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1  | INTRODUC TION

Whey protein has been studied and consumed by athletes and phys-
ically active individuals due to its content of branched-chain amino 
acids (leucine, isoleucine, and valine), bioactive peptides, vitamins, 
and minerals. It is considered a product with physiological and func-
tional properties that intensify hypertrophy (Bergia et al., 2018; 
Corgneau et al., 2019; Davies et al., 2018; Patel, 2015; Simovic et al., 
2019; Souza et al., 2015).

Whey proteins have also been used as biopolymers to increase 
the shelf life of sensitive molecules and conduct the release of bio-
active/nutritional substances into the body. Whey proteins have the 
ability to form gels and microcapsules under relatively moderate 
heating conditions and without the need for chemicals, making them 
a natural vehicle for bioactive (hydrophobic and hydrophilic) com-
ponents for medical and food applications (Awad et al., 2015; Hu 
et al., 2019; Jiang et al., 2018; Nishanthi et al., 2018).

Turmeric (Curcuma longa L.) belongs to the Zingiberaceae family. 
It is a medicinal plant native to India and Southeast Asia, popularly 
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Abstract
Spray drying was used to develop two products: whey protein concentrate (WPC) 
and whey protein concentrate admixture of microencapsulated curcumin (TWPC). We 
aimed to characterize the concentrate's technological attributes to verify whether lac-
tose remains in an amorphous state even after the addition of turmeric extract contain-
ing curcumin, a compound with antioxidant and anti-inflammatory properties. Analysis 
of morphology, particle size distribution, Raman spectroscopy, sorption isotherms and 
colorimetry were carried out. WPC and TWPC showed spherical, irregular, particulate 
morphology with agglomeration points, without apparent cracks. Differences in the L*, 
a*, b* values between WPC and TWPC showed that the addition of curcumin extract, 
which is a natural orange-yellow dye, has led to a tendency toward yellow coloration. 
The sorption isotherms indicated no difference in its curved shape. The presence of 
turmeric extract in TWPC sample modified WPC Raman spectrum. Thus, it was pos-
sible to develop TWPC without altering WPC technological characteristics.

Practical applications
Whey protein concentrate (WPC) and whey protein concentrate admixture of micro-
encapsulated curcumin (TWPC) showed spherical, irregular, particulate morphology 
with agglomeration points, without apparent cracks. The differences in the L*, a*, 
b* values between WPC and TWPC showed that the addition of curcumin extract, 
which is a natural orange-yellow dye, has led to a tendency toward yellow coloration. 
Thus, we developed a TWPC without altering WPC technological characteristics.
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known as turmeric, saffron, safflower, and yellow ginger (Cañamares 
et al., 2006; Mohajeri et al., 2017). Its main phenolic component 
is curcumin [1,7-bis(4-hydroxy3-methoxyphenyl)-1,6-heptadi-
ene-3,5-dione], a chemical difluoromethane that consists of two 
bonded ferulic acid molecules with a methylene bridge forming 
β-diketone (Cañamares et al., 2006; Mohajeri et al., 2017; Pereira 
& Stringheta, 1998; Teymouri et al., 2017). Turmeric's rhizome has 
been used as dye, flavoring agent, and ingredient in the food in-
dustry to prepare seasonings, processed foods, and dairy products 
(Apisariyakul et al., 1995; Govindarajan, 1980; Ricardo, 2014; Silva 
et al., 2004).

Recently, curcumin has been studied for its benefits to sports 
medicine because of its antioxidant and anti-inflammatory potential 
(Zhao et al., 2015). However, because curcumin is sensitive to alka-
line conditions, heat treatment, light, metal ions, enzymes, oxygen, 
and ascorbic acid, it is often encapsulated to improve solubility, sta-
bility, and bioavailability (Chin et al., 2009; Dar et al., 2017; Hatcher 
et al., 2008).

Raman spectroscopy offers analytical possibilities for produc-
tion and quality control, especially where milk matrices are involved, 
and can be used for various purposes. Stephani et al. (2017) paired 
Raman spectroscopy and chemometrics and found that the associ-
ation could be used as a screening method for routine analysis and 
production line control. Another author has used the same param-
eters to quantify lactose amounts in whey powder (Norgaard et al., 
2005).

Considering the aforementioned information, the objective of 
the present study was to obtain whey protein concentrate admix-
ture of microencapsulated curcumin (TWPC) via spray drying and 
to characterize the concentrate's technological attributes to verify 
whether lactose remains in an amorphous state.

2  | MATERIAL S AND METHODS

2.1 | Turmeric extract preparation

Turmeric was purchased from rural producers in the city of Viçosa, 
Minas Gerais, Brazil. Samples were collected from the rhizome of 
different plants to obtain a representative sample.

The analytical method used for obtaining curcumin was 
based on NBR 13624 which used dilution and spectrophotomet-
ric reading to carry out turmeric extraction as described below 
(Lara, 1984).

Sanitized, peeled turmeric root was weighed, placed in a sauce-
pan, covered with water, and boiled for 20 min. The contents of 
the pan were then transferred to a container and cooled to room 
temperature.

The cooked turmeric was subsequently ground in a blender 
(Black & Decker® SB40), while 70% ethanol was added gradually 
(just enough to grind the sample). The ground mixture was covered 
with aluminum foil and let rest for 4 hr.

Next, the mixture (turmeric, water, and alcohol) was centrifuged 
(Multi-purpose® centrifuge, NF 1200/1200R) at 6,000 rpm for 
10 min. The supernatant was vacuum filtered using a Büchner fun-
nel with filter paper. Ethanol was evaporated from the mixture at 
70°C ± 1°C for 20 min using a rotary evaporator (QUIMIS® model 
Q344.1) coupled with the vacuum pump (Tecnal® model TE058). The 
extract	was	stored	 in	an	amber	bottle	at	−18°C	± 1°C until it was 
ready to use in the TWPC and in the nutritional and technological 
analyses.

2.2 | Whey protein concentrate admixture of 
microencapsulated curcumin

Two products were developed: WPC and TWPC (Figure 1). The 
amount of turmeric extract added to WPC was calculated according 
to the daily acceptable intake of curcumin of 0–3 mg/kg body weight/
day	 as	 recommended	 by	 the	 Food	 and	 Agriculture	 Organization/
World	Health	Organization	(FAO/WHO,	2004).

The developed sample contained 3.6 mg of curcumin (for 30 g 
whey protein). Because turmeric has a distinctive and pungent fla-
vor, artificial pineapple flavoring (composition: sugar, cornstarch, 
citric acid, artificial flavoring, artificial coloring: yellow tartrazine 
and dusky yellow) was added to the sample to improve acceptance 

F I G U R E  1   Sample Production Flowchart. Where Cf, 
concentration factor; TWPC, whey protein concentrate admixture 
of microencapsulated curcumin; WPC, whey protein concentrate
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levels.	One	gram	of	artificial	pineapple	flavoring	was	added	for	each	
3 g of TWPC according to the product label instructions.

Whey was ultrafiltered (ultrafiltrator, GEA®). The retentate 
obtained was spray-dried (GEA®, model Minor Production) using 
a 180°C ± 1°C inlet air temperature and an 85°C ± 2°C outlet air 
temperature. Prior to drying, the retentate was divided into two al-
iquots. The first one (WPC) went directly into the spray dryer for 
drying. Turmeric extract was added to the second aliquot, which was 
spray-dried to obtain TWPC.

2.3 | Scanning electron microscopy

The morphology of in natura lyophilized turmeric and turmeric ex-
tract, as well as the two samples (WPC, TWPC), was studied to 
determine their specific characterizations using Scanning Electron 
Microscopy technology (Hitachi®, TM3000, Hitachi Ltd., Tokyo, 
Japan).

2.4 | Particle size distribution in the rehydrated 
WPC by laser diffraction

Particle size distribution was examined using a Beckman Coulter 
LS 13 320 laser diffraction analyzer (Beckman Coulter®, Miami, 
FL, USA) coupled with a liquid analysis module (Beckman Coulter®, 
Miami FL, USA). Samples were added in liquid form (turmeric ex-
tract) and powder form (WPC and TWPC) without prior rehy-
dration. Sufficient amounts of the powders were added slowly 
to a vessel containing room temperature water until an opaque 
mixture was obtained. Five series of data were collected in the 
region of 0.375 μm to 2,000 μm at 90-s intervals (1.5, 3.0, 4.5, 
6.0, and 7.5 min). The results were obtained using the Fraunhofer 
approximation method to determine the total solubility. The data 
were represented by the percentage of the volume occupied by 
the particles as a function of their size. Beckman Coulter (Particle 
Characterization) software (version 5.03) was used for the statisti-
cal analysis of the obtained data.

2.5 | Colorimetric analysis

Colored powder was measured using a spectrophotometer (CM-5, 
Konica Minolta®,	Osaka,	Japan)	operated	according	to	the	CIELa	*	
b * scale. The CIELa * b * color system uses three ordinates, where 
L* corresponds to brightness, a* to the chroma measurement on a 
red-green axis, and b* to the chroma measurement on the yellow-
blue axis. In layman's terms, the L* coordinate represents how light 
or dark the sample is, with values ranging from 0 (totally black) to 
100 (totally white). The a*	coordinate	values	range	from	−80	(green)	
to +100 (red); and the chromaticity coordinate b* values range from 
−50	 (blue)	 to	+70 (yellow). Planar diffraction grating using an SCI 
(specular component included) determined the spectral separation 

device model with a reflectance and wavelength range from 360 to 
740 nm (Gadonski et al., 2018; Minolta, 2019).

2.6 | Isotherm sorption

Isotherm analysis was performed at 25°C for 21 days until mass 
transfer equilibrium was established between the samples and the 
different saturated salt solutions in desiccators. The salts used in 
the saturated solutions and the respective water activities were: 
LiCl (0,112); KC2H3O2 (0,226); K2CO3	 (0,438);	 Mg(NO3)2 (0,544); 
NH4NO3 (0,620); NaCl (0,753).

2.7 | Raman spectroscopy

The Raman spectra for turmeric extract (liquid), WPC, and TWPC 
were obtained using an FT-Raman spectrometer (Bruker®, model 
RFS100) equipped with cooled liquid nitrogen Ge detector and Nd: 
YAG laser with an excitation line at 1,064 nm. A 90 mW beam was 
trained on the samples. A good signal-to-noise ratio was obtained for 
all spectra by averaging a total of 512 scans, collected at a spectral 
resolution of 4 cm−1. Raman spectra acquisition of Raman spectra 
was	carried	out	with	OPUS	6.0	software	(Almeida	et	al.,	2010).

3  | RESULTS AND DISCUSSION

3.1 | Scanning electron microscopy and colorimetric 
analysis

Turmeric and turmeric extract showed similar morphological proper-
ties (Figure 2-A,-B), with non-spherical and agglomerated particles. 
The results were compatible with established curcumin morphology 
(Thorat & Dalvi, 2014). WPC and TWPC showed spherical (irregular), 
particulate morphology with agglomeration points (interconnected), 
without apparent cracks (Figure 2-C,-D). These characteristics are 
similar to samples obtained using a single-stage spray dryer which 
facilitates encapsulation (Beran et al., 2018; Sierra et al., 2013; Xu 
et al., 2018). By encapsulating extracts of pequi carotenoids using 
the same drying method at three different drying temperatures (150, 
170, and 190°C), Alves et al. (2017) found the same morphological 
similarities. Irregular surfaces on the spherical particles of the spray-
dried samples can be attributed to their shrinkage during the drying 
process (Janiszewska & Witrowa-Rajchert, 2009). The absence of 
cracks and breaks in the microspheres plays a fundamental role in 
guaranteeing greater protection and retention of the microencap-
sulated extract (Mendes, 2002). Another important feature is the 
formation of agglomerates, that is, the occurrence of small particles 
located on the surface of larger particles.

This feature yields a microencapsulated compound with en-
hanced stability, since the external particles protect the internal 
compound and, consequently, its pigments (Mendes, 2002). The 



4 of 8  |     GOMES Et al.

addition of turmeric extract did not alter the morphology of the 
powders, indicating that there was no change in adhesion properties 
among the particles.

Furthermore, the turmeric extract addition did not cause a sig-
nificant change in the tendency toward moisture absorption, a factor 
that can cause modifications in the morphology of powders obtained 
using spray drying (Juarez-Enriquez, 2019; Torres et al., 2017; Zafar 
et al., 2017).

Figure 2 shows macroscopic images of the WPC (Figure 2-E) and 
TWPC (Figure 2-F) powders as well as their respective colorimet-
ric analysis results. WPC showed higher brightness (L*) compared to 
TWPC (94.44 and 92.80, respectively). For ordinate analysis (a*) on 
the red-green axis, WPC demonstrated a positive result (0.26), infer-
ring a greater red-color tendency. Conversely, TWPC demonstrated 
a	negative	result	(−5.70),	which	demonstrates	a	greater	green	color	
tendency. Finally, in the ordinate analysis (b*) on the yellow-blue 
axis, both WPC (9.15) and TWPC (35.97) showed positive results, 
suggesting yellow targeting. However, it should be noted that TWPC 

showed a higher value for b* (35.97), thus showing a greater target 
for the yellow region. The differences in the L*, a*, b* values between 
WPC and TWPC are a result of the addition of curcumin extract, 
which is a natural orange-yellow dye (Custódio, 2014; Gadonski 
et al., 2018.

In view of these results, we confirmed that the addition of the 
extract did not alter the characteristics of WPC, which allows us 
to conclude that curcumin was indeed encapsulated. Hence, the 
process allows for the reduction of particle core interactions with 
outside environmental factors, thus delaying any changes that may 
result in the loss of bioactive compounds from the turmeric extract 
added to WPC.

3.2 | Particle size distribution and sorption of WPC

Particle size distribution of particles in WPC and TWPC indicates 
that adding turmeric extract to the retentate did not change the 

F I G U R E  2   Scanning Electron 
Microscopy (x200): (a) Turmeric in 
natura (lyophilized); (b) Turmeric 
extract (lyophilized); (c) Whey protein 
concentrate; (d) whey protein concentrate 
admixture of microencapsulated 
curcumin. Colorimetric Analysis Results: 
(L* = Brightness, a* = Red/green agitation, 
b* = yellow/blue color): (e) Whey protein 
concentrate; (f) Whey protein concentrate 
admixture of microencapsulated curcumin
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powder structure. The average particle sizes, d10 and d90 (Table 1) 
showed no difference between the powders tested with or with-
out the addition of turmeric. It is worth noting that the volume for 
particles smaller than 1 μm (Table 1) and the mean values for d10 
and d90 indicate that no difference in these was found between the 
rehydration processes of WPC and TWPC when the particle volume 
determination had been performed in a liquid modulus.

Curcumin is a lipophilic agent and its own hydrophobic nature 
makes it insoluble in water (Chin et al., 2009; Shehzad et al., 2017). 
Thus, its biological activity in some aqueous medium is limited due 
to its low solubility, stability, and bioavailability (Awad et al., 2015; 
Liang et al., 2009).

TA B L E  1   Granulometric extract analysis results for WPC and 
TWPC samples obtained by spray drying

Turmeric 
extract WPC TWPC

Means (μm) 38.61 13.99 12.92

Standard deviation (μm) 36.62 26.31 21.83

d10 (μm) 1.14 1.44 1.58

d90 (μm) 97.52 45.77 40.25

<1 µm (% volume) 8.41 2.23 2.78

Abbreviations: d, particle diameter; TWPC, whey protein concentrate 
admixture of microencapsulated curcumin; WPC, whey protein 
concentrate.

F I G U R E  3   Sorption isotherm at 25°C 
of whey protein concentrate (WPC) and 
whey protein concentrate admixture of 
microencapsulated curcumin (TWPC) by 
spray drying

F I G U R E  4   Raman spectroscopy: (a) 
Whey protein concentrate; (b) Turmeric 
extract; (c) whey protein concentrate 
admixture of microencapsulated curcumin
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β-lactoglobulin (a major milk protein) has an affinity for curcumin 
which allows it to form a complex during encapsulation that is capa-
ble of increasing its solubility and stability through hydrophilic inter-
actions (Awad et al., 2015; Sneharani et al., 2010).

The results of our granulometric analysis found both WPC 
samples to be in the range of diameters commonly produced by 
spray drying processes. These vary from 10 to 250 μm (Thomas 
et al., 2004). Values below 10 μm have negative effects on powder 
wettability (Ilari & Laila, 2005).

The sorption isotherms of the WPC and TWPC samples exhib-
ited no difference in curve shape and both absorb the same amount 
of water when exposed to different relative air humidity levels 
(Figure 3). From this behavior, we can extrapolate that the addition 
of turmeric extract to WPC does not affect the powder hygroscop-
icity and therefore TWPC has the same shelf life as WPC. According 
to Koç et al. (2010), food moisture sorption isotherms provide critical 
information that can be used to predict shelf life.

Because hydrophobic curcumin has low solubility levels, un-
encapsulated turmeric would have affected the wettability of the 
TWPC sample. Thus, it is possible to conclude that the addition of 
turmeric extract did not modify the powder structure and did not 
affect the wettability of the WPC sample. It is then possible to state 
that the curcumin was encapsulated.

3.3 | Raman spectroscopy

The turmeric extract spectrum demonstrated a Raman spectroscopy 
peak near 1,600 cm−1 (Figure 4). This corroborates the findings of 
Mangolim et al. (2014) who evaluated curcumin encapsulation by 
means of an added oligosaccharide (β-cyclodextrin) using Raman 
spectroscopy. According to Kolev et al. (2005), the bands between 
880 and 710 cm−1 can usually be attributed to different aromatic and 
skeletal	movements	outside	the	COH	plane	(which	may	explain	the	
880 cm−1 peak in the TWPC spectrum).

The Raman spectral profile between 2,935 cm−1 and 2,888 cm−1 
corroborates with the profiles found in the literature and clearly 
demonstrates certain distinctive Raman characteristics, including 
scattered bands around the CH-stretch vibrations. This profile detail is 
the characteristic of a WPC sample that demonstrates an amorphous 
lactose state. Figure 4-A (Almeida et al., 2010; Stephani et al., 2017).

Changes in lactose structure are the primary physical modifica-
tion found in dairy powders and can lead to other changes during 
storage. Lactose is the most abundant component of whey. Both 
during and after water removal by spray drying, lactose remains 
in a highly hygroscopic amorphous state (Stephani et al., 2017). 
Therefore, determining the maintenance of lactose in an amorphous 
state in the developed product was necessary to guarantee the qual-
ity of the powder produced.

The presence of curcumin in TWPC modified WPC Raman spec-
trum (Figure 4-C). The slight modification can be explained by the 
fact that CH groups were observed (Figure 4-B) in this spectral re-
gion of the turmeric extract. Therefore, no alteration of the lactose's 

amorphous state occurred in TWPC which suggests the powder re-
mained encapsulated (Almeida et al., 2010; Mangolim et al., 2014; 
Mohan et al., 2012; Stephani et al., 2017).

4  | CONCLUSION

The addition of turmeric extract to whey protein did not alter the 
morphology of the powder sample obtained. This indicates that 
there was no change in adhesion properties among the particles. 
Moreover, the addition of turmeric extract did not cause a signifi-
cant change in moisture absorption tendencies. Therefore, it has 
been concluded that curcumin, a hydrophobic compound, was en-
capsulated in the process, since the addition of the turmeric extract 
to WPC did not affect powder's hygroscopicity.

The colorimetric analysis showed yellow coloration tendencies 
for TWPC. The presence of curcumin in TWPC caused a slight mod-
ification in the Raman spectrum without altering the amorphous 
state	 of	 lactose.	 Our	 results	 indicate	 an	 excellent	 opportunity	 to	
launch potential whey protein products with added antioxidants.

ACKNOWLEDG MENTS
We are immensely grateful to Conselho Nacional de Desenvolvimento 
Científico e Tecnológico (CNPq, Brazil), the Fundação de Amparo 
à Pesquisa do Estado Minas Gerais (FAPEMIG, Brazil), and the 
Coordenação de Aperfeiçoamento de Pessoal de Ensino Superior 
(CAPES, Brazil) for financial support for projects and research grants.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
Research data are not shared.

ORCID
Júlia d’Almeida Francisquini  https://orcid.
org/0000-0001-6680-945X 
Pamella Cristine Anunciação  https://orcid.
org/0000-0002-6447-5588 
Ceres Mattos Della Lucia  https://orcid.
org/0000-0002-6731-5694 

R E FE R E N C E S
Almeida, M. R., Alves, R. S., Nascimbem, L. B. L. R., Stephani, R., Poppi, 

R.	J.,	&	Oliveira,	L.	F.	C.	(2010).	Determination	of	amylose	content	in	
starch using Raman spectroscopy and multivariate calibration anal-
ysis. Analytical and Bioanalytical Chemistry, 397, 2693–2701. https://
doi.org/10.1007/s0021 6-010-3566-2

Alves, A. I., Rodrigues, M. Z., Pinto, M. R. M. R., Vanzela, E. S. L., 
Stringheta, P. C., Perrone, I. T., & Ramos, A. M. (2017). Morphological 
characterization of pequi extract microencapsulated through spray 
drying. International Journal of Food Properties, 20, 1298–2130. 
https://doi.org/10.1080/10942 912.2017.1343344

Apisariyakul, A., Vanittanakom, N., & Buddhasukh, D. (1995). 
Antifungal activity of turmeric oil extracted from Curcuma longa 



     |  7 of 8GOMES Et al.

(Zingiberaceae). Journal of Ethnopharmacology, 49, 163–169. https://
doi.org/10.1016/0378-8741(95)01320 -2

Awad, R. A., Hassan, Z. M. R., Farrag, A. F., El-Sayed, M. M., & Soliman, T. N. 
(2015). The use of whey protein isolate in microencapsulation of cur-
cumin. International Journal of Food Nutrition Science, 4, 125–131.

Beran,	M.,	Drahorad,	J.,	Vltavsky,	O.,	Urban,	M.,	Laknerova,	I.,	Fronek,	M.,	
Sova,	J.,	Ondracek,	J.,	Ondrackova,	L.,	Kralova,	M.,	&	Formankova,	S.	
(2018). Pilot-scale production and application of microparticulated 
plant proteins. Journal Nutritional Food Science, 8, 1–8. https://doi.
org/10.4172/2155-9600.1000655

Bergia, R. E., Hudson, J. L., & Campbell, W. W. (2018). Effect of whey 
protein supplementation on body composition changes in women: A 
systematic review and meta-analysis. Nutrition Reviews, 76, 539–551. 
https://doi.org/10.1093/nutri t/nuy017

Cañamares, M. V., Garcia-Ramos, J. V., & Sanchez-Cortes, S. (2006). 
Degradation of curcumin dye in aqueous solution and on Ag nanopar-
ticles studied by ultraviolet-visible absorption and surface-enhanced 
Raman spectroscopy. Applied Spectroscopy, 60, 1386–1391. https://
doi.org/10.1366/00037 02067 79321337

Chin,	 S.	 F.,	 Iyer,	 K.	 S.,	 Saunders,	 M.,	 St. Pierre,	 T.	 G.,	 Buckley,	 C.,	
Paskevicius, M., & Raston, C. L. (2009). Encapsulation and sus-
tained release of curcumin using superparamagnetic silica reser-
voirs. Chemistry–a European Journal, 15, 5661–5665. https://doi.
org/10.1002/chem.20080 2747

Corgneau, M., Gaiani, C., Petit, J., Nikolova, Y., Banon, S., Ritié-
Pertusa, L., Le, D. T. L., & Scher, J. (2019). Nutritional quality eval-
uation of commercial protein supplements. International Journal 
of Food Science and Technology, 54(8), 2586–2594. https://doi.
org/10.1111/ijfs.14170

Custódio, H. C. (2014). Estudo do processo de extração das frações volátil 
e fixa de oleorresina de cúrcuma (Curcuma Longa L.). Dissertação, 
Universidade Federal de Goiás.

Dar,	O.	A.,	Malik,	M.	A.,	Shahid-ul-Islam,	Gull,	P.,	&	Hashmi,	A.	A.	(2017).	
Curcumin and its derivatives–Isolation, synthesis, and applications. 
In Shahid-ul-Islam (Ed.), Plant-based natural products: Derivatives and 
applications (pp. 145–174). John Wiley & Sons, Inc..

Davies, R., Carson, B., & Jakeman, P. (2018). The effect of whey protein 
supplementation on the temporal recovery of muscle function fol-
lowing resistance training: A systematic review and meta-analysis. 
Nutrients, 10, 1–10. https://doi.org/10.3390/nu100 20221

Food	and	Agriculture	Organization/World	Health	Organization	(FAO/WHO).	
(2004). Evaluation of certain food additives. Geneva, p. 18–22. http://
apps.who.int/iris/bitst	ream/10665/	42849/	1/WHO_TRS_922.pdfb/

Gadonski, A. P., Feiber, M., de Almeida, L., Naufel, F. S., & Schmitt, V. 
L. (2018). Avaliação do efeito cromático em resinas compostas 
nanoparticuladas submetidas a solução café. Journal of Dentistry 
UNESP, 47, 137–142. https://doi.org/10.1590/1807-2577.04318

Govindarajan, V. S., & Stahl, W. H. (1980). Turmeric – Chemistry, tech-
nology and quality. Critical Review in Food Science and Nutrition, 12, 
199–301. https://doi.org/10.1080/10408 39800 9527278

Hatcher, H., Planalp, R., Cho, J., Torti, F. M., & Torti, S. V. (2008). 
Curcumin: From ancient medicine to current clinical trials. Cellular 
and Molecular Life Sciences, 65, 1631–1652. https://doi.org/10.1007/
s0001 8-008-7452-4

Hu, Y., Kou, G., Chen, Q., Li, Y., & Zhou, Z. (2019). Protection and deliv-
ery of mandarin (Citrus reticulata Blanco) peel extracts by encapsu-
lation of whey protein concentrate nanoparticles. Food Science and 
Technology, 99, 24–33.

Ilari, J. L., & Laila, M. (2005). Physical properties of constitutive size 
classes of spray-dried skim milk powder and their mixtures. Le Lait, 
85, 279–294.

Janiszewska, E., & Witrowa-Rajchert, D. (2009). The influence of powder 
morphology on the effect of rosemary aroma microencapsulation 
during spray drying. International Journal of Food Science & Technology, 
44, 2438–2444. https://doi.org/10.1111/j.1365-2621.2009.02025.x

Jiang, S., Cheng, J., Jiang, Z., Geng, H., Sun, Y., Sun, C., & Hou, J. (2018). 
Effect of heat treatment on physicochemical and emulsifying proper-
ties of polymerized whey protein concentrate and polymerized whey 
protein isolate. Food Science and Technology, 98, 134–140.

Juarez-Enriquez,	E.,	Olivas,	G.	I.,	Ortega-Rivas,	E.,	Zamudio-Flores,	P.	B.,	
Perez-Vega, S., & Sepulveda, D. R. (2019). Water activity, not mois-
ture content, explains the influence of water on powder flowability. 
Food Science and Technology, 100, 35–39.

Koç,	B.,	Yilmazer,	M.	S.,	Balkır,	P.,	&	Ertekin,	F.	K.	 (2010).	Moisture	sorp-
tion isotherms and storage stability of spray-dried yogurt powder. 
Drying Technology, 28, 816–822. https://doi.org/10.1080/07373 
937.2010.485083

Kolev, T. M., Velcheva, E. A., Stamboliyska, B. A., & Spiteller, M. (2005). 
DFT and experimental studies of the structure and vibrational spec-
tra of curcumin. International Journal of Quantum Chemistry, 102, 
1069–1079. https://doi.org/10.1002/qua.20469

Lara, W. H. (1984). Corantes naturais para fins alimentícios–padrões de 
identidade e qualidade. Instituto Adolfo Lutz.

Liang, G., Shao, L., Wang, Y. I., Zhao, C., Chu, Y., Xiao, J., Zhao, Y. U., 
Li, X., & Yang, S. (2009). Exploration and synthesis of curcumin ana-
logues with improved structural stability both in vitro and in vivo as 
cytotoxic agents. Bioorganic & Medicinal Chemistry, 17, 2623–2631. 
https://doi.org/10.1016/j.bmc.2008.10.044

Mangolim, C. S., Moriwaki, C., Nogueira, A. C., Sato, F., Baesso, M. L., 
Neto, A. M., & Matioli, G. (2014). Curcumin–β-cyclodextrin inclusion 
complex: Stability, solubility, characterisation by FT-IR, FT-Raman, 
X-ray diffraction and photoacoustic spectroscopy, and food applica-
tion. Food Chemistry, 153, 361–370. https://doi.org/10.1016/j.foodc 
hem.2013.12.067

Mendes, L. G. (2012). Microencapsulação do corante natural de urucum: 
uma análise da eficiência da goma do cajueiro como material de parede. 
Dissertação. Universidade Federal do Ceará.

Minolta. Precise color communication: color control from perception 
to instrumentation. https://www.konic amino lta.com/instr ument s/
knowl	edge/color/	pdf/color_commu	nicat	ion.pdf/

Mohajeri, M., Behnam, B., Cicero, A. F., & Sahebkar, A. (2017). Protective 
effects of curcumin against aflatoxicosis: A comprehensive re-
view. Journal of Cellular Physiology, 233, 3552–3577. https://doi.
org/10.1002/jcp.26212

Mohan, K. P. R., Sreelakshmi, G., Muraleedharan, C. V., & Joseph, R. 
(2012). Water soluble complexes of curcumin with cyclodextrins: 
Characterization by FT-Raman spectroscopy. Vibrational Spectroscopy, 
62, 77–84. https://doi.org/10.1016/j.vibsp ec.2012.05.002

Nishanthi, M., Chandrapala, J., & Vasiljevic, T. (2018). Impact of storage 
conditions on solubility, heat stability and emulsifying properties of 
selected spray dried whey protein concentrates. Food Science and 
Technology, 92, 16–21.

Norgaard, L., Hahn, M. T., Knudsen, L. B., Farhat, I. A., & Engelsen, S. B. (2005). 
Multivariate near-infrared and Raman spectroscopic quantifications of 
the crystallinity of lactose in whey permeate powder. International Dairy 
Journal, 15, 1261–1270. https://doi.org/10.1016/j.idair yj.2004.12.009

Patel, S. (2015). Functional food relevance of whey protein: A review 
of recent findings and scopes ahead. Journal of Functional Foods, 19, 
308–319. https://doi.org/10.1016/j.jff.2015.09.040

Pereira, A. S., & Stringheta, P. C. (1998). Considerações sobre a cultura 
e processamento do açafrão. Horticultura Brasileira, 16(2), 102–105. 
https://doi.org/10.1590/S0102 -05361 99800 00200001

Ricardo, N. G. (2014). Desenvolvimento e caracterização de leite fermen-
tado com Viili adicionado de Curcuma longa. Dissertação. Universidade 
Estadual de Londrina.

Shehzad, A., Qureshi, M., Anwar, M. N., & Lee, Y. S. (2017). Multifunctional 
curcumin mediate multitherapeutic effects. Journal of Food Science, 
82, 2006–2015. https://doi.org/10.1111/1750-3841.13793

Sierra, T. J., Schumann, J., & Kulozik, U. (2013). Impact of spray-dry-
ing conditions on the particle size of microparticulated whey 



8 of 8  |     GOMES Et al.

protein fractions. Dairy Science & Technology, 93, 487–503. https://
doi.org/10.1007/s1359 4-013-0124-7

Silva, K., Bolini, H. M. A., & Antunes, A. J. (2004). Soro de leite bovino em 
sorvete. Alimentos E Nutrição, 15(2), 187–196.

Simovic, M., Milivojevic, A., Corovic, M., Banjanac, K., & Bezbradica, 
D. Whey valorization using transgalactosylation activity of immo-
bilized beta-galactosidase. International Journal of Food Science and 
Technology, 54(11), 3074–3082.

Sneharani, A. H., Karakkat, J. V., Singh, S. A., & Rao, A. A. (2010). 
Interaction of curcumin with β-lactoglobulin stability, spectro-
scopic analysis, and molecular modeling of the complex. Journal 
of Agricultural and Food Chemistry, 58, 11130–11139. https://doi.
org/10.1021/jf102 826q

Souza,	L.	B.	L.,	Palmeira,	M.	E.,	&	Palmeira,	E.	O.	(2015).	Eficácia	do	uso	
de whey protein associado ao exercício, comparada a outras fontes 
proteicas sobre a massa muscular de indivíduos jovens e saudáveis. 
Revista Brasileira De Nutrição Esportiva, 9, 607–613.

Stephani,	R.,	Oliveira,	K.	S.,	Almeida,	C.	E.	R.,	Perrone,	I.	T.,	Carvalho,	A.	
F.,	Oliveira,	L.	F.	C.,	&	Almeida,	M.	R.	(2017).	Raman	spectroscopy	as	
a tool to identify modification of whey protein concentrate (WPC) 
during shelf life. Food Packaging and Shelf Life, 11, 1–9. https://doi.
org/10.1016/j.fpsl.2016.10.001

Teymouri, M., Pirro, M., Johnston, T. P., & Sahebkar, A. (2017). Curcumin 
as a multifaceted compound against human papilloma virus infec-
tion and cervical cancers: A review of chemistry, cellular, molecu-
lar, and preclinical features. BioFactors, 43, 331–346. https://doi.
org/10.1002/biof.1344

Thomas, M. E. C., Scher, J., Desobry-Banon, S., & Desobry, S. (2004). 
Milk powders ageing: Effect on physical and functional properties. 
Critical Reviews in Food Science and Nutrition, 44, 297–322. https://
doi.org/10.1080/10408 69049 0464041

Thorat, A. A., & Dalvi, S. V. (2014). Particle formation pathways and poly-
morphism of curcumin induced by ultrasound and additives during 
liquid antisolvent precipitation. CrystEngComm, 16, 11102–11114. 
https://doi.org/10.1039/C4CE0 2021A

Torres, J. K. F., Stephani, R., Tavares, G. M., Carvalho, A. F., Costa, R. G. 
B.,	Almeida,	C.	E.	R.,	Almeida,	M.	R.,	de	Oliveira,	L.	F.	C.,	Schuck,	P.,	
& Perrone, Í. T. (2017). Technological aspects of lactose-hydrolyzed 
milk powder. Food Research International, 101, 45–53. https://doi.
org/10.1016/j.foodr es.2017.08.043

Xu, D., Xu, Y., Liu, G., Hou, Z., Yuan, Y., Wang, S., Cao, Y., & Sun, B. (2018). 
Effect of carrier agents on the physical properties and morphology of 
spray-dried Monascus pigment powder. Food Science and Technology, 
98, 299–305.

Zafar, U., Vivacqua, V., Calvert, G., Ghadiri, M., & Cleaver, J. S. (2017). 
A review of bulk powder caking. Powder Technology, 313, 389–401. 
https://doi.org/10.1016/j.powtec.2017.02.024

Zhao, F., Gong, Y., Hu, Y., Lu, M., Wang, J., Dong, J., Chen, D., Chen, L., 
Fu, F., & Qiu, F. (2015). Curcumin and its major metabolites inhibit the 
inflammatory response induced by lipopolysaccharide: Translocation 
of nuclear factor-κB as potential target. Molecular Medicine Reports, 
11, 3087–3093. https://doi.org/10.3892/mmr.2014.3079

How to cite this article:	Gomes	JVP,	de	Oliveira	LA,	
Francisquini JD, et al. Morphological characterization of 
whey protein concentrate admixture of microencapsulated 
curcumin by spray drying. J Food Process Preserv. 
2021;45:e15141. https://doi.org/10.1111/jfpp.15141


