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Abstract26 

This work is aimed at evaluating the ability of the microalgae to partially substitute 27 

biodegradable materials with improved physicochemical properties. To this end, starch 28 

films containing the microalga Nannochloropsis gaditana sp. (N. gaditana) have been 29 

developed and characterized. Initially, different ultrasound treatments were evaluated 30 

for microalgae cell wall disruption. Although surfactant-aided sonication was the most 31 

efficient disruption method, the presence of the surfactant hampered continuous film 32 

formation. Subsequently, the ability of intact and ultrasound-treated N. gaditana cells to 33 

improve barrier properties of starch films was evaluated. Combined small and wide 34 

angle X-ray scattering experiments (SAXS/WAXS, respectively) evidenced slight 35 

nanostructural and crystallinity changes induced by the presence of N. gaditana cells. 36 

Incorporation of intact or ultrasound-treated microalgae into starch led to more 37 

hydrophobic films, with enhanced barrier properties for most of the formulations. 38 

However, the films containing the microalgae treated with the greatest ultrasound 39 

intensity, did not show any barrier improvement due to the plasticization promoted by 40 

the cell components (probably lipids) released during the ultrasound treatment, as 41 

suggested by SAXS/WAXS and the mechanical properties.  42 

43 

Keywords: Nannocloropsis gaditana sp.; ultrasound; surfactant; barrier properties; 44 

contact angle; SAXS/WAXS.  45 

46 

Acronyms: SAXS (small angle X-ray scattering)., WAXS (wide angle X-ray 47 

scattering), US (ultrasound), 48 

49 

50 
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1. INTRODUCTION 51 

Research is currently focused on finding promising applications of microalgae 52 

components in different areas, such as for biodiesel production from the fatty acids 53 

present in the biomass, development of functional foods enriched with healthy bioactive 54 

molecules or for improving the nutritional content in animal feed1-3. However, another 55 

potential market for microalgae products, which has been scarcely explored, is the 56 

development of biodegradable packaging materials for food applications. Current 57 

consumer trends require materials that are inexpensive, versatile, and convenient in 58 

making plastics. A primary limitation of conventional bio-based plastics is that the 59 

biomass resources compete with food and food applications, and these agro-crops 60 

consume large amounts of petroleum products in their life cycle. In addition, these 61 

terrestrial crops require large amounts of fertile land, irrigation water, and fertilizers and 62 

take time to grow in between harvest to produce the quantities of biomass required to 63 

replace conventional plastic feedstock markets. Microalgae, as an alternative biomass, 64 

can serve as an excellent feedstock for plastic production owing to its many advantages, 65 

such as high yield and the ability to grow in a wide range of environments. These small 66 

aquatic organisms present high protein contents (for instance, Spirulina contains 46%-67 

63% of protein in dry weight), which together with their small size makes microalgae 68 

suitable for plastic conversion without the need of any pre-treatment process, more cost-69 

effective scalable production and reducing waste in production 4. However, there are 70 

only few studies reporting on the use of microalgae in packaging materials. Composite 71 

materials incorporating Chlorella in synthetic resins, such as polyethylene (PE) or 72 

polyvinyl chloride (PVC) have been studied aimed at making ecofriendly building 73 

materials with CO2 fixation properties5-6. Similarly, thermoplastic starch films 74 

containing diverse microalgae for ”bioCO2” fixation were produced, having mechanical 75 
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properties comparable to neat polyurethane or polyethylene films 7. Several studies have 76 

focused on blending polymers with residual microalgae biomass (RMB), having the 77 

added value of lower production costs and smart use of resources and waste streams. 78 

For instance, extrusion and injection molding processes, commonly used in the plastic 79 

industry, have been evaluated for the development of hybrid plastic-based composites 80 

containing RMB, showing that it is feasible to partially substitute the synthetic polymer 81 

with up to 20% RMB, providing materials with reasonably good mechanical properties 82 

8. 83 

Surprisingly, little information has been reported about the potential use of microalgae 84 

in the development of biodegradable and renewable materials9 or even in the 85 

development of edible films and coatings. The present work has been carried out with 86 

Nannocloropsis gaditana, a microalga with a flexible cell membrane and hard cell wall 87 

containing considerable amounts of polyunsaturated fatty acid oils, antioxidants and 88 

pigments which could provide functional properties to the packaging materials and 89 

edible coatings 10. Therefore, in this work, N. gaditana has been incorporated within a 90 

cost-effective biodegradable material (starch) by a solvent-casting methodology. 91 

This proof-of-concept study is aimed at providing alternative biomass resources to 92 

develop biodegradable hybrid starch-based films with improved barrier properties. To 93 

this end, different methodologies were first evaluated to disrupt the cell walls in order to 94 

favor their dispersion within the biopolymer matrix and, the efficiency of the disruption 95 

step was qualitatively evaluated. Subsequently, corn starch-N. gaditana films were 96 

developed and characterized. Corn starch was chosen as biopolymer matrix as it 97 

combines several advantages such as low price, wide availability, high purity, non-98 

toxicity, biodegradability and environmental compatibility 11.   99 

100 
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2. MATERIALS AND METHODS101 

2.1 Materials 102 

Corn starch (28% amylose) and Nannocloropsis gaditana were kindly supplied by 103 

Roquette (Roquette Laisa España, Benifaió, Spain) and Buggypower S.L. (Murcia, 104 

Spain), respectively. TritonTM X-100, glycerol and phosphate buffered saline (PBS) 105 

were purchased from Sigma Aldrich (Madrid, Spain) and Panreac Quimica, S.A. 106 

(Castellar Del Vallés, Barcelona, Spain), respectively. All products were used as 107 

received without further purification.  108 

109 

2.2. Microalgae cell wall disruption  110 

The starting material consisted of N. gaditana dispersed in water at a concentration of 111 

0.4g of dry weight L-1. Cell wall disruption was carried out using an UP-400S 112 

ultrasound equipment (Hielcher GmbH, Germany) providing a maximum power of 113 

400W at a constant frequency of 24 kHz. The sonication time was varied within 0-30 114 

min, while two different powers of 200 and 400 W were applied, maintaining the 115 

solution in an ice bath. The experiments were carried out at room temperature. Finally, 116 

another batch containing 0.4g of dry weight /L and 0.3% of TritonTM X-100 was also 117 

prepared following the same disruption processes described above. Table 1 summarizes 118 

the disruption techniques used for N. gaditana and the corresponding sample codes. 119 

120 

121 

122 

123 

124 

125 
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Table 1. Nomenclature and disruption conditions used for Nannochloropsis gaditana126 

Sample  g TritonTM X-100 /100g sample Technique time(min) power (W) 
S  - - - 

S/M  - - - 
S/M-US-5-200 

US 

5 
200 

S/M-US-5-200-T 0.3 
S/M-US-30-200 

30 
S/M-US-30-200-T 0.3 

S/M-US-5-400 
5 400 

S/M-US-5-400-T 0.3
127 

2.3. Optical microscopy  128 

In order to evaluate the impact of the different disruption methodologies on the 129 

microalgae cell wall structure, N. gaditana samples were prepared at 0.4 g L-1. 130 

Microalgae samples and glycerol were mixed in 1:1 ratio to restrict the cell movement 131 

during the observation.  Furthermore, N. gaditana samples were stained with a 0.01% 132 

Calcofluor White (Sigma-Aldrich, Inc. Madrid, Spain) solution for 5 min, as this dye 133 

can strongly bind to cellulose and β-linked glucans. The cells were then centrifuged at 134 

3000 g for 1 min and washed twice with PBS. Digital images were taken using an 135 

Eclipse 90i Nikon microscope (Nikon corporation, Japan) equipped with 5-megapixels 136 

cooled digital colour microphotography camera Nikon Digital Sight DS-5Mc. Acquired 137 

images were analysed and processed by using Nis-Elements Br 3.2 Software (Nikon 138 

corporation, Japan).  139 

140 

2.4. Development and characterization of microalgae-containing starch films 141 

Eight different formulations based on starch, glycerol and microalgae were prepared. 142 

Corn starch was dispersed in water to obtain 2% (w/w) polysaccharide dispersions. 143 

These were subjected to gentle stirring at 90 ºC for 30 min to induce starch 144 

gelatinization. Afterwards, the plasticizer was added in a starch:glycerol ratio of 1:0.25 145 
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and the dispersions were homogenized (13,500 rpm,1 min) at room temperature, using 146 

an homogenizer (D9, MICCRA GmbH, Müllheim, Deutschland). In the case of the 147 

dispersions containing N. gaditana (0.4g weight L-1), the microalgae were first treated 148 

(as described in Table 1) in deionized water and, subsequently, starch was incorporated 149 

into the mixture prior to the gelatinization step. Homogenized film forming dispersions, 150 

containing 15mg of total solids per cm2, were spread evenly over a Teflon casting plate 151 

resting on a levelled surface. Films were formed by drying for 48 h at 45% RH and 30 152 

ºC. These conditions were selected after previous experiments to ensure that 153 

homogenous dry films could be peeled intact from the casting surface.  154 

Samples were equilibrated for one week at 0% relative humidity and 25 ºC prior to 155 

barrier, mechanical, contact angle and SAXS/WAXS analyses. Film thickness was 156 

measured with a Palmer digital micrometre (Vidrafoc, Spain) to the nearest 0.0025 mm 157 

at five random positions. 158 

159 

2.4.1. Scanning Electron Microscopy (SEM) 160 

Microstructural analysis of the films was carried out using a Scanning Electron 161 

Microscope (Hitachi S-4800). Three different samples of each film were cryo-fractured 162 

after immersion in liquid nitrogen and randomly broken to investigate the cross-section 163 

of the samples. Samples were fixed on M4 Aluminium Specimen Mount, gold–164 

palladium coated and observed using an accelerating voltage of 10 kV and a working 165 

distance of 12 mm. 166 

167 

2.4.2 Water vapour permeability  168 

Water vapour permeability (WVP) was measured, in triplicate, according to the ASTM 169 

E96/E96M-10 a gravimetric method12. Deionised water was placed inside the Payne 170 
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permeability cups (Elcometer SPRL, Hermelle/s Argenteau, Belgium) to expose the 171 

film to 100% RH on one side (the exposed area was 9.6 × 10−4 m2). Once the films were 172 

secured, each cup was placed in an equilibrated relative humidity cabinet at 0% RH and 173 

25°C. The cups were weighed periodically (±0.0001 g). Cups with aluminium films 174 

were used as control samples to estimate solvent loss through the sealing. Water vapour 175 

permeation rate was calculated from the steady-state permeation slopes obtained from 176 

the regression analysis of weight loss data vs. time, and weight loss was calculated as 177 

the total cell loss minus the loss through the sealing. Permeability was obtained by 178 

multiplying the permeance by the average film thickness. 179 

180 

2.4.3. Oxygen permeability 181 

Oxygen permeability (OP) was calculated from oxygen transmission rate (OTR) 182 

measurements recorded, in triplicate, using an Oxygen Permeation Analyzer 8001 183 

(Systech Illinois, UK). The samples were previously purged with nitrogen in the 184 

humidity equilibrated test cell, before exposure to an oxygen flow of 10 mL min-1. The 185 

exposure area during the test was 5 cm2 for each sample. In order to obtain the oxygen 186 

permeability, film thickness and gas partial pressure were considered in each case. 187 

Experiments were carried out at 23°C and 80% RH. 188 

189 

2.4.4 Contact angle measurements 190 

Contact angle measurements were carried out at 23 ± 2ºC and ambient relative humidity 191 

(ca. 60 %RH) in a Video-Based Contact Angle Meter model OCA 20 (DataPhysics 192 

Instruments GmbH, Filderstadt, Germany). Contact angle values were obtained by 193 

analyzing the shape of a distilled water drop after it had been placed over the film for 10 194 
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s. Ten replicates were analyzed per film formulation. Image analysis were carried out by 195 

SCA20 software. 196 

197 

2.4.5 Mechanical properties 198 

A Mecmesin MultiTest 1-í universal test machine (Landes Poli Ibérica, S.L., Barcelona, 199 

Spain) equipped with a 100-N static load cell was used for the tensile testing, according 200 

to ASTM standard method D882-09 18 (ASTM, 2010b)13. Tensile strength (TS), elastic 201 

modulus (EM), and elongation at break (EAB) were determined from the stress-strain 202 

curves, estimated from force-distance data obtained for the different samples (1 cm 203 

wide and 5 cm long). Eight replicates were analyzed per film formulation. Equilibrated 204 

specimens were mounted in the film extension grips of the testing machine and 205 

stretched at 50 mm min-1 until breaking. The experiments were carried out 50% RH and 206 

24ºC.  207 

208 

2.4.6 UV-blocking capacity 209 

The potential of the films for UV-blocking was analyzed through UV transmission, 210 

which was measured using a UV–Vis spectroscopy (Shanghai Spectrum model SP-211 

2000UV, Shanghai, China). To this end, each sample (0.5 cm wide and 4.5 cm long) 212 

were put into quartz cuvettes and they were measured in the UV range. Empty blanks 213 

were also run in each assay. Measurements were done, at least in triplicate.  214 

215 

2.4.7 Small and wide angle X-ray scattering (SAXS/WAXS) 216 

Combined small and wide angle X-ray scattering (SAXS and WAXS, respectively) 217 

experiments were carried out in the Non Crystalline Diffraction beamline, BL-11, at 218 

ALBA synchrotron light source (www.albasynchrotron.es). The energy of the incident 219 
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photons was 12.4 KeV or equivalently a wavelength, λ, of 1 Å. The SAXS diffraction 220 

patterns were collected by means of a 9 CCD detector Quantum ADSC 315r with an 221 

active area of 315 x 315 mm2
, an effective pixel size of 102 x 102 µm2 and a dynamic 222 

range of 16 bits. The sample-to-detector distance was set to 6488 mm, resulting in a q 223 

range with a maximum value of q = 0.25 Å-1. 224 

Additionally, the WAXS diffraction patterns were collected by means of a 3 CCD 225 

detector Rayonix LX255-HS with an active area of 85 x 255 mm2, an effective pixel 226 

size of 44 x 44 µm2 and a dynamic range of 16 bits. In this case, the sample-to-detector 227 

distance was set to 144.9 mm, corresponding to a maximum q value of 7.87 Å-1. This 228 

detector was tilted with a pitch of 26.4 degrees. The exposure time, common to both 229 

detectors, was optimized in order to maximize the signal to noise ratio while avoiding 230 

detector saturation. After some trials, 2 seconds was determined as optimum. 231 

The data reduction was treated by pyFAI python code (ESRF) 14, modified by ALBA 232 

beamline staff, that is able to do on-line azimuthal integrations from a previously 233 

calibrated file. The calibration files were created from well-known standards, i.e. Silver 234 

behenate (AgBh) and Cr2O3 for SAXS and WAXS respectively. The intensity profiles 235 

were then represented as a function of q (SAXS) and 2θ (WAXS) using the IRENA 236 

macro suite within Igor procedures. 237 

238 

2.5. Statistical Analysis 239 

One-way analysis of the variance (ANOVA) was performed using IBM SPSS Statistics 240 

software (v.23) (IBM Corp., USA). The significance of the differences observed 241 

between samples was assessed through two-sided t-tests at p < 0.05.  242 

243 

3. RESULTS AND DISCUSSION 244 
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3.1 Evaluation of the Nannocloropsis gaditana cell wall disruption efficiency 245 

In the first part of this work, the ability of different ultrasound treatments to break down 246 

the N. gaditana cell wall structure was investigated. The disruption efficiency was 247 

qualitatively evaluated by means of optical microscopy (representative images of the 248 

samples are presented in Figure 1). The first clear observation is that the greatest cell 249 

wall disruption degree was achieved for those samples treated with Triton. In fact, it is 250 

well-known that the toxicity of TritonTM X-100 molecules arises from its effect on cell 251 

wall permeabilization, thus, favouring the extraction of proteins and other cellular 252 

organelles 15.  253 

Apparently, when increasing the sonication time, the number of intact cell walls was 254 

reduced, but the disruption efficiency was mainly increased with the intensity of the 255 

sonication treatment, as suggested by the sharp decrease in the number of microalgae 256 

cells in the samples treated at 400W. The cell disruption efficiency was also 257 

qualitatively assessed by means of Calcofluor White fluorescence staining and the 258 

untreated sample was compared to those sonicated at 400W. Calcofluor white is a 259 

fluorescent substance, which emits blue-white light under excitation by a laser, used to 260 

dye cell walls because it strongly binds to cellulose and β-linked glucans 16. The 261 

fluorescence intensity of the cells can be directly related to the cell disruption, i.e., the 262 

greater the intensity the greater the disruption efficiency. When viewed under 263 

fluorescent light (cf. Figure 2), the intensity of the sonicated samples at 400W was the 264 

highest, supporting the efficiency of the sonication process to disrupt the cell wall and 265 

indicating that some of the extracted compounds are susceptible to be stained.  266 
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267 

S/M S/M-T

S/M-US-5-200 S/M-US-5-200-T

S/M-US-30-200 S/M-US-30-200-T

S/M-US-5-400 S/M-US-5-400-T

268 

Figure 1: Optical microscopy images of the treated samples. Scale bars correspond to 269 

20 m. Sample nomenclature is S/M-US-x-y where “S” and “M” means the presence of 270 

starch and microalgae, respectively; “US” is the abbreviation of ultrasound treatment; 271 
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“x” and “y” refer to the sonication time and the power applied for the ultrasound 272 

treatment, and “T” indicates the presence of TritonTM X-100 in  the formulation.  273 

274 

275 

Figure 2: Fluorescent microscopy images of the calcofluor white stained samples. Scale 276 

bars correspond to 20 m. Sample nomenclature is S/M-US-x-y where “S” and “M” 277 

means the presence of starch and microalgae, respectively; “US” is the abbreviation of 278 

ultrasound treatment and “x” and “y” refer to the sonication time and the power applied 279 

for the ultrasound treatment. 280 

281 

3.2 Characterization of hybrid starch- N. gaditana films 282 

Hybrid starch films with either intact N. gaditana cells or with the extracts obtained 283 

after the different ultrasound treatments were developed and the effects of microalgae 284 

incorporation on the physicochemical properties of the films were investigated. 285 

Surprisingly, neither neat starch with TritonTM X-100 nor the formulations incorporating 286 

microalgae extracts containing surfactant formed a continuous film. A potential 287 

explanation for this phenomenon is related to the required solution processing 288 

conditions needed for starch film development. Specifically, corn starch requires 289 

heating the solutions to around 90ºC for gelatinization (starch must be gelatinized prior 290 

to film formation). This temperature is above the cloud point temperature of TritonTM291 

X-100 (66 ºC, 17), at which the surfactant undergoes phase separation and insoluble 292 
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micelles are formed. Apparently, the formation of these insoluble surfactant micelles 293 

impedes correct film formation either by hampering proper starch gelatinization or by 294 

directly hindering the interactions between amylose and amylopectin chains needed for 295 

the network formation required to form the film.  296 

297 

3.2.1 Microstructure and optical properties 298 

The morphology of the developed starch-microalgae films was assessed by scanning 299 

electron microscopy (SEM). Figure 3 shows representative SEM images of the film´ 300 

cross-sections. The neat starch matrix and the different hybrid samples show a 301 

continuous and smooth cross-section appearance. Small white spots can be observed; 302 

these can be attributed to small particles produced during the fracture process, which 303 

deposit on the cross-section of the film. Several micro-cracks can be observed in the 304 

cross-section SEM images of the hybrid starch films, except for the sample containing 305 

the microalgae extract prepared at US-400W. This might indicate the formation of a 306 

fragile structure in most of the samples. In contrast, the absence of micro-cracks in the 307 

sample containing N. gaditana treated with ultrasound at 400W, suggests that this film 308 

is less brittle. This may be due to a greater plasticization of the starch matrix promoted 309 

by the components extracted from the microalgae by means of the high intensity US 310 

treatment.  311 
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S S/M

S/M-US-5-200 S/M-US-30-200

S/M-US-5-400

312 

Figure 3. SEM images of the cross-sections from the starch-N. gaditana films. Sample 313 

nomenclature is S/M-US-x-y where “S” and “M” means the presence of starch and 314 

microalgae, respectively; “US” is the abbreviation of ultrasound treatment and “x” and 315 

“y” refer to the sonication time and the power applied for the ultrasound treatment. 316 

317 

The UV-blocking properties of the neat and hybrid starch films were evaluated from 318 

their contact transparency and UV transmittance spectra. Neat starch films presented a 319 

good contact transparency (cf. Figure 4), which was largely diminished by the addition 320 

of microalgae. In fact, the presence of both intact cells and microalgae extracts provided 321 



16 

the starch films with a green color. Although this could limit certain food packaging 322 

applications, microalgae incorporation may provide the advantage of protecting light 323 

sensitive food components from radiation exposure. As shown in Figure 5, a complete 324 

UVB and UVC ray blocking capacity was observed for the hybrid films in comparison 325 

with the neat starch film. This result highlights the potential of the starch-N. gaditana326 

films to be used as UV absorbers. 327 

328 

Figure 4. Contact transparency images of the films. From “left to right, up to down”: S, 329 

S/M, S/M-US-5-200, S/M-US-30-200 and S/M-US-5-100.  330 

Sample nomenclature is S/M-US-x-y where “S” and “M” means the presence of starch 331 

and microalgae, respectively; “US” is the abbreviation of ultrasound treatment and “x”332 

and “y” refer to the sonication time and the power applied for the ultrasound treatment. 333 

334 
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Figure 5. Transmittance spectra of the samples in the UV range. Sample nomenclature 336 

is S/M-US-x-y where “S” and “M” means the presence of starch and microalgae, 337 

respectively; “US” is the abbreviation of ultrasound treatment and “x” and “y” refer to 338 

the sonication time and the power applied for the ultrasound treatment. 339 

340 

3.2.2 Characterization of nanostructure and crystalline structure  341 

SAXS and WAXS experiments were carried out to investigate the effect of the N. 342 

gaditana incorporation on the nanostructural organization of starch in the produced 343 

films. Whereas WAXS is commonly used to probe the crystalline configuration of 344 

starch, SAXS reveals the structure in the nanometer range (typically from 1 nm to 345 

several hundreds of nanometers) and, thus, it allows studying the characteristic lamellar 346 

arrangement of starch. The main aim in this case was to evaluate whether the 347 

incorporation of the cells in intact form or after ultrasound treatment had a significant 348 
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effect on the nanostructure and crystalline arrangement and, thus, only one of the 349 

treatments was considered. 350 

Figure 6 shows the WAXS patterns of the neat starch and two hybrid films, one 351 

incorporating intact N. gaditana cells and one containing the extract obtained from the 352 

microalgae after sonication at 200W during 5 minutes. The diffractogram from the pure 353 

starch film is characteristic of the B-type crystalline structure of starch. Although native 354 

corn starch granules present the A-type crystalline configuration, it is well-known that 355 

starch adopts the B-type structure upon retrogradation 18-19. The crystallinity was 356 

estimated from the scattering patterns by following the procedure described in a 357 

previous work 20, obtaining values of 21.6 ± 0.6 % for the pure starch, 23 ± 2 % for the 358 

S/M sample and 24.4 ± 0.4 % for the S/M-US-5-200 sample. The crystallinity value for 359 

the pure starch film is comparable to the value of 16% previously reported for potato 360 

starch films prepared under similar conditions (solvent casting at 20ºC and 58%RH) 21. 361 

Therefore, the incorporation of N. gaditana only had a minor effect on the crystallinity 362 

of the films when the sonication treatment was applied. This suggests that some 363 

components contained within the cells, released upon wall rupture, were able to interact 364 

with starch to some extent, affecting the retrogradation process and, thus, leading to a 365 

slight crystallinity increase. It is also worth noting that small sharp peaks located at 2366 

values of 26.3º, 39.5º and 45.6º were detected in the starch sample loaded with N. 367 

gaditana extract obtained after the ultrasound treatment. These peaks were not visible in 368 

the hybrid starch film containing the intact cells, thus confirming that the sonication 369 

treatment promoted the release of certain cell components, most likely fatty acids, 370 

which were originally contained within the microalgae. It should be noted that other 371 

components, like proteins, may be released from the microalgae and thus be present in 372 
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the hybrid films, but they would not give raise to diffraction peaks, as their 373 

characteristic scattering signal is in the small angle range region (SAXS). 374 

Although WAXS indicated that the casting process allowed corn starch to re-crystallise 375 

to some extent after gelatinisation, the SAXS patterns shown in Figure 7 evidenced that 376 

the long-range order, i.e., the original lamellar structure of starch granules, is not 377 

recovered. This is deduced from the absence of the characteristic lamellar peak which is 378 

usually located at q values corresponding to ca. 9-10 nm 22-24. In turn, a very broad 379 

shoulder, centred at approximately 0.011Å-1 is visible in the SAXS pattern of pure 380 

starch. The same effect has been previously reported for wheat starch, which was 381 

observed to develop a certain degree of B-type crystallinity upon storage but did not 382 

show any long-range regularity in the corresponding SAXS patterns 18. Instead of 383 

showing the broad shoulder feature detected for pure starch, the hybrid films display a 384 

power-law behaviour within the q region of 0.006-0.015 A-1, with exponents of -3.2 and 385 

-3.4 25-26 for the intact and ultrasound-treated N. gaditana cells, respectively. These 386 

power-law exponents are characteristic from a clustered network configuration of 387 

randomly oriented polymeric chains and indicate that the presence of microalgae cells 388 

prevents the re-organisation of the amylose and amylopectin starch chains after 389 

gelatinisation. As observed, the hybrid starch film containing the intact N. gaditana390 

cells showed a structural feature located at ca. 0.16Å-1, corresponding to a real distance 391 

of 4 nm. This feature is no longer visible after subjecting the microalgae to the 392 

sonication treatment and, therefore, it may be characteristic from the repetition distance 393 

of some structured layer contained within the complex structure of the N. gaditana cell 394 

wall 10. The disappearance of this peak again confirms the ability of the ultrasound 395 

treatment (even at the lower power and shorter processing time) to significantly disrupt 396 

the original microalgae structure. 397 
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398 

399 

Figure 6. WAXS patterns of corn starch and starch-N. gaditana films.  Sample 400 

nomenclature is S/M-US-x-y where “S” and “M” means the presence of starch and 401 

microalgae, respectively; “US” is the abbreviation of ultrasound treatment and “x” and 402 

“y” refer to the sonication time and the power applied for the ultrasound treatment. 403 

404 

405 
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406 

Figure 7. SAXS patterns of corn starch and starch-N. gaditana films. The arrow 407 

indicates the structural feature corresponding to a real distance of ca. 4 nm. Sample 408 

nomenclature is S/M-US-x-y where “S” and “M” means the presence of starch and 409 

microalgae, respectively; “US” is the abbreviation of ultrasound treatment and “x” and 410 

“y” refer to the sonication time and the power applied for the ultrasound treatment. 411 

412 

413 

3.2.3 Contact angle measurements 414 

In order to investigate the effect of microalgae addition on the surface water affinity of 415 

the produced materials, the contact angles of the neat corn starch and hybrid starch-N. 416 

gaditana films were determined and the results are gathered in Table 2. The contact 417 

angle of the neat corn starch film was 32.5 ± 2.7º, indicative of the hydrophilic nature of 418 

this polysaccharide. This value is significantly lower than that previously reported for 419 

compressed-moulded corn starch films 27, confirming that the final properties of starch-420 
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based films are greatly influenced by the processing method. The solvent casting 421 

method used in this work involves long drying times and enables the formation of a 422 

more “porous” microstructure due to the solvent evaporation phenomenon whereas the 423 

compression-moulding method leads to denser structures. 424 

Interestingly, the presence of microalgae turned the materials more hydrophobic, as 425 

indicated by the higher contact angle values of the hybrid films (cf. Table 2). Although 426 

more hydrophobic than the pure starch, hybrid films still present a hydrophilic 427 

behaviour, since the corresponding contact angle values are still far from the theoretical 428 

values reported for hydrophobic surfaces (ranging from 70 to 90º 28). It is worth noting 429 

that the contact angle value slightly increased when subjecting the microalgae to the 430 

more intense sonication treatment, although the differences were not statistically 431 

significant with respect to the films containing the intact cells.  432 

433 

Table 2. Oxygen and water vapour barrier properties and contact angle values of the 434 

developed starch-N. gaditana films.  435 

Sample  WVP · 1013

(Kg· m· Pa-1· s-1·m-2) OP · 1016  (m3·m ·m-2·s-1·Pa-1) Contact angle (º

S 1.97 (0.30)a 1.83 (0.12)a 32.4 (2.7)a 

              S/M 1.30 (0.09)b 0.93 (0.05)ab 48.8 (3.0)b 

  S/M -US-5-200 1.64 (0.13)ab 0.64 (0.08)b 48.2 (1.9)b 

  S/M -US-30-200 1.85 (0.35)a 0.64 (0.03)b 49.4 (4.6)b 

  S/M -US-5-400 2.61 (0.50)a 2.12 (0.07)a 51.0 (3.1)b 

Mean value (standard error). WVP and OP means water vapour and oxygen permeability, respectively. 436 

a, b: Different superscripts within the same column indicate significant differences among formulations (p< 0.05). 437 

Sample nomenclature is S/M-US-x-y where “S” and “M” means the presence of starch and microalgae, respectively; “US” is the 438 

abbreviation of ultrasound treatment and “x” and “y” refer to the sonication time and the power applied for the ultrasound treatment. 439 

440 

3.2.4 Barrier properties 441 

Table 2 summarizes the water vapor and oxygen permeability values measured for the 442 

neat corn starch and its hybrid films containing N. gaditana. The permeability values of 443 
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the neat starch matrix were within the same range than those reported in the literature 444 

for corn starch-based films obtained by the solvent casting method 29. Interestingly, the 445 

incorporation of N. gaditana improved the water vapor and oxygen barrier properties, 446 

reducing the oxygen permeability values up to 65% for the hybrid starch films 447 

containing the microalgae extracts obtained at 200W. Surprisingly, incorporation of the 448 

extracts obtained with greater ultrasound intensity (400W) did not lead to improved 449 

barrier properties as observed in Table 2. This fact could be explained by a higher 450 

plasticization effect obtained in this case by the release of the intracellular components, 451 

as discussed below. Although the water vapor permeability (WVP) followed the same 452 

trend as the oxygen permeability (OP), the observed changes in the water vapor barrier 453 

properties were less significant. The US treatment seemed to be relevant for the oxygen 454 

barrier properties of the films, probably due to the extraction of certain components, as 455 

suggested by SAXS/WAXS analysis, and it also turned out to affect the mechanical 456 

properties of the materials (see below).  457 

The resulting permeability values are, thus, dependent on both the homogeneous 458 

distribution of the microalgae and extracted compounds within the biopolymer matrix 459 

and on their plasticization effect. Therefore, while the presence of homogeneously 460 

distributed N. gaditana intact cells act as an effective barrier to the passage of water 461 

vapor and oxygen through the films, a counteracting plasticization effect is attained 462 

when certain compounds from the microalgae cells (probably lipids) are released during 463 

the US treatment. 464 

465 

3.2.5 Mechanical properties 466 

Tensile properties of the pure starch and hybrid starch-N. gaditana films were tested at 467 

23 ± 2 ºC and at 0% RH and the results are gathered in Table 3. The determined 468 
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parameters, i.e., elastic modulus (EM), tensile strength (TS) and elongation at break 469 

(EAB), are useful to describe the mechanical behavior of the samples, as they are 470 

closely related with their internal structure. Tensile parameters of the neat starch 471 

samples were within the same range as those reported by Jiménez et al., 29.  472 

The general trend when incorporating the microalgae into the films was a reduction in 473 

the EM and TS and an increase in the EAB (p<0.05), resulting in less rigid and 474 

mechanically resistant as well as more deformable films than the neat starch matrix. 475 

This effect was more evident for those samples containing US-treated N. gaditana. In 476 

particular, the elastic modulus of the films revealed that the presence of US treated N. 477 

gaditana induced a slight loss in the matrix strength. This can be attributed either to the 478 

disruption of the cohesion forces of the starch network or to the plasticizing effect of the 479 

microalgae extracts released upon cell wall disruption. This supports the SAXS/WAXS 480 

characterization results and confirms that the microalgae present a resistant cell wall 481 

that was only disrupted, at least to some extent, when the sonication treatment was 482 

applied. Cell wall rupture led to the release of cell components, which may interact with 483 

starch, exerting a plasticization effect. In fact, it has been previously reported that N.484 

gaditana has a high content of unsaturated lipids 10, which could interact with the starch 485 

matrix, reducing the cohesion forces of the starch network. Similarly, the extensibility 486 

(EAB values) of the hybrid films containing the US-treated microalgae was probably 487 

promoted by the presence of extracted unsaturated fatty acids which would act as a 488 

natural plasticizer of the films as compared to the materials containing the intact cells. 489 

The plasticizing effect of incorporated unsaturated fatty acids on starch and other 490 

biopolymer matrices such as sodium caseinate or soy protein has been previously 491 

reported 29-33, and results in increased film’s stretchability and flexibility. The presence 492 
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of lipid molecules within the film structure probably promote a greater mobility of the 493 

biopolymeric chains, thus, being responsible of this plasticizing behavior.  494 

495 

Table 3. Mechanical parameters (*)496 

Sample  EM (MPa) TS  (MPa) EAB (%) 

S 2233 (75)a 35.7 (0.8)a 0.33 (0.07)a 

              S/M 2056 (125)a 24.0 (6.1)b 1.5 (0.5)b 

  S/M -US-5-200 1775 (150)ab 21.8 (4.3)b 2.2 (0.3)bc 

  S/M -US-30-200 1278 (170)b 17.9 (2.1)bc 2.8 (0.4)c 

  S/M -US-5-400 1230 (63)b 13.9 (1.7)c 2.9 (0.3)c 

(*) Elastic modulus (EM), tensile strength (TS), and Elongation at break (EAB) of films equilibrated at 0 % relative humidity. 497 
Different superscripts within a column indicate significant differences among formulations (p < 0.05). Data reported are mean 498 
values and standard deviation (in parentheses). 499 
Sample nomenclature is S/M-US-x-y where “S” and “M” means the presence of starch 500 

and microalgae, respectively; “US” is the abbreviation of ultrasound treatment and “x”501 

and “y” refer to the sonication time and the power applied for the ultrasound treatment. 502 

503 
4. CONCLUSIONS 504 

This study has shown that N. gaditana can be used either as intact cells or in an extract 505 

form after US treatment to produce hybrid starch films with improved barrier properties. 506 

Although surfactant-assisted ultrasound treatment was the most effective method for 507 

cell disruption, the presence of Triton hindered film formation. The presence of 508 

microalgae (both intact and US-treated cells) turned the materials more hydrophobic 509 

and all the hybrid films significantly increased the contact angle values of the neat 510 

starch matrix. Microalgae incorporation has shown to improve the barrier properties of 511 

corn starch-based films, even in those cases where intact cells were directly added into 512 

the corn starch matrix. However, this improvement was largely compromised by the 513 

plasticizing effect of the compounds (most likely unsaturated fatty acids) extracted from 514 

the cell wall, especially when high US intensity was used.   515 
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