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Abstract

The development of new domestic food technologies aimed at protecting and preserving human health is among the
most urgent social challenges of our time. Phytosterols and their derivatives, in particular esters, are the
perspective formulation components of food products for health purposes. These compounds regulate plasma
cholesterol levels, prevent diseases associated with atherosclerosis, reduce cancer risk, and have anti-
inflammatory, antifungal, and antibacterial effects. Currently, phytosterol esters are mainly produced by chemical
esterification and transesterification, which involve several drawbacks, in particular, excessive energy
consumption, by-product emission, product darkening, low selectivity, and the necessity to remove the catalyst
from the product. All the listed drawbacks of chemical technologies are excluded when synthesizing phytosterol
esters by biocatalytic esterification, establishing the rational parameters of which was the purpose of this study.
The study objective was solved through the response surface methodology. The unknown values of the parameters
were determined by applying regression model algorithms. Minimization of the deviation potential was performed
by finding appropriate combinations of the predictor experimental series. The Statistica 10 program was used for
modeling, experimental data processing, and statistical calculations. A mathematical model was developed to
predict the degree of feedstock conversion into products based on the process conditions. The conducted studies
made it possible to establish the rational values for biocatalytic esterification aimed at synthesizing esters of
phytosterol and fatty acids with a temperature of 58 °C and reaction time of 435 minutes.
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AOCTIAAKEHHA BIOKATAJIITUYIHOI'O CUHTE3Y CKJIAZHUX E®IPIB ®ITOCTEPOJIIB
AKPELHEINTYPHUX KOMIIOHEHTIB XAPYOBUX CUCTEM 0310POBYO0I'0
INPU3HAYEHHA
[TaBJsio O. Hekpacos, TetsaHa O. bepeska, Onekcangp I1. Hekpacos, Osbra M. I'y 35,

CeitsiaHa I. PygHeBa, CBiT/iaHa M. MosibueHKO
HayionaavHuli mexHiuHuti yHisepcumem «Xapkigcokuil nonimexuivHuili incmumymy», aya. Kupnuvosa, 2, Xapkis, 61002,
YKkpaina

AHoTarnis

IlepcneKTUBHMMM pelleNTYPHMMH KOMIIOHEHTAMHU Xap40BUX NPOAYKTIiB 03/J0pOBYOro Npu3HayeHHA € piTocTreposn
Ta iX moxijAHi, 30KkpeMa cki1aAHi epipu. BoHu HOpMai3yloTh piBeHb X0JleCTepUHY B IJIa3Mi KpOBi, 3ano6iraiothb
BUHUKHEHHI0O XBOp0G, NOB’SA3aHUX 3 aTepoCK/JIepo30M, 3HIKYIOTb PHM3UK paKy i MaoTh NOpPOTHU3aNaJIbHY,
NPOTUTPUGKOBY Ta aHTUGaKTepiaJbHy aKTHBHICTb. Y TemepimHii 4yac ectepu ¢iTocTeposiB OTPUMYIOTH
34e6ibIIoro MIAXoM XiMiyHOI eTepudikanii Ta TpaHceTepudikanii, ki MaloTh HU3Ky Ba/, 30KpeMa HaJgMipHe
CNO>KMBaHHS eHeprii, yTBOpeHHA N0GiYHMX peYOBUH, IOTEMHIHHS NPOAYKTiB, HU3bKa CeJIeKTUBHICTb, HEOOXiAHICTh
BH/a/IeHHA KaTaJjizaTopa 3 npoaykKry. [lepesiiueHi BaJy BUK/II0YAOThCA Y BUNIAJAKY CHHTe3y ecTepiB ¢diTocTepoiiB
MeTOAOM O6ioKaTa/liTUYHOro erepudikyBaHHsA, BCTAHOBJIEHHI palioHA/JIbHUX NapaMeTpiB SKOro 6yJ0 MeTOI0
NpeACTaBJIeHOro A0C/aiAKeHHsd. 3ajada JAOC/IiJ)KeHHS BHUpillyBajach 3 BUKOPUCTAHHAM METOAOJIOTii NMOBepxHi
BiAK/IUKYy. BU3HaUYeHHs HeBiJJOMUX 3Ha4YeHb BEKTOpa NapaMeTpiB 3/iliCHIOBA/IM LIJIAXOM 3aCTOCYBaHHS aJIrTOPUTMIB
perpeciiiHoro anajisy. MiHimMi3anilo QyHKLioHa/ny BiJXujy BUKOHYBa/IM LJIAXOM 3HAaXO/KeHHA BiJNOBiAHMX
KOMGiHaLii eKcnepMMeHTa/IbHUX PAAIB NpeAUKTOPiB. P03p061eH0 MaTeMaTUYHY MOJeJb, sIKa JJ03B0JISIE HA OCHOBI
JAaHMX IIOJ0 YMOB NpoLecy NPOrHO3yBaTH CTYNiHb NepeTBOPeHHSA BHUXiJHOI CUPDOBMHM B NPOJAYKTH peaxiii.
IIpoBeaeHi AOCTi)KeHHA L03BOJINJIYA BCTAHOBUTH pallioHa/IbHi 3Ha4YeHHS OCHOBHUX NMapaMeTpiB 6ioKaTajiTUYHOro
eTepudiKyBaHH:A, CHPAMOBAHOI0 HA CHHTE3 CKJIaJHUX edipiB ¢piToCTepoIIiB Ta )KMPHUX KMCJIOT: TeMiepaTtypa 58 °C,
4yac peakuii 435 XBU/IHH.

Karuosi cnosa: diToctepos; sinasa; 6iokatanis; eTepudikyBaHHs; CKIaAHUN edip; MaTeMaTUUHE MO/Je/IF0BaHHS.
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Introduction
The modern world is facing health crises that
particularly threaten the most vulnerable

populations, such as people with weakened
immune systems, as well as metabolic and
cardiovascular diseases. Additional risk factors in
today's urbanized society include a sedentary
lifestyle combined with the consumption of so-
called low-quality fast food.

The development of food products and
ingredients containing substances that have
a positive effect on physiological processes in the
human body is one of the ways to solve this issue.

Lately, Ukraine has been researching the
production of prebiotic and symbiotic fat
emulsion systems for health purposes [1], as well
as developing biocatalytic technologies for the
synthesis of lipid systems enriched with omega-3
polyunsaturated fatty acids [2]. One more way to
improve food products in terms of quality and
safety is to solve the issue of minimizing the
content of trans fatty acid isomers, which are
harmful to human health. This issue is suggested
to be solved through technologies that do not
lead to the trans isomerization of fatty acyls
[3; 4], as well as the new generation of fatty
systems for special purposes known as the
oleogels [5].

Phytosterols and their derivatives are the
perspective formulation components of food
products for health purposes [6-8]. These
compounds regulate plasma cholesterol levels,
both total and low-density lipoprotein-bound
ones [9-11]. Meanwhile, the decrease in
absorption of both bile (endogenous) and dietary
(exogenous) cholesterol does not affect the level
of high-density lipoproteins. These combined
actions improve the control of blood cholesterol
fractions [12-14]. Owing to this
hypocholesterolemic effect, the consumption of

phytosterols prevents the occurrence of
atherosclerosis-related  diseases, such as
cardiovascular diseases, hyperlipidemia, and

obesity [15-19]. Besides, phytosterols reduce
cancer risk and have anti-inflammatory,
antifungal, and antibacterial effects [20-23].
Extensive preclinical and clinical studies have
confirmed the safety and positive effects of
phytosterols and related esters on the body
[24; 25]. Based on this evidence, many countries
such as the European Union, the United States of
America, Canada, China, and Japan have approved
these substances in food. However, the
widespread use of phytosterols in the food
industry is hampered because they are poorly

soluble in oils. In addition, free phytosterols have
low bioavailability in the human body [26].

It is suggested to use appropriate esters to
expand the potential of phytosterols as
formulation components of fatty food systems
and improve their bioavailability [27].

Currently, phytosterol esters are mainly
produced by chemical esterification and
transesterification [28]. However, chemical

synthesis methods involve several drawbacks,
including excessive energy consumption, by-
product emission, product darkening, low
selectivity, and the necessity to remove the
catalyst from the product.

The production of phytosterol esters by
biocatalysis is an eco-friendly technology with
great potential for use in the industrial
manufacture of these products.

The study was aimed at determining the
rational parameters of the biocatalytic
esterification for the synthesis of esters of
phytosterol and fatty acids, which would be
further used as formulation components of health
food products.

Experimental procedure

The model mixtures consisted of fatty acids of
sunflower o0il (produced by Cargill) and
B-sitosterol (produced by Sigma-Aldrich) in a
molar ratio of 1: 1.

The esterification process was carried out
with constant stirring at a speed of 400 rpm. The
isooctane was used as a solvent to produce a
homogeneous mixture of substrates. The
resulting water was collected using molecular
sieve UOP Type 3 A (manufactured by Fluka). The
Novozym 435 enzyme preparation (Candida
antarctica lipase B immobilized on a
macroporous resin) manufactured by
Novozymes, Denmark, was used as a biocatalyst.
The content of the preparation in the reaction
mixture was equal to 10 % by the weight of the
substrates.

The optimization criterion was the degree of
conversion (DC, %) of fatty acids into the
corresponding esters, calculated according to
equation (1):

DC = 100% — = 100, 1)
AV

where AV - the acid value of the mixture after
esterification, mg KOH/g; AV, - the acid value of
the initial mixture, mg KOH/g. Acid values were
determined according to the method [29].

Temperature and time of the esterification
process were chosen as independent factors that
were varied.
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The response surface methodology [30] was
used to optimize the esterification process, which
refers to a set of mathematical and statistical
techniques aimed at modeling processes and

finding combinations of predictor experimental
series to optimize the response function, which is
generally described by the following polynomial:

¥(x, a]—au+Zaix +Zakxk+z Z a;;x;%;,

i=1 j=i+1 (2)

where x € Rr - variable vector, a - parameter
vector.

The unknown values of the a parameter vector
were determined by applying regression model
algorithms and optimization (minimization) of
the deviation potential (3):

Jx) =22 lly; — §(x,a)l2, (3)

where m - the amount of y experimental data.

The Statistica 10 (StatSoft, Inc.) program was
used for modeling, experimental data processing,
and statistical calculations.

Results and discussion

The central composite design was used in the
study. Regarding the process under study, the
response function (4) was chosen, which is a two-
stage polynomial:

DC=bu+bl't+b11't2+bz'T+bzz'Tz+blz't'T, (4)

where DC - degree of conversion, %; bo -
constant; t - process temperature, °C; T - process
time, minutes; b1, b11, bz, b2z, b1z — coefficients for
each element of the polynomial.

The choice of the variation levels and intervals
was based on the previous experiments: the
process temperature was varied from 40 to 70 °C,
and the time was varied from 180 to 480

minutes. To reduce the impact of systematic
errors caused by external conditions, the
sequence of experiments was randomized.

See Table 1 for the design matrix and
experimental values of the response function
(average results of three parallel studies).

Table 1

Design matrix and response function values

Experiment Temperature, t Time, T Degree of conversion
number Coded level °C Coded level Minutes (DC), %
1 0 55 -2 180 51.5
2 0 55 0 330 84.3
3 -1 44 -1 224 49.0
4 +1 66 -1 224 68.1
5 0 55 +/2 480 93.0
6 -2 40 0 330 58.2
7 0 55 0 330 85.8
8 +1 66 +1 436 87.5
9 +/2 70 0 330 81.0
10 0 55 0 330 86.0
11 -1 44 +1 436 79.3
Processing experimental data with Statistica
10 provided the model equation with the
calculated coefficients:
DC =—-306.322;,1+ 8998t — 0.069 - t? +0.632-7—0.001-72—-0.002-¢ -1, (5)

To test the significance of the regression
coefficients (5), a Pareto Chart was drawn, which
is presented in Fig. 1 (L - linear effect, Q -
quadratic effect).

The Pareto Chart (Fig.1) shows the
standardized coefficients ordered by absolute

values. The data analysis reveals that all columns
cross the vertical line, which is a 95 % confidence
level. Thus, we can conclude that all regression
coefficients (5) are significant.
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(2)Time, t, minutes(L)

(1)Temperature, t, °C(L) 22.62

Temperature, t, °C(K) -20.11

Time, t, minutes(K) | -16.45

1Lby2L -5.87

41.241

p=0.05

Standardized Effect Estimate (Absolute Value)

Fig. 1. Pareto chart

The suitability of the obtained model was tested by analysis of variance. See Table 2 for the results.

Model analysis of variance

Table 2

Factor Sum of Degrees of Mean square F-value The level of

squares, SS freedom, df value, MS significance, p-
value

(1) Temperature (L) 441.702 1 441.702 511.623 0.001949

Temperature (Q) 349.175 1 349.175 404.450 0.002463

2) Time (L) 1468.621 1 1468.621 1701.105 0.000587

Time (Q) 233.487 1 233.487 270.448 0.003677

1L by 2L 29.703 1 29.703 34.404 0.027857

Lack of fit 15.349 3 5.116 5926 0.147774

Pure error 1.727 2 0.863

The total sum of squares 2416.816 10

Determination coefficient R2 = 0.993
Adjusted determination coefficient R24; = 0.986

The data presented in Table 2, in particular, concluding that the obtained model adequately
the non-significant lack of fit (significance level describes the response.
p> 0.05) and the values of determination See Fig. 2 for the cumulative effect of
coefficients (R2 and R2,q;) close to unity, allowed predictors on response.
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Fig. 2. Dependence of the degree of conversion on time and temperature of the esterification process

As can be noticed (Fig. 2), the values of the
degree of conversion, which exceed 90 %, are in
the temperature range of 55-62 °C and reaction
time of more than 390 minutes.

Analysis of the critical points of regression (5)
performed by Statistica 10 made it possible to
establish rational parameters that correspond to
the maximum degree of conversion with a
temperature of 58 °C and reaction time of
435 minutes.

Exceeding the rational values of temperature
and process time leads to a decrease in the
efficiency of biocatalytic esterification due to
partial denaturation of the apoenzyme and
inhibition of lipase by the products.
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