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Abstract 31 

This work reports on the valorization of Tempranillo vine shoots for the development of 32 

bio-based packaging materials. Cellulose (F3) and nanocellulose (NANO F3) were 33 

produced by the conventional method, while less purified cellulosic fractions (F2A) and 34 

nanocrystals (NANO F2A) were extracted by simplified protocols (omitting Soxhlet and 35 

alkaline treatments) to reduce production costs and environmental impact and evaluate 36 

the potential added functionalities of these less purified materials. Although most of the 37 

hemicelluloses in F2A were digested upon acid hydrolysis, a small fraction remained in 38 

NANO F2A. On the other hand, the presence of a minor xylan fraction in F3 limited the 39 

access of sulphuric acid towards the cellulose microfibrils, hindering hydrolysis and 40 

producing heterogeneous fibrillar structures in NANO F3. The obtained materials were 41 

used to produce cellulosic films, as well as blends with agar, and their performance 42 

properties were evaluated. Overall, NANO F2A films showed the best compromise 43 

between performance and sustainability and presented additional antioxidant capacity. 44 

The properties of the films could be adjusted by the incorporation of agar, improving their 45 

ductility and water permeability.  46 

 47 
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1. Introduction 54 

During the last decades, both human and scientific developments have brought the 55 

overexploitation of natural resources and led to a massive consumption of fossil fuels, 56 

triggering the severe environmental issues that we are currently facing. On the one hand, 57 

natural ecosystems have been damaged due to the pollution originated by human and 58 

industrial activities. Plastic residues are a particularly hot topic: More than 90% of plastic 59 

residues cannot be recycled and they are accumulated in the environment. For instance, 60 

up to 95% of the total amount of residues in the Mediterranean Sea are plastic debris [1]. 61 

On the other hand, synthetic plastics are obtained from fossil fuels, causing the steady 62 

depletion of these non-renewable resources.  63 

 64 

In this context, biopolymers (biodegradable polymers and/or obtained from renewable 65 

resources) have been explored over the past few years as a sustainable alternative for the 66 

replacement of synthetic plastics. Although some biopolymers such as starch and 67 

poly(lactic) acid (PLA) are already used in the packaging industry, their commercial 68 

grades are often blends with synthetic polymers and the biodegradability of these products 69 

is certainly questionable. To make them competitive against conventional plastics, the 70 

properties of biopolymers are yet to be improved (especially in terms of mechanical and 71 

barrier performance) and their production costs need to be reduced. Furthermore, 72 

biopolymers are frequently obtained from food sources such as rice, corn or potato, which 73 

is against the circular economy principles. This has motivated the search of alternative 74 

and more sustainable sources for the extraction of biopolymers, such as agroindustrial 75 

waste and marine biomass. While terrestrial biomass is typically richer in cellulose, 76 

marine biomass contains other biopolymers such as agar or alginate [2]. 77 

 78 
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Cellulose is one of the most widely studied biopolymers for the development of bio-based 79 

food packaging. Due to its semicrystalline structure, it presents excellent mechanical and 80 

barrier properties but limited processability; thus, it is typically used as a reinforcing filler 81 

in blends with other biopolymers such as starch [3]. Additionally, when subjected to acid 82 

hydrolysis, the amorphous domains of cellulose microfibrils are digested, yielding a 83 

highly crystalline material with increased thermal resistance, water and oxygen barrier 84 

and stiffness, known as cellulose nanocrystals or nanocellulose. Nanocellulose has been 85 

extensively reported in the literature not only as a reinforcing agent in other biopolymers 86 

such as starch or PLA [4, 5], but also as film-forming material for food packaging 87 

applications [6]. However, as expected, the more the crystalline cellulose is isolated, the 88 

lower are the extraction yields. To increase the sustainability of the process, reduce the 89 

processing times and increase the yields, alternative protocols which omit several of the 90 

cellulose purification steps have been recently reported in the literature for marine waste 91 

biomass from Posidonia oceanica leaves [6]. The hydrolysis of less purified cellulosic 92 

fractions has been shown to produce cellulosic nanocrystals containing hemicelluloses 93 

and lipidic compounds, which presented improved mechanical and barrier performance 94 

as compared to pure nanocellulose [6]. Due to the very distinct composition of cellulosic 95 

biomass depending on its origin, the potential of these alternative protocols is still to be 96 

explored when applied to terrestrial sources. 97 

 98 

Vine shoots represent an abundant agricultural residue derived from the wine industry 99 

[7]. Due to the large costs associated to the management of such an abundant and low-100 

density residue, vine shoots have been traditionally either left in the vineyard to be used 101 

as fertilizers or burned. However, burning practices pose severe environmental issues and 102 

strict restrictions are applicable in most wine-producing countries [8]. In this context, 103 
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strategies for the valorisation of vine shoots, mostly related to biofuel production [7], are 104 

currently being sought. Due to the high lignocellulosic content of vine shoots [9], they 105 

can also be considered as an exploitable source of cellulose. In fact, some works have 106 

reported on the production of pulp and paper [9, 10] and on the extraction of cellulose 107 

nanocrystals [11] by the conventional method, although no details on the extraction yields 108 

were provided. Moreover, vine shoots have a great potential for the development of 109 

bioactive materials, since they are rich in proteins and polyphenols [12] and have been 110 

shown to present prebiotic activity [13].  111 

 112 

In this work, we investigated the suitability of vine shoots for the extraction of cellulosic 113 

fractions and nanocrystals through conventional and simplified protocols. Initially, the 114 

composition of vine shoots from two different varieties (Verdejo and Tempranillo) was 115 

characterized to determine the most optimum material for cellulose extraction. The 116 

extracted fractions and nanocrystals were subsequently used to produce (nano)cellulosic 117 

films and the properties of the obtained materials were evaluated to assess their suitability 118 

for food packaging applications. Furthermore, hybrid materials were produced by adding 119 

agar into the nanocellulosic films with the aim of reducing their excessively rigid 120 

behaviour. Our hypothesis is that simplified purification protocols can yield less purified 121 

(nano)cellulosic films from vine shoots waste biomass with similar or even better 122 

performance than those obtained using conventional protocols, thus representing a more 123 

sustainable way to develop bio-based packaging materials. Moreover, we believe that 124 

addition of agar will improve the processability and mechanical properties (in terms of 125 

elongation at break) of the typically rigid (nano)cellulosic films. 126 

 127 

2. Materials and methods 128 
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2.1 Raw materials 129 

Biomass waste material consisting of vine shoots from Tempranillo (referred to as TM) 130 

and Verdejo (referred to as VJ) varieties was kindly provided by Matarromera, Valladolid 131 

(Spain) in February 2019. Vine shoots were initially converted into smaller pieces in order 132 

to facilitate their further processing by an industrial crusher. The resulting material was 133 

milled and sieved manually until obtaining a homogeneous powder (0.5 mm). 134 

Commercial agar PRONAGAR (batch reference H-3544/19) was supplied by Hispanagar 135 

(Burgos, Spain). 136 

 137 

2.2 Compositional analysis of vine shoots 138 

2.2.1 Lignin content 139 

The Klason lignin content was determined according to the TAPPI T222 om-06 method. 140 

Briefly, 3 mL of 72% H2SO4 (v/v) were vigorously mixed with 300 mg of dry biomass 141 

(from both TM and VJ varieties) in glass tubes. The tubes were then placed in a water 142 

bath at 30 ºC for 1 hour and vortexed every 10 minutes. After that, 84 mL of distilled 143 

water were added to each tube and mixed. The resulting material was autoclaved for 1 144 

hour at 121 ºC and then cooled down with ice until reaching room temperature. The 145 

content of the tubes was subsequently filtered, and the solid material was dried in an oven 146 

at 105 ºC overnight. The lignin content was calculated gravimetrically. The 147 

determinations were carried out in triplicate.  148 

 149 

2.2.2 Holocellulose content 150 

The holocellulose content was determined according to the ASTM D1104-56 method. 151 

Briefly, 1 g of dry biomass was added to 150 mL of distilled water, pre-heated at 70 ºC. 152 

While stirring, 1 g of NaClO2 and 0.2 mL of acetic acid were added every 1 hour. This 153 
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process was repeated three times, accounting for a total time of 4 hours. The obtained 154 

material was then placed in an ice-bath to stop the reaction. After several washing cycles 155 

with distilled water (until obtaining a clear filtrate), the material was dried in an oven at 156 

105 ºC overnight. The holocellulose content was calculated gravimetrically. The 157 

determinations were carried out in triplicate.  158 

 159 

2.2.3 Ash content 160 

The ash content was determined by dry biomass calcination, according to the standard 161 

TAPPI T211 om-07 method [14]. Briefly, dry biomass samples were placed in a muffle 162 

at 525 ºC for at least 4 hours. The ash content was gravimetrically determined after 163 

combustion. The determinations were carried out in duplicate.  164 

 165 

2.2.4 Lipid content 166 

The lipid content was estimated by the Soxhlet extraction method. Approximately 9 g of 167 

dry biomass were placed in a Dumas filter and treated with 800 mL of a 2:1 168 

toluene:ethanol mixture overnight. The lipid content was calculated gravimetrically after 169 

drying the extracted solid fraction. The determinations were carried out at least in 170 

triplicate. 171 

 172 

2.2.5 Protein content 173 

Samples were analyzed for total nitrogen content using an Elemental Analyser Rapid N 174 

Exceed (Paralab S.L., Spain). Approximately 100 mg of dry biomass were pressed into 175 

pellets and then analyzed using the Dumas method, which is based on the combustion of 176 

the sample and subsequent detection of the released N2 [15]. The protein content was 177 
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calculated from the nitrogen content multiplied by a factor of 6.25. The determinations 178 

were carried out in triplicate. 179 

 180 

2.2.6 Total phenolic content 181 

The total phenolic content of the vine shoots was estimated by the Folin-Ciocalteau 182 

colorimetric assay [16]. Briefly, the Folin-Ciocalteau reagent was diluted 1:10 (v/v) with 183 

distilled water and 1 mL of the final dilution was mixed with 0.2 mL of the sample 184 

(aqueous dispersions of the biomass at 20 mg/mL) at room temperature. Finally, 0.8 mL 185 

of sodium carbonate (75 mg/mL) were added and the samples were heated up to 50 ºC 186 

for 30 minutes. Absorbance values were read at 750 nm wavelength. The determinations 187 

were carried out in triplicate. 188 

 189 

2.3 Preparation of cellulosic fractions and nanocrystals 190 

Two purification procedures described in a previous work [6] were carried out to 191 

sequentially remove cell wall components from the raw vine shoots and obtain pure or 192 

partially pure cellulose. The conventional process consisted of an initial Soxhlet 193 

extraction to remove pigments and lipids, followed by a treatment with NaClO2 to remove 194 

lignin and a final alkaline treatment with KOH to remove the hemicelluloses, yielding 195 

more purified cellulose (labelled as F3). The alternative protocol omitting the Soxhlet and 196 

KOH treatments was also applied, obtaining a less purified cellulosic fraction (referred to 197 

as F2A). Both fractions (F3 and F2A) were obtained as partially hydrated gel-like 198 

materials, which were stored in the fridge until further use.  199 

 200 

Both cellulosic fractions were used as the starting materials to produce cellulosic 201 

nanocrystals by means of acid hydrolysis. An optimized method, previously applied for 202 
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the extraction of cellulose nanocrystals from Posidonia oceanica waste biomass [6], with 203 

some minor modifications, was applied. Briefly, the gel-like cellulosic fractions were 204 

immersed in a hot (50 ºC) H2SO4 solution (30% w/w), with a ratio of 1.5 g fraction (in 205 

dry basis)/100 mL H2SO4 and kept under stirring for 1 hour. Additionally, the F3 fraction 206 

was subjected to a longer hydrolysis of 5 hours to evaluate the effect of hydrolysis time 207 

on the properties of the nanocrystals. After the hydrolysis, the acid slurries were subjected 208 

to several centrifugation and washing cycles to remove the acid and the pH was adjusted 209 

to 7 with diluted NaOH. The obtained nanocrystals (labelled as NANO F2A, NANO F3 210 

and NANO F3 5h) were stored in the fridge as partially hydrated gel-like materials, until 211 

further use.  212 

 213 

2.4 Production of pure (nano)cellulosic films and hybrid films with agar 214 

Pure cellulosic films were produced by adding 0.25 g of cellulosic materials to 50 mL of 215 

distilled water and dispersing them by ultra-turrax homogenization followed by mild 216 

sonication until obtaining homogeneous suspensions. These suspensions were then 217 

vacuum filtered using PTFE filters with 0.2 µm pore size to remove water. The solid 218 

material remaining in the filter was subsequently dried at room temperature overnight (ca. 219 

20 ºC, 40% RH). The obtained films were named as F2A, F3, NANO F2A, NANO F3 220 

and NANO F3 5h.  221 

 222 

Additionally, composite films were prepared using commercial agar in proportions of 223 

20%, 40% and 80% with respect to the total amount of solids (fixed at 0.25 g). For this 224 

aim, the proportional weight of agar was dissolved in the corresponding water volume 225 

(10 mL, 20 mL and 40 mL) at 50 ºC while the nanocellulosic materials (NANO F2A and 226 

NANO F3) were dissolved in the remaining water volume until reaching 50 mL. The 227 



11 
 

obtained suspensions followed the same protocol as the one followed for pure cellulosic 228 

films. The resulting films were named as NANO F2A 20% AGAR, NANO F2A 40% 229 

AGAR, NANO F2A 80% AGAR, NANO F3 20% AGAR, NANO F3 40% AGAR, 230 

NANO F3 80% AGAR. 231 

All obtained films were stored in equilibrated relative humidity cabinets at 53% RH and 232 

25 ºC for three days prior to their characterization. 233 

 234 

2.5 Carbohydrate composition of the cellulosic fractions and nanocrystals 235 

The carbohydrate content and sugar composition of the cellulosic fractions and 236 

nanocrystals was determined after sulphuric hydrolysis, as previously described [17]. The 237 

monosaccharides were analysed using high performance anion exchange chromatography 238 

with pulsed amperometric detection (HPAEC-PAD) with a ICS-3000 (Dionex) equipped 239 

with a Carbopac PA  1 column (4 × 250 mm, 10 µm, Dionex). Control samples of known 240 

concentrations of mixtures of glucose, fucose, galactose, arabinose, xylose, mannose, 241 

galacturonic acid and glucuronic acid were used for calibration. All experiments were 242 

carried out in triplicate. 243 

 244 

2.6 Attenuated total reflectance (ATR) FT-IR analysis 245 

Freeze-dried fractions and nanocrystals were analysed by FT-IR in attenuated total 246 

reflectance (ATR) mode using a Thermo Nicolet Nexus (GMI, USA) equipment. The 247 

spectra were taken at 4 cm-1 resolution in a wavelength range between 400-4000 cm-1 and 248 

averaging a minimum of 32 scans. 249 

 250 

2.7 Thermogravimetric analyses (TGA) 251 
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Thermogravimetric curves (TG) were recorded with a Setaram Setsys 16/18 (SETARAM 252 

Instrumentation, France). The samples (ca. 10 mg of the cellulosic fractions and 253 

nanocrystals) were heated from 30 to 1000ºC with a heating rate of 10ºC/min under 254 

nitrogen atmosphere. Derivative TG curves (DTG) express the weight loss rate as a 255 

function of temperature. 256 

 257 

2.8 Transmission electron microscopy (TEM) 258 

One drop (8 μL) of a 0.001% aqueous suspension of the different cellulosic nanocrystals 259 

obtained was allowed to dry on a carbon coated grid (200 mesh). The nanocrystals were 260 

stained with uranyl acetate. TEM was performed using a JEOL 1010 at an accelerating 261 

voltage of 80 kV. The size of the nanocrystals was determined by image analysis using 262 

the ImageJ-win64 software. At least 5 different images were analysed and the results were 263 

expressed as mean ± standard deviation.  264 

 265 

2.9 Scanning electron microscopy (SEM) 266 

SEM was conducted on a Hitachi microscope (Hitachi S-4800) at an accelerating voltage 267 

of 10 kV and a working distance of 8-16 mm. Small samples (~5 mm2 area) of the 268 

(nano)cellulosic films and their blends with agar were cut to observe their surface. The 269 

samples were then sputtered with a gold–palladium mixture under vacuum during 3 270 

minutes before their morphology was examined.  271 

 272 

2.10 X-ray diffraction (XRD) 273 

XRD measurements of the pure (nano)cellulosic films and their blends with agar were 274 

carried out on a D5005 Bruker diffractometer. The instrument was equipped with a Cu 275 

tube and a secondary monochromator. The configuration of the equipment was θ–2θ, and 276 
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the samples were examined over the angular range between 3°–60° with a step size of 277 

0.02° and a count time of 200 s per step. Peak fitting was carried out by using the Igor 278 

software package (Wavemetrics, Lake Oswego, Oregon) as described in a previous work 279 

[18]. The crystallinity index XC was determined from the obtained fitting results by 280 

applying the following equation: 281 

100(%)  
Total

Crystal
C A

A
X

        (1) 282 

where ATotal is the sum of the areas under all the diffraction peaks and ACrystal is the sum 283 

of the areas corresponding to the three crystalline peaks from cellulose I.  284 

 285 

2.11 Mechanical properties 286 

Tensile tests were carried out at ambient conditions on a Mecmesin MultiTest 1-i (1 kN) 287 

machine (Virginia, USA) with the EmperorTM software, according to ASTM standard 288 

method D882-09 18 [19]. Pre-conditioned rectangular-shaped specimens with initial 289 

gauge length of 8 cm and 1 cm in width were cut directly from the films. A fixed 290 

crosshead rate of 10 mm/min was utilized in all cases. The elastic modulus (E), tensile 291 

strength (TS), and elongation at break (EAB) were determined from the stress-strain 292 

curves, estimated from force–distance data obtained for the different films. At least, five 293 

specimens of each film were tensile tested to obtain statistically meaningful results. 294 

 295 

2.12 Water vapor permeability (WVP) 296 

Direct permeability to water was determined from the slope of the weight gain versus 297 

time curves at 25 ºC. The films were sandwiched between the aluminum top (open O-298 

ring) and bottom (deposit for the silica) parts of a specifically designed permeability cell 299 

with screws. A Viton rubber O-ring was placed between the film and bottom part of the 300 

cell to enhance sealability. These permeability cells containing silica were then placed in 301 
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an equilibrated relative humidity cabinet at 75% RH and 25 °C. The weight gain through 302 

a film area of 0.001 m2 was monitored and plotted as a function of time. Cells with 303 

aluminum films (with thickness of ca. 11 µm) were used as control samples to estimate 304 

the weight gain through the sealing. The tests were done at least in triplicate. 305 

 306 

2.13 Contact angle measurements 307 

Contact angle measurements were carried out at ambient conditions in a Video-Based 308 

Contact Angle Meter model OCA 20 (DataPhysics Instruments GmbH, Filderstadt, 309 

Germany). Contact angle values were obtained by analyzing the shape of a distilled water 310 

drop after it had been placed over the film for 15 s. Image analyses were carried out by 311 

SCA20 software. 312 

 313 

2.14 Optical properties 314 

The transparency of the films was determined through the surface reflectance spectra in a 315 

spectrocolorimeter CM-3600d (Minolta Co., Tokyo, Japan) with a 10 mm2 illuminated 316 

sample area. Measurements were taken in duplicate for each sample using both a white 317 

and a black background.  318 

Film transparency was evaluated through the internal transmittance (Ti) (0-1, theoretical 319 

range) by applying the Kubelka-Munk theory for multiple scattering to the reflection data. 320 

Internal transmittance (Ti) of the films was quantified using Eq. (2). In this equation, R0 321 

is the reflectance of the film on an ideal black background. Parameters a and b were 322 

calculated by Eqs. (3) and (4), where R is the reflectance of the sample layer backed by a 323 

known reflectance Rg.  324 

 325 

22
0 )( bRaTi           (2) 326 
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 329 

2.15 β-Carotene-linoleic acid assay 330 

The antioxidant capacity of the (nano)cellulosic fractions was also evaluated by the β-331 

carotene-linoleic acid assay [20]. In brief, 4 mg of β-carotene were dissolved in 20 mL of 332 

chloroform. 2 mL of this solution were placed on a rotary evaporator and the chloroform 333 

was evaporated. Then, 50 µL of linoleic acid and 400 mg of Tween 40 were added and 334 

the content of the flask was mixed with stirring. After that, 100 mL of aerated distilled 335 

water was transferred to the flask and stirred vigorously. 5 mL of the prepared β-carotene 336 

emulsion were transferred to a series of tubes containing a fixed weight of 10 mg of each 337 

(nano)cellulosic fraction in film-form, or 0.5 mL of BHT (0.1-1 mg/mL) (as a positive 338 

control) and 0.5 mL of distilled water (as the negative control). The samples were 339 

incubated in a water bath at 50 °C for 120 min. The absorbance of each fraction at 470 340 

nm was measured every 30 minutes using a spectrophotometer. All the determinations 341 

were carried out in triplicate. 342 

 343 

2.16 Statistical analysis 344 

Analysis of variance (ANOVA) followed by a Tukey-b test were used when comparing 345 

more than two data sets, after confirming the homogeneity of variances by the Levene 346 

test using IBM SPSS Statistics software v.26. All data have been represented as the 347 

average ± standard deviation. Significant differences (p≤ 0.05) are denoted by showing 348 

the data provided in tables with different letters. 349 

 350 
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3. Results and Discussion 351 

3.1. Compositional characterization of vine shoots  352 

In the first stage of this work, the composition of vine shoots from two different varieties 353 

(TM and VJ) was characterized to determine the most optimum raw material for the 354 

extraction of cellulose. The results, shown in Table 1, evidenced no significant differences 355 

between varieties, except for the higher lipid content in VJ. This is in agreement with a 356 

previous work in which very similar composition was reported for four different vine 357 

shoot varieties [10]. Holocellulose represented the major component in both varieties, 358 

with contents of ca. 71% for VJ and 72% for TM. As expected, lignin was the second 359 

major component, representing ca. 22-23% of the biomass, in line with previous studies 360 

[10]. Only minor amounts of lipids (ca. 2-7%), proteins (ca. 4-5%) and ashes (ca. 2-4%) 361 

were detected in both varieties. Additionally, no phenolic compounds could be quantified 362 

using the Folin-Ciocalteau method. This does not necessarily imply a low phenolic 363 

content in the raw biomass, since, in fact, vine shoots have been proposed as a good source 364 

for the extraction of polyphenols [12, 21]. Instead, this suggests that the existing phenolic 365 

compounds are bound to the lignocellulosic structure in the intact cell walls composing 366 

the vine shoot tissues. Overall, our results, together with the compositional data 367 

previously reported in the literature for other varieties [10, 22, 23], demonstrate that the 368 

composition of vine shoots is quite reproducible along different varieties. 369 

 370 

Table 1. Composition of the raw biomass from Tempranillo (TM) and Verdejo (VJ) vine 371 

shoots. Values in the same column followed by different letters are significantly different 372 

(p≤0.05). 373 

 Lignin 

(%) 

Holocellulose 

(%) 

Ash 

 (%) 

Lipids 

(%) 

Proteins 

(%) 
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TM 22.4 ± 2.4a 72.0 ± 4.4a 2.3 ± 0.3a 6.7 ± 2.1a 5.3 ± 0.3a 

VJ 23.1 ± 2.4a 70.7 ± 2.4a 3.6 ± 0.4a 2.4 ± 1.3b 4.0 ± 0.4a 

 374 

FT-IR characterization was also carried out to further investigate any possible minor 375 

compositional differences. As shown in Figure 1A, both vine shoot varieties showed very 376 

similar spectra. The broad bands at 3600-3200 cm-1 and 3000-2900 cm-1, characteristic 377 

from O—H and C—H stretching, respectively [24], presented very similar shapes. 378 

Moreover, the band located at 1730 cm-1, corresponding to the C=O stretching vibration 379 

of ester groups from lignin and hemicelluloses [25], was also present in both varieties. 380 

Interestingly, the band at 1040 cm-1, which is usually related to xylans [24, 26], was also 381 

visible. Finally, the presence of cellulose in both varieties was confirmed by the 382 

appearance of several characteristic bands, such as those located at 1420, 1300 and 1100 383 

cm−1 [24, 27]. 384 

 385 

The thermal stability of both vine shoot varieties was also assessed by TGA analyses and 386 

the results are shown in Figure 1B. As observed, both varieties showed a very similar 387 

behavior, typical from multicomponent materials, displaying a three-step degradation 388 

profile. The most intense peak was the one with its maximum at ~330 ºC, which 389 

corresponds to the thermal degradation of cellulose [25]. This peak was slightly 390 

overlapped with a less intense peak with its maximum around 260 ºC, which is typically 391 

attributed to the degradation of hemicelluloses [25]. Overall, both vine shoot varieties 392 

presented almost identical thermal stability, which is not surprising given their 393 

compositional similarity (cf. Table 1). 394 

 395 
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 396 

 397 

Figure 1. (A) FT-IR spectra of both vine shoots varieties (Tempranillo (TM) and Verdejo 398 

(VJ)). TM spectrum has been offset for clarity. Arrows are pointing towards the bands 399 

characteristic from lignin and hemicelluloses such as xylans (thick arrows), and cellulosic 400 

crystalline peaks (thin arrows). (B) Derivative thermogravimetric (DTG) curves of TM 401 

and VJ vine shoots.  402 

 403 

Given the compositional similarity between both vine shoot varieties and, in particular, 404 

their comparable holocellulosic content, TM was chosen as the raw material to extract 405 

B 

A 
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cellulosic fractions and nanocrystals. The choice was done on the basis of the greater 406 

availability of TM vine shoots as compared with VJ, since the former is much more 407 

cultivated around the world (and at a local/regional level) and thus represents a more 408 

profitable market opportunity [28]. 409 

 410 

3.2. Production and characterization of cellulosic fractions and nanocrystals 411 

TM vine shoots were subjected to the purification protocols described in section 2.3 to 412 

produce cellulosic fractions and nanocrystals with different degrees of purity. As 413 

expected, the simplified protocol produced less purified fractions and nanocrystals with 414 

higher yields (ca. 63 ± 3% for F2A and 27 ± 3% for NANO F2A) than the standard 415 

cellulose purification method (ca. 22 ± 2% for F3 and 14 ± 1% for NANO F3). On the 416 

other hand, the application of the acid hydrolysis reduced the extraction yields, being this 417 

decrease more evident in the case of the F2A fraction. This is reasonable taking into 418 

account that amorphous hemicelluloses were expected to remain in F2A, while F3 was 419 

expected to be almost pure cellulose. The obtained extraction yields are consistent with 420 

those previously reported for the fractions (60% for F2A and 25% for F3) and 421 

nanocrystals (26% for NANO F2A and 14% for NANO F3) extracted from Posidonia 422 

oceanica waste biomass by applying the same protocols [6]. The overall initial 423 

composition of Posidonia was not substantially different to that from vine shoots (13% 424 

ash, 18% lignin and 59% holocellulose) [6] and, therefore, similar extraction yields were 425 

expected for both biomass sources. 426 

 427 

XRD analyses were also carried out to study the crystalline structure of cellulose in the 428 

fractions and nanocrystals and the obtained patterns are shown in Figure 2. As observed, 429 

all the samples were characterized by the appearance of a broad diffraction band at 12–430 
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18° (which is actually composed of two overlapped peaks located at 15.0°, 16.6°), 431 

followed by a sharper peak located at ca. 22.6°, indicating the presence of crystalline 432 

cellulose I [29]. Additionally, a small peak, located at 27 º, most likely arising from the 433 

presence of mineral compounds [30] was visible in F2A. Figure 2 clearly shows that the 434 

intensity of the cellulose crystalline peaks significantly increased when subjecting the less 435 

purified F2A fraction to the acid hydrolysis, while minor differences were seen between 436 

the purified cellulose fraction F3 and the extracted nanocrystals. In fact, cellulose 437 

crystallinity, which was calculated by estimating the area of the three crystalline peaks, 438 

markedly increased for F2A after the hydrolysis treatment (from ca. 43% for F2A to 85% 439 

for NANO F2A), while it remained almost constant for F3 (ca. 85% for F3 to 89% for 440 

NANO F3). The increased crystallinity of F3 as compared to F2A can be explained by 441 

the removal of a significant amount of amorphous material, such as hemicelluloses, by 442 

the conventional purification protocol applied. Similarly, when subjecting F2A to the acid 443 

hydrolysis, the remaining hemicelluloses and other components such as lipids are 444 

expected to be easily digested. However, the very minor effect of the acid hydrolysis on 445 

the cellulose crystallinity was surprising and it was against the crystallinity increase 446 

previously reported for the fractions and nanocrystals extracted from Posidonia oceanica 447 

biomass using the same purification protocol (from ca. 67% for F3 to 77% for NANO F3) 448 

[6]. However, it should be noted that the cellulosic fraction F3 extracted from Posidonia 449 

oceanica presented a less crystalline structure than that of the cellulose from vine shoots, 450 

hence making the former more susceptible to acid digestion. To evaluate whether the 451 

hydrolysis time had been insufficient to digest the cellulose amorphous domains in F3, a 452 

longer hydrolysis time of 5h was also tested. The yield for the extracted nanocrystals 453 

(13.8% ± 1.1%) was similar to the conventional shorter hydrolysis, while the crystallinity 454 

index (ca. 87%) was seen to slightly decrease. This is consistent with previous studies, as 455 
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longer hydrolysis times might decrease crystallinity values after the optimum time is 456 

reached [31]. As a result, the hydrolysis parameters need to be adjusted to each biomass 457 

source as applying excessive acid concentrations or too long hydrolysis times can also 458 

lead to partial degradation of the cellulose crystalline structure [31]. In the case of the TM 459 

vine shoots, it seems that the purified cellulose presented a quite crystalline structure, 460 

with a minor fraction of amorphous cellulose which was not accessible to the sulphuric 461 

acid and thus, remained non-digested even when extending the hydrolysis time.  462 

 463 

Table 2. Extraction yield and crystallinity index (Xc) of the different cellulosic fractions 464 

(F2A and F3) and nanocrystals (NANO F2A and NANO F3) extracted from Tempranillo 465 

(TM) vine shoots. 466 

 Yield (%) Xc (%) 

F2A 62.5 ± 1.8 43.3 

F3 21.7 ± 2.5 85.4 

NANO F2A 27.2 ± 0.4 84.9 

NANO F3 14.2 ± 2.7 89.3 

 467 

   468 

A 
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   469 

Figure 2. XRD patterns from the unpurified cellulosic fractions and nanocrystals (F2A 470 

and NANO F2A) (A) and pure cellulose and nanocrystals (F3 and NANO F3) (B) 471 

extracted from Tempranillo (TM) vine shoots. 472 

 473 

The FT-IR spectra from the cellulosic fractions and nanocrystals extracted from TM vine 474 

shoots are shown in Figure 3A. The peak located at 1730 cm-1, characteristic from the 475 

acetyl groups from hemicelluloses and/or lignin [24], was visible in F2A (as expected, 476 

since the simplified extraction was not aimed to remove all the hemicelluloses present in 477 

the raw biomass). Interestingly, the peak remained visible, although with lower intensity, 478 

in NANO F2A, suggesting that a certain fraction of the hemicelluloses present in F2A 479 

was resistant to the hydrolysis. This peak was not visible in F3, suggesting that, if 480 

hemicelluloses remained in the material, they represented only a very minor fraction. 481 

Moreover, the region where most of the cellulose characteristic bands are located (~1200-482 

800 cm-1 [24, 27]) was affected depending on the applied treatment. As expected, the 483 

peaks within this region became sharper and more intense after hydrolysis of the less 484 

purified fraction (F2A). However, in the case of the purified cellulose (F3), the intensities 485 

of these bands did not increase (or were even slightly decreased) after the hydrolysis. This 486 

B 
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suggests, in line with the XRD results, that while the sulphuric acid was able to digest 487 

most of the amorphous hemicelluloses initially present in F2A, it was not able to penetrate 488 

the structure of cellulose microfibrils in F3 to digest the remaining amorphous domains. 489 

It should also be noted that the band located at 768 cm-1 (pointed out with arrows in Figure 490 

3A) was detected in NANO F2A and NANO F3, suggesting the presence of sulphate 491 

groups as a result of the sulphuric acid hydrolysis [27]. 492 

 493 

TGA analyses of the cellulosic fractions and nanocrystals were also performed to assess 494 

their thermal stability and the results are shown in Figure 3B. As expected, F3 and NANO 495 

F3 only showed one sharp and defined peak with its maximum at around 334 ºC, 496 

characteristic from the thermal degradation of cellulose [25]. On the other hand, F2A 497 

showed the same additional peak detected in the raw vine shoots at around 260 ºC (cf. 498 

Figure 1B), ascribed to the degradation of hemicelluloses. This peak became less intense 499 

after acid hydrolysis, but it could still be detected in NANO F2A, confirming that 500 

although most of the amorphous hemicelluloses were digested by the sulphuric acid, a 501 

small fraction of more resistant hemicelluloses was not hydrolyzed. It should be noted 502 

that in the case of NANO F2A, the cellulosic degradation peak was slightly shifted 503 

towards lower temperatures. This could be ascribed to the presence of residual sulphate 504 

groups in the surface of the extracted nanocrystals, which are known to decrease the 505 

thermal resistance of cellulose [32]. 506 

 507 
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 508 

 509 

Figure 3. (A) FT-IR spectra of the cellulosic fractions (F2A and F3) and nanocrystals 510 

(NANO F2A and NANO F3) extracted from Tempranillo (TM) vine shoots. Arrows are 511 

pointing towards characteristic bands in the spectra. (B) derivative thermogravimetric 512 

(DTG) curves of the cellulosic fractions and nanocrystals extracted from TM vineshoots. 513 

 514 

Sulphuric acid treatment of cellulosic materials has been shown to proceed with a 515 

preferential digestion of amorphous domains in the longitudinal axis of cellulose 516 

microfibrils. Thus, longer or more aggressive hydrolysis conditions have a strong impact 517 

B 

A 
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on the aspect ratio (length/width) of the extracted nanocrystals [32]. To evaluate the 518 

morphology of the cellulosic nanocrystals extracted from vine shoots, they were 519 

characterized by TEM and representative images are shown in Figure 4. It could be seen 520 

that NANO F2A (Fig. 4A) was composed of long fibrillar structures (847 ± 51 µm, with 521 

an aspect ratio of 43.4) with a significant degree of agglomeration. This is reasonable 522 

considering that, as suggested by FT-IR and TGA analyses, a significant amount of 523 

hemicelluloses remained in NANO F2A, since hemicelluloses are known to act as a cross-524 

linking agents in plant cell walls [6]. In the case of NANO F3, more heterogeneous 525 

structures could be visualized. Most of the material corresponded to isolated long fibrils 526 

(604 ± 48 µm, with an aspect ratio of 31.9) (Fig. 4B). However, additional structures with 527 

much shorter lengths (208 ± 12 µm, with an aspect ratio of 13.5), which may correspond 528 

to hydrolyzed cellulose fragments, could be also detected (Fig. 4C). These results suggest 529 

that the sulphuric acid hydrolysis proceeded heterogeneously, with most of the cellulose 530 

microfibrils remaining intact, while the hydrolysis of more exposed cellulose regions 531 

produced a minor fraction of shorter needle-like structures. 532 

 533 

               534 

A  B
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 535 

Figure 4. TEM images of the cellulosic nanocrystals extracted from Tempranillo (TM) 536 

vine shoots. (A) NANO F2A (unpurified nanocrystals) and (B and C) NANO F3 (pure 537 

cellulose nanocrystals). 538 

 539 

The obtained results seemed to point towards two interesting hypotheses: (i) a certain 540 

fraction of hemicelluloses was resistant to the sulphuric acid hydrolysis and remained in 541 

the less purified NANO F2A nanocrystals and (ii) the access of sulphuric acid towards 542 

the cellulose microfibrils in F3 was somehow obstructed; as a result, the hydrolysis was 543 

not efficient and proceeded heterogeneously. To investigate the impact of the different 544 

extraction protocols on the carbohydrate composition of the fractions and nanocrystals 545 

extracted from TM vine shoots, monosaccharide analyses were carried out and the results 546 

are displayed in Table 3. As expected, glucose was the major component in all fractions 547 

and could be fully ascribed to cellulose, as small quantities of mixed linkage -glucan 548 

(previously reported as <5% of the polysaccharide fraction in the raw material) [33], may 549 

have been probably removed in the treated fractions. As in hardwoods, xylan in Vitis 550 

vinifera has been reported to consist of an acetylated glucuronoxylan with a backbone of 551 

β-(1→4)-linked xylopyranosyl units with α-(1→2)-linked 4-O-methyl-α-glucupyranosyl 552 

residues (MeGlcA). It is well known that xylan is the main hemicellulose in most 553 

flowering plants, including vine shoots, playing a crucial role in their cell wall 554 

C



27 
 

architecture by its direct interaction with cellulose and lignin [34]. Previous works have 555 

demonstrated that even minor amounts of xylans in the secondary cell walls from higher 556 

plants have a strong impact on the structure of cellulose microfibrils [35].  557 

 558 

Recent studies have elucidated that an even pattern of substitution of MeGlcA or acetyl 559 

moieties in xylan allows for the xylan chains to be docked onto the hydrophobic or 560 

hydrohillic surfaces, respectively, of cellulose microfibrils, adopting a preferential two-561 

fold screw conformation [36-38]. This tight interaction of xylan with cellulose is partly 562 

responsible for the inherent recalcitrance of lignocellulosic biomass and might explain a 563 

xylan fraction remaining in all samples [39, 40]. This is mostly patent in the less 564 

aggressively treated F2A, and slightly decreasing xylan contents are noted with increasing 565 

aggressiveness of the applied treatments. Interestingly, a remarkable xylose fraction was 566 

present in NANO F2A, seemingly resistant to the sulphuric hydrolysis (~12 %). This 567 

xylan may have prevented the sulphuric acid to reach the amorphous cellulosic domains 568 

and thus reduced its effectiveness. Previous reports have also noted an abnormal 569 

resistance of vine stalks to kraft pulping, compared to hardwood, which was attributed to 570 

a different lignin structure [41].  571 

 572 

Table 3. Monosaccharide relative content (%) of the cellulosic fractions (F2A and F3) 573 

and nanocrystals (NANO F2A and NANO F3) extracted from Tempranillo (TM) vine 574 

shoots. Values in the same line followed by different letters are significantly different (p 575 

≤ 0.05). 576 

%* F2A F3 NANO F2A NANO F3 

Arabinose 1.48 ± 0.25a 0.06 ± 0.03b  0.06 ± 0.01b 0.01 ± 0.01b

Galactose 1.89 ± 0.97a 0.46 ± 0.03b  0.19 ± 0.05c 0.05 ± 0.02c
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Glucose 71.18 ± 1.24a 85.99 ± 0.48b  90.75 ± 0.32c  93.54 ± 0.23d

Xylose 20.24 ± 0.30a 10.64 ± 0.55b 7.98 ± 0.52c  5.66 ± 0.45d

GalA 3.27 ± 0.06a 2.20 ± 0.09b 0.50 ± 0.15c 0.29 ± 0.04c

*The contents of fucose, rhamnose, mannose and 4-O-methyl-glucuronic acid was below 577 

1% in all fractions.  578 

 579 

3.3. Characterization of pure (nano)cellulosic films and their blends with agar 580 

The extracted cellulosic fractions and nanocrystals were subsequently used to produce 581 

biopolymeric films and their performance properties were characterized to evaluate their 582 

potential to be used as food packaging materials. Since one of the main issues of cellulosic 583 

films is their excessive rigidity [6, 42], agar was incorporated into the nanocellulosic films 584 

at different concentrations to evaluate its compatibility with cellulose and the effect on 585 

the performance of the hybrid films. Agar was chosen as the additive for these films since 586 

previous works have reported on the more ductile behavior of this biopolymer as 587 

compared with cellulose [43, 44]. 588 

 589 

The morphology of the produced films was evaluated by SEM and representative images 590 

are shown in Figure 5. As expected, rougher surfaces with larger fibrillar structures could 591 

be observed in the less purified materials (F2A and NANO F2A), while smoother surfaces 592 

were seen in F3 and NANO F3. There was also a clear tendency of more homogeneous 593 

and smoother film surfaces after the acid hydrolysis in the more purified F3 materials. 594 

However, F2A fraction showed a more homogeneous surface in comparison with NANO 595 

F2A that hindered the presence of larger hemicellulosic structures (inset in Fig. 5A). 596 

Interestingly, the addition of agar, even at the lowest content (20% w/w), had a strong 597 

impact on the surface morphology of the films. In general, more continuous surfaces, 598 
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where the cellulosic fibrillar structures seemed to be embedded in an amorphous agar 599 

coating layer, could be observed. A similar effect has been previously reported for the 600 

residual agar remaining in less purified cellulosic films from red seaweed residues [30].  601 

 602 

 603 

 604 

 605 

 606 

 607 
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 608 

Figure 5. SEM images of the surface from the pure (nano)cellulosic films obtained from 609 

Tempranillo (TM) vine shoots (A) F2A (unpurified fraction), (B) F3 (pure cellulose), (C) 610 

NANO F2A (unpurified nanocrystals), (D) NANO F3 (cellulose nanocrystals) and of 611 

their blends with agar (E) NANO F2A+20%AGAR, (F) NANO F3+20%AGAR, (G) 612 

NANO F2A+40%AGAR, (H) NANO F3+40%AGAR, (I) NANO F2A+80%AGAR and 613 

(J) NANO F3+80%AGAR. Insets represent regions of the films at higher magnification 614 

(scale bars represent 100 µm). 615 

 616 

The visual aspect and transparency of the films were also evaluated. As observed in 617 

Figure S1A, the larger size of the fibrillar structures composing the films from the 618 

cellulosic fractions produced more opaque materials, while the transparency was 619 

dramatically improved with the application of the acid hydrolysis, especially in NANO 620 

F2A due to the removal of amorphous hemicelluloses and the production of more 621 

homogeneous materials with smaller fibrils. Moreover, the presence of non-cellulosic 622 

components produced a yellowish tonality in the F2A and NANO F2A films. The hybrid 623 

films containing agar were found to be more transparent than the pure (nano)cellulosic 624 

films, which may be explained by the amorphous structure of agar [45]. The internal 625 

transmittance values of the films, shown in Figures S1B and S1C, confirmed that the acid 626 

hydrolysis treatment produced a marked increase in the transparency of the films. 627 
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Furthermore, while the blends with agar displayed higher transparency values than the 628 

pure (nano)cellulosic films, the amount of added agar did not show any significant effect.  629 

 630 

The performance of the films was evaluated in terms of mechanical and water barrier 631 

properties and the obtained results are summarized in Table 4. With regards to the 632 

mechanical properties, the films from the different (nano)cellulosic fractions showed a 633 

clearly distinct behavior. The less purified fraction (F2A) presented very poor mechanical 634 

performance; however, after the short hydrolysis treatment the properties of the material 635 

(NANO F2A) were significantly improved, especially in terms of rigidity and strength 636 

(as suggested by the elastic modulus and tensile strength values). Such a dramatic 637 

improvement can be attributed to the digestion of most of the amorphous hemicelluloses 638 

initially present in F2A, giving rise to more crystalline materials, with a much 639 

homogeneous structure. Indeed, the purification of cellulose by applying the conventional 640 

protocol had a more marked positive effect and F3 presented the best compromise 641 

between strength and ductility. Surprisingly, the acid hydrolysis of F3 was detrimental 642 

for the mechanical performance of the films, reducing the elastic modulus, tensile strength 643 

and elongation at break of NANO F3. This supports the hypothesis that most of the 644 

cellulose microfibrils in F3 were not accessible to the sulphuric acid and only a small 645 

fraction of more accessible cellulose was digested. As a result, heterogeneous 646 

nanofibrillar structures with very different sizes, as shown by TEM (cf. Figure 4), were 647 

produced. The presence of shorter needle-like structures, with lower aspect ratios, may 648 

have been detrimental for the mechanical properties of NANO F3. In fact, the films from 649 

the cellulosic nanocrystals extracted by applying a longer hydrolysis of 5h showed even 650 

worse mechanical performance than NANO F3, presenting similar elastic modulus (6.5 651 

± 0.5 GPa) but remarkably lower tensile strength (27.8 ± 1.7 MPa) and elongation (0.8 ± 652 
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0.1 %). This is in line with the reduced extraction yield and crystallinity determined for 653 

these nanocrystals and confirms that achieving a complete hydrolysis of the amorphous 654 

cellulose was not a matter of time. It seems that the small fraction of tightly bound xylan 655 

remaining in F3 hindered the access of the sulphuric acid towards certain regions of the 656 

cellulose microfibrils. 657 

 658 

As already anticipated, the (nano)cellulosic films presented a very rigid behavior, with 659 

high elastic moduli but low elongation values. As deduced from the results shown in 660 

Table 4, the addition of agar into the nanocellulosic films had a plasticizing effect 661 

(reducing the elastic modulus, while increasing the elongation). This effect was more 662 

evident with increasing agar contents, reaching a ~3-fold increase in the elongation at 663 

break with 80% agar. On the other hand, tensile strength was significantly improved at 664 

higher agar contents (40% and 80%). It should be noted that the higher the agar content 665 

in the hybrid films, the more their mechanical properties resembled those of pure agar 666 

films [43]. Previous works have reported on the opposite effect of adding moderate 667 

loadings (1-20% w/w) of cellulosic additives (such as commercial microcrystalline 668 

cellulose and nanocrystals) to agar-based films produced by casting, i.e. cellulose acted 669 

as a plasticizing agent with slight increase on the stiffness of the composites [46, 47]. 670 

Thus, the mechanical properties of the hybrid films can be adjusted depending on their 671 

intended application by selecting the optimum content of (nano)cellulosic fractions and 672 

agar. It is to be highlighted that, in general, the (nano)cellulosic films and their blends 673 

with agar presented similar or even superior mechanical performance than commercial 674 

biopolymers such as thermoplastic corn starch (TPCS) or PLA (cf. Table 4). In parallel, 675 

similar materials obtained from Posidonia oceanica waste biomass showed increased 676 

rigidity (E and TS) with similar or lower EAB, demonstrating the effectiveness of 677 
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applying these kinds of protocols to both terrestrial and marine resources [6]. However, 678 

it should be noted that the EAB values of the hybrid films were still lower than those 679 

reported for commercial TPCS and PLA. In this sense, the obtained materials might be 680 

more suitable for rigid packaging structures, where high ductility attributes are not 681 

required. Furthermore, increasing further the agar content or exploring the production of 682 

blends with different hydrocolloids could also help obtaining more ductile materials. 683 

 684 

Table 4. Mechanical properties, water vapor permeability and contact angle of the pure 685 

(nano)cellulosic films obtained from Tempranillo (TM) vine shoots and of their blends 686 

with agar.  687 

E: elastic modulus; TS: tensile strength; EAB: elongation at break; WVP: water vapor 688 

permeability. Values in the same column followed by different letters are significantly 689 

different (p ≤ 0.05).  690 

n.m.: not measured. 691 

 692 

 
  

 

E (GPa) 

 

TS (MPa) 

 

EAB (%) 

 

WVP (Kgꞏm/sꞏm2ꞏPa) 

ꞏ10-14 

 

Contact 

Angle (º) 

  
   

F2A   0.2 ± 0.0e 0.8 ± 0.1e 0.5 ± 0.1d 58 ± 0.2c n.m. 
       
NANO F2A  5.5 ± 0.2b 42.1 ± 2.0c 1.1 ± 0.1c 5.9 ± 0.2a 48.5 ± 5.1c

     
NANO F2A+20% AGAR 4.5 ± 0.4c 44.6 ± 2.4c 1.6 ± 0.1c 5.6 ± 0.3a 105.9 ± 10.2a

     
NANO F2A+40% AGAR 4.2 ± 0.4c 50.8 ± 2.7b 2.2 ± 0.2b 6.2 ± 0.1a 99.3 ± 5.8a 
     
NANO F2A+80% AGAR 3.3 ± 0.3d 56.8 ± 5.1ab 3.1 ± 0.3a 8.1 ± 0.2b 95.3 ± 8.0a 
      
F3  7.8 ± 0.7a 67.1 ± 4.9a 2.1 ± 0.2b 8.5 ± 0.2b n.m. 
       
NANO F3  5.9 ± 0.8b 47.2 ± 4.2bc 1.2 ± 0.1c 4.9 ± 0.2a 67.9 ± 10.2b 

     
NANO F3+20% AGAR 4.9 ± 0.3bc 44.8 ± 3.5c 1.2 ± 0.1c 6.2 ± 0.6a 71.4 ± 9.0b 
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 693 

As deduced from Table 4, the water vapor permeability (WVP) of the films was also 694 

greatly affected by the purification degree of the cellulosic fractions and nanocrystals, as 695 

well as by the addition of agar. The less purified fraction (F2A) displayed the lowest 696 

barrier performance, which was drastically improved (10-fold reduction in the water 697 

permeability) for the nanocrystals produced after the short acid hydrolysis (NANO F2A). 698 

This is again related to the removal of amorphous hemicelluloses by the sulphuric acid 699 

treatment. Accordingly, the purified cellulose fraction (F3) also showed greater barrier 700 

than F2A. In this case, the hydrolysis of F3 had a positive impact on the barrier properties. 701 

This could be a combined effect of the slightly greater crystalline character of the 702 

nanocrystals as well as the more compacted microstructure of the films (cf. Figure 5). 703 

Even though the formation of smaller nanocrystals was detrimental for the mechanical 704 

properties of the films, their presence enabled the formation of less porous films, hence 705 

inhibiting water diffusion. The WVP of the films from the cellulosic fraction subjected to 706 

the longer hydrolysis was also evaluated. As expected, given the reduced crystallinity of 707 

the extracted nanocrystals, they produced films with higher WVP ((8.6 ± 0.4)ꞏ10-14 708 

     
NANO F3+40% AGAR 4.0 ± 0.2c 53.3 ± 3.6b 1.6 ± 0.1c 5.2 ± 0.2a 98.0 ± 6.7a 
     
NANO F3+80% AGAR 2.9 ± 0.4d 55.7 ± 1.8b 2.8 ± 0.3ab 4.7 ± 0.4a 85.4 ± 10.0ab

      
      

AGAR [43] 3.3 ± 0.3 68.3 ± 10.2 7.9 ± 1.2 
 

8.0 ± 0.5 
 

78 ± 10 
      
      

PLA [42, 48, 49] 5.1 ± 0.1 44.7 ± 3.8 9.0 ± 1.1 

 
 
 

1.3 ± 0.1  

 
 
 

77 
      

TPCS [3] 0.5 ± 0.2 6.1 ± 0.7 8.5 ± 3.1 
 

25.2 ± 0.5 
 

47 
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Kgꞏm/sꞏm2ꞏPa) than NANO F3, again demonstrating that extending the hydrolysis time 709 

did not produce further digestion of the amorphous cellulose domains. 710 

 711 

Since agar presented higher WVP than the pure nanocellulosic films, its incorporation 712 

was expected to reduce the water barrier performance of the hybrid materials. This was 713 

indeed the case for the NANO F2A hybrid films, with the blend containing 80% agar 714 

showing a very similar WVP value to that of pure agar [43]. In contrast, the presence of 715 

agar in the NANO F3 blends did not have a significant effect on the permeability. This 716 

could be explained by a synergistic effect between both biopolymers, i.e. even though the 717 

incorporation of an amorphous component such as agar would be detrimental for the 718 

barrier performance, the establishment of interactions between agar and cellulose via 719 

strong hydrogen bonds would lead to the formation of a stronger and more hydrophobic 720 

network, counteracting the negative effect of agar. With regards to similar agar 721 

composites previously reported in the literature where nanocellulosic reinforcement 722 

ranged from 1% to 10%, WVP results were between 1-2 orders of magnitud higher 723 

(~1.2ꞏ10-12 Kgꞏm/sꞏm2ꞏPa) in comparison with those reported in Table 4, probably due to 724 

higher nanocellulosic content (20%-80%) and thus showing the optimum barrier 725 

performance of TM vine shoots residues when incorporated into agar [46, 47]. Regarding 726 

other conventional biopolymers, these composites presented an intermediate barrier 727 

between PLA and TPCS [25, 42]. On the other hand, similar materials obtained from 728 

Posidonia oceanica showed lower barrier when compared with the more purified F3 729 

fraction, but better barrier properties at nanocrystal purification level (both NANO F2A 730 

and NANO F3) [6]. 731 

 732 
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To better understand the effect of the incorporation of agar on the water affinity of the 733 

hybrid films, contact angle measurements were also performed and the estimated contact 734 

angle values are listed in Table 4. While F3 and F2A presented a highly hydrophilic 735 

behaviour, which impeded a correct measurement of their water contact angle values, the 736 

acid hydrolysis substantially increased the hydrophobic character of the films. As 737 

expected, the removal of amorphous components after the acid hydrolysis yielded 738 

materials with more hydrophobic surfaces, especially in the more purified NANO F3 film. 739 

In keeping with our previous results, a longer hydrolysis treatment led to a slight decrease 740 

in the contact angle (64.7 ± 7.0º) of the films, which is reasonable due to the reduced 741 

crystallinity of the extracted nanocrystals. On the other hand, the addition of agar 742 

produced more hydrophobic surfaces in the hybrid films, which was not unexpected due 743 

to the more hydrophobic behavior of pure agar films [43]. Surprisingly, the hybrid films 744 

presented similar or even higher contact angle values than pure agar, again suggesting a 745 

synergistic effect between cellulose and agar. Other biopolymers such as PLA and TPCS 746 

showed similar or even lower values (77º and 47º respectively) to those obtained from 747 

TM films and composites demonstrating the high hydrophobicity of these materials and 748 

their applicability for food packaging [25, 49]. 749 

 750 

Although no polyphenols could not be quantified by means of the Folin-Ciocalteau 751 

method in the cellulosic fractions and nanocrystals, vine shoots have been previously 752 

reported as a phenolic-rich source [12]. Our hypothesis was that the phenolic compounds 753 

were actually bound to other components such as hemicelluloses and, therefore, they 754 

could not be detected by this colorimetric approach. To assess the bioactivity of the 755 

(nano)cellulosic films, a more practical method such as the β-carotene bleaching assay 756 

was used and the results are shown in Figure 6. As observed, both of the cellulosic 757 
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fractions showed remarkable bleaching inhibition, especially the less purified fraction 758 

(F2A), which showed outstanding values of ~50% inhibition after 120 min. However, the 759 

antioxidant potential of both fractions was significantly reduced after being subjected to 760 

the acid hydrolysis. While NANO F3 did not show a significant antioxidant capacity, 761 

NANO F2A still showed a bleaching inhibition of ~30%. These results are much higher 762 

than those previously reported for the films from the cellulosic fractions extracted from 763 

Arundo donax waste biomass (ca. 6% inhibition [50]), thus  highlighting the potential of 764 

the less purified (nano)cellulosic fractions extracted from vine shoots to develop bioactive 765 

materials for food packaging applications.  766 

                     767 

Figure 6. β-carotene bleaching inhibition kinetics for the films produced from the 768 

cellulosic fractions (A) and nanocrystals (B) extracted from Tempranillo (TM) vine 769 

shoots. 770 

 771 

4. Conclusions 772 

In this work, vine shoots have been proposed as alternative sources for the development 773 

of sustainable biopolymeric materials for food packaging applications. The composition 774 

of two different varieties (Tempranillo (TM) and Verdejo (VJ)) was firstly characterized. 775 

Given their great similarity, TM was selected as the raw material due to its greater 776 

worldwide abundance. TM vine shoots were then used to extract cellulosic fractions and 777 

BA 
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nanocrystals with different degrees of purity. The simplified extraction protocol led to 778 

less purified materials (F2A and NANO F2A) with much higher yields and lower 779 

crystallinities than those produced by the standard cellulose purification method (F3 and 780 

NANO F3). The hydrolysis of F2A produced the digestion of most amorphous 781 

hemicelluloses. On the contrary, most of the cellulose microfibril regions in F3 were not 782 

accessible to sulphuric acid and the hydrolysis process did not occur uniformly. As a 783 

result, NANO F3 was composed of heterogeneous fibrillar structures with different sizes 784 

and similar crystallinity to that of F3. Finally, films were made from the cellulosic 785 

fractions and nanocrystals in order to evaluate their performance. The digestion of most 786 

of the amorphous hemicelluloses in F2A produced a dramatic improvement in the 787 

mechanical and water barrier performance of NANO F2A. On the other hand, the more 788 

purified F3 fraction produced films with superb mechanical and barrier performance, 789 

which were not remarkably improved in NANO F3 after the acid hydrolysis. 790 

Interestingly, F2A and NANO F2A films showed a remarkable antioxidant potential, as 791 

determined by the -carotene bleaching assay. Agar was also incorporated at different 792 

concentrations (20%, 40% and 80%) into the nanocellulosic films, producing more 793 

ductile materials, with greater transparency and smoother surfaces, where the cellulose 794 

nanofibrils were embedded in a continuous agar layer. Thus, properties of the hybrid films 795 

can be adjusted depending on their intended application by selecting the optimum content 796 

of (nano)cellulosic fractions and agar. 797 

 798 

These results highlight the importance of evaluating alternative purification protocols 799 

which yield less purified materials, since they are not only beneficial from an economical 800 

and environmental perspective, but they can generate materials with improved 801 
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performance and additional functionalities, such as antioxidant capacity, with interest for 802 

food packaging applications. 803 
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