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Application of nanotechnology in beverage industry: 

study of complexation of antioxidant with cyclodextrins, 

characterization and feasibility 

 

André Vieira das Neves 

Abstract 

 This work studies the complexation between ascorbic acid (AA) and protective agents, 

cyclodextrins-2 (CD-2) and cyclodextrins-1 (CD-1), but also the similar complexation of apple extract. 

The precursor compounds, in simple or mixed solutions, were processed in a spray dryer. The complexes 

and precursor compounds were characterized by scanning electron microscopy. The micronized CD-2 is 

less wrinkled and more spherical compared with the CD-1. The complexation was analyzed through the 

structural changes, by differential scanning calorimetry. The characteristic peaks of CD-2 e CD-1 

dehydration are 120ºC and 108ºC, respectively, of ascorbic acid fusion is 193ºC and the thermal change 

of apple extracts has four characteristic peaks between 176-195ºC. There was complete complexation 

between cyclodextrins and antioxidants in the formulations processed in mass ratios from 3.0-5.0:0.4-

2.4 to 3.0-5.0:0.8-2.8, in which even free cyclodextrin is found, with the exception of the mass ratio 

3.0-5.0:0.8-2.8 of CD-1:AA. We analyzed the molecular interactions by FT-IR spectroscopy and 

observed that the absorbance and neighborhood of hydroxyl, alkane, alkene, alkyne and ether functional 

groups of the analyzed compounds did not change significantly. Dynamic light scattering revealed that 

cyclodextrins are nanosized molecules (average radius of 0.35-0.45 nm). Their antioxidant activities 

were measured by the method ORAC; an increase was observed regarding the value presented by AA - 

2200 µmol CAET/g AA. Some complexes of cyclodextrins:AA reached 4200 µmol CAET/g AA, while the 

complexation of apple extract does not seem advantageous  since its activity is the same of that the 

extract - 5500 µmol CAET/g extract. 

 Keywords: Antioxidants, cyclodextrins, spray drying, morphology of the powders (SEM), 

formation of complexes (DSC), synergy (ORAC).

1. Introduction 

 

 The non-alcoholic beverages can be 

divided into three categories: juices, soft drinks 

and nectars. The sensory properties of soft 

drinks are affected essentially by volatilization 

of their essential compounds (affecting 

essentially the flavor). It is possible to increase 

the shelf life of non-alcoholic beverages with 

functional additives, for example antioxidants. 

The main problems of antioxidants are their 

photosensibility and, for phenolic compounds, 

the fact that while protecting against 

volatilization of compounds may accelerate 

oxidation of protein and, carbohydrates [2-4]. 

Several studies have been published regarding 
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the increase of the shelf life of soft drink [1 - 

11]. The main cause of deterioration of 

beverages, as of other foods, is their oxidation 

[12, 13]. 

 Nanotechnologies enable simultaneous 

―micronization‖ and drying of the products, thus 

allowing an increase in the particles surface 

area. Applying nanotechnologies food products 

can be improved by encapsulation or 

complexation of active ingredients, enabling 

their controlled release [12, 13]. 

 There are several published studies on 

drying and micronization of dissolved particles, 

by supercritical technologies (RESS, SAS, 

PGSS, using supercritical fluids, for example 

CO2 less than 38ºC and 80 bar) and others 

without resourcing to supercritical fluids 

(nitrogen, inert gas) [14-19]. 

 Spray drying is a technology which 

uses the atomization, frequently applied to form 

powders and/or preserving solutions and liquid 

suspensions by removing the solvent. This 

process is economically feasible, reproducible, 

highly versatile, easy to implement and scale-

up and can control the size of solid particles, 

through the control of the various process 

variables (temperature and flow rate of drying 

gas stream, flow rate of feed solution, diameter 

of the nozzle). The limitations of this process 

are such as low drying yields and unsteady 

temperatures of the different process streams 

during drying [20-22]. Several studies have 

been performed using this technology for 

different applications, like the formation of 

nanoparticle complexes and drying of food 

additives [22-28].  

 Ascorbic acid (AA) is a low molecular 

weight organic compound (176 g/mol) that is 

water- or fat-soluble and has catalytic or 

regulatory function of some cellular processes, 

and may be added in small quantities to the 

food. The activity of AA is qualitatively exhibited 

few other compounds, usually designated by 

vitamin C [29-30].   

 Apple extract has an important role in 

human health. Those extracts are composed by 

polyphenols, proteins, carbohydrates, minerals, 

fats. They have antioxidant properties that are 

beneficial to human health and preserve foods 

[31-33].  

  Cyclodextrins (CDs) have a very 

characteristic molecular structure, are a family 

of cyclic oligosaccharides with glucopiranose 

subunits joined by glycosidic linkages α–(1,4). 

These molecules consist of a hydrophobic cavity 

with an external hydrophilic surface. They are 

used as a protective/encapsulating agent  for 

various food additives; in presence of active 

ingredient the CDs tend to form clusters of 2 or 

3 molecules [34,35]. Cyclodextrins can be of 

various types, α-CD, β-CD e a ϒ-CD, depending 

on the number of glicosil units, 6, 7 and 8, 

respectively. These CDs are soluble in water 

since that all the hydroxyl groups of the 

glucopiranose units are located in the outer 

surface of the ring. Cyclodextrins act as 

secondary antioxidants in the presence of other 

antioxidants [36-39]. This paper demonstrates 

that obtaining powders of complexed 

cyclodextrins, CD-2 or CD-1, with ascorbic acid 

or apple extract is possible using spray drying. 

 

 This paper demonstrates that obtaining 

powders of complexed cyclodextrins, CD-2 or 

CD-1, with ascorbic acid or apple extract is 

possible using spray drying. 

 

2. Experimental 

 

2.1. Materials  

  

 Ascorbic acid (Mw = 176 g/mol) was 

provided by Sumol+Compal and spray dried 

afterwards; CD-2 was purchased from SAFC; 

CD-1 was kindly supplied by Sigma–Aldrich; 

Apple extract (Apple´in) was obtained from 

Phytonutriance, Diana Naturals. All other 

materials were solvents of analytic grade; water 

was obtained from a MilliQ Water Purification 

System (Millipore). 

 

2.2. Preparation of powders 

  

 The preparation of single compound 

powders started by dissolving the precursors 

with MilliQ water to the following concentration: 
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ascorbic acid with [AA] = 5.00 mg/mL, 

cyclodextrins-2 with [CD-2] = 5.20 mg/mL, 

cyclodextrins-1 with [CD-1] = 5.00 mg/mL. For 

the solid complexes, CD-2:AA and CD-1:AA 

within the range 3.0-5.0:0.4-2.4 to 3.0-

5.0:0.8-2.8 of the mass ratios was studied. The 

CD-2:Apple´in and CD-1:Apple´in have been 

processed with 4:1 mass ratio. The dissolutions 

were performed in Erlenmeyer flasks, under 

magnetic stirring at 700 rpm. Then, solutions 

were processed into powders by spray drying 

method.  

 

 

2.3. Methods of micronization and 

drying 

 The spray drying (Buchi, model B-290 

for laboratory scale) begins by heating the gas 

stream (N2) that permits drying of solutes and 

complexes. The nozzle of equipment was 

selected as 0.7 mm diameter. When the 

precipitation conditions are set in equipment 

(input temperature, aspiration speed, nitrogen 

flow), the solution was pumped into the drying 

chamber. Further information about this 

technique is described elsewhere [24-28].  

 

2.4. Scanning Electron Microscopy 

(SEM) 

 The powders were coated with gold 

and, afterwards, images captured with an 

electronic microscope (Hitachi S2400), at the 

Microlab of ICEMS-IST. 

  

2.5. Dynamic light scattering (DLS) 

  

 The size distribution of the dissolved 

solid particles was measured with a Zetasizer 

Nano ZS (limit detection of 0.3 – 10 μm; 

minimum volume for analysis of 12 μL). The 

concentration limits of the powders in solution 

was 0.1 – 40 × 103 mg/L. Samples of the 

prepared solutions were filtered with filter 0.1 

μm of pore prior to analysis [17].  

 

 

 

2.6. Differential Scanning Calorimetry 

(DSC) 

 

 Thermal analysis was performed with a 

DSC at a heating rate of 10 ºC/min, over a 

temperature range of 0 – 250 ºC [37]. Samples 

of the complexes and of their precursors were 

weighted (4.0-5.0 mg) and sealed in proper 

capsules prior to the analysis.  

 

2.7. Fourier Transform Infrared 

Spectroscopy (FT-IR) 

 

 The molecular characterization of 

powders was performed by Fourier transform 

infrared spectroscopy (FT-IR) on a ABB FTLA 

2000 FT-IR equipment. Its optical crystal in the 

adapter for solid samples (non hygroscopic) 

was covered with a continuous but thin layer of 

the powders to study.  FT-IR scans were 

performed within the 1000 – 4000 cm-1 range 

of wave numbers [40, 41]. 

 

2.8. Antioxidant activity (ORAC 

method) 

 

 Antioxidant activity of ascorbic acid 

and of Apple´in was analyzed by fluorescence 

decay, using the ORAC method. The 

methodology used was based on others works 

[42, 43].  

 

 

3. Results and discussion 

 

3.1. Process efficiency 

 

 The testing of different conditions of 

drying, changing the process parameters, 

aimed at improving the recovery yields of the 

final compounds and complexes. The low yield 

is a major problem in the spray drying (batch 

process). Table 1 shows the conditions and 

yields of drying process of some powders. 
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Table 1. Different conditions of drying process to CD-

1: AA and CD-2:  appl´in with respectively yields. 

 Condições operatórias 

Comp. 
mi 

 (g ou g:g) 

Qpump 

(ml/min) 

Tin 

(oC) 

Qaspiração 

(m3/h) 

ηrec. 

(%) 

CD-1: 

AA 

1,00-

3,00:1,00-3,00 
6,0 200 38 NE 

5,00-

7,00:0,20-2,20 
6,0 180 38 62,2 

3,00-

5,00:0,30-2,30 
6,0 180 38 42,2 

3,00-

5,00:0,40-2,40 
6,0 180 35 44,6 

3,00-

5,00:0,80-2,8 
3,1 180 35 45,2 

4,00-

6,00:0,80-2,80 
3,1 180 35 54,0 

CD-2: 

Appl´in 
0,80:0,20 3,1 180 35 39,4 

NE – No evaluation  

 

 At the laboratory level the influence of 

"dead volume" is very significant because the 

recovery of compounds is made at the end with 

a brush and there are places difficult to access 

in the equipment, and this volume will be 

always the same regardless of the amount of 

sample which is meant to dry. The yield was 

also influenced by the fine particles that are 

sucked and subsequently retained in the filter 

but not recoverable.  

 

3.2. Morphology of the powders 

 

 Dried powders were produced by spray 

drying on different conditions of temperature 

(held at 180ºC in all powders except in the 

commercial ascorbic acid that was performed at 

200ºC), flow of nitrogen at 357 L/h (constant in 

all processes), aspiration flow at 35 m3/h or 38 

m3/h, and solution flow rate set at 3.1 mL/min 

or 6.0 mL/min. These conditions led to powders 

with morphologies represented in Figs 1 to 3 

(images corresponding to apple´in and its 

complexes with cyclodextrins were omitted). 

The morphology of resulting powders is similar 

with two types of cyclodextrins, CD-2 (Fig. 1. 

A) and CD-1 (Fig. 2. A). Similar images were 

obtained for the apple´in when complexed with 

cyclodextrins.  

 

Conditions: [CD-2] = 

5.2 mg/mL; Qsolution = 

6.1 mL/min; Tin = 200 

ºC; Qaspiration = 38 m3/h  

 

Conditions: CD-2:AA of 

3,0-5,0:0,4-2,4 mass 

ratio; Qsolution = 3.1 

mL/min; Tin = 180 ºC; 

Qaspiration = 35 m3/h 

 

Conditions: CD-2:AA of 

3,0-5,0:0,8-2,8 mass 

ratio; Qsolution = 3.1 

mL/min; Tin = 180 ºC; 

Qaspiration = 35 m3/h 

Fig. 1. SEM images of A) CD-2, B) CD-2:AA (3,0-

5,0:0,4-2,4 mass) and C) CD-2:AA (3,0-5,0:0,8-2,8 

mass) precipitated from water MilliQ at conditions 

represented in the images.  

 The CD-2 has a more regular 

morphology, spherical and with uniform 

concavities (Fig. 1 A), when compared to the 

CD-1, that is more deformed, has surface 

roughness and higher number of concavities 

(Fig. 2 A). The complexation of CD-2 and CD-1 

with the ascorbic acid in different ratios 

indicated in Figs. 1 and 2, respectively, 

originates different morphologies.  

For 3,0-5,0:0,4-2,4 mass ratio of CD-2:AA (Fig. 

1. B), there was no free ascorbic acid and the 

concavities of cyclodextrins disappeared, while 

for the mass ratio of 3,0-5,0:0,8-2,8 (Fig. 1. C) 

a film, was formed giving the idea that the 

cyclodextrin of particles  are embedded in this 

film.  

 

 

A)

) 

B) 

C) 
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Conditions: [CD-1] = 

5.0 mg/mL; Qsolution = 

6.1 mL/min; Tin = 200 

ºC; Qaspiration = 38 m3/h 

 

 

Conditions: CD-1:AA of 

3,0-5,0:0,4-2,4 mass 

ratio; Qsolution = 6.0 

mL/min; Tin = 180 ºC; 

Qaspiration = 35 m3/h;  

 

Conditions: CD-1:AA of 

3,0-5,0:0,8-2,8 mass 

ratio; Qsolution = 3.1 

mL/min; Tin = 180 ºC; 

Qaspiration = 35 m3/h 

Fig. 2. SEM images of A) CD-1, B) CD-1:AA (3,0-

5,0:0,4-2,4 mass) and C) CD-1:AA (3,0-5,0:0,8-2,8 

mass) precipitated from water MilliQ at conditions 

represented in the images.  

 

Conditions: CD-2 + AA 

(3,0-5,0+0,4-2,4 mass 

ratio) 

 

Conditions: CD-1 + AA 

(3,0-5,0+0,4-2,4 mass 

ratio) 

Fig. 3. SEM images of A) CD-2 + AA (3,0-5,0+0,4-2,4 

mass ratio) and B) CD-1 + AA (3,0-5,0+0,4-2,4 mass 

ratio) precipitated from water MilliQ at conditions 

represented in the images.  

 In complexation of CD-1:AA a different 

morphology was obtained, when compared to 

free CD-1, for the molar ratio of 3,0-5,0:0,4-

2,4 (Fig.2. B). Little change in the structure of 

cyclodextrins is observed although a film was 

formed. When the molar ratio changed to 3,0-

5,0:0,8-2,8 of CD-1:AA (Fig. 2 C), the 

cyclodextrins lost their structures, deformed 

and became spherical.  

 Figs. 3.A and 3.B, show the physical 

mixture between ascorbic acid and CD-1/ CD-2. 

The images allow to observe free ascorbic acid 

and cyclodextrins surrounded externally with it. 

3.3. Size of powders in aqueous 

solution 

 The size distribution of some dissolved 

compounds (from dryed powders) was 

determined by DLS in buffer solution (pH 3). 

Comparing the size of the ascorbic acid that 

was processed by spray drying with its 

precursor commercial powder confirms the 

micronization advantage of spray drying 

process. The micronization has been achieved, 

resulting in a dissolved particle with radius the 

range of 0.30 nm to 0.45 nm, while the 

precursor compound (unprocessed ascorbic 

acid) has an average radius of 2.9 nm (Fig.4). 

 

 

 

Fig.4. Size (radius) distribution of the commercial 

ascorbic acid (—, first measure; —, second measure) 

and of the ascorbic acid processed by spray drying (—, 

first measure; —, second measure; —, third 

measure). 

 

 The sizes of the others powders 

studied - the different complexes of CDs and AA 

– (unshown data) pointed to average radius of 

0.35 nm, similar to all of the processed 

powders.  

 

3.4. Solid-state studies 

 

 Some information about solid-state 

interaction between ascorbic acid, apple´in, 

CD-1 and CD-2 was obtained by DSC and FT-

IR.  

 The calorimetric curves of individual 

compounds demonstrated characteristic peaks 

of the thermal changes occurred within the 

powders. CD-1 and CD-2 have a typical broad 

A) 

B)

) 

C) 

A) B) 
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endothermic peak between 50ºC and 170ºC 

(centered at 120ºC), 50ºC and 130ºC (centered 

at 108.1ºC), respectively, correspondent to the 

dehydration process of cyclodextrins [40]. 

Decomposition of the antioxidants compounds 

was found for ascorbic acid at 193.2ºC [40] and 

for apple´in constituints at 176.1ºC, 181.8ºC, 

187.1ºC and 195.4ºC. 

 Comparison of the DSC curves of 

composite systems prepared by spray drying 

(represented in Fig. 5.E and 5.G) with those 

similar but obtained by simple physical mixture 

of powders (represented in Fig. 5.I and 5.J), 

confirms an interaction between the 

components of the system, when dissolution in 

liquid phase was followed by spray drying. For 

comparable molar ratios. Both physical 

mixtures studied showed small interaction 

between cyclodextrins and ascorbic acid, as 

minor peak deviations were observed in the 

DSC profiles with respect to the composed 

profiles of the precursor compounds (peak 

temperature / intensity). Probably from the 

formation of hydrogen bonds and break easily. 

However, the changes were significant when 

complexation was expected. In all molar ratios 

between cyclodextrins and ascorbic acid 

observed free cyclodextrins, because 

characteristic peaks of the process of 

dehydration are evident, except the molar ratio 

of 3,0-5,0:0,4-2,4 between CD-1: AA, when it 

is possible to observed the characteristic peak 

of ascorbic acid at 190ºC (Fig. 5.F). This last 

result demonstrates that there was a large 

molar amount of ascorbic acid compared with 

cyclodextrins, because the characteristic peaks 

of cyclodextrins disappeared or became 

meaningless while the free ascorbic acid 

characteristics show up; then, all cyclodextrin 

molecules seem to have formed complexes.

 The DSC studies allow observing that 

complexation between cyclodextrins and 

antioxidants occur in solution or/and spray 

drying process, because the interactions were 

not visible in physical mixtures.   

 By FT-IR spectroscopy, the various 

functional groups of the molecules composing 

the powders studied above were observed. The 

FT-IR spectra obtained for the CD-2 and CD-1 

were compared with those in SDBS database. 

There were multiple –OH groups (wave 

numbers range of 3000 – 3600 cm-1), –CH, –

CH2 and –CH3 groups (range of 2800 – 3100 

cm-1) and ether groups (-C-O-C;  range of 1000 

– 1300 cm-1). The latter groups may have 

different characteristic peaks due to the 

oscillatory motion allowed in the molecules. The 

spectra of the complexes between CD-1 and 

ascorbic acid (Fig. 6.A and 6.B) show minimal 

divergence in these regions, when compared to 

those of the physical mixtrures, which might be 

due to the formation of the corresponding 

hydrogen bonds. For example, the 

characteristic peak at 1680 cm-1 found for the 

physical mixture with CD-1 corresponds to the 

1650 cm-1 of ascorbic acid. No significant 

differences in characteristic functional groups 

were observed among these powders, except 

for the spectral region between 1000 and 1700 

cm-1. So, this should be the region to be further 

studied, where one can find the –C=O (around 

1659 cm-1) and –C=C (around 1750 cm-1) 

groups characteristics of ascorbic acid which 

are very reactive [40, 41, 44]. It is possible 

observe in Fig. 6.A that characteristic spectra of 

complex and physical mixture powders are 

similar, although changing in the intensity of 

peaks (specific linkages) which are more 

intense in complexed systems. By comparing 

Fig. 6.A and 6.B, it can be observed that using 

more antioxidant compounds to prepare the 

complexes does not seem to increase the 

intensity of interaction trough specific  bonds 

between the cyclodextrins and ascorbic acid, as 

the two spectra obtained for the molar ratio 

3,0-5,0:0,8-2,8 and 3,0-5,0:0,4-2,4 of CD-

1:AA were similar. Further studies with 

normalization of spectra would however be 

advisable. 

 

Antioxidant activity of the samples 

 

 The antioxidant activity of the different 

samples obtained by spray drying was 

measured by ORAC method. These processes 

consist in decay of fluorescence. The 
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K) 

Fig.5. DSC characteristics curve of A)CD-2; B) CD-1; C) ascorbic acid; D) Apple´in; E) CD-1: AA (3.0-5.0:0.4-2.4 
mass ratio); F) CD-1: AA (3.0-5.0:0.8-2.8 mass ratio); G) CD-2: AA (3.0-5.0:0.4-2.4 mass ratio); H) CD-2: AA (3.0-

5.0:0.8-2.8 mass ratio); I) physical mixture CD-1 + AA (3.0-5.0+0.4-2.4 mass ratio); J) physical mixture β-CD + AA 

(3.0-5.0+0.4-2.4 mass ratio) K) HP-β-CD: appl´in (3.0-5.0:0.5-1.5 mass ratio).
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antioxidant activity of cyclodextrins is null, in 

presence of antioxidants compounds occur an 

increase of the antioxidant activity. Ascorbic 

acid have 2250 µmol CAET/g AA and others 

samples with molar ratio indicate in Fig. 7 are 

above of 3000 µmol CAET/g AA. The synergy is 

higher in mass ratio of 3,0-5,0:0,4-2,4 of 

cyclodextrins: ascorbic acid, reaching values of 

4500 µmol CAET/g AA (Fig. 7). This synergy 

was not observed with the extract of apple. 

However appl´in have 5500 µmol CAET/g 

appl´in well above of antioxidant activity of the 

ascorbic acid (Fig. 8). 

 The analysis of physical mixtures of 

antioxidant activity in aqueous solution 

between cyclodextrins and antioxidants, it has 

been found for a similar synergy ascorbic acid 

to the samples processed at these physical 

mixtures (Fig. 9), and appl´in had slight 

increase 1.2 times of antioxidant activity of 

complexes with cyclodextrins compared with 

this commercial sample (Fig. 10). 

 

 

Fig. 7. Antioxidant activity of comercial ascorbic acid 

and complex with CD-1 e CD-2 processed by spray 

drying, in µmol CAET/ g AA, in mass ration 

represented in parenthesis. 

 

 

Fig. 8. Antioxidant activity of comercial appl´in and 

complexed with CD-1 e CD-2 processed by spray 

drying, in µmol CAET/ g appl´in (extracto maçã), in 

molar ratio represented in parenthesis. 
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Fig.6. FT-IR spectra of the samples in range of wave 

numbers of 1000-4000 cm-1. A) processed ascorbic 

acid (-), processed CD-1 (-), complex of CD-1: AA (-

;3,0-5,0:0,4-2,4 mass ratio) and the physical mixture 

of CD-1 + AA (-;3,0-5,0+0,4-2,4 mass ratio) B) 

processed ascorbic acid (-),processed CD-1 (-) and the 

complex of CD-1: AA (-; 3,0-5,0:0,8-2,8 mass ratio).  
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Fig. 9. Antioxidant activity of commercial ascorbic acid 

and complexes with CD-1 e CD-2 processed by spray 

drying, in µmol CAET/ g AA, in molar ratio represented 

in parenthesis. 

 

Fig.10. Antioxidant activity of commercial appl´in and 

complexes with CD-1 e CD-2 processed by spray 

drying, in µmol CAET/ g appl´in (extracto maçã), and 

in molar ratio represented in parenthesis. 

 

4. Conclusion 

  

 In conclusion, the results of this study 

demonstrated the achievement of the 

micrometer scale of powders obtained after 

complexation of CD-1 or CD-2 with ascorbic 

acid or apple extract and spray drying.  

It was possible by SEM to observe the 

morphological changes of powder particles 

when processed with different molar ratios The 

size of the powders in acidic buffer solution was 

determined by DLS, confirming their nanoscale 

after dissolution in aqueous medium and also 

the efficiency of the atomization/drying 

process.  

 The interaction between the 

cyclodextrins and the antioxidants were studied 

by DSC and FT-IR in solid state. By DSC we 

were able to confirm thata complete 

complexation between the two types of CDs 

and both antioxidants can be promoted by 

simultaneous dissolution and spray drying, 

unlike by the simple physical mixture, for which 

only external interactions may be established.  

The antioxidant activity of the powders 

dissolved in aqueous solution, obtained from 

the ORAC method, allowed to confirm that the 

complexion can occur early in the mixing in 

aqueous solution and not during the spray 

drying process. Although CDs do not show 

antioxidant activity, their complexes with the 

studied antioxidants maintain or improve 

(synergistic effect) the activity of the included 

antioxidants. 

 

 

Acknowledgements 

 

This work was conducted with financial support 

and knowledge shared by Prof. Marília Mateus 

(IST), Dr. Catarina M.M. Duarte (IBET) and 

engineer José Capelo (Sumol+Compal). 

 

References 

 

[1] www.sumolcompal.pt, 18-04-2012 

[2] Saint-Jalmes, A., Durlan, D.J., Weitz, D.A. Food 

additives. Encyclopedia of Chemical Technology. 

Fifth edition, 12, 29-45 

[3] Saint-Jalmes, A., Durlan, D.J., Weitz, D.A. Food 

additives. Encyclopedia of Chemical Technology. 

Fifth edition, 12, 46-49 

[4] Navarro,P., Nicolas, T.S., Gabaldon, J.A., Mercade-

Ros, M.T., Calín-Sánchez, Á., Carbonell-Barranchina, 

Á.A., Pérez-López, A.J. Effects of cyclodextrin type on 

vitamin C, antioxidant activity, and sensory attributes 

of mandarin juice enriched with pomegranate and goji 

berries. Journal of Food Science, 76, 5 (2011) 

[5] Nagai, T., Yukimoto, T. Preparation and functional 

properties of beverages made from sea algae. Food 

Chemistry, 81, 327-332 (2003) 

0 

1000 

2000 

3000 

4000 

5000 

6000 

A
A
 (

µ
m

o
l 
C
A
E
T
/g

 a
s
c
o
rb

ic
 a

c
id

) 

0 

1000 

2000 

3000 

4000 

5000 

6000 

7000 

8000 

A
A
 (

µ
m

o
l 
C
A
E
T
/g

 A
p
p
l´

in
) 

http://www.sumolcompal.pt/


10 
 

[6] Livney, Y., Rosenberg, D., Zimet, P. Re-assemble 

casein micelles and casein nanoparticles as nano-

vehicles for polyunsaturated fatty acids. (2010) 

[7] Chuah, T., Kuroiwa, S., Ichikawa, I., Kobayashi, 

M., Nakajima. Formation of biocompatible 

nanoparticles via the self-assembly of Chitosan and 

Modified. Journal of Food Science, 74, 1-9 (2009) 

[8] Robert, G., Robert, B., Wieland. Wax 

encapsulation (2007). Patent number: WO 

2008/134908 A1 

[9] B. Bugarski, J. Milanovic, S. Levic, R. Stojanovic, 

V. Manojlovic and V. Nedovic.  Carnauba wax as a 

carrier for aroma encapsulation. XVIth International 

Conference on Bioencapsulation, P53 (2008) 

[10] B. Bugarski, J. Milanovic, S. Levic, R. Stojanovic, 

V. Manojlovic and V. Nedovic Microencapsulation of 

flavours in Caranauba wax. XVIIth International 

Conference on Bioencapsulation, P94(2009) 

[11] Liu, W., Wu,W.D., Selomulya, C., Chen, X.D. 

Facile spray-drying assembly of uniform 

microencapsulation with tunable core-shell structures 

and controlled release properties. Langmuir, 27, 

12910-12915 (2011) 

[12] Shatkin, J.A. Nanotechnology - Health and 

Environmental Risks. CRC Press Taylor , Boca Raton 

(2008) 

[13] Ramsden, J. Essentials of Nanotechnology. 

Jeremy Ramsden & Ventus Publishing ApS (2009) 

[14] Weidner, E. High pressure micronization for food 

application. The Journal of Supercritical Fluids, 47, 

556-565 (2009) 

[15] Turk, M., Lietzow, R. Stabilized nanoparticles of 

phytoesterol by expansion from supercritical solution 

into aqueous solution. AAPS PharmSciTech, 5, 

article 56 (2004) [16] 

[17] De Marco, I., Reverchon, E. Supercritical 

antisolvent micronization of cyclodextrins. Powder 

Technology 183, 239-246 (2008) 

[18] Duarte, C.M.M., Sousa, A.R. S., Silva, R.D., 

Costa, M.S., Duarte, A.R.C. Micronization of lipid 

particles with different methods. Procedimento interno 

do Nutraceuticals and Delivery Laboratory, 

ITQB/IBET 

[19] Cocero, M.J., Martín, Á., Mattea, F., Varona, S. 

Encapsulation and co-precipitation processes with 

supercritical fluids: fundamentals and applications. 

Journal of Supercritical Fluids, 47, 546-555 (2009) 

[20] J.H, Park, et al. Biodegradable polymers for 

microencapsulation of drugs. Molecules 10, 146-

161(2005) 

[21] Chegini, G.R et al, 2007; J.S, Patil, et al. 

Inclusion complex system. A novel technique to 

improve the solubility and bioavailability of poorly 

soluble drugs: A review (2010) 

[22] Phoungchandang,  S., Sertwasana, A., Spray-

drying of ginger juice and physicochemical properties 

of ginger powders. ScienceAsia 36, 40-45 (2010) 

[23] www.buchi.com/Spray_Drying_Process. 20 de 

Janeiro 2012 

[24] Grenha, A., Remuna-López, C., Carvalho, E.L.S., 

Seijo, B. Microspheres containing lip/chitosan 

nanoparticles complexes for pulmonary delivery of 

therapeutic proteins. European Journal of 

Pharmaceutical and Biopharmaceutics, 69, 83-93 

(2008) 

[25] Chegini, G.R., Ghobadian, B. Spray dryer 

parameters for fruit juice drying. World Journal of 

Agricultural Sciences, e, 230-236 (2007) 

[26]Liu, W., Wu, W.D., Selomulya, C., Chen, 

X.D.Facile spray-drying assembly of uniform 

microencapsulation with tunable core-shell structures 

and controlled realease properties. Langmuir, 27, 

12910-12915 (2011) 

[27] Robert, G., Robert, B. Wax encapsulation. 

Patent number: WO 2008/134908 A1 (2007) 

[28] Fuchs, M., Turchiuli, C., Bohin, M., Cuvelier, 

M.E:, Ordonnaud, C., Peyrat-Maillard, M.N., 

Dumounlin, E. Encapsulation of oil in powder using 

spray drying and fluidized bed agglomeration. Journal 

of Food Engineering, 25, 27-35 (2006)  

[29] Tanaka, D.L. Influência da desidratação por spray 

drying sobre o teor ácido ascórbico no suco de 

acerola. Dissertação de pós-graduação em alimentos e 

nutrição, faculdade de ciência farmacêuticas (UNESP), 

Universidade Estadual Paulista (2007) 

[30] Thorium and Thorium compounds to vitamins. 

Ullmann´s Encyclopedia of Industry Chemestry, 

A 27 

[31] Besnard, M., Megard, D., Rousseau, I., Zaragoza, 

M.C., Martinez, N., Mitjavila, M.T., Inisan,C. 

Polyphenolic apple extract: characterisation, safety 

and potential effect on human glucose metabolism. 

AgroFOOD Industry Hi-tech, 19, 4(2008)  

[32] Argenio, G., Mazzone, G., Tuccillo, C., Ribecco, 

M.T., Graziani, G., Gravina, A.G, Caseta, S., Guido, S., 

Fogliano, V.,Caporaso, N., Romano, M. Apple 

polyphenols extract (APE) improves colon damage in a 

rat model of colitis. Gigestive and Liver Disease 

(2012) 

[33] Imm, J.Y., Kim, S.C. Convenient partial 

purification of polyphenol oxidase from apple skin by 

cationic reversed micelar extraction. Food 

Chemistry, 113, 302-306 (2009) 

[34] Gould, S., Scott, R.C. 2-Hydroxypropyl- β-

cyclodextrin (HP- β-C D): A toxicology review. Food 

and Chemical Toxicology 43, 1451-1459 (2005) 

[35] Valle, E.M.M.D., Cyclodextrins and their uses: a 

review. Process Biochemistry 39, 1033-1046 (2004) 

http://www.buchi.com/Spray_Drying_Process.%2020%20de%20Janeiro%202012
http://www.buchi.com/Spray_Drying_Process.%2020%20de%20Janeiro%202012


11 
 

[36] Valle, E.M.M.D., Cyclodextrins and their uses: a 

review. Process Biochemistry 39, 1033-1046 (2004) 

[37] Granero, C., Longhi, M. Study of ascorbic acid 

interaction with hydroxypropyl-β-cyclodextrin and 

triethanolamine, separately and in combination. 

Journal of Pharmaceutical and Biomedical 

Analysis, 45, 536-545 (2007) 

[38] Szente, L., Szejtli, J. Cyclodextrins as food 

ingredients. Trends in Food Science & Technology 

15, 137-142 (2004) 

[39] Nuñez-Delicado, E., Sánchez-Ferrer, A., García-

Carmona, F. Cyclodextrins as secondary antioxidants: 

Synergirm with ascorbic acid. Journal of Food 

Chemestry, 45, 2830-2835 (1997) 

[40] Granero, C., Longhi, M. Study of ascorbic acid 

interaction with hydroxypropyl-β-cyclodextrin and 

triethanolamine, separately and in combination. 

Journal of Pharmaceutical and Biomedical 

Analysis 45, 536-545 (2007) 

[41] Bratu,I., Muresan-Pop,M., Kacso, I., Farcas,S. 

Spectroscopic investigation of the interaction between 

β-cyclodextrin and ascorbic acid. Journal of Physics: 

Conference Series 182 (2009) 

[42] Serra, A.T, Matias, A.M., Frade,R.F.M., Duarte, 

R.O., Feliciano,R.P., Bronze,M.R.,Figueira,M.E., 

Carvalho, A., Duarte,  C.M.M. Characterization of 

tradicional and exotic Apple varieties from Portugal. 

Part 2 – Antioxidant and antiproliferative activities. 

Journal of Functional Foods 2, 46-53 (2010). 

[43] Ou, B., Hampsch-Woodill, M., Prior, R.L. 

Development and validation of an improved oxygen 

radical absorbance capacity assay using fluorescein as 

the fluorescent probe. Journal of Agriculture Food 

Chemestry, 49, 4619-4626 (2001). 

[44] Franco, M.L. Problemas de química orgânica II, 

Tabela das aulas práticas de química orgânica II 

(licenciatura de engenharia biológica, 2007) 

 

 


