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Abstract

The effects of the inclusion of broccoli co-products into crackers on the bioaccessibility
as well as their overall physical and nutritional quality were evaluated. Crackers were
formulated using a 12.5 or 15.0% flour substitution level. Broccoli-containing crackers
presented higher specific volume and spread ratio and lower weight and specific volume
than control crackers (p<0.05). Crackers containing broccoli co-products showed an
increased green hue and a higher colour intensity (p<0.05). Incorporation of broccoli co-
products into crackers significantly increased the total phenolic content and antioxidant
capacity (p<0.05). A simulated gastrointestinal digestion suggested that the amount of
phenolic and antioxidant compounds released during digestion might be higher than what
could be expected from common water-organic extracts. The incorporation of broccoli
co-products into baked crackers would not only reduce the amount of food discarded as
waste but also promote health and open novel commercial opportunities to food

processors.

Keywords: functional foods, antioxidant activity, baked goods, broccoli co-products,

bioaccessibility, phenolic compounds
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Introduction

Unfortunately, the generation of waste in the food processing industry is unavoidable. A
large amount of the food and food co-products currently discarded as waste or used for
low value purposes are rich in valuable compounds which could be reincorporated into
the food chain. The utilization of edible co-products rich in health-promoting compounds
as novel ingredients for the development of functional foods would not only reduce the
amount of food discarded as waste, or used for low value purposes, but also promote
health and open novel commercial opportunities for food processors. Functional foods
deliver additional or enhanced benefits over their basic nutritional value and the
functional foods market is currently one of the top trends in the food industry. In addition,
the global market for snack foods is projected to exceed US$630 billion by 2020, driven
by robust demand for functional snacks and the rising popularity of organic and natural
ingredients-based snacks (INC. 2015). Crackers represent an important share of the snack
market and provide a large number of opportunities for new product development,
especially in the area of functional foods (Millar et al,. 2017).

Broccoli (Brassica oleracea italica) contains health-promoting substances including
phenolic compounds and glucosinolates. Large amounts of co-products including leaves,
stems, and stalks are generated during processing of broccoli. Recent studies suggested
that broccoli stems and leaves contain high levels of total phenolics and high antioxidant
and anticarcinogenic activities. Moreover, Lafarga et al,. (2018b) reported comparable
nutritional profiles and a similar resistance to thermal processing between the florets and
stems of several Brassica vegetables including varied broccoli varieties. Although health-
promoting compounds found in cruciferous vegetables can be heavily lost during thermal

processing (Lafarga et al,. 2018a; Sarvan et al,. 2012), previous studies suggested that
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heat-sensible ingredients could be resistant to thermal processing when incorporated into
baked products (Lafarga et al,. 2016).

The aim of this work was to produce functional crackers with enhanced concentrations of
fibre, glucosinolates, and phenolic compounds using broccoli co-products and to study
the influence of their inclusion on the physicochemical parameters of the product
including weight, density, colour, firmness, moisture content, and fibre content as well as
on the overall quality and acceptance of the end product. The effects of broccoli inclusion
into crackers on parameters including colour, texture, moisture, water activity (aw),
antioxidant capacity, acceptance, and total glucosinolate (TGC) were studied over a 14-

day period.
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Materials and methods

Preparation of crackers

Broccoli stems were cut into 10 x 10 x 10 mm cubes, sanitized in 100 ppm sodium
hypochlorite for 2 min, rinsed with tap water, and left to dry at room temperature to reduce
surface contamination. The co-products were frozen, freeze-dried, milled to a thin
powder, vacuum sealed, and stored at -20 °C until further use. The doughs were prepared
for mixing according to the formulations listed in Table S1 and following the
methodology described in Supplementary File S1. Control crackers without powdered
freeze-dried broccoli were labelled as F00.0. Crackers containing broccoli at a flour

substitution level of 12.5 and 15.0% (w/w) were labelled as F12.5 and F15.0, respectively.

Dimensions, weight, and chemical composition of crackers

The weight and dimensions of 30 crackers were averaged for each formulation and
replicate. Length, width, and thickness were measured with Verner calipers and the spread
ratio, specific volume, and density were calculated for each sample. Weight, length,
width, and thickness measurements were taken at day 1 post-baking.

Moisture content was determined using AACC method 44-15.02. Soluble (SDF),
insoluble (IDF), and total (TDF) dietary fibre were determined according to AOAC
Method 991.43, using the ANKOM dietary fibre analyser (ANKOM technology, NY,

USA) and expressed as percentage.

Colour and texture

Colour recordings were taken using a Minolta CR-200 colorimeter (Minolta INC, Tokyo,
Japan). CIE values were recorded in terms of L* (lightness), a* (redness/greenness), and
b* (yellowness/blueness). Calibration was carried out using a standard white tile (Y:92.5,

x:0.3161, y:0.3321) provided by the manufacturer and the D65 illuminant, which
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approximates to daylight. Chroma (C*a) and difference from the control (8E) were
calculated following the methodology described by Wibowo et al,. (2015). Results are
the average of 10 measurements per formulation and replicate taken on day 1 post-baking.
Texture characteristics were assessed using a TA.XT2 Texture Analyzer (Stable Micro
Systems Ltd., Surrey, England) connected to Exponent software v. 5.0.6.0. Hardness was
determined using the hardness measurement by cutting test provided by the manufacturer
and a knife edge with slotted insert probe (HDP/BS). Ten samples were taken for each

formulation and replicate and measurements were carried out on day 1 post-baking.

Water activity and pH

The aw of all samples was measured using an AqualLab meter (Decagon Devices Inc.,
WA, USA) and approximately 2 g of ground sample. Three measurements were taken for
each formulation and replicate on days 1, 7, and 14 post-baking.

The pH of 1g of ground crackers added to 10 g of distilled water was measured in a Basic
20 pH meter (Crison Instruments S.A., Barcelona, Spain) as previously described by
O'Shea et al,. (2017). pH measurements were carried out in triplicate for each formulation

and replicate at day 1 post-baking.

Total phenolic content

The TPC was determined by the Folin Ciocalteu method following the modifications
described by Altisent, Plaza, Alegre, Vifias, and Abadias (2014). Briefly, samples were
homogenized with 70% (w/w) methanol at a sample to solvent ratio or 3:10 (w/v) at 4 °C
for 1 min using a T-25 digital ULTRA-TURRAX® homogenizer (IKA, Staufen,
Germany) at 14,000 rpm. Extraction was held at 4 °C and constant shaking in an ice bath
for 20 min. Absorbance was measured at 760 nm using a GENESYS™ 10S-UV Vis

spectrophotometer (Thermo Fisher Scientific, MA, USA). The TPC was determined in
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triplicate for each formulation and replicate on days 1, 7, and 14 post-baking. Results

were expressed on a dry weight (DW) basis as mg of gallic acid equivalents per 100 g.

Antioxidant activity

Antioxidant activity was measured using two different methods: the FRAP and the 2,2-
diphenyl-1-picrylhydrazyl radical (DPPH-) scavenging activity assays following the
methodologies previously described by Altisent, Plaza, Alegre, Vifias, and Abadias
(2014) and using the same extract used for TPC determination. Absorbance was measured
at 593 and 515 nm for FRAP and DPPH- assays respectively. Antioxidant activity was
determined in triplicate for each formulation and replicate on days 1, 7, and 14 post-

baking. Results were expressed as g of ascorbic acid equivalents per 100 g of DW.

Total glucosinolate content

The TGC of the broccoli stems and of the control and broccoli-containing crackers were
determined following the methodologies described by Mawlong et al,. (2017). Briefly,
spectrophotometric estimation was done using methanolic extract prepared from by
homogenizing 0.1 g defatted sample with 80% (v/v) methanol. The homogenized sample
was centrifuged at 3,000 rpm for 4 min after keeping overnight at room temperature. The
supernatant was collected and made up to 2 ml with 80% (v/v) methanol. Absorbance
was measured at 425 nm using a GENESYS™ 10S-UV Vis spectrophotometer (Thermo
Fisher Scientific, MA, USA). TGC was determined in triplicate for each broccoli-
containing formulation and replicate on days 1, 7, and 14 post-baking. TGC was

expressed as mg of glucoraphanin equivalents per 100 g DW.

Sensory evaluation
Sensory evaluation was undertaken at day 1 post-baking with 40 untrained panellists
recruited from IRTA Fruitcentre. Sensory evaluation was conducted in a sensory

7
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laboratory with separate booths following the methodology described by Millar et al,.
(2017) with some modifications. Briefly, samples were placed on white polystyrene
plates labelled with random codes and presented to consumers in a randomised order. A
60-s time laps was employed between each sensory palate, to reduce sensory fatigue.
Each panellist assessed all three samples and was asked to indicate his or her opinion on
the firmness, crunchiness, overall visual appearance, and overall acceptability of the

products using a 9-point hedonic scale (from 1: dislike extremely to 9: like extremely).

In vitro gastrointestinal digestion

A simulated gastrointestinal digestion of the control and broccoli-containing crackers was
performed following the methodology previously described by Zudaire et al,. (2017). The
methodology consists of three sequential stages including an oral (a-amylase, pH 7.0),
gastric (pepsin, pH 3.0), and intestinal (pancreatin and fresh bile, pH 7.0) phase.
Determinations of TPC and antioxidant capacity were carried out after both gastric and
intestinal phases by substituting the methanolic extract for the same amount of the

digestive enzymatic extracts.

Statistical analysis

Results are expressed as mean * standard deviation (S.D.). Differences between samples
were analyzed using analysis of variance (ANOVA) with JMP 13 (SAS Institute Inc.,
NC, USA). Where significant differences were present, a Tukey pairwise comparison of

the means was conducted to identify where the sample differences occurred (p<0.05).
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Results and discussion

In the current study broccoli stems showed an antioxidant potential of 317 + 29 and 239
+ 14 mg/100 g DW calculated using the FRAP and DPPH- methods, respectively. The
TPC of the broccoli co-products used in the current study was calculated as 312 + 41
mg/100 g DW. Results compared well in terms of TPC and antioxidant bioactivity to
those recently obtained by Lafarga et al,. (2018b) who assessed the TPC and antioxidant

capacity of the stems of different broccoli varieties.

Physical quality

The inclusion of broccoli co-products into the cracker formulations significantly affected
the colour parameters of the baked crackers listed in Table 1. The L* parameter which
denotes lightness and varies from 0 (black) to 100 (white) was significantly lower in both
broccoli-containing crackers, F12.5% and F15.0%, when compared to the control
(p<0.05). This denotes a lighter appearance of the control samples. A negative correlation
was observed between L* values and broccoli content (r?=-0.837). Similar results were
obtained previously after inclusion of coloured ingredients into baked products such as
seaweed (Fitzgerald et al,. 2014) or blackcurrant pomace (Schmidt et al,. 2018). As
expected, inclusion of broccoli co-products into crackers increased the green hue of the
final product (data not shown) and the C*ap value, a quantitative indicator of colourfulness
(p<0.05). This indicates that the broccoli-containing crackers had a higher colour
intensity. A positive correlation was observed between L* values and broccoli content
(r>=0.947). Similar increases in C*, were observed in baked crackers after substitution
of flour with pulses (Millar et al,. 2017). The 6E combines the change in L*, a*, and b*
values to quantify the colour deviation from a standard reference sample, in this case,

wheat flour crackers. Those samples with 6E > 3 display a visible colour deviation
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(Wibowo et al,. 2015). As expected, broccoli-containing crackers had a 6E > 3, exhibiting
a visible colour deviation when compared to the control.

Broccoli-containing crackers showed a lower pH at day 1 post-baking when compared to
the control crackers (p<0.05). Overall, physical characteristics of the crackers were
significantly affected by the inclusion of broccoli at 12.5 and 15.0% (w/w; p<0.05). Both
broccoli-containing formulations presented higher specific volume and spread ration and
lower weight and specific volume than control crackers (p<0.05). A positive correlation
was observed between the spread ratio and broccoli content (r?=0.966). Higher spread
ratios are considered more desirable at industrial level (Tiwari et al,. 2011). In addition,
the moisture content of the crackers was comparable to that of previous formulations and
was higher when compared to other snacks such as legume-containing crackers (Colla
and Gamlath 2015). Both broccoli-containing crackers had a lower moisture content than
the control (p<0.05) and a negative correlation was observed between the broccoli content
and water content (r>=-0.975). The moisture content of the three cracker formulations was
significantly lower at day 7 when compared to day 1 (p<0.05) and no differences were
observed between the moisture content at day 7 and day 14 suggesting a stable product.
Inclusion of broccoli at a concentration of 15.0% (w/w) resulted in increased hardness
(p<0.05). Although an increase in hardness was also appreciated for samples containing
broccoli at a concentration of 12.5% (w/w), results were not significantly different.
Previous studies suggested a direct relationship between hardness of crackers and total
fibre content and a negatively correlation between hardness and moisture content (Millar
et al,. 2017). Therefore, the observed increase in hardness observed after broccoli
inclusion in the current study could be caused by a reduced moisture and an increased

fibre content when compared to control samples.

Nutritional characteristics of baked crackers

10
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Previous studies obtained increased TDF content in crackers and other baked goods after
substitution of wheat flour with other vegetable-derived sources (Millar et al,. 2017). In
the current study, the TDF and IDF of broccoli-containing crackers was higher when
compared to the control. However, the observed increase in fibre content was not
statistically significant.

The TPC of the baked crackers was higher in both broccoli-containing crackers when
compared to the control (p<0.05; Figure 1). Similar results were observed previously after
inclusion of broccoli into bread at a concentration of 2% (w/w) (Gawlik-Dziki et al,.
2014). TPC at day 1 was positively correlated with broccoli content (r> = 0.919).
Moreover, the TPC of all cracker formulations was significantly lower at day 7 when
compared to day 1 (p<0.05). Previous studies observed a decrease in the TPC of foods
during storage (Patras et al,. 2011, Howard et al,. 2010). In the current study, no
differences were observed between the TPC measured at days 7 and 14 for all cracker
formulations suggesting stable products.

Due to the high TPC measured in both broccoli-containing formulations, an increased
antioxidant activity was expected. The expected increase in antioxidant activity was
achieved in both broccoli-containing crackers (p<0.05). Gawlik-Dziki et al,. (2014)
obtained increased antioxidant capacity after inclusion of broccoli sprouts into wheat
bread formulations at concentrations ranging from 1 to 5% (w/w). Similar results were
obtained by Lee (2015). In the current study, a positive correlation was observed between
the antioxidant potential at day 1 and broccoli content when assessed using the DPPH (r?
=0.760) and FRAP (r? = 0.911) methods. Other food products such as soups have shown
increased antioxidant capacity after incorporation of broccoli co-products into their recipe
(Alvarez-Jubete et al,. 2014). Antioxidant activity assessed using the DPPH- method was

lower at day 7 and 14 when compared to day 1. However, the observed decrease was only

11
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statistically significant for cF12.5 (p<0.05). When assessed using the FRAP method, the
antioxidant capacity of F00.0 and F12.5 was significantly lower at days 7 and 14 when
compared to day 1 (p<0.05).A positive correlation was observed between the antioxidant
capacity as assessed using the FRAP method and the TPC at day 1 (r? = 0.985). Similar
results were observed after inclusion of vegetable co-products such as mango peel into
baked goods (Ajila et al,. 2010) .The TGC of F12.5 and F15.0 is shown in Figure 1. No
differences were observed between the TGC of F12.5 and F15.0. In addition, the TGC of
both F12.5 and F15.0 was affected by storage and decreased at days 7 and 14 (p<0.05).
A decrease in the TGC of formulation F12.5 was observed from day 7 to day 14 but it

was not statistically significant.

Sensory analysis

Scores obtained after sensory analysis for overall appearance, overall acceptability,
firmness, and crunchiness are shown in Figure S1. Inclusion of broccoli into the crackers
formulation resulted in increased overall acceptability (p<0.05). Previous studies which
assessed the effect of the incorporation of fruit and vegetable co-products into baked
goods obtained acceptability scores comparable to the control (Schmidt et al,. 2018,
Chareonthaikij et al,. 2016). Results are comparable to previous studies which obtained
high acceptability scores after inclusion of broccoli powder into bread (Gawlik-Dziki et
al,. 2014). The overall visual appearance score obtained for F12.5 was significantly high
when compared to F00.0 and F15.0 (p<0.05). Although a decrease in crunchiness and

firmness was perceived after inclusion of broccoli, results were not statistically different.

Simulated gastrointestinal digestion
Bioaccessibility, which has is defined as the release of compounds from their natural food
matrix to be available for intestinal absorption, is one of the main limiting factors for

bioavailability (Stahl et al., 2002). The in vitro gastrointestinal digestion strategy suggests
12
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which compounds survive the gastrointestinal tract conditions and are likely to reach the
colon where they can act or be absorbed into the blood stream (McDougall et al,. 2007).
Overall, the results shown in Table 2 were comparable in magnitude for each cracker
formulation. Both the TPC and antioxidant potential increased after the gastric stage,
when compared to the initial stage, for all cracker formulations (p<0.05). An increase in
the TPC was also observed for all cracker formulations after the intestinal stage (p<0.05).
Strong pH variations and pepsin may affect the integrity of cell walls, facilitating the
liberation of phenolic and antioxidant compounds not detected in initial phases, and
hydrolysed wheat- and broccoli-derived proteins resulting in peptides with antioxidant
properties (Niu et al,. 2013, Cian et al,. 2015). The longer extraction process, if compared
to values prior to digestion (those obtained after the methanol:water extraction), may
partially explain these findings. Results obtained for TPC and antioxidant activity were
not comparable as the antioxidant capacity assessed using both the FRAP and DPPH-
assays was significantly lower after the intestinal phase when compared to the digestive
stage (p<0.05). Different pH values can affect racemization of molecules creating two
different chiral enantiomer. This could alter their biological activities and may render
antioxidant more reactive early in the digestive process, particularly at acidic pH values
(Jamali et al,. 2008). Similar results were published byGawlik-Dziki et al,. (2009)
observed a significant increase in the TPC of the breads containing either 2.5 or 5.0%
(w/w) buckwheat flavones during the different stages of digestion. The TPC of these
breads varied from 0.50 and 0.72 mg/mL at the initial stage to 0.78 and 0.79 mg/mL, and
0.72 and 0.90 mg/mL after the gastric and intestinal phases, respectively. Pérez-Jiménez
and Saura-Calixto (2005) also reported that TPC and antioxidant activity of the digestive
enzymatic extracts was significantly higher when compared to that of the water-organic

extracts.

13



290 Conclusions

291  Broccoli co-products could be incorporated into baked products such as crackers at
292  relatively high concentrations in order to increase their nutritional and physicochemical
293  quality without affecting their overall acceptance. Incorporation of broccoli into cracker
294  formulations increased the content of dietary fibre, total phenolics, and glucosinolates as
295  well as the antioxidant capacity when compared to the flour-only crackers. Overall, a
296  decrease in the TPC and the antioxidant activity of all cracker formulations was observed
297  during storage, especially during the first week. Results obtained herein suggest that the
298  amount of phenolic and antioxidant compounds released during digestion may be higher

299  than what could be expected from common water-organic extracts.
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Legends to figure

Figure 1. (A) TPC, antioxidant activity measured using the (B) FRAP and (C) DPPH

methods, and (D) TGC

Values represent the mean of three independent experiments + S.D. Capital letters
indicate significant differences between different formulations at the same sampling day.
Lower case letters indicate significant differences between sampling days for the same

cracker formulation.

Supplementary items

Table S1. Cracker formulations

Supplementary File S1: Baking procedure

Figure S1. Sensory evaluation of broccoli-containing crackers assessed at day 1 post

baking
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