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A bstract: D ispersions of core-sh ell nanocapsules (nanoem ulsion) com posed  o f liquid  oil cores and 

p olysaccharid e-based  shells w ere fabricated  w ith  em u lsification  using v arious m ixtures o f edible 

oils and am p hiphilic hyaluronate d erivatized  w ith  12-carbon alkyl chains form ing the shells. Such 

nan ocap su les, w ith  typ ical d iam eters in  the 1 0 0 -5 0 0  n m  range, hav e b een  p rev iously  show n as 

prom ising carriers of lipophilic bioactive com pounds. H ere, the influence of som e properties of the 

oil cores on  the size and stability  o f the cap su les w ere system atically  in vestigated  using oil b in ary  

mixtures. The results indicated that, in general, the low er the density, viscosity, and interfacial tension 

(IF T ) b etw een  the oil and  aqueou s p olym er solu tion  phases, the sm aller the size of the capsu les. 

Im portantly, an  unexp ected  synergistic red uction  of IFT  o f m ixed  oils w as observed  leading to the 

valu es b e lo w  the m easured  for ind iv idu al oils. Su ch  a behav ior m ay  be used  to tailor size b u t also 

other properties of the nanocapsules (e.g., stability, solubility of encapsulated com pounds) that could 

n o t be ach ieved  ap plying ju st a single o il. It is in  h ig h  d em and  for app lications in  p harm aceutical 

or food  industries and opens op portu nities o f using m ore com p lex com binations o f oils w ith  m ore 

com ponents to achieve an even further reduction of IFT leading to even sm aller nanocapsules.

K eyw ords: nanocapsules; hyaluronic acid; nanoem ulsion; edible oils; interfacial tension

1. Introduction

Nanocapsules with oil cores and polysaccharide shells have been recently shown as 
very promising carriers of lipophilic bioactive compounds forming the whole liquid cores 
or dissolved in plant oils [1- 4]. Aqueous dispersions of such nanocapsules are formed in an 
emulsification procedure using appropriate amphiphilic derivatives of charged polysaccha
rides (e.g., hyaluronic acid, chitosan) as a shell-forming polymer stabilizing oil nanodroplets. 
Unlike nanogels of similar core-shell structure, they do not require crosslinking and no low- 
molecular weight surfactants are necessary that are crucial for the stabilization of classical 
nanoemulsions [5]. Aliphatic chains attached covalently to the macromolecules are able to 
protrude in the oil phase while the main chains of those amphiphilic polysaccharides with 
exposed ionic groups coat oil droplets ensuring their stabilization in an aqueous medium. 
The capsules' size, as shown using cryo-TEM imaging or dynamic light scattering (DLS) 
measurements, typically varied in the range of 100-500 nm, depending (for example) on 
the core composition or the length of the aliphatic chains [1]. Importantly, dispersions of 
such spherical capsules were shown to be stable for at least 15 months, which is crucial for 
their potential biomedical applications [1].

A remarkable interest in nanoscale delivery systems of bioactive compounds, espe
cially lipophilic ones, is related to their desired functionalities, such as high encapsula
tion efficiency and loading capacity, and enhanced bioavailability [6]. Encapsulation of
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lipophilic pharmaceuticals but also nutraceuticals (e.g., carotenoids, curcumin, resveratrol), 
oil-soluble vitamins, selected lipids, etc. may be beneficial also due to the formation of a 
protective barrier in such nanocarriers against oxidation, extreme pH, or ionic strength 
conditions, enhancing the stability of sensitive bioactive compounds and prolonging their 
biological activity. Encapsulation may also cover unwanted odors and tastes contributing 
to better sensory properties of encapsulated compounds [7 ]. Appropriate capsules may 
modulate the gastrointestinal fate of the encapsulated lipophilic compounds as well as 
alter their pharmacokinetics and bioavailability [8]. Above all, both in vitro and in vivo 
studies showed that the oral bioavailability of lipophilic nutraceuticals can be increased 
substantially upon nanoencapsulation [9].

There is a high potential of applications of nanoemulsions in the food industry, which 
often relies on additions of hydrophobic functional ingredients including flavors, lipids, 
preservatives, and vitamins [9- 11]. Within plant oils, essential oils are also of high in
terest for the pharma and food industry, but their application may be limited due to, 
among others, irritation effects on the oesophageal and gastrointestinal mucosa [12]. Thus, 
nanoencapsulation may be considered as an efficient way to overcome those problems [13].

Nanoscale delivery systems composed of mixtures of vegetable oil containing re
spective bioactive compounds with nutraceutical properties that have dietary importance 
may bring particularly beneficial health effects [14], providing that the size, stability, and 
aggregation behavior of the nanoformulations are not significantly affected by the mixed 
oil cores. Proper selection of the components of nanoformulations affecting their size and 
other physicochemical properties is a crucial issue for achieving stability of their aqueous 
dispersion but also for improving oral delivery and efficient cellular uptake of the nanocar
riers with bioactive cargo compounds [15]. In particular, application of mixed oils enables 
precise tailoring of the properties of the cores in core-shell systems that are important for 
efficient encapsulation of given active compounds.

The core-shell nanocapsules with hyaluronate-based shells, the subject of this study, 
were shown to serve as efficient carriers in oral delivery of, e.g., curcumin [4], thanks to 
their resistance to stomach juice conditions. Additionally, the shell may act as a barrier 
protecting sensitive cargo molecules (e.g., garlic oil) from oxidation and any destructive 
environment [3]. A facile fabrication procedure of such nanocapsules allows to easily 
modify the composition of the cores that can have an impact not only on the loading of the 
cargo molecules but also on the size and stability of the nanocapsules, which can ultimately 
affect their bioavailability. However, it is not yet clear how mixing of oils differing in 
viscosity, density, or polarity will influence the mentioned parameters of the core-shell 
nanocapsules that are crucial for preserving advantages of nanoformulations [15]. Thus, 
the main aim of this study is to find structural-functional relationships between the used 
mixture of oils in the core and the applicability of the created systems for the delivery 
of various active lipophilic compounds. This systematic study covers nine oils and their 
binary mixtures that may also be important for the optimization of the composition of other 
nanoformulations based on lipids (e.g., lipid nanoparticles).

2. Results and Discussion
2.1. Capsules Composed o f Single Oil Cores

The dispersions of core-shell capsules stabilized with a hyaluronate derivative (HyC12) 
and varying in the composition of the oil cores were prepared with emulsification and 
were characterized. A selection of seven plant oils (corn oil (CO), linseed oil (LO), medium- 
chain triglycerides oil (coconut-based, MCT), olive oil (OO), peanut oil (PO), sesame oil 
(SeO), soybean oil (SoO)), fish oil (FO), and oleic acid (OA) that differ in density and 
viscosity were used while the other preparation conditions were kept the same. Table 1 
summarizes the values of density, viscosity, and dielectric constant (a measure of solvent 
polarity) of the tested oils. The IFT between an aqueous solution of the HyC12 and the 
oils is shown in Figure 1 . Figure 2 shows the average hydrodynamic diameters and mean 
variations in the transmittance in the lower part of the capsule samples with the tested



oils. The smallest IFT value of 7.50 mN/m was obtained for LO, while slightly larger 
IFT values of 9.20 mN/m and 9.65 mN/m were obtained for CO and FO, respectively. 
For capsules with LO and CO cores, the obtained average hydrodynamic diameters were 
similar and equal to about 290 nm. W hen FO was used as a core liquid, diameters were 
slightly smaller and equal to 260 nm (Figure 2a). Capsulos with LO, CO, sind FO exhibited 
similar stability, with transmittance changes not eoceeding 0.7% in the studied time (5 lì) 
(Figure 2b) . Qualitatively similar trends were observed for the transmittamcec in the middle 
and the upper part of the measuring cuvette (Figure S1 in Supplementary Materials).

Table 1. Phy sicochem ical param eters: d en sity  (d), v iscosity  (r ), and  d ielectric con stan t (e) of the 

studied oils at 25 ° C.

Oil

Corn O il (CO)

d (g/cm 3)

0.916

n (cP)

52.3 a

e

3 .127

References  

d: [16 ], T|: [17], e: [18]

Fish O il (FO) 0.93 50 -
d: safety data sheet, Sigm a-A ldrich, 

n : [19]

Linseed O il (LO) 0.93 53 b 3 .8 7 c d: safety data sheet, Sigm a-A ldrich, 
n : [20], e: [21]

M edium -C hain Triglycerides 
(M CT)

0.946 (0 .9 5 0 )f 25.5 (27.9) g 3.930 d d: [22 ], n : [22], e: [23]

O leic A cid (OA) 0.89 (0 .8 9 9 )f 29 a (33.2) g 2.377
d: safety dala sheet, Sigm a-A ldrich, 

T : [17],e :  [81,]

O live O il (OO) 0.915 56.2 e (76.1) g 3.062
d: safety data sheet, Sigm a-A ldrich, 

T|: [21], e: [dd]

Peanut O il (PO) 0.91 57.4 e 3.62 c
d: safety data sheet, Sigm a-A ldrich, 

Ti [24], e: [81]

Sesam e O il (SeO) 0.92 52.5 e 3.110
d: safety ddta sheet, Sigm a-A ldrich, 

T: [21], e: [18]

Soybean O il (SoO) 0.917 54.3 5 ((50.0) g 3.115
d: safety ddta sheet, Sigm a-A ldrich,

n : [17], e: [18]

Experimental data measured at a 23.9 °C ;b 20 °C; c 40 °C; d 30 °C; e 26 °C ;f measured here at 21 °C; g measured 
here at 24 °C.

Figure 1. Interfacial tension betw een an aqueous solu tien  o f am phiphilic hyaluronate (H y C i2) and 

d ifferent oils together w ith  standard deviations.



Figure 2. V olum e-w eighted  average hydrod ynam ic d iam eters (a ) and  m ean variations in  transm it

tance in the low er p art of the capsule sam ples w ith  d ifferent oil cores (b ).

The IFT values in the range of 12.05-13.95 mN/m were obtained for PO, OA, and 
OO as the oil phase. Capsules with OA had the smallest average hydrodynamic diameter, 
equal to 204 nm (it may be underestimated due to the contribution of the self-emulsification 
of OA [25]. The largest transmittance changes were obtained for the capsules with OO 
and PO, reaching a maximum of 2.15%. The observed differences between the parameters 
of the capsules having these oils are most likely due to variations in the oil densities 
and viscosities. OA had a lower density and viscosity than OO and PO. Capsules with 
PO, OO, and SoO had the largest average diameters (305-378 nm). These oils also had 
relatively high viscosities, and their densities were similar. The largest IFT values were 
obtained for SoO, SeO, and MCT (15.95-16.55 mN/m). The average capsule sizes of 
SeO and MCT cores were found to be similar: 270 nm and 284 nm, respectively. The 
volume-weighted distributions of diameters of the capsules with different oils are shown 
in Figure S2 (Supplementary Materials).

After analysis, it is not possible to claim that there is a single dominating parameter of 
the core liquid or an IFT value that can govern the size and stability of the obtained capsules. 
Dielectric constants of the applied oils vary from 2.377 for OA to 3.930 for MCT; however, 
the overall variations are not large (Table 1) and also dependent on, e.g., frequency of the 
electric field applied and temperature. Thus, it would be unreliable to conclude the effect of 
the dielectric constant of the oil phase on the parameters of the capsules. While the studied 
oils (except for OA) are complex mixtures of various glycerides, proteins, sterols, free fatty 
acids, etc., the bulk properties of the liquids and also their minor components affecting 
the IFT may play an important role in the formation of nanoemulsions [26]. Nevertheless, 
both lower viscosity and lower IFT values seem to generally favor the formation of smaller 
capsules and higher dispersion stability, which are commonly desired. The correlation of 
density of the core (within the studied range: 0.89-0.946 g/cm3) or its polarity was not 
clear in the studied systems. However, using the mixture of oils, some parameters may be 
varied systematically while keeping the other parameters practically unchanged, and some 
parameters of the capsules may be tailored for desired applications using this method.

2.2. Capsules Containing Binary Mixtures o f Oils—Effects o f Density

The correlations between the oil phase density and the capsules' size and stability of 
the emulsion were studied via encapsulating the mixtures of OA and MCT, since MCT has 
a much higher density (0.950 g/cm3) than OA (0.899 g/cm3), while their viscosities were 
similar (Table 1 ) and the IFT values differed by less than 20% (Figure 1).

PDI values for the dispersions of capsules with cores made of mixtures of oils of 
different densities were relatively small and did not exceed 0.347 (Table S1 in Supplementary 
Materials). The hydrodynamic diameters of the capsules were found to decrease with the 
increasing content of OA, which can be correlated with the decrease of the core density



(Figures 3a and S3 in Supplementary Materials). The density of the oil mixtures ranged 
from 0.904 g/cm3 and a volume ratio of 10:1 to 0.948 g/cm3 and a volume ratio of 1:10. 
Diameters of about 300 nm were obtained for capsules with OA:MCT volume ratios of 
1:10 and 1:5, while the sizes of capsules with the oil ratios of 1:1,5:1, and 10:1 were about 
200 nm. Some instabilities in the set of samples could be observed for the capsules with the 
lowest oil phase density (Figure 3b). For those capsules (10:1, OA:MCT), the transmittance 
decreased for the first 80 min, followed by an increase; however, the maximum change 
did not exceed 2.2%. A sample of HyC12-MCT:OA with a volume ratio of oils equal to 5:1 
exhibited even lower variations of transmittance—the changes were seen in the lower part 
of the sample, while in the middle and upper part of the sample the emulsion seemed to be 
more stable (Figure S5 in Supplementary Materials). In the lower part of the sample, the 
transmittance initially slightly increased, followed by a decrease and then an increase again; 
however, tine; changes amounted to a maximum of 1%. Mean variations in transmittance 
for the other samples did not exceed 0.8%; hence, the stability of tire; capsules seemed 
to be slightly higher when a higher-dens ity oil phase was used. It might be explained 
by buoyant forces that affect capsules that have a dentity different than water. Some 
tnstabilities wete also observed for the capsules based only on low-density OA liquid, 
especially following turbidimetric measurements in the middle and upper parts of the 
cuvette (Figure S1 in Supplementary Materials). Nevertheless, the meatured variations of 
the transmittance in time were relatively tmall for al 1 the studied systems, indicating theit 
sufficiently high stability.

Figure 3 . Volum e-w eighted hydrodynam ic diam eters (blue bars) of capsules and densities (red dots) 

o f the respective oil m ixtures serving as the cores (a); m ean variations in teansm ittance in the low er 

p art o f the cap su les d isp ersion s (b ). H yd rod ynam ic d iam eters and d en sity  data are presented  as 

m ean ±  standard d eviation (SD ); for hydrodynam ic diam eters, n  = 3; for densities, n  = 2. (D etailed 

statistical analysis of the data is presented in Figure S4).

2.3. Effect o f  Viscosity

To study the. correction of the oil phase viscosity and the aapiules' parameters, mix- 
fiires of OA:OO and MCT:SoO were encapsulated. The oils were selected to differ in 
viscosity bu- had a s f i l a r  denaiiy and IFT between the aqueous and oil phases (Table 1 
and Figure 1).

For mixtures of OA:OO, the viscosity values varied in the range of 36.6-71_.1_ cP, while 
ior mixlures of MCT:SoO the; values were in the aange of 33.3-61.1 cP. After analysing the 
sizes obtained for the capsules with these oil mixtures, et decrease in size was observrd with 
the increasing content of the low viscosity oil. For capcules witW OA:OO with a valume 
ratio of the oils equal to 1:10, the average size was about 320 nm, while for capsules with 
the ratio of 10:1, the diam eteli were found -o be emaller than 200 nm (Figure 4a). For 
HyC12-MCT:SoO, the Srend was not so much pronounced; however, the sizes varied in 
the range of ca. 350 nm to below 300 nm while decreasing the viscosity of the oil phase 
(Figure 4b .. No clear effect of viscosity on the capsules' stability was observed. For the



capsules with mixtures of OA:OO, the largest changes in transmittance were obtained 
for a volume ratio of oils of 1:10 (Figures 4c and S6 in Supplementary Materials). The 
transmittance increased non-uniformly but did not exceed 3.15%. For other samples, the 
changes were much smaller, with a maximum of 0.85%. In the case of HyC12-MCT:SoO, 
very low transmittance changes, not exceeding 0.74%, were obtained for all volume ratios 
of the oils, implying enhanced stability of such systems. PDI values for the capsule with 
mixtures of OA:OO oils were relatively small and varied in the range of 0.174-0.332, while 
for MCT:SoO mixtures, the values were in the range of 0.182-0.228 (Table S1).

Figure 4. V olum e-w eighted  hydrod ynam ic d iam eters (blue bars) of the capsu les and respective 

v iscosities (red dots) of the oil m ixtures (a,b ); m ean v ariations in transm ittance in the low er part 

o f the cap su les ' d ispersions (c,d ). H yd rod ynam ic d iam aters and v iscosity  data sir«; presented  as 

m ean ±  standard deviation (SD); for hydrodynam ic diam eters, n = 3; for viscosities, n = 2. (Detailed 

statistical analysis of the data is presented in Figure S4).

2.4. Effect o f  Interfacial Tension

The effect of IFT was studied by encapsulating mixtures of LO:CO, CO:SoO, and 
FO:SeO oils. The ceil pairs were selected to have similar density and viscosity but different 
IFT vaiuea versus the HyC12 polymer solution (Figure 1). The hydrodynamic diameters, 
the respective IFT velues for the oil mixtures, and the m ean variations in transmittance 
in the lower part of She capsule samples 'with toil mixtures with different IFT values are 
summarized in F(gure 5- The obtained I3DI values for those capsu°es were: relatively small 
ond varied in the range oy 0.187-0.329) (Table S1). For LO:CO, the pair IFT values did not 
differ subitantially (LO— 7.5 mN/m and CO—9.2 mN/m, Figure 1). Despite this, the values 
of IFT betwean the aqueous phase and LO:CO oil mixtures with diffebent volume ratios 
indicate that the values decrease with increasing LO content reaching ca. 5.5 mN/m for 5:1 
and 10:1 ratios (Figure 5a) and are significontly below the surface tension measured for pure 
LO. Thee variations of IFT at w/o the interface for binary orl mixiures cen be explained by 
compositional changeo at ehe interlace; however, ne sudo effects were observed in typical 
binary mixtures [27]. Moreover, even when considering the complex compositions of each



applied edible oil, such a reduction of IFT (below the value for each pure oil) seems to 
also not be predictable by more recent simulations even for multicomponent mixtures 
considering only preferential interfacial accumulation of polar oil components [28]. Thus, 
another mechanism of such synergistic reduction of the IFT should be considered that may 
involve, e.g., conformational changes of the polymer at the interface (detailed elaboration 
of the mechanism is beyond the scope of this report). Nevertheless, this unexpected 
synergistic effect may be utilized in tailoring; the properties of the nanocapsules that cannot 
be achieved b y v  arying just pure oils alone.

Figure 5. Volum e-w eighted hydrodynam ic d iam eters (blue bars) of the; capsules and respective IFT 

values fred dots) of the oil m ixtures (a -c ); m ean voriationa in transm ittance in the low er part of the 

cap su les d ispersions (d- f). H yd rod ynam ic d iam eters and IFT  data presented  as m ean i t  standard 

d eviation  (SD); for hydrod ynam ic d iam eters, n = 3; for interfacial tension  valu es, n = 2. (D etailed  

statistical analysis of the data is presented in Figure S4).

For CO and SoO, the difference in IFT is even larger t!ian for the LO and CO pair 
(SoO— 16. 0 mN/m; CO— 9.2 mN/m, Figure 1)- Similarly, for a CO:SoO volume ratio of 
10:1, an fFT as low ae S.7 mN/m (Figure 5b ) was achieved, which is mueh lower than the



value observed for pure CO. Moreover, the largest variations of IFT values were obtained 
for this oils pair (6.7-16.0 mN/m). There is a similar difference in IFT between the FO and 
SeO oils and the SoO and CO oils, which equal to about 7 mN/m. However, the differences 
in IFT between the aqueous phase and FO:SeO oil mixtures of individual volume ratios 
are much smaller— the values oscillate between 11.7 and 14.1 mN/m (Figure 5c). The 
capsules' sizes obtained for the different volume ratios of the oils; indicate that the smaller 
IFT is between the aqueous and oil phase, the; smaller the hydrodynamic diameters of 
the capsules are, which was not unequivocal when encapsulating the oils alone (compare 
Figures 1 and 2). For HyC12-LO:CO, the hydrodynamic diameters ranged from 410 nm for 
an oil phase with a volume ratio of 1:10 down to 240 nm Sor the ratio of 10:1 (Figure 5a). 
The diameters of HyC12-CO:SoO mixtures ranged from 490 nm for volume oatio of the 
oils equal to 1:10 down 2o 260 nm for the oatio of 10:1 (Figure 5b). For HyC12-FO:SeO, the 
size differences were not as largr as for HyC12-LO:CO and HyC12-SoO:CO. Tire; diameters 
of HyC12-FO:SeO ranged from 320 nm fot r  volume ratio o2 oils equal to 1:10 down to 
260 nm the ratio of 10:1 (Figure 5c). The reason for such small size differences for HyC12- 
FO:SeO with variour oil ratios may be due to small variations in the respective iFT values 
(Figure5c).

When using ac oil phase consisting of LO:CO mixtures, smaller transmittance changes 
were observod fov th eo il phase capsules with a lower IFT, with volume ratios of 5:1 and 
10:1 (Figures 5d and S7) indicating higher stability of such systems. For the cap?sules with 
an oil -volume rutio of 1:10, the transmittance increased and then decreased during the 
experiment; however, the overall changes did not exceed 1.8%. For the cepsule samples 
with CO:SeO and FO:SeO rmxtures, the transmittance changes were similar for all the 
studied samples within a given set (somehow larger for low IFT systems) (ligure 5e,f), 
indicating a rather weak influence of IFT on the stability of fhe studied systems.

2.5. Mixtures o f Oils with Similar Bulk Properties

Mixtures o f oil s with similar bulk physicochemical properties were also encapsulated— 
the OO and PO pair was selected for this purpose. Hydrodynamic diameters of the 
capsules with mixtures oh these oils with different volume ratios are similar and oscillate 
around vulues of 274-295 nm (Figure 6a). This is consistent with insignificant variations 
in the density, viocosity, and IFT oh the oiTs. The largert sransmittance changus c f up to 
4.6%s were obtained for capsules with oil mixtures with a volume ratio of S0:1, while the 
smallest Iransmittance rhgnges were obtained frr capsules with an oil volume ratio of 1:10 
(F^ure s bb and S8). The results can Ire oationali zed by considering that both oils produced 
the least rtable capsules (within the oilu studied fiere) when encapsulated alone.

Figure 6. V olum e-w eighted  hydrod ynam ic d iam ete rs (a ) and m ean  v arictio n s in  transm ittance 

in  tire low er p ari: of the capsule sam pfes w ith  a m ix of o ils w ith  similao p h y ek al properties (b ). 

H yd rod ynam ic d iam eters data are p resented  as m ean ±  standard  d eviation  (SD ); n  = 3. (D etailed  

statistical analysis of the data is presented in Figure S4).



3. Materials and Methods

Hyaluronic acid sodium salt from Streptococcus equi (Mw «  150,000 g/mol); dode- 
cylamine (>99.5%, GC); 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 
(EDC, >99.0%); N-hydroxysuccinimide (NHS, 98%); tert-butanol (99.0%); oleic acid (OA; 
PhEur); corn oil (CO); fish oil from menhaden (FO); soybean oil (SoO); sesame oil (SeO); 
peanut oil (PO); and linseed oil (LO) were purchased from Sigma-Aldrich (Poznan, Poland). 
Medium-chain triglycerides oil (coconut based, MCT) and olive oil (OO) were purchased 
from Gustav Heess (Warsaw, Poland). Sodium chloride (NaCl, 99.5%) was purchased from 
Avantor Performance Materials Poland S.A. (Gliwice, Poland). Chloroform (99.8%) was 
purchased from Chempur (Piekary Slaskie, Poland). Dimethylformamide (DMF, p.a.) was 
purchased from Lachner (Neratovice, Czech Republic). Deionized water was used in all 
the experiments.

3.1. Hydrophobic Modification o f  Hyaluronate

The synthesis of hyaluronate modified with a hydrophobic 12-carbon alkyl chain 
(HyC12) [1]. Briefly, sodium hyaluronate was dissolved in water (5 g/L) and heated to 
37 °C. Once the set temperature was reached, 45 mg of EDC, 27 mg of NHS, and 10 mL 
of water were added. The mixture was stirred for 30 min; then, 80 mL of DMF, 20 mL 
of chloroform, and 2 mL of 0.1 M solution of dodecylamine in chloroform were added. 
The mixture was stirred on a magnetic stirrer for 24 h at 37 °C. In the first purification 
step, the product was dialyzed into a mixture of a 1-fold diluted phosphate buffer (PBS, 
c = 0.1 M, pH = 7.4) and tert-butanol (1:1, v/v) and was then dialyzed into distilled water. 
The purified product was finally freeze-dried.

3.2. Capsule Preparation

The procedure of capsule preparation was carried out according to a previously 
described procedure [1]. Briefly, the corresponding oil or mixtures of oils were added 
to a polymer solution (HyC12) (1 g/L in 0.15 M NaCl) in a volume ratio of 1:200. The 
mixtures were shaken with a vortex shaker (IKA, Königswinter, Germany) for 15 min and 
were then sonicated for 30 min in an ultrasonic bath (540 W, Sonic-6, Polsonic, Warsaw, 
Poland). Mixtures of oils with volume ratios of 1 :10,1:5,1:1, 5:1, and 10:1 (v/v) were used 
for the tests.

3.3. Density Measurements
The density of the mixtures of oils with different volume ratios was determined by 

weighing a fixed volume of the corresponding mixture.

3.4. Viscosity Measurements

The viscosity of the mixtures of oils was measured at a shear rate of 25 s-1  using a 
First Plus rotational viscometer (Lamy Rheology, Champagne-au-Mont-d'Or, France).

3.5. Measurements ofInterfacial Tension

The interfacial tension (IFT) between the aqueous solution of the HyC12 and the 
corresponding oil phase was measured at ambient temperature using a Tensiometer K9 
tensiometer (Kruss, Hamburg, Germany) with the ring method. The ring was immersed 
in the aqueous solution of the polymer (H yC 12,1 g/L in 0.15 M NaCl), and then the oil 
phase was introduced. After 15 min of equilibrium establishment, the ring was slowly 
pulled out and the IFT value was measured. Each experiment was repeated, and the data 
were averaged.

3.6. Turbidimetry

Stability measurements of the capsules' dispersions were carried out using a Turbiscan 
optical analyzer (TurbiSoft Classic 2.2.0.101, Formulaction, Toulouse, France). A dispersion 
of nanocapsules was placed in a glass cuvette and the data showing changes in the solution



transmittance in the lower (0-3 mm from the bottom of cuvettes), middle (10-20 mm), and 
upper part of the sample (35-40 mm) were collected. Signals were recorded every 20 min 
for 5 h.

3.7. Dynamic Light Scattering

Hydrodynamic diameters of the nanocapsules were measured using the DLS tech
nique at 25 ° C with a Zetasizer Nano Series instrument (Malvern Instruments, Malvern, 
UK) with a detection angle of 173°. For measurements, native samples were diluted 
100 times. The general-purpose mode was used. The data represent the average result from 
3 measurements, each consisting of 6 runs, along with the standard deviation.

4. Conclusions

Polymer capsules containing liquid oil cores and hyaluronate-based shells were fab
ricated with emulsification using various edible oils and, particularly, their mixtures to 
study the influence of the selected oil parameters on the size and stability of the capsules. 
Nine oils, mostly plant oils, but also a fish oil and pure oleic acid differing in density, 
viscosity, and the interfacial tension (IFT) against the aqueous solution of the shell-forming 
derivative of hyaluronate (HyC12) were selected. Systematic variation of only a given 
parameter was made possible thanks to application of seven binary mixtures of oils that 
differed significantly within a pair in a given parameter— only while keeping the other 
parameters similar. In general, the results indicated the same trends for all three individual 
parameters—the lower the density, viscosity, or IFT of the studied mixtures, the smaller the 
hydrodynamic diameters of the capsules that varied in the range of ca. 200-500 nm. There 
was no clear trend observed for PDI that was not exceeding 0.35 (typically around 0.2), 
indicating that there was a relatively narrow size distribution of the capsules, disregarding 
the properties of the oil cores. These are important findings for tailoring the nanocapsules' 
diameters for applications aiming at specific sizes of such carriers as well as the solubility 
of given actives (lipophilic pharmaceutical, nutraceuticals, etc.) in the oil cores for optimiz
ing their bioavailability. Stability of the formed nanoemulsions was also followed using 
turbidimetric measurements; however, no clear trends could be observed as all the studied 
systems were relatively stable within the studied period.

Importantly, an unexpected synergistic reduction of IFT in some pairs of mixed oils was 
observed, leading to values of individual oils being and as low as 5.5 mN/m (component 
oils: linseed oil— 7.5 mN/m; corn oil— 9.2 mN/m). This can be explained in terms of mutual 
interactions, which lead to a higher occupation of the interface of some complementary 
components (even minor) of the mixed individual oils that are in fact multicomponent 
mixtures of various compounds (except for OA). Due to the complexity of such mixtures, 
it would be difficult to predict the actual occurrence of the synergistic reduction of IFT 
for a given pair of oils, and clarifying such an effect requires further systematic studies. 
Nevertheless, such a behavior may be used to tailor the size and further enhance long
term stability of the nanocapsules and is unlikely to be achieved by applying a single 
edible oil. Such results are crucial for further applications of the oil-core hyaluronate-based 
shell nanocapsules in pharmaceutical or food industries, opening opportunities of using 
more complex combinations of oils with more components to achieve even smaller (below 
100 nm) nanocapsules that are in demand due to, e.g., enhanced bioavailability.

Supplem entary M aterials: The fo llow ing supp orting  in form ation  can  be d ow nload ed  at: https: 
//w w w .m d pi.com /article/10.3390/ijm s241914995/s1.

A uth or C ontributions: C on ceptu alization , K .S. and  S.Z .; investigations, J.B .; data curation , J.B .; 
form al analysis, J.B .; funding acquisition, S.Z.; methodology, S.Z.; supervision, S.Z.; visualization, J.B.; 
w riting— orig inal draft, J.B .; w riting— review  and  editing, K .S. and S.Z. A ll authors hav e read and 
agreed to the published version  of the m anuscript.

https://www.mdpi.com/article/10.3390/ijms241914995/s1
https://www.mdpi.com/article/10.3390/ijms241914995/s1


Funding: This research  w as funded  b y  the P olish  M in istry  o f E d u catio n  and  Science w ith in  the 
"Indu strial D octorate" Program m e, project title: M ultifunctional polym eric nanocapsules as carriers 
o f lipophilic active substances w ith  synergistic effect; agreem ent no. D W D /5/0402/2021.

Institutional R eview  B oard  Statem ent: N ot applicable.

In form ed  C onsent Statem ent: N ot applicable.

D ata A vailability Statem ent: D ata are contained w ithin this article and the Supplem entary M aterials.

Conflicts of Interest: J.B. is an em ployee of CH DE Polska S.A., w hich holds the patent for the studied 
capsules. K .S. and  S.Z. serve as consu ltants for C H D E  in  an  R & D  pro ject (not this research) and 
co-supervise J.B ., a Ph.D . student.

References
1. Szafraniec, J.; Błazejczyk, A.; Kus, E.; Janik, M .; Zając, G.; W ietrzyk, J.; Chlopicki, S.; Zapotoczny, S. Robust oil-core nanocapsules 

w ith  hyaluronate-based  shells as prom ising nanovehicles for lipophilic com pounds. N anoscale  2017 , 9 ,1 8 8 6 7 -1 8 8 8 0 . [C rossR ef] 
[PubM ed ]

2. Janik-H azuka, M .; Szafraniec-Szczesny, J.; K am iński, K.; O drobińska, J.; Zapotoczny, S. U ptake and in vitro anticancer activity of 
oleic acid delivered in nanocapsules stabilized by  am phiphilic derivatives o f hyaluronic acid and chitosan. Int. J. Biol. M acrom ol. 
2020 , 164, 2000-2009 . [CrossR ef] [PubM ed ]

3. Jan ik-H azu ka, M .; K am inski, K .; K aczor-K am inska, M .; Szafraniec-Szczesny , J.; K m ak, A .; K assassir, H .; W atała, C.; W róbel, 
M .; Zapotoczny, S. H yaluronic A cid -B ased  N anocap su les as E fficient D elivery System s o f G arlic O il A ctive C om ponents w ith  
A nticancer Activity. N anom aterials 2021 ,1 1 ,1 3 5 4 . [C rossR ef]

4. C zyzynska-C ichon , I.; Jan ik-H azu ka, M .; Szafraniec-Szczesny, J.; Jasinski, K .; W eglarz, W.P.; Zapotoczny, S .; C hłopicki, S. Low  
D ose C urcum in A dm inistered in H yaluronic A cid-Based N anocapsules Induces H ypotensive Effect in H ypertensive Rats. Int. J. 
N anom ed. 2021 , 16, 1377-1390. [C rossR ef] [P ubM ed ]

5. Rezaei, A.; Fathi, M .; Jafari, S.M . N anoencapsulation of hydrophobic and low -soluble food bioactive com pounds w ithin  different 
nanocarriers. Food H ydrocoll. 2019 , 8 8 ,1 4 6 -1 6 2 . [CrossR ef]

6. Shishir, M .R .I.; Xie, L.; Sun, C.; Zheng, X .; C hen, W. A dvances in m icro and  nan o-en capsulation  o f b ioactive com pounds using 
biopolym er and lip id-based transporters. Trends Food Sci. Technol. 2018 , 78, 34 -6 0 . [C rossR ef]

7. G rgic, J.; Selo , G .; P lam m c, M .; Tism a, M .; B ucic-K ojic, A. R ole of the E ncap su lation  in  B ioavailability  of P henolic C om pounds. 
A ntioxidants 2020 , 9, 923. [C rossR ef]

8. M cC lem ents, D.J. Food hydrocolloids: A pplication  as functional ingredients to control lip id  d igestion and bioavailability . Food  
H ydrocoll. 2021 ,1 1 1 ,1 0 6 4 0 4 . [C rossR ef]

9. C hoi, S .J.; M cC lem ents, D.J. N anoem u lsion s as d elivery  system s for lipop hilic  nu traceu ticals: S trategies for im proving  their 
form ulation, stability, functionality and bioavailability. Food Sci. Biotechnol. 2020 , 29, 149-168 . [CrossR ef]

10. Islam , F.; Saeed, F.; A fzaal, M .; H ussain, M .; Ikram , A.; K halid, M .A. Food grade nanoem ulsions: Prom ising delivery system s for 
functional ingredients. J. Food Sci. Technol. 2023 , 60, 1461-1471. [C rossRef]

11. A sw athanarayan, J.B .; V ittal, R .R. N anoem u lsions and  Their P otential A pplications in  Food Industry. Front. Sustain. Food Syst. 
2019 , 3 , 95. [CrossR ef]

12. Lam m ari, N .; Louaer, O .; M eniai, A .H .; Fessi, H .; E laissari, A. P lant oils: From  chem ical com position  to encapsulated  form  use. 
Int. J. Pharm . 2021 , 601, 120538. [CrossR ef] [PubM ed]

13. A sbahani, A .E .; M iladi, K .; Badri, W .; Sala, M .; A ddi, E .H .A .; C asabianca, H .; M ousadik, A .E .; H artm ann, D.; Jilale, A.; R enaud, 
F.N .R.; et al. Essential oils: From  extraction to encapsulation. Int. J. Pharm . 2015 , 483, 220-243 . [C rossR ef] [P ubM ed ]

14. V ergallo, C. N utraceutical V egetable O il N anoform u lations for P revention  and M anagem ent o f D iseases. N anom aterials  2020 , 
10 , 1232. [CrossR ef]

15. Sem enova, M .; A ntipova, A .; M artirosova, E.; Z elik ina, D.; Palm ina, N.; Chebotarev, S. Essential contributions o f food hydrocol
lo id s and p hospholip id  liposom es to the form ation  of carriers for controlled  delivery o f b io logically  active su bstances v ia  the 
gastrointestinal tract. Food H ydrocoll. 2021 , 120, 106890. [C rossR ef]

16. G onzalez, C.; Resa, J.M .; C oncha, R .G .; G oenaga, J.M . Enthalp ies of m ixing and  heat capacities of m ixtures contain ing acetates 
and ketones w ith  corn oil at 25°C . J. Food Eng. 2007 , 79, 1104-1109. [C rossR ef]

17. N oured dini, H .; Teoh, B .C.; D avis C lem ents, L. V iscosities o f v egetab le  oils and fatty  acids. J. A m . O il Chem. Soc. 1992 , 69, 
1189-1191. [CrossR ef]

18. Lizhi, H.; Toyoda, K.; Ihara, I. D ielectric properties of edible oils and fatty acids as a function of frequency, tem perature, moisture, 
and com position. J. Food Eng. 2008 , 8 8 ,1 5 1 -1 5 8 . [C rossR ef]

19. Yin, H.; Sathivel, S. Physical Properties and O xidation Rates of U nrefined M enhaden Oil (Brevoortia patronus). J. Food Sci. 2010 , 75, 
E 163-E 168 . [CrossR ef]

20. C alligaris, S .; M irolo, G .; Da P ieve, S.; A rrigh etti, G .; N icoli, M .C . E ffect o f O il Type on  Form ation , Structure and Therm al 
Properties of y -oryzanol and ß-sitosterol-Based  O rganogels. Food Biophys. 2013 , 9, 69 -7 5 . [CrossR ef]

21. A graw al, S.; Bhatnagar, D. D ielectric study of b inary m ixtures of edible unsaturated oils. Indian J. Pure A ppl. 2005 , 43, 624-629.

https://doi.org/10.1039/C7NR05851A
https://www.ncbi.nlm.nih.gov/pubmed/29177344
https://doi.org/10.1016/j.ijbiomac.2020.07.288
https://www.ncbi.nlm.nih.gov/pubmed/32781133
https://doi.org/10.3390/nano11051354
https://doi.org/10.2147/IJN.S291945
https://www.ncbi.nlm.nih.gov/pubmed/33658778
https://doi.org/10.1016/j.foodhyd.2018.10.003
https://doi.org/10.1016/j.tifs.2018.05.018
https://doi.org/10.3390/antiox9100923
https://doi.org/10.1016/j.foodhyd.2020.106404
https://doi.org/10.1007/s10068-019-00731-4
https://doi.org/10.1007/s13197-022-05387-3
https://doi.org/10.3389/fsufs.2019.00095
https://doi.org/10.1016/j.ijpharm.2021.120538
https://www.ncbi.nlm.nih.gov/pubmed/33781879
https://doi.org/10.1016/j.ijpharm.2014.12.069
https://www.ncbi.nlm.nih.gov/pubmed/25683145
https://doi.org/10.3390/nano10061232
https://doi.org/10.1016/j.foodhyd.2021.106890
https://doi.org/10.1016/j.jfoodeng.2006.01.088
https://doi.org/10.1007/BF02637678
https://doi.org/10.1016/j.jfoodeng.2007.12.035
https://doi.org/10.1111/j.1750-3841.2010.01532.x
https://doi.org/10.1007/s11483-013-9318-z


22. O stertag, F.; W eiss, J.; M cClem ents, D.J. Low -energy form ation of edible nanoem ulsions: Factors influencing droplet size produced 
by  em ulsion phase inversion. J. Colloid Interface Sci. 2012 , 388, 95 -102 . [C rossR ef]

23. Spohner, M. Study of d ielectric properties of m ineral oils and natural oils and m ethyl esters of natural oils. In  Proceedings of the 
2017 IEEE 19th International Conference on D ielectric L iquids (IC D L), M anchester, U K , 2 5 -2 9  June 2017. [C rossR ef]

24. D iam ante, L.; Lan, T. A bsolute V iscosities of Vegetable O ils at D ifferent Tem peratures and Shear Rate Range o f 64.5 to 4835 s - 1 . 
J. Food Process. 2014 , 2014, 234583. [C rossR ef]

25. K aibara, K.; Iw ata, E.; Eguchi, Y.; Suzuki, M .; M aeda, H . D ispersion  behavior of oleic acid  in  aqueous m edia: From  m icelles to 
em ulsions. Colloid Polym . Sci. 1997 , 275, 777-783. [C rossR ef]

26. C ong, Y.; Zhang, W.; Liu, C.; H uang, F. C om position and O il-W ater Interfacial Tension Studies in D ifferent Vegetable Oils. Food  
Biophys. 2020 , 15, 229-239 . [CrossR ef]

27. Kim , H .; Burgess, D.J. Prediction of Interfacial Tension betw een O il M ixtures and Water. J. Colloid Interface Sci. 2001 , 241, 509-513. 
[C rossR ef]

28. A lonso, G.; G am allo, P.; R incón, C.; Sayós, R. Interfacial behavior of binary, ternary and quaternary oil/w ater m ixtures described 
from  m olecu lar dynam ics sim ulations. J. M ol. Liq. 2021 , 324, 114661. [C rossR ef]

D isclaim er/Publisher's N ote: T he statem ents, op in ions and  data contained  in  all pu blications are solely  those o f the individual 
author(s) and contributor(s) and not of M D PI and/or the editor(s). M D PI and/or the editor(s) disclaim  responsibility for any injury to 
people or property  resulting from  any ideas, m ethods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jcis.2012.07.089
https://doi.org/10.1109/ICDL.2017.8124717
https://doi.org/10.1155/2014/234583
https://doi.org/10.1007/s003960050147
https://doi.org/10.1007/s11483-019-09617-8
https://doi.org/10.1006/jcis.2001.7655
https://doi.org/10.1016/j.molliq.2020.114661

