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Biocompatible fluorocarbon liquid underlays for in
situ extraction of isoprenoids from microbial
culturesTy

Sebastian Overmans & * and Kyle J. Lauersen®

Microbial production of heterologous metabolites is now a mature technology in many host organisms,
opening new avenues for green production processes of specialty chemicals. At lab scale, petroleum-
based hydrophobic bio-compatible solvents like dodecane can be used as a second phase on top of
microbial cultures to act as a physical sink for heterologous hydrocarbon products like isoprenoids.
However, this approach has significant drawbacks at scale due to the difficulty of handling solvents and
their potential contamination with unwanted byproducts of their manufacture. We discovered that
synthetic perfluorocarbon liquids (FCs), commonly used for heat transfer, can also act as physical sinks
for microbially produced isoprenoid compounds. FCs are stable, inert, and are amenable to direct liquid—
liquid extraction with alcohols for rapid product isolation. These liquids are more dense than water and
form a lower phase to microbial cultures rather than an upper phase as with other solvents. Their ability
to form an under-layer or ‘underlay’ also enables the cultivation of microbes directly at the FC-culture
medium interface via gravity settling, which could open their application for filamentous or mat-forming
organisms. We present comparisons of the isoprenoid extraction potential of three commercial FCs: FC-
3283, FC-40, and FC-770 with engineered green microalga cultures producing patchoulol, taxadiene,
casbene, or 13R(+) manoyl oxide. We demonstrate that FCs are promising alternatives to traditional
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Introduction

Metabolic engineering of microbes for the production of
heterologous isoprenoids is now a mature technology, with
several commercial enterprises converting base feedstocks into
hydrocarbons of various complexities.' Hemi-(C5), mono-(C10),
sesqui-(C15), di-(C20), and tri-(C30), non-canonical terpenoids
(C11, C12, C16, C17), and carotenoids®> are now routinely
produced in diverse host organisms such as bacteria, yeast,
microalgae, and mosses.>® These engineering successes
leverage the universal need for isoprenoid precursors iso-
pentenyl and dimethylallyl diphosphate (IPP and DMAPP), and
their subsequent condensed and dephosphorylated hydro-
carbon chains. Core isoprenoids have cellular roles in
membrane fluidity, sterol biosynthesis, prenylation, light
capture, photoprotection, and as electron carriers.” The base
hydrocarbon backbones of isoprenoids have also served as
a substrate for the evolution of complex specialty chemical
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solvents and open new avenues in bio-process design for microbial heterologous metabolite milking.

structures through the evolution of terpene synthases that
mediate deprenylation, cyclization, folding, and (sometimes)
hydroxylation.®® Base terpenes can be further chemically deco-
rated by the action of cytochrome P450s, which add functional
groups to increase their chemical diversity.'®" Terpene syn-
thases have evolved in bacteria,” fungi,”® plants,’ insects,'***
and some algae' as a means to generate specialty chemicals
from base isoprenoids IPP and DMAPP to be used in signaling,
defense, and attraction/repulsion.

Many isoprenoids are naturally produced in small quantities
and may be found on slow-growing, non-farmable, or environ-
mentally sensitive organisms.? The biological universality of
isoprenoid precursors IPP and DMAPP enables the transfer of
modular terpene pathways from progenitors to microbial hosts
by the heterologous expression of their terpene synthases and
P450s.° Engineered microbes serve this role well and can be
used to scale the production of isoprenoid(s) from their
biomass in fermenters and bioreactors.*® At lab-scale, microbial
isoprenoid productivity can be quantified using hydrophobic
biocompatible solvent overlays as a two-phase constant extrac-
tion method on living cultures. These solvents act as a physical
sink to simultaneously remove and capture heterologous iso-
prenoids from microbial cells; a process sometimes referred to
as ‘milking’. Some commonly used solvents include decane,"”
dodecane,"® or isopropyl myristate."*° These act similarly to the
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trichomes of plants by accumulating the hydrophobic iso-
prenoid products, alleviating product inhibition, and
promoting forward reactions while serving as a simple-to-
separate phase for easy product analysis.

Hydrocarbon solvent-medium dual-phase concepts are
convenient at small scales, however, they have significant
drawbacks that prevent their use at volumes greater than a few
hundred milliliters. Alkane solvents are flammable and require
specialized infrastructure for pumping, as they are incompat-
ible with silicone-based tubing. These solvents are also distil-
lates of petroleum, which can contain many contaminants
depending on the supplier. The most notable issue with using
hydrophobic solvent overlays is the difficulty in scaling their
application to larger culture volumes in turbid and sparged
bioreactor concepts.® As an overlay, any turbidity at the culture-
solvent interface creates an emulsion of hydrophobic cellular
components and the solvent that can blow out of reactors or lyse
cells, hindering the processibility and productivity of extracted
isoprenoids.

The lack of translatability of these lab processes to scale
leaves significant room for improvement. Here, we show that
long-chain hydrophobic perfluorocarbons that are liquid in
operational temperature ranges can act as alternatives to
hydrocarbon solvents for microbial culture milking. These
liquids have current application as heat-transfer fluids and are
used in cooling systems for electronics.?>** As they are more
dense than water, perfluorocarbon liquids settle as a lower-
phase or ‘underlay’ below the culture. Perfluorocarbon liquids
are inert, available in a range of chemical conformations with
high heat stability, and significantly easier to handle than
hydrocarbon solvents. We show that perfluorocarbon liquids
provide cleaner extraction of isoprenoid products from micro-
bial culture than dodecane, fluorocarbon type can be tailored to
target isoprenoid properties, and their extreme densities enable
subsequent liquid-liquid extraction of collected terpenoids
with alcohols. Hydrophobic underlays also provide unique
opportunities for the direct cultivation and milking of biofilms
at the medium-fluorocarbon interface.

Materials and methods
Chemicals

Three perfluoro liquids, hereafter referred to as FCs, were used
in this work: the perfluorinated amine Fluorinert™ FC-40 was
purchased from Sigma-Aldrich (Overijse, Belgium), while the
perfluorinated ether FC-770 and the perfluorinated amine FC-
3283 were obtained from Acros Organics (Geel, Belgium).
Ethanol (96% vol.) and n-dodecane (=99%) were purchased
from VWR International (Fontenay-sous-Bois, France). Prior to
its use, dodecane was passed through a Supelclean™ LC-Si
solid-phase extraction (SPE) column (Product no. 505374;
Sigma-Aldrich, Taufkirchen, Germany) to remove impurities.

Microalgal cultures and growth conditions

Four strains of the green model microalga Chlamydomonas
reinhardtii that had been previously engineered to produce the
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sesquiterpenoid patchoulol,” the diterpenoids taxadiene, cas-
bene, or 13R(+) manoyl oxide,** as well as their parental strain
(‘UVM4’ hereafter termed wild type),>® were used in this work to
investigate the terpenoid-extraction potential of perfluoro
liquids from two-phase solvent-medium living microbial
cultures. All algal cultures were maintained routinely on Tris
acetate phosphate (TAP)* agar plates under ~50 pmol m > s *
light intensity before transfer into 24-well plates containing
1 mL TAP medium, and shaken at 190 rpmona 12 h : 12 h dark:
light (~150 pmol m™~> s™") cycle. After 2 d, an additional 500 pL
of medium was added to each well to replenish nutrients. At4 d,
400 pL of each culture was inoculated in 40 mL TAP in Erlen-
meyer flasks at 120 rpm under the light conditions indicated
above and used for subsequent experiments.

Culture growth measurements

Culture growth was measured by recording cell densities using
flow-cytometry with an Invitrogen Attune NXT flow cytometer
(Thermo Fisher Scientific, UK) equipped with a Cytkick micro-
titer plate autosampler unit. Prior to analysis, each biological
triplicate sample was diluted 1 : 100 with 0.9% Nacl solution.
Of each diluted sample, 250 pL was measured in technical
duplicates (n = 2) using a 96-well microtiter plate loaded into
the autosampler. Samples were mixed three times each imme-
diately before analysis, and the first 25 uL of sample was dis-
carded to ensure stable cell flow rate during measurement. Data
acquisition stopped when 50 pL from each well was analyzed.
All post-acquisition analyses and population clustering were
performed using Attune NxT Software v3.2.1 (Life Technologies,
USA). Mean cell concentrations of shaken and static cultures
were compared against each other by performing Student's ¢
tests (one test per sampling point) using the software JMP Pro
16.2 (SAS Institute Inc., Cary, NC).

Algal culture health in contact with dodecane or perfluoro
liquids was measured by the variable chlorophyll fluorescence
of photosystem II (PSII) with a Pulse Amplitude Modulation
(PAM) fluorometer (Mini-PAM-II; Heinz Walz GmbH, Germany).
Before each measurement, microtiter plates containing cultures
were dark-adapted at room temperature for 15 min to ensure all
PSII reaction centers were open. For each sample, the signal
amplitude was adjusted before one single-turnover measure-
ment was recorded per sample. The maximum photochemical
efficiency (F,/F,) was determined using the following relation-
ship (eqn 1), where F,,, and F, are the maximal and minimal PSII

fluorescence of dark-acclimated C. reinhardtii cells,
respectively:*”*®
Fv Fm - FO
-~ - 7 1
Fm Fm ( )

Terpenoid capture from microalgal cultures

Two-phase living extractions were performed with dodecane,
FC-40, FC-3283, and FC-770 by gently pipetting 500 uL of each
compound onto 4.5 mL liquid cultures of C. reinhardtii imme-
diately after inoculation. Dodecane instantly formed an upper
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‘overlay’ phase as reported in several previous studies,'®** while
FC compounds sank under cultures to form ‘underlays’. FC
compounds, however, resembled large bubbles under growing
cultures and did not spread as evenly as dodecane on the
surface, likely due to the liquid dynamics of water pressing on
top of the FC liquids. The two-phase cultures were grown for
10 d in triplicates in 6-well microtiter plates on laboratory
shakers as described above.

Liquid-liquid extractions

To test whether the extracted patchoulol could be readily iso-
lated from FC-3283 and enable fluorocarbon recycling, we per-
formed liquid-liquid extractions with ethanol. Specifically, after
the terpenoid capture experiments, the FC-3283 underlay from
each microtiter well (~500 pL) was recovered and transferred
into a separate 1.5 mL microcentrifuge tube. The tubes were
centrifuged at 3500xg for 5 min to separate the FC-3283 from
algal cell debris. From each tube, 250 uL of the clean FC-3283
fraction was pipetted into a clean 2 mL microcentrifuge tube
to which 250 pL of ethanol (96% vol.) was added. The
fluorocarbon/ethanol mix was shaken at room temperature for
16 h at 1000 rpm using an Eppendorf ThermoMixer C (Eppen-
dorf AG, Germany) to perform the liquid-liquid extraction. After
the extraction, each sample was centrifuged at 3500 xg for 5 min
to separate the two liquid phases. From each sample, 90 pL of
both fractions were pipetted into separate gas chromatography
(GC) vials and stored at —20 °C until further analysis as
described below.

Gas chromatography

Dodecane and perfluoro liquids fractions were analyzed using
a gas chromatograph equipped with a mass spectrometer and
a flame ionization detector (GC-MS-FID) with minor modifica-
tions to a previously described protocol.”® Briefly, the GC-MS-
FID analyses were performed using an Agilent 7890A gas chro-
matograph connected to a 5975C inert MSD with triple-axis
detector. The system was equipped with a DB-5MS column
(30 m x 0.25 mm i.d., 0.25 pm film thickness) (Agilent J&W,
USA). The temperature profile was set to: injector (250 °C),
interface (250 °C), and ion source (220 °C). 1 uL of sample was
injected in splitless mode with an autosampler (Model G4513A,
Agilent). Column flow was kept constant at 1 mL min~" with
helium as a carrier gas. The initial GC oven temperature of 80 °C
was held for 1 min, then raised to 120 °C at a rate of
10 °C min ', followed by 3 °C min~" to 160 °C, and further to
240 °C at 10 °C min~", which was held for 3 min. Mass spectra
were recorded after a 13.2 min solvent delay using a scanning
range of 50-750 m/z at 20 scans per s.

Gas chromatograms were evaluated with MassHunter
Workstation software version B.08.00 (Agilent Technologies,
USA). The NIST library (National Institute of Standards and
Technology, Gaithersburg, MD, USA) was used to identify
patchoulol, along with verification using a purified patchoulol
standard (Item: 18450, Cayman Chemical Company, MI, USA).
Standard calibration curves in the range of 1-200 uM patchoulol
in dodecane and FC-3283 were used for quantification. In
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dodecane samples only, 250 pM of a-humulene was additionally
applied as internal standard. Extracted-ion chromatograms
(XIC) with mass ranges of 91.00, 138.50, and 223.00 were used
for samples with internal standard, and 138.00 and 222.00 for
samples without internal standards. All GC-MS-FID measure-
ments were performed in duplicate, and chromatograms were
manually reviewed for quality control.

Results and discussion

Microbial engineering requires design-build-test-learn cycles as
an iterative process of genetic engineering steps to identify
optimal combinations of elements to drive cellular flux towards
a desired product. These iterations require lengthy trans-
formation and phenotypic screening that can be resource-heavy
and laborious. Our engineering efforts in C. reinhardtii have
relied on the use of dodecane for solvent-culture two-phase
extraction of these products, which has served as a bio-
compatible compound that can be readily separated and used
directly in chromatography.® Recently, it was shown that indi-
vidual cells or groups of cells can be handled through encap-
sulation in microfluidic droplets to enable phenotyping without
the need for selection agents.” We were surprised to note that
the perfluoro liquids used to make these droplets form a dense
under-layer to the culture medium in large quantities. When
incubated with our engineered C. reinhardtii cultures, we could
observe the accumulation of heterologous isoprenoids in these
perfluorocarbons. Here, we report on and characterize the
suitability of perfluoro liquids (FCs) as alternatives to currently
used petroleum solvents for microbial cell isoprenoid milking.

Potential of FC-3283 to extract terpenoids from growing
microbial cultures

We first cultivated a C. reinhardtii strain previously engineered
to produce the heterologous sesquiterpenoid alcohol patch-
oulol*® with either a dodecane overlay or a commercially avail-
able perfluorocarbon liquid FC-3283 underlay (Fig. 1). The
suitability of FC-3283 for patchoulol extraction for this culture is
evident in the clear appearance of the product peak in GC-FID
chromatograms in both solvents (Fig. 1a). Patchoulol was
confirmed as the appropriate product by mass fractions. FC-
3283 is more dense than water and was found underneath the
culture medium in contrast to the lighter dodecane, which
floats on top (Fig. 1b). Both solvents enabled the algal culture to
grow, with cell densities increasing throughout cultivation in
standard conditions and consistent linear electron flow in both,
indicating healthy cultures (Fig. 1c and d). Healthy green
culture is also noticeable in Fig. 1b. We then checked the suit-
ability of FC-3283 for extraction of other heterologous iso-
prenoid products using strains previously engineered to
produce taxadiene, casbene, and 13R(+) manoyl oxide.** Each
strain generated unique products in chromatograms (Fig. 1e),
as previously observed for living extraction with dodecane.* The
results indicated that FC-3283 is bio-compatible and amenable
to accumulating heterologous isoprenoids from our engineered
algal cells.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) Representative GC-FID chromatograms of dodecane and FC-3283 samples with and without patchoulol accumulated from incubation

with growing engineered algal strains. (b) C. reinhardtii cultures with either dodecane overlay (left) or FC-3283 underlay (right) after 6 d on
a rotary shaker with second phase. (c) Cell densities and (d) F,/F, of C. reinhardtii cultures during a 10 d microtiter plate experiment with either
a 5% (v/v) dodecane overlay (red line) or FC-3283 underlay (blue line) added to the culture (n = 3). (e) GC-FID chromatograms of FC-3283
underlays from a C. reinhardtii wild type culture and various terpenoid-producing engineered C. reinhardltii strains harvested after 6 d cultivation.

New options for two-phase cultivation with underlays

As a lower phase to growing liquid microbial culture, FCs
present a new avenue for bio-process designs aimed at milking
heterologous products. We investigated whether the lower
phase could be used as a support for microbes to grow while
concomitantly enabling extraction from the bio-film. We
compared a shaken culture to a static culture for their abilities
to produce patchoulol (Fig. 2). Both cultures grew, with the non-

© 2022 The Author(s). Published by the Royal Society of Chemistry

shaken culture accumulating a layer of cells at the medium-FC
interface. After four days of cultivation, patchoulol concentra-
tion in the FC-3283 phase of the static culture was already
significantly lower (177 £ 25 pg L' culture; mean + SD)
compared to the shaken culture (263 + 14 ug L™ " culture) (¢(8) =
6.56, p < 0.001). By day eight, overall patchoulol titers were four-
fold lower in the static (202 + 5 pg L™" culture) than in the
mixed culture (759 & 73 pg L™" culture) (¢(8) = 17.05, p < 0.0001)

RSC Adv, 2022, 12, 16632-16639 | 16635
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Fig. 2 (a) Shaken (left) and static (right) C. reinhardtii cultures with FC-3283 underlay. (b) Patchoulol titer (ug patchoulol L~ culture) in FC-3283
obtained from shaken (blue) and static (green) C. reinhardtii cultures after 4 d and 8 d. Values are means + SD (n = 5). Asterisks indicate the results

of the Student’s t-tests: p < 0.001 (***) and p < 0.0001 (***%*),

(Fig. 2b). It seems logical that static cultures would have lower
overall production rates, as only the cells close to the interface
would interact with the FC. Future concepts may involve some
amount of mixing and settling, or agitation of the FC liquid
below the culture to increase this interaction. The ability to
grow organisms at the solvent interface could enable the culti-
vation of mat-forming organisms and the extraction of their
natural products. For example, the members of the genus
Botryococcus, often found on the surface of stagnant waters, are
slow-growing algae that can secrete alkadienes and alkatrienes
or botryococene isoprenoids.**>* Cultures set up with larger

surface area interaction between medium and FC may enable
interesting process designs for milking secreted products.

Liquid-liquid extraction of isoprenoids from FC-3283

Once accumulated in a solvent, it is desired to extract and
isolate the target chemicals and recycle the solvent for further
use. With dodecane, silica-based solid phase extraction (SPE)
allows patchoulol to be isolated from the solvent due to its
hydroxyl group, however, separation is more challenging with
non-functionalized isoprenoids. This challenge is different for
every target compound, but many sesqui- and diterpenoids have
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(a) Liquid—-liquid extraction of FC-3283 (bottom layer) with 96% ethanol (upper layer). (b) Representative GC-FID chromatograms of

liquid—liquid patchoulol extraction samples, with a clear patchoulol peak (20.4 min) appearing in FC-3283 before extraction and in ethanol after

extraction.
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Fig.4 Chemical structures and properties of commercial FC liquids and dodecane that were investigated in this work. Indicated underneath are
GC-FID peak areas of different terpenoids after 10 d of 2-phase living C. reinhardtii extraction cultures with each solvent. Peak areas represent
mean + SD (n = 5). The chemical structures of FC liquids were obtained from published literature (FC-40;3* FC-770 & FC-3283%%). All Chemical

structures were drawn using ChemDraw v20.1.

similar chemical properties to the C12 dodecane, making
processes like distillation or molecular separation more chal-
lenging. We sought to determine how readily we could isolate
target isoprenoids from FC-3283 while regenerating the FC
(Fig. 3). As it is immiscible with ethanol (Fig. 3a), we performed
liquid-liquid extraction on FC-3283 which had accumulated
patchoulol from a C. reinhardtii cultivation. Surprisingly,
patchoulol partitioned readily into the ethanol phase (Fig. 3b),
which phase-separated from FC-3283 after extraction. We found
that the process can be completed in as fast as 2 hours of
incubation (data not shown), indicating the potential to obtain
formulated isoprenoid product from microbial cultures in as
little as two downstream process steps.

Extraction potential of other fluorinated liquids

Encouraged by the results of FC-3283 microbial milking, we
cultivated C. reinhardtii strains producing multiple heterolo-
gous isoprenoids with other perfluorocarbon heat-transfer
liquids FC-40 and FC-770 (Fig. 4). The different FCs have
unique physical properties and exhibited variable performance
in extracting different isoprenoids from the algal cells (Fig. 4).
Each fluorocarbon resulted in varying extraction rates for each
isoprenoid (Fig. 4), and these behaviors will enable tailoring of
bio-processes to specific product chemistries giving the oper-
ator several choices in two-phase synthetic solvents. FC-770, for
example, routinely exhibited product peaks in GC chromato-
grams which were absent or in reduced quantities for the other
FCs (ESI Fig. 17). Perhaps this represents a more accurate
profile of side-product isoprenoids produced by these strains.
Indeed, chromatograms of FCs contain much fewer background
peaks and contaminants compared to n-dodecane samples
which also makes characterization more straightforward
(Fig. 1a). We also found that the liquid-liquid extraction with

© 2022 The Author(s). Published by the Royal Society of Chemistry

ethanol was highly effective for all analyzed isoprenoids,
regardless of the FC compound used or the chemical nature of
the isoprenoid. We were able to recover patchoulol into ethanol
at efficiencies >99%, while for other terpenoids the efficiency
ranged from 95-98% (ESI Fig. 21), indicating a greater practical
value than traditional solvents.

Compared to dodecane, most FCs were less efficient in iso-
prenoid extraction from the algal cells in batch culture (Fig. 4).
This can likely be an acceptable compromise in bio-process
designs when considering the efficiencies of liquid-liquid
extractability of the isoprenoid products from the FCs (Fig. 3).
Cultures with FC-3283 overlays also exhibited higher linear
electron flow rates than those with dodecane throughout batch
cultivation (Fig. 1d), indicating FC-3283 is less aggressive as
a two-phase culture system than dodecane. It could be specu-
lated that higher efficiencies of extraction with dodecane are
due to microbial lysis rather than efficient partitioning,
although this aspect was not investigated here.

Conclusions

Here, we have presented evidence that commercially available
heat-transfer perfluorocarbons can be used as bio-compatible
liquids for microbial cell milking of heterologous isoprenoids.
The FCs tested here showed capacities for easier handling,
consistent product accumulation, and ease of product isolation
compared to petroleum-based solvent counterparts. As dense
liquids, FCs form an underlay with microbial cultures, which
opens new avenues for bio-process designs, especially for slow-
growing or mat-forming microbes. The use of FC liquids in
microbial metabolite milking permits inert, room temperature
extraction conditions and likely provides a route to well-
preserved natural product extraction from microbial cells.
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Here, we have used engineered microalgae as a model
organism, however, these results could have applicability in the
synthetic biology and metabolic engineering fields for a broad
spectrum of microbes.
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