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ABSTRACT: Electrospraying technique was used for the production of pectin films obtaining transparent and flexible products with thick-

nesses of 23.4 6 3.04 mm and requiring a lower pectin solution volume (2.67 3 1023 mL) than casting (5.97 3 1023 mL) to produce films

of the same area and thickness; the physical, structural, and thermal characteristics of these films were evaluated. Electrosprayed films

were slightly more transparent, and with smoother surface than those obtained by casting, but with more and smaller internal pores,

resulting in different film densities (0.7 g/cm3 electrospraying, 1.7 g/cm3 casting), that could be linked to the larger water vapor perme-

ability value obtained. These changes could be related to a physical phenomenon, seeing as the percentage of crystallinity and melting

temperature remained invariable for both films. These results show that the electrospraying technique has potential in areas such as

wound dressings, tissue engineering, and the release of drugs. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43779.
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INTRODUCTION

Nanotechnology is a promising field that involves the quantifi-

cation, modeling, creation, and manipulation of materials at the

nanometric scale.1–3 Among nanotechnology advances, different

techniques have been developed to build nanoparticles, includ-

ing the electrospraying technique (electrohydrodynamic atom-

ization). In this process, a solution of a natural or synthetic

polymer is forced through a capillary tube (nozzle) where the

solution acquires enough electric forces (charges) to overcome

those of surface tension, resulting in a destabilization of the

emerging droplet. This instability can cause the drop to trans-

form into a series of microscopic pearls or into a stream of

fluid that is deposited into a collector,4–7 producing materials at

nano, micro, or macroscales. Due to the repulsion of charges,

the droplets are dispersed and do not merge during their flight,

leading to the deposition of particles or films depending on the

physical properties of the solution (viscosity, conductivity, and

surface tension) and the process parameters (distance to the col-

lector, flow rate, ambient humidity, and voltage).5,8–11

Electrospraying can be widely applied to both industrial proc-

esses and scientific instrumentations. Interest in electrospraying

has recently prompted the search and development of effective

processes that enable to obtain different products for applica-

tions in several systems (e.g., medical powder production, fine

metal powder production, electrostatic painting, and fuel injec-

tion, ingredient dosage in the cosmetic and food industries).

However, few electrospraying researches using food grade mate-

rials have been conducted.12,13

Currently, many biopolymers such as lipids,14 proteins,15 and

carbohydrates16–19 have been studied via electrohydrodynamic

atomization techniques, to produce nanofibres,18–20 and wall

materials for encapsulation processes,21 but none of them have

been reported to be used for the production of films by this

technique, with the exception of zein.22

Regarding polysaccharides, different types of materials have

been used for film elaboration such as cellulose,23 chitosan,24

starch,25 and pectin,26 but in all cases they were obtained by the

traditional construction technologies, such as casting,27 extru-

sion,28 or spraying,29 and to the best of our knowledge, there

are no publications related to the production of pectin or other

carbohydrates films by the electrospraying process, even though

electrospraying is a well-established technology.30
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On the other hand, due to the hydrocolloidal and polyelectro-

lytic properties of pectin such as: water retention, stability, poly-

functionality, cation exchange, and the ability to adsorb organic

lipoid substances, besides its biodegradable nature, flexible

structural network, biocompatibility, nontoxicity, effective in

bacterial inhibition, and low production cost,18,19,31,32 this poly-

saccharide is considered a useful raw material for film applica-

tions (edible coatings, tissue engineering, wound dressings, gene

transfer, and the administration and release of drugs).18,19,33,34

Until today, there are not reports in the literature of films pro-

duced by electrospraying using water soluble biopolymers such

as pectin, because of the special conditions required to atomize

this type of solution. This scanty technological development of

electrosprayed films can be related with the problems that arise

during the atomization of the fluid, due to the ionization of

water molecules at high voltages in an air environment that can

cause corona discharges. Besides, the high values of surface ten-

sion of the biopolymers solubilized in water hinder the forma-

tion of stable jets during the electrohydrodynamic

atomization.12,16–18,35 As a consequence, although the electro-

spraying is a promising technique, many process parameters are

required to be controlled, making the study to be very com-

plex.4,13 Thus, the aim of this work was to study the feasibility

of generating pectin films with organic substances by the elec-

trospraying technique, evaluating their physical and structural

characteristics as well as their barrier and thermal properties, as

a first step toward the development of pectin films by this

technique.

EXPERIMENTAL

Materials

Pectin from citrus peel (P9135, Sigma-Aldrich, Mexico) with a

galacturonic acid content greater than or equal to 74.0% (dried

basis) was used for the elaboration of films, employing glycerol

as plasticizer (G5516, Sigma-Aldrich, Mexico), Tween 20 as sur-

factant (P1379, Sigma-Aldrich, Mexico), and distilled water as

the dilution medium.

Film Obtention

Pectin Solution Preparation. A pectin solution (2% w/w) was

prepared as described by Semde et al.36 with some modifica-

tions. This solution was stirred (Corning PC 320 Hot Plate Stir-

rer, Tewksbury, MA) for 45 min at 550 rpm and subsequently,

glycerol was added as a plasticizer at 22.2% (w/w) based on

pectin and agitated for 20 more minutes. The type and level of

plasticizer (glycerol) was selected based on reported casting

studies.18,37 Finally, Tween 20 in a ratio 1:10 w/w (Tween 20:

pectin) was added into this solution as a surfactant and agitated

for 30 more minutes.

The pectin solution was evaluated with respect to viscosity, con-

ductivity, density and pH, values that were used as control qual-

ity parameters for the process.

1. Viscosity (m). This parameter was determined following the

methodology reported by Yuliarti et al.,38 using a rheometer

(Anton Paar Physica MCR 101, Graz, Austria) with a system

of a paddle stirrer that was designed to measure viscosity in

biopolymer solutions (ST24-2D/2V/2V-30). The test was con-

ducted at a constant shear rate (100 s21) and at room temper-

ature (22 8C). The viscosity was reported in Pascal-second (Pa

s), and the measurements were performed in triplicate.

2. Conductivity (r). This parameter was determined following

the two-point resistivity technique Calixto-Rodr�ıguez and

S�anchez-Ju�arez39 using a multimeter (LCR HiTester, HIOKI

Model 3532-50; Nagano, Japan), which also recorded the resist-

ance (R) values at three different frequencies (50, 100, and

1000 Hz). Equation (1) was employed for the calculation of r.

r 5 R � L

A
(1)

where r (kX21 m21) is the conductivity, R (kX) is the meas-

ured resistance, L (m) is the distance between the two electro-

des, and A (m2) is the transversal area of the cell.

3. The density and pH were evaluated following the 962.37

and 981.12 methods of the A.O.A.C. International.

Electrospraying Method. The electrospraying device consists of a

syringe pump, a linear actuator for X-axis, a rotary drum collec-

tor, a variable high voltage power supply, and a hot air injector.

To obtain the films, the pectin solution was placed in the

syringe pump (10 mL), which contains a needle made of surgi-

cal grade stainless steel and blunted by abrasion with an outer

diameter of 0.8 mm (code 21G) and an inner diameter of

approximately half the outer diameter (0.4 mm). The injection

flow (4 mL/h) was provided by the linear actuator that pushes

the plunger of the syringe. The syringe was fixed horizontally,

and the needle was electrically connected to the positive high

voltage power supply (0–30 kV DC, Model 30A24-P4 Brand

Ultravolt, Ronkonkoma, NY). The ground electrode was con-

nected to the rotary drum (10.16 cm length and 5.08 cm in

diameter, 1/6400 thickness with a two-dimensional finish, rota-

tion speed 2.4 rpm). The injection flow was constant, and was

fixed to the minimum value that assures the pectin solution is

ejected, and the electric current was read and recorded through

an ammeter (HandHeld Multimeter, Model MUL-600, Brand

Steren, China) incorporated into the power supply. Hot air

(150 8C, 51.4 L/h, Steren Hot Air Station CAU-280, China) was

used to preheat the drum (80 8C) and also to help dry the pec-

tin film solution. Hot air was injected directly to the rotary

drum, (on the opposite side to which the electrosprayed solu-

tion was injected). The hot air station was moved following the

X-axis, according to the linear actuator speed (8.57 mm/min).

The electrospraying process conditions were selected based on

published information for electrosprayed zein solutions22 and

on data obtained through preliminary tests taking as selection

criteria: (1) aspersion feasibility, (2) non-formation of fibers,

(3) non-generation of an electric arc, and (4) homogeneity of

the formed film, as no reports about obtaining pectin films by

this technique were found: electric voltage (EV 5 12.5 6 1 kilo-

volts), distance between the injection point to the drum

(DC 5 4.5 cm), solution injection flow (IF 5 4.0 mL/h), distance

from the hot air station to the collector (DD 5 6.0 cm). Sam-

ples of approximately 16 3 10 cm2 were obtained and all of

them were immediately identified by applying small pieces of
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tape in the side that had been in direct contact with the surface

of the collector.

The samples for subsequent analysis were stored at room tem-

perature inside a desiccator that contained a saturated solution

of sodium bromide (NaBr) to maintain a relative humidity of

59.7%.

Casting Method. Films were developed in parallel by the casting

method, using the same pectin concentration. The films were

elaborated following the methodology as described by Semde

et al.36 with certain modifications. The pectin solution

(7.14 6 0.05 g) was poured into Teflon circular plates (7.1 cm

in diameter). The solution was subjected to kiln-drying (TER-

LAB, MAH25D, Mexico) at 30 8C for 8 h. The temperature

(30 8C) and the drying time were selected based on preliminary

tests where at higher temperatures and shorter drying times,

using a natural convection drying equipment, less transparent

films were obtained. All of the samples for subsequent analysis

were stored at room temperature as mentioned before for the

electrospraying method.

Characterization of the Films

All the films were evaluated on physical parameters (thickness,

color, transparency, water vapor permeability), structural char-

acteristics (roughness and homogeneity) by microscopy tools

[environmental scanning electron microscopy [ESEM], atomic

force microscopy (AFM)], phase transition temperatures by dif-

ferential scanning calorimeter (DSC), crystallinity percentage by

X-ray diffraction (XRD) analysis, and mechanical properties

(hardness and elastic modulus) by nanoindentation.

Thickness. As a film quality parameter, the thickness of the

films was measured, using a digital micrometer (Fowler 54-860-

001 Electronic IP54, China) following the methodology reported

by Arzate-V�azquez et al.40 The films were placed between the

micrometer spindle and anvil, and the measurement was per-

formed at the first sign of contact between the film and spindle.

Ten measurements were performed on different positions of

each film, and this analysis was performed in three independent

samples (true replicates).

Color. This parameter was determined using the LCh parame-

ters by means of a colorimeter (CR-400 Chroma Metre, Konica

Minolta, Ramsey, NJ) considering the parameters L* 5 lightness,

a* 5 red-green, and b* 5 yellow-blue, and following the meth-

odology reported by Calder�on-Dominguez et al.41 The measure-

ments were performed in reflectance mode with the specular

component included using illuminant D65. A total of ten meas-

urements per film were taken, and the evaluation was per-

formed in three independent samples (true replicates). The

values of C* 5 chrome (color saturation), h 5 hue angle (color

tonality), were calculated according to eqs. (2) and (3),

respectively.

C�5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a�ð Þ21 b�ð Þ2

q
: (2)

h 5 arctan
b�

a�

� �
(3)

To determine the transparency [eq. (4)] of the films (%T) it

was assumed that a fully transparent film would generate the

same luminosity values (L*) as those obtained from the blank

calibration plate and that any difference would be the result of

more opaque material (L* <100).42 The values obtained were

analyzed with the SigmaPlot 12.0 software (Systat Software, San

Jose, CA) by applying a two-way analysis of variance (ANOVA),

at a significant level of p< 0.05.

L�5 %T : (4)

ESEM. The structure of the pectin films obtained by electro-

spraying and casting was examined by ESEM. The samples were

directly placed on cylindrical aluminum microscope stubs using

double-sided tape. The micrographs were acquired with a XL30

ESEM (Philips, Amsterdam, Holland) using an acceleration

voltage of 25 kV and secondary electron detector (GSE) for the

microscopic film surface evaluation and 15 kV and a secondary

electron detector (BSE) for microscopic film transversal section.

Samples for cross-section observations were cryofractured by

immersion in liquid nitrogen.

AFM. Surface topography and roughness of the pectin films ela-

borated by electrospraying and casting, were studied by the

AFM technique (diMultimode AFM microscope, Veeco, Santa

Barbara, CA) with a diNANOSCOPE V controller using RTESP

probes (Bruker, Camarillo, CA) with a resonance frequency of

286–362 kHz and a force constant of 20–80 N m21 in tapping

mode. A 0.5 cm 3 0.5 cm section was cut from each sample,

attaching it to a stainless steel disc using double-side adhesive

tape. Four areas of different sizes (1 3 1, 2.5 3 2.5, 5 3 5, and

10 3 10 mm2) were scanned at a speed of 1.5 Hz. The surface

roughness was measured from the images using the square root

of the height deviation [Rq, eq. (5)]. Also, the arithmetic mean

of the height deviation absolute values [Ra, eq. (6)] was calcu-

lated using the Nano Scope Analysis 1.20 program (Veeco) and

through the application of a flattening process (one degree).

Rq 5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
ðZiÞ2

N
:

s
(5)

Ra 5
1

N

XN

i 5 1
j}Z ij: (6)

where Zi is the height deviation from the mean of the heights,

and N is the number of points in the image.

DSC. Thermal analysis was performed in a DSC (Mettler DSC1

STAR System, Mettler Toledo, Switzerland) equipped with an

oven with a FRS5 sensor. Samples of approximately 3.0 6 0.1 mg

were weighed (Denver Instruments balance, model APX. 200,

Bohemia, NY) inside a 40 mL aluminum sample holder, which

was hermetically sealed and then perforated (a hole at the cover

center). For the experiment, the heating rate was 10 8C min21

at a temperature interval of 10–400 8C with nitrogen (N2) as

the purging gas at a flow rate of 50 mL min21 and with a cool-

ing gas line at a flow rate of 2 mL min21, which used an empty

aluminum sample holder as the reference. The instrument was

calibrated with an indium/zinc standard (99.98% purity, melt-

ing point of 156.6 8C and enthalpy of fusion of 28.71 J g21).

Three independent samples (true replicates) of each film were

evaluated and the melting temperature (Tm) determined as

reported by Iijima et al.43
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Water Vapor Permeability. The water vapor permeability

(WVP) was determined using a modification of the standard

gravimetric method known as the “cup method” or “test cell,”

which is based on the American Society for Testing and Materi-

als (ASTM) E 96-88 and ASTM E 96-92 methods with some

variations.44,45 For this test, the permeation was measured while

maintaining a temperature of 30 8C and a relative humidity

(RH) gradient of 100-0% through the films by placing distilled

water on the permeation cell (100% RH) and anhydrous silica

gel outside of the cells (0% RH). The samples were trimmed to

obtain a circular sample 51.1 mm in diameter, and the samples

were placed in permeation cells. The change in weight of the

cell was recorded every 30 minutes in an analytical balance with

a precision of 0.0001 g (DENVER instrument, Goettingen, Ger-

many) as a function of time.

The data of the weight loss kinetics were used to calculate the

permeability [eq. (7)]. The tests were performed in triplicate.

WVP 5
WVTR

Sð Þ3 %RH1-%RH2ð Þ 3 L 5½ � g

s m Pa
: (7)

where: WVTR 5 is the result obtained when dividing the value

of the weight loss kinetic curve slope (g/s) by the area (m2) of

the sample subjected to the test; S is the saturation vapor pres-

sure in Pascals (Pa) at the test temperature; %RH1 and %RH2

are the relative humidity values in the test inside and outside

the permeation cell, respectively, expressed as fractions; and L is

the film thickness (m).

XRD Analysis. Diffraction patterns were obtained from a PAN-

alyticalXPert PRO diffractometer (Westborough MA) with Cu

Ka radiation (k 5 1.5418˚A) (tube operating at 45 kV and 40

mA). The scanning regions were collected from 5 to 608 (2�) at

steps of 0.01 degrees and a step time of 100 s. The crystallinity

percentage (%C) of the films was calculated from the ratio of

area of all crystalline peaks to the total area with the help of

software Peak Fit v4.12. It was calculated using the following

eq. (8),36,46

%C 5
Crystalline area

Total area
3 100: (8)

Mechanical Properties. The hardness and elastic modulus were

determined following the methodology reported by Escamilla-

Garc�ıa et al.,42 using a nanoindenter (CSM Instruments Nano-

indenter, Peseux, Switzerland). The indentation was performed

by applying a maximum load of 5.0 mN at a loading and

unloading rate of 15 mN/min and a pause of 15 s using a Ber-

kovich tip. The values of hardness (MPa) and the elastic modu-

lus (GPa) were reported.

The load at break and Young’s modulus were determined at

room temperature using a texturometer (TA Plus, Lloyd Instru-

ment, Ametek, England) according to the ASTM D882 standard

method (ASTM 1995) and ASTM D638-01 (ASTM 2001). These

parameters are directly calculated by the computer through the

NEXIGENTM MT data analysis software program (Ametek,

England). Films were cut into strips (longitudinal sections). The

dimensions of the strips were 5 3 1.0 cm, and each one were

mounted between the grips of the instrument probe. From each

type of films, at least seven strips (triplicate independent) were

evaluated. The grip distance and speed were 0.03 m and

0.001 m/s, respectively.

Statistical Analysis

The data were statistically evaluated by a two way ANOVA

(p< 0.05) using the SigmaPlot V12.0 software. The reported

values are the averages and standard deviations of at least three

repetitions of each sample.

RESULTS AND DISCUSSION

Electrospraying Process Yield

Under the operating conditions (EV5 12.5 kV; DC 5 4.5 cm;

IF 5 4.0 mL/h; DD 5 6.0 cm), it was possible to atomize the

pectin solution (pH 5 3.96 6 0.11, m5 0.123 6 0.01 Pa s,

q 5 1.02 6 0.009 g/cm3, r 5 115.9 6 4.4 kX21 m21) to produce

a transparent and flexible film (Figure 1), with a thicknesses of

23.4 6 3.04 mm, and a film density of 0.70 g/cm3, easy to handle

and to remove from the barrel. Process time to obtain this film

was 2.5 h. Regarding the casting process a transparent and flexi-

ble pectin film was also obtained, with a film thickness and

density of 29.6 6 2.7 mm and 1.70 g/cm3, respectively.

As a way to compare the electrospraying and casting techniques,

the process yield (Yp) was evaluated considering it as the volume

of pectin solution (mL) fed (casting or electrospraying) to obtain

a film with a surface of 1 cm2 and one micron thickness [eq. (9)]:

Yp 5
Vs

Af 3 Xf

(9)

where Vs is the volume of pectin solution used to produce the films

(7 mL for casting, 10 mL for electrospraying), Af is the film area

(39.59 cm2 casting, 160 cm2 electrospraying), and Xf is the film

thickness (29.6 6 2.7 mm via casting, 23.4 6 3.04 mm via

electrospraying).

Based on these calculations, it was found that 2.67 3 1023 mL

of pectin solution are required for the electrospraying method

while 5.97 3 1023 mL for casting. These figures show that the

electrospraying process required a lower pectin solution volume

than casting to produce films of the same area and thickness.

This could be related with smaller processing costs, but an

energy cost balance would be necessary to have a more real

Figure 1. Pectin film obtained by electrospraying process. The small white

squares of tape indicate the face of the film that was in direct contact

with the surface of the collector. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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view of the advantages of the electrospraying process, which was

not considered in the objectives of this study.

Color

Color attributes are important factors in foods products because

they directly influence its acceptability to the consumer. Accordingly,

biopolymer-based films and coatings must be as close to colorless as

possible or present a coloration and transparency that does not

affect product acceptability.47 The values obtained for the pectin

films prepared by electrospraying (%T 5 96.65 6 0.16, C* 5 3.7 6

0.20, h* 5 91.1 6 0.47) were statistically different (p< 0.05) to those

obtained by casting (%T 5 95.73 6 0.52; C* 5 5.8 6 0.54,

h* 5 91.8 6 0.12), with the electrosprayed product being slightly

more transparent (%T). However, both films tended to be colorless,

as color saturation (chroma) and tonality (hue angle) tended to be

low. This effect may be due to the differences in thickness, as well as

to the preparation method.22 In this regard, Galus and Lenar (2013)

reported less transparent (L 5 %T 5 89.3), but with similar values

for C* (5.8) for pectin films produced by the casting method, as

compared to those obtained in this work, but different to the ones

produced by the electrospraying technique.

ESEM

To obtain a better view of the film homogeneity, surface and

transversal section micrographs were acquired (Figure 2). The

results of the film surface morphology showed that the samples

produced by electrospraying [Figure 2(A)] presented a more

homogenous surface in comparison to those produced by casting

[Figure 2(B)], which displayed small holes. Regarding the film

cross section micrographs of electrosprayed sample [Figure 2(C)],

apparently the inner structure of the film has more and smaller

pores than those observed in the sample obtained by casting [Fig-

ure 2(D)], resulting in different film densities (0.7 g/cm3 electro-

spraying, 1.7 g/cm3 casting). This open structure can be related to

the way the droplet impacts and interacts with the substrate. In

this regard, Eslamian48 cited that when spraying-on to produce

films, the droplet impact on substrate is related to a nucleate boil-

ing, resulting in the formation of cavities. Regarding the more

homogeneous surface of the electrosprayed films, this could be

due to the filling of pores by the droplets that impact on the sur-

face over a previously deposited layer6 or to a faster drying, solute

adhesion and bonding on the surface of the film.

On the other hand, the presence of pores in pectin films pro-

duced by casting has been previously reported by Murillo-

Mart�ınez et al.,49 Jo et al.,50 and Kang et al.,51 and this phenom-

enon has been attributed to the differential surface tension dur-

ing solution drying.31

With respect to electrospraying, it has been reported that a

more homogenous zein film can be produced by this tech-

nique.18 No published micrographs were found for pectin films

produced by electrospraying.

Figure 2. ESEM images of surface (31000) and transversal section (33000) of pectin films produced by electrospraying (A–C) and casting (B–D) techni-

ques. Arrows in the micrographs show the presence of pores in the films. [Color figure can be viewed in the online issue, which is available at wileyonli-

nelibrary.com.]
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AFM

For pectin films prepared by electrospraying [Figure 3(A–D)],

the AFM micrographs show the absence of imperfections, such

as small holes, pores and fractures, thus confirming a continu-

ous surface, as observed by ESEM, [Figure 2(A)]. When com-

paring the surfaces produced via casting, a less smooth surface

Figure 3. AFM height 3D images of pectin films prepared by electrospraying (A–D) and casting (E–H) at different scanning areas (1.0, 2.5, 5.0, and 10.0

mm2). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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was observed [Figure 3(E–H)]. In this regard, it has been

reported that the electrospraying technique used in the prepara-

tion of zein films tends to produce smoother surfaces while the

thickness of the film does not have a significant effect on this

parameter.22

Based on the above findings, statistical analysis of the Rq and Ra

values of the films prepared by both methods was performed,

showing Rq values from 17.22 6 1.9 to 5.36 6 0.92 and Ra values

from 13.66 6 2.22 to 4.41 6 0.85, depending on the area

scanned (Figure 4). In all cases, the roughness values showed a

tendency to be significantly lower (p< 0.05) as a result of the

area scanned and the preparation method for films (electro-

spraying and casting, Figure 4).

This finding may be because electrohydrodynamic atomization

is a process in which fine and semi-solid droplets of a material

impinge on a substrate, then spread to form a product where

the droplets that impact the surface over the previously depos-

ited layer could penetrate into sites where pores may be present,

resulting in a smoother surface.

DSC

Figure 5 shows the thermograms corresponding to pectin pow-

der and to pectin films produced via electrospraying as well as

casting. As shown in Figure 5, there is a melting temperature

(Tm) value of 175.61 6 0.04 8C for the films produced by elec-

trospraying, which has no significant difference (p> 0.05) with

respect to the value of those produced by casting (175.69 6

0.16 8C). However, both Tm are higher than that of pectin pow-

der (162.71 6 0.07 8C). This difference may be due to

intramolecular interactions between pectin, glycerol and/or

Tween 20.52

In the same thermograms, it was possible to observe an exother-

mic peak at 227.96 6 0.01, 223.67 6 0.04, and 236.71 6 0.02 for

films prepared by electrospraying, casting, and pectin powder,

respectively. In these regard, Einhorn-Stoll and Kunzek,53

reported that pectin powder undergoes a thermal degradation,

observed as a DSC exothermic peak, that starts at 200 8C and

ends at about 240–280 8C, depending on the molecular parame-

ters, the degree of esterification, and the physical state. Soares

Figure 4. Roughness mean values (Ra and Rq) of pectin films prepared by electrospraying or casting at four different scanning areas (10.0, 5.0, 2.5, and

1.0 mm2). Different letters by scanning area indicate a significant difference between methods (p< 0.05).

Figure 5. Thermograms of pectin powder, and pectin films prepared by electrospraying and casting methods. Casting: solid line; Electrospraying: dash

line; Pectin powder: dash-dot line.
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et al.54 attributed these values to the pectin decomposition by

an oxidation reaction. The results obtained in our work are

similar to those reported by Einhorn-Stoll et al.55 and Einhorn-

Stoll and Kunzek.53 Based on the above finding, it can be

noticed that under the conditions of this study, the preparation

method does not modify the melting capacity of the pectin film

(Tm), but it slightly does at the DSC exothermic point.

WVP

Regarding WVP of the films, the values obtained were

5.61 6 0.78 3 10209 (g)/(s m Pa) for those elaborated by elec-

trospraying and 3.87 6 0.3 3 10209 (g)/(s m Pa) for the films

prepared by casting; these values were significantly different

(p< 0.05), which means that the method influences the film

formation, being these values within the order of magnitude of

the information reported by P�erez et al.56 for films of high-

methoxyl pectin with methylcellulose [1.2–1.5 3 10209 (g)/(s m

Pa)]. The WVP values obtained from the pectin films produced

by electrospraying show that this technique, does not alter the

order of magnitude of the permeability values of the produced

films, but tends to form more porous structures, allowing the

pass of gases or water vapor, which could be useful, not for bar-

rier purposes but for tissue engineering, wound dressings, and

the administration and release of drugs.33,34

XRD Analysis

With respect to the XRD patterns (Figure 6), both patterns

(pectin films by electrospraying and pectin films by casting)

presented two peaks, one at 14 and the other at 18 degrees 2�

approximately. This analysis indicates no significant change

(p> 0.05) in the crystallinity of the films, nor between the

methods of processing, showing an amorphous structure in

both of them. The XRD patterns yielded a %C of 6.8 6 0.25

and 6.7 6 0.30 for pectin films prepared by electrospraying and

casting, respectively.

Mechanical Properties

Regarding mechanical properties, electrosprayed films showed

values, obtained by nanoindentation, of 15.2 6 3.56 MPa and

0.067 6 0.011 GPa for hardness and elastic modulus, respec-

tively, while those obtained by casting exhibited values of

82.6 6 13.0 MPa for hardness and 0.74 6 0.11 GPa for elastic

modulus. This information indicates that the electrosprayed

film is more flexible and with less hardness than the one pre-

pared by casting. These results could be due to the difference in

thickness between films, as well as to the differences in their

structures, mainly the porosity, as pointed out by Chen et al.57

who refer that the decrease in the values of hardness and elastic

modulus is related to an increase in the porosity of the samples,

due to that the hardness is more influenced by a structure with

larger densification, which is to be expected, since the hardness

(plastic deformation) of these materials is controlled by crush-

ing rather than the more usual plastic deformation (viscous

flow or dislocation motion) seen in other materials.

The results corresponding to the load at break and Younǵs

modulus analysis for electrosprayed films, as obtained with the

TA plus texture meter, were 4.66 6 0.79 N and 882.25 6 162.78

MPa, respectively, while both parameters for films obtained by

casting, with the same equipment, were larger (load at

break 5 12.20 6 2.55 N and Young’s modulus 5 1382.14 6

237.76 MPa) indicating that the electrosprayed films were more

flexible than those by casting. It is important to mention that

even these results follow the same path than those obtained

using the nanoindenter equipment, is not possible to compare

results among them, as the type of probe, the size of the sam-

ple, and the force applied are different. Nanoindentation is

based on a penetration evaluation (Berkovich tip), while the

texture meter results are based on tensile forces (extension) giv-

ing as a result values in a very different order of magnitude.

CONCLUSIONS

The present work reports the production of films based on

polysaccharides such as pectin by electrospraying, using water as

Figure 6. X-ray diffractogram of pectin films prepared by electrospraying and casting. Intensity data was normalized for both samples, considering their

highest value.
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solvent and non-toxic and biocompatibles additives, resulting in

films with different physical characteristics as compared to those

obtained by casting, mainly in their porosity, mechanical (hard-

ness and elastic modulus) and barrier properties (WVP).These

differences seem to be more related to a physical phenomenon

than to chemical interactions. The results of this study demon-

strate that the electrospraying technique can be used to produce

films with some properties that could be of interest for the

medical and pharmaceutical areas, using lower amounts of raw

materials as compared to casting. However, more studies in this

area are needed.
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