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S elf- St a n di n g Li g ni n- C o nt ai ni n g  Will o w B ar k  N a n o c ell ul o s e Fil m s
f or  O x y g e n Bl o c ki n g a n d  U V S hi el di n g
Ji nz e  D o u,* T a p a ni  V u ori n e n,  H a n n a  K oi v ul a,  Ni n a F ors m a n,  Mi k a Si p p o n e n, a n d S a mi  Hi et al a
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A C C E S S M etri c s  &  M or e Arti cl e  R e c o m m e n d ati o n s *s ı S u p p orti n g I nf or m ati o n

A B S T R A C T: D e v el o pi n g t h e bi o- b as e d b arri er  m at eri al t o s u bstit ut e t h e p etr ol e u m- b as e d o n e is t h e tr e n d i n f u n cti o n al p a c k a gi n g
a p pli c ati o ns.  Utiliz ati o n of t h e a b u n d a ntl y u n d er a p pr e ci at e d b ar k bi o m ass is attr a cti v e fr o m t h e s ust ai n a bilit y p oi nt of vi e w; h o w e v er,
a n u p gr a d e d a p pr o a c h is r e q uir e d t o  m a xi miz e t h e p erf or m a n c es of t h e li g ni n- c o nt ai ni n g c ell ul os e n a n o fi bril ( L C N F ) fi l ms fr o m
will o w b ar k.  H er ei n, h ot  w at er e xtr a cti o n ( H W E ) a n d  mi cr o fl ui diz ati o n  w er e st u di e d f or t h eir e ff e ct o n t h e yi el d of L C N F a n d its
fi l m p erf or m a n c e aft er tr e at m e nt of a q u e o us p -t ol u e n es ulf o ni c a ci d.  T h e r es ult a nt  H W E fi l ms  w er e s u p eri or t o t h e n o ntr e at e d o n es
r e g ar di n g yi el d,  m oist ur e, a n d o x y g e n b arri er pr o p erti es. I n p arti c ul ar, t h e  H W E fi l ms a c hi e v e d a n o x y g e n p er m e a bilit y of 3 c m3 ·μ m /
m 2 ·k P a ·d a y at 5 0 % r el ati v e h u mi dit y,  w hi c h is a m o n g t h e l o w est a c hi e v e d f or si n gl e bi o- b as e d  m at eri als a n d c o m p ar a bl e t o
c o m m er ci all y a v ail a bl e s y nt h eti c b arri er fi l ms.  T h e L C N F fi l ms att ai n e d c o m pl et e bl o c ki n g of  U V li g ht tr a ns missi o n  wit hi n t h e
w a v el e n gt h r a n g e of 2 9 0 − 4 0 0 n m.  O v er all, t his st u d y s h o ws t h at  H W E pr etr e at m e nt n ot o nl y all o ws t h e r e c o v er y of hi g h- v al u e
e xtr a cts, b ut als o si g ni fi c a ntl y i m pr o v es t h e yi el d of L C N F a n d its b arri er p erf or m a n c es.  T h e bi o c o m p ati bl e, li g ni n- c o nt ai ni n g, a n d
s elf-st a n di n g h y dr o p h o bi c n a n o c ell ul os e fi l ms s h o w pr o mis e as a b arri er l a y er a g ai nst  U V r a di ati o n a n d o x y g e n p er m e ati o n i n f o o d
p a c k a gi n g a n d ot h er a p pli c ati o ns.

K E Y W O R D S: f o o d p ac k agi ng, lig ni n-c o nt ai ni ng, o xyge n b arrier, ultr a vi olet,  w ater pretre at me nt,  will o w b ar k

■ I N T R O D U C TI O N

A p pr o xi m at el y o n e-t hir d (r o u g hl y 1. 3 billi o n t o ns ) of all e di bl e
f o o d pr o d u c e d f or h u m a n c o ns u m pti o n is  w ast e d a n n u all y i n
t h e  w orl d,1 w hi c h e q u als t o a si g ni fi c a nt s q u a n d eri n g of n at ur al
a n d h u m a n r es o ur c es fr o m a gl o b al p ers p e cti v e i n pl a nti n g,
h ar v esti n g, a n d tr a ns p orti n g.  Alt h o u g h t h er e is n o est a blis h e d
c orr el ati o n b et w e e n s h elf lif e a n d f o o d s p oil a g e, f o o d
p a c k a gi n g h as g ai n e d c o nsi d er a bl e att e nti o n i n pr e v e nti n g
f o o d  w ast e b y  m ai nt ai ni n g q u alit y t o pr ol o n g t h e s h elf lif e of
f o o d a n d b e v er a g es.2 Alt h o u g h pl asti c p a c k a gi n g h as gr a d u all y
r e pl a c e d t h e tr a diti o n al gl ass a n d  m et al p a c k a gi n g b e c a us e of
its a d v a nt a g es r e g ar di n g  w ei g ht, c ost, a n d fl e xi bilit y i n d esi g n,
pl asti cs oft e n s u ff er fr o m p o or b arri er pr ot e cti o n a g ai nst
o x y g e n a n d li g ht. 2

F or i nst a n c e, t h e c ost- e ffi ci e nt arti fi ci al fl u or es c e nt li g hti n g
s yst e m t h at is f a v or e d b y t h e r et ail ers h as hi g h q u a nt u m e n er g y
d u e t o its b a n ds b et w e e n 3 1 5 a n d 3 6 5 n m,  w hi c h c a n e xtr a ct
pr ot o ns fr o m pr ot ei n- or f at- b as e d f o o d.  T h e p h ot os e nsitiz er-
i n d u c e d p h ot o- o xi d ati o n c a n b e e asil y a cti v at e d es p e ci all y i n

t h e pr es e n c e of o x y g e n3 a n d  m a y c a us e irr e v ersi bl e l oss of
n utriti o n al v al u es a n d t ast e 4 a n d p ossi bl y e n h a n c e t h e
f or m ati o n of u n d esir a bl e o d ors a n d fl a v ors. 5 As k n o w n, p h ot o n
e n er g y is i n v ers el y pr o p orti o n al t o t h e  w a v el e n gt h of t h e li g ht
s o ur c e a c c or di n g t o t h e Pl a n c k− Ei nst ei n r el ati o n.  T h er ef or e,
t h e ultr a vi ol et ( U V ) b a n d ( 1 0 0− 4 0 0 n m ) c arri es a hi g h er
e n er g y t h a n visi bl e li g ht ( 4 0 0 − 7 0 0 n m ) a n d c a n a cti v at e a
hi g h er r at e of p h ot o- o xi d ati o n. 6 I n ot h er  w or ds, t h e r at e of
p h ot o- o xi d ati o n d e p e n ds pri m aril y o n t h e pr es e n c e of b ot h
o x y g e n a n d  U V li g ht.  O n t h e ot h er h a n d, t h er e h as b e e n a n
e m er gi n g tr e n d t o s hift fr o m p etr ol e u m- b as e d p ol y m eri c
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matrices towards more environmentally friendly cellulose-
based materials.7

In this regard, development of UV-shielding films or filters
for food packaging is significantly required to block the
transmission of the energetic UV radiation, i.e., the regions of
UVB (290−320 nm) and UVA (320−400 nm). Incorporating
UV light absorbers like inorganic metal oxides (e.g., nanosized
titanium dioxide and zinc oxide),8 organic compounds (e.g.,
salicylates and cyanoacrylates), hybrid compounds (e.g.,
hydroxyl benzophenone blended with silicon alkoxides),4 and
natural light absorbers (e.g., betel extract)9 into the polymeric
material can increase its absorption efficacy against natural or
artificial UV light. Although the deterioration of the food can
be significantly reduced, there remains the risk that UV
absorbers can migrate into the food and may cause
carcinogenic effects on human health.10,11 The polymer
photostabilization can also be strengthened by introducing
stabilizers, such as excited-state quenchers, peroxide decom-
posers, and free radical scavengers.12

Minimizing or blocking oxygen permeation through the
package is another key factor to prevent the rate of photo-
oxidation. Nanocellulose has been known for its features such
as high surface area and dense nanofibril network structure,
which allow its use as an oxygen barrier layer for food
packaging.7 The major disadvantage is that the nanofibril can
interact with the water molecules because of its associated
hydroxyl groups, which can cause unwanted physical
deformation in an atmosphere of oxygen and water. Reported
approaches have been taken to improve the oxygen barrier
performance of nanocellulose by tuning its crystallinity or
introducing functional hydrophobic groups (like the alkyl
type), which includes the oxidation pretreatments (e.g.,
TEMPO-catalyzed oxidation,13 regioselective oxidative,14 and
butylamino-functionalization15), surfactant adsorption,16 and
polymer grafting.17

Therefore, engineering the nanocellulose-based thin film as a
barrier layer inside the food package can help in preserving the
freshness of food and beverages by blocking external oxygen

and UV light. The inherent dark color of the willow bark (WB)
fibril films,18 along with other intriguing features, e.g., low
moisture sorption behavior, high hydrophobicity, and richness
of phenol-type compounds, inspired us to investigate especially
the oxygen and UV-blocking performance of such nano-
cellulose films. Hence, an in-depth analysis of water vapor,
oxygen barrier, and the UV-blocking performance of willow
bark fibril films was executed. In addition, the effects of hot
water extraction (HWE) and microfluidization were inves-
tigated here for achieving a complete valorization of the willow
bark.

■ EXPERIMENTAL SECTION
Materials and Chemicals. All chemicals and solvents were used

as supplied from Sigma-Aldrich unless described elsewhere. The four-
year-old willow hybrid “Karin” (SalixEnergi Europa AB) was
harvested from the plantation site of the VTT Technical Research
Center of Finland located in Kyyjar̈vi on May 13, 2015 and
immediately transferred to a −20 °C freezer to keep it fresh. The bark
was stripped off manually and cut into 2 cm pieces before keeping it at
room temperature until further use. The microfibrillated cellulose
(MFC) was prepared from bleached Kraft pulp (mixture of pine and
spruce) using the Masuko supermass colloider (MKZA10-15J, Japan)
and was used as a reference sample.

Experimental Flow. Hot water extraction (HWE) of the bark was
performed at 80 °C for 30 min (Figure 1). Both the HWE-treated and
nontreated bark were processed in a disk refiner to obtain coarse fiber
bundles (FBs) before introducing them into aqueous 60 wt % p-
toluenesulfonic acid (p-TsOH) at a p-TsOH/FB ratio of 10:1 at 80
°C for a period of 20 min to liberate the fibrous cellulosic solid
residue (FCSR). The mechanisms involved catalysis of the dissolution
or hydrolysis of carbohydrate and lignin through the ionized tosylate
group (pKa for p-TsOH = −2.8 at 20 °C). Furthermore, p-TsOH
could be simply extracted after the re-cycling of the hydrolysate due to
its low water solubility.19

The dissolved high-molecular-weight (HMW) substances were
precipitated by diluting the acid liquor with cold water below the
lower concentration level required for the hydrotrope, followed by
centrifugation and lyophilization for further analyses. FCSR was
mechanically grinded by the supermass collider to avoid clogging of
the microfluidizer (Microfluidic M-110P equipped with 1.5 kW

Figure 1. Experimental flow of fabricating lignin-containing cellulose nanofibrils (LCNF) and LCNF films from hot water-extracted willow bark
(HWEWB), using a recyclable acid hydrotrope (p-TsOH).
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output) used for further fibrillation. Then, well-grinded FCSR
fractions were continuously passed through the z-shaped chamber
of the microfluidizer with the nozzle adjusted from 400 to 100 μm.
The effect of defibrillation was controlled by adjusting the cycle
numbers from 620 to 12. The lignin-containing cellulose nanofibrils
(LCNF) were further fabricated into self-standing thin films using the
combined slow filtration and hot pressing methods described earlier.18

The Sefar Nitex polyamine monofilament (pore size: 10 μm) was
used here to screen the 1% LCNF suspensions under the pressure of
2.5 bar. The LCNF film was then dried under room temperature for 4
min and then pressed for a further 2 h under a pressure of 1.8 kPa at
100 °C. Descriptive statistics was adopted in this study as the
statistical method.
Characterization. Chemical Analyses. In order to eliminate their

possible effects on lignin quantification, extractives, proteins, and
tannins were removed from the samples (willow bark, LCNF) prior to
the Klason lignin analysis (Figure S1, Supporting Information). The
samples were first extracted with dichloromethane. The extracted
samples were then mixed with 1% pepsin solution in 0.1 M HCl at a
liquid/solid ratio of 25:1 and incubated by agitation at 37 °C for 16 h
to eliminate proteins. The enzyme-treated samples were washed with
hot water until neutrality was achieved. The protein content was
defined as the weight loss in the pepsin treatment. Tannins were
removed by further treatment with 0.1 M NaOH under nitrogen flow
at 100 °C for 1 h.21 The extracted protein- and tannin-free samples
were analyzed for lignin and carbohydrates using NREL/TP-510-
42618. The carbohydrate analysis was conducted using the high-
performance anion-exchange chromatography (HPAEC) with pulsed
amperometric detection (PAD) (Dionex ICS-3000, CarboPac PA 20
column, Sunnyvale, CA).
Morphology and Tensile Test. Zeiss Sigma VP was used to record

the scanning electron microscopy (SEM) images on the morpho-
logical structures of LCNF and LCNF films. Sputter coating with
platinum/palladium was used to increase the electric conductivity and
avoid charging. SEM images were taken at 2 and 5 kV operating
voltage for LCNF and LCNF films, respectively. The specimens were
preconditioned at 23 °C and 50% relative humidity (RH). The tensile
analysis was performed using an MTS 400/M Vertical Tensile Tester
equipped with a 2 kN load cell according to ISO 527-1.18

Atomic Force Microscopy (AFM) and Contact Angle. Surface
roughness and fibril thickness were measured using the AFM imaging
technique on a Nanoscope V MultiMode scanning probe microscope
(Bruker Corporation, Massachusetts). The radius of curvature from
the tip was approximately less than 10 nm. The surface roughness
parameters Rq and Ra were calculated on the basis of two or three
image replicates.22 Moreover, thickness distribution of the fibril was
determined based on the AFM height measurement. The contact
angles were characterized for the films under the CAM 200 (KSV
Instruments Ltd., Helsinki, Finland). The detailed parameters were
described previously.18

Water Vapor Transmission Rate (WVTR). The WVTR test was
performed according to the ASTM E 96/E 96M−05 dessicant
method with a minor modification. A preconditioning of samples was

performed at 50% relative humidity (RH) as recommended by the
standard. Results were calculated from three replicates. The dessicant-
filled containers were covered with the sample and sealed
mechanically from the edges. The containers were weighed and
placed in the humidity-controlled chambers and weighed periodically.
The RH gradient and temperature used in these measurements were
0/75% and 23 °C, respectively. The Rotronic RH meter (Bassersdorf,
Switzerland) was adopted here for a systematic control of the cabinet
temperature and RH prior to each weighing. The thickness of the
specimen was determined using a micrometer (Lorentzen & Wettre,
Kista, Sweden, precision 1 μm) by taking the average of five
measurements. The WVTR and water vapor permeability (WVP)
were calculated using the equations below

W t A l PWVTR ( / )/ ; WVP WVTR /( RH)sat= Δ = * *Δ

where ΔW is the weight gain, t is the time, A is the exposed surface
area of the sample, l is the sample thickness, Psat is the saturated vapor
pressure of water at 23 °C, and ΔRH is the relative humidity gradient
over the sample (75%).

Oxygen Transmission Rate (OTR). OTR was tested using a Systech
Illinois 8001 Oxygen Permeation analyzer (IL) according to ASTM D
3985-05. A mask (A Systech Illinois 8001 accessory) was used to
decrease the sample surface area to 5 cm2 due to sample size
limitation. The pressure gradient was maintained at 1 atm,
temperature was set to 23 °C, and the relative humidity of both
gases (N2 and O2) was 50%. Two replicates of each sample were
measured. Oxygen permeation (OP) was calculated from the OTR
result using the equation below.

l POP OTR ( / )= * Δ

where l is the thickness of the sample and ΔP is the pressure gradient.
UV Transmittance. The UV transmittance of the LCNF films was

measured with at least six technical replicates by a Shimadzu UV 2600
spectrophotometer with ISR-2600 Plus integrating sphere attachment
in the wavelength range between 290 and 400 nm.

NMR Spectroscopy. Solid-state 13C cross polarized magic angle
spinning (CP/MAS) NMR spectra were measured using Bruker
Avance III spectrometer operating at 500 MHz for protons using a
double-resonance CP/MAS probehead. Samples were packed into 4
mm OD ZrO2 rotors and plugged with KEL-F endcaps and spun at a
spinning frequency of 8 kHz. The length of the contact time for cross-
polarization was 1 ms, and a variable-amplitude cross-polarization
ramped from 70 to 100% amplitude during the contact time. During
the acquisition period, the protons were decoupled using SPINAL-64
decoupling and the length of the acquisition was 27 ms. At least 3000
scans were collected with a 5 s relaxation delay and the spectra were
externally referenced to adamantane. 1H NMR, 13C NMR, and phase-
sensitive two-dimensional (2D) 1H−13C heteronuclear single
quantum coherence (HSQC) spectra were acquired using dimethyl
sulfoxide (DMSO)/pyridine (4:1) as the solvent23 at 22 °C and a 400
MHz Bruker Avance III spectrometer. 1,3,5-Trioxane (δC 93.1, δH
5.12 ppm) and DMSO (δC 39.5, δH 2.49 ppm) were used as internal
standards for chemical shift calibration. NMR data was interpreted

Table 1. Yields of Klason Lignin and Proteins (% of the Original Mass) from the Willow Bark (WB) and Hot Water-Extracted
Willow Bark (HWEWB) Together with the LCNF Obtained from Thema

WB HWEWB WB 6 WB 12 HWEWB 6 HWEWB 12

microfluidizer cycles 6 12 6 12
yield (%) 100 100 55.1 55.1 67.1 67.1
yield on original bark (%) 100 78 55.1 55.1 52.3 52.3
Klason lignin (%) 17.3 20.8 32.4 29.4 34.5 30.7
Klason lignin on original bark (%) 17.3 16.4 17.6 16.0 18.3 16.2
proteins (%) 12.6 13.6 0.2 2.7 0.8 0
proteins on original bark (%) 12.6 11.0 0.1 1.5 0.4 0

aReported data are mean values of two independent experiments. HWEWB refers to the hot water-extracted willow bark; WB 6 and WB 12 refer to
LCNF prepared from the solid residues of willow bark with 6 and 12 rounds of microfluidization; HWEWB 6 and HWEWB 12 refer to LCNF
prepared from the solid residues of the hot water-extracted willow bark with 6 and 12 rounds of microfluidization.
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using TopSpin 3.0 software and image contours were colorized in an
Adobe Illustrator. The detailed experimental parameters were similar
to those in the previous work.24 The contents of hydroxyl and
carboxylic acid groups were analyzed by quantitative 31P NMR
spectroscopy.25 The HMW was dried in a vacuum oven overnight at
40 °C prior to phosphitylation using 2-chloro-4,4,5,5-tetramethyl-
1,3,2-dioxaphospholane (TMDP) and measured as described
previously26 except that the relaxation delay d1 of 5 s was set here.
The reported values are the mean values of two independent
experiments.
High performance size-exclusion chromatography (HP-SEC): The

HP-SEC system employed a series of three PSS MCX 5 μm 300 mm
× 8 mm 100, 500, and 1000 Å columns eluted with aqueous 0.1 M
NaOH at 30 °C. A variable-wavelength detector set at 280 nm was
used to monitor the effluent. Mn and Mw were calculated from a linear
calibration curve constructed with narrow-polydispersity polystyrene
sulfonate (sodium salt) standards. The samples were first stirred for a
few hours at 23 °C and then filtered through a 0.45 μm membrane
prior to analysis on the same day.

■ RESULTS AND DISCUSSION

Chemical Composition of LCNF. Figure S2 and Table S1
summarize the chemical compositions of willow bark (WB),
hot water-extracted willow bark (HWEWB), and lignin-
containing nanofibrils (LCNF) obtained from these after p-
TsOH treatment. The yield loss in the pepsin treatment of WB
and HWEWB was >10%, indicating that the protein content of
the original bark was high (Table 1). In contrast, the pepsin
treatment of LCNFs resulted in small yield losses, which
showed that the p-TsOH treatment solubilized the proteins.27

The Klason lignin content of WB (17.3 ± 0.7%), determined
after the pepsin treatment, was lower than the previously
reported value (24.7 ± 0.1%)28 due to the pepsin treatment,
which indicates that the acid-insoluble lignin content of the

bark has been frequently overestimated due to interfering
proteins.29 The mass balance of Klason lignin (Table 1)
revealed that hardly any lignin was solubilized in the p-TsOH
treatment, which may explain its reported high thermal
stability of the willow bark-derived LCNF from similar
treatment.18

Although the LCNF yield was 12% higher from HWEWB
than from WB, the overall yields, considering the yield loss in
hot water extraction of WB, were comparable. Interestingly,
the captured willow bark (Karin hybrid) water extracts30 are
shown to be effective against some specific treaths. Picein, the
major bioactive component in the Karin bark water extracts,30

has a significant role in suppressing the menadione (vitamin K
precursor) induced oxidative stress effects on the mitochon-
drial integrity in neuroblastoma cells.31 Triandrin acts as a
stress-response modifier in regulating plant adaptogenic
activity.32 Furthermore, picein and triandrin can be chromato-
graphically recovered33 for possible pharmaceutical use.
The main differences between the 13C CP/MAS NMR

spectra of the two types of LCNFs were in their signal
intensities. The prior hot water extraction increased the pectin
yield as indicated by the higher signal intensities at ca. 173, 102
(shoulder), and 70 ppm, all characteristic of polygalacturonic
acid (Figures 2, S3, and S4). Obviously, some structural
modification of the pectins during the hot water treatment
stabilized them against the p-TsOH treatment. A partial
demethylation reaction could be the reason for the stabilization
because the ratio of the methoxyl (54 ppm) and carboxyl (173
ppm) signals of LCNF was significantly lower when WB was
extracted with hot water after the p-TsOH treatment (Figures
S3 and S4). On the other hand, the same ratio was larger in the
dissolved HMW fraction, which may show a correlation

Figure 2. Solid-state 13C CP/MAS spectra of (a) the willow bark; (b) LCNF from WB; and (c) dissolved HMW fraction after treating WB with
aqueous 60% p-TsOH. Abbreviations: see caption to Table 1. Label numbers: see caption to Table S3.
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between the degree of methylation and solubilization of
pectins in this case. In line with the aforementioned
observations, the hot water pretreatment decreased the pectin
content34 and the amount of HMW fraction of the dissolved
material from the p-TsOH treatment (Table S2 and Figure
S5). On the other hand, the disappearance of arabinose,
rhamnose, and galactose signals clearly showed removal of the
neutral components of pectin (Figure S2).
The 13C CP/MAS NMR spectra of WB, HWEWB, LCNFs,

and the HMW fractions all had similar aromatic/unsaturated
bands at 116, 131, 145, and 155 ppm although the signal
intensities were lower in LCNF compared with WB (Figures 2
and S3−S5). The HMW fractions had an additional signal at
ca. 109 ppm that was earlier assigned to a condensation
product of WB’s aromatic substances and hydroxymethylfur-
fural (HMF) formed from fructose under harsh acidic
conditions (Figures 2 and S5).30,35 Furthermore, strong and
sharp aliphatic carbon resonances (30 and 33 ppm) were
present in WB and LCNFs made from it and HWEWB
(Figures 2, S3−S5, and Table S3). One of these bands (30
ppm) was present also in the spectra of the dissolved HMW
fractions, which shows that the aliphatic substances, most
probably suberin,36 were partially solubilized by the p-TsOH
treatment. The hot water pretreatment seemed to lead to a
lower aliphatic carbon content in LCNFs and a higher content
in HMW (Table S4). Additional information on the HMW
fractions is reported under Supporting Information (Tables
S5−S7 and Figures S6−S8).
Fibril Morphology. SEM imaging was used to visualize the

morphological structure of freeze-dried LCNFs (Figures 3 and
S9−S12). In addition to thin fibrils, the precipitates or particles
of variable size that we observed in the fibril network seem to
be larger in WB LCNF than in HWEWB LCNF although the
differences are negligible. The mean fibril thickness, measured
by AFM image analysis of the LCNF films, was 26 nm (Figure
S13). A similar value was reported earlier18 for fibrils obtained
after 30 min milling of p-TsOH-treated willow bark with a
super mass colloider.

Film Barrier Properties. The hydrophobicity of the LCNF
films was evaluated based on the water contact angle (WCA)
and surface roughness. Willow bark LCNF films had
hydrophobic surfaces with WCA values in the range of 107−
116° (Table 2 and Figure S14). Furthermore, the surface

roughness also contributed to the hydrophobicity of the films
(Figure S15 and Table 2). Interestingly, WB 12 stood out
possibly as the most hydrophobic among the studied films for
featuring highest WCA and lowest surface roughness
parameters from both Rq and Ra. In general, the LCNF films
made of WB were more hydrophobic than the films made of
HWEWB. One possible explanation for this can be derived
from the 13C CP/MAS spectra of the LCNF films (Figures S3
and S4) that showed significant resonance bands at 30 and 33
ppm, which were tentatively assigned for the aliphatic suberin
hydrocarbons. Hence, the hypothesis is that suberin contrib-
utes more to the hydrophobicity than residual lignin does as
WB 12 has the highest aliphatic hydrocarbon content among
all LCNF films (Table S4). Moreover, WB 12 exhibited the
highest tensile index and breaking strain among them (Table
S8). The hydrophobicity and presence of lignin37 seem to have
some effect on the mechanical properties of the LCNF films; a
similar observation was also reported earlier.18 The appearance

Figure 3. SEM images of freeze-dried LCNFs prepared from p-TsOH-treated willow bark (WB) and hot water-extracted willow bark (HWEWB)
under 6 and 12 cycles of microfluidization: (a) WB 6; (b) WB 12; (c) HWEWB 6; and (d) HWEWB 12.

Table 2. Surface Roughness Parameters (Rq and Ra) and
Water Contact Angle of LCNF Filmsa

sample Rq (nm) Ra (nm) n
water contact angle

(°)

WB 6 14.6 ± 2.1 10.1 ± 2.9 2 110 ± 7
WB 12 1.0 ± 0.2 0.73 ± 0.03 2 116 ± 4
HWE WB 6 27.3 ± 3.7 21.2 ± 2.2 3 107 ± 2
HWE WB 12 13.1 ± 3.9 10.2 ± 3.3 3 108 ± 3
an refers to the number of analyzed images for roughness parameters.
Rq is the root mean square and is defined as the standard deviation of
the surface height distribution. Ra is the average height parameter,
which is defined as the average absolute deviation of the roughness
from a mean line.
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of the fluffy flakes and rectangular-shaped structures that can
be seen in Figures 4 and S16−S20 possibly originates from the
outer bark of the willow and the polyamine monofilament
mesh, respectively. In comparison, the MFC film of softwood
kraft pulp had a more homogeneous surface structure, while
the LCNF made of willow wood through a p-TsOH treatment
reproduced the mesh structure of the support.18

The low oxygen permeability values of the willow bark
LCNF films (Table 3) demonstrate their excellent oxygen
barrier performance. In particular, the HWEWB LCNF films
achieved an oxygen permeability of 2.6−3.1 cm3·μm/m2·kPa·
day under 50% relative humidity, which is among the lowest
ones reported for pure bio-based38 and commercial synthetic
materials39 and is also comparable to that of covalently
functionalized nanocellulose and nanocrystal films (Table
4).14,15,40 The HWEWB LCNF films showed a lower
permeability for both oxygen and water vapor than the films
prepared from the bark without the hot water extraction
pretreatment. Low-molecular-weight compounds, such as
extractives41 and polyphenols,42,43 have been speculated to
contribute to the plasticization and consolidation of polymer
and nanocellulose films. Suberin was reported not only to limit
the oxygen diffusion process in willow trees as an adaptation to
the flooding environment where willow traditionally grow44

but also to improve the hydrophobicity of the lignocellulosic
fiber network.45 Thus, the permeation of oxygen and water
vapor is a complex phenomenon and it is difficult to specify the
reasons for the observed behavior. The degree of crystallinity

and the crystalline features of these films may explain their
barrier performances. These are beyond the scope of this
study.
Inspired by the inherent dark color of the willow bark LCNF

films, their UV light-blocking ability was characterized using a

Figure 4. SEM images of the LCNF films of p-TsOH-treated willow bark (WB) and hot water-extracted willow bark (HWEWB) after 6 and 12
cycles of microfluidization in comparison with the MFC film of softwood kraft pulp and willow wood LCNF film:18 (a) WB 6; (b) WB 12; (c)
MFC (softwood kraft pulp); (d) HWEWB 6; (e) HWEWB 12; and (f) willow wood after fractionation with 60% p-TsOH.

Table 3. Water Vapor Transmission Rate (WVTR), Water Vapor Permeability (WVP), Oxygen Transmission Rate (OTR), and
Oxygen Permeability (OP) of the LCNF Films Produced from Willow Bark (WB) and Hot Water Extracted Willow Bark
(HWEWB) after Treatment with p-Toluenesulfonic Acid

water vapor barrier oxygen barrier

thickness μm WVTR g/m2·day WVP g·mm/m2kPa·day Thickness μm OTR cm3/m2·day OP cm3·μm/m2·kPa·day

WB 6 68 ± 9 227 ± 19 7.1 ± 0.3 63 ± 4 20.0 ± 5.7 12.0 ± 2.8
WB 12 77 ± 3 170 ± 7 6.0 ± 0.1 73 ± 8 10.5 ± 4.1 7.4 ± 2.1
HWEWB 6 83 ± 4 125 ± 5 4.8 ± 0.2 83 ± 1 3.8 ± 0.1 3.1 ± 0.0
HWEWB 12 79 ± 4 134 ± 6 4.9 ± 0.4 74 ± 2 3.6 ± 0.4 2.7 ± 0.2

Table 4. Oxygen Permeability (cm3·μm/m2·kPa·day) of
HWEWB LCNF Films in Comparison with Literature
Values Reported for Other Bio-Based and Synthetic Filmsa

film type sample description
oxygen

permeability

present work HWE willow bark LCNF films 2.6−3.1
cellulose-
based

reductive amination with taurine
nanocellulose14

0.44 ± 0.07

tert-butylamino-functionalized cellulose
nanocrystal film15

0.25 ± 0.07

oxidized cellulose nanofibrils in sodium
form40

2.5

oxidized cellulose nanofibrils in protonated
form40

6.9

starch-
based38

amylose 7
amylopectin 14

protein-
based39

whey protein with glycerol (2.3:1) 76.1
whey protein with sorbitol (2.3:1) 4.3

synthetic39 polyvinylidene chloride 0.4−5.1
polyester 15.6
high-density polyethylene 427

aAll the values were measured at 23 °C and 50% relative humidity
similar to the present study.
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spectrophotometer equipped with an integrating sphere. These
films were not optically transparent at visible wavelengths. All
the films filtered 99.99−99.999% of the UV light at 290−400
nm (Figure 5 and Table S9). This protection is much higher
than what could be achieved with LCNF films made of
unbleached kraft pulps, not to mention MFC films of bleached
kraft pulps. The UV light-absorbing structures in WB and
HWEWB originate from lignin and other polyphenols46,47 that
undergo different dehydration and condensation reactions
under the acidic conditions of the p-TsOH treatment.

■ CONCLUSIONS
Natural functional and hydrophobic films of lignin-containing
nanofibrils (LCNF) were prepared from willow bark (WB) by
treatment with aqueous p-toluenesulfonic acid (p-TsOH). The
treatment modified the structure of lignin and other
polyphenolic substances of WB and solubilized them partly.
Almost no Klason lignin was dissolved in the p-TsOH
treatment. Additionally, WB LCNFs had a high suberin
content and a low surface roughness, which obviously was a
major reason for the hydrophobicity. WB LCNF films had an
excellent oxygen barrier and UV protection properties. Pre-
extraction of WB prior to the p-TsOH treatment made the
LCNF films less permeable to oxygen gas and water vapor.
These or similar nanocellulose films could potentially be
utilized in sandwich barrier layers, mitigating the photo-
induced oxidation in food packaging. The LCNF film
preparation could be integrated with recovery of valuable
water extracts of WB for its full utilization.
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Figure 5. UV−vis transmission spectra of LCNF films produced from willow bark (WB) and hot water-extracted willow bark (HWEWB) in
comparison with an MFC film of bleached kraft pulp in the wavelength range of 290−400 nm.
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Österberg, M. All-lignin approach to prepare cationic colloidal lignin
particles: stabilization of durable Pickering emulsions. Green Chem.
2017, 19, 5831−5840.
(27) Liu, T. Y.; Chang, Y. H. Hydrolysis of proteins with p-
Toluenesulfonic acid. Determination of tryptophan. J. Biol. Chem.
1971, 246, 2842−2848.
(28) Dou, J.; Kim, H.; Li, Y.; Padmakshan, D.; Yue, F.; Ralph, J.;
Vuorinen, T. Structural Characterization of Lignins From Willow Bark
and Wood. J. Agric. Food Chem. 2018, 66, 7294−7300.
(29) Kim, H.; Padmakshan, D.; Li, Y.; Rencoret, J.; Hatfield, R. D.;
Ralph, J. Characterization and Elimination of Undesirable Protein
Residues in Plant Cell Wall Materials for Enhancing Lignin Analysis
by Solution-State Nuclear Magnetic Resonance Spectroscopy.
Biomacromolecules 2017, 18, 4184−4195.
(30) Dou, J.; Xu, W.; Koivisto, J. J.; Mobley, J. K.; Padmakshan, D.;
Kögler, M.; Xu, C.; Willför, S.; Ralph, J.; Vuorinen, T. Characteristics
of Hot Water Extracts from the Bark of Cultivated Willow (Salix sp.).
ACS Sustainable Chem. Eng. 2018, 6, 5566−5573.
(31) Kesari, K. K.; Dhasmana, A.; Shandilya, S.; Prabhakar, N.;
Shaukat, A.; Dou, J.; Rosenholm, J. M.; Vuorinen, T.; Ruokolainen, J.
Plant-Derived Natural Biomolecule Picein Attenuates Menadione
Induced Oxidative Stress on Neuroblastoma Cell Mitochondria.
Antioxidants 2020, 9, No. 552.
(32) Panossian, A.; Hamm, R.; Wikman, G.; Efferth, T. Mechanism
of action of Rhodiola, salidroside, tyrosol and triandrin in isolated
neuroglial cells: An interactive pathway analysis of the downstream
effects using RNA microarray data. Phytomedicine 2014, 21, 1325−
1348.
(33) Dou, J.; Heinonen, J.; Vuorinen, T.; Xu, C.; Sainio, T.
Chromatographic recovery and purification of natural phytochemicals
from underappreciated willow bark water extracts. Sep. Purif. Technol.
2021, 261, No. 118247.
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