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ABSTRACT 

Encapsulated red raspberry (Rubus idaeus) powders with gum Arabic were produced using spray 

drying method. The raspberry puree samples were treated with and without high pressure 

homogenizers prior to spray drying. Physiochemical properties of spray dried raspberry powders 

were analyzed. The median particle size (X50) of raspberry powder produced with high pressure 

homogenized puree (14.6 µm) was smaller than raspberry powder produced without high 

pressure homogenization applied to puree (18.3 µm). Glass transition temperatures and water 

contents of encapsulated raspberry powders were not significantly different (p > 0.05) at 

equivalent water activities. High pressure homogenization of puree resulted in greater apparent 

density and porosity for encapsulated raspberry powder. Greater particle size resulted in higher 

hygroscopicity and water solubility index (WSI) for encapsulated raspberry powder produced 

without high pressure homogenization of puree. Anthocyanins concentration was greater in 

raspberry powder pretreated with high pressure homogenization although powder exhibited 

lesser brightness, redness and yellowness.  
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INTRODUCTION 

Consumer demand for antioxidant rich fruits has been increasing for the past few years because 

of their potential health benefits. Studies reported that berries, including red raspberries are rich 

in various antioxidant compounds such as anthocyanins (1,2). The role of anthocyanins in cancer 

treatments (3), biological activity (4) and human nutrition (5) has been well documented. The 

common anthocyanins found in raspberry are cyanidin-3-sophoroside-5-glucoside and cyanidin-

3-glucoside with minor amounts of pelargonidin-3-glucosides and pelargonidin-3-rutinosides (6).  

 Washington State produces around 60% of the red raspberries in the United States, and 

more than 90% of that production is processed or frozen immediately since raspberries are highly 

perishable (7). A major portion of processed/frozen raspberries are dried in order to satisfy the 

demand for diversified food products. Dried raspberries are used as ingredients in many food 

formulations, including dairy and bakery products. 

 Among drying technologies, spray drying is one of the widely used methods to produce 

encapsulated fruit powders. Claussen et al. (8) reported that spray dried potato protein 

concentrates were lighter and more appealing than vacuum freeze-dried and atmospheric freeze-

dried concentrates. Several studies on spray drying of variety of foods such as cashew apple juice 

(9), lime juice (10), Gac (11), potato protein concentrate (8), anthocyanin from kokum (12), and 

cactus pear juice (13) have been reported. Fruit powders are highly hygroscopic and 

thermoplastic in nature, causing adhesion on dryer walls (10), along with difficulty in handling 

and caking. Sticking of the powders onto the dryer walls is due to the presence of low molar 

mass sugars (i.e. fructose, glucose and sucrose) and acids in the fruit pulp (14-17). In addition, 

the low glass transition (Tg) and sticky point temperatures (the temperature at which a powdery 

material will start caking and sticking on the walls of the container) of fruit powders make it 
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challenging to produce powders from fruit juices (18, 19). High molar mass carbohydrates, such 

as maltodextrins and gum Arabic, are generally added to fruit juices to reduce the hygroscopicity 

and stickiness of fruit powders after spray drying (15-16, 20-21). Further, these high molar mass 

compounds act as encapsulating agents, which entrap and retain the flavor constituents and 

protect the bioactive and antioxidant compounds, such as anthocyanins and polyphenols, in food 

powders during drying and storage. (22-24). Jafari et al. (25) reviewed properties of 

encapsulating agents used in spray drying. Gum Arabic is one of the most popular, has good 

emulsifying capacity, high solubility and low viscosity in aqueous solution, which aids the 

drying process. Gum Arabic also retains volatile substances and provides protection against 

oxidation due to its excellent surface active qualities (25-28). 

 In order to produce food emulsions with smaller, more uniform-sized, dispersed particles, 

homogenization is carried out before spray drying (29). The type of homogenization technique 

used prior to spray drying may have an impact on the particle size distribution of the final 

product. High pressure homogenization (pressure levels of 50-350 MPa) can be used before 

spray drying to produce micro- and nano-meter sized particles, which may help in protecting and 

delivering bioactive and antioxidant compounds in food products (29,30). Furthermore, the 

particle size distribution may influence the bioavailability of bioactive antioxidant compounds 

and the physicochemical properties of the encapsulated food powders. Amidon et al. (31) 

reported that the bioavailability of bioactive compounds was greater when the particle size was 

less than 150 nm due to their increased absorption in the gastrointestinal track. High pressure 

homogenization may also help improve the emulsifying and encapsulating properties of high 

molar mass encapsulating compounds such as gum Arabic (32). Therefore, the objective of this 
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study was to investigate the effect of high pressure homogenization on physiochemical properties 

of red raspberry powders encapsulated using gum Arabic. 

  

2. MATERIALS AND METHODS 

Fresh red raspberries (Rubus idaeus L.) were purchased from local grocery store (Safeway Inc., 

Pullman, WA). Immediately after receiving the raspberries they were stored at −35oC for 

maximum 2 days until further experiments were carried out. For puree preparation, raspberries 

were thawed at 4°C for 2 h. The thawed raspberries were crushed in a beaker (200 ml) and the 

seeds were separated using cheese cloth. The de-seeded raspberry puree was homogenized for 5 

min using an Omni mixer homogenizer (Model No. 17105, Omni International, Waterbury, CT, 

USA) and filtered through cheese cloth. Gum Arabic (10% w/w [wet basis]) (TIC Pretested® 

gum Arabic FT powder, TIC Gums, Belcamp, MD) was used as an encapsulating agent by 

blending it with raspberry puree for 5 min. The gum Arabic was previously dissolved in water 

before mixing it with raspberry puree. The raspberry puree was further homogenized for 15 min 

in the Omni mixer homogenizer. 

 A high pressure homogenizer microfluidizer (Microfluidics M110P with an H10Z 

interaction chamber, Microfluidics, Newton, MA, U.S.A.) at 207 MPa pressure with five passes 

through 250 µm auxiliary chamber was used to prepare the raspberry puree into smaller particle 

size (33). The high pressure homogenizer coil was cooled using ice to avoid possible degradation 

of anthocyanins in the puree. Both regular and high pressure homogenized purees were stored in 

plastic bottles at 4oC for maximum 1 h.  

 Raspberry puree with gum Arabic (10% w/w) was fed into the spray dryer (SI Anhydro 

Attleboro Falls Mass, Copenhagen, Denmark). The feed/pump rate was 30 ml/min with spray 
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drying air temperature at 160-162°C and outlet air temperature at 85-87°C. The spray dried, 

encapsulated raspberry powders were collected in Ziplock plastic bags and kept inside glass 

sealed chambers wrapped with aluminum foil. The encapsulated raspberry powders were stored 

at −18°C until further analyses were performed. The protocol used for producing encapsulated 

raspberry powders with and without high pressure homogenization and analyzing their 

physicochemical properties is presented (Figure 1). 

2.4 Measurements of Physiochemical properties 

Morphological analysis and particle size determination of encapsulated raspberry powders 

pretreated with and without homogenization before spray drying were conducted using an 

environmental scanning electron microscope (ESEM) (Quanta 200 ESEM, FEI Co., Hillsboro, 

OR). The samples were kept under low vacuum mode of 200 Pa and voltage of 20 kV in the 

ESEM. 

 The particle size of red raspberry powders was determined using a particle size analyzer 

(HELOS KR, Sympatec GmbH, Clausthal-Zellerfeld, Germany). The measurement of powder 

particle size was conducted using a 5 mW He-Ne laser, parallel Fourier optics, and a 31 element 

semicircular detector. The particle size determination was based on the Fraunhofer theory of 

laser diffraction. Powder particles were dispersed using a RODOS dry powder disperser powered 

by air pressure at 300 kPa. Calculations were performed using Sympatec Windox V 5.6. The 

median particle size (X50) was determined as the equivalent particle size corresponding to 50% 

of the cumulative distribution function of the sample. 

 The encapsulated raspberry powders were equilibrated for two weeks with saturated LiCl 

solution to achieve a uniform water activity of 0.113. Water contents of red raspberry powders 

were measured using a vacuum oven as per the method described by the AOAC 984.25 at 70°C 
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for 24 h (34). Raspberry powder (2 g) was used to measure water content in triplicate. The glass 

transition temperatures of the equilibrated raspberry powders were conducted using a differential 

scanning calorimeter (DSC, Q2000, TA Instruments, New Castle, DE). The instrument was 

calibrated at standard temperatures and enthalpies of fusion of indium and sapphire. An empty, 

sealed aluminum pan was used as a reference while testing both samples. Ten to 20 mg of each 

powder was sealed in aluminum pans (volume 30 µL) and cooled from room temperature (23oC) 

to -50oC at 5oC/min and then equilibrated for 10 min. Powders were scanned from -50oC to 

150oC while warmed at a rate of 5oC/min. The glass transition temperature (Tg) is identified as a 

vertical shift in the heat flow curve of the thermogram. TA
 
Instruments Universal analysis 

software was used to analyze the
 
onset, mid and end points of the glass transition. Duplicate 

samples
 

of encapsulated red raspberry powder were
 

used to determine the glass transition 

temperatures. The water activity of encapsulated raspberry powders was determined using a 

water activity meter (AquaLab, Decagon Devices, Pullman, WA).  

 Bulk density for red raspberry powders was determined using the method described by 

Haugaard et al. (35) and Pisecky et al. (36). To determine the bulk density of encapsulated 

raspberry powders, 10 g raspberry powder was placed in a 25 ml measuring cylinder. The 

cylinder was gently tapped 100 times to settle the powder and remove the air gap between the 

particles. Volume of the settled raspberry powder was calculated using the inner diameter of the 

measuring cylinder and powder height after tapping. Then bulk density (ρb) was determined 

using the following equation: 

t

s
b V

m
=ρ

           (1) 
 

where ρb is the bulk density,  ms and Vt are the mass of powder and total volume of the powder 

after tapping, respectively. 
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 The apparent density of the raspberry powders was calculated using a pycnometer 

method. Encapsulated raspberry powders (2 to 4 g) were immersed in a known volume of 

toluene (C7H8) placed in a 25 ml pycnometer and the displaced volumes were measured. 

Toluene was used instead of water to avoid absorption of the sample during measurement. 

Apparent density was calculated from the duplicate samples.  

s

s

a V
m

ρ =           (2) 

where ρa is the apparent density, ms and Vs are the mass of powder and displaced volume, 

respectively. 

 Bulk porosity (ε) of the encapsulated raspberry powders was calculated from the apparent 

density and bulk density (37). 

a

b

ρ
ρ

1ε −=           (3) 

Where ε  is the bulk porosity, ρb and ρa are the bulk density and apparent density of red 

raspberry powder. 

 For hygroscopicity determination, 1 g each of the regular and high pressure homogenized 

red raspberry powders were kept in 10 ml beakers sealed inside a glass jar maintained at a 

relative humidity of 79.5 % using a saturated salt solution of potassium nitrate at room 

temperature (23oC). After 1 week when the equilibrium was reached, the samples were weighed 

and the hygroscopicity of the powders was calculated using the following equation (19): 

h

i
h

a
b

W
a
b

+

+
=

1
(%)cityHygroscopi

        (4)  
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where b is the increase in weight of raspberry powder in grams, ah is the amount of powder used 

for measurement in grams and Wi (% wet basis) is the water content of the powder before 

exposing the powder to a humid air environment (34). The analysis was conducted in triplicate.
 

 The water solubility index (WSI) of the raspberry powders was measured using the 

method described by Anderson et al. (38). Two and one-half grams of the raspberry power was 

mixed thoroughly for 5 min in 30 ml distilled water in a 50 ml centrifuge tube. The centrifuge 

tube was incubated at 37°C in a water bath (HAAKE DL 30, Thermo Electron Corp., Germany) 

for 35 min. The solution was then centrifuged at 17,640×g for 20 min at 4°C. The supernatant 

was collected in a pre-weighted 80 ml beaker and vacuum dried in an oven at 105°C.  

100
sampleoriginalofWeight

tsupernatandriedofWeightWSI ×=
      (5)

 

 The color of the red raspberry powders was determined using Minolta Spectrophotometer 

(CM-2002, Minolta Camera Co., Ltd, Osaka, Japan), calibrated with a glossy, white standard 

tile. The powders were spread uniformly and evenly to a depth of 3 mm in a plastic Petri dish to 

minimize the influence of surface heterogeneity and bulk density on the color measurements. 

Results were expressed as values L*, a* and b* on the Hunter color scale (REF), where L* denotes 

lightness, a* redness and greenness, and   b* yellowness and blueness. An L* value of 0 is black 

and 100 is white. An a* value of -120 is green and +120 is red. Hunter values of each sample 

were measured in triplicate. 
 

 For total anthocyanin determination, 50 mg of dried raspberry powder or 100 mg fresh 

fruit tissue was extracted in 1 mL 1% (v/v) HCl-methanol in microcentrifuge tubes. After storage 

for 24 h at -20oC, sample tubes were centrifuged at 20817 × g for 10 min at 4oC and the 

supernatant decanted into 15 mL plastic tubes. The pellet remaining in each sample tube was 

extracted twice more, with supernatants decanted into the 15 mL plastic tubes. The accumulated 
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supernatants for each sample were made up to 3-mL volumes with HCl-methanol on the fourth 

day. Total anthocyanins were determined by the pH-differential absorbance method, using molar 

extinction coefficient of 37150 M-1cm-1 at 524 nm for cyanidin-3-sophoroside-5-glucoside in 

raspberries (39). Each extract was measured in triplicate and the total anthocyanin concentration 

was expressed in mg cyanidin-3-sophoroside-5-glucoside per g dry weight. 

 Total phenolic compounds in the raspberry powders were quantified using Folin-

Ciocalteu (F-C) phenol reagent (2 N) by revised methods described by Singleton et al. (40). 

Specifically, 50 mg fruit powder or 100 mg fresh fruit tissue was extracted with 1 mL 80% (v/v) 

methanol in microcentrifuge tubes. Samples were vortexed, allowed to extract for 1 h at room 

temperature and then overnight at -20oC followed by centrifugation at 20817 × g for 20 min at 

4oC. The supernatants were decanted into 15 mL plastic tubes. The pellet remaining in each 

sample tube was extracted twice more, decanted supernatants decanted into the 15 mL plastic 

tubes. The accumulated supernatants for each sample were made up to 4 mL with 80% (v/v) 

methanol after the final extraction. The assay was performed by adding 300 μL sample extract 

into two, 15-mL tubes containing 600 μL 80% (v/v) methanol, 5 mL 10% (v/v) F-C reagent, and 

either 4 mL saturated Na2CO3 (75 g L-1) or 4 mL water. The tubes were mixed thoroughly and 

incubated at room temperature for 2 h. Aliquots (1 mL) from the sample tubes containing 

Na2CO3 or water were added to 1.5 mL plastic cuvettes and the absorbance of each was 

measured at 760 nm in a UV-visible spectrophotometer (Model HP8453, Hewlett-Packard Co., 

Palo Alto, CA). The concentration of phenolic compounds was determined by subtracting 

absorbance of samples containing Na2CO3 from that of samples containing water and expressed 

as gallic acid (3,4,5-trihydroxybenzoic acid) equivalents. 
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 For total antioxidant activity determination, the end-point 2,2′-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS)/hydrogen peroxide (H2O2)/peroxidase 

(horseradish peroxidase, HRP type VI-A) method of Cano et al. (41) was used with 

modifications to measure the antioxidant activity of hydrophilic and lipophilic fractions (42). 

Specifically, 50 mg raspberry powder or 200 mg fresh fruit tissue was extracted in 700 mL of 50 

mM 2-(N-morpholino)ethanesulfonic acid (MES, pH 6.0) and 700 mL of ethyl acetate in 

microcentrifuge tubes. The tubes were vortexed for 30 s, and centrifuged at 17949 × g for 10 min 

at 4oC. The organic (top) and aqueous (bottom) phases were separated with a pipette for 

measurement of hydrophilic and lipophilic antioxidant activities (HAA and LAA, respectively). 

For both fractions, 40 μL of 1 mM H2O2, 100 μL of 15 mM ABTS, and 10 μL of 3.3 U μL-1 

HRP were placed in glass cuvettes and gently shaken for 10 s, after which 50 mM phosphate 

buffer (pH 7.4) was added to the samples and mixed with a stir paddle. The absorbance at 734 

nm was monitored in a UV-visible spectrophotometer until stable (<10 sec). Later, 5 μL (for 

HAA) or 40 μL (for LAA) extract was added for a total reaction volume of 1 mL, mixed with a 

stir paddle, and monitored at 734 nm until absorbance reached a minimum. HAA and LAA were 

calculated from the absorbance difference and expressed on the basis of  Trolox equivalents from 

standard curves of 5 mM Trolox diluted in 50 mM MES buffer (pH 6.0) or 100% (v/v) ethyl 

acetate, respectively, and measured as described for the samples. HAA and TAA were summed 

to estimate total antioxidant activity (TAA). 

 Statistical analysis was conducted using SAS®9.1 (SAS Institute Inc., Cary, NC). 

Analysis of variance (ANOVA) was used to determine significant differences between treatment 

means at the 95% confidence interval. 
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3. RESULT AND DISCUSSION   

3.1. Particle Size distribution and Morphology
 

Morphological analysis of the encapsulated raspberry powders by ESEM indicates no substantial 

difference in particle morphology between encapsulated raspberry powders produced with and 

without high-pressure homogenization before spray drying (Figures 2a&b). Generally, the 

encapsulated raspberry powders were round in shape with some concavities on the surface. 

Communian et al. (43) also reported concavities on the surface of spray dried chlorophyllide 

microspheres. The concavities on the microspheres may be attributed to particle shrinkage due to 

water evaporation during spray drying as reported by Rosenburg et al. (28).  

 Encapsulated raspberry powders exhibited unimodal particle size distribution, showing 

the powders were homogeneous, with no caking or aggregation of particles (Figure 3). The 

encapsulated raspberry powder obtained after high-pressure homogenization exhibited a slightly 

smaller particle size (X50 = 14.6 µm) than that of encapsulated powder obtained after regular 

homogenization (X50 = 18.3 µm) (Table 1 and Figure 3). The smaller particle size of 

encapsulated, high-pressure powder is attributed to the reduced droplet size after high-pressure 

homogenization. The ice cooling of puree during high pressure homogenization may have 

prevented more accentuated droplet size reduction. However, ice cooling was necessary to 

reduce the temperature of raspberry puree to minimize possible degradation of anthocyanins due 

to high temperatures generated in raspberry puree during high pressure homogenization. It was 

reported that ultra-high pressure, and the resulting high temperature and shear stress, reduced 

droplet size of an emulsion after high-pressure homogenization (32). Rocha-Guzman et al. (30) 

reported high-pressure homogenized powder samples resulted in 50% smaller particle size in 

comparison to non-homogenized samples.  
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3.2 Water content, Water activity and Glass transition temperature 

The water contents of encapsulated raspberry powders pretreated with and without high-pressure 

homogenization before spray drying were 0.049 and 0.033 kg water/kg powder sample, 

respectively. After equilibration at aw of 0.113, the water contents of encapsulated raspberry 

powders pretreated with and without high pressure homogenization before spray drying did not 

differ significantly (P≥0.05) at 0.029 and 0.032 kg water/kg raspberry,  respectively (Table 2). 

Kha et al. (11) reported the water content of spray dried Gac powder was 0.045 kg water/kg 

sample. No significant difference was observed in glass transition temperatures (Tgi, Tgm, and 

Tge) of encapsulated raspberry powders pretreated with and without high-pressure 

homogenization before spray drying (Table 2). The similar glass transition temperature is 

attributed to the equivalent water contents and chemical composition of the raspberry powders. 

Initial glass transition temperatures (Tgi) of encapsulated raspberry powders (20-20.5oC) were 

similar to room temperature (23oC) (Table 2), and therefore, they can be stored at room 

temperature for an extended period of time without any significant loss of flavor and antioxidant 

compounds (17,44). The possible moisture transfer between storage environment and low water 

activity  encapsulated raspberry powders should be avoided during storage by proper packaging 

to minimize quality changes. A small addition of gum Arabic (10% of total solids) with 

raspberry puree used in this study increased the Tg of the pure raspberry powder substantially 

(2.5-3oC increase in Tgi and 6.9-7oC in Tgm) (45). Further addition of gum Arabic (15-20% of 

total solids) could increase the Tgi above room temperature without considerable changes in 

physicochemical properties.   

 Molar mass of solid constituents in food matrices has a significant impact on their glass 

transition temperature. High molar mass food constituents, such as gum Arabic, exhibit high 
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glass transition temperatures. The low shear stresses during regular homogenization may not be 

significant enough to cause structural changes of high molar mass compounds. While high-

pressure homogenization may break the covalent bonds and degrade the structure of high molar 

mass compounds attributed to the increase in temperature by shear stress under high pressure 

(32). The structural changes may reduce the molar mass of compounds during high pressure 

homogenization which may alter their glass transition temperatures. However, our results 

indicated that the glass transition temperature of raspberry powders are dependent on the water 

content, suggesting no structural changes in powder after high pressure homogenization (Table 

2) (46). 
 

3.3 Density, Hygroscopicity and Water solubility index (WSI)
 

Bulk density is a packing property of a food material. Bulk density is dependent on size, shape 

and surface properties of powder particles. Powders with smooth and uniform surface have 

greater bulk density. Powders with smaller bulk density have greater volume of package for 

same amount of material. In general, bulk density increases with a decrease in particle size as 

more particles occupy a given volume, which allow less void spaces between particles (47). 

However, in the case of encapsulated raspberry powders, there was no significant difference 

(P≥0.05) between the bulk densities (550 kg/m3) of high pressure and regular homogenized 

raspberry powders (Table 2). In case of spray dried Gac powder, the bulk density was 700 kg/m3 

(11), while for vacuum dried mango powder, the reported bulk density was 530 kg/m3 (14). 

Apparent density represents the density including all the pores in a material. For food powders, 

apparent density ranges between 1000-1500 kg/m3 (48). Apparent density of encapsulated 

raspberry powder pretreated with high-pressure homogenization (1300 kg/m3) was slightly 

greater than that of regular homogenized raspberry powder (1200 kg/m3) (Table 1). The greater 
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value of bulk porosity of encapsulated raspberry powder pretreated with high-pressure 

homogenization was attributed to its higher apparent density (Eq 3.). Rodriguez-Hernandez et al. 

(13) reported the apparent density of cactus pear juice as 1052 kg/m3. 

 
The encapsulated raspberry powders pretreated with high-pressure homogenization were 

less hygroscopic (3.45%), indicating homogenization technique has an influence on 

hygroscopicity (Table 1). Better encapsulation as a resulted of high-pressure homogenization 

before spray drying may have contributed to the smaller hygroscopicity of raspberry powders. 

Rodriguez-Hernandez et al. (13) reported that inlet air pressure affected the hygroscopicity of 

powders after spray drying. Less hygroscopicity was observed when greater air pressure was 

applied, attributing to more compact powder constitution due to the higher pressures. Nayak and 

Rasogi (12) reported the hygroscopic water  content of encapsulated kokum anthocyanins ranged 

from 4.38-5.8% depending on dextrose equivalent of maltodextrins used as encapsulating agents. 

Hygroscopic food powders exhibit stickiness and caking when exposed to moisture during 

storage and distribution. However, hygroscopicity is a favorable property considering solubility 

of a food powder during rehydration. Solubility is one of the important instant properties 

(wettability, dispersability, solubility) for encapsulated raspberry powder, since it may be 

subjected to rehydration when used as a food ingredient. Encapsulated raspberry powder 

pretreated with high-pressure homogenization exhibited a smaller water solubility index (WSI = 

61.7%) than that of raspberry powders (WSI = 70.1%) not pretreated with high-pressure 

homogenization of the puree. The observed higher solubility of regular homogenized powder 

may be attributed to its greater particle size distribution. Abadio et al. (49) reported similar WSI 

(81.6 %) in pineapple juice powder.  

3.4 Color
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Color of encapsulated raspberry powder is an important attribute since it can be commercially 

used as an ingredient or coloring agent in food formulations. A significant difference in L*, a* 

and b* values were observed between encapsulated raspberry powders pretreated with high-

pressure homogenization and regular homogenization techniques (Table 3). A greater L*  value 

(47.6) for encapsulated powder pretreated with high-pressure homogenization indicates they 

were lighter in color than encapsulated raspberry powder pretreated with the regular 

homogenization technique (43.7). Also, a smaller a* value (41.7) (red to green color) for 

encapsulated powder pretreated with high-pressure homogenization indicates less red color 

intensity, which may be attributed to better encapsulation by the carrier agent, gum Arabic. The 

lower b* value (9.43) (blue to yellow color) for encapsulated raspberry powder pretreated with 

high-pressure homogenization represents greater yellowness. In general, regular homogenization 

pretreatment of encapsulated raspberry powder produced brighter powders with more redness 

and yellowness.  
 

3.5 Phytochemicals content 
 

The total anthocyanin concentration was significantly greater (P≤0.05) in encapsulated raspberry 

powder pretreated with high-pressure homogenization (6.47 mg/g DW) than without high 

pressure homogenization (4.85 mg/g DW) or the fresh raspberries from which the powders were 

derived (5.96 mg/g DW) (Table 4). The total anthocyanin concentration in freeze-dried 

raspberries ranged from 6.45-11.6 mg/g DW (Table 4) (50). The smaller retention of 

anthocyanins in spray-dried raspberries in comparison to the freeze-dried raspberries could be 

due to the higher temperatures used in spray drying compared to the lower temperatures and 

vacuum conditions inside the freeze-drying chamber. In addition, gum Arabic was used to 

encapsulate raspberry powders during spray drying while no encapsulation material was used 



17 
 

during freeze-drying. The concentration of total phenolics in encapsulated raspberry powder 

pretreated with and without high-pressure homogenization were identical (5.33 mg gallic acid 

equivalents/g DW). The total phenolics concentration in spray dried raspberry powders were 

considerably less than that of fresh or freeze dried raspberries (14.4-25.2 mg gallic acid 

equivalents/g DW), which may be attributed to the destruction of some heat sensitive phenolic 

compounds during spray drying (Table 4) (50). The total antioxidant activity of encapsulated 

raspberry powder pretreated with high-pressure homogenization (56.9 mmol Trolox 

equivalents/g DW) was significantly greater than that of raspberry powder not pretreated with 

high-pressure homogenization (48.6 mmol Trolox equivalents/g DW). The total antioxidant 

activity of spray dried raspberry powder was less than that of freeze-dried raspberry powder 

(69.2-158 mmol Trolox equivalents/g DW). 

 The better retention of anthocyanins and greater antioxidant activity in encapsulated 

raspberry powder pretreated with high-pressure homogenization may be attributed to better 

coating and encapsulation of anthocyanins and other antioxidant bioactive compounds by the 

gum Arabic matrix at higher pressures (51). In addition, high pressure homogenization resulted 

in smaller particles, which are normally better coated and encapsulated than larger particles, 

leading to greater retention during drying (51). Retention of limonene was greater at higher 

homogenization pressures in a freeze-dried gum Arabic-gelatin-sucrose matrix (51). Rocha-

Guzman et al. (30) reported high pressure retains a greater total polyphenolic content and this 

pattern could be associated with smaller particle size. The attractive red color of red raspberries 

is related to the concentration of anthocyanin molecules. Even though encapsulated raspberries 

pretreated with high-pressure homogenization retained more anthocyanins, they exhibited lighter 

and less red color intensity in comparison to the encapsulated raspberries pretreated with regular 
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homogenization. This could be due to better encapsulation of anthocyanins and coating by gum 

Arabic at high pressures during homogenization, thereby masking the surface color of the 

raspberry powder. In addition, other molecules may be responsible for the color of red 

raspberries. 

CONCLUSIONS
 

The encapsulated raspberry powders were spherical in shape with some concavities on the 

surface attributed to shrinkage during spray drying. Encapsulated raspberry powders were more 

uniform and less agglomerated as observed by scanning electron microscopy. Particle size and 

homogenization technique did not have an influence on glass transition temperature, which was 

dependent only on the water content. Water solubility index and hygroscopicity of encapsulated 

raspberry powders pretreated with high pressure homogenization were greater, indicating better 

physicochemical properties than those processed without high pressure homogenization. The 

higher hygroscopicity, however, may lead to stickiness during storage of food powders. High-

pressure homogenization retained more anthocyanins in raspberry powders by providing better 

encapsulation and coating. High-pressure homogenization should be considered as a 

pretreatment before spray drying of encapsulated raspberry powders based on the application and 

physicochemical properties of interest. The findings of the current study are useful for raspberry 

and other fruit processing and ingredient industries in selecting appropriate homogenization 

techniques for producing encapsulated, highly colored, fruit powders.
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FIGURE CAPTIONS 

 

Figure 1  Flow chart of the experimental methods used for producing encapsulated  

   raspberry powders and analyzing their physicochemical properties  

Figure 2  Environmental Scanning Electron Microscopy micrographs of   

   encapsulated raspberry powders A). without and B). with high pressure  

   homogenization 

Figure 3  Cumulative distribution of particle size and identification of X50 in   

   encapsulated raspberry powders pretreated with regular and high-pressure  

   homogenization 
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Table 1. Physical properties of spray dried red raspberry powders 

Encapsulated raspberry 
powder 

Bulk Density 
(kg/m3) 

Apparent or 
Particle 
Density 
(kg/m3) 

Bulk 
Porosity Hygroscopicity (%) WSI (%) Particle 

Size (µm) 

Without high pressure 
homogenization 550a (0) 1200c (0.016) 0.53 3.46e (0.002) 70.1g (0.37) 18.3 

With high pressure 
homogenization 550a (0.012) 1300d (0.015) 0.57 3.45f (0.006) 61.7h (0.33) 14.6 

Same superscripts in column indicates that there is no significant difference in the values 

 

Table 2. Water content, glass transition temperatures (Tgi , Tgm and Tge) and water activity of spray dried red raspberry powders after 

equilibration at 0.113 aw 

 

Encapsulated raspberry powder 
Water content (kg 

water/kg 
raspberry) 

Glass Transition Temperature Range (°C) Water 
activity, aw Tgi Tgm Tge 

Without high pressure 
homogenization 0.032d (0.0005) 20.0a (0.410) 26.2b (0.495) 29.2c (0.778) 0.113 

With high Pressure 
homogenization 0.029d (0.0008) 20.5a (0.700) 26.1b (0.707) 30.5c (0.495) 0.113 

Same superscripts in column indicates that there is no significant difference in the values 



21 
 

 
Table 3. Color indices (L*, a*, b* values) in spray dried red raspberry powders 

Encapsulated raspberry 
powder L* a* b* 

Without high pressure 
homogenization 43.7a (0.270) 45.1c (0.520) 11.3e (0.370) 

With high Pressure 
homogenization 47.6b (0.480) 41.7d (0.810) 9.43f (0.350) 

Same superscripts in column indicates that there is no significant difference in the values 

 
 
 

Table 4. Quantity of phytochemicals in fresh raspberries and spray dried red raspberry powders (DW: dry weight of solids) 
 

Raspberry sample 
Total Anthocyanins (mg Cyd-
3-Soph-5-Glu equivalents/g 

DW) 

 
Total Phenolics (mg gallic acid 

equivalents/g DW) 
 

Total antioxidant activity 
after processing (mmol Trolox 

equivalents/g DW) 

Fresh 5.96a (0.310) 11.3d (0.325) 51.7fg (5.15) 
Without high pressure 

homogenization 4.85b (0.154) 5.33e (0.079) 48.6f (1.02) 

With high Pressure 
homogenization 6.47c (0.126) 5.33e (0.283) 56.9g (5.63) 

Freeze-dried raspberry powder 
(50) 6.45-11.6 14.4-25.2 69.2-158 

Same superscripts in column indicates that there is no significant difference in the values 
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Figure 1 

Reception of fresh raspberries 

Crushing/Pulping  

Filtration (Cheese cloth) 

Homogenization (Omni Mixer homogenizer for 
15 min) 

Spray drying (Inlet temperature 160-162oC, 
Outlet temperature 85-87oC) 

Encapsulated raspberry powder 

Determination of  
1. Morphology 
2. Particle size 
3. Glass transition temperature 
4. Water content 
5. Water activity 
6. Bulk density 
7. Apparent density 
8. Bulk porosity 
9. Hygroscopicity 
10. Water solubility index 
11. Color 
12. Total anthocyanins 
13. Total phenolics 
14. Total antioxidant activity 

Blending raspberry juice with Gum Arabic (10% 
w/w)  

High Pressure Homogenization (207 
MPa with five passes) 

 

Homogenization (Omni Mixer homogenizer for 
4-5 min) 
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