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Enzymatic synthesis of a B-sitosterol ester in bio-based solvents
was compared with conventional solvents. Limonene and p-
cymene gave higher initial reaction rates than n-hexane, and
comparable conversions after 24 hours (~75%). Importantly, a
solvent-free system yielded the highest conversion (88%).

Due to their structural similarities, B-sitosterol has been
proven to reduce absorption of cholesterol in the gut.l"4
However, in order to use phytosterols as food additives, their
properties need to be improved. PB-Sitosterol has poor
solubility in both water and fat.> A high melting point also
makes B-sitosterol unsuitable for formulation into foods that
require refrigeration.5 Esterification of B-sitosterol with a food
grade fatty acid is a common method used to improve these
characteristics. B-Sitosterol esters are now frequently used as
natural hypo-cholesterolemic food additives.®”’

Classically, phytosterols would be reacted with food
grade fatty acids or fatty esters via acid catalysed esterification
or base catalysed transesterification.>® These reactions are
performed at high temperatures which is energy intensive and
can cause degradation of the product or lead to by-product
formation. In most cases, a post-reaction workup dilutes the
catalyst into a low concentration acidic or basic aqueous
phase. Catalyst reuse is not possible without extensive drying,
and as such neutralisation and disposal is often carried out
instead.®® As the B-sitosterol esters need to be a food-grade
product, sufficient purification must be carried out to meet
regulatory barriers.”

Alternatively, the lipase-catalysed esterification of pB-
sitosterol with fatty acids has been reported for industrial use
(Scheme 1).11 Many lipases have been studied in this reaction
giving varying yields based on the nature of the enzyme and of
the substrates employed.lz'23 In this work we consider the use
of bio-based solvents to complement bio-catalysis. Bio-based
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solvents are wholly or partially produced from biomass
feedstocks.?* They can be equivalent to conventional solvents
(e.g. bio-ethanol) or neoteric molecules.”

Candida Lipase
50°C

24 hours /

Scheme 1. Lipase catalysed esterification of B-sitosterol with steric acid.

To the best of the authors’ knowledge, the lipase-catalysed
sterol esterification has not been reported in a range of bio-
based solvents.?® Herein, the lipase catalysed esterification of
B-sitosterol was investigated in green and sustainable bio-
based solvents to give a nutraceutical product. Three readily
available lipases were selected for initial studies and the most
active enzyme was subsequently used for kinetic studies in a
range of bio-based solvents. The objective was to test a range
of solvents with dissimilar properties in order to examine and
understand the relationship between solvent properties and
reaction efficiency.

Lipase from C. rugosa and lipase from C. antarctica,
CAL-A and CAL-B were investigated. C. rugosa and CAL-A were
selected due to their high performance for this type of
reaction in the literature, while CAL-B was selected due to its
broad applicability.17'19'20 An enzyme-free control experiment
was also performed to confirm the necessity of a catalyst. The
experiment was carried out in n-hexane as the reaction was
previously reported to perform well in this non-polar
solvent.””?® The results of this study showed that CAL-A had
the best performance reaching a conversion of 74% after 24
hours and was therefore selected for subsequent reactions
(see the ESI).
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Fig. 1. Kinetic screening of CAL-A catalysed esterifications of B-sitosterol with stearic acid in different solvents.

To investigate the possible use of bio-based solvents for
this reaction, 8 solvents were chosen and compared with a
number of conventional solvents. Solely aprotic solvents were
selected because protic solvents such as alcohols could act as
competitive inhibitors. The majority of the bio-based solvents
selected have had their green credentials discussed and
ranked in a recent solvent selection guide.27 All are classed as
recommended or problematic, with the latter classification
predominantly as a result of their high boiling point impairing
recovery. None of the bio-based solvents used in this work are
considered hazardous or highly hazardous. The progression of
the B-sitosterol esterification with stearic acid was monitored
by GC-FID. The conversions over time are shown in Fig. 1. The
reaction can be seen to progress rapidly in limonene and p-
cymene, both derived from the essential oil of citrus waste.”®
These solvents work as well as, if not better than, the
conventional solvent n-hexane. In n-hexane, good conversion
is obtained but the reaction progresses more slowly than with
the citrus-derived solvents.

Recent work focussed on enzymatic esterification reactions
to form aliphatic esters has found that a hydrophobic
environment (i.e. a hydrocarbon solvent) outperformed
solvent-free systems.29 However, no solvent is the preferred
option since the effective concentration of reactants are much
higher. This current study demonstrated that the reaction of B-
sitosterol with fatty acids in solvent-free conditions provided
the fastest rate and highest yield of B-sitosterol esters. This is
likely due to the large hydrocarbon regions of the reactants.
Furthermore, the high enzyme loading used throughout this
study could have lessened the mass transfer difficulties often

This journal is © The Royal Society of Chemistry 20xx

associated with solvent-free reactions.*®* The amount of
enzyme use is expected to permit adequate contact between
the substrates and catalyst. At larger scales, mass transfer
issues are likely to be more significant. Another potential issue
with the solvent-free system at larger scales is that higher
chain length fatty acids will remain solid at low temperature,
suggesting the need for a solvent may become more
important. Future work shall include an optimisation of the
catalyst loading in the best performing solvents and for the
solvent-free reaction, ensuring a less wasteful and more cost-
effective procedure. Nonetheless, if the solvent-free reaction
performs well this would circumvent the primary limitation of
the high boiling citrus based solvents, where solvent removal is
energy intensive unless the products can be precipitated from
solution.

Table 1 gives the experimentally determined initial reaction
rates in each solvent. The relationship between reaction rate
and different solvent properties was investigated. There were
no statistically significant correlations with either dipolarity
(r*), hydrogen bonding (donating ability, o; accepting ability,
B), or molar volume individually (see the ESI). However, the
results did show a correlation with log P,,, which is in turn
dependent primarily on hydrogen bond accepting ability (B),
but also dipolarity and molar volume all in combination.? This
is consistent with research on the CAL-B catalysed production
of hexyl laurate which found that solvents with high log Pow
values provided the greatest reaction rates.”” Some outliers
were present for solvents with a low log Pow. The main outlier
was methyl t-butyl ether, which displayed higher conversions
than expected based on its low lipophilicity.

J. Name., 2013, 00, 1-3 | 2
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Table 1. Solubility parameters and initial rates of reactions for different solvents.

Reaction solvent® o B n* Log Pow Initial rate of reaction
(mmol/hour)
Solvent free
None n/a n/a n/a n/a 0.1057
Bio-based solvents
Limonene 0.00* 0.00™ 0.16™ 4577 0.0599
p-Cymene 0.00™ 0.13% 0.39" 4.10* 0.0464
Diethyl carbonate 0.00%% 0.40" 0.45" 1.21% 0.0004
Propylene carbonate 0.00% 0.38% 0.90% -0.41% 0.0025
Acetone 0.08"* 0.48"" 0.71 -0.24% Negligible
2-MeTHF (2-methyltetrahydrofuran) 0.00% 0.58% 0.53%* 1.267 Negligible
v-Valerolactone 0.00* 0.60° 0.83%* -0.13% 0.0048
Cyrene (dihydrolevoglucosenone) 0.00%*® 0.61% 0.93%* -1.52% Negligible
Conventional solvents
ESE . 0.00" 0.00"% -0.08" 4.00” 0.0161
Toluene 0.00* 0.12* 0.50* 2.73% 0.0092
_ Methyltbutylether 000" 0.45% 0.25% 0.94% 0.0099
Anisole 0.00"* 0.32" 0.73" 2.11% 0.0061
0.00% 0.75% 0.90% -0.46" 0.0013
_ 0.20" 0.10"* 0.58" 1.97% 0.0020

The greenness of solvent entries are colour-coded according to the assessment developed in re:

Greater than expected product formation was also
observed in y-valerolactone despite its negative log Poy value
(Fig. 1 and table 1). The performance of methyl t-butyl ether is
unusual given its low log Pow, but not unprecedented because
considerable yields were also seen by Panpipat et al. using
CAL-A to catalyse reactions in this solvent.”®

Solvents with a high log P, displace the layer of water
loosely solvating the enzyme, but as they are hydrophobic they
do not have the ability to strip the enzyme-bound water.* This
is expected to shift the equilibrium of esterification forwards
without losing enzyme activity. It is understood that
hydrophobic organic solvents reduce the flexibility of the
enzyme by locking it into its active form.> This can explain the
kinetic benefit of using lipophilic solvents. Although limonene,
p-cymene and n-hexane have very similar log Py values, the
initial reaction rate in n-hexane is notably lower than in the
other two solvents. The poor solubility of the reactants in the
less polar n-hexane is likely to exacerbate the effect of its
lesser |ipophi|i¢.:ity.32’33 The two unsaturated citrus-based
solvents may interact to some extent with the polar regions of
the sterol and fatty acid, facilitating their solvation enough not
to hinder the reaction.

In p-cymene, the initial reaction rate increases with
increasing temperature (see ESI). It has been shown that CAL-A

This journal is © The Royal Society of Chemistry 20xx

f. 2. t1kPoIarity values are an average of different dye sets.

is very stable at high temperatures and suggested that its
optimum temperature is above 90 °c.* Nonetheless, it also
performs well in mild conditions and 50 °C was the maximum
temperature selected in order to allow for a range of other
enzymes to be tested, as well as a range of solvents (2-MeTHF,
acetone, chloroform etc. all have relatively low boiling points).
The effect of acyl chain length on the rate of esterification in p-
cymene was also investigated (see ESI); and the reaction rate
improves with acyl chain donors of longer length which is
consistent with previous observations in the literature.?’

Conclusions

The present work has investigated the influence of bio-
based solvents on the synthesis of sterol esters. Generally, the
initial reaction rate is proportional to solvent log Pow as is
typical of enzymatic catalysis. Esterifications in general benefit
from low polarity solvents (and specifically those with poor
hydrogen bond accepting ability, [3),35’36 and log Pgow is
inversely proportional to hydrogen bond accepting ability ([3).28
It has been demonstrated that green bio-based solvents such
as limonene and p-cymene are suitable alternatives to n-
hexane and other conventional solvents for the biocatalysis of
B-sitosterol with fatty acids to form a B-sitosterol ester. Since
B-sitosterol esters are important nutraceutical products, the

J. Name., 2013, 00, 1-3 | 3
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solvents used in the esterification reactions have to be food-
certified, which paves the way for the use of natural, bio-based
solvents for this type of application. Importantly, a solvent-
free system yielded the highest conversion (88%) to the sterol
ester. The use of a solvent-free system not only reduces the
energy associated with solvent removal but can lead to a green
biocatalytic route to B-sitosterol esters which could act as
effective natural hypo-cholesterolemic food additives.

References

1

2

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25
26

J. Judd, D. Baer, S. Chen, B. Clevidence, R. Muesing, M.
Kramer and G. Meijer, Lipids, 2002, 37, 33-42.

H. F. J. Hendriks, E. J. Brink, G. W. Meijer, H. M. G. Princen
and F. Y. Ntanios, Br. J. Pharmacol., 2003, 57, 681-692.

C. Vanstone, M. Raeini-Sarjaz, W. Parsons and P. Jones, Am.
J. Clin. Nutr., 2002, 76, 1272-1278.

J. Plat and R. P. Mensink, Am. J. Cardiol., 2005, 96, 15-22.
Benecol, Plant stanol ester,
http://www.benecol.com/hidden/plant-stanol-ester-
story.aspx, (accessed August 18th, 2015).

A. M. Lees, H. Y. l. Mok, R. S. Lees, M. A. McCluskey and S. M.
Grundy, Atherosclerosis, 1977, 28, 325-338.

Plant Sterols,
http://www.floraproactiv.co.uk/proactiv/lower-cholesterol-
through-diet/plant-sterols.aspx, (accessed 3rd July, 2015).
US Pat., 3751569, 1973.

US Pat., 5502045, 1995.

Committee for medical products for human use, guideline on
the specification limits for residues of metal catalysts or
metal reagents,
http://www.ema.europa.eu/docs/en_GB/document_library/
Scientific_guideline/2009/09/WC500003586.pdf, Accessed
8th December, 2015.

US Pat., 6989456, 2006.

P. Villeneuve, F. Turon, Y. Caro, R. Escoffier, B. Baréa, B.
Barouh, R. Lago, G. Piombo and M. Pina, Enzyme Microb.
Technol., 2005, 37, 150-155.

P.-L. Vu, J.-A. Shin, C.-H. Lim and K.-T. Lee, Food Res. Int.,
2004, 37, 175-180.

N. Weber, P. Weitkamp and K. D. Mukherjee, J. Agric. Food
Chem., 2001, 49, 67-71.

N. Weber, P. Weitkamp and K. D. Mukherjee, Food Res. Int.,
2002, 35,177-181.

X. Pan, B. Chen, J. Wang, X. Zhang, B. Zhul and T. Tan, Appl.
Biochem. Biotechnol., 2012, 168, 68-77.

Z.Jiang, M. Yu, L. Ren, H. Zhou and P. Wei, Chinese J. Catal.,
2013, 34, 2255-2262.

M.-M. Zheng, Y. Lu, L. Dong, P.-M. Guo, Q.-C. Deng, W.-L. Li,
Y.-Q. Feng and F.-H. Huang, Biores. Technol., 2012, 115, 141-
146.

M.-M. Zheng, Y. Lu, F.-H. Huang, L. Wang, P.-M. Guo, Y.-Q.
Feng and Q.-C. Deng, J. Agric. Food Chem., 2013, 61, 231-
237.

W. Panpipat, X. Xu and Z. Guo, Biochem. Eng. J., 2013, 70,
55-62.

I. Martinez, A. Markovits, R. Chamy and A. Markovits, Appl.
Biochem. Biotechnol., 2004, 112, 55-62.

G. Torrelo, C. F. Torres and G. Reglero, Eur. J. Lipid Sci.
Technol., 2012, 114, 670-676.

J. King, J. Snyder, H. Frykman and A. Neese, Eur. Food Res.
Technol., 2001, 212, 566-569.

J. H. Clark, T. J. Farmer, A. J. Hunt and J. Sherwood, Int. J.
Mol. Sci., 2015, 16, 17101-17159.

Y. Gu and F. Jérome, Chem. Soc. Rev., 2013, 42, 9550-9570.
M. Perez-Sanchez, M. Sandoval, M. J. Hernaiz and P. D. d.
Maria, Curr. Org. Chem., 2013, 17, 1188-1199.

4| J. Name., 2012, 00, 1-3

27

28

29

30

31

32

33
34

35

36

37

38

39

41
42

43
44

45

46

a7

48

View Article Online
DOI: 10.1039/C6RA10275A

D. Prat, A. Wells, J. Hayler, H. Sneddon, C. R. McElroy, S.
Abou-Shehada and P. J. Dunn, Green Chem., 2016, 18, 288-
296.

R. Ciriminna, M. Lomeli-Rodriguez, P. Demma Cara, J. A.
Lopez-Sanchez and M. Pagliaro, Chem. Commun., 2014, 50,
15288-15296.

G. Paggiola, A. J. Hunt, C. R. McElroy, J. Sherwood and J. H.
Clark, Green Chem., 2014, 16, 2107-2110.

M. Ravelo, E. Fuente, A. Blanco, M. Ladero and F. Garcia-
Ochoa, Biochem. Eng. J., 2015, 101, 228-236.

J. H. Clark, D. J. Macquarrie and J. Sherwood, Green Chem.,
2012, 14, 90-93.

TOXNET Databases, http://toxnet.nlm.nih.gov/index.html,
(accessed 20th January, 2016).

J. Sangster, J. Phys. Chem. Ref. Data, 1989, 18, 1111-1229.
M. J. Kamlet, J. L. M. Abboud, M. H. Abraham and R. W. Taft,
J. Org. Chem., 1983, 48, 2877-2887.

H. L. Parker, J. Sherwood, A. J. Hunt and J. H. Clark, ACS Sus.
Chem. Eng., 2014, 2, 1739-1742.

P. G. Jessop, D. A. Jessop, D. Fu and L. Phan, Green Chem.,
2012, 14, 1245-1259.

Material Safety Data Sheet, http://www.sigma-aldrich.com,
(accessed 20th January, 2016).

J. Sherwood, M. De bruyn, A. Constantinou, L. Moity, C. R.
McElroy, T. J. Farmer, T. Duncan, W. Raverty, A. J. Hunt and J.
H. Clark, Chemical Commun., 2014, 50, 9650-9652.

Data kindly provided to Circa Group Pty Ltd., the
manufacturer of Cyrene, by F. Hoffmann La Roche Ltd.,
hereby acknowledged as the source of the data and owner
of the corresponding study.

A. Mouret, L. Leclercq, A. Muhlbauer and V. Nardello-Rataj,
Green Chem., 2014, 16, 269-278.

Y. Marcus, Chem. Soc. Rev., 1993, 22, 409-416.

M. J. Kamlet, M. H. Abraham, R. M. Doherty and R. W. Taft,
JACS, 1984, 106, 464-466.

A. M. Klibanov, Nature, 2001, 409, 241-246.

B. Tejo, A. Salleh and J. Pleiss, J. Mol. Model, 2004, 10, 358-
366.

D. Wei, L. Wang, C. Liu and B. Wang, J. Chem. Eng. Data,
2010, 55, 2917-2919.

D. Kolb and J. B. Brown, J. Am. Oil Chem. Soc., 1955, 32, 357-
361.

0. Kirk and M. W. Christensen, Org. Process Res. Dev., 2002,
6, 446-451.

T. P. Wells, J. P. Hallett, C. K. Williams and T. Welton, J. Org.
Chem., 2008, 73, 5585-5588.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 5



Page 5 of 5

Published on 11 May 2016. Downloaded by University of York on 16/05/2016 10:35:22.

RSC Advances
View Article Online
DOI: 10.1039/C6RA10275A
e
w q
. oH w”
v Solvent free CantiaLipe

v bioderived solvents /| ™= —~
.~

NN O\

v" Natural hypo-cholesterolemic food additives

260x129mm (150 x 150 DPI)



