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A B S T R A C T

The present study identified the threshold concentration of xylo-oligosaccharides (XOS) that resulted in minimal
quality changes (rheology, color, water activity, pH, and total soluble solids) in strawberry puree. Optimization of
XOS concentration to 5% (w/w) did not significantly alter the quality attributes of the strawberry puree. In
addition, this study also monitored the rheological properties, composition (total soluble solids, total phenolic
content, flavonoids, and tannin content), physicochemical attributes (color, water activity, pH) and sensorial
properties of XOS-enhanced (5%, w/w) strawberry puree after thermal processing (HTST: 75 �C, 15s and UHT:
121 �C, 2s) and storage after 1, 15, and 36 days at 4 �C and 55 �C. At 5% (w/w) concentration, the addition of XOS
increased consumer preference without significantly compromising quality attributes. Thermally treated straw-
berry puree (HTST and UHT) were less preferred by consumers than fresh puree. However, all strawberry samples
incorporated with XOS (5%, w/w) received statistically higher scores than the samples without the XOS addition.
Thus, the proposed supplementation of strawberry puree with XOS could be a viable solution to increase con-
sumers’ dietary fiber intake with little need for behavioral changes.
1. Introduction

Xylo-oligosaccharides (XOS), a group of prebiotics that constitutes
dietary fiber, are sugar oligomers linked by β 1–4 bonds with 2–6 degree
of polymerization (mDP). These oligomers are widely present in honey,
fruits, vegetables, milk and bamboo shoots [1]. Categorized as emerging
prebiotics, XOS has already shown several advantages over some
well-established and applied prebiotics (such as inulin) regarding their
stability to both acidity and heat in food processing, allowing their
application in low-pH food products [2, 3]. In addition,
xylo-oligosaccharides exhibit other characteristics, such as sweetness [4]
and prebiotic effects [5, 6]. The prebiotic effect of XOS may contribute to
gastrointestinal health and reduce the risk of colorectal cancer (CRC) [7].

CRC has been listed as the third leading cancer among males and
females in the United States [8]. The incidence of colorectal cancer is
projected to increase by 60% to more than 2.2 million cases with a 50%
death rate by 2030 [9]. A diet consisting of fruits, vegetables, and high
dietary fiber may ameliorate gut microbiota composition, which may
reduce the risk of cancer development [6,10]. However, 90% of Amer-
ican adults fail to meet the daily recommended level (DRI) of fiber and
only 12.2% of the populations reached the recommended level of fruits
edu (A.J. Kinchla).
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and vegetable intake [11, 12]. Therefore, supplementing foods with di-
etary fiber to increase daily consumption could offer protective health
effects that Americans are not currently experiencing.
Xylo-oligosaccharides were first introduced in foods in the Japanese
market as a functional food ingredient. With growing consumer aware-
ness of the benefits of functional foods, food manufacturers recognized
the contribution of functional ingredients to the enhancement of a food
product's value. Consequently, the functional food market has exhibited
impressive growth all over the world [13, 14, 15]. Since sensory attri-
butes of products are usually the major factor that determines consumers'
food choice in general, the addition of bioactive ingredients to introduce
health benefits cannot be made at the expense of a foods' sensory
properties.

Fruit purees are some of the ideal vehicles to carry XOS into varieties
of food models. Being an ingredient of many foods, fruit purees are used
in confections, beverages, ice creams, fruit snacks, baked goods, and baby
food [16, 17, 18]. Also, fruit smoothies have been particularly popular in
the past few years according to US industry report 31211C [19]. It was
reported that blend fruit juice and smoothies were expected to generate
23.0% of the industry revenue in the year of 2019 [19]. Strawberry,
being a preferable fruit in smoothies, is widely accepted in North
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Table 1. Parameters of the thermal processes applied to strawberry puree
samples.

Treatments Processing time (s) Processing temperature (�C) Filling temperature (�C)

Control - - 4

HTST 15 75 25

UHT 2 131 80

Processing temperature and processing time were slightly raised and extended to
confidently achieve a 5-log reduction for E.coli O157:H7, Salmonella, Listeria
monocytogenes, and Cryptosporidium parvum in acidified food, i.e., fruit puree
(Mazzotta, 2001).
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America as fruit drink flavors [20]. Furthermore, strawberries are
inherently one of the richest sources of phenolic compounds and active
nutrients, which exhibits biological potentials in human health [21].
Therefore, it is necessary to study the quality attributes of dietary fiber
fortified strawberry products.

Most of the food will undergo thermal processing in order to ensure
food safety and prolong shelf-life. However, as mentioned before, the
quality attributes as well as the sensorial properties of fruit purees should
not be sacrificed by adding new ingredients such as XOS. Therefore, the
quality of fruit puree in different thermal processing conditions and the
sensorial profile of each thermally treated samples should be simulated
and collected to verify no significant quality changes are introduced after
the incorporation of XOS.

The objective of this study was to identify the threshold concentration
of XOS that caused a minimum disturbance to the quality and stability of
strawberry puree. The effects of thermal treatment and storage on the
quality attributes of XOS enriched strawberry puree were also studied to
assess the potential use of XOS in actual industrial and commercialization
settings. Lastly, sensory tests were conducted to validate the consumer
acceptance of XOS-enhanced strawberry puree.

2. Materials and methods

2.1. Chemicals and reagents

Catechin, Folin-Ciocalteu reagent (FCR), 2,2-Azinobis(2-methyl-pro-
pionamidine) dihydrochloride (AAPH), Gallic acid and fluorescein so-
dium salt were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman2-carboxylic acid) was
obtained from Acros Organics (Morris Plains, New Jersey, USA). Unless
mentioned, all other chemicals and reagents used in this study were of
analytical grade.
2.2. Preparation of strawberry puree

Frozen strawberries (Fragaria � ananassa) were sourced from a local
supplier (Stop & Shop, Hadley, MA, USA). Xylo-oligosaccharides (95P),
which were manufactured by Shandong Longlive Bio-technology Co.,
(Qingdao, China), were sourced from the AIDP corporation (City of In-
dustry, CA, USA). The frozen strawberries were thawed before blending
in a Coolife HS-767 blender (Shenzhen, China) at low speed for 5 min.
The resulting puree was then transferred into different beakers and
mixed with xylo-oligosaccharides at different concentrations (0, 2.5, 5,
7.5 and 10% w/w) for an additional minute using a Cuisinart smart stick
blender (East Windsor, U.S.) at low blend speed to complete sample
preparation. Puree samples were subjected to texture and color analysis
right after sample preparation to avoid any texture and color change.
Figure 1. Schematic view of the imperfect squeezing flow array.
2.3. Thermal treatment of strawberry puree

All production trials were processed with 48 h. For thermal treatment,
larger volumes of puree were required to be processed. Therefore, a new
puree preparation procedure was used in a scaled-up pilot plant process.
Strawberry purees were prepared by a mechanical blender (Chemineer,
Dayton, OH, USA), incorporated with 5% XOS (w/w) and stored at 4 �C
before thermal treatments. The prepared puree was then processed
through the Ultra high temperature/High temperature short time (UHT/
HTST) Direct& Indirect Processing System (MicroThermics, Raleigh, NC,
USA) for thermal treatments. The detailed parameters are shown in
Table 1, which was based on the Guidance for Industry: Juice HACCP
Hazards and Controls Guidance First Edition; Final Guidance [22].
Samples were processed and filled using the Clean-Fill Hood & Sterile
Product Outlets (MicroThermics, City, NC, USA) in sterilized 9 oz glass
jars. UHT samples were hot filled and positioned bottom side up for
samples to cool down to room temperature. HTST samples were cooled in
2

the MicroThermics system before filling. Control samples (fresh puree)
were cold filled and stored in 4 �C refrigerator.

2.4. Imperfect lubricated squeezing flow (ILSF) viscometry of strawberry
puree

Imperfect lubricated squeezing flow viscometry (ILSF) was selected to
characterize the rheological properties of these samples [23]. ILSF tests
were conducted using a TA.TX Plus Texture Analyzer (Texture Technol-
ogies Corp., Hamilton, MA, USA) equipped with a 50 kg load cell. All
measurements were performed at room temperature, i.e., 22 � 1 �C with
a sample volume of 75ml for each measurement. Samples were gently
transferred into a shallow Teflon container (140 mm in diameter) and
were compressed using a Teflon plate (100mm in diameter). The dif-
ference in diameter of the upper and lower plate allows minimizing the
effect of the annular flow on the results [23]. All samples were com-
pressed to a final height of 0.8 mm at a speed of 0.5 mm s�1 (Figure 1).
After reaching its final position, the crosshead was held at the final height
for 130 s and the residual force was recorded during that time. All
samples were measured twice in triplicate.

The apparent stress at two heights within the squeezing flow regime,
namely 1.5 and 2 mm, were determined from the recorded force vs.
height relationships as follows:

σ@1:5 or 2mm ¼F@1:5 or 2mm

πR2
(1)

where σApp @ height is the apparent stress at the indicated height, F is the
force recorded at each height in Newtons and R is the radius of the upper
plate in meters.

The consistency of different strawberry samples was compared based
on the estimated apparent compressive stress (σApp @ height) at each
selected height (Eq. (1)) [24]. The sample's residual apparent stress
provides information about the specimen's structural solidity and can be
calculated as,
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σ@ 60 or 120s ¼F@ 60 or 120s

πR2
(2)
where σApp @ t is the residual apparent stress after the samples have been
allowed to relax at a given height for a given time, F is the force recorded
at that given time in seconds and R is the radius of the upper plate in
meters.

The apparent stress at 1.5mmwas used to represent the consistency of
strawberry puree samples, due to its high sensitivity and low suscepti-
bility to being affected by the presence of solid particles such as indi-
vidual strawberry seeds or seed clusters. In addition, apparent stress at
60s and 120s were used to reflect the solidity of the strawberry puree
specimens.

2.5. Color of strawberry puree samples

A HunterLab ColorFlex EZ (HunterLab, Reston, VA, USA) was used to
investigate the changes in color of the untreated and heat-treated sam-
ples after preparation and during storage. The instrument was calibrated
against a white and black tile prior to measurements, and all measure-
ments were conducted at ambient temperature.

A low reflectance glass sample cup was used to hold the samples
directly above the colorimeter sensor. Samples (30mL) were measured in
a dark background using CIE-Lab color space, in which L* (lightness), a*
(redness) and b* (yellowness) values were collected for each sample.
Furthermore, the total color differences (ΔE) of samples during storage
were compared against the control sample (fresh puree) using Eq. (3)
[25].

ΔE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
L* � L*

0

�2 þ ða* � a*0Þ2 þ
�
b* � b*0

�2q
(3)

2.6. Quality attributes of strawberry puree

Samples were pulled from storage at the selected time intervals and
tested after the sample's temperature had reached room temperature. The
water activity of strawberry puree was analyzed by an AquaLab 4TE Dew
Point water activity meter (METER Group Inc, Pullman, WA, USA). A
Metrohm 827 pH lab meter (Metrohm, Herisau, Switzerland), equipped
with Unitrode with Pt1000 probe, was calibrated with standard buffer
solutions (pH¼ 4, pH ¼ 7, Fisher Scientific, City, State. the USA) prior to
pH analysis. Total Soluble Solids (TSS), expressed in �Brix (total soluble
solids g/100g) were analyzed using a Milwaukee refractometer (MA871,
Rocky Mount NC, USA), calibrated with distilled water prior to
measurements.

2.7. Total phenolic content, flavonoid, and tannin content analysis

2.7.1. Extract preparation
Puree samples of the whole strawberries (pulp and seeds) were pulled

over time from each storage condition (4 �C, 55 �C). Fresh puree samples
were extracted with acetone (80% v/v acetone, 5% v/v acetic acid in
deionized water) for 24h on a Labquake tube shaker (ThermoFisher
Scientific, U.S.A.) at 4 �C [26]. The supernatant and fruit pulp were
separated in an Eppendorf centrifuge 5810 R (Eppendorf, Hauppauge,
NY, USA.) at 1500g for 10min. The supernatant was then concentrated
using a Heidolph Heizbad Hei-VAP rotary evaporator (Schwabach, Ger-
many). Concentrated samples were further diluted with 50% methanol
and stored at -20 �C for further phenolic, flavonoids, and tannin content
analysis [27].

2.7.2. Determination of total phenolics, flavonoid, and tannin in strawberry
puree extracts

Total phenolic, flavonoid, and tannin content were measured based
on the Folin-Ciocalteu, aluminum chloride, and vanillin colorimetric
method, respectively [28, 29]. The standard curves for total phenolic
3

content, flavonoids, and tannins were developed based on gallic acid (0,
6.25, 12.5, 25, 50 and 100 mg/mL, for total phenolics) and catechin (0,
6.25, 12.5, 25, 50 and 100 mg/mL, for flavonoids and tannins) standard
solutions, respectively.

Total phenolic, flavonoid, and tannin contents were calculated by
introducing the absorbance in to the linear regression equation of the
standard curve. The results were expressed as mg of gallic acid equivalent
(GAE) g�1, mg of catechin equivalents (CE) g�1, and mg of catechin
equivalents (CE) g�1 of fresh weight of puree, respectively.

2.8. Antioxidant activity in strawberry puree extract

The antioxidant activity of the samples was determined using the
Oxygen Radical Absorbance Capacity (ORAC) assay [30]. Trolox stan-
dard solutions (0, 6.25, 12.5, 25, 50, and 100 μmol/mL) were prepared in
diluted phosphate buffer to calculate the antioxidant activity [30]. Net
areas under the quenching curve of the standard solutions were calcu-
lated by Eq. (4), where f0 is the initial fluorescence intensity and ft is the
fluorescence intensity at the given time t. A standard curve, which de-
scribes the relationship between net area and Trolox equivalent con-
centration, was later generated.

S¼ðf0 þ f2 þ f4 þ f6 þ⋯ft⋯þ f120Þ� 2� f0 � f120 (4)

The final antioxidant activity was calculated by solving the equation
of standard curve for each samples’ net area value and expressed as μmol
of Trolox equivalent (TE) g�1 of fresh weight of puree.

2.9. Sensory evaluation of strawberry puree

A sensory test with untrained panelists (n ¼ 105) was conducted to
examine the acceptance of XOS in differently processed strawberry puree
using a 9-point Hedonic liking test [31]. Approval from the University of
Massachusetts Institutional Review Board (IRB) for the Protection of
Human Subjects was obtained prior to fielding these experiments.
Concent was obtained from all panelists prior to the sensory evaluation.
Untreated and thermally treated (fresh, HTST and UHT) samples with
and without 5% w/w XOS were used in this sensory evaluation. The test
was set up as a block design, using the Sensory Information Management
System 2000 (SIMS 2000) software Version 6.0 (Sensory Computer
Systems LLC, Berkeley Heights, NJ, USA). Each of the panelists randomly
evaluated 3 of the 6 samples to reduce sensory fatigue. Subjects assessed
the samples one after another at isolation stations to maintain a consis-
tent test environment and reduce bias from the presence of other par-
ticipants. During the 9-point (1 ¼ extremely dislike, 5 ¼ neutral, and 9 ¼
extremely like) hedonic test, the recruited participants were asked to
evaluate the overall acceptance, appearance, color, aroma, flavor,
sweetness, and texture for each individual puree sample. All
non-heat-treated samples were made 30min prior to the study and stored
in ice baths. All heat-treated samples were prepared 12 h before the
evaluation and stored in 9-oz sterilized jars at 4 �C. Samples were then
transferred from the fridge to ice baths 30 min prior to the study. Tem-
perature variations throughout the study did not exceed 1.9–2.2 �C. Each
subject evaluated one control sample (no heat or XOS addition) and two
other samples in 3-oz plastic serving cups with a serving size of 1oz.
Water and saltine crackers (unsalted) were provided between each
sample.

2.10. Statistical analysis

The physicochemical properties of strawberry puree with different
XOS concentrations were measured twice independently and in triplicate
both times. For the scale-up pilot plant processing, two separate batches
of thermally treated strawberries were produced, and each individual
treatment had three sets of parallel samples for measurement. Values
were reported as mean � standard deviation (SD). All statistical analyses
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were performed using Statistical Analysis System software 9.4 (SAS
Institute, Cary, NC, USA).

The hedonic sensory study was conducted in one session with 105
participants. Sensorial data from the entire group (105 participants) was
evaluated using Duncan analysis to identify a difference in liking scores
amongst the processing conditions and the control.

3. Results and discussion

3.1. Effect of XOS dosage on the quality attributes of strawberry puree

The goal of this study was to identify the threshold concentration of
XOS that could be added to strawberry puree without altering its overall
quality. Rheological, color, composition (TTS) and physicochemical
(water activity, pH) attributes of strawberry puree samples with
different XOS concentrations (0, 2.5, 5, 7.5 and 10%, w/w) were
measured. Table 2 shows the rheological properties of fresh strawberry
puree samples. An increase of xylo-oligosaccharides content resulted in
a decrease (p < 0.05) in the consistency of strawberry puree samples
expressed as apparent stress at 1.5, or 2mm height (Table 2). A Duncan
test revealed that the consistency of the samples with an addition of
2.5% (334.0 � 13.3Pa) and 5% (334.4 � 23.7Pa) w/w xylo-
oligosaccharides was statistically similar to the control (341.8 �
5.3Pa) at 1.5mm. During the relaxation period, the residual stress was
not influenced by XOS content, regardless of its concentration (Table 2).

Strawberry puree contains a considerable number of polysaccharides
and disrupted plant cells in a clear serum. For puree samples of the same
weight, the incorporation of oligosaccharides will alter the composition
of the fruit puree, i.e., large polysaccharides are replaced by smaller
oligosaccharides. This change mimics, to a certain extent, fruit ripening,
where large molecules like polysaccharides are broken into small oli-
gosaccharides and monosaccharides by enzymes [32]. The composition
change in strawberry puree might cause the softening of the sample.

As summarized in Table 2, both L* and a* values decreased with
higher xylo-oligosaccharides additions. However, the incorporation of
XOS did not statistically affect the b* value. Thus, the addition of xylo-
oligosaccharides turned the samples darker and less red compared to the
fresh sample. Similar results were reported by Grigelmo-Miguel and
Martın-Belloso (1999), where L* and a* values of strawberry jam
negatively correlated with nominal soluble solids (peach dietary fiber)
[33]. Total color difference (TCD) parameters, expressed as ΔE, were
used to determine the color change [25,34, 35]. 2.5% w/w XOS
incorporation showed a small color difference whereas samples with 5%
and 7.5% w/w XOS additions showed a distinct difference. Samples
with 10% w/w XOS content had a very distinct color difference
compared to control (Table 2). It should be noted, however, that the
color difference was not evident based on visual observations, see
Figure 2. The color of strawberry fruit is affected by various factors such
as pH, water activity, as well as composition. The addition of small
molecular size components to a food product may alter the trans-
mittance of the sample, which exhibits a darkening effect in sample
color analysis (Table 2).

Table 2 summarizes the water activity, pH and total soluble solids of
different strawberry puree samples. The observed pH and TSS values of
untreated strawberry puree were similar to the results reported in
different studies [36, 37, 38, 39]. Not surprisingly, total soluble solids
(�Brix) yield a linear relationship (r2 ¼ 0.999, data not shown) with the
incorporation of xylo-oligosaccharides. Xylo-oligosaccharides are water
soluble dietary fibers; therefore, the addition of XOS will increase the
total soluble matter within the puree system, hence increase the TSS
value. The pH of the product is not only an essential organoleptic
characteristic but also affects the color expression of anthocyanin pig-
ments in strawberry products [40]. In this study, the addition of XOS did
not affect the overall pH of any of the strawberry purees (Table 2). This
might be due to the buffering effect of the inherent organic acids in
strawberry.
4
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Figure 2. Strawberry puree samples with different XOS concentration.
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The water activity measurements indicated that the addition of xylo-
oligosaccharides had a negative correlation with the samples' water
activity (Table 2). Similar results were also reported by Ayyappan et al.
(2016) where XOS was incorporated in cookies [41]. However, the
water binding capacity was not very strong, an increase of 10% w/w
XOS concentration only resulted in 0.65% water activity drop as
compared to fresh puree (data not shown). The pH of all tested samples
was about 3.4. The addition of XOS, whose solution pH is 4.05 � 0.09
[42], did not alter the pH of strawberry puree. Grigelmo-Miguel et al.
(1999) reported a similar pH response (3.08–3.29) when applying peach
dietary fiber (pH ¼ 3.91) in strawberry jams [33]. Since most
oligo-saccharides are soluble in aqueous environments, an increased
concentration of oligosaccharides will increase the total soluble solids
content. Higher TSS content leads to a decrease in water activity in
products such as strawberry puree (Table 2). The aw reduction can
contribute to the final product's stability. In addition, fiber andwater can
interact with each other by different means. In this case, the extensive
availability of hydroxyl groups contributed by the addition of XOS
molecules, might play a unique role in binding and entrapping water
molecules through hydrogen bonds.

Adding new functional ingredients to a food product has always been
a challenge for the industry, because the addition of one or several
substances may greatly impact the original properties of the food. Based
on the results, strawberry puree samples with higher doses of XOS (7.5
and 10% w/w) exhibited significant quality changes on color, rheolog-
ical properties, and water activity. Meanwhile, there were small or no
differences in product characteristics when XOS dosages of 5% or below
were applied. Therefore, a 5% XOS concentration was chosen for further
testing during thermal treatments, storage and sensorial analysis.

3.2. Effects of thermal treatment and storage on of strawberry puree's
attributes

3.2.1. TPC, TFC, tannin content and antioxidant activity in strawberry
purees

The total phenolic content (TPC) during a 36-day shelf-life study for
all samples is reported in Table 3. The TPC value of unprocessed
strawberry puree (2.36 � 0.048 mg GAE g�1 fresh weight) was com-
parable to the values obtained by other authors that reported TPC values
within the 2.30–3.40 mg GAE g�1 fresh weight range [43, 44]. Total
flavonoid and tannin contents from all storage samples are shown in
Table 3.

The TPC values in UHT-treated samples were significantly lower than
in HTST-treated samples across storage conditions regardless of XOS
addition. Also, the Duncan test revealed that TPC levels in HTST-treated
5
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samples were more similar to the control sample regardless of XOS
incorporation (Table 3). Similar TPC reductions were reported in the
literature for heat-treated vegetable and fruit samples. For example,
Terefe et al. (2013) observed that the TPC level decreased by 14–24% in
thermally treated strawberry puree compared to fresh puree [45]. Yao.,
& Ren (2011) also found a significant loss of about 48% in TPC when
boiling Shengjie celery for 10 min [46]. Storage time and temperature
jointly affect the TPC level of all samples. TPC in most samples decreased
as storage time increased. Low-temperature storage (4 �C) helped retain
the level of phenolic compounds in the strawberry puree as compared to
high-temperature storage (55 �C).

Total flavonoids content (TFC) of HTST- and UHT-treated strawberry
puree were significantly lower than flavonoids content in the fresh puree,
regardless of XOS incorporation (Table 3). Tannin content followed the
same trend as flavonoids content. Flavonoid content did not significantly
decrease in samples stored at 4 �C over time, regardless of thermal
treatment or XOS addition. However, flavonoid degradation was
observed during storage at 55 �C. As expected, TFC levels in samples
stored at 55 �C dropped significantly as storage time increased. Tannin
content decreased over the storage period was examined regardless of
storage temperature and XOS incorporation. Tannins were below the
detection level in most samples stored at 55 �C for 36 days.

Collected data showed that thermal treatment increased the
measurable antioxidant activity in strawberry puree specimens. Higher
antioxidant activity was detected both in UHT and HTST samples as
compared to the control (Table 3). Cao et al. (2011) also reported that
thermal treatment (70 �C for 2min) increased the detection of catechin by
42% (p < 0.05) [47]. Keenan et al. (2010) observed increased 2,2-diphe-
nyl-1-picrylhydrazyl (DPPH) levels, a marker of higher antioxidant ac-
tivity, in fruit smoothies by 15% (p < 0.05) after thermal treatment (P70
� 10 min). Antioxidant activity was significantly affected by storage
conditions [48]. A significant decrease in ORAC level was detected in
samples stored at 55 �C regardless of XOS incorporation. However, no
change or a slight increase was observed in samples stored at 4 �C
(Table 3). van der Sluis et al. (2001) also observed that the antioxidant
activity of four apple cultivars was not affected by long-term storage at 4
�C [49].

Thermal treatments are widely used in the food industry to produce
shelf-stable products as well as generating aroma and color. However,
for fruit products, thermal treatment can lead to significant losses in
nutritional value. As shown in this study, both thermal treatment and
high-temperature storage decreased the nutritional quality of straw-
berry puree samples (Table 3). However, the antioxidant activity of
strawberry samples was increased after thermal treatment. This
Table 4. Rheological parameters of strawberry samples during storage.

Processing
conditions

Storage
(day)

Apparent stress @ 2 mm (Pa) Apparent stress @ 1.5 mm

4 �C storage 55 �C storage 4 �C storage 55 �C s

Control 1 249.85 � 9.53A - 340.36 � 11.53A -

HTST 1 211.40 � 6.75C 195.71 � 5.70A 310.57 � 8.29C 273.88

15 230.63 � 2.61B 136.16 � 0.50D 324.31 � 3.14B 182.85

36 206.27 � 2.96D 104.67 � 4.03FG 294.03 � 2.69D 151.83

HTST (XOS) 1 223.60 � 3.66BC 193.58 � 6.86A 311.96 � 6.97C 274.42

15 224.71 � 2.21BC 139.28 � 6.13CD 315.69 � 2.91C 186.05

36 198.30 � 1.14E 101.01 � 2.05G 286.16 � 2.07E 147.80

UHT 1 193.38 � 4.86EF 163.54 � 9.67B 265.15 � 6.07G 227.39

15 182.04 � 10.86G 143.12 � 11.66CD 249.31 � 15.44H 185.95

36 177.16 � 2.65H 118.37 � 9.52E 249.89 � 2.93H 167.69

UHT (XOS) 1 188.02 � 7.76FG 170.17 � 4.65B 265.12 � 10.56G 240.81

15 198.76 � 5.50E 145.26 � 2.77C 276.16 � 6.68F 191.50

36 180.01 � 4.06H 110.97 � 5.03F 256.75 � 5.60H 160.51

Note: Values followed by different letters in each column indecates different groups
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phenomenon might be due to the increased extractability of antioxidant
compounds by thermal treatments. It has been suggested that thermal
processing such as cooking or pasteurization might help break down
large polymers in the cell walls [47]. Antioxidant compounds within the
plant cell might be released and consequently the treatment increased
the antioxidant activity of the processed product. On the other hand, the
antioxidant activity of the strawberry puree samples kept at 55 �C
decreased as the storage time elapsed, indicating the degradation of
water-soluble antioxidants during storage at this relatively high tem-
perature. It should be noted that although vitamin C concentration plays
an important parameter in strawberry products, the overall antioxidant
capacity of the samples provided a better depiction of the potential
health benefits associated with this product and the potential loss of
these benefits during storage and processing. In addition, the ascorbic
acid concentration contributes to the overall ORAC value [50], making
the ORAC value a better parameter to monitor product quality
degradation.

The addition of XOS did not provide a protective effect on the pro-
duct's phenolic content, color, or texture during storage. It should be
noted, however, that all samples with the XOS addition showed higher
TPC values during storage (Table 3). This phenomenon was due to the
limitations of the FC method, since XOS also has hydroxyl groups and
shows similar chemical structures as phenolic compounds. The similarity
in molecular structure may result from the increased TPC value in XOS
incorporated samples. Alternative quantification strategies such as high-
performance liquid chromatography (HPLC) should thus be considered.

3.2.2. Rheological properties
HTST and UHT treatment of all samples resulted in a significant

decrease in consistency, i.e., apparent stress at 1.5mm, as compared to
the control (340.4 � 11.5Pa) (Table 4). In addition, all HTST HTST-
treated samples exhibited higher apparent stress at 1.5mm than UHT
treated samples. The apparent stress at 60s and 120s of the HTST and
UHT-treated samples were statistically similar.

A loss in consistency, expressed as a decrease in apparent stress at
1.5mm, was detected at both storage temperatures over the length of the
storage period, regardless of XOS incorporation. In addition, the reduc-
tion in consistency was accelerated during storage at 55 �C than 4 �C. The
incorporation of XOS did not result in statistically different rheological
properties of strawberry puree during storage at high temperature (55
�C). As mentioned before, the destruction of plant cell wall due to ther-
mal processing may contribute to polymer breakdown in the samples,
resulting in a significant decrease in consistency among heat treated
samples (Table 4).
(Pa) Apparent stress @ 60 s (Pa) Apparent stress @ 120 s (Pa)

torage 4 �C storage 55 �C storage 4 �C storage 55 �C storage

87.06 � 8.89A - 85.64 � 7.10A -

� 3.79A 60.53 � 0.56BC 60.77 � 1.91BCD 52.89 � 2.40C 57.58 � 3.08AB

� 0.97D 72.91 � 19.38B 74.74 � 14.79A 55.61 � 2.09BC 76.08 � 16.16A

� 5.21F 65.33 � 8.01BC 56.90 � 2.24CD 64.64 � 9.56BC 58.00 � 1.51AB

� 8.19A 63.58 � 1.17BC 62.84 � 5.11BCD 60.63 � 1.53BC 61.10 � 4.14AB

� 7.48D 55.81 � 4.03C 58.00 � 3.04CD 60.67 � 12.99BC 76.08 � 16.16AB

� 3.78F 56.38 � 2.04C 56.65 � 2.88D 55.86 � 2.69BC 58.00 � 1.51AB

� 10.06C 63.34 � 15.21BC 58.51 � 3.39CD 55.17 � 4.12BC 54.14 � 2.95B

� 14.90D 64.54 � 7.41BC 64.52 � 3.46BC 65.30 � 8.49B 64.52 � 5.18AB

� 10.54E 58.78 � 2.62BC 56.65 � 3.98CD 56.27 � 4.43BC 56.68 � 5.76AB

� 5.64B 63.75 � 6.94BC 66.56 � 9.41B 61.54 � 6.82BC 66.36 � 7.13AB

� 4.70D 61.52 � 1.41BC 67.04 � 1.15B 58.91 � 2.45BC 63.51 � 0.94AB

� 5.42E 56.44 � 3.45C 57.63 � 1.35CD 59.41 � 6.44BC 56.27 � 1.58AB

according to the ANOVA and Duncan test (p < 0.05).
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3.2.3. The total color difference of strawberry puree
Changes in color of the untreated- and thermally treated strawberry

purees during storage are shown in Table 5. Overall, UHT treatments
contributed to a significant decrease in L*, a* and b* values of the
specimens, indicating that UHT treatments will produce darker, less red,
and less yellow puree compared to HTST-treated fresh puree. Also, pro-
longed storage at 55 �C had a significant impact on sample discoloration.
Meanwhile, the color profile of all HTST-treated specimens stored at 4 �C
was closer to the control (fresh puree) according to TCD results (Table 5).
This result was also confirmed during the sensory evaluation (Table 7),
where HTST samples received similar ratings in color preference as the
control. The addition of XOS resulted in lower L* value, regardless of the
type of thermal treatment applied (Table 5), indicating darker samples.
This result was similar to previous findings (Table 2), where sample
lightness decreased with greater XOS concentration.

Strawberries are rich in phenolic pigments that are sensitive to
thermal processing and oxidation. Therefore, the discoloring of the
specimens could be from various factors, for example, oxidation of
phenolic compounds by native enzymes, degradation of anthocyanins by
enzymes or heat, or Maillard reactions during or after thermal processing
and pH [47, 51]. In this study, ddiscoloration may be caused predomi-
nantly by the thermal degradation of anthocyanins and Maillard
Table 5. Color of strawberry samples during storage.

Processing
conditions

Storage
(day)

L* a*

4 �C storage 55 �C storage 4 �C storage 55 �

Control 1 29.41 � 0.26FG - 37.96 � 0.24AB -

HTST 1 34.31 � 0.24A 33.27 � 0.20A 38.36 � 0.54A 30.5

15 32.03 � 0.20C 24.38 � 0.41E 37.53 � 0.35AB 16.2

36 32.39 � 0.37C 22.32 � 0.13H 34.71 � 0.34DE 14.3

HTST (XOS) 1 33.20 � 0.48B 32.81 � 0.37A 37.45 � 1.83B 31.1

15 30.88 � 0.22D 23.04 � 0.52G 37.88 � 0.20AB 15.6

36 31.14 � 0.17D 21.11 � 0.48I 35.64 � 0.15C 13.9

UHT 1 30.68 � 1.00D 30.18 � 0.62B 33.06 � 1.22G 29.0

15 29.69 � 0.25F 25.49 � 0.47D 33.52 � 0.34FG 15.7

36 30.23 � 0.37E 23.46 � 0.57FG 31.45 � 0.29H 14.2

UHT (XOS) 1 29.09 � 0.37GH 28.66 � 0.25C 34.86 � 0.79CD 30.9

15 27.85 � 0.05I 24.06 � 0.06EF 33.94 � 0.23EF 17.0

36 28.68 � 0.16H 21.99 � 0.12H 32.05 � 0.36H 14.1

Note: For each L* a* b* column, values followed by different letters indecates differen
calculated based on Eq. (3).
Differences in total perceivable color can be statistically classified as very distinct (Δ

Table 6. Physicochemical characteristic evolution of strawberry samples during stora

Processing
conditions

Storage
(day)

pH Total so

4 �C storage 55 �C storage 4 �C sto

Control 1 3.44 � 0.02B - 7.55 �
HTST 1 3.50 � 0.01A 3.54 � 0.03A 7.48 �

15 3.43 � 0.03B 3.54 � 0.01A 7.55 �
36 3.53 � 0.02A 3.54 � 0.02AB 7.60 �

HTST (XOS) 1 3.51 � 0.03A 3.51 � 0.02AB 12.03 �
15 3.44 � 0.03B 3.53 � 0.01AB 12.17 �
36 3.52 � 0.02A 3.50 � 0.04B 12.40 �

UHT 1 3.50 � 0.01A 3.50 � 0.04AB 7.48 �
15 3.43 � 0.03B 3.53 � 0.01AB 7.60 �
36 3.52 � 0.01A 3.51 � 0.01AB 7.67 �

UHT (XOS) 1 3.51 � 0.01A 3.52 � 0.04AB 12.38 �
15 3.44 � 0.02B 3.52 � 0.01AB 12.40 �
36 3.52 � 0.02A 3.52 � 0.01AB 12.45 �

Note: For each column, values followed by different letters indicates different groups
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reactions during thermal processing and storage since most enzymatic
activities should have been inhibited during thermal processing, and pH
showed no significant change regardless of different treatments and
storage conditions (Table 6).

Based on the Duncan test, consumers could not identify differences in
color between strawberry puree samples with or without XOS addition
that have undergone the same heat treatment, which suggests the po-
tential acceptability of XOS as a functional ingredient in strawberry
puree. This phenomenon was also confirmed in previous findings, where
the addition of XOS may not be distinguishable in terms of color
expression at 5% w/w (Figure 2). Despite the fact that the TCD value was
largely affected by XOS addition, the results from both visual observa-
tions and consumer evaluation indicated that customers could not
distinguish the sample with XOS addition at 5% w/w.

3.2.4. pH, total soluble solids and water activity of strawberry puree
pH, total soluble solids, and water activity of all strawberry puree

samples are shown in Table 6. The pH remained 3.4–3.6, regardless of the
treatment applied or the storage conditions. As mentioned before, the
addition of XOS significantly increased the TSS content and lowered
water activity. Conversely, both thermal treatments (without XOS
incorporation) decreased the TSS content (HTST: 7.48� 0.08; UHT: 7.48
b* TCD (ΔE)

C storage 4 �C storage 55 �C storage 4 �C storage 55 �C storage

22.53 � 0.18C - 0 -

9 � 1.24A 23.59 � 0.48A 20.51 � 0.08A 5.13 � 0.18 8.61 � 1.54

0 � 0.82C 22.97 � 0.31BC 19.46 � 0.51B 2.77 � 0.20 22.54 � 0.78

2 � 0.072DEF 20.45 � 0.35E 18.55 � 0.036C 4.93 � 0.18 24.99 � 0.09

1 � 1.58A 23.41 � 0.83AB 21.11 � 0.16A 4.35 � 0.72 7.85 � 1.25

2 � 0.31CDE 23.41 � 0.14AB 18.42 � 0.17C 1.78 � 0.78 23.58 � 0.19

3 � 0.017F 21.49 � 0.049D 18.56 � 0.19C 3.11 � 0.11 25.72 � 0.12

9 � 0.27B 18.59 � 0.86GH 18.22 � 0.79C 6.53 � 1.31 9.93 � 0.16

7 � 0.47CD 19.00 � 0.17FG 14.92 � 1.11F 5.67 � 0.32 23.80 � 0.34

1 � 0.35DEF 17.59 � 0.33I 16.18 � 0.40E 8.22 � 0.38 25.29 � 0.55

7 � 0.48A 20.08 � 0.61E 19.03 � 0.23BC 3.98 � 0.99 7.86 � 0.40

8 � 1.63C 19.28 � 0.17F 17.29 � 0.13D 5.39 � 0.25 22.18 � 1.50

2 � 0.031EF 18.35 � 0.33H 17.12 � 0.19D 7.28 � 0.48 25.54 � 0.09

t groups according to the ANOVA and Duncan test (p < 0.05) All TCD values are

E > 3), distinct (1.5 < ΔE < 3) and small (0.5 < ΔE < 1.5) (Drlange, 1994).

ge.

luble solids (TSS) Water activity

rage 55 �C storage 4 �C storage 55 �C storage

0.08G - 0.9969 � 0.0010AB -

0.08H 7.50 � 0.30B 0.9972 � 0.0013A 0.9923 � 0.0018B

0.05G 7.67 � 0.25B 0.9956 � 0.0004CD 0.9920 � 0.0008B

0.14F 7.47 � 0.32B 0.9942 � 0.0005EF 0.9934 � 0.0013B

0.30D 12.37 � 0.15A 0.9938 � 0.0012F 0.9933 � 0.0007B

0.20C 12.57 � 0.21A 0.9938 � 0.0012F 0.9917 � 0.0017B

0.09B 12.40 � 0.00A 0.9918 � 0.0007G 0.9923 � 0.0014B

0.19H 7.77 � 0.06B 0.9973 � 0.0005A 0.9950 � 0.0013AB

0.00F 7.60 � 0.20B 0.9962 � 0.0008BC 0.9971 � 0.0021A

0.05E 7.80 � 0.17B 0.9943 � 0.0007EF 0.9936 � 0.0022B

0.12B 12.53 � 0.25A 0.9942 � 0.0005EF 0.9939 � 0.0013B

0.11B 12.30 � 0.17A 0.9940 � 0.0006DE 0.9923 � 0.0023B

0.18A 12.60 � 0.10A 0.9921 � 0.0008G 0.9929 � 0.0018B

according to the ANOVA and Duncan test (p < 0.05).



Table 7. Duncan results of 9-Point Hedonic test scores.

Processing conditions Overall Appearance Color Aroma Flavor Sweetness Texture

NO Heat 5.86 � 1.93AB 7.30 � 1.47A 7.74 � 1.04A 6.51 � 1.94AB 5.53 � 2.03AB 5.06 � 2.16AB 6.33 � 1.98AB

NO Heat (XOS) 6.42 � 1.52A 7.38 � 1.41A 7.88 � 1.09A 6.91 � 1.71A 6.05 � 1.76A 5.81 � 2.16A 6.95 � 1.40A

HTST 5.28 � 2.09B 7.20 � 1.55A 7.44 � 1.38A 6.51 � 2.18AB 4.63 � 2.34B 4.56 � 2.35B 6.42 � 2.20AB

HTST (XOS) 5.71 � 2.12AB 7.47 � 1.64A 7.47 � 1.59A 7.30 � 1.58A 5.45 � 2.28AB 5.51 � 2.24A 6.67 � 2.09AB

UHT 4.05 � 1.84C 6.00 � 1.99B 6.11 � 2.21B 4.98 � 2.26C 3.52 � 1.59C 3.68 � 2.01C 5.77 � 2.12B

UHT (XOS) 5.60 � 2.13AB 6.43 � 2.12B 6.64 � 2.14B 6.00 � 2.18B 5.43 � 2.38AB 5.29 � 1.91AB 6.50 � 1.81AB

Note: In each column, values followed by different letters are statistically different accoridng to Duncan test (p < 0.05).
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� 0.19) and increased water activity (HTST: 0.9972 � 0.0013; UHT:
0.9973 � 0.0005) as compared to fresh puree (TSS: 7.55 � 0.08; aw:
0.9969� 0.001) (Table 6). TSS content reduction with thermal treatment
was also reported by Cheng et al. (2014) where TSS decreased after heat
pasteurization (90 �C, 60s) in strawberry samples [36]. This phenome-
non may be due to the thermal and mechanical destruction of plant cell
vacuoles during the sample processing. The destruction of vacuoles could
potentially increase the water activity and decrease the TSS level by
releasing more fluid into the sample (Table 6).
3.3. Effects of XOS incorporation and thermal treatment on sensorial
properties of strawberry puree

The sensory study was fielded at the University of Massachusetts
Amherst using untrained panelists recruited from campus (Male-42,
Female-63, ages from 18-65). The present study revealed that 76% of the
panelists failed to meet the DRI level of fruit and vegetables (USDA,
2015) (data not shown). Surprisingly, among the participants who failed
to reach the DRI level, nearly 70% of the participants claimed to be fruit-
drinks consumers (data not shown). The results of the 9-point hedonic
sensory evaluation are shown in Table 7. The UHT-treated sample,
without XOS incorporation, received the lowest rating in every sensory
attribute, whereas fresh puree with XOS incorporation yielded the
highest scores in most attributes except for appearance and aroma. The
panel's preference ranked in the following order: fresh puree > HTST
treated puree > UHT treated puree. They also preferred samples with
XOS incorporation consistently among all treatments (Table 7). Thermal
treatments, especially UHT-treatment, resulted in significant alterations
in samples' appearance, color, aroma, flavor, and overall scores. Sweet-
ness and texture were not significantly affected by thermal treatments
according to the results of the sensory evaluation.

The sweetness of the untreated- and thermally-treated strawberry
puree samples was significantly affected by the incorporation of XOS, due
to the inherently sweet profile of XOS [4]. In addition, there was a close
correlation between sweetness scores and overall scores of the samples
(Table 7), suggesting that the overall liking of the product is largely
affected by the sweetness of the sample. The unique sweet profile of XOS
can constitute an asset since it would be possible to develop a food
product with both health benefits as well as high consumer acceptance.

4. Conclusion

The present study investigated the possibility of using a fruit-based
food vehicle, i.e. strawberry puree, to increase the consumption of
beneficial compounds such as xylo-oligosaccharides (XOS). The results
showed that the addition of XOS at 5% w/w could increase the nutri-
tional value of strawberry puree as well as consumer acceptability of this
product, without significantly compromising its quality attributes.
Overall, several nutritional values (TPC, TFC, tannin content, and anti-
oxidant activity) and the consistency of strawberry puree were decreased
with different thermal processing and high temperature storage. Thermal
treatment also affected the color expression of the samples. However, the
Duncan test revealed that HTST-treated samples with XOS received the
8

same score in overall liking, appearance, color, flavor, and texture as the
fresh strawberry puree sample.

The result of this research could provide the industry with guidance
on using xylo-oligosaccharides as a functional ingredient in strawberry
products in terms of dosage and thermal and storage stability and con-
sumer acceptance.
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