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Abstract

The aim of the presented study was to determine the ability of the high pressure processing (HPP) for extraction of bioac-
tive compounds from black carrot pomace and to optimize treatment conditions (pressure, temperature, processing time) for
obtaining the maximum yield of bioactive compounds. Experiments were conducted using pilot scale high pressure food
processors and water as the extraction solution. A set of response surface analysis mathematical models were developed
and validated for the extraction of bioactive compounds of black carrot pomace, considering total monomeric anthocyanin
contents (TMA), total phenolic compounds (TPC) and antioxidant activity (AA). Quality attributes such as total color dif-
ference (AE*) and polymeric color ratio (PCR) of the samples were also evaluated. The validation results showed that the
error values of the obtained models were lower than 10%, which means acceptable error value in modelling study. Combined
pressure—thermal treatment at 266.6 MPa, 78.3 °C for 13.6 min was identified as the optimal process condition for maximum
extraction of bioactive compounds.
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Statement of Novelty

An alternative extraction methodology was developed
with assistance of high pressure processing to improve
mass transfer of sensitive bioactive compounds from the
black carrot pomace. Recovering of bioactive compounds
of black carrot pomace was optimized for high pressure
processing conditions by aid of response surface method-
ology. The results revealed that high pressure assistance
extraction is a promising green technology to collect valu-
able bioactive compounds, especially from waste product
of juice industry. This green technology, in addition to
increase extraction yield of bioactive compounds, was able
to reduce extraction time, solvent consumption, bioactive
compounds degradation, and environmental pollution
caused by toxic solvents. Therefore, in the near future,
HPP technology has a high potential to be used as assis-
tant in bioactive compounds extraction from plant/animal
sources.

Introduction

Carrots are ancient crops that have been used as vegeta-
ble based food source since it was first cultivated at least
3000 years ago in Eastern Region. In today’s world, there
are two main types of cultivated carrots: the first one is
called Eastern or anthocyanin carrots (Daucus carota L.
ssp. sativus var. atrorubens Alef.) due to its purple/black
color and second one is called Western or carotene car-
rots (Daucus carota L. ssp. sativus var. sativus) due to its
orange color [1]. The black carrot is a cultivar tradition-
ally grown in Turkey, Afghanistan, Egypt, Pakistan and
India, so those countries are the most important producers
of it. In 2017, it was produced higher than 120 kilo tons
and generally processed to the juice, juice concentrate and
fermented beverage called shalgam in Turkey [2, 3].

The black carrot is a source of cyanidin-based antho-
cyanin compounds which are able to contribute consum-
ers’ health by reducing risks of heart diseases, stroke, and
tumors as well as by improving anti-inflammatory effects
and cognitive behavior. Moreover, the potential usage
of anthocyanin compounds as natural food colorants is
remarkably increasing because of consumer concerns of
synthetic food colorants. The black carrot juice and con-
centrate were successfully used as both enrichment and
color of foods in cake [4], fresh-cut apple [5], several fruit
juices and nectars [6], strawberry jam [7], and candies [8].

Extraction is a sufficient method used for collecting
pure component or components from a solid or liquid
mixture. There are many extraction methods, such as heat
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reflux, soxhlet, boiling, agitating, soaking and distilling,
which are traditional; and ultrasonic, microwave, pulsed
electric fields, supercritical fluid and high pressure, which
are emerging extraction assistance technologies [9-11].
Nowadays, in order to reduce costs and environmental pol-
lution, the expectations from novel extraction assistance
techniques are to shorten processing times, reduce solvent
consumption, and increase extraction efficiency [11].

High pressure processing (HPP, 100-800 MPa) is defined
as a food preservation method which involves subjecting
food to intense pressure with or without assistance of heat,
to achieve microbial inactivation while achieving consumer-
desired qualities. HPP causes a little effect on covalent bonds
and, thus, the processed food does not undergo significant
chemical changes. Therefore, small molecules in food prod-
uct such as flavor compounds, vitamins, and pigments are
typically not affected by high pressure treatment [10, 12].
Recent studies have shown that high pressure processing
can be also used to enhance mass transfer rates, which
increases cell permeability as well as secondary metabolite
diffusion [13-17]. The extraction with assistance of high
pressure has been recently applied to extract bioactive com-
pounds from plant materials, such as, anthocyanins from
grape [18], corilagin and phenolic compounds from longan
fruit pericarp [13, 19], phenolic compounds from litchi
fruit pericarp [14], ginsenosides from ginseng [16], anti-
oxidant compounds from papaya [17], and finally phenolic
compounds from pansies [20]. Prasad et al. [21] reported
that high pressure extraction technique performed a higher
efficiency than ultrasonic and conventional extraction tech-
niques in extracting phenolic compounds from litchi fruit
pericarp, and they concluded that it is able to reduce time of
the extraction and increase the extraction yield of phenolic
compounds. Zhang et al. [22] compared different extraction
techniques in terms the yield of ginsenosides and extraction
time. The study revealed highest yield through high pressure
extraction at 500 MPa-2 min, followed by ultrasonic assisted
extraction for 30 min, refluxed for 4 h and supercritical CO,
for 4 h. It was reported that the high pressure extraction
is coming up with the following advantages: time saving,
higher extraction yields, cleaner extracts (especially lower or
without toxic solvents), minimal heat based bioactive com-
pounds degradation in comparison with classical extraction
technologies [20].

The earlier studies showed that the pomace obtained after
juicing of black carrot retains considerable level of bioac-
tive compounds (especially anthocyanin compounds) [3, 23].
Therefore, the main objectives of presented study are to put
forth the ability of the high pressure processing for extrac-
tion of bioactive compounds from black carrot pomace, to
obtain mathematical models related with those compounds
and high pressure processing conditions, and finally to opti-
mize the process conditions for obtaining the black carrot
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pomace extract with the highest yield of bioactive com-
pounds as well as meeting with adequate quality attributes.

Material and Methods
Black Carrot Pomace

The black carrot pomace was supplied by local juicing
company (TARGID, Mersin, Turkey) as waste product of
production of black carrot juice concentrate. The black car-
rot pomace packaged with polyethylene bags under vacuum
was stored at — 65 °C until the study conducted, in order to
eliminate undesirable reactions.

The Handling of Black Carrot Pomace

The black carrot pomace was shipped from Turkey to USA
under frozen (— 30 °C) conditions and stored frozen until
used. The pomace was firstly diluted with pure water at ratio
of 1:3 (w/w). Pure water served as a non-toxic, low cost
and environmentally safe extraction solvent to recover the
bioactive compounds from the black carrot pomace. After
that section, the black carrot pomace mix was obtained. The
black carrot mix (150 g) was filled to small pressure resist-
ance polypropylene bags and vacuum sealed to obtain sam-
ple pouches. The experiments are carried out at The Ohio
State University, Emerging Food Technology Pilot plant,
Columbus, OH.

High Pressure Treatment
The obtained pouches were loaded into a cylindrical stain-

less steel canister (11.0 cm X 65.5 cm) insulated with 0.5 cm
polytetrafluoroethylene (PTFE) and filled with propylene

glycol (Brenntag Mid-South, Inc., St. Louis, MO). The can-
ister was then loaded into the pilot plant pressure chamber of
a Stansted Iso-Lab FPG11500 (Stansted Fluid Power LTD,
Stansted, Essex, UK) included temperature controlling and
maintenance system. The produced hydrostatic pressure was
transmitted by a food-grade polypropylene glycol (Brenntag
Mid-South, Inc., St. Louis, MO). The samples were precon-
ditioned at the desired initial temperature taking into account
the final process conditions as well as the heat of compres-
sion [24]. Temperature of the samples was monitored inside
the sample holder using a brass stuffing box (Ecklund-Har-
rison, FortMyers, FL) and a T-type thermocouple (Omega
Engineering, Inc., Stamford, CT). Representative graph
related to pressure and temperature of the sample during
processing time was shown in Fig. 1.

Following to HPP treatment for each runs, the obtained
sample pouches were quickly immersed into the ice bath
to cool down them. After that the processed samples were
loaded into the 50 mL falcon tubes and then centrifuged at
4000 rpm, 4 °C for 20 min (Heraeus Bofuge Primo R, Ger-
many) to collect supernatants used in the analyses. Finally,
the collected supernatants were stored at — 24 °C until anal-
yses. All the analyses were performed in 2 days in order to
eliminate storage effect.

Experimental Design of High Pressure Treatments

Response surface methodology (RSM) was used to design
experimental conditions and to optimize the extrac-
tion parameters. A central composite design (CCD) was
employed in this regard. Pressure (P), temperature (7) and
time (f) were chosen for independent variables. The experi-
mental design consists of 20 experiments including 8 facto-
rial and 6 axial points, and 6 replicates of the central point.
The coded and actual levels of three independent variables
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Table 1 Coded and actual levels of three variables

Independent Coded levels
variables
- 1.68 -1 0 +1 +1.68
Pressure 0.1 121.7  300.1 478.4 600
(P, MPa)
Temperature 25 38.2 57.5 76.8 90
(T, °C)
Time (£, min) 0 4.1 10 159 20

were given in Table 1. Total monomeric anthocyanin con-
tent (TMA), anthocyanin compounds, total phenolic con-
tent (TPC), antioxidant activity (AA), polymeric color ratio
(PCR) and total color difference (AE*) were selected as the
responses (or dependent variables) for the combination of
the independent variables. To eliminate unexpected variabil-
ity in the observed responses, the runs related with experi-
mental conditions were randomized. Design Expert software
(Version 10, Stat-Ease, Inc., Minneapolis, MN, USA) was
used for analysis of the experimental design data, optimi-
zation of high pressure assisted extraction conditions, and
calculation of predicted responses.

Statistical Evaluation of the Models

The independent variables of high pressure treatments were
coded with a-values and the statistical analysis of the mod-
els were carried out according to those coded values. The
significance level of the mathematical models and terms of
them were determined by variance analysis (ANOVA). The
model adequacies were checked in terms of the values of R?,
adjusted-R* and predicted-R*. In addition, the model that
has insignificant p-value (p > 0.05) for lack-of-fit test was
selected for prediction study. Terms of models which have
higher p-value than 0.1 (p >0.1) were removed and then
the statistical analysis was repeated. Term reduction study
was started from the model terms which have the highest
p-value. After term reduction, when the model performance
outputs (especially, adjusted-R* and predicted-R?) improved,
the related term was removed from the mathematical model.

The optimization study was conducted according to the
obtained models with certain limitations. While desired
quality parameters were aimed to maximize, undesired ones
were aimed to minimize. Then, numerical solution was car-
ried out in order to calculate optimum extraction conditions
with assistance of high pressure processing. The desirability
function (D), a simple mathematical method, was used to
determine the optimum process conditions.

D=(d1xd2xd3><...><dm)$=<Hdi> 1)

i=1

@ Springer

where d; is desirability value for any response and m is
response number. The solution that has the highest desir-
ability value was chosen as optimum process conditions for
independent variables.

RSM Model Validation

After developing mathematical models, the models were
validated by conducting additional independent experiments
at different process conditions (100 MPa—50 °C-15 min,
300 MPa-70 °C-5 min and 500 MPa-90 °C-1 min) and
samples were analyzed as outlined in earlier sections. The
prediction accuracy of the models was then determined in
terms of relative error value related with actual and pre-
dicted outputs for the same process conditions.

Xpredcted - Xacrual

X

actual

Error (%) = x 100 )

where X, iceq 1S dependent value obtained from model
equation and X, is dependent value obtained from experi-
mental condition.

Determination of Total Phenolic Content (TPC)

The TPC of the samples were measured with some modifica-
tion of the Folin-Ciocalteu method previously described by
Abdullakasim et al. [25]. For the analysis, 100 pL superna-
tant collected from treated pomace transferred into the glass
test tubes and then mixed thoroughly with 100 pL Folin-
Ciocalteu reagent and 3000 pL deionized water. Following
incubation of the tubes for 10 min at room temperature,
100 pL of 20% Na,COj; solution was added with immediate
mixing and incubated further to equilibrate the reactions at
room temperature for 2 h in the darkness. The absorbance
measurement was performed at 765 nm with using of a spec-
trophotometer (Perkin Elmer Lambda 25-UV/VIS, USA).
The calibration curve was prepared by making of several
gallic acid concentrations and then those concentrations
were analyzed accordingly with protocols mentioned above.
The total phenolic contents of the extracts were expressed
in milligram gallic acid equivalents per L (mgGAE/L). All
total phenolic content measurements were carried out as five
replicates.

Determination of total monomeric anthocyanin
content (TMA)

Total monomeric anthocyanin content was determined
using with the pH differential method described by Giusti,
Wrolstad [26]. Monomeric anthocyanin pigments undergo
reversible structural transformations with the function of
pH. While the colored oxonium form predominates at pH
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1.0, the colorless hemiketal form predominates at pH 4.5.
This basic reaction triggered by medium pH is the basis of
the pH-differential method and, permits accurate and rapid
determination of the total monomeric anthocyanins [26]. For
measurement of the TMA, 0.5 mL supernatant was added
to two glass tubes and then to one of them 9.5 mL pH=1.0
potassium chloride solution (0.025 M) to another one
9.5 mL pH=4.5 sodium acetate solution (0.4 M) were added
and shacked. The dilutions were then allowed to equilibrate
for 15 min at room temperature (~22 °C). The absorbance
of the equilibrated samples was measured against a blank
cell containing distilled water with 1 cm path length dispos-
able cuvettes at 520 (4,;,.max) for anthocyanin content and
at 700 nm for haze correction. The absorbance (A) of the
diluted sample was then calculated as follows:

A= (Ajvia—max — A0 "m)pH:I - (Aj'vis—max — A0 nm)pH=4.5
3
The total monomeric anthocyanin content in the sample
was calculated according to the following formula:

A XMW X DF x 1000
exl

TMA (mg/L) = 4
in which cyanidin-3-glucoside molecular weight
(MW =449.2 gmol_l), the dilution factor (DF),the molar
absorptivity constant (¢ =29,600 L cm™' mol~!) and /=path
length (1 cm) were used. Results were expressed as mg of
cyanidin-3-glucoside equivalents per L of extract. All spec-
trophotometric analyses were performed using a UV—visible
spectrophotometer (Perkin Elmer Lambda 25 UV/VIS, MA,
USA). All total monomeric anthocyanin measurements were
replicated five times.

Antioxidant Activity (AA)

The antioxidant activity of the samples was evaluated by
DPPH* (1,1-diphenyl-2-picrylhydrazyl) free radical-scav-
enging method. The DPPH* free radical-scavenging activity
measurements were carried out according to the previously
followed procedure of Klimczak et al. [27] with some modi-
fications. Briefly, 0.1 mL of black carrot pomace extract was
added to 3 mL of DPPH* radical (0.025 gL~! in 80% methyl
alcohol) and mixed by vortex. The absorbance of the sam-
ples was measured at 515 nm using the spectrophotometer
after waiting 60 min in the dark for equilibrium the reaction.
The antioxidant activity was expressed as the percentage of
decline of the absorbance.

Acontml -

AA(%)=< -

Amm e
ampl >>< 100 5)

control

where A, 1s the absorbance of the control, and A, is
the absorbance of the sample. All antioxidant activity meas-
urements were replicated three times.

Color

The color analysis was performed with HunterLab equip-
ment (Hunter Associates Laboratory, Inc., Reston, VA,
USA). The color parameters were collected as L*, a* and b*
parameters. L*, a* and b* values represent brightness, red
(+a*) to green (— a*) color and yellow (+ b*) to blue (— b*)
color, respectively [28]. Total color difference (AE*) value
was calculated by following formula wit using of L*, a* and
b* parameters for treated and untreated samples.

AE s= \/ (AL %)* + (Aa %) + (Ab %) (6)

Pigment Degradation

In order to determine a value related with anthocyanin deg-
radation, the polymeric color ratio (PCR) was calculated for
the black carrot pomace extracts. The pigment degradation
of extracts was determined by previous method presented
by Giusti, Wrolstad [26]. In that analysis, the dilution factor
previously applied in the monomeric anthocyanin analy-
sis was used. Shortly, 0.5 mL pomace extract and 9.5 mL
pure water were added to the glass tube and then vortexed
to obtain stock solution of the extracts. 2.8 mL of the stock
solution was added to two different glass tubes. 0.2 mL pure
water was added to one of the tubes and 0.2 mL potassium
metabisulfite solution (K,S,05, w/v, 20%) to the other. Both
tubes were stored in the dark for 15 min to equilibrate. The
absorbance of equilibrated samples was collected at 420,
520 and 700 nm with UV-visible spectrophotometer (Perkin
Elmer Lambda 25 UV/VIS, MA, USA). All analyses were
replicated three times.

While anthocyanin compounds react with bisulfite to
form colorless sulfonic acid complexes, anthocyanin-tan-
nin complexes and melanoidins are resistant to bleaching
by bisulfite. Thus, by treating bisulfite to the sample, a rep-
resentative value for brown pigments can be obtained with
the absorbance collected at 420 nm. The color density value
is defined as the sum of absorbances at the A, .. (520 nm)
and 420 nm for the samples untreated with bisulfite (Eq. 8),
whereas the polymeric color value is defined as sum of the
absorbances for the samples treated with it (Eq. 9). Moreo-
ver, the ratio of the color density and polymeric color values
can be used to determine the PCR parameter that is useful
for understanding the contribution of the polymerized com-
pounds on the sample color (Eq. 10). The rising in the PCR
value means high degradation in the monomeric anthocyanin
and formation of brown pigments [26].
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The following equations were used for calculation of PCR
values:

Color density = [(A, — A0 m) + (A420 nm = A700 0m) |

vis - max

Polimeric color = [(A i

vis - max

water aded

and predicted-R* values of the model improved remark-
ably, and the values were calculated as 0.9782, 0.9685 and

x DF (¥

~ A200 mm) + (A420 nm = Az00 nm)]bm,ﬁ,e wddea X PF &)

PC
PCR = — x 100
D (10)

where PCR is polymeric color ratio value, PC is polymeric
color value and CD is color density value.

Results and Discussion
Mathematical Models

The experimental study results given in Table 2 are used to
determine the best fitting mathematical models for TMA,
TPC, AA and AE*, PCR of black carrot pomace extracts.
The ANOVA outputs for the responses and the estimated
term coefficients of the mathematical models were presented
in Supplementary Tables (Table S1 and S2).

The best model performances are obtained as 2FI for
TMA content of black carrot pomace extracts (p <0.0001).
All the terms for 2FI-TMA model were determined signifi-
cant with exception of Pt term. Because of Pt interaction
term reduction, the model performance outputs decreased.
Therefore, it is decided that Pt term must be in the 2FI
equation, although it has insignificant p-value (Eq. 11). As
a result, 2FI-TMA model can explain relationship between
independent variables [pressure (P), temperature (7) and
processing time ()] and dependent parameter (TMA) with
insignificant lack-of-fit value (p =0.7702) as well as 0.9664,
0.9510 and 0.9031 values of R?, adjusted-R* and predicted-
R?, respectively.

0.9452; respectively. And also, lack-of-fit of the 2FI-TPC
model was determined insignificant with the p =0.3463.

TPC (mg/L) =309.924 — 0.150P + 0.089828T
—0.053321¢ 4+ 0.00220418PT 12)
+ 0.00320844 Pt

The AA results were tested for different models and
according to the essential model performance markers,
the best model was quadratic model for prediction of AA
capacity of the extracts obtained from the black carrot
pomace (p <0.0001). Thus, the quadratic model was cho-
sen to determine effectiveness of P, T and ¢ on AA results
of the obtained extracts (Eq. 13). In addition, all quad-
ratic terms were reached significant values except quad-
ratic term of the pressure (P?). The term was removed and
the reduced model terms were analyzed again to obtain
clearer predictor equation. After term reduction, the model
improved and R2, adjusted-Rz, and predicted-R2 values of
the model were calculated as 0.9477, 0.9096 and 0.7255,
respectively. Further, lack-of-fit value was reached up
to 0.3000 for reduced quadratic model of the AA yield.
Therefore, all remaining terms of the reduced model were
significant after elimination of P? term (p<0.1).

AA (%) =88.73711 4 0.000328659P + 0.13814T
— 0.56981¢ — 0.0000700278PT
+ 0.000503933Pt + 0.00588093T¢
—0.00169704T2 + 0.00636524¢*

13)

TMA(mg/L) = 79.817 + 0.00986068P + 0.438077 + 0.69493¢ — 0.000268299PT — 0.000468462Pt — 0.0123887¢ 11

TPC values of black carrot pomace extracts were ana-
lyzed in order to determine suitability of different math-
ematical models. According to the results, the highest per-
formance outputs was obtained for 2FI model (p < 0.0001).
In this situation, it is decided to use the model of 2FI
for definition of relationship between different P—7T—¢
and TPC values (Eq. 12). Then, elaborated statistical
analysis was conducted on 2FI-TPC model and the results
showed that while 7t interaction term was insignificant
(p>0.1), the remaining terms were identified as signifi-
cant (p <0.1). After elimination of Tt term, R?, adjusted—R2
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The color quality is important for final product and one
of the best representative color value is total color change
(AE*) after processing. Different mathematical models
were tested for AE* values of the collected extracts and
the results showed that quadratic model had the best per-
formance (p <0.0001). While all of the liner, quadratic and
PT from interaction terms were determined significant in
AE* quadratic model (p <0.1), Pt and Tt interaction terms
were determined insignificant with p-values of 0.7446
and 0.8023, respectively. The term reduction process was
applied to the Pt and Tt terms of the AE* quadratic model,
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and then the statistical analyses were repeated. The model
performance outputs were improved after insignificant
terms reduction and R?, adjusted—Rz, predictea’—R2 and
lack-of-fit values of the model were calculated as 0.9487,
0.9187, 0.7954 and 0.2407, respectively (Eq. 14).

pressure were high together, the TPC yield would be higher
due to synergistic effect (Fig. 3A). Similar synergic effect
was obtained for pressure and time changing at constant pro-
cessing temperature (Fig. 3B). At the constant processing
pressure, the TPC yield is expected to increase linearly by

AE = 13.69926 — 0.051746P — 0.30389T + 0.63451¢ + 0.000579341PT + 0.0000481807P2 + 0.00201313T2 — 0.026335: (14)

The PCR results obtained for experimental design fitted
with the highest performance for 2FI model (p <0.0001). All
the p-values of the model terms were remarkably calculated
lower than 0.1 (p <<0.1). Therefore, effect of high pres-
sure processing conditions on PCR of black carrot pomace
extracts was mathematically represented with all 2FI model
terms (Eq. 15). For the 2FI-PCR model; R?, adjusted-Rz,
predicted-R* and lack-of-fit values were respectively deter-
mined as 0.9748, 0.9631, 0.9400 and 0.2303 (Eq. 15).

the model for both time and temperature increasing. The
maximum TPC yield would be obtained for the range of
20-14 min processing time and 80-90 °C processing tem-
perature at the constant pressure (Fig. 3C).

The AA values of the HPP treated extracts were changed
between 87.65 and 90.86%. The graphs obtained by reduced
quadratic model for experimental results of AA were shown
in Fig. 4. The graphs showed that linear change was expected
by the model and higher AA value would be obtained for

CR (%) = 34.81693 — 0.055974P — 0.37622T — 1.27837t + 0.00117255PT + 0.00182114Pt + 0.016426T¢ (15)

Effect of HPP Conditions on Phenolic Contents
and Quality Attributes

The mathematical model equations formed by experimen-
tal design of HPP conditions, in order to explain relation-
ships between responses and independent variables, were
used to figure out effectiveness of HPP as extraction assis-
tance technology. The results showed that TMA contents of
high pressure processed extracts ranged between 93.63 and
111.95 mg/L. The best model for TMA results was already
determined 2FI model used to obtain 2D and 3D graphs
relating TMA and HPP conditions. The relationship between
HPP conditions and TMA was shown in Fig. 2. While TMA
yield did not change significantly with increasing pressure,
increasing sharply with higher processing temperature at the
constant processing time. However, at the situation of both
higher processing pressure and time, the TMA yield would
decrease linearly at the constant processing temperature.
Finally, if processing pressure was constant, the TMA yield
would increase slightly linear for higher processing time and
a sharp linear for higher processing temperature. As a result,
it can be said that in order to obtain the highest black carrot
anthocyanins, HPP conditions must be chosen as high tem-
perature and low processing pressure and time.

The TPC values of the black carrot pomace extracts var-
ied in the range between 284.84 and 350.93 mg/L. Effects
of processing conditions on TPC yield can be represented
graphically with using of designed TPC-2FI mathemati-
cal model. Model graphs showed that when temperature is
low and pressure is increasing at certain processing time,
TPC value is decreasing linearly up to the highest pressure
point. However, TPC model expected that if temperature and
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the pomace extracts processed at higher pressure and con-
stant processing temperature and time (Fig. 4A). However,
at constant pressure and time, AA would increase gradu-
ally up to~55 °C saturation point and then start to decrease
with similar tendency. The AA yield model at constant
processing temperature is expected that while the pomace
extract with the highest AA values are collected at ranges
of 300-600 MPa and 15-20 min, the lowest extracts are col-
lected at ranges of 500-600 MPa and 0.1-3 min (Fig. 4B).
As can be seen in Fig. 4C, the process conditions ranged
between 25 and 50 °C and 0.1-3 min as well as 30-90 °C
and 10-20 min could be defined the zone of the highest and
moderate AA values.

The AE* graph outputs of the reduced quadratic model
were shown in Fig. 5. For rising of AE* in the extracts, the
synergic effect was observed between processing pressure
and temperature at the constant treatment time. Thus, the
highest AE* values are expected for pressure and tempera-
ture conditions, in ranges of 400-600 MPa and 60-90 °C,
respectively (Fig. 5A). The data suggested that, while the
AE* value could increase up to~ 10 min and after that point
could gradually decrease at the constant pressure and tem-
perature, the AE* value could gradually increase without
saturation point for increasing of processing pressure at the
constant time and temperature (Fig. 5B). The resemble AE*
changing tendencies were predicted in response to process-
ing time and temperature changings at constant pressure
(Fig. 5C).

The PCR model showed that PCR value of the extracts
would remarkably increase for extreme processing pres-
sure, temperature and time. The PCR value would response
with linear increasing the process conditions for increasing
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pressure at constant processing time and temperature, while
not changing meaningfully for higher time at constant pro-
cessing pressure and temperature (Fig. 6). Moreover, the
model predicted that undesirable PCR values could be
obtained for extracts processed at 450-600 MPa pressure,
70-90 °C temperature and 5-20 min.

Validation

Initially, the process parameters used to calculate the mod-
els’ performances must be chosen for the validation study. In
presented study, for taking into consideration of all the model
spaces defining the high and low levels of independent varia-
bles, three different pressures (100, 300 and 500 MPa), tem-
peratures 50, 70 and 90 °C) and processing times (1, 5 and
15 min) were determined. After that, those independent vari-
ables were randomly matched as 100 MPa—50 °C-15 min,
300 MPa-70 °C-5 min and 500 MPa—90 °C-1 min in order
to carry out experimental study. The prediction accuracy of
the models was determined in terms of error value related
with actual and predicted outputs for the same process con-
ditions. The error results for obtained models were given in
Table 3. The results showed that the relative error values for
all responses at different high pressure processing condi-
tions are lower than 10% which means acceptable error value
in modelling study [3, 29]. Thus, it can be concluded that
the obtained models can be used to predict numerically the
effect of high pressure processing conditions on the critical
quality attributes of black carrot pomace extracts.

Table 4 Optimization study criteria for independent and dependent
variables

Variables Goal/limitation
Independent

Pressure (MPa) In range (0.1 <P <600)

Temperature (°C) In range (25 <T7T<90)

Time (min) In range (0<1<20)
Dependent

TMA (mg/L) Maximize

TPC (mg/L) Maximize

AA (%) Maximize

AE* Inrange (2<AE*<10)

PCR (%) Minimize (PCR < 25)
Optimization

In order to optimize bioactive compounds extraction condi-
tions from black carrot pomace with assistance of high pres-
sure processing, the developed mathematical models were
used. The determined goals and limitations for optimiza-
tion study were given in Table 4. The independent variables
were defined in range with certain intervals, numerically,
0.1 <P <600 MPa for pressure, 25 <T<90 °C for tempera-
ture and 0 <¢ <20 min for processing time. In the presented
study, some of the dependent responses, such as; TMA, TPC
and AA yields were aimed to maximize in the black carrot
extracts. During the application of experimental runs, it was
recognized that the pectin molecules which are high in the
black carrot tissue started to gelatinize remarkably when
the process conditions were higher than P >400 MPa and

Table 3 The validation study

; . Dependents Independents Responses Error® (%)
results for different high
pressure processing conditions P (MPa) T (°C) t (min) Predicted Actual
TMA (mg/L) 100 50 15 314.45 308.06+6.16 2.14+1.80
300 70 5 322.05 326.58+7.19 2.27+0.86
500 90 1 343.36 335.33+5.66 2.45+1.65
TF (mg/L) 100 50 15 101.80 99.93+1.20 1.84+1.18
300 70 5 106.24 105.49+2.17 1.89+0.32
500 90 1 111.45 109.85+2.51 1.80+1.15
AA (%) 100 50 15 89.14 91.22+0.44 2.34+0.49
300 70 5 88.84 91.49+0.39 2.98+0.43
500 90 1 84.70 87.88+0.28 3.81+0.33
AE* 100 50 15 533 5.51+0.02 3.34+0.32
300 70 5 5.78 5.88+0.03 1.59+0.59
500 90 1 15.51 14.88+0.09 4.04+0.59
PCR (%) 100 50 15 12.15 11.55+0.24 4.90+1.98
300 70 5 18.40 18.53+0.20 1.13+0.24
500 90 26.85 27.77+0.85 3.98+2.18

“Relative error values were calculated according to experimental and predicted outputs
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Table 5 The best solutions for defined limitations and goals of optimization study

Solution Pressure (P, Temperature Time (¢, min) TMA (mg/L) TPC (mg/L) AA (%) AE* PCR (%) Desirability
number MPa) (T, °C)

1 266.6 78.3 13.6 105.7 3339 89.3 7.7 21.6 0.333

2 268.9 77.6 13.9 105.4 333.8 89.4 7.6 21.8 0.323

3 284.0 80.5 10.9 107.0 334.3 88.6 8.5 21.5 0.319

4 265.4 76.2 13.1 105.5 332.0 89.3 7.4 21.0 0.309

5 268.4 78.2 13.5 105.7 333.9 89.3 7.7 21.7 0.302

"TMA is total monomeric anthocyanin, TPC is total phenolic content, AA is antioxidant activity, AE* is total color difference and PCR is poly-

meric color ratio

T> 55 °C (data not shown). This is undesirable for extrac-
tion technology while desirable for jam and jelly industry.
The pectin gels are able to limit mass transfer, which results
with decreasing of the extraction yield of the target bioactive
compounds. In order to eliminate pectin gelatinization, some
limitations must be taken into consideration. It was observed
that AE* and PCR values are suitable as dependent param-
eters to achieve that aim. Therefore, while AE* was defined
as 2< AE* < 10, PCR value was aimed to be minimum and
lower than 25 (PCR < 25) for the optimization study. Thus,
the high pressure processing conditions causing to pectin
molecules gelatinization can be eliminated.

According to the defined limitations and goals, the best
five solutions were listed in Table 5. The highest desirability
value was calculated as 0.333 at 266.6 MPa, 78.3 °C and
13.6 min for high pressure processing conditions. It means
that if those process conditions were applied to the black
carrot pomace, a black carrot pomace extract which con-
tents the highest bioactive compounds with the best quality
attributes would be obtained.

Discussion

High pressure assisted extraction mechanism can be
explained with three different processing stages called pres-
sure boost, maintaining and relief stages [11]. At the first
stage, the pressure is gradually increased from the atmos-
pheric pressure to the processing pressure in a short period
of time. Thus, the disruption of the plant tissue, cellular
wall, membrane and organelles contenting valuable nutri-
ents can be occurred and, moreover, the mass transfer of
the extraction solvents into the materials and solution of
the valuable nutrients can be enhanced. This phenomenon
is explained by mass transfer theory defining proportional
relationship between the mass transfer rate and pressure/
resistance of mass transfer. Simply, the theory is based on
higher matter solution at higher pressure conditions. In the
light of this information, the pressure difference between
the medium and the animal/plant intracellular is main force

for mass transfer of bioactive compounds from the high
density to the low. At the second stage, because of the first
stage situations, the extraction solvent diffuses into the cells
rapidly and interacts with the target intracellular materials.
The second stage is important for increasing the yield of
bioactive compounds. This can be achieved by extending
holding time of high pressure. At the last stage, the cell pres-
sure quickly decreases from the processing pressure to the
atmospheric pressure, which causes dramatic changing in
hydrogen bonds, ionic bonds, and hydrophobic interactions
that control the polymeric structure of the cells. Thus, the
cells are able to expand and that expansion is responsible
from porous, broken or loose in the cellular structures, which
are results with improving of mass diffusion of bioactive
compounds [10, 11].

Corrales et al. [18] also reported that the highest antho-
cyanin compounds yield was obtained for the grape skin
extracts processed at 200 MPa, constant temperature (70 °C)
and time (30 min). They also tried different processing time
between 30 and 90 min at constant pressure (600 MPa) and
temperature (70 °C) and the best processing time was 30 min
for collecting extracts with high anthocyanin compounds. In
addition, they showed that the yield of anthocyanins were
higher for the extracts processed at mild temperature than
samples processed at lowest (20 °C) or highest (90 °C) tem-
perature. As a result, according to the findings of the study,
the extracts treated with 200 MPa, 50-70 °C and 30 min
would have higher yields of anthocyanin compounds. Simi-
larly, in the presented study, there is tendency for obtaining
higher anthocyanin yields at the conditions of 0.1-300 MPa
pressure, 70-90 °C temperature and 0.1-10 min processing
time. In addition, Butz et al. [30] reported that 100 MPa
high pressure processing is sufficient to disrupt the cell
wall and vacuoles, thus increasing mass transfer of valu-
able components through the cell to the medium. In an
optimization study, Fernandes et al. [20] researched the
effect of different pressures (0-500 MPa), processing times
(5—15 min) and solvent concentrations on recovery of antho-
cyanin compounds from pansies at room temperature. The
study revealed higher yield of anthocyanins up to 200 MPa
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which stabilized beyond the pressure threshold. Finally, they
calculated 384 MPa and 15 min is best processing condi-
tions for maximizing antioxidant activity, total monomeric
anthocyanins and flavonoids in pansies based extract. In our
optimization study, the optimum high pressure processing
conditions for extraction of bioactive compounds from black
carrot pomace was calculated as 266.6 MPa, 78.3 °C and
13.6 min. In our case, the optimum pressure value is lesser
than optimum pressure value of Fernandes et al. [20] study.
The possible explanation is different extraction temperature
which is remarkably higher in our study.

Anthocyanin compounds have a significant benefit on
human health, therefore, minimal loss during processing
must be considered. The stability of anthocyanin compounds
is depended on the medium conditions such as pH, tempera-
ture, enzyme, oxygen, light, concentration, copigments and
metallic ions [31]. Thermal processing triggers anthocyanins
degradation reactions resulting with the formation of poly-
mers, dominating brown color in the medium [32]. However,
in our case, the lowest monomeric anthocyanin contents
were achieved through high pressure treated samples. In
addition, the TMA model predicted a linear decreasing ten-
dency even at low temperature, when processing temperature
and time were fixed (Fig. 1). Moreover, enzymatic degrada-
tion of anthocyanins for black carrot pomace samples does
not explain the decreasing of monomeric anthocyanins in
the samples, because the mash of black carrots expose to
thermal processing for inactivation of enzymes during juice
processing line. To explain the degradation of anthocyanins
under high pressure, among all the factors, pH is the most
suitable one. The acid dissociation constant depends on the
pressure and temperature for weak acids and is mathemati-

sk, AV°

cally described by Plank’s equation <? =-=

weak acid medium, AV® values could be negatively high,
resulting with large decreases in pH under extreme pressure
(0.4 pH unit/100 MPa) [33]. One of the recent studies
showed that pH is one of the main factors affecting ability
of anthocyanin compounds to resist degradation at extreme
conditions [34]. In their study, they treated purple sweet
potato extracts at 90 °C in different pH medium ranging
between 3 and 7. Their findings highlighted that pH medium
affects stability of anthocyanin compounds. Moreover, in the
pH =3 medium, the monomeric anthocyanins changed into
new polymers during thermal treatment. They also showed
that anthocyanin degradation resulted with increasing poly-
meric color because of melanoidins formations and conden-
sation reactions. This mechanism is also good tool to explain
dramatic change in color values (AE*) and polymeric color
ratio (PCR) in the presented study extracts (Figs. 4, 5).

Jun et al. [35] processed green tea leaves with different
high pressure and processing time, in order to enhance
the extraction yields of polyphenols. They showed that

).Ina
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when the pressure increased from 100 to 600 MPa, the
extraction yields of green tea polyphenols increased from
15 to 30%. However, they reported that there is no dif-
ference for processing time ranged from 1 to 10 min at
500 MPa and 1 min is enough for the extraction of green
tea polyphenols. Similar result was reported by Raj et al.
[36] for gooseberry juice processed with 200-500 MPa,
30-60 °C, 1 s—20 min. They determined that phenolic
content increased to almost 20% after the HPP processing
at 500 MPa/50 °C/20 min. They explained that increase
with pressurization effect on enhancing the extractabil-
ity and solubility of the phenolic compounds. Yuan et al.
[37] treated aronia berry puree with HPP conditions
(200-600 MPa, 2.5-5 min and <33 °C), and the results
indicated that the highest phenolic contents and antioxi-
dant capacities were obtained at 400 MPa for 5 min. Simi-
larly, the effects high pressure, temperature and process-
ing time on yields of black grape skin anthocyanins and
antioxidant activity were also studied by Corrales et al.
[18]. The results showed that the antioxidant activity is
increased up to three times higher than untreated sample,
when the pressure is applied at 200, 400 and 600 MPa at
constant 20 °C temperature and 30 min processing time.
Moreover, at constant processing pressure (600 MPa) and
temperature (70 °C), the antioxidant yield of black grape
skin extracts is increased for higher processing time. The
lower antioxidant yield was determined for extracts treated
with high pressure processing at 90 °C than those treated
at 70 °C. However, although the antioxidant yield was not
changed importantly for different applied high pressures,
the highest yields were obtained for 400 and 600 MPa high
pressures at constant temperature and time. In the pre-
sented study, similarly, the models showed that the antioxi-
dant activity would be higher for the processing conditions
that are ranged between 350 and 600 MPa, 40-75 °C and
15-20 min.

For presented study, a surprising result was observed for
pectin molecules in the black carrot pomace extract, which
started to gelatinize under high pressure and moderate tem-
perature conditions (P >400 MPa and 7> 55 °C). Similar
results were demonstrated by Bauer et al. [38] for starch
molecules. They determined that starch gelatinization was
highly sensitive to changes in temperature, pressure and
treatment time. In their study, especially at 57 °C tempera-
ture and higher than 200 MPa pressure, the wheat starch
was completely gelatinized within 15 min holding time. Abe
et al. [39] reported that the combination of heat and high
pressure treatments resulted as complete gelatinization in
sweet potato starch. Moreover, according to microscopic
observations of pressurized wheat starch, Douzals et al. [40]
reported that starch gelatinization began above a pressure of
300 MPa without previous heating. As a result, gelatiniza-
tion of polysaccharides such as pectin and starch is a big
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disadvantage in extraction of bioactive compounds due to
causing remarkable mass transfer resistance, but it can be
exciting result from the perspective of jelly industry. There-
fore, the potential contribution of HPP to the jelly industry
must be put forth with the further studies.

Conclusion

The bioactive compounds of the black carrot pomace were
successfully extracted by assistance of high pressure pro-
cessing (HPP) for various experimental conditions includ-
ing pressure, temperature and processing time. The results
collected from experimental conditions were mathematically
modelled with high correlation (R*>> 0.94) for total mono-
meric anthocyanin contents (TMA), total phenolic com-
pounds (TMA), antioxidant activity, polymeric color ratio
(PCR), and total color difference (AE*) by using of response
surface methodology. It is obvious that high pressure is use-
ful tool for improving the extraction yields of bioactive com-
pounds from black carrot pomace. The optimization study
showed that when a high pressure processing at 266.6 MPa,
78.3 °C and 13.6 min was applied on black carrot pomace,
the obtained extracts would have the highest yield of bioac-
tive compounds as well as meeting with adequate quality
attributes.

In a previous research study, we tried also to optimize
thermosonic extraction conditions (ultrasound energy den-
sity and temperature) of anthocyanin compounds from the
same material used in the presented study. The average yield
of anthocyanin compounds was calculated to be 27.6 +7.7%
at the optimum thermosonic processing conditions for the
five cyanidin based anthocyanin compounds in the black
carrot pomace [3]. In the presented study, if the optimum
HPP conditions (266.6 MPa, 78.3 °C and 13.6 min) were
applied to the pomace, the yield of TMA, TPC and AA in
the obtained extract would be as 55.5, 51.4 and 18.9% when
compared to the untreated samples; respectively. In addition,
the average yield of bioactive compounds was calculated
to be 41.9+20.0% at the optimum HPP conditions. These
results demonstrated that the extraction yield of the bioactive
compounds from black carrot pomace would be remarkably
higher with assistance of appropriate HPP conditions than
assistance of ultrasound processing conditions.

In conclusion, HPP is promising technology to extract
bioactive compounds. Further, this green technology is able
to reduce extraction time, solvent consumption, bioactive
compounds degradation, and environmental pollution caused
by toxic solvents. Therefore, in the near future, HPP technol-
ogy has a high potential to be used as assistant in bioactive
compounds extraction from plant/animal sources.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12649-021-01431-z.
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