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Abstract

Oil spills pose severe threats to marine ecosystems and coastal communities. Alcanivorax borkumensis SK2, a marine bacterium
with superior hydrocarbon-degrading capabilities, emerges as a promising agent for bioremediation. This study identified an
economical growth substrate for A. borkumensis SK2 and led to highly viable cell powder formulations for effective applications in
contaminated marine environments. Various non-hydrocarbon substrates were evaluated to replace the costly sodium pyruvate,
revealing that canola oil and sunflower oil gave biomass levels (optical density) four times higher than sodium pyruvate (20 + 2 and
20 + 1, compared to 4.6 + 0.4, respectively). Freeze-drying and spray-drying approaches were investigated to produce a viable cell
formulation. Two screening campaigns of potential freeze-drying cryoprotectants showed that the proprietary blend of Proventus
Bioscience Inc. (Proventus) and 0.5 M glutamate ensured the highest viability, with 2 + 1x10'° and 1.1 + 0.3 x 10'° CFU/g, after
the first screening, and 1.0 + 0.5 x 10'° and 6 + 2 x 10° CFU/g after the second screening. Differential scanning calorimetry (DSC)
analysis demonstrated a 9%-15% reduction in ice formation with cooling rates from 5 to 10°C/min. Glutamate reduced ice formation
by 5%-9% compared to Proventus’ solution. To promote cell viability during A. borkumensis SK2 freezing and freeze-drying, the
best product temperatures were determined to be —65°C with 0.5 M glutamate and —59°C with Proventus’ blend. Spray-drying
resulted in cell powders with a viability up to 1.0 + 0.7 X 10° CFU/g, considerably lower than the levels obtained by freeze-drying,
indicating some potential but also the need for further research and optimization.

1 | Introduction Mexico [3]. This incident had moderate to severe consequences
on the coral nearby [4].

From 1970 to 2022, approximately 5.88 million tons of oil were

spilled from ships transporting oil [1]. Such spills have devastating
consequences on marine ecosystems and coastal populations. The
2002 Prestige oil spill released 63,000 tons of oil near Galicia in
Spain [1]. This incident led to the complete loss of all mollusk
species on affected beaches and a significant decline in polychaete
species [2]. In 2010, the explosion on the Deepwater Horizon
drilling rig spilled 4.9 million barrels of crude oil into the Gulf of

To address such environmental disasters, oil spill remediation
techniques have been developed, broadly categorized into three
groups. The physical methods, such as booms [5] and skimmers
[6], focus on controlling the spread of oil without altering its
composition. Often used with physical approaches, chemical
methods involve dispersants helping breaking down oil into
smaller droplets, facilitating natural microbial degradation [7].

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.

© 2025 The Author(s). Biotechnology and Applied Biochemistry published by Wiley Periodicals LLC on behalf of International Union of Biochemistry and Molecular Biology.

Biotechnology and Applied Biochemistry, 2025; 0:1-15
https://doi.org/10.1002/bab.70009


https://doi.org/10.1002/bab.70009
https://orcid.org/0009-0001-2600-4072
https://orcid.org/0000-0001-6659-3695
mailto:Patrick.Vermette@USherbrooke.ca
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/bab.70009
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fbab.70009&domain=pdf&date_stamp=2025-07-07

The last is bioremediation, where microorganisms metabolize oil
into biomass, carbon dioxide, water, and heat [8], and is garnering
increasing interest due to its ecological potential.

One prominent microbial candidate is Alcanivorax borkumen-
sis SK2, a marine bacterium known for its strong ability to
degrade alkanes [9]. Following an oil spill, its population greatly
increases, even becoming dominant [10-12]. A. borkumensis SK2
metabolism is centered on the conversion of hydrocarbons into
energy [13, 14]. Indeed, in the presence of alkanes as the sole
source of carbon and energy, A. borkumensis SK2 can upregulate
the enzymes responsible for their metabolization [13].

A. borkumensis SK2 can degrade a variety of hydrocarbons,
including linear alkanes with carbon chain length from C5 to
C33 [15], branched alkanes [16], BTEX, motor oils [17], diesel,
biodiesel, rapeseed oil [18], aliphatic hydrocarbons [19], as well
as alkylated and non-alkylated polycyclic aromatic hydrocarbons,
excluding naphthalene compounds [20].

The general goal of this study was to develop a cost-effective pro-
cess to produce highly viable A. borkumensis SK2 powders. This
bacterium was selected to meet the technological needs of our
industrial partner, who aims to transform it into a commercially
successful product for bioremediation and for its broad versatility
in hydrocarbon degradation. Unlike most existing research on
A. borkumensis SK2, which focuses on the production and
formulation of its enzymes involved in hydrocarbon degradation,
this study presents a novel approach aimed at directly producing
the bacterium itself [17, 21, 22, 23].

The primary specific objective was to identify a cost-effective
growth substrate for A. borkumensis SK2. The current method,
utilizing sodium pyruvate, though effective, is costly. By iden-
tifying a more economical alternative substrate that maintains
or enhances biomass yield, the production process can become
more viable. Sodium pyruvate is one of the rare non-hydrocarbon
substrates for A. borkumensis SK2 growth [19, 24]. Among the
potential alternatives are formate [19], acetate [19, 24], propionate
[19, 24], methylpyruvate and a-ketoglutarate [19], a-, B- and
y-hydroxybutyrates [19], as well as peptone [25].

The second specific objective was to develop unit operations
for producing A. borkumensis SK2 powders with high viability,
exploring processes such as freeze-drying and spray-drying.
Formulating A. borkumensis SK2 into a highly viable powder is
necessary for its commercialization and applications. To date,
no study has focused on the powdered production of A. borku-
mensis SK2. By addressing the challenges of substrate cost, use
of cryoprotectants during freeze-drying, and dry cell powder
production by spray-drying, we aimed to facilitate the com-
mercialization of A. borkumensis SK2 for various environmental
applications.

2 | Materials and Methods
2.1 | Bacterial Strain and Culture Maintenance

A. borkumensis SK2 was acquired from the German Culture
Collection (DSMZ No. 11573, Braunschweig, Germany). Before

inoculum preparation, the bacterial culture was carefully main-
tained at a constant temperature of 4 + 1°C (for a maximum of
2 weeks) to ensure viability and stability between experiments.

2.2 | Growth Medium Composition and
Sterilization

The liquid growth medium used for all experiments was com-
posed of 23 g NaCl (Fisher Scientific), 1.47 g CaCl, (Fisher
Scientific), 0.89 g Na,HPO,-7H,0O (Fisher Scientific), 5 g KNO,
(Sigma-Aldrich), 0.10 g FeSO,-7H,O (Fisher Scientific) and 12 g
MgSO,-7H,0 (Fisher Scientific) per liter of distilled water. This
mix was inspired from the 809 Medium (DSMZ, Braunschweig,
Germany). Care was taken to add each component individually
and allow sufficient time for complete dissolution, thus mini-
mizing the risk of precipitation. The medium was subjected to
sterilization at 121°C for 40 min.

Additionally, agar plates were employed to assess viability. Agar
plates were composed of 23 g NaCl, 147 g CaCl,, 0.89 g
Na,HPO,-7H,0, 5 g KNO;, 0.10 g FeSO,-7H, 0, 12 g MgSO,-7H, 0,
and 10 g of agar (Fisher Scientific) per liter of distilled water.
To ensure appropriate pH, the medium was carefully adjusted
to 7.5 using an NaOH (Fisher Scientific) solution. The medium
was subjected to the same rigorous sterilization process, 121°C for
40 min.

2.3 | Screening of Growth Substrates for A.
borkumensis SK2

2.3.1 | Substrate Selection and Preparation

To investigate the metabolic versatility of A. borkumensis SK2,
seven substrates were selected. Sodium acetate trihydrate (Fisher
Scientific) was used as a 40% w/v stock solution, sodium pyruvate
(Fisher Scientific) as a 10% w/v stock solution, and peptone
(Fisher Scientific) as a 10% w/v stock solution. All these solutions
were filtered through a 0.2-micron filter before use. The study also
included the evaluation of heavy mineral oil USP (United States
Pharmacopeia norm) (Personnelle trademark, Jean-Coutu), light
mineral oil USP (Fisher Scientific), sunflower oil (SOLEIL D’OR),
and canola oil (Compliments trademark, IGA [Sobeys]), which
were all autoclaved for 40 min at 121°C.

2.3.2 | Experimental Setup

Each condition entailed 100 mL cultures in 500 mL Erlenmeyer
flasks with baffles. Following preparation and sterilization of
the culture medium, the respective substrates were added to the
flasks. Each flask was inoculated with a 3% v/v inoculum of an A.
borkumensis SK2 culture grown on sodium pyruvate (1% w/v) for
3 days at 30°C and 240 rpm.

Subsequently, the 15 flasks for each of the two screening cam-
paigns were incubated at 30°C and 240 rpm for 7 days. During
incubation, three samples were collected from each flask at
regular intervals, and their absorbance was measured three
times at 600 nm, with distilled water as the blank. Manual

Biotechnology and Applied Biochemistry, 2025

85U8D17 SUOWILLIOD BAFes1D 3|qedljdde 8Ly Aq pauienob are 9ol VO ‘8SN 4O Sa|nJ Joj ARIqIT 8UIIUO AB]1M UO (SO pUOD-PpUe-SWLs)Wd" A | 1M Afe.q 1 BuI|UO//:SdRY) SUORIPUD PUe SWwie | 8L} 88S *[G202/60/TT] Uo Areiq)TauliuO A8|IM ‘6000 GeA/Z00T OT/I0P/W00 A8 1M Alelq1jeul|UO"qign //Sny wouy papeo|umod ‘0 ‘vi7/80L7T



homogenization was done between each measurement to obtain
the most representative result possible, even in the presence of
aggregates and foam, which are commonly observed in these
cultures.

2.4 | Cryoprotectant Screening #1
2.4.1 | Cryoprotectants Selection and Preparation

A representative cryoprotectant from each category, namely
glutamate (amino acid), mannitol (sugar alcohol), and betaine
(osmolyte), was chosen. These cryoprotectants were tested at two
different concentrations, 0.5 and 0.05 M, to evaluate the impact
of concentration on viability after freeze-drying. For sample
preparation, D-mannitol (Fisher Scientific) (later referred to as
mannitol) solutions were prepared at concentrations of 0.1 and
1 M, as well as L-glutamic acid monosodium salt monohydrate
solutions (Fisher Scientific) (later referred to as glutamate) at 0.1
and 1 M. To prevent a potential osmotic shock, these solutions
also contained 1% w/v NaCl (Fisher Scientific) and underwent
sterilization by autoclaving at 121°C for 30 min.

Likewise, betaine monohydrate (Acros Organic) (later referred
to as betaine) solutions at 0.1 and 1 M were prepared, each
also containing 1% w/v NaCl. To ensure sterility, these solu-
tions were filtered through 0.2 um filters. Additionally, the
double-concentrated cryoprotective solution from Proventus was
prepared and sterilized according to Proventus’ practices, for
comparison purposes. The composition of the Proventus’ cry-
oprotective solution is, however, a trade secret.

2.4.2 | Bioreactor Production and Formulation

A 50 L bioreactor (Micro-Giant Bioengineering Co. LTD, model
MGB-SV50) with a working volume of 10 L was used and
inoculated at 3% (v/v). The inoculum was a 1% (w/v) canola oil
A. borkumensis SK2 culture incubated for 5 days at 240 rpm and
30°C.

The bioreactor was equipped with a programmable logic con-
troller (PLC) system and sensors to manage temperature, dis-
solved oxygen, pH, airflow, foam formation, agitation speed, and
pressure. The PLC control was integrated with a supervisory
control and data acquisition (SCADA) system for automatic
parameter control. The agitation shaft was mounted with tree
Rushton turbines (@ = 126 mm). Calibration of the oxygen
sensor was conducted in two steps: First, with N, to achieve 0%
saturation, and second, with air to achieve 100% saturation. The
pH probe (Hamilton) underwent a thorough calibration process
using pH 4 and pH 7 buffers (Fisher Scientific). All probe and
sensor calibrations were completed prior to sterilization.

The composition of the growth medium was the same as previ-
ously described, and the substrate was 1% (w/v) canola oil. To
ensure a dissolved oxygen level above 40%, a cascade control
system was used to adjust the airflow rate. pH was maintained at
7.5 using a computer-controlled fermentation setup. The mixing
power was 5.6 W/L (400-450 rpm). Water circulation through
the bioreactor jacket allowed maintaining the temperature at 30

+ 2°C. The starting air flow rate was 5 L/min, and the pressure
was consistently held at 0.1 bar. The silicone-based antifoam SE-
15 (Sigma-Aldrich), concentrated at 50 g/L (sterilized at 121°C,
20 min), was used as defoamer, and its addition was done using
an automatic foam control system.

For pH regulation, water was sterilized (121°C, 20 min) before
adding NaOH (VWR) to achieve a 4 M solution, and the same
procedure was followed for the H;PO, 2 M (Alphachem Limited)
solution. To compensate for water loss during sterilization at
121°C for 30 min, a total of 11 L of growth medium was initially
prepared. During fermentation, Gram staining and optical den-
sity measurements at 600 nm were conducted to monitor culture
purity and evaluate biomass level. A culture sample was taken at
the end of the fermentation to assess pre-lyophilization viability.
The culture was harvested and subjected to centrifugation (20,000
X g, 20 min, 4°C), and the volume was carefully adjusted
with 1% w/v saline to obtain a 20x concentrate. The resulting
concentrate was subsequently mixed in equal parts with the
previously described cryoprotectant solutions to achieve a final
concentration of 10x bacteria and either 0.05 M (C1) or 0.5 M
(C2) of the tested cryoprotectants. Additionally, the concentrate
was combined in equal parts with Proventus’ cryoprotectant
blend. The samples were gently mixed and allowed to sit for
30 min to facilitate interactions between the cryoprotectant and
the bacteria. Everything was done in duplicate.

The resulting samples were frozen and lyophilized (Epsilon
2-10D LSC plus, Martin Christ Freeze Dryers) according to
the predefined program of Proventus for A. borkumensis SK2
(Figure S1). The resulting powders were collected, their moisture
content measured (Halogen Moisture Analyzer HE73, METTLER
TOLEDO) and stored at 4°C for 20 days in closed containers.
Afterwards, they were rehydrated with 9 mL of a 1% (w/v) NaCl
solution per gram and activated by agitation at 340 rpm for 2 h. A
tenfold serial dilution of the resuspended bacteria was prepared
using a 1% (w/v) NaCl solution and plated in duplicate. Plates
were incubated at 30°C for 5 days, after which colony-forming
units (CFU) were enumerated.

2.5 | Cryoprotectant Screening #2

Here, the following cryoprotectants were tested: Proventus’
cryoprotective solution and L-glutamic acid monosodium salt
monohydrate (glutamate) at concentrations of 0.05 M (C1),
0.275 M (C2) (newly tested intermediate concentration), and
0.5 M (C3). The other modifications will be specified in the
Results and Discussion section.

2.6 | Differential Scanning Calorimetry Analysis

A 100 mL volume of culture medium containing 1% canola
oil was inoculated at 5% (v/v) and incubated at 30°C and
240 rpm for 4.75 days. The culture was subsequently concentrated
by centrifugation (20 min at 13,250 x g, 4°C), and the pellet
resuspended in saline 1% w/v, yielding a 16-fold increase in
biomass concentration. The resulting 16X concentrate was then
formulated by mixing it in equal parts with two cryoprotectant
solutions:
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* L-Glutamic acid monosodium salt monohydrate (98%,
Thermo Scientific) (glutamate) 1 M and 1% (w/v) sodium
chloride (Anachemia);

* Proventus’ double-concentrated cryoprotection blend.

Both cryoprotectant solutions were sterilized at 121°C for 30 min
prior to use. The 16X concentrate and the cryoprotectant solu-
tions were also combined in equal parts with a NaCl 1% (w/v)
solution, which was also sterilized at 121°C for 30 min. The
thermal behavior of each designed mixture was examined using
differential scanning calorimetry (DSC) with the DSC 3+ from
Mettler Toledo (Schwerzenbach, Switzerland), cooled with liquid
nitrogen, based on the heat flux principle. Multi-point calibration
of heat flow and temperature was performed with zinc (Zn),
indium (In), water (H,0), and n-octane (nOct) as standards;
melting points (m.p.) in °C: 419.59 (Zn), 156.60 (In), 0.00 (H,0),
—56.87 (nOct); specific melting enthalpies in J/g: 104.75 (Zn), 28.31
(In), 336.93 (H,0), 175.58 (nOct), Mettler-Toledo Calibration Kit,
ME-51140313. A calibration check was performed with indium
(In). The precise weight of the indium pellet was recorded, and
the sample was hermetically sealed in 40 pL aluminum pans (DSC
Consumables). An empty, sealed aluminum pan was used as a
reference. Between 30 and 40 mg of solutions per pan were used.

DSC analyses were performed in triplicate with three different
freezing rates (5°C/min, 10°C/min, 15°C/min) and the same
heating rate (10°C/min). The cycles started at 20°C, proceeded to
cool to —80°C, held for 5 min, and then proceeded to heat to 20°C.
Each sample was subjected to a single cycle.

The same DSC cycles were also applied in triplicate to distilled
water to compare its thermal behavior with the tested formula-
tions. However, the final heating temperature of the cycles was
increased to fully observe ice melting.

The Midpoint ISO method was employed to determine the
temperatures of the glass transitions. In most cases, the glass
transition was difficult to observe, and the first derivative of
the heat flow curve was used to clearly assess the transition
temperature. The onset and endset temperatures were used
to describe crystallization. The melting onset temperature was
utilized to describe it, while the specific melting enthalpy was
employed to evaluate the percentage of crystallinity, with 100%
crystallization in distilled water as reference.

2.7 | Spray-Drying

Preliminary tests were conducted to select a formulation and
parameter sets that would allow the spray-drying of A. borku-
mensis SK2 without excessive nozzle clogging. Approximately
200 mL of a 1% (w/v) canola oil culture medium were inoculated
at 5% (v/v) and incubated at 30°C and 240 rpm for 4 days.
The culture was then combined with a 30% (w/v) maltodextrin
(Sigma Aldrich, dextrose equivalent 4.0-7.0) solution and a 1.93%
(w/v) NaCl solution (sterilized at 121°C for 40 min), resulting
in mixtures comprising 10% (v/v) A. borkumensis SK2 culture,
15% (w/v) maltodextrin, and approximately 1% (w/v) NaCl.
These mixtures, of 200 mL each, were spray-dried, while being
agitated with a sterilized magnetic stirrer, using a BUCHI Mini

Spray Dryer, model B-290 (Flawil, Switzerland) in a co-current
configuration, with a two-fluid nozzle. Three sets of operational
parameters were tested. Each set of conditions was carried out in
duplicate, and before each new set, the spray-dryer and the nozzle
were thoroughly cleaned and sterilized by circulating air at an
input temperature of 195°C for 30 min. Between each duplicate,
approximately 150 mL of sterile distilled water (sterilized at 121°C
for 40 min) were spray-dried to prevent nozzle clogging and to
stabilize parameters before proceeding to the next culture spray-
drying. The resulting powders were collected, their moisture
content measured (i-Thermo G163L), and stored overnight at 4°C.
Subsequently, they were rehydrated with 9 mL of a 1% (w/v) saline
solution per gram and activated by agitation at 340 rpm for 90 min
at 30°C. A 10-fold serial dilution of the resuspended bacteria was
prepared using a 1% (w/v) NaCl solution and plated in triplicate.
Plates were incubated at 30°C for 7 days, after which CFU were
enumerated.

3 | Results and Discussion
3.1 | Screening of Growth Substrates

Canola oil and sunflower oil emerged as the two most promising
substrates for subsequent work. The optical densities obtained
with these substrates were approximately four times higher than
those achieved with sodium pyruvate (Figure 1). Specifically, after
150 h, sodium pyruvate yielded an optical density of 4.6 + 0.4,
while canola oil and sunflower oil resulted in optical densities of
20 + 2 and 20 =+ 1, respectively.

To date, no substrate capable of achieving such high optical
densities with A. borkumensis SK2 has been identified. In the
literature, optical densities of up to 1.6 have been reported after
60 h using hexadecane as the sole carbon and energy source
[26]. Similarly, optical densities of approximately 1.8 had been
observed after 6 days of fermentation with peptone at 500 mg/L
[25], similarly to our results after 167 h. Regarding the other
substrates, sodium acetate yielded an optical density of 2.7 + 0.2
after 167 h, while heavy and light mineral oil resulted in optical
densities of 5.7 + 0.2 and 11 + 5, respectively.

Both sunflower oil and canola oil gave similar growth curves,
with comparable standard deviations (Figure 1). Furthermore,
sunflower oil and canola oil have very similar molar masses,
with values of 876 g/mol [27] for sunflower oil and 877 g/mol
[28] for canola oil. Therefore, both sets of replicates received
an equivalent amount of oil at the molecular level, making it
inappropriate to differentiate between these two substrates based
on molecular mass alone.

However, it is worth noting that sunflower oil is at least twice
as expensive as canola oil. Indeed, the wholesale price per ton of
canola oil is approximately $2585 USD [29], whereas the price for
sunflower oil is approximately $6190 USD per ton [30]. Therefore,
canola oil was selected for the subsequent studies as it brings a
significant reduction in substrate cost. The wholesale price per
ton of sodium pyruvate 99% was $13,716 USD [31], so the substrate
price reduction is approximately 88%, or a four-fold decrease in
substrate cost. This analysis is only for comparison purposes, and
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FIGURE 1 | Growth curves of Alcanivorax borkumensis SK2 on various sources of carbon and energy. The results are means based on data from

triplicates, and standard deviations are indicated by vertical bars. PEP: peptone 1% w/v; SAT: sodium acetate trihydrate 1% w/v; PS1: sodium pyruvate

1% w/v first screening; PS2: sodium pyruvate 1% w/v second screening; HMO: heavy mineral oil USP 1% w/v; LMO: light mineral oil USP 1% w/v; SO:

sunflower oil 1% w/v; CO: canola oil 1% w/v.

proper cost analysis should be performed with pricing adapted to
industrial-scale production.

3.2 | Cryoprotectant Screening #1
3.2.1 | Fermentation #1

Growth was faster in the bioreactor (Figure 2). In flasks, the
lag phase lasted approximately 24 h, followed by an exponential
phase of about 72 h (Figure 1). In contrast, the bioreactor data
showed a drop in dissolved oxygen right at the start of the
fermentation (Figure 3), suggesting the absence or a very short
lag phase. This difference could be attributed to several factors,
such as improved mass and heat transfer dynamics favoring
oxygen transfer and solubilization. A. borkumensis SK2 has been
described as particularly sensitive to low oxygen levels [22]. A
recent study has also observed that this bacterium grew faster in
a bioreactor [24]. More effective mixing and improved substrate
emulsion in the bioreactor were proposed as reasons for this.
In our case, this likely resulted in smaller canola oil droplets,
increasing the contact surface between the bacteria and the
substrate, as observed in the previously mentioned study.

Moreover, it is noteworthy that the culture underwent an interest-
ing transition after 36-40 h of fermentation (Figure 3), suggesting
a shift to the stationary state. Similar findings were observed in
a 150-L bioreactor using 5% (v/v) motor oil as substrate, where

= = N N
o (5] o [5,]

Optical demsity (600 nm)
(%,

0 20 40 60 80
Time (hours)

100 120

FIGURE 2 | Growth curve of Alcanivorax borkumensis SK2 on 1%
(w/v) canola oil as the sole carbon and energy source in a 50-L bioreactor
with a working volume of 10 L (Fermentation #1). Results are means from
triplicates, with standard deviations indicated by vertical bars. The 10 L
used did not prohibit effective mixing and measurements of pH, dissolved
oxygen, etc.

the decrease in dissolved oxygen concentration correlated with
the exponential phase, and growth stabilization after 40 h was
associated with a transition to the stationary phase [22]. The drop
in optical density at the end of the fermentation process could
be attributed to several factors: wall growth, excessive foaming,
and/or cell aggregation [24].
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FIGURE 3 | Monitoring of dissolved oxygen and pH during Fermentation #1. Gray curve, dissolved oxygen; black curve, pH.
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FIGURE 4 | Viability of Alcanivorax borkumensis SK2 after freeze-drying with different cryoprotectants at concentrations of 0.05 M (C1) and 0.5 M
(C2), compared to Proventus’ cryoprotectant blend. The absence of a vertical bar indicates that the bacterial count was below the detection limit, as
plating was initiated from the 107> dilution. The results represent the means obtained from duplicates, with standard deviations indicated by vertical

bars.

3.2.2 | Post-Lyophilization #1

The cryoprotectants were selected based on scientific literature,
approximate cost, and specific properties. To the best of our
knowledge, no study has been conducted on the freeze-drying
of A. borkumensis SK2 with cryoprotectants. Therefore, a repre-
sentative cryoprotectant from each category was tested. Figure 4
illustrates the protective effect of these four cryoprotectants

at concentrations C1 (0.05 M) and C2 (0.5 M). Glutamate C1
(0.05 M), mannitol C1 (0.05 M), mannitol C2 (0.5 M), betaine
C1 (0.05 M), and betaine C2 (0.5 M) did not support the
survival of A. borkumensis SK2 or resulted in survival rates too
low to be detectable after lyophilization. Conversely, Proventus’
cryoprotective blend and Glutamate C2 demonstrated by far the
highest survival rates, with viable counts of 2 + 1x10'° and 1.1 +
0.3x10'° CFU/g, respectively. These findings strongly suggested
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that a higher concentration of glutamate is highly favorable for
A. borkumensis SK2 survival, as Glutamate C1 gave no or low
viability compared to Glutamate C2. Therefore, further investiga-
tions to test the effect of intermediate concentrations of glutamate
between Cl1 and C2 on bacterial survival were performed.
These results are presented under Cryoprotectant Screening #2.
Comparatively, 15% (w/v) lactose and 10% (w/v) mannitol were
tested as single cryoprotectants for another marine bacterium,
Pseudoalteromonas nigrifaciens, yielding survival rates of 17.05%
and 17.53%, respectively [32]. So, mannitol was beneficial for
P. nigrifacens but not so much for A. borkumensis SK2. This
highlights the species-dependent nature of cryoprotectants.

The residual moisture level of A. borkumensis SK2 powders,
after freeze-drying using various cryoprotectants at two different
concentrations, ranged from 1.5% + 0.5% to 1.84% + 0.06%
for the C1 (0.05 M) concentration (Figure S2). The Mannitol
C2 (0.5 M) formulation displayed the lowest residual moisture
content, 0.88% = 0.05%, followed by the betaine C2 formulation,
with 1.04% + 0.01% moisture. Conversely, the Glutamate C2
formulation showed the highest residual moisture, 4.3% + 0.3%.
Prior research suggested that a residual moisture content of 2.8%-
5.6% promoted Lactobacillus salivarius survival during storage
[33], while another study found that 5% residual moisture was
optimal for preserving Lactobacillus acidophilus for 3 months
at 37°C [34]. Thus, residual moisture levels obtained for A.
borkumensis SK2 appear suitable for long-term storage. Stability
tests over weeks or even months will be necessary to determine
the exact influence of these residual moisture levels on viability.

3.3 | Cryoprotectant Screening #2

In the first lyophilization experiment, the cryoprotectants,
namely 0.5 M glutamate and Proventus’ proprietary blend,
demonstrated promising cell survival. Furthermore, growth was
observed to be faster in the bioreactor compared to flasks, suggest-
ing that the harvesting occurred during the stationary phase. The
time of harvest may influence cell survival after lyophilization, as
different bacteria respond differently [35]. Therefore, this second
freeze-drying trial included an intermediate concentration of
glutamate (0.275 M) alongside the previously tested concentra-
tions of 0.5 and 0.05 M, as well as Proventus’ cryoprotectant
blend for comparison purposes, together with evaluating the
effect of harvesting at the end of the exponential phase on
post-lyophilization cell viability. To evaluate the effect of culture
phase on viability, the fermentation period was shortened to 41 h
from the original 113 h to enable harvesting at the end of the
exponential phase, rather than during the stationary phase.

Additionally, the role of glutamate concentration on cell viability
was rigorously investigated using smaller plating dilutions for
the C1 (0.05 M) concentration to better understand the impact
of glutamate concentration on viability. This was particularly
important given the absence of viable cells for the C1 concen-
tration in the first trial, where only dilutions from 10~> were
plated. The initial goal was to screen for cryoprotectant types and
approximate effective concentrations that could support a viable
production bioprocess. This follow-up trial aimed to refine the
concentration range to enhance cell survival after freeze-drying.

3.3.1 | Fermentation #2

In the first fermentation, the pH began to drop at 32 h and
stabilized between 7.3 and 7.4 at 36 h (Figure 3). In comparison,
the pH in the second fermentation dropped slightly between 32
and 33 h and then stabilized between 7.4 and 7.5 (Figure 5).
So, the pH profile in both fermentations was similar, suggesting
that the exponential phase likely ended at around the same
time. The optical density measurements must be seen as semi-
quantitative results. The reason for this is the partial hydrophobic
nature of A. borkumensis SK2, which facilitates its access to
the oil-water interface by reducing the interfacial tension when
in contact with a hydrophobic substrate [36]. This interaction
initiates the synthesis of a biofilm, forming clusters of various
sizes held together by extracellular polysaccharides, leading to
the formation of aggregates [36]. Biofilm formation and floccu-
lation, possibly caused by biofilm clusters, have been previously
observed with a hydrophobic substrate in stirred-tank bioreactors
[24]. This phenomenon appeared to have occurred during the
fermentation, albeit more intensely than during the first fermen-
tation. Indeed, the rheological behavior of the culture and the
resulting cell concentrate was distinctive. The cells exhibited high
hydrophobicity, causing rapid separation from the aqueous phase
(Figure S3). The concentrate was even challenging to homogenize
due to A. borkumensis SK2’s tendency to aggregate and form flocs,
resulting in a highly elastic behavior (seemed to hold together as
one and regained its form instantly after deformation). Therefore,
to achieve an even distribution of bacteria in the freeze-dried
samples, a 16X concentrate was used instead of a 20X concentrate.

Finally, it can be concluded that a cultivation time longer than 40—
41 h does not seem to enable greater production of A. borkumensis
SK2 cells (Figure 6). As a result, fermentation duration is no
longer the bottleneck of the newly proposed process.

3.3.2 | Post-Lyophilization #2

As clearly shown in Figure 7, Glutamate C1 (0.05 M) is not
suitable for supporting the production of a highly viable A. borku-
mensis SK2 powder following freeze-drying. However, Glutamate
C3 was much more promising, essentially almost as good as
Proventus’ cryoprotectant blend with 5 + 1 x 10° and 1.0 + 0.4
x 10'° CFU/g, respectively.

During this trial, the rheological behavior of the culture and
its concentrate exhibited unique characteristics, as previously
mentioned. The rehydrated bacteria exhibited a similar behavior,
forming flocs and sedimenting within seconds, which likely
resulted in an underestimation of post-lyophilization viability.
Given these observations, glutamate 0.5 M and Proventus’ blend
appeared to be the most promising cryoprotectants for further
studies, based on both these new and previous results.

Regarding moisture levels, the formulation containing Glutamate
C2 (0.275 M) exhibited the highest residual moisture content
(2.40%), followed by C3 (0.5 M) (1.65%), C1 (0.05 M) (1.32%), and
Proventus’ blend (0.90%) (Figure S4). As previously mentioned,
these moisture levels fall within the acceptable range for storing
freeze-dried A. borkumensis SK2 powders.
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FIGURE 5 | Dissolved oxygen and pH profiles (Fermentation # 2). Gray curve, dissolved oxygen; black curve, pH.
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FIGURE 6 | Growth curve of Alcanivorax borkumensis SK2 on 1%
(w/v) canola oil as the sole carbon and energy source in a 50-L bioreactor
with a working volume of 10 L (Fermentation #2). An alternative
defoamer was used, 5% polypropylene glycol 2000 (Dow) solution auto-
claved at 121°C for 20 min due to a supply shortage. Results are means
from triplicates, with standard deviations indicated by vertical bars.

3.4 | DSC Analysis

The operating temperature influences the viability of microorgan-
isms during lyophilization in several ways [37]. First, if freezing,
the first step of lyophilization, is performed at a higher tempera-
ture than the bacterial glass transition temperature (7g’), the cells
remain active [38], allowing water to diffuse from the intracellular
environment to the extracellular environment, increasing ice
formation and cell dehydration. Excessive dehydration may cause
damage to cellular structures and lead to additional mortality [37].

Second, it is crucial to preserve the bacterial glassy state and
its freeze-concentrated solution (FCS) during primary drying in

lyophilization [37, 39]. This is achieved by selecting lyophilization
operating parameters (pressure and shelf temperature) that keep
the product temperature always below the Tg’ [40]. Lyophiliza-
tion at a higher temperature than the Tg’ can cause osmotic
exchanges between the cells and their immediate environment
[38]. This leads to significant water loss and avoidable additional
mortality, as the cells are exposed to an increasingly concentrated
environment during primary drying [38].

Therefore, selecting an appropriate freezing and primary drying
temperature is essential to optimize viability in lyophilization.
This temperature must be lower than the microorganism Tg’ to
avoid the adverse effects described above. In this regard, DSC tests
were undertaken to determine the glass transition temperature
of A. borkumensis SK2 suspensions and to assess the impact of
freezing rate on thermal phenomena. Additionally, the influence
of cryoprotectants on the thermal behavior of A. borkumensis SK2
8% suspensions, and vice versa, was investigated.

3.4.1 | Crystallization and Melting Analysis

DSC data analysis facilitated the determination of crystallization
and melting events for various formulations of A. borkumensis
SK2 at three different freezing rates, as well as for the cryopro-
tectants alone. Reducing the freezing rate resulted in an increase
in the freezing point of the products, whatever its composi-
tion (Table 1). However, freezing is a complex crystallization
phenomenon, influenced by both kinetics and thermodynamic
factors such as nucleation and cohesive energy [41]. Due to this
complexity, the cooling curves obtained for all samples did not
reveal a clear trend regarding the precise effect of the presence or
absence of cryoprotectants on the crystallization behavior of A.
borkumensis SK2 suspensions. This lack of trend is attributed to
the unpredictable kinetic phenomena involved.

The 8x concentrate was the only experimental condition to
display two distinct melting events (Figure S5 and Table 1). The
second melting event is associated with a secondary crystalline
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FIGURE 7 | Viability of Alcanivorax borkumensis SK2 after freeze-drying with glutamate at concentrations of 0.05 M (C1), 0.275 M (C2), and 0.5 M
(C3), compared to Proventus’ cryoprotectant blend. The samples were stored for 21-24 days at 4°C before rehydration. Gray bars, results adjusted for 20x
concentrate (previously used culture concentration); black bars, non-adjusted results (16x concentrate, current concentration). The adjustment for a 20x
concentrate was performed by multiplying the viability results by 20 and dividing by 16. Data represent means obtained from duplicate, with standard
deviations indicated by vertical bars.

TABLE 1 | Melting and crystallization temperatures of a Alcanivorax borkumensis SK2 8x concentrate in the presence and absence of
cryoprotectants, as well as cryoprotectants alone, under various freezing rates.

Specific Specific Primary Primary
Melting #1 melting  Melting #2 melting crystallization crystallization
(onset) enthalpy #1 (onset) enthalpy #2 (onset) (endset)
Formulation  Freezing rate ({9 J/g) o) J/g) ({9} (o)
8x AB? 15°C/min -33+0.3 245+ 15 —-26.5+0.3 24+05 -21+5 -32+3
10°C/min -3.6+0.1 243 + 11 —26.5+ 0.1 23+0.2 -20+2 -26+1
5°C/min -3.6 £0.1 255+ 6 —-26.4+0.3 2.0+0.6 =18 +2 -21+1
8x AB + Glu?* 15°C/min -75+0.2 205+3 N/A N/A —-243+04 -35+1
10°C/min -79+0.2 207 +5 N/A N/A -21+3 —28+2
5°C/min -75+03 205+ 3 N/A N/A -17+3 —21+2
Prov + 8x AB* 15°C/min -41+04 224 +18 N/A N/A -23+1 —33+2
10°C/min —42+0.2 226 +9 N/A N/A -18 +1 -25+1
5°C/min -41+01 232 +1 N/A N/A -20=+1 -22+1
Glu® 15°C/min —7.28 +0.03 234 +5 N/A N/A -30+3 —37+2
10°C/min —7.42 + 0.03 237+ 4 N/A N/A -20+5 -26+4
5°C/min -7.6 +0.1 240 + 8 N/A N/A -17+1 -20+1
Prov* 15°C/min -3.9+02 262 +10 N/A N/A -20+2 -29+2
10°C/min —-4.0+0.2 265+13 N/A N/A -17+3 -22+2
5°C/min —4.00 +0.03 268 +5 N/A N/A =17 +2 -19+1
Distilled water 15°C/min 3+4 336 +11 N/A N/A -22.7+03 -31+1
10°C/min 1x1 338 +7 N/A N/A -22+1 —26+2
5°C/min 2+1 295 +21 N/A N/A -19+1 -21.8+£0.3

48x AB: Eight-fold concentrated A. borkumensis SK2 culture with 1% (w/v) sodium chloride; 8x AB + Glu: 0.5 M glutamate with 1% (w/v) sodium chloride and
eight-fold concentrated A. borkumensis SK2 culture; Prov + 8x AB: Proventus’ proprietary cryoprotective blend with 0.62% (w/v) sodium chloride and eight-fold
concentrated A. borkumensis SK2 culture; Glu: 0.5 M glutamate with 1% (w/v) sodium chloride; Prov: Proventus’ proprietary cryoprotective blend with 0.62% (w/v)
sodium chloride.

“N/A” indicates that no detectable results were obtained for this condition.
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phase. This phase is hypothesized to arise from interactions
between the bacteria and water, resulting in a concentrated
interphase. The energy of interactions within this interphase
is lower than that within water crystals alone, leading to a
notably low melting temperature (approximately —26.5°C). Cryo-
SEM analyses could offer further insights into the composition
of this secondary crystalline phase. The absence of secondary
crystallization, representing this second phase, may be attributed
to kinetic phenomena, such as the lack of nucleation sites
to generate different crystals. Alternatively, it is plausible that
crystallization of this phase occurred during the 5-min isothermal
hold at —80°C.

The disappearance of the second melting event upon the addition
of cryoprotectants suggested their role in reducing ice forma-
tion within the concentrated liquid phase containing bacteria
and other solutes. This reduction likely mitigated mechanical
damage.

Adding cryoprotectants to the eight-fold concentrated A. borku-
mensis SK2 suspension (8x AB), regardless of their nature,
lowered the melting temperature of the mixtures. This is due
to the addition of solutes to the aqueous phase, which causes
a depression of the melting temperature [42]. The same phe-
nomenon explains the reduced melting temperature of water
when bacterial concentrates or cryoprotectants are added. L-
Glutamate is the cryoprotectant that most influenced the melting
temperature of the concentrated bacterial suspensions, compared
to Proventus’s blend. Indeed, it induced a reduction in temper-
ature ranging from 3.9°C to 4.3°C, depending on the cooling
rate (Table 1). In contrast, Proventus’s blend only lowered the
temperature by 0.5°C-0.8°C.

Adding bacteria to the cryoprotectants did not result in significant
variations in the melting events, suggesting stronger interactions
between the cryoprotectants and water than between the bacteria
and water. This is plausible as both cryoprotectants are dissolved
in water, while bacteria are dispersed.

Note: When evaluating the effect of adding cryoprotectants to the
eight-fold concentrated A. borkumensis SK2 suspensions (8x AB),
the thermal properties of the 8x AB suspensions were compared
to those of the 8x AB suspensions combined with a cryoprotectant
(Prov + 8x AB or Glu + 8x AB). Conversely, when evaluating the
impact of adding 8x AB to a cryoprotectant solution (Prov or Glu),
the thermal properties of the cryoprotectant alone were compared
to those of its combination with 8x AB (Prov + 8x AB or Glu +
8x AB). This note applies to all DSC analysis results.

3.4.2 | Crystallinity Analysis

3.4.2.1 | Impact of Cooling Rate on Crystallinity. Regard-
less of their composition, all tested samples exhibited a reduction
in crystallinity when the cooling rate increased from 5°C/min to
10°C/min (Table S1). This increase in cooling rate resulted in a
decrease in ice formation ranging from 9% to 15%, depending on
sample composition (PROV: 14%, PROV+8x AB: 13%, Glu: 12%,
GLU+8x AB: 9%, 8x AB: 15%). Increasing the cooling rate further
to 15°C/min only led to a marginal reduction in ice formation,
ranging from 0% to 1%. Therefore, a cooling rate of 10°C/min

is recommended to minimize ice formation, thus reducing the
risk of mechanical damage to bacteria during freezing [40].
Further studies could be conducted to confirm this cooling rate
based on cell survival and crystal size [43]. To precisely regulate
the cooling rate, freeze-dryers equipped with internal freezing
control capabilities must be used. Through programming specific
setpoint temperatures and desired cooling rates, coupled with the
use of a product temperature probe, meticulous control over the
cooling process could be attained.

3.4.2.2 | Impact of 8x AB Concentrate Addition on Cry-
oprotectants Crystallinity. The addition of the 8x AB concen-
trate to cryoprotectant solutions resulted in a similar reduction in
crystallization for Proventus’ blend and Glutamate C3 (0.5 M). In
both cases, adding 8x AB reduced the amount of ice formed by
10%-13% (Table S2). This suggests that both cryoprotectants had
energetically similar interactions with the bacteria.

3.4.23 | Impact of Cryoprotectant Addition on 8x AB
Concentrate Crystallinity. Glutamate significantly reduced
the amount of ice formed in the A. borkumensis SK2 8x con-
centrate compared to Proventus’ blend. Indeed, it induced a
reduction in crystallization of 5%-9% depending on the cooling
rate (15°C/min: 5%, 10°C/min: 4%, and 5°C/min: 9%) (Table S2).
In contrast, Proventus’ blend had no significant impact on ice
formation.

The ability of cryoprotectants to reduce the amount of ice formed
is crucial because when water crystallizes, it excludes solutes,
thereby increasing solute concentration in the extracellular phase
[44, 45]. Therefore, the more effectively a cryoprotectant reduces
ice formation, the more effective it is in mitigating mechanical
damage [40] and in reducing the ionic concentration to which
cells are exposed [45]. Based on these criteria alone, glutamate
was the most effective cryoprotectant for A. borkumensis SK2.

The greater reduction in ice formation by glutamate compared to
the Proventus’ blend could be explained by the presence of amine
(NH,) and alcohol (OH) functional groups, which form hydrogen
bonds with liquid water, thus impeding nucleation and ice
development [46]. Indeed, the effectiveness of a cryoprotectant
often depends on the number of hydrophilic functional groups it
possesses and on the strength of their interaction with water [46].

3.4.3 | Glass Transition Analysis

When cooling aqueous solutions below 0°C, three main thermal
events occur [39]:

* Water crystallizes into planar dendrites, excluding solutes
and concentrating them, along with cells in the remaining
aqueous phase called freeze-concentrated solution (FCS),
which is distributed between ice dendrites (FCS1) and outside
the dendrites (FCS2);

» FCS1 transitions to a glass state at its specific Tg;
* FCS2 transitions to a glass state at its specific Tg.

This explanation aligns with the literature [45]. Bacteria have
been observed both outside and in between ice crystals [45]. These
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TABLE 2 | Glasstransition temperatures and shifts of a Alcanivorax borkumensis SK2 8x concentrate in the presence and absence of cryoprotectants,

as well as cryoprotectants alone, under various freezing rates.

Glass transition

Glass transition Glass transition Glass transition

#1 #2 #1 shift #2 shift
(midpoint ISO) (midpoint ISO) (midpoint ISO) (midpoint ISO)
Formulation Freezing rate cC) 0 (&9 o)
8x AB? 15°C/min 59 +1 N/A N/Ab N/A
10°C/min 574+ 0.5 N/A N/A N/A
5°C/min -60 +1 N/A N/A N/A
8x AB + Glu? 15°C/min —65.15 + 0.03 —=51.9+ 0.2 N/A N/A
10°C/min —651+0.3 -52+1 N/A N/A
5°C/min —65+1 —51+1 N/A N/A
Prov + 8x AB? 15°C/min =59 +1 —45+1 N/A N/A
10°C/min =58 +1 —45.8 +0.1 N/A N/A
5°C/min —58.4 + 0.1 —46.1+0.1 N/A N/A
Glu® 15°C/min —62.7+ 0.4 —=52.1+0.2 N/A N/A
10°C/min —-63+1 =52+1 N/A N/A
5°C/min —62.9+0.2 —51+1 N/A N/A
Prov* 15°C/min —53.3+0.5 —38.66 + 0.02 N/A N/A
10°C/min —53.5+0.2 -39.0+0.3 N/A N/A
5°C/min —54.0+0.4 —39.0+0.2 N/A N/A
Distilled water 15°C/min N/A N/A N/A N/A
10°C/min N/A N/A N/A N/A
5°C/min N/A N/A N/A N/A
8x AB? 15°C/min N/A N/A -0.5 N/A
Vs 10°C/min N/A N/A 11 N/A
Prov + 8x AB?*
5°C/min N/A N/A -2.0 N/A
8x AB? 15°C/min N/A N/A 5.9 N/A
Vs 10°C/min N/A N/A 7.8 N/A
Glu + 8x AB? ,
5°C/min N/A N/A 4.3 N/A
Glu + 8x AB* 15°C/min N/A N/A -2.5 0.2
VS 10°C/min N/A N/A -23 -0.6
Glu?
5°C/min N/A N/A -1.8 0.4
Prov + 8x AB* VS 15°C/min N/A N/A —5.4 —6.6
Prov* 10°C/min N/A N/A -5.0 —6.8
5°C/min N/A N/A —4.5 =71

28X AB: 8-fold concentrated A. borkumensis SK2 culture with 1% (w/v) sodium chloride; 8X AB + Glu: 0.5 M glutamate with 1% (w/v) sodium chloride and 8-fold
concentrated A. borkumensis SK2 culture; Prov + 8X AB: Proventus’ proprietary cryoprotective blend with 0.62% (w/v) sodium chloride and 8-fold concentrated
A. borkumensis SK2 culture; Glu: 0.5 M glutamate with 1% (w/v) sodium chloride; Prov: Proventus 'proprietary cryoprotective blend with 0.62% (w/v) sodium

chloride.

“N/A” indicates that no detectable results were obtained for this condition.

authors also suggested that bacteria are likely to experience dif-
ferent solute concentrations throughout the FCS, which supports
the previous explanation that each FCS has its glass transition
temperature depending on its composition [45].

Glass transition is a process occurring in amorphous or semi-
crystalline materials where it transitions between a rigid, glassy
state and a more rubbery, flexible state. It may happen in localized

areas of a material or within the entire material, depending
on its composition. DSC scans and application of the first
derivative revealed that 8x AB had a single glass transition,
with temperatures ranging from approximately —57.4°C to —60°C
under different freezing rates (Table 2). In contrast, 8x AB +
glutamate showed first transition at —65°C, independent of the
freezing rate, and a second transition between —51°C and —52°C
(Figure S6 and Table 2). Proventus’s blend + 8x AB exhibited glass

11

85U8D17 SUOWILLIOD BAFes1D 3|qedljdde 8Ly Aq pauienob are 9ol VO ‘8SN 4O Sa|nJ Joj ARIqIT 8UIIUO AB]1M UO (SO pUOD-PpUe-SWLs)Wd" A | 1M Afe.q 1 BuI|UO//:SdRY) SUORIPUD PUe SWwie | 8L} 88S *[G202/60/TT] Uo Areiq)TauliuO A8|IM ‘6000 GeA/Z00T OT/I0P/W00 A8 1M Alelq1jeul|UO"qign //Sny wouy papeo|umod ‘0 ‘vi7/80L7T



transition temperatures similar to 8x AB, with the first transition
occurring between —58°C and —59°C and the second between
—45°C and —46.1°C. Glutamate alone displayed glass transition
temperatures ranging from approximately —62.7°C to —63°C for
the first transition and —51°C to —52.1°C for the second transition.
Proventus’s blend alone showed glass transition temperatures
varying from around —53.3°C to —54°C for the first transition
and from —38.66°C to —39.0°C for the second transition. Distilled
water did not exhibit any glass transition.

The adaptation of A. borkumensis SK2 to low temperatures
is governed by diverse mechanisms, such as the protein-pII
uridylyltransferase GInD, which is involved in controlling the
intracellular concentration of glutamine and glutamate, acting as
both cryoprotectants and osmoprotectors [14, 47]. The bacterium
has even systems for the synthesis and absorption of glutamate
[14]. All of this information explains why the addition of glu-
tamate to the 8x concentrates resulted in a reduction of the
glass transition of 8x AB (5.9°C at 15°C/min, 7.8°C at 10°C/min,
and 4.3°C at 5°C/min), while Proventus’ blend only led to a
slight reduction (—2°C at 5°C/min) or even to a slight increase at
10°C/min (Table 2). Furthermore, the observed fluidizing effect is
characteristic of intracellular cryoprotectants, further supporting
the argument that glutamate primarily acts inside the cells [38].
Intracellular cryoprotectants, such as glutamate, act in various
ways. They make the cytoplasmic membrane more plastic, bind
intracellular water to prevent excessive dehydration, mitigate
osmotic shocks by increasing solute concentration inside the
cells, among other functions [48].

Based on two studies, the addition of bacteria to the preservation
medium had no effect on the glass transition temperature, con-
trary to our results [37, 49]. Indeed, adding bacteria to Proventus’
blend resulted in a decrease in glass transition temperature for
both amorphous phases of the solution, namely the two FCS
(Table 2). However, adding bacteria to glutamate caused minimal
changes in the second amorphous phase and a decrease in the
glass transition temperature ranging from 0.8°C to 2.5°C for the
first amorphous phase. These results suggest that the bacteria
may exist in both the FCS of the Proventus’ blend and solely in
the first amorphous phase with glutamate.

Therefore, to ensure a glassy state for all bacterial cells in the
presence of Proventus’ blend, it is recommended that the product
temperature be maintained at —59°C or below. This temperature
also represents the bacterial glass transition temperature (7g’)
of A. borkumensis SK2 in the presence of Proventus’ blend. For
bacterial cells in the presence of glutamate 0.5 M, a temperature of
—65°C or lower is recommended, as A. borkumensis SK2 bacteria
appear to be in the first amorphous phase of this solution. This
temperature also represents its glass transition temperature (7g’)
in the presence of glutamate.

This interpretation of prokaryote vitrification integrates various
theories and explanations from the literature, based on results
obtained from both bacterial and mammalian cells [38, 39, 40, 45,
50, 51].

Furthermore, as previously described, it is advisable to conduct
primary drying to maintain a product temperature below the
cells Tg’ with careful adjustment of the corresponding vacuum

1E+06 -

1E+05 -

1E+04 -

Colony-forming units (CFU)/g

1E+03

A B C

FIGURE 8 | Viability of Alcanivorax borkumensis SK2 after spray-
drying at different parameter setpoints. Parameter Set A: Inlet tempera-
ture at 150°C, pump speed at 30%, and airflow at 1758 L/h. Parameter Set
B: Inlet temperature at 130°C, pump speed at 20%, and airflow at 666 L/h.
Parameter Set C: Inlet temperature at 110°C, pump speed at 20%, and
airflow at 1758 L/h. Common to all parameter sets: aspiration at 100%,
nozzle cleaner at Level 9, final maltodextrin concentration at 15% m/v,
and A. borkumensis SK2 culture diluted 1/10. The dilution was necessary
due to the type of nozzle used and the rheology of the culture. All mixtures
contain the same concentration of NaCl to prevent osmotic disturbances.
The results are means based on data from duplicate spray-drying trials,
and standard deviations are indicated by vertical bars.

temperature and shelf temperature to ensure maintenance of
a solid state. For instance, if the product in question is A.
borkumensis SK2 with 0.5 M glutamate solution, the desired
product temperature would be —65°C or lower. In the presence
of Proventus’ blend, it should be —59°C or lower.

These recommendations for freeze-drying also apply to the
storage of frozen formulations of A. borkumensis SK2. Indeed,
storing formulations above Tg’ slows bacterial metabolism with-
out fully stopping it, allowing chemical reactions between the
cells and their freeze-concentrated environment, which increases
avoidable mortality during storage [37, 38].

In this study, the freezing temperature and the primary drying
parameters were set way higher than the optimal temperatures
of —59°C or —65°C, depending on the cryoprotectant used. This
could explain the drop in viability. As the equipment used did
not allow for the measurement of product temperature, it is
difficult to assess the exact state of the samples during the two
freeze-drying operations.

3.5 | Spray-Drying
3.5.1 | Effects of Spray-Drying Parameters on Viability

The impact of spray-drying on the viability of A. borkumensis SK2
was examined. Post spray-drying, the viability was 1.0 + 0.4 x 10*,
1.6 + 0.7 x 10*, 1.0 + 0.7 x 10° CFU/g for parameter sets A, B,
and C, respectively (Figure 8). Parameter set C yielded the highest
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viability post-spray-drying. This observation can be attributed
to the lowest inlet temperature associated with parameter set
C, resulting in a lower outlet temperature and higher residual
humidity, as illustrated in Figure S7. This correlation underscores
the bacterium heat sensitivity, which significantly impacts cell
survival during spray-drying [52]. This sensitivity likely explains
the substantial disparity in viability between spray-drying and
freeze-drying. Freeze-drying achieved significantly higher viabil-
ity compared to spray-drying (Figures 4, 7, and 8). The difference
can be attributed not only to thermal stress but also to factors such
as oxidative stress, dehydration, osmotic stress, and shear stress
experienced by the bacteria during spray-drying [53, 54].

To enhance cell survival during spray-drying operations, explor-
ing alternative protective agents and adjusting operational
parameters, particularly outlet air temperature and feed rate,
could be beneficial. The outlet air temperature is one of the key
parameters influencing the viability of cultures during spray-
drying [55]. Additionally, harvesting bacteria in the stationary
phase rather than during the exponential phase might also be
beneficial, as demonstrated by previous studies with other bac-
terial strains. It has been observed, with Lactobacillus paracasei
NFBC 338, Lactobacillus salivarius UCC 118, and Lactobacillus
bulgaricus, that these bacteria exhibited less sensitivity to spray-
drying when harvested in the stationary phase [52, 56].

3.5.2 | Effect of Spray-Drying Parameters on Outlet Air
Temperature and Residual Humidity

The residual moisture content following spray-drying under three
different parameter sets (A, B, and C) was analyzed to evaluate the
efficacy of the drying process. Samples dried under parameter sets
A and B exhibited an average moisture content of 3.5% + 0.2% and
3.5% + 0.6%, respectively (Figure S7). Conversely, samples dried
under parameter set C showed a slightly higher moisture content
of 4.4% + 0.3%. This trend is mirrored in the outlet temperatures.
Samples dried under parameter sets A and B had similar outlet
temperatures, being 71.5°C + 0.7°C and 74°C + 1°C, respectively.
In contrast, samples dried under parameter Set C had a lower
outlet temperature of 65°C + 4°C, attributable to the lower inlet
temperature used compared to others.

The observed moisture contents were below 5%, which aligns
with the recommended residual moisture content for subsequent
storage. Indeed, a residual moisture content between 3% and 5%
(w/w) is recommended for the production of spray-dried bacteria,
as within this range, the resulting powders exhibit favorable
characteristics, such as high flow ability, low stickiness, and
maximal viability [33, 52]. Moreover, residual moisture content
also impacts the rate of viability loss during storage [33].

Thus, while the current drying conditions permitted effective
drying, additional adjustments to parameters or pre-treatments
appear necessary to enhance viability for spray-drying to become
an economically viable option to produce a highly viable A.
borkumensis SK2 powder. Based on our results, freeze-drying is
strongly recommended to achieve high viability of A. borkumensis
SK2 powders, enabling its commercialization and application in
hydrocarbon-contaminated marine environments.

4 | Conclusions

A. borkumensis SK2 has emerged as a promising tool for bioreme-
diation due to its ability to degrade hydrocarbons effectively. The
goals of this study were to identify an economically viable growth
substrate for this bacterium and to develop a highly viable cell
powder for its effective application in hydrocarbon-contaminated
marine environments.

The main results of this study are:

- Canola oil and sunflower oil are superior to the costly sodium
pyruvate, yielding biomass levels (optical density) four times
higher (20 + 2 and 20 + 1 compared to 4.6 + 0.4, respectively).

- Freeze-drying with Proventus’ blend or 0.5 M glutamate
resulted in the highest cell powder viability, reaching up to 2
+1x10'° and 1.1 + 0.3 x 10'° CFU/g after the first screening,
and 1.0 + 0.5 x 10'° and 6 + 2 x 10° CFU/g after the second,
respectively.

- DSC analysis reveals up to 15% reduction in ice formation
when increasing the cooling rate from 5°C/min to 10°C/min.
In an A. borkumensis SK2 concentrate, the 0.5 M glutamate
solution reduces ice formation by up to 9% compared to
Proventus’ cryoprotective blend.

- To promote A. borkumensis SK2 viability during freeze-drying,
the optimal product temperatures are —65°C with 0.5 M
glutamate and —59°C with Proventus’ blend.

- Spray-drying produced cell powders with a viability of up to
1.0 +£ 0.7 x 10° CFU/g.

The novelty of this study lies in the development of a practical
fermentation process to produce a highly viable bacterial powder,
with the goal of achieving commercial success. More specifically,
this work is the first to identify two low-cost plant oils as sole
carbon sources for A. borkumensis SK2, to compare spray-drying
and freeze-drying to achieve highly viable cell powders of this
bacterium, and to perform DSC analysis to define more precise
freeze-drying parameters for this strain. To our knowledge, such
detailed process information is not available in public literature.

Future research should focus on further optimizing biomass
production and lyophilization protocols to enhance yield and cell
viability. Exploring growth temperature, trying to use a more
easily assimilable nitrogen source like NH,*, and modifying the
C/N ratio might promote bacterial production [24, 57].
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