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ABSTRACT 

A comparison of solvents for their suitability as solvent-culture two phase 

systems for living extraction of microbial isoprenoids using the green 

microalga Chlamydomonas reinhardtii as a model organism 

Salma AlKaff 

Biotechnology and metabolic engineering of microbes has become a mature 

technology in many host microorganisms. A key method for the capture and 

quantification of heterologous and natural microbially produced isoprenoid 

products is to incubate growing cultures with a bio-compatible solvent. This is a 

culture-solvent two phase system that allows the continuous extraction, or ‘milking’, 

of hydrophobic products produced from microbial hosts. Solvent milking systems 

are highly valuable because they allow capture and subsequent analytics to be 

performed in a relatively straightforward manner. However, the currently used 

solvents are petroleum-derived, or can be challenging to work with at scale. 

Therefore, this thesis sought to investigate the biocompatibility of alternative 

solvents, including some examples of “green solvents” derived from biomass 

sources, using a model microalga as a study organism that had been previously 

engineered to produce the heterologous sesquiterpenoid patchoulol. In total 22 

solvents were investigated, their 50% lethal concentration  (LC50) determined, and 

their abilities to accumulate patchoulol from the algal culture compared. Solvents 

that were not-immediately lethal to algal cells and accumulated patchoulol, were 

also tested for their capacities for further isolation of patchoulol out of the solvent, 
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either in ethanol, methanol, or through solid phase extraction. This work provides a 

broad foundation of information which is important for future efforts at microbial 

product milking and solvent choices for bio-process designs, especially with 

engineered microalgae. 
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1 Introduction 

Isoprenoids are found in all living organisms and have diverse chemical properties, 

which reflects their varied biological functions that have a great attraction for 

traditional and modern human  exploitation, e.g., in pharmaceuticals, fragrances, and 

biofuels (Kirby et al., 2009). Isoprenoids, also known as terpenes or terpenoids, are 

the largest class of natural organic compounds extracted from plants, encompassing 

more than 50,000 structures known so far (Tian et al., 2018). They are characterized 

by their component hydrocarbon 5-carbon isoprene units (C5, 10, 15, 20…Cn) 

(Gershenzon et al., 2007). The chemical extraction of isoprenoids can be obtained by 

different strategies including from its native context (plant biomass), genetic 

engineering, and utilizing microbes as hosts for production, and complete or partial 

chemical synthesis; although most isoprenoids are structurally complex, making it 

difficult to produce them by chemical synthesis. Advances in metabolic engineering 

and synthetic biology coupled to ‘omics characterization of isoprenoid biosynthesis 

have led to the development of microbial production of heterologous isoprenoid 

products (Kirby et al., 2009). Owing to the universal presence of isoprenoid 

precursors in all organisms, pathways for the production of specialty isoprenoid 

products can be genetically incorporated into a host organism to produce identical 

isoprene products from that host (Lauersen, 2019). From an environmental and 

economic standpoint, microbial production of isoprenoids has gained increasing 

attention as most isoprenoids are present only in low quantities in their natural plant 

context. The contained and scalable production of specialty chemicals from 

engineered microbes presents an attractive alternative (Kirby et al., 2009).  
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Biosynthesis of isoprenoids is based on two precursors: isopentenyl diphosphate 

(IPP), and dimethylallyl diphosphate (DMAPP), which are synthesized either by the 

MVA pathway or the 1-deoxy-D-xylulose-5-phosphate (DXP) pathway (Rohmer et 

al., 1993; Schwender et al., 1996). Each pathway localizes in different parts of plants, 

i.e., the MVA pathway is localized in the cytosol and peroxisomes, whereas the DXP 

pathway is found in the plastids. In green algae, the MVA pathway has been lost 

through evolution, and these organisms rely entirely on IPP and DMAPP production 

from the plastidic methyl erythritol 4-phosphate (MEP) pathway.  

Patchoulol, or patchouli alcohol, is a sesquiterpene (C15) and an important natural 

product for the perfume industry (Henke et al., 2018). It can be naturally obtained 

from the patchouli plant on an industrial scale whereby the essential oil is extracted 

by drying the leaves and stems using steam distillation (Deguerry et al., 2006; 

Kusuma et al., 2017). The challenges of the current industrial production is that the 

drying process takes days to be performed, the process yields only 2.5% essential oil 

upon distillation, and the quantity and quality of essential oil produced largely 

depend on available sunshine and atmospheric humidity (Ramya et al., 2013). As a 

consequence, a more industrially favorable production process is desired. 

Production of patchoulol by metabolically engineering different microorganisms, 

such as microalgae, has been achieved over the last few decades (Gruchattka et al., 

2015; Henke et al., 2018; Lauersen et al., 2016; Liu et al., 2021; Tao et al., 2022; Zhan 

et al., 2014). Of the microbial hosts used for the production of patchoulol, one of the 

more recent and novel model organisms in the metabolic engineering space is the 

microalga Chlamydomonas reinhardtii (Lauersen et al., 2016). As a microalga, it is 
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capable of growth on carbon dioxide as its sole carbon source and uses (sun)light for 

energy. Algae are attractive organisms for bio-production processes as they enable 

scalable photosynthetically driven bio-production processes in photobioreactors. 

Compared to fermentative hosts, which consume glucose and release carbon dioxide, 

algae represent a carbon-negative production system. Recently, our working group 

engineered a C. reinhardtii strain to grow on nitrate and phospshite as nitrogen and 

phosphorous sources through combinatorial engineering (Abdallah et al., 2022). 

This strain was further engineered to produce patchoulol and through knockdown 

of the competitive squalene synthase pathway, a strain was derived that produced 

up to 1.4 mg L-1 patchoulol (Abdallah et al., 2022). I used this strain here as a 

production host to benchmark extractability of patchoulol with various solvents. 

Few methods have been established for isoprenoid extraction from microbial 

cultures, which can be classified into extraction by direct and indirect contact. The 

direct contact extraction usually consists of two phases: an aqueous phase, and an 

immiscible phase, whereby the immiscible phase acts as a sink for the desired 

product (Beekwilder et al., 2014; Yunus et al., 2018). This method is suggested to 

decrease the toxicity of microbially produced heterologous products as it can 

remove inhibitory elements from the aqueous phase. The immiscible organic phase 

can also be replaced by a solid phase, for example with suspended porous or resin 

particles (Aguilar et al., 2019; Vickers et al., 2015). In lab scale, chemicals such as 

dodecane, decane, or isopropyl myristate (IM) have been used for direct contact 

extraction of natural products (Beekwilder et al., 2014; Peralta-Yahya et al., 2011; 



 15 

Yunus et al., 2018). However, these compounds present issues at scale, including 

flammability, difficulty of handling, or unsustainable petroleum sourcing. 

Growing awareness of the negative impacts of traditional solvents such as land and 

water contamination, altering air quality, and other environmental impacts have 

initiated the mission to identify low-impact sustainable solvents which were termed 

“green solvents”. In contrast to petroleum distillate solvents, "green solvents” are 

derived from the processing of agricultural crop wastes or other natural sources and 

are considered environmentally friendly alternatives that can be sustainably 

sourced (Clarke et al., 2018). The best known example of a green solvent is the 

commercial product turpentine, which is sourced from steam distillation of pine 

(James, 1983). Turpentine is a mixture of many isoprenoids found inside pine 

biomass. The use of green solvents over petroleum solvents is proposed as a more 

sustainable and environmentally friendly alternative that should be considered 

when selecting solvents for bioprocess applications.  

1.1 Aim and objectives 

Aim: The overall aim of this study was to a identify a “green” solvent that can replace 

dodecane for the purpose of extracting isoprenoids from metabolically engineered 

C. reinhardtii cultures during 2-phase cultivations. 

Objectives: 

The first objective was to determine the toxicity of different solvents (n=22) to C. 

reinhardtii by cultivating the algal culture with different concentrations (500-

100,000 ppm) of each solvent and determining the 50% lethal concentration (LC50).  
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The second objective was to identify which of the selected solvents is most efficient 

at accumulating patchoulol produced by C. reinhardtii cultures during 2-phase 

cultivations. 

The third objective was to compare the efficiency of liquid-liquid (MeOH and EtOH) 

and solid-phase extractions for the removal of pathoulol from the investigated 

solvents.  
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2 Materials and Methods 

2.1 Maintenance of Chlamydomonas reinhardtii 

A previously engineered patchoulol-producing strain of Chlamydomonas reinhardtii 

(2xPcPS + SQS k.d. UPN22) was used as part of this study (Abdallah et al., 2022; 

Lauersen et al., 2016). This strain contains a transgene cassette which expresses the 

Pogstemon cablin patchoulol synthase (PcPS Uniprot: Q49SP3) in fusion to the 

mVenus (YFP) reporter protein from the algal nuclear genome in addition, an 

artificial microRNA construct connected to a luciferase is used to knockdown the 

squalene synthase, which results in increased titers of FPP derived sesquiterpenoids 

from this host (Abdallah et al., 2022; Wichmann et al., 2018). The strain produces the 

heterologous isoprenoid patchoulol, which can be accumulated in biocompatible 

solvents interacting with the growing algal culture (Lauersen, 2019; Lauersen et al., 

2016; Overmans et al., 2022). A stock culture was maintained in 40 mL Tris-acetate-

phosphate (TAP) (Abdallah et al., 2022) medium in Erlenmeyer flasks. Ammonium 

in the regular Tris-acetate-phosphate (TAP) (Gorman et al., 1965) salts solution was 

replaced with equimolar NaNO3 to and phosphate was replaced with phosphite to 

generate TAPhi-NO3 (Abdallah et al., 2022). The culture was grown under 150 μmol 

PAR m-2 s-1 on a 12h:12h dark: light cycle at 21 C, shaking at 110 rpm. The same 

conditions were used for 2-phase cultivation experiments described below. For 

toxicity panel experiments, 6-well plates were used to allow triplicate cultivations of 

the algae with each solvent and were maintained under the same growth conditions. 
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2.2 Solvent selection 

The solvents tested as part of this project were grouped into three categories: 

alkanes, brominated alkanes, and chlorinated alkanes. Halogenated solvents were of 

particular interest since fluorinated solvents recently showed isoprenoid extraction 

potential from algal cultures (Overmans et al., 2022). The alkanes group included: n-

dodecane (≥99%) obtained from VWR International (Fontenay-sous-Bois, France), 

decane was obtained from Sigma-Aldrich (St. Louis, USA), and n-pentadecane (99%) 

purchased from Alfa Aesar (Heysham, England). The brominated alkanes (bromo-

dodecane, bromo-dodecane, bromo-octane, and bromo-tetradecane) and 

chlorinated alkanes (chlorodecane, chlorotetradecane, and chlorohexadecane) were 

all acquired from Sigma Aldrich (St. Louis, USA) The CAS numbers and chemical 

structures and properties of all solvents used in this study can be found in Table 1.   
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Table 1. Chemicals used in the toxicity panel and extraction experiments (n=22) and their CAS numbers, chemical structures, and properties. 

Name 
Molecular 

formula 
CAS 

Mol. 
mass 

(g/mol) 
Chemical Structure 

Boiling 
point 
(˚C) 

Melting 
point 
(˚C) 

Water 
solubility 

at 20 ˚C 
(mg/L ) 

Density 
(g/mL) 

 Octane  C8H18 111-65-9 114.23 

 

125.6 -56.8 0.66 0.6986 

 Decane  C10H22 124-18-5 142.28  174.1 -29.7 0.052 0.7255 

 Dodecane  C12H26 112-40-3 170.33  216.3 -9.6 0.0037 0.7495 

 
Pentadecane  

C15H32 629-62-9 212.41 

 

 

 

270.6 9.9 0.00004 0.7685 

 Bromo- 
octane  

C8H17Br 111-83-1  193.12  200 -55 2 1.118 

 Bromo- 
decane  

C10H21Br 112-29-8  221.18  240.6 -29.2 Insoluble 1.067 
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 Bromodo- 
decane  

C12H25Br 143-15-7  249.23 

 

276.0  -9.5 N/A 1.038 

 Bromo- 
tetradecane  

C14H29Br 112-71-0 277.28  307 5.6 N/A 0.932 

 Chloro- 
dodecane  

C12H25Cl 112-52-7  204.78  260 -9.3 < 1000 0.87 

 Chloro- 
tetradecane  

C14H29Cl 2425-54-9 232.83  292 4.9 N/A 0.859 

 Chloro- 
hexadecane  

C16H33Cl 4860-03-1 260.9 

 

 

 

322 17.9 N/A 0.865 

 a-Pinene  C10H16 7785-26-4 136.23  156.15 -60.5 2.49 0.858 

 g-Terpinene  C10H16 99-85-4 136.23  183 -10 Insoluble 0.85 
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 p-Cymene  C10H14 99-87-6 134.22 

 

176.8 -68.45 23.4 23.4 

 Cardanol  C21H30O 79353-39-2 298.5 

 

 

 

225 154-157 Insoluble 0.93 

 Heptanol  C7H16O 111-70-6 116.2  176.4 -34 1670 0.819 

 Farnesol  C15H26O 4602-84-0 222.37  110 - 
113 

< 25 1.7 0.887 

 Nopol  C11H18O 128-50-7 166.26 

 

230 - 
240 

N/A Insoluble 
0.965– 
0.973 

 Nerol  C10H18O 106-25-2 154.25 225 < -15 1311 
0.875– 
0.880 
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 MeTHF  C5H10O 96-47-9 86.13 

 

78 N/A 140000 0.854 

 Pinacolone  C6H13O 81023-75-8 100.16 106.1 -52.5 19000 0.7229 

 Citral  C10H16O 5392-40-5 152.23 

 

228 < -10 1340 
0.885– 
0.891 
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2.3 Toxicity panel 

2.3.1 Algal cell concentration measurements 

Cell concentrations of the algal cultures were determined by flow-cytometry, using 

an Invitrogen Attune NxT flow Cytometer (Thermo Fisher Scientific, UK) equipped 

with a Cytkick microtiter plate autosampler that operates using Attune NxT Software 

v3.2.1 (Life Technolgies, USA). Each biological triplicate (n=3) was diluted 1:50 with 

0.9% NaCl in ddH2O solution prior to analysis. 200 µL of each diluted biological 

replicate was measured in technical duplicates in 96-well microtiter plates. The 

analysis was set up to mix the sample three times before analyzing. The first 25 µL 

of sample was discarded to ensure a stable flow rate. Data acquisition was 

automatically stopped when 50 L from each well was analyzed. 

2.3.2 Pulse-amplitude-modulation (PAM) measurements 

To monitor the health state of algal cells when in contact with solvents, the variable 

chlorophyll fluorescence of photosystem II (PSII) was measured. A Pulse Amplitude 

Modulation (PAM) fluorometer (Mini-PAM-II; Heinz Walz GmbH, Germany) was 

used to measure the maximum photochemical efficiency (Fv/Fm). Fv/Fm is defined as 

shown in the following equation (Eqn 1)(Wassink, 2006), where 𝐹𝑚  is the maximal 

PSII fluorescence, and 𝐹0 is the minimal PSII fluorescence: 

 
𝐹𝑣

𝐹𝑚
=

𝐹𝑚−𝐹0

𝐹𝑚
 (Eqn 1) 

Prior to each measurement, the samples were dark acclimated at room temperature 

for 10 min to open the PSII reaction centers.  The two technical Fv/Fm measurements 
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per sample were recorded and averaged to get one value per biological replicate. 

𝐹𝑣/𝐹𝑚 was reported as the mean (SD) of three biological replicates (n=3).  

2.3.3 Calculations of decay rate (k) and 50% lethal concentration (LC50) 

For each solvent concentration, the decay rate (k) and the 50% lethal concentration 

(LC50) of the C. reinhardtii culture in the presence of the solvent was calculated. To 

acquire the decay rate, the natural logarithm (Ln) of the cell concentration after 24 

h was plotted against the solvent concentration (in ppm). The slope represents the 

growth rate (r, in ppm–1), while the negative of the slope (r  −1) represents the 

decay rate (k, in ppm–1). To determine the LC50 of the algal culture when exposed to 

the solvents, the following equation (Eqn 2) was used, where k is the decay rate:  

𝐿𝐶50 =
𝐿𝑁(2)

𝑘
 (Eqn 2)  

2.4 Patchoulol extraction from algal culture  

The patchoulol extraction efficiency of alkanes, brominated alkanes, and chlorinated 

alkanes was evaluated by culturing 2XPcPS – UPN22 algal cells to late logarithmic 

phase in TAP medium, then 47.5 mL culture with 5% (v/v) of each respective solvent 

(2.5mL) were mixed in duplicate 200 mL Erlenmeyer flasks. The cultures were 

shaken (110 rpm) at 21 C for 24 h under 150 μmol m-2 s-1 PAR on a 12h:12h dark: 

light cycle. The solvent layer was then collected by centrifugation at 4,500 x g for 10 

min to obtain two separate layers. The solvent layer was transferred into amber GC 

vials and frozen (–20 C) until further analysis. 
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2.5 Patchoulol isolation from solvents  

2.5.1 Liquid-liquid extraction 

Two straight-chain alkanes (methanol and ethanol) were tested for their potential 

to remove patchoulol via liquid-liquid extraction from the solvents described above. 

An initial test was performed to check the immiscibility of methanol and ethanol with 

the patchoulol-containing solvents by adding 0.5 mL of each sample solvent to 0.5 

mL of either ethanol or methanol in separate vials. The miscible solvents were 

eliminated from the liquid-liquid extraction trials and instead only used for solid-

phase extraction (see section 2.5.2).  

The sample solvents were incubated in a 1:1 ratio (0.5 mL) with either methanol or 

ethanol at room temperature on a shaker (400 rpm) for 24 h. Subsequently, the 

Dodecane Decane Pentadecane Bromododecane Bromodecane Bromooctane Bromotetradecane Chlorododecane Chlorotetradecane Chlorohexadecane

Dodecane Decane Pentadecane Bromododecane Bromodecane Bromooctane Bromotetradecane Chlorododecane Chlorotetradecane Chlorohexadecane

MeOH

EtOH

Solvent

MeOH	/	EtOH

Mix	of	solvent	and	MeOH/EtOH

Figure 1. Illustration demonstrating the behavior (overlay/underlay) and miscibility of ethanol and methanol with 
the solvents used in the extraction experiments. 

Solvent 

MeOH/EtOH 

Mix of solvent and MeOH/EtOH 
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extracting solvent layer (methanol/ethanol) was collected and analyzed for the 

presence of patchoulol using GC-MS. 

2.5.2 Solid-phase extraction (SPE) 

For each patchoulol-containing solvent, separate solid-phase extractions (SPE) were 

performed, using a 15 mL Supelclean™ LC-Si SPE column (Product no. 505374; 

Sigma-Aldrich, Taufkirchen, Germany). The column was first equilibrated with 4 mL 

of the respective solvent. Samples of patchoulol-containing solvents were then 

added and kept in the column for 15 min before collecting the flow-through. To wash 

the column and remove any unbound molecules, 6 mL of hexane was then added and 

left for 15 min. The patchoulol elution was then performed with 2 mL of ethanol and 

collected. Elution was repeated four times, and each fraction was collected 

separately. After each extraction, the column was washed with 24 mL of ethanol to 

regenerate it for subsequent use. 

2.6 GC-MS analyses 

To analyze calculate the concentration of patchoulol in each sample, gas 

chromatography-mass spectrometry (GC-MS) was used. Specifically, an Agilent 

7890A gas chromatograph connected to a 5975C inert MSD with a triple-axis 

detector. The attached column was a DB-5MS (30 m × 0.25 mm i. d., 0.25 µm film 

thickness) (Agilent J&W). A scanning range of 50–750 m/z at 20 scans s-1 was used 

to record the mass spectra after a 13.2 min solvent delay. The temperature profile 

was set to the following: injector (250 ˚C), MS ion source (230 ˚C), and MS Quad (150 

˚C). A constant column flow of helium gas was applied at 1 mL min-1 and 1 µL of 
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sample was injected in splitless mode. The temperature of the GC oven was kept at 

80 ˚C for 1 min, then raised to 120 ˚C at 10 ˚C min–1, then raised to 160 ˚C at 3 ˚C min–

1s, and finally raised to 240 ˚C at 10 ˚C min-1s and held for 3 min. Chromatogram 

analysis was done using the MassHunter Workstation software (version B.08.00; 

Agilent Technologies, USA), and patchoulol was identified with the NIST library 

(National Institute of Standards and Technology, Gaithersburg, MD; 

ThermoFinnigan), and verified with a purified patchoulol standard (Cayman 

Chemical Company, MI, USA). All GC-MS measurements were done in technical 

duplicates and chromatograms were finalized after manual evaluation. To quantify 

patchoulol in solvent samples, a solid patchoulol standard (Cayman Chemicals 

Company, Michigan, USA) was dissolved in dodecane with concentrations of 

standard ranging from 10–200 µM. The standards were subjected to GC-MS to 

generate a patchoulol standard curve. 450 mM of 𝛼-Humulene (Sigma-Aldrich, St. 

Louise, USA) was added as an internal standard to all patchoulol standards as well 

as the pre-purification and SPE samples. 
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3 Results 

3.1 Toxicity panel 

3.1.1 Algal cell concentration measurements  

C. reinhardtii cell concentrations after 24 h of two-phase cultivation with solvents 

were measured and compared against a control that did not contain any solvent. Cell 

concentrations were relatively consistent for each alkane at concentrations between 

5,000 and 100,000 ppm (Figure 2); cells had similar concentrations for the different 

solvent concentrations, but between solvents the toxicity differed considerably. The 

cells were least tolerant to the solvents pentane and octane (cells concentrations 

<50% of the control), whereas the cells were most tolerant to dodecane at 100,000 

ppm and decane at 10,000 ppm (~ 50% of the control or higher). The brominated 

alkanes generally demonstrated decreasing cell concentrations across the range of 

solvent concentrations, although with 5,000 and 10,000 ppm bromododecane, cell 

concentrations were higher compared to the control samples. Bromotetradecane 

had a similar effect as other brominated alkanes, where cell concentrations 

decreased as the solvent concentration increased, but only at 500 ppm the cell 

concentration was higher than the control. Chlorotetradecane and chlorododecane 

exhibit a similar effect to bromododecane on cell concentration, whereby an increase 

in cell concentration was seen at 1,000 ppm for chlorotetradecane, and at 50,000 

ppm for chlorododecane. The remaining solvents, except for cardanol, showed a 

drastic decrease in cell density to almost zero at all concentrations above 500 ppm. 

Cardanol showed a consistent decrease in cell concentration with increasing solvent 

concentration. 
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3.1.2 Pulse-amplitude-modulation (PAM) measurements 

The maximum photochemical efficiency (Fv/Fm) of C. reinhardtii cultures under 

solvent exposure were measured for only six of the solvents. For some of the 

remaining solvents, no Fv/Fm values could be recorded due to low concentrations of 

cells. Moreover, some solvents such as cardanol and 2-methyl-tetrahydrofuran had 

inherent fluorescence, which interfered with the fluorescence measurement of the 

algal cells. Consequently, when attempting to measure the Fv/Fm of the algal cells, the 

fluorescence of the solvents would be recorded instead of the maximum 

Figure 2. C. reinhardtii cell concentrations (% of control) at different solvent concentrations after 24 h of two-phase 
cultivation. Values are the mean ± standard error mean (SEM) of three biological replicates (n=3). 
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photochemical efficiency of the cultures. Therefore, the Fv/Fm data obtained for 

cardanol and 2-methyl-tetrahydrofuran were removed from the analysis.   

From the remaining solvents, it was observed that the maximum photochemical 

efficiency of algal cells decreased in the presence of para-cymene and gamma-

terpinene above 500 ppm. More specifically, Fv/Fm values at 500 ppm were 0.21 and 

0.56 for para-cymene and gamma-terpinene, respectively, compared to ~0.70 for the 

control culture. Above 500 ppm para-cymene, the Fv/Fm of the culture was either 

zero or not detectable, while at 500–100,000 ppm gamma-terpinene, the Fv/Fm of the 

culture was approximately 0.25. In comparison, cultures exposed to 10,000 ppm 

octane or pinacolone demonstrated Fv/Fm values of 0.53 and 0.56, respectively, while 

at concentrations of 50,000 ppm and above, Fv/Fm drastically decreased to almost 

zero (Figure. 3). 

 

Figure 3. Maximum photochemical efficiency (Fv/Fm) of C. reinhardtii cells after 24 h exposure to different 
solvent concentrations.  Values are the mean ± standard error mean (SEM) of three biological replicates (n=3). 



 31 

3.2 Calculations of decay rate (k) and 50% lethal concentration (LC50) 

From the C. reinhardtii cell concentration measurements, the decay rate (k) and 50% 

lethal concentration (LC50) were calculated. The first result of this study was that 

several solvents (dodecane, decane, pentadecane, chlorododecane, 

chlorotetradecane, and g-terpinene) had a calculated LC50 of more than 100,000 

ppm, which was out of the tested concentration range (500 ppm – 100,000 ppm). 

Across the tested solvents, dodecane was the least toxic to the alga cells, with a 

calculated LC50 of 644,655 ± 263,673 ppm (equivalent to 64.5 ± 26.4 % v/v), whereas 

farnesol and citral were the most toxic with a calculated LC50 of 33 ± 14 ppm (0.003 

± 0.001 %) (Table. 2). 
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    Decay rate  (ppm–1)   LC50 (ppm)   LC50 (% v/v) 

  
Solvent  mean   std. dev.    mean       std. dev.    mean   

std. 
dev. 

Alkanes 

Dodecane  1.18E-06  ±  3.91E-07  

       
644,655  a 

 
±  

        
263,673   64.47 

 
±  26.37 

Decane 7.04E-06  ±  2.06E-06  

       
103,633  a 

 
±  

          
26,206   10.36 

 
±  2.62 

Pentadecane 7.22E-06  ±  1.80E-06  

       
100,402  a 

 
±  

          
26,947   10.04 

 
±  2.69 

Octane 1.35E-04  ±  4.68E-05  

            
5,705   

 
±  

             
2,470   0.57 

 
±  0.25               

Brominated 
Alkanes 

Bromotetradecane 1.08E-05  ±  1.83E-06  

         
65,306   

 
±  

          
10,709   6.53 

 
±  1.07 

Bromodecane  3.64E-05  ±  4.03E-05  

         
48,976   

 
±  

          
54,158   4.90 

 
±  5.42 

Bromododecane  1.91E-05  ±  3.99E-06  

         
37,294   

 
±  

             
7,805   3.73 

 
±  0.78 

Bromooctane 2.28E-02  ±  7.91E-03  

                  
34   

 
±  

                   
15   0.003 

 
±  0.001               

Chlorinated 
Alkanes 

Chlorododecane 1.99E-06  ±  3.05E-06  

       
329,124  

 

a  
 

±  
        
281,171   32.91 

 
±  28.12 

Chlorotetradecane 4.65E-06  ±  4.41E-06  

       
244,101  

 

a  
 

±  
        
150,890   24.41 

 
±  15.09 

Chlorohexadecane 1.40E-04  ±  4.88E-05  

            
5,493   

 
±  

             
2,389   0.55 

 
±  0.24 

              

Alkenes 

g-Terpinene 4.33E-06  ±  9.50E-07  

       
165,022  

 

a  
 

±  
          
33,208   16.50 

 
±  3.32 

p-Cymene* 4.77E-04  ±  5.60E-04  

            
3,678   

 
±  

             
3,291   0.37 

 
±  0.33 

a-Pinene 5.07E-04  ±  3.60E-04  

            
2,085   

 
±  

             
1,666   0.21 

 
±  0.17               

Alcohols 

Cardanol 2.92E-05  ±  3.09E-06  

         
23,890   

 
±  

             
2,544   2.39 

 
±  0.25 

Nopol 1.03E-02  ±  1.57E-02  

               
395   

 
±  

                
322   0.04 

 
±  0.03 

Heptanol* 8.67E-03  ±  2.06E+02  

               
153   

 
±  

                
166   0.02 

 
±  0.02 

Nerol 1.98E-02  ±  1.49E-02  

               
103   

 
±  

                
137   0.01 

 
±  0.01 

Farnesol 2.33E-02  ±  8.08E-03  

                  
33   

 
±  

                   
14   0.003 

 
±  0.001 

              

Other 

MeTHF* 2.00E-04  ±  1.14E-04  

            
5,130   

 
±  

       
4,312.52   0.51 

 
±  0.43 

Pinacolone 1.89E-04  ±  8.37E-05  

            
4,086   

 
±  

             
1,441   0.41 

 
±  0.14 

Citral 2.33E-02  ±  8.08E-03   
                  
33    

 
±  

                   
14    0.003 

 
±  0.001 

  a   value above tested concentration            
* "green" solvents             

MeTHF refers to Methyltetrahydrofuran            

Table 2. Decay rate and LC50 of C. reinhardtii calculated based on cell concentrations after 24 hours exposure of algae 
to different solvent concentrations (500-100,000 ppm). 
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3.3 Patchoulol extraction from algal culture 

3.3.1 Liquid-liquid extraction 

The miscibility test illustrated in Figure 1 found that bromooctane was miscible with 

both methanol and ethanol. Therefore, bromooctane was not used for the liquid-

liquid extraction experiment. Out of the remaining nine solvents that were used for 

the liquid-liquid extraction experiment, five solvents (i.e., dodecane, decane, 

bromodecane, bromododecane, and chlorotetradecane) were able to extract 

patchoulol as confirmed by the GC-MS chromatograms (Figure 4). The largest GC-MS 

peak area of patchoulol (2,014,065 ± 100,649) was obtained when the product was 

extracted from the algae using decane and then liquid-liquid extracted with ethanol. 

The second-best extraction was achieved by methanol extraction from dodecane 

with a peak area of (1,378,509 ± 47,334).  

3.3.2 Solid-phase extraction (SPE)  

SPE extractions were done for ten solvents from the 2-phase algal cultivation (see 

Figure 1), and the flow-through and fraction from the second ethanol elution were 

both analyzed by GC-MS. In none of the flow-through samples was any patchoulol 

detected, indicating effective patchoulol binding to the silica column. In the ethanol 

elutions, patchoulol was found for five solvents (dodecane, decane, bromodecane, 

bromooctane, and chlorotetradecane). Across the patchoulol-containing extractions, 

bromooctane exhibited the highest patchoulol concentration, with a GC-MS peak 

area of 2,147,545 ± 1,038,742. In comparison, elutions of bromodecane samples had 

the second highest patchoulol concentration with a patchoulol GC-MS peak area of 
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1,689,335 ± 1,652,063. The third highest patchoulol concentrations were detected 

in the dodecane sample, with a peak area of 1,123,410 ± 1,588,742 (Figure 4).  
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Figure 4. Patchoulol (GC-MS peak area/0.5 mL of solvent) from C. reinhardtii culture using different 
solvents (5% v/v) and purification methods. Solvents are grouped as alkanes, brominated alkanes, 
and chlorinated alkanes. Values are the mean ± standard error mean (SEM) of two biological 
replicates (n=2). 
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4 Discussion 

4.1 Toxicity of solvents to C. reinhardtii 

The results from the LC50 calculations and the maximum photochemical efficiency 

(Fv/Fm) measurements revealed that most solvents were too toxic for C. reinhardtii 

2-phase cultivation at 5% or 10% (v/v) solvent concentrations. Current standard 

practice for isoprenoid capture from algal (and other microbial) cells is to use 5–10% 

of dodecane, decane, or isopropyl myristate as a capture solvent (Beekwilder et al., 

2014; Peralta-Yahya et al., 2011; Yunus et al., 2018), respectively. As a consequence, 

the majority of solvents tested here would not be suitable replacements for 

dodecane for this application. Here, dodecane was found to be the least toxic solvent 

with a calculated LC50 concentration of 644,655 ± 263,673 ppm, corresponding to 

64.47 ± 26.37% far above the 5–10% used in standard practice. However, this value 

is calculated based on performance in the tested volumes, which did not exceed 10%. 

Thus, it is unclear if 2-phase cultivation with the calculated 64.5% dodecane overlay 

would indeed be possible. Previous measurements of the maximum photochemical 

efficiency (Fv/Fm) of C. reinhardtii with a 5% dodecane overlay demonstrate that 

algal cells remained healthy for up to 10 d, with Fv/Fm > 0.60 (Overmans et al., 2022; 

Wichmann et al., 2018). The photosynthetic activity of C. reinhardtii cells after 

cultivation with 5% dodecane was previously shown to be only slightly affected 

compared to the control without solvent (93% of the control) (León et al., 2001).  

Among the alkanes, decane was the second least toxic solvent with a calculated LC50 

concentration of 103,633 ± 26,206 ppm, corresponding to 10.36 ± 2.62% or within 

the desired application range. Similarly, previous work found that decane at a ratio 
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of 2:1 (algae culture:decane) did not affect C. reinhardtii cell growth significantly 

(Bensalem et al., 2018). Additionally, decane has been used for cultivation of other 

microalgae, e.g., Chlorella sp. and Botryococcus braunii, to induce oil accumulation 

and study their growth and membrane fatty acid composition, respectively (Concha 

et al., 2018; Sayre, 2013). Interestingly, the alcohols tested in the present study 

(except for cardanol) were the most toxic solvents with 50% lethal concentrations 

of <400 ppm (0.04%), which was less than our tested concentration range (500–

100,000 ppm) (see Table 2). Previous studies reported similar results with alcohols. 

For example, cell growth of cyanobacteria was inhibited at 25 ppm of 1-octanol 

(Yunus et al., 2018). It was also reported that cell growth of E. coli was inhibited at 

0.75 mM of 1-octanol (Sattayawat et al., 2020).  

4.2 Suitability of solvents for patchoulol extraction from algal cultures 

Dodecane has very similar chemical properties to patchoulol, with boiling points and 

molecular masses within the same range. This means that the extraction of 

accumulated patchoulol within the solvent requires strategies, which rely on subtle 

differences in its chemical nature that can allow it to be specifically removed from its 

solvent. For liquid-liquid extractions, it is important to balance the behavior of the 

target compound and its preference for partitioning into one solvent or the other. 

Recent work from our group in collaboration with Saikaly and Szekely groups 

showed that patchoulol has similar partitioning between dodecane and methanol 

(Overmans et al., 2022). However, this partitioning behavior may be different for 

other solvents, or with ethanol. Similarly, it is possible to use solid phase extraction 

due to the -OH group of the patchoulol, which can selectively bind charged particles 
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for further elution. To evaluate the recovery potential of patchoulol from the solvents 

incubated with algal cultures in our work here, different extraction methods 

targeting the patchoulol were compared. We compared liquid-liquid extraction of 

solvents with methanol or ethanol, depending on their immiscibility, or the use of 

solid-phase capture of the patchoulol from the solvent, followed by washing with 

hexane and product elution with ethanol. To evaluate the best performing extraction 

method that would yield patchoulol captured in each solvent, GC-MS peak areas of 

patchoulol in extraction samples were compared in fractions taken from each of 

these experiments between analyzed samples (Figure. 4).  

Liquid-liquid extractions with methanol and ethanol showed similar extraction 

results, whereby decane (1,552,991 ± 37,099, 2,014,065 ± 100,649, methanol and 

ethanol, respectively) had a 30% higher patchoulol extraction efficiency than 

dodecane (1,378,509 ± 47,334, 1,405,406 ± 290,154, methanol and ethanol, 

respectively). A recent report from our working group has also reported high 

patchoulol removal with ethanol liquid-liquid extraction from FC-3283 underlay 

samples cultured with engineered C. reinhardtii (Overmans et al., 2022). Liquid-

liquid solvent exchange can be an effective means to extract target compounds from 

solvents with similar chemical properties, however, may lack in efficiency if 

partitioning to one or another solvent is not favored.  

Liquid-liquid extraction of bromododecane with ethanol showed the largest 

patchoulol concentration in the ethanol following extraction (2,449,298 ± 

3,463,831). However, data obtained from these extractions were not consistent, with 
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high variations between both biological and technical replicates. Bromodecane was 

also difficult to analyze, as the patchoulol peak could not be observed under large 

solvent peaks in GC-MS chromatograms caused by this solvent. 

For the solid-phase extractions, the most patchoulol could be eluted from the 

Bromooctane overlays (2,147,545 ± 1,038,742). This finding shows that despite the 

high toxicity of bromooctane (LC50: 0.003%, Table. 2), the algal cells were able to 

produce large amounts of patchoulol, which bromooctane was able to capture, likely 

as the cells were lysing. It is noteworthy that even though SPE seemingly was the 

most efficient at extracting patchoulol based on the largest patchoulol GC-MS peaks 

obtained (bromododeane and bromodecane), and the SPE elutions containing less 

contaminants than liquid-liquid extraction samples (see Appendix 1), the patchoulol 

amounts obtained with SPE were highly variable. Solid-phase extraction to extract 

isoprenoids from dodecane samples cultivated with C. reinhardtii cultures has been 

used by our working group for patchoulol extraction (unpublished). Ultimately, the 

SPE of bromooctane had the highest patchoulol extraction efficiency. However, 

bromooctane was highly toxic to algal cells and therefore cannot be used for 2-phase 

cultivation experiments. Based on the findings presented here, it can be concluded 

that ethanol liquid-liquid extraction of decane was the most practical method and 

likely to be applicable to future experiments to extract patchoulol from algal cells 

after 2-phase cultivation for 24 h. 
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4.3 Study limitations 

The findings of this study require acknowledgement of the limitations in 

experimental design. Data obtained for cell concentrations and LC50 depend on the 

starting cell concentration as more dense cultures may be less prone to solvent-

induced lethality than the dilute cultures used here. Even though the same process 

was followed for all experiments, some experiments produced variable results, and 

do not conclusively quantify the effects observed. Another limitation to this study is 

that the measurements of the maximum photochemical efficiency can be affected by 

factors other than chlorophyll in the algal cells. For example, it was noticed for 

cardanol and methyltetrahydrofuran that Fv/Fm fluorescence values were obtained 

from the solvents themselves and not the algal cells due to inherent fluorescent 

properties of the solvents. It is important to note that bioprocess designs can use 

alternative solvent-culture contact strategies, for example with membrane 

contactors, or short-exposure extraction columns, which may minimize toxicity 

effects. This has been shown, for example, with cultures of the green alga 

Botryococcus and the solvent hexane (Zhang et al., 2011). Other organisms may also 

be more solvent tolerant. 

4.4 Conclusions 

Here, I have determined that most of the tested solvents, although having variable 

densities (above or below cultures) do not outperform dodecane as a stable culture-

solvent extraction method for the model green alga C. reinhardtii. Despite the goal of 

identifying a suitable ‘green’ solvent alternative for culture-solvent two phase 

isoprenoid mixing, all green solvents tested here were found to be highly toxic to the 
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microalgal culture. Alkenes, alcohols and solvents from the other group were found 

to be highly toxic to C. reinhardtii and lethal at concentrations > 5%. This finding 

implies that those solvents are not suitable as 2-phase cultivation solvents for the 

purpose of milking terpenoids from living cultures. In contrast, straight-chain 

alkanes were the most tolerable to algal cells, as cell concentrations were consistent 

across the different solvent concentrations tested (up to 100,000 ppm). Therefore, 

alkanes, and decane in particular, are the most likely candidates to replace dodecane 

as go-to solvent for patchoulol extraction from engineered C. reinhardtii strains. 

Following product extraction, decane also proved to be the best solvent at 

transferring patchoulol to ethanol during liquid-liquid extractions. Lastly, of the 

tested purification methods, liquid-liquid extractions of patchoulol with ethanol 

were more efficient than liquid-liquid extractions with methanol, deeming the 

former solvent as the better solvent for product capture. My work here is a first 

roadmap in this space for engineered C. reinhardtii culture solvent tolerance and will 

be of value to future investigations with this and other microorganisms.  
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APPENDICES 

Appendix 1. Comparison of GC-MS chromatograms of chlorohexadecane after A. Liquid-liquid 

extraction with ethanol. B. Solid-phase extraction (SPE). 
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