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Abstract 

Background Microbial lipid extraction is a critical process in the production of biofuels and other valuable chemicals 
from oleaginous microorganisms. The process involves the separation of lipids from microbial cells. Given the com-
plexity of microbial cell walls and the demand for efficient and environmentally friendly extraction methods, further 
research is still needed in this area. This study aims to pursue the extraction of intracellular lipids from oleaginous 
yeasts using inexpensive solvents, without disrupting the cells and even maintaining a certain level of cell viability.

Results The study used fresh fermentation broth of Rhodotorula toruloides as the lipid extraction target 
and employed a binary solvent of methyl tert-butyl ether (MTBE) and n-hexane for lipid extraction. The effects 
of extraction time and solvent ratio on cell viability, lipid extraction efficiency, and fatty acid composition were ana-
lyzed. Conditions that balanced lipid yield and cell survival were selected for lipid extraction.

Specifically, using a binary solvent (with 40% MTBE) to extract an equal volume of R. toruloides fermentation broth 
achieved a total lipid extraction rate of 60%, while maintaining a 5% cell survival rate (the surviving cells served 
as the seed for the second round of lipid production). After separating the solvent phase and supplementing 
the lipid-extracted cells with carbon sources and a small amount of nitrogen sources, the cells gradually regained 
biomass and produced lipids. Repeating this "gentle" extraction on surviving and regrown cells and adding carbon 
and nitrogen sources can enable a second round of growth and lipid production in these cells.

Conclusions This is an interesting finding that may potentially encompass the extraction mechanisms of polar/
nonpolar solvents and the phenomenon of yeast autophagy. This method does not require the destruction of the cell 
wall of oleaginous yeast. The separation after extraction is simple, and both the cells and solvents can be recycled. It 
provides a possible approach for simultaneous fermentation and lipid extraction.
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Introduction
Oleaginous microorganisms are an alternative source of 
oils, distinct from plants, animals, and petroleum. They 
produce what is known as single cell oils (SCO), which 
can be used in biofuels, pharmaceuticals, and other 
industries. These microorganisms include certain yeasts, 
bacteria, and algae [1]. With their short production 
cycles, high lipid yields, genetic tractability, and indus-
trial scalability, oleaginous microorganisms are consid-
ered ideal substitutes for fossil fuels [2].

Rhodotorula toruloides is renowned for its broad sub-
strate spectrum, strong stress resistance, and high lipid 
yield. These attributes make it an ideal candidate for 
the production of lipids, carotenoids, and other valu-
able chemicals [3]. The research has shown that under 
nitrogen-limited conditions, R. toruloides undergoes 
lipid remodeling, where phospholipids are converted into 
storage lipids. This process enhances the accumulation of 
both lipids and carotenoids [4, 5].

However, the unique cellular structures of oleaginous 
microorganisms present significant challenges for lipid 
extraction. Given the minuscule size of these microbial 
cells, traditional mechanical pressing methods are inef-
fective for recovering intracellular lipids. Moreover, the 
cell walls of these oleaginous microorganisms, particu-
larly those of oleaginous yeasts, are rich in chitin and 
mannans. These components endow the cell walls with 
high mechanical strength, thickness, and density, further 
complicating the extraction of lipids from microbial cells 
[6, 7]. Therefore, before solvent extraction, pretreatment 
or cell disruption methods, such as mechanical (puffing, 
bead milling, ultrasonication, homogenization, micro-
wave) and nonmechanical (enzymatic, acid, alkaline 
digestion, osmotic shock) approaches are crucial for the 
effective recovery of lipids from oleaginous microorgan-
isms [8]. After pretreatment, the increased accessibility 
of intracellular lipids makes the subsequent extraction 
of lipids from the pretreated material using organic sol-
vents much more efficient and straightforward. However, 
inevitably, the disrupted cells can introduce impurities 
into the solvent phase, and the pretreatment process also 
involves a significant amount of energy consumption.

The current lipid extraction technologies have also seen 
the development of novel green solvent-based methods. 
For example, the use of dimethyl carbonate (DMC) and 
supercritical CO₂, combined with deep eutectic solvents 
(DESs) and microwave pretreatment, has been shown to 
enhance lipid extraction [9]. Subcritical dimethyl ether 
(DME) [10] and switchable polarity solvents, such as 
dipropylamine (DPA) after CO₂ treatment [11, 12], ena-
ble direct lipid extraction from wet biomass without the 
need for pretreatment. Meanwhile, highly economical 
extraction methods have also been explored, such as milk 

lipids without affecting the growth of the microalgae Bot-
ryococcus braunii using n-hexane [13].

This study presents a method for lipid extraction from 
R. toruloides fermentation broth using a binary solvent 
system of methyl tert-butyl ether (MTBE) and n-hex-
ane. The method involves separating the viable cells that 
remain after lipid extraction, replenishing the medium, 
and then conducting lipid production and extraction 
again, repeating this process for two cycles. By investigat-
ing the solvent ratio and extraction duration, the optimal 
extraction strategy was determined. This approach pro-
vides a practical method for lipid recovery and resource 
recycling that can help reduce the cost of microbial lipid 
production.

Materials and methods
Microorganism and solvents
R. toruloides CGMCC 2.1389 was obtained from the 
China General Microbiological Culture Collection 
Center. Methyl tert-butyl ether (MTBE), n-hexane and 
chloroform were purchased locally and were of analytical 
reagent grade.

Cultivation conditions
The initial seed (fresh culture of R. toruloides) was inoc-
ulated and enriched in yeast extract peptone dextrose 
(YEPD) medium, cultured at 30 °C with shaking at 200 
rpm for 24 h. The enriched culture was inoculated into 
nitrogen-limited medium at a 10% (v/v) inoculum size 
for lipid production and cultured at 30 °C with shaking at 
200 rpm until complete glucose consumption.

YEPD medium: glucose, 20 g/L; yeast extract, 10 g/L; 
and peptone, 20 g/L.

Nitrogen-limited medium: glucose, 50 g/L;  (NH4)2SO4, 
0.1 g/L; yeast extract, 0.75 g/L;  MgSO4·7H2O, 1.5 g/L; and 
trace elements solution, 10 mL/L.

Trace elements solution:  CaCl2·2H2O 4  g/L, 
 FeSO4·7H2O 0.055 g/L, Citric acid monohydrate 0.52 
g/L,  ZnSO4·7H2O 0.1 g/L,  MnSO4·H2O 0.076 g/L, 18 M 
 H2SO4 100 μL/L.

pH adjustment: 2-(N-Morpholino) ethanesulfonic acid 
hydrate (MES) buffer was added at 50 mmol/L to main-
tain the pH at 6.0.

Take 50 mL of fermentation broth for binary solvent 
lipid extraction. After extraction, take 30 mL of the 
lower layer of the spent broth and supplement nutrients 
according to the following strategy:

Nitrogen-limited (Nl) supplemented: 250 g/L glucose 
solution, 10 mL; 39 g/L MES buffer solution, 5 mL; sugar-
free nitrogen-limited medium solution (yeast extract, 
7.5 g/L;  (NH4)2SO4, 1 g/L;  MgSO4·7H2O, 6 g/L; 40 mL/L 
trace element solution), 5 mL; total 50 mL system.
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Nitrogen-rich (Nr) supplemented: An additional 5 mL 
of YEPD medium and other nutrient supplements con-
sistent with Nl were added; a total of 55 mL of the system 
was used.

Lipid extraction method
Extraction of total lipids
The total lipids were extracted by acid‒heating extrac-
tion (AHE) method. For each gram of dry cells, 6 mL of 
4 M HCl was added and hydrolyzed at 78 °C for 1 h. After 
cooling, an equal volume of chloroform and methanol 
was added, vortexed for 3  min, and then centrifuged at 
8000 r/min for 5 min to separate the organic phase. An 
equal volume of chloroform was added again for a sec-
ond extraction, and the organic phases were separated 
and combined. The combined organic phase was washed 
with an equal volume of 0.1% NaCl solution, and the 
resulting extract was purified and dried over anhydrous 
sodium sulfate. The solvent was removed under reduced 
pressure, and the lipids were dried to constant weight at 
105 °C and weighed. The lipid content was expressed as 
grams of lipids per liter of fermentation broth and was 
used as the standard for evaluating the lipid extraction 
efficiency of other methods.

Optimization of binary solvent conditions
15 mL of fermentation broth was taken at 0 h, 24 h, 48 
h, 72 h, 96 h, and 120 h, respectively. Then, 15 mL of 
MTBE/hexane binary mixture containing 0%, 20%, 40%, 
60%, 80%, and 100% MTBE was added to each sample. 
The extraction was carried out at 200 rpm for 30 min, 60 
min, and 90 min, respectively. The solvent phase was sep-
arated by centrifugation, and moisture and protein impu-
rities were removed using anhydrous sodium sulfate. The 
solvent was evaporated under reduced pressure, and the 
lipids were dried to constant weight. Three replicates 
were set for each condition.

Lipid extraction during the re‑fermentation process 
of lipid‑extracted cells
Lipid extraction was carried out using the MTBE-hexane 
binary solvent (40% MTBE), following the extraction and 
purification procedures described in"Optimization of 
binary solvent conditions"section.

Analytical methods
Determination of culture parameters
The cell mass was determined via the dry weight method. 
The glucose content of the culture broth was measured 
via a biosensing analyser. The  OD600 value was obtained 
by measuring the absorbance at 600 nm via a UV‒Vis 
spectrophotometer.

Determination of total lipid content and analysis of fatty acid 
composition
The fatty acid composition of lipids was analyzed using 
gas chromatography–mass spectrometry (GC–MS) 
according to a previously described method [14].

Staining and observation methods
Examination of intracellular lipid droplets
9-(diethylamino) benzo[α]phenoxazin-5(5H)-one (Nile 
red), a lipophilic dye, can stain lipid droplets inside 
cells red. Nile red staining solution at a final concentra-
tion of 1 μg/mL was added to the cultures, which were 
subsequently stained in the dark for 5  min [15] and 
then observed in the RFP mode of the microscopic cell 
imaging system.

Examination of cell survival and the cell membrane
Propidium iodide (PI), a DNA dye, can stain cells that 
have lost membrane integrity and can also be used to 
assess cell viability. PI staining solution at a final con-
centration of 1 μg/mL was added to the cultures, which 
were then stained in the dark for 15 min and observed 
in the RFP mode of the microscopic cell imaging 
system.

In addition, the streak plate method and spread plate 
method were employed to assess the viability of the cells.

Results and discussion
Results and mechanism of solvent treatment on R. 
toruloides
Chloroform is commonly used for lipid extraction from 
oleaginous yeast cells, but it is somewhat toxic. MTBE 
is a greener solvent that has been used for lipid extrac-
tion in lipidomics analysis [16]. In addition, n-hexane 
has been used to extract lipids during the cultivation of 
microalgal cells [13]. To test whether R. toruloides cells 
could tolerate the extraction process with these solvents, 
cells treated with the three solvents (with ethanol as a 
polar solvent control) were collected and stained with PI 
and Nile Red.

The results showed that cells treated with ethanol, 
MTBE, and chloroform were all stained by PI, indicat-
ing cell death, while cells in the n-hexane group remained 
viable. The light field view in Fig.  1 clearly showed that 
chloroform and MTBE extracted the lipids from R. tor-
uloides cells, leaving them as “empty shells,” whereas 
the polar solvent ethanol failed to extract intracellular 
lipids. Nile Red staining revealed that only the n-hexane 
group retained intact lipid droplet structures, while other 
groups showed organic solvents mixed with intracellu-
lar lipids being stained. Chloroform exhibited significant 
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lipid extraction efficiency  in this  experiment, the lipid 
droplets inside the cells have almost disappeared.

Ethanol is miscible with water, while chloroform and 
MTBE are sparingly soluble in water (with solubilities 
of 0.8 g/L and 15 g/L, respectively). In contrast, n-hex-
ane has an extremely low solubility in water and is virtu-
ally insoluble. The extraction mechanisms of these three 
types of solvents can be illustrated in Fig. 2. The pathway 
for solvent mass transfer to intracellular lipids can be 
summarized as follows: solvent phase → cell wall → cyto-
plasmic membrane → cytoplasmic matrix → lipid droplet 
membrane → lipids. For polar solvents that are soluble in 
water, the mass transfer through the cell wall, cytoplas-
mic membrane, cytoplasmic matrix, and lipid droplet 
membrane is relatively straightforward, with the main 
resistance being the dissolution of lipids. For weak-polar 
solvents, both the cell membrane and intracellular lipids 
can be dissolved, facilitating the extraction of lipids from 
within the cells. However, different solvents will exhibit 
varying dissolution capabilities. For nonpolar solvents, 
the water in the cell wall pores, the cytoplasmic mem-
brane with its hydrophilic ends facing outward, the cyto-
plasmic matrix, and the lipid droplet membrane all pose 
significant barriers to mass transfer. As a result, even if 
nonpolar solvents have good compatibility with lipids, 
they are unable to extract intracellular lipids effectively.

Exploration of lipid extraction methods balancing lipid 
recovery and cell viability
Based on the above results, MTBE can be attempted as a 
bridge for the entry and exit of cells, like Figure S1, while 
n-hexane can serve as a storage solvent to accommodate 
lipids. Generally, the oil-producing cultivation of R. tor-
uloides reaches the fermentation endpoint at 96–120 h. 
However, there are differences in lipid content, cell wall 
composition, and thickness at different cultivation time 
[17]. Therefore, fermentation broths of R. toruloides 
cultured for different durations were used as extrac-
tion materials, and binary solvents of MTBE/n-hexane 
at different ratios were employed as oil-extraction sol-
vents to investigate the effects of various factors on lipid 
extraction.

As shown in Fig. 3, except for the cultivation duration 
of 24 h, the lipid extraction capacity was significantly 
influenced by the MTBE ratio during cultivation dura-
tions of 48–120 h, with an increased MTBE ratio enhanc-
ing the lipid extraction capacity.

In addition, as the cultivation time increased, the intra-
cellular oil content rose, and the lipid extraction efficiency 
significantly improved. The accumulation of lipids enlarged 
the cell volume and narrowed the gap between the lipid 
droplets and the cell wall, thereby shortening the mass 
transfer pathway of the solvent. As shown in Figure S2, the 

Fig. 1 Staining of cells after lipid extraction with PI and Nile Red using solvents (the figure for the light field view, light and dark field superimposed 
view, dark field view)
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microscopic images of intracellular lipids at 48 h and 120 h 
correspond to lipid contents of 37% and 65%, respectively, 
indicating that the higher the intracellular lipid content, the 
better the extraction effect. The extraction efficiency of the 
binary solvent increased with the rise in MTBE content, 
while a high content of n-hexane tended to play a “cell-pro-
tecting” role.

As illustrated in Figure S3, when using a binary solvent 
with a 40% MTBE ratio, some cells survived after extrac-
tion. It can be inferred that cells in good condition with 
lower lipid content might be less affected by the binary 
solvent, becoming “survivors” after lipid extraction and 
resuming growth through self-repair. The lipid extrac-
tion data were summarized in Fig.  4, which shows that 
during oil extraction from the 120-h fermentation broth, 
the most significant change in oil extraction capacity 
occurred when the MTBE ratio was increased from 20 
to 40%. When compared with the methods in Table S1, 
the lipid recovery rate and process complexity have been 
reduced. Therefore, the optimal solvent ratio was selected 
as a binary mixture of 40% MTBE/n-hexane.

The bacterial suspensions before and after lipid extrac-
tion were counted, and the survival rate of the bacterial 
cells was calculated using the following formula resulting 
in a survival rate of 5.34%.

suevival% =

N 1 ×D1 ÷ 100µL

N 2 ×D2 ÷ 100µL

N1: Number of strains growing after lipid extraction
N2: Number of strains growing before lipid extraction
D: Dilution times
Within the same cultivation period, the latter was 

smaller than the former (as shown in Figure S4), indicat-
ing that the growth rate of the strain had slowed down 
after lipid extraction and required a certain period of 
recovery.

Figure  5 shows the fatty acid composition of lipids 
extracted using different ratios of binary solvents. The 
fatty acid composition of lipids extracted with 100% 
n-hexane differs greatly from that of lipids extracted with 
MTBE added solvents. This is because n-hexane has diffi-
culty penetrating cell membranes to extract intracellular 
lipids, so it can only extract lipids from the cell exterior 
or a few ruptured cells, resulting in extremely low lipid 
extraction rates and significant differences in lipid com-
position as compared to the AHE method. After adding 
MTBE to form a binary solvent, the fatty acid composi-
tion of the obtained lipids was C16:0≈25%, C18:0≈13%, 
C18:1≈50%, C18:2≈10%, which is comparable to that 
of AHE. This indicates that MTBE plays a major role 
in lipid extraction and extracts intracellular lipids 
indiscriminately.

Recycling of surviving cells after lipid extraction
Based on the above observations, we designed a new 
lipid production process in which a carbon source is 

Fig. 2 Mechanism of oil extraction with three types of solvents
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added to the spent cultures of R. toruloides after in situ 
lipid extraction with a 40% MTBE/n-hexane solvent for 
the subsequent production of lipids. Figure 6 shows the 
differences in cell growth, sugar consumption, and lipid 
production under nitrogen-limited (Nl) and nitrogen-
rich (Nr) conditions due to the recycling of the spent 
cultures.

The average cell growth rate of the initial culture over 
96 h was 12.75 OD/d, and the sugar consumption rate 
was 11.38 g/(L·d). Because a large amount of lipids was 

removed and only 60% of the spent culture was trans-
ferred to initiate a new round of cultivation after the 
addition of glucose and nitrogen sources, the OD value 
of the culture broth decreased at the beginning of each 
round. However, cell growth and glucose consump-
tion resumed within 1  day (Fig.  6a, b). For the Nl tri-
als, a small amount of nitrogen source was added, and 
cell growth and glucose utilization increased rapidly 
after the lag phase. The average cell growth rate was 
5.98 OD/d, and the sugar consumption rate was 7.18 g/

Fig. 3 Lipid extraction with different ratios of MTBE/n-hexane binary solvents at different periods ((a): 24 h, (b): 48 h, (c): 72 h, (d): 96 h, (e): 120 h; (f) 
the lipid content during fermentation)
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(L·d) in the first round of lipid production. In the sec-
ond round, the average rates of cell growth and sugar 
consumption decreased to 4.06 OD/d and 6.00 g/(L·d), 
respectively. For the Nr trials with additional YEPD 
supplementation, cell growth and glucose utilization 
were faster than those in the Nl trials, with average cell 
growth and sugar consumption rates of 6.55 OD/d and 
7.94 g/(L·d) in the first round and 6.05 OD/d and 7.80 
g/(L·d), respectively, in the second round. Although the 
cell growth and sugar consumption were faster in the 
Nr trials, the final lipid yield was 0.108 g/g, which was 

lower than the 0.131 g/g obtained in the Nl trials (Fig. 6 
c).

The process shown in Fig. 6 is different from the previ-
ous processes used for lipid production. In the repeated 
fed-batch fermentation process, a small portion of the 
mature culture containing lipid-rich cells is left in the 
reactor as an inoculum to initiate new lipid production 
upon the addition of fresh media [18], and the propor-
tion of dead cells has decreased. (as shown in Figure 
S5). Notably, the spent cell mass after lipid extrac-
tion has been chemically hydrolyzed, and the result-
ing hydrolysates have been used as nutrients for lipid 
production [19]. In this study, most of the culture broth 
(including cells) was recycled for the next round of cul-
tivation. The surviving cells were used as seeds, and the 
spent cells were used as slow-release nutrients, retain-
ing both organic matter and mineral nutrients. This 
likely achieved in situ utilization of waste and provided a 
material basis for lipid synthesis after the replenishment 
of carbon sources. From an economic perspective, the 
5% viable cell recovery and 60% extraction rate may not 
give biodiesel production a significant economic advan-
tage, but the 5% cell survival supports cell recycling and 
normal lipid production. This process allows cells to be 
used in situ for further fermentation without separation. 
Dead cells can be broken down by hydrolytic enzymes 
and taken up by living cells as nutrients for growth dur-
ing yeast cultivation [20]. This study presents a more effi-
cient recycling process for wastewater, nutrients, and cell 

Fig. 4 Lipid extraction rates of different ratios of MTBE/hexane binary 
solvents at different incubation times

Fig. 5 Fatty acid composition of lipids extracted using different ratios of combined solvents (120 h fermentation culture;0% ~ 100% represents 
the percentage of MTBE in the combined solvent)
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mass in microbial lipid technology, offering new ideas for 
future continuous operation.

Fig. 6 Results of the cultivation–extraction–recultivation process in which R. toruloides was used as the lipid producer. ((a) Cell growth profiles; (b) 
glucose consumption profiles; (c) mass flow of the cultivation–extraction–recultivation process; blue: Nl feeding; red: Nr feeding))
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Conclusions
We have demonstrated that under mild conditions, a 
mixture of MTBE and n-hexane can effectively extract 
lipids directly from the fermentation broth of R. toru-
loides without cell disruption, achieving a 60% lipid 
extraction rate while maintaining a 5% cell survival rate. 
The surviving cells present in the spent fermentation 
broth regrown and produced lipids upon supplemen-
tation with fresh carbon and nitrogen sources which 
enables a cyclic process of lipid extraction and cell 
regrowth. By combining polar and nonpolar solvents 
for lipid extraction, this new approach exempts energy-
intensive thermochemical cell disruption, reduces 
waste generation by recycling fermentation broth and 
solvents, and allows semi-continuous lipid production. 
The findings provide a promising foundation for further 
optimization and scaling of simultaneous fermentation 
and lipid extraction processes.
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