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ABSTRACT Hydrothermodynamic (HTD) processing is a recently developed, but yet 

underexplored food processing technology, based on the cavitation phenomenon for simultaneous 
crushing, homogenizing and pasteurization of whole food. The objective of this study was to 
evaluate the potential of HTD technology for producing high quality shelf-life stable food products 
from berries. The effect of HTD processing on enzyme inactivation, physical properties and shelf-
life stability of blueberry and cranberry purees was studied. Individually quick frozen (IQF) 
blueberries and cranberries were thawed at room temperature for 12 h and subjected to HDT 
processing in a pilot-scale processor at different temperatures. HTD completely deactivated 
polyphenol oxidase and peroxidase at 80 and 65 ⁰C respectively, which demonstrated the benefits 
of HTD processing for the immediate enzyme inactivation. HTD processing also resulted in more 
uniform distribution of small particles with 50% of particles less than 0.27 (blueberry) and 0.15 mm 
(cranberry) compared to blending with particle size larger than 0.8 mm. Shelf-life stability study 
indicated that the half-life of anthocyanins in HTD processed blueberry puree was 533 and 216 
days at 4 and 20 ºC respectively, which is much longer than that of thermally pasteurized blueberry 
juice. Microbiological research showed sterilizing effect of HTD at temperatures above 82 and 94 
ºC on yeast and mold, for cranberry and blueberry, respectively, which resulted in exceptionally 
high shelf stability of pasteurized berry-based food products without preservatives. The results in 
this study demonstrated that HTD processing can be used to produce a smooth finished berry-
based products with prolonged shelf-life. 
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Berry fruits, such as blueberries, cranberries, strawberries, red raspberries and blackberries, have 
been long appreciated for their superior nutritional quality. Most berry fruits are showing red to 
purple or black colors due to high content of anthocyanin pigments, which not only contribute to 
strong antioxidant activity but also unique tastes and flavors of berries (Howard and Hager, 2007). 
Additionally, berry fruits are also rich sources of micronutrients, such as folic acid and Vitamin C, 
and other phytochemicals, such as polyphenols (de Ancos et al., 2000; Han et al., 2004; Seeram, 
2008). Consumption of berry fruits has shown great health beneficial effects, including improving 
heart health (Rissanen et al., 2003), anti-cancer (Olsson et al., 2004; Neto et al., 2008), anti-
inflammation (Jensen et al., 2008; Bowen et al., 2010), anti-aging (Shukitt-Hale et al., 2008), 
maintaining brain health (Miller and Shukitt-Hale, 2012) etc. However, fresh berries are usually only 
available at limited season and their storage time is short. Therefore, processing of berry fruits into 
other products such as juice, puree, jams, syrup, canned fruits, dried fruits and bakery products has 
been common methods to increase the seasonal availability and shelf-life of berries (Brownmiller et 
al., 2008). 

Traditional thermal processing of berries leads to a substantial loss of bioactive compounds through 
thermal oxidation and degradation. There has been extensive evidence that significant amount of 
polyphenolsin berry fruits, especially anthocyanins, are lost during the juice processing (Giacarini 
and Gabriella, 2008; White et al., 2011). It has been reported that berry juices, such as cranberry 
and blueberry juice, have a relatively short shelf-life compared to whole berry fruit and other fruit 
juices due to the rapid deterioration of juice color, which might correspond to the degradation of 
anthocyanins (Francis, 1995). This is partially due to the elimination of polyphenol-rich fractions, 
such as skin and seeds during juice pressing which result in significant loss of polyphenols. It has 
been confirmed by White et al. (2011) that pressing causes the greatest losses (>30%) of 
anthocyanins among all stages of cranberry juice processing. On the other hand, high temperature 
treatment also affects polyphenol loss. For example, blanching of cranberry fruit at 95 °C causes a 
substantial loss of galactosides of cyanidin and peonidin with only 76-77% retention (White et al., 
2011). Furthermore, high temperatures at pasteurization stage also contribute to anthocyanin 
degradation. Many studies have reported higher degradation of anthocyanins with the increase of 
pasteurization temperature from 70 to 121 °C (Brownmiller et al., 2008; Buckow et al., 2011). 

Therefore, there is an increased interest to explore novel food processing technologies to minimize 
the quality losses of berries and extend their shelf-life as well. A number of novel non-thermal 
processing techniques, such as high pressure processing, pulsed electric field, ultrasound and 
ultraviolet light (UV) irradiation have been introduced for processing of fruits in order to obtain high 
quality and long shelf-life products. Although these technologies have been reported to be efficient 
in inactivating microorganisms or enzymes with different extends (Giacarini and Gabriella, 2008; 

Sen Gupta et al., 2005; Guerrero‐Beltrán et al., 2009; Caminiti et al., 2011), the economical 
feasibilities are found very low due to either high capital or operational costs. A recently discovered 
hydrotermodynamic (HTD) technology, based on phenomena of cavitation and turbulent friction in 
viscous liquids, combines benefits of low cost and high quality (Osipenko and Lesnikov, 2008). It 
was found that the combination of uniform temperature with high gradients of pressure create 
favorable conditions for a single-stage processing of berries into puree products (Martynenko et al., 
2015; Martynenko and Chen, 2016). The aim of this paper is to demonstrate the feasibility of HTD 
technology for berries processing to produce natural value-added puree products with high 
nutritional and physical quality and extended shelf-life. The effect of HTD processing will be 
assessed through examine the microbial, biochemical and physical properties of the HTD 
processed blueberry and cranberry purees. 
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MATERIALS AND METHODS  

Materials IQF Frozen blueberries, harvested in 2014, were supplied from PEI Berries Ltd 

(Montague, PEI, Canada) with initial moisture content 86.5±0.7%, sugar content 7.8±0.2 Brix. 
Frozen cranberries , harvested in 2014, were also supplied from PEI Berries Ltd (Montague, PEI, 
Canada) with initial moisture content 87.8±0.41%, sugar content 9.57±0.32 Brix. All chemicals and 
reagents were of analytical grade and were purchased from Sigma-Aldrich (Oakville, Canada) or 
Fisher Scientific (Ottawa, Canada) and were used without further purification. 

Hydrothermodynamic (HTD) processing Hydrothermodynamic (HTD) processing of 

blueberries and cranberries was carried out using a pilot-scale HTD processor (Tekmash, Kherson, 
Ukraine). The processor consists of a tank, centrifugal pump, temperature sensor, temperature 
controller, pressure gauge and cavitator. Bulk frozen blueberries or cranberries were thawed 
overnight (12 h) at room temperature prior to HTD processing. Pre-blending is required for 
cranberries prior to HTD processing (Ninja Mega Kitchen SystemMC 1500, Canada), while 
blueberries can be processed directly with HTD processor after defreezing. Partially unfrozen 
blueberries or crushed cranberries (5.5 kg) were quickly loaded in the tank by reaching the full 
capacity of HTD processor. Non-interrupted circular motion of the product in the closed system 

provided almost linear heating with an average heating rate of 1.5 ⁰C/ min due to the cavitation. 
The berries were processed to different temperatures from 40 to 95 ⁰C. To maintain constant 

temperature of the product, temperature controller turned the pump ON/OFF with the duty cycle 
0.7-0.8 to balance heat generation and dissipation in the closed system. After temperature reached 
the designed temperature, samples were kept processing at the temperature for different holding 
time from 0 to 15 min. All samples were collected in 200 mL glass jars, tightened with caps, 
inverted and cooled to room temperature. Physical properties were measured directly after cooling 
and samples were kept at -20 ⁰C for biochemical analysis. 

Microbiological properties Microbial load of the berry samples was determined from Total 

Aerobic Plate Count (TAPC) and Yeast/Mold Count (YMC) in CFU/g. The result of HTD processed 
cranberry puree was calculated as a log reduction with respect to initial microbial road in raw 
materials. The effective regime for microbial inactivation was determined by response surface 
analysis. 

Particle size distribution (PSD) analysis Particle size distribution (PSD) was measured using 

a Laser Diffraction particle size analyzer LS13320MW (Beckman Coulter, IN, USA). The median 
diameter value (D50) was used to describe the particle size distribution in the samples.  

Anthocyanins and polymeric color determination: Anthocyanin was solvent extracted 

according to Kalt’s et al. (2008). HTD processed berry puree (15 g) was homogenized with 30 mL 
of cold extraction solvent which contained methanol, acetone and distilled water (2:2:1 v/v) with 
0.1% formic acid for 3 min. The mixture was vacuum filtered through glass fiber #6 (Fisher 
Scientific, Whitby, Canada) and the extract was made up to a final volume of 50 mL with extraction 
solvent. The monomeric anthocyanin content was determined according to pH differential 
spectrophotometric method (Giusti and Wrolstad, 2001) with some modifications in order to perform 
in 96-well microplates. The total anthocyanin content was expressed as milligram Cyanidin-3-O-
glucoside (C3G) per gram sample. Percent polymeric color was determined by measuring the 
absorbance after bleaching anthocyanin extract with 20% sodium metabisulfite to reveal color 
change due to polymeric phenolic compounds (Giusti and Wrolstad, 2001). 

Total phenolic content Total phenolic content was measured by Folin-Ciocalteu assay with 

slight modifications (Prior et al., 2005). Briefly, 50 mL diluted cranberry phenolic extracts were 
added to 3.5 mL fresh prepared Folin-Ciocalteu reagent (1:6 v/v with water). The mixture was kept 
at room temperature for 5 min allowing for reaction. Finally, 1.5 mL 20% sodium carbonate was 
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added and the mixture was incubated in dark for 2 hours. The absorbance was measured at 750 
nm at room temperature using a spectrophotometer (Spectronic 20, Bausch and Lomb, New 
Jersey, USA). An authentic standard of gallic acid (GA) was used for calibration purpose, and the 
results of triplicate analyses were expressed as mg GAE/g of sample. 

Enzyme Activity The analyses of PPO and POD enzyme activities were carried out as described 

by Terefe et al. (2010). Polyphenol oxidase (PPO) activity was determined with 0.07 M catechol 
solution and peroxidase (POD) activity was assessed using gaiacol and H2O2 solutions.The 
enzyme activities were expressed as the change of absorbance/min/g of sample fresh weight. The 
relative activity of PPO and POD is defined as the ratio of the heat treated sample to untreated 
sample. 

Shelf-life study Shelf-life of HTD processed blueberry puree was assessed through the retention 

of anthocyanins during storage. Jars with HTD processed blueberry puree were divided into two 
groups and one group was stored at 4 and another group stored at 20-22 ⁰C. Anthocyanin 
degradation was determined in triplicate on day 0, 8, 30, 48, 122, 189, 285, 376 and 546 days. 

Statistical analysis All analyses were carried out at least in triplicate and results were expressed 

as means ± standard deviation. One-way analysis of variance (ANOVA) was done using Minitab 
15.0 software (Minitab Inc., State College, PA, USA). Statistical significance was determined using 
least significant difference t-tests. Statistical significance was acceptable at p<0.05. 

RESULTS AND DISCUSSION 

Microbial Inactivation The microbial load in raw blueberries and blended cranberries was in the 

range of (2.0-8.0) ·104 CFU/g. With the instrumental sensitivity of 10 CFU/g, the upper limit of 

sensitivity in log reduction calculation was below 4.75. Effect of temperature and holding time of 
HTD processing on the microbial inactivation was analyzed by response surface analysis and the 
contour plot was represented in Figure 1. Both temperature and holding time were significant 
factors affecting efficiency of HTD for microbial inactivation. Most microorganisms were killed 
without any holding time at 95 ⁰C for blueberries and 82 ⁰C for cranberries. The results also 

showed that the D-values (Decimal reduction time) of blueberries for HTD process were 3.5 min at 
85 ⁰C and 0.4 min at 88 ⁰C, which was much shorter than that for conventional thermal treatment of 

same materials as 18.8 min at 85 ⁰C and 2.5 min at 88 ⁰C (Martynenko et al., 2015). Based on this 

result, it was concluded that HTD processing could be used as an efficient pasteurization technique 
for both blueberry and cranberry purees since HTD is able to provide more uniform heating for thick 
fluid compared with conventional tubular pasteurization. 

 

(a) (b) 
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Figure 1. Contour plot of microbial inactivation as a function of temperature and holding time. 

Enzyme Inactivation Polyphenol oxidase (PPO) and peroxidase (POD) are the two major 

enzymes naturally present in fruits, directly related to polyphenol degradation during processing 
and storage. It has been found that incomplete deactivation of PPO and POD would significantly 
affect storage stability of anthocyanins and other polyphenols in fruit products (López-Serrano and 
Ros Barceló, 2002; Chisari et al., 2007). The effect of HTD on inactivation of these two enzymes 
were studied in a blueberry puree model. The effect of temperature on PPO and POD during HTD 
processing was shown in Figure 2. Significant increase of PPO activity was observed at the 

beginning of HTD processing with the highest activity at 20 ⁰C. This can be explained by quick 
crashing of cellular structure and release of membrane bound PPO into solution. However, the PPO 

activity decreased significantly with the increase of temperature above 35 ⁰C and was completely 
inactivated when temperature reached 80 ⁰C. Similar results were observed for POD activities, 
which the POD activity slightly increased at beginning of HTD processing and was completely 
inactivated at 65 ⁰C. The results showed that HTD processing could be more efficient in inactivating 

enzymes compared with conventional thermal treatment. Many studies reported that completely 
inactivation of PPO and POD required to reach temperature above 85 and 70 ⁰C for 3-5 min, 

respectively (Rossi et al., 2003; Gao et al., 2012; Terefe et al., 2010; Chisari et al., 2007). This 
could be explained by the combined effect of temperature and cavitation. 

  

Figure 2. Inactivation of popyphenol oxidase (PPO) and peroxidase (POD) in blueberries with HTD 
processing at different temperature. 

Particle size distribution of HTD processed purees Particle size distribution of HTD 

processed blueberries and cranberries as compared with blended with commercial blender is 
shown in Figure 3. HTD processing provided finer crushing of blueberry and cranberry into 
homogeneous suspension with uniform distribution of small particles compare with conventional 
blending. The median particle size (D50) of HTD processed blueberries was approximately 270 µm, 

while that of conventional blended puree was more than 820 µm. Similar results were observed for 

cranberries, which HTD resulted in a D50 value smaller than 200 µm compared with 900 µm as 

blended cranberries. A fine crushing of fruit puree could result in more stable texture and enhance 
bioavailability of nutrients (Parada and Aguilera, 2007). 
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Figure 3. Particle size distribution of HTD processed and conventional blended (a) blueberry and (b) 
cranberry purees. 

Anthocyanins and total polyphenols Although it has been proved in previous sections that 

higher temperature was preferred for inactivation of both microorganisms and enzymes, thermal 
processing could also result in degradation of valuable bioactive compounds such as anthocyanins 
and polyphenols. The effect of HTD processing on the bioactive compounds was also investigated 
and the results are presented in Table 1. Monomeric-anthocyanin contents of blueberry and 
cranberry purees were reduced from 1.33 to 0.87 mg/g and from 0.57 t0 0.41 mg/g after HTD 
processing at 95 ⁰C. The losses of anthocyanins in HTD processing could be due to the thermal 

degradation of anthocyanins and many studies have reported that anthocyanins are more sensitive 
to thermal oxidation compared with other polyphenols (Brownmiller et al., 2008; Buckow et al., 
2011). This was confirmed by the results of polymeric color formation after processing (Table 1). 
Degradation of anthocyanins is usually accompanied with the formation of brown polymeric 
compounds (Rodríguez-Saona et al., 1999) and these compounds can be measured by colorimetric 
method and expressed as polymeric color content. HTD processing resulted increased formation of 
polymeric color by 10% and 9% in blueberry and cranberry respectively. On the other hand, HTD 
processing didn’t lead to any significant changes of total phenolic content (TPC) in blueberry and in 
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contrast it resulted in significant increase of TPC in cranberry. This result indicated that the 
polyphenols have relatively high thermal stability, while extended HTD processing might help to 
release of polyphenols from cranberry skins and seeds. Similar result was also previously reported 
in blueberry HTD processing (Martynenko et al., 2015). 

Although HTD processing resulted in degradation of anthocyanins and formation of polymeric color, 
the anthocyanin and total phenolic contents of HTD processed purees were significant higher than 
the commercial 100% juices (Table 1). This is majorly due to the exclusion of fruit pomace (eg. skin, 
pulps, seeds) in juice and it has been reported that approximately 12-50% of anthocyanins and 
other polyphenols are retained in fruit pomace during juice production (White et al., 2011; Lee et al., 
2002; Brownmiller et al., 2008). Our results demonstrated that HTD processing provide an excellent 
alternative for processing of berries into novel puree products. 

Table 1. Monomeric-anthocyanin, polymeric color and total polyphenol content of HTD processed 
blueberry and cranberry puree. 

Type of 
berries 

Processing Anthocyanins 
(mg C3G/g FW) 

Polymeric 
color (%) 

Total phenolic content 
(mg GAE/g FW) 

 

Blueberry 

Before processing 1.33±0.19a 6.33±0.56b 3.68±0.25a 

HTD processing1 0.87±0.05b 16.74±0.32a 3.70±0.36a 

Commercial processing2 0.54±0.02c 16.36±1.43a 2.05±0.15c 

 

Cranberry 

Before processing 0.57±0.01c 8.10±0.20b 2.03±0.04c 

HTD processing1 0.41±0.06d 17.25±0.41a 2.78±0.15b 

Commercial processing2 0.30±0.01e 15.92±0.56a 1.93±0.09c 

1 
Condition of

 
HTD processing for blueberry and cranberry were 95 ⁰C for 2 min; 

2
 commercial processed 

samples were 100% pure blueberry or cranberry juices purchased from local retail stores with highest quality; 
Values represent means ± standard deviation; Values with each column followed by the same letters are not 
significantly different (p<0.05). 

Shelf-life of HTD processed blueberry puree The microbiological results have shown that 

the HTD processed puree could be safe for a prolong shelf-life, however the quality (including 
nutritional and biochemical properties) is degraded during storage. The current study evaluated the 
shelf-life of HTD processed blueberry puree using anthocyanin retention as a quality indicator. 
Kinetics of anthocyanin degradation during storage is shown in Figure 4 and it indicated that the 
degradation of anthocyanin followed a firs-order behavior. The half-lives of the HTD processed 

blueberry puree were calculated as 533.2 and 216.6 days at 4 and 20 ⁰C, respectively. These 
values are much higher than that of the conventional pasteurized juice as 184.3 and 35 days for 4 
and 25 ⁰C, respectively (Martynenko et al. 2015). The prolonged anthocyanin storage stability might 
be due to the fully inactivation of enzymes. 
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Figure 4. Kinetics of anthocyanin degradation during storage.  
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CONCLUSIONS  

Our experimental study has demonstrated the potential of HTD for processing of berry fruits into 
novel natural puree products with high quality and superior shelf-life. HTD processing resulted in 
high efficiency pasteurization and enzyme inactivation compared to conventional thermal 
pasteurization. Particles size analysis showed that HTD had finer texture compared to commercial 
blended purees. Although thermal degradation was observed, HTD processed blueberry and 
cranberry puree retained more anthocyanins and other polyphenols than commercial counterparts. 
Furthermore, HTD processed blueberry puree showed very long shelf stability. Further 
investigations on HTD technology are needed to study the sensory and other nutritional properties 
of HTD processed fruit puree products. 
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