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INTRODUCTION

No matter how healthy people want to eat, they also like 
to have some snacks, treats, and fast carbohydrates, such as 
biscuits. To make these snacks healthier, it  is possible to use 
biologically active compounds from plants of  natural origin 
in their preparation. Scientists around the world have already 
conducted studies on the addition of various plant products, 
by-products of  food production, as well as plant extracts to 
foods, improving their nutritional value as well as biologi-
cal value. For example, it  has been possible to significantly 
increase the  content of  phenolic compounds and  increase 
the  antioxidant activity of  bread with the  addition of  sweet-
-lupines [Villarino et al., 2014], rice bran [Irakli et al., 2015], 
cumin and  caraway seeds and  by-products [Sayed-Ahmad 
et  al., 2018b], chia seeds and  cakes [Sayed-Ahmad et  al., 
2018a], pasta with mango peel powder [Ajila et al., 2010], Hi-
biscus sabdariffa L. calyxes’ residue [Ahmed & Abozed, 2015], 
and biscuit with grape marc extract [Pasqualone et al., 2014]. 
As each plant has a specific profile of individual phenolic com-
pounds, their behaviour and efficiency in  food matrices also 
differ; therefore in-depth research of new sources is advisable.

Plants are rich in  many biologically active compounds, 
such as phenolics (phenolic acids and  flavonoids), and  es-
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sential oils, which possess various antioxidant properties 
[Naczk & Shahidi, 2004]. Therefore, local plants specific to 
each region, but not widely used, are also sought and identi-
fied. Horseradish (Armoracia rusticana L.) is a plant growing 
in temperate latitudes that does not require special growing 
conditions, and a previous study [Tomsone, 2015] has shown 
that these plants contain high amounts of biologically active 
compounds such as phenolic compounds with antioxidant 
properties. It  was found that total phenolic content (TPC) 
of  horseradish leaves was 711–5406  mg GAE/100  g dry 
matter (DM), but TPC of roots was on average 7–10 times 
lower. Other studies showed a smaller difference in TPC be-
tween leaves and roots, i.e., 256–385 mg GAE/100 g DM and  
174–289 mg GAE/100 g DM, respectively [Calabrone et al., 
2015]. These plants have long been used for medicinal pur-
poses with a  wide range of  applications for the  treatment 
of various diseases using both roots and leaves [Agneta et al., 
2013]. Although horseradish roots have a  greater culinary 
value, horseradish leaves can also be  used for food pur-
poses. Like other cruciferous plants, besides phenolic com-
pounds [Prieto et  al., 2019], horseradish is  rich in  volatile 
sulphur-containing compounds – glucosinolates [Kloucek 
et al., 2012], and enzymes such as peroxidase and myrosinase  
[Belitz et al., 2009; Mokdad et al., 2009].

The high content of biologically active substances in cer-
tain food ingredients does not always ensure high bioacces-
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sibility and  bioavailability during digestion. Bioavailability, 
defined as the amount of  compounds available for absorp-
tion, can depend on a number of factors. These factors are af-
fected by the chemical structure of compounds caused by gly-
cosylation, esterification and polymerization [Alminger et al., 
2014; Gayoso et  al., 2018]. The  raw materials of  the  plant 
kingdom consist of  many compounds, which could be  un-
stable  in  the  aggressive environment of  the  stomach. They 
can be  stabilised using modern technologies. One of  such 
solutions is microencapsulation. It  is  a physical solution to 
prevent premature degradation of  these substances, where 
the microcapsule wall acts as a physical protective barrier to 
chemical compounds.

The aim of this study was to investigate the effect of horse-
radish root pomace, horseradish leaf pomace, microencapsu-
lated horseradish root and leaf juice on the physicochemical 
properties of biscuits, as well as to assess in vitro bioavailabil-
ity and activity of phenolics.

MATERIALS AND METHODS

Horseradish products
Horseradish (A. rusticana L.) was harvested in Latvia (lat-

itude 56° 39’ N, longitude 23° 44’ E), washed, cut in 5 cm long 
pieces. Horseradish leaves and roots were packed in polyeth-
ylene bags (approximately 0.5  kg each, in  total 50  kg roots 
and  25  kg leaves) and  frozen at -18°C.  Horseradish root 
and  leaf juice was obtained by  grinding the  frozen sample, 
and then extracting in a basket press. Juice was microencap-
sulated in a Mini Spray Dryer B-290 (Büchi, Flawil, Switzer-
land) using maltodextrin as a wall material at the core-to-wall 
ratio of 50:50 [Tomsone, 2020b]. Horseradish root and leaf 
pomace was dried in  a  Musson-1  microwave-vacuum drier 
(Ingredient, St. Petersburg, Russia) as described by Tomsone 
et al. [2020a].

Biscuit preparation
Biscuits were prepared according to the formulation de-

scribed in Table 1, and the calculation of the required amount 
of horseradish product to be added was based on the TPC 
in each product. The traditional recipe of butter biscuit dough 
was selected for a control. Horseradish products were used to 
enrich biscuits with phenolic compounds.

All ingredients were mixed using a Varimixer AR10 mix-
er (Wodschow & Co., Brondby, Denmark) for ±10  min. 
The dough was allowed to rest for ±10 min, and then  rolled 
in  a  0.7  cm thick sheet. Circles of  4.5  cm in  diameter were 
then cut and were further divided into four equal segments. 
Biscuits were baked using the silicon baking sheet at 200±5°C 
for ±10 min in a rotary oven (Sveba Dahlen, Fristad, Swe-
den). Two batches (each 800  g) of  biscuits were baked for 
each formulation and tempered to room temperature 22±2°C 
within 1 h. Biscuits were then stored in cardboard boxes at 
room temperature in the dark at 60±5% relative air humid-
ity and analysed twice – on the next day after baking (further 
referred to as: before storage) and after 180 days storage (fur-
ther referred to as: after storage). Ten biscuits were randomly 
selected from the  batch, crushed and  used as the  average 
sample for further analysis.

Reagents
Gallic acid, Folin-Ciocalteu reagent, and  2,2-diphenyl-

1-picrylhydrazyl radical (DPPH˙) were purchased from Sig-
ma-Aldrich (Buchs, Switzerland). All other chemicals were 
obtained from Acros Organics (Belgium, WI, USA).

Spectrophotometric assays of the total phenolic content 
and antioxidant activity

Extraction procedure
The extraction of phenolic compounds from horseradish 

root and leaf pomace was done according to Tomsone et al. 
[2020a]. Briefly, dried pomace was ground and twice extract-
ed using acetone in an ultrasonic bath and then re-extracted 
with ethanol/water (80:20, v/v). Extraction was completed 
in triplicate for each type of pomace.

For the spectrophotometric analysis of microencapsulat-
ed horseradish root and horseradish leaf juice, 0.1 g of pow-
der was dissolved in 100 mL of distilled water and stirred for 
20 min on a magnetic stirrer (magnet size 4.0 × 0.5 cm) at 
700 rpm. Three extracts were prepared for each type of mi-
crocapsules.

For biscuit extraction, 2.5 g of crushed biscuits were sus-
pended in  10  mL of  an ethanol/water mixture (80:20, v/v) 
in  a  glass flask. The  extraction was completed at 20±1°C 
in an ultrasonic bath YJ5120–1 (Oubo Dental, St. Louis, MO, 
USA) for 30 min at 35 kHz. The clear top layer of the extract 
was decanted and  centrifuged using a  CM-6MT centrifuge 
(Elmi Ltd., Riga, Latvia) for 5 min at 3,500 rpm. The super-
natant was collected in a 25-mL graduated flask. Biscuit sedi-
ment was re-extracted with 10 mL of a fresh solvent and treat-

TABLE  1. Formulation of  biscuit doughs with different horseradish 
products.

Ingredients
Samples

C B_HRP B_HLP B_HRM B_HLM

Flour and horseradish 
products, incl.

flour (g) 500 487.50 497.10 492.10 499.20

dried horseradish 
root pomace (g) – 12.50 – – –

dried horseradish 
leaf pomace (g) – – 2.90 – –

horseradish root 
microcapsules (g) – – – 7.90 –

horseradish leaf 
microcapsules (g) – – – – 0.80

Butter (g) 270 270 270 270 270

Sugar (g) 125 125 125 125 125

Egg mass (g) 50 50 50 50 50

Salt (g) 5 5 5 5 5

Baking powder (g) 3 3 3 3 3

Abbreviations: C: control; B_HRP: biscuits with horseradish root pom-
ace powder; B_HLP: biscuits with horseradish leaf pomace powder; 
B_HRM: biscuits with horseradish root juice microcapsules; B_HLM: 
biscuits with horseradish leaf juice microcapsules.
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ed in  an ultrasonic bath for an additional 10  min. The  top 
layer was decanted and centrifuged for 5 min. Both superna-
tants were combined in  a  25-mL graduated flask and  filled 
with solvent till the mark. Extraction was completed in tripli-
cate for each sample.

Spectrophotometric analysis
All spectrophotometric analyses were performed using 

a  JENWAY 6300  spectrophotometer (Barloworld Scientific 
Ltd., Staffordshire, UK) and were used according to the pro-
cedure described by Tomsone et al. [2020a].

The total phenolic content (TPC) was determined accord-
ing to the Folin–Ciocalteu spectrophotometric assay described 
by  Singleton et  al. [1999]. Calculations were done using 
a standard curve of a gallic acid solution in water, and results 
were expressed as mg gallic acid equivalents (GAE) per 100 g 
of DM. Each extract was analysed in triplicate.

DPPH˙ scavenging activity was determined according 
to the  method described by  Yu et  al. [2003]. The  2,2’-azi-
no-bis(3-ethylbenz-thiazoline-6-sulfonic) acid (ABTS) was 
used to determine ABTS˙+ scavenging activity according to  
Re et al. [1999] procedure. Calculations were done using a stan-
dard curve, and  results were expressed as mmol 6-hydroxy-
-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) equiva-
lents per 100 g DM. Each extract was analysed in triplicate.

Determination of  individual phenolic compounds 
and organic acids

Individual phenolics and  organic acids were determined 
by  HPLC as described by  Tomsone et  al. [2020a]. Briefly,  
1 N HCl/ethanol/distilled water (1:80:19, v/v/v) was used for 
phenolics extraction in  an ultrasonic bath YJ5120–1 (Oubo 
Dental) at 35 kHz and 20±1°C for 10 min. The supernatants 
obtained after centrifugation were then separated and quanti-
fied using a Prominence LC-20AD HPLC system (Shimadzu, 
Canby, OR, USA) with a photodiode array detector SPD M20A 
(Shimadzu, Kyoto, Japan). For determination of organic acids, 
samples were extracted with a solution of metaphosphoric acid 
in distilled water (pH 3.0), using a magnetic stirrer. The ana-
lytical C18 column (Perkin Elmer, 4.6 mm ×250 mm, 5 mm) 
and detection at a wavelength of 210 nm were used. The total 
organic acids were calculated as a sum of oxalic, tartaric, quin-
ic, malic, malonic, ascorbic, citric, fumaric, and succinic acids. 
Each extract was analysed in triplicate. 

Determination of  moisture content, pH, and  water 
activity

Moisture content in  the  horseradish products (dried 
horseradish root pomace, dried horseradish leaf pomace, 
microencapsulated horseradish juice, and microencapsulated 
horseradish leaf juice) and biscuits was determined according 
to the International Organization for Standardization (ISO) 
6496 standard [ISO, 1999], which was used for the expression 
of results in dry matter. Each batch was analysed in triplicate.

The  water activity (aw) was measured directly at 25°C 
using the  Novasina Thermoconstanter model Labswift-aw 
(Novasina AG, Lachen, Switzerland). Each reading was com-
pleted according to the manufacturer’s instructions and done 
in triplicate for each batch.

The  pH value of  the  samples was measured accord-
ing to Association of  Official Analytical Chemists (AOAC) 
method No. 943.02 [AOAC, 2020] with some modifications. 
The  biscuit sample (5  g) was weighed into an Erlenmeyer 
flask and 50 mL of distilled H2O was added. The suspension 
was prepared by  mixing for 10  min at 25°C.  Then, the  pH 
was measured using a  Jenway-3505  pH-meter (Barloworld 
Scientific Ltd., Dunmow, Essex, UK) with a glass electrode 
standardized by buffer solutions of pH 4 and pH 7, both at 
25°C. Each batch was analysed in triplicate.

Colour evaluation
Colour analyses were performed using a ColorTec-PCM 

instrument (Accuracy Microsensors, Inc., Pittsford, New 
York, USA), using the CIE L* a* b* colour space, where L* 
represents the sample’s lightness in the range from 0 (black) 
to 100 (white), a* is the redness from green to red (-a* – +a*), 
and b* is the yellowness from blue to yellow (-b* – +b*). Each 
biscuit type was crushed and placed in a PE-LD ziplock bag 
(size 60 × 75 mm). The colour of each batch was measured 
on the bag surface in ten random places.

The total colour difference (ΔE) between the enriched bis-
cuits and the butter biscuits without horseradish (control) on 
the day after baking and cooling was calculated using Equa-
tion (1):

ΔE = √(L2*–L1*)+(a2*–a1*)+(b2*–b1*)  (1)

where: L2*, a2*, and b2* – measured values of biscuit samples 
with horseradish products; and L1*, a1*, and b1* – the values 
of butter biscuit samples (control).

The total colour difference (ΔEt) between the samples af-
ter 180-day storage and the respective biscuits before storage 
was calculated using Equation (2):

ΔEt = √(Lt2*–Lt1*)+(at2*–at1*)+(bt2*–bt1*)
2  (2)

where: Lt2*, at2*, and bt2* – measured values of biscuit samples 
after 180-day storage; and Lt1*, at1*, and bt1* – measured val-
ues of the respective biscuit samples before storage.

Chroma (C*) was calculated according to Equation (3), 
and hue angle (h) according to Equation (4) [Dag et al., 2017; 
Sant’Anna et al., 2013].

Cab* = √a*2+b*2 (3)

hab = arctan (b*/a*) (4)

when + a* and +b* are in quadrant I.

In vitro digestion
The digestibility of the products was assessed in a gastro-

intestinal tract (GIT) model – bioreactor, in  which nutrient 
transit and digestibility were simulated. The GIT model used 
in  the  study (Multifors 2, INFORS-HT, Bottmingen-Basel, 
Switzerland) consisted of a 500 mL bioreactor tank in which 
the  processes were controlled with the  Iris 6  Pallalel Bio-
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process Control software (INFORS-HT, Bottmingen-Basel, 
Switzerland). The  reactor was equipped with temperature 
and pH sensors, a magnetic stirrer, as well as pumps that con-
trolled the rate of hydrochloric acid (HCl) and sodium bicar-
bonate (NaHCO3) addition. The temperature in the bioreac-
tor was maintained at 37±0.1°C to implement the simulation 
process. During the process, continuous mixing was ensured 
at 120–250 rpm.

The digestibility of the products was simulated based on 
Minekus et  al. [2014] enzymatic in  vitro digestibility proto-
col. The product (30 g) was placed in a bioreactor connected 
to a temperature and pH sensor, 30 mL of simulated saliva 
fluid (SSF) were added, and the sample was kept at 37°C for 
2 min. The transition to the stomach was simulated by adding 
a simulated gastric fluid (SGF), pepsin, CaCl2, and distilled 
water into the  bioreactor. Gastric acid secretion was simu-
lated by adding 1 M HCl and adjusting the pH to 3.0±0.2. 
Digestion in the stomach was simulated for 2 h.

The stomach content was then neutralised to pH 7.0±0.2 
by 1 M NaHCO3 and a simulated intestinal fluid (SIF) contain-
ing a concentrated electrolyte solution, enzymes (trypsin, chy-
motrypsin, α-amylase, lipase), bile salts, CaCl2, and  distilled 
water was added, simulating the transit of gastric contents into 
the duodenum. Digestion in duodenum was simulated for 2 h. 
The  samples were frozen and  stored at –18±1°C till further 
analysis. Each batch was analysed in duplicate.

Prior to the analysis, the samples were defrosted and cen-
trifuged for 30  min. TPC and  antioxidant activity (DPPH˙ 
and ABTS˙+ scavenging activity) were measured in  the  su-
pernatant or the  digested part. The  bioaccessibility index 
(PAC) was calculated according to Equation (5) [Celep et al., 
2017; Świeca et al., 2017]:

PAC = CGE/ CBE (5)

where: CGE – the total phenolic content or antioxidant activ-
ity in the samples after gastrointestinal digestion; and CBE – 

the total phenolic content or antioxidant activity in the non-
digested samples.

Statistical analysis
All experiments were performed with at least three repli-

cates and the results are shown as mean ± standard devia-
tion. The analysis of variance (ANOVA) and Tukey’s test or 
t-test were performed using SPSS version 17 (SPSS Inc., 
Chicago, IL, USA) to determine parameter differences be-
tween samples. The differences were considered significant at 
p≤0.05. Linear correlation analysis was performed to analyse 
the relationship between the variables tested.

RESULTS AND DISCUSSION

Description of the horseradish products
Horseradish products can be used as a source of antioxi-

dants. An important group of the natural antioxidants, due to 
their reduction-oxidation potential, is phenolic compounds – 
plant secondary metabolites. The horseradish products stud-
ied in the current research are also rich in phenolics.

The analysis of variance showed that the TPC, individual 
phenolic compounds, and  antioxidant activity in  horserad-
ish products differed significantly (Table 2). TPC in the leaf 
pomace was four times higher, compared to the root pomace, 
but in the microencapsulated leaf juice it was 10 times high-
er, compared to the root juice. As previous studies reported, 
the horseradish leaves contained a higher amount of the phe-
nolics, compared to roots [Tomsone, 2015]. In  general, 
the  microencapsulated horseradish leaf juice had a  higher 
content of all the determined compounds, except for (+)-cat-
echin (the  highest content was detected in  the  horseradish 
root microcapsules). TPC ranged from 244.44 mg/100 g DM 
of root pomace to 3730.38 mg/100 g DM of encapsulated leaf 
juice, showing potential especially for horseradish leaf prod-
ucts to improve the health value of biscuits with small quanti-
ties added.

TABLE 2. Phenolic compound and organic acid contents, and antioxidant activity of horseradish products.

Parameters
Pomace Microcapsules

Root
HRP

Leaf
HLP

Root juice
HRM

Leaf juice
HLM

TPC* 244.44±10.90d 1028.57±27.64b 376.64±8.05c 3730.38±62.13a

DPPH• scavenging activity** 13.86±0.45d 53.13±0.62c 89.60±2.11b 120.33±1.05a

ABTS•+ scavenging activity** 23.64±0.79d 298.84±7.96b 120.47±3.10c 631.32±13.56a

(+)-Catechin*** 6.96±0.32c 2.39±0.10d 42.04±1.15a 9.90±0.43b

Sinapic acid*** 0.71±0.04d 1.53±0.08c 11.67±0.54b 324.92±11.25a

2-Hydroxycinnamic acid*** 1.66±0.05d 1.80±0.07c 3.70±0.19b 44.40±2.14a

Rutin*** 37.77±1.73d 220.23±1.68b 75.46±2.77c 2033.52±101.68a

Total organic acids*** 760.04±28.00c 772.66±28.63c 2725.91±106.30b 6879.92±244.01a

All data are means ± standard deviation (n=9). a,b,c… – values with different superscripts in the same row are significantly different (p≤ 0.05). *mg GAE 
(gallic acid equivalent)/100 g DM, **mmol Trolox  equivalent/100 g DM, ***mg/100 g DM. Abbreviations: HRP: horseradish root pomace powder; 
HLP: horseradish leaf pomace powder; HRM: horseradish root juice microcapsules; HLM: horseradish leaf juice microcapsules, TPC: total phenolic 
content, DM: dry matter.
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Among the  individual phenolic compounds quantified 
in horseradish product samples, the highest content of rutin 
reached 2033.52 mg/100 g DM of horseradish juice micro-
capsules. Rutin has a  wide range of  bioactivities including 
antioxidant and  anti-inflammatory ones, and  therefore sci-
entists are searching for its potential sources [Camponogara 
et al., 2020; Kherbache et al., 2020]. A similar content of ru-
tin was found in dried aerial parts of buckwheat (2.66%), but 
in extracts its content increased to 6.75% [Kim & Lim, 2019]. 
The banana leaf extract also reached 5% of rutin [Yingyuen 
et al., 2020]. Results of the current study confirm that horse-
radish leaf juice can be a potential source of rutin.

Scientists have been testing the possibility of adding dif-
ferent phenolic-rich products to food, as each of  the added 
products contains an individual and unique chemical profile, 
and compounds can react differently in each particular food 
matrix. Therefore, it  is necessary to study the effect of phe-
nolic compounds of horseradish on the food matrix. The ob-
tained results allowed choosing the quantity of  each horse-
radish product to be added, so that the same concentration 
of phenolic compounds would be added to each biscuit type 
based on the TPC.

Organic acids are important for plant metabolism 
and were found in all horseradish products analysed. Organic 
acids are closely related to the  formation of  phenolic com-
pounds in  plants, as they are part of  the  phenylpropanoid 
pathway biosynthesis. Horseradish leaf juice microcapsules 
(HLM) had the  highest contents of  organic acids among 
the  studied products. There was a  tendency that microen-
capsulated horseradish juice had 3–8  times higher content 
of organic acids, compared to the pomace. The main organic 
acids in all horseradish products were quinic, citric, fumaric, 
and succinic acids (data not shown). 

Biscuit characteristics

Total phenolic content (TPC) and antioxidant activity in biscuits
The TPC values varied among the biscuit samples (Table 3). 

On the day after baking, the control biscuits (C) had a signifi-
cantly (p≤0.05) lower TPC than the enriched biscuits. The addi-
tion of the horseradish products to biscuits increased their TPC 
by 21% (B_HRP) to 60% (B_HLM), compared to the control. 
Other researchers also succeeded in increasing the TPC of flour 
products by adding various plant materials rich in phenolics, 
such as rice bran by 200 to 400% [Irakli et al., 2015], and cum-
in seeds and  by-products by  50–116% [Sayed-Ahmad et  al., 
2018b]. The  same amount of  phenolic compounds provided 
by  different horseradish products was added to the  biscuits 
in the current research. However, the individual phenolic com-
pound profiles of additives differed significantly. The horserad-
ish leaf juice microcapsules had higher contents of rutin, sinapic 
acid, and  2-hydroxycinnamic acid, compared to the  other 
horseradish products (Table 2). Possibly, some of the individual 
compounds were more susceptible to the increased temperature 
and moisture vaporization during baking, resulting in the loss 
of TPC.

During baking, the  antioxidant activity, like TPC, also 
increased in  the  biscuits containing horseradish products 
(Table 3). Compared to the control, the DPPH• scavenging 

activity increased by  7% (B_HRP) to 26% (B_HRM), but 
the  ABTS•+ scavenging activity by  18% (B_HRP) to 81% 
(B_HLM).

The increase in the antioxidant activity has been reported 
when food production by-products were added to flour prod-
ucts. Mango peel powder increased antioxidant activity 3  to 
22 times [Ajila et al., 2010], Hibiscus sabdariffa L. calyxes’ resi-
due by 18–140% [Ahmed & Abozed, 2015], as well as cumin 
and  caraway seeds and  by-products [Sayed-Ahmad et  al., 
2018b], and chia seeds and cakes by 12–37% [Sayed-Ahmad 
et al., 2018a]. In  this study, higher DPPH˙ scavenging activ-
ity was found for the biscuits with horseradish root microcap-
sules (B_HRM), horseradish leaf microcapsules (B_HLM), 
and horseradish leaf pomace (B_HLP), while higher ABTS•+ 
scavenging activity for the biscuits with horseradish leaf micro-
capsules (B_HLM) and  horseradish leaf pomace (B_HLP). 
It may be due to the different individual phenolic compound 
profiles of the horseradish products and the differences in an-

TABLE 3. Total phenolic content (TPC) and antioxidant activity of bis-
cuits enriched with horseradish products one day after baking and after 
180-day storage.

Samples Before  
storage

After  
storage

Changes  
after storage

TPC (mg GAE/100 g DM)

C 14.82±0.71d,A 15.60±0.61b,A n.s.

B_HRP 17.96±0.36c,A 18.99±0.93a,A n.s.

B_HLP 23.15±0.93a,A 16.94±0.45b,B 27% (↓)

B_HRM 21.74±0.43b,A 20.04±1.08a,B n.s.

B_HLM 23.75±0.43a,A 16.98±0.28b,B 29% (↓)

DPPH• scavenging activity (mmol TE/100 g DM)

C 1.58±0.08c,B 2.11±0.03a,A 33% (↑)

B_HRP 1.70±0.08b,c,B 2.28±0.05a,A 34% (↑)

B_HLP 1.86±0.06 a,b,B 2.18±0.01a,A 17% (↑)

B_HRM 1.99±0.10a,A 2.14±0.12a,A n.s.

B_HLM 1.93±0.03a,B 2.23±0.08a,A 16% (↑)

ABTS•+ scavenging activity (mmol TE/100 g DM)

C 1.06±0.05d,A 0.56±0.06e,B 47% (↓)

B_HRP 1.25±0.06c,A 0.68±0.01d,B 46% (↓)

B_HLP 1.80±0.08a,b,A 1.32±0.04a,B 27% (↓)

B_HRM 1.71±0.09b,A 1.15±0.05b,B 33% (↓)

B_HLM 1.92±0.06a,A 1.10±0.03b,c,B 43% (↓)

All data are means ± standard deviation (n=18). a,b,c… – values with 
different superscripts in  the  same column for the  same parameter are 
significantly different (p≤ 0.05). A,B– values with different superscripts 
in  the  same row are significantly different (p≤ 0.05). Abbreviations:  
C: control; B_HRP: biscuits with horseradish root pomace powder;  
B_HLP: biscuits with horseradish leaf pomace powder; B_HRM: biscuits 
with horseradish root juice microcapsules; B_HLM: biscuits with horse-
radish leaf juice microcapsules; DM: dry matter; n.s.: change is statisti-
cally insignificant (p>0.05). ↑: Percentage increase after 180-day storage. 
↓: Percentage decrease after 180-day storage.
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tioxidant activity determination methods. The  DPPH assay 
is fast and easy to use in measuring the ability of compounds to 
act as radical scavengers or hydrogen donors, and is therefore 
often used to determine the antioxidant potential of food prod-
ucts [Szawara-Nowak et al., 2016]. But still, the results could 
be interfered by different solubility of the compounds in alco-
hol and could depend on the chemical structure of the samples 
tested due to their different reaction kinetics with the radical. 
The ABTS assay, on the other hand, is another commonly used 
method for determining the antioxidant activity of foods con-
taining a broader range of antioxidants, including hydrophilic 
and lipophilic compounds, but its results could also be affected 
by the chemical structure of compounds, pH, and oxygen con-
centration in media.

The correlation between TPC and DPPH scavenging activ-
ity in the analysed biscuits before storage was strong (r=0.869) 
and similar to these reported by Sayed-Ahmad et al. [2018b] 
and Moldovan et al. [2016]. The coefficient of correlation be-
tween TPC and ABTS•+ scavenging activity was r=0.818.

During storage, various biochemical reactions continue 
in  the  food. Antioxidants, including phenolic compounds, 
and  their content change over time. It  was observed that 
during storage, TPC did not change significantly (p>0.05) 
in the biscuits with added horseradish root products (B_HRP 
and  B_HRM) (Table  3). However, TPC decreased signifi-
cantly (p≤0.05) in  the  biscuits with the  added horseradish 
leaf products (B_HLP and  B_HLM) after 180-day storage. 
A similar decrease in TPC during storage was observed in rye 
ginger cakes [Zieliński et al., 2012], where TPC had decreased 
by 2–23% after storage. At the same time, TPC decreased sig-
nificantly during storage of gluten-free rice-buckwheat biscuits 
[Sakač et al., 2016], and after 6 months of storage the decrease 
reached  26%. The  diversity of  phenolic compounds in  food 
matrixes and endogenous factors of food, such as pH and fat 
content, can affect the stability of phenolic compounds during 
storage [Ahmed & Abozed, 2015; Alminger et al., 2014].

All analysed biscuits, except for B_HRM, showed a sig-
nificant (p≤0.05) increase in DPPH˙ scavenging activity dur-
ing storage (Table 3). The largest changes were observed for  
the C and B_HRP samples. Changes in the antioxidant activ-
ity with DPPH˙ could be  explained by  the  development of 
Maillard reaction products, which have antioxidant proper-
ties. Zieliński et  al. [2012] found that the  content of  Mail-
lard reaction products increased by as much as 380% during 
storage of rye ginger cakes. The decrease in the TPC of the 
analysed biscuits during storage, and  the  increase in  their 
DPPH˙ scavenging activity can also be explained by the fact 
that the antiradical activity against DPPH˙ may be provided 
by polar compounds other than phenolics. 

The ABTS˙+ scavenging activity of the experimental bis-
cuits decreased until the end of the storage period ( Table 3). 
The smallest changes were observed for B_HLP, but the largest 
ones for C and B_HRP samples. During storage, the ABTS˙+ 
scavenging activity decreased similarly to TPC.

The pH and water activity (aw) of biscuits
Horseradish products contained organic acids, therefore 

adding them to biscuits lowered their pH (Table 4). The pH 

of  the  biscuits without additives was 6.683 (sample  C), 
whereas the pH of the biscuits containing horseradish prod-
ucts was significantly (p≤0.05) lower compared to the control 
and  ranged between 6.395 (B_HLP) and  6.476 (B_HRP). 
Since horseradish leaf products contained more organic ac-
ids (Table 2), their addition resulted in lowered pH of the bis-
cuits (B_HLP and B_HLM). According to Ahmed & Abozed 
[2015], organic acids may act as preservatives, thus improving 
the microbiological and physicochemical stability of the baked 
products. However, the pH of biscuits in the current research 
was higher than the values reported for crackers produced with 
Hibiscus sabdariffa by-products [Ahmed & Abozed, 2015].

After 180-day storage, no significant (p>0.05) pH chang-
es were observed in the biscuits (Table 4).

Water activity (aw) values of the control biscuits after bak-
ing were significantly higher (p≤0.05) compared to the  en-
riched biscuits (Table 4). The lowest water activity was mea-
sured in the biscuits with added horseradish leaves products 
(B_HLP and B_HLM) but these samples showed the highest 
increase in water activity after storage. Generally, there was 
an increase in water activity after 180-day storage, except for 
the control sample (sample C). The water activity of the bis-
cuits during storage had the  same characteristics as that 
of commercial biscuits [Romani et al., 2016] and gluten-free 
biscuits with chestnut flour supplement [Paciulli et al., 2018], 
when it increased slightly during storage.

TABLE  4. pH and  water activity of  biscuits enriched with horseradish 
products one day after baking and after 180-day storage.

Samples Before  
storage

After  
storage

Changes  
after storage

pH

C 6.683±0.027a,A 6.711±0.004a,A n.s.

B_HRP 6.476±0.009b,A 6.485±0.005b,A n.s.

B_HLP 6.395±0.035c,d,A 6.319±0.005d,B n.s.

B_HRM 6.434±0.008c,A 6.380±0.005c,B n.s.

B_HLM 6.397±0.028d,A 6.322±0.022d,B n.s.

aw

C 0.394±0.001a,A 0.385±0.001b,B n.s.

B_HRP 0.259±0.001b,B 0.382±0.001d,A 47% (↑)

B_HLP 0.188±0.001d,B 0.387±0.001a,A 105% (↑)

B_HRM 0.224±0.001c,B 0.384±0.000c,A 71% (↑)

B_HLM 0.177±0.001e,B 0.386±0.001a,b,A 117% (↑)

All data are means ± standard deviation (n=6). a,b,c… – values with dif-
ferent superscripts in  the  same column for the  same parameter are 
significantly different (p≤ 0.05). A,B – values with different superscripts 
in  the  same row are significantly different (p≤ 0.05). Abbreviations:  
C: control; B_HRP: biscuits with horseradish root pomace powder; B_
HLP: biscuits with horseradish leaf pomace powder; B_HRM: biscuits 
with horseradish root juice microcapsules; B_HLM: biscuits with horse-
radish leaf juice microcapsules. n.s.: change is statistically insignificant 
(p>0.05). ↑: Percentage increase after 180-day storage. ↓: Percentage de-
crease after 180-day storage.
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Biscuit colour
The colour of food is an important visual aspect that can ei-

ther attract or deter consumers from a product, regardless of its 
true value. Therefore, the average values of colour parameters 
of  the  experimental biscuits after baking are reported in  Ta-
ble 5. The results showed that the addition of horseradish prod-
ucts significantly (p≤0.05) increased the darkness and redness 
of the biscuits, but did not affect the blue-yellow tones. It may 
be affected by  the  transformation of phenolic compounds to 
quinones during heat treatment, which are subsequently con-
verted to dark coloured melanins [Taranto et al., 2012]. Paciulli 
et al. [2018] also reported a similar trend in colour change upon 
baking when chestnut flour was added to gluten-free biscuits.

Pigments present in  leaves increased the  darkness 
of  the experimental products. The darkest biscuits were ob-
tained by adding horseradish leaf products (horseradish leaf 
pomace powder and  microencapsulated horseradish leaf 
juice), which is indicated by the L* values of the biscuit colour. 
The heat treatment caused changes of  the natural pigments 
colour, and as a result of various reactions, the tone of the en-
riched biscuits turned brownish red, which is also visible from 
the results of a* values.

Higher a* values were found for the biscuits with added 
horseradish root juice microcapsules (B_HRM), compared 
to the biscuits with horseradish root pomace. The differences 
between a* values are probably due to the use of maltodextrin 
as a wall material for the microcapsules. Similar observations 
have been made with the addition of cumin and caraway seeds 
and by-products [Sayed-Ahmad et al., 2018b], and chia seeds 
and cakes [Sayed-Ahmad et al., 2018a] to flour products.

The  total colour difference (ΔE) indicates that the  big-
gest differences compared to the control biscuits (sample C) 
were observed in the biscuit samples enriched with horserad-
ish leaf products (B_HLM and B_HLP). The ΔE of B_HLM 
was by 9% higher than that of the control biscuits. The hue 
angle values indicate redness of the experimental biscuits, as 
the hue angle value is less than 10° (Table 5).

In  general, the  enrichment of  the  biscuits with various 
horseradish products resulted in darker biscuits, which could 
be  associated with non-enzymatic chemical reactions such 

as caramelization and browning reactions. Similar to the ad-
dition of  grape marc extract to biscuits [Pasqualone et  al., 
2014], the  colour of  the  experimental biscuits could be  af-
fected by the oxidation and degradation products of pheno-
lics and  chlorophyll compounds present in  the  horseradish 
products added.

Major colour changes after 180-day storage (ΔEt, Table 5) 
were observed in  B_HLM biscuits, whereas no significant 
changes were observed in  B_HLP samples. Additionally, 
it was the only sample with smaller ΔEt than control (C).

When assessing colour differences and changes in biscuit 
samples, it  should be  taken into account that the  addition 
of natural plant products may cause changes in  colour pa-
rameters due to the characteristic colour of these plant prod-
ucts, as well as mutual biochemical reactions.

Bioaccessibility of  TPC and  antioxidant activity after 
biscuit digestion in vitro

The high content and activity of phytochemicals in certain 
food ingredients does not always ensure high bioaccessibility 
and bioavailability during in  vitro digestion. The  results ob-
tained in  this study (Figure 1a) showed that TPC was sig-
nificantly higher in all analysed biscuit samples after the di-
gestion than before digestion, which is  also consistent with 
other studies [Irakli et al., 2019; Szawara-Nowak et al., 2016; 
Zieliński et al., 2020].

The  in  vitro digestive process in  the  gastrointestinal 
tract involves the  addition of  enzymes and  the  adjustment 
of the pH at each stage according to the physiology of the hu-
man gastrointestinal tract. The effect of this process depends 
on the nature of the original sample. The metabolism and ab-
sorption of  phenolic compounds usually depend on their 
physicochemical properties – basic structure, molecular size, 
degree of polymerization or glycosylation, solubility, as well 
as conjugation with other phenolic compounds [Carbonell-
-Capella et al., 2014].

Bioaccessibility indexes (PACs) after simulated gastric 
treatment were used in  the  study to evaluate the  amounts 
of  phenolics that are released from the  relevant food matrix 
after digestion, making these compounds available for ab-

TABLE 5. Colour parameters of biscuits enriched with horseradish products.

Parameter C B_HRP B_HLP B_HRM B_HLM

L* 77.48±0.98a 69.54±1.69b 64.08±0.96c 66.17±1.98b,c 64.04±2.01c

a* 1.53±0.22c 2.70±0.14b 3.69±0.65a,b 4.15±0.54a 3.91±0.65a,b

b* 22.16±1.04a 22.53±1.94a 22.33±1.59a 21.52±1.29a 23.81±1.04a

ΔE – 8.24±0.74c 13.77±1.45a 11.90±1.01a,b 13.96±1.59a

Chroma 22.16±1.22a,b 22.69±1.48a 22.63±1.70a 21.92±1.47a,b 24.12±1.57a

Hue angle (˚) 1.55±0.02a 1.45±0.02b 1.41±0.02b,c 1.38±0.02c 1.41±0.03b,c

ΔEt 2.06±0.15c 2.69±0.24a,b 0.57±0.06d 2.12±0.18c 3.19±0.36a

Each measured value is the mean±standard deviation. (n=20). a,b,c… – values with different superscripts in the same row are significantly different 
(p≤0.05). ΔE shows difference between respective sample and control, ΔEt is totatl colour difference between samples after 180-day storage compared 
with respective sample before storage. Abbreviations: C: control; B_HRP: biscuits with horseradish root pomace powder; B_HLP: biscuits with horse-
radish leaf pomace powder; B_HRM: biscuits with horseradish root juice microcapsules; B_HLM: biscuits with horseradish leaf juice microcapsules.
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sorption through the gastrointestinal mucosa. Figure 1 shows 
the PACs based on the determination of TPC and antioxidant 
activity after digestion. In all biscuit samples, the PAC for TPC 
exceeded 1.6, showing a mean value of the phenolic bioavail-
ability index of approximately 2.34. According to Zielinski et al. 
[2020], these values indicate high bioaccessibility. This can 
be explained by the fact that during digestion phenolics are re-
leased from cell wall matrices, as well as from their conjugated 
forms. There is also evidence in the literature that TPC of food 
matrices enriched with various natural substances increased af-
ter digestion [Irakli et al., 2019; Szawara-Nowak et al., 2016]. 
The highest PACs were observed for the biscuits with added 
horseradish leaf pomace powder (B_HLP), which were by 86% 
higher than these determined for the control biscuits.

Unfortunately, in  all biscuit samples, the  values of  PAC 
based on the antioxidant activity were low (according to the cri-
teria described by Zieliński et al. [2020]); i.e., 0.09 in the case 
of DPPH˙ scavenging activity and 0.20 in the case of ABTS˙+ 
scavenging activity (Figure 1b,c). This could indicate that some 
phenolic compounds with antioxidant properties in  the  food 
matrix, which are exposed to the  in  vitro digestion, interact 
with other compounds to form indigestible complexes [Jako-
bek, 2015], while other compounds may be released from their 
bound state. The highest PAC for DPPH˙ scavenging activity 
was observed in  the control biscuits. However, a higher PAC 
for ABTS˙+ scavenging activity was determined for the biscuits 
with added horseradish root pomace (B_HRP), which was 
by 33% higher than that of the control biscuits.

CONCLUSION

Pomace and microcapsules of horseradish root and leaves 
could potentially be used as the functional ingredients in foods 
due to their content of phenolic compounds with antioxidant 
activity. The addition of horseradish products to butter bis-
cuits enriched the bakery product with phenolic compounds, 
as well as improved their antioxidant potential. Microencap-
sulated horseradish leaf juice was more effective in  enrich-
ing the biscuits with bioactive compounds, thus opening up 
this raw material to new interesting applications in the food 
industry. The  bioaccessibility indexes after biscuit digestion 
based on TPC indicated the high bioaccessibility of pheno-
lic compounds from experimental products. Further research 
is required to optimise the functional recipe for horseradish-
-fortified flour confectionery, examining their potential health 
effects. It is also necessary to study the use of these raw mate-
rials in other products by assessing the properties and organ-
oleptic attributes of these innovative functional raw materials 
that meet consumer expectations.
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FIGURE 1. Bioaccessibility indexes (PACs) based on (A) TPC, (B) 
DPPH˙ scavenging activity and (C) ABTS˙+ scavenging activity after 
biscuit in vitro digestion. C – control; B_HRP – biscuits with horseradish 
root pomace powder; B_HLP – biscuits with horseradish leaf pomace 
powder; B_HRM – biscuits with horseradish root juice microcapsules; 
B_HLM – biscuits with horseradish leaf juice microcapsules; TPC – total 
phenolic content.
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