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A B S T R A C T   

Owing to the intrinsic hydrophilicity of nanocellulose, films and nanopapers prepared from cellulosic nano-
materials exhibit weak mechanical strength when exposed to high-moisture conditions. In this study, an 
approach for designing a water resistant, assembled nanopaper through controlled and irreversible aqueous 
complexation of oppositely charged cellulose nanoconstituents, i.e., cationic cellulose nanocrystals (AH-CNC) 
and anionic cellulose nanofibers (TO-CNF), is proposed. The fabrication process and features of the nanopaper 
can be adjusted by altering of the AH-CNC/TO-CNF ratio. For example, the draining time during the filtration of 
a nanopaper decreased dramatically (480–10 min) when the dosage of nanocelluloses resulted in charge 
compensation. This dosage also reduced the swelling of the nanopaper. After all charged groups were neutral-
ized, a nanopaper with a wet strength of 11 ± 3 MPa was obtained when immersed in water for 24 h. 
Furthermore, the electrostatic interaction between the charged nano-entities enhanced the mechanical properties 
of the nanopaper in dry state (the maximum of tensile strength was 174 ± 3 MPa) and resulted in improved water 
barrier properties (water vapor transmission rate of 1683 g μm m− 2 d− 1). This straightforward method based on 
simply aqueous mixing of two oppositely charged nanomaterials may provide a new pathway for the fabrication 
of various functionalized films and sheets with advanced characteristics from different type of charged nano-
particles and colloids.   

1. Introduction 

Continuous and self-standing films derived from sustainable nano-
materials have been widely investigated in packaging, electronics and 
biomedical applications in recent years (Barhoum, Samyn, Öhlund, & 
Dufresne, 2017; Cheng, Li, Thomas, Kotov, & Haag, 2017; Yan et al., 
2014; Yee et al., 2019). Especially, hierarchical and nanostructured 
films (or nanopapers) of nanocellulose (NC) exhibit excellent mechani-
cal properties, and low oxygen permeability, and they possess great 
potential in food packaging (Fang, Hou, Chen, & Hu, 2019; Shimizu, 
Saito, & Isogai, 2016), water treatment (Gopakumar et al., 2019; 
Mohammed, Grishkewich, & Tam, 2018), and energy storage (e.g., 
supercapacitors and batteries) (Fang et al., 2019), etc. Nanocellulose 
generally refers to elongated nanoribbons of cellulose nanofibers (CNF) 
and rod-like cellulose nanocrystals (CNC), which have many unique 
characteristics such as high surface area and tailorable surface chemistry 
emerging from nano-scale and polymeric structure of cellulose. 

However, the hydrophilic nature of NC attributed to the abundant sur-
face hydroxyl groups of cellulose limits the harnessing of NC films and 
nanopapers under high humidity conditions or in water. Particularly, 
the charged surface moieties introduced during the fabrication process 
of NC (e.g. TEMPO oxidation, carboxymethylation or periodate-chlorite 
oxidation) further promote water interactions (Liimatainen, Visanko, 
Sirviö, Hormi, & Niinimaki, 2012; Naderi & Lindstrom, 2014; Tor-
stensen et al., 2018), and lead to NC swelling and dramatic weakening of 
mechanical properties of NC materials under a high moisture environ-
ment (Walther et al., 2020). 

Several strategies have been applied to enhance the wet strength and 
stability of NC based films. Chemical modifications, such as esterifica-
tion, acylation, silylation and polymer grafting (Huang, Wu, Yu, Lu, & 
Chen, 2017; Quellmalz & Mihranyan, 2015; Sehaqui, Zimmermann, & 
Tingaut, 2014; Sethi, Farooq, et al., 2018) enable to transform the cel-
lulose hydroxyls into more hydrophobic groups. However, these modi-
fications, which often use toxic reagents or organic solvents, can affect 
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negatively to the features of NC, leading to a decrease in crystallinity 
and other mechanical properties (Shimizu et al., 2016). Chemical 
treatments can also be used to create cross-links in the nanocellulose 
network via covalent bonding or ionic interactions, and increase both 
the wet strength and ductility of NC nanosheets (Benselfelt, Engström, & 
Wågberg, 2018; Benselfelt, Nordenström, Lindström, & Wågberg, 2019; 
Kriechbaum & Bergström, 2020; Pahimanolis et al., 2013; Spoljaric, 
Salminen, Luong, & Seppälä, 2013; Yang et al., 2017). The crosslinking 
process requires typically complicated and multi-step procedures, and 
hazardous chemical cross-linkers such as glyoxal, epichlorohydrin and 
polyetheramine (Kubo, Saito, & Isogai, 2019a, 2019b; Ansari, Galland, 
Johansson, Plummer, & Berglund, 2014; Guo, Chen, & Yan, 2013; Hu, 
Ma, Zhang, Ding, & Wu, 2020; Lossada et al., 2019; Medina, Ansari, 
Carosio, Salajkova, & Berglund, 2019; Yao et al., 2017). 

Recently, some natural compounds such as chitosan, lignin, or 
gelatin (Kriechbaum & Bergström, 2020; Szymańska-Chargot et al., 
2019; Toivonen et al., 2015; Uddin, Ago, & Rojas, 2017; Wu et al., 2020) 
have also been applied as green constituents to enhance the water 
resistance of NC based films. Gelatin was grafted with dialdehyde 
nanocellulose (DANC) and furtherly complexed with tannic acid (TA) 
via hydrogen bonding and hydrophobic interactions. The obtained 
composite films displayed a wet strength of 33 MPa after water im-
mersion for 1h (Kriechbaum & Bergström, 2020). Nano-
cellulose–chitosan composite films were also fabricated by simply 
mixing chitosan and nanocellulose together followed by alkaline treat-
ment. By pipetting deionized water on the samples and waiting for 60 s, 
the wet strength was tested to be 100 MPa. It was reported that physical 
cross-linking formed by multivalent hydrogen bonding and hydrophobic 
interactions between NC and chitosan were presumably the main rea-
sons for increase of water resistance of the composite (Szy-
mańska-Chargot et al., 2019; Toivonen et al., 2015). Chitosan was also 
combined with the esterified cellulose nanofibers (prepared by formic 
acid) to fabricate a nanopaper having a wet strength of 19 MPa. How-
ever, the test conditions for the wet strength measurement was not re-
ported (Wu et al., 2020). 

In current research, a straightforward approach based on aqueous 
and controlled complexation of oppositely charged cellulose nano-
particles without any additional ingredients were used to fabricate 
water resistant NC nanopaper with good water barrier properties. The 
nanopapers were created from complexed suspensions of cationic cel-
lulose nanocrystals (AH-CNC) and anionic cellulose nanofibers (TO- 
CNF) using a vacuum filtration process, and were exposed to aqueous 
conditions for 24 h to address to relatively long-term stability of nano-
papers in water. This concept based on direct complexation of charged 
nano-enties via electrostatic interaction provides a green and efficient 
route for the preparation of different types of functionalized films and 
sheet with tailorable properties. 

2. Experimental section 

2.1. Materials 

Bleached kraft birch (Betula pendula) pulp sheet was used as a cel-
lulose raw material after disintegration in deionized water. The prop-
erties of birch pulp were determined in a previous study(Liimatainen, 
Sirviö, Haapala, Hormi, & Niinimäki, 2011). Lithium chloride (99%) 
and sodium periodate (NaIO4) were obtained from Sigma Aldrich 
(Germany). Aminoguanidine hydrochloride (AGH) and 2,2,6,6-tetrame-
thylpiperidinyl-1-oxy radical (TEMPO) were bought from Tokyo 
Chemicals Industry (Japan). 

2.2. Methods 

2.2.1. Synthesis of anionic cellulose nanofibers 
TEMPO-oxidixed cellulose nanofibers (TO-CNF) with a charge den-

sity of 1.6 mmol/g were prepared via our previously reported method 

using 10.0 mmol of NaClO solution (Zhang & Liimatainen, 2018). 
Deionized water was used in all experiments. 

2.2.2. Synthesis of cationic cellulose nanocrystals 
The cationic CNC, AH-CNC, was obtained through a two-step syn-

thesis route based on consequent periodate oxidation and cationization 
with aminoguanidine hydrochloride. First, 2,3-dialdehyde cellulose 
(DAC) was prepared by previously reported periodate oxidation method 
(Li, Sirviö, Asante, & Liimatainen, 2018). An amount of bleached birch 
pulp (15.0 g) was torn by hand into 1 cm × 1 cm pieces and blended in 
1500 ml deionized water in a beaker overnight. Then, NaIO4 (12.3 g) 
and LiCl (27 g) were added into the suspension and reacted at 65 ◦C for 
3 h. After reaction, oxidized cellulose pulp was washed by vacuum 
filtration using deionized water for three times and stored at 4 ◦C for 
further use. The aldehyde content of DAC was determined to be 3.8 
mmol/g based on an oxime reaction between the aldehyde group and 
NH2OH⋅HCl (Ojala, Sirviö, & Liimatainen, 2016; J.; Sirviö, Liimatainen, 
Niinimäki, & Hormi, 2011). 

Cationization of DAC was conducted in a deep eutectic solvent (DES) 
system. Firstly, aminoguanidine hydrochloride (75 g) and glycerol (125 
g) were mixed together with a molar ratio 1:2. The mixture was pre-
heated at 90 ◦C to obtain a clear liquid, and then cooled down to 75 ◦C. 
After that, non-dried DAC (the total dry weight of 10 g) was added into 
the mixture, stirred continuously by magnetic bar, and reacted for 10 
min 250 ml of ethanol was then added to stop the reaction. The obtained 
suspension was filtrated and washed twice with 500 ml of water and 
ethanol, respectively. The cationized pulp was disintegrated into AH- 
CNC by passing through a double-chamber system (400 and 200 μm) 
of a microfluidizer (Microfluidics M-110EH-30, USA) at 1000 bar pres-
sure for two times. The charge density of AH-CNC was determined to be 
2.7 mmol/g by elemental analysis (Sirviö, Honka, Liimatainen, Nii-
nimäki, & Hormi, 2011). 

2.2.3. Complexation fabrication of nanopapers from TO-CNF and AH-CNC 
The suspension of positively charged AH-CNC (0.3 wt%) was poured 

into suspension of negatively charged TO-CNF (0.3 wt%) with mass 
ratios of 10:90, 20:80, 30:70, 40:60, and 50:50 (the total dry weight of 
0.3 g). The aqueous mixtures were homogenized using a high-speed 
homogenizer (IKA, T25 Ultra-Turrax) at a speed of 10,000 rpm for 2 
min and degassed using vacuum. Then, the suspensions of complexed 
nanocelluloses were filtered on a polyvinylidene fluoride (PVDF) 
nanopaper with a pore size of 0.65 μm (Millipore, USA) using a vacuum 
of − 70 ± 5 kPa to form a wet nanopaper layer. The draining was stopped 
when the time difference between the two consecutive falling water 
drops from the funnel was 30 s. The obtained hydrogel cake was fur-
therly vacuum-dried between metal cloths using a Rapid Köthen 
equipment (Germany) at 94 ◦C for 10 min. As a reference, nanopapers 
from pure AH-CNCs and TO-CNF suspensions were also prepared. The 
nanopapers were named as AH10/TO90, AH20/TO80, AH30/TO70, 
AH40/TO60, and AH50/TO50 based on the mass ratio of AH-CNC and 
TO-CNF, respectively. 

2.2.4. Characterization 
The zeta potential of complexed suspension of AH-CNCs and TO-CNF 

was measured using a Zetasizer nano ZC instrument (Malvern In-
struments, Malvern, UK). The measurements were performed in deion-
ized water at a concentration of 0.1 wt% using at least five repetitions. 
The turbidity of mixed suspensions with different AH-CNC and TO-CNF 
ratios were placed in vial using an electronic turbidity meter (Hach 
2100Q). Diffuse reflectance infrared Fourier transform (DRIFT) spectra 
of the AH-CNC and TO-CNF, and the as-prepared nanopapers were 
recorded on a Bruker Vertex 80v spectrometer (USA) in the range 
800–4000 cm− 1 with a resolution of 2 cm− 1. The surface and cross- 
sectional imaging of the nanopapers were conducted with the field 
emission scanning electron microscope (FESEM, Zeiss Sigma HD VP, 
Oberkochen, Germany) at 0.5 kV acceleration voltage. The mechanical 
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properties of the obtained films were studied using a universal testing 
machine (Zwick D0724587, Switzerland) equipped with a 1 kN load cell. 
The nanopapers were cut into 15 mm × 150 mm strips and precondi-
tioned at 23 ◦C and a relatively humidity of 50% for 48 h prior to testing. 
Each measurement was performed at a speed of 5 mm/min at room 
temperature and a gauge length of 20 mm. The Young’s modulus was 
calculated from the slope of the linear part of the stress− strain curve. 
The mechanical properties of wet nanopapers were determined on 
samples that were immersed in deionized water for 24 h. The thickness 
of dry and water-swollen nanopapers was measured using a precision 
thickness gauge (FT3; Hanatek Instruments, East Sussex, UK). The 
transmittance of the nanopaper was measured in the wavelength range 
from 200 to 800 nm using a UV–vis spectrometer (Shimadzu, Japan). 
The nanopaper was placed between two quartz glass slides before being 
set up in a cuvette stand in order to avoid wrinkling and make it aligned 
against the incoming beam. Water vapor permeability (WVP) of nano-
papers was determined gravimetrically according to ASTM Standard E 
96-95 (Sirviö et al., 2014). All nanopapers (three samples per film) were 
conditioned at 23 ◦C and 50% RH for 48 h before testing and then placed 
between a glass bottle and an open-end-cap with 25 mL distilled water 
inside. Rubber seal was used for tight sealing. The test assembly was 
placed in a controlled condition chamber (23 ◦C and 50% RH, equipped 
with a fan to ensure good circulation of air inside the chamber) and its 
weight was monitored at regular intervals for 8 h. A weight–time curve 
was constructed, and slope of the strain line was estimated. The WVTR 
(normalized to the thickness of sample) was calculated using the for-
mula: WVTR (g μm m− 2 d− 1) = (mass of water reduction × sample 

Fig. 1. Zeta potential and turbidity (a) of complexed suspensions of oppositely charged AH-CNC (0.1 wt%) and TO-CNF (0.1 wt%) and the optical photograph (b) 
after setting for one month. 

Fig. 2. Draining time of complexed suspensions of AH-CNC and TO-CNF (mass 
ratio of 10:90, 20:80, 30:70, 40:60 and 50:50) in the formation of nanopapers 
using a vacuum filtration. 

Fig. 3. DRIFT spectra of nanopapers fabricated from complexes of AH-CNC and TO-CNF, and references of pure AH-CNC and TO-CNF.  
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thickness)/(time × area). An average of three measurements was re-
ported for each sample. Water vapor permeability (WVP) was calculated 
as follows:  

WVP = WVTR/S(P1–P2)                                                                        

where S is the saturation vapor pressure at the test temperature (28 ×
102 Pa at 23 ◦C), P1 is the relative humidity in the dish expressed as a 
fraction (1), and P2 is the relative humidity at the vapor sink expressed 
as a fraction (0.5). 

Dry nanopapers were weighed in air and then immersed in distilled 
water for 24 h. After that, the wet samples were wiped with filter paper 
to remove excess liquid and weighed again. The swelling degree of 
nanopapers was calculated based on the equation below:  

Swelling degree (%) = [(Ww − Wd)/ Wd] × 100%                                    

where Ww and Wd are the weights of the wet and the air-dried samples. 
All experiments were conducted in triplicate. Statistical evaluation of 

data was completed based on one-way analysis of variance (ANOVA) 
with GraphPad Prism version 6.01 software and Tukey’s HSD was per-
formed to determine statistical significance between samples with a p- 
value of 0.05. 

3. Result and discussion 

3.1. Complexation of aqueous AH-CNC and TO-CNF suspensions, and 
formation of nanopapers 

Oppositely charged NCs were mixed together with different mass 
ratios of cationic AH-CNC and anionic TO-CNF (AH-CNC: TO-CNF of 

10:90, 20:80, 30:70, 40:60, and 50:50). The turbidity and zeta potential 
of obtained mixtures are shown in Fig. 1. The zeta potential of the 
mixture increased clearly as a function of the addition of cationic AH- 
CNC from – 31.7 mV (mass ratio of 10:90) to +18.6 mV (mass ratio of 
50:50). Besides, the mixing of NC suspensions led to a formation of 
insoluble, visible complexes immediately after dosing the AH-CNC. The 
increase in dosage of AH-CNC further promoted the formation of NC 
aggregates or complexes and resulted in an increase of turbidity of the 
mixture (Fig. 1a). The highly transparent original NC suspensions con-
taining individualized, nano-sized AH-CNC and TO-CNF were converted 
to a more turbid dispersions, indicating increase in particle size of 
constituents and build-up of larger assemblies (Mariano, Souza, Borges, 
do Nascimento, & Bernardes, 2021). The particle size of initial nano-
cellulose samples was 92 ± 31 nm in length for AH-CNC and 172–958 
nm in length for TO-CNF (Fig. S1 in supplementary information). After 
mixing, the average particle size was dramatically increased (e.g., 432.5 
μm with AH-CNC:TO-CNF ratio of 10:90 and 491.7 μm with AH-CNC: 
TO-CNF ratio of 50:50, see image in Fig. S2 and 3 in supplementary 
information). As the dosage of AH-CNC increased more complex 
appeared, which, in turn, resulted in an increase of turbidity of the 
mixture. However, as the content of AH-CNC was higher than 40%, the 
turbidity decreased. This decrease was attributed to the full compensa-
tion of anionic carboxylate groups of TO-CNC by the positively charged 
ammonium group of AH-CNC when the addition of AH-CNC was higher 
than 37% (i.e., 1.6 g AH-CNC with a charge density of 2.7 mmol/g would 
compensate with 2.7 g TO-CNF with a charge density of 1.6 mmol/g). 
With a higher amount of AH-CNC, no additional complexation happened 
and the addition of more transparent AH-CNC suspension led to the 
reduction of turbidity. 

Fig. 4. (a) Optical transmittance of nanopapers and (b) a magnified transmittance graph; (c) photograph of nanopapers, and (d&e) a visual appearance of the 
nanopaper (AH40/TO60) at different distances from the background. 
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After blending and formation of complexes of AH-CNC and TO-CNF, 
the obtained turbid mixtures were used for the preparation of NC based 
nanopapers via vacuum filtration. Filtration is a widely used in the 
drainage of nanocellulose suspension. Nevertheless, it usually takes 1–4 
h for dewatering of suspensions of individualized NCs (Sinquefield, 
Ciesielski, Li, Gardner, & Ozcan, 2020). Consequently, several ap-
proaches, such as hydrophobic modification (Sethi, Oksman, Illikainen, 
& Sirviö, 2018), electro-osmotic dewatering (Wetterling, Sahlin, 
Mattsson, Westman, & Theliander, 2018) and electrolytes (salts or pol-
yeletrolyte) addition (Raj, Varanasi, Batchelor, & Garnier, 2015; Sim, 
Lee, Lee, & Youn, 2015), have been applied in recent years to improve 
the efficiency of dewatering process. (Amini, Tajvidi, Bousfield, Gard-
ner, & Shaler, 2019; Sethi, Visanko, Österberg, & Sirviö, 2019). 

The draining time of the complexed NC suspension for the prepara-
tion of NC based nanopapers is shown in Fig. 2. The fluid flow and 
drainage of the nanopaper exhibited a similar trend with the turbidity 
values (Fig. 1). The formation of nanopaper was very slow at low AH- 
CNC dosages, and was accelerated dramatically at high doses. For 
example, the draining time was 480 min at AC-CNC: TO-CNF ratio of 
10:90 and was reduced to 10 min at ratio of 40:60, after which it started 
to increase again. Clearly, the increase of the particle size and the 
decrease of hydrophilic surface area of NC as a consequence of 
complexation, enhanced the water removal of the mixed suspensions. 

The highest AH-CNC content (50 wt%) provided free, individual nano-
particles in the suspension, and prolonged the draining time again. 
Therefore, the complexation of the oppositely charged NC significantly 
improved the conversion of NC into nanopaper without any process 
modifications or chemical additives (Raj et al., 2015; Sethi, Oksman, 
et al., 2018). This is important for feasibility of NC when designing 
tailorable films, and one of the key factors affecting large-scale and 
efficient production of nanopapers for commercial applications. 

3.2. Characteristics of nanopapers based on AH-CNC and TO-CNF 
complexes 

The DRIFT spectra of nanopapers formed from oppositely charged 
AH-CNC and TO-CNF are displayed in Fig. 3. Typical characteristic 
peaks of cellulose can be found in all samples, in which the broad band 
between 3495 and 3650 cm− 1 represents stretching vibration of hy-
droxyl groups, while the band at 1180 cm− 1 is related to the asym-
metrical stretching vibration of C–O–C glycosidic bonds in the cellulose 
glucose ring. The characteristic peak at 1650 cm− 1, corresponding to the 
C––O bond stretching of the carboxylate groups (COO-), is clearly visible 
in the reference spectrum of pure TO-CNC sample. In comparison, the 
peak at 1699 cm− 1 and a small peak at 1648 cm− 1 are observed in the 
spectrum of pure AH-CNC, which are due to the C––N bond vibration 

Fig. 5. SEM images of surface (a–f) and cross-sections (g–l) of nanopapers fabricated from complexes of AH-CNC and TO-CNF, and a reference of pure TO-CNF.  
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Fig. 6. Mechanical properties of the dry nanopapers fabricated from complexes of AH-CNC and TO-CNF, and a reference of pure TO-CNF: (a) typical stress-strain 
curves, (b) stress at break, (c) Young’s modulus and (d) strain at the break. 

Fig. 7. (a) Swelling ratio and (c) photo of obtained composite nanopapers after 24 h water immersion; (b) Mechanical test of AH37/TO53 nanopaper after 24 
h immersion. 
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and N–H bond bending, respectively (Li et al., 2018). These character-
istics peaks, i.e. C––O asymmetric band (at about 1650 cm− 1) of TO-CNF 
and C––N bond vibration of AH-CNC (near 1699 cm− 1) can also be noted 
in the nanopapers containing NC complexes. Moreover, the intensity of 
peak of C––N bond vibration increased as a function of AH-CNC dosage. 
Notably, a blueshift of carboxyl band is observed for the complexed 
nanopaper (shifting from 1650 to 1659 cm− 1), which is presumably due 
to the electrostatic complexation between the carboxylate groups of 
TO-CNF and ammonium groups of AH-CNC (Soni, Hassan, Schilling, & 
Mahmoud, 2016; Soni, Mahmoud, Chang, El-Giar, & Hassan, 2018). 

Transparency is a key parameter for many NC film applications such 
as food packaging and electronics (Du, Zhang, Liu, & Deng, 2017; Gao 
et al., 2019; S.; Li & Lee, 2017; Q.; Yang et al., 2018). Fig. 4 shows the 
light transmittance of nanopapers fabricated using different mass ratios 
of AH-CNC and TO-CNF. All the films possessed a thickness of about 33 
μm, and optical transparency above 70% in the visible wavelength 
range, and reached to about 80% transmittance at wavelength of 800 
nm. Besides, the increase of AH-CNC content attenuated the trans-
mittance and indicated more pronounced complexation as also sup-
ported by the turbidity values of the complexed suspensions (Fig. 1). The 
films appeared hazy when held a few centimeters above the background 
(Fig. 4d and e), especially for films having AH-CNC:TO-CNF ratio of 40 
and 60. 

Fig. 5 presents the surface and cross-sections of nanopapers formed 
from complexes of oppositely charged NCs. Neat TO-CNF nanopaper 
without any AH-CNC displayed a smooth and homogeneous surface 
(Fig. 5a and g). Additionally, no large voids or other defects were 
observed in the cross-sectional area, showing a dense and compact 
structure. The nanopapers containing the NC complexes had instead 
rougher and more inhomogeneous surface and cross-sectional structure. 
Moreover, small flakes or dots appeared both on the surface and cross- 
sectional area. These hierarchical sub-structures were likely attributed 
to the complexes formed by oppositely charged NCs. 

The mechanical properties of dry nanopapers fabricated from NC 
complexes and reference sample (pure TO-CNF) are shown in Fig. 6. 
Owning to the small size of AH-CNC, pure AH-CNC film was prepared by 
a casting method instead of filtration method and the results are not 
shown in Fig. 6. The pure TO-CNF film had a tensile strength of 152 ± 7 
MPa, Young’s modulus of 9.1 ± 0.3 GPa, and a strain of 1.6 ± 0.2%. For 
the AH-CNC reference film, the tensile strength, Young’s modulus and 
strain were 85 ± 10 MPa, 3.3 ± 0.3 GPa, and 2.3 ± 0.2%, respectively. 
For the nanopapers containing NC complexes, both tensile strength and 
strain firstly increased and then decreased with the addition of AH-CNC. 
Especially, nanopaper formed from the AH20/TO80 complex exhibited 
the highest tensile strength value (174 ± 3 MPa) and strain (5.8 ± 0.3%), 
being notably higher than that of pure TO-CNF (14% and 200% increase, 
respectively). This improvement was likely due to the enhanced in-
teractions between NC constituents of the nanopaper, promoted by the 
electrostatic forces. Furthermore, the crosslinking within complexed NC 
network enabled the enhancement of the strain of the nanopaper. 
However, the nanosheets containing a larger portion of AH-CNC (>20%) 
had a lower tensile strength and a reduced flexibility, likely because of 
inherent weakness of a neat AH-CNC film (tensile strength of 85 ± 10 
MPa and a strain of 2.3 ± 0.2%). 

The nanopapers of complexed NCs were exposed to water, and their 
water up-take and mechanical features were further examined in a 
water-swollen state. Fig. 7a shows the swelling ratio of obtained com-
plexed nanopapers after immersing in deionized water for 24 h. Pure 
TO-CNC film was fully disintegrated and dispersed in water after 24 h of 
immersion. The nanopapers of NC complexes displayed in turn a dra-
matic decrease in the swelling ratio (from 9740% to 40%), indicating the 
good stability of complexed NC designs, and irreversibility of charge 
driven complexation in water. The nanopaper having a ratio of 40:60 
(AH-CNC:TO-CNF) showed a minimum swelling ratio, this composition 
being close to the theoretically calculated value for full charge 
neutralization of NCs (37 wt% of AH-CNC). When the content of AH- 
CNC is higher than 37 wt%, the swelling ratio increased again because 
more charged AH-CNC was left in the composite nanopaper. Thus, the 
nanopaper having a ratio of 37:63 (AH-CNC:TO-CNF, i.e., the charge 
ratio for the complexation was 1:1) was prepared for further mechanical 
tests in wet-state. This complexed nanopaper presented a thickness in-
crease from 40 ± 2 to 70 ± 5 μm, tensile strength of 11 ± 2 MPa, strain of 
3.5 ± 0.4% and Young’s modulus of 390 ± 40 MPa in wet state. 

The water vapor transmission rate (WVTR) and water vapor 
permeability of pure TO-CNF film and the obtained nanopapers of NC 
complexes are shown in Table 1. The AH50/TO50 sample was brittle 
and was not tested. The pure TO-CNF film displayed WVTR value of 
2047 g μm m− 2 d− 1 and WVP of 16.9 ng m m− 2 s− 1 kPa− 1. All the 
complexed nanopapers exhibited lower or equivalent WVTR compared 
to that of neat TO-CNF film, indicating improved water barrier charac-
teristics of complexed NC films. AH10/TO90 film displayed the lowest 
value of WVTR, and WVTR increased slightly with increasing the con-
tent of AH-CNC. There are many factors affecting the WVTR of film such 
as crystallinity, porosity, and hydrophobicity (Chi & Catchmark, 2018). 
Here, the decrease of WVTR from 2047 to 1639 g μm d− 1 m− 2 was likely 
not only because of the formation of ionic crosslinking. It has been re-
ported that the ionic crosslinking could enhance the cohesive energy 
density of complexed films (Chi & Catchmark, 2018), making the 
diffusion of water vapor more difficult. Even though WVTR increased as 
a function of AH-CNC dosage, which was probably due to the increase of 
porosity of complexed nanopaper as observed in SEM images (Fig. 5), 
AH40/TO60 film with the best water resistance had a similar WVTR 
(2053 g μm m− 2 d− 1) with that of pure TO-CNC film (p < 0.05). The 
WVTR of the developed nanopaper obtained from nanocellulose com-
plexes is lower than pure NC film, chitosan/CNC/carboxymethyl cellu-
lose film (7982 g μm m− 2 d− 1) or common packaging materials, such as 
cellophane (26378 g μm m− 2 d− 1). However, more investigations still 
need to be conducted if the films are used in food packaging application, 
for example the potential toxicity of the film and impacts of dissolved 
ions in food (such as NaCl) on the properties of the films obtained via 
physical crosslinking (electrostatic interaction). 

4. Conclusion 

Assembled nanopaper with improved water resistance was success-
fully designed using a complexation of oppositely charged cellulose 
nanocrystals and nanofibers (i.e. cationic AH-CNC and anionic TO-CNF). 
The complexation based on electrostatic interactions promoted the 
fabrication process of NC nanopapers by decreasing dramatically the 
draining time during fabrication of nanopapers, but also enhanced the 
mechanical properties of NC sheets. Therefore, the water resistance and 
water vapor permeability of obtained NC complexed nanopapers were 
improved. Moreover, the full charge neutralization of oppositely 
charged NCs created a water-stable nanopaper with a wet strength of 11 
± 3 MPa after immersion in water for 24 h. This new fabrication 
approach based on the complexation of oppositely charged nano-
materials offers a green and efficient way for the preparation of hier-
archical water resistant films from variable raw materials. 

Table 1 
Water vapor transmission rate (WVTR, given in g μm m− 2 d− 1) and water vapor 
permeability (WVP, given in ng m m− 2 s− 1 kPa− 1) for pure TO-CNF film and the 
obtained nanopapers from TO-CNF and AH-CNC at 50% relative humidity and 
23 ◦C. The data consists of mean value of three measurements.  

Sample Thickness (μm) WVTR WVP 

TO100 40.0 2050 ± 60a 16.9 ± 0.5 
AH10/TO90 31.4 1640 ± 140c 13.5 ± 1.1 
AH20/TO80 33.6 1850 ± 130b,c 15.2 ± 1.0 
AH30/TO70 33.5 1958 ± 60a,b 16.2 ± 0.5 
AH40/TO60 40.8 2053 ± 120a 16.9 ± 0.5  
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Sirviö, J., Liimatainen, H., Niinimäki, J., & Hormi, O. (2011). Dialdehyde cellulose 
microfibers generated from wood pulp by milling-induced periodate oxidation. 
Carbohydrate Polymers, 86(1), 260–265. 

Soni, B., Hassan, E. B., Schilling, M. W., & Mahmoud, B. (2016). Transparent 
bionanocomposite films based on chitosan and TEMPO-oxidized cellulose nanofibers 
with enhanced mechanical and barrier properties. Carbohydrate Polymers, 151, 
779–789. 

Soni, B., Mahmoud, B., Chang, S., El-Giar, E. M., & Hassan, E. B. (2018). 
Physicochemical, antimicrobial and antioxidant properties of chitosan/TEMPO 
biocomposite packaging films. Food Packaging and Shelf Life, 17, 73–79. 

Spoljaric, S., Salminen, A., Luong, N. D., & Seppälä, J. (2013). Crosslinked 
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