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Abstract
A cryo-macerated must of V. vinifera L. cabernet sauvignon was processed by ultra-high-pressure homogenisation (UHPH) 
sterilisation without the use of SO2. The UHPH treatment of the must was carried out continuously at a pressure of 300 MPa 
and reaching a maximum temperature of 77 °C for less than 0.2 s. The colloidal structure of the UHPH must was evaluated 
by atomic force microscopy (AFM) measuring an average particle size of 457 nm. The initial microbial load was 4-log 
CFU/mL (yeast), 3-log CFU/mL (bacteria). No yeast and non-sporulating bacteria were detected in 1 mL and 10 mL of the 
UHPH-treated must, respectively. Furthermore, no fermentative activity was detected in the non-inoculated UHPH-treated 
musts for more than 50 days. A strong inactivation of the oxidative enzymes was observed, with lower oxidation (≈ × 3) than 
controls. The antioxidant activity of the UHPH-treated must was much higher (106%) than that of the control must. UHPH 
had a protective effect in total anthocyanins, and especially in acylated anthocyanins (+ 9.3%); furthermore, the fermentation 
produces fewer higher alcohol (-44,3%) and more 2-phenylethyl acetate (+ 63%).

Keywords  Ultra-high-pressure homogenisation (UHPH) sterilisation · Microbial control · Cabernet sauvignon · Wine 
colour · SO2 · Oxidation

Introduction

Elimination of SO2 is currently a topic of great interest in 
oenology, and the use of ultra-high-pressure homogenisation 
(UHPH) to eliminate oxidative enzymes and wild microor-
ganisms is a powerful tool to reach this objective. UHPH is 
the continuous pressurisation at higher than 200 MPa of a 
fluid and the instantaneous release at atmospheric pressure 
(or low pressure) across a specially designed valve. UHPH 
has an ultrashort in-valve time (< 0.2 s) which helps to pro-
tect the nutritional and sensory quality, even when high tem-
peratures can be reached in the valve. Several recent reviews 
have included the most important features and applications 
of UHPH processing (Comuzzo & Calligaris, 2019; Morata 
& Guamis, 2020; Patrignani & Lanciotti, 2016; Zamora & 
Guamis, 2015). UHPH is more efficient than high-pressure 
homogenisation (HPH) or microfluidisation concerning the 
elimination of microorganisms and enzyme inactivation, 
which normally needs multi-passes for efficient microbial 
control (Szczepańska et al., 2021). Additionally, HPH or 
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microfluidisation are used to improve colloidal stability 
(Leite et al., 2016; Oliete et al., 2019); however, UHPH pro-
duces nanofragmentation, with lower than average size parti-
cles stabilising better colloidal structure (Morata & Guamis, 
2020). This is because the higher pressure (300 MPa) used 
in UHPH increases collision effects in valves compared with 
HPH or microfluidisation (< 200 MPa).

The antimicrobial effect is produced by the intense impact 
and extreme shear efforts in colloidal structures and microorgan-
isms during the in-valve depressurisation, which produces the 
nanofragmentation of cells and particles (Bañuelos et al., 2020; 
Morata & Guamis, 2020). Concerning the antimicrobial effect, 
it is highly effective, destroying yeast and bacteria in the grape 
musts (Loira et al., 2018) and, depending on the in-valve tem-
perature, sporulated bacteria (Bañuelos et al., 2020). Compared 
with discontinuous high hydrostatic pressure (HHP), it shows a 
more intense antimicrobial effect in grape must; even in intense 
HHP treatments at 550 MPa-10 min, residual bacterial cells are 
detected (Morata et al., 2015). The intense microbial inactiva-
tion by HHP and UHPH technologies facilitates the use of new 
wine biotechnologies, such as non-Saccharomyces yeasts and 
yeast-bacteria co-inoculations, providing better implantation of 
fewer competitive starters (Bañuelos et al., 2016).

As with HHP, the continuous UHPH produces a gentle 
effect on fruit juices, with a low impact in colour (Patrignani 

et al., 2019), and delicate aroma compounds such as terpenes 
(Bañuelos et al., 2020), protecting, therefore, the sensory 
quality. A short processing time produces a low number or 
an absence of thermal markers. No HMF has been detected 
in musts processed by UHPH, and neither has 5-methyl fur-
fural (Bañuelos et al., 2020; Suárez-Jacobo et al., 2012).

Discontinuous HHP technologies used in batch processes 
in grapes can control yeasts and moulds, but can also increase 
the extraction of phenols (Corrales et al., 2009; Morata et al., 
2015). Even when continuous UHPH must be applied in liq-
uids, the intense nanofragmentation of colloidal particles from 
fruit cells has proven to have positive effects on the extraction of 
phenolic compounds, thereby increasing their availability and 
the antioxidant capacity of juices (Bañuelos et al., 2020; Loira 
et al., 2018; Patrignani et al., 2019; Suárez-Jacobo et al., 2012).

HHP has a limited effect on the inactivation of oxidative 
enzymes such as polyphenol oxidases (PPOs) and, frequently, 
its effectiveness depends on the use of simultaneous thermal 
treatments (Buckow et al., 2009; Sulaiman et al., 2015), even 
though higher browning effects can be observed when used 
with high pressure levels (Martínez-Hernández et al., 2019). 
Conversely, UHPH has proven to cause intense inactivation 
of PPOs, with the consequent improvement of the antioxidant 
capacity in fruit juices (Bañuelos et al., 2020; Loira et al., 
2018; Patrignani et al., 2019; Velázquez-Estrada et al., 2013).
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UHPH technology is available at an industrial scale reach-
ing 50.000 L/h based on modular systems. UHPH pumps that 
can work at 300 MPa are available to process at 10.000 L/h 
(Ypsicon, 2018). The technology was approved by the Interna-
tional Organization of Vine and Wine (OIV) as an authorised 
practice in oenology in 2020 (OENO-MICRO 16–594B, OIV, 
2020) and has been approved by the EU (European Commis-
sion, 2020).

This work aims to evaluate the effectiveness of UHPH in 
the production of red wine in controlling wild microorganisms 
and the oxidative processes, as well as analyse the repercus-
sions in the colloidal structure, fermentation, colour, aroma, 
and sensory profile of the wine. The effect of UHPH on col-
our, stability of anthocyanin pigments, inhibition of PPO mon-
itoring colour hue, and colloidal average size using atomic 
force microscopy (AFM) has been studied and assessed.

Materials and Methods

Must Preparation

The must used in this study was obtained from destemmed 
Vitis vinifera L. cabernet sauvignon grapes collected in 

the Costers del Segre region (Lérida, Spain), which were 
crushed and added to 3 g/HL of pectolytic enzymes (Rapi-
dase™, Oenobrands, Montpellier, France) and then left 
to macerate at 0 °C for 15 days. This process is neces-
sary to reach enough tannins and anthocyanins in order to 
produce red wines in the absence of skin contact. UHPH 
technology can only be applied to liquids with colloidal 
size below 0.5 mm. After this maceration of the grapes, 
the must was separated using a pneumatic press, then set-
tled at 8 °C and kept in an inert CO2 atmosphere until the 
start of the experiment. Half of this clean must was used 
as a control treatment and the other half was treated by 
UHPH. The must processing by UHPH was carried out in 
a continuous operating mode using equipment including 
an improved tungsten carbide valve patented by the com-
pany Ypsicon Advanced Technologies (Barcelona, Spain; 
patent number: EP2409583B1). The working flow rate was 
60 L/h at 300 ± 3 MPa, with an inlet temperature of 4 ºC, 
an in-valve temperature of 78 ± 2 °C for less than 0.2 s 
(measured by a sensor placed immediately downstream of 
the valve), and an outlet temperature of 15 °C (Fig. 1). At 
the outlet of the valve, the UHPH-treated must was cooled 
in a heat exchanger through which water was circulating 
at 3 °C. The total volume of must processed by UHPH 
was 100 L.

Fig. 2   External appearance of the control and UHPH-processed must 
after centrifugation A, optical microscopy (600 ×) of a centrifuged 
drop of cabernet sauvignon must B, optical microscopy (600 ×) of 
the UHPH centrifuged must C, AFM scanning in resonant mode of 

a drop of dried control must D, and the UHPH dried must E. Topo-
graphic renders of the 3D external topography in the control F  and 
UHPH dried drops G 
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Optical and AFM

Samples of control and UHPH musts were observed and pho-
tographed using an optical microscope at 630 × (63 × objective) 
using a trinocular Leitz Diaplan microscope and a Jenoptik 
Gryphax digital camera. For AFM measurements, samples were 
prepared by freezing 10 μL drops of the control and UHPH-
processed musts on a coverslip in a CO2 freezer at 80 °C.

The samples were then lyophilised. Topographic measure-
ments of the cells were carried out using a Nano-Observer AFM 
(Concept Scientific Instruments, Les ULIS, France) operating in 
resonant mode. A 1 N/m rectangular silicon cantilever (model 
Fort, AppNano, Mountain View, CA, USA) with an 8 nm nomi-
nal tip radius was selected. Typical setpoint amplitudes of 4–5 V 
were used during the measurements, with high values of feed-
back of proportional and integral gains (P and I) to compensate 
for the high topographic variations (1–4 microns).

Microbial Counts

Microbiological counts were performed on both control and 
UHPH-treated must to verify the antimicrobial effectiveness 
of the non-thermal processing technique and assess the degree 
of implantation of the inoculated starters. Vegetative forms 
were assessed by growth on plates with selective media. In 
the case of total aerobic bacteria and lactic acid bacteria, 1 mL 
of serial decimal dilutions in saline peptone (0.85% NaCl and 
0.1% peptone) were pour-plated into PCA supplemented with 
nystatin (50 mg/L) and into MRS agar (Pronadisa, Barcelona, 
Spain) and MLO agar (Pronadisa, Barcelona, Spain) supple-
mented with nystatin (50 mg/L), respectively. The inoculated 

plates were incubated for 6 days at 30 °C until colony growth, 
maintaining anaerobic conditions for lactic acid bacteria by 
placing the plates in a jar with CO2 atmosphere. For yeast 
counts, 100 μL or 1 mL were spread-plated into glucose chlo-
ramphenicol agar (GCA; Pronadisa, Barcelona, Spain) for 
total yeast count and into synthetic lysine agar (Oxoid, Hamp-
shire, UK) for non-Saccharomyces counts. These plates were 
incubated aerobically at 25 °C for 4 and 6 days, respectively. 
Aerobic bacterial endospores were analysed from 10 mL of 
must pasteurised at 80 °C for 30 min (to remove vegetative 
forms), which was cooled down and filtered through 0.45 μm 
membrane filters (Millipore) and surface incubated on PCA 
plates for 6 days at 30 °C.

Fermentations

Fermentations were carried out at 20 °C and assayed in triplicate 
in 1-L flasks filled with must at 90% capacity, because the UHPH 
system produces two 2-L bags in conditions of full sterility. The 
fermentation temperature was set at 20 °C because it is suitable 
for young red wines and avoids excessive aroma losses during 
fermentation. All fermentation flasks were inoculated with 20 mL 
of Saccharomyces cerevisiae 7VA starter (enotecUPM, Madrid, 
Spain) pre-cultured for 24 h in YPD broth (Conda, Madrid, 
Spain), containing 5 × 107 CFU/mL (checked by plating).

A parallel assay was performed in triplicate in 100-mL 
vials to further confirm the antimicrobial power of the UHPH 
technique. These vials were filled with 60 mL of must, sealed 
with Müller valves and left to ferment at 20 °C with the native 
population (without microbial inoculation). The weight loss 
in the vials was recorded daily to monitor fermentation.

Fig. 3   Measurement of colloidal fragments by AFM in a drop of dried control must A and in the UHPH dried must B 
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Oenological Parameters by Infrared Spectroscopy

Oenological parameters were evaluated by Fourier transform 
infrared spectroscopy (FTIR) with OenoFoss™ equipment 
(FOSS, Barcelona, Spain).

Determination of PPO Enzymatic Activity

PPO activity was evaluated spectrophotometrically (Agi-
lent Technologies™ 8453, Palo Alto, CA, USA) by meas-
uring the ratio of absorbances 420/520 nm at a path length 
of 1 mm and with a high aeration surface of 1 cm2/mL at 
room temperature. The ratio between absorbance at 420 nm 
(yellow) and 520 nm (red) is an estimation of the browning 
processes, which, over a short period of time and exposure 
to air, is due to enzymatic oxidation.

Antioxidant Capacity (ABTS Method)

The transformation in the colourless form of the cationic 
ABTS•+ [2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonate) 
radical cation] by phenols and other compounds was used to 
evaluate the antioxidant activity of musts (Re et al., 1999). 
Samples of 50 µL of diluted wines were analysed at four 
concentrations in duplicate.

Colour Parameters and Total Phenol Content

The colour intensity and hue were analysed according to the 
Glories method (1984), spectrophotometrically with a device 
8453 Agilent Technologies™ (Palo Alto, CA, USA). Total 
phenols were also analysed in the same spectrophotometer at 
280 nm in a 1 mm quartz cuvette (Ribéreau-Gayon et al., 1980).
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Anthocyanins by LC‑DAD

Must and wine anthocyanins and pyranoanthocyanins 
were analysed using an LC-DAD chromatograph system 
(Agilent Technologies 1260, Palo Alto, CA) according 
to Bañuelos et  al. (2016). Concentrations were calcu-
lated with a calibration curve of malvidin-3-O-glucoside 
(r2 = 0.9999, LOD = 0.1 mg/L) and an injection volume 
of 50 µL.

Analysis of Volatile Fermentative Compounds 
by GC‑FID

Fermentative aroma compounds were analysed by gas 
chromatography with flame ionisation detection (GC-
FID) using an Agilent Technologies 6850 GC (Network 
GC System) in a DB-624 column, according to Bañuelos 
et al. (2020). One microliter with 10% internal stand-
ard (4-methyl-2-pentanol at 500 mg/L) and prefiltered 
at 0.45 µm was injected. External standards calibration 

(r2 > 0.999) was performed using compounds from Fluka 
(Buchs SG, Switzerland, GC quality > 98%).

Sensory Evaluation

The sensory quality of the wines was evaluated by means 
of a blind attribute difference test, following a procedure 
similar to that described by Loira et al. (2018). The tasting 
panel consisted of nine expert tasters from the Department 
of Food Chemistry and Technology of the Universidad 
Politécnica de Madrid (age range: 30 to 60 years old, four 
women and five men). The wines were served randomly at 
a temperature of 20 ± 2 °C in two standard tasting glasses. 
After reaching a general consensus on the description of 
the attributes to be evaluated, the panellists used a scale 
from 0 to 5 to rate the intensity of the attributes, the low-
est rating being considered as a “not perceived attribute” 
and the highest rating as a “strongly perceived attrib-
ute.” Finally, the global perception of the wines was also 
evaluated, taking into account visual, olfactory, and taste 
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characteristics. Significant differences between samples 
were determined by ANOVA analysis (p < 0.05).

Statistical Analysis

Statistical analyses were performed with PC Statgraphics 
v.5 software (Graphics Software Systems, Rockville, MD, 
USA). The significance level was 5%.

Results and Discussion

Colloidal and Molecular Structures Produced 
by UHPH

Must processed by UHPH is affected by ultra-high impact 
forces, and shear efforts strongly affect the nature of the 
molecular structure of the colloidal particles. The effect is 
a nanofragmentation of the suspended particles in the must, 
producing higher colloidal stability. It was observed that, 
after centrifugation, the colloidal particles appeared inten-
sively dyed in the control (Fig. 2a, left) but only slightly 
in the must processed by UHPH (Fig. 2a, right), probably 
because the smaller average size reduces the adsorbent capac-
ity of the anthocyanins. This could have an impact on colour 
stability. The optical microscopy of the control must without 
UHPH treatment showed a colloidal structure with large frag-
ments (several micrometres) dyed by anthocyanins (Fig. 2b). 
Fibres of vegetal structures could be observed, as could other 
cell wall fragments from the vegetal cells of the grapes. The 
optical image of the UHPH must showed smaller particles in 
the submicron range and, again, less colour (Fig. 2c). Addi-
tionally, more tartrate crystals could be observed, probably 
because of their formation in the intense depressurisation 
after the UHPH valve. Using high-resolution AFM, we char-
acterised and measured the size of the fragments of a dry 
drop of must by topographic scanning in resonant mode. A 
flat surface could be observed in the control, with many poly-
hedric fragments spread across the entire surface (Fig. 2d). 
A thinner mass with fewer and smaller polyhedric structures 
could be observed in the UHPH-processed must (Fig. 2d).

In a previous study, the size of the colloids in the UHPH 
must was estimated by laser diffraction (Bañuelos et al., 
2020), and it was observed that most particles were in the 
range of 100–400 nm. In the current study, the size of the 
fragments was measured by AFM microscopy, obtaining an 
average size of 1342 ± 464 nm in the control must (range 
824–3180 nm, Fig. 3a) and 457 ± 140 nm in the UHPH must 
(range 235–744, Fig. 3b), which are relatively close to our 
previous results, and showing fragments in the UHPH prod-
uct higher than 200 nm without nano-safety impact (which 
must be considered when the size is < 100 nm).

Microbial Loads

In the control must, Saccharomyces cerevisiae counts were 
8 × 103 CFU/mL and non-Saccharomyces were 1.2·104 CFU/
mL; therefore, they were globally approximately 4-log CFU/
mL, which is the typical value in healthy grapes (Fleet, 
2003) (Fig. 4a). In the UHPH-processed musts, neither Sac-
charomyces nor non-Saccharomyces yeasts were detected 
in 1 mL. This highly antimicrobial effectivity of UHPH 
follows previous works regarding grape musts (Bañuelos 
et al., 2020; Bevilacqua et al., 2018; Loira et al., 2018) and 
other juices (Bevilacqua et al., 2012; Calligaris et al., 2012; 
Patrignani et al., 2019 and 2020). Initial bacterial counts 
were 1.7 × 103 CFU/mL in the control must and undetected 
in the UHPH. Sporulated bacteria in 10 mL were four viable 
cells, undetected in UHPH musts. This result supports the 
high efficiency of UHPH controlling bacteria in grape juices 
compared with discontinuous pressurisation techniques, 
such as HHP, which is unable to eliminate them completely, 
even at pressures higher than 500 MPa/10 min (Morata et al., 
2015). Also, UHPH is much more efficient than HPH, which 
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normally needs multi-passes to reach inactivation lower than 
2-log at 200 MPa (Szczepańska et al., 2021). Saccharomyces 
yeast starters were inoculated in both the control and UHPH 
musts at 5 × 107 CFU/mL, and the population of Saccharo-
myces and non-Saccharomyces yeasts was monitored every 
two days. It could be observed that non-Saccharomyces were 
undetected in the UHPH fermenters during the entire fer-
mentation; however, they remained above or close to 4-log 
in the control fermentations (Fig. 4a) until day 7, when the 
ethanol was higher than 9% v/v (see Fig. 5a). The Saccha-
romyces populations were a little lower in the UHPH than in 
the control fermentations (but significant, p < 0.05) because 
the inoculated strain was the only one present.

Additionally, triplicate samples of the UHPH and con-
trol musts were left to evolve without inoculation, and the 
fermentation was completed by the wild yeast population 
in the control musts in 50 days at 20 °C (Fig. 4b). The con-
trol wines reached 15% v/v in ethanol. The long duration 
was due to the high initial sugar content and, probably, 
due to the unsuitable fermentative ability of the wild yeast 

population. Fermentation was undetected in the uninocu-
lated UHPH controls for longer than 50 days (Fig. 4b). The 
absence of fermentative activity in the long-term in the 
UHPH musts ensured the total elimination of yeasts, espe-
cially the damaged non-culturable cells that are sometimes 
observed in treatments by discontinuous HHP (Lado and 
Yousef, 2002).

Full elimination of fermentative yeasts allows the use of new 
fermentation biotechnologies, as the use of non-Saccharomyces 
yeasts and the yeast-bacteria allow co-inoculation to perform 
simultaneous alcoholic and malolactic fermentation (Bañuelos 
et al., 2016; Morata et al., 2017; Vaquero et al., 2021). In the 
UHPH must, there was full implantation of the inoculated yeast 
starter without any impact on the wild yeast or bacteria, which 
were completely eliminated. Therefore, UHPH helps to reduce 
the use of chemical additives as sulphites (Morata et al., 2017; 
Morata and Guamis., 2020; Christofi et al., 2020) and can help 
to delay fermentation processes at the winery, scheduling them 
at appropriate dates, favouring a better distribution of work and 
allowing non-stational wine production.

Table 1   Anthocyanin contents 
(mg/L) in the control and 
UHPH-processed musts at 
the beginning (day 0) and 
end of fermentation (day 25). 
Values are means and standard 
deviations of three independent 
fermentations. Values with the 
same letter in the same row 
are not significantly different 
(p < 0.05)

D3G delphinidin-3-O–G, C3G cyanidin-3-O–G, Pt3G petunidin-3-O–G, Pn3G peonidin-3-O–G, M3G malvi-
din-3-O–G, Vit B M3G-acetaldehyde adduct, -Ac -(6″-acetylglucoside)-, -Cm -(6″-p-coumaroylglucoside), -VPh 
-4-vinylphenol adduct, VG -4-vinylguaiacol adduct
In bold is included the summatory of the previous single pigments/compounds

Anthocyanins Day 0 Day 25

Control UHPH Control UHPH

D3G 11.7 ± 0.3b 16.8 ± 0.0a 0.5 ± 0.0b 0.7 ± 0.0a
C3G 2.3 ± 0.0b 2.7 ± 0.0a 0.1 ± 0.0a 0.1 ± 0.0a
Pt3G 11.2 ± 0.1b 13.7 ± 0.0a 1.0 ± 0.3a 1.0 ± 0.3a
Pn3G 12.1 ± 0.0a 11.7 ± 0.2b 3.8 ± 0.3a 3.1 ± 0.5a
M3G 255.3 ± 0.3a 248.3 ± 0.7b 39.6 ± 0.4a 35.5 ± 1.6b
Monomeric non-acylated 292.6 ± 0.6a 293.3 ± 0.6a 45.0 ± 0.7a 40.3 ± 2.4b
Vit B 0.0 ± 0.0 0.0 ± 0.0 0.6 ± 0.0a 0.5 ± 0.0a
Unknown (λ 495 nm) 0.0 ± 0.0 0.0 ± 0.0 1.0 ± 0.0a 0.8 ± 0.1b
Unknown (λ 496 nm) 0.0 ± 0.0 0.0 ± 0.0 0.2 ± 0.0a 0.1 ± 0.0b
Vitisin type 0.0 ± 0.0 0.0 ± 0.0 1.8 ± 0.0a 1.5 ± 0.1b
D3G-Ac 1.7 ± 0.0a 1.1 ± 0.0b 0.0 ± 0.0b 0.1 ± 0.0a
C3G-Ac 0.2 ± 0.0b 0.3 ± 0.0a 0.0 ± 0.0 0.0 ± 0.0
Pt3G-Ac 1.8 ± 0.0b 2.3 ± 0.0a 0.2 ± 0.0b 0.3 ± 0.0a
M3G-Ac 65.6 ± 0.1b 71.1 ± 0.3a 10.6 ± 0.2a 11.2 ± 0.4a
M3G-Cm cis 3.5 ± 0.1a 3.5 ± 0.0a 0.3 ± 0.0a 0.3 ± 0.0a
M3G-Cm trans 20.0 ± 0.2b 23.1 ± 0.1a 2.6 ± 0.0b 3.3 ± 0.1a
Monomeric acylated 92.8 ± 0.3b 101.4 ± 0.4a 13.8 ± 0.2b 15.2 ± 0.5a
M3G-VPh 0.0 ± 0.0 0.0 ± 0.0 0.5 ± 0.0b 0.6 ± 0.0a
M3G-VG 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0b 0.1 ± 0.0a
Unknown (λ 508 nm) 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0b 0.2 ± 0.0a
Unknown (λ 512 nm) 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.0b 0.1 ± 0.0a
Vinylphenol adducts 0.0 ± 0.0 0.0 ± 0.0 0.7 ± 0.0b 1.0 ± 0.0a
Pyranoanthocyanins 0.0 ± 0.0 0.0 ± 0.0 2.5 ± 0.0a 2.5 ± 0.1a
Total 385.5 ± 0.9b 394.6 ± 1.0a 61.3 ± 0.6a 58.0 ± 3.0a
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Oenological Parameters in Grape Must: Effect 
of UHPH Processing on Must Composition

The general analysis of the standard oenological parameters 
was done by means of FTIR spectroscopy (Fig. 5). Fermen-
tations proceed at a regular rate, reaching the highest poten-
tial alcoholic degree (15% v/v) in 25 days (Fig. 5a). The 
UHPH fermentations were slower than the controls (statis-
tically significant, p < 0.05), but it must be considered that 
they were carried out in small volumes of 0.9 L and at 20 °C. 
Volatile acidity was controlled throughout all the fermenta-
tions at values close to or below 0.4 g/L, finishing in both the 
controls and UHPH at less than 0.25 g/L, without significant 
differences (p > 0.05), which is an optimal value for wine 
fermentation (Fig. 5b).

The pH was slightly higher in the UHPH musts, which is 
normal because of the higher extraction of salts and cations 
by the fragmentation of solid colloids (Fig. 5c). This has 
also been previously observed (Loira et al., 2018). How-
ever, the final values after fermentation did not have an 
oenological impact: pH 3.92 in the UHPH wines and 3.89 
in the controls, although they were significant (p < 0.05). As 
a result of the pH values, acidity was somewhat higher in 
the control (3.37 g/L) than in the UHPH wines (3.20 g/L) 
but, again, without oenological impact (Fig. 5d). Finally, 
both wines finished dry, with residual sugars of < 1.6 g/L 
(Fig. 5e).

Antioxidant Power and Control of Oxidative 
Enzymes by UHPH

Oxidative damage by polyphenol oxidases (PPO) affects 
wine quality, producing detrimental colour and aroma qual-
ity (Hendrickx et al., 1998). The oxidation effect was moni-
tored by the evolution of the hue (Fig. 6). The air exposure 
was significantly high (1 cm2/mL in cuvettes at room tem-
perature) and produced an evolution to red-brown colour in 
the controls, while better colour stability was observed in the 
UHPH musts (Fig. 6). The control musts had a higher hue 
than the UHPH musts (p < 0.05). Using polynomic regres-
sion and future extrapolation, a high correlation could be 
observed (R2 > 0.99) with the measured values. After 6 days 
of exposure to air, the hue in the controls had noticeably 
increased (≈ × 6), and in the UHPH musts, it remained at 
lower values (≈ × 2). Therefore, the UHPH musts were 
much more stable, even with high aeration, at room tem-
perature, and without SO2, which is in accordance with the 
findings reported in previous works (Bañuelos et al., 2020; 
Loira et al., 2018; Suárez-Jacobo et al., 2012). The powerful 
inactivation of PPO enzymes (≈ 90%, Loira et al., 2018) is 
an advantage of UHPH compared with discontinuous HHP, 
in which unclear enzyme inactivation is observed (Buckow 
et al., 2009), or HPH with inactivation not higher than 20% 
(Szczepańska et al., 2021). The antimicrobial, but also anti-
oxidative, effect of UHPH opens the clear potential for using 
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this technique to produce wines with low levels of SO2, or 
without it.

Even when the initial antioxidant activity of the red musts 
was much higher compared to white musts processed in previ-
ous works (Bañuelos et al., 2020; Loira et al., 2018), due to the 
elevated content of polyphenols, the continuous treatment by 
UHPH at 300 MPa produced a 6.5% higher antioxidant activity 
(Trolox equivalents) in comparison with the untreated red must 
(control). The observed value in the UHPH-processed must was 
7242 µmol/L compared to 6797 µmol/L in the unprocessed must 
(with significant differences p < 0.05), which is in accordance 
with previous research (Bañuelos et al., 2020; Loira et al.,; 2018; 
Patrignani et al., 2019; Velázquez-Estrada et al., 2013). This 
increased antioxidant activity is related to the better preservation 
of the flavonoids and other polyphenols by PPO inactivation.

Polyphenol Content and Colour Intensity

The UHPH-treated and control musts showed similar ini-
tial contents of polyphenols, which are better stabilised in 
UHPH fermentations and remain at higher values, with a 
more stable trend at the end of fermentation (Fig. 7a). The 
content of total polyphenols in the controls was signifi-
cantly lower at the end of fermentation, probably because 
of the effect of the PPOs in the absence of SO2. Usually, 
polyphenols show a typically increasing trend during red 
wine fermentation due to their better solubility in less polar 
solutions caused by the production of ethanol by yeasts 
(Morata et al., 2019a, 2019b). Conversely, anthocyanins 
and, therefore, colour show a decreasing trend because of 
their insolubilisation in higher ethanol contents. Previously, 

Fig. 9   Evolution of total antho-
cyanin contents (mg/L) during 
fermentation A, and forma-
tion of pyranoanthocyanins B. 
Values are means and standard 
deviations of three independ-
ent fermentations. Values with 
the same letter in the same row 
are not significantly different 
(p < 0.05)
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increased extraction of polyphenols by UHPH in kiwi juice 
has been observed (Patrignani et al., 2019). However, a 
reduction in phenolic compounds in mulberry juice treated 
by UHPH, but in different working conditions, in a multi-
pass mode at 200 MPa, has also been found (Yu et al., 
2014). Our results highlight the gentle but effective pro-
cessing of grape juice in a single pass at 300 MPa.

Regarding colour intensity, as can be seen in Fig. 7b, because 
of the effect of UHPH, the colour was slightly weaker in the 
UHPH musts. However, there was a suitable evolution during fer-
mentation and, in the end, the results of both fermentations were 
without significant differences (p < 0.05). Therefore, UHPH can 
be considered to be a protective technique in both total polyphe-
nols as well as colour intensity (Fig. 7b) and appearance (Fig. 6).

Effect of UHPH on Anthocyanin Content

The grape anthocyanin contents (monoglucosides and acylated 
derivatives), together with the pyranoanthocyanins formed dur-
ing fermentation, were analysed using LC-DAD (Table 1). A 
slightly higher concentration of anthocyanins can be observed 
in the UHPH musts, especially due to the selective protection 
of the UHPH in the acylated derivatives (Table 1), which show 
a 9.3% increment. This difference can be clearly observed in 
the peak areas for these derivatives in the LC-DAD chromato-
grams (Fig. 8). Acylated anthocyanins are especially interesting 
in wine colouration because they absorb at higher wavelengths 
compared to non-acylated ones (Mazza & Francis, 1995), pro-
ducing bluish-red hues that are highly valued by consumers. 
The formation of stable pyranoanthocyanins during fermen-
tation (Morata et al., 2019a, 2019b) was similar in the con-
trol and UHPH musts (Table 1). The similar contents indicate 
the protective effect on delicate pigments of this non-thermal 
technology, allowing the elimination of microorganisms and 
oxidative enzymes with a gentle effect on colour. This protec-
tive effect has been reported in other fruit pigments (Patrignani 
et al., 2019). The use of a single-pass 300 MPa UHPH process 
is more protective of colour than a multi-pass mode at 200 MPa 
(Yu et al., 2014).

The evolution of total anthocyanins and pyranoanthocy-
anins was monitored along with fermentation by LC-DAD, 
and similar trends in the insolubilisation of grape antho-
cyanins from controls and UHPH musts were observed 
(Fig. 9). Additionally, the formation of pyranoanthocyanins 
(vinylphenolic and vitisins) during fermentation by yeast 
showed a similar tendency in the controls and the UHPH.

Effect of UHPH on Fermentative Aroma

The fermentative volatiles had a normal profile in the wines 
(Table 2). However, it should be noted that the controls had a 
much higher content of higher alcohols than the UHPH wines 
(+ 78%). Higher alcohols are responsible for the winey flat smell 

of low-quality wines when they are present at concentrations 
higher than 350–400 mg/L. In the fermentation, both trial sam-
ples were under these values, but the control was closer to the 
threshold, which can shade and hide other floral and fruity aro-
mas (de-la-Fuente-Blanco et al., 2016). Additionally, at moder-
ate concentrations, they have a low impact on the sensory profile 
of wines (Ferreira et al., 2002). Concerning acetaldehyde, both 
samples showed a concentration found in the normal range of 
wines (Liu & Pilone, 2000). Ethyl acetate is responsible for 
fruity scents at low concentrations, but solvent odour at high 
amounts. The sensory threshold was around 12.3 mg/L (Culleré 
et al., 2019). So, in the case of the UHPH, the odour activity 
value (OAV) was 2.2, while it was 3.2 in the controls, thus, prob-
ably expressing more solvent-glue aroma in the last ones.

Acetate esters have a powerful impact on the sensory profile 
because they have fruity or floral descriptors and low sensory 
thresholds. In this research, they did not show significant dif-
ferences at the global level. However, 2-phenylethyl acetate 
showed a significantly higher concentration in the UHPH 
wines compared to the controls (× 1.6), both at higher sensory 

Table 2   Fermentative volatiles (mg/L) in the control and UHPH-
processed musts at the end of fermentation (day 25). Values are 
means and standard deviations of three independent fermentations. 
Values with the same letter in the same row are not significantly dif-
ferent (p < 0.05)

In bold is included the summatory of the previous single pigments/
compounds

Media ± SD

Control UHPH

Acetaldehyde 19.09 ± 0.28a 16.02 ± 2.88a
methanol 144.31 ± 6.15a 105.04 ± 17.47b
1-Propanol 17.37 ± 0.90a 15.00 ± 3.82a
diacetyl 1.80 ± 0.11a 1.16 ± 1.03a
ethyl acetate 42.10 ± 1.52a 26.82 ± 5.20b
2-Butanol 0.00 ± 0.96a 0.00 ± 2.01a
isobutanol 22.28 ± 0.00a 15.94 ± 0.00b
1-Butanol 0.00 ± 0.00a 2.76 ± 2.39a
acetoin 5.88 ± 0.64a 8.33 ± 2.26a
2-Methyl-1-butanol 48.67 ± 7.53a 30.32 ± 7.52b
3-Methyl-1-butanol 183.15 ± 10.77a 92.97 ± 25.83b
Isobutyl acetate 1.31 ± 1.13a 0.50 ± 0.87a
Ethyl butyrate 1.49 ± 0.19a 0.80 ± 0.69a
Ethyl lactate 15.99 ± 5.62a 33.50 ± 28.03a
2,3-Butanediol 683.20 ± 166.22a 684.02 ± 93.03a
isoamyl acetate 3.07 ± 0.09a 3.00 ± 0.69a
Hexanol 0.00 ± 0.00a 1.14 ± 1.98a
2-Phenylethanol 73.53 ± 8.32a 34.13 ± 8.51b
2-Phenylethyl acetate 5.29 ± 0.04b 8.66 ± 1.56a
Acetate esters 9.67 ± 3.60a 12.16 ± 27.52a
Ethyl esters 59.58 ± 1.17a 61.12 ± 1.65a
Total esters 69.25 ± 4.62a 73.28 ± 29.01a
Higher alcohols 344.99 ± 25.84a 192.26 ± 47.05b
Total volatiles 1268.51 ± 179.21a 1080.12 ± 148.61a
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threshold values. 2-phenylethyl acetate is a key compound in 
wine fermentative aroma because of its floral impact with a 
rose petal descriptor (Morata et al., 2020). The high level of 
this ester in the UHPH wines could have been produced by the 
release of higher contents of the amino acid precursor from the 
grape cell fragments due to the intense impact forces. Higher 
contents of yeast-assimilable nitrogen were observed in the 
UHPH-processed musts (Loira et al., 2018).

Sensory Evaluation

The sensory attribute evaluation of the wines exhibited 
similar profiles, but significant differences were found 

between the control and UHPH wines, corresponding to 
the attributes’ global perception and aromatic quality 
(Fig. 10). The better aromatic quality and the probable 
consequence of a better global perception can be cor-
related with the lower concentrations of higher alcohols 
and the higher content of 2-phenylethyl acetate, which 
is representative of the floral esters with a rose petal 
descriptor. This molecule was above its sensory thresh-
old in both cases (0.25 mg/L, Carrau et al., 2008), but at 
63% higher in the UHPH than in the control wines. Both 
parameters were better valued in the UHPH wines. Con-
cerning colour intensity and hue, the controls had the 
worst average values, but without statistical significance.
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Conclusion

UHPH sterilisation eliminates wild microorganisms, avoiding 
spontaneous fermentation and favouring the implantation of yeast 
starters. The use of uncompetitive non-Saccharomyces yeasts 
can be strongly promoted, as can the use of yeast–bacteria co-
inoculations. Additionally, the oxidative processes mediated by 
PPOs are inactivated following the denaturation of the enzyme 
structure by the impact and shearing forces during UHPH treat-
ments. Colour is preserved, and oxidation is delayed because of 
the high air exposure in the absence of SO2. The results confirm 
that UHPH is a powerful tool in the production of healthier and 
more stable red wines without sulphites or other chemical addi-
tives. The intense forces produced by UHPH produce a different 
colloidal structure, with a lower average particle size, which has 
an impact on wine stability.
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