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Uniaxially assembling cellulose nanocrystals (CNCs) can induce strong solid-state emission based on optical
inelastic scattering, whereas the CNC assembly membranes are not flexible enough for further applications. Thus,
we introduced CNC into flexible sodium alginate (SA) and further controlled the assembly structure of CNC to
increase the membrane toughness and maintain the emission properties. The results indicated that the stretch-
ability increased from 0.027 % to 37 % when 33-37% when 33 % SA was introduced. The assembly achirality
was controlled by tuning CNC concentration in suspension, and the co-assembly could further control the
wavelength of the assembly-induced emission from 420 nm to 440 nm. Furthermore, the improved stretchability
made assembly membrane an optical sensor, whose excitation wavelength blue-shifted about 30 nm under a 30
% strain. The emission of the co-assembly membrane could also respond to humidity, and this cellulose-based

material should have great potential in biosensor and wearable devices.

1. Introduction

Cellulose nanocrystals (CNCs) can assemble in a chiral nematic
structure (Andrea, Wadood, & Mark, 2017; Bharath et al., 2018; Haus-
mann et al., 2018) or an achiral aligning structure (Gan et al., 2019) to
present structural colors (Bardet, Belgacem, & Bras, 2015; Hiratani,
Hamad, & MacLachlan, 2017), which have great application potential in
information encryption (Majoinen et al., 2016; Yang, Wang, Huang, Cui,
& Zhang, 2020), anti-counterfeiting (Peixi, Wadood, & Mark, 2016;
Philippe, Tanja, & Gilles, 2012), and sensors (Salas, Nypel,
Rodriguez-Abreu, Carrillo, & Rojas, 2014; Zhao et al., 2017). However,
their application is limited, especially in the field of flexible sensors, due
to the brittleness and low ductility of the optical materials prepared from
cellulose nanocrystals (Fortunati et al., 2012; Lasemi, Xue, & Gu, 2010;
Leng et al., 2018).

The disadvantages of CNC-based photonic materials can be

overcome by co-assembling it with a flexible substrate (Guidetti, Atifi,
Vignolini, & Hamad, 2016; Shopsowitz, Hamad, & MacLachlan, 2012;
Yao, Meng, Bulone, & Zhou, 2017). For example, co-assembly of CNCs
and flexible substrate aqueous glutaraldehyde (GA) resulted in mem-
branes that were very flexible, and which could bend and roll without
cracking (Hanif, Choi, Tariq, La, & Park, 2020). Also, composite mem-
branes containing silicone-modified acrylic latices and CNCs prepared
by evaporation induced self-assembly, can have high flexibility and
adjustable structure colors (Leng et al., 2018).

Unfortunately, these co-assemble methods mostly result in chiral
structures instead of achiral ones, leading to iridescence and no emission
ability, in which the iridescence must decrease the sensitivity of those
sensors (Bardet et al., 2015; Lizundia, Nguyen, & Vilas, 2017; Meng
et al., 2020). This is because the optical signals of iridescence vary un-
controllably with a slight change in the observing angle or position. For
example, with co-assembly CNCs and polyethylene glycol (PEG), a chiral
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nanocomposite photonic membrane can be prepared (Carosio, Cuttica,
Medina, & Berglund, 2016). By controlling the co-assembly structure, a
structural color similar to monochromatic can be formed, but the
imperfection of monochromatic is still insufficient for application in
sensing. Besides, by combining CNC and PVA, iridescence materials with
chiral structure have been prepared, which could have applications in
the field of flexible sensing by reflecting color (Song, Liu, Prempeh, &
Song, 2017). However, the unknown dominance of reflected color still
made them inefficient in sensors.

Hence, we introduced SA into the CNC system and prepared CNC/SA
flexible membrane with achiral structure by evaporation-induced ver-
tical assembly. The achirality of the CNC/SA co-assembly was controlled
via adjusting the CNC/SA ratio. Then, we studied the effect of assembly
structure on the mechanical properties of CNC/SA membrane. Mean-
while, the stimuli-responsiveness was investigated by measuring the
changes in CNC/SA membranes in emission properties under bending
and stretching. We also studied the influence of humidity on the emis-
sion of CNC/SA membranes. It is hypothesized that since the cellulose/
SA-based carbohydrate membranes were found to own high toughness
and emission properties responding to mechanical stimuli and humidity,
they should have great potential in optical sensors and information
security.

2. Experimental sections
2.1. Materials

Cotton linter was purchased from Hubei Chemical Fiber Group Co.,
Ltd. (China). Sodium alginate (SA, CP, Mn = 1.26*106, Viscosity 200 +
20 mpa.s) was purchased from Shanghai Macklin Biochemical Co., Ltd.
(China), the mannuronate : guluronate ratio of SA was 1:1. Sodium
hydroxide (NaOH) and sulfuric acid (H2SO4, 98 %) were purchased from
Chonggqing Chuandong Chemical (Group) Co., Ltd. (China).

2.1.1. Extraction of cellulose nanocrystals (CNCs)

Cotton linter was used as raw materials, and CNCs with sulfonic acid
groups on their surface were obtained by HaSO4 hydrolysis (Li, Wang,
Long, Gan, & Huang, 2020). First, 50 g cotton linters were immersed in
2.0 L of a 2 wt% NaOH solution and stirred at room temperature (25°C)
for 12 h to remove lignin and hemicellulose. Then the product was
washed to pH neutrality and dried at 45°C. Subsequently, 12.5 g of the
product was weighed into a three-necked flask, 250 mL of 65 wt% H2SO4
was added and mechanically stirred at 45°C for 60 min to hydrolyze the
amorphous region of cellulose fiber. After the reaction was completed,
the mixture was cooled with a large amount of ice water to terminate the
hydrolysis of CNC. The white dispersion so obtained was centrifuged at
4000 rpm for 5 min to remove HySO4, and washed by three times with
distilled water. Finally, the suspension was collected into a dialysis bag
(The maximum molecular weight Mn of the molecules allowed to
penetrate is 15000.) and dialyzed to neutrality (3-5 days) to obtain CNC
suspension.

2.1.2. Preparation of CNC/SA flexible membrane

In this study, CNCs obtained by H2SO4 hydrolysis were introduced
into SA, and uniaxial assembled membrane was prepared as follows.
Firstly, the concentration of CNC suspension was adjusted to 0.1 wt%,
0.2 wt%, 0.5 wt%, 1.0 wt%, 2.0 wt%, 3.0 wt%, 4.0 wt%, respectively;
and the suspension was added into an aqueous solution of 2 wt% SA.
Then, 10 mL CNC/SA suspension was placed in a 20 mL clean glass
bottle, and a plasma-cleaned glass sheet was inserted vertically into the
bottle keeping it perpendicular to the bottom of the bottle. The glass
bottle was placed in a constant temperature and humidity box with less
vibration, and the temperature was at 30 °C and the humidity at 30 %.
Finally, as the solvent evaporated, a CNC/SA uniaxial assembled
membrane was obtained on the glass slide. The obtained CNC/SA ver-
tical self-assembled membrane was immersed in 2% CaCl, solution to
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make it fully cross-linked to obtain a CNC/SA uniaxial assembled flex-
ible membrane. Based on the concentration of CNC in the CNC/SA
uniaxial assembled flexible membrane, the samples were coded as CNC/
SA-x, where the “x” is the mass percentage in the CNC suspension.

2.2. Characterization of the CNC/SA uniaxial assembled membrane

2.2.1. Atomic force microscope test (AFM)

The CNC/SA uniaxial assembled membrane sample was fixed on the
sample stage, and the lightweight mode was used as the test mode. The
TEPSA probe was selected for AFM (Bruker, Germany) test.

2.2.2. Fluorescence spectrometer test (FL)

The samples of different surface-modified CNC assembly membranes
were fixed on the sample holder, and the test was performed with a 5JI-
004 (Hitachi High-technologies corporation) fluorescence spectrometer
in solid mode.

2.2.3. Tensile test

The tensile properties of the assembled membrane materials were
tested using a computer-controlled electronic universal testing machine
(CMT5503, Shenzhen Sansi Aspect Technology Co., Ltd.) to characterize
the tensile properties of the CNC/SA uniaxial assembled stretchable
membrane.

3. Results and discussions

3.1. Morphology and the angle orientation of different CNC/SA flexible
membranes

Atomic force microscopy (AFM) was used to analyze the achiral

degree of cellulose nanocrystals (CNCs) in sodium alginate (SA), and the
typical AFM phase image is shown in Fig. 1a. The included angle ()
between CNC long-axis and vertical direction in the CNC uniaxial
assembled membrane was measured and the statistical data is shown in
Fig. 1b-h. Then the achiral degree was calculated as the orientation
degree with Eq. (1)
F= % (3 {cos?0) — 1) 1)
where F is the orientation degree. The result showed that F varied in a
narrow region between 39 and 58 after CNC co-assembled with SA,
which meant that the uniaxial assembly structure still existed in the
CNC/SA uniaxial assembled flexible membrane. The result also showed
that the F reached the maximum value of 0.9787 with CNC/SA-1.0.

3.2. Effect of co-assembly with SA on the mechanical and optical
properties of CNC array

Tensile tests were used to measure the flexibility of CNC/SA mem-
branes, as shown in Fig. 2a. The result showed that the yield strength of
the membranes decreased from 8.5 MPa to 1 MPa, as the SA content
increased from 0 to 66 %. Meanwhile, the elongation at break and the
toughness of the membrane reached the maximal value 37 % and 372 J/
cm?, respectively, when the SA content was 66 %. These results indi-
cated that co-assembling with SA could improve the flexibility and
toughness of CNC-array membranes.

As mentioned above, the uniaxial assembly structure of CNC could be
extended into CNC/SA flexible membrane, which meant the combina-
tion of CNC and SA should still maintain the photoluminescence (PL)
properties. The PL spectra of CNC/SA flexible membranes at different
ratios are shown in Fig. 3. The results of PL spectroscopy analysis
showed that the excitation wavelengths of the CNC/SA flexible mem-
branes obtained at different ratios were all at 380 nm. According to the
previous research results (Gan et al., 2019), this PL. phenomenon was
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Fig. 1. (a) Typical AFM image of the cellulose nanocrystals/sodium alginate (CNC/SA) co-assembly membrane (here the CNC concentration is 1.0 wt%). The
distribution of the included angle between CNC long-axis and vertical direction in the CNC uniaxial assembled membrane that were prepared with CNC concentration
of (b) 0.1 wt %, (c) 0.2 wt %, (d) 0.5 wt %, (e) 1.0 wt %, (f) 2.0 wt %, (g) 3.0 wt % and (h) 4.0 wt %. (i) The relationship between the orientation degree of CNC and

CNC concentration.

caused by the uniaxial assembly of CNC, and the change in PL peak
might be attributed to in the change in effective refractive index (n) from
the introduced SA.

3.3. Mechanical responsiveness of CNC/SA flexible membranes

The PL-responsiveness on stretching and bending is shown in Figs. 4
and 5, respectively. The result indicated that the excitation wavelength
of CNC/SA-1.0 decreased from 380 nm to 360 nm as the tensile strain
increased from O to 30 %. The emission peak at 420 nm gradually dis-
appeared until the tensile strain was 30 % after which it disappeared
completely. Furthermore, the emission intensity of the co-assembly
membrane increased obviously on the stress (Fig. 4c and d). Mean-
while, the excitation wavelength of CNC/SA-1.0 increased from 380 nm

to 364 nm as the bending strain increased from 180° to 109°, and the
emission peak at 450 nm gradually disappeared until the bending strain
was 109° after which it disappeared completely. The PL responsiveness
on mechanical strain should be ascribed to the change in achiral degree
that was induced by stress, because the increase in achiral degree could
induce a wideness in the photon band gap of the photonic crystal based
on rod-like CNC particles (Dai, Wang, Chen, Li, & Zhou, 2012; Krish-
namoorthy, Jacob, Narimanov, Kretzschmar, & Menon, 2012; Lagerwall
et al., 2014).

The Bragg-diffraction (Apragg) wavelength of CNC assembled uni-
axially could be expressed by Eq. (2)

m Aprage = 2Dy /nﬁﬁc — sin%0 2)
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Fig. 2. (a) Stress-strain curves of cellulose nanocrystals/sodium alginate (CNC/SA) co-assembly membranes with different mass ratios of CNC:SA. The (b) yield
strength, (c) toughness, and (d) elongation at break of CNC/SA co-assembly membranes with different SA contents.
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Fig. 3. (a) Excitation spectra and (b) emission spectra of cellulose nanocrystals/sodium alginate (CNC/SA) co-assembly membranes with different mass ratios of

CNC:SA.

where Apragq is the wavelength of Bragg diffraction, m is the diffraction
order, neff is the effective refractive index, and 6 is the incident angle, D
is the vertical periodicity (Gan et al., 2019). The neg was calculated with
Eq. (3) (Yamasaki & Tsutsui, 1998; Zhao, Xie, Gu, Zhu, & Gu, 2012)

nfﬁc = Vene Mene + Vsa 15, 3

where ncne and ngp are the refractive indices of CNC (1.534, Cranston &
Gray, 2008) and SA (1.342, Prakash, Ramakrishna, & Rai, 2003),

respectively. The Vene and Vgp are the volume fraction of CNC and SA,
which could be calculated by Eq. (4)

Pu V= pPene Vone + Psa Vsa 4

where py, pene and psa are density of co-assembly membrane, CNC
(1.56, Paralikara, Simonsen, & Lombardi, 2008) and SA (1.0), respec-
tively. The density of py; was 1.444, so the Vne and Vsa were 79 % and
21 %, respectively.
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Thus, the ne¢ of CNC/SA co-assembly membrane after stretching was
calculated with Eq. (5)

nfﬁc = VCNC néNC + VSA ngA + Vair ngir (5)
where V,;, is volume fraction of air in the membrane, which was equal to
the strain of CNC/SA co-assembly membrane; and ny;; is the refractive
indices of air (1.0). Fig. 4c indicated the relationship between the negs
and different strains.

In this study, the value of m was 1; the detecting direction was
perpendicular to the CNC assembled uniaxially membrane, which meant
the 6 was 90°, so the value of sin?0 was 1. D was approximately regarded
as the length of CNC (162 nm). Thus, the relationship between Ap;agg and
strain was shown in Fig. 4d. There is an error between the theoretical

value and the actual value. However, the change in the nes of the ma-
terial causes this stimuli-responsible membrane.

3.4. Humidity response of CNC/SA flexible membrane

The PL-response on humidity is shown in Fig. 6. The result indicated
that the emission peaks at 447 nm of CNC/SA-1.0 was improved under
humidity condition. In a stretched state of 30 % strain, the improvement
was ca. 5 %, while in a bending state of 180°, the improvement was ca. 3
%. Furthermore, the intensity ratio between peaks at 420 nm and 447
nm increased when the film was wet. The increment was 15 % and 13 %
at the stretched state and the bending state, respectively. The PL-
response on humidity might be attributed to the change the effective
refractive index (n) of CNC/SA stretchable membrane, in which SA had



X. Wang et al.

-

S

T A

> W

= AR

7] v

c

Q "

) 4

[ \

- W

(] ol

4 P

3 v\

g .\\.\
£ VN
= )
o -~
i)

o

= .

o 450 500

Wavelength (nm)

Excitation wavelength (nm)

Carbohydrate Polymers 262 (2021) 117949

w
@
S

T
(on

w

N

o
.

372

368

364

100 120 140 160 180
Bending angle (°)

Fig. 5. (a) Excitation spectra (full lines) and emission spectra (break lines) of cellulose nanocrystals/sodium alginate (CNC/SA-1.0) membrane under different
bending angles. (b) Relationship between the excitation wavelength and angle of bend of CNC/SA-1.0 membrane.

— = =wet membranea
I.'

/

Photoluminescence intensity (a.u.)
Photoluminescence intensity (a.u.)

—— =--=wet membrane
dry membrane

A b | =——=--= wet membrane C

dry membrane

Photoluminescence intensity (a.u.)

Wavelength (nm)

300 350 400 450 500 320 360
Wavelength (nm)

320 360 400 440 480
Wavelength (nm)

200 440

Fig. 6. (a) Excitation spectrum (full line) and emission spectrum (break line) of cellulose nanocrystals/sodium alginate (CNC/SA-1.0) membrane under wet state. (b)
Excitation spectrum (full line) and emission spectrum (break line) of CNC/SA-1.0 membrane with a tensile strain of 30 % under wet (blue) and dry state (light blue).
(c) Excitation spectrum (full line) and emission spectrum (break line) of CNC/SA-1.0 membrane with a bending angle of 121° under wet (blue) and dry state
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water absorption and led to a decrease in n of SA part and an increase in
the photon band gap (Gan et al., 2019).

4. Conclusions

We introduced flexible sodium alginate (SA) into cellulose so ob-
tained nanocrystal (CNC) membrane and controlled the assembly
structure and assembly-induced emission of CNC by adjusting their co-
assembly process. The achiral degree of assembling CNC array reached
the maximum when the mass ratio between CNC and SA was 1:1, with an
orientation degree (F) of 0.9787. The CNC/SA membrane so obtained
showed improved elongation at break and toughness of 37 % and 372 J/
em?, respectively. Also, the yield strength of the CNG/SA membrane
decreased from 8.5 MPa to 1 MPa when 66 wt% SA was introduced. The
membrane was flexible, and demonstrated blue shift on stretching and
bending. The blue-shift degree was linear with the stretching strain, and
maximal shift wavelength was ca. 30 nm. Meanwhile, the emission
spectrum of CNC/SA membrane varied by ca. 5 % when the membrane
was wet, suggesting that the optical membrane could also respond to the
humidity. Such a flexible optical sensor based on achiral CNC assembly
in flexible polymers can promote its application in biosensors and op-
tical anti-counterfeiting in paper-based materials.
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