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ABSTRACT
Despite pectin-based films have been intensively studied as an alternative to plastic, their poor moisture barrier and mechanical 
properties remain challenging for researchers and industry. This study investigated the influence of four various solid lipid na-
noparticles (SLN) formulations on pectin films. Their physical, mechanical, thermal, and morphological properties were tested 
to determine the functionality as active food packaging. Unloaded and rosemary oil-loaded pectin-stabilized SLN and Tween 
20-stabilized SLN were characterized by size (between 140 and 436 nm), zeta potential (between −50 and −28 mV), and encap-
sulation efficiency (93.6% and 82.6%). SEM results exhibited the compatibility between pectin and SLN. The addition of SLN 
decreased the water vapor permeability (up to 92%), water uptake at 0.84 aw (up to 37%), moisture content (up to 20%), and tensile 
strength (up to 74%) of pectin films. No significant change for the elongation at break was observed, compared to Control, in 
all developed pectin-based films (p > 0.05). Dynamic mechanical analysis showed a more elastic than viscous behavior of films 
between 30°C and 90°C. In vitro antimicrobial assay of pectin/rosemary oil-loaded SLN showed limited effect under Escherichia 
coli, Salmonella enterica, and Staphylococcus aureus. Pectin/SLN films immediately disintegrated in water. In conclusion, the 
present study indicates that the developed pectin/SLN films represent a promising preliminary approach as innovative and 
sustainable packaging materials intended for dried foods, while further studies are required to validate their suitability as a food-
contact packaging system.

1   |   Introduction

Food-grade biopolymers such as hydrocolloids (polysaccha-
rides and proteins) can form edible films. For instance, pectin 
is a food-grade and biodegradable polysaccharide with versatile 
chemical and physical properties, for example, gelling [1] and 
emulsifying properties [2]. The gelling properties of pectin can 
be exploited to produce edible films suitable for food packaging 
[3]. Pectin films have been shown to form an excellent barrier 
to oil, aroma, and oxygen [4]. Despite their benefits, the low 

moisture barrier and poor mechanical resistance [1] are the 
main disadvantages. Pectin films can be further functionalized 
by incorporating lipids to reduce their weaknesses [5].

Lipids are often used as hydrophobic fillers to develop hybrid hy-
drocolloid films with increased moisture barrier while impact-
ing other film properties (e.g., tensile, optical, and structural) 
[6, 7]. Despite the addition of lipids being a typical strategy to 
reduce the high hydrophilicity of the hydrocolloid films and ste-
rically hinder the migration of water molecules through the film 
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[1], generally, its efficacy depends on (i) the hydrophilic–hydro-
phobic balance of the film constituents, (ii) the lipid distribution 
in the hydrocolloid matrix, considering the size of the droplets 
[6], and (iii) the state of the lipid, that is solid (crystalline) or 
liquid [8].

Essential oils (EO) are aromatic and volatile liquid oils usually 
extracted from plant material. EO are highly exploited as bio-
active compounds in edible films, due to the growing demand 
for natural products. For instance, rosemary essential oil (RO) 
contains complex volatile compounds, especially monoter-
penes such as eucalyptol and camphor, which have antimicro-
bial and antioxidant bioactivity. Therefore, RO is considered a 
promising natural food additive to replace synthetic preserva-
tives [9]. EO are mixtures of numerous chemical compounds 
that influence their hydrophobicity, thus affecting their effi-
cacy in reducing water vapor permeability. The effects of EO 
on the mechanical properties of hydrocolloid films are rather 
unpredictable due to their complex composition, which inter-
acts differently with the biopolymeric network. Depending on 
the characteristics of the EO added into the film matrix, EO 
might induce heterogeneity in the film structure featuring dis-
continuities, thus reducing the tensile properties [6]. However, 
the direct incorporation of EO into hydrocolloid films often 
leads to unacceptable packaging material performance, re-
sulting in poor storage stability/loss of initial properties due to 
EO volatility release. One approach to overcome this issue is 
the nanoencapsulation of EO into a proper nanocarrier. Solid 
lipid nanoparticles (SLN) are suitable nanocarriers for hydro-
phobic compounds such as EO that may protect them and offer 
them a controlled release [10], thus improving the functional-
ity of films [11].

SLN are crystallized, nanoscale lipid particles. The fat phase 
generally consists of solid lipids stabilized by one or more emul-
sifiers [12]. Lipids and emulsifiers are extrinsic factors that af-
fect the properties of pectin-based gels. Solid oils increase the 
strength of gels compared to liquid oils [13]. Recently, it was 
demonstrated that beeswax-based SLN improved the struc-
tural integrity of plantain peel pectin films [14]. Non-ionic 
emulsifiers such as Tween 20 and Tween 80 represent inactive 
fillers, while biopolymeric-based emulsifiers represent active 
fillers for gel formulation. -In the previous study, it was shown 
that protein-stabilized SLN as active fillers reinforced the pro-
tein gel network, whereas Tween 20-stabilized SLN as inac-
tive fillers weakened the protein gel network. Furthermore, 
the properties of protein films were modulated by using SLN 
as active/inactive fillers. Active and inactive fillers had dif-
ferent impacts on the mechanical properties of protein films. 
Active fillers became an integrative part of the film matrix, 
thereby not influencing films' mechanical properties. Instead, 
inactive fillers caused higher molecular mobility due to the 
plasticizer effect of Tween 20 and the formation of incomplete 
pores, thus weakening the films' mechanical properties [12]. 
When SLN were loaded with active EO compounds (cin-
namaldehyde, eugenol, and thymol), they also did not affect 
the ultimate tensile strength of pullulan films [15]. However, 
the modulation of mechanical properties of hydrocolloid films 
by using SLN needs further research to elucidate their action 
by solid lipid and emulsifier type, loaded/unloaded SLN, and 
hydrocolloid matrix.

Crystalline lipids provide a better barrier to moisture transport 
than liquid lipids [8] since they act as an impermeable dispersed 
phase and can reduce mass transfer due to increased tortuosity 
of the diffusional path [16]. Triglyceride-based SLN are platelet-
shaped particles that may produce a tortuous path into the 
film matrix, reducing water vapor diffusion across the films. 
SLN as both active and inactive fillers reduced the WVP of β-
lactoglobulin films [12]. Beeswax-based SLN also reduced the 
WVP of plantain peel pectin films [14]. Due to the limited lit-
erature on the SLN action in reducing the WVP of hydrocolloid 
films, further research is required.

Recent studies have investigated rosemary oil as a filler in pec-
tin [17] or other biopolymeric-based films [18]. SLN was used 
as a nanocarrier for EO in edible alginate coatings [19] and in 
chitosan/polyvinyl alcohol hydrogels [20]. To our knowledge, 
the exact synergy of all these components—pectin/rosemary 
oil/solid lipid nanoparticles as a solid matrix/film—regarding 
water vapor permeability and mechanical properties has not 
been exploited. Furthermore, since pectin has both gelling and 
emulsifying properties, it was considered whether the previous 
protein-based system [12] is appropriate and transferable to a 
pectin-based system.

This study hypothesizes that incorporating rosemary oil–
loaded solid lipid nanoparticles (RO-SLN) into pectin films 
will improve their water barrier performance by valorising the 
crystalline lipid phase and platelet-like shape nanoparticles to 
create a tortuous diffusion path. Furthermore, the mechanical 
properties of the pectin films can be modulated by employing 
rosemary oil-loaded SLN as either active or inactive fillers, 
determined by the emulsifier used for RO-SLN stabilization. 
Therefore, SLN were stabilized either by pectin (PS) or by 
Tween 20 (TS) as active/inactive fillers for the pectin films. 
Consequently, pectin/rosemary oil-loaded SLN films (PS-RO 
and TS-RO) were compared to: (i) pectin films with unloaded 
SLN (PS and TS); (ii) pectin/emulsifier films without any 
lipids (CPS and CTS); and (iii) films with free rosemary oil 
(CRO). All pectin films were characterized by their mechani-
cal, thermal, morphological, and water barrier properties. The 
in vitro antimicrobial activity of the formulated film-forming 
solution was also provided as a first step towards bioactive 
packaging materials.

2   |   Materials and Methods

2.1   |   Materials

Citrus pectin (CU-L 103/21) with a 45% degree of methoxyl-
ation (DM) and 88% galacturonic acid was kindly donated by 
Herbstreith & Fox GmbH & Co (Neuenburg, Germany). Soy 
lecithin, “Emulpur IP,” was donated by Cargill Texturizing 
Solutions (Hamburg, Germany). Tristearin was procured from 
IOI Oleo GmbH (Hamburg, Germany). Sucrose palmitate was 
purchased from Alfa Aesar, ThermoFisher GmbH (Karlsruhe, 
Germany). Tween 20 (Polyoxyethylene sorbitan monolau-
rate) was procured from Sigma Aldrich (St. Louis, Missouri, 
USA). Glycerol (glycerin 99.5%) was purchased from Analar 
Normapur, BDH Prolabo (München, Germany). Rosemary 
oil (Rosmarinoel Aroma nat.) was obtained from Symrise 
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(Nördlingen, Germany). Calcium chloride (CaCl2) granulate, 
potassium carbonate (K2CO3), sodium chloride (NaCl), potas-
sium acetate (CH3COOK), magnesium nitrate hexahydrate 
(Mg(NO3)2), magnesium chloride (MgCl2), and potassium 
dihydrogen phosphate were procured from Carl Roth GmbH 
+ Co (Karlsruhe, Germany). CaCl2 dihydrate, lithium chlo-
ride (LiCl), sodium bromide (NaBr), potassium chloride (KCl), 
and disodium hydrogen phosphate dihydrate were purchased 
from Merck KgaA (Darmstadt, Germany). All solutions were 
prepared in demineralized water.

2.2   |   Preparation of SLN

SLNs were prepared by ultrasound-assisted hot emulsification 
[12]. Emulsifier solutions were prepared in 5 mM phosphate 
buffer at pH 7.0 (w/w): 3.02% sucrose palmitate solution and 
8% Tween 20 solution. Then, a 2% (w/w) pectin solution was 
prepared by dissolving pectin in hot distilled water (90°C) 
using an Ultraturax T25 basic (IKA—Werke) at 9500 rpm 
for 5 min, followed by an increased speed to 17,500 rpm for 
another 5 min. The solution was kept at room temperature 
until use.

The emulsion for each SLN batch was prepared as follows: 
0.125 g soy lecithin and 2.5 g tristearin were heated under stir-
ring to 80°C for 30 min to remove any crystal memory. For RO 
encapsulation, 0.5 g RO was stirred with melted lecithin and 
tristearin at 80°C for 1 min. Then, 22.375 g of sucrose palmi-
tate solution (80°C) was added to the melt. The mixture was 
emulsified by ultrasonic homogenization for 30 min using a 
sonicator (Sonoplus HD 3100, Bandelin electronic GmbH, 
Berlin, Germany) with a titanium tip (VS70T) at an amplitude 
of 75% in pulsed mode (0.5 s pulse length). During emulsifica-
tion, a thermostated water bath (Lauda Alpha RA 8, Germany) 
was used to maintain a temperature of 60°C for 30 min, es-
pecially for better pectin adsorption onto the surface of the 
SLN [21].

Hot emulsions with or without RO were poured into Tween 20 
and pectin solution (60°C) in equal amounts, followed by a vor-
tex step at 2500 rpm for 20 s and immediately cooled down to 
20°C in an ice bath under continuous stirring. The composition 
of SLN is given in Table 1 [21]. To remove the abraded titanium 
particles during sonication, SLN were centrifuged at 3220 × g, 
25°C for 10 min (Eppendorf Centrifuge 5810 R, Germany). 
Pectin-stabilized SLN were diluted with distilled water to reduce 

viscosity before centrifugation. The dilution ratio was 1:4 (w/w) 
water to emulsion.

2.3   |   Preparation of Pectin-Based Films

Pectin films were produced using the casting method [22] with 
modifications. For obtaining film-forming solution (FFS), 
hot distilled water (90°C) was added to the beaker containing 
glycerol and was homogenized with an Ultraturrax T25 basic 
at 9500 rpm for 30 s. Then, pectin was gradually added during 
homogenization at 9500 rpm for 5 min, and the speed was then 
increased to 17,500 rpm for another 5 min. FFS (60°C) and SLN 
(25°C) were homogenized using the Ultraturrax at 9500 rpm for 
2 min. CaCl2 solution was added to the film mixture during this 
homogenization. Then, an ultrasonic bath (Bandelin Sonorex 
Digitec, DT 100 H, 35 kHz, Germany) was used to remove air 
bubbles (42°C ± 1°C, 30 min). The film mixture was immediately 
poured into polyethylene Petri dishes (diameter of 9 cm) coated 
with Teflon foil. To ensure the same thickness in all films, the 
dry mass per cm2 was kept constant at 0.01 g/cm2. Films were 
dried at 25°C ± 1°C and 55% relative humidity (RH) for 6 days 
before film characterization. In addition to pectin/rosemary oil-
loaded SLN films (PS-RO and TS-RO) and pectin/unloaded-SLN 
films (PS and TS), different control films were produced: pectin/
emulsifier films that are required to stabilize SLN, but no fat 
phase (CPS and CTS); pectin/free RO films (CRO); and pectin 
films without no addition (Control). The composition and the 
dry mass of film mixtures are presented in Table 2. At least three 
replicates (n = 3) were produced for each type of pectin film.

2.4   |   SLN Characterization

2.4.1   |   Size and Zeta Potential

A ZetaSizer (Malvern Instruments, UK) was used to measure 
both the size and zeta potential of SLN [12], with slight modifi-
cations. 0.5 g SLN were diluted in 18 mL distilled water, then the 
conductivity was adjusted to 45 ± 2 μS·cm−1. Before analysis, the 
dilutions of PS and PS-RO were filtered using Minisart NML sy-
ringe filters (1.2 μm, 28 mm, Carl Roth GmbH + Co, Karlsruhe, 
Germany) to remove undissolved pectin particles. Zeta potential 
(ZP) was measured via the electrophoretic mobility of the parti-
cles. The particle size was measured by dynamic light scatter-
ing at 25°C. The backscattered light was collected at 173°. The 
z-averages were analyzed based on the intensity-based particle 
size distributions using the Mie theory.

TABLE 1    |    Solid lipid nanoparticles composition (%).

SLN Lecithin Tristearin Sucrose palmitate Rosemary oil Tween 20 Pectin

PS 0.25 5 1.35 — — 1

PS-RO 4 1 — 1

TS 5 — 4 —

TS-RO 4 1 4 —

Abbreviations: PS, pectin-stabilized solid lipid nanoparticles; PS-RO, rosemary oil loaded pectin-stabilized solid lipid nanoparticles; SLN, solid lipid nanoparticles; TS-
RO, rosemary oil loaded Tween 20-stabilized solid lipid nanoparticles; TS, Tween 20-stabilized solid lipid nanoparticles.
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2.4.2   |   Encapsulation Efficiency

The ultrafiltration/centrifugation technique determined the 
free RO and the encapsulation efficiency (EE), which was 
calculated according to [23]. The filtration units (Vivaspin 2, 
membrane 300.000 MWCO PES, Sartorius, Germany) were 
prewashed, filled with 2 g of the sample, and centrifuged 
(Eppendorf Centrifuge 5810 R, Germany) for 2 × 30 min at 
3220 × g (20°C). The filtrate was diluted with pure ethanol 
(1:1 v/v) and vortexed for 20 s. The absorbance of the mixed 
solution was measured at 275 nm (λmax). The amount of free 
RO was calculated using an RO calibration curve in the range 
of 0.3 to 5 mg/g at the wavelength of 275 nm (R2 = 0.999), per-
formed with the UV–VIS spectrophotometer (Varian Cary 
50 Scan, Software Version 02.00/25). The EE was calculated 
using the following equation:

where EE was the encapsulation efficiency, %; ROT was the the-
oretical (total) amount of rosemary oil, mg; and ROF was the free 
amount of rosemary oil, mg.

In vitro antimicrobial analysis of film-forming solution con-
taining pectin solution and SLN nanoemulsion is discussed in 
the Supporting Information. The antimicrobial activity against 
Escherichia coli, Salmonella enterica, and Staphylococcus aureus 
is represented by Figure S1.

2.5   |   Characterization of Films

2.5.1   |   Water Disintegration

The water disintegration of films was visually evaluated, and 
their disintegration was appreciated. Distilled water was used as 
a food simulant (mimicking aqueous foods). Rectangular pieces 
(1 × 4 cm) of each film were immersed in 25 mL of distilled water 
under gentle stirring.

2.5.2   |   Scanning Electron Microscopy (SEM)

For the morphological SEM analysis, a small piece of approxi-
mately 1.5 cm2 was ripped from each film sample and mounted 
on an adhesive and conductive support tab, deposited on an 
aluminum stub (Plano, Germany). To reduce charging, the film 
samples were sputtered with platinum in Argon atmosphere 
(30 s coating at ca. 5–10 mA current). Imaging was carried 
out with a Quanta 250 FEG field emission scanning electron 
microscope (FEI, Brno, Czech Republic) under high vacuum 
conditions (~3 × 10−7 mbar) with an Everhart–Thornley detec-
tor, a working distance of 5 mm, and an accelerating voltage 
of 10 kV. Besides a top view on the surface morphology of each 
film, a side view of the inner film structure could be visual-
ized at the ripped sample edges.

Optical properties of pectin/rosemary oil-loaded films are dis-
cussed in the Supporting Information. The opacity of pectin-
based films is presented in Figure S2.

2.5.3   |   Water Sorption Isotherms and Moisture Content

Water sorption was determined by gravimetric analysis. 2 cm2 
of sample were transferred into 8 desiccators containing various 
saturated salt solutions to 25°C (water activity (aw) = 0.11, LiCl; 
0.23, CH3COOK; 0.33, MgCl2; 0.43, K2CO3; 0.53, Mg(NO3)2; 0.58, 
NaBr; 0.75, NaCl; 0.84, KCl). The mass gain (water uptake of the 
films) was periodically measured until the films were equili-
brated. The water uptake was calculated as a percentage between 
the mass of the equilibrated film at a chosen aw and the initial 
mass of the film at 0.55 aw. All values were normalized with the 
0.11 aw sample. For clarity, water uptake of raw materials was 
calculated with the same formula, followed by the calculation of 
theoretical curves of films based on the water uptake contribu-
tion of each raw material.

For moisture content, two pieces (2 cm2) of each solid film were 
weighed before and after drying to 102°C to reach a constant dry 
mass, and the result was expressed as a percentage.

(1)EE(%) =
ROT − ROF

ROT

× 100

TABLE 2    |    The composition and the dry mass of film mixtures.

Films

Composition/% Dry mass/%

Pectin 
solution SLN Lecithin Tristearin

Sucrose 
palmitate RO Tween 20 Glycerol CaCl2 Pectin

PS 60 40

0.1

2

0.5

— —

0.5 0.02 1.8

PS-RO 60 40 1.6 0.4 —

CPS 60 — — — —

TS 60 40 2 — 1.6

TS-RO 60 40 1.6 0.4

CTS 60 — — —

CRO 100 — — — — 0.4 —

Control 100 — — — — — —

Abbreviations: control, pectin film; CPS, pectin/emulsifier used in PS (lecithin and sucrose palmitate) film; CRO, pectin/rosemary oil film; CTS, pectin/emulsifier 
used in TS (lecithin, sucrose palmitate, Tween 20) film; PS, pectin/pectin-stabilized SLN film; PS-RO, pectin/rosemary oil-loaded pectin-stabilized SLN film; SLN, 
solid lipid nanoparticles; TS, pectin/Tween 20-stabilized SLN film; TS-RO, pectin/rosemary oil-loaded Tween 20-stabilized SLN film.
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2.5.4   |   Water Vapor Permeability

Water vapor permeability (WVP) was determined according 
to ASTM E96/E96M-10 standard with a RH gradient of 0/75%. 
The films were sealed onto aluminum cups containing approx-
imately 7 g of anhydrous CaCl2, exposing 10 cm2 of the film to 
water vapor and leaving a 6 mm air gap between the desiccant 
and the underside of the sample. The cups were placed into a 
controlled temperature (25°C ± 1°C) and RH (75% ± 1%) chamber 
(ESPEC, EX-111, Tabai Espec Corp.) and weighed seven times in 
2 days. A linear regression (R2 < 0.997) was made of the weight 
gain versus time. The slope was divided by the exposed area of 
the film to calculate the water vapor transmission rate (WVTR). 
For WVP, firstly, the water vapor partial pressure difference 
(WVPP) at the underside of the films was calculated using the 
Correction for Resistance due to Still Air and Specimen Surface 
equation as described in ASTM E96/E96M-10 standard. Then, 
WVP was calculated by multiplying the WVTR by the thick-
nesses of the films and dividing it by the WVPP between both 
sides. Mean values of five points per film were considered for the 
thickness (Table S1).

2.5.5   |   Mechanical Properties

Mechanical properties analysis was adapted according to 
Siracusa, Romani, Gigli, Mannozzi, Cecchini, Tylewicz, and 
Lotti [24]. The tensile strength (TES) and elongation at break 
(EAB) were determined for all films. The films were precon-
ditioned at 23°C ± 2°C and 55% RH. According to ASTM E96/
E96M-10, ~50 × 10 × 0.09 mm of each sample type were tested 
with Zwick & Roell Z2.5 (grip 8201/2.5 kN, Ulm, Germany) 
D882-09 standard. An initial grip separation of 25 mm and a 
speed of 10 mm/min were applied. Software V11.02 directly 
calculated TES and EAB. Samples were analyzed in triplicate 
(n = 3).

2.5.6   |   Dynamic Mechanical Analysis (DMA)

DMA was conducted according to Andrzejewski, Grad, 
Wiśniewski and Szulc [25] with a few modifications. DMA 
was performed with an Anton Paar MCR 301 rheometer 
with a CTD 450 oven equipped with torsion clamps (SRF 12). 
The storage modulus (G′) and loss modulus (G″) of samples 
(~40 × 10 × 0.09 mm) were determined at a frequency of 1 Hz 
and a strain amplitude of 0.1%. The temperature was increased 
by 2°C/min from 30°C to 90°C. The final curves are the result 
of averaging two replicates (n = 2), where the error bars are not 
shown for clarity.

2.6   |   Statistical Analysis

Statistical analysis and graphs were performed in Microsoft 
Excel 2016 at a confidence level of 95%. All experiments were 
run in triplicate unless otherwise stated. Results were expressed 
as mean value ± standard deviation (SD). Descriptive analysis 
was performed for all measurements before further tests. The 
Fmax test was used to analyze the homogeneity of data. For ho-
mogeneous data, one way ANOVA test with the post hoc Scheffe 

test was applied. For heterogeneous values, the Fmax test was 
applied to check homogeneity between every two groups before 
applying the t-test. Both t-test assuming unequal variances (for 
heterogeneous data) and t-test assuming equal variances (for 
homogeneous data) were used. Letters were used to express sig-
nificant differences.

3   |   Results and Discussion

3.1   |   Characterization of SLN

In order to characterize SLN, particle size, polydispersity index 
(PdI), and ZP of unloaded (PS and TS) and loaded (PS-RO and 
TS-RO) SLN were determined (Table 3). Furthermore, EE was 
analyzed for loaded SLN. These are essential parameters for the 
film's properties, as the particle characteristics determine their 
integration in the films and the latter film [26, 27]. The particle 
sizes of PS and TS were 402 ± 42 and 179 ± 4 nm, respectively. 
Although pectin and Tween 20 were adsorbed to the particle 
surface, the larger size of PS compared to TS may be attributed 
to the larger pectin. An increased size of solid lipid nanopar-
ticles by adding pectin: the sizes ranged from 210 to 370 nm 
after pectin addition, compared to a size of 150 to 230 nm be-
fore adding pectin [28]. The particle size of PS-RO and TS-RO 
was 436 ± 102 and 140 ± 2 nm, respectively. The addition of RO 
decreased the size of TS-RO. One reason for this size reduction 
could be a change in shape. Additionally, a reduced particle size 
and PdI of loaded SLN compared to unloaded ones was previ-
ously described for Ridolfia segetum EO [29] and Croton argy-
rophyllus Kunth EO [30]. It was supposed that the introduction 
of EO in the lipid matrix to support the nanostructuring effect 
promoted by the lipophilic nature of EO [29]. In contrast to that, 
the addition of RO did not significantly influence the size of 
PS-RO (p > 0.05). The contribution of the pectin adsorption to 
the size of PS and PS-RO is much larger than that of the actual 
SLN-core. Therefore, size changes caused by changes in the SLN 
shape are not statistically relevant to the overall size of PS and 
PS-RO. The PdI values of SLN were between 0.23 ± 0.01 (TS-RO) 
and 0.33 ± 0.01 (PS-RO) indicating relatively narrow size distri-
butions and thus uniform particle shapes.

Moreover, ZP is a critical factor in evaluating a colloidal sys-
tem's stability by indicating the net surface charge. The ZP 

TABLE 3    |    Particle size (nm), polydispersity index (PdI), zeta 
potential (ZP), and encapsulation efficiency (EE) of SLN.

SLN
z-average 

(nm) PdI ZP (mV) EE (%)

PS 402 ± 42b 0.32 ± 0.01a −46 ± 1b —

PS-RO 436 ± 102a 0.33 ± 0.01a −50 ± 3c 93.6 ± 0.1a

TS 179 ± 4c 0.29 ± 0.01ab −28 ± 1a —

TS-RO 140 ± 2d 0.23 ± 0.01b −28 ± 1a 82.6 ± 3.9b

Note: Data are expressed as mean ± SD (n = 9). Letters represent significant 
differences (p < 0.05).
Abbreviations: PS, pectin-stabilized solid lipid nanoparticles; PS-RO, 
rosemary oil loaded pectin-stabilized solid lipid nanoparticles; SLN, solid 
lipid nanoparticles; TS, Tween 20-stabilized solid lipid nanoparticles; TS-RO, 
rosemary oil loaded Tween 20-stabilized solid lipid nanoparticles.
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6 of 15 Polymers for Advanced Technologies, 2026

for PS and TS was −46 ± 1 and −28 ± 1 mV, respectively. The 
more negative surface charge of PS was presumably due to 
the adsorbed pectin that contains carboxyl groups (–COOH) 
in its molecular structure. pH values higher than 3.5 (pKa of 
pectin) lead to a dissociation of –COOH, thus leading to an 
increased negative surface charge and a more negative ZP [31]. 
A higher ZP of pectin-stabilized SLN was also confirmed by 
[32]. RO-loaded SLN decreased the ZP of PS-RO to −50 ± 3 mV 
while maintaining a ZP value of −28 ± 1 in TS-RO. Depending 
on the loaded EO type, stronger adsorption of anionic pectin 
at the oil surface may occur, thus resulting in more negative 
ZP and higher stability of the SLN. A higher adsorbed con-
tent of pectin may improve the electrostatic repulsive forces 
between particles. A different ZP was observed for EO-loaded 
nanoemulsions with pectin [33]. In all produced SLN, ZP was 
close to −30 mV or even more negative. ZP values of 30 or 
more are generally indicators of stable suspensions/emulsions 
[34]. Thus, the prepared SLN types are also assumed to prove 
stable.

SLN are able to encapsulate hydrophobic compounds such as EO 
with high EE, even close to 100% [10, 35, 36]. PS-RO and TS-RO 
had an EE of 93.61% ± 0.11% and 82.55% ± 3.87%, respectively. 
The higher EE in PS-RO may be attributed to pectin's high vis-
cosity and rapid gel-forming ability that led to a stronger gel ma-
trix and therefore, to optimum RO entrapment [37]. Overall, the 
obtained EE values are comparable to those reported for other 
SLN nanocarriers with encapsulated EO: Zataria multiflora 
EO [35], Satureja khuzistanica EO [38], and Ziziphora clinopo-
dioides EO [39], which were entrapped in the SLN, had EE of 
84% ± 0.92%, 84.5%, and 93%, respectively.

3.2   |   Characterization of Pectin Films

3.2.1   |   Water Disintegration

The water disintegration of the films mimics the profile of films 
if applied in humid environments or on the surface of foods with 
high water content [40]. The water disintegration of films was 
observed immediately after immersion in distilled water, as pre-
sented in Figure 1. The water-soluble property of pectin films 
was not affected by insoluble SLN addition despite the increased 
amount of insoluble matter (lipids). Pectin/SLN films were dis-
integrated entirely in water. Additionally, after complete disin-
tegration of the SLN-containing films without any visible lumps, 
it could be noticed that the solutions remained turbid. The tur-
bidity was caused by the SLN, now dispersed in water. This re-
sult indicates that the SLN remained sufficiently stabilized by 
their respective emulsifier system even after strong dilution. 
On the other hand, under gentle agitation, Control was wholly 
dissolved in water without any trace of residuals. Pectin/glyc-
erol films developed by [41] and carrageenan/Tween emulsifier 
films produced by [42] also showed complete solubility in water. 
Pectin has a highly hydrophilic nature due to the presence of 
hydroxylic groups (–OH) in its chain that favor the adsorption 
of water molecules, thus forming more hydrogen bonds in the 
pectin matrix. Therefore, pectin/SLN films may be suitable 
for application as edible bags for dried food instead of wet food 
[43]. Alternatively, pectin/SLN films could be consumed with 
ready-to-eat food products, if the water contained in the food 

product is evaporated through the cooking process (e.g., fried/
grilled meat).

3.2.2   |   Scanning Electron Microscopy (SEM)

The morphological aspect was studied to gain information on 
the organization of SLN throughout the matrix of the films. The 
SEM micrographs of the surfaces and internal structure of the 
films are shown in Figure 2. The surface of pectin/SLN films 
appeared to be rougher than the Control. Their surface appeared 
flat, smooth, and compact, rather than featureless, which corre-
sponds to pectin films developed by [44–46]. Meanwhile, the side 
view of the ripped edges showed a layered internal structure of 
the Control. The addition of SLN interrupts the layer formation 
and leads to a less regular structure of film matrices. However, 
the SLN were assimilated entirely and well distributed in the 
matrix without causing irregularities, and no areas of phase sep-
aration could be observed. SLN themselves are too small to be 
observed with the given magnification; larger SLN agglomerates 
could not be seen. Therefore, pectin/SLN films showed good 
miscibility, suggesting a favorable interaction among the com-
ponents of these formulations. Overall, SEM images show that 
SLN were very well incorporated into the pectin film matrix, 
leading to homogeneous films with a more pronounced micro-
structure compared to the Control films.

3.2.3   |   Water Sorption Isotherm and Moisture Content

Water sorption was determined at gradually increased water 
activity (aw) to analyze the sensitivity of pectin films to water 
vapor (Figure  3). The water uptake in pectin/SLN films sig-
nificantly (p < 0.05) decreased compared to Control and 
pectin/emulsifier films. The water uptakes at 0.84 aw were 
between 17.93% ± 2.88% (PS-RO) and 33.84% ± 1.07% (CRO). 
CRO film had the highest value of water sorption, but this was 
not significantly different from that of the Control (p > 0.05). 

FIGURE 1    |    Water disintegration of pectin/SLN films.

PS      PS-RO      TS     TS-RO   ControlFilm

Water disintegration
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7 of 15Polymers for Advanced Technologies, 2026

Additionally, no significant differences in water sorption 
could be observed between PS and PS-RO or between TS and 
TS-RO, respectively (p > 0.05). The shapes of all water sorption 
isotherms were typical for hydrophilic substances. The water 
uptakes increased with increasing aw, with a steep rise after 
around 0.60 aw. At a lower aw, water sorption increased slowly 
due to reduced water-binding sites at the surface of films. As 

aw increased, the films started to swell, and the water-binding 
sites were better accessible [47].

Two aspects may influence the water sorption of the films: 
Firstly, by synergistic effects between raw materials. For in-
stance, a synergistic effect appeared between glycerol and sur-
factants (Tween 20, Span 80, and lecithin) in starch films. Their 

FIGURE 2    |    Scanning electron microscopy images of pectin/SLN films.

Internal 
structure

Surface 
structure

PS PS-RO TS-ROTS Control

100 µm 100 µm100 µm100 µm100 µm

10 µm 10 µm10 µm10 µm10 µm

10 µm 10 µm10 µm10 µm10 µm

FIGURE 3    |    Water sorption of pectin films. Data are expressed as mean ± standard deviation (n = 3).
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8 of 15 Polymers for Advanced Technologies, 2026

combination enhanced the absorption of water molecules [48]. 
To see if synergistic effects were present, theoretical water sorp-
tion isotherms were calculated and compared to the measured 
ones (Figure  S3). The theoretical ratios were calculated based 
on each raw material's water sorption contribution (Figure S4). 
The theoretical curves correlated well with the measured ones, 
indicating that the raw materials dominated the water sorption 
and no synergistic effects occurred.

A further reason for high water sorption is the film composition. 
Hydrophilic substances such as pectin, glycerol, and CaCl2 have 
high water sorption in humid environments. The higher the 
amount of hydrophilic materials in films, the higher the water 
sorption percentage. The variation of pectin/glycerol/CaCl2 con-
tent in each film can impact the water sorption. In order to exam-
ine the share of hydrophilic raw materials in the water sorption, 
the results were correlated with the films' pectin/glycerol/CaCl2 
content (Figure  S5). The hydrophilic fractions correlated well 
with the water uptake at 0.84 aw (R2 = 0.675). These hydrophilic 
raw materials were partially replaced by SLN containing tristea-
rin and emulsifiers. The lipophilic tristearin did not contribute 
to water sorption; thus, the reduced water sorption of pectin/
SLN films was probably due to a lower amount of pectin/glyc-
erol/CaCl2. These results are in good accordance with the re-
sults that indicated that the water sorption was dominated by 
the raw materials and not by interactions between the materials.

The moisture content of pectin films ranged between 
14.15% ± 1.12% (PS) and 20.77% ± 0.99% (CTS) (Figure 4). Pectin/

SLN films had significantly lower moisture content values than 
pectin/emulsifier films and Control (p < 0.05). In the case of 
water sorption isotherms, the decrease in moisture content 
was also attributed to the ability of raw materials to bind water. 
The hydrophobic tristearin found in SLN partially replaced 
the highly hydrophilic materials (pectin, glycerol, and CaCl2), 
thereby decreasing the moisture content of pectin/SLN films. 
The hydrophilic part of emulsifiers maintained an increased 
moisture content in pectin/emulsifier films without signifi-
cant differences compared to the Control (p > 0.05). Emulsifiers 
contain both hydrophilic and lipophilic components, and their 
ability to bind water depends on the Hydrophilic–Lipophilic 
Balance. Since Tween 20 has a high HLB of 16.7, it is consid-
ered a hydrophilic emulsifier [49] that could explain the high-
est moisture content in CTS film. A similar result was reported 
when fatty acids were added to pea starch-guar gum films [50]. 
RO did not influence the moisture content, agreeing with the 
results obtained from water sorption.

3.2.4   |   Water Vapor Permeability

WVP is an important factor for evaluating the water barrier 
properties of films and their application in food packaging. A 
lower WVP is highly desirable to prevent moisture transfer be-
tween food and the external environment. Therefore, the lower 
the WVP, the higher the water vapor barrier. This leads to an 
increased quality of packaged food and extends the food shelf 
life [51]. WVP is shown in Figure 5.

FIGURE 4    |    Moisture content of pectin films. Data are expressed as mean ± standard deviation (n = 3).
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loaded with rosemary oil. Data are expressed as mean ± standard deviation (n = 3).
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9 of 15Polymers for Advanced Technologies, 2026

WVP was found to be in the range of 0.78 ± 0.07 to 10.47 ± 1.80 
× 10−10·g·m−1·s−1·Pa−1. No statistical differences between CRO, 
CTS, and Control were observed (p > 0.05). Loading RO into 
the films did not significantly influence the WVP (p > 0.05), 
neither when incorporated within the SLN nor when directly 
added into the film matrix. This result is well correlated to 
the above-mentioned water sorption isotherms and moisture 
content. However, pectin/SLN films had the lowest WVP, up 
to 92% lower value than the Control in PS-RO. Emulsifiers 
influenced the WVP: lecithin and sucrose palmitate signifi-
cantly decreased (p < 0.05) the WVP as seen in the CPS (films 
containing added lecithin and sucrose palmitate but no lipids), 
while the presence of Tween 20 in the CTS film maintained an 
increased WVP.

This study hypothesized that SLN might reduce the WVP for 
several reasons: (I) Considering previous work [12, 52, 53], 
SLN are nanoparticles with a platelet shape, thus having a 
large aspect ratio. Due to this large aspect ratio, platelet-like 
particles are a better obstacle to water molecules diffusing 
through the film than the same volume fraction of spherical 
particles [54, 55]. This can be the reason why the WVP is much 
lower in all the SLN-containing films compared to their con-
trols. (II) SLN are crystalline lipid particles, thus lowering the 
WVP probably more effectively than liquid lipid droplets at 
comparable volumes [8, 56]. This may also be the reason why 
the WVP of films with free RO did not show a significant dif-
ference compared to the controls: RO is a liquid lipid at room 
temperature, which, when not loaded in SLN, was present as 
spherical droplets with 142 ± 20 μm in size (D90,3). In con-
trast, when RO is loaded in SLN, the effect of tristearin domi-
nates. Tristearin appeared as crystalline particles whether or 
not RO was incorporated, explaining why there was no differ-
ence between the WVP of PS and PS-RO as well as between 
TS and TS-RO. (III) Tristearin, lecithin, and sucrose palmi-
tate, the main ingredients of SLN, have a hydrophobic part 
that could affect the hydrophilic/hydrophobic character of 
films, as can also be seen in Section 3.2.4. If the films become 
more hydrophobic due to the presence of the SLN, the WVP 
decreases since water vapor transfer often occurs through the 
hydrophilic part of the film [57]. Pectin/SLN films had more 
hydrophobic parts per g dry mass since SLN partially replaced 
hydrophilic portions of the pectin network, as other studies 
showed [12].

Emulsifiers probably influenced WVP due to their hydrophobic 
parts and homogenous distribution within the films. In earlier 
work, it has been shown that sucrose palmitate and lecithin re-
duced the WVP of protein films [12]. This WVP-reducing effect 
of sucrose palmitate and lecithin can be seen in CPS. In contrast, 
Tween 20 has a very hydrophilic nature that compensates WVP, 
reducing the effect of sucrose palmitate and lecithin and result-
ing in the same WVP as the Control. Therefore, this could also 
explain the higher WVP in TS and TS-RO compared to PS and 
PS-RO. Ziani, Oses, Coma, and Maté [58] observed an increased 
WVP in chitosan films by incorporating Tween 20 and glycerol. 
A very low WVP characterizes conventional plastic films. For 
instance, a WVP of about 2 × 10−12·g·m−1·s−1·Pa−1 was reported 
for polyethylene films [59] and 4.5 × 10−11·g·m−1·s−1·Pa−1 for 
polypropylene films [60]. However, by incorporating RO-loaded 
SLN, it was possible to reduce WVP by almost an order of 

magnitude, making it a suitable approach to improve the water 
barrier of pectin films. SLN are crystalline and hydrophobic par-
ticles in the nanoscale range with a platelet-like shape that may 
reduce water uptake, thus supporting the improvement of the 
moisture barrier.

3.2.5   |   Mechanical Properties

Mechanical properties provide information about the resistance 
of films to certain stress during handling, transport, and process-
ing. Tensile strength (TES) and elongation at break (EAB) were 
determined for all pectin films to better understand these prop-
erties. TES shows the tensile stress at which the film fractures. 
EAB shows the flexibility/extensibility of a film before frac-
turing. TES values were between 5.7 ± 2 and 22.2 ± 5 N·mm−2, 
as represented in Figure  6A. No statistical differences were 
observed between TESof pectin/SLN films and TES of pectin/
emulsifier films (p > 0.05), indicating that the observed effects 
are not due to SLN addition but probably due to the emulsifi-
ers and due to a lower amount of pectin network. This could 
be observed for the TES of CPS film, which had a lower value 
than Control (p < 0.05). The addition of Tween 20 had the most 
pronounced effect on weakening pectin films, as the lowest TES 
values were registered in films containing Tween 20. Loaded 
and free RO had no significant influence on TES (p > 0.05).

Pectin created a three-dimensional network during the film-
forming process, which resulted in a self-standing film after 
drying. The film's strength is, among others, determined by 
the pectin network's density. By adding SLN or emulsifiers, the 
amount of pectin, and thus, the pectin network, was reduced, 
and the network was possibly less dense, resulting in a reduced 
strength of the films. This might be one reason why pectin/
SLN films showed a lower TES. In our previous study, protein-
stabilized SLN did not influence the TES of protein films, as 
they acted as an active filler and probably substituted the miss-
ing network-forming molecule by being part of the protein net-
work [12]. The reduction of TES by the incorporation of SLN in 
the present study, especially in PS and PS-RO films, indicates 
that they were not integrated in the pectin network, thus did not 
act as active fillers.

A further reason for decreased TES values for pectin/SLN or 
pectin/emulsifier films might be that emulsifiers acted as plasti-
cizers, thus weakening the films. Small molecules such as Tween 
20 can fit between the pectin molecules or interfere with interac-
tions between them, leading to higher molecular mobility, thus 
increasing the initial plastic effect. This was probably the reason 
why films containing Tween 20 led to weaker films. The plasti-
cizing effect of emulsifiers in polysaccharide-based films were 
also reported elsewhere: Tween 20, lecithin, and Span decreased 
the TES of starch films [48], and Tween 20/40/80 decreased the 
TES of kappa-carrageenan with the increase of their concentra-
tion [50].

EAB was not significantly affected by SLN addition com-
pared to Control (p > 0.05), while EAB significantly increased 
(p < 0.05) with the addition of pure emulsifiers without lipids 
and free RO (Figure 6B). The addition of emulsifiers increased 
EAB to 7.25% ± 1.97% (CTS film) and 12.24% ± 2.26% (CPS film) 
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compared to Control (2.60% ± 0.91%). One reason for the low EaB 
of pectin/SLN films might be that SLN act as “predetermined 
breaking points”. SLN cannot deform, but the matrix deforms 
due to increased stress, resulting in the matrix breaking at the 
surface of the particles. A lower EAB in pectin/SLN films com-
pared to their controls, CPS and CTS, could also be explained by 
the presence of the platelet shape of SLN that adsorb on its sur-
face the emulsifiers [61]. If emulsifiers are used in the presence 
of lipids, emulsifiers adsorb on the surface and are no longer 
freely present in the solution, so they cannot act as plasticizers. 
If no lipid is used, all emulsifiers are freely present or are pres-
ent as micelles, and can act as plasticizers, as already described 
by [62]. In this study, the same might hold true for emulsifiers 
adsorbed onto the platelet shaped SLN, reducing the emulsifiers' 
availability to interact with the pectin matrix. In summary, the 
plasticizing effect of the emulsifiers resulting in high EAB val-
ues in samples CPS and CTS, is counteracted by the weakening 
effect of SLN incorporation. In the end, EAB values for pectin/
SLN films (PS, PS-RO, TS, TS-RO) equal the EAB of Control. 
Additionally, the well dispersed SLN helped to distribute local 
stresses and preserving extensibility. In the case of pectin films 
containing fluconazole-loaded SLN, small nanoparticles caused 
higher film integrity and tenacity compared to those containing 
nanoparticles of a large size [63].

RO-loaded SLN did not affect the EAB of pectin films, probably 
due to its adsorption on the surface of the SLN. However, free 
RO significantly increased EABto 17.33% ± 2.89% in CRO film. 
RO is liquid at room temperature, so it can easily be deformed, 
increasing the film's extensibility. Similar results were found by 
Nisar, Wang, Yang, Tian, Iqbal, and Guo [22].

Conventional plastic films have TES values between 6 to 19 
(ethylene-vinyl acetate) and 177 (polyethylene terephthalate) 
N·mm−2 and EAB values between 2% and 3% (polystyrene) and 
100% (polypropylene), respectively [64]. Therefore, pectin/SLN 
films had lower mechanical properties than conventional plastic 
films. In conclusion, adding SLN weakened pectin films without 
significantly changing their flexibility. By incorporating SLN, 
TES can be modulated, but not the EAB of films.

3.2.6   |   Dynamic Mechanical Analysis (DMA)

According to an improved WVP, pectin/SLN films could be ap-
plied to the ready-to-eat food products with a lower water content 
after the cooking process (e.g., fried/grilled meat). In general, 
ready-to-eat food products are heated before eat. Therefore, in 
this study, DMA was used to evaluate the rheological properties 
of materials and the glass transition profile of pectin films be-
tween 30°C and 90°C.

Representative curves of the storage modulus (G′) are presented 
in Figure 7. G′ indicates the energy storage capacity and is re-
lated to the stiffness of films. The loss modulus (G″) represents 
the viscous characteristics of films and the heat dissipated by the 
substance as a result of molecular motion (damping) (Figure S6). 
In this study, all samples had G′ higher than G″, indicating that 
all films featured a viscoelastic solid profile with a solid-like 
structure throughout the entire temperature range [65].

Control film had the highest stiffness until 90°C, while the 
addition of SLN, emulsifiers, and RO decreased the stiffness 

FIGURE 6    |    Mechanical properties of pectin films with differently stabilized solid lipid nanoparticles (SLN) that were unloaded or loaded with 
rosemary oil: (A) tensile strength in N/mm2; (B) elongation at break in %. Data are expressed as mean ± standard deviation (n = 3).
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of pectin films as indicated by a lower storage modulus com-
pared to Control over temperature. Firstly, G′ curves of the 
Control film tended to increase. This could be attributed to the 
evaporation of water. Water acts as a plasticizer for polysac-
charide films and therefore, its removal makes films firmer. 
In the 25°C–50°C range, a prominent increase of the G′ curve 
of pectin films was observed by Norcino, de Oliveira, Moreira, 
Marconcini and Mattoso [66]. The addition of RO directly into 
the film (sample CRO) reduced G′ only slightly. Moreover, 
there are differences to be observed between the control sam-
ples with added emulsifiers: Apparently, the addition of su-
crose palmitate and lecithin did not have a strong impact on 
film stiffness. The curve of CPS (Figure 7A) shows compara-
ble G′ values as the curves of Control and CRO. In contrast, 
CTS (Figure  7B), the control sample containing Tween 20, 
shows much lower G′ values than Control, indicating a much 
lower film stiffness probably caused by the plasticizing effect 
of Tween 20. In all cases, SLN reduced the stiffness of the 
films. However, this effect was more pronounced for pectin-
stabilized SLN (compare PS and PS-RO to CPS in Figure 7A) 
than for SLN stabilized by Tween 20 (compare TS and TS-RO 
to CTS in Figure 7B). This means that the weakening effect 
of SLN (= SLN serving as inactive fillers) can also be seen 
in DMA. However, this effect is less pronounced for TS and 
TS-RO because the overall weakening effect of Tween 20 is 
dominating. Finally, there is a difference in the film stiffness 
between samples containing SLN and SLN loaded with RO. 
PS and TS show lower G' values than PS-RO and TS-RO. This 
is because in PS-RO and TS-RO, part of the fat phase is liquid, 
and thus the effect of “predetermined breaking points” is less 
pronounced.

Additionally, when analyzing the curves in more detail, the 
G′ curves of all the samples containing SLN showed several 
slope changes. For pectin/SLN films, a first peak in G′ was 
observed around 40°C. Then, G′ decreased in PS and PS-RO 
until a second peak occurred at a temperature above 65°C 
(Figure 7A). TS and TS-RO did not show a second peak, but in-
stead, a gentle shoulder was observed between 60°C and 70°C 
(Figure 7B). These changing points at intermediate tempera-
tures indicated transitions that may correspond to changes on 
the molecular level, such as changes in the conformation of 
the pectin or the melting of lipids and emulsifiers. A decrease 

of G′ curves around 40°C was also reported in protein/SLN 
films. This tendency was attributed to the melting of the SLN 
mixture [12].

The melting point of Tween 20 and sucrose palmitate stabilized 
SLN was already determined and was in the range of 45°C–60°C 
[67]. Gao, Mao and Meng [68] found a sucrose palmitate peak 
at about 50°C–70°C in sucrose palmitate-stabilized anhydrous 
milk fat emulsions. This drop was attributed to the melting point 
of sucrose palmitate and the melted interfacial crystal, resulting 
in the change of rheological properties. Tween 20 has a cloud 
point between 40°C and 80°C, which depends on concentration, 
solvent, and the presence of other substances [69]. Lecithin has 
a melting point above 120°C [70] and does not affect the melting 
point of triglyceride nanoparticles [71]. Therefore, the first tran-
sition in all pectin/SLN films at about 40°C could be explained 
by SLN disintegration due to lipids' melting points. The second 
transition, above 65°C, could be attributed to the melting point 
of pectin and sucrose palmitate, thus leading to the onset of 
entire molecular motion [7]. This is supported by the facts that 
samples without SLN do not show the first peak in G′ and that 
CPS showed a specific drop in G′ above 65°C. The absence of 
a second peak in TS and TS-RO corresponds to the slope of G′ 
in CTS. It can be seen that the G′ behavior of these samples is 
dominated by the emulsifier Tween 20. In conclusion, SLN in-
fluenced the thermal stability of pectin films due to the disin-
tegration at higher temperatures of emulsifiers and lipids, thus 
leading to weaker films than the Control.

4   |   Conclusion

The current work represents a preliminary material-design 
and characterization study of pectin/SLN films intended as a 
food-contact packaging system. Pectin-stabilized SLN showed 
larger-sized nanoparticles with a more negative ZP and a higher 
encapsulation efficiency compared to Tween 20-stabilized SLN 
(p < 0.05). Mechanical, thermal, and water barrier properties 
of pectin films were differently affected by SLN, whether sta-
bilized by pectin or Tween 20. Instead, rosemary oil-loaded 
SLN had no significant effect on pectin films' properties com-
pared to unloaded SLN (p < 0.05). According to SEM images, 
heterogeneities or aggregates were not observed, indicating a 

FIGURE 7    |    Storage modulus (G′): (A) pectin films with pectin-stabilized SLN. (B) Pectin films with Tween 20-stabilized SLN.
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homogeneous SLN in the pectin matrix. The WVP of pectin 
films decreased upon SLN incorporation, thus improving the 
moisture barrier of pectin films by up to 92%. SLN reduced 
the hydrophilicity of pectin films and led to the formation of 
tortuous paths, slowing down the diffusion of water molecules 
through the films. In terms of mechanical properties, no signif-
icant differences were observed for elongation at break, while 
tensile strength was decreased up to 74% due to SLN incorpo-
ration (p < 0.05). Thereby, SLN acted as a weakener in pectin 
films, rather than a reinforcement. The low initial water bar-
rier of pectin films was improved by SLN addition, however, at 
the expense of reduced mechanical performance. Nevertheless, 
the mechanical properties of pectin/SLN films still seem suit-
able for food packaging material. The enhanced WVP and ad-
ditional functionality by RO make them highly interesting as 
active packaging for ready-to-eat food products with low water 
content. However, the limitations of this study are acknowl-
edged. The complex interactions among pectin, RO, and the 
encapsulation system may influence the overall performance 
of developed packaging material. Therefore, future research 
should focus on food-contact safety evaluations, including mi-
gration, cytotoxicity, and oil resistance, to further validate the 
applicability of pectin/RO-SLN films for real food packaging 
applications.
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Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Disk diffusion test. PS, 
pectin/pectin-stabilized SLN film forming solution; PS-RO, pectin/
rosemary oil loaded pectin-stabilized SLN film forming solution; TS, 
pectin/Tween 20-stabilized SLN film forming solution; TS-RO, pectin/
rosemary oil-loaded Tween 20-stabilized SLN film forming solution. 
Figure S2: The opacity of pectin films containing unloaded (PS, TS) or 
rosemary oil-loaded (PS-RO, TS-RO) SLN, emulsifiers (CPS, CTS) and 
rosemary oil (CRO). Data are expressed as mean ± standard deviation 
(n = 9). Figure S3: Curves of theoretical water sorption isotherm based 
on each raw material's water sorption contribution. Figure S4: Water 
sorption isotherm of raw materials. Data are expressed as mean ± SD 
(n = 3). Figure S5: Correlation between water sorption isotherm at 0.84 
aw and the content of hydrophilic materials (pectin, glycerol and CaCl2) 
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in dry mass of films. Figure S6: Log loss modulus (G″) of pectin/solid 
lipid nanoparticles (SLN) films. PS, pectin/pectin-stabilized SLN film; 
PS-RO, pectin/rosemary oil loaded pectin-stabilized SLN film; CPS, 
pectin/emulsifiers used in PS (lecithin and sucrose palmitate) film; 
TS, pectin/Tween 20-stabilized SLN film; TS-RO, pectin/rosemary oil-
loaded Tween 20-stabilized SLN film; CTS, pectin/emulsifiers used in 
TS (lecithin, sucrose palmitate, Tween 20) film; CRO, pectin/rosemary 
oil film; Control, pectin film. Table S1: Thickness of pectin films with 
differently stabilized solid lipid nanoparticles (SLN) that were unloaded 
or loaded with rosemary oil. 
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