u] =,

Busueno npouecu xpiomexanoximii npu po3pooui
xXap4oeux Hanomexnonozii dobasox 6 popmi zamo-
POJCEHUX nacm 6 HAHOPO3IMIpHiU (opmi i3 xXa0po-
Qinemicnux osouie (XBO): wnunamy, 3eneni cene-
pu ma nempywxu. Hanomexnonozii 3acnosani na
euKopucmanni AK iHHOBAUii Komniexchoi 0ii Kpio-
2€HHO020 <UWIOK0B020»> 3AMOPOINCYBAHHA MA HU3LKO-
memnepamypmozo OpibHoducnepcrozo noopionenns,
WO CYnpoBooIHCYOMbC npouecamu Kpiomexarnooe-
cmpyxuii ma xpiomexanoximii. Pospobaeni namno-
mexno02ii 0aromv 3M02y He MiNbKU 30epeemu xJo-
podinu a i b, B-kapomun ma inwmi BAP euxionoi
CUpoOBUHU, a MAK0JNC GiNbUW NOBHO GUAYUUMU NPU-
xoeani neaxmueni 36’a3ani 3 Giononimepamu (0in-
Kxom, nonicaxapudamu) opmu BAP y sinvny neexo-
3aceorosany opmy. Buseneno 36’a3ani neaxmuemi
dopmu xnopogpiny ma inwmux BAP ¢ XBO npu nepe-
Ppooui 3a Kpiomexnono2ieto 6 0300pP06ui NPOOYKmMu —
3amMopoxceHi Kpionacmu 6 HAHOPOIMIPHIL Qopmi.
Bcmanosneno, wo 6 XBO 6 36’azaniil popmi 3naxo-
oumucs 6 3,0...3,5 pas Ginvwe xaopodiny ma inwux
BAP, nioc mosxcna excmpazysamu i3 CEidcux xjuopo-
Qinemicnux osouis. Iloxazano, wo macosea wacmka
BAP 6 xpionacmax i3 XBO ¢ 2,5...3,5 pasu Ginvue
Hidc Y ceincux osouax. Pozxpumo mexanizm npoue-
Ci6 30ivumenns.

Bcmanosaeno, wo axmuenicmo 0KUCTI08ATNLHUX
depmenmie (nepoxcudasu ma nonigpenonoxcuoasu)
XBO kpiozamoposicenux 3 6UCOK010 WEUOKICMIO 3ae-
JHcumsb 810 KiHuesoi memnepamypu 3amopoxcy8anHs
npodyxmy. Bcmanosneno, wo 3amoposcyeanus 0o
memnepamypu 6 cepeduni npodyxmy —35...—40 °C
npu3eo0ums 00 N06HOI iHaAKMuUEAUii OKUCTIOBATb-
HUx Qepmenmis, 6 mou 4aAC AK 3AMOPONCYEAHHS
0o —18 °C npuzeodumsv 00 30invwenns axmuenocmi
depmenmie 6 1,4...1,5 pas, ax y eunaoky axmuea-
uii pepmenmis nio diero mennoeoi 06poOKU CuposuHU
npu +35 °C. Po3kpumo mexanizmu npouecie xpiome-
XaHoximii, AKi N06A3AHI 3 MEXAHOKPEKIH20M MaA NOG-
HO10 THAKMUBAUIEIO OKUCTIOBATILHUX (pepMeHmiE.

Po3spobaneni kpionacmu i3 XBO ne maromo ana-
10218, € Ojcepenom yHikanvnozo xomniexcy BAP
(xnopopinie a i b, B-xapomuny, L-ackxopéinosoi
Kucaomu, Qpenonvrux cnoayx ma in.). Is 3acmocy-
BAHHAM OMPUMAHUX Kpionacm po3pobiena 3ene-
Ha Jiniika 0300poeuux npodyxmis, de 000a6xu i3
XBO sucmynatomv ax namypanvii 6apenuxu, 3ey-
wyeaui, cmabinisamopu mexcmypu

Kntouosi caosa: xpiomexanoximis, Kpioze-
He <UoK0Bes 3aMOpPOIHCYBAHHS, XIOPOPINEMICHI
0604, X10podin, 0300p0o6Ui NPoOYKMuU, NPUXOEaHi
¢dopmu BAP
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population immunity caused by deficiency (about 50 %) of
vitamins and other biologically active substances (BAS)

The relevance of this study relates to a global problem to
be addressed today. This problem consists in degradation of

in diets, protein deficiency, unbalanced diet complicated
by general worsening of environmental situation in the



world [1-3]. Immunity can be improved by consuming
health improving products with high content of BAS (vita-
mins, minerals, phytocomponents), proteins and prebiotic
substances (pectins, cellulose, etc.) [2—4]. These substances
help to strengthen the body’s protective force as they have
detoxifying, antioxidant and adaptogenic action [4, 5].
Fruits, vegetables, and health improving products are the
BAS source.

Immunodeficiency is being addressed in many countries
around the world. In particular, health improving products
prepared from fruits and vegetables that improve health are
popular [5].

It should be noted that the need for fresh vegetables
and fruits in the population diet is satisfied by just 50 %
for today [1, 3]. The deficiency problem is partially solved
by consuming frozen produce. Unlike the leading countries
such as the USA, Germany, France, or Japan where annual
consumption of frozen fruits and vegetables is 40...100 kg per
capita, only 300 g is consumed in Ukraine [6]. This is caused
by underdeveloped segment of the food industry engaged
in production of frozen fruits, vegetables, and convenience
foods.

Chlorophyll-containing vegetables (CCV) are promis-
ing raw materials for the production of frozen green food
products and health improving supplements. CCV includes
spinach, broccoli, Brussels sprouts, green peas, celery, dill,
parsley and more [6]. These CCV are a source of chlorophyll
in the population diet [7, 8]. Chlorophyll weight fraction in
them ranges from 0.1 to 0.8 % [6, 9]. For today, shortage of
natural green supplements and health improving products
derived from CCV takes place. Development of frozen
chlorophyll-containing supplements and products with high
chlorophyll content using CCV is promising.

2. Literature review and problem statement

According to the latest data from leading oncologists
and vitologists in the USA, Japan, the Netherlands, Sweden,
and others, antitumor, immunomodulatory, detoxifying,
antioxidant and antiradiation properties of chlorophyll have
been proven [7, 10]. The discovered protective properties of
chlorophyll are explained by chemical structure of its mol-
ecules. By their structure, chlorophyll molecules are close
to the structure of human blood hemoglobin and are un-
saturated porphyrin rings [4, 6]. Difference in the molecule
structure consists in that an iron atom is in the central part
of the blood heme while magnesium is in the center of the
chlorophyll molecule [11, 12]. Chlorophyll molecules, like
blood hemoglobin, belong to reactive unsaturated conjugat-
ed compounds that block negative processes occurring in the
human body. The negative processes are related to the action
of carcinogens, free oxidizing radicals, allergens, aging pro-
cesses, and other negative factors [4, 6].

Despite the unique healing properties of chlorophyll,
chlorophyll-containing vegetables have not been properly
used in the population diet [6]. This relates to the lack
of information on the healing properties of chlorophyll,
recommended daily consumption rates and promotion of
CCV products. Fresh chlorophyll-containing vegetables
are used in diets. This is explained by the fact that there are
objective difficulties in processing CCV into food products
caused by the fact that a and b chlorophylls are unstable,
easily destroyed compounds discoloring or turning brown

and losing their properties during processing [4, 6]. It
has been shown that chlorophyll losses in processing of
CCV are from 20 to 100 % under the influence of heat
treatment and up to 35 % in freezing plus about 50 %
in defrosting [12-14].

“Shock” freezing is one of the progressive methods used
in processing and preserving products of vegetable and
animal origin [5, 6, 14]. It is based on the use of cryogenic
liquids as refrigerants. Liquid nitrogen, carbon dioxide, etc.
are used as cryo-agents. Direct dependence of the degree
of preservation of vitamins and other BAS, loss of cellular
juice during defrosting and preservation of products made
of fruits and vegetables on the freezing rate have been estab-
lished [15, 16].

Analysis of published data for the last 10 years has
shown that the problem of preservation and stabilization
of chlorophyll and other BAS during processing including
freezing of CCV into finished products was not solved com-
pletely in international practice [14, 16]. Solution of this
problem requires new non-standard approaches, ideas and
innovations. An option of solving the problem of preserving
and stabilizing chlorophyll and other BAS in processing
CCV to frozen fine-dispersed supplements consists in ap-
plication of an innovative method of in-depth processing
of raw materials based on a complex action of cryogenic
“shock” freezing and fine-dispersed grinding of raw mate-
rials [15, 16]. The use of this method of in-depth processing
provides the highest degree of preservation of vitamins
and other BAS [17, 18]. Disadvantage of the existing cryo-
genic method of freezing foods to —18..—25 °C consists in
a significant (up to 50 %) loss of vitamins and other BAS
during defrosting after storage of the frozen product for
six months. Besides, cellular juice losses up to 10 % during
defrosting are observed [20-22].

Scientific studies of cryogenic processes of freezing
fruits and vegetables are devoted mainly to the study of
crystallization and thermophysical processes [14, 20],
development of mathematical models of regulation of
these processes, study of conventional physicochemical
parameters of products [23] as well as ascertaining cell
juice [22, 24] and vitamin losses [21, 25].

Exceptions include results of previous fundamental and
applied studies of the effect of complex action of cryogen-
ic “shock” freezing and fine-dispersed grinding of fruits,
vegetables, and mushrooms [15—17]. The results obtained
in previous scientific studies became the basis for the
development of cryogenic nanotechnology and cryogenic
equipment which were implemented at a number of enter-
prises of Ukraine, Latvia, and other countries. In particular,
cryogenic nanotechnologies of frozen fruits and vegetables
and fine-dispersed paste-like fruit supplements [27-29],
fine-dispersed cryopastes of carotene-containing vegeta-
bles and berries [26], sun root [29], mushrooms [27], spicy
vegetables and natural spices [30]. The developed cryogenic
technologies have made it possible to discover hidden BAS
forms (vitamins, carotenoids, phenolic compounds) in prod-
ucts of fruits and vegetables. Their weight fraction in the
obtained products is 2.0...3.5 times more than in original
plant raw materials [15, 16, 27]. Mechanisms of increasing
low molecular weight BAS found in frozen products in a
nanoscale form have been disclosed [6]. This is the approach
used in the present study.

Analysis of published data shows that an issue remains
unresolved for today as to why so significant losses of



chlorophyll and other BAS occur in frozen and further
defrosted products. The losses measure 25..35 % when
using “shock” freezing of CCV and 50...60 % in defrosting
the products [6, 13, 28]. Cryogenic technologies of freezing
CCV and cryopastes produced of them which would allow
to store chlorophyll and other BAS during freezing, stor-
age and further defrosting of the product have not been
developed. The processes occurring in cryogenic “shock”
freezing and fine-dispersed grinding of CCV have not been
studied. This requires in-depth knowledge of biochemi-
cal, enzymatic and mechanochemical processes occurring
during cryo-freezing and fine-dispersed grinding of CCV
into health improving supplements such as semi-finished
and finished products. The above processes will occur in
a different way in cryogenic shock freezing and low-tem-
perature fine-dispersed grinding than with conventional
methods of rapid shock freezing and grinding at —18 °C.
This requires further studies.

3. The aim and objectives of the study

This study objective consists in studying the processes
of cryomechanochemistry occurring in development of a
nanotechnology of cryo-frozen health improving supple-
ments of chlorophyll-containing vegetables in a nanosized
form with the use of liquid and gaseous nitrogen at a high
degree of preservation of chlorophyll and other BAS, with-
out loss in defrosting and with no use of artificial food
supplements.

To achieve this objective, the following tasks were set:

—to study the processes of cryomechanochemistry and
influence of high-speed cryoprocessing during “shock” freez-
ing and fine-dispersed grinding of CCV on preservation and
transformation of chlorophyll and other BAS;

—to carry out modeling experiments to study the effect
of high-speed cryogenic “shock” freezing and final tempera-
ture of CCV products on enzymatic processes (activity of
oxidizing enzymes) and their inactivation in comparison
with conventional freezing;

—to develop a cryogenic nanotechnology of frozen
fine-dispersed supplements with CCV applying cryogenic
“shock” freezing with the use of liquid and gaseous nitrogen,
processes of cryomechanochemistry and cryomechanical
destruction in low-temperature grinding without the use of
artificial supplements;

—to study the content of chlorophyll and other BAS in
cryo-frozen nano supplements with CCV in comparison
with counterparts and substantiate feasibility of using struc-
ture-forming agent as a source of chlorophyll and other BAS
in the production of products for healthy nutrition.

4. Materials and study methods used in the development
of a nanotechnology for cryo-frozen supplements
prepared from chlorophyll-containing vegetables

4. 1. Materials and equipment used in the experimen-
tal studies

Scientific studies were carried out at the Department of
Fruit, Vegetable and Milk Processing Technologies, Kharkiv
State University of Food and Trade, Ukraine. Experimental
studies were conducted in Scientific Research Laboratory of

Innovative Cryo- and Nanotechnologies of Herbal Supple-
ments and Health Products of the above department.

The study presented in this paper is a continuation of the
scientific research work named Creation and Implementation
of Advanced Technologies and Efficient Equipment for the
Production of New Functional Foods which was awarded the
State Prize of Ukraine in Science and Technology in 2006.

Chlorophyll-containing vegetables were taken as re-
search materials: spinach leaves (Victoria, Rembor, Krepysh,
Motodor), parsley (Astra, Gospodynia, Alba, Lystova
Kucheriava), celery (Diamant, Kaskad, President, Prazsky
Gigant), their frozen fine dispersed semi-finished supple-
ment products as well as health improving products using
the supplements obtained.

Cryogenic “shock” freezing was carried out in a fast-freez-
ing experimental apparatus using liquid and gaseous nitro-
gen both as a refrigerant and an inert medium. The appliance
was designed for freezing hard-shell and liquid products in
special containers. Temperature of the gas medium in the
freezer was manually set and automatically maintained con-
stant throughout the experiment. Temperature of -60 °C was
chosen for model studies as an optimum temperature in the
freezer. Freezing of CCV was performed at a high rate from
0.5to 10 °C per minute to end temperatures of =18 °C...—40 °C
in the middle of the product.

Robot Couper homogenizer shredder (France) and Paco-
Jet low-temperature shredder (France) were used for fine
grinding of chlorophyll-containing vegetables [6].

4.2. Experiments conducted to study influence of
cryomechanochemistry, cryomechanodestruction on
chlorophylls and other BAS in the processing of chloro-
phyll-containing vegetables

Quality in terms of BAS content was determined in fresh
and cryo-frozen chlorophyll-containing vegetables (spinach
leaves, celery, and parsley) as well as frozen puree, in particular:

—chlorophyll: by spectrophotometric method through
determining optical density of acetone extracts of the test
specimens;

— L-ascorbic acid: by the method of visual and potentio-
metric titration with a solution of Na 2,6-dichlorophenolin-
dophenate;

—low molecular weight phenolic compounds (for routine
and chlorogenic acid separately): by Folin-Denis colorimet-
ric method in terms of routine and separately for chlorogenic
acid;

—polyphenolic compounds: by titrimetric method based
on properties of polyphenolic compounds oxidized in the
presence of indigo-carmine indicator; calculation of tannins
was performed in terms of tannin;

— B-carotene: by the Mourie colorimetric method after
extracting carotene from the product with an organic sol-
vent and purifying it from accompanying dyes by column
chromatography;

—oxidizing enzymes: by the method based on quinone
property to oxidize ascorbic acid.

Sampling, solids content, organoleptic parameters, total
sugar and pectin content in the raw material, nanosupple-
ments obtained from CCV and the health improving prod-
ucts prepared with their use were determined according to
the current standards.

Generally adopted standard and special research meth-
ods were applied in this study, that is the physicochemical,



biochemical, spectroscopic methods. The experimental study
results were processed by mathematical methods using
Mathcad and Microsoft Excel software.

5. Results obtained in the studies of influence of
cryomechanodestruction processes on chlorophyll and
other CCV BAS in development of nanotechnologies of

cryo-frozen supplements

A number of varieties of fresh vegetables with high
content of chlorophyll (spinach leaves, celery and parsley)
cultivated in various regions of Ukraine were used as raw
materials for development of nanotechnologies of cryo-fro-
zen supplements (semi-finished products in a form of frozen
pastes). CCV are known for their healing, curative and
prophylactic properties due to their chemical composition.
The results of influence of the processes of cryomechano-
chemistry and cryoprocessing using high speeds of “shock”
freezing and fine-dispersed grinding of chlorophyll-con-
taining vegetables on conservation and transformation of
chlorophyll and other BAS are presented in Table 1.

A unique method of preserving and additional extraction
of CCV chlorophyll naturally occurring in plant cells was
developed during the study. It was found that the weight
fraction of chlorophyll extracted in fine dispersed supple-
ments is 3.2...3.8 times higher than that found in fresh chlo-
rophyll-containing vegetables (Table 1, Fig. 1).

Biochemical, chemical, and spectroscopic methods of
investigation on the example of chlorophyll-containing veg-
etables have established fallacy of the common ideas of the
amount of hidden (bound) inactive forms of chlorophyll,
carotenoids, and other BAS (5 to 10 %). It was shown that
the use of cryogenic “shock” freezing makes it possible to ex-
tract and transform BAS from the hidden form into a freely
digestible form. Weight fraction of BAS in cryo-frozen CCV
is 2.2..2.5 times greater than that in fresh chlorophyll-con-
taining vegetables. The mechanism was established.

Model studies have shown that inactivation of oxidizing
enzymes (peroxidase and polyphenol oxidase) does not occur
in cryogenic “shock” freezing of CCV using high and superhigh
rates of freezing to —18 °C (Table 2). The laboratory equipment
used in the studies had an error of 0.0001 to 0.05 % depend-
ing on the device type.

Table 1

The results obtained in the study of influence of mechanochemistry during complex effect of cryoprocessing for “shock”
freezing and fine grinding of CCV on preservation and extraction of chlorophyll and other BAS in
a free active form (n=3, P>0.95)

Weight portion
chlorophylls .
e B-carotene L-ascorbic acid tIZz nggiigfngig
Product a b
% of % of
. . % of raw % of raw % of raw
mg/100 g | raw ma- mg/100 g | raw ma- mg/100 g material mg/100 g material mg/100 g material
terial terial
Spinach leaves (Victoria variety)

Fresh 190.2 100.0 550.0 100 75 100.0 78.2 100.0 380.2 100.0
Frozen to —18 °C 202.5 106.0 575.0 104.5 15.0 200.0 77.1 99.0 375.0 98.2
Frozento —18°C | o059 | 4515 | 6500 | 1181 18.7 9500 | 1020 | 1402 5175 | 1380
and fine-dispersed
Frozen to —40 °C 380,1 200,0 11150 | 2023 19,0 251,4 195,5 250,0 577,6 152,0
Frozen to ~40°C 657.0 341.0 | 1680.0 | 300.0 23.3 310.0 274.7 301.0 710.6 187.0
and fine-dispersed

Celery (President variety)

Fresh 88.2 100.0 264.0 100.0 3.5 100.0 98.0 100.0 350.4 100.0
Frozen to —18 °C 92.4 101.4 270.2 102.1 76 206.0 96.2 93.0 352.0 101.0
Frozen to ~18°C 150.2 160.5 369.6 148.0 8.0 228.0 139.0 142.0 490.0 140.0
and fine-dispersed
Frozen to —40 °C 176.0 200.0 554.4 210.0 8.8 250.0 200.0 205.0 497.0 142.0
Frozen to ~40"C 265.2 301.1 792.0 301.0 10.7 306.0 278.0 9284.0 612.0 175.0
and fine-dispersed

Parsley (Lystova Kucheriava variety)

Fresh 124.6 100.0 364.8 100.0 3.9 100.0 250.0 100.0 270.0 100.0
Frozen to —18 °C 130.5 104.0 378.2 103.9 7.7 198.0 252.5 101.8 264.0 98.0
Frozen to ~18 °C 186.0 150.2 527.8 145.0 78 200.0 350.0 140.0 356.0 135.0
and fine-dispersed
Frozen to —40 °C 272.8 220.0 800.0 221.0 9.7 250.0 575.0 230.4 540.0 200.0
Frozen to ~40 °C 347.2 280.1 12740 | 350.1 11.8 280.4 800.0 320.4 756.0 280.0
and fine-dispersed




a and b, chlorophyll,
mg/100 g

Weight fraction of total

Fig. 1. Preservation of a and b chlorophyll and extraction of
its hidden forms from nanocomplexes and nano-associates
with biopolymers during cryogenic “shock” freezing and fine-
dispersed grinding of CCV: A — spinach leaves; B — celery;
C — parsley; 1 — fresh CCV; 2 — frozen to —18 °C; 3 — finely
dispersed CCV; 4 — frozen to —35 °C;

5 — finely dispersed CCV

The cryogenic nanotechnologies for the production of a
green line of health improving fine-dispersed supplements
from chlorophyll-containing vegetables (spinach leaves, cel-
ery and parsley) with high content of chlorophyll and other
BAS have been developed (Fig. 2).

New technologies differ from conventional ones by using
liquid and gaseous nitrogen as an environmentally friendly
natural refrigerant and inert medium. Cryotechnology inno-
vations include the use of cryogenic high-speed ‘shock’ freez-
ing (from 1 to 10 °C per minute) and freezing to a still lower
temperature in the middle of the product (-32..-35 °C)
than in conventional freezing (up to —18...-20 °C) (Fig. 2).
In addition, cryotechnologies include low-temperature
fine-dispersed grinding of frozen CCV. Rational technolog-
ical conditions of cryogenic “shock” freezing and low-tem-
perature grinding have been elaborated (Fig. 2).

The amount of liquid nitrogen used per 1 kg of frozen
cryopaste prepared from chlorophyll-containing vegetables
ranged from 0.5 to 1.0 1.

Fine-dispersed frozen chloro-
phyll-containing vegetable pastes
obtained by the cryogenic nanotech-
nology have a record high content

Table 2

Influence of the rate of cryogenic “shock” freezing of CCV
and final temperature in the middle of the product and fine-
dispersed grinding on activity of oxidizing enzymes

(n=3, P>0.95)
Activity
peroxidase polyphenol oxidase
Product 001N |, 001N | ,
. % raw L % raw
iodine . iodine .
solution material solution material
Spinach leaves (Victoria variety)
Fresh (raw 25.6 100.0 6.2 100.0
material )
Frozen to —18 °C 33.2 130.0 9.0 145.1
Cryopaste of spinach 751 300.0 16.2 3533

frozen to —18 °C
Cryofrozen to -35 °C 0 0 0 0

Cryopaste of spinach
frozen to —35 °C

0 0 0 0

Celery (President variety)

of natural chlorophyll, B-carotene,
L-ascorbic acid, phenolic compounds

and exceed world known counter-

parts and the raw material 3.0 to
3.5 times (Fig. 3). Cryopastes pre-

pared from CCV have a fundamentally higher than —

Fresh (raw 132 | 100.0 28 100.0
material)
Frozen to —18 °C 18.6 140.0 4.2 150.0
Cryopaste of celery
frozen to —18 °C 35.2 304.5 8.1 407.8
Cryofrozen to =35 °C 0 0 0 0
Cryopaste of celery
frozen to —35 °C 0 0 0 0
Parsley (Lystova Kucheriava variety)
Fresh (raw 68 | 1000 | 24 | 1000
material)
Frozen to —18 °C 9.6 141.2 3.5 145.8
Cryopaste of parsley
frozen to —18 °C 20.2 320.6 7.2 329.2
Cryofrozen to —35 °C 0 0 0 0
Cryopaste of parsley
frozen to —35 °C 0 0 0 0
Chlorophyll-containing . . . . .
vegetables (spinach leaves, celery By ~ Sorting || Washing py Inspection (3 Air drying
and parsley)
U
. B . Cooling to £=2...4 °C with
Fine-dispersed High-speed “shock gaseous nitrogen Cutting
grinding atnot e cryofreezing to (=2...4°C)

=35..-40 °C T

new chemical composition compared 10°C (chamber =60 °C) Dosi —
to those obtained by conventional ¢| osing H Liquid N
technology and are in a nanosized {

form easily assimilated by the human Prepackage, package Pl Storage at —18 °C

body. For example, weight fraction of

chlorophyll in 100 g of product ranges
from 1,057 mg (in celery cryopaste),
1,620 mg (in parsley cryopaste) and
up to 2,320 mg (in spinach cryopa-
ste). Weight fraction of B-carotene
in 100 g of cryopaste is from 10.7 mg (in celery cryopaste)
to 23.0 mg (in spinach cryopaste). Corresponding figures
for L-ascorbic acid are from 274.5 mg (in spinach cryopa-
ste) to 800 mg (in parsley cryopaste). The results obtained
for an increased weight fraction of chlorophyll and other
BAS are common and independent of the CCV variety.

Fig. 2. Schematic diagram of production of a green line of health improving fine-
dispersed frozen supplements from chlorophyll-containing vegetables with a record
content of chlorophyll using the cryogenic nanotechnology

Using the cryopastes obtained, a green line of health im-
proving products and dishes (nanosorbets, cheese desserts,
nanodrinks, jellies, biscuits, pastries, sauces, etc.) were de-
veloped. New types of CCV supplements act as natural dyes,
thickeners, and texture stabilizers. The use of cryopastes
produced from CCV in the manufacture of health improving



products makes it possible to refuse from the use of harmful
food supplements in food production.
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Fig. 3. Content of chlorophyll and B-carotene in cryo-frozen
pastes prepared from chlorophyll-containing vegetables:
A — spinach leaves, B — celery, C — parsley; 1 — fresh CCV,
2 — cryo-frozen CCV pastes; weight fraction of total amount
of aand b: a — chlorophyll and b — B-carotene

6. Discussion of results obtained in the study of influence
of cryomechanodestruction processes on chlorophylls and
other CCV BAS in the development of nanotechnologies
for cryo-frozen supplements

Chemical composition of CCV including the content of
chlorophyll and other BAS was investigated. It was found
that spinach (0.74 %) had the highest content of a and b
chlorophyll among all CCV species under study. Weight
fraction of chlorophyll in parsley and celery was 1.5...2 times
lower (0.49 % and 0.35 %, respectively), see Table 1. It has
been shown that spinach can be considered as a source of
B-carotene. Weight fraction of B-carotene in 100 g of spin-
ach leaves was at the level of carrots being the conventional
source of B-carotene in the diet of population of Ukraine. For
example, weight fraction of B-carotene in 100 g of spinach
was 7.5 mg and 8 to 10 mg in carrots which corresponds to
two daily needs of the human body in B-carotene [4, 6].

It was also shown that parsley has the highest content
of L-ascorbic acid in 100 g of product (250 mg), then celery
(98 mg) and spinach leaves are in the third place (72.8 %)
(Table 1). Green chlorophyll-containing leafy vegetables
exceed citruses in content of L-ascorbic acid. It has been es-
tablished that parsley is close to dog rose hips, black currant
and sweet pepper which have a record content of L-ascorbic
acid among berries and vegetables [4, 6].

It was established that CCV also have a considerable
content of natural antioxidants, detoxifiers, in particular

polyphenolic compounds amounting 0.35...0.38 %, except for
parsley (0.27 %), see Table 1.

It was shown that regularities of influence of cryomech-
anodestruction processes on chlorophylls and other BAS
found for different types of CCV are common and do not
depend on variety of the tested specimens.

Thus, presence of a unique complex of BAS phytocompo-
nents (a and b chlorophyll, B-carotene, L-ascorbic acid, low
molecular weight and high molecular weight phenolic com-
pounds, for example tannins) was established in the study of
chemical composition of fresh CCV. It has been shown that
100 g of chlorophyll-containing vegetables are capable of
meeting several daily human needs for chlorophylls, B-car-
otene, phenolic compounds and L-ascorbic acid (Table 1).
This complex of natural BAS phytocomponents gives the
fresh CCV therapeutic and prophylactic properties, in par-
ticular, antitumor, immunomodulatory, detoxifying, anti-
oxidant action, helps to strengthen vessels of heart, brain,
et [10-12].

The main issue in developing the new method of deep
CCV processing to obtain frozen health improving nano-
supplements consisted in as much as possible preservation of
chlorophyll and other BAS. Losses of chlorophyll when using
existing methods of CCV processing depend on the type of
processing and range from 25 to 100 %. Exceptions include
the products of sublimation drying and shock freezing: losses
of chlorophyll are 25...35 % in freezing plus 50...60 % in de-
frosting. The cause of such losses has not been determined.

A preservation method and a cryotechnology of produc-
ing frozen fine dispersed supplements from CCV have been
proposed and scientifically substantiated. The proposed
method makes it possible not only to retain chlorophyll,
carotenoids, and other BAS in raw materials but also to
more fully convert hidden biopolymer-related forms into a
free form. The method is based on the use of an innovative
cryogenic “shock” freezing with liquid and gaseous nitrogen
and fine dispersed grinding accompanied by the processes of
cryomechanochemistry, cryomechanodestruction and me-
chanical activation.

It was shown that use of the complex effect of cryogenic
“shock” freezing to —35...—40 °C and fine grinding on raw
materials results in a high degree of extraction of hidden
bound forms of BAS (chlorophyll, carotenoids, phenolic
compounds, L-ascorbic acid) in chlorophyll-containing veg-
etables. Weight fraction of these BAS in frozen supplements
is 3.2...3.5 times higher than in fresh CCV (Table 1, Fig. 1).

The mechanism of extraction of hidden (bound in nano-
complexes) forms of chlorophyll, carotene and other CCV
BAS during cryogenic “shock” freezing and fine dispersed
grinding was disclosed. The latter is the result of the pro-
cesses of cryocracking, mechanocracking (destruction) of
nanocomplexes and nano-associates of biopolymers (protein,
polysaccharides) with low molecular weight BAS and miner-
als and leads to BAS transformation into a free form.

One of the main factors affecting quality of final products
in processing of fruits and vegetables into health improving
supplements and products using various technologies includ-
ing freezing technologies is inactivation of oxidizing and hy-
drolytic enzymes. As regards CCV, these processes were not
studied in processing of chlorophyll-containing vegetables.

In this regard, it is relevant to study features of enzymat-
ic, biochemical and cryomechanical processes when develop-
ing the nanotechnology of fine dispersed supplements in a



form of pastes produced from CCV using cryogenic “shock”
freezing and fine-dispersed grinding.

Large, up 50...60 % chlorophyll losses and decomposition
of CCV during defrosting of fine-dispersed supplements
prepared from CCV and frozen to —18 °C were found after
30-40 min. It was shown that when defrosting CCV and
fine-dispersed supplements prepared from them and cryo-
genically frozen to a lower temperature in the middle of the
product, up to —35...—40 °C, no losses of chlorophyll occur
(Table 1, Fig. 1). In this regard, it was assumed that freezing
of CCV to —18 °C does not result in inactivation of oxidizing
enzymes (peroxidase, polyphenol oxidase). On the contrary,
there is a growth of enzymatic activity when defrosting
the product. This indicates activation of enzymes during
freezing to —18 °C similar to activation of enzymes during
heat treatment. The processes of activation and inactivation
of oxidizing enzymes of fruits and vegetables during heat
treatment are reflected in numerous monographs and text-
books on biochemistry of fruits and vegetables [31]. Data
on the effect of freezing on enzymatic activity of fruits and
vegetables have not been found in literature. In this regard,
experimentation with and elucidation of freezing conditions
leading to inactivation of oxidizing enzymes in the cryo-pro-
cessing of CCV are relevant.

It was shown that a 1.3...1.5-time higher activation of ox-
idizing enzymes occurs when freezing CCV to —18 °C. It was
revealed and shown that further low-temperature grinding
when preparing frozen homogeneous pastes into a nanoscale
form further increases activity of oxidizing enzymes. Activi-
ty of enzymes in cryopaste warming is 3.5...4.0 times greater
than that in fresh CCV (Table 2). Mechanisms of activation
of oxidizing enzymes have been established.

It was found that a complete inactivation of oxidizing en-
zymes occurs during cryogenic “shock” high-speed freezing
of CCV to temperatures of —35...—40 °C which is connected
with irreversible denaturation of the protein structure in the
latter.

It was shown that activity of oxidizing enzymes is not
restored in further fine-dispersed grinding and preparation
of pastes as well as during defrosting (Table 2). The results of
scientific studies of oxidative enzymatic processes occurring
during cryo-freezing and fine-dispersed grinding of CCV
will allow us to re-consider the processes of cryoprocessing
and cryomechanochemical processes in development of cryo-
genic technologies.

Complete inactivation of oxidizing enzymes in CCV
cryo-frozen to —35..—40 °C and in fine dispersed supple-
ments prepared from them provides a longer shelf life of
12 months without loss of chlorophyll and other BAS during
storage and defrosting.

A characteristic feature of the obtained results consists
in that the proposed approach provides not only conserva-
tion of the biological potential of plant raw materials but
also a possibility of realizing the prospects for its fuller use.

This is a new trend in deep processing of food raw ma-
terials. The study is of practical importance because by the
content of chlorophyll and other BAS, efficiency of obtained
nanosupplements and CCV productsis 3.0... 3.5 times higher
than those obtainable by means of existing technologies. The
proposed method of processing CCV into nanosupplements
and health improving products opens up new opportunities
for the food technologies and will find its consumer. It is gen-
erally known that significant losses of useful vegetable food
products (fruits and vegetables) have occurred globally in

recent years. Total losses during processing, transportation
and storage amount to hundreds of billions of tons. What is
more, the fact that there are large amounts of hidden bound
inactive BAS in fruits and vegetables that are the hidden
reserves of raw materials non-consumed by mankind has not
been paid attention. This paper sheds light on this very issue.
Its solution will open the prospects of processing CCV into
nanosupplements and health improving products.

Thus, a significant amount of hidden, bound inactive
forms of chlorophyll and other BAS as hidden reserves of
raw materials were revealed in the course of studying CCV
processing into frozen health improving products, i. e. fine
dispersed pastes by means of the cryogenic technology. It
was established that CCV contain 3.0...3.5 times more chlo-
rophyll in a bound hidden form than can be extracted from
fresh vegetables.

A method of deep processing of CCV into frozen health
improving products, for example cryopastes has been de-
veloped. The method is based on application of cryogen-
ic “shock” freezing and low-temperature grinding. Their
complex application results in a complete inactivation of
oxidizing enzymes and cryo- and mechanodestruction of
nanocomplexes and nano-associates of chlorophyll and other
BAS containing biopolymers and minerals and facilitates
preservation and additional extraction and stabilization of
chlorophyll and other BAS.

The CCV cryopastes having a unique texture are pro-
duced without the use of food supplements. They are recom-
mended for the use in manufacture of a wide range of health
improving products such as natural dyes, thickeners, texture
stabilizers, gel formers and are a unique source of various
phytocomponents.

7. Conclusions

1. Hidden bound inactive forms of chlorophyll and other
BAS in chlorophyll-containing vegetables using cryo-mech-
anochemistry and cryomechanical destruction in develop-
ment of cryotechnology of health improving products, frozen
fine dispersed cryopastes were discovered. It has been found
that CCV in a bound form contain 3.0...3.5 times more chlo-
rophyll than that extractable from fresh vegetables. It has
been shown that the use of the complex effect on cryogenic
“shock” freezing and fine-dispersed grinding of CCV leads
to a high degree of extraction of hidden bound forms of BAS
from raw materials (3.2...3.5 times more than in fresh vege-
tables). The mechanism of the process was established.

2. It was found that activity of oxidizing enzymes (per-
oxidase and polyphenol oxidase) in chlorophyll-containing
vegetables rapidly cryo-frozen by means of liquid and gas-
eous nitrogen depends on the final freezing point in the
middle of the product. Freezing to —35...—40 °C results in a
complete inactivation of oxidizing enzymes while freezing
to —18 "C results in a 1.4...1.5-fold increase in activity. The
mechanism of influence of final cryo-freezing temperature
in the middle of CCV on activity of oxidizing enzymes was
established.

3. Cryotechnology of frozen fine-dispersed supplements
prepared from CCV using liquid and gaseous nitrogen has
been developed. The nanotechnologies include fine-dis-
persed grinding of pre-crystallized CCV to a nano scale.
This leads to a 3.2...3.5 times greater weight fraction of chlo-
rophyll and other BAS and enables the use of obtained frozen



supplements as natural BAS concentrates and dyes, natural
structure forming agents and thickeners in production of
health improving products without the use of synthetic
admixtures.

4. It was shown that fine-dispersed frozen pastes prepared
from chlorophyll-containing vegetables by means of cryogenic
nanotechnology have a record content of natural chlorophyll,
B-carotene, L-ascorbic acid, phenolic compounds and exceed

the world known counterparts 3.0...5.0 times. The cryopastes
produced from CCV have a fundamentally new chemical
composition compared to those obtained by the conventional
technology and are in a nanosized form easily assimilated by
the human body. For example, weight fraction of chlorophyll
in 100 g of product ranges from 1,057 mg (in a celery cryo-
paste), 1,620 mg (in a parsley cryopaste) to 2,320 mg (in a
spinach cryopaste).
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