, the higher HA concentration
from SSF eliminates the concentration step or the first precipitation in a diluted medium as

usual.
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Finally, the economical viability of HA production from CAPF could be also

justified by the high aggregated value of the polymer , ranging from US$ 2000 to 60,000 kg

"' depending on its purity and MW. The HA average Mys from either the juice or bagasse

have important applications in cosmetic and pharmaceutical formulations, in free form or as

matrices of micro and nano spheres or capsules. HA with My of 10* Da is potent in the

following mechanisms: cell signalizatation when derivatizing proteins or other compounds

[25]; prolongation of the life time in the blood stream, similar to the polyethyleneglycol

[26], and also increase the extent of solubilization of hydrophobic drugs in water [27].

Nano and microparticles from 10%r 10° Da HA produce gradual delivery of drugs, with

important benefits in therapies [28].

Raw Material

Juice Extraction

Treatment

Fermentation

[ 1 kg CAPF ]

750g CAJ 250g wet
bagasse
747 ¢ 175¢g
Filtered 3 g Solid Processed 75 g Water
Juice Bagasse
' I

630,0mg HA

(natural aeration)

1790 mg HA

(forced aeration)

761,25 mg HA

Figure 2. Overview of mass balance for the HA production starting from 1 kg of in natura
total cashew apple pseudo fruit (CAPF), from which the cashew apple juice and the bagasse

were obtained.
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Table 3- . Yield parameters obtained from fermentations of cashew apple pseudo-fruit juice in submerged fermentation (SF)
under natural and forced aeration, and in solid fermentation (SSF) using cashew apple pseudo-fruit bagasse. In both cases the
culture media were supplemented with yeast extract and salts as proposed by Swann et al. (1990)

Total Sugar Cell Growth HA average Productivity
Consumption molecular
Media/Process AX L Yxss Ypss Ypix weight
[eLT*or [gg 1**  [gL7]* or [mgg]*™*  [h7] gl [eg” [T [Da] [eL"h ] or [mgg T
SF 41.0 1.57 0.151° 0.041° 0.027* 0.675" 0.035°
(natural aeration) (6.2) (0.02) (£0.0072)  (£0.0015)  (£0.0024)  (x0.0870) (1,83 +0.130)" x10* (20.003)
SF 80.0 2.69 0.478" 0.0347* 0.0248" 0.705" 0.093"
(forced aeration) (x1.42) (20.24) (20.0253)  (20.0020)  (20.0017) (20.020)  (2.5220.110)’x10* (£0.005)
SSF 0.035 9.0 0.130°¢ 0261 0.159" 0.581° 020
(forced aeration) (0.002 ) (*0.70) (20.0046)  (200070)  (20.0081) (£0.040)  (1.60 +0.141)°x10° (£0.002)

' Biomass yield from the substrate; “HA yield from substrate ; "HA yield from biomass.



4. CONCLUSIONS

The presented results show comparable performances of the cashew apple bagasse
and juice in semi-solid and submerged fermentations, making the cashew apple pseudo-
fruit totally useful for the HA production. The productivity of the hyaluronic acid from the
juice was almost two times higher from that of the bagasse, while the magnitude order of
its average molecular weight was 10° and 10* for the solid and liquid fermentations
respectively. Therefore, a consortium between solid and liquid fermentations could be
established for the production of hyaluronic acid in a useful range of molecular weights, for

applications in cosmetic and pharmaceutical products.

5. ACKNOWLEDGEMENTS

The authors acknowledge CAPES and FAPESP for the financial support, the
Brazilian Microbial Collection for Environment and Industry (CBMALI) for the maintenance

of the Streptococcus strain.

6. REFERENCES

1. Angenent, L.T., Karim, K., Al-Dahhan, M.H., Wrenn, B.A., Espinosa, R.D. (2004)

Trends Biotechnol. 22, 477-485.

2. Thomsen, M.H. (2005) Appl. Microbiol. Biotechnol. 68, 598-606.

87

——
| —



3. Campos, D. C. P.,Santos, A. S., Wolkoff, D.B., Matta, V. M., Corréa, L. M. C., Couri, S.

(2002) Desalination 148, 61-65.

4. Honorato, T. L., Rabelo, M. C., Pinto, G. A. S., Rodrigues, S. (2007) Ciéncia e Tecnol.

de Alimentos 27, 787-792.

5. Rabelo, M. C., Fontes, C.P.M.L., Rodrigues, S. (2009) Bioresource Technol, 100, 5574-

5580.

6. Pinto, G. A. S, Leite, S. G. F., Terzi, S. C., Couri, S. (2001) Braz. J. Microbiology 32,

24-26.

7. Alcantara, S. R., Almeida, F. A. C., Silva, F. L. H., Gomes, J. P. (2009) Rev. Bras. Eng.

Agricola e Ambiental 13, 81-87.

8. Chong, B.F., Blank, L.M., McLauhlin, R., Nielsen, L.K. (2005) Appl. Microbiol.

Biotechnol. 66, 341-351.

9. Armstrong, D.C., Cooney, M.J., Johns. M.R. (1997) Appl. Microbiol. Biotechnol. 47,

309-312.

10. Gao, H.J., Du, G.C., Chen, J. (2006) World J. Microb. Biot. 22, 399-408.

11. Pires, A M. B., Macedo, A. C., Eguchi, S. Y., Santana, M. H. A. (2010) Bioresource

Technol. 101, 6506-65009.

12. Chong, B.F., Nielsen, L.K. (2003) J. Biotechnol. 100, 33-41.

88

——
| —


http://lattes.cnpq.br/0066296957391575

13. Morton, J.F., Dowling, C.F. (1987) Fruits of warm climates, Creative Resources

Systems, pp. 239-240. ISBN: 0961018410.

14. Matias, M. F. O., Oliveira, E. L., Gertrudes, E., Magalhdes, M. M. A. (2005) Braz.

Arch. Biol. Technol. 48, 143-150, edi¢do especial.

15. Moura Fé, J. A., Holanda, L. F. F., Martins, C.B.(1972) Ciéncia Agronémica 2, 109-

112.

16. Souza, P.A., Menezes, J.B., Andrade, J.C., Freitas, D.F., Mendonc¢a, V.S. (2001)

ANAIS DO CONGRESSO BRASILEIRO DE FRUTICULTURA, Belém, PA.

17. Swann, D.A., Sullivan, B.P., Jamieson, G., Richardson, K.R., Singh, T. (1990) United

States Patent: 4,897,349.

18. Dische, Z. (1946) J. Biol. Chem. 167, 189-198.

19. Balke, S., Hamielec, A., Leclkair, B., Pearce, S.(1969) Ind. Eng. Chem. Prod. Res.

Devel. 8, 54-57.

20. Cleary, P.P, Larkin, A. (1979) J. Bacteriol. 140, 1090-1097.

21. Hasegawa, S., Nagatsuru, M., Shibutani, M., Yamamoto, S., Hasebe, S. (1999) J. Biosc.

Bioeng. 88, 68-71.

22. Huang, W.C., Chen, S.J., Chen, T.L.(2006) Biochem. Eng. J. 32, 239-243.

23. Pires, A. M. B., Santana, M.H.A. (2010) Appl. Biochem. Biotechnol. 162.,1-10.

89

——
| —



24. Liu, L., Du, G., Chen, J., Zhu, Y., Wang and M., Sun, J. (2009) Bioresource Technol.

100, 362-367.

25. Taylor, K.R, Yamasaki, K., Radek, K.A., Di Nardo A., Goodarzi, H., Golenbock, D.,

Beutler, B., Gallo, R.L. (2007) J. of Biol. Chem. 282, 18265-18275.

26. Ferguson, E.L., Alshame, A.M., Thomas, D.W. (2010) Int. J. Pharm. 402, 95-102.

27. Lee, H., Lee ,K., Park, T.G. (2008) Bioconjugate Chem. 19, 1319-1325.

28. Leonelli F., La Bella, A., Migneco, L.M., Bettolo, R.M. (2008) Molecules 13, 360-378.

90

——
| —


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Alshame%20AM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Thomas%20DW%22%5BAuthor%5D

HYALURONIC ACID DEPOLYMERIZATION BY ASCORBATE-REDOX
EFFECT ON SOLID STATE CULTIVATION OF STREPTOCOCCUS
ZOOEPIDEMICUS IN CASHEW APPLE FRUIT BAGASSE
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SUMMARY - The cashew apple fruit (Anacardium occidentale L.) has been used as a promising
agricultural resource for the production of low molecular weight (My,) hyaluronic acid (HA) (10*to
10° Da). The cashew apple juice is a rich source of vitamin C containing 1.2 to 2.0 g.L"'. This work
explores the effect of the initial concentration of the ascorbate on the solid fermentation of the juice-
moisturized bagasse from the cashew apple fruit. The results show that the My reduction of HA is
proportional to the initial ascorbate concentration. The presence of ascorbate did not influence
Streptococcus zooepidemicus metabolism. However, the HA productivity was increased from 0.18
to 0.28 mg.g".h™" when the ascorbate concentration ranged from 1.7 to 10 mg.mL™". These findings
contribute to the controlled production of HA in a low My range, which plays important roles in

cell signalization, angiogenesis and nanoparticles production.
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1. INTRODUCTION

Hyaluronic acid (HA) is one of the major components of the extracellular matrix and is
found in all connective tissues. It is a naturally derived high-molecular-weight (Mw) (up to
the magnitude order of 10’ Da), viscoelastic compound, and structurally an unbranched
glycosaminoglycan copolymer of D-glucuronic acid and N-acetyl-D-glucosamine.
(Weissman and Meyer, 1954)

HA is usually a high value-added product, that can range from U.S.$ / Kg 2000 to
60,000 depending on its degree of purity and final physico-chemical characteristic, as its

molecular weight (Kogan et al., 2007).

The biological activities of HA differ depending on its My. Low Mw HA plays an
important role in cell signalization, angiogenic activity. It is also quite possible that the
biological functions in association with in vivo tissue regeneration could be modulated by
using HA with different molecular weights as a building block for scaffolds. Low-MW HA
also has been used for derivatization of proteins and insoluble compounds (Garg and Hales,
2004 ; Prestwich et al., 1998; Prestwich, 2001). In the technological field HA had been
used for the production of nanoparticles and drug delivery (Yun and Yellen, 2004; Hu and

Tang, 2006).

The microbial production of HA by fermentation processes using Lancefield group A
and C streptococci bacteria has been industrially used as an advantageous alternative to the

conventional rooster combs extracting processes. As a consequence, the various aspects of
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the fermentation processes have been extensively studied. (Armstrong et al., 1997; Chong

et al., 2005; Gao et al., 2006)

In general, the streptococci strains are fastidious with respect to the nutrient as well
as organic nitrogen requirements (Fitzpatrick and O’Keeffe, 2001; Hofvendahl and Hahn-
Hagerdal, 2000). Aiming to obtain not only low cost fermentation media, but also a better
purity grade of HA, natural resources have been recently studied. In the previous work, we
evaluated the main components or supplements of culture media obtained from agricultural
resource derivatives (ARDs) such as hydrolysate soy protein concentrate, whey protein
concentrate and cashew apple juice. Corn steep liquor was also evaluated as a supplement.
They were selected with basis on the requirements of the Streptococcus zooepidemicus
amino acids, as described by Armstrong et al. (1997), as well as the qualitative and
quantitative variability of amino acids in the different sources supplements of culture
media. Among the studied ARDs only the cashew apple juice showed to be a promising
medium for the production of HA (Pires et al., 2010). Other alternatives such as the use of
vegetal soy peptone increased the HA production (Izawa et al., 2010), as well as culture

media composed of marine by-products have been recently studied (Vazquez et al., 2010).

Cashew apple juice (Anacardium occidentale L.) whose rich composition, including
B-vitamins, particularly thiamine, riboflavin, niacin and folic acid (Sancho, 2006) benefits

the production of HA, as shown by Pires ef al. (2010) studies.

However, if the presence of complex nutrients in cashew apple juice promotes HA

production, on the other hand, the presence of anti-oxidants like vitamin C, at
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concentrations of about 1.2 to 2.0 g.L'l (Akinwale, 2000, Cavalcante et al, 2005) may
decrease the Mw of HA due to depolymerization. In fact, Pires et al. (2010) observed lower
molecular weights (10° Da) for the HA from the cashew apple juice compared to the

synthetic control medium (107 Da).

Soltes et al. (2007) and Liu et al. (2009), investigated the reduction of the Mw of HA
due to depolymerization, by adding ascorbate to a high My HA solution, or hydrogen
peroxide and ascorbate along its microbial production. The authors described the basic
mechanism for redox depolymerization (Figure 1), involving the appearance of reactive

oxygen species (ROS) that are capable of breaking the HA into smaller molecules.
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Figure 1. Scission of the HA chains may be due to B-cleavage of the C-centered
radical formed at, for example, C(1) of the glucuronic acid residue.(Soltes et al.™®)
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Recently, we have also evaluated the potentiality of the cashew apple bagasse for
the production of HA in SSF by Streptococcus zooepidemicus. Results showed that each 1
kg of total cashew fruit yielded 761.25 mg by solid state fermentation (SSF) and 1790 mg
by submerged fermentation (SF) after HA recovery from three consecutive precipitations
with ethanol. The average HA molecular weights were 2.52x10* Da (SF- forced aeration in
bioreactor) and 1.60x10° Da (SSF). These results point to the HA production from the total
cashew apple fruit as promising and economically viable. In addition, HA from vegetable

resources 1s safe and could be preferable for consumers.

Considering the above mentioned aspects, we present in this work, a study of the
effect of the initial concentration of the ascorbate on the SSF of the juice moisturized
bagasse from the cashew apple fruit. This study aims to contribute to the development of

low cost innovative processes for the controlled production of low-Mw HA.

2. MATERIAL AND METHODS

2.1. Microorganism. Streptococcus equi subsp. zooepidemicus ATCC 39920 was obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA) as a lyophilized
culture kept in ampoules.

2.2. Culture Maintenance and Inoculum Preparation. The stock culture was maintained
frozen in Brain Heart Infusion (BHI) broth containing 10% glycerol and glass beads. The
inoculum was prepared in one step, ten glass beads were transferred to each tube containing

10 mL of the studied culture medium and incubated at 37°C for 12 hours.
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2.3. Culture Media. The culture media based on cashew apple was prepared from CAJU
GAIA (Itaueira Agropecudria S/A, Russas, Ceard, Brazil) at harvesting season.

2.3.1. Liquid medium. The liquid medium was prepared from the cashew apple juice in
natura, containing 45 g.L' glucose and 45 g.L"' frutose concentrations and supplemented
with yeast extract and salts, according to Swann et al. (1990) (Table 1), except for glucose.
The pH was adjusted to 7.5 with NaOH (0,1 M). The effect of the initial ascorbate
concentration was studied by adding the ascorbate to the liquid medium in order to get final
concentrations 3, 4, 5 and 10 g.L'l. The natural juice, containing 1.7 g.L‘1 was considered as

a control.

Table 1 — Composition of the synthetic medium supplementation (Swann et al.,1990).

Component Concentration (g.L"' deionized water )
Glucose 45.0
Yeast extract 60.0
K>SOy 1.3
MgSO4.7H20 1.0
Nast4. 12H20 0.2
CaCl,.2H,0 5.0%
FCSO4.7H20 5.0%
MnSO4.4H,0 1.0*
ZHSO4.7H20 1.0%*
CuSO4.5H20 0.1*
H3PO4 1.0 mL

* mg.L" deionized water

2.3.2. Solid medium. After extracting the juice through crushing, the bagasse was
comminuted using a multipurpose food processor (850W - Arno Multichef MPAI). The
solid particles were dried until 30% moisture. The total content of total sugars in the

bagasse was 0.025 g.g'1 of moist bagasse. Due to the low amounts of total sugars and
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nitrogen the bagasse was supplemented with the cashew apple juice, yeast extract and salts
previously prepared (liquid medium), until a final moisture content of 50%.

2.4. Fermentation. SSF was carried out in a system composed of six fixed bed (modified
Rainbault columns) columns (3 cm in diameter), which were packed with bagasse (3 cm
fixed bed height), each one coupled to a primary humidifier Each column was fed with air
at 1 L.min™'. Air was supplied by an odonthologic compressor. The columns were incubated
at 37°C controlled temperature. Initial Ascorbate concentration in liquid phase was 1.7 (in

natura cashew apple juice), 3,4,5 and 10 g.mL™".

2.5. Recovery of HA. The products were extracted from bagasse through one stage
lixiviation using 10 mL of Milli-Q water during 1h. The obtained extract was centrifuged
at 3200 rpm for 30 minutes for cell separation and the HA was precipitated from cell free
supernatant with ethanol in a proportion 1.5:1 v/v ethanol: supernatant. The solution was
cooled down, remaining at 4°C during 1 hour for the precipitation of HA. The HA
precipitated was redissolved in a 0,15 mol.L" sodium chloride solution. Three steps of

precipitation and redissolution were performed to increase the yield of precipitated HA.

2.6. Analytical Methods

2.6.1. Cell growth. The cell growth was determined by cell dry weight according to the
gravimetric method. To this end, 10 mL of the culture broth was microfiltred throught 0.2
um cellulose acetate membranes (Sartorius, Goettingen, Germany) which was dried to
constant weight at 60°C.

2.6.2. Concentrations of glucose, lactate, acetate, formate and ethanol. Culture samples

were filtered through membranes with a pore size of 0.2 um (Sartorius, Goettingen,
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Germany) and 20 pL of filtered sample were injected into an ion exchange HPLC
(Shimadzu Corporation, Kyoto, Japan) equipped with a 7.8 mm x 300 mm HPX-87H fast
acid column Aminex (Bio-Rad, Hercules, CA., USA). The mobile phase was composed of
0.004 mol.L" H,SO4 pumped at a flow rate of 0.6 mL.min" as described by Chong and
Nielsen (2003). The column was maintained at 65°C. The peak elution profile was
monitored with a Shimadzu RID-6A refractive index detector (Shimadzu Corporation,
Kyoto, Japan).

2.6.3. HA concentration. The HA concentration was determined by the carbazol reagent
(Dische, 1946). Sodium hyaluronate (Hylumed™) from Genzyme Corporation (Cambridge,
Massachusetts, USA) was used as a standard.

2.6.4. HA molecular weight.

The average molecular weight of HA was determined by size exclusion
chromatography. It was used a Shimadzu chromatography system (Shimadzu Corporation,
Kyoto, Japan), containing a (35 x 7.8 mm) Polysep-GFC-P guard column (Phenomenex,
Torrance, California, USA) mounted in series with a (300 x 7.8 mm) Polysep-GFC-P6000
column of the gel filtration (Phenomenex, Torrance, California, USA) and a refractive
index detector. (Shimadzu RID-6A). The analysis conditions were: injected sample of 20
uL, sodium nitrate 0.1 mol.L™ as the mobile phase, flow rate of 1.0 mL.min" and 25°C
temperature, as suggested by the column manufacturer. Dextran standards (American
Polymer Standards, Mentor, Ohio, USA) with molecular weight ranging from 10° to 10° Da

were used as a standard for the calibration curve as described by Balke ef al. (1969).
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3. RESULTS AND DISCUSSION

Figure 2 shows the kinetics for HA production, cell growth and sugars consumption
at three different ascorbate concentrations. With the addition of ascorbate, final HA
concentration increased, while the synthesis of all other metabolites remained statistically
(5%) constant. This observation indicates that HA production is the only response to the

ascorbate addition.

The performance of the fermentations in the presence of ascorbate is presented in
Table 2. Despite the significant increase in Yaws and HA productivity, no metabolic
changes with respect to lactic acid or acetic acid can be attributed to the increase of
ascorbate in the fermentation medium. The evidence that no significant change in the
metabolism may have occurred in the process leads to the assertion that ascorbate exerts

great influence on the HA depolymerization only, as shown in Figure 3.

Figure 4 A shows the two prevalent Mw populations of about 10° (1 KDa) and 10*
(10 kDa). Figure 4B shows the decreasing behavior of the average Mw 10* (10 KDa) while

the lowest average molecular weight increases with the addition of ascorbate.

This proposition is also noticed in the Mw global characterization, considering all
the HA molecular weight fractions produced in the fermentation (Figure 4C), where we
observe the displacement of average Mw 100 kDa for the smaller Mw fractions with the
addition of ascorbate. A similar behavior is clearly observed in Figure 4D, for the

decreasing of the average M.
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Sugar Concentration, [mg.g
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Figure 2. Kinetic profiles of (A) sugars consumption, (B) cells growth and (C) HA
production for SSF with forced aeration (1 L. min"") using a culture medium composed of
cashew apple bagasse moisturezed with the juice supplemented with yeast extract, salts and
ascorbate at the concentrations 1.7 (0) 3 (o) and 10 mg.L™" (A).
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Figure 3. Profile of lactate (A) and acetate (B) biosynthesis for SSF with forced
aeration (1 L. min") using a culture medium composed of cashew apple bagasse
moisturezed with the juice supplemented with yeast extract, salts and ascorbate at the
concentrations 1.7 (0) 3 (o) and 10 mg.L'1 (A).




Table 2- Yield parameters obtained from fermentation of cashew apple fruit and bagasse (SSF) with different ascorbate concentrations

in liquid phase.
C(ilscce(:ll;l:'zt?on é‘:::;i“%:; Gfoevl:th R TY
p Hx YX/S YP/S YP/X YLAC/S YACE/S
(Liquid Phase)

[mg/mL] [mg.g'] [mg.g'] [h] le.g"] [g.g'] [g.g'] [g.g'] [g.g '] [mg.g'h"]
1.7 22.30° 9.05* 0.940°  0.346*  0.151*  0.440°  0.164*  0.035" 0.178*
(£1.52) (£0.084)  (0.060) (£0.028) (+0.023) (+0.093) (+0.031) (+0.001)  (0.010)

3 23.00° 9.26" 0.892*  0.373*  0.202" 0.538"  0.184*  0.039° 0.236"
(£1.00) (£0.333)  (20.018) (20.029) (+0.001) (+0.038) (+0.026) (+0.006)  (+0.001)

10 23.30° 9.16" 0.995*  0.367°  0.270°  0.743°  0.173*  0.040" 0.282¢
(£1.15) (£0,866)  (+0.144) (20.033) (20.010) (0.098) (£0.046) (+0.006)  (+0.007)
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Figure 4. Average and distribution of the hyaluronic acid molecular weight. (A) Representative chromatogram for the
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Liu et al. (2009), considered the reduction in Mw by redox processes (Figure 1)
causes a balance between microbial growth phenomena inhibition, promoted by the toxic
effect of OH radicals, and the increase of oxygen transfer seems not to have exercised
influence on the bacteria metabolism. Additionally, the authors also mentioned that changes
in the liquid, by reducing the My, improve K;a and therefore the level of dissolved
oxygen. Studies of Hasegawa et al. (1999) and Huang et al. (2006) showed the increased

production of HA as a result of higher rates of aeration in the fermentations.

These findings leads to the assertion that ascorbate exerts great influence on the HA
depolymerization only, as shown in Figure 3. In consequence of that, the Mw of HA is
reduced, decreasing the viscosity , exposing the cells to a higher level of reactive oxygen
species (ROS). The higher levels of stress induce the cells to produce more HA in order to

protect themselves.

4. CONCLUSIONS

The presence of ascorbate in cashew apple juice promotes redox mechanisms for the
degradation of HA produced by cultivation of Streptococcus zooepidemicus in SSF. The
ascorbate did not influence the metabolism of the Streptococcus zooepidemicus, but it
influenced the decrease of the average M,, of HA due to depolymerization. The production
of low molecular weight HA could be modulated and controlled by the initial concentration

of ascorbate in the medium.
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METABOLIC EFFECTS OF INITIAL SUGARS CONCENTRATION ON THE MICROBIAL
PRODUCTION OF HYALURONIC ACID BY SOLID STATE FERMENTATION IN

CASHEW APPLE BAGASSE

André C. de Macedo, Aline M. B. Pires, Silvia Y. Eguchi and Maria H. A. Santana’

Laboratory of Development of Biotechnological Processes

School of Chemical Engineering, University of Campinas-UNICAMP

13083-852, Campinas-SP, Brazil

SUMMARY -The juice and bagasse of the cashew apple (Anacardium occidentale L) have been
demonstrated as low cost and promising substrates for the production of the hyaluronic acid (HA)
by Streptococcus zooepidemicus. The cashew substrates contain equal amounts (45 g.L™' liquid
phase) of glucose and fructose as main sugars, which are precursors of the two parallel pathways
driving the biosynthesis of HA. This work describes the metabolic effects of initial concentration of
the sugars (ISC) on the production of cells, HA and its molecular weight (M), lactic and acetic
acid metabolites. Solid state fermentation was performed in cashew bagasse comminuted up to a
Sauter mean diameter of 0.67 mm, partially dried and moisturized by adding a defined mixture of
cashew apple juice, yeast extract and salts. The studied ISCs in the juice were 10, 30, 50 and 90
gL from which 5, 15, 25 and 45 g ISC. g”' moist bagasse were obtained. Experiments were carried
out under controlled air supply in a set of fixed bed reactors mounted inside a microbial incubator.
Results showed constant yields related to substrate for 30, 50 and 90 g.L", which were independent
of the ISC. No catabolic inhibition of either HA production or cell growth was observed at 90 g.L"!
in the juice (45 g ISC. g'l moist bagasse). A maximum Yuasactic acipy and a minimum
Y ceLLsiacetic acipy yields were observed at 50 g.L"ISC in the juice (25 g ISC. g'1 moist bagasse).
This is an optimum energetic condition which favors the balanced synthesis of the precursors of HA
as well as the higher My (10’ e 10° Da) fractions of HA.

Key-words: hyaluronic acid, sugar concentration, metabolites, Streptococcus zooepidemicus.
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1. INTRODUCTION

Hyaluronic acid (HA) is a linear polysaccharide composed of D-glucuronic acid and N-
acetylglucosamine disaccharide units, linked alternately by B-1-3 and B-1-4 glycosidic
bonds.

The physical properties and functions of HA are based on its ability to retain large
amounts of moisture as well as to form viscoelastic aqueous solutions. Having unique
hydrodynamic properties, HA has been widely applied in the cosmetic and medical fields
(1, 2, 3, 4). Final products containing HA become high value-added products ranging from
US$ 2,000 to 60,000.kg™" regarding the above mentioned applications.

HA is found in the intercellular matrix of mammalian connective tissues, and it was
previously extracted from bovine vitreous humor, rooster combs and umbilical cords. It is
also a significant component of the extracellular matrix of strains such as Streptococcus
zooepidemicus, which is used to produce, on a large scale, HA with an average molecular

weight (My) around 10° Da (5, 6).

The high costs involved in the extraction and purification processes of high
molecular weight HA from animal sources, added to the risk of contamination with animal
allergens or pathogens, have made the bacterial source preferable for medical and cosmetic

applications (7).

Common to all oligosaccharide and polysaccharide microbial synthesis, the HA
production is a carbon-intensive and energy-intensive process (8). Precursors of the HA

synthesis (UDP-glucuronic acid and UDP-N-acetylglucosamine) are also precursors of the
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cell wall biosynthesis, specifically peptidoglycan, teichoic acids and antigenic wall

polysaccharides as shown in Figure 1.

2UDP
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2 NADH, PP, j k Glutamate, CoASH, PP,
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Figure 1. Central metabolic pathways in Streptococcus zooepidemicus involved in the
conversion of glucose to hyaluronic acid and fermentation products through the (a)
homolactic and (b) mixed acid metabolisms. HAS, hyaluronate synthase; NOX,
NADH oxidase; LDH, lactate dehydrogenase; PFL, pyruvate formate lyase; PDH,
pyruvate dehydrogenase; ADH, alcohol dehydrogenase; AK, acetate kinase (Adapted

from Chong and Nielsen, 2003).

Therefore, HA synthesis competes with cell growth for carbon source and energy

(9,10). Being so, HA production can be enhanced if the competition between cell growth

and HA synthesis is decreased (/7).




However, the above mechanism was supported by the findings which considered
only glucose as the main carbon source in synthetic medium. Although the strains of
Streptococcus zooepidemicus metabolize various sugars, most of the studies use glucose as

only the substrate in submerged fermentation.

The cashew substrates, juice and bagasse, contain glucose and fructose isomers as
main sugars. The total concentration of these sugars in the juice in nature is 95 gL', being
equal amounts (45 g.L™") of each one isomer. According to the metabolic route involved in
the conversion of glucose to HA, glucose-6-P and fructose 6-P generate the UDPG and
UDPNAG precursors of HA synthesis in two parallel pathways. Therefore, the sugar

composition in the cashew substrates may have an important role on the HA synthesis.

Moreover, the cashew apple is abundant in Brazil, but considered an agricultural
residue, since about 90% of its production is lost in the field after removing the nut. Our
previous studies with shake flasks, demonstrated a higher capability of HA production from
the cultivation of Streptococcus zooepidemicus (ATCC 39920) in the cashew juice
compared to other agricultural residues. The production and yield (Ynassucar) of HA were
similar to the one of the synthetic medium containing glucose only both supplemented

with yeast extract and salts (12).

In order to gain more insight about the production of HA from cashew substrates,
herein we extended our previous studies, investigating the effects caused by the initial
concentration of total sugars (ISC) on the Streptococcus zooepidemicus (ATCC 39920)

metabolism, and on the molecular weight (Mw) of HA. We worked with SSF, using cashew
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apple bagasse, which was previously comminuted at a controlled Sauter mean diameter,
partially dried and moisturized with the cashew juice in nature and diluted to obtain smaller
ISCs. As far as we know, there are no studies in the literature which examine the metabolic
effects of ISC on the microbial growth in cashew apple bagasse. and production of HA by

SSF .

2. MATERIAL AND METHODS

2.1. Microorganism. Streptococcus equi subsp. zooepidemicus ATCC 39920 was obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA) as a lyophilized

culture kept in ampoules.

2.2. Culture Maintenance and Inoculum Preparation. The stock culture was maintained
frozen in Brain Heart Infusion (BHI) broth containing 10% glycerol and glass beads. The
inoculum was prepared in one step, Ten glass beads were transferred to each tube

containing 10 mL of the studied culture medium and incubated at 37°C for 12 hours.

2.3. Culture Media. The culture medium based on the cashew apple was prepared using
commercial cashew apple CAJU GAIA® (Itaueira Agropecudria S/A, Russas, Ceard,
Brazil) at harvesting season. Table 1 shows the composition of the cashew apple juice and

bagasse.




Table 1 - Composition of the total cashew apple pseudo-fruit: juice and bagasse

Parameters Juice®  Bagasse’ References

Morton and Dowling (1987) *, Campos
et al. (2002)*

pH 3.8-4.2 4.01 Matias et al. (2005)°
Acidity Moura Fé et al. (1972)*
(g Ac. Citric/100g of the sample) 0.35 1.34 Matias et al. (2005)°

Campos et al. (2002)*

Solule Solids (°Brix) 7.4 12.0 Matias ef al. (2005)°
Reducing Sugars (g/L)* or Souza et al. (2002)*
(mg/100g)**
Matias et al. (2005)°
107* 6.84%%*
Total Sugars (g/L)* or Matias et al. (2005)°
(mg/100g)** 111* 7.68%*
Proteins (%) 0.92 1.83 Matias et al. (2005)"
C Vitamin (mg/100g) 158,26 - Moura Fé et al. (1972)*
Total Tannins x 10° (g/L) 0,06 - Campos et al. (2002)*
Lipids (%) - 0.38 Matias et al. (2005)°
Fibers (%) - 33.10 Matias et al. (2005)b
Moisture (%) - 78.76 Matias et al. (2005)°
Water Activity, a, - 0.8 Alcantara et al. (2009)*

2.3.1. Liquid medium.
The liquid medium was prepared with cashew apple juice in natura (90 gL' sugars) or
diluted as to obtain different ISCs. The juice was supplemented with yeast extract and salts,

according to the composition of the synthetic medium proposed by Swann (/3), except for




glucose (Table 2). pH was adjusted to 7.5 with NaOH (0.1 M).The liquid medium was
sterilized by microfiltration through 0.22 um cellulose acetate membranes. Preliminary
experiments were performed SSF using the ISCs 10, 30, 50 and 90 g.L"' (in liquid phase) in
order to determine the ISCs for the subsequent kinetic studies. From these experiments, the
yields were determined at the initial and final state only. Kinetic studies were done at non-

limiting ISCs, 30, 50 and 90 gL' sugars in liquid phase.

Table 2 — Composition of the synthetic medium (13).

Component Concentration (g.L'1 deionized water )
Glucose 45.0
Yeast extract 60.0
K,SO,4 1.3
MgS04.7H,0 1.0
Na,S04.12H,0 0.2
CaCl,.2H,O 5.0%
FeS0O,4.7H,0 5.0%
MnS0O,4.4H,0 1.0%*
ZnS04.7H,0 1.0*
CuS0,4.5H,0 0.1*
H;PO, 1.0 mL

* mg.L”" deionized water

2.3.2. Solid medium.
After extraction of the juice through crushing, the bagasse was previously washed and then

comminuted using a multipurpose food processor obtaining solid particles with a Sauter




mean diameter of 0.67 mm. The particles were dried until 30% moisture. Due to the low
amounts of total sugars and nitrogen remaining in the bagasse after processing, it was
supplemented with a liquid medium described in 2.3.1, until a final moisture content of
50%. The total ISCs in the moist bagasse were 5, 15, 25 and 45 mg.g™' . The solid medium

was sterilized by U.V. radiation during 1 hour.

2.4. Fermentation. SSF was carried out in a system composed of six fixed bed columns
with 3 cm diameters, which were packed with the moist bagasse (3 cm fixed bed hight), and
coupled to a primary humidifier. Each column was fed with air at 1 mLmin™ flow rate. The
air was supplied by a filtered odontological air compressor. The analysis of outlet oxygen
concentration was performed using an oximeter YSI ® Model 5300 coupled and properly
calibrated. The columns were mantained at 37 °C inside a temperature-controlled microbial
incubator. Figure 2 a,b illustrates the set up of the columns used in SSF. For the kinetic
studies, the columns were withdrawn from the system along time, from which cell mass,
HA, glucose, lactic acid, acetic acid, formic acid and ethanol concentrations were analyzed.
The My of the HA produced and its distribution were also determined. The analyses were

performed in triplicate.




£l

(A) (B)

Figure 2. (A) Scheme of the fixed bed column used in SSF experiments: 1.
Primary humidifier, 2. Inlet air tube, 3. Comminuted bagasse packed bed, 4.
Glass column, 5 outlet air tube, 6. Sterile water. (B) Picture of the columns inside
the microbial incubator.

2.5. Recovery of HA.

The products were extracted from bagasse through one stage lixiviation using 10 mL of
Milli-Q water during 1h. The obtained extract was centrifuged for cell separation and the
HA was precipitated with ethanol in a proportion 1.5:1 v/v ethanol: supernatant. The
solution was cooled down, remaining at 4°C during 1 hour for the precipitation of HA. The
HA precipitated was redissolved in a 0,15 mol.L" sodium chloride solution. Three steps of
precipitation and redissolution were performed to increase the yield and purity of the HA

precipitated.
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2.6. Analytical Methods

2.6.1. Cell growth. The cell growth was determined by cell dry weight according to the
gravimetric method. To this end, 10 mL of the culture broth were microfiltered throught 0.2
um cellulose acetate membranes (Sartorius, Goettingen, Germany) which were dried to
constant weight at 60°C.

2.6.2. Concentrations of glucose, lactate, acetate, formate and ethanol. Culture samples
were filtered through membranes with a pore size of 0.2 um (Sartorius, Goettingen,
Germany) and 20 uL of filtered sample were injected into an ion exchange HPLC
(Shimadzu Corporation, Kyoto, Japan) equipped with a 7.8 mm x 300 mm HPX-87H fast
acid column Aminex (Bio-Rad, Hercules, CA., USA). The mobile phase was composed of
0.004 mol.L"! H,SO4 pumped at a flow rate of 0.6 mL.min"! (9). The column was
maintained at 65°C. The peak elution profile was monitored with a Shimadzu RID-6A

refractive index detector (Shimadzu Corporation, Kyoto, Japan).

2.6.3. HA concentration. The HA concentration was determined by the carbazol reagent
(I4). Sodium hyaluronate (Hylumed™) from Genzyme Corporation (Cambridge,
Massachusetts, USA) was used as a standard.

2.6.4. HA molecular weight. The molecular weight distribution of HA was determined
by size exclusion chromatography. It was used a Shimadzu chromatography system
(Shimadzu Corporation, Kyoto, Japan), containing a (35 x 7.8 mm) Polysep-GFC-P column
guard (Phenomenex, Torrance, California, USA) mounted in series with a (300 x 7.8 mm)
Polysep-GFC-P6000 column of the gel filtration (Phenomenex, Torrance, California, USA)

and a refraction index detector (Shimadzu RID-6A). The analysis conditions were: injected
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sample of 20 pL, sodium nitrate 0.1 mol.L™" as the mobile phase, flow rate of 1.0 mL.min™’

and 25°C temperature, as suggested by the column manufacturer. Dextran (American
Polymer Standards, Mentor, Ohio, USA) with molecular weight ranging from 10> to 10° Da

was used as a standard for the calibration curve (15).

2.6.5. Statistical Analysis

The variance was analyzed by ANOVA method and the media compared by the Tukey test

at 5% probability level (p<0.05).

3. RESULTS AND DISCUSSION

Figure 3F shows results obtained from the fermentations, with ISC ranging from 5 to 45
mg.g'l( 10 to 90 g.L’l). We can see the yield of HA production related to cells (Ynua/x) was
somehow constant in the range of 30 to 90 gL'IISC. Therefore, the last three assayed ISCs

were selected for the kinetic experiments (Figure 3 A,B,C,D and E).

Figures 3 A,B,C,D and E shows the kinetic profiles of the cell production, HA, lactic
and acetic acids, as well as the total consumption of sugars, obtained from the studied
ISCs. The exponential phase remained between 8 and 16 h for the studied ISCs. Along
the exponential phase, cell mass was similar at 30 and 90 gL' ( 15 and 45 mg.g™"), but
significantly superior at 50 gL' ISC (25 mg.g") At the stationary phase, after 18h, cell
concentration was similar at 50 and 90 gL' (25 and 45 mg.g™"), but inferior to the cell
concentration at 30 gL' (15 mg.g") ISC (Figure 3C), and the production of HA was

similar for the studied ISCs (Figure 3B). Analyzing these profiles, we could observe no
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strong catabolic inhibition of cell growth at 90 gL'ISC, as reported by Pires ef al. (12) in
SF with glucose only as sugar in a synthetic medium containing yeast extract and salts.

Effects of the ISCs on the organic acids as a consequence of the metabolism are
presented in Figure 3D and E. A homofermentative metabolism could be observed, which
is the most ordinary route for the glucose catabolism in non-limiting conditions (/2,16).
Lactic acid, the main product of this kind of metabolism, increased with ISC ranging from
7to 11 mg.g'l. However, the reduction of acetic acid was parallel for 30 and 50 g.L'1 ISC
only. At 90 gL'1 ISC, acetic acid concentration was the highest, but no inhibition of the
lactic acid production was observed, showing no significant difference when compared to
50 gL'1 ISC. The concentration of ethanol was insignificant. No formic acid was observed
in the range of the ISCs, due to the exposition of cells to air, as reported by Abbe et al. (17).
The consumption of sugars decreased from 30 (88%) to 50 g.L'1 (80%) and 90 g.L'1 (67% )
ISC.

Table 3 summarizes the ISC effects on the specific growth rate (ux), yield coefficients
related to the total sugars (glucose+fructose), cells (Yxss), HA(Ynass), lactic acid (Ypacss)
and acetic acid (Y acers), as well as the volumetric productivity of HA.

According to Tukey test at 5% probability level (p<0.05), there are no significant
differences among the specific growth rate (ux), the yields related to conversion of the
sugars, Yxss, YHass » Yeacss and HA productivity with the ISCs. However, Y acg/s decreased
from 30 g.L"', reached a minimum at 50 gL' and increased at 90 g.L"' ISC. Although
Yuarac was maximum while Yxace was minimum both at 50 g.L'l, the Yga/x was not

influenced by the ISC, remaining around 0.6 in the range of the studied ISCs.
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These results mean that 50 g.L'1 (25 g.L'1 glucose or frutose) represents the best
energetic condition of the metabolism, in terms of the lactic and acetic acid precursors, but
it did not influence the production of HA or cells in a competitive mechanism as described
in the literature where glucose is used as the only sugar. Pires and Santana (/8), found
25g.L'1 to be the best initial glucose concentration in SF, using a synthetic medium
containing only glucose as sugar and same concentrations of yeast extract and salts used
in the present work. Under such a condition the Yga/x ratio was 2.0 , being the higher

glucose conversion into HA other than into cell mass.

Being so, the cashew apple fruit seems to reduce the competition between cells and
HA, as well as to attenuate the catabolic inhibition of cell growth and HA production
observed with glucose only at 90 g.L'juice. Moreover, it also benefit the HA productivity
in SSF as follows: 0.20 (SSF), 0.09 (cashew juice in SF) and 0.02 [mg.g'l.h‘l] (synthetic

medium with glucose only in SF). .

The ISC effects on the HA average molecular weight (Mw) and My distribution are
presented in Figure 4 A and B. The majority fractions of molecular weight between 10°
and 10* Da were observed. Fractions greater than 10° were also observed but at much
lower concentrations in relation to the others. Overall, the average Mw of the HA produced

was 10°Da. The ISC favors the production of HA chains (106 and 105).

The behavior of the Mw was also similar to the one in SF using cashew juice, but a
higher average Mw was obtained in SSF (10°Da) compared to SF (10"Da). This is due to

the higher availability of oxygen in the liquid film in SSF compared to bulk fermentation




broth in SF. However, the My of HA from cashew is lesser than the one from the synthetic
medium containing glucose only (1O6Da). According to Liu et al. (2009), the ascorbic acid
breaks the HA chains in smaller fractions. The cashew juice contains 1.7g.L" ascorbic acid,
and studies concerning the influence of that acid on the fermentations are being conducted

in our group.

From these results, we analyzed the consumption of glucose and fructose along SSF
fermentations at 30 and 90 g.L’l(IS and 45 mg.g'l) total sugars in the moisturizing
medium. Figure 5 shows a parallel consumption of glucose and fructose at similar rates
(after 5h), in both cases. No diauxic behavior could be observed for the consumption of
fructose and glucose along the fermentations, and glucose and fructose are consumed as

total sugars in the medium, however there is a lag phase for fructose consumption (0-5 h).

Being so, the observed effects in SSF fermentation using cashew apple bagasse are
not due to the presence of glucose and fructose in medium, and the available of oxygen

remain an important factor to be investigated. Studies in this issue are ongoing in our

group.
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Figure 3. The metabolic effects of the initial glucose and fructose concentration on: (A) total sugars consumption
and production of (B) HA; (C) cell mass (D) lactic acid (E) acetic acid and (F) Yyux Behavior in solid state
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(15 mg.g" moist bagasse), 50g.L"' (25 mg.g™' bagasse) and 90g.L"' (45 mg.g' bagasse).
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Table 3 — Specific growth rate and yields determined in solid state fermentation using cashew
apple bagasse moisturized with the cashew juice at the total sugar concentrations 30g.L™" (15 mg.g”
moist bagasse, 50g.L"" (25 mg.g"' moist bagasse) and 90g.L"' (45 mg.g"' moist bagasse).
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Figure 5. Consumption of glucose and fructose along solid state fermentations in cashew
apple bagasse, moisturized with cashew apple juice, yeast extract and salts at (A) 30g.L-1
total sugars (15 mg.g-1) and (B) 90g.L-1total sugars (45 mg.g-1)

4. CONCLUSIONS

The initial sugar (glucose and fructose) concentration influenced the metabolism of
Streptococcus zooepidemicus mainly on the production of the lactic and acetic acids. The
50 g.L'IISC in the juice (25 g ISC. g'1 moist bagasse) seems to be the best energetic

condition which favors the balanced synthesis of the precursors of HA (UDP-glucuronic




acid and UDP N-acetyl glicosamine) as well as the higher Mw (105 e 10° Da) fractions of
HA. However, the HA and cell production was not affected by the ISC ranging from 30 to
90 g.L'ISC in the juice (15 to 45 g ISC. g"' moist bagasse). The glucose and fructose
consumption was parallel along the fermentations, with no diauxic behavior. Being so, the
availability to oxygen related to the total sugar concentration seems to have an important
role in the metabolism, which must be investigated. In technological terms, these results
suggest the necessity to dilute the cashew juice from its natural concentration of sugars
(90g.L'1) to SOg.L'IISC in the juice (25 g ISC.g'1 moist bagasse), in order to have the higher

molecular weight fraction of HA produced in SSF.
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THE ROLE OF OXYGEN IN THE HYALURONIC ACID PRODUCTION BY SOLID
STATE CULTIVATION OF STREPTOCOCCUS ZOOEPIDEMICUS IN CASHEW APPLE
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SUMMARY — This study explores the effects of the oxygen supply on solid state cultivation of
Streptococcus zooepidemicus in cashew apple bagasse. Two aspects were discussed: the influence
of the particle comminuition and volumetric air flow rate in the hyaluronic acid (HA) production.
The cultivations were carried out in column reactors, under forced air supply (0.4-1.4 L.min™"), with
particle mean diameters 0.67-3.20 mm at 50% initial moisture. We observed that smaller particles
result in a larger yields of HA related to the cells (Yya/x) and HA production. Smaller particles also
have higher water activity and accumulate the moisturizing liquid medium in a film around the
particles. The cells grow preferentially in this film, consuming most of the supplied oxygen. In
respect to the influence of the volumetric air flow rate, two different behaviors were observed: at
low oxygen flow rates (0.4-0.8 L. min™), the productions of HA and cells were competitive, while
at higher flow rates (1.0-1.4 L.min"), both HA and cells increased in a non-competitive behavior.
The mean molecular weight of HA increased with air flow rate, but decrease at 1.4 L.min™'. The
Yyax yield correlated with the (air flow rate)/(initial sugar) ratio (R). A somehow constant value
0.57 was obtained in a wide range of R (1.27-2.2 L air/g total sugars.min). This range of R,
represents the best stoichiometric ratios between oxygen and total sugars, in which the energetic
state of cells benefits the synthesis of precursors in a balanced ratio leading to a maximum HA
production.

Key-words: hyaluronic acid, Solid state fermentation, oxygen, gas-liquid phase oxygen transfer coefficient, Streptococcus

zooepidemicus.
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1. INTRODUCTION
Hyaluronic acid (HA) is a capsule biopolymer produced by some strains of eukaryotic

cells and some prokaryotes such as Streptococci pathogenic groups A and C. [1,2].

Some studies mention HA as belonging to the cellular defense mechanism against the
toxic effects caused by oxygen. Several of these mechanisms are promoted by oxygen
toxicity, especially those in the univalent reduction of molecular oxygen and hydroxyl free

radicals [3,4,5].

Thus, it is known that oxygen plays an important role in the synthesis of HA, mainly as
a result of this complex protective mechanism. Even taking a prominent role there are few
studies on the metabolic changes associated with increased aeration rate in the culture

medium.

The studies by Hasegawa et al. [6] and Huang et al. [7], reported an increase in the
production of HA as a result of higher rates of aeration in submerged fermentation

processes.

Johns et al. [8], Chong and Nielsen [9] and Chong et al. [10], suggested that, unlike the
anaerobic cultivation, agitation increased availability of oxygen, leading to better energy

gain and consequently a higher yield and the molecular weight (Mw) of HA.

Duan et al. [11] studied the effects of oxygen on the Mw of HA produced in submerged
fermentation. Results showed that under anaerobic conditions, the Mw was 1.22 + 0.02 x
10° Da, reaching 2.19 +0.05 x 10° Da to a 50% dissolved oxygen (DO) level, agreeing with

Chong and Nielsen [9]. However, small effects of degradation around DO 80% (2.06 + 0.02

( ]
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x 10° Da) were observed. These effects were explained by the balance between synthesis

and degradation of HA mediated by oxygen.

It has been shown that SSF provides better dispersion of oxygen in the liquid film,
leading to higher rates of oxygen transfer that will be available to the cells. Heterogeneity is
a main characteristic in SSF. Microbial growth on a solid matrix occurs two domains that
are the stagnant films inter and intra-particle pores in which the oxygen is diffused [12, 13,
14, 15]. Figure 1 shows the occurrence of phenomena of oxygen transfer in a porous

particle.

Oxygen transfer in cashew bagasse as well as in any porous particle, occurs in the two
steps of the Figure 1, in which the intraparticle diffusion has major limitations. The most
practical way to increase aerobic metabolism is facilitating the transfer of oxygen from the
gas phase to the microorganisms in the liquid phase. Therefore the global coefficient of
mass transfer (gas-liquid), K;a, becomes a variable of great importance to describe SSF

[16, 17]. Despite of that, there are few studies addressing this issue in SSF.

Considering the importance of oxygen in the microbial synthesis of HA, as well as the
few studies of oxygen transfer in SSF, in this work we describe the role of oxygen in the
HA production by Streptococcus zooepidemicus cultivation in cashew apple bagasse,

focusing on the effects of particle size and volumetric air flow rate.
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Figure 1. (A) Mechanism of oxygen transfer in a porous particle. (B) (1) oxygen in the
gas phase diffuses to the liquid phase in a stagnant liquid film and then (2) diffuses into
the pore (adapted fror Gowthaman et al.12)

2. MATERIAL AND METHODS

2.1. Microorganism. Streptococcus equi subsp. zooepidemicus ATCC 39920 was obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA) as a lyophilized
culture kept in ampoules.

2.2. Culture Maintenance and Inoculum Preparation. The stock culture was maintained

frozen in Brain Heart Infusion (BHI) broth containing 10% glycerol and glass beads. The
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inoculum was prepared in one step, Ten glass beads were transferred to each tube

containing 10 mL of the studied culture medium and incubated at 37°C for 12 hours.

2.3. Culture Media. The culture media based on the cashew apple was prepared using
commercial cashew apple CAJU GAIA® (Itaueira Agropecudria S/A, Russas, Ceard,
Brazil) at harvesting season.

2.3.1. Liquid medium. The liquid medium was prepared from the cashew apple juice in
natura 90 (in natura juice) gL', and supplemented with yeast extract and salts, according
to Swann et al. [18] ( Table 1). The pH was adjusted to 7.5 with NaOH (0.1 M). Liquid

medium was sterilized by microfiltration through 0.22 um cellulose acetate membranes.

Table 1 — Composition of the synthetic medium supplementation (Swann et al., 1990).

Component Concentration (g.L"' deionized water )
Glucose 45.0
Yeast extract 60.0
K,SO, 1.3
MgS0O,.7H,0 1.0
Na,S0,.12H,0 0.2
CaCl,.2H,0 5.0%
FeSO,.7H,0 5.0%
MnSO,.4H,0 1.0*
ZnS0,.7H,0 1.0%*
CuS0,.5H,0 0.1*
H;PO, 1.0 mL

* mg.L" deionized water

2.3.2. Solid medium. After extraction of the juice through crushing, the bagasse was

comminuted using a multipurpose food processor (850W - Arno Multichef MPAI). For




assays varying mean diameters the solid particles were separated into groups of different
Sauter mean diameters after passing through a system of vibrational sieves. Four groups
were selected: 0.67, 1.54, 2.48 and 3.20 mm as shown in Figure 2, and dried until 30%
moisture. The same bed height (3 cm) was used for the various particle sizes. The total
content of total sugars in the bagasse was 0.045 g.g” of moisture bagasse. Due to the low
amounts of total sugars and nitrogen the bagasse was supplemented with the liquid medium

described in 2.3.1, until a final moisture content of 50%.

100 : : :
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Figure 2. Characterization of the four groups of solid particles used for the studies of particle
size in the production of HA. Sauter mean diameters were determined by the equation for mean
dp = 1/(x/dpy)+(xo/dp,)+...+(X,/dp,) using xi as the mass fractions for each diameter (dp;) in
the particle population (m) 3.20mm, (=) 2.48 mm (0) 1.54mm and (=)0.67 mm.
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For assays varying volumetric inlet air flow rate, the particles were 0.67 mm Sauter
diameter. The moisture (50 %) and total sugar content (0.045 g.g” of moisture bagasse)
were the same used in the former assays. In both cases the solid medium was sterilized by

U.V. radiation during 1 hour.

2.4. Fermentation. The SSF was carried out in a system composed of six fixed bed columns
(modified Raimbault columns) with 3 cm in diameter, which were packed with the cashew
bagasse. For the tests varying particle diameter each column was fed with 0.4 L.min"" air
flow rate. For the assays varying volumetric air flow rate, each column was fed with air at
04,06,08,1.0,1.2and 1.4 L.min"". In both cases a 3 cm bed height was used. A primary
humidifier was coupled to the system. The air was supplied through a compressor. For the
outlet oxygen concentration analysis it was used an oximeter YSI ® Model 5300 coupled
and properly calibrated. The columns were incubated at 37°C, under controlled
temperature. Oxygen was monitored throughout the process while the HA, biomass and

sugar concentrations were determined only at the beginning and end of the process.

2.5. Recovery of HA. The products were extracted from bagasse through one stage
lixiviation using 10 mL of Milli-Q water during 1h. The obtained extract was centrifuged at
3200 rpm for 30 minutes for cell separation and the HA was precipitated from cell free
supernatant with ethanol in a proportion 1.5:1 v/v ethanol: supernatant. The solution was

cooled down, remaining at 4°C during 1 hour for the precipitation of HA. The precipitated




HA was redissolved in a 0.15 mol.L"! sodium chloride solution. Three steps of precipitation

and redissolution were performed to increase the yield of precipitated HA.

2.6. Analytical Methods

2.6.1. Cell growth. The cell growth was determined by cell dry weight according to the
gravimetric method. To this end, 10 mL of the culture broth were microfiltered throught 0.2
um cellulose acetate membranes (Sartorius, Goettingen, Germany) which were dried to
constant weight at 60°C.

2.6.2. HA concentration. The HA concentration was determined by the carbazol reagent

[19]. Sodium hyaluronate (HylumedTM

) from Genzyme Corporation (Cambridge,
Massachusetts, USA) was used as a standard.

2.6.3. Total Sugar Content. The total sugar concentration was determined by HPLC
reverse phase with a Hicrom CI18 (250mm x 4.6mm) column. Acetonitrile-water (20:80

v/v) was used as isocratic mobil phase at a 0.5 mL.min™". Sugar detection was performed by

a refractive index detector (Shimadzu RID-6A).

2.6.3. HA molecular weight. The average molecular weight of HA was determined by
size exclusion chromatography. It was used a Shimadzu chromatography system (Shimadzu
Corporation, Kyoto, Japan), containing a (35 x 7.8 mm) Polysep-GFC-P column guard
(Phenomenex, Torrance, California, USA) mounted in series with a (300 x 7.8 mm)
Polysep-GFC-P6000 column of the gel filtration (Phenomenex, Torrance, California, USA)
and a refraction index detector. (Shimadzu RID-6A). The analysis conditions were: injected
sample of 20 puL, sodium nitrate 0.1 mol.L™" as the mobile phase, flow rate of 1.0 mL.min™’

and 25°C temperature, as suggested by the column manufacturer. Dextran (American




Polymer Standards, Mentor, Ohio, USA) with molecular weight ranging from 10> to 10° Da

was used as a standard for the calibration curve as described by Balke et al. [20].

2.7. Mass transfer evaluation

The evaluation of oxygen transfer was based on the overall balance in fixed bed column,
so after obtaining values for oxygen balance it was possible to calculate the oxygen uptake
rate (OUR) and cumulative oxygen uptake (COU).

The mechanism of oxygen transfer from the gas phase to the microorganism is
controlled by the static liquid film mass transfer resistance as described by Thibault et al.
[21]. The overall oxygen transfer rate (N) can be calculated by the oxygen balance in

columns (Eq. 1).

N = [FC), ~(FC,),.) (a1

s in
Where Vs (m?) is the volume of solid substrate, F is the gas flow rate, Cg is the gas

phase oxygen concentration (mol/m?).

Oxygen balance allows the calculation of the average rate of oxygen consumption in

the liquid film (Eq.2):

((FCG )in B (FCG )om) (Eq- 2)
Vi

R. =

0,

Where Vi is the volume of liquid, F (m’/s) is the gas flow rate, Cg is the gas phase

oxygen concentration.
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Eq. 3 allows calculating the radial oxygen profile with assumption zero order

consumption reaction:

2 3 (Eq. 3)
CLzﬂ_Hz(_RmRaJ{[[L] _M&] (&lﬂ
C 6 DOZ,LC R, R, r

Where C ~ is the equilibrium concentration at the gas-liquid interface on the liquid

side; r is the radial position coordinate; D¢, is the oxygen diffusivity in biofilm. The
mean biofilm thickness (10 um) was determined using an optical Microscope (LEICA
DML) and specific softwares LEICA Quips and LEICA QFAB. Qualitative photography
of the liquid film was obtained by an ophthalmic slit lamp. D¢, value was 2.33 x 107
m/s>. To determine the intrapore oxygen profile the effective diffusivity was estimated
considering particle porosity obtained by gas porosimetry (0.78) and a tortuosity value as

used for organic materials and activated carbon (3.5).

Thus, the gas-liquid phase oxygen transfer coefficient (K;a) was determined

according to Eq. 4:

N:KLa(C* _CL) (Eq. 4)

Where C* is the equilibrium oxygen concentration and Cy, is the dissolved oxygen

concentration, calculated in Eq. 3.

2.8. Statistical analysis
The variance was analysed by ANOV A method and the media compared by Tukey test

at 5% probability (p<0.05).
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3. RESULTS AND DISCUSSION

3.1. PARTICLE SIZE EFFECTS ON THE HYALURONIC ACID PRODUCTION

The effects of particle mean diameter are shown in Figure 3. It was observed that
increase of particles sizes causes an increase in the moisture accumulation within the bed (3
cm) after 24 h of fermentation (Figure 3 A).

Besides the effects on the moisture accumulation in the bed, the use of smaller
particles also favors the production of HA, the HA related to cell growth yield, Yua/x
(Figure 3 B), the oxygen consumption (Figure 3 C) as well as the My of HA (Figure 3 D).

The extention of increase in the HA production was 1.95 + 0.03 mg.g'1 to 5.6 £
0.13 mg.g'1 and the cell growth was 6.3 + 0.25 mg.g'1 to 10.4 + 0.55 mg.g‘l, for 3.20 and
0.67 mm particle mean diameter respectively.

The images obtained by an ophthalmic slit lamp (Figures 4 A and B) show that the
larger particles, such as 3.20 mm, lead to low exposure of the water at its surface, compared
the smaller ones. This is a consequence of the differences in porosity of the particles, as
shown morphologically in Figures 4 C and D. The larger pores in 3.20 mm particles allow
water that swells the solid phase remains into the pores preferentially, in counterpart with
the accumulation of water at the surface of the 0.67 mm particles, due to the resistance of
its smaller pores.

From these results, we infer that the HA production is directly associated to the

availability of oxygen to the bacteria cells in the liquid film. Therefore, the accumulation of
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water at the surface of the smaller particles of the cashew bagasse, benefits the oxygen
transfer from gas to the liquid phase.

As aresult of increased oxygen consumption and availability, there is also an increase
in average molecular weight of HA produced using the smaller particles. Similar effect of
the oxygen availability on the Mw of HA was also observed by Duan et al [11], in

submerged fermentation.

Table 2 shows the water activity (ay) in cashew bagasse at different diameters of the
particles. The a,, increases with the reduction of the particle size. According to the
thermodynamic water activity, described by the Kelvin equation (6) presented in Gervais

and Molin [22], the radius of the liquid meniscus (ry,) increases the water activity.

PW) Vm[ o (Eq.6)

] = (— = —
n(ay) = In Po RT L 7

Where Vm is the molar volume of water, o is the surface tension and r, is the radius

of the liquid meniscus.

These results confirm the accumulation of water observed at the surface of the

smaller particles in the image of Figure 4B.

Table 2 — Water Activity as a function of particle Sauter mean diameter .

Particle Sauter Mean Diameter (mm) Ay
0.67 0.987 (£0.015)
1.54 0.832 (£0.022)
2.48 0.806 (£0.002)
3.2 0.672 (£0.029)
[ 142 )
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Figure 3. Effects of particle Sauter mean diameter on the (A) moisture accumulation by the solid phase after 24h of
fermentation, (B) global Yya/x (production of HA related to cell growth), (C) total oxygen consumption in bagasse bed

and (D) molecular weight of HA.
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Figure 4. Images obtained of the cashew bagasse particles by a ophthalmologic slit lamp (A)
and 3.20mm (B) 0.67mm showing the greater exposure of water in the surface of particle of
0.67 mm. Scanning electron microscopy micrographies obtained for the same particles (C)
3.20mm highlighting the larger pores into the particles of 3.20mm.and (D) 0.67mm.

3.2. VOLUMETRIC INLET AIR FLOW RATE EFFECTS ON THE HYALURONIC ACID

PRODUCTION

Figure 5 shows the effects of the inlet air flow rate on the HA production and cell
growth. It was observed that the increase of the air flow rate also leads to an increase in the

HA production (Figure 5A). A different behavior was observed for cell growth (Figure 5B),

( ]
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Hyaluronic Acid Production, [mg/g]

Global Yys ,[#/2]

in which the cell concentration decreases until 0.8 L.min™" followed by an increment from
1.0 L.min™" in which cell growth is parallel to the HA production. These behaviors are
reflected on the yields Yuass and Yxys, related to the substrate consumption to HA and cell
growth (Figures 5C and D) .

Therefore, at low air flow rates (0.4-0,8 L. min’l), the cell growth competes with
HA production. However, at high air flow rate both the HA and cell production increase,

showing a non-competitive behavior.
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Figure 5. Effect of volumetric inlet air flow rate on the production of (A) HA, (B) Biomass
and the global yields(C) Y awss and (D) Yxss.
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Figure 6A shows the metabolic behavior for the HA production related to cell
growth, described in terms of the Ypa/x yield. It was observed that at low air flow rates
(0.4-0.8 L.min'l), Yua/x yield increases with the volumetric air flow rate. Above 0.8 L.min
! the Yuax yield remains constant, suggesting an oxygen saturation of the liquid film and
an optimal stoichiometric ratio between oxygen and total sugars. Moreover, the oxygen
consumption increases with the air flow rate (Figure 6B), and the increment of the
calculated oxygen transfer coefficient Kpa demonstrates the higher oxygen availability at
higher air flow rate (Figure 6C).

The My also increases with the air flow rate, although there is a decreasing
tendency above 1.2 L.min™ (Figure 6D), due to the break of the HA chains imparted by the
presence of oxygen reactive species.

Figure 7 shows the moisture accumulation in the bed (Figure 7A) and the film
formed by liquid water arranged around the particle (Figure 7B).

Although the moisture content has decreased in relation to the volumetric air flow
rate, it did not reach values higher than 5%. These small changes did not alter significantly
the liquid film thickness (10 + 0.10 um) around the particles. So, we assumed this value for
the calculations of the oxygen profiles, and the gas-liquid oxygen transfer coefficient (K.a).

In Figure 7C we observe the calculated oxygen profiles in the stagnant liquid film
and Figure 7D the intra-particle oxygen profiles. In consequence of the low water content
inside particles, as well as the intra-particle limitations to oxygen transfer, most of the
oxygen is consumed in the liquid film around the particles, where the cells grow

preferentially.
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Figure 6. Effect of volumetric air flow rate on the (A) global yield Yyax , (B) total oxygen
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microbial growth (D) HA Molecular weight.
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Our previous studies have demonstrated that, unlike submerged fermentation , SSF
at high flow rate (1 L. min™ ) shows no catabolic inhibition even at 90g/L (liquid phase)
total sugar concentration. This observation certainly has links with the higher oxygen
availability in the SSF compared submerged fermentation. Moreover, Figure 8 shows that
Ynasx correlated with the R (air flow rate / g initial total sugars) ratio, delineating 3 regions:
the first one between 0.635 to 1.27 L. g’l.min'l, in which Y ap/x increases with the increasing
R; a second region between 1.27 to 4.76 L.g'l.min'1 where Yna/x 1S maximum and constant.

at least a third region from 4.76 to 14:29 L.g'l.min'1 where Ypa/x decreases with the




increasing R. In region 1 the HA and cells compete to the energy and sugar sources, while
in region 2 a non-competitive behavior is observed. In general, submerged fermentations
have R values in region 1, due to the low oxygen availability, and the competitive behavior
is described in the most of the reported studies [9,10,23] These results allows to infer, that
independent of process (submerged or solid state), or the total sugars (glucose + fructose or
glucose only), the metabolic deviations are controlled by the R ratio. The R range in which
the maximum Yya/x is obtained, represents the best stoichiometric ratios between oxygen
and total sugars, in which the energetic state of cells benefits the synthesis of precursors in

a balanced ratio leading to a maximum production of HA.

4. CONCLUSIONS

The oxygen plays an important role in HA production. Smaller particles benefit the
HA production and oxygen transfer, due to the accumulation of moisture in a film around
its surface. The metabolic deviations, described by Y pa/x yield, are controlled by the
oxygen availability to the total sugars. Air flow rate/total sugars ratios in the range of 0.64
to 4.76 L/(g sugars.min) give the maximum Yya/x yield, the production of HA and cells is
non-competitive, and no catabolic inhibition is observed even at high sugar concentration
as 90g/L in the liquid phase. Therefore, this range defines a balanced ration between the

precursors toward production of HA.
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CAPITULO 4

CONCLUSOES

4.1. CONCLUSOES

Os resultados apresentados mostram o bom desempenho do bagaco de caju
(fermentacdo em estado s6lido) em relagdo ao suco (fermentacdo submersa), demonstrando
que o pseudo-fruto de caju pode ser totalmente empregado na produg¢do de AH. Portanto,
um consorcio entre fermentacdes solidas e liquidas poderdo ser empregadas para a
producdo de 4cido hialur6nico em uma ampla faixa de massas molares, que podem ser
aplicados em produtos cosméticos e farmacéuticos.

A presenca de dcido ascérbico no suco de caju promove mecanismos oxi-reducdo
que agem na degradacdo do AH produzido no cultivo em SSF, entretanto nenhuma
alteracdo metabolica foi observada.

A concentragdo inicial de agucares (glicose e frutose) influenciou diretamente o
metabolismo do Streptococcus zooepidemicus principalmente na producdo dos dcidos latico
e acético. As concentragdes 50 gL'1 no suco (25 mg ISC. g de bagaco himido™) parece ser

a melhor condi¢do energética na sintese equilibrada dos precursores da AH (dcido UDP-



glicurdnico e UDP glicosamine N-acetil). O consumo de glicose e frutose foi paralela ao
longo das fermentagdes, com nenhum comportamento diduxico. Sendo assim, a
disponibilidade de oxigénio relacionada com a concentra¢do de acucares totais, parece ter
um papel importante no metabolismo.

O oxigénio desempenha um papel importante na producdo de AH. Particulas
menores beneficiam a transferéncia de oxigénio, devido a maior exposi¢do da d4gua em um
filme em torno de sua superficie da particula. Os desvios metabdlicos, Y amx, sdo
controlados pela disponibilidade de oxigénio uma determinada concentracdo de acucares
totais. A razdo vazao volumétrica de ar/ acucares entre 0.64-4.76 L/ (g agicar.min) cria o
maximo Yawx, definindo um mecanismo nao-competitivo, demonstrando nenhuma

inibi¢do catabdlica.

4.2. SUGESTOES PARA FUTUROS TRABALHOS

1. Estudos detalhados sobre o papel da umidade no cultivo em estado sélido de

Streptococcus zooepidemicus na producdo de AH;

2. Modelagem matematica do processo de produgcdo de AH em FES levando-se em
consideragdo as alteracdes metabdlicas decorrentes da relagdo entre oxigénio/massa

de agucares;




Estudo da produg¢do do AH em FES sobre suportes inertes tais como espuma de
poliuretano tendo em vista a reducdo dos efeitos de limitacdo a transferéncia de

oxigénio intraparticula;

Estudos detalhados da transferéncia de calor e sua significancia dentro do processo

de producao de AH;

Estudar outros suplementos de nitrogénio na producdo de AH em FES tendo em

vista a melhoria do processo;

Estudo do efeito do pH do meio de cultivo e qual o seu impacto na FES.

Andlise de Fluxos metabdlicos levando-se em consideracdo as alteracdes

metabdlicas inerentes a razao R (vazdo de ar/massa de agucares).




