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ABSTRACT 
This study aimed to investigate the microencapsulation of oregano (Origanum vulgare L.), rosemary 

(Rosmarinus officinalis L.) and sage (Salvia officinalis L.) essential oils by emulsification/freeze-

drying, using β-lactoglobulin (β-lg) as the coating material. Among the different essential oils, the 

freeze-dried capsules containing oregano essential oil showed a lower hygroscopicity. Dried pow-

ders with higher initial protein concentration exhibited higher bulk tapped density and particle densi-

ty. The porosity of essential oil-embedded microcapsules ranged from 75.04% to 84.62%, with no 

significant difference in between different essential oil species (P > 0.05). The overall encapsulation 

efficiency of essential oils was determined to be in the range of 29.50 – 36.31%. All freeze-dried 

samples containing essential oils showed significant antioxidant activities in a β-carotene assay, with 

the percentage of inhibition ranging from 41.05% to 51.02%. The release kinetics of rosemary and 

sage essential oils from dried microcapsules into phosphate buffer solution were similar, whereas the 

release of oregano essential oil was considerably lower. FTIR analysis illustrated significant impact 

of oregano essential oil on the structure change of β-lg. 
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1. INTRODUCTION 

In the last decades, there are remarkably rising de-

mands for bioactive compounds, which usually re-

ferred to as nutraceuticals, encompassing antimicrobi-

als, antioxidants, prebiotics, fatty acids etc. [1-6] 

These compounds are found to possess significant 

health benefits against certain diseases such as can-

cers, cardiovascular malfunction, type 2 diabetes, and 

autoimmune diseases [3-6]. However, as most bioac-

tive compounds are easily degraded, research on nov-

el food processing technology is continuously seeking 

for means to protect or incorporate these compounds 

into stable food matrices [7]. 

 

Among the many types of functional foods, one 

group that becomes increasingly popular is essential 

oils, which are hydrophobic liquid extracts from raw 

plants such as rosemary, thyme, clove, lavender, 

eucyptus, jasmine, orange etc. [8]. The significance 

of essential oils in food industry applications is at-

tributed to their antimicrobial, antioxidant and antivi-

ral characteristics [9,10]. Overall there are more than 

3,000 known essential oil species, in which oregano 

(Origanum vulgare L.), rosemary (Rosmarinus offici-

nalis L.) and sage (Salvia officinalis L.) essential oils 

are popular ones and thus selected for this study. In 

general, essential oils are being used commercially as 

food additives, sanitizers and natural remedies, in the 

fields of agriculture and medicine, as well as flavor 

and fragrance industry [10,11]. Most essential oils are 

composed of hundreds of chemicals, but it is general-

ly accepted that the most abundance substances are 

terpenes and polyphenols [12]. In particular, the ma-

jor components are carvacrol and thymol for oregano 

essential oil [13,14], 1,8-cineole and α-pinene for 

rosemary essential oil [15,16], and α-thujone and 

camphor for sage essential oil [17,18]. Due to the 

presence of these bioactive compounds, these essen-

tial oils are considered to possess biological functions 

on plants and human systems. The terpenoids and 

phenolic compounds can help protecting plants from 

pathogens and predators, while the active functions in 

the human body are diverse, by possessing antimicro-

bial, antioxidant, anti-inflammatory, anticancer, anal-

gesic and sedative activities [10, 11]. 

 

As many essential oils are chemically unstable and 

susceptible to environmental degradations, certain 

protective techniques have to be applied to counteract 

this problem. Microencapsulation is an advanced 

technology that protects sensitive compounds from 

environmental factors by using a stable coating mate-

rial and maintains significant biological and physico-

chemical characteristics of the core material [19]. 

One of the most common microencapsulation tech-

niques is drying, which mainly involves spray-drying 

and freeze-drying [20]. Freeze-drying, also known as 

lyophilisation, is a process of freezing the water in the 

food followed by subliming the ice under vacuum. 

Because freeze-drying is operated at low temperature 

condition, heat-labile materials are suitable to be en-

capsulated by freeze-drying [21]. Moreover, this tech-

nique has been reported to have a better retention of 

volatile compounds, with excellent product quality 

[22,23]. However, freeze-drying has not been as ex-

tensively studied as spray-drying for the microencap-

sulation of bioactive compounds. 

 

One crucial step in microencapsulation is the selec-

tion of a suitable coating material, which is usually a 

film-forming biopolymer that possesses emulsifying 

capacity [24,25]. The coating material is considered 

to protect the core active components from loss and 

damage during processing, transport and storage, as 

well as to provide convenience for controlled release 

and delivery. Among the many biopolymers, whey 

protein exhibits excellent emulsifying properties and 

has been used previously for microencapsulation of 

volatile compounds [26,27]. Since whey protein is a 

food waste in cheese industry, developing its usage in 

microencapsulation helps reduce food waste and con-

tributes to sustainable agriculture. Being the major 

fraction in whey protein, β-lactoglobulin (β-lg) has 

been extensively studied for its great potential for 

encapsulating bioactive compounds such as β-

carotene [28], riboflavin [29], caffeine [30] and cate-

chin [31]. 

 

This study aimed to evaluate the microencapsulation 

of oregano (Origanum vulgare L.), rosemary 

(Rosmarinus officinalis L.) and sage (Salvia offici-

nalis L.) essential oils in β-lg by freeze-drying. The 
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physical properties, encapsulation efficiency and anti-

oxidant activities of the microencapsulated particles 

were determined. The kinetics of controlled release of 

essential oils from the microcapsules was studied. 

The influence of essential oils on proteins secondary 

structure was investigated by Fourier transform infra-

red spectroscopy. 

 

2. MATERIALS AND METHODS 

2.1 Materials 

Pure oregano (Origanum vulgare L.), rosemary 

(Rosmarinus officinalis L.) and sage (Salvia offici-

nalis L.) essential oils were purchased from a local 

grocery store in Montréal, Canada, and used without 

further purification. Food-grade bovine β-

lactoglobulin (80% purity from bovine whey protein 

concentrate) was supplied by BioPure Products, 

Bellevue, WA USA. All the chemicals (sodium chlo-

ride, potassium chloride, potassium phosphate, sodi-

um phosphate dibasic dehydrate and β-carotene) and 

organic solvents (toluene, n-hexane and chloroform) 

were from Sigma-Aldrich, Oakville, ON Canada. 

 

2.2 Sample preparation and freeze-drying 

Protein stock solutions (10%, 15% and 20% w/v) 

were prepared by adding β-lg powder (10 g, 15 g and 

20 g) directly into a beaker containing 100 mL of dis-

tilled deionized water with constant stirring. The so-

lutions were covered and left overnight for more than 

20 hours to ensure β-lg was fully hydrated. For each 

treatment, the essential oil (0%, 5%, 10%, 15% and 

20% w/w protein weight basis) was added to the pre-

pared solution followed by immediate mechanical 

homogenization for 3 min with the speed at 8000 

rpm, by employing a Polytron homogenizer 

(Westbury, NY USA). Each homogenized solution 

was subject to a filtration step through a Whatman 

No.1 filter paper, and stored in the freezer (-18 oC) 

for approximately 48 hours before freeze-drying. 

 

The frozen samples were dried via a Labconco freeze 

dryer (Labconco Corporation, Kansas City, MO 

USA), by setting the freezer temperature at -50 oC 

and internal pressure lower than 25 mmHg. The dried 

powder was collected after 48 hours of drying and 

immediately transferred and stored in an airtight con-

tainer at refrigerated temperature (4 oC). No further 

processing steps were implemented before subsequent 

analyses on the dried microcapsules. 

 

2.3 Physical properties 

The hygroscopicity of the dried powder was deter-

mined based on the method by Cai & Corke [32], 

with minor modifications. Specifically, for each treat-

ment, approximately 1 g of the pre-weighed sample 

was placed in a dessicator containing saturated NaCl 

solution (75.29% RH) at 25 oC. All samples were re-

weighed after a 2-week storage period and the hygro-

scopicity was expressed as grams of adsorbed mois-

ture per 100 g of dried powder. 

 

Bulk tapped density (ρb) was tested as described in 

the studies by Goula & Adamopoulus [33] and Jafari 

et al. [34], with modifications. Approximately 0.5 g 

of dried powder was transferred into a 10-mL glass 

graduated cylinder, manually tapped and mixed by a 

mechanical mixer, until no apparent volume change 

at a vertical distance could be notified. The bulk 

tapped density was calculated based on the measured 

mass and volume of each sample. 

 

The particle density of the samples was measured by 

pycnometry method [35]. For each replicate, 0.5 g of 

freeze-dried powder was weighed into a 10-mL pyc-

nometer which was then filled with toluene. The par-

ticle density (ρp) was calculated based on: 

 

Particle density (ρp) = 

 (1) 

 

where the volume of toluene can be obtained accord-

ing to its density (0.867 g mL-1). 

 

Porosity (εb) was a derived parameter from bulk 

tapped density and particle density of the sample, as 

shown in Equation (2): 

 

 % εb = (1 – ρb/ρp)  x 100        (2) 
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2.4 Encapsulation efficiency 

The encapsulation efficiency of essential oils was 

determined by direct solvent extraction method, using 

n-hexane as the solvent [36-40]. For each replicate, 1 

g of freeze-dried powder was weighed into a centrifu-

gation tube, which was then filled with 10 mL of n-

hexane. The mixture was vortexed for 3 min followed 

by centrifugation at 5000 rpm for 5 min. After cen-

trifugation, the supernatant was filtered through a 

Whatman No. 1 filter paper and transferred into a pre

-weighed glass tube. The residual weight was consid-

ered as the amount of unencapsulated essential oil, 

i.e. surface oil. By neglecting the essential oil loss 

during the drying process, the encapsulation efficien-

cy was expressed as: 

 

Encapsulation efficiency (%) = 

  100   (3) 

 

where the total oil refers to the essential oils added in 

the encapsulation process, and surface oil is the 

weight of essential oils extracted by n-hexane. 

 

2.5 Antioxidant activity 

 The antioxidant activity of the freeze-dried cap-

sules was determined by modified β-bleaching meth-

od [41-43]. Into a round-bottom flask, 6 mg of β-

carotene, 60 μL of linoleic acid and 600 mg of Tween 

60 were added together with boiling chips, followed 

by the addition of 30 mL of chloroform to dissolve 

all the chemicals. The chloroform was then removed 

by a rotary evaporator heated by a water bath at 50 
oC. Oxygenated distilled water (150 mL) was added 

to form the reaction solution. For each treatment, 0.1 

g of freeze-dried powder and 5 mL of the prepared 

solution were added into a small test tube, and imme-

diately mixed for 1 min. For the control group, noth-

ing was added except for the reaction mixture. All the 

prepared samples were tested for absorbance at 470 

nm by a UV-Vis spectrophotometer (Thermo Scien-

tific Genesys 10S, Thermo Fisher Scientific Inc., 

Waltham, MA USA), at 15-min intervals for 120 

min. The percentage inhibition was calculated based 

on:  

 

 

% inhibition = [(AS(120) – AC(120)) / (AS(0) – AC(120))]  x 100    (4) 

 

where AS(120) is the absorbance of the essential oil 

sample at 120 min, AC(120) is the absorbance of the 

control at 120 min, and AS(0) is the absorbance of the 

essential oil sample at 0 min. The freeze-dried sam-

ples containing 20% initial protein content and 15% 

(protein weight basis) essential oil were tested for 

antioxidant activity, in duplicates. 

 

2.6 In vitro controlled release 

The release profile of essential oils from freeze-dried 

powder was studied according to the dialysis method 

by previous studies [44-47]. For each replicate, ap-

proximately 5 g of dried powder was weighed into a 

dialysis bag with a molecular weight cut-off 6 – 8 

kDa. The bag was then placed into a beaker contain-

ing 100 mL of pH 6.8 phosphate butter solution 

(PBS), with constant stirring. At regular time inter-

vals, 1 mL of the solution was obtained and measured 

for UV absorbance (Thermo Scientific Genesys 10S), 

with maximum absorption wavelength values at 277 

nm, 254 nm, 300 nm for oregano, rosemary and sage 

essential oils respectively, based on their respective 

predominant components. The freeze-dried samples 

containing 20% initial protein content and 15% 

(protein weight basis) essential oil were examined, in 

duplicates.  

 

By assuming essential oils migrate from the micro-

capsules into the PBS solution by free diffusion, the 

following relationship [47,48] was adapted to con-

struct the mathematical model of kinetics of con-

trolled release:  

where Me is the weight of the essential oil released at 

equilibrium, Mt is the weight of the essential oil re-

leased at time t, D is the diffusion coefficient and r is 

the radius of the particle.  
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2.7 Fourier transform infrared spectroscopy anal-

ysis 

Attenuated total reflectance – Fourier transform infra-

red (ATR – FTIR) spectroscopy was conducted on all 

pure samples, and freeze-dried capsules with different 

essential oil loadings (0%, 5%, 10%, 15% and 20% 

on protein weight basis). The infrared spectra of sam-

ples were recorded in the region of 4000 – 600 cm-1, 

with a resolution of 4 cm-1. For each same sample, an 

average spectrum of 128 co-added scans were record-

ed in triplicates,  subsequently averaged by OMNIC 

7.0 software. Resolution of the spectra was enhanced 

by using Fourier self-deconvolution (FSD) with a 

bandwidth of 44.4 and enhancement of 3.0. In order 

to study protein structural changes with presence of 

different essential oils, the region of the protein amide 

I band (1700 – 1600 cm-1) in the FSD spectra was 

normalized and the area of each amide I band compo-

nent was determined with baseline correction. The 

area under each normalized IR band in the amide I 

region was calculated and resolved to match the cor-

responding secondary structures of β-lg. 

 

2.8 Statistical analysis 

The statistical significance of the physical properties 

of the microcapsules, including hygroscopicity, bulk 

tapped density, particle density, porosity and encapsu-

lation efficiency, was assessed by analysis of variance 

(ANOVA) followed by Tukey HSD with 95% confi-

dence interval, in Microsoft Excel (Redmond, WA 

USA). For the study on in vitro controlled release of 

essential oils in phosphate buffer solution, nonlinear 

parameter estimation was performed in Microsoft 

Excel (Redmond, WA USA), to fit the experimental 

data into the model, as shown in Equations (5) and 

(6).  

 

3. RESULTS AND DISCUSSION 

3.1 Hygroscopicity 

Moisture is an important factor affecting the shelf life 

and stability of microencapsulated particles since the 

absorption of water will lead to the loss of bioactive 

compounds and influence the rates of lipid oxidation. 

Hygroscopicity is a measure of water uptake by a 

sample from the surroundings over a period of stor-

age. The hygroscopicity values of the freeze-dried 

protein powders containing different essential oils are 

shown in Fig. 1. It can be seen that the hygroscopicity 

of the microcapsules slightly increased with higher 

initial β-lg concentrations. This may be explained by 

the hygroscopic nature of β-lg. The hygroscopicity 

results for rosemary and sage essential oils were simi-

lar, ranging from 16.06% to 18.11%. Similar values 

were reported in a previous study on microencapsula-

tion of rosemary oil by spray-drying using gum Ara-

bic, ranging between 15.87% and 18.90% [49]. How-

ever, the values in Fig. 1 for microcapsules containing 

oregano oil (8.38 to 11.88%) are lower than those for 

the other essential oil samples. This may be due to the 

interactions between the essential oil and protein mol-

ecules, which reduced the possibility for proteins to 

bind with water.  

Fig. 1 Hygroscopicity of freeze-dried protein micro-

capsules containing different essential oils. The initial 

protein concentrations are indicated by different col-

ors of the bars. For each type of essential oil, values 

with different letters are significantly different (P < 

0.05). 

 

3.2 Bulk Tapped Density, Particle Density and Po-

rosity 

In the food processing industry, bulk tapped density is 

an essential quality parameter in relation to packag-

ing, distribution and storage of food powders since it 

reveals how much of the powder can be filled into a 

container with fixed volume [50]. Compared to bulk 

density, tapped density is a better indicator of the ac-

tual compressibility of a dry product. It is known that 

food powders with higher tapped density can be 

stored in smaller containers [51]. It can be seen from 

Table 1 that the bulk tapped density increased with 
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higher initial protein concentrations (P < 0.05) for the 

dried powders with each essential oil as the core materi-

al. Comparison of the values for different essential oil 

products indicates that the bulk tapped density did not 

differ significantly between rosemary and sage essential 

oil samples, whereas the bulk tapped density for the 

microcapsules containing oregano essential oil was ap-

parently higher. This difference revealed the higher 

compressibility of the dried powders containing orega-

no essential oil compared to those containing the other 

two types of essential oil. Overall, the bulk tapped den-

sity results for all samples ranges from 0.117 g cm-3 to 

0.477 g cm-3, which are similar to the values reported in 

a previous study on microencapsulation of rosemary 

essential oil using whey protein and inulin as coating 

materials [35].  

 

Particle density of a dry product is another key parame-

ter since it influences the separation of different parti-

cles within a mixture [52]. Particle density is usually 

determined by a combination of factors such as the solid 

density, the internal space of the particles and the spe-

cific arrangement of particles if applicable [53]. The 

study by Shenoy et al. [54] suggested that particle den-

sity significantly influenced the mixture quality of bina-

ry mixes. In the present study, the trend for particle den-

sity was similar to that of bulk tapped density. The mi-

crocapsules produced with higher protein concentra-

tions showed higher particle density values (P < 0.05), 

indicating that higher amounts of coating materials 

would result in a compression of the particles in the 

final product. In general, the particle density for all 

samples was in the range of 0.603 – 2.561 g cm-3, which 

was acceptable based on comparison with the value 

(1.55 g cm-3) obtained from a study on encapsulation of 

cardamom essential oil in mesquite gum [55]. The parti-

cle density values did not vary greatly among different 

essential oil samples at the same initial protein content 

level. However, the particle density of oregano essential 

oil microcapsules was slightly higher than the other two 

essential oil treatments, at the same protein concentra-

tion, indicating better compatibility of β-lg protein mol-

ecules with oregano essential oil. This finding may be 

attributed to significant intermolecular bindings in be-

tween the predominant species in oregano essential oil 

with certain regions of the protein structure.  

 

Porosity is a derived value from tapped density and par-

ticle density of the dried powders. It is known that the 

porosity of milk-based powders is influenced by several 

factors such as drying methods, particle size and storage 

conditions [56]. The significance of porosity for powder 

products is that it controls the rehydration rate, thereby 

revealing the shelf-life stability [57]. The results in Ta-

ble 1 show that for samples containing the same essen-

tial oil, initial protein concentration did not affect the 

porosity of the final products (P > 0.05). By comparing 

the values for encapsulation of different essential oils, it 

can be seen that the porosity for microcapsules contain-

ing oregano essential oil (66.68 – 83.36%) was slightly 

lower than the values for microcapsules containing 

rosemary (78.08 – 89.67%) and sage (79.66 – 87.86%) 

essential oils. This result indicates that the powders con-

taining oregano essential oil as the core component 

would have a lower rehydration rate. The previous 

study on encapsulation of rosemary essential oil using a 

whey protein and inulin mixture as wall system ob-

tained similar results (80.2 – 82.8%) for this physical 

property [35]. 

Table 1. Bulk tapped density, particle density and porosity of freeze-dried protein microcapsules containing essential oils 

Essential oil Initial protein con-
centration (%) 

Bulk tapped density 
(g cm-3) 

Particle density  
(g cm-3) 

Porosity (%) 

Oregano 10 0.222 ± 0.004a 0.938 ± 0.199a 75.36 ± 4.66a 

  15 0.342 ± 0.010b 1.484 ± 0.428ab 75.04 ± 6.81a 

  20 0.457 ± 0.017c 2.045 ± 0.383b 76.74 ± 4.93a 

Rosemary 10 0.123  ± 0.005a 0.847 ± 0.203a 84.62 ± 3.60a 

  15 0.166 ± 0.006b 1.123 ± 0.252b 84.22 ± 4.36a 

  20 0.301 ± 0.006c 1.790 ± 0.299c 82.73 ± 2.82a 

Sage 10 0.125 ± 0.003a 0.701 ± 0.086a 81.90 ± 1.89a 

  15 0.198 ± 0.017b 1.268 ± 0.278b 83.75 ± 3.34a 

  20 0.266 ± 0.007c 1.453 ± 0.096bc 81.64 ± 0.91a 

* Values are reported as mean ± standard deviation. For each type of essential oil, values with different letters in the same column are signifi-
cantly different (P < 0.05).  
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3.3 Encapsulation efficiency 

For encapsulation technology, the encapsulation effi-

ciency is an essential index which directly reveals 

how much of the active compounds can be protected 

within the coating system. The results for this param-

eter obtained by direct solvent extraction are shown 

in Table 2. 

 

The overall range for all treatments was 23.12 – 

42.13%. It can be seen that the initial protein concen-

tration did not affect the encapsulation efficiency for 

most samples (P > 0.05), as long as the ratio of the 

amount of essential oil to protein was fixed. Using 

the same method, the encapsulation efficiency of the 

microencapsulation of flax oil in zein protein ranged 

from 32.68% to 59.63% [51], while the results for 

encapsulating wheat germ oil in whey protein and 

maltodextrin mixture were between 51.29% and 

89.62% [40]. Another study on encapsulation of rose-

mary essential oil by freeze-drying using whey pro-

tein and maltodextrin as the wall materials [58] em-

ployed Soxhlet extraction to determine the encapsula-

tion efficiency and obtained much higher values 

(69.90 – 95.54%). In general, the encapsulation effi-

ciency of a microencapsulation process is usually 

influenced by multiple factors involving the identity 

of the wall materials, the concentration or relative 

ratio of each component, the encapsulation method, 

and the method used to determine encapsulation effi-

ciency, among others. The relatively low encapsula-

tion efficiency results obtained in this study by com-

parison with the other studies mentioned above can 

be explained by differences in wall system selection 

and extraction methods. A mixture of coating materi-

als will further increase the encapsulation efficiency 

by synergistic effects. For instance, a study using 

whey protein and maltodextrin as the coating materi-

als showed reduced droplet sizes in encapsulating 

orange oil, due to better solubility compared to using 

whey protein alone [59]. The importance of carbohy-

drates in wall systems is attributed to their enhance-

ment of the drying properties of the final products 

[60]. The presence of whey protein was important 

due to its excellent emulsifying capacity. Previous 

studies have indicated that a higher amount of whey 

proteins would result in higher encapsulation effi-

ciency due to the reduction in viscosity of the emul-

sion induced by protein structural changes [34]. To 

improve the encapsulation efficiency, more studies 

will be conducted in the future to investigate the par-

ticle size of the protein matrix, which plays an im-

portant role in influencing the movement of essential 

oils into the porous macromolecules. Another key 

factor, the morphology of the microcapsules will be 

visualized by microscopic imaging techniques in fu-

ture work.  

 

Determination of encapsulation efficiency by solvent 

extraction and Soxhlet extraction may also result in 

different results. In this study, preliminary tests using 

Soxhlet extraction did not efficiently extract the sur-

face oils from the microcapsules, and hence direct 

solvent extraction was employed. In addition, it 

should be noted that for the calculation of the encap-

sulation efficiency using Equation (3), the loss of 

essential oil during freeze-drying was assumed to be 

negligible, and therefore the oil retention in the 

freeze-dried powders was assumed to be 100%. The 

common method used for determining total oil reten-

tion in the literature is hydrodistillation in a Cleveng-

Table 2. Encapsulation efficiency (%) of essential oils (EOs) in freeze-dried microcapsules determined by solvent extraction 

Initial protein concentra-
tion (%) 

Encapsulation efficiency (%) 

Oregano EO Rosemary EO Sage EO 

10 29.50 ± 4.91a 33.75 ± 1.94a 30.53 ± 0.75a 

15 31.37 ± 2.14a 35.56 ± 5.05a 34.00 ± 1.62b 

20 36.31 ± 4.15a 35.78 ± 3.75a 34.76 ± 4.46ab 

* Values are reported as mean ± standard deviation. For each column, values with different letters are significantly different (P 
< 0.05). 
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er-type apparatus [58,61]. In a study on encapsulation 

of rosemary essential oil in a whey protein and 

maltodextrin mixture (3:1), the total oil retention af-

ter freeze drying ranged from 68.68% to 94.80% 

[58]. Thus, in extending the present studies, experi-

mental determination of oil retention during freeze 

drying will be an important consideration for the de-

velopment of essential oil encapsulations in different 

wall systems. 

 

3.4 Antioxidant activity 

Determination of antioxidant activity by β-carotene 

assay was based on the reaction between β-carotene 

and the radicals produced by linoleic acid oxidation, 

which results in gradual loss of the orange/yellow 

color [62]. Thus, this method actually measures the 

ability of antioxidants to slow down the color degra-

dation by scavenging the free radicals [12]. For sam-

ples containing different essential oils, the average 

rate of β-carotene bleaching over 2 hours is shown in 

Fig. 2.  

Fig. 2 Oxidation rate of β-carotene assay over time 

for the treatment with microcapsules containing ore-

gano (◆), rosemary (■) and sage (▲) essential oils, 

compared to control (●).  

 

From Fig. 2, it can be seen that all microcapsules 

containing different essential oils  showed signifi-

cantly reduced oxidation rates, compared to the con-

trol group. Although the absorbance for all samples 

decreased gradually, the results demonstrated effec-

tiveness of antioxidant activity of freeze-dried cap-

sules containing all three types of essential oil. The 

overall inhibition on β-carotene oxidation was dif-

fered slightly for the powers containing different es-

sential oils. The dried products with oregano essential 

oil showed a lower percent inhibition (42.86%) than 

those with the other two essential oils, 51.06% and 

55.50% for rosemary and sage essential oils respec-

tively (P < 0.05). This may be explained by multiple 

reasons. First, the various chemical compositions of 

different essential oils are fundamental factors that 

affect their antioxidant activity. The study by Kulisic 

et al. [42] on evaluation of oregano essential oil ob-

tained more than 50% inhibition using β-carotene 

bleaching assay. Using the same method, another 

study on the essential oil of Hymenocrater longiflo-

rus Benth. found the antioxidant activity to be 54.6%, 

50.0% and 64.7%, for total phenols, polar fraction 

and non-polar fraction, respectively [63]. The major 

chemical compounds in the essential oil of Hymenoc-

rater longiflorus Benth. include α-pinene, 1,8-

cineole, β-eudesmol, and spathulenol, some of which 

are also present in rosemary and sage essential oils 

[18,63,64]. Second, since microcapsules were tested 

instead of pure essential oils, the difference in pow-

der solubility is another factor that may have had an 

impact on the results. In addition, the possible differ-

ence in the amount of available essential oil per unit 

weight of microcapsules should be also taken into 

consideration. Previous studies also demonstrated 

antioxidant activity of essential oil extracts or in the 

form of microcapsules by other methods such as oxy-

gen radical absorbance capacity assay [44], conjugat-

ed diene assay [65], 2,2-diphenyl-1-picrylhydrazyl 

(DPPH) assay [66], thiobarbituric acid reactive spe-

cies (TBARS) test [67] and ferric reducing/

antioxidant power (FRAP) assay [68]. These methods 

will give different results in terms of antioxidant ac-

tivities due to different reactants and detection tech-

niques. Therefore, for further studies, multiple tech-

niques can be applied to evaluate the antioxidant ac-

tivities of microcapsules containing different essen-

tial oils. 

 

3.5 In vitro controlled release 

In addition to protecting bioactive compounds from 

degradation, controlled release into specific environ-

ments is one of the purposes of microencapsulation 

technology in the food industry. In general, the 

movement of microencapsulated essential oils to the 
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exterior of the micropores is usually achieved by 

their diffusion via the polymer matrix [69]. The dif-

fusion rate often declines gradually over time, and 

thus it is of value to study the kinetics in order to 

evaluate the efficacy of a polymeric matrix for releas-

ing essential oils [70]. Among the many factors that 

may affect the diffusion process from the same ma-

trix, the vapor pressure is considered to be the most 

important driving force [71,72]. In the present study, 

the kinetics of controlled release for the microcap-

sules containing different essential oils in PBS was 

evaluated and is shown in Fig. 3. Using Equations (5) 

and (6) based on Fickian diffusion, a mathematical 

model was generated by non-linear parameter estima-

tion and is also shown in Fig. 3. The values of the 

sum of the squared deviations (SSD) indicate how 

close the model-generated data fit to the experimental 

results (the smaller the value, the better the fit). The 

comparison of the release profiles obtained for the 

three microencapsulated essential oils is shown in 

Fig. 4. 

 

 

Fig. 3 Kinetics of release of oregano (a), rosemary 

(b), and sage (c) essential oils from freeze-dried β-lg 

microcapsules over 8 hours. Mt is the mass of the 

essential oil released at time t and Me is the mass of 

the essential oil released at equilibrium. Scatter plot = 

experimental results; smooth solid line = model-

generated data. Sum of squared deviations = 0.49, 

0.29 and 0.19 for oregano, rosemary and sage essen-

tial oils respectively. 

Fig. 4 Release profiles of freeze-dried microparticles 

containing different essential oils: oregano (●), rose-

mary (▲), sage (■) over 8-hour controlled release in 

PBS. EO= essential oil. 

 

From Fig. 3, it can be seen that the release of all the 

essential oils can be fitted to the model-generated 

values, among which the samples containing rose-

mary essential oil showed the best fit with the lowest 

SSD value (0.19). Fig. 4 shows a common trend for 

all the samples that most of the essential oils were 

released during the first 3 hours; after that, the “lag” 

phase where the essential oil concentrations in PBS 

became equilibrium was reached. This general trend 

and the model-fitted data in Fig. 3 are consistent with 



Xiaoyu Luo et al. 

——————————————————————————————————————————————————–

WWW.SIFTDESK.ORG 979 Vol-4 Issue-9 

SIFT DESK  

the results obtained by another study on microparti-

cles containing oregano essential oil using various 

types of polymeric matrices [44]. By comparing with 

different essential oils, it can be seen that the release 

of rosemary and sage essential oils from the protein 

matrix was significantly higher than that of oregano 

essential oil. This may be attributed to the differences 

in their vapor pressures. Based on literature infor-

mation on the major components, the vapor pressures 

of each essential oil at room temperature (~25 oC) are 

approximately 0.0296 – 0.0376 mmHg for oregano 

[73], 1.90 mmHg for rosemary [74], and 1.90 mmHg 

for sage [75] essential oil, respectively. Based on this 

comparison, the vapor pressure of oregano essential 

oil is significantly lower than that of the other two 

essential oils, indicating a smaller driving force to 

initiate the diffusion process. It should be noted that 

other factors may also influence the diffusion pro-

cess, such as the interactions between the core and 

coating materials, the size of the microparticles, and 

the homogeneity of the essential oils distributed in 

the micropores, as well as the consistency of the par-

ticle dimensions over time [71]. 

 

3.6 Fourier transform infrared spectroscopy 

(FTIR) analysis 

In order to characterize the freeze-dried microcap-

sules by FTIR spectroscopy, the FTIR spectra of pure 

essential oil samples were first recorded and the as-

signments of the major IR bands associated with 

chemical components unique to each essential oil 

were identified. For oregano essential oil, the signa-

ture band for carvacrol was located at 811 cm-1, indi-

cating the C-H out-of-plane bending [44]. The two 

strong bands (1745 and 984 cm-1) of rosemary essen-

tial oil, suggesting C=O stretching and C-H out-of-

plane bending, demonstrate the presence of camphor 

and 1,8-cineol [77]. For sage essential oil, the car-

bonyl stretching band at 1745 cm-1 dictates the pres-

ence of α-thujone and camphor [76]. The bands in the 

region between 3000 and 2900 cm-1, assigned to C-H 

stretching vibrations, are common to all of these es-

sential oils and thus are not listed in the table. FTIR 

spectra of freeze-dried β-lg samples containing each 

essential oil are presented in Fig. 5.  

 

 

Fig. 5 Stacked ATR-FTIR spectra of freeze-dried  β-lg 

samples containing essential oils at a concentration of 

20%. 

 

The two most intense bands in the spectra in Fig. 5 are 

the amide I and amide II bands of β-lg at 1628 and 1514 

cm-1, respectively. The amide I band of proteins, which 

is due mostly to C=O stretching of peptide linkages, 

consists of overlapping bands of different protein sec-

ondary structure components such as α-helix, β-sheets, 

β-turns and random coils, which can be resolved by 

Fourier self-deconvolution or other resolution-

enhancing methods [78]. Thus, in order to examine the 

interaction between essential oils and β-lg, analysis of 

the Fourier self-deconvoluted (FSD) amide I band in the 

spectra of the freeze-dried b-lg samples containing dif-

ferent concentrations of essential oils was conducted. 

The FSD amide I bands involves protein secondary 

structures at different wavenumber regions, where α-

helix and β-turns are at 1654 and 1667 cm-1 respective-

ly; β-sheets have two distinctive bands at 1629 and 

1692 cm-1; random coils are located at 1642 cm-1 of the 

IR spectrum. Table 3 shows the percent contribution of 

each secondary-structure estimated from the relative 

areas of the component bands in the FSD spectrum. It 

should be noted that the absolute band intensities in 

these spectra cannot be compared because they are af-

fected by the contact between the sample and the ATR 

surface, which is variable from sample to sample. On 

the other hand, the values in Table 3 reflect the relative 

intensities of the amide I component bands and hence 

can be interpreted in terms of changes in the relative 

proportions of the different secondary structure compo-

nents.  
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Fig. 6(a) Fourier self-deconvoluted protein amide I 

region (1700-1600 cm-1) of averaged IR spectra of β-

lg containing oregano essential oil at different con-

centrations. 

Fig. 6(b) Fourier self-deconvoluted protein amide I 

region (1700-1600 cm-1) of averaged IR spectra of β-

lg containing rosemary essential oil at different con-

centrations. 

 

 

Fig. 6(c) Fourier self-deconvoluted protein amide I 

region (1700-1600 cm-1) of averaged IR spectra of β-

lg containing sage essential oil at different concentra-

tions. 

 

Fig. 6 shows little effect of adding rosemary or sage 

essential oil into the protein matrix on the amide I 

band profile. In contrast, the spectra of the samples 

containing oregano essential oil show a different am-

ide I band profile, which is dependent on the concen-

tration of the essential oil. Specifically, in the spectra 

of the samples containing 5% and 10% oregano es-

sential oil, all the bands with the exception of the 

band at 1692 cm-1 were slightly shifted to lower fre-

quencies, and an additional band at 1675 cm-1 was 

observed. These observations suggest that the protein 

interacts strongly with components of oregano essen-

tial oil, resulting in perturbation of its secondary 

structure, similar to findings for drug-protein interac-

Table 3. FTIR secondary-structure analysis of freeze-dried β-lg samples containing different essential oils (EOs) 

Sample 
Percentage of secondary structure (%) 

α-Helix β-Turn β-Sheet 

β-lg (powder) 11.7 3.9 84.4 

5% Oregano EO 7.5 5.4 87.0 

10% Oregano EO 7.4 5.3 87.2 

15% Oregano EO 6.9 2.6 90.4 

20% Oregano EO 9.5 1.2 89.3 

5% Rosemary EO 8.0 4.3 87.6 

10% Rosemary EO 8.4 4.5 87.2 

15% Rosemary EO 9.5 4.0 86.4 

20% Rosemary EO 9.3 4.1 86.6 

5% Sage EO 8.1 5.5 86.3 

10% Sage EO 8.7 6.0 85.3 

15% Sage EO 8.8 6.6 84.6 

20% Sage EO 7.6 7.0 85.5 
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tions from previous studies by Tajmir-Riahi [79]. 

However, as the concentration of oregano essential 

oil was increased to 15% and 20%, the bands pro-

gressively shifted back toward their original positions 

in the spectrum of β-lg and the intensity of the band 

at 1675 cm-1 is substantially diminished.       

 

Additional information on the effects of the essential 

oils on the secondary structure of β-lg can be provid-

ed by examination of the FTIR estimates of the per-

centages of the secondary structure components in 

Table 3. Based on these estimates, the presence of 

oregano, rosemary and sage essential oils caused sig-

nificant decrease in the percentage of α-helical struc-

ture and increase in the percentage of β-sheet struc-

ture. These results may indicate that the interaction of 

essential oil components with β-lg occurred at the 

surface of the protein between the α-helix and β-

barrel, as reported in the literature for hydrophobic 

ligand binding with β-lg [80]. It may be noted that 

the lowest percentages of α-helical structure were 

obtained for samples containing oregano essential oil 

at concentrations of 5%, 10%, and 15% while the 

highest percentages of β-sheet structure were ob-

tained for samples containing oregano essential oil at 

concentrations of 15% and 20%. The latter samples 

also exhibited a substantial decrease in the percent-

age of β-turn structure. Thus, both the band shifts 

discussed above and the estimated percentages of 

secondary structure components based on relative 

band intensities indicate that β-lg interacted more 

strongly with components of oregano essential oil 

than with the components of the other two essential 

oils employed in preparing freeze-dried microcap-

sules. These findings are consistent with the release 

profiles presented in Fig. 4, which showed that the 

release of oregano essential oil from the β-lg micro-

capsules was significantly lower than that of rose-

mary and sage essential oils. For future studies, the 

effects of varying the protein/essential oil ratio on the 

release profile should be investigated, as the FTIR 

studies presented here indicated that the nature of the 

interactions between β-lg and components of oregano 

essential oil depended on the concentration of the 

essential oil.  

 

4. CONCLUSIONS 

In conclusion, the microencapsulation of oregano, 

rosemary and sage essential oils in β-lg by freeze-

drying was successfully performed in this study. The 

encapsulation efficiency was determined to be in the 

range of 29.50 – 36.31%. The microparticles contain-

ing oregano essential oil showed a lower hygrosco-

picity, higher bulk and particle density and lower po-

rosity, compared to those containing rosemary essen-

tial oil and sage essential oil, revealing a lower rehy-

dration rate and higher shelf-life stability. All dried 

powders containing the essential oils showed signifi-

cant antioxidant activities via a β-carotene bleaching 

test. In a phosphate buffer solution, rosemary and 

sage essential oils were released readily and the 

amount released was much higher than that for orega-

no essential oil. FTIR analysis on protein conforma-

tional changes demonstrated there were significant 

interactions between essential oil components and β-

lg, particularly in the case of oregano essential oil. 

Potential binding sites were proposed to be in the 

cleft on the surface of the protein between the α-helix 

and the β-barrel. 

 

For future studies, the encapsulation process of es-

sential oils can be further developed by improving 

the homogenization step or using a secondary coating 

material. The stability of essential oils in the micro-

encapsulation process at different environmental con-

ditions can be studied, such as varying temperature, 

pH and ionic strength of the solutions. The antimicro-

bial test of essential oils encapsulated in protein ma-

trices should be conducted, in order to further 

demonstrate the efficacy against common food mi-

croorganisms. The controlled release study of essen-

tial oil microcapsules in organic solvents or in vivo 

study may be of interest, as well as the release study 

at other different pH conditions to simulate human’s 

digestive tract. The hydrophobic ligand binding be-

tween the major essential oil components with β-lg 

can be further investigated to determine the binding 

sites and binding affinities by other techniques such 

as fluorescence spectroscopy and isothermal titration 

calorimetry. Additionally, studying other essential 

oils for which there is less information available in 

the literature will also be of interest. 
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