
International Journal of Biological Macromolecules 267 (2024) 131553

Available online 15 April 2024
0141-8130/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-
nc/4.0/).

Periodate oxidation of nanofibrillated cellulose films for active 
packaging applications 

Julia Fernández-Santos , Cristina Valls , Oriol Cusola , M. Blanca Roncero * 

CELBIOTECH_Paper Engineering Research Group, Universitat Politècnica de Catalunya_BarcelonaTech, 08222 Terrassa, Spain   
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A B S T R A C T   

An alternative packaging material based on cellulose that possesses excellent barrier properties and is potentially 
useful for active packaging has been developed. Cellulose nanofibril was efficiently and selectively oxidized with 
sodium periodate generating reactive aldehyde groups. These groups formed hemiacetal and hemialdal bonds 
during film formation and, consequently, highly transparent, elastic and strong films were created even under 
moisture saturation conditions. The periodate oxidation treatment additionally decreased the polarity of the 
films and considerably enhanced their water barrier properties. Thus, the water contact angle of films treated for 
3 and 6 h was 97◦ and 102◦, their water drop test value was higher than in untreated film (viz., 138 and 141 min 
with 3 and 6 h of treatment) and their water vapour transmission rate was substantially better (3.31 and 0.78 g 
m− 2 day− 1 with 3 and 6 h, respectively). The presence of aldehyde groups facilitated immobilization of the 
enzyme laccase, which efficiently captures oxygen and prevents food decay as a result. Laccase-containing films 
oxidized 80 % of Methylene Blue colorant and retained their enzymatic activity after storage for 1 month and 12 
reuse cycles, opening the door to the possible creation of a reusable packaging to replace the single-use 
packaging.   

1. Introduction 

The search for alternative materials intended to replace plastics in a 
number of fields has grown markedly over the last few decades. Cellu
lose is one of the most abundant natural polymers and possesses 
attractive properties that have elicited widespread studies on its po
tential use in the papermaking, textile, food and pharmaceutical in
dustries, among others [1,2]. The presence of many hydroxyl groups in 
its structure makes it easy to modify for chemical conversion into a 
variety of biomaterials [3]. Worth special note in this respect is its 
conversion into nanocellulose [4], which possesses promising properties 
for use in nanocomposites and packaging applications [5,6]. In fact, 
nanocellulose retains some key properties of cellulose such as hydro
philicity and crystallinity, and additionally possesses a high specific 
surface area and optical transparency [6]. Nanocellulose can be ob
tained from plants, bacteria or tunicates, but is largely produced from 
wood or non-wood plant fibres (cotton, kenaf and wheat, mainly) [7,8]. 

The specific properties of nanocellulose vary slightly with its origin. 

Nanocellulose in plants is usually present in the form of nanocrystals 
(nanocrystalline cellulose, CNC) or nanofibres (cellulose nanofibril, 
CNF). CNC can be extracted by acid hydrolysis of the amorphous portion 
of nanocellulose, which provides a crystalline product [9,10]. On the 
other hand, CNF, which possesses a high specific surface area (fibres are 
typically 1–10 μm long and 10–100 nm thick), is usually obtained by 
high-shearing mechanical grinding of enzymatically or chemically pre
treated cellulose fibres, and contains both crystalline and amorphous 
cellulose [11,12]. 

Because CNC is more crystalline than CNF, films obtained from the 
former are usually much more brittle and difficult to handle. Fernández- 
Santos et al. [13] found the relatively poor mechanical and barrier 
properties of CNC to be improved by some plasticizers. By contrast, CNF 
is easier to handle, and has very good mechanical and oxygen barrier 
properties. Such properties, however, are impaired by highly moist 
conditions [14]. Also, CNF films are less transparent than CNC films 
[15]. These shortcomings of CNF films can be circumvented by using 
various functionalization methods to introduce carbonyl or carboxyl 
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groups in the nanocellulose structure [16,17]. Cellulose can be func
tionalized with aldehyde groups by using non-selective reagents such as 
nitrogen oxides, ozone or peroxides, or selective reagents such as peri
odate and nitroxyl radicals such as TEMPO (2,2,6,6-tetramethylpiper
idine-N-oxyl) [18]. Periodate is an especially effective reagent for 
functionalizing nanocellulose by virtue of its high oxidation efficiency 
and selectivity [19]. Also, it affords stereospecific oxidation of the 
C2− C3 bond in the glucopyranose unit of glucose to two aldehyde groups 
per glucose unit [i.e., to dialdehyde cellulose (DAC)] [20,21]. Aldehyde 
groups thus formed can interact with one another, and also with hy
droxyl groups in cellulose, to form hemiacetal bonds, which are espe
cially useful for producing packaging materials with a high moisture 
resistance [16,22]. In addition, the presence of aldehyde groups allows 
biomaterials to adsorb heavy metals, drugs and proteins [23]. 

Decay in packaged food can alter its texture, nutritional properties 
and taste, and make it unacceptable for consumers as a result [24,25]. 
Food deterioration is caused mainly by bacteria, yeasts and mould, but 
can also be of chemical origin [26]. Minimizing the largely oxidative 
reactions involved requires using a material capable of capturing oxygen 
in the package (viz., one such as powdered iron or ascorbic acid to 
adsorb the oxygen [27], or a more innovative solution such as an 
oxygen-capturing enzyme [28]). Some oxidoreductases including lac
cases can efficiently capture oxygen in active packages. The high sub
strate specificity of these enzymes, which are produced by fungi, higher 
plants, bacteria, insects, lichens and sponges [29], has promoted their 
use in various biotechnological and industrial fields such as silviculture 
[30], food production [28], pulp and paper making [31], bioremedia
tion [32], organic synthesis [33] and active packaging [28]. 

Laccases catalyse the oxidation of various substrates, but mainly 
phenolic compounds, while simultaneously reducing molecular oxygen 
to water. Therefore, they are potentially good candidates for reducing 
the oxygen concentration inside food packages. Effectively immobilizing 
an enzyme onto a support requires using an appropriate carrier and 
immobilization method [34] such as entrapment, encapsulation, 
adsorption, covalent binding or self-immobilization [35]. Agar, alginate 
and modified cellulose are the preferential supports for immobilizing 
laccases [36]. Aldehyde groups are known to exhibit a high affinity for 
amines in enzymes, so they can probably facilitate their immobilization 
[37] to produce functional bioactive biopackages. 

In this work, we obtained an active biopackaging material by 
immobilizing laccase onto films of periodate-oxidized cellulose nano
fibril (CNF). The films were characterized in terms of mechanical 
(elongation and tensile strength), barrier (air, water, fat, water vapour 
and oxygen) and optical properties. Additional determinations included 
assessing the effect of the oxidation treatment on the antioxidant ca
pacity of the films. Chemical changes were examined by Fourier trans
form infrared (FTIR) spectroscopy, and internal and surface changes by 
scanning electron microscopy (SEM). Periodate-oxidized CNF films were 
used to immobilize laccase under optimal conditions and the immobi
lized enzyme was analysed for storage stability, reusability and reac
tivity to Methylene Blue. 

2. Materials and methods 

2.1. Materials 

The main raw material used was cellulose nanofibril (CNF) supplied 
by the University of Maine (Orono, ME, USA). Sodium periodate (NaIO4) 
was purchased from Merck (Darmstadt, Germany), 3-ethyl-benzothiazo
line-6-sulphonic acid (ABTS) and Tween 20 (a polysorbate-type non- 
ionic surfactant) were obtained from Sigma− Aldrich (St Louis, MO, 
USA), ethylene glycol was supplied by Panreac Química S.A.U. (Barce
lona, Spain) and laccase by Novozymes Biopharma Co., Ltd. (Tianjin, 
China). 

2.2. Oxidation of CNF with periodate 

CNF films were prepared by casting, using the amount of water 
needed to obtain a final consistency of 2 % to commercial CNF under 
vigorous stirring at 700 rpm for 1 h. The resulting suspensions were 
deposited onto a polystyrene plastic surface and allowed to evaporate at 
a controlled relative humidity (50 %) and temperature (23 ◦C) for about 
5 days. 

A 0.5 M sodium periodate solution was prepared and carefully 
wrapped in aluminium foil to prevent light-induced decomposition. The 
solution was reacted with the previously obtained CNF films for 0 to 360 
min. For this purpose, the films were placed in a tray and covered with 
periodate solution. No resistance to wetting was observed, i.e. the CNF 
film could be completely immersed and impregnated with the sodium 
periodate solution. The reaction was stopped by adding 5 mL of ethylene 
glycol and the films, once dry, were washed with distilled water to 
remove excess periodate. 

2.3. Quantification of aldehyde groups 

Aldehyde groups in the oxidized films were quantified by using the 
method of Pommerening [20,38], which is based on the Cannizzaro 
reaction and involves deprotonation of an aldehyde with a strong base 
such as NaOH to obtain and acid and an alcohol. The procedure involved 
placing small (5 mg) pieces of film in a beaker containing 5 mL of 10 mM 
NaOH at 70 ◦C and stirring for 15 min, followed by titration with 5 mM 
HCl. The concentration of aldehyde groups was calculated by using a 
slightly modified version of Pommerening's equation [20]: 

μmol aldehyde groups/mL = [mL NaOH − mL HCl]/5 (1)  

2.4. Characterization of oxidized films 

2.4.1. Structural properties 
Film thickness, basis weight and density were measured according to 

ISO 534:2011, and roughness according to ISO 8791-2:2013. Paper 
surface area measurements were made with a ruler. Percent miniaturi
zation was taken to be the decrease in oxidized film area relative to the 
unoxidized film. Film surfaces and cross-sections were viewed under a 
Hitachi SU1510 scanning electron microscope following gold-coated 
with Bio-Rad SC502 SEM coating system. 

2.4.2. Optical properties 
Film absorbance at room temperature was measured over the range 

200–900 nm in 1 nm steps, using an Evolution 600 UV–visible spec
trophotometer. Transmittance was measured at 600 nm, as it is the 
wavelength commonly used to calculate the film transparency [39–43] 
according to the following equation: 

Transparency = ( − log%T600/x) (2)  

where %T600 is the percent transmittance at 600 nm and x film thickness 
(mm). 

2.4.3. Mechanical properties 
Selected mechanical properties of the films such as tensile strength 

and elongation at break were determined under dry and wet conditions 
by using a Metrotect T5K quality control instrument from Techlab Sys
tems (Lezo, Guipuzcoa, Spain) equipped with a 500 N load cell. The 
films were cut into rectangles 15 mm wide and 50 mm long for mea
surement. Tensile strength was assessed under both dry and wet con
ditions. In the wet tests, the samples were previously immersed in 
distilled water for 10 min and excess water was removed with filter 
paper. A wet/dry tensile strength ratio was calculated and expressed as a 
percentage. 
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2.4.4. Barrier properties 
Air permeance was measured according to ISO 5636-3:2013, and 

water absorption was evaluated by using an adaptation of TAPPI T835 in 
which a drop of water was deposited onto the surface of the films and the 
time it took the specular gloss of the drop to disappear measured. Hy
drophobicity was measured as the water contact angle (WCA), using an 
OCA15EC contact angle goniophotometer from Dataphysics Instruments 
GmbH (Filderstadt, Germany) at an image capture ratio of 25 frames s− 1. 
A 4 μL water drop was delivered to the sample surface to make at least 5 
measurements per film (a total of 10 measurements per sample). Oil 
resistance was measured by using the turpentine test in accordance with 
ISO 16532-3:2010, and oxygen permeability with an OX-TRAN 1/50 gas 
analyser from Mocon (Brooklyn Park, MN, USA) at an atmospheric ox
ygen concentration of 100 % at 23 ◦C and a variable relative humidity 
(0, 20, 40, 60, 70, 80 or 90 %). The water vapour transmission rate 
(WVTR) of the films was determined at 25 ◦C at 50 % RH according to 
ISO 2528 (2017). The procedure was as follows: an aluminium cup 
containing CaCl2 as desiccant was sealed with the test film (50 cm2 film 
area) by using paraffin wax at 90 ◦C and placed in a climate chamber 
under controlled environmental conditions. All tests were performed in 
duplicate. WVTR (g m− 2 day− 1) was calculated as follows: 

WVTR =
(
m× 24× 104)/(S× t) (3)  

where m (g) is the increase in mass in the assembly during time t, S (cm2) 
the area of the tested surface and t (h) the overall duration of the last two 
stable exposure periods. 

2.4.5. FTIR spectroscopy 
Duplicate FTIR spectra for the CNF films over the wavenumber range 

500–4000 cm− 1 were recorded at room temperature on a Spectrum 100 
ATR-FTIR spectrophotometer from Perkin Elmer (Waltham, MA, USA). 
A total of 64 scans at 1 cm− 1 resolution per spectrum were acquired. 

2.4.6. Antioxidant capacity 
The antioxidant capacity of the nanocomposite films was determined 

by using a modified version of the 2,2′-azinobis-(3-ethylbenzothiazoline- 
6-sulphonic acid) (ABTS+⋅) scavenging activity method of Valls and 
Roncero [4], and Cusola et al. (2015) [31]. The scavenging activity of 
the free radical was assessed spectrophotometrically by monitoring the 
disappearance of the absorption band at 752 nm for the free radical 
ABTS+⋅, which was obtained by oxidizing potassium persulphate and 
diluting the resulting solution to adjust the absorbance at 752 nm to 0.70 

± 0.1. For comparison, 10 mg amounts of nanocomposite film were 
added to 1.5 mL of ABTS+• solutions and vortexed for about 2 min, 

followed by centrifugation at 6000 rpm for 4 min and storage at room 
temperature in the dark for 30 min prior to measuring the absorbance at 
752 nm. The absorbance of the film-free control samples was also 
measured at 752 nm by following the same procedure. Antioxidant ca
pacity was determined from at least 3 measurements per sample, using 
the following equation: 

Antioxidant activity (%) = [(A0 − A1)/A0 ] × 100 (4)  

where A0 is the absorbance of the control sample and A1 that of the 
nanocomposite film. 

2.4.7. Surface free energy 
Surface free energy (SFE) was determined by using the method of 

Owens, Wendt, Rabel and Kaelble (OWRK) [44]. Briefly, several drops of 
de-ionized water, ethylene glycol and di-iodomethane were applied to 
the surface of each sample before measuring the contact angle with a 
Dataphysics OCA15EC goniophotometer at an image capture ratio of 25 
frames s− 1. At least 5 droplets of each liquid were dispensed in different 
regions of each sample. The total SFE of each sample was computed as 
the combination of polar and disperse contributions. The interfacial 
energy was calculated from the geometric mean of the contributions of 
the liquid and solid: 

σl(1+ cosθ) = 2
̅̅̅̅̅̅̅̅̅

σd
l σd

s

√

+ 2
̅̅̅̅̅̅̅̅̅

σp
l σp

s

√

(5)  

where θ is the contact angle, σl the surface tension of the liquid, σd
l and σp

l 
denote the disperse and polar parts of the liquid, and σd

s and σp
s the 

respective contributions of the solid. Plotting Eq. (5) gave a straight line 
that allowed σp

s to be calculated from the slope and σd
s from the intercept. 

A minimum of 5 replicates per film sample were used to obtain an 
average value. 

2.5. Immobilization of laccase 

The procedure used to immobilize the enzyme was chosen with 
provision for the following potentially influential factors: (a) the use of 
water or a buffer as reaction medium; (b) the reaction temperature; (c) 
stirring; (d) the reaction time; and (e) the presence of a surfactant. The 
optimum procedure was found to involve adding a known amount of 
laccase solution to an Eppendorf flask containing CNF oxidized with 
periodate for 3 h and 0.2 mL of a polysorbate-type non-ionic surfactant, 
and allowing the mixture to stand unstirred at 4 ◦C for 1 h. The pro
cedure was applied to wet films and to others previously dried for 3 h. 
After 1 h, the films containing immobilized laccase were washed with 
water for assessment of their enzyme activity. The tests on dry films 

Fig. 1. a) Aldehyde content and b) antioxidant capacity of CNF films oxidized with periodate for variable lengths of time.  
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required using NaBH4 at room temperature for 1 h to strengthen cova
lent bonds between amine and aldehyde groups. Laccase activity was 
assessed by using a mixture of 500 μL of water and ABTS (the substrate) 
at the optimum temperature for the enzyme (50 ◦C) to deposit the films 
and measuring the absorbance at 436 nm after 0, 30 and 60 s to calculate 
the amount of laccase immobilized onto each film. 

2.6. Storage stability and reusability of immobilized laccase 

The stability of the films containing immobilized laccase was 
assessed by measuring the enzyme activity after storing at 4 ◦C for 1, 5, 
10, 15, 20 and 40 days. On the other hand, their reusability was assessed 
by measuring laccase activity over 12 consecutive cycles in order to 
quantify its losses. The films were thoroughly washed with distilled 
water between cycles. 

2.7. Removal of Methylene Blue 

The fact that laccase retained its activity upon immobilization was 
confirmed by assessing its efficiency in oxidizing the dye Methylene Blue 
(MB). For this purpose, a methacrylate cuvette was loaded with 2 mL of 
MB (10 ppm) to assess decomposition of the dye upon contact with the 
CNF film by measuring the UV–Vis absorbance at 665 nm of the MB 
solution at intervals from 1 to 90 min. The extent of MB removal was 
calculated as follows: 

MB removal (%) = [(A0 − At)/A0 ] × 100 (6)  

where A0 is the dye absorbance at time zero and At that after time t. 

3. Results and discussion 

3.1. Influence on the production of functional groups 

As confirmed by using Pommerening's method, oxidation with 
periodate produced aldehyde groups (CHO) in cellulose. As can be seen 
from Fig. 1a, the content in CHO groups of the films increased with 
treatment time, albeit less markedly after 3 h of reaction. Some authors 
have reported aldehyde contents of CNF similar to those found here 
(viz., 0.45–1.43 μmol mg− 1 after 48 h at 40 ◦C) [6], but others obtained 
higher contents (e.g., 8.78 mmol g− 1 CNC after 2 h at 60 ◦C [45]; 3.8 
mmol g− 1 CNF after 72 h at 25 ◦C [46], 3.6 mmol g− 1 carboxymethy
lated CNF after 24 h at 25 ◦C [47]; 1.5–6.5 mmol g− 1 softwood cellulose 
pulp after 10–96 h [48] or 4.21 mmol g− 1 cellophane after 6 h [45]). The 
latter values, however, were obtained by using cellulose suspensions 
rather than films as here —and films are known to be less prone to 
forming aldehyde groups. 

The conversion of hydroxyl groups in cellulose to aldehyde groups by 
oxidation with periodate can also be confirmed by measuring antioxi
dant capacity. Thus, an antioxidant is capable of reducing free radicals. 

Because hydroxyl groups can act as reductants and CHO groups as oxi
dants [38], oxidized films should exhibit a decreased antioxidant ca
pacity. As can be seen in Fig. 1b, the antioxidant capacity of the films 
decreased with time and, consistent with the previous comment, their 
content in CHO groups increased in parallel. Therefore, antioxidant 
capacity can provide an indirect measure for CHO content in periodate- 
oxidized films —a property that should decrease as more cellulose is 
oxidized. 

Oxidation of the films and the presence of aldehyde groups were also 
confirmed by FTIR spectroscopy. IR analysis was performed on both 
sides of the film, showing the same spectra and behaviours suggesting 
that oxidation took place throughout the depth of the film. Fig. 2a shows 
the FTIR spectra over the wavenumber range 4000–2000 cm− 1 for 
oxidized and unoxidized nanocellulose. As can be seen, the peak at 3400 
cm− 1, corresponding to O− H bonds, decreased in relation to that at 
2900 cm− 1, due to C− H bonds, and broadened upon oxidation [49]. The 
decrease is consistent with partial oxidation of hydroxyl groups to 
aldehyde groups. Also, the peak at 3400 cm− 1 was slightly blue-shifted 
by effect of the reduction of hydrogen bonds. Fig. 2b shows the FTIR 
spectra obtained over the wavenumber range 2000–700 cm− 1. The 
presence of a peak at 1740 cm− 1 due to C––O bonds confirms that the 
films were oxidized [50]. The peak, due to free aldehydes, was weak as 
the likely result of most aldehyde groups being masked as hemiacetal, 
hydrate or hemialdal forms [51]. The peaks at 880 and 790 cm− 1, due to 
hemiacetals and aldehydes, respectively, were higher in oxidized CNF 

Fig. 2. FTIR spectra for unoxidized and oxidized CNF films. Wavenumber range: a) 4000–2000 cm− 1, b) 2000–700 cm− 1.  

Fig. 3. % Percent miniaturization and air permeance of CNF films oxidized 
with periodate for 0, 3 and 6 h. 

J. Fernández-Santos et al.                                                                                                                                                                                                                     



International Journal of Biological Macromolecules 267 (2024) 131553

5

because its hemiacetal form was oxidized [52], whereas those at 1160 
and 1050 cm− 1, due to C− O bonds in cellulose, exhibited the opposite 
trend [53]. Therefore, the FTIR spectra confirmed that nanocellulose 
was functionalized with dialdehyde groups. 

3.2. Influence on film morphology 

One morphological effect of the oxidation treatment on the films was 
that their surface area decreased with the reaction time. As can be seen 
from Fig. 3, the decrease amounted to 53.7 % after 3 h and 67 % after 6 
h. Film thickness increased with increasing surface area: from 22.6 μm in 
unoxidized CNF to 25.2 μm after 3 h of oxidation and 32.9 μm after 6 h. 
Indeed, Strong et al. [54] successfully used oxidation with periodate as a 
paper miniaturization method that performed optimally with a period
ate concentration of 0.6 M and a reaction time of 48 h. They found a 

direct relationship between the decrease in surface area and oxidation 
time in various types of cellulose-based membranes. Interestingly, 
however, membranes made from cellulose derivatives exhibited no 
decrease in surface area. The effects of periodate were influenced by the 
temperature, pH and electrolyte concentration [55] —we conducted no 
similar tests, however. The shrinking effect may have resulted from the 
formation of intramolecular hemiacetal bonds between aldehyde groups 
and primary hydroxyl groups in 2,3-dialdehyde cellulose. This intra
molecular conversion is impossible in a chair conformation, so it must 
lead to non-linear, folded, more compact (miniaturized) conformations 
[56]. In fact, our FTIR spectra confirmed the presence of hemiacetal 
groups in the oxidized films (see Fig. 2). 

As shown by the air permeance results, shrinkage of the films 
increased their compactness. Unoxidized film had a permeance of 2.18 
± 0.09 μm Pa− 1 s− 1 (Fig. 3) that decreased as the oxidation reaction 

Fig. 4. SEM images of the films CNF, CNF ox. 3 h and CNF ox. 6 h.  

Fig. 5. a) Surface free energy (SFE) and b) water contact angle (WCA) of CNF films oxidized with periodate for 0, 3 and 6 h.  
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developed (see Table S1 in Supplementary material). Such a high 
resistance is very interesting and might enable the use of oxidized films 
in packaging applications. In fact, previous attempts at obtaining CNC 
[13] or bacterial cellulose (BC) [57] with favourable barrier properties 
provided lower air resistance levels than periodate-oxidized CNF. 

Scanning electron micrographs revealed very smooth surfaces in 
both unoxidized CNF (Fig. 4A.a) and in films oxidized for 3 h (Fig. 4B.a) 
or, especially, 6 h (Fig. 4C.a). In fact, cross-sectional views (Figs. 4A.b, B. 
b and C.c) confirmed a more compact appearance in the periodate- 
oxidized films as a result of the formation of hemiacetal and hemialdal 
bonds during the reaction. Also, the films became not only more 
compact but also, as noted earlier, thicker, as the reaction developed. 

3.3. Surface free energy and permeance 

The surface free energy of the films was determined in order to 
predict their interactions with various liquids. As can be seen from 
Fig. 5a, SFE for the oxidized films was lower than previously reported 
values for CNC-based films [13,58] —even though the dispersive 
contribution of the oxidized films was greater, the polar contribution 
was much smaller. The decreased polarity of the oxidized films was 
confirmed by depositing a drop of a polar liquid (water) onto their 
surface and measuring the resulting water drop test (WDT) and water 
contact angle (WCA) values (Fig. 5b, Table 1). The contact angle of the 
films oxidized for 6 h, 102.5◦, was much higher than that of the control 
film (51.62◦) and substantially higher than previously reported values 
for periodate-oxidized nanocellulose [51]. Also, the oxidized films 
became hydrophobic (WCA > 90◦) after 1 h of reaction, probably as a 
result of miniaturization reducing pore volume [54] or hydroxyl groups 
being converted into aldehyde groups [51,54]. Also, based on the WDT 
results (Table 1), the oxidized films possessed a much higher water 
resistance than the control film, thus confirming the increased 
compactness of the former. WDT values virtually levelled off after 1 h. 
The absence of interactions between water and the oxidized films, and 
their decreased absorption of moisture, can be ascribed to the formation 
of aldehyde groups from free hydroxyl groups —the latter can interact 
with water— and also to the increased compactness additionally sug
gested by the air permeance values. 

Table 1 also shows the water vapour permeability at 50 % RH of 
oxidized and unoxidized CNF films. WVTR decreased with time. As 
suggested by the miniaturization results and SEM images, the oxidation 
treatment increased film density and compactness, thereby hindering 
penetration of water vapour molecules. Also, the increased contact an
gles and decreased WVTR values obtained are consistent with an 
increased water resistance in the periodate-oxidized CNF films, 

The decreased film polarity inferred from the SFE results also influ
enced oxygen resistance. Unlike water, oxygen is non-polar. As can be 
seen from Fig. 6, the films oxidized for 3 h exhibited decreased oxygen 
resistance at low RH levels, possibly as a result of an increased dispersive 
component and decreased polar component allowing easy penetration of 
a non-polar gas such as oxygen. 

As can be seen from Fig. 6, oxygen permeability (OP) in the unoxi
dized film increased markedly at RH > 60 % and reached 50,000 cm3 

μm m− 2 day− 1 atm− 1 at RH = 90 % (unplotted value). By contrast, OP in 
the oxidized films remained constant or even decreased with increase in 
RH. The low oxygen permeability of the films even at high RH levels is a 
distinctive feature of other biopolymers, where OP tends to increase 
with increasing relative humidity. 

The films oxidized for 3 h exhibited a low oxygen permeability. In 
fact, their OP values were similar to those of commercially available 

Table 1 
WDT, WCA and WVTR at 50 % RH of CNF films oxidized for 0, 3 and 6 h.  

Oxidation time (h) WDT (min) WCA (◦) WVTR (g m− 2 day− 1)  

0 46.5 ± 1.0 51.7 ± 6.0 3.31 ± 0.27  
3 138.0 ± 3.2 97.4 ± 2.7 2.09 ± 0.32  
6 141.0 ± 5.1 102.0 ± 4.5 0.79 ± 0.26  

Fig. 6. Oxygen permeability (OP) at a variable relative humidity (RH) of an 
unoxidized CNF film, and one oxidized with periodate for 3 h. 

Fig. 7. Percent transparency of an unoxidized CNF film and others oxidized for variable lengths of time.  
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materials with favourable oxygen-barrier properties such as poly 
(ethylene-co-vinyl alcohol), high-density polyethylene, poly(ethylene 
terephthalate), nylon-6, poly(vinylidene chloride) or poly(vinyl alcohol) 
[59,60]. This makes periodate-oxidized CNF film an attractive choice for 
packaging food that is very difficult to preserve in non-plastic materials. 
Other authors have reported similar OP values for periodate-oxidized 
films at low RH levels [51] but seemingly none obtained at high RH 
levels. 

Oil resistance is one other important property for packaging films. 
All unoxidized and periodate-oxidized films studied here were oil- 
resistant. In fact, none showed any signs of oil penetration even after 
1800 s. Some authors have found nanocellulose to be oil-resistant. Thus, 
Fernández-Santos et al. [61] reported oil resistance values similar to 
ours albeit for CNF− CNC and CNF− MCC films. CNC systems doped with 
various natural additives also exhibit similar oil resistance values [13]. 
Although a decrease in the polar component may have increased oil 
absorption, the much greater compactness and density of the oxidized 
films prevented oil absorption from increasing upon oxidation with 
periodate. 

3.4. Effects on optical and mechanical properties 

Transparency can be a desirable attribute of some products. 
Improving the typically good transparency of CNF films is difficult, 
however [15]. Fig. 7 shows the transparency of CNF films oxidized with 
periodate for variable lengths of time. As can be seen, this property 
increased with treatment time, from 14 % in the unoxidized film to 77 % 
after 6 h. The transparency values for the films oxidized for 3 h were 
similar to those reported for crystalline nanocellulose (56.08 %, [61]), 
whereas those obtained after oxidation for 6 h were very high and 
similar to those for other cellulose derivatives such as microcrystalline 
cellulose (MCC, 77.85 % [61]). An increased transparency was also 
observed by other authors who obtained 2,3-dialdehyde cellulose (DAC) 
by oxidizing MCC with sodium periodate at 48 ◦C for 19 h [51]. 

The CNF films were also examined for mechanical properties under 
both dry and wet conditions. The extent of hydration of aldehyde groups 
strongly influences the formation of hemiacetal and hemialdal net
works, and hence mechanical properties. As can be seen from Fig. 8a, 
elongation decreased as the oxidation treatment progressed in both dry 

Fig. 8. Mechanical properties of an unoxidized CNF film and others oxidized for variable lengths of time.  

Fig. 9. a) Dry and wet activity of laccase immobilized onto an unoxidized CNF film and an oxidized one in the presence and absence of NaBH4. b) Schematic 
representation of the binding process of a protein to oxidized cellulose: (1) unoxidized cellulose molecule; (2) oxidized cellulose molecule with aldehyde groups 
already present; (3) binding of the amino group of the protein to the aldehyde of the cellulose forming a reversible Schiff base; (4) reduction of the remaining 
aldehyde and the non-reversible Schiff base. 
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and wet tests. This behaviour can be explained by the formation of 
hemiacetals between aldehyde (generated during periodate oxidation) 
and alcohol groups, as has already been described by other authors. 
They state that the presence of aldehyde groups formed during TEMPO 
oxidation of cotton linters [62] and hardwood bleached kraft pulp [63] 
produced a decrease in elongation due to the formation of hemiacetals. 
Wet elongation exceeded dry elongation by effect of water slightly 
weakening bonds and allowing nanocellulose structures more freedom 
as a result. 

As can be seen from Fig. 8b, dry and wet tensile strength decreased 
with time. However, the control film behaved differently from the 
treated films. Thus, the former exhibited a considerably high dry 
strength that was much lower than its wet strength. On the other hand, 
the oxidized films exhibited less marked differences between their dry 
and wet values. The previous differences reflected in the wet/dry ratio, 
which was used to relate tensile strength under wet and dry conditions. 
As can be seen from Fig. 8b, such a ratio increased with treatment time. 
Thus, the ratio of the films treated for 3 h was 84.1 %, so the films only 
lost 15.9 % of their tensile strength upon wetting. On the other hand, the 
ratio for the unoxidized film was 43.3 % and it lost 56.6 % of its strength 
by effect of moisture. Therefore, moisture considerably reduced the 
tensile strength of the unoxidized CNF film but not that of the oxidized 
films even though the latter were weaker than was the former under dry 
conditions. This was a result of the number of hemiacetal and hemialdal 
groups increasing with oxidation time and covalent bonds replacing the 
typical hydrogen bonds, thereby lessening the impact of water on the 
films [22]. This assumption is consistent with the fact that the dry tensile 
strength decreased with time in the periodate treatment. In fact, 
oxidation of hydroxyl groups to aldehyde groups partially hindered the 
formation of hydrogen bonds, which are responsible for dry tensile 
strength [64]. By contrast, the process caused the formation of hemi
acetal and hemialdal groups, which might be responsible for the virtual 
absence of tensile strength losses in the wet films [22]. The high wet 
strength of the oxidized films is very interesting as it can allow their use 
unaltered in water. 

3.5. Production of active packaging 

In further tests, we examined whether the presence of aldehyde 
groups would allow an enzyme such as laccase to be immobilized in 

order to obtain active packaging preventing food deterioration. The 
enzyme was immobilized onto two different supports, namely: a 
periodate-treated film that was dried after oxidation (CNF ox. Dry) and a 
similarly treated film that was not dried after treatment (CNF ox. Wet). 
The enzyme, which was immobilized by following the same procedure 
in both cases, was assumed to be anchored by covalent bonding, which is 
usually highly efficient [65]. 

As can be seen from Fig. 9a, the amount of laccase immobilized onto 
CNF ox. Dry was increased by the presence of NaBH4, which promoted 
stronger bonding between the enzyme and aldehyde groups through the 
formation of secondary amine groups (− NH) [66,67]. This allowed 
aldehyde− enzyme bonds to retain their strength after thorough washing 
with water. In the absence of NaBH4, bonds were weaker and the 
amount of enzyme immobilized was smaller as a result. Such an amount 
was smaller in the oxidized films than it was in the unoxidized film 
whether NaBH4 was present or absent from the reaction medium. 

As can be seen from the results for the film CNF ox. Dry, aldehyde
− enzyme bonds were seemingly more stable and led to more efficient 
immobilization of the enzyme even after the film was washed. On the 
other hand, the film CNF ox. Wet was destroyed by NaBH4 so no laccase 
immobilizations measurements could be made on it. In Fig. 9b, a sche
matic representation of the binding process with a protein and the 
oxidized cellulose can be seen. It is also shown how NaBH4 leads to the 
reduction of the remaining aldehyde and favours the formation of the 
non-reversible Schiff base. 

The functionality of laccase immobilized on the oxidized films was 
assessed as the enzyme's ability to degrade the dye Methylene Blue (MB). 
As can be seen from Fig. 10, the film containing immobilized laccase was 
more efficient in decolorizing the dye. Thus, MB was removed by 47 % 
from the control film (CNF), and by 80 % from the laccase-containing 
film, after 90 min and the proportion increased with time in the latter 
case (Fig. 10). As previously found by other authors [68–72], laccase 
was highly efficient in degrading MB. Based on the results, the enzyme 
immobilized onto a periodate-oxidized CNF film performed quite well as 
a catalyst and can therefore be a good choice for use in active packaging. 

3.6. Storage stability and reusability of immobilized laccase 

The industrial use of laccase is limited by its tendency to loss enzy
matic activity under extreme conditions [31]. Also, the enzyme is poorly 

Fig. 10. Variation of the extent of Methylene Blue (MB) removal by an oxidized CNF film (CNF ox.) containing immobilized laccase, and one containing no enzyme 
(CNF), with time and appearance of the MB solution before and after contact with the laccase-containing film. 
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reusable and rather unstable. In fact, immobilization alters the structure 
of enzymes and hence their stability. 

Retaining their properties with time is a great asset for functionalized 
CNF films, especially if they are not intended for immediate use. We 
assessed the stability of the films CNF ox. Dry and CNF ox. Wet con
taining immobilized laccase after storage for 30 days by measuring their 
activity at 2-day intervals. The results were quite good. In fact, immo
bilized laccase retained its activity after 30 days of storage at 4 ◦C under 
both dry and wet conditions (results not shown). Chatterjee et al. [28] 
obtained similarly good results with laccase also stored at 4 ◦C. 

The ability to reuse the immobilized enzyme reduces the overall cost 
of enzyme-catalysed industrial processes and is crucial with a view to 
obtaining reusable packaging and mitigating current environmental 
pollution problems. Laccase reusability was assessed here over 12 
consecutive cycles. The activity of the original laccase was taken to be 
100 % and, as can be seen from Fig. 11, the film CNF ox. Dry retained 
>75 % of the activity until cycle 11, and so did CNF ox. Wet until cycle 
12. The 25 % decrease observed may have resulted from denaturation of 
the enzyme [73]. The activity of laccase immobilized on CNF ox. Dry 
remained stable until cycle 5 and decreased afterwards, albeit only to 79 
%. The activity retention results obtained with both films are better than 
those reported by other authors. Thus, Xing et al. [33] reported 67 % for 
immobilized laccase after 6 cycles; Chen Lin [74] 69 % for laccase 
immobilized on cellulose from bacterial membranes after 7; and Yinghui 
et al. [75] 64 % for laccase on poly(vinyl alcohol). 

As shown by previous studies, laccase is an effective alternative to 
the conventional two-enzyme system (glucose oxidase− catalase) typi
cally used in food packaging [76], which poses some problems arising 
from the presence of hydrogen peroxide. On the other hand, laccase is 
able to reduce molecular oxygen to water without the need for hydrogen 
peroxide. Also, as noted earlier, it is compatible with a broad range of 
reductive substrates. Other authors have examined the performance of 
laccase immobilized by trapping onto latex under variable temperature 
and time conditions [28]. Bioprocess technology has helped reduce 
enzyme production costs and make enzymes viable choices for industrial 
uses such as food packaging [28]. 

4. Conclusions 

In this work, cellulose nanofibril (CNF) films were oxidized with 
periodate for variable lengths of time. The number of aldehyde groups in 
the films increased with treatment time but levelled off after 3 h. The 
oxidized films exhibited a decreased antioxidant capacity by effect of the 
presence of aldehyde groups. As confirmed by FTIR spectra, the treat
ment also caused the formation of hemiacetal and hemialdal groups in 
the films that led to their shrinking by up to 67 %. Film compaction was 
confirmed by SEM images, which revealed an increase in thickness from 

22.6 μm in the unoxidized film to 31.6 μm in that oxidized for 6 h (CNF 
ox. 6 h). Compaction decreased oxygen permeability in the films and 
increased fat resistance as a result. Also, the oxidized films lost only 16 % 
of their tensile strength upon immersion in water, whereas the unoxi
dized film lost as much as 57 %. 

Oxidation of hydroxyl groups to aldehyde groups additionally 
decreased polarity in the films, thereby considerably increasing their 
hydrophobicity and improving their water vapour barrier properties. 
Also, the films exhibited excellent oxygen barrier properties (viz., 68.4 
cm3 μm m− 2 day− 1 atm− 1 at 80 % RH and impenetrability at 90 % RH). 

Finally, dialdehyde films were used to immobilize laccase for use as 
active packaging. The films containing immobilized laccase retained 
their whole activity after storage at 4 ◦C for 1 month, whereas those 
reused over 11 or 12 cycles lost <25 % and were highly efficient in 
degrading the dye Methylene Blue. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2024.131553. 
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