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Arachidonic acid (5,8,11,14-cis-eicosatetraenoic acid, 
ARA) is an important member of the ω-6 series of pol-
yunsaturated fatty acids (PUFAs) that can be used in 
the treatment of heart and circulatory disorders, cancer 
and play some role in infl ammatory reactions (Demai-
son and Moreau, 2002; Gil, 2002; Ratledge, 2004; Wil-
lett et al., 1993). Furthermore, arachidonic acid is also 
the direct precursor of some physiologically important 
hormones, such as prostaglandins and leukotrienes in 
mammals (Marx, 1982), and plays an important role 
in maintaining physical homeostasis (Carlson et al., 

1999) and intracellular signalling at various stages of 
growth and development (Kragballe and Voorhees, 
1983). In recent years, an increasing public awareness 
of healthy foods has brought ARA, an essential fatty 
acid, to the attention of consumers. Due to the many 
health-promoting benefi ts, ARA has been widely stud-
ied in the food, medical, cosmetics, pharmacology, ag-
ricultural and many other fi elds. 

In recent years, large-scale bioconversion tech-
niques have been developed to transform starchy ma-
terials, especially corn starch, to microbial products 
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ABSTRACT

Background. Arachidonic acid (ARA) is one of the three essential fatty acids, and it is important for human 
body to keep healthy and is widely used. At present, expensive materials such as glucose and yeast extract are 
generally reported to be optimal for ARA production. A new cost-effective fermentation process including 
cheaper material for ARA production is of great signifi cance.
Material and methods. Feasibility of using corn meal and powdered soybean for fungal growth and lipid 
accumulation was evaluated by means of single factor test. N-hexadecane concentration was optimized, and 
the effect of temperature on biomass and ARA content was examined. 
Results. Mortierella alpina made better use of the aforementioned material as carbon and nitrogen sources 
for both hyphae growth and ARA production compared with glucose and yeast extract. Maximal levels of 
10.9 g/L ARA and 26.1 g/L total lipids were obtained when 66 g/L corn meal, 54 g/L soybean meal and 
6% (v/v) n-hexadecane were supplemented. A temperature-shift strategy involved three steps, namely, 30°C 
(3 days) – 25°C (4 days) – 20°C (4 days), which further improved ARA production by 24.7%.
Conclusion. Several factors such as carbon and nitrogen sources, temperature and dissolved oxygen had 
great infl uence on biomass and microbial oil production. Mortierella alpina preferred corn and soybean meal 
compared with glucose and yeast extract, which would surely alleviate the high cost of ARA production. 
Based on this study, the new process is both low cost and practicable.
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(Cheng et al., 1991; Mc Aloon et al., 2000; Zhu et al., 
2003). Given the capacity for secreting extracellular 
amylolytic enzymes in another species, namely Mor-
tierella alliacea (Tanaka et al., 2002), Mortierella al-
pina, an saprophagous organism belonging to the Zy-
gomycetes phylum, most likely shares this ability and 
can directly ferment crop starch to microbial lipids. 
Current agricultural technology and increasing crop 
yields provide suffi cient feedstock for the fermenta-
tion industry, including ARA production. At present, 
expensive materials such as glucose and yeast extract 
are generally reported to be optimal for M. alpina 
growth and lipid accumulation (Bajpai et al., 1991; 
Chen et al., 1997; Shinmen et al., 1989). These materi-
als are used for commercial scale production of ARA. 
-Therefore, to explore a new and low-cost source is 
crucial for surmounting the supply quandary and real-
ising a wider application of ARA. 

The aim of this study was to investigate the feasi-
bility of using corn and soybean dry milling for ARA 
production and to develop a new process for low-cost 
and effective production of ARA.

MATERIAL AND METHODS

Microorganism
Mortierella alpina ATCC 32222 was used in the fol-
lowing study. The organism was maintained on a po-
tato dextrose agar slant and subcultured every three 
months.

Media and culture conditions
Corn and soybean meal was purchased from a lo-
cal market with maximum particle sizes of 0.20 and 
0.05 mm, respectively.

The basal medium comprised 3 g/L KH2PO4, 1 g/L 
Na2SO4, 0.5 g/L MgSO4·7H2O, and 0.5 g/L CaCl2, with 
pH uncontrolled. The inoculum was prepared in 250 
ml Erlenmeyer fl asks containing 50 mL of basal media 
supplemented with 40 g/L corn meal. Seed culture was 
grown at 30°C for 36 h with shaking at 200 rpm. The 
inoculum (10%, v/v) was inoculated into fl asks con-
taining 50 mL of production media. The production 
culture was incubated on an orbital shaker for 7 days 
at 30°C unless otherwise stated.

α-amylase (EC 3.2.1.1) and glucoamylase (EC 
3.2.1.3; Ruiyang Biotech Co., Ltd., China) were 

employed to hydrolyze starch in corn meal and soy-
bean meal.

Analytical procedures
Cell dry weight. Dry cell weight (DCW) was deter-
mined gravimetrically by fi ltration of the fi lamentous 
pellet suspension using a double-layer gauze and wash-
ing with a large amount of distilled water to guarantee 
complete removal of residues to reduce the amount of 
starch adhered to the surface of the fi lamentous pellet. 
The pellet was dried at 70°C to a constant weight.

Lipid extraction. Total fatty acids (TFA) were ex-
tracted with chloroform/methanol (2:1, v/v), follow-
ing a modifi ed method of Bligh and Dyer (1959). Dur-
ing which the dry mycelium was ground into a fi ne 
powder and subjected to cell lysis by diluted hydro-
chloric acid (20%, w/v) at 80°C for an hour. The ex-
traction process was repeated three times. The chloro-
form layer containing dissolved lipids was removed 
and vacuum-dried.

Analysis of fatty acid composition. Saponifi cation 
and esterifi cation of TFA were performed to produce 
fatty acid methyl esters (FAME). First, 50 μL of TFAs 
were transferred into a tube and incubated at 70°C for 
30 min, followed by the addition of 2 mL KOH (0.5 
M) in methanol. Next, fatty acid salts were methylated 
by 2 mL boron trifl uoride in methanol according to the 
protocol described by Metcalfe and Schmitz (1961). 
FAME were identifi ed using gas chromatography-
mass spectrometry (1200LGC/MS-MS, Varian, USA) 
equipped with a fl ame ionization detector and a capil-
lary column (30 m × 0.25 mm × 0.25 μm), and quanti-
fi ed by heptadecanoic acid as an internal standard.

Raw material and spent medium characterisations. 
Total carbohydrate was quantifi ed by the phenol-sul-
furic acid method (Dubois et al., 1956). Reducing sug-
ars were measured by the dinitrosalicylic acid method 
(Ghose, 1987). Starch content was estimated by sub-
tracting the reducing sugars from the total reduced 
sugars in the hydrolysates of raw materials and residu-
als. Soxhlet extraction was applied to detect the lipids. 
Crude protein content was calculated by multiplying 
total nitrogen, obtained using the Kjeldahl method, by 
a factor of 6.25. The contents of the other components 
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were determined according to the national standard of 
China (GB/T 1995).

The oxygen mass transfer coeffi cient, kLa, was 
measured according to the dynamic method (Tribe et 
al., 1995). The viscosity of the broth was determined 
by a rotational viscometer (NDJ-1, Nirun, China).

All data presented in this article were derived from 
three independent trials to ensure validity.

RESULTS AND DISCUSSION

Characterisation of dry corn and soybean meal
The characterisation of corn and soybean meal indi-
cated the presence of various organic compounds in 
the raw materials (Table 1). 

The carbohydrate content of corn was greater than 
70%, while it was less than 40% in soybean. Raw 
corn and soybean meal contained more oil and pro-
teins than hulled and de-embryonated ones, which 
were expected to favour M. alpina growth and lipid 
accumulation, as large amounts of saturated and un-
saturated fatty acids can be directly assimilated by 
fungi and used as precursors for microbial lipid pro-
duction, which would surely accelerate lipid synthesis 
(Aki et al., 2001; Shinmen et al., 1989). Starch-rich 
corn and protein-rich soybean serve as sources of 
carbon and nitrogen, respectively. However, in con-
trast to corn-ethanol production, which involves the 
removal of cornhusks and plantule before hydrolysis 
by α-amylase and glucoamylase, these structures are 

retained. The high nitrogen content benefi ts fungal 
growth, so that higher lipid production can be achieved. 
Furthermore, some microelements and growth-pro-
moting factors such as vitamins in the unprocessed 
meal may play critical but unknown roles for growth 
and lipid accumulation.

Eff ect of diff erent carbon sources on cell growth, 
total lipid yield and ARA production
Carbon source is one of the most important factors 
that infl uences microbial growth and product forma-
tion. Carbon constitutes the carbon chain of the cell 
and metabolites. Intracellular lipids are mainly present 
in the form of triglycerides, and the main element is 
carbon. Therefore, to obtain high-yield of biomass and 
lipids, the best carbon source in terms of both growth 
and lipid accumulation should be found.

Figure 1 shows biomass, total lipids and ARA 
yield using different carbon sources. Starch was most 
favourable for cell growth. Biomass derived from me-
dium containing soluble starch or corn meal was much 
higher than other carbon sources. Relatively higher 
total lipid and ARA yield were achieved when these 
two carbon sources were used, in respect that lipids 
were intracellular products. Previous studies generally 

Table 1. Approximate analysis of raw corn and soybean 
meal

Constituents Corn meal, % Soybean meal, %

Moisture 8.4 ±0.7 7.6 ±0.5

Protein 7.9 ±0.6 28 ±1.7

Total fat 6.0 ±0.8 20.5 ±2.3

Carbohydrates* 73.3 ±4.2 37 ±3.7

Cellulose 2.1 ±0.4 1.7 ±0.2

Ash 2.3 ±0.3 5.2 ±0.3

*Total carbohydrates include primarily starch and reducing sug-
ar among which the former dominates.

Fig. 1. Effect of different carbon sources on biomass, total 
fatty acid yield and ARA production. Yeast extract was used 
as the nitrogen source. Cultures were maintained by shak-
ing at 30°C and 200 rpm for 7 days. Error bars represent 
standard deviations
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reported that glucose was the best carbon source for 
production of ARA by M. alpina (Higashiyama et al., 
2002; Shinmen et al., 1989). The difference may be 
due to the specifi c strain used. In addition, the direct 
use of corn meal in submerged fermentation for ARA 
production had not been specifi cally reported. The use 
of corn meal as a carbon source can not only greatly 
reduce the cost of materials but also result in higher 
yield. The highest biomass and ARA production reached 
10.34 g/L and 1.86 g/L, respectively, nearly three times 
as much as glucose.

Growth morphology in cultures containing differ-
ent carbon sources is shown in Figure 2. Mortierella 
alpina generally appeared as pellets in all cultures. 
Higashiyama et al. (1998) reported that pellets with 
a particle size of approximately 1–2 mm were opti-
mal for ARA production. Large pellets often resulted 
in low biomass, while very small pellets caused high 
viscosity. The morphology of M. alpina grown on corn 
meal (Fig. 2 H) was feather-like and was previously 
shown to be suitable for ARA production (Park et al., 
1999). 

Fig. 2. Growth morphology of M. alpina in medium containing different carbon sources. Pictures 
were taken at the end of fermentation in fl asks containing carbon sources in the following order: 
glucose, sucrose, fructose, soluble starch, lactose, galactose, maltose, maize meal, glycerol
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Eff ect of diff erent nitrogen sources 
on cell growth, total lipid yield and ARA production
Nitrogen is another key factor determining ARA pro-
duction. Nitrogen sources provide nitrogen for fer-
mentation systems. Although nitrogen is not directly 
involved in ARA elements, it is essential for the pro-
duction of ARA and formation of cellular components 
by the catalytic system, thereby indirectly affecting 
ARA production. An excellent nitrogen source should 
be one that is easily assimilated and promotes cell 
growth. Figure 3 shows biomass, total lipids and ARA 
yield using different nitrogen sources. The soybean-
derived biomass reached 14.4 g/L, nearly doubled 
that of yeast extract and higher than that of corn meal. 
A possible explanation was that soybean contained 
more protein and oil, which favored cell growth more 
than corn (Table 1). In addition, the profi le of M. alpi-
na grown on different nitrogen sources (Fig. 3) indi-
cated that the strain cannot easily assimilate inorganic 
nitrogen, as indicated by the observed poor growth.

It has been reported that inorganic and organic 
nitrogen play different roles during cellular biomass 
and lipid accumulation and that inorganic nitrogen is 
more benefi cial in biomass accumulation (Evans and 
Ratledge, 1984; Somashekar et al., 2003). Obviously, 

M. alpina does not share the same mechanism. Taken 
together, starch-contained raw materials are preferred 
by M. alpina for fungal growth, lipid accumulation 
and ARA production compared with other carbon and 
nitrogen sources studied in this work. 

Growth morphology in cultures containing differ-
ent nitrogen sources was shown in Figure 4. Mortierel-
la alpina appeared as pellets in all nitrogen-containing 
cultures. The morphology of M. alpina grown on corn 
meal and skim milk (Fig. 4 C, D) was optimal for ARA 
production.

Eff ect of initial carbon to nitrogen ratio 
and substrate concentration on cell dry weight, 
lipid yield and ARA production
To investigate the effect of C/N ratio and ‘C + N’ con-
centration on the profi les of M. alpina, cultures were 
prepared where either the C/N ratio was constant but 
‘C + N’ concentration varied (ranging from 40 to 
120 g/L) or the ‘C + N’ concentration was constant but 
the C/N ratio varied (ranging from 13 to 28; Table 2). 

As shown in Table 2, lipid content increased with 
rising C/N ratio. TFA/DCW in cultures with a C/N ra-
tio of 28 was approximately four percent higher than 
cultures with a ratio of 13. However, biomass concen-
tration was at a maximum when the C/N ratio was 13, 
an opposite relationship vs. lipid content in dry cell 
weight. Therefore, it can be concluded that low C/N 
ratio was good for cell growth, while high C/N ratio 
favored lipid accumulation, which was most likely due 
to the ‘growth-promoting effect’ of nitrogen. The ef-
fect of C/N ratio had also been observed by many other 
researchers using different strains and media (Koike 
et al., 2001; Šajbidor et al., 1990). Some oleaginous mi-
croalgae and yeast shared the same pattern at different 
C/N ratios. The highest lipid concentration of 21.9 g/L 
was obtained at a C/N ratio of 19 which was moderate 
for both fungus growth and lipid accumulation. 

There was little variability in ARA/TFA with dif-
ferent C/N ratios, with values generally approximately 
30%. As shown in Table 2, the ARA content in total 
fatty acids decreased with rising substrate concentra-
tion and cell dry weight. This may be due to a low dis-
solved oxygen concentration caused by the high vis-
cosity of the starchy media after autoclaving because 
of starch swelling and the high density of the cell pel-
lets in the broth.

Fig. 3. Effect of different nitrogen sources on biomass, total 
fatty acid yield and ARA production. Glucose was used as 
the carbon source. Cultures were maintained by shaking at 
30°C and 200 rpm for 7 days. Error bars represent standard 
deviations
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Biomass production increased dramatically with 
increasing substrate concentration at a fi xed C/N 
ratio. For intracellular lipid accumulation, high bio-
mass was preferred. Based on all processed data and 
the above analysis, we chose a C/N ratio of 19 and 
substrate concentration of 120 g/L, equivalent to 
66 g/L corn meal and 54 g/L soybean meal as the 
best C/N ratio and substrate concentration. The high-
est biomass, lipid and ARA levels of 44.7, 21.9 and 
7.3 g/L, respectively, were achieved under these 
conditions.

The mycelial morphology of M. alpina growing in 
the abovementioned media was shown in Figure 5 B. 
Large numbers of small smooth pellets, approximately 
2 mm on average, were evenly distributed in the cul-
ture. Smooth pellets were known to lower the viscos-
ity of broth compared with fi lamentous morphology. 
Furthermore, smooth pellets allowed continuous cul-
tivation of fi lamentous fungi, which is often problem-
atic because of the diffi culty in the continuous removal 
of broth through the overfl ow pipe of fermentor due to 
high adhesiveness (Eroshin et al., 2000).

Fig. 4. Growth morphology of M. alpina in medium containing different nitrogen sources. Pic-
tures were taken at the end of fermentation in fl asks containing carbon sources in the following 
order: peptone, yeast extract, soybean meal, skim milk, potassium nitrate, ammonium sulfate, 
ammonium nitrate, ammonium acetate, urea
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Eff ect of n-hexadecane concentration 
on the profi les of M. alpina
ARA fermentation by M. alpina is aerobic. ARA is 
formed through elongation and desaturation from 
a carbon source in the mycelia following the n-6 
pathway. The desaturation step involves an aerobic 

reaction by oxygenation (Ratledge, 1992). Conse-
quently, dissolved oxygen (DO) seems to be an im-
portant factor determining ARA yield (Higashiyama 
et al., 1999), especially in highly viscous medium. 
The optimal media accomplished in this study con-
tained nearly 70 g of starch per liter. Starch gelatini-
zation caused by high temperatures substantially in-
creased the viscosity of the media, which ultimately 
resulted in limited biomass and lipid accumulation. 
In light of this challenge, many attempts had been 
made to improve the rheology of broth to enhance 
DO concentration (Emelyanova, 1997; Hansson et 
al., 1989; Preez et al., 1997). N-hexadecane was sup-
plemented in media and used as an oxygen vector in 
the present work. N-hexadecane can act as a surface 
active agent to lower the surface tension of water 
and increase the gas-specifi c interfacial area (Zhang 
et al., 2008).

As shown in Figure 6, DCW and ARA/TFA both 
increased with rising concentrations of n-hexadecane 

Table 2. Effect of C/N ratio and substrate concentration on 
biomass, total fatty acid yield, and ARA production in M. 
alpina

C/N 
ratio

SC DCW TFA ARA ARA/
TFA

g/L %

13 40 14.6 ±0.2 6.7 ±0.3 2.0 ±0.2 29.8

80 30.1 ±0.3 13.6 ±0.5 3.9 ±0.4 28.7

120 46.5 ±0.5 21.0 ±0.9 5.9 ±0.5 28.1

16 40 14.3 ±0.1 6.7 ±0.4 2.2 ±0.1 32.8

80 29.8 ±0.4 13.9 ±0.4 4.4 ±0.4 31.6

120 45.5 ±0.8 21.0 ±1.0 6.4 ±0.9 30.5

19 40 13.5 ±0.4 6.7 ±0.5 2.3 ±0.2 34.3

80 29.1 ±0.7 14.4 ±0.7 4.9 ±0.6 34.0

120 44.7 ±1.1 21.9 ±1.1 7.3 ±1.1 33.3

22 40 13.1 ±0.3 6.5 ±0.3 2.1 ±0.3 32.3

80 26.8 ±0.5 13.2 ±0.6 4.2 ±0.7 31.8

120 ND ND ND ND

25 40 12.8 ±0.2 6.4 ±0.9 2.0 ±0.3 31.2

80 24.2 ±0.5 12.1 ±1.1 3.5 ±0.6 28.9

120 ND ND ND ND

28 40 11.9 ±0.3 6.0 ±0.8 1.7 ±0.2 28.3

80 22.6 ±0.7 11.4 ±0.4 3.0 ±0.5 26.3

120 ND ND ND ND

Cultures were maintained shaking at 30°C and 200 rpm for 7 
days with corn and soybean meal used as the main nutrients.
SC – substrate concentration. 
ND – medium with high proportion and concentration of corn 
meal appears a semi-solid state after autoclaving and can’t be 
homogenized by the shaker.
All data are deprived from three replicates and expressed as 
average ±standard deviation.

Fig. 5. Growth morphology of M. alpina in medium con-
taining: A – 20 g/L corn meal, 18 g/L soybean meal; B – 
66 g/L corn meal and 54 g/L soybean meal; C – 66 g/L corn 
meal, 54 g/L soybean meal and 6% (v/v) n-hexadecane
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compared with the control. TFA and ARA levels 
reached plateaus of 28.1 and 11.7 g/L, respectively, 
with 6% (v/v) n-hexadecane added. The kLa value 
increased from 20 h-1 to 50 h-1, 150% increasement 
compared to the control. On the contrary, the aver-
age viscosity of the broth decreased from 6.5 Pa·s to 
3.1 Pa·s (measured at 30°C). Therefore, the addition 
of 6% n-hexadecane (v/v) signifi cantly improved 
rheology and increased the DO value. The morphol-
ogy of M. alpina in 6% (v/v) n-hexadecane-contain-
ing medium was shown in Figure 5 C. Apparently, 
the supplementation of n-hexadecane reduced broth 
viscosity and promoted its homogeneity. However, 
TFA/DCW showed an inverse relationship when add-
ed at low levels, while its levels were elevated higher 
than the control when the additive volume exceeded 
6% (v/v). It seemed that small amounts of n-hexa-
decane inhibited intracellular lipid synthesis while 
high levels of n-hexadecane promoted it. One pos-
sible reason was that the physical chemistry of broth 
was altered as n-hexadecane concentration changed. 
Moreover, it was reported that some microorgan-
isms can directly grow on alkane as a single carbon 
source and use it as a precursor for fatty acid produc-
tion (Desai and Banat, 1997). High concentrations of 
n-hexadecane appeared to be assimilated by M. alpi-
na and improve lipid accumulation.

Eff ect of culture temperature and temperature 
shift on cell growth, lipid yield 
and ARA production
Temperature was found to be an important factor in-
fl uencing fungal growth and fatty acid composition. 
Lipids, including ARA, are intracellular metabolites, 
and their yields are determined by biomass. There-
fore, it is very important to fi nd an optimal tempera-
ture for cell growth and product formation. A previous 
study reported that biomass and ARA concentration 
decreased when culture temperature was switched 
from 25°C to 28°C (Peng et al., 2010). It was also 
observed that low culture temperature favored highly 
unsaturated fatty acid production, as it promoted de-
saturation reactions, while cell growth was concur-
rently retarded (Liang et al., 2012). Peng et al. (2010) 
developed a temperature shift strategy for effi cient 
ARA fermentation by M. alpina, in which the cul-
ture temperature was maintained at 25°C for the fi rst 
108 h, then switched to 20°C. However, this strategy 
may not apply to the present work due to differences 
in strain and medium. 

Growth and lipid kinetic analyses were summarized 
in Table 3. The evolution of cell dry weight at different 
temperatures indicated that higher initial growth rate 
was obtained at higher temperatures. In other words, 
the higher the temperature, the shorter the time needed 
for reaching the maximal biomass. Higher tempera-
tures favoured a faster metabolism rate, resulting in 
more rapid cell division. As a consequence, the lag 
and logarithmic phases were shortened. As shown in 
the table, the stationary phase started on day 3, day 5, 
and day 7 for cultures incubated at 30, 25, and 20°C, 
respectively. However, cell density decreased with in-
creasing culture temperature. This phenomenon was 
also observed on potato slant cultures at different tem-
peratures. When the fungus was grown at 25°C, much 
more luxuriant mycelia emerged than that at 30°C. 
Cell dry weight attained its maximal value of 50.4 g/L 
at 20°C on day 7.

Table 3 also indicated that the lipid content in cells 
differed slightly with varying temperatures. Nonethe-
less, ARA content in total lipids was closely related 
to the incubation temperature. ARA/TFA of 20°C – 
derived cells was 57%, 17% higher than that of cul-
tures grown at 30°C. Specifi cally, lower temperatures 
increased the degree of fatty acid unsaturation because 

Fig. 6. Effects of n-hexadecane concentration on M. alpi-
na cell growth, total fatty acid content, and ARA content 
in total fatty acids. Cultures were maintained at 30°C with 
shaking at 200 rpm for 7 days in medium containing 66 g/L 
corn meal and 54 g/L soybean meal
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of the crucial nature for cells to maintain membrane 
fl uidity. This was also confi rmed by other reports 
(Bigogno et al., 2002; Liang et al., 2012; Shinmen et 
al., 1989; Singh and Ward, 1997).

Based on kinetic analysis, a temperature-shift strat-
egy was developed as follows: the culture temperature 
was controlled at 30°C during the fi rst 3 days to short-
en the growth period, then switched to 25°C from day 
4 to day 7, and fi nally maintained at 20°C for the last 
4 days. By applying such a temperature-shift strategy, 
a higher biomass, lipid and ARA yield of 52.3, 25.4, 
13.6 g/L were attained, respectively. The fermentation 
period was shortened by 2 days to reach maximal ARA 
production. 

CONCLUSION

Dry corn and soybean meal were verifi ed to be per-
fect for M. alpina growth and arachidonic acid pro-
duction. The results also indicated that oxygen supply 

and temperature had great infl uence on biomass and 
microbial oil production. This thesis pays attention to 
the unity of theory and practice, with the intent of al-
leviating the high cost of ARA production. This thesis 
underpins the more effi cient use of fi lamentous fungi 
as cell factories in ARA production. Based on this 
study, the process is low cost and practicable. Thor-
ough studies on both pilot and industrial scales should 
be conducted in the future.
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