
A comparative study of oregano (Origanum vulgare L.) 
L.) essential oil-based polycaprolactone nanocapsules/ 
microspheres: Preparation, physicochemical 
characterization, and storage stability

Abstract
Essential oils have been used in clinical therapies and healing practices for several chronic diseases, 
but it is still challenging their extent use due to their poor stability. Nanotechnology delivery 
systems have been proposed as an alternative to improve their stability. Oregano (Origanum 
vulgare L. L.) is one of the most important medicinal plant highly reputed as an efficient remedy 
for infectious diseases. This study proposes the use of polycaprolactone, a biodegradable polymer, 
as a wall material for the encapsulation of Origanum vulgare L. L. essential oil, a carvacrol-rich 
source, using the nanoprecipitation and double emulsion methods. Nanocapsules formulations 
showed different values of mean particle size ranged between 175.17 ± 0.31 nm and 
220.93 ± 2.73 nm, negative zeta potential values ranged between -18.7  0.50 mV up to -
−18.7 ± 0.50 mV up to −42.53 ± 1.01 mV, and encapsulation efficiencies ranging from 
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50.36 ± 1.86% and 85.89 ± 2.40%. The optimized nano-formulation presented a nano-scale size of 
181.6 ± 2.17 nm, a monomodal size distribution with a polydispersity index of 0.133 ± 0.01, a pH 
value of 4.92 and a zeta potential value of -−40.9 ± 0.93 mV. The encapsulation efficiency of 
85.89 ± 2.40% was achieved. In addition, microspheres produced by double emulsion, demonstrated 
porous microspheres morphology in the size of 1759.00 ± 162.6 nm, pH value of 5.98, a zeta 
potential value of -−15.7 ± 1.56 mV and encapsulation efficiency of 47.52 ± 0.52%. Dynamic light 
scattering and scanning electron microscopy were performed to verify the size and the colloidal 
morphology. Thermal properties were assessed by thermogravimetric analysis and differential 
scanning calorimetry and the measurements revealed the thermal stability of the particles and 
showed that the crystalline state was less ordered in nanocapsules. Attenuated Total Reflectance 
Fourier Transform Infrared results indicated a slight shift in the C  = O band of the polymer from 
1723 cm-O band of the polymer from 1723 cm− 1 induced by the change in its crystallinity degree 
due to the successful incorporation of oregano within its shell. Moreover, the long-term stability 
study was carried out for a period of 60 days at 4 ± 2 °C, 25 ± 2 °C and 40 ± 2 °C. Results showed 
that nanocapsules were physically stable with high carvacrol retention at different temperatures. 
However when microspheres were thermally treated at 25 °C and 40 °C, an increase in particle size 
was observed. Besides, carvacrol retention decreased to 64.56% and 61.84% at 25 °C and 40 °C, 
respectively. From gathered results, the good physical stability of nanocapsules in long-term storage 
with high carvacrol retention stability were observed mainly at 4 °C.

Keywords: Origanum vulgare L. essential oil; Biodegradable polymer; Nanosized phytomedicine; Thermal 

behavior; Long-term storage stability; Carvacrol retention

1 Introduction

From historical times, plants’ roots, stem, and leaves have been used as remedies and treatments for skin 
diseases (Atul Bhattaram et al., 2002). Nowadays, herbal medicinal products utilization is steadily increasing 
due to their healing therapeutic potentials, their safe toxicological profiles, and their improved microbial safety 
(Ekor, 2014; Sharifi-Rad et al., 2017; Wegener, 2017).Wegener, 2017).

Essential oils, derived from aromatic plants, are complex mixtures of compounds mainly composed of 
terpenoids and phenolic acids. There is a substantial literature concerns the use of essential oils in 
pharmaceutical and cosmetic industries (Sarkic et al., 2018), as food preservatives (Oliveira et al., 2017), as 
insecticides in agriculture (Nasr et al., 2017), and in the medical textile industries (Dhivya et al., 2015; 
Massaroni et al., 2015; Mečņika et al., 2014). Essential oils and their volatile constituents have been 
previously proved to exert a broad- spectrum of therapeutic potentials (Islam et al., 2016; Shaaban et al., 2012)
Shaaban et al., 2012), as such, their medicinal use is related to their biologically active substances with potent 
pharmacological activities (Jütte et al., 2017; Teixeira et al., 2013a).

Origanum vulgare L L., commonly known as oregano, is an endemic shrub of the Lamiaceae family native to 
the Mediterranean region (Almeida et al., 2013; Elshafie and Camele, 2016). The Origanum vulgare L. L. 



essential oil (OEO) spread in all Balkans is composed of different amounts of compounds such as 
monoterpene hydrocarbons (α-pinene, β-pinene, p-cymene), sesquiterpenes (β- caryophyllene), Linalool, 
terpinen-4-ol, and phenols (carvacrol, thymol). The main oregano component, carvacrol, makes up to 68% of 
the total oil composition. Carvacrol is generally recognized as safe (GRAS) by the U.S. Food and Drug 
Administration (FDA) as a food additive which attests its safety and non-toxic nature (Regulation number of 
the United States Code of Federal Regulations 172.515) (Suntres et al., 2015; Zotti et al., 2013).

Origanum vulgare L. L. has shown potent antimicrobial activities against several plants and human pathogens. 
Numerous studies have reported the significant inhibitory activity of OEO and its components against some 
phytopathogenic fungi such as Phytophthora citrophthora (R.E. Sm. & E.H. Sm.) Leonian, Botrytis cinerea 
Pers., Penicillium italicum Wehrner, Penicillium expansum Link, Rhizopus stolonifer (Ehrenb.) Vuill., (
Camele et al., 2012), Pectobacterium spp. and Pseudomonas spp. (Božik et al., 2017). Origanum vulgare L. 
L. phenolic constituents carvacrol and thymol have shown a promising inhibition of the brown rot of peach 
fruits caused by Monilinia laxa, Monilinia fructigena, and Monilinia fructicola in vitro and in vivo (Elshafie 
et al., 2015; Elshafie and Camele, 2016). Furthermore, the antibacterial activity of OEO against a number of 
plant pathogens has been reported by (Adebayo et al., 2013). These pathogens include Aspergillus niger van 
Tieghem, Aspergillus flavus Link, Aspergillus ochraceus Wilhelm, Fusarium oxysporum Snyder and Hansen, 
Penicillium sp. L., Pseudomonas aeruginosa Schroter ATCC 2730, Staphylococcus aureus Rosenbach ATCC 
6538, Fusarium solani var. coeruleum (Martius) Saccardo, Clavibacter michiganensis S., Phytophthora 
infestans Mont., Sclerotinia sclerotiorum Lib. and Xanthomonas vesicatoria D. Moreover, the effectiveness of 
OEO in inhibiting Escherichia coli, Staphylococcus aureus, Bacillus megaterium de Bary ITM100, 
Enterococcus faecalis, Klebsiella pneumoniae and Pseudomonas aeruginosa was tested (Elshafie et al., 2017; 
Man et al., 2019; Martucci et al., 2015; Swamy et al., 2016; Vattem et al., 2005). Many authors have, recently, 
focused on OEO potential healing of skin diseases (Orchard and van Vuuren, 2017), and have shown 
antimalarial (El Babili et al., 2011), antioxidative activity (Olmedo et al., 2014; Teixeira et al., 2013b) and 
anticancer activity (Han and Parker, 2017), mainly due to its high content on carvacrol which stands out as the 
active antimicrobial and antioxidant phenol (Saeed and Tariq, 2009; Silva et al., 2012; Wang et al., 2017).

Encapsulation of plant bioactive compounds such as essential oils and monoterpenes within biodegradable 
delivery systems could have the potential to overcome the susceptibility of essential oils, increase their 
aqueous solubility, promote their stability during thermal processing and storage, thereby enhancing their 
applicability and improves their pharmacological activity (de Matos et al., 2019). A variety of delivery systems 
carriers for bioactive compounds include polymeric micelles, liposomes, nanoemulsion, lipid particles, 
polysaccharides, and polymeric nano-microparticles have been developed (Pimentel-Moral et al., 2016). These 
systems offer the opportunity to deliver bioactive molecules at a controlled rate and for a targeted site. Recent 
advances in research on essential oils administration through the skin were achieved (Ruela et al., 2016). (
Ruela et al., 2016). Since the major challenge in clinical practice is addressing and controlling the bioactive 
agent release to the targeted site, the quantitative evaluation of the percutaneous absorption of essential oils 
was performed in order to predict their mechanism of action and their activity in the skin (Bilia et al., 2014; 
Casanova and Santos, 2016). In this regard, the incorporation of OEO, a health-promoting substance, in solid 
matrices has garnered much attention thanks to their biological activities and their anti-inflammatory efficacy. 
Origanum vulgare L. L. essential oil was encapsulated into chitosan (Hosseini et al., 2013), inulin (Beirão-da-



Costa et al., 2013; Beirão da Costa et al., 2012), starch (Almeida et al., 2013), and recently, nonwoven loaded 
with alginate microcapsules for agriculture use has been evaluated (Ferrándiz et al., 2017). Likewise, the 
encapsulation of carvacrol, the main component of oregano, has been extensively studied (Guimarães et al., 
2015; Hussein et al., 2017; Liu et al., 2016).

Among many biodegradable polymers, the aliphatic polyester polycaprolactone (PCL) can be considered as a 
better candidate for the design of micro and nanoconstructs to deliver various natural therapeutic agents. PCL 
has been widely adopted as a suitable biomaterial due to its high thermal stability, its relatively slow 
degradability and good biocompatibility, which eases its use as a model polymer. In addition to that, PCL is a 
hydrophobic polymer with excellent elastic properties; it possesses a wide range of interesting features 
including chemical resistance, low water absorption which makes it a promising component in biomedical 
applications (Cerkez et al., 2017; Mirbagheri et al., 2017), particularly in the medical bio-textiles (Gupta and 
Moghe, 2013; Jung et al., 2016; Malikmammadov et al., 2018). PCL micro and nanoparticulate systems have 
gained attention and proved to be potential alternatives for many therapeutic approaches (Baek et al., 2016; 
Pohlmann et al., 2013). This interest is due to numerous benefits offered by these systems which have been 
successfully used for encapsulation of many actives for subcutaneous delivery thanks to their ease of 
application, their established biocompatibility and biodegradability and localized delivery for site-specific 
action (Çırpanlı et al., 2011; Feng et al., 2012). The development of effective particulate delivery systems is 
important in clinical and experimental medicine. In fact, generating stable and size-controlled polymeric 
particles with a narrow size distribution plays an important role in promoting biological activity, enhancing the 
targeting efficacy and therapeutic efficiency (Hickey et al., 2015). Generally, the particle size monitoring has 
been shown to have a significant influence on bioactive delivery into the skin in vivo (Gupta and Rai, 2017; 
Stander et al., 2018; Verma et al., 2003). Therefore, controlling the preparation method, physicochemical 
properties and storage stability is crucial when preparing particles with desired size and properties. A wide 
array of therapeutics used for transdermal delivery systems such as patches, ointments, and creams have 
shown promise in enhancing the skin permeation of lipophilic active agents with low molecular weight and 
low doses. Generally, microspheres with a diameter of 2000 nm or above were not able to deliver the 
encapsulated material into deeper layers of the skin and have shown maximum deposition of the active 
principle contents in the stratum corneum (Martí et al., 2014). However, nanocapsules with a diameter of 
200 nm have shown the ability to deliver their contents into the deeper skin layers (Badri et al., 2018).

Accordingly, the development of a long-acting formulation of oregano is foreseen thanks to the potential 
hydrophobic property of PCL polymer which confers the ability to release the bioactive natural compound for 
extended periods of time. The nanoprecipitation is commonly used to encapsulate both hydrophilic and 
hydrophobic bioactive molecules, yielded higher encapsulation efficiency with the long-term stability of the 
core and higher sustained-release (Martínez Rivas et al., 2017; Miladi et al., 2016). The nanoprecipitation is a 
simple and effective technique which doesn’t require high stirring rates and temperatures conditions. 
Moreover, it allows obtaining small nanoparticles around 100 to –200 nm with narrow and a monomodal 
distribution. The double emulsion method was first described by Seifriz (1924) and was described as a 
complex system in which droplets are dispersed in a continuous phase and contain smaller dispersed droplets 
themselves. Double emulsion systems were used to encapsulate both hydrophobic and hydrophilic compounds 



and they were considered as promising delivery systems in industrial areas of cosmetics and medical textiles (
Carreras et al., 2013; Martí et al., 2014).

In view of this background, we propose a comparative study for the preparation of polycaprolactone-loaded 
Origanum vulgare L. L. essential oil. For this, we investigated two different preparation methods (the 
nanoprecipitation and the double emulsion) and a number of variables that could potentially influence the 
encapsulation of hydrophobic essential oil in terms of size range and distribution, encapsulation efficiency and 
stability during storage. Physicochemical characteristics and the thermal behavior of both systems were, 
further, studied. The stability of storage was ascertained in various simulated temperatures and time to evaluate 
their effects on the physicochemical and total carvacrol retention (CAR%) under these different storage 
conditions. This study was considered valuable for producing stable polymeric systems loaded-oregano 
essential oil with significant carvacrol retention capability. These improved stability systems will serve in 
pharmaceutical and cosmetical industries and will be highly beneficial for the treatment of topical cutaneous 
diseases.

2 Materials and methods

2.1 Materials

Polycaprolactone (PCL) (average molecular weight of 45 000), poly (vinyl alcohol) (PVA), (87–89% 
hydrolyzed, MW 31 000–50 000 Da) were procured from Sigma–Aldrich Chemicals Private Ltd. (Madrid, 
Spain). Oregano Essential Oil (OEO), obtained from (Terpenic lab, Barcelona Spain), was used as the core 
material. Polysorbate 80 (Tween® 80) and Sorbitan monooleate (Span® 80), obtained from Sigma–Aldrich 
Chemicals Private Ltd. (Madrid, Spain), were employed as stabilizing agents in nanocapsules preparation. 
Acetone and dichloromethane (DCM), purchased from Sigma-Aldrich, were used as organic solvents for PCL. 
Solvents including acetonitrile and methanol in HPLC grade (Fisher Scientific,) were used for HPLC analysis. 
Nylon filters, pore size 0.45 μm (Millipore, USA) were used for the filtration of solvents and prepared samples 
for HPLC analysis. All other solvents used in this work were of analytical grade and acquired from Sigma-
Aldrich, Spain. Milli-Q water was used throughout the work.

2.2 Methods

2.2.1 Preparation of nanocapsules by nanoprecipitation

Oregano nanocapsules (PCL-OEO-NCs) were prepared viavia nanoprecipitation of the pre-formed polymer 
(interfacial deposition/solvent displacement) reported by Fessi et al. (1989). In the first step, PCL forming the 
organic phase (100 mg) was dissolved in acetone solution (27 mL) by mild heating (60 °C) for 15 min. Oregano 
essential oil (OEO) and a low-HLB surfactant (Span® 80, HLB = 4.3) (a hydrophilic-lipophilic balance that 
allows stable and size-controlled nanocapsules) were mixed to the resulting solution. Further, the polymer-
OEO mixture solution was gently added dropwise into 55 mL aqueous solution of a high-HLB surfactant 
(tween® 80, HLB = 15), under moderate magnetic stirring for 10 min. Acetone and part of water were removed 
in a rotary evaporator at 40 °C, adjusting for a final volume of 55 mL. Empty nanocapsules (PCL-NCs) were 
prepared viavia the same process. The different formulations are presented in Table 1.



2.2.2 Preparation of microspheres by double emulsion

Oregano microspheres (PCL-OEO-MSs) were prepared by O1/O2/W double emulsion method ( Carreras et al., 
2013 ). This process involves the preparation of (O1/O2) at a first stage, followed by addition of an excess 
volume of water to facilitate the diffusion of the organic solvent into the external aqueous phase. Briefly, 0.3% 
(w/v) of oregano essential oil in mono-alcohol was added dropwise into a solution of 0.3% (w/v) PCL in 
dichloromethane. The simple emulsion was mixed vigorously by mechanical agitation (ULTRA-TURRAX 
T25, IKA) for 30 min at 24 000 rpm to form an O1/O2 phase. This resultant primary emulsion (O1/O2) was, 
then, injected drop by drop into a beaker containing the 2% (w/v) aqueous PVA solution while emulsified at 
24,000 rpm for 20 min at 4 °C until the formation of a double emulsion. The O1/O2/W emulsion was 
performed to evaporate the organic solvent at the water/air interface by stirring for 24 hours at 400 rpm to 
obtain microspheres. Empty microspheres (PCL-MSs) were prepared viavia the same process. The volume of 
the solution was weighed before and after evaporation to ensure the evaporation of the organic solvent. Both 
prepared formulations are presented in  Table 2 .

alt-text: Table 1

Table 1

The composition of formulations prepared by nanoprecipitation.

Formulations

Components

Organic phase Aqueous phase Operating conditions

PCL/OEOratio Acetone(mL)
Span 
80(mg)

Tween 
80(mg)

Milli-Q 
water (mL)

Stirrer 
speed(rpm)

Organic phase 
injection speed (min)

PCL-NCs 1/0 27 76.6 76.6 55 500 30

PCL-OEO-
NCs1

1/3.2 27 76.6 76.6 55 500 30

PCL-OEO-
NCs2

1/3.4 27 76.6 76.6 55 500 30

PCL-OEO-
NCs3

1/4 27 76.6 76.6 55 500 30

i The presentation of Tables and the formatting of text in the online proof do not match the final output, though 

the data is the same. To preview the actual presentation, view the Proof.

alt-text: Table 2

Table 2



2.3 Characterization of the prepared particles

2.3.1 Particle size, polydispersity index, and Zeta potential measurements

The hydrodynamic size (PS), the polydispersity index (PDI), and the zeta potential (ZP) were performed 
immediately by dynamic light scattering (DLS) using a Nano ZS Zetasizer ZEN3600 (Malvern Instruments 
Ltd., Malvern, Worcestershire, UK). The zeta potential was measured by electrophoretic mobility considering 
the water dielectric constant of 78.5. The polydispersity index was measured in order to describe the broadness 
of the particle size distribution calculated from the cumulants analysis. All samples were dispersed in Milli-Q 
water (1:100, v/v), and were measured at room temperature of 25 °C. Each sample was performed in triplicate. 
The data were obtained in mean value and expressed as a ± standard deviation.

2.3.2 Determination of carvacrol content

The carvacrol retention profile and quantification analyses were processed using the HPLC chromatograph 
(Shimadzu, Japan) equipped with a C18 (Microsorb) analytical column (5 µm, 250 × 4.6 mm) and coupled to an 
SPD-M20A diode array detector.

Carvacrol content was determined after extraction from the formulations using acetonitrile (5 mL). All samples 
were maintained in ultrasound for 60 min, centrifuged for another 15 min and then the supernatant was filtrated 
and analyzed by HPLC. The samples were filtered before the injection in the HPLC with nylon filters, pore 
size 0.45 μm (Millipore, USA). The absorption spectrum revealed a maximum peak of oregano essential oil 
absorbance at 274 nm. The UV detector was set where the chromatograms were processed at an absorption 
wavelength of 274 nm. Data acquisition and processing were performed and all samples were isocratically run 
with a mobile phase composed of acetonitrile-water (60:40, v/v). The injection volume was 20 µL, and the 
retention of carvacrol was approximately 7 min at a flow rate of 1.0 mL/min. The column oven temperature 
was maintained at 25 °C. For the carvacrol quantification, a standard curve was developed with a 

The composition of formulations prepared by double emulsion.

Formulations

Components

Organic phase Aqueous phase Operating conditions

PCL/OEOratio
DCMvolume 
(mL)

Monoalcohol 
(mL)

PVA(%)
Milli-Q 
water(mL)

Stirrer 
speed(rpm)

Organic 
phaseinjection 
speed (min)

PCL-MSs 1/0 15 25 2 100 24000 30

PCL-OEO-
MSs

1/1 15 25 2 100 24000 30

i The presentation of Tables and the formatting of text in the online proof do not match the final output, though 

the data is the same. To preview the actual presentation, view the Proof.



determination coefficient ( r2  = 0.9998) using standard solutions of carvacrol (134.5 µg/mL to 0.108 µg/mL). 
All measurements were performed in triplicate.

2.3.3 Encapsulation Eefficiency (EE%)

The encapsulation efficiency (EE%) of PCL-OEO-NCs and PCL-OEO-MSs, was determined using the 
spectrophotometric method. The nanocapsules pellet (PCL-OEO-NCs) was separated from none encapsulated 
free essential oil by centrifugation at 9000 rpm at 4 °C for 15 min. The supernatant was removed and separated 
nanocapsules were redispersed and washed for a triple in Milli-Q water by centrifuging at 9000 rpm at 4 °C for 
another 5 min. The pellet of each nanocapsules formulation was extracted using methanol as an extracting 
solvent, vortexed vigorously and centrifuged. The extracted oil was collected and quantified 
spectrophotometrically at 274 nm.

Encapsulation Efficiency (EE%) of PCL-OEO-MSs, was determined by centrifugation of microspheres 
formulations with 18,100 rpm at 4 °C for 15 min. The pellet was separated from the aqueous medium 
containing the non-associated oil and then collected, washed for a triple in Milli-Q water and centrifuged at 
18,100 rpm at 4 °C for another 5 min. Methanol was added to the washed pellet, vortexed and further 
centrifuged for 10 min.

The extracted oil was quantified using a high-performance liquid chromatography diode array detection 
(HPLC–DAD) and ultraviolet (UV)–spectrophotometry (CARY 300). HPLC–DAD analyses were conducted 
using a C18 (Microsorb) analytical column, isocratic elution with acetonitrile-water (80:20 (v/v)) mobile phase 
at 1.0 mL/min flow rate and detection at 274 nm. The calibration curve was obtained using linear regression 
where y is the absorption, and x is the concentration of essential oil in the solution. The linear response 
( r2  = 0.9998) was obtained within a concentration range of 134.5 µg/mL to 0.108 µg/mL using HPLC–DAD, 
and in the working range of 100 µg/mL to 0.781 µg/mL with linear correlation coefficient ( r2  = 0.9985) using 
spectrophotometry. All the points from the calibration curve were obtained in triplicate. Both methods were 
suitable to be applied for the determination of loading capacity percentage and encapsulation efficiency.

Calibration curves with concentration versusversus absorbance were plotted for each method and the obtained 
data were subjected to regression analysis using the least-squares method.

The encapsulation efficiency (EE%) and the actual loading capacity (LC%) were calculated according to 
Equations Eq. (1) and Eq.s. (1) and (2).

The encapsulation efficiency (EE%) was calculated from the division of the OEO content recovered by 
methanol extraction by the theoretical oil content. Encapsulation efficiency (EE%) was calculated by using the 
direct following equation [Eq. (1)] :

(1)



2.3.4 Scanning electron microscopy (SEM)

The scanning electron microscope (SEM) type Hitachi instruments TM-1000 was used to study the 
morphology of the nano-microparticles. The suspensions were separated from the liquid by centrifugation and 
dispersed in Milli-Q water. One drop of each dispersion was placed on a carbon adhesive disc, dried at room 
temperature for 24 h and then fixed on an aluminum mounting pin. Samples were imaged by Hitachi 
instruments type TM-1000 which use low-vacuum observation techniques combined with high sensitivity 
backscattered electron detector and allow even non-conductive samples to be observed as is, with no need to 
apply metallic coatings. The dried nano-microparticles were, then, examined and a representative SEM image 
was reported.

2.3.5 Thermal analyses

The thermal properties of the PCL-OEO-NCs1 and PCL-OEO-MSs and their individual compounds were 
analyzed by TGA and DSC. Thermogravimetric analysis (TGA) was performed with a TGA instrument 
(Model TGA/SDTA 851e; Mettler Toledo), with STARe software (version SW 9.30). Approximately 
5.00 ± 0.1 mg of each sample was weighted (depending on the sample) by using a microbalance (XPR2, 
Mettler Toledo). They were packed into an aluminum pierced pan (100 µL) and were, then, heated under a 
nitrogen stream (50 mL/min) from 25 °C to 550 °C at a heating rate of 10 °C/min.

Differential scanning calorimetry (DSC) experiments were performed using a heat flux DSC instrument (DSC-
821, Mettler Toledo) under nitrogen stream (50 mL/min.). Approximately 3 mg ± 0.5 of the sample were 
weighted (depending on the sample) using a microbalance (XPR2, Mettler Toledo). They were packed into an 
aluminum pierced pan (40 µL), the pan was hermetically sealed and heated from 0 °C to 150 °C at a rate of 
10 °C/min under a nitrogen atmosphere at a flow rate of 20 mL/min. An empty pan was used as a reference.

2.3.6 ATR-FTIR assessment of the particles

The Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy was performed to 
investigate the functional groups present in PCL-OEO-NCs1 and PCL-OEO-MSs. The solid-state samples 
were placed for spectra recording on a NICOLET AVATAR 360 FTIR Spectrophotometer (Nicolet 
Instruments, Inc., Madison, WI, USA) equipped with an attenuated total reflection (ATR) sampling accessory 
that used a diamond with an angle of incidence of 45° in a horizontal orientation. Spectra were obtained in the 
500- 4000 cm-–4000 cm− 1 wavenumber range with an average of 32 scans using a resolution of 4 cm-1. The 
advanced ATR correction algorithm introduced in OMNIC software Version 7.3 (Nicolet, Madison, WI, USA) 
was used to analyze the spectra, read the peak position and correct band intensity distortion, peaks shifts and 
polarization effects. Analysis of every sample was made in triplicate. All measurements were carried out at 
room temperature under ambient conditions.

2.3.7 Accelerated stability Ttest

(2)



In order to assess the storage conditions impact on PCL-OEO-NCs1 and PCL-OEO-MSs formulations, the 
obtained suspensions were stored and protected from daylights irradiation in hermetically sealed amber bottles. 
The samples were subjected to three different storage temperatures: 4 ± 2 °C (refrigerator), 25 ± 2 °C (room 
temperature) and 40 ± 2 °C (oven) with 60% RH in a stability testing chamber, and monitored after 24 h, 7, 15, 
30 and 60 days, in triplicate. For the predetermined period and in the mentioned conditions, the samples were 
carried out, in triplicate, for their visual, physio-chemical characteristics such average diameter, polydispersity 
index, zeta potential, pH, and carvacrol retention (CAR%).

2.3.8 pH determination

The determination of the hydrogen potential (pH) was performed directly on the suspensions, in a pH meter- 
Radiometer Copenhagen potentiometer previously calibrated with pH 4.0 and 7.0 buffer solutions. The pH was 
evaluated during the stability test.

2.3.9 Statistical analysis

Statistical analysis of data was performed by one-way analysis of variance (ANOVA), using GraphPad Prism 
6.01 software compared by Tukey's test and assuming confidence level of 95% for statistical significance. All 
the results were expressed as mean ± standard deviation S.D. Principal Component Analysis (PCA) was used 
to study the relationship between all of the variables cited in the manuscript. All statistical analyses were 
performed with XLSTAT software (v.2019.1, Addinsoft, USA). Pearson correlation coefficients were 
calculated when needed between correlated variables.

3 Results and discussion

3.1 Optimization and characterization of PCL-OEO-NCs

PCL nanocapsules were successfully prepared using the nanoprecipitation method of the interfacial deposition 
of the preformed polymer method patented by Fessi et al. (1989). The choice of the nanoencapsulation process 
depends on the polymer to be applied and necessarily the solubility of the active compound to be encapsulated 
which is considered as an important factor affecting the loading capacity of the carrier system (Kalepu and 
Nekkanti, 2015).

The nanoprecipitation is a very used method for the preparation of polymeric nanocarriers with therapeutic 
index. This process is widely adopted to encapsulate hydrophobic cores, such as essential oils, into polymeric 
matrices. The nanoprecipitation processing simplicity and reproducibility allows the ease of scale-up and 
obtaining nanoparticles with narrow size distribution. The preparation method allows obtaining reproducible 
metastable NCs dispersions yielded higher encapsulation efficiency with the higher stability of the core and an 
important sustained-release (Martínez Rivas et al., 2017; Miladi et al., 2016).

In this study, OEO-loaded PCL nanocapsules were produced using the nanoprecipitation method and their 
physicochemical characterization was analyzed by DLS where the particle size (PS), the zeta potential (ZP), 
polydispersity index (PDI), and encapsulation efficiencies (EE%) were determined (Fig. 1, Table 3).



Fig. 1

Particle size and zeta potential distribution of nanocapsules formulations.

alt-text: Table 3

Table 3

Initial experimental results of the nanocapsules expressed as mean ± SD.

Formulations
PCL/ OEO 
ratio

PS a  (nm) PDI b  ZP c  (mV) EE d  (%) Appearance

PCL-NCs 1/0 175.17 ± 0.31 0.140 ± 0.01
- 18.70  0.50-
−18.70 ± 0.50

 – Milky suspension

PCL-OEO-
NCs1

1/3.2 181.60 ± 2.17 0.133 ± 0.01 - −40.90 ± 0.93 85.89 ± 2.40 Milky suspension

PCL-OEO-
NCs2

1/3.4 186.93 ± 1.63 0.144 ± 0.01 - −42.53 ± 1.01 68.48 ± 1.53 Milky 
suspensionOils 

i The presentation of Tables and the formatting of text in the online proof do not match the final output, though 

the data is the same. To preview the actual presentation, view the Proof.



Table Footnotes

The nanoencapsulation process was optimized using different conditions and the polymer to the oil ratio 
(PCL/OEO) was changed while the operating conditions were kept constant. Thence, the appropriate 
concentration of PCL, OEO, and surfactants was determined experimentally.

The colloidal NCs dispersions were obtained with a transparent to opalescent bluish aspect presenting a 
Tyndall effect. Unloaded-NCs (PCL-NCs) presented a size diameter of 175.17 ± 0.31 nm, a polydispersity 
index PDI (0.14 ± 0.01) and ZP (-−18.7 mV ± 0.5 mV). During the preparation, a small increment of oregano 
essential oil (OEO) content promoted changes in the mean size values and surface charge values of the 
nanocapsules. Obviously, the PCL-OEO-NCs presented mean size values of 181.60 ± 2.17 nm and 
186.93 ± 1.63 nm for PCL-OEO-NCs1 and PCL-OEO-NCs2, respectively. In this case, the highest OEO 
content has led to more negatively charged nanocapsules. PCL-OEO-NCs1 presented 85.89 ± 2.40% 
encapsulation efficiency, although, a decrease in oregano content has been demonstrated with PCL-OEO-
NCs2. Indeed, processing under the same conditions with only a small increase in oregano oil concentration 
has led to oiling off and the nanocapsules were obtained with a lower encapsulation efficiency. Whereas, the 
increase of the polymer to OEO ratio while keeping constant surfactant concentrations generated particles with 
slightly larger diameter 220.93 ± 2.73 nm for PCL-OEO-NCs3 ( Table 3 ).

Besides, the formulations presented a monomodal particle size distribution, as also confirmed by the obtained 
low PDIs (< 0.2), confirming the presence of a monodispersed system. The size and PDI values were very 
similar among nanoparticles of the prepared suspensions. Similar results were reported by  Ephrem et al. 
(2014) , who have reported the preparation of rosemary essential oil nanocapsules at a small and a large scale 
with the nanoprecipitation method. The nanoparticles showed mean diameter values of 220 ± 10 nm to 
530 ± 20 nm and PDI values of 0.19 ± 0.01 and 0.31 ± 0.04, respectively. In general, lower PDI values indicate 
high homogeneity in the particle population, the stability and narrow distribution of formulations ( Danaei et 
al., 2018 ). However, the increase in PDI value (> 0.2) can generate a relatively heterogeneous population of 
particles. Thus, the obtained results demonstrated that upon increasing the polymer/ OEO weight ratio, the 
particle size increases when other formulation variables are kept constant, thereby, suggesting that varying the 
polymer to OEO weight ratio can affect the size and the PDI values. Inversely, the decline of PDI obtained 

droplets on the 
surface

PCL-OEO-
NCs3

1/4 220.93 ± 2.73 0.178 ± 0.02 - −30.67 ± 1.27 50.36 ± 1.86

Milky 
suspensionOils 
droplets on the 
surface

Values are the mean ± SD.

aParticle sizeParticle size.
bPolydispersity IndexcZeta PotentialPolydispersity Index.

Zeta Potential.
dEncapsulation Efficiency.



with the decreasing of polymer/ OEO weight ratio is attributed to the fact that as the polymer concentration 
increased, the amount of nanoparticles per unit volume will be small which would favor the formation of the 
desired monodisperse system (small PDI) as a result of disallowing particle agglomeration (Khalifa et al., 2017
).

Additionally, the measurement of zeta potential (ZP) is important to reveal the physical stability of the nano-
suspensions and can depend on the concentration and molecular weight of the applied polymer and surfactants 
in the aqueous phase. ZP or the particle charge, also known as the electrokinetic potential, is the potential at 
the slipping/shear plane of a colloid particle moving under electric field (Bhattacharjee, 2016; Kaszuba et al., 
2010). The zeta potential values are usually determined by the electrophoretic light scattering and can be 
negative or positive. But, a zeta potential of +/−30 mV is often used as a stability threshold. In general, higher 
negative zeta potential values ensure greater electrostatic repulsion forces among the nanoparticles and this 
repulsion leads, thereafter, to greater separation distances between the nanoparticles in the suspension, 
reducing neighboring nanocapsules or occasional aggregation caused by Van der Waals interactions. The zeta 
potential also can be used to determine whether a charged active material is encapsulated within the center of 
the nanoparticle or on the surface (Honary and Zahir, 2013a, 2013b).

In this case, high negative zeta potential values were observed for all nanocapsules suspensions (Table 3), 
revealing that the reproducibility of the different batches results in high negative zeta potential values, 
reflecting kinetically stable formulations. The said stability is generated by an electrostatic repulsion effect 
resulting from surface charge density which contributes to avoiding aggregation of the hydrophobic colloidal 
particles dispersed in the aqueous phase. Indeed, the polymer PCL presents −COOH ends groups at the 
polymer extremities, causing an acid-base balance forming carboxylates, which make the surface negatively 
charged. Likewise, these negative charges of the ionized carboxylic groups −COO−-, promote the stability of 
the nanocapsules by electrostatic repulsion (Magenheim and Benita, 1991). (Magenheim and Benita, 1991). 
The zeta potential is also a function of stabilizers nature that control the surface charge of the nanocapsules. 
Here, the high negative values can be associated with the electrostatic stabilization mechanism due to the 
presence of the polysorbate 80 (Palla and Shah, 2002). In fact, the use of the non-ionic amphiphilic stabilizer 
such as tween 80 improves the nanoemulsion stability, due to its hydrophilic polyoxyethylene head groups. 
This stabilizer is constituted of an anchor segment which interacts with the dispersed particles and a tail 
segment, which extends into the solution and are able to deposit onto the O/W interface and reduce interfacial 
tension, protecting oil droplets against aggregation (Woodard and Jasman, 1985).

Table 3 presents the influence of different OEO concentrations on the nanocapsules physiochemical 
characteristics and EE% while keeping a constant PCL/surfactants ratio. The nanocapsules formation was 
found to depend on OEO concentrations. Thus, the use of the same concentration of PCL with different OEO 
concentrations, operating with the same surfactants concentrations and formulation conditions, better results 
were seen with 1/3.2 ratio of PCL to OEO regarding mean size, PDI, ZP, and EE%. Moreover, good 
encapsulation efficiencies (EE%) were obtained for all nanocapsules formulations. Although, PCL-OEO-NCs1 
presented the most important retention of the essential oil with 85.89 ± 2.40%, demonstrating the capability of 
PCL to hold the essential oil within its polymeric matrix and suggesting a high affinity between the 
hydrophobic polymer and the essential oil molecules.



Overall, the nanoprecipitation method gives good encapsulation efficiencies. Notably, during the preparation 
of PCL-OEO-NCs2 and PCL-OEO-NCs3, the milky suspension was obtained with an excess of oil droplets 
which explains the lower EE%. Indeed, the increase of PCL amount to the amount of oregano essential oil 
resulted in nanocapsules with a smaller size, good PDI and higher zeta potential (Ephrem et al., 2014). 
Consequently, the best suspension of nanocapsules in terms of a mean size, PDI and ZP have been obtained 
with a 1/3.2 mass ratio of PCL/OEO. The optimized preparation PCL-OEO-NCs1 was, thereafter, selected for 
further experiments since it presented adequate nanotechnological characteristics (size, polydispersity 
distribution, zeta potential, encapsulation efficiency and morphology) as well as the bioactive compound 
delivery systems (pH and OEO content).

3.2 Characteristics of PCL-OEO-MSs

The preparation of the microspheres by an oil-in-oil-in-water (O1/O2)/W double emulsion was performed 
according to Carreras et al. (2013). The microspheres preparation variables and concentration of polymer to 
OEO ratio were set according to the previously reported Carrera’s method carried out in our group. The double 
emulsion solvent evaporation was prepared by two-step emulsification process involving the mixing of an 
oil/oil emulsion and forming the O1/O2 phase followed by its emulsification in an aqueous phase. Table 4 
states the physicochemical characteristics using multiple techniques outlined in the experimental part. The 
different process parameters were conducted to produce microspheres suspension with a diameter in the range 
of 2000 nm and exhibiting a monomodal size distribution. Only two conditions were examined since the 
desirable size was obtained. In fact, the development of biodegradable polymer microspheres for the 
controlled-release and efficient delivery applications of natural bioactive compounds is challenging due to the 
difficulty of specifically designing systems exhibiting precisely controlled release rates. Besides, the 
preparation of stable and well-defined polymeric particles in terms of size and shape is of interest since it is an 
important parameter to define the controlled release system over a significant duration of times as well as the 
form of application of the finished dosage form. The control of PCL microspheres size and distribution may 
provide an improved methodology to tailor the carvacrol release kinetics from biodegradable-polymer 
microspheres.

alt-text: Table 4

Table 4

Experimental results of PCL-OEO-MSs expressed as mean ± SD.

Formulations PCL/OEO ratio PS a  (nm) PDI b  ZP c  (mV) EE d  (%)

PCL-MSs 1/0 1620.00 ± 47.62 0.19 ± 0.05 -8.77  0.27-−8.77 ± 0.27  –

PCL-OEO-MSs 1/1 1759.00 ± 162.6 0.86 ± 0.23 -−15.7 ± 1.56 47.52 ± 0.52

i The presentation of Tables and the formatting of text in the online proof do not match the final output, though 

the data is the same. To preview the actual presentation, view the Proof.



Table Footnotes

Notably, the prepared suspension appeared as white and turbid. Regarding the mean particle size results, PCL-
MSs showed an average diameter of 1620.00 ± 47.62 nm. Likewise, microspheres of PCL-OEO-MSs were 
produced with 1759.00 ± 162.6 nm in mean size and presented a macroscopically homogeneous size 
distribution ( Table 4 ).

Polydispersity index values in the range of 0.19 ± 0.05 were observed for PCL-MSs and 0.9 ± 0.23 were 
obtained for PCL-OEO-MSs, revealing the heterogeneous distribution of the colloidal suspension loaded 
oregano essential oil.

Moreover, the PCL microspheres, bearing negative charges, presented negative zeta potential values for the 
blank microspheres PCL-MSs (-8.77  0.27 mV) and (-−8.77 ± 0.27 mV) and (−15.7 ± 1.56 mV) for PCL-OEO-
MSs. As observed, the negative zeta potential values were closed to zero, reflecting a steric stabilization effect.

In fact, the relation between the particle size and the surface charge of the microspheres is of interest. 
Compared with PCL nanocapsules, the smallest particles acquired a higher negative zeta potential compared 
with larger particles. Therefore, an increase or a decrease in the surface charged groups will result in a higher 
or lower zeta potential. The significant increase in the absolute zeta potential value may refer to higher 
dispersion stability that resulted in a more stable suspension and vice-versa. This reflects the dependency of 
the zeta potential on the charge density ( Holmberg et al., 2013 ).

In this work, the PVA was added to the aqueous phase in the amount of 2% (w/v) and the microspheres were 
prepared under this optimum condition. In a recent study,  Iqbal et al. (2015)  have revealed a significant 
influence of PVA concentration on the particle size and morphology of polycaprolactone microparticles 
prepared by double emulsion. Results indicated that by increasing PVA concentration from 0.05 to 0.2%, the 
particle size decrease and beyond this value, there was no significant effect on mean particle size. Furthermore, 
the surface of obtained nanoparticles with 0.5% PVA presented a smooth surface with a regular rounded shape 
and broad size distribution. However, an increase in PVA concentration up to 2-–3% has led to a clumping 
behavior of the particles and this was due to the excessive PVA resulting in sticking of particles during drying. 
PVA, as an amphipathic polymer, can be considered as a polymeric surfactant that stabilizes microspheres 
suspensions through the steric effect ( Piazzon Tagliari et al., 2015 ) and the influence of its concentration in the 
external water phase on the size of resultant microspheres is significant ( Maia et al., 2004 ).

Moreover, this process conditions resulted in good encapsulation efficiency rate of 47.52 ± 0.5% which could 
be considered satisfactory, since there have no previous reports in the literature in double emulsion 
formulations produced based on the use of essential oils. However,  de Sousa et al. (2013) [Instruction: Please 

Values are the mean ± SD.

aParticle sizeParticle size.
bPolydispersity IndexcZeta PotentialPolydispersity Index.

Zeta Potential.
dEncapsulation Efficiency.



add Ribeiro et al. (2013) 
I couldn't generate this action and citing the reference.] has previously reported that the encapsulation 
efficiency has dramatically decreased when PVA concentration has increased. Such a result was justified with 
the use of a higher concentration of PVA (2%, w/v) in the external aqueous phase.

3.3 Morphology and surface characteristics

The scanning electron microscopy (SEM) was carried out to visualize the size and the shape of both PCL 
nanocapsules and microspheres. The particle size estimated by the DLS technique was found to well correlate 
with the microscopy analysis. It can be inferred from Fig. 2a that the PCL nanocapsules have a spherical shape 
of the core/shell and a smooth surface nanomorphology and their mean size was found to be nearly 200 nm, 
where the polymeric shell of PCL surround the oily core with Tween 80 as a stabilizer. In general, the 
concentration of the polymeric shell is an important parameter influencing the thickness of the nanocapsules 
membrane. Several studies have admitted that nanocapsules produced with PCL and nanoprecipitation process 
provide shell thickness values around 10 nm to 20 nm (Cauchetier et al., 2003; Rübe et al., 2005).

Besides, SEM photomicrograph depicted in  Fig. 2 b revealed heterogeneous populations of microspheres in the 
range of 2000 nm in size. Moreover, the porous microspheres were formed as a result of the complete 
evaporation of the organic solvent (DCM) during the production process ( Zhao et al., 2017 ).(Zhao et al., 
2017).

3.4 Thermal analysis

3.4.1 Thermogravimetric analyses (TGA)

Thermogravimetric analyses  Fig. 3 A and B have been used to evaluate weight losses of the different samples 
in function of the temperature and to evaluate the thermal stability of the aromatic nanocapsules and 
microspheres. TGA and DTG thermograms of raw PCL, OEO, PCL-OEO-NCs1, and PCL-OEO-MSs were 

Fig. 2

SEM images of (a) PCL-OEO-NCs1  and (b) PCL-OEO-MSs.



determined. The other components were collected as references, revealing the distinct mass losses and 
indicating thermal decomposition in different stages.

Fig. 3

Thermogravimetric curves of (A): (a) PCL, OEO, PCL-OEO-NCs1 , PCL-NCs and (b) the first derivatives (DTGA) and of (B): (a) 
PCL, OEO, PCL-OEO- MSs, PCL-MSs and (b) the first derivatives (DTGA).



The PCL started to degrade slowly after 300 °C and rapidly, reached the decomposition temperature at 
414.87 °C, which was due to the complete breakage of the C-C backbone of the PCL chains.  Fig. 2  showed 
that oregano had only one stage in the mass loss which decreased quickly from 140 °C to 240 °C. Therefore, 
when the temperature reached 250 °C, the weight of essential oil was reduced by 100%.

Unloaded PCL-NCs and PCL-MSs showed one-step mass degradation at around 383.43 °C, due to the onset of 
degradation in the sample. This behavior was associated with PCL decomposition behavior. In N2 atmosphere 
two-stage thermal degradation behavior for PCL-OEO-NCs1 was observed, resulting in two steps in weight 
loss. The first degradation stage occurred in the range of 95.17 °C  –278.65 °C with a 25% weight loss and 
Tmax1 of 213.67 °C. The mass loss was mainly due to the degradation of OEO, whilst a second degradation 
stage was attributed to the main degradation of the polymeric matrix PCL, which has appeared at around 
278.67 °C  –550.36 °C with Tmax2 at 405.34 °C and a total weight loss of 74%. Two peaks were also observed 
in the DTGA curve of the OEO nanocapsules, one at 215 °C was related to the release of oregano essential oil 
and the other was recorded at 415 °C and was attributed to the decomposition of the shell material. In the 
thermogram of PCL-OEO-MSs obtained with double emulsion, two thermal events were also observed. The 
microspheres showed a mass loss with about 26.64% weight loss and Tmax1 of 273.34 °C and a significant one 
at around 480 °C with Tmax2 at 415.14 °C and 71% of total weight loss.

Comparing the fusion temperature of OEO to that of loaded nanocapsules, a greater loss in pure compound 
mass was seen. However, the volatile compound showed a slight loss for nanocapsules which may be due to 
essential oil adsorbed and blooming the surface. Consequently, OEO encapsulation into the polymeric matrix 
was found to enhance oil thermal stability. Moreover, no other degradation step was observed, indicating that 
the water was eliminated during the evaporation process and the surfactants have been completely removed. 
Therefore, the TGA results confirmed oregano thermal stability and its resistance from loss during the heating 
process.

3.4.2 Differential scanning calorimetry (DSC)

DSC experiments were performed to investigate the physical state of the OEO encapsulated in the NCs and 
MSs, as well as the pure OEO and possible polymer interactions. Thermograms of pure PCL, free OEO, PCL 
nanocapsules and PCL microspheres are presented in  Fig. 4 A and B and are shown the onset temperature (T0), 
the endset temperature (Tf), melting temperatures (Tm) and fusion enthalpy (ΔHm), already summarized in  
Table 5 .

Fig. 4



DSC thermograms of (A): PCL-OEO-NCs1 , (B): PCL-OEO-MSs and the different components at a heating rate of 10 °C/min.

alt-text: Table 5
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Table Footnotes

OEO showed a sharp endothermic event with a wide melting range from 11.63 °C to 76.07 °C (ΔT = 64.44 °C), 
and a melting temperature (Tm) around 45.29 °C corresponding to its volatilization. The DSC thermogram of 
PCL presented a melting temperature and ΔHm value of 60.35 °C and 77.58 J/g, respectively. As can be seen 
in  Fig. 4 A, PCL-NCs exhibited the characteristic melting endotherm of PCL with a slight shifting around 
59.52 °C (instead of 60.35 °C). Furthermore, PCL-MSs presented a melting temperature value of 62.28 °C 
related also to the melting temperature of PCL ( Fig. 4 B). In fact, when PCL dissolved in acetone and, then, 
precipitated without any oil loading, the melting temperature shifted to low temperatures. This was explained 
by its rapid precipitation from the solvent which freezes its structure in a less ordered arrangement and 
accordingly, is responsible for the lower melting temperature compared with the pure PCL ( Mossotti et al., 
2015 ). (Mossotti et al., 2015).

Furthermore, PCL-OEO-NCs1 thermogram showed a single endothermic peak of the semi-crystalline PCL but 
was shifted to a lower temperature (42.00 °C). Therewith, in the PCL-OEO-MSs, the melting temperature was 
found to be reduced by 15 °C lower (˜~ 35 °C), was shifted to a lower temperature (48.87 °C). In fact, the 
endothermic event corresponding to the glass transition of PCL remained visible for both unloaded and loaded 

Thermal analysis values obtained from DSC thermograms of PCL, OEO, Span 80, Tween 80, PVA, PCL-OEO-NCs1 , PCL-NCs, 
PCL-OEO-MSs, and PCL-MSs.

Samples T0  a   (°C) Tf   b  (°C) ΔT (Tf  - T0) c   (°C) Tm d  (°C) ΔHm  e  (J/g)

PCL 54.66 64.03 9.37 60.35 77.58

Tween 80 29.67 90.94 61.27 66.62 40.67

Span 80 121.16 130.19 9.03 123.79 1.15

PVA 54.03 132.03 78 93.45 22.99

OEO 11.63 76.07 64.44 45.29 8.68

PCL-OEO-NCs1 35.36 47.21 11.85 42.00 16.23

PCL-NCs (Empty) 53.0649.89 61.6361.99 8.5712.1 56.1859.52 44.7526.97

PCL-OEO-MSs 33.14 53.75 20.61 48.87 54.52

PCL-MSs (Empty) 53.75 65.46 11.71 62.28 84.77

i The presentation of Tables and the formatting of text in the online proof do not match the final output, though 

the data is the same. To preview the actual presentation, view the Proof.
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particles but was shifted to lower temperatures with some broadening of the peak due to the intensified effect 
in the presence of oregano, corroborating the idea of probably occasioned intermolecular interactions between 
the oil and the polymer.

In both cases, the disappearance of OEO endothermic peak in this curve indicates that it was dispersed within 
the polymeric system of the NCs and MSs, either is confined in an oily core and/or adsorbed to the polymer 
wall (Couvreur et al., 2002). This was also explained with the broadening pic presence which was due to the 
intensified effect in the presence of higher content of encapsulated oregano. In addition, PCL is a semi-
crystalline polymer and its crystallinity tends to decrease with an increase in molecular weight (Kostakova et 
al., 2017). (Kostakova et al., 2017). Furthermore, the thermal stability of the shell material of the particles was 
lower than that of empty particles which were due to the plasticization effect of the core material. Thus, the 
essential oil presence inside the polymeric matrix has possibly promoted changes in its characteristics and so 
was shifted to smaller temperatures.

3.5 ATR-FTIR analyses

ATR-FTIR spectroscopy analyses were performed to examine the surface chemical structure of the PCL-OEO-
NCs and PCL-OEO-MSs and the possible interactions between the essential oil and the polymer forming the 
particles. FTIR peaks were attributed for stretching and bending vibrations that characterize the functional 
groups which showed that the particles are functionalized with O H (Fig. 5).

The PCL spectrum presented a strong characteristic peak at 1723.25 cm- −1 attributed to the carbonyl-
stretching mode C  = O. Two vibration bands were observed at 2943.02 cm-1 and 2866.49 cm- −1 and 
2866.49 cm

− 1 assigned to asymmetric and symmetric stretching of CH2, respectively. Moreover, the peak at 
1294 cm- −1 was assigned to the backbone C C and CC and CO  stretching modes in the crystalline phase of 
PCL, whereas the peaks at 1178 cm-1 and 1163.8 cm-1 are due to symmetric COC stretching and CO, C −1 and 1163.8 cm

−1 
are 

Fig. 5

FTIR spectra of (a) raw PCL and (b) OEO, (c) PCL-OEO-NCs, (d) PCL-OEO-MSs.



due to symmetric COC stretching and CO, CC[Instruction: please remove this image]  stretching in 
amorphous phase, respectively (Elzein et al., 2004).

Oregano essential oil (OEO) exhibited a broad OH stretching peak at 3374 cm- −1, attributed to carvacrol. A 
symmetric and asymmetric stretching peaks CH  were revealed at 2869 cm- −1, 2926 cm-1, and 2958 cm- −1. 
In addition, OEO spectra shows peaks at 1589 cm- −1 (N H bending), 1458 cm- −1 (CH2 bending), 1253 cm- −1 
(C O C stretching), 1117 cm- −1 (C O C stretching) and 937 cm- −1 (C H bending) (Fig. 5) (Valderrama and 
Rojas De, 2017).

The spectrum of the prepared nanocapsules and microspheres exhibited peaks for both PCL and oregano 
related absorption bands. However, there was no evidence of new absorption peaks indicating chemical bonds 
between PCL and the essential oil presence which has possibly promoted changes in the PCL-OEO-NCs and 
PCL-OEO-MSs characteristics. Therefore, a new large absorption band appeared at 3398.30 cm-1 and 3396.53 cm-

−1 and 3396.53 cm
− 1 in the nanocapsules and microspheres’ spectrums, respectively and this was referred to 

the O -H stretch from the intermolecular/intramolecular hydrogen bonding. Additionally, slight shifts of the 
carbonyl stretching (C  = O band of the PCL) were detected from 1723.25 cm-1 to 1722.58 cm-1 to 
1720.13 cm-1 in the case of nanocapsules and microspheres, respectively. This behavior might be explained by 
the presence of physical interactions between the OEO and the polymeric chains such as hydrogen bonding 
that has probably weakened the strength of the ester bond present in PCL (Fig. 5).

3.6 Colloidal stability of formulations

Temperature stress study was conducted to investigate the shelf life of the essential oil loaded in PCL 
polymeric carrier, the recommended storage conditions and the effect of storage temperature (4 °C, 20 °C and 
40 °C) on the stability of the formed emulsions (Figs. 6a–d and 7a–d).

Fig. 6

PCL-OEO-NCs1  chemical and physiochemical parameters : (a) average diameter, (b) zeta potential, (c) polydispersity index and 
(d) CAR retention (%) stored at 4 °C, 25 °C and 40 °C during 60 days-stability test. Standard deviations values are represented by 



The long-term stability study is an important challenge in improving the stability of either nanocapsules or 
microspheres that are prone to degradation in the aqueous medium during the storage period. In fact, particles 
made of biodegradable polymers such as polylactic acid (PLA), polylactic-co-glycolic acid (PLGA), 
polyglycolic acid (PGA), and polycaprolactone (PCL) are usually prepared as an aqueous dispersion. During 
their long-term storage, polymer degradation, the bioactive compound leakage, and/ or the bioactive 
compound degradation may occur in an aqueous environment. These hydrolytically degradable polymers will 
degrade over time, although at a low rate if the temperature and pH are controlled. Degradation occurs through 
simple hydrolysis of ester bonds auto-catalyzed by carboxylic groups with an increase in the hydrolysis rate 
exponentially with degradation time ( Hakkarainen et al., 1996 ). According to  França et al. (2016)  results, PCL 
has shown to keep its performance in an aqueous medium, unlike others polyesters which degrade very fast by 
hydrolyzes reactions, suggesting that PCL products are not prone to rapid hydrolytic degradation and may be 
projected for use in humid conditions. Macroscopic aspects and homogeneity of the stored samples were 
discussed. Indeed, no visual modifications have infested the NCs suspensions, such as precipitation, color 
alteration or phase separation, revealing excellent stability and the homogeneity of the system. However, all 
MSs samples presented the separation in two phases and the sedimentation of the microspheres. As depicted in 
Fig. 6 , no significant changes were observed in terms of particle size, polydispersity index and zeta potential 
(P >  0.05).

bars are not significantly different (P  >  0.05).

Fig. 7

PCL-OEO-MSs chemical and physiochemical parameters : (a) average diameter, (b) polydispersity index, (c) zeta potential and 
(d) CAR retention (%) stored at 4 °C, 25 °C and 40 °C during 60 days-stability test. Standard deviations values are represented by 
bars are not significantly different (P  >  0.05).



The experimental results, revealed the stability of the OEO nanocapsules suspensions, exhibiting no change in 
mean droplet diameter and no visible evidence of aggregation or agglomeration occurred, during 60 days of 
storage at 4 °C. In addition, no marked variation was seen in the particle size diameter profile of nanocapsules 
stored in water at room temperature as a function of time indicating that the nanotechnological properties were 
maintained during storage. However, minor changes in nanocapsules size were observed at 40 °C at the end of 
storage. Accordingly, the formulation was considered physically stable. In addition, the polydispersity index 
remained stable (in the range from 0.1 to 0.2) indicating the presence of uniform and narrow particles and the 
absence of agglomerates. In fact, the possibility to obtain aggregated suspension is possible after extended 
periods of storage in an aqueous environment and such changes could significantly affect the structural 
integrity of the samples during the storage period.

In the case of microspheres, the physiochemical findings (DLS) presented no significant changes (P >  0.05) in 
Fig. 7a of the sample stored in suspension at 4 °C showed that the colloidal stability was preserved and 
maintained its initial properties. However, the results depicted in Fig. 7a indicated that samples thermally 
treated at 25 °C and 40 °C were have shown an enlarging in the particles size. In both cases, the microspheres’ 
size has rapidly increased to nearly double the initial size reaching around 3000 nm upon 1-day storage at 
40 °C, and remained unstable thereafter, up to 60 days of storage. Notably, at these temperatures range, phase 
separation and sedimentation were observed and the mean size increased continuously throughout the storage 
time investigated. Furthermore, the suspensions polydispersity was affected presenting high mean values > 
0.2. According to these observations, the double emulsion was accompanied with the aggregation of 
microspheres due to the uneven and small sizes showing a bimodal size distribution, and resulted in 
microspheres sedimentation due to the aggregation of the growing particles. In fact, high polydispersity index 
values indicate large variations in the particle size by provoking particles aggregation, whereas polydispersity 
index values smaller than 0.2 suggest that particles are monodisperse (Danaei et al., 2018).

With reference to Mora-Huertas et al. (2010), the zeta potential behavior reflects the surface potential of the 
nanoparticles and can be influenced by changes in the interface of the nanosystem induced by the dispersant 
medium: such changes are dependant on the chemical nature of the polymer and related to the stabilizing agent 
and/or the pH of the solution. The stability of the nanoparticulate systems, resulting nanoprecipitation process, 
depends on the use of a high hydrophilic-lipophilic balance (HLB) surfactants (Ephrem et al., 2014). The 
Tween®80 is responsible for preventing and/or reducing particle coalescence rate and the diffusion of the 
encapsulated active substance. While, the Span®80, which is present in the organic phase, is necessary to 
obtain a population of nanocapsules with a small and homogeneous size (Khayata et al., 2012). In our case, the 
freshly prepared nanocapsules suspension presented a highly negative zeta potential (- −35 mV). During 60 
days of storage, no significant changes were observed with the suspension stabilized with polysorbate 80 at 
4 °C reaching −39 mV which presented longer stability as compared with those kept at 25 °C and 40 °C without 
significant particle size changes during the comparable storage time (P >  0.05). This intense charge found on 
the surface increases the charge-charge repulsions between the nanocapsules, thus, maintaining the colloidal 
stability of the suspension. On the other hand, the nanosuspensions kept at high temperatures (25C and 40 °C 
and 40 °C) have shown some changes. Notably, the zeta potential values of the sample stored at 40°C 
diminished with time and reached a value of -28 mV, which could be explained either the hydrolysis of the 
PCL polymer and a consequent release of carboxylic groups or may exhibited signs of aggregation due to the 



attraction between opposite charges that are evenly distributed in the suspension. Otherwise, an increase in 
negative zeta values was noticed with samples stored at 25 °C after one week reaching -−52 mV. However, in 
the following days, the zeta potential resumes the starting values and remain stable until the end of the storage. 
However, the zeta potential values were critical for all the microspheres stored samples. At 4 °C, the curve 
presented a slight decrease in ZP values and remain stable (P >  0.05). In general, a lower zeta potential value 
indicates colloid instability, which could lead to aggregation of the particles. Therefore, at 25C and 40 °C and 
40 °C, zeta potential values presented a decrease in the negative zeta potential values towards zero, which is in 
concordance with the microspheres suspensions behavior revealing an associated aggregation phenomenon. In 
general, an emulsion may become unstable due to a number of different types of physical and chemical 
processes. Physical instability results in an alteration in the spatial distribution or structural organization of the 
molecules (creaming, flocculation, coalescence, partial coalescence, phase inversion, and Ostwald ripening), 
whereas chemical instability results in an alteration in the chemical structure of the molecules (oxidation and 
hydrolysis). These mechanisms of emulsion instability may be verified by an increase in mean particle 
diameter because the particles are in continual motion and collide with one another under normal conditions. 
The bigger size distribution of microspheres obtained after 60 days of storage could be due to PVA 
concentration applied during the microspheres production process. During storage, PVA plays an important 
role in maintaining the stability of the microspheres suspension. Besides, PVA will be adsorbing at both phase 
interfaces and stabilize the emulsion viavia a steric hindrance effect. So it is still important to understand the 
aggregation phenomenon occurred during storage and the particles growth step. In fact, during the preparation 
process, the microspheres were covered by PVA by steric stabilization and were stable. Within the storage 
period, the nonadsorbed PVA molecules have led to a depletion attraction, which gave rise to depletion 
flocculation. Withal, the magnitude of depletion attraction is proportional to the osmotic pressure in the 
aqueous phase which leads to increased particle size and instability (Jenkins and Snowden, 1996).

Fig. 6d presented the ability of the nanocapsules to retain the carvacrol (CAR%) in function of time and 
temperature. EE% was about 86% and LC% was 6%. (CAR%) retention appeared, thereby, to be compromised 
by temperature during storage. The results depicted in Fig. 6d showed high retention of carvacrol from all 
samples kept at different temperatures after 1 day of storage. Lowering the temperature to 4 °C was found to 
maintain the carvacrol retention capacity up to 15 days and showed longer stability compared with other 
temperatures. During the following days, the nanocapsules suspension maintained its homogeneity and its 
opacity. However, carvacrol retention decreased after 30 days to (99.86%) and remained stable up to 60 days 
of storage (99.5%). Besides, the higher temperatures have influenced the emulsion kept at 25 °C and 40 °C and 
an oiling-off was presented after 60 days of storage in both samples with 91.79% and 93.4% decrease, 
respectively. As previously mentioned, the stability of the colloidal nanosuspensions was favored by 
electrostatic repulsion effect, which prevents aggregations and collisions between the fine nanocapsules. The 
electrostatic effect was also confirmed by the highly negative zeta potential values due to repulsion among 
similar charges which contributed also to lower carvacrol leakage from the PCL polymeric shell.

During the course of 60 days of storage, the microspheres suspensions presented a significant decline of 
carvacrol retention (CAR%) (Fig. 7d), indicating oil leakage (surface desorption and/or diffusion to the 
aqueous medium). This kinetic could be attributed to the oil incorporation pattern, wherein the PCL 
microspheres, the oil is more adsorbed onto the particle surface. In such cases, when hydrophilic molecules are 



encapsulated using the double emulsion solvent evaporation method with hydrophobic polymers such as PCL, 
the hydrophilic molecules are adsorbed near the surface of microspheres, showing a burst effect. Therefore, the 
initial oil released from microspheres could be due to oregano adsorption on the microspheres’ surface, which 
releases when it comes into contact with dissolution medium. Further, the results depicted in Fig. 7d revealed 
that microspheres stored at 4 °C had a high CAR retention capacity up to 15 days in comparison to samples 
stored at 25 °C and 40 °C. In particular, for samples kept at 25 °C and 40 °C a decrease in CAR retention (%) 
was observed from the first months reaching 76.20% and 82.70%, respectively. Following the second month, 
the retention in carvacrol dropped to 64.56% and to 61.84% for samples stored at 25 °C and 40 °C, 
respectively. The aggregation and/or fusion whereof results have depicted could be the leading cause of their 
increase in the carvacrol leakage during storage.

The physicochemical properties of the prepared suspensions revealed the stability of the system based on the 
oil and the polymer phase, the surfactants nature and the chemical process. Consequently, the formulations 
system formation has a considerable impact on emulsions stability. Results confirmed that time and 
temperature didn’t significantly influence the physicochemical properties of suspensions stored at 4 °C and 
25 °C and the emulsion remained stable over 60 days. Moreover, data showed that the low storage temperature 
of 4 °C is more efficient to effectively preserve the carvacrol in the PCL polymeric carrier with a nearly 
complete recovery of carvacrol. In addition, there was no shift of retention time for the carvacrol peak in the 
HPLC profile, confirming no structural change of the carvacrol after encapsulation.

3.7 pH stability

The chemical stability of the suspension samples, stored in the water medium, was evaluated by the 
determination of the pH, concomitant to the morphological features of the particles and the carvacrol 
encapsulation content. In fact, results can predict the chemical stability of the polymeric shell, since a change 
in the pH indicates its stability or its degradation in the polymeric solution (Grillo et al., 2011). Thus, the 
influence of the storage temperature on the evolution of pH as a function of time was discussed. Results from 
nanocapsules samples indicate that the pH was slightly influenced by storage conditions since the formulations 
did not present major alterations during 60 days of storage (P >  0.05). The mean diameter of the nanocapsules 
was, consequently, not altered indicating that the electrostatic repulsion maintained the colloidal physical 
stability. On the other side, pH change may present a considerable effect on the zeta potential of the stored 
nanocapsules when the time and temperature of storage are varied. As mentioned earlier, the pH of the bulk 
solution can influence the zeta potential and, consequently, can alter the physical stability of the nanosystems (
Mora-Huertas et al., 2010; Singh et al., 2009).

Immediately after preparation, the PCL-OEO-NCs1 presented an initial pH value of 4.92 ± 0.01. The cold 
storage of the nanocapsules maintained close pH values, showing no significant change in the pH values (P > 
0.05), revealing excellent stability during the study period (Table 6). In accordance with Fig. 6b, it was 
observed that the nanocapsules zeta potential values were experimentally constant. In this stored sample, 
stability was due to the strongly negative-charged zeta potential and the lack of agglomeration (Berg et al., 
2009). On the contrary, the higher temperatures induced changes in the pH of the colloidal dispersions. PCL 
nanoparticles kept at 25 °C, showed a decrease in pH values that varied from 4.92 ± 0.01 to 3.82 ± 0.05. 



Concurrently, the nanocapsules demonstrated a slight increase in the zeta potential towards negative values, 
reaching (−52 mV) over a one-week time course, and then, took the initial state to remain stable during the end 
of the storage period. The sample stored at 40 °C, showed a slight decrease in the zeta potential values and 
reached a pH value of 3.94 ± 0.15 after 60 days of storage. However, this decrease still led to a very negative 
zeta potential of −28 mV, a number commonly used to indicate the solution stability by electrostatic repulsion.

Besides, pH results of microspheres showed an initial pH value of 5.98 ± 0.02. The evaluation of the chemical 
stability of the PCL microspheres showed significant pH changes, as a function of time and temperature. 
Indeed, samples stored at 25 °C and 40 °C presented lower pH values of 4.35 ± 0.18 and 3.32 ± 0.02, 
respectively, after 60 days of storage when compared with the sample stored at 4 °C which presented a pH 
value of 5.03 ± 0.11. These findings admitted that changes in the pH medium can be explained by the presence 
of oregano oil in the organic phase with the microspheres agglomeration which resulted in the concomitant 
release of the oil into the surrounding medium. Overall, the changes occurred in pH values during 60 days 
were not significant (P >  0.05) and since, this decrease to low pH values (< 4.0) may be prompted by the PCL 
degradation which was due to the enhanced relaxation of its chains and the release of its acidic functional 
groups, as it was explained in earlier studies (Labet and Thielemans, 2009; Persenaire et al., 2001).Olivier 
Persenaire et al., 2001). Such decrease was mostly referred to the poly-ɛ-caprolactone biodegradation, because 
of the susceptibility of its aliphatic ester linkage to hydrolysis and the formation of free radicals, along with the 
high surface area of the nanocapsules, and also with the presence of oxygen in the vials. The acidic pH 
generates, as a result, higher negative charges on the surface as proved with the negatively recorded zeta 
potential values. However, the rate of PCL hydrolysis can be accelerated causing unstable suspensions and 
visible sediments in sample vials. Nonetheless, no visible sediment altered the nano-suspensions formation 
before or during the storage period was conducted revealing the stability of the nano-formulations, which was 
also confirmed by the zeta potential (ZP) values (Table 6).
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Table 6

The effect of storage time (1, 7, 15, 30, 60 days) and temperature on pH of nanocapsules (PCL-OEO-NCs1) and microspheres 
(PCL-OEO-MSs). Mean ± standard deviation values.

Storage time (days)

Formulations

PCL-OEO-NCs1 PCL-OEO-MSs

25C4C40C25C4C40 °C 4 °C 40 °C 25 °C 4 °C 40 °C

1 4.83 ± 0.03 5.08 ± 0.16 4.85 ± 0.02 5.68 ± 0.03 5.96 ± 0.01 5.63 ± 0.06

7 4.65 ± 0.01 4.96 ± 0.07 4.69 ± 0.09 5.23 ± 0.04 6.08 ± 0.03 5.19 ± 0.08

15 4.40 ± 0.07 4.82 ± 0.03 4.43 ± 0.18 4.84 ± 0.01 5.78 ± 0.14 4.64 ± 0.23

i The presentation of Tables and the formatting of text in the online proof do not match the final output, though 

the data is the same. To preview the actual presentation, view the Proof.



However, sediments were notably obtained with all microspheres samples during the storage period revealing 
the nonstability of this nanosystem in the water medium. We can conclude that pH changes had a considerable 
effect on the stability state of the oregano nanocapsules or microspheres when monitoring the time and 
temperatures, which reveal the stability or the nonstability of the nano-formulations.

3.8 Multivariate data analysis

The preceding study of the long-term storage stability, with time-temperature monitoring, highlighted the 
impact of selected controllable factors on the stability of the two studied systems in terms of physicochemical 
parameters. A principal component analysis (PCA) was performed, considering the simultaneous action of all 
of the analyzed variables and their relationship with storage factors (storage time and temperature). In the 
following text, these abbreviations were used: particle size (PS), polydispersity index (PDI), zeta potential 
(ZP), carvacrol retention (CAR%) and pH values (pH). Each sample on the graph was described as follows: 
name of the system-temperature-time.

According to  Table 7  and  Fig. 8 , the first two PCAs factors accounted for 90.05% of the total variability of the 
data and were selected for a PCA graphical representation. The scores and correlation loadings from the first 
and second principal components (PC1 and PC2) are stated in  Fig. 9 .

30 4.16 ± 0.12 4.65 ± 0.14 4.21 ± 0.06 4.65 ± 0.02 5.61 ± 0.08 4.26 ± 0.04

60 3.82 ± 0.05 4.51 ± 0.02 3.94 ± 0.15 4.32 ± 0.18 5.03 ± 0.11 3.32 ± 0.02

Mean ± standard deviation values are not significantly different (P  >  0.05).
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Table 7

Eigenanalysis of the covariance matrix.

F1 F2 F3 F4 F5

Eigenvalue 3.057 1.446 0.306 0.134 0.057

Variance (%) 61.137 28.916 6.128 2.679 1.140

Cumulative (%) 61.137 90.053 96.181 98.860 100.000

i The presentation of Tables and the formatting of text in the online proof do not match the final output, though 

the data is the same. To preview the actual presentation, view the Proof.

Fig. 8



Scree plot for PCA.

Fig. 9



The first principal component PC1, accounting for 61.14% of the total variation, described the differences in 
physicochemical properties (PS, PDI, and ZP) of the colloidal systems as affected by storage factors 
(temperature and time). The second principal component PC2, representing 28.92% of the total variation, 
described mainly the effect of storage conditions on pH variation as well as the carvacrol content (CAR%) 
variation. In one hand, PC1 separated the colloidal systems according to their physicochemical properties (PS, 
ZP, and PDI) which appear correlated positively to PC1, particularly their particle size (PS) showing a high 
correlation to the component (R = 0.967). The zeta potential score was also positively correlated to this PC 
(R = 0.941), as well as the PDI (R = 0.843). Moreover, PS, PDI, and ZP were depicted together and in the same 
direction. Secondly, PS and ZP are closely coupled. These relationships were confirmed by Pearson correlation 

Score plot and correlation loading plot from PC1, PC2 (A and B) from the principal components analysis (PCA) of colloidal 
nanocapsules and microspheres (PCL-OEO-NCs and PCL-OEO-MSs). All samples and analytical parameters were used. NCs 
indicates nanocapsules formulation, and MSs indicates microspheres formulations; 4, 25 and 40 in the samples’ description refer 
to the storage temperature (°C). The last number of the sample description indicates the storage time (days).



coefficients which measures the strength of the association between two variables, where PS score was 
positively correlated to the ZP (r = 0.866, p <  0.0001), positively correlated to PDI (r = 0.753, p <  0.0001) and 
PDI was positively correlated to ZP (r = 0.756, p <  0.0001). These results confirm an important relationship 
and imply the high correlation between the three variables. Conversely, PC2 driven by the differences in the 
aqueous storage medium, showed a positive correlation with pH (R = 0.932) as well as the carvacrol content 
(CAR%), as shown by its correlation to this PC (R = 0.681). This PC was also negatively correlated to the PS 
score (R= -− 0.092).

From the correlation circle (Fig. 9A), the obtained PCAs showed the presence of two mainly clustered groups. 
One group related to microspheres was situated in the right region of the plot.

Whereas, the nanocapsules group were located on the opposite side of the plot. This shows that groups were 
mainly discriminated based firstly on their colloidal system type. Furthermore, samples were also regrouped in 
the function of their temperature and storage days where storage days and temperature influence were 
significant. Notably, samples stored at cold temperature during the first 15 days were located in the upper part 
of the plot while those related to higher storage temperature and stored up to 30 and 60 days were located at 
the lower region of this graph. From the depicted results cited above, a first statement leads to conclude that 
the most highly significant factor influencing the stability of systems is the temperature. According to Fig. 9B, 
it has been shown that stored microspheres at 25 °C to –40 °C exhibited a larger particle size with lower 
carvacrol retention (CAR%). Their percentages decreased considerably over storage time and temperature. 
This relationship was confirmed by Pearson correlation coefficients, where the PS score was negatively 
correlated to the carvacrol retention (CAR%) (r = -− 0.734, p <  0.0001). In contrary, nanocapsules samples 
characterized by low PS and PDI values exhibited high retention of CAR% regardless of the change of 
temperature and storage time. This important difference was observed at the end of storage time between both 
systems obtained by different preparation methods. Besides, pH results matched the previous findings. pH 
appeared to correlate with ZP. Therefore, the changes in pH medium presented a considerable effect on the 
physiochemical parameters, particularly on the zeta potential of the stored samples when the time and 
temperature of storage are varied.

In conclusion, significant changes between nanocapsules and microspheres stored at different temperatures 
occurred after 15 days of storage up to 60 days of storage. More carvacrol content loss (CAR%) was observed 
for both colloidal systems stored at 25 °C and 40 °C compared with those stored at 4 °C.

4 Conclusion

This study examined the successful preparation of oregano-based polycaprolactone particles with different 
morphologies through nanoprecipitation and double emulsion processes. Uniform spherical nanocapsules were 
first prepared with good characteristics of particle size distribution PDI (< 0.2) and high encapsulation 
efficiencies ranging between 50.36 ± 1.86% and 85.89 ± 2.40%. Withal, the double emulsion method resulted 
in microspheres of 2000 nm in average size, and considerable oregano essential oil entrapment efficiency. The 
physicochemical properties were found to be influenced significantly by the encapsulation process. Principal 
components study demonstrated the relevance of temperature and time factors in maintaining the colloidal 
systems stability. The stability data indicated that nanocapsules promoted higher carvacrol protection 



(99.5 ± 2.09%) at 4 °C and accounted for 93.40 ± 0.11% and 91.79 ± 2.98% at 25 °C and 40 °C, respectively 
and presented good suspension in water. When comparing the microspheres residual content of carvacrol, only 
76.51 ± 2.72%, 64.56 ± 3.98% and 61.84 ± 3.50% were retained after 60 days of storage at 4 °C, 25 °C and 
40 °C, respectively. This indicates that nanoencapsulation is highly effective in inhibiting carvacrol loss during 
storage at 4 - –40 °C, although, the decrease in carvacrol content has also been demonstrated in environmental 
conditions 25 - –40 °C.

These characteristics imply that our investigation provides valuable results for producing stable systems with 
significant carvacrol retention capability. Nanocapsules might be an interesting strategy to improve the 
stability and bioavailability of the carvacrol.
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