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Abstract

In microbial cultivations for hyaluronic acid (HA) production, oxygen can be a limiting
substrate due to its poor solubility in aqueous medium and the substantial increase in culture
viscosity at relatively low HA titers. Shear stress due to the high agitation and aeration rates
required to overcome oxygen limitation may reduce the quality (i.e. molecular weight) of HA,
and production costs associated with power consumption and supplemental oxygen may be
excessive. Here, we report the application of oxygen vectors to the heterologous production of
HA in engineered Bacillus subtilis, leading to significantly improved culture performance. We
first derived an improved HA-producing strain of B. subtilis through engineering of the
promoter driving coexpression of seHas and tuaD, leading to high-level HA production. Out
of seven potential oxygen vectors evaluated in a preliminary screening, significant
improvements to the HA titer and/or cell density were observed in cultures containing n-
heptane, n-hexadecane, perfluoromethyldecalin, and perfluoro-1,3-dimethylcyclohexane.
Adjustments to the vector concentration, timing of vector addition, and the agitation rate
resulted in further enhancements, with the HA titer reaching up to 4.5 g/L after only 10 h
cultivation. Moreover, our results indicate that certain vectors may alter the functional
expression of Class I hyaluronan synthase (HAS) in B. subtilis, and that higher shear rates may
drive more carbon flux through the HA biosynthetic pathway without negatively affecting the
MW. Our study demonstrates the efficacy of oxygen vectors to enhance heterologous HA
production in B. subtilis, and provides valuable insight for future bioprocess development in

microbial HA production.



Acknowledgements
| wish to begin by acknowledging the guidance and support provided by my supervisors Dr. C.
P. Chou and Dr. M. Moo-Young. Your encouragement and scientific expertise were critical for

the successful completion of this project and my professional development.

| sincerely thank the Dr. W. Anderson & Dr. D. Simakov for serving on the members of my
reading committee and precious advice for my academic thesis. | would also like to thank all

colleagues in Dr. C. P. Chou’s lab for their insightful technical help and discussions.

Last but certainly not least, | would not be where | am today without the love and support of

my family. You all made this possible and never gave up on me, thank you!



Table of Contents

AULhOT’S DECIATALION......eitiiiiiieiie ettt ettt ettt e e e e beeseeeeee e il
Statement Of CONIIIDULIONS ....c..eiiueieiiiiiieitie ettt e e bt st e et e saeeanbeesbeeeneee e il
AADSTIACT ... v
ACKNOWIBAGEMENTS ...ttt v
TADIE OF CONLENES .....eiiviieitiiiiie ittt ettt b et e b e s b e e b e s st e e beeembeesaneebeesrneenneens vi
LIST OF FIGUIES ...ttt et r et e et et esbe e teeneenteente e viil
LSt OF TADIES ...ttt ettt a bbbt e e e e X
LSt Of ADDIEVIALIONS. ....eeiutii ittt sttt st e e be e sbe e e beesbneenee xi
LiSt OF SYMDBOIS .. xii
(O] 0F:1 011 @7 o [ PO PR PP 1
1.1 Research back@round .............ooovoiiiiiiiiiiieiie s 1

1.2 RESEAICN ODJECTIVE ... e 4

1.3 OULHNE OF thESIS 1.ttt 4
Chapter 2- LIterature REVIEW.......ccviiiiiiiiiiieiie e 6
2.1 Hyaluronic acid biosynthesis pathway..........cccooiiiiiiiiicie e 6

2.2 MASS TTANSTOT ...ttt 8
2.2.1 Mass transfer thEOTIES .........cociiieiiiieiiieec e 8

2.2.2 Oxygen mass transfer in bioreactorsS..........ccovvvrieriirieniinie e 10

2.3 BUDDIE r€ZIME PrOPEILIES ... veeveiieeieieeiirieiee et st et 12

2.4 B1010gICal REACLOTS ... .eeviiiiiieiii e 14
241 STRS .ttt bbb 15

Vi



2.4.2 Bubble columns and airlift reactors ........ooooeeeeeeeee e 16

2.5 OXYZEIN VECTOTS ..veuveiirieiiesitiesiee st e sttt sr e b e sn e e e sbe s ssn e nre e snn e e sneeane e 17
2.5.1 OXYQEN VECIOr CAtEJOITES. .. cveeveeriesieeiestiesteeiesreesteeiesseesteeee e sreesee e sreeneeenes 17
2.5.2 Pathways 0f Mass transTer....... ..o 20
2.5.3 Spreading COCTIICIENE .......ocvviiiieiiiiciici e 22
2.5.4 Enhancements t0 Mass tranSTer...... ..o 25
2.5.5 Application to bacterial CUItIVAtION............ccccoiiiiiiiiiecece e 27

Chapter 3- Application of hydrocarbon and perfluorocarbon oxygen vectors to enhance

heterologous production of hyaluronic acid in engineered Bacillus subtilis ..........c.ccccceveenee. 29
B L INErOAUCTION ...ttt bbbt 30

3.2 Materials and MEethOdS. ........coviiiieie e 33

BB RESUIES. .. 36
3.3.1 Derivation of an improved strain of B. subtilis for HA production.................. 36

3.3.2 Preliminary evaluation of potential 0XYgen VECTOrS ..........ccocovvrenerenienieriennns 40

3.3.3 Vector concentration affects HA production ............cccceovveniniienininincieees 45

3.3.4 The effect of oxygen vectors on 0xXygen mass transfer............ccoccoovvvvvivnenieenn, 49

3L DIHSCUSSTON ..ttt bbbkt b bbbttt e bbbt ettt e e 53
Chapter 4- CONCIUSIONS........ouiiiiiiiiiee bbbttt 63
L {53 1 8 1 PSRRI 66

vii



List of Figures
Figure 1: HA biosynthetic pathway in B. SUDLIIS.. .........ccooooiiiiiii 7
Figure 2: Overview of mass transfer theories used for prediction of OTR in biological
CUTTIVALIONS. ...ttt bbbt 9
Figure 3: Schematic representation of the five different bubble regimes: homogenous-
perfect bubbly and imperfect bubbly; heterogeneous-churn flow, slug flow and annular
LW, ettt bbbt et n e bt e nae e e beenree s 13
Figure 4: Basic design for three different reactor types used for biological cultivations. 15
Figure 5: Possible pathways for oxygen transfer from gas bubbles to bacterial cells in
aqueous cultivation media containing an OXYygen VECOT. .......cocververiereeriereereeneennns 20
Figure 6: Profile of oxygen transfer in cultivation media containing a spreading oxygen
A< 0) P PP PPP PP 21
Figure 7: Effect of spreading coefficient over the mass transfer pathway in a vector-in-
L1 TS Q< 00100 0 TR U PRSPPI 23
Figure 8: The sketch of the dispersed particles in continuous liquid phase...................... 25
Figure 9: The derivation of an improved strain of B. subtilis for heterologous HA
PTOAUCLION. ..ttt nr e e e e r e nnr e e nn e e e e nneeene e 39
Figure 10: Time profiles of A) HA titer, B) HA MW, and C) cell density in shake flask
cultures of AW008 and AWO00.........ccviiiiiiiiiee e 40
Figure 11: Time profiles of A) HA titer, B) HA MW, C) cell density, and D) DO in cultures
of AW009 with no vector, or other seven selected vectors. ..., 44
Figure 12: Time profiles of A) HA titer, B) HA MW, C) cell density, and D) DO in cultures

viii



of AW009 in which n-hexadecane or perfluoro-1,3-dimethylcyclohexane was added

at the time of inoculation (0 h) or 2 h after inoculation at a final concentration of 1%

Figure 13: Time profiles of A) HA titer, B) HA MW, C) cell density, and D) DO in cultures
of AWO009 with no vector, or in which n-hexadecane was added 2 h after inoculation
at a final concentration of 0.25%, 0.5%, 1%, 01 2% V/V. ccueveiiiiiiiiiiiiiee e 47
Figure 14: Time profiles of A) HA titer, B) HA MW, C) cell density, and D) DO in cultures
of AW009 with no vector, or in which n-heptane was added 2 h after inoculation at a
final concentration of 0.2%, 0.4%, OF 1% V/V. c..eeiiiiiiieeiciiiee e 48
Figure 15: Time profiles of A) HA titer, B) HA MW, C) cell density, and D) DO in cultures
of AWO009 with no vector, or in which perfluoromethyldecalin was added 2 h after
inoculation at a final concentration of 0.5%, 1%, 2%, 0r 3% V/V. ...cccceevvveiiiieeiiinnns 49
Figure 16: kLa determined for different concentrations of A) n-hexadecane, B) n-heptane,
and C) perfluoromethyldecalin. Experimental conditions described in M&M. ........ 52
Figure 17: Time profiles of A) HA titer, B) HA MW, C) cell density, and D) DO in cultures
of AW009. Experimental conditions: no vector and 600 rpm; 0.5% v/v n-hexadecane
and 600 rpm; 1% v/v perfluoromethyldecalin and 600 rpm; or no vector, 300 rpm, and
supplemental oxygen to maintain the DO concentration at 20 + 5% saturation. Oxygen

vectors were added 2 h after 1NOCULAtION. ...coevvniieeee et 60



List of Tables
Table 1: Physical properties of oxygen vectors used in this study measured at 25 °C and

atmospheric pressure unless otherwise indicated. ..........cocoeriiiiiiiiiiiinneee e 41



List of Abbreviations

ATP Nucleoside triphosphate
DNA Deoxyribonucleic acid
DO Dissolved oxygen

GIcNAc N-acetyl-D-glucosamine

GIcUA D-glucuronic acid

HA Hyaluronic acid

HC Hydrocarbon

HCD High cell density

HPLC High performance liquid chromatography

LB Lysogeny broth

LED Light-emitting diode

LHS Left hand side

MDa MDalton (the atomic mass unit)

MW Molecular weight

NADH The reduced form of Nicotinamide adenine dinucleotide
NAD+ The oxidized form of Nicotinamide adenine dinucleotide
OTR Oxygen transfer rate

OUR Oxygen uptake rate

PBS Phosphate buffered saline

PFC Perfluorocarbon

STR Stirred tank reactor

Xi



List of Symbols

a Interfacial area

c Saturation concentration of oxygen in bulk liquid
CL Time dependent concentration of oxygen in bulk liquid
D Diffusivity of oxygen in water

fv Volume fraction

ki Local liquid-phase mass transfer coefficient

kia Volumetric liquid-phase mass transfer coefficient
N Stirrer speed

Ne Critical stirrer speed

R Radii

S Spreading coefficient

T Relation time

t Time

te Exposure time for mass transfer

Vs Superficial gas velocity

€ Energy dissipation rate of turbulence

Ue Effective dynamic liquid viscosity

v Kinematic viscosity

p Fluid density

¢ Gas holdup

o Interfacial tension

Xii



Chapter 1- Overview

1.1 Research background

Hyaluronic acid (HA), a linear, unbranched polysaccharide consisting of alternating N-acetyl-
d-glucosamine and d-glucuronic acid [1], is a valuable biopolymer used in food, cosmetics,
pharmaceuticals and the medical field including skin moisturizers, ophthalmic surgery and
wound healing [2]. At present, the US market for HA is estimated at over $1 billion annually,
and is expected to rapidly increase with the demand for viscosupplements and dermal fillers
[3]. Recently, in an effort to avoid the risk of cross-species viral infection, scientists have drawn
attention to producing HA from microbials other than from rooster combs traditionally [2]. HA
can be synthesized from certain attenuated strains of group C Streptococcus naturally as part
of their outer capsule [4]. However, due to the challenging and difficulties in expensive
fermentation and genetical manipulation in Streptococci, it would be advantageous to develop
an alternative source of HA, and meanwhile the hasA gene from Streptococcus equisimilis,
which encodes the enzyme hyaluronan synthase, has been expressed in Bacillus subtilis,
resulting in the production of HA [2]. As a GRAS (generally recognized as safe) organism, B.
subtilis is an ideal candidate for production of biopolymers and biofuels [2]. Bacillus subtilis
is a model Gram-positive organism sought after for its robust growth characteristics in
inexpensive media, genetic tractability and ability to secrete products into the extracellular
environment. Although B. subtilis has gained widespread acceptance as an industrial workhorse
for the production of low-cost enzymes or some biopolymers, its status as a recombinant

protein expression host has been hindered by issues with protein degradation and misfolding,
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and plasmid instability. B. subtilis is a heterotrophic organism, which means they need to
absorb nutrients from the environment; those nutrients then will be converted into energy in
some way. B. subtilis can make it without oxygen, so it belongs to the facultative anaerobes.
However, based on the previous investigations, the biosynthesis of HA is the oxygen-
consuming process which requires abundant oxygen to generate ATPs.

Industrial bioprocesses based on microbial platforms are typically aerobic and are
carried out in aqueous growth media containing salts and other nutrients [5]. Oxygen is
sparingly soluble in aqueous solutions, a limitation which is exacerbated by factors such as
salinity and culture viscosity [6]. High-cell density cultures are highly viscous which limits the
diffusivity of oxygen and causing a steep decline in dissolved oxygen (DO) [5]. The increase
in culture viscosity is more severe in bioprocesses in which high molecular weight (MW)
biopolymers are produced in the extracellular environment.

Limitations of oxygen mass transfer in fermentation can be solved by increasing
agitation, improving aeration or using auxiliary liquids which are immiscible in the aqueous
phase [7-9]. Enhancing agitation and aeration can boost up the HA yield markedly compared
with the corresponding anaerobic culture [10, 11], while too high an agitator speed would cause
cell damage and lead to a drop in the HA yield subsequently [10], resulting in a higher cost for
the energy consumption in the meantime. Additionally, utilizing pure oxygen for aeration can
also be detrimental to the cell metabolism. An alternate approach to influencing oxygen transfer
rates (OTRs) is in the addition of water-insoluble compounds which possess a strong affinity
for oxygen (referred to as oxygen vectors) [12, 13], a technique that has been applied

successfully to lab-scale studies over the last few decades [14]. The limiting step in the aerobic



biological processes is low solubility of oxygen in aqueous growth media which can be
improved by the usage of the oxygen vectors [15, 16]. Larger local oxygen concentration
gradients will be created in the bulk continuous phase by shuttling of oxygen-rich vector
droplets from the gas-liquid interface to the bulk liquid due to the presence of oxygen vectors
in system, and meanwhile, the surface tension (o) at the air-water interface can be decreased
leading to reduced bubble coalescence and, in turn, smaller air bubble diameter and increased
interfacial area (a) for mass transfer. Additionally, water-insoluble vector droplets can collide
with and break air bubbles resulting in reduced bubble size [17, 18]. The criteria for choosing
a vector must involve a high affinity for oxygen to dissolve, immiscibility with liquid phase,
no toxicity and inhibition of microbial activity, non-biodegradability in the presence of primary
carbon sources, non-volatility in operating condition, and reasonably low cost [19]. The
selection of an proper vector can potentially reduce operating costs associated with power
consumption from high agitation rates and compressed air delivery, oxidative stress resulting
from exposure to oxygen hot spots in the vicinity of spargers when supplemental oxygen is
used [20, 21], and excessive foaming observed during high-cell density bacterial cultivations
[19].

In the context of a system containing a dispersed phase (liquid oxygen vector),
continuous phase (aqueous media), gas phase (air) and suspended bacterial cells, there are five
possible pathways for oxygen transfer from gas bubbles to bacterial cells, which increases the
opportunity for oxygen to get into the cells. New interfacial areas will be established, and the
transfer of oxygen from gas bubble to cells may be enhanced by a high-performance

gas/vector/liquid/cell pathway [17]. Oxygen vectors have been widely utilized to the enhance



the production of HA in Streptococcus zooepidemicus cultures [22], poly(y-glutamic acid) in
B. subtilis cultures [23], e-poly-lysine in Streptomyces albulus cultures [24], a continuous
toluene degradation process in Pseudomonas putida DOT-T1E cultures [17] and recombinant
protein expressed in Escherichia coli [25].

1.2 Research objective

The overall objectives of this thesis were to:

1) compare various HCs and PFCs as oxygen vectors in terms of cell density, HA titer,
MW and changes in levels of dissolved oxygen;

2) compare the performance of culture with selected oxygen vectors from 1) different
concentration and different adding time to obtain the optimal conditions for each vector
supported by oxygen mass transfer efficiency (k.a);

3) evaluate HA production in recombinant B. subtilis, under higher agitation rate
with/without positive vectors at optimal concentration, in terms of its titer and MW and
compare with lower agitation rate with supplemental oxygen to maintain the DO

concentration at 20 5% saturation.

1.3 Outline of thesis

Chapter 2 is a review of hyaluronic acid biosynthesis pathway in B. subtilis; basic theories of
mass transfer in a gas-liquid surface and measurements of oxygen mass transfer coefficients
(kca) and approaches to modelling mass transfer in bioreactors; different bubble regimes
properties; various design of bioreactors and their suitable platforms to be used; and a systemic
overview of oxygen vectors including its categories, transfer pathways in a bioreactor system,

spreading properties of different kinds of liquid oxygen vectors, the mechanism of



enhancement to oxygen mass transfer caused by oxygen vectors and application to bacterial
cultivations using oxygen vectors for improvements. In Chapter 3, various liquid oxygen
vectors and different operating conditions are assessed and compared in conventional stirred
tank reactor (STR) for production of HA in B. subtilis. The comparison involves: 1) various
kinds of HCs and PFCs as vectors, 2) different adding time and concentration of several
selected vectors, and 3) the products under high agitation rate combined with positive HC and
PFC vectors. Finally, Chapter 4 summarizes the results from the investigation presented in
Chapter 3 and implications to the biochemical industry, and proposes future studies to usage

of proper oxygen vectors to obtain the improvements of the quality and quantity of bioproducts.



Chapter 2- Literature Review

2.1 Hyaluronic acid biosynthesis pathway

HA is synthesized by the polymerization of the monosaccharides from the two nucleotide
sugars UDP-glucuronic acid (UDP-GIcUA) and UDP-N-acetylglucosamine (UDP-GIcNAc)
[2]. The enzyme that catalyzes this reaction is HA synthase or HAS. Production of HA in a
recombinant host was first proposed and demonstrated in B. subtilis, resulting in the exploration
of heterologous HA production in several other organisms [3]. As both Streptococcus sp. and
B. subtilis are Gram-positive microorganisms, HA biosynthesis pathways can be readily
adapted to achieve production in B. subtilis (Figure 1). The only enzyme B. subtilis lacks is the
hyaluronan synthase, which is encoded by the hasA gene [2]. Initially beginning with glucose
as a carbon source, two parallel metabolic branches can be established which eventually,
through multiple sugar intermediates, culminate in the synthesis of the two nucleotide sugar
substrates, UDP-GlcUA and UDP-GIcNAc [1]. HA production is a metabolic process requiring
2 mol of glucose, 5 mol of nucleoside triphosphates (3 as ATP and 2 as UTP), and 1 mol acetyl-
Coenzyme A for every polymer subunit (i.e. -GlIcUA-GIcNAc-) synthesized. HA producing
Streptococci have evolved a dedicated expression system to address this issue, which entails
expression of Aas genes to maintain suitable precursor flux during HA capsule formation [2].
In addition to hasA (encoding HAS), S. pyogenes expresses hasB (tuaD), encoding a UDP-
glucose 6-dehydrogenase, and hasC (gtaB), encoding a UTP-glucose-1-P uridylyltransferase,
while S. equisimilis also expresses hasD (gcaD), which encodes a UDP-GIcNAc
pyrophosphorylase [2]. Thus, the evolved expression system in these streptococcal species via

operons ensures that abundant levels of various precursor sugars are available to support both



HA biosynthesis and cell growth [1]. Accordingly, B. subtilis has homologues to the hasB, hasC,
and hasD genes, and they are designated tuaD, gtaB, and gcaD, respectively. Artificial operons
were therefore constructed which contained the hasA gene from Streptococcus together with
one or more of these latter B. subtilis-derived genes to be introduced into the new HA synthesis

host system.
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Figure 1: HA biosynthetic pathway in B. subtilis. Enzymes in black text are prerequisite
for HA production. Enzyme names listed by category: TuaD, UDP-glucose 6-
dehydrogenase; HasA, hyaluronan synthase; Pgi, glucose-6-P isomerase; PgcA,
phosphoglucomutase; GImS, glutamine-fructose-6-P amidotransferase; GtaB, UTP-
glucose-1-P uridylyltransferase; GImM, phosphoglucosamine mutase; GcaD, UDP-
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phosphofructokinase; TagE, UDP-glucose:polyglycerol phosphate glucosyltransferase;
TuaA, putative undecaprenyl-phosphate N-acetylgalactosaminyl-1-P transferase; TagO,
UDP-GIcNAc: undecaprenyl-P N-acetylglucosaminyl-1-P transferase; MnaA, UDP-N-
acetylmannosamine (ManNAc) 2-epimerase; MurAA, UDP-GIcNACc 1-
carboxyvinyltransferase; MurAB, UDP-GIcNAc 1-carboxyvinyltransferase. Adapted
from [2].

2.2 Mass transfer

2.2.1 Mass transfer theories

Multiple theories for mass transfer between a gas and a liquid have been proposed and
developed. The two main theories are two-film theory and penetration theory. According to the
two film theory, molecules have to move through two thin films which exist on either side of
an interface separating respective bulk phases [26, 27] (Figure 2A). There is a resistance that
results in a concentration gradient associated with each step [27]. The assumption is that a
region exists in which steady state transfer is occurring [27, 28]. Compared with the two-film
theory, penetration theory indicates that molecules within the gas phase existing as randomly
moving clusters will come close to contact the interface for a fixed amount of time. During this
finite contact time, some of the molecules within the clusters penetrate the interface, entering
the liquid phase. Following separation, the molecules in the clusters mix back into the gas bulk
[29] (Figure 2B). The assumption is that the interface is constantly altering as clusters of
molecules move into and out of contact with the interface [28, 29]. It has been proved that
neither of the aforementioned theories is completely valid for every situation [30]. As such, a

combination of the two theories called the film-penetration theory was developed [28]. In



simple terms, when an interface is developing, the assumption of a changing interface (i.e.,
penetration theory) applies, and once the interface is completely established, a film will be

maintained under steady-state conditions (i.e., two-film theory applied) [28] (Figure 2C).

A. Two-filmTheory B. Penetration Theory

Interface

Gas phase film \ / Liquid phase film

2
Gas bulk . }}J

Liquid bulk

Interface

C. Two-film Penetration Theory

Gas bulk

Gas phase film

l Y,
Interface —»
Liquid bulk \ i!)

Liquid phase film

| Direction of Interface formation >

Figure 2: Overview of mass transfer theories used for prediction of OTR in biological
cultivations.

A) Two-film theory: 1. Molecules within the gas bulk enter the gas phase film 2. Molecules
within the gas film cross the interface into the liquid phase film 3. Molecules exit from within

the liquid phase film enter the liquid bulk.

B) Penetration theory: 1. A cluster of molecules within the gas bulk contact with the gas-liquid

interface 2. Some molecules within the cluster cross the interface into the liquid bulk 3. The



remaining molecules within the cluster detach from the interface re-entering the gas bulk 4.

New molecules within the gas bulk enter the cluster, repeating the cycle.

C) Two-film penetration theory: as an interface forms between the gas bulk and liquid bulk
molecules initially cross the interface following the penetration theory. As the interface has

been established, molecules cross the films between interface following the two-film theory.

2.2.2 Oxygen mass transfer in bioreactors

The selection of bioreactors is a critical step in the development of any commercially feasible
bioprocess, particularly when microbial expression hosts are applied owing to the high oxygen
demand and viscous nature of fully developed cultures. The STR has been the default choice
for cultivation of aerobic bacteria due to superior mass transfer and flexibility in terms of
operating conditions (i.e., temperature, pH, air flow, agitation, and pressure). Understanding
the mechanism of oxygen mass transfer and response to fermentation parameters ensures
appropriate bioreactor selection to achieve target yields.

Under conditions typical for aerobic cultivation of unicellular microbes, the rate of
oxygen diffusion into the liquid film adjacent the gas-liquid interface controls the overall rate
of oxygen transfer, which is called liquid film control.

In general, the oxygen transfer rate (OTR) is derived from the simple two-film model
in which resistance exists as a thin film occurring on either side of the gas-liquid interface.
Equation 1 is obtained by assuming mass transfer resistance is negligible on the gas side of the
interface:

L~ ka(cr - Cy) (1)

OTR = =
dt
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where kra, the volumetric mass transfer coefficient, is the product of the local mass transfer
coefficient (kz) and interfacial area (a); C” is the bulk liquid saturation concentration of oxygen;
and Cy is the bulk liquid concentration of oxygen versus time (¢) [31]. Mass transfer is driven
by the concentration gradient between the interface and bulk liquid. The concentration gradient
is affected by cellular oxygen uptake rate and solubility, the latter being a function of
temperature, salinity, and pressure [27].

Considerable efforts have been made to develop empirical correlations for kza based on
parameters such as power input per unit volume (P/V), liquid effective viscosity (u.), and

superficial gas velocity (V) [27]:

ko =ave (2) g @)
The exponents found in Equation 2 vary significantly between studies, for example, [32-34],
owing largely to experimental techniques used to measure kza [34] and inherent difficulty in
obtaining reproducible estimates. Alternatively, some correlations replace P/} with stirrer
speed, N [35-37], while others make use of dimensionless variables such as the Reynolds
(pNT/ue), Schmidt (u./pD), and Weber (pN*T°/c) numbers to evaluate kza via the Sherwood
number, kzaT?/D, where T is the stirrer diameter, p is fluid density, D is the oxygen diffusivity
in liquid, and o is the interfacial tension [38-40].

A theoretical approach has also been used to determine kia based on Higbie’s
penetration theory [41], which estimates k. via the exposure time (te) for mass transfer
represented by the ratio of the Kolmogorov length scale, # = (v¥/¢)®%, and fluctuation velocity,
u = (ve)>%, of turbulent eddies [42] where v is the kinematic viscosity and ¢ is the energy
dissipation rate of turbulence:
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A theoretical basis for kia determination is controversial due to inconsistency between
empirical correlations obtained under similar conditions, and the simplified approach in which
dependencies on reactor geometrical parameters are lumped together (i.e., constant A in
Equation 2). Theoretical models will provide a better understanding of the relationships
between process parameters and k.a, reducing the difficulties inherent to bioreactor scale-up,
a complicated process which is highly dependent on maintaining acceptable mass transfer.
Sensitivity analyses and optimization could facilitate bioreactor performance and process
efficiency, particularly when interactions between Vs and N are considered. Qualitatively, k.a
is controlled by mechanical agitation for N>N. (agitation controlled), where N¢ is the critical
impeller speed, ignoring the effect of aeration [36, 43]. Similarly, under vigorous aeration and
N<Nc, agitation has a negligible effect on kia (bubbling controlled) [36]. A previous study
elucidated that constants associated with Vs and N in standard correlations vary significantly
across the intermediate regime [36]. Consequently, operation in the intermediate regime (the
most common situation) would be most efficient under optimized conditions based on
consideration of expression host, sensitivity of product to oxidation, relative utility and process
gas costs, etc.

2.3 Bubble regime properties

There are five forms for the flow of bubbles within a liquid phase, referred to as bubble
regimens, depending on bubble size and distribution. Under the homogenous regime: 1) perfect
bubbly and 2) imperfect bubbly; under the heterogeneous regime: 3) churn flow, 4) slug flow
and 5) annular flow (Figure 3) [44, 45]. Different flow regimes can be obtained by altering the

12



superficial gas velocity (Vs) [45, 46]. Vs is defined as the gas flow rate through the liquid phase
divided by the cross sectional area [45, 46]. Additionally, alterations to Vs correlate with
changes in gas holdup (¢), which ¢ is defined as the volume fraction of the liquid phase

occupied by gas bubbles in the bulk liquid [45, 46].

Homogenous Heterogeneous
I_L_l r I 1
Poised 1293l |me.w] Rptel 4 |

Increasing superficial gas velocity

SIS
o |2y O (A

Increasing Gas holdup

g [ Towel FesT 17N
%,

2 2 < K
@O@ ’O@O“ 60,‘0 66)7 oé/-
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% 4 (2 2
4 %
/3 64'

Figure 3: Schematic representation of the five different bubble regimes: homogenous-
perfect bubbly and imperfect bubbly; heterogeneous-churn flow, slug flow and annular
flow. The arrows indicate the direction of increasing superficial gas velocity and
increasing gas holdup. Adapted from [47] and [44].

Perfect bubbly and imperfect bubbly regimes are characterized by a homogenous
distribution [48] of small bubbles with lower rise velocities [49], minimal bubble coalescence
or break-up [50], and a linear increasing relationship with Vs [51]. Churn-flow is described as
having a heterogeneous bubble size distribution with larger bubbles forming via coalescence
[49]. The formation and dissipation of bubbles generates turbulence which creates a mixing
effect in the liquid bulk [48], and results in lower k. values compared to homogenous bubbly

regimes [45]. Due to the mixing effects associated with this regime, it is commonly used in
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industrial size column reactors [48, 52]. Slug flow is only observed in small diameter column
reactors and is characterized by large bubbles being stabilized by the walls of the reactor [45].
Annular flow is only achievable at very high Vs and is characterized by the liquid phase existing
as a film on the walls of the column with the gas phase occupying the interior [44, 46]. A
transitional stage exists as bubbles transfer from homogenous to heterogeneous flow regimes
[45]. In a mass transfer limited situation, such as biological cultivation, the ideal bubble regime
will maximize the number of small diameter bubbles and maintain liquid phase mixing, which

can also enhance the mass transfer by increasing interfacial area.

2.4 Biological Reactors

There are three main types of liquid based reactors used for biological fermentations (i.e.,
stirred tank (STR), bubble column, and airlift reactors) (Figure 4). The selection of a reactor
type is dependent on several criteria: the size of reactor required, cost, cultivation media
viscosity, physiology of the biocatalyst and mass transfer requirements [53, 54]. When the
working volume is over 500 m®, STRs start to encounter mechanical issues due to power
requirements greater than 1 MW [53]. When the working volumes are quite large like
wastewater treatment, airlift reactors (e.g., activated sludge reactors) are top priority over
bubble columns due to their merits in substrate addition control [53]. For high viscosity cultures
STRs are commonly utilized as airlift and bubble columns fail to work properly under this
condition [53]. Therefore, high viscosity cultivations are only scaled to a maximum volume of
500 m?. For low viscosity fermentations with volumes >500 m?, bubble columns are used, while
airlift reactors are employed for volumes <500 m*[53]. Every biocatalyst possesses specialized

physiology to carry out biochemical reactions efficiently. As a result, optimized conditions
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(operating conditions for the reactor) that maximize a target metabolites’ production are
determined by a given biocatalyst. Sheer sensitive organisms or products are not recommended
to be processed in STRs owing to an elevated sheer force associated with mechanical mixing
[54]. The appropriate nutrient levels, acceptable heat and sufficient mass transfer provided
during the cultivations ensure the stabilized biocatalyst performance. It is achievable to
optimize oxygen mass transfer (the limiting process variable) through manipulation of design

parameters according to different types of reactors.
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Figure 4: Basic design for three different reactor types used for biological cultivations.

Adapted from [53] and [47].

2.4.1 STRs

The gas mixing within STRs is predominantly generated by a stirrer mechanically with attached
impellers [27]. Therefore, the mixing associated with pneumatical processes becomes a minor
consideration refer to bubble columns and airlift reactors, and the STRs are designed to
minimize bubble diameter. Under a sufficient agitation speed (measured in revolutions per min;

rpm), impellers are capable to create additional smaller diameter bubbles by physically
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colliding with and splitting larger bubbles [55]. Mechanical splitting of bubbles allows for a
higher aeration rate to be used while maintaining high numbers of small bubbles [55]. The
STRs can provide high mass transfer efficiency due to the mechanical mixing and the bubble
splitting [53]. Thus, mass transfer rates are affected by the stirrer design, which encompasses
the selection of impeller number and spacing, and blade shape and angle [53]. In addition to
bubble size, impeller type and speed influence Vs and ¢. Theoretically, Vs should be unaffected
by impeller speed as reductions in bubble size are counteracted by the lower rise velocity of
smaller bubbles resulting in the same overall flow [56]. However, the air bubbles are likely to
escape from the impeller zone due to variations in local gas velocity resulting from an
imbalance between impeller speed and gas flow rate [56]. Based on observations about bubble
size and Vs, the ¢ increases with impeller speed [57], as does the kza with the additional

impellers and elevated agitation rate [58, 59].

2.4.2 Bubble columns and airlift reactors

Bubble column reactors are based on the pneumatic systems for agitation and gas mixing [27,
53]. Accordingly, designing and modifying the geometric properties to pursue elevated OTRs
is limited to changing column dimensions and using different types of gas spargers. With
increasing the column diameter, ¢ was shown to decrease through bubble-wall interactions in
small diameter columns (<10cm) [60, 61]. Column diameters (>10-15cm), were observed to
have an insignificant effect on ¢ [62]. Smaller bubble ¢ is not influenced markedly by
increasing the column diameter, while larger bubble ¢ decreases with increasing diameter [63-

65]. Column height and aspect ratios were proved to have no effect on ¢ above 1-3 m and 5,
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respectively [66]. The types of gas spargers are determined for the bubble size entering the
columns, thus, smaller orifice diameters yield smaller bubbles leading to an increase in ¢ [67].

Additionally, the types of gas distributors impact the ¢ [66].

Airlift reactors are different from bubble columns by utilizing loops and hydrostatic
pressure differences to circulate the fluid [47]. Smaller air bubbles enable to circulate within
the liquid resulting in longer residence times and higher mass transfer rates within airlift

reactors [47], which is particularly an suitable candidate for industrial sewage treatment.

2.5 Oxygen vectors

2.5.1 Oxygen vector categories

Oxygen vectors are water-immiscible compounds (solid or liquid phase) that typically have a
greater capacity to dissolve oxygen compared to aqueous media solutions. Hydrocarbons (HCs)
[19, 68-70], perfluorocarbons (PFCs) [22, 71, 72], vegetable oil [73] and silicone oil [17, 19]
have been applied to enhancing OTRs as liquid oxygen vectors, while solids polymers such as
silicone rubber [19, 74], nylon [75], glass beads [75], Hytrel [19], Kraton [19], Desmopan [17,
19] and Elvax [17] have also provided improved mass transfer in stirred-tank reactors (STRs).
HCs have been utilized extensively as liquid oxygen vectors in bacterial cultivations (simulated
or otherwise) [11, 19, 23, 24, 69-71, 76, 77], while PFCs promise to be functional as next
generation oxygen vectors due to their substantially higher oxygen solubility, lower y and
satisfied biocompatibility [78]. The enhancement in solubility of oxygen in PFCs can be
attributed to their intermolecular arrangement, rather than F-O electrostatic interactions, which
has been confirmed by several studies of paramagnetic relaxation induced by the presence of
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oxygen in PFCs and HCs. The longitudinal relaxation time (T1) corresponds to the process of
establishing (or re-establishing) the normal Gaussian population distribution of a and f spin
states in a magnetic field [79]. Nuclear relaxation arises from a dipolar interaction between the
electron spins of oxygen and spins of the solvent nuclei (either F or C in this case) modulated

by molecular motion [80]. T1 can be related to the mole fraction of solute (xc) by Equation 8:

1

1
5= G (4)

Where T_ is the relaxation time of the pure solvent and gy is the relaxation coefficient [80,
81]. PFCs commonly present lower gx values compared to their parent HCs (e.g., 60 and 40 s
! for benzene and perfluorobenzene, respectively), such that an inverse (roughly linear)
relationship between gx and oxygen solubility exists [80, 82]. Relaxation rates (LHS of
Equation 8) in HC systems can result from a continuous translational diffusion of oxygen
through the network of HC molecules. Conversely, a discontinuous diffusion model of oxygen
molecules in PFCs has been proposed, in which a network of solvent molecules would enclose
a cavity where oxygen molecules are temporarily trapped prior to migrating into an adjacent
cavity [80, 82]. The relatively large size of fluorine atoms in PFCs (compared to hydrogen
atoms in HCs) leading to irregular molecular arrangements, and, in turn, opening large cavities
for oxygen entrapment, is a reasonable picture of the action of PFCs when dissolving large
quantities of gaseous molecules, given the lower boiling points and higher viscosities of PFCs

versus HCs [82].

The enhancement in OTRs via solid vectors is thought to occur through 1) elevated

turbulence at the gas-water interface through particle-stagnant film collision and mechanical
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disruption simultaneously reducing the gas bubble sizes, and/or 2) the shuttling effect which
entails that particles saturated with oxygen at the gas-water interface moving into the bulk
liquid where the oxygen is desorbed (regenerating the particle for subsequent transfer) [19, 83].
The effectiveness factor (EF) has been used to evaluate the performance of oxygen vectors

[19]:

OTRyw
OTRy,

EF = ( 1) x 100% (5)

Even though certain solid vectors possess high affinities for oxygen, they still provide lower
values of EF than those vectors with significantly lower (in some cases negligible) affinity.
The equilibrium concentration of oxygen in the combined liquid phase (C,,;,) was used to

evaluate enhancements to the concentration gradient driving mass transfer:

% C C
Cmix:fW_G+fV_G (6)

Kew Kgy

Where fi is the volume fraction of respective phases, Cg is the concentration of gaseous oxygen
and Kj represents the partitioning coefficients between respective phases. Kraton and
Desmopan provided increases of 220% and 175%, respectively, to the concentration gradient

*

available for mass transfer (based on relative C,,;, values), while respective EF values for
Kraton and Desmopan were 23% and 171% [19]. Similarly, glass beads (Doxygen<1x107° cm?/s)
and nylon (Doxygen=1.6x10" cm?/s) provided significant enhancements to the k.a, while silicone
rubber (Doxygen=3.4x10° cm?/s) and a styrene-butadiene copolymer (Doxygen=1.4x10° cm?/s)
caused a reduction to the kia in a STR [84]. The reduce in k.a values was likely owing to an

increase in the time needed to reach oxygen saturation in the bulk liquid in the presence of

silicone rubber (i.e., the vector was absorbing the oxygen), as the OTR in this dispersed system
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was significantly higher compared to that without vector. Accordingly, the work completed to
date indicates that the selection of solid vectors is a complicated process for the reason that the
oxygen affinity of a given material should not be the only concern and they will not promise a

higher OTR such as the evident from Kraton.
2.5.2 Pathways of mass transfer

In the context of a system containing a dispersed phase (liquid vector), continuous phase
(aqueous media), gas phase (air) and suspended bacterial cells, there are five possible pathways

for oxygen transfer from gas bubbles to bacterial cells as presented below (Figure 5) [71].

@
@ VECTOR

Figure S: Possible pathways for oxygen transfer from gas bubbles to bacterial cells in
aqueous cultivation media containing an oxygen vector.

Liquid vectors are often categorized based on their propensity to form droplets (beading)
or films (spreading) when contacting an aqueous phase. For spreading liquid vectors, parallel
transfer is the most likely pathway for oxygen transfer (i.e., simultaneous gas-water and gas-
vector oxygen transfer) [70, 71]. However, mass transfer in series (i.e., gas-vector-water or

gas-water-vector oxygen transfer) was determined to be the most essential pathway in vector-
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water systems [85], and the significantly higher k. values for gas-vector compared to gas-water
oxygen transfer for spreading vectors (and highly similar k. for vector-water and gas-water)
indicate that mass transfer occurs in series by the gas-vector-water pathway (then taken up by
the bacterial cells) [71]. In addition, the significantly reduced o between gas and vector relative
to gas and the aqueous phase favors gas-vector transfer by reducing the local free energy [86].

A qualitative representation of the oxygen transfer profile is shown below (Figure 6).
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Figure 6: Profile of oxygen transfer in cultivation media containing a spreading oxygen
vector. a2 and a3 represent the gas-vector and vector-water interfacial areas. Adapted

from [71].

‘Coalescence’ of gas bubbles and vector (n-dodecane or forane) droplets has been
observed in a static aqueous system [71], confirming that gas-vector mass transfer is a possible
scenario. Gas-vector coalescence has also been observed in dynamic experiments in which

toluene, dodecane or refined petrol were injected into a water stream containing a fixed number
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of stationary gas bubbles [87]. The formation of gas-vector complexes can be addressed from

the point of view of a change in surface energy (Es):

AEs = 4nt([ogyRp + oywRZ] — oywRE — ogwRE) (7)

Where Ry, Rc and Rq represent the radii of the gas bubble, gas-vector complex and vector droplet,
respectively. If the vector droplet is much smaller than the gas bubble (which can be achieved
mechanically), then Rc = Ry, and the following condition of the bubble-to-droplet size ratio

supporting gas-vector coalescence (i.e., AEs < 0) can be derived from Equation 8:

(Be) < ot s ®)

Rgq oowtooc—%we -S*

Where * indicates properties of a mutually saturated system (for S°<0) and S™ refers to
spreading coefficient. For S*> 0, gas-vector coalescence would be favorable for any size ratio
[87]. One additional criterion must be met to attain vector film formation over droplet
separation, in addition to Equation 8, which is the minimum vector film thickness (2-10 nm)

[88].

2.5.3 Spreading coefficient

The spreading characteristics of oxygen vectors can determine the path(s) and efficiency of
oxygen transfer in biological cultivations. There are two pathways for oxygen mass transfer
between dispersed oxygen vectors and dispersed gas phases: 1) direct gas/vector contact and 2)
indirect mass transfer through the intermediate continuous aqueous phase. The effect of adding
a second water-immiscible liquid phase (i.e. oxygen vector) may thus be expected to be

different depending on the spreading coefficient S, defined as:
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Svyw = owg — (oyg + oyw) ©)
where ows, ove, and ovw are the water-gas, vector-gas, and vector-water interfacial tensions,
respectively. For spreading vectors [(Svw)>0], oxygen transfer between air and vector can occur
as the vector spreads around air bubbles [85, 89], resulting in improved oxygen transfer due to
large concentration gradients between the vector and aqueous medium and reduced air bubble
diameter as the vector disrupts coalescence [17, 18]. Direct contact is thus likely and high

oxygen mass transfer coefficients are expected (see Figure 7).

Spreading (S>0) Non-spreading (S<0)

bubble © oot | @
O 8 @ o
S &

Figure 7: Effect of spreading coefficient over the mass transfer pathway in a vector-in-
water emulsion. Backgrounds: continuous phase (water/media); Circles: dispersed phase
(oxygen vectors).

When the spreading coefficient is negative, on the other hand, such an organic film will
be thermodynamically not stable. Mass transfer between gas and oxygen vector is indirect
through the aqueous phase, involving additional mass transfer resistances (see Figure 7). For
non-spreading vectors [(Svw)<0], oil droplets may enhance oxygen transfer by 1) disturbing the
boundary layer around an air bubble, or 2) making direct contact with the air bubble, and

subsequently releasing oxygen into the bulk phase [90]. Thus, oxygen mass transfer
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enhancement may still occur due to the existence of oxygen vector droplets which are much
smaller than the bubbles, typically~50 um, in the bubble boundary layer. They may either
improve the concentration gradient due to a shuttle effect or improve boundary layer mixing
and diffusion of oxygen due to the hydrodynamic effect. However, the accumulation of vector
droplets at the bubble surface may impede oxygen transfer [91], and direct contact between air
and vector may not occur without sufficient agitation or if the Sww is not approaching 0 [7]. It
shows very clearly that mass transfer coefficient increases with stirrer speed and gas flow rate.
Accordingly, oxygen transfer in cultures containing non-spreading vectors may proceed in the
order air-medium-vector or may simply bypass the vector altogether [92]. Estimates of the Svw
vary widely for different hydrocarbons and are sparsely available for perfluorocarbons. For
example, the Sw (25 <C) reported for n-dodecane ranges between -5.9 [7] and 3.7 [93], such
that accurate prediction of spreading behavior may be difficult. In general, the Svw decreases
with increasing size and branching/methylation of the vector molecule [7, 94, 95], and the Syw
increases with increasing temperature [95, 96] and aqueous glucose concentration [97].

At present, two rudimentary mechanisms for non-spreading vectors have been proposed,
one is grazing or shuttle effect [98]and the other hydrodynamic effect [99, 100]. According to
shuttle effect, small dispersed particles move around frequently and randomly between the
stagnant mass transfer zone near/at the gas-liquid interface and the liquid bulk due to the bulk
circulation. Near/at the interface the gas solute is adsorbed/absorbed on/in dispersed particles,
and local concentration gradient increases resulting in the enhancement of gas absorption.
Hydrodynamic effect is proposed firstly mainly for bubble systems (stirred tanks, bubble
columns). According to this effect the presence of dispersed particles can influence the
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hydrodynamic behavior of three-phase systems. Particles will collide and interact with the gas-
liquid interface or may cause turbulence near/at the gas-liquid interface, leading to the
appearance of smaller effective diffusion layer. Accordingly, diffusion of gas into the liquid
film and mixing of gas into the bulk liquid can be improved by dispersed particles, with k;
being increased. There is a thin layer of liquid film wrapping the particles dispersed in bulk
liquid as shown (in Figure 8). The gas solute molecules need go through this stagnant liquid
film which is more ordered than liquid bulk by molecular diffusion to reach adsorptive particles

and then diffuse and mix into the bulk liquid.[83]
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Figure 8: The sketch of the dispersed particles in continuous liquid phase.

2.5.4 Enhancements to mass transfer

The presence of the dispersed phase may influence gas-liquid mass transfer in two basic ways:
the existence of oxygen vector may alter the specific interfacial area available for oxygen mass
transfer or it may affect the rate of oxygen flux across the gas-liquid interface. Changes in the
gas-liquid interfacial area occur when the oxygen vector alters the gas-liquid interfacial tension

in the system or when the dispersed droplets affect bubble breakup or coalescence. The effect
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of oxygen vectors on interfacial area (a) in gas-vector-water systems is poorly understood. It
has been reported that small increases in a arise from the prevention of gas bubble coalescence
for low fv values (dispersed toluene), while a decreases as fv increases further due to reduced
turbulence [101, 102]. Dispersed dodecane, heptane and 1-octanol decreased a as fv increased
without achieving a maxima value [37]. Conversely, a 15% decrease in the bubble Sauter mean
diameter was observed for a n-dodecane dispersed system for fv = 0.23 (also corresponding to
the maximum k_a), representing a proportional increase in a [71]. Increasing fv further resulted
in a reduction in the kra, suggesting that a similar reduction in a may have resulted from
exceeding the optimal fv value which was not observed in some cases [37]. Conversely,
dispersed FC-40 (PFC) had no significant effect on a for fv up to 0.15, although the OTR
steadily increased with fv up to a value of 0.4 [85]. Therefore, the evident indicates that there
IS no consensus on the effects of liquid vectors on a, and further investigations are required to
address this issue. The impact of solid vectors on a has not been studied in detail, however, a
reduction in a is expected due to direct mechanical bubble breakage [19]. Alternatively,
changes in the rate of solute flux across the gas-liquid interface occur when the oxygen vectors
alter either the liquid film hydrodynamics or the solute permeability.

As discussed for solid vectors, the kra may not completely represent the utility of an
oxygen vector for enhancing oxygen availability in bacterial cultivations, as the initial loading
of the vector may extend the time required to reach saturation in the bulk liquid. Moreover,
reports of the effect of the dispersed phase on the k.a are at times inconsistent, as is the case
with estimation of a. For example, dodecane was reported to enhance k.a slightly up to fv =
0.01 after which a decline was observed [102], while the k.a increased ~3-fold at fv = 0.23 (a
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linear increase was observed up to fv = 0.23, followed by a sharp decline) in an earlier study
[71]. Furthermore, another study found that dodecane reduced the k.a in a fy-independent
manner, while dispersed hexadecane offered enhancements to the k.a as fv changed [103]. The
results of the latter study are particularly confusing given that for both HCs Swvw < 0, -
Svw hexadecane 1S 3.6-fold lower than Svw,dodecane, and that dispersed beading HCs typically provide
a reduction or no changes in the kra [14]. For spreading HCs, the k.a initially decreases quickly
for low fyv and then gradually approaches the baseline value (i.e., that observed without the
vector) [91, 102, 104].

2.5.5 Application to bacterial cultivation

Oxygen vectors have been applied widely and successfully to bacterial cultivations for the
production of biopolymers, recombinant proteins and antibiotics. HA titer and MW were
increased by =50% and 200%, respectively in S. zooepidemicus cultures in which 0.5% (v/v)
hexadecane was added at the time of inoculation [11]. In the same study, the usage of dodecane
(1% (v/v)) led to increased biomass relative to the cultivation with hexadecane, but negligible
improvements to titer, although MW was increased by 100%. In an earlier study, the use of a
PFC (perfluorodecalin) in S. zooepidemicus resulted in a 32% improvement in HA titer,
although MW was not assessed [22]. Titers were slightly higher when using dispersed
perfluorodecalin compared to a three-phase agitation strategy in which the agitation speed in a
STR was increased from 200 to 600 rpm, although it is likely that the MW was substantially
enhanced due to reduced shear stress. Dispersed heptane (0.3% v/v) provided =25% increases
to titer and MW of poly(y-glutamic acid) (PGA) produced in B. subtilis [23]. In the same study,

the utilize of dodecane as vector decreased PGA titer and MW substantially, and the remarkable
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difference in culture performance was attributed to a low NADH/NAD+ ratio and ATP levels
when dodecane was applied. The application of hexane (1% (v/v)) and dodecane (0.5% (v/v))
as oxygen vectors resulted in respective 12% and 27% increases in the titer of e-poly-lysine
produced in cultures of Streptomyces albulus, while, surprisingly, oleic acid as dispersed phase
(0.2% (v/v)) provided only a 7% increase in titer with hexane and oleic acid being spreading
vectors and dodecane being beads [24]. Finally, the actinorhodin (antibiotic and pigment) titer
doubled in cultures of Streptomyces coelicolor when using 10% (v/v) dispersed
perfluorodecalin, while biomass was reduced proportionally [72]. The increase in culture
performance resulted from the considerable improvements to the OUR and k.a (3 to 4-fold for

both) due to the addition of vectors.
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3.1 Introduction

Hyaluronic acid (HA) is a linear, unbranched polysaccharide consisting of alternating N-acetyl-
D-glucosamine (GIcNAc) and D-glucuronic acid (GIcUA) monomers [1], and is used in the
food, cosmetics, biomedical, and pharmaceutical industries [2]. At present, the US market for
HA is estimated at over $1 billion annually, and is expected to rapidly increase with the demand
for viscosupplements and dermal fillers [3]. Recently, HA production has shifted from direct
extraction from animal and avian sources to microbial platforms in an effort to reduce
production costs, increase supply, and avoid the risk of cross-species viral infection [105, 106].
Using attenuated strains of group C streptococci (i.e. Streptococcus equisimilis and
Streptococcus zooepidemicus) is currently the dominant method of industrial HA production
[3]. However, HA produced in streptococcal cultivations may contain endogenous exotoxins
[2], and the fastidious nature of these organisms can increase manufacturing costs [107].
Accordingly, alternate microbial HA production hosts have received increasing attention in
recent years [3]. In particular, Bacillus subtilis is a model Gram-positive bacterium amenable
to genetic manipulation, grows well in inexpensive medium, has been granted a ‘Generally
Recognized as Safe (GRAS)’ designation by the Food and Drug Administration, USA, and,
therefore, has been applied to high-level and large-scale production of HA [3, 108].

Industrial bioprocesses based on microbial platforms are typically aerobic and utilize
aqueous growth medium containing salts and other nutrients [27]. Oxygen is sparingly soluble
in aqueous solutions, a limitation that is exacerbated by factors such as salinity and culture
viscosity [6]. High-cell-density cultures are highly viscous, and, therefore, the diffusivity of
oxygen becomes limited, causing a steep decline in dissolved oxygen (DO) levels [27, 109].
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The increase in culture viscosity is more severe in bioprocesses in which high molecular weight
(MW) biopolymers are secreted into the extracellular environment. For example, a substantial
increase in viscosity (up to 500-fold) is observed as HA titers exceed 5 g/L in microbial
cultivations [2]. Similarly, the production of xantham gum, a food additive and emulsifier, by
Xanthomonas campestris can increase the culture viscosity by more than 100-fold [110]. The
DO concentration is an intrinsic factor influencing HA synthesis due to a high demand of ATP
for HA-producing cells [2, 10]. Oxygen transfer in microbial cultivations can be improved by
increasing agitation and aeration rates, and, if necessary, pure oxygen supplementation.
However, shearing due to high agitation and aeration rates may reduce the quality (i.e. MW)
of HA [11, 68, 111], and supplementing pure oxygen can be detrimental to microorganisms as
exposure to reactive oxygen species such as H202, Oz", and OHe can result in DNA instability,
and protein and lipid denaturation [21]. Moreover, recombinant protein expression may be
hampered by excessive DO levels due to misfolding, loss of activity, and protease degradation
[112, 113]. Consequently, alternate methods to improve oxygen transfer in microbial
cultivations for HA production are of significant interest, and using oxygen vectors is one of
them.

Oxygen vectors are water-immiscible compounds possessing a greater capacity to
dissolve oxygen compared to water. Hydrocarbons [19, 68-70], perfluorocarbons [22, 72, 89],
vegetable oil [73], and silicone oil [17, 19] can enhance oxygen transfer in microbial
cultivations, while insoluble polymers such as silicone rubber [19, 74], nylon [74], glass beads
[74], Hytrel [19], Kraton [19], Desmopan [17, 19], and Elvax [17] have also been investigated
as oxygen vectors. Oxygen vectors can enhance oxygen transfer by 1) creating large local
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concentration gradients in the bulk aqueous phase by shuttling oxygen-rich vector droplets
from the gas-liquid interface to the bulk liquid; 2) reducing surface tension at the air-water
interface, resulting in reduced bubble coalescence and, in turn, smaller bubble diameter and
increased interfacial area for oxygen transfer; and 3) colliding with and breaking air bubbles,
in turn, reducing bubble diameter [17, 18]. Oxygen vectors are categorized based on their
propensity to form discrete droplets (i.e. non-spreading) or films which spread over gas bubbles
(i.e. spreading) in an aqueous phase, and the means by which they affect oxygen transfer may
be dictated by their tendency to spread or lack thereof [14]. The selection of an appropriate
oxygen vector can potentially reduce operating costs associated with power consumption from
high agitation rates, compressed air delivery, and supplemental oxygen, and can reduce
oxidative damage to the producing cell and target metabolite or protein, while also minimizing
foaming during high-cell-density cultivations [19-21].

The application of hydrocarbon and perfluorocarbon oxygen vectors to microbial
cultivations for HA production has been investigated, albeit to a limited extent. The addition
of n-dodecane [114] and n-hexadecane [11] to S. zooepidemicus cultivations resulted in
improvements to both the HA titer and MW, while perfluorodecalin also increased the HA titer
in S. zooepidemicus cultivations relative to a three-stage agitation operation in which the
agitation speed was increased in a step-wise manner [22]. However, these studies investigated
only a few compounds as potential oxygen vectors, and no data is currently available on the
application of oxygen vectors to heterologous HA production in common microbial hosts. In
this study, we evaluated three hydrocarbons (i.e. n-heptane, n-hexadecane, and 2,2,4-
trimethylpentane) and four perfluorocarbons (i.e. n-perfluorooctane, perfluorodecalin,
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perfluoromethyldecalin, and perfluoro-1,3-dimethylcyclohexane) as potential oxygen vectors
to enhance heterologous HA production in an engineered strain of B. subtilis with a
significantly higher HA producing capacity than our previously reported strain [115].
Significant improvements to the HA titer and/or cell density were observed in cultures
containing n-heptane, n-hexadecane, perfluoromethyldecalin, and perfluoro-1,3-
dimethylcyclohexane, although the MW was marginally affected. We then manipulated the
vector concentration and timing of addition, resulting in further improvements to the culture
performance. Assessment of oxygen transfer via measuring the overall oxygen mass transfer
coefficient k.a revealed that, regardless of spreading characteristics, hydrocarbon vectors
slightly reduced kia over the low vector concentrations employed in this study, while
perfluoromethyldecalin enhanced oxygen transfer. We also investigated culture performance
at higher agitation rates, and observed that the addition of n-hexadecane or
perfluoromethyldecalin further enhanced the HA titer and cell density, although the MW was
somewhat reduced when n-hexadecane was present, suggesting that functional expression of
hyaluronan synthase (HAS) may be affected by n-hexadecane exposure in B. subtilis. Moreover,
our results indicate that higher shear rates may somehow drive more carbon flux through the
HA biosynthetic pathway without negatively affecting the MW.

3.2 Materials and Methods

Bacterial strains and plasmid construction: Escherichia coli HI-Control™ 10G chemically
competent cells (Lucigen; Wisconsin, USA) were prepared as electrocompetent cells as
described previously [116] and used as host for plasmid construction. Strain 1A751 is a
derivative of B. subtilis 168 (i.e. B. subtilis 168 his nprR2 nprE18 AaprA3 AeglS102 AbglT
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bgISRV) that has proven to be an effective host for heterologous HA production [115, 117,
118]. B. subtilis and E. coli strains were maintained as glycerol stocks at -80 <C. To construct
the genomic integration vector pAWO009, promoter Pgrac.upmod Was amplified from pHTO1
[119] with primers Pgrac.UPmod,Sall.f (5°-
cagattgagtcgacggatcactagaaaattttttatcttatcacttgaaattgg-3’) and Pgrac.UPmod.BamHLr (5°-
gcacttgaggatccttcctectttaattggg-3’), followed by insertion into Sall/BamHI-digested pAWO008
[117] as shown in Figure 9 (restriction sites are underlined in the primer sequences). Pgrac.upmod
(i.e. promoter P61) is a weaker derivative of promoter Pgrac (i.€. promoter PO1) that contains a
modified upstream promoter element (UP) that reduces the relative promoter strength by
approximately half [120] [Note that the modified UP was introduced with primer
Pgrac.UPmod,Sall.f and the modified sequence is in bold font.]. Transformation of pAWO009
into B. subtilis results in the integration of a Pgrac.upmod::S€Has:tuaD expression cassette at the
amyE locus as shown in Figure 9 [tuaD encodes native uridine diphosphate (UDP)-glucose-6
dehydrogenase (TuaD) and seHas encodes hyaluronan synthase from S. zooepidemicus
(SeHAS)]. Competent cell preparation and transformation of pAWO009 was performed as
previously described [117].

Cultivation medium and conditions: B. subtilis strains were plated on non-select LB agar
(NaCl, 5 g/L; yeast extract, 5 g/L; tryptone, 10 g/L; agar, 15 g/L), and grown overnight at 37 <C.
Shake flask cultures to compare HA production in AWO008 and AW009 were performed as
previously described [115]. To prepare the seed cultures for bioreactor cultivations, a single
colony was used to inoculate 25 mL prewarmed non-select LB, and grown for ~8 h at 37 <C

and 280 revolutions per minute (rpm) to generate the starter culture. The starter culture was
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subsequently diluted 100-fold into 100 mL prewarmed non-select LB, and grown for ~13 h at
37 < and 280 rpm to generate the seed culture. Cultivations were performed in a New
Brunswick™ BioFlo® 115 bioreactor (Hamburg, Germany) under the following conditions:
0.7 L working volume (1.3 L vessel), 2 volume per volume per minute (vvm) [i.e. 1.4 L/min]
air, 300 rpm, 37 <C, pH 7 (3 M NH4OH). The non-select cultivation medium was of the
following composition (per L): sucrose, 30 g; (NH4)2S04, 1 g; K2HPO4-3H20, 9.15 g; KH2POs,
3 g; trisodium citrate- 2H»0, 1 g; yeast extract, 10 g; CaCly, 5.5 mg; FeCl>- 6H20, 13.5 mg;
MnClz: 4H,0, 1 mg; ZnClz, 1.7 mg; CuClz- 2H,0, 0.43 mg; CoCl,- 6H20, 0.6 mg; NazMoO4-
2H>0, 0.6 mg. The bioreactor was inoculated with 10% volume per volume (v/v) of the seed
culture.
Determination of kia: Experiments to determine k.a were performed under the same
cultivation conditions described above without the inoculum. Measurements of ki.a were
performed using the dynamic “gas out-gas in” method, and the probe response time was
neglected due to the relatively low k.a values obtained under our experimental conditions [34].
k.a values were obtained from the mass balance equation:

In (%) = —kya(t — ty) (10)
where DO” is the saturation reading of the probe.
Oxygen vectors: n-heptane (>99%), n-hexadecane (>99%), n-perfluorooctane (98%),
perfluorodecalin (95%), and perfluoro-1,3-dimethylcyclohexane (80%) were obtained from
MilliporeSigma (MO). Perfluoromethyldecalin (80%), a mixture of perfluoro-1-methyldecalin

and perfluoro-2-methyldecalin, was also obtained from MilliporeSigma. n-Heptane (>99%)
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was obtained from J.T. Baker (NJ). The physical properties of oxygen vectors used in this study
are summarized in Table 1.

HA purification and analysis: Cultivation samples were diluted appropriately in phosphate
buffered saline (NaCl, 8 g/L; KCI, 0.2 g/L; Na2HPOa, 1.44 g/L; KH2PO4, 0.24 g/L), and HA
was purified with cetylpyridinium chloride as previously described [118]. HA titer was
determined using the modified carbazole assay [121], and MW was analyzed via agarose gel
electrophoresis [122] with slight modifications. 2 g of purified HA was loaded per well, and
gels stained O/N in 0.005% Stains-All (50% v/v ethanol) were destained for ~8 h in 20% v/v
ethanol, followed by destaining for ~16 h in 10% v/v ethanol. Gels were then photobleached
for 20 min on a LED light box, and scanned with an Epson Perfection V600 Photo scanner
(Epson; Nagano, Japan). Scanned images were analyzed using ImageJ [123], and data analysis
was performed as previously described [122]. Duplicate samples were analyzed.

3.3 Results

3.3.1 Derivation of an improved strain of B. subtilis for HA production

We previously constructed a strain of B. subtilis capable of high-level production of high MW
HA, in which coexpression of seHas and tuaD was driven by the strong promoter Pgrac, i.€.
strain AWO008 [115]. Note that coexpression of hyaluronan synthase (e.g. SeHAS) and UDP-
glucose-6 dehydrogenase (e.g. TuaD) is required for high-level HA production in B. subtilis
[2]. In the same study, we observed that reducing the strength of the promoter driving
cardiolipin overproduction in a derivative of AW008 in which the membrane cardiolipin
content had been artificially enhanced, improved the HA titer by 30%, with a relatively small
reduction in the MW. This prompted us to examine the effects of seHas and tuaD expression
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on HA production via construction of strain AWO0Q09, in which the coexpression of both genes
was driven by promoter Pgrac.upmod, i.€. @ derivative of Pgrac for which the relative promoter
strength is ~0.5 [120]. AWO009 was constructed via transformation of 1A751 with Ndel-
linearized pAWO0Q09 (Figure 9). Similar to AW008, AWO009 presented a mucoid phenotype
characteristic of HA-producing strains of B. subtilis [2], and was genetically stable based on
the persistence of the mucoid phenotype upon revival. AWO009 produced approximately twice
as much HA as AWQ008 (i.e. 0.97 g/L for AW009 compared to 0.48 g/L for AWOO08; Figure
10A) after 10 h in shake flask cultures, while the MW declined by only 12% (Figure 10B).
Moreover, the cell density in cultures of AW0Q9 after 10 h was ODsoo 6.1, representing a 45%
increase compared to that of AWO008 (Figure 10C). The improved growth of AW009, compared
to AWO008, may have contributed to the improved HA titer in cultures of AWO009 as HA is a
growth-associated product [10], although it is unclear as to why AWO009 reached a higher cell
density. UDP-GIcNAC is the limiting substrate for HA biosynthesis in S. zooepidemicus, such
that expression of hasD, encoding UDP-GIcNAc pyrophosphorylase (HasD), and/or hask,
encoding glucose-6-P isomerase (HasE), improved the MW of HA, relative to the wild-type
strain [124] [Note that both HasD and HaskE are involved in UDP-GICNACc synthesis in S.
zooepidemicus.]. Accordingly, the slight reduction in MW in cultures of AW009, compared to
AWO008, may have resulted from the reduced expression of tuaD, which should reduce the ratio
of UDP-GIcUA (i.e. the limiting substrate for HA production in B. subtilis) to UDP-GIcNAc.
Based on the overall performance of AWO009, compared to AWO008, it was selected as the host

for HA production in our assessment of various oxygen vectors.
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Genomic integration vector pAWO009 was constructed by amplifying promoter Pgrac.upmod from
pHTO1, followed by insertion into Sall/BamHI-digested pAWO008. Pgracupmod IS @ Weaker
derivative of promoter Pgyrac that has a modified upstream promoter element (UP) that reduces
the relative promoter strength by approximately half. AWO009 was constructed via
transformation by natural competence of 1A751 with Ndel-linearized pAWO0Q9, resulting in
the integration of a Pgrac.upmod::S€Has:tuaD expression cassette and neomycin resistance marker
(i.e. npt, encoding neomycin phosphotransferase) at the amyE locus. AWO009 constitutively
expresses seHas and tuaD, respectively encoding hyaluronan synthase from S. zooepidemicus
(SeHAS) and native UDP-glucose-6 dehydrogenase (TuaD), resulting in the production of high
MW HA and, in turn, encapsulation of AW009. AW009 produced approximately twice as
much HA as our previous production strain, i.e. AW008, which was constructed via
transformation of 1A751 with Ndel-linearized pAWO008. Other genes and abbreviations: bla
encodes B-lactamase for selection of E. coli on ampicillin; amyE encodes native a-amylase;

origin of replication (ori); genomic DNA (gDNA).
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Figure 9: The derivation of an improved strain of B. subtilis for heterologous HA

production.
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Figure 10: Time profiles of A) HA titer, B) HA MW, and C) cell density in shake flask
cultures of AW008 and AW009. SD of experiments performed in triplicate are shown in
Panels A and B, and SD of duplicate samples are shown in Panel C.

3.3.2 Preliminary evaluation of potential oxygen vectors

Three hydrocarbons and four perfluorocarbons were evaluated for their effects on HA
production in batch cultivations of strain AWO009 in a bench-scale stirred-tank reactor (STR).
Potential oxygen vectors were selected based on their volatility (i.e. a minimum normal boiling

point of ~100 <C) and relative oxygen solubility (i.e. at least 8-fold higher than water).
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Compounds such as n-heptane, n-hexadecane, and perfluorodecalin were preferred as they had
been successfully applied to either microbial HA production [11, 22] or biopolymer production
in B. subtilis [23]. In the preliminary evaluation, each compound was added to the cultivation
medium at a concentration of 1% v/v 2 h after inoculation. A relatively low agitation rate at

300 rpm was used to minimize potential HA degradation resulting from polymer shearing [68].

Molecular Dynamic Density Boiling Relative References

Compound formula/ viscosity (g/mL) point oxygen
structure (mPa-s) (C) solubility”

n-hexadecane CisH3a 3.0 0.77 287 8.2 [125, 126]
(linear)

n-heptane CiHi6 0.39 0.68 98.4 10.8 [127, 128]
(linear)

2,2,A-trimethylpentane CsHis 3.19 0.77 99 14.0 [129, 130]
(branched)

perfluoro-1,3- CeF s 1.92 1.83 102 16.1° [131, 132]

dimethylcyclohexane (cyclic,
branched)

perfluoromethyldecalin CuFao 6.47 1.95 137-160 12.7 [133, 134]
(bicyclic,
branched)

perfluorodecalin CioFis 541 191 142 13.9° [131, 135]
(bicyclic)

n-perfluorooctane CsFs 1.26 1.77 103 14.0° [135, 136]
(linear)

“Expressed as the fold increase in oxygen solubility relative to water. Measured at 16 <C?,
38 T’ and 36 T*
Table 1: Physical properties of oxygen vectors used in this study measured at 25 °C and

atmospheric pressure unless otherwise indicated.
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AWO009 produced 992 mg/L of HA after 12 h (Figure 11A) with a peak MW of 1.2 MDa
at 8 h, (Figure 11B), and final cell density of ODeoo 12.8 (Figure 11C). The DO fell below 5%
saturation after 4 h where it remained for the rest of the cultivation (Figure 11D). The addition
of n-hexadecane resulted in a 34% increase to the final HA titer (1327 mg/L; Figure 11A),
although the MW was not significantly affected (Figure 11B). Moreover, the cell growth rate
was improved such that the final cell density (ODsoo 13.3) was obtained at 10 h, compared to
12 h without the vector (Figure 11C). Notably, n-hexadecane was the only compound tested
that provided a substantial increase in DO levels, which remained above 10% saturation
throughout the cultivation (Figure 11D). While the addition of n-heptane did not markedly
affect the volumetric HA titer, it did improve the specific HA titer by 26%, i.e. 97.6
mg/(L-ODeoo) for n-heptane compared to 77.5 mg/(L-ODeoo) With no vector. Moreover, the
addition of n-heptane prolonged the oxygen limitation by 1 h compared to the cultivation
without the vector (Figure 11D).

Two of the four perfluorocarbons tested, i.e. perfluoro-1,3-dimethylcyclohexane and
perfluoromethyldecalin, significantly improved culture performance. The addition of
perfluoro-1,3-dimethylcyclohexane and perfluoromethyldecalin resulted in 50% (1490 mg/L)
and 49% (1481 mg/L) increases to the final HA titer (Figure 11A), respectively, although the
MW was not significantly affected (Figure 11B). Moreover, the respective final cell densities
increased by 16% (ODsoo 14.8) and 11% (ODseoo 14.2) relative to the cultivation with no vector
(Figure 11C) although DO levels were marginally improved (Figure 11D). Conversely, the
addition of n-perfluorooctane resulted in a 23% decrease to the HA titer (761 mg/L; Figure
11A), and an 11% decrease in the final cell density (ODeoo 11.4; Figure 11C). The specific HA
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titer was highest for the cultivation with perfluoromethyldecalin (104.7 mg/(L-ODs0o)),
compared to all other vectors, and was 35% higher relative to the cultivation with no vector.
For initial experiments with n-hexadecane and perfluoro-1,3-dimethylcyclohexane, the
oxygen vectors were added at the time of seed culture inoculation. However, the addition of
2,2,4-trimethylpentane and perfluoromethyldecalin at the time of inoculation completely
inhibited growth, such that in subsequent experiments all vectors were added 2 h after
inoculation when the exponential growth phase was reached. This bioprocessing strategy was
developed based on the prior observation that 2,2,4-trimethylpentane is toxic to E. coli in the
stationary phase, but is not during exponential growth [137]. Adding n-hexadecane at the time
of inoculation resulted in a 30% increase in the final HA titer (1731 mg/L; Figure 12A), a 14%
increase in the final MW (1.14 MDa; Figure 12B), and a 22% increase in the final cell density
(ODeoo 16.1; Figure 12C), although DO levels were lower between 5 h and 8 h (Figure 12D),
compared to the addition of n-hexadecane at 2 h. The addition of perfluoro-1,3-
dimethylcyclohexane at the time of inoculation resulted in a small increase in the final HA titer
(1576 mg/L; Figure 12A), although the titer after 10 h was similar to the final titer when the
vector was added at 2 h (Figure 12A). In addition, the peak MW dropped from 1.34 MDa to
1.26 MDa, (Figure 12B), and the final cell density increased by 15% (ODsoo 17; Figure 12C),

although the DO profiles were not significantly different (Figure 12D).
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Figure 11: Time profiles of A) HA titer, B) HA MW, C) cell density, and D) DO in cultures
of AW009 with no vector, or other seven selected vectors.

Selected vectors include n-hexadecane, n-heptane, 2,2,4-trimethylpentane, perfluoro-1,3-
dimethylcyclohexane, perfluoromethyldecalin, perfluorodecalin, or n-perfluorooctane
which was added 2 h after inoculation at a final concentration of 1% v/v. SD of duplicate

samples shown in Panels A, B, and C.
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Figure 12: Time profiles of A) HA titer, B) HA MW, C) cell density, and D) DO in cultures
of AW009 in which n-hexadecane or perfluoro-1,3-dimethylcyclohexane was added at the
time of inoculation (0 h) or 2 h after inoculation at a final concentration of 1% v/v. SD of
duplicate samples shown in Panels A, B, and C.

3.3.3 Vector concentration affects HA production

Based on the results from the preliminary evaluation, n-hexadecane provided the greatest
enhancements to DO levels and HA production. Accordingly, we attempted to further improve
culture performance by manipulating the n-hexadecane concentration. Reducing the n-
hexadecane concentration to 0.5% v/v increased the final HA titer by 20% (1596 mg/L; Figure

13A), without significantly affecting the MW (Figure 13B). The final cell density also
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increased by 22% (ODeoo 17.4; Figure 13C), which may be attributed, in part, to the increase
in DO levels after 6 h (Figure 13D). Our results are similar to an earlier report of enhanced HA
production in batch cultures of S. zooepidemicus upon the addition of n-hexadecane to 0.5%
v/v, which maximized kca [11]. In contrast, adding n-hexadecane to 1% v/v was found to be
optimal for poly(y-glutamic acid) [PGA] production in B. subtilis [23]. The application of n-
heptane as an oxygen vector to enhance PGA production in cultures of B. subtilis resulted in
greater improvements to both the titer and MW, compared to cultures supplemented with n-
hexadecane, and the optimal concentration of n-heptane (0.3% v/v) was significantly lower
compared to n-hexadecane (1% v/v) [23]. On the other hand, we obtained significantly higher
HA titers with n-hexadecane compared to n-heptane (Figure 3A), albeit with a slight reduction
in MW (Figure 3B). Given that our preliminary evaluation was conducted with a vector
concentration of 1% v/v, we considered that reducing the n-heptane concentration might
improve culture performance. Reducing the n-heptane concentration to 0.4% v/v resulted in a
20% increase in the final HA titer (1192 mg/L; Figure 14A), and the titer after 10 h reached
1123 mg/L, compared to only 672 mg/L for the cultivation containing 1% v/v n-heptane (Figure
14A). However, the MW was not improved by reducing the n-heptane concentration (Figure
14B). The increase in the final titer was proportional to the increase in the final cell density
(ODeoo 12.7; Figure 14C), which is plausible considering that HA is a growth-associated
product [10]. The DO levels declined quickly prior to the addition of 0.2% n-heptane, compared
to the cultivation with no vector, and were only temporarily rescued upon adding n-heptane,
before dropping to approximately 0% saturation at around 3 h (Figure 14D). Similarly, the
addition of 0.4% v/v n-heptane did not delay oxygen limitation, compared to the cultivation
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with no vector, such that in both cultivations the DO level fell below 5% saturation after
approximately 4 h (Figure 14D). This is in contrast to the cultivation containing 1% v/v n-

heptane in which oxygen limitation was postponed by approximately 1 h.
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Figure 13: Time profiles of A) HA titer, B) HA MW, C) cell density, and D) DO in cultures
of AW009 with no vector, or in which n-hexadecane was added 2 h after inoculation at a
final concentration of 0.25%, 0.5%, 1%, or 2% v/v. SD of duplicate samples shown in

Panels A, B, and C.
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Figure 14: Time profiles of A) HA titer, B) HA MW, C) cell density, and D) DO in cultures
of AW009 with no vector, or in which n-heptane was added 2 h after inoculation at a final
concentration of 0.2%, 0.4%, or 1% v/v. SD of duplicate samples shown in Panels A, B,
and C.

Due to the high specific HA titer observed in the cultivation containing
perfluoromethyldecalin, and its lower cost compared to perfluoro-1,3-dimethylcyclohexane,
we further evaluated the effect of perfluoromethyldecalin concentration on HA production.
Reducing the perfluoromethyldecalin concentration to 0.5% v/v resulted in culture
performance similar to the cultivation with no vector (Figures 15A-D). Moreover, further

increasing the perfluoromethyldecalin concentration to 2% v/v slightly improved the final HA
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titer (Figure 15A) and cell density (Figure 15C), although the MW (Figure 15B) and DO
(Figure 15D) profiles were essentially unaffected, compared to 1% v/v. In spite of the delay in
reaching oxygen limitation by 2 h upon adding perfluoromethyldecalin to 3% v/v, the final HA
titer and cell density were not improved, compared to 2% v/v, and the MW declined potentially

due to an increase in viscosity with increasing perfluoromethyldecalin concentration [138].
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Figure 15: Time profiles of A) HA titer, B) HA MW, C) cell density, and D) DO in cultures
of AW009 with no vector, or in which perfluoromethyldecalin was added 2 h after
inoculation at a final concentration of 0.5%, 1%, 2%, or 3% v/v. SD of duplicate samples
shown in Panels A, B, and C.

3.3.4 The effect of oxygen vectors on oxygen mass transfer
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In an attempt to understand how oxygen vectors can enhance HA production in B. subtilis, we
assessed oxygen mass transfer in our cultivation system. The addition of 0.25% v/v n-
hexadecane resulted in a modest decrease in k.a, although increasing the concentration to 2%
v/v had essentially no further effect on kia (Figure 16A). The magnitude and trend of our k.a
estimates with increasing n-hexadecane concentration are consistent with previous work in
which kia decreased modestly for concentrations up to 2.5% v/v during the operation at 288
rpm and 1 vvm air-purging [11]. In contrast to our results, an initial increase in k.a was
observed at low n-hexadecane concentrations (i.e. < 2.5% v/v), followed by a decline in k.a at
higher n-hexadecane concentrations until phase inversion occurred (i.e. the culture becomes a
continuous phase when the vector concentration is high enough) [139]. However, the latter
study employed surface aeration in a STR operated at 1000 rpm such that direct comparison of
results is difficult. As was the case for n-hexadecane, the addition of n-heptane at 0.2% v/v
resulted in a modest decrease to kia, and increasing the concentration to 1% v/v did not
appreciably affect kia (Figure 16B). In contrast to our results, the addition of n-heptane at 0.1%
v/vina STR operated at 300 rpm and 0.5 vvm resulted in a 15% increase in kra, and increasing
the n-heptane concentration to 5% v/v increased kia by 175% [140]. On the other hand,
simultaneously increasing the agitation and aeration rates to 400 rpm and 1 vvm, respectively,
resulted in an initial 50% reduction in k a for n-heptane concentrations up to 1% v/v, followed
by a gradual increase in k.a with a further increase in the n-heptane concentration [140].
Accordingly, the effect of n-heptane on k.a in aerated STRs appears to vary considerably with
agitation and aeration rates, such that our observation of a slight reduction in k.a was

considered reasonable. Finally, n-heptane can dramatically increase kia in bubble column
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reactors as both vector concentration and superficial gas velocity are increased [141]. In general,
non-spreading hydrocarbons (e.g. n-hexadecane) negatively or hardly affect k.a [14], although
at lower vector concentrations k.a may increase due to the shuttling effect, through which
vector droplets briefly contact the air bubble surface and subsequently transfer oxygen to the
bulk aqueous phase [19, 140]. Alternatively, spreading hydrocarbons (e.g. n-heptane) generally
induce an initial decrease in k.a at low concentrations, followed by a gradual increase in k.a
with increasing concentration [91, 102, 104, 140]. It was hypothesized that the initial decrease
in ki a resulted from increased liquid phase resistance due to the accumulation of surface active
contaminants at the gas-water interface, and that the gas bubble size decreased with an
increasing vector concentration as the system approached phase inversion [91, 104]. An
alternate/complementary explanation is that the vector film forming around air bubbles
becomes unstable with increasing thickness as the vector concentration increases, resulting in
the release of oxygen-rich droplets into the bulk aqueous phase [140].

While n-hexadecane and n-heptane slightly reduced ki a, perfluoromethyldecalin had
the opposite effect such that k_a increased with increasing concentration up to 2% v/v, resulting
in a maximum increase of 35% in k.a compared to the control with no vector (Figure 16C).
While k.a measurements for perfluoromethyldecalin are not available in the literature,
perfluorodecalin, a structurally similar vector, was observed to increase kia in a STR at
concentrations up to 20% v/v, using the same agitation rate and lower aeration (1.1 vvm)
compared to our study, resulting in a maximum increase of ~70% in kia [142]. Similarly, the
addition of perfluorodecalin to 5% v/v provided a slight increase in kia in a STR operated at
300 rpm and 0.5 vvm air-purging, while increasing the concentration to 10% v/v resulted in a
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40% increase in kia [143]. The addition of forane F66E, an unsaturated perfluorocarbon, to

Aerobacter aerogenes cultures operated at 400 rpm and 0.21 vvm air-purging, increased kia

for concentrations up to 23% v/v, resulting in a maximum increase of ~250% in k.a [89].

Accordingly, a consensus seems to exist regarding the positive influence of perfluorocarbons

on oxygen transfer in biological cultivation systems, and this is in line with our observations.
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3.4 Discussion
Simultaneously achieving a high MW and titer in cultivations for HA production is a
challenging task. Generally, it requires a high carbon flux through both branches of the HA
biosynthetic pathway to ensure a sufficient and balanced monomer supply of UDP-GIcNAc
and UDP-GIcUA [124]. Moreover, an adequate supply of oxygen is essential to generate the
substantial amount of ATP consumed during HA biosynthesis, and this is particularly
challenging due to the rapid increase in culture viscosity with increasing HA titer [2, 22]. To
further complicate matters, the functional expression of HAS to maximize HA production is
dependent on its specific orientation with certain lipids in the cell membrane [115, 144]. Here
we have shown that hydrocarbon and perfluorocarbon oxygen vectors can significantly
increase the HA titer in B. subtilis cultures. However, certain vectors may reduce the efficacy
with which streptococcal Class | HAS can extend the growing HA chain, compromising the
MW of the produced HA in B. subtilis.

Maintaining the DO above a critical level of ~5% saturation was essential to maximize the
HA vyield in S. zooepidemicus cultivations [10], and this is expected given that three mol ATP
are required to produce one mol HA disaccharide [2]. While evidence exists to suggest that B.
subtilis is a facultative anaerobe which uses nitrate as an electron acceptor [145, 146], our
attempts to grow 1A751 anaerobically were unsuccessful (unpublished data), indicating that
this strain may require a more oxygenic condition to achieve optimal growth. In our study, only
supplementation of n-hexadecane resulted in DO levels that exceeded 5% saturation throughout
the cultivation. Nonetheless, supplementation of n-hexadecane, n-heptane, perfluoro-1,3,-

dimethylcyclohexane, and perfluoromethyldecalin resulted in improvements to the HA titer.
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Interestingly, the HA titer was lower in cultures containing 1% v/v n-hexadecane, compared to
1% v/v perfluoro-1,3,-dimethylcyclohexane or perfluoromethyldecalin, in spite of significantly
higher DO levels when n-hexadecane was present. Manipulation of the n-hexadecane
concentration led to further increases to the DO level, particularly between 6 and 12 h, although
the final HA titer was not significantly higher than that obtained in cultivations containing
perfluoro-1,3-dimethylcyclohexane or perfluoromethyldecalin. As a result, we cultivated
AWO009 under a higher agitation rate of 600 rpm with or without n-hexadecane to investigate
the individual effects of increased DO levels and n-hexadecane addition. The HA titer
increased by 245% (3423 mg/L; Figure 17A) after 10 h and the peak MW at 6 h increased by
58% (1.94 MDa; Figure 17B) upon increasing the agitation rate from 300 to 600 rpm with no
vector. Cultivation with 0.5% v/v n-hexadecane at 600 rpm further increased the HA titer by
30% (4,462 mg/L; Figure 17A), although the MW was 12% lower (1.71 MDa; Figure 17B),
compared to the cultivation at 600 rpm with no vector. As was the case at 300 rpm, the final
cell density was improved upon the addition of n-hexadecane, i.e. ODesgo 27 for 0.5% v/v n-
hexadecane vs. ODgoo 22.1 for the control with no vector (Figure 17C), although the DO
profiles were not significantly different (Figure 17D). Moreover, increasing the n-hexadecane
concentration to 1% v/v during cultivation at 600 rpm reduced the MW by an additional 30%,
compared to 0.5% v/v n-hexadecane, although DO levels were markedly increased and the
final cell density was slightly higher (data not shown).

While our results show that n-hexadecane does not impede cell growth in the
concentration range up to 2% v/v, the effects of n-hexadecane on HA production may be

somewhat polar in nature. Streptococcal HAS is an integral membrane protein for autonomous
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HA synthesis, which is a process requiring as many as seven different functions for initiation,
elongation, and secretion of the HA chain [147]. The relatively small size and few
transmembrane domains of streptococcal HAS suggest that they cannot facilitate pore
formation for translocation of the growing HA chain [147], and cardiolipin or other lipids may
assist HAS in creating an internal pore for HA translocation [115, 148]. Moreover, interactions
between cardiolipin and HA may add to the net retention force that keeps the HA-UDP/HAS
complex together during polymerization until a sufficient opposing force exceeds the net
retention force, resulting in the release of the growing HA chain [149, 150]. The use of n-
hexadecane as an oxygen vector resulted in significant increases to the HA titer in this work,
and in a prior study in which HA was produced in the native production host S. zooepidemicus
[11]. Accordingly, the enhanced HA production upon supplementation of n-hexadecane may
not be associated with the catalytic activities of HAS, but the increased ATP generation
resulting from increased oxygen transfer [151]. On the other hand, the lower MW of HA
produced in cultures containing n-hexadecane suggests premature release of the HA chain.
Longer alkanes such as n-hexadecane can align parallel to the acyl chains in the lipid bilayer,
and, therefore, affect acyl chain packing and tilt, resulting in a reduction in the projected area
occupied per lipid molecule and an overall increase in the degree of ordering of the lipid bilayer
[152, 153]. In our study, penetration of n-hexadecane through the cell membrane of AW009
may result in the reordering of lipid acyl chains in the lipid bilayer, in turn, altering their
interaction with SeHAS. As a result, the HA-binding regions that retain and coordinate
translocation of the growing HA chain, and the pore-like structure through which the chain is
extruded may be altered, resulting in lower MW HA.
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In addition to the reordering of lipids in the bilayer, exposure to organic solvents can
alter the fatty acid and lipid composition of the cell membrane. For example, insertion of long
chain alcohols (>C5) into a lipid bilayer can increase membrane fluidity [154, 155], and an
increase in the abundance of saturated fatty acids has been observed in the cell membrane of
E. coli upon exposure to C5-C8 alcohols [156]. Conversely, exposure to ethanol resulted in an
increase in unsaturated fatty acids, presumably to compensate for a reduction in membrane
fluidity in E. coli [156]. Moreover, an increase in either saturated or unsaturated fatty acids has
been reported for E. coli exposed to a number of other organic solvents [157]. In some cases,
the shift in cellular fatty acid composition coincided with changes in the ratio of the major
lipids phosphatidylglycerol and phosphatidylethanolamine, while certain solvents caused a
dramatic increase in the cardiolipin content [157]. Considering that the functional expression
of HAS is dependent on its orientation with certain lipids in the cell membrane (i.e. a strong
preference for cardiolipin has been observed in vitro) [150], it is possible that alterations to the
lipid content of the cell membrane of AW009 via exposure to various oxygen vectors could
modulate the functional expression of SeHAS. Furthermore, the composition of cardiolipin
acyl chains affected SeHAS activity in vitro [138, 144], such that a shift in acyl chain
composition of lipids in the cell membrane may also affect the functional expression of SeHAS
and, in turn, HA production.

The spreading coefficient (Sw) is an indicator of the spreading characteristics of a given
compound, and spreading behavior is anticipated when Sw > 0 [89]. While measurements of
Sw tend to vary, there is agreement that Sww decreases with increasing size and branching or

methylation of the molecule [7, 94, 95]. n-heptane is reportedly a spreading vector [7, 139],
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while n-hexadecane may be a spreading [139] or non-spreading [94] vector. Given the
significant molecular size difference between the two vectors, n-heptane is more prone to
spreading than n-hexadecane, such that oxygen transfer was more likely to improve upon the
addition of n-hexadecane at the low concentrations employed in our study. However, our
estimates of kra suggest that the specific rate of oxygen transfer was nearly identical at the
respective optimal concentration of each vector, i.e. 21.8 h for 0.5% v/v n-hexadecane (Figure
16A) vs. 22 h'! for 0.4% v/v n-heptane (Figure 16B), both of which are slightly lower than k.a
with no vector (22.9 h'*; Figure 16). The reduced k.a in the presence of n-hexadecane could be
due to an increased time needed to reach oxygen saturation in the bulk liquid, and this was
observed during the application of silicone rubber, a compound with a high affinity for oxygen,
as a solid oxygen vector [74]. In any case, the specific rate of oxygen transfer is not the sole
determinant of culture performance for HA production, given that the HA titers and cell
densities were higher in cultures containing the optimal concentration of n-hexadecane,
compared to perfluoromethyldecalin, at both 300 rpm and 600 rpm. Furthermore, the relative
affinities for oxygen between vectors do not correspond to culture performance, as the
respective oxygen solubilities of n-heptane and perfluoromethyldecalin are ~80% and 100%
higher than n-hexadecane [128, 134]. Consequently, alternate factors specific to cell
physiology may contribute to the net effects of oxygen vectors on culture performance, and
this is underlined by the observation that adding n-hexadecane to cultures in different growth
phases, i.e. stationary at 0 h and exponential at 2 h, has a dramatic effect on culture performance
(Figures 12A-D). As previously mentioned, longer alkanes such as n-hexadecane can align
parallel to the acyl chains in the lipid bilayer, affecting acyl chain packing and tilt for an overall
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increase in the ordering of the lipid bilayer [152, 153]. On the other hand, the interactions
between smaller alkanes (e.g. n-heptane) and acyl chains disturb the interactions between acyl
chains and, in turn, reduce the ordering of the lipid bilayer [152]. The net effect on the structure
of the lipid bilayer of AW009 may partially explain the difference in culture performance,
which seems to be largely dependent on cell growth, based on the highly similar specific HA
titers of 91.7 mg/(L-ODsoo0) and 93.9 mg/(L-ODsoo) obtained in cultivations containing optimal
concentrations of n-hexadecane and n-heptane, respectively. In the case of perfluorocarbons,
membrane uptake of them is slow compared to hydrocarbons due to their relatively high
lipophobicity [158], such that partitioning of perfluoromethyldecalin into the lipid bilayer may
be less extensive compared to hydrocarbon vectors. Accordingly, increased oxygen transfer
may be the most significant factor enhancing culture performance with the presence of
perfluoromethyldecalin and perfluoro-1,3-dimethylcyclohexane.

Evidence suggests that excessive shear stress due to high agitation rates can be
detrimental to the MW of HA produced in S. zooepidemicus cultures [11, 68, 111]. The MW
increased from 1.69 MDa to 2.01 MDa as the agitation rate increased from 150 rpm to 450 rpm,
while at 700 rpm the MW declined to 1.84 MDa [68]. However, the DO was not held constant
during respective experiments at different agitation rates, and it was hypothesized that the
lower oxygen transfer rate at 150 rpm negatively affected the MW [68]. Similarly, we observed
a 58% increase in the MW of HA produced by AWO009 as the agitation rate increased from 300
rpm to 600 rpm. To distinguish between the effects of shear stress and enhanced oxygen
transfer, AW009 was cultivated at 300 rpm with supplemental oxygen to maintain the DO

concentration at 20 5% saturation (with no vector) to ensure operation above the critical DO
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level. The peak MW was within 3% (1.88 MDa; Figure 17B) and the final cell density was 9%
higher (ODsoo 24; Figure 17C), although the titer was 37% lower (2141 mg/L; Figure 17A)
compared to the cultivation at 600 rpm with no vector. Based on these observations, it appears
that a higher shear rate is not detrimental to the MW of HA produced by B. subtilis in batch
cultivations operated up to 600 rpm and, in fact, may be beneficial in maximizing the HA titer.
Maximum growth rates corresponding to optimal agitation rates have been observed in cultures
of various microorganisms [159, 160], although the maximum growth rate also corresponded
to a maximum oxygen uptake rate in Brevibacterium flavum [160]. In our study, oxygen uptake
is not limiting in cultivations operated at 300 rpm with supplemental oxygen, suggesting that
either a higher shear rate improved flux through the HA biosynthetic pathway, or excess DO
levels were detrimental to the functional expression of SeHAS or carbon flux for HA
production. An increase in the specific growth rate, cell density, and expression of certain
extracellular enzymes was observed with increasing shear rates in B. subtilis cultures [161],
indicating that a higher agitation rate could contribute to the higher growth rate and increased
HA synthesis observed during operation at 600 rpm with no vector. On the other hand, excess
DO can reduce the yields of certain recombinant proteins via oxidation of Met and Cys residues
[21], resulting in misfolding, loss of activity, and protease degradation [112, 113]. Throughout
much of the cultivation in our study, pure oxygen was needed to maintain the desired DO level.
However, the peak MW of HA did not decrease when operating at 300 rpm with supplemental
oxygen. While the functional expression of SeHAS could still be affected by pure oxygen
feeding, the control of chain length and polymerizing activity are independent functions of

SeHAS that are not coupled to one another [149]. Accordingly, further investigation is required
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to elucidate the effects of shear stress and DO levels in cultivations of HA-producing B. subtilis.
In addition, our results suggest that operating at agitation rates in excess of 300 rpm can
enhance the MW and HA titer, and that oxygen vectors can further enhance culture

performance under these conditions.
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Figure 17: Time profiles of A) HA titer, B) HA MW, C) cell density, and D) DO in cultures
of AW009. Experimental conditions: no vector and 600 rpm; 0.5% v/v n-hexadecane and
600 rpm; 1% v/v perfluoromethyldecalin and 600 rpm; or no vector, 300 rpm, and
supplemental oxygen to maintain the DO concentration at 20 = 5% saturation. Oxygen
vectors were added 2 h after inoculation. SD of duplicate samples shown in Panels A, B,
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and C.

Few reports exist on the application of oxygen vectors to microbial HA production or
biopolymer production in B. subtilis. The application of 0.5% v/v n-hexadecane to cultivations
of S. zooepidemicus for HA production resulted in a similar increase to the HA titer as observed
in our work [11]. However, the highest reported MW of 15.4 MDa in the cited study is far in
excess of any reported MWs to date, such that comparison of MW data may be not be
reasonable. n-Dodecane has also been applied to cultivations of S. zooepidemicus for enhanced
HA production [114]. The addition of 5% v/v n-dodecane resulted in a 25% increase in the HA
titer, although the maximum increase in MW of 46% was obtained at a concentration of 3%
v/v n-dodecane, with the peak MW reaching 1.9 MDa [114]. Perfluorodecalin has also been
used to enhance HA production in cultures of S. zooepidemicus, although the MW was not
assessed [22]. The addition of perfluorodecalin to 3% v/v resulted in a 32% improvement to
the HA titer, compared to a three phase agitation strategy in which the agitation speed was
increased from 200 rpm to 600 rpm, and a further increase in the perfluorodecalin concentration
reduced DO levels presumably due to an increase in culture viscosity [22]. While the
application of oxygen vectors to cultivations of S. zooepidemicus result in relative increases in
the HA titer similar to our cultivations with B. subtilis, the improvements to the MW suggest
that the functional expression of native HAS may be less sensitive to perturbations that may
affect cell membrane ordering and fluidity. n-Heptane and n-hexadecane have also been
applied as oxygen vectors to PGA production in cultures of B. subtilis [23], resulting in
respective increases in the titer of 25% and 20%, as well as respective increases in the MWs of
25% and 20%. PgsB and PgsC, which are the capsular PGA synthetase and capsular PGA
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amide ligase/translocase subunit, respectively, polymerize PGA, which is presumably
translocated out of the cell by CapA and PgsE (whose respective functions have not been
formally elucidated) with assistance from PgsC [162]. Accordingly, at least four proteins are
involved in the synthesis and translocation of PGA in B. subtilis, and this is in contrast to HA
production for which a single enzyme (i.e. HAS) is responsible [147]. Due to the autonomous
functionality of SeHAS, which is dependent on its orientation with lipids in the cell membrane
[115, 148], reordering or alteration of lipids in the cell membrane may have a more pronounced
impact on the functional expression of SeHAS, but not the elaborate PGA-producing enzyme
complex. This potentially results in markedly different effects on the MW of different

biopolymers.
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Chapter 4- Conclusions

The comparative analysis presented herein demonstrates the utility of oxygen vectors in
obtaining typical biopolymer (HA) yields in batch cultures. Here, we report the application of
oxygen vectors to the heterologous production of HA in engineered Bacillus subtilis, leading
to significantly improved culture performance. Out of seven potential oxygen vectors evaluated
in a preliminary screening, significant improvements to the HA titer and/or cell density were
observed in cultures containing n-heptane, n-hexadecane, perfluoromethyldecalin, and
perfluoro-1,3-dimethylcyclohexane. Notably, n-hexadecane was the only compound tested that
provided a substantial increase in DO levels, which remained above 10% saturation throughout
the cultivation (Figure 11D). Our results indicate that certain vectors may alter the functional
expression of Class I hyaluronan synthase (HAS) in B. subtilis. The functional expression of
HAS to maximize HA production is dependent on its specific orientation with certain lipids in
the cell membrane. Streptococcal HAS is an integral membrane protein for autonomous HA
synthesis, which is a process requiring as many as seven different functions for initiation,
elongation, and secretion of the HA chain. The relatively small size and few transmembrane
domains of streptococcal HAS suggest that they cannot facilitate pore formation for
translocation of the growing HA chain, and cardiolipin or other lipids may assist HAS in
creating an internal pore for HA translocation. Moreover, interactions between cardiolipin and
HA may add to the net retention force that keeps the HA-UDP/HAS complex together during
polymerization until a sufficient opposing force exceeds the net retention force, resulting in the
release of the growing HA chain. Longer alkanes such as n-hexadecane can align parallel to
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the acyl chains in the lipid bilayer, and, therefore, affect acyl chain packing and tilt, resulting
in a reduction in the projected area occupied per lipid molecule and an overall increase in the
degree of ordering of the lipid bilayer. The insertion of long chain alcohols (>C5) into a lipid
bilayer can increase membrane fluidity. It is possible that alterations to the lipid content of the
cell membrane of AWO009 via exposure to various oxygen vectors could modulate the
functional expression of SeHAS. Furthermore, the composition of cardiolipin acyl chains
affected SeHAS activity in vitro, such that a shift in acyl chain composition of lipids in the cell
membrane may also affect the functional expression of SeHAS and, in turn, HA production.
The interactions between smaller alkanes (e.g. n-heptane) and acyl chains disturb the
interactions between acyl chains and, in turn, reduce the ordering of the lipid bilayer. The net
effect on the structure of the lipid bilayer of AW009 may partially explain the difference in
culture performance, which seems to be largely dependent on cell growth, based on the highly
similar specific HA titers of 91.7 mg/(L-ODe0o) and 93.9 mg/(L-ODs0o) obtained in cultivations
containing optimal concentrations of n-hexadecane and n-heptane, respectively. In the case of
perfluorocarbons, membrane uptake of them is slow compared to hydrocarbons due to their
relatively high lipophobicity, such that partitioning of perfluoromethyldecalin into the lipid
bilayer may be less extensive compared to hydrocarbon vectors. Accordingly, increased
oxygen transfer may be the most significant factor enhancing culture performance with the
presence of perfluoromethyldecalin and perfluoro-1,3-dimethylcyclohexane.

Higher shear rates may drive more carbon flux through the HA biosynthetic pathway
without negatively affecting the MW. Based on these observations, it appears that a higher

shear rate is not detrimental to the MW of HA produced by B. subtilis in batch cultivations
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operated up to 600 rpm and, in fact, may be beneficial in maximizing the HA titer. Our results
suggest that operating at agitation rates in excess of 300 rpm can enhance the MW and HA titer,
and that oxygen vectors can further enhance culture performance under these conditions. Due
to the autonomous functionality of SeHAS, which is dependent on its orientation with lipids in
the cell membrane, reordering or alteration of lipids in the cell membrane may have a more
pronounced impact on the functional expression of SeHAS, potentially resulting in markedly
different effects on the MW compared with other several-enzyme driving biopolymers.
Adjustments to the vector concentration, timing of vector addition, and the agitation
rate resulted in further enhancements, with the HA titer reaching up to 4.5 g/L after only 10 h
cultivation. Our study demonstrates the efficacy of oxygen vectors to enhance heterologous
HA production in B. subtilis, and provides valuable insight for future bioprocess development
in microbial HA production. It is possible that the usage of proper oxygen vectors in the future
studies and industry can obtain a relatively substantial improvement of the quality and quantity

of bioproducts.
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