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Abstract

The influence of low-temperature spray drying (inlet/outlet air, 75/50 °C) with the use of dehumidified air on rapeseed honey
phenolics, antioxidant activity, and aroma compounds was investigated. Maltodextrin and NUTRIOSE® were used as carriers.
Additionally, skimmed milk was tested as water substitute for feed solution preparation. Honey powders obtained by this method
were characterized by high antioxidant activity and rich aroma. Changes in aroma profile during drying at low temperature were
recognized as favorable and creating desirable fragrance of the product. In the case of 80% honey powders (20% of carrier), the
investigated properties were not deteriorated comparing to pure honey before drying. Thus, this level of carrier addition can be
treated as optimal from the point of view of bioactive properties retention during low-temperature spray drying. Such low carrier
addition was not presented before in case of honey spray drying, and is favorable due to the perception of such product as natural.
If used as food component, the dose of such honey-rich powder can be reduced comparing to traditional products containing
higher amount of carrier (usually not lower than 50%).
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Introduction

Honey is a rich natural source of compounds important in
nutrition, i.e., phenolics, antioxidants, flavonoids, organic
acids, carotenoid-derived compounds, nitric oxide metabo-
lites, amino acids, and proteins (Vallianou et al. 2014; Suhag
et al. 2016). Honey phenolic compounds act as natural anti-
oxidants and are increasingly popular, thanks to their role in
contributing to human health (Pérez-Pérez et al. 2013, Dong
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etal. 2011). Honey composition, and therefore phenolic con-
tent, varies due to differences in plant types, climate, and
environmental conditions (Kiiciik et al. 2007). Tapia-
Campos et al. (2017) reported TPC in Mexican multifloral
honey in a range from 62.13 to 136.84 mg GA 100 g '. In
rapeseed honey, it varied from 34.33 £0.89 (Garcia-
Tenesaca et al. 2018) to 240 mg GA 100 g ', with most
samples in a range of 70-90 mg GA 100 g ' (Lachman
et al. 2010; Bobis et al. 2011; Kus et al. 2014). Antioxidant
activity is another important honey quality indicator.
Antioxidants are substances that protect the body cells from
damage caused by unstable free radicals (Bundit et al. 2016).
In honey, the antioxidant activity is related to the presence of
vitamin C, flavonoids (such as apigenin, pinocembrin,
kaempferol, quercetin, galangin, chrysin, and hesperetin),
phenolic acids (such as ellagic, caffeic, p-coumaric, and
ferulic acids), enzymes (such as catalase, peroxidases, super-
oxide dismutase, glucose oxidase), and peptides, tocoph-
erols, and Maillard reaction products (Vallianou et al. 2014;
Khalil et al. 2010).
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Honey is consumed also due to its unique taste and aroma.
Moreover, aromatic substances also contribute to antibacterial
properties of honey. Bogdanov (1997) fractionated 10 differ-
ent honeys into four basic substance groups: volatile; nonvol-
atile and nonpolar; acidic; and basic substances. On average,
volatiles were responsible for 11% of antibacterial activity.
Several authors identified different numbers of honey volatile
compounds: 113 in orange, eucalyptus, and chestnut honeys
(Verzera et al. (2001), 38 in citrus, 32 in rosemary, 29 in
multifloral honey (Escriche et al. 2009). Volatile compounds
may provide information about the botanical origin of honey,
as some of them are present in the majority of honeys (the
mutual proportions of these substances can be different), while
other are unique to particular types of honey (Escriche et al.
2009; Wolski et al. 2006). The chemical families into which
the volatile compounds in honey belong include hydrocar-
bons, aldehydes, alcohols, ketones, acids, esters, benzene
and its derivatives, furan and pyran, norisoprenoids, terpenes
and its derivatives, sulfur components, and cyclic compounds
(Manyi-Loh et al. 2011). The major constituents dominating
the headspace of Polish willow honey were monoterpenes
(Jerkovi¢ et al. 2014). Many authors agree that certain volatile
compounds such as furan derivatives (i.e., furfural,
methylfurfural, and furfuryl alcohol) are good indicators of
heat treatment and storage conditions (Escriche et al. 2009).
Wootton et al. (1978) presented that high-point compounds of
honeys were decomposed during storage or processing at
50 °C, while other components, such as furfural,
furanaldialdehyde, 2-acetylfuran, and aceton, increased in
level.

Powdered honey is an attractive substitution for natural
liquid honey, highly demanded by food and pharmaceutical
industries. Although during the last decade, several papers
dealing with honey drying were published; the issue of honey
powder’s biological value, as affected by drying process, was
not enough investigated. Among drying methods, spray dry-
ing is the most favorable for honey dehydration (Suhag and
Nanda 2016b). It leads to the production of free-flowing pow-
der during one fast operation. Moreover, spray drying process
has been used for decades to encapsulate food ingredients
such as flavors, lipids, and carotenoids (Mahdavi et al.
2014). The study presented by Waterhouse et al. (2017) dem-
onstrated the feasibility of producing spray-dried powders rich
in dietary fiber and antioxidants (including anthocyanins) with
short processing time and low investment capital. Due to fast
evaporation of water, the entrapment of the interest compound
occurs quasi-instantaneously (Gharsallaoui et al. 2007). Thus,
honey dehydration by spray drying with the use of selected
wall materials can be treated as a microencapsulation of this
valuable natural product containing sensitive or volatile addi-
tives. This process is a source of totally new ingredient with
matchless properties. However, it has to be emphasized that
honey powder produced by traditional high-temperature spray
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drying has to contain usually at least 50% of carrier material
(Samborska et al. 2015). As was presented recently, the reduc-
tion of drying temperature, possible as a result of inlet air
dehumidification, made it, in turn, possible to reduce the
amount of carrier in honey powder (Jedlinska et al. 2019).
The physical properties of such honey powders containing
only 20% of carrier material were investigated and it was
concluded that these powders were characterized by accept-
able flowability and hygroscopicity.

As was mentioned above, the biological properties of
honey powder were not enough investigated. Some focus
was done on the influence of spray drying on enzymatic
activity, giving the conclusion that enzymes are not consid-
erably degraded during such drying. As was presented by
Samborska and Czelejewska (2014) and Samborska et al.
(2017), honey diastase activity after spray drying stayed at
the same level or was only slightly deteriorated. Polyphenols
and other antioxidants usually are easily to degrade during
thermal treatment, including drying. Suhag and Nanda
(2015) optimized spray drying conditions to develop nutri-
tionally rich honey powder using whey protein concentrate
(WPC), aonla (Emblica officinalis Gaertn.), and basil
(Ocimum sanctum) extract. Increasing inlet temperature
(from 160 to 180 °C) lowered antioxidant activity and total
phenolic and vitamin C content. On the contrary, there are
also some examples of increased phenolic content deter-
mined after thermal treatment (cooking, steaming, pasteuri-
zation). This may result from phenolic isomerization, hydro-
lysis (resulting in decomposition of complex compounds of
sugar moiety cleavage), or deglycosylation by
thermohydrolysis in lower water activity conditions
(roasting). Such phenomena might also depend upon certain
phenolic composition, as some were found to exhibit protec-
tive effects on other compounds. Higher levels of phenolics
after processing were more often reported for phenolic acids
than more complex compounds, e.g., flavonoids; therefore, a
significant presence of phenolic acids may be one of the
factors as well (Amarowicz et al. 2009; van Boekel et al.
2010; Ioannou and Ghoul 2012; Tiwari and Cummins 2013).

Nevertheless, any method which would make possible to
reduce the temperature of honey processing, is very desirable.
Thus, spray drying with the use of dehumidified air is an
interesting option for honey dehydration, and potentially
could lead to obtain powdered product of not degraded bio-
logical activity. The aim of work was to investigate the effect
of low-temperature spray drying with the use of dehumidified
air on phenolic compounds, antioxidant activity, and aromatic
substances of rapeseed honey. Two types of carrier materials
were tested. Additionally, the produced powders were charac-
terized by FTIR spectroscopy. The research method is current-
ly gaining popularity in the context of analyzing food products
with respect to their potential health benefits, e.g., honeys,
oils, and juices.
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Materials and Methods
Materials

Rapeseed honey (H) was derived from a local apiarist (Pasiecka
Warminska, Gietrzwatd, Poland). Maltodextrin
MALTOSWEET180 (M), characterized by DE 17.0-19.9,
from TateandLyle (Slovakia), and NUTRIOSE FMO06 (N)
from Roquette (France) were used as carrier materials.
Skimmed milk (m) from Mlekovita (Poland) was used as wa-
ter substitution for feed solution preparation in one variant.

Feed Solutions Preparation

Six variants of honey/carrier solutions were prepared by me-
chanical mixing with water or skimmed milk (Table 1). Honey
to carrier solids ratio was changed from 60:40 to 70:30 and
80:20 in order to produce honey powder of substantially in-
creased honey content. NUTRIOSE was tested as a carrier
providing beneficial prebiotic properties, so that to propose
honey powder of added value. In each variant, feed solution
concentration was 60%. It was selected in preliminary exper-
iments, after the observation that the processing of
dehumidified air spray drying (DASD) is much different than
traditional SD, and high feed solution concentration is pre-
ferred (Jedlinska et al. 2019). Five hundred grams of each feed
solution was spray-dried in duplicate.

Spray Drying

NIRO MINOR laboratory spray drier (GEA, Denmark)
equipped with an external air dehumidification system, com-
posed of cooling unit TAEevo TECHO020 (MTA, Italy), and
condensation-adsorption unit ML270 (MUNTERS, Sweden),
was applied. During experiments, the humidity of air entering
spray drier was not higher than 0.5 g m™>. Due to different
processing of drying with the use of dehumidified air compar-
ing to typical conditions spray drying, drying parameters were
adjusted during preliminary experiments, and were as follows:
feed rate 0.22 mL s~ ', rotary speed of atomizing disc
26,000 rpm (compressed air pressure 4.5 bar), inlet/outlet air

temperature 75 °C/50 °C. Spray drying procedure was per-
formed in duplicate for each experimental variant.

Honey and Powder Properties
Water Content

Water content (WC) in honey was measured by refractometry,
while in powders it was determined by oven method: approx-
imately 1 g of powder was dried at 105 °C during 4 h.

Total Phenolic Content

Extraction Procedure Samples of honeys or powders (5 g)
were reconstituted in 10 mL of water and made up to 50 mL
with ethanol (Avantor Performance Materials). Mixtures were
shaken for 30 min at ambient temperature, then stored for 24 h
at 4 °C and filtered. Carriers (2 g) were reconstituted with
50 mL of water following the same procedure. So-prepared
extracts were used for total phenolic content (TPC) determi-
nation, DPPH test, and CUPRAC test, according to the pro-
cedures described below.

TPC was determined with the Folin-Ciocalteu reagent in
alkaline environment. Extracts were mixed with 20% Na,CO;
solution (Avantor Performance Materials), water, and Folin-
Ciocalteu reagent (Avantor Performance Materials) according
to the method of Singleton and Rossi (1965). Absorption at
700 nm was measured spectrophotometrically (UV-mini 1240
spectrophotometer, Shimadzu, Japan). TPC was expressed as
gallic acid (Sigma-Aldrich) equivalents (based on previously
prepared standard curve) per 100 g of honey solids, and per
100 g of powder solids (in case of powders, results were
corrected for respective carrier blank).

Antiradical Activity (DPPH Test)

The scavenging activity against 2,2-diphenyl-1-
picrylhydrazyl radical (DPPH, Sigma-Aldrich) was evaluated
according to the modified method of Brand-Williams et al.
(1995). One milliliter of extract (4 ml in case of carriers)
was diluted to 4 ml with methanol and mixed with 1 mL of
DPPH solution (0.5 mol L™"). After 30 min of incubation at

Table 1 Variants of honey/carrier feed solutions spray-dried with the use of dehumidified air

Variant Carrier Honey solids (%) Carrier solids (%) Solvent
H60M Maltodextrin 60 40 Water

H70M Maltodextrin 70 30 Water

H8OM Maltodextrin 80 20 Water

HS8ON NUTRIOSE 80 20 Water
HS8OMN Maltodextrin and NUTRIOSE in 1:1 ratio 80 20 Water
HS8OMNm Maltodextrin and NUTRIOSE in 1:1 ratio 80 20 Skimmed milk
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room temperature, the absorbance was measured at 517 nm
(UV-mini 1240 spectrophotometer, Shimadzu, Japan). The
calibration curve was prepared with Trolox (Sigma-Aldrich)
dilutions in appropriate solvent. Results were expressed as
milligram of Trolox equivalents per 100 g of honey solids,
and per 100 g of powder solids. Additionally, the contribution
of carrier in DPPH antioxidant activity of investigated pow-
ders (%) was calculated.

Cupric lon Reducing Antioxidant Capacity (CUPRAC Test,
Apak et al. 2008)

The reducing activity of extracted antioxidants based on the
reduction of Cu(Il) to Cu(I) was measured by mixing 1 mL of
CuCl, solution (Sigma-Aldrich, 10 mmol LY, 1 mL of
neocuproine solution (Sigma-Aldrich, 7.5 mmol L_]), and
1 mL NH4CH;COO buffer solution (Avantor Performance
Materials, 1 mol L™, pH 7) with investigated extracts (0.2—
1.1 mL, made up to 1.1 mL with 80% ethanol) in a test tube.
After 30 min incubation, the absorbance of Cu(I)-neocuproine
complex was recorded at 450 nm against a reagent blank (UV-
mini 1240 spectrophotometer, Shimadzu, Japan). Results
were expressed based on Trolox standard curve, as milligram
of Trolox equivalent per 100 g of honey solids, and per 100 g
of powder solids. Additionally, the contribution of carrier in
reducing activity of investigated powders (%) was calculated.

Gas Chromatography

A 20 mL glass vial with samples (2 g of feed solution or about
1.2 g of honey powder solids diluted with 0.8 g of distilled
water to obtain the same solids concentration as in the case of
feed solutions) was placed in the oven in temperature of 60 °C
for 20 min. Headspace solid-phase microextraction (HS-
SPME) method was used to adsorb volatile compounds on
the fiber and carry into the GC-MS injector. Volatile com-
pounds from samples with addition of 1 pL of internal stan-
dard (1,2-dichlorobenzene, 0,01% solution in methanol,
added before closing the bottles) were collected on a SPME
fiber divinylbenzene/carboxene/polydimtheylsiloxane (DVB/
CAR/PDMS from Supelco (Bellefonte, PA, USA) at 60 °C for
5 min. ZB WAX plus (30 m x 0.25 mm x 0.25 pm) capillary
column Phenomenex (Torrance, CA, USA) was used to sepa-
rate volatile compounds. Desorption of the volatile com-
pounds was performed in the injector at 250 °C for 2 min.
Helium was used as a carrier gas at a flow rate of
1.59 mL min'. The column temperature was programmed
as follows: 60 °C, subsequent increase to 200 °C at the rate
of 3 °C/min, second increase to 250 °C at the rate of 3 °C/min.
The interface temperature for GC-MS was 230 °C.
Temperature of ion source was 250 °C; ionization energy
was 70 V. The total ion monitoring (TIC) was used to detect
volatile compounds (m/z ranged 35-500). The internal
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standard 1,2-dichlorobenzene was used to semi-quantify vol-
atile compounds. Identification of volatile compounds was
made on the basis of mass spectral libraries (NIST 47, NIST
147, and Wiley 175). Three replicates per each sample were
analyzed.

FTIR

Measurements of infrared spectra for the analyzed samples
were conducted with the use of a Varian 670-IR FTIR spec-
trometer. ATR (attenuated total reflection) attachment was
used in the form of a ZnSe crystal with adequate geometry
(truncated at 45°) to ensure 20-fold internal reflection of the
absorbed beam. During the measurement, 16 scans were reg-
istered and subsequently, the program averaged the results for
all spectra. Prior to the measurement, the ZnSe crystal was
cleaned using ultra-clear solvents by Sigma-Aldrich. Prior to
(1 h) and during the experiment, the measurement chamber
was kept in an inert N, atmosphere. Spectral measurements
were recorded in the region from 500 to 4000 cm ' at the
resolution of 1 cm . The spectra were analyzed and processed
with the use of Grams/Al software (ThermoGalactic
Industries, USA). All the spectra were measured at 23 °C

(Fig. 1).
Statistical Methods

The assays were carried out in triplicate and the results are
expressed as mean values and standard deviation (SD). The
statistical differences were verified through one-way analysis
of variance (ANOVA) followed by Tukey’s honestly signifi-
cant difference test with a =0.05. Analysis were done using
software STATISTICA v.13.1 (Dell Inc., USA).

Results and Discussion
Water Content

The application of dehumidified air as a drying agent for spray
drying was the efficient method to obtain powdered honey.
The water content in powder was between 1.0 and 1.8%, what
was the indicator of well-established drying parameters. The
obtained values were even lower than usually presented in the
case of traditional high-temperature honey spray drying.
(Nurhadi et al. 2012), Shi et al. (2013), Samborska et al.
(2015), and Suhag and Nanda (2016b) presented a typical
water content in honey powder in the range from 2.3 to
8.6%. Water content was determined as a basic parameter
characterizing the obtained powders, because the content of
investigated bio-compounds was expressed in relation to hon-
ey solids and powder solids.
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Total Phenolic Content

Rapeseed honey investigated in the current work contained
86.2+6.4 mg 100 g~' solids of phenolic compounds
(Table 2). Similar TPC values were reported (Ciappini and
Stoppani 2014) in eucalyptus and clover honeys (40.3 to
193.0 mg GAE-100 g "), and (Meda et al. 2005) in Burkina
Fasan honey (32.59 to 114.75 mg GAE 100 g ).

Phenolics are generally sensitive to adverse environmental
conditions, and are easily degraded during high-temperature
processing, including spray drying (Fang and Bhandari 2011;
Suhag and Nanda 2016a). Suhag and Nanda (2015) presented
TPC values of honey powder enriched with anola and basil
extract, obtained by spray drying, between 61.43 and
63.27 mg GAE 100 g'. Inlet temperature (in the range from

Table 2 Total phenolic content (TPC) and antioxidant activity (deter-
mined as DPPH and CUPRAC) of rapeseed honey H, maltodextrin M,
nutriose N, and honey powders obtained after dehumidified air spray

Wavelength [nm]

160 to 180 °C) had significant negative linear effect on the
TPC as a result of the destruction of phenolic compounds or
alternation in their molecular structure at increased tempera-
ture. Tonon et al. (2009) presented the decrease of TPC of acai
(Euterpe oleracea Mart.) juice after spray drying at inlet/outlet
air temperature of 140/78 °C with the addition of different
carrier agents. Waterhouse et al. (2017) examined TPC of blue-
berry waste material extract with addition of alginate or inulin
spray-dried at inlet air temperature 150 °C. TPC after drying
decreased form 3655.42+6t0 28.23+0.16 g GEA g '. On the
contrary, there are also examples of increased TPC after heat
treatment of various food products: green pepper, green beans,
spinach (Turkmen et al. 2005), or onion powder (Sharma et al.
2015). This increase is attributed to the liberation of phenolic
compounds by the cleaving of the esterified and glycosylated

drying with maltodextrin (H60M, H70M, H80M), nutriose (H8ON), the
mixture of both carriers (HSOMN), and the use of skimmed milk as water
substitute for feed solution preparation (HSOMNm)

TPC DPPH CUPRAC

mgGA-100 g ' mg GA-100 g ' mg Trx-100 g mg Trx-100 g* CC*  umol Trx-100 g'  pmol Trx-100 g ' CcC

solids honey solids “Isolids honey solids (%) solids honey solids (%)
H 86.2 +6.49 86.2+6.4° 12240 28 12.2+£0.2° - 154.7£3.3° 154.7 3.3 -
M - - 0.2+0.1° - 100 nd - 100
N - - 0.4+0.0° - 100 223+1.0° - 100
H60M 62.0+4.5° 108.3+7.8° 7.7+0.5° 13.4+0.9° 1.1 109.0 £4.0° 190.4+7.0¢ nd
H70M 64.8+52% 95.9+7.7% 9.0+£0.3° 13.3+04° 0.7 106.8+1.9° 158.1 +£2.8% nd
H80M 724454 927+6.9%® 10.5+0.3¢ 13.5+04° 0.4 129.4+3.8° 165.6 +4.8° nd
H80N 744+57%4  953+72% 9.5+0 .1% 122+0.12 0.9 139.5+4.0¢ 178.5+5.1° 3.5
H8OMN  76.4+6.6°¢  97.8+8.5% 10.0+0.1% 12.8+0.1% 0.6 1444+45¢ 184.9+5 .79 1.7
H80MNm 78.5+3 .7% 100.5 £4.7%° 11.5+0.1° 14.8+0.2° 05  219.6+2.1F 281.1+2.6° 1.1

* CC-carrier contribution in DPPH and CUPRAC antioxidant activity

¢ differences between mean values followed by the same letters in columns were statistically not significant (p > 0.05)

nd not detectable
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bond (Sharma et al. 2015). TPC in the investigated honey
powders, expressed as mg GA 100 g ' of honey solids, was
also higher than in pure honey, but only in case of H60M, the
difference was statistically significant (p < 0.05). Honey drying
in the presence of carriers can be treated as microencapsula-
tion, which is often applied to protect food ingredients against
deterioration (Shahidi and Han 1993). As compared to all mi-
croencapsulation techniques and methods, the spray drying
process is relatively inexpensive, straightforward, and well
established (Murugesan and Orsat 2012). Fang and Bhandari
(2011) investigated the effect of spray drying on the retention
of phenolic compounds in bayberry juice. The retention of
TPC after drying at inlet/outlet air temperature 150/80 °C
was 96 =+ 1%, what was explained by rather minor thermal
stress during very fast evaporation (contact time<1 s). As
one reason of degradation during drying can be also oxidation,
thus the bounding to an encapsulant polymer has a protective
potential (Sun-Waterhouse et al. 2013).

However, as was presented above, during traditional high-
temperature spray drying, also higher deterioration of TPC
was noted before (Suhag and Nanda 2015; Tonon et al.
2009). So, as the operating temperatures are very important
for the spray drying of heat sensitive materials, from the point
of view of honey TPC retention during spray drying, it is
especially important that DASD can be performed at low tem-
perature. Moreover, it was also noted that the decrease of
carrier content resulted in lower increase of TPC expressed
per honey solids (samples H60-H80), suggesting a positive
effect of the presence of carrier in honey powder.

As far as TPC expressed as mg GA 100 g~ of powder
solids is concerned, it depended on honey and carrier content
in the powder. Maltodextrin-based powders containing 60, 70,
and 80% of honey solids (H60M, H70M, H80M) had signif-
icantly lower TPC than pure honey, while for the rest of sam-
ples the difference in TPC content comparing to pure honey
was statistically not significant (p > 0.05). Due to the increase
of honey TPC after drying (expressed per honey solids), with
simultaneous reduction of carrier content in powders, powders
H80N, H8OMN, and H80MNm had TPC at the same level
(expressed per powder solids) as pure honey (difference sta-
tistically not significant). It was not observed in M-based pow-
ders, and can suggest better properties of N as protective agent
for phenolic compounds. In the work presented by Bels¢ak-
Cvitanovi¢ et al. (2015), inulin was also effective
microencapsulant, enabling significantly higher product yield
obtained by spray drying, when compared to plain spray-dried
green tea extract.

DPPH and CUPRAC Antioxidant Activity
Antioxidant activity (AOA) was determined as DPPH radical

scavenging assay and by CUPRAC method. DPPH method is
widely used to investigate the free radical-scavenging activity
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of several natural products (Ahn et al. 2007). DPPH is a stable
free radical and any molecule that can donate an electron or
hydrogen to DPPH can react with it and bleach the DPPH
absorption at 517 nm (Bakchiche et al. 2017). In cupric reduc-
ing antioxidant power (CUPRAC) assay, Cu(Il) is reduced to
Cu(I) through the action of electron-donating antioxidants
(Pisoschi and Negulescu 2012). The values of DPPH and
CUPRAC antioxidant activity were expressed in relation to
powder solids and honey solids (Table 2).

Pure honey DPPH (12.2+0.2 mg Trx 100 g ' solids) and
CUPRAC antioxidant activity (154.7 3.3 umol Trx 100 g
solids) was in a range typical for monofloral honeys, i.e.,
cornflower (Kus et al. 2014a) and heather honey from
Poland (Ku$ et al. 2014b), acacia honey from Marocco
(Petretto et al. 2016). As in the case of TPC, varied results
related to the effect of heat treatment on AOA of food products
were presented in the literature; both the increase and the
decrease were noted. During heat treatment of green pepper,
squash, broccoli, green peas, spinach (Turkmen et al. 2005),
and powdered onion (Sharma et al. 2015) AOA significantly
increased. This growth was caused by the enhancement of the
antioxidant properties of naturally occurring compounds
(caused by structure alteration) or the formation of novel com-
pounds such as Maillard reaction products that have antioxi-
dant activity (Nicoli et al. 1999; Sharma et al. 2015).
However, traditional high-temperature spray drying seems to
be more intensive thermal process, despite very short drying
time, because several authors reported the deterioration of
AOA after such processing. According to Suhag and Nanda
(2016a), honey DPPH antioxidant activity is susceptible for
thermal degradation during spray drying. A significant loss of
antioxidant activity was also presented in case of high-
temperature spray drying of gac fruit juice (Kha et al. 2010),
and acai (Euterpe oleracea Mart.) juice (Tonon et al. 2010).
Basing on literature reports and our results, it may be hypoth-
esized that lower heat dose applied during spray drying by
dehumidified air provides the energy necessary for advanta-
geous phenolic alterations, while higher heat transfer during
traditional spray drying leads to diminish of honey bioactivity.
Thus, the reduction of spray drying temperature is of vital
significance from the point of view of honey AOA retention
in powdered product. In the current work, due to the applica-
tion of dehumidified air, spray drying temperature was de-
creased. Such drying conditions did not cause the deteriora-
tion of DPPH and CUPRAC antioxidant activity—the values
obtained for honey present in powders were even significantly
higher (p <0.05) than in case of pure honey (Table 2). This
phenomenon was not connected with the contribution of car-
riers (M and N) in the investigated activity, because these
higher values were expressed per mass of honey solids. The
increase was probably caused by the abovementioned mech-
anisms known from the literature. Moreover, the use of M
seems to favor the transformations that led to better electron-
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donating ability of the antioxidants (higher reducing power).
Nevertheless, among all the constituents of powders other
than honey, the introduction of milk was the key factor in
terms of high AOA in the products obtained. Milk is a source
of antioxidants as well and their contribution cannot be ex-
cluded, but taking into consideration their concentration and
the level of milk addition, obtained results also indicate the
protective effect of its constituents during honey processing.

Values of AOA expressed in regard to powder solids were
significantly lower (p <0.05) than for pure honey (except
H80MNm) due to the presence of carriers, which exhibited very
low antioxidant activity (M did not have any CUPRAC activ-
ity). Carrier contribution did not exceed 1.1% in case of DPPH,
and 3.5% in case of CUPRAC. However, skimmed milk used
as water substitute for feed solution preparation affected AOA;
the values for HSOMNm were significantly higher (p <0.05)
than for the rest of powders, as well as for pure honey.

Volatile Compounds

In all analyzed samples, the following groups of volatiles were
detected: acids, alcohols, aldehydes, hydrocarbons, ketones, es-
ters, furanes, terpenes, and sulfur compounds. More than 100
different compounds were identified in feed solutions, and a
total of 85 compounds were identified in the samples of
reconstituted honey powders. Number of individual volatile
compounds (N) in particular samples, as well as the total volatile
compounds concentration (VCC), which were determined in
feed solutions and reconstituted powders is presented in Table 3.
Twelve compounds out of 102 were found in all samples
(both in feed solutions and reconstituted powders). Those com-
pounds were benzaldehyde, dimethyl sulfide, nonanal, acetic
acid, furfural, hexadecanoic acid methyl ester, isopropyl
myristate, lilac aldehyde B, benzyl alcohol, 2,3-butanediol, and
2-methyl-propanoic acid (Figs. 2—7). Kus$ and van Ruth (2015)
used headspace and proton transfer reaction mass spectrometry
to distinguish the floral origin of Polish honeys. They reported
that the most abundant component in rapeseed honey were
acetic acid, dimethyl sulfide, furfural, and benzaldehyde (also
detected in this study). Radovic et al. (2001) confirmed authen-
ticity of rapeseed honey due to the presence of dimethyl sulfide;
moreover, they concluded that this component can be used as
botanical marker in the determination of this type of honey.
VCC in feed solutions reached from 1.5 to 6.1 mg kg '
solids. It depended on honey content in sample solids.
Among samples containing 80% of honey solids, the sample
in which milk was used as a solvent contained significantly
higher amount of volatile compounds. Samples of
reconstituted honey powders were characterized by more in-
tensive aroma than feed solutions before drying, except vari-
ants H70M (value after drying was higher, but the difference
was statistically not significant) and H80M (value after drying
was lower, but the difference was statistically not significant).

Number of volatile compounds (N), total volatile compounds concentration (VCC) in honey/carrier feed solutions and reconstituted powder (RP) samples, and the relative change of VCC during

Table 3

drying

VCC

The relative change after drying (%)

Reconstituted powder

(mgkg ! solids)
2.07+0.01*

Reconstituted powder Feed solutions

Feed solutions

(mg-kg ! honey solids)

3.44+0.03
2.83+0.02
4.44+0.77

(mg-kg " honey solids)

2.50+0.42
2.76 £0.45
4.77+0.63
4.15+0.44
3.90+0.27
7.63+1.10

(mg-kg " solids)
1.50+0.25*

138*
103
93

44
85

66
55

H60M
H70M
H80M
H80N

1.98+0.01*

1.93+0.32%

3.55+£0.37%

3.82+0.50°

69

70

399*

16.54+3.79
525+0.38

13.23+£1.82¢
420+0.18°

3.32+0.35°

81

102
60

135%

3.12+0.22°
6.10+0.88°

78

68

HS8OMN

170*

12.96+1.90

10.37+0.91¢

76

H8OMNm

a4 the difference between mean values followed by the same letters in columns was statistically not significant (p> 0.05)
the difference between mean value before and after drying was statistically significant (p < 0.05)

*
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Fig. 2 TIC chromatogram of volatile compounds determined in honey powder HOOM

The most intensive aroma was reported in sample with
NUTRIOSE (H80N) and skimmed milk (HSOMNm).
According to Manyi-Loh et al. (2011), changes in heated or
stored honey can be attributed to two principal causes: com-
pounds that are heat labile and may be destroyed, and volatile
compounds produced by non-enzymatic browning (Maillard
reaction). Spray drying, even at high temperature, is one of the
most popular methods for flavors microencapsulation. The
possible changes in aroma profile during this high-
temperature processing are recognized as favorable, creating
desirable fragrance. Chemical reactions during drying create
exceptional fragnance bouquet. Jedlinska et al. (2018), who
spray-dried vanilla and raspberry aromas, found over 100%
content of some compounds (isoamy] acetate, diacetyl, cis + 3
hexenyl butyrate) compared to the feed solution. It was

explained by high temperature in the drying chamber.
Penbunditkul et al. (2012) determined over 100% linalool
content in microencapsulated bergamot oil, what was ex-
plained by its formation from linalool acetate. Moreover, al-
though only present in low concentrations, volatile com-
pounds could contribute to biomedical activities of honey,
especially the antioxidant effect due to their natural radical-
scavenging potential (Manyi-Loh et al. 2011). Spray drying
process led to the higher VCC due to the formation of new
aroma compounds (e.g., 3-methyl-pentanoic acid, 4-
oxopentanoic acid, 5-methyl-2-furancarboxaldehyde), or the
increase of the concentration of aroma compounds (e.g., 2-
furanmethanol, oxime-, methoxyphenyl, benzaldehyde).

In the sample obtained with the addition of NUTRIOSE
(H8ON) after spray drying, the total VCC was 4-fold higher
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Fig. 3 TIC chromatogram of volatile compounds determined in honey powder H70M
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Fig. 4 TIC chromatogram of volatile compounds determined in honey powder HS0M

than in the feed solution, which means that aroma of this
powder was the most intensive. All of the powders that
contained NUTRIOSE were characterized by the higher con-
tent of the volatile compounds comparing to the feed solu-
tions. Reconstituted powders with addition of maltodextrin
were characterized by higher VCC in comparison to solutions
only in one variant, H60M, even though that this sample
contained the lowest amount of honey. In variants H70M

and H80M, the increase of VCC after drying was not ob-
served. The same level of VCC increase as in H60M sample
was determined in HSOMN sample, containing the mixture of
both carriers. The application of skimmed milk as a solvent
did not result in a such high increase of VCC after drying as
the use of NUTRIOSE, but it was higher than in the corre-
sponding variant HSOMN in which water was used as a
solvent.
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One of the volatile compounds present in the investigated ~ headspace-solid-phase microextraction coupled with a
samples (except HSOMNm) was 5-hydroxymethylfurfural (5-  polyoxometalate-coated piezoelectric quartz crystal for the
HMEF), one of the best markers of thermal processing of honey ~ determination of 5S-HMF in honey. The method used in our
(Aguilar et al. 2016). European Union Directive 2001/110/EC study was not the same, but enabled to semi-quantify 5-HMF
recommends limit of 40 mg of 5-HMF per kilogram of honey ~ content, which was below 1 mg kg™' in every sample. It
(with a few exceptions, 80 mg kg' for honey coming from  proofs that conditions used for spray drying did not change
regions with tropical temperatures and 15 mg kg ' for honey ~ the quality of honey. Samborska and Czelejewska (2014)
with low enzymatic levels). Verissimo et al. (2017) used  studied the effect of high temperature (180/70 °C) spray
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Fig. 7 TIC chromatogram of volatile compounds determined in honey powder HSOMNm
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Table 4  The location of the maxima of absorption bands FTIR with arrangement of appropriate vibration in terms of spectral 3750-690 cm ™

Position of bands (cm™ ")

Type and origin of vibrations

H60 H70 H80 H80MDN H80MDNm  H8ON
3335 3339 3330 3330 3330 3339
2936 2936 2927 2931 2931 2931
2888 2893 2884 2893 2893 2880
2730 2734 2717 2734 2735 2721
1648 1648 1648 1650 1648 1652
1456 1454 1449 1449 1449 1454
1416 1416 1417 1414 1412 1414
1351 1355 1350 1350 1351 1350
1251 1256 1256 1253 1251 1256
1199 1194 1194 1194 1194 1187
1152 1150 1148 1146 1143 1143
1099 1106 1104 1101 1100 1099
1079 1075 1077 1071 1073 1071
1031 1033 1035 1049/1031 1038 1035
919 923 916 921 983/916 914
866 868 868 870 864 868
851 820 820 815 817 822
773 773 773 771 776/760 778
705 721 705 701 709 735
687 690 683 - - 698

v (O-H) in H,O
v (C-H) in CH, and CHj; group or/and v (NH3) of free amino acids

5 (O-H) in H,O

5 (-O—CH) and 6 (-C—C-H)

5 (O-H) in C-OH group + 6 (C-H) in the alkenes

5 (<OH) in C-OH group

v (C—H) in carbohydrates or/and v (C—O) in carbohydrates

v (C—H) in carbohydrates or/and v (C—O) in carbohydrates

v (C-0) in C-O—C group
v (C-0) in C-OH group or v (C—C) in the carbohydrate structure & (C—H)

Anomeric region of carbohydrates or & (C—H) (mainly in the structure of sugar)

v stretching vibrations, ¢ deformation vibrations, s symmetric, as asymmetric, st strong

drying on 5-HMF formation in rapeseed honey using spectro-
photometric method. HMF content in the powder obtained
with the addition of gum arabic as a carrier, calculated in
relation to honey, was over 25 times higher than before drying
(1.8 and 47.1 mg kg ' of honey, fresh sample and spray-dried
sample respectively). Thus, low-temperature spray drying
conditions applied used in the current work were a good so-
lution to limit HMF formation.

FTIR

The analyzed samples were also characterized with the use of
FTIR spectroscopy. For a clear presentation of bands and their
characteristics in Fig. 1 and Table 4 (in the spectral range from
3375 to 675 cm '), the spectra and their key bands were
assigned to their respective vibrations.

As observed by Anjos et al. (2015), Kasprzyk et al. (2018),
and Svecnjak et al. (2015) in the case of the analyzed samples,
the first clearly defined region is positioned at 3600—
3000 cm ™' (in our case 3334-3100 cm ™' for all samples
Table 4 and Fig. 1) which is characteristic of the stretching
vibrations of —OH groups from carbohydrates, water, and or-
ganic acids. The region often also includes the stretching vi-
brations of carboxylic acids and also the NHj stretching band
of free amino acids. The area is positioned in close vicinity to
the stretching vibrations of C—H groups (alkyl and aromatic,

forming the chemical skeleton of sugars) which in this case
occur primarily in the -CH, and —CHj; groups (symmetric and
asymmetric) (Kluczyk et al. 2016; Kaminski et al. 2012;
Budziak et al. 2018). Bands with the maximum at approx.
3334 cm ! are a fairly characteristic contribution originating
from carboxylic acids whose somewhat irregular absorption
(with a broad —OH band) enhances the bands of C-H
stretching vibrations.

The broadening of the —OH group’s stretching vibrations is
a product of strong hydrogen bonds present in the dimers of
carboxylic acids (Anjos et al. 2015). The vibrations of water
molecules additionally correspond to the band with the max-
imum at approx. 1647 cm™ ' that reflects its deformation vi-
brations. Another important region that was practically invis-
ible in our spectra covers bands with the maxima at 1700—
1600 cm™ ' related to the bending vibrations of ~OH from
water (strong band) and stretching vibrations of ketone C=0
functional groups in fructose and CH=0 aldehyde of glucose
(practically invisible, only enhancement of the band with the
maximum at 1647 cmﬁl).

A very characteristic, fingerprint region for the analyzed
samples includes the rich spectra in the range from 1480 to
700 cm . The characteristic vibrations in this region include
the stretching vibrations of C—O, C—C, and C-H groups and
the bending vibrations of C—H present in the chemical struc-
ture of carbohydrates (Anjos et al. 2015; Kasprzyk et al. 2018)
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(often also from organic acids and carotenes). One should
also mention the most interesting vibrations within this
range, e.g., the bands at 1451 cm !, 1414 cm™!, and
1350 cm™ . These are characteristic of deformation vibra-
tions of the O—CH and C—C-H groups in the carbohydrate
structure or —OH deformation vibrations originating from
the C—OH group. Bands in the range from 1245 to
1150 cm™ ! correspond to the stretching vibrations of C—H
and C-O in the carbohydrate structure. The bands at 1146
and 1027 cm ! reflect the vibrations of the C—O group in
C-O-C. The regions from 1025 to 930 cm ' and under
900 cm ™' are, respectively, the stretching vibrations of
C-O0 in the C-OH group or stretching vibrations of C—C
in the carbohydrate structure (Kasprzyk et al. 2018; Anjos
et al. 2015). The last region at 900-700 cm ™' is character-
istic of the anomeric region vibrations in carbohydrates or
C—H and C-C deformation (Kasprzyk et al. 2018).
Changes in those bands often indicate bond modifications
in sugar fractions.

Conclusions

1. Low-temperature spray drying with the use of
dehumidified air is a good method to obtain honey pow-
der of substantially increased amount of honey (up to
80% solids) comparing to previous works.

2. Honey powders obtained by this method are characterized
by high antioxidant activity and rich aroma. In the case of
80% honey powders (20% of carrier), these properties
were not deteriorated comparing to pure honey before
drying. Thus, this level of carrier addition can be treated
as optimal from the point of view of bioactive properties
retention during low-temperature spray drying. Such low
carrier addition is favorable due to the perception of such
product as natural. If used as food component, the dose of
such honey-rich powder can be reduced comparing to
traditional products containing higher amount of carrier
(usually not lower than 50%).

3. The addition of NUTRIOSE as maltodextrin substitution,
as well as the application of skimmed milk as water sub-
stitution for feed solutions preparation, gives very good
results from the point of view of high antioxidant activity
and aroma retention. NUTRIOSE can be used as a carrier,
instead of traditionally used maltodextrin, for the prepa-
ration of added-value honey powder.

4. Low-temperature spray drying with the use of
dehumidified air has a positive impact on powder anti-
oxidant activity and aroma. At the same time, the in-
crease of the concentration of the compound with known
negative effects on human health (HMF), is not
observed.
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