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Blackberry and pear are rich in human health protective phenolic bioactives with high

antioxidant activity. These fruits are relevant dietary targets to counter chronic oxidative

stress-linked diseases, such as type 2 diabetes (T2D). Due to high perishability, the

human health relevant bioactive qualities of such fruits deteriorate during postharvest

storage and processing. By improving stability and bioavailability of nutritionally relevant

phenolic bioactives during post-harvest stages, effective integration of blackberry

and pear as dietary support strategies can be targeted for T2D benefits. Solutions

to bioactive quality loss of fruits can be achieved by advancing bioprocessing

strategy integrating compatible fruit synergy and beneficial lactic acid bacteria

(LAB) based fermentation. This approach was targeted to enhance high levels of

phenolic bioactive-linked health quality of blackberry (Rubus spp.) integrated with

pear (Pyrus communis) at a ratio of 30:70, which was optimized previously based

on potential synergistic effects. The aim of this study was to recruit beneficial LAB

such as Lactobacillus helveticus and Bifidobacterium longum to bioprocess previously

optimized blackberry: pear synergies to improve phenolic bioactive-linked T2D

benefits. Essential health-targeted food quality during bioprocessing was assessed

based on total soluble phenolic content, phenolic compound profile, total antioxidant

activity, anti-hyperglycemic property relevant α-amylase and α-glucosidase enzyme

inhibitory, and anti-hypertensive relevant angiotensin-I-converting enzyme (ACE)

inhibitory activities using in vitro assay models. Additionally, potential inhibitory

activity of fermented fruit extracts against pathogenic Helicobacter pylori, the

common bacterial ulcer pathogen was also investigated. Overall, improvement

in the retention and stability of phenolic bioactive content in 30:70 blackberry:

pear combination, as well as in 100% juice of both fruit extracts were observed

following fermentation. Furthermore, enhanced antioxidant activity, anti-hyperglycemic

property relevant α-glucosidase, and anti-hypertensive property relevant ACE

enzyme inhibitory activities were also observed in fermented extracts of 30:70

blackberry: pear synergy. Among the substrates only fermentation of 100% blackberry
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with LAB resulted in inhibitory activity against H. pylori. These results provide the

biochemical rationale to develop blackberry: pear fruit synergy and beneficial LAB-based

fermentation to improve T2D relevant health benefits while also potentially improving

keeping quality.

Keywords: antioxidant, anti-hyperglycemic, fermentation, fruit synergy, gut health, phenolic bioactives

INTRODUCTION

Fruits and vegetables containing rich antioxidant profile are
excellent dietary sources to counter chronic oxidative stress
induced metabolic breakdowns and associated diseases in
humans (Bacchetti et al., 2019). Chronic oxidative stress is one of
the key risk factors associated with etiology and pathogenesis of
several diet and lifestyle-influenced non-communicable diseases
(NCDs), such as type 2 diabetes, cardiovascular diseases,
dyslipidemia and cancer (Nediani and Giovannelli, 2020).
Therefore, improving diversity and consumption (7–9 serving
sizes) of antioxidant rich fruits and vegetables in daily diet
is recommended to address oxidative stress induced metabolic
breakdowns, which concurrently could support prevention and
management of common NCDs (Darfour-Oduro et al., 2018).
Not only just oxidative stress protective function, but fruits
and vegetables with rich phenolic antioxidant profile also have
wider NCD-preventive health benefits like improving glucose
metabolism, anti-hypertensive and cardio-protective functions,
and human gut health benefits (Sarkar and Shetty, 2014; Satija
and Hu, 2018; Xiao and Bai, 2019).

Among healthy diversity of fruits in daily diet, berries are
rich sources of dietary antioxidants and health protective bio-
actives like phenolic (Skrovankova et al., 2015). However, most
fruits including pears and berries are highly perishable and
their functional and human health protective qualities like
antioxidant properties deteriorate rapidly at post-harvest storage
and processing stages (Michalska and Łysiak, 2015). Therefore,
it is essential to advance bioprocessing strategies to reduce post-
harvest losses of health relevant fruits in order to improve
their access to the consumers. Specifically, higher retention of
human health protective phenolic antioxidants and associated
functionalities at post-harvest stages is important for designing
fruit–based functional foods and beverages targeting wider NCD-
linked health benefits (Shetty and Wahlqvist, 2004; Sarkar and
Shetty, 2014).

Previously, we observed higher phenolic bioactive–linked
antioxidant, and anti-hyperglycemic properties in several berries,
relevant for integrating them toward dietary support strategies
targeting early stages of type 2 diabetes benefits (Cheplick et al.,
2007, 2010, 2015; da Silva Pinto et al., 2008; Sarkar et al., 2016,
2017). Among common berries, production and marketing of
blackberry as fresh and processed fruit is growing rapidly in
the United States due to higher consumer preferences based
on their unique flavor profile and wider perception about
potential health benefits (Liao et al., 2020). However, the phenolic
bioactive profile and associated human health relevant qualities
of blackberry vary widely between cultivars, different maturity

stages, due to growing environment and cultivation practices,
and based on post-harvest storage and processing conditions (de
Souza et al., 2015; Sarkar et al., 2016; Cheplick et al., 2017; Espe
et al., 2019a,b; Huynh et al., 2019). Therefore, it is important
to advance and optimize post-harvest processing strategies for
improving retention of phenolic bioactive-linked antioxidant,
anti-hyperglycemic, and anti-hypertensive functionalities in
blackberry-based foods and beverages targeting early stages of
type 2 diabetes benefits.

Integrating health-targeted and compatible fruits with
complementary bioactive profile and health benefits is an
effective approach to enhance human health relevant qualities in
berry derived processed foods and beverages. Food and beverage
industries are currently targeting such strategy of combining
other fruits with berry juice and extracts to widen flavor and
taste profiles, responding to consumer demands and achieving
market advantages. Additionally, integration of compatible fruits
based on their specific bioactive-linked functional properties can
also enhance human health related qualities in berry-based foods
and beverages through potential synergistic or additive effects
(Agustinah et al., 2016). Previously, high phenolic bioactive
associated antioxidant, anti-hyperglycemic property relevant
α-amylase and α-glucosidase, and anti-hypertensive property
relevant angiotensin-I-converting enzyme inhibitory activities
were observed in aqueous extracts of pear (cv. Bartlett) (Barbosa
et al., 2013; Sarkar et al., 2015). Similarly, high antioxidant and
anti-hyperglycemic properties relevant for targeting early stages
of type 2 diabetes prevention were also observed in blackberry
(cv. Kiowa) (Sarkar et al., 2016). Based on such complimentary
health benefits and to achieve wider antioxidant protection
relevant for both human health benefits and improving keeping
quality, we targeted blackberry (cv. Kiowa): pear (cv. Bartlett)
fruit synergy. Such fruit synergy also has potential to improve
early stages of type 2 diabetes relevant functional properties to
advance health-focused beverage design strategy. In the initial
optimization study, higher phenolic-linked antioxidant, anti-
hyperglycemic, and anti-hypertensive properties were observed
in 30:70 blackberry: pear combination (Warner, 2012). In the
current study, we targeted such optimized 30:70 blackberry: pear
combination and pure blackberry and pear extracts (100%) and
recruited beneficial lactic acid bacteria (LAB) based fermentation
strategy to further enhance phenolic-linked functional properties
with potential anti-diabetic benefits.

Lactic acid bacteria (LAB) have long been used in ethnic
and traditional foods to preserve dairy and plant-based
food substrates and prevent spoilage since before constant
refrigeration was possible (Lynch et al., 2018). Investigating
one-step further than spoilage prevention would be to examine
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the change of certain health relevant quality and benefits of
the fermented fruit-based foods and beverages. To achieve
this objective, beneficial probiotic bacteria like Lactobacillus
helveticus and Bifidobacterium longum were utilized to improve
retention and stability of phenolic bioactives of blackberry: pear
fruit substrates and subsequently enhancing their antioxidant,
anti-hyperglycemic, anti-hypertensive, and anti-bacterial
properties. Previously, improvement in antioxidant and
anti-hyperglycemic properties of several health-targeted fruit
substrates due to improved solubilization and mobilization
of free and bound phenolic compounds following LAB based
fermentation were observed (Ankolekar et al., 2011, 2012a,b;
Fujita et al., 2017; Kaprasob et al., 2017, 2019). The preservation
of stability of bioactive phenolics over time in LAB fermented
fruit substrates is also relevant to enhance the shelf-life and
keeping quality of the food and beverage products. This
preservation technique could also be utilized to repurpose
fruits that may not be consumed before their expiration, which
would increase economic value and decrease losses due to
post-harvest spoilage.

Therefore, the major aim of this study was to advance
bioprocessing strategies for dual functional benefits by
integrating fruit synergy and LAB based fermentation to
enhance human health relevant bioactives and post-harvest
preservation qualities of blackberry and pear and their fruit
synergy. Previously, optimized (Warner, 2012) fruit synergy
of blackberry: pear (30:70) combination and 100% extracts
of blackberry and pear were fermented for 48 h using two
different LAB (L. helveticus and B. longum) and total soluble
phenolic content, phenolic profile, antioxidant activity, anti-
hyperglycemic, and anti-hypertensive properties of fermented
fruit substrates at 0, 24, and 48 h time points were determined
using rapid in vitro assay models. Additionally, potential anti-
bacterial property of LAB fermented fruit substrates against ulcer
causing bacteria Helicobacter pylori was also investigated using
an agar diffusion assay. Inhibition of H. pylori was a secondary
objective in the study, but positive results would prove to be an
additional value to the health relevant beneficial fruit synergy
substrates. The wider goal was to find effective bioprocessing
approach by integrating compatible fruit synergy and LAB-based
fermentation for improving human health relevant and post-
harvest preservation qualities of fruit combination derived foods
and beverages.

MATERIALS AND METHODS

Materials
The enzymes, α-glucosidase from yeast S. cerevisiae (EC 3.2.1.20),
porcine pancreatic α-amylase (EC 3.2.1.1) and angiotensin-
1-converting enzyme from rabbit lung (EC 3.4.15.1) were
purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Unless noted, all chemicals were also purchased from Sigma
Chemical Co. (St. Louis, MO, USA).

The pear (cv. Bartlett) was sourced from a local Big Y
supermarket (Hadley, MA, USA), while the blackberry (cv.
Kiowa) were obtained from the Auburn University (Auburn, AL,
USA) and stored in freezer (−40◦C) before fruit extractions and

fermentation. The fruits were transported in Cooler (zip lock
bags) with ice packs to maintain freezing condition.

Sample Preparation
Fresh Bartlett pears were homogenized in a Waring blender
(Waring Commercial Kitchen Appliances, CA, USA) for
3min after which the supernatant was collected following
centrifugation at 15,000 g for 15min. Thawed blackberry fruit
was homogenized for 3min using a Waring blender and then
centrifuged (Biofuge Primo, Thermo Scientific, Waltham, MA,
USA) twice at 15,000 g for 15min each to generate a clear juice.
Supernatants were then stored at −20◦C during the period of
study. The blackberry and pear supernatants were either used
as 100% pure samples or combined at a ratio of 30:70. The fruit
extracts were stored at 4◦C during fermentation and analysis.

Bacterial Strains and Other Materials
Strains of LAB used in this study were L. helveticus R0052 that
was supplied by Rosell Institute Inc., Montreal, Canada (Lot# XA
0145, Seq# 00014160) and Bifidobacterium longum isolated from
a previous study (Apostolidis et al., 2007) and H. pylori ATCC
43,579 of human gastric origin that was provided by American
Type Culture Collection (Rockville, MD, USA).

Fermentation With Lactobacillus helveticus

R0052 and Bifidobacterium longum
Initially, 100 µL of L. helveticus R0052 and of B. longum frozen
stock (kept in −80◦C freezer with cryo-preservative media
containing 25% glycerol) were inoculated into 10mL of MRS
broth (Difco) and incubated at 37◦C for 16 h. A 100 µL volume
of the overnight grown culture were sub-cultured to 10mL
of MRS broth and incubated again at 37◦C for 16 h under
aerobic condition and used as inoculum. An inoculum size of
10mL (v/v) was added aseptically to the 100% Kiowa blackberry,
100% Bartlett pear, or the 30:70 blackberry: pear combination to
achieve a total volume of 100mL in a 125-mL sterile Erlenmeyer
flask and incubated at 37◦C (closed chamber incubator) under
static condition . Initial pH was measured and adjusted to 6 using
1N NaOH at 0 h fermentation. Fermentation followed at 37◦C
and 13mL of samples were taken out at 0, 24 and 48 h. At every
time point, the inoculated sample was placed into 2 different
tubes. Prior to any assays, one tube was adjusted to pH 6 using 1N
NaOH, while the pH of another tube was not adjusted (labeled as
fermented acidic pH) and added with distilled water to keep the
volume same. All samples were then centrifuged at 15,000 g for
15min and used for the in vitro assays.

Absorbance of Samples and Colony
Counts
Absorbance was measured before the final pH treatment.
Turbidity of the fermented samples at every time point was
estimated using absorbance at 600 nm as an indicator of bacterial
growth. More accurate estimation of living cells was made by
plate count method and expressed as CFU/mL. At 0, 24, and
48 h, 100 µL of the appropriate dilution were plated on MRS
Agar and incubated at 37◦C for 24 h in anaerobic BBL GasPak
jars (Becton, Dickinson & Co. Saprks, MD, USA) containing BD
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GasPak EZ anaerobe container system sachets with indicator to
help maintain the anaerobic environment. Individual colonies
were counted in the valid range of 25–250 to determine the
CFU/mL of each sample.

Total Soluble Phenolics Assay
Total phenolic content of blackberry, pear, and blackberry:
pear combination were determined using a colorimetric assay
modified by Shetty et al. (1995). A volume of 500 µL of fruit
extracts and 500 µL of distilled water were transferred into a test
tube to which 1mL of 95% ethanol, 5mL of distilled water, and
0.5mL of 50% (v/v) Folin-Ciocalteu reagent, respectively were
added. The mixture was left to incubate for 5min, followed by
the addition of 1mL of 5% Na2CO3. After thorough mixing,
the reaction mixture was incubated in the dark for 60min and
the absorbance was read at 725 nm in a spectrophotometer
(Genesys Thermo Fisher, Waltham, MA, USA). Standard curves
were prepared using increasing concentrations of gallic acid in
95% ethanol. Absorbance values were converted to total soluble
phenolics and expressed as mg of gallic acid equivalent (GAE) per
g fresh weight of fruit extracts.

Antioxidant Activity by
2,2-Diphenyl-1-Picrylhydrazyl (DPPH)
Radical Inhibition Assay
Total antioxidant activity of blackberry, pear, and their 30:70
combination were measured using a modified DPPH radical
inhibition assay (Sarkar et al., 2016). In a microcentrifuge tube,
a volume of 0.25mL sample mixture was added to 1.25mL
of 60µM DPPH in 95% ethanol. During 5min of incubation,
the samples were vortexed and then centrifuged at 15,000 g for
1min. The absorbance (A) was read at 517 nm. As a control,
0.25mL of 95% ethanol was used instead of a sample mixture.
The antioxidant activity was expressed as % inhibition of DPPH
radical formation and calculated using the following formula:

DPPH Inhibition (%) =
(Abs control− Abs sample)

Abs control
× 100

α-Glucosidase Enzyme Inhibition Assay
The anti-hyperglycemic property relevant α-glucosidase enzyme
inhibition assay was performed following a method described by
McCue et al. (2005). Initially, 50µL of sample was added with 100
µL of 0.1M phosphate buffer containing (pH 6.9) α-glucosidase
enzyme solution (1.0 U/mL) in 96-well microplates. Half and
one-fifth diluted samples were also used to determine a potential
dose dependent response. The mixed solutions were incubated at
25◦C for 10min. After incubation, 50µL of 5mMp-nitrophenyl-
α-D-glucopyranoside solution in 0.1Mphosphate buffer (pH 6.9)
was added to each well at timed intervals. The reaction mixtures
were then incubated at 25◦C for 5min. Before and after that 5min
incubation, absorbances (A) reading were recorded at 405 nm
by a microplate reader (Thermomax, Molecular Device Co., VA,
USA) and the difference between 0- and 5-min readings were
noted as 1A. For the control, 50 µL of buffer solution was added

instead of the sample. The result was expressed as % inhibition of
α-glucosidase and calculated using the following formula:

α − Glucosidase Inhibition (%) =
( Abs control− Abs sample)

Abs control
× 100

α-Amylase Enzyme Inhibition Assay
In vitro assay model described by McCue et al. (2005) was
used to determine α-amylase inhibitory activity of fermented
and unfermented blackberry-based fruit extracts. Undiluted, one-
fifth and one-tenth diluted samples were tested to obtain a
dose depended response. For the assay, a total volume of 500
µL of sample comprised of 500 µL for undiluted, 100 µL of
sample and 400 µL of distilled water (1/5 concentration) or
50 µL of sample combined with 450 µL of distilled water
(1/10 concentration) were used. The water and sample mixtures
with 500 µL of 0.02M sodium phosphate buffer (pH 6.9 with
0.006M sodium chloride) containing α-amylase enzyme solution
(0.5 mg/mL) were combined and were incubated at 25◦C for
10min. After incubation, 500 µL of 1% (w/v) starch solution
that were prepared in 0.02M sodium phosphate buffer (pH 6.9
with 0.006M sodium chloride) was added to each tube at timed
intervals and then incubated for additional 10min. The reaction
was stopped with the addition of 1.0mL of dinitrosalicylic acid
color reagent. The test tubes were then incubated in a boiling
water bath for 10min and cooled down to the room temperature.
The reaction mixture was then diluted with 10mL of distilled
water and the absorbance (A) was read at 540 nm. The result was
expressed as % inhibition of α-amylase and calculated using the
following formula:

α − Amylase Inhibition (%)

= (
Abs control−

(

Abs sample− Abs Sample Blank
)

Abs Control
× 100

Angiotensin-1- Converting Enzyme
Inhibition Assay
The ACE inhibitory activity was measured using a modified
assay described by McCue et al. (2005). A volume of 50 µL of
sample was incubated with 200 µL of 0.1M NaCl-borate buffer
(pH 8.3) containing 2.0 mU ACE-I solution at 25◦C for 10min.
After incubation, 100 µL of 5mM substrate solution (hippuryl-
histidine-leucine, HHL) was added. The reaction mixture was
incubated at 37◦C for an hour. The reaction was then stopped
with the addition of 150 µL of 0.5N HCl. The product of ACE
reaction, hippuric acid, was detected and quantified using high
performance liquid chromatography (HPLC) method.

Five microliters of sample were injected using Agilent ALS
1100 autosampler into an Agilent 1100 series HPLC (Agilent
Technologies, Palo Alto, CA) equipped with DAD 1100 diode
array detector. The solvents used for gradient elution were (A)
10mM phosphoric acid (pH 2.5) and (B) 100% methanol. The
methanol concentration was increased to 60% for the first 8min,
and to 100% for the next 5min, then decreased to 0% for the
last 5min (total run time is 18min). Nucleosil 100-5C18, 250
× 4.6mm i.d., was the analytical column used with packing
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material of 5µm particle size at a flow rate 1 mL/min at ambient
temperature. During each run, the chromatogram was recorded
at 228 nm and integrated using Agilent Chemstation enhanced
integrator for detection of liberated hippuric acid. The peak area
of hippuric acid (E) chromatogramwas noted. Pure hippuric acid
was used to calibrate the standard curve and retention time. The
result was expressed as % inhibition of ACE and calculated using
the following formula:

ACE Inhibition (%) =
(
(

Abs control− Abs blank
)

− Abs sample)

( Abs control− Abs blank)

× 100

HPLC Analysis of Phenolic Profiles
Two milliliters of blackberry, pear or the 30:70 combination was
filtered through a 0.2µm filter. A volume of 5 µL sample was
injected using Agilent ALS 1100 autosampler into an Agilent
1100 series HPLC (Agilent Technologies, Palo Alto, CA, USA)
equipped with DAD 1100 diode array detector. The solvents
used for gradient elution were (A) 10mM phosphoric acid
(pH 2.5) and (B) 100% methanol. The methanol concentration
was increased to 60% for the first 8min and to 100% over
the next 7min, then decreased to 0% for the next 3min and
was maintained for the next 7min (total run time is 25min).
The analytical column used was Agilent Zorbax SB-C18, 250
× 4.6mm i.d., with packing material of 5µm particle size at
a flow rate of 1 mL/min at ambient temperature. During each
run, the chromatogram was recorded at 225 and 306 nm and
integrated using Agilent Chemstation enhanced integrator. Pure
standards of gallic acid, protocatechuic acid, chlorogenic acid,
caffeic acid, resveratrol, rutin, p-coumaric acid, m-coumaric acid,
and rosmarinic acid in 100% methanol were used to calibrate the
standard curves and retention times.

Preparation of H. pylori Culture
H. pylori was grown according to Stevenson et al. (2000).
Standard plating medium was composed of 10 g of special
peptone (Oxoid Ltd, Basing-Stoke, England), 15 g of granulated
agar (Difco Laboratories, Becton, Dickinson and Co., Sparks,
MD, USA), 5 g of sodium chloride (EM Science, Gibbstown,
NJ, USA), 5 g of yeast extract (Difco) and 5 g of beef extract
(Difco) per liter of water. Broth media were consisted of 10 g of
special peptone (Oxoid Ltd) per liter, 5 g of sodium chloride (EM
Science) per liter, 5 g of yeast extract (Difco) per liter, and 5 g of
beef extract (Difco) per liter of water. One milliliter of H. pylori
stock culture was inoculated to 10mL of sterile broth medium
and incubated at 37◦C for 24 h. To make bacterial lawn for the
agar-diffusion assay active culture was then spread on H. pylori
standard plating agar plates.

Agar-Diffusion Assay
The antimicrobial activity of the fermented sample extracts on
H. pylori was analyzed by agar-diffusion method. Sterile 12.7mm
diameter paper disks (Schleicher & Schuell, Inc., Keene, NH)
were placed on the surface of seeded agar plates. The test extracts
were sterilized using 0.22µm Milipore filter membrane (Fisher
Scientific, Pittsburgh, PA, USA). One hundred microliters of test

extracts were aseptically added onto the paper disks. Distilled
water was used as control. Treated plates were incubated at 37◦C
for 48 h in BBL GasPak jars (Becton, Dickinson and Co., Sparks,
MD, USA) with BD GasPak Campy container system sachets
(Becton, Dickinson and Co., Sparks, MD, USA). Each experiment
was repeated twice and consisted of triplicates (3 disks per sample
or treatment in 1 plate). Diameter (D) of clear zone surrounding
each disk was measured (in millimeter).

Proline Growth Response Assay
The inhibition mechanism of H. pylori mediated by phenolic
phytochemicals was proposed by Shetty and Wahlqvist (2004).
Bacterial lawns of H. pylori were prepared as described
previously. The standard plating medium was modified by the
addition of Proline to a final concentration of 5mM. A similar
protocol as mentioned in the agar-diffusion assay was followed.

Statistical Analysis
All experiments were performed in triplicate and repeated
three times each. Means and standard errors from all three
experimental runs were calculated and combined data analysis
was performed using Microsoft Excel XP. Statistically significant
differences between fruit sample, fermentation treatments,
fermentation time points, and their respective interactions
were determined using repeated measurement ANOVA model
and using multivariate data arrangement. The least significant
difference at p < 0.05 confidence level between fruit sample
extracts × fermentation treatments interactions for each
parameters was calculated separately for each fermentation time
point using Tukey’s test.

RESULTS AND DISCUSSION

Total Soluble Phenolic Content and
Phenolic Profile
Folin-Ciocalteu based colorimetric assay method was used to
determine total soluble phenolic content of unfermented and
LAB-fermented fruit synergy and pure extracts of blackberry
and pear. Statistically significant differences (p ≤ 0.05) in total
soluble phenolic content between fruit samples, fermentation
treatments, fruit sample × fermentation treatment interactions
within fermentation time points were observed (Figure 1).
Additionally, statistically significant (p ≤ 0.05) differences in
phenolic content between fermentation time points were also
observed. As expected, high total soluble phenolic content
was observed in Kiowa blackberry extracts (100%) when
compared with pure Bartlett pear (100%) and blackberry:
pear (30:70) combination across all fermentation time points
(Figure 1). The total soluble phenolic content of Kiowa
blackberry and Bartlett pear extracts found in this study
corroborated with our previous findings (Sarkar et al., 2015,
2016). Significant improvement over baseline and proportional
(v:v) phenolic content of individual pear and blackberry was
also found in 30:70 blackberry: pear combination following
fermentation with B. longum. Previously, Agustinah et al.
(2016) reported increase in total soluble phenolic content with
proportional increase of blueberry juice in apple: blueberry
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FIGURE 1 | Total soluble phenolic content (mg GAE/ g FW) of Bartlett pear (100%), blackberry: pear (30:70), and Kiowa blackberry (100%) after fermenting with

Lactobacillus helveticus (LH) and Bifidobacterium longum (BL) at 0, 24, and 48 h time points. Different uppercase letters represent statistically significant (p ≤ 0.05)

differences in TSP content between fruit sample extracts × fermentation treatment interactions separately at all 3 fermentation time point.

fruit synergy. In another study, Gunathilake et al. (2013) found
high phenolic content in apple: cranberry: blueberry (equal
proportion) combination, which were targeted for functional
beverage design.

At 0 h time point L. helveticus fermented samples with
natural acidic pH had significantly high soluble phenolic
content followed by B. longum fermented fruit combinations.
Additionally, at 24 and 48 h fermentation time points,
fermentation with B. longum resulted in higher total soluble
phenolic content, which was statistically significant (p ≤ 0.05)
irrespective of fruit substrates and fermentation time points.
Higher stability and retention of soluble phenolics was observed
in all three substrates (100 % pure extracts of blackberry and pear
and their combination at 30:70 ratio) and after 48 h fermentation
with B. longum. In a previous study, improvement in total
phenolic content was observed following fermentation of Myrtle
berry with Lactobacillus plantarum (Curiel et al., 2015). Similarly,
Kaprasob et al. (2017) found improvement in phenolic bioactive
content in cashew apple extracts after 12 and 24 h fermentation

with select LAB strains. Ankolekar et al. (2011) reported higher
retention of phenolic bioactives in cherry extracts under natural
acidic pH condition after 72 h fermentation with L. helveticus
(previously reported as Lactobacillus acidophilus). In the current
study, no statistically significant differences in total soluble
phenolic content were observed between pH adjusted and
unadjusted sample of LAB fermented fruit extracts. Results of
this current study indicated that improvement of total phenolic
content in B. longum fermented fruit substrates was not just
due to the changes in pH, but fermentation might also have
beneficial impact on solubilization and mobilization of phenolic
bioactives present in the respective fruit matrix and in their
combination (30:70).

Therefore, to improve retention of soluble phenolics and
subsequent bioactive enrichment in blackberry-based foods and
beverages, it is important to advance both compatible fruit
synergy and beneficial LAB-based (B. longum) fermentation.
In addition to total soluble phenolic content, understanding
phenolic compound composition and their changes following
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TABLE 1 | Profile and concentration of phenolic compounds (µg/g FW) in Bartlett pear (100%), 30:70 (blackberry: pear) combination, and Kiowa blackberry (100%)

extracts following fermentation with Lactobacillus helveticus (LH) and Bifidobacterium longum (BL) at 0 h (A), 24 h (B), and 48 h (C) time points.

Gallic Acid Catechin p-coumaric

acid

Chlorogenic

acid

Protocatechuic

acid

Benzoic acid Rutin

(A) 0 H

Pear 100% Unfermented 0.02 ± 0.0001X 0.24 ± 0.002 0.054 ± 0.001 0.015 ± 0.0008 0.032 ± 0.001 n.dy n.d

LH Fermented 0.018 ± 0.0001 0.20 ± 0.001 0.048 ± 0.002 0.012 ± 0.0004 0.036 ± 0.002 n.d n.d

LH Fermented Adjusted

pH

0.016 ± 0.0002 0.26 ± 0.001 0.045 ± 0.002 0.019 ± 0.0002 0.035 ± 0.0009 n.d n.d

BL Fermented 0.022 ± 0.0004 0.28 ± 0.002 0.051 ± 0.001 0.016 ± 0.0003 0.040 ± 0.002 n.d n.d

BL Fermented Adjusted

pH

0.024 ± 0.0003 0.26 ± 0.003 0.049 ± 0.0008 0.014 ± 0.0001 0.042 ± 0.0006 n.d n.d

Black berry:

Pear 30:70

Unfermented 0.03 ± 0.001 0.35 ± 0.006 0.062 ± 0.0007 n.d 0.015 ± 0.0009 n.d 0.6 ± 0.008

LH Fermented 0.028 ± 0.0009 0.38 ± 0.008 0.065 ± 0.0004 n.d 0.018 ± 0.0008 n.d 0.54 ± 0.009

LH Fermented Adjusted

pH

0.023 ± 0.0097 0.42 ± 0.005 0.052 ± 0.001 n.d 0.025 ± 0.0006 n.d 0.62 ± 0.007

BL Fermented 0.034 ± 0.0008 0.45 ± 0.005 0.066 ± 0.0005 n.d 0.020 ± 0.001 n.d 0.45 ± 0.006

BL Fermented Adjusted

pH

0.036 ± 0.002 0.44 ± 0.008 0.068 ± 0.0009 n.d 0.021 ± 0.0007 n.d 0.46 ± 0.004

Blackberry

100%

Unfermented 0.026 ± 0.004 0.9 ± 0.008 0.052 ± 0.0009 n.d n.d 0.114 ± 0.004 1.3 ± 0.01

LH Fermented 0.021 ± 0.0009 0.95 ± 0.004 0.060 ± 0.0007 n.d n.d 0.116 ± 0.005 1.23 ± 0.02

LH Fermented Adjusted

pH

0.028 ± 0.0007 0.83 ± 0.006 0.050 ± 0.001 n.d n.d 0.111 ± 0.003 1.45 ± 0.02

BL Fermented 0.031 ± 0.001 1.10 ± 0.007 0.051 ± 0.001 n.d n.d 0.126 ± 0.001 1.24 ± 0.01

BL Fermented Adjusted

pH

0.032 ± 0.0008 0.96 ± 0.008 0.049 ± 0.0008 n.d n.d 0.120 ± 0.001 1.36 ± 0.01

(B) 24 H

Pear 100% Unfermented 0.017 ± 0.0003 0.20 ± 0.001 0.042 ± 0.0008 0.011 ± 0.0001 0.030 ± 0.001 n.d n.d

LH Fermented 0.02 ± 0.0006 0.23 ± 0.002 0.040 ± 0.001 0.013 ± 0.0006 0.030 ± 0.002 n.d n.d

LH Fermented Adjusted

pH

0.014 ± 0.0001 0.24 ± 0.001 0.047 ± 0.0006 0.014 ± 0.0004 0.031 ± 0.001 n.d n.d

BL Fermented 0.024 ± 0.0001 0.25 ± 0.001 0.044 ± 0.0009 0.011 ± 0.0001 0.042 ± 0.002 n.d n.d

BL Fermented Adjusted

pH

0.022 ± 0.0002 0.22 ± 0.001 0.046 ± 0.001 0.016 ± 0.0001 0.044 ± 0.0009 n.d n.d

Black berry:

Pear 30:70

Unfermented 0.032 ± 0.0009 0.31 ± 0.006 0.058 ± 0.0006 n.d 0.010 ± 0.0003 n.d 0.3 ± 0.006

LH Fermented 0.036 ± 0.001 0.28 ± 0.001 0.061 ± 0.002 n.d 0.011 ± 0.0002 n.d 0.23 ± 0.005

LH Fermented Adjusted

pH

0.028 ± 0.001 0.36 ± 0.004 0.050 ± 0.001 n.d 0.015 ± 0.0001 n.d 0.36 ± 0.002

BL Fermented 0.038 ± 0.0007 0.33 ± 0.002 0.059 ± 0.001 n.d 0.018 ± 0.0009 n.d 0.32 ± 0.001

BL Fermented Adjusted

pH

0.035 ± 0.0009 0.34 ± 0.001 0.054 ± 0.001 n.d 0.016 ± 0.0005 n.d 0.40 ± 0.001

Blackberry

100%

Unfermented 0.024 ± 0.0001 0.84 ± 0.008 0.045 ± 0.001 n.d n.d 0.108 ± 0.001 1.2 ± 0.008

LH Fermented 0.026 ± 0.0006 0.98 ± 0.002 0.050 ± 0.0009 n.d n.d 0.104 ± 0.001 1.31 ± 0.009

LH Fermented Adjusted

pH

0.030 ± 0.0006 0.95 ± 0.001 0.055 ± 0.0008 n.d n.d 0.113 ± 0.005 1.36 ± 0.009

BL Fermented 0.033 ± 0.0014 0.96 ± 0.008 0.052 ± 0.0006 n.d n.d 0.120 ± 0.002 1.34 ± 0.01

BL Fermented Adjusted

pH

0.030 ± 0.001 0.90 ± 0.006 0.056 ± 0.0007 n.d n.d 0.124 ± 0.002 1.40 ± 0.008

(C) 48 H

Pear 100% Unfermented 0.012 ± 0.0001 0.15 ± 0.001 0.032 ± 0.001 0.009 ± 0.0007 0.024 ± 0.0009 n.d n.d

LH Fermented 0.016 ± 0.0001 0.21 ± 0.001 0.042 ± 0.0007 0.016 ± 0.0001 0.022 ± 0.0006 n.d n.d

(Continued)
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TABLE 1 | Continued

Gallic Acid Catechin p-coumaric

acid

Chlorogenic

acid

Protocatechuic

acid

Benzoic acid Rutin

LH Fermented Adjusted

pH

0.014 ± 0.0001 0.20 ± 0.002 0.043 ± 0.001 0.013 ± 0.0001 0.023 ± 0.0007 n.d n.d

BL Fermented 0.020 ± 0.0006 0.24 ± 0.002 0.050 ± 0.001 0.012 ± 0.0002 0.034 ± 0.0009 n.d n.d

BL Fermented Adjusted

pH

0.019 ± 0.0001 0.23 ± 0.003 0.043 ± 0.0006 0.015 ± 0.0002 0.034 ± 0.001 n.d n.d

Black berry:

Pear 30:70

Unfermented 0.026 ± 0.001 0.24 ± 0.001 0.052 ± 0.0005 n.d 0.012 ± 0.0001 n.d 0.21 ± 0.002

LH Fermented 0.033 ± 0.002 0.32 ± 0.001 0.054 ± 0.0008 n.d 0.010 ± 0.0001 n.d 0.2 ± 0.005

LH Fermented Adjusted

pH

0.029 ± 0.001 0.31 ± 0.002 0.053 ± 0.0009 n.d 0.016 ± 0.0001 n.d 0.18 ± 0.002

BL Fermented 0.036 ± 0.001 0.35 ± 0.003 0.060 ± 0.001 n.d 0.012 ± 0.0003 n.d 0.34 ± 0.001

BL Fermented Adjusted

pH

0.033 ± 0.0007 0.32 ± 0.001 0.064 ± 0.0007 n.d 0.014 ± 0.0004 n.d 0.33 ± 0.001

Blackberry

100%

Unfermented 0.024 ± 0.0001 0.78 ± 0.003 0.040 ± 0.0006 n.d n.d 0.098 ±

0.0009

0.9 ± 0.004

LH Fermented 0.026 ± 0.0006 0.86 ± 0.002 0.042 ± 0.0006 n.d n.d 0.112 ± 0.005 1.1 ± 0.01

LH Fermented Adjusted

pH

0.030 ± 0.0006 0.90 ± 0.004 0.051 ± 0.0009 n.d n.d 0.115 ± 0.005 1.2 ± 0.008

BL Fermented 0.033 ± 0.0014 0.84 ± 0.002 0.046 ± 0.0009 n.d n.d 0.114 ± 0.004 1.23 ± 0.009

BL Fermented Adjusted

pH

0.030 ± 0.001 0.94 ± 0.001 0.051 ± 0.0005 n.d n.d 0.120 ± 0.003 1.28 ± 0.009

X± Standard Error.
yn.d-not detected.

fruit synergy and LAB-based fermentation is also essential to
develop wider fruit based functional foods and beverages.

The major phenolic compounds found in 30:70 blackberry:
pear combination were gallic acid, catechin, p-coumaric acid,
protocatechuic acid, and rutin (Table 1). Cholorgenic acid
was observed only in 100% Bartlett pear extract, while 100%
Kiowa blackberry extracts had benzoic acid. Protocatechuic
acid was not found in 100% Kiowa blackberry, but 30:70
blackberry: pear combination had protocatechuic acid due to
the integration of pear in this fruit synergy. Similarly, addition
of blackberry resulted into significant rutin content in 30:70
blackberry: pear fruit combination. The result of this study
indicated that integration of compatible fruit synergy can
potentially widen phenolic bioactive profile and their associated
functionalities in fruit combination derived foods and beverages.
In previous optimization study, similar profile of phenolic
compounds was found in blackberry: pear combination (Warner,
2012). Additionally, these are also the most common phenolic
compounds reported in pear and blackberry extracts by previous
studies (Sarkar et al., 2015, 2016; Willems and Low, 2018; Schulz
et al., 2019; Liao et al., 2020).

Like the results of total soluble phenolic content, significant
changes in individual phenolic compounds following LAB
fermentation of fruit substrates was also observed (Table 1).
Specifically, catechin, p-coumaric acid, and rutin content of 100%
blackberry, 100% pear, and 30:70 blackberry: pear combination
increased with LAB fermentation. Overall, higher retention and
stability of phenolic compounds were observed after 48 h with
LAB fermentation. Catechin and rutin can be found in bound
forms in fruits and LAB fermentation potentially released these
compounds in food and beverage matrices (Su et al., 2014).

Benzoic acid content of 100% blackberry extracts also increased
with LAB fermentation and maintained at higher level even
after 48 h. Previously, Park et al. (2017) found increases in
benzoic acid and benzaldehyde after fermenting mixed berry
juice with L. plantarum. Similarly, Ryu et al. (2019) reported
increased protocatechuic acid and catechol in LAB fermented
blueberry. The results of the current and other reported studies
indicated that LAB-based bioprocessing is an effective strategy
to improve stability of phenolic compounds in berry and other
fruit extracts. Such improvement in phenolic bioactive retention
following LAB-based fermentation is relevant for enhancing
human health protective qualities as well as improving post-
harvest preservation qualities of pear, blackberry and foods and
beverages derived from these fruits. As phenolic compounds
of blackberry and pear have antioxidant benefits, improvement
in their retention and stability potentially leads into enhanced
antioxidant activity in bioprocessed substrates.

Antioxidant Functionality
Total antioxidant activity of fermented and unfermented
extracts of pure blackberry, pear, and blackberry: pear
(30:70) combination was determined using DPPH-free radical
scavenging assay. Overall, moderate to high antioxidant activity
(41–82% inhibition) was observed across all fermentation time
points and three different fruit substrates (Figure 2). Similar
to the results of total soluble phenolic content, antioxidant
activity of fruit extracts varied significantly (p ≤ 0.05) between
3 fruit samples, fermentation treatments, fermentation time
points, and fruit sample × fermentation treatment interactions.
Blackberry: pear (30:70) combination had significantly (p≤ 0.05)
higher DPPH-based antioxidant activity after 48 h fermentation
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FIGURE 2 | Total antioxidant activity (DPPH-based inhibition) of Bartlett pear (100%), blackberry: pear (30:70), and Kiowa blackberry (100%) after fermenting with

Lactobacillus helveticus (LH) and Bifidobacterium longum (BL) at 0, 24, and 48 h time points. Different uppercase letters represent statistically significant (p ≤ 0.05)

differences in antioxidant activity between fruit sample extracts × fermentation treatment interactions separately at all 3 fermentation time point.

and incubation (for unfermented sample). Between blackberry
and pear, blackberry extracts had higher baseline antioxidant
activity. However, with LAB fermentation antioxidant activity
of Bartlett pear extracts (100%) further improved after 48 h of
LAB fermentation.

Like the result of total soluble phenolic content, B. longum
fermented sample (natural pH at 0 and 24 h and in adjusted pH at
48 h) had significantly (p≤ 0.05) higher antioxidant activity when
compared with unfermented and L. helveticus fermented fruit
substrates. At 0, and 24 h fermentation time points, B. longum
fermented sample with natural acidic pH had higher antioxidant
activity when compared with sample of neutral (adjusted)
pH. Previously, improved antioxidant activity was observed in
several fruit substrates following LAB-based and gut microbiota
fermentation (Curiel et al., 2015; Fujita et al., 2017; Kaprasob
et al., 2017, 2019; Park et al., 2017; Gowd et al., 2019). In addition
to the release of antioxidant bioactives in fermented matrix,
some LAB strains can also exhibit strong antioxidant activity
(Liu and Pan, 2010). Therefore, redox protective functions of
LAB is extremely relevant to counter oxidative degradation and

associated spoilage of plant and dairy based foods and beverages.
In addition to improving keeping quality, when recruited
for bioprocessing in antioxidant rich fruit substrates, LAB
fermentation can further enhance the antioxidant functionalities
of fermented foods and beverages. Results of the current study
revealed that compatible fruit synergy combining with LAB-
based fermentation is an effective bioprocessing strategy to
improve antioxidant activity of blackberry and pear-derived
foods and beverages. The antioxidant enriched blackberry:
pear combination following LAB fermentation are relevant for
targeting diets to counter chronic oxidative stress-linked diseases
such as type 2 diabetes and cardiovascular diseases. However,
it is also important to determine other type 2 diabetes relevant
functionalities of antioxidant-enriched foods and beverages to
integrate them in dietary interventions and support strategies for
wider public health solutions with further in vivo studies.

Anti-hyperglycemic Functionality
Chronic hyperglycemia due to breakdown of glucose homeostasis
contributes to pathogenesis of type 2 diabetes. Therefore,
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TABLE 2 | Anti-hyperglycemic property relevant α-glucosidase enzyme inhibitory activity of (1/5th, ½ and undiluted) Bartlett pear (100%), 30:70 (blackberry: pear)

combination, and Kiowa blackberry (100%) extracts during (0, 24, and 48 h) fermentation with Lactobacillus helveticus (LH) and Bifidobacterium longum (BL).

0H 24 H 48 H

1/5 Dil 1/2 Dil Undil 1/5 Dil 1/2 Dil Undil 1/5 Dil 1/2 Dil Undil

Pear 100% Unfermented 56 ± 1.8XAy 70 ± 4.5A 80 ± 4.3A 46 ± 2.3BC 52 ± 3.1CD 70 ± 2.0C 15 ± 1.3F 31 ± 1.8G 52 ± 0.9F

LH Fermented 50 ± 2.1B 57 ± 3.4B 60 ± 12.6D 43 ± 2.4C 51 ± 4.2CD 62 ± 1.6D 5 ± 1.2GH 11 ± 1.8H 28 ± 0.6H

LH Fermented Adj pH 42 ± 0.9C 50 ± 2.7C 68 ± 3.4BC 42 ± 2.8C 55 ± 0.6AB 74 ± 1.3BC 2 ± 1.6H 13 ± 1.8H 35 ± 1.2G

BL Fermented 48 ± 2.4B 51 ± 1.9C 61 ± 2.7D 45 ± 4.1BC 52 ± 2.5CD 63 ± 0.8D 7 ± 2.8G 11 ± 1.8H 27 ± 1.6H

BL Fermented Adj pH 49 ± 3.6B 52 ± 2.1C 60 ± 1.9D 43 ± 3.8C 58 ± 1.4A 75 ± 1.4B 16 ± 1.4F 40 ± 1.8F 63 ± 1.3DE

Black

berry:Pear

30:70

Unfermented 41 ± 1.1C 54 ± 1.2BC 62 ± 2.3D 44 ± 1.5BC 50 ± 1.4D 70 ± 2.7C 38 ± 0.6CD 41 ± 1.1EF 66 ± 0.9C

LH Fermented 36 ± 2DE 52 ± 0.6C 60 ± 2.1D 21 ± 0.7F 43 ± 1.1E 51 ± 1.3F 48 ± 1.3A 59 ± 1.2B 65 ± 1.1CD

LH Fermented Adj pH 32 ± 1.3E 40 ± 1.7DE 66 ± 1.3C 43 ± 0.6C 54 ± 1.6BC 76 ± 2.5B 38 ± 1.8CD 47 ± 1.4D 68 ± 1.5C

BL Fermented 36 ± 1.3DE 51 ± 1.1C 60 ± 0.9D 27 ± 0.9E 43 ± 1.5 55 ± 1.9E 47 ± 1.2AB 58 ± 1.6B 63 ± 1.5DE

BL Fermented Adj pH 38 ± 1.1D 54 ± 0.9BC 70 ± 3.2B 38 ± 1.2D 50 ± 2.2D 63 ± 1.4D 36 ± 2.5D 45 ± 1.9DE 61 ± 1.8E

Blackberry

100%

Unfermented 25 ± 1.1F 42 ± 1.3D 60 ± 1.2D 43 ± 2.1C 58 ± 1.4A 75 ± 1.3B 43 ± 2.3BC 52 ± 1.2C 81 ± 4.1B

LH Fermented 21 ± 0.7FG 37 ± 1.1EF 47 ± 1.5F 53 ± 2.8A 57 ± 1.5AB 70 ± 1.5C 18 ± 1.6F 57 ± 1.3B 79 ± 1.7B

LH Fermented Adj pH 20 ± 0.6G 35 ± 1.4F 51 ± 1.6F 21 ± 1.3F 42 ± 1.2E 72 ± 3.5BC 44 ± 1.9BC 75 ± 1.4A 90 ± 3.6A

BL Fermented 22 ± 0.3FG 37 ± 1.7EF 48 ± 1.7F 55 ± 1.5A 57 ± 2.7AB 70 ± 3.6C 28 ± 1.5E 60 ± 1.1B 79 ± 1.5B

BL Fermented Adj pH 20 ± 0.7G 38 ± 1.9E 56 ± 2.8E 48 ± 1.3B 56 ± 2.4AB 80 ± 3.1A 41 ± 1.3C 58 ± 2.3B 88 ± 2.1A

X± Standard Error.
yDifferent uppercase letters in each column represent statistically significant (p≤ 0.05) differences in α-glucosidase enzyme inhibitory activity between fruit sample extract× fermentation

treatment interactions separately for each dilution and each fermentation time point.

managing glucose homeostasis, specifically during post-prandial
stage is needed for improving glucosemetabolism and preventing
chronic hyperglycemia. Aqueous extracts of Bartlett pear
and Kiowa blackberry showed significant anti-hyperglycemic
functions in previous in vitro studies (Ankolekar et al., 2012a;
Barbosa et al., 2013; Sarkar et al., 2015, 2016; Espe et al., 2019a).
In this study, both fruit synergy and LAB-based fermentation
were evaluated to determine anti-hyperglycemic properties of
blackberry, pear, and blackberry: pear (30:70) combination.

Targeted in vitro inhibition of two critical enzymes involved
in carbohydrate breakdowns and absorption of glucose in the
bloodstream like α-amylase and α-glucosidase was evaluated
to determine and reflect the anti-hyperglycemic functionalities
of fermented and unfermented fruit extracts using appropriate
rapid in vitro assay models. Moderate to high α-glucosidase
enzyme inhibitory activity was observed in undiluted sample of
blackberry pear, and blackberry: pear (30:70) combination with
and without LAB fermentation (Table 2). Statistically significant
(p≤ 0.05) differences in α-glucosidase enzyme inhibitory activity
between fruit sample extracts and fermentation treatments were
also observed at all fermentation time points. Significant dose
dependent response (1/5th, ½, and undiluted) in α-glucosidase
enzyme inhibitory activity was also found across all samples. In
Bartlett pear extracts (100%) α-glucosidase enzyme inhibitory
activity decreased from 0 to 48 h, while it gradually increased in
pure Kiowa blackberry (100%) extract. In blackberry: pear (30:70)
combination, higher α-glucosidase enzyme inhibitory activity
was found at 24 h time point. At 0 h time point unfermented
fruit extracts had significant (p ≤ 0.05) high α-glucosidase
enzyme inhibitory activity, while B. longum fermented and
pH adjusted sample showed higher inhibitory activity at 48 h

fermentation time point Therefore, fruit synergy retained
significant α-glucosidase enzyme inhibitory activity related anti-
hyperglycemic functionality with or without LAB fermentation.
Previously, Agustinah et al. (2016) reported high α-glucosidase
enzyme inhibitory activity in apple cider: blueberry combination.

These results indicated that improvement in α-glucosidase
enzyme inhibitory activity in blackberry and pear extract is
independent of the pH of the sample. In a previous study,
Kaprasob et al. (2019) found high α-glucosidase enzyme
inhibitory activity in B. longum fermented cashew apple extracts
after 48 h fermentation.

Inhibitory activity of another key enzyme α-amylase was also
investigated to better understand the overall anti-hyperglycemic
functionality of fermented and unfermented fruit extracts.
Overall, very high α-amylase enzyme inhibitory activity (90–
100%) was observed in undiluted sample of blackberry, pear,
and blackberry: pear (30:70) combination (Table 3). The α-
amylase enzyme inhibitory activity (undiluted) of fermented
and unfermented fruit sample extracts between different
fermentation time points were not statistically significant.
However, within each fermentation time point, α-amylase
enzyme inhibitory activity varied significantly (p≤ 0.05) between
fruit sample extracts and fermentation treatments. Due to such
high baseline α-amylase enzyme inhibitory activity, we also
targeted 1/5th and 1/10th diluted samples. Even after 1/10th
dilution, L. helveticus fermented fruit extracts (specifically in
natural acidic pH) had significantly higher α-amylase enzyme
inhibitory activity at 0 h time point. Fermentation with B.
longum improved α-amylase enzyme inhibitory activity in pure
Kiowa blackberry extracts (100%), which was more prominent
in 1/5th diluted sample and at 48 h time point. High in vitro
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TABLE 3 | Anti-hyperglycemic property relevant α-amylase enzyme inhibitory activity of (1/10th, 1/5th, and undiluted) Bartlett pear (100%), 30:70 (blackberry: pear)

combination, and Kiowa blackberry (100%) extracts during (0, 24, and 48 h) fermentation with Lactobacillus helveticus (LH) and Bifidobacterium longum (BL).

0H 24 H 48 H

1/10 Dil 1/5 Dil Undil 1/10 Dil 1/5Dil Undil 1/10 Dil 1/5 Dil Undil

Pear 100% Unfermented 6 ± 0.03 x GHy 21 ± 1.4G 72 ± 2.6D 20 ± 1.3 47 ± 3.2E 80 ± 3.9C 0 10 ± 0.04F 70 ± 1.5D

LH Fermented 57 ± 2.3B 99 ± 3.9A 100 ± 2.5A 74 ± 2.2 100 ± 0.9A 100 ± 0.2A 17 ± 0.5 88 ± 1.8A 100 ± 1.7A

LH Fermented Adjusted pH 45 ± 2.1C 100 ± 4.4A 100 ± 3.1A 80 ± 2.5 100 ± 1.2A 100 ± 0.2A 36 ± 0.3 87 ± 4.1A 100 ± 1.5A

BL Fermented 8 ± 0.6G 30 ± 2.1EF 88 ± 2.4B 85 ± 1.6 100 ± 0.3A 100 ± 0.5A 0 57 ± 2.7B 100 ± 1.7A

BL Fermented Adjusted pH 7 ± 0.09G 28 ± 1.4F 81 ± 5.1C 23 ± 3.2 80 ± 0.5B 100 ± 0.3A 0 20 ± 0.8E 80 ± 1.3C

Blackberry:

Pear 30:70

Unfermented 8 ± 0.02G 83 ± 1.8B 100 ± 1.5A 0 55 ± 4.1D 100 ± 2.8A 8 ± 0.6 15 ± 0.9E 80 ± 2.1C

LH Fermented 93 ± 1.5A 99 ± 3.5A 100 ± 2.7A 0 68 ± 3.2C 100 ± 2.3A 16 ± 0.4 60 ± 3.6B 100 ± 2.3A

LH Fermented Adjusted pH 41 ± 2.5CD 63 ± 2.9C 100 ± 1.3A 0 57 ± 3.6D 100 ± 2.2A 16 ± 0.3 42 ± 3.2C 90 ± 3.9B

BL Fermented 6 ± 0.3GH 41 ± 3.3D 100 ± 1.9A 10 ± 0.6 60 ± 3.5D 100 ± 2.6A 0 29 ± 1.7D 92 ± 3.4B

BL Fermented Adjusted pH 1 ± 0.08H 21 ± 1.6G 100 ± 1.6A 5 ± 0.3 40 ± 3.1F 100 ± 2.4A 0 16 ± 0.8E 90 ± 2.5B

Blackberry

100%

Unfermented 7 ± 0.2GH 28 ± 1.4F 90 ± 4.1B 0 14 ± 0.8G 90 ± 4.5B 4 ± 0.06 57 ± 1.4B 95 ± 3.7AB

LH Fermented 17 ± 0.4F 86 ± 1.3B 100 ± 2.8A 0 15 ± 1.3G 66 ± 3.2D 1 ± 0.02 60 ± 1.5B 100 ± 2.9A

LH Fermented Adjusted pH 35 ± 1.7D 80 ± 3.7B 100 ± 2.5A 0 6 ± 0.09H 60 ± 2.1D 2 ± 0.02 17 ± 0.6E 100 ± 2.1A

BL Fermented 25 ± 0.8E 35 ± 2.5DE 100 ± 2.1A 16 ± 1.3 57 ± 2.3D 100 ± 2.5A 5 ± 0.08 93 ± 0.9A 100 ± 3.4A

BL Fermented Adjusted pH 14 ± 0.5F 17 ± 1.2G 90 ± 4.4B 3 ± 0.08 12 ± 2.3GH 80 ± 2.3C 11 ± 0.7 27 ± 1.2D 100 ± 2.6A

X± Standard Error.
yDifferent uppercase letters in each column represent statistically significant (p ≤ 0.05) differences in α-amylase enzyme inhibitory activity between fruit sample extract × fermentation

treatment interactions separately for each dilution and each fermentation time point.

α-amylase enzyme inhibitory activity was previously reported
in pear (Ankolekar et al., 2012a; Sarkar et al., 2015), blackberry
(Sarkar et al., 2016), and blackberry: pear combinations (Warner,
2012). The high α-amylase and moderate α-glucosidase enzyme
inhibitory activities of fermented and unfermented fruit extracts
found in this study has significant relevance to target them
in overall dietary support strategies for managing chronic
hyperglycemia commonly associated with type 2 diabetes.

Anti-hypertensive Functionality
One way to control hypertension is by utilizing angiotensin-I-
converting enzyme (ACE) inhibiting compounds from natural
or synthetic sources. Angiotensin-I-converting enzyme, converts
inactive angiotensin I in the body into angiotensin II (Messerli
et al., 2018). Angiotensin II stimulates the synthesis and release of
aldosterone from the adrenal cortex, which then increases blood
pressure via promoting sodium retention (Messerli et al., 2018).
This is called the renin-angiotensin-aldosterone pathway, and it
naturally helps regulate blood pressure. Utilizing natural ACE
inhibitors from plant-based food sources are more attractive, due
to the fact that most pharmaceutical drugs fully inhibit many
other digestive enzymes as well as ACE and long-term use of
synthetic ACE inhibitors can lead to renal dysfunction (Oussalah
et al., 2020).

Previously, moderate in vitro ACE inhibitory activity was
observed in aqueous extracts of Bartlett pear (Barbosa et al.,
2013; Sarkar et al., 2015). In the current study, moderate to
high ACE inhibitory activity was observed in pure Bartlett
pear extracts (100%), while pure Kiowa blackberry extracts
had no inhibitory activity against ACE (Figure 3). Interestingly,
integration of pear in blackberry resulted in low to moderate in

vitro ACE inhibitory activity. Statistically significant differences
in ACE inhibitory activity between fruit sample extracts and
fermentation treatments were observed at all 3 fermentation time
points. Fermented pear and blackberry: pear combination had
higher ACE inhibitory activity at all fermentation time points,
which was statistically significant (p ≤ 0.05) when compared to
ACE inhibition by unfermented fruit sample extracts. Results of
this study indicated that Bartlett pear is a compatible fruit target,
which can be combined to improve anti-hypertensive property
relevant ACE inhibitory activity in blackberry combined foods
and beverages. Furthermore, LAB-based fermentation with L.
helveticus can be used to improve ACE inhibitory potential of
blackberry: pear fruit synergy and pure pear (Bartlett) extracts.
Such improvement in ACE inhibitory activity has dietary
and therapeutic relevance to address chronic hypertension,
commonly associated with type 2 diabetes and other NCDs.

Anti-bacterial Activity Against Helicobacter
pylori
Anti-bacterial activity of fermented fruit extracts were
also investigated against human gut ulcer causing bacteria
Helicobacter pylori. In this study, inhibition of H. pylori was only
found with B. longum and L. helveticus fermented pure Kiowa
blackberry (100%) sample (Figure 4). No other sample inhibited
the growth of H. pylori. Longer LAB fermentation up to 48 h
resulted in greaterH. pylori zone of inhibition. The reason behind
this inhibition is still not clear and pH was not the suspected
cause, as all samples were pH adjusted prior to plating. Most
phenolic compounds from plant-based food sources potentially
prevent bacteria from utilizing proline dehydrogenase to obtain
proline for energy needs and to understand this likely metabolic

Frontiers in Sustainable Food Systems | www.frontiersin.org 11 July 2021 | Volume 5 | Article 703672

https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Pucel et al. Bioprocessing Berries for Health Benefits

FIGURE 3 | Anti-hypertensive property relevant angiotensin-I-converting enzyme (ACE) inhibitory activity of Bartlett pear (100%), blackberry: pear (30:70) after

fermenting with Lactobacillus helveticus (LH) and Bifidobacterium longum (BL) at 0, 24, and 48 h time points. Fermented and unfermented blackberry extracts (100%)

did not show any ACE inhibitory activity. Different uppercase letters represent statistically significant (p ≤ 0.05) differences in ACE inhibitory activity between fruit

sample extracts × fermentation treatment interactions separately at all 3 fermentation time point.

FIGURE 4 | Disc diffusion assay-based Helicobacter pylori inhibition observed with 48 h LAB fermented (Lactobacillus helveticus and Bifidobacterium longum) Kiowa

blackberry extracts (100%).
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strategy, H. pylori was grown on plates containing proline to
supplement the bacterial needs (Lin et al., 2005; Ankolekar
et al., 2011). Even on these proline-enriched plates, the bacteria
remained inhibited solely by fermented Kiowa blackberry
extracts. Proline dehydrogenase inhibition is therefore ruled out
as the reason for the inability of H. pylori to grow around 100%
blackberry juice fermented with LAB. Previously, Goodman
et al. (2020) observed H. pylori inhibitory activity in blackberry
and raspberry extracts. Therefore, LAB-based fermentation
can be recruited to improve antibacterial activity in berry
derived foods and beverages, which has relevance in improving
human gut health benefits in addition to its high antioxidant
protective functions.

CONCLUSION

In this study, fruit synergy of blackberry and pear using 30:70
ratio resulted in higher phenolic-linked antioxidant and anti-
hyperglycemic functionalities. Integration of pear in blackberry
also resulted in anti-hypertensive property relevant ACE
inhibitory activity in blackberry: pear (30:70) combination.
Additionally, LAB-based fermentation, specifically 48 h
fermentation with B. longum and L. helveticus further enhanced
stability and retention of phenolic bioactives and associated
functionalities such as antioxidant, anti-hyperglycemic, and
anti-hypertensive properties in blackberry: pear (30:70) fruit
synergy. Furthermore, LAB fermented Kiowa blackberry extracts
showed anti-bacterial activity against H. pylori, which is relevant
for managing gastric ulcer and stomach infections. Therefore,
results of this study revealed that both health-targeted and

compatible fruit synergy and LAB-based fermentation are
effective bioprocessing tools for improving antioxidant, anti-
hyperglycemic, anti-hypertensive, and antibacterial properties
of blackberry and pear fruit synergy, which can be integrated
in dietary support strategies aligning needs of early stages of
type 2 diabetes. Such improved redox-linked antioxidant and
antibacterial function is also pertinent for reducing post-harvest
spoilage and improving keeping quality of nutritionally relevant
bioactive rich fruits and beverages derived from blackberry: pear
fruit synergy.
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