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Renewable cellulose is an outstanding candidate to prepare biomass-based optical management films with
tunable transparency and haze. Micro-scale and nano-scale cellulose derived from the parenchyma cells (PC) and
bamboo fibers (BF) of Dendrocalamus sinicus was first separated and then subjected to succinic esterification and
mechanical defibrillation using three different methods: ultrasonication, high-speed blending, and micro-
fluidization. Sustainable multiscale optical management films with tunable haze were obtained by changing the
weight ratios of micro/nanoscale cellulose. The PC-based micro/nano cellulose (MNC) films obtained by
microfluidization with the highest content of nanoscale cellulose (96.5 %) displayed the highest light trans-
mittance (89.4 %) and tensile strength (164.3 MPa) but the lowest haze (32.0 %) and anti-glare ability. The BF-
based MNC films obtained by ultrasonication with the lowest content of nanoscale cellulose (20.4 %) but the
highest content of microscale cellulose (79.6 %) showed the highest haze (96.7 %), a medium light transmittance
(81.3 %), and the outstanding anti-glare effects. The MNC films with both high in transparency (84.8-87.5 %)
and haze (81.5-88.4 %) along with good strength and flexibility can be obtained by tuning the bamboo com-
ponents and mechanical defibrillation methods. This study provides a green and facile way to fabricate sus-
tainable optical management films.

1. Introduction et al., 2021).

Highly transparent films with tailorable haze derived from natural

Optical management films with high transmittance and light diffu-
sivity are widely used in organic light-emitting diode (OLED), solar cells,
transistor, touchscreen electrode, optical sensor, and energy-saving
buildings (Gao et al., 2019; Hou et al., 2020; Jia et al., 2019; Li et al.,
2024; Zhang, Zhang, et al., 2023; Zhao et al., 2023). The optical trans-
parency and haze are two crucial parameters for the excellent candidate
of optical management films, which are considered to be mutually
exclusive properties ( Sun et al., 2021; Zhang, Wang, et al., 2023). Op-
tical management films typically utilize conventional substrates made
from nonbiodegradable and nonrenewable petroleum-based polymers
and heavy and fragile glass, leading to high energy consumption and
significant environmental pollution concerns (Jiang et al., 2023; Sun
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resources can be used as optical management materials to enhance light
absorption and dispersion uniformity. Renewable, multiscale cellulose
including microsized cellulose fibers (MCFs), cellulose nanofibrils
(CNFs), cellulose nanocrystals (CNCs), and their mixtures are potential
and great candidates to prepare highly transparent and hazy optical
management films via various methods, including chemical treatment,
vacuum impregnation, dissolve-regeneration, and casting (Hou, Li,
et al., 2022; Hu et al., 2021; Li et al., 2024; Shi et al., 2025; Sun et al.,
2021; Zhang, Guo, et al., 2022; Zhu et al., 2016). A 2,2,6,6-tetramethyl-
piperidine-1-oxyl (TEMPO)-oxidized CNFs were deposited by micro-
scale TEMPO-oxidized wood fibers to obtain a highly hazy (62 %) and
transparent (88 %) film (Yang et al., 2018). Cellulose paper was
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Fig. 1. FTIR spectra (a) and its enlarged zone (b) of BF and PC after bleaching and esterification and SEM images of BF and PC before and after bleaching: (c) PC, (d)

BF, (e) BPC, and (f) BBF.

Table 1
Comparison of the chemical composition, DP, and crystallinity of PC and BF before and after bleaching treatment.
Samples Cellulose (%) Hemicellulose (%) Lignin (%) DP Crystallinity (%)
PC 42.9 + 0.3 17.1 £ 0.5 32.6 £0.2 - 46.4
BPC 86.5+ 0.1 129 £ 0.1 0.52 = 0.05 1251 £ 25 64.4
BF 55.4 +£ 0.8 13.0+ 04 299+ 0.4 - 64.4
BBF 89.6 + 0.5 10.1 £ 0.4 0.33 +£ 0.53 1579 +£13 69.6
chemically modified using trimethylolpropane tris(3- obtained by casting showed adjustable optical properties with trans-

mercaptopropionate) and isophorone diisocyanate by vacuum impreg-
nation to produce an optical management film with light transmission of
84 % and haze of 75 %, respectively (Zhang, Yuan, et al., 2022). A
cellulose film with a high transparency (90%) and haze (91 %) was
prepared by immersing southern yellow pine microfiber into ionic liquid
1-butyl-3-methylimi-dazolium chloride (Zhu et al., 2016). An all-
cellulose composite film with transmittance of 90.1 % and haze of
95.2 % was fabricated by mixing softwood cellulose fiber and regener-
ated cellulose by sodium hydroxide/urea solution (Hou et al., 2020).
Carboxymethyl cellulose (CMC)/TEMPO-oxidized CNC composite films

parency of 90.87-92.24 % and haze of 3.17-13 % (Li et al., 2024).
However, the cellulose solvents and other chemically modifying agents
are high cost, long time-consuming, complicated process and the sec-
ondary pollution is easily caused after use. Meanwhile, the cellulose
solutions with high viscosity are difficult to combine with other func-
tional fillers. This becomes an obstacle for manufacturing all cellulose-
based transparent films.

A combination with facile chemical pretreatment and mechanical
defibrillation can improve the environmental friendliness, production
efficiency of cellulose-based optical management films and reduce their
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Table 2

Physical-chemical properties of MNC.
Sample Carboxyl Crystallinity Micro-scale Nano-scale
codes contents (%) cellulose (%) cellulose (%)

(mmol/g)

PCI'JMNC' 1.85 51.5 71.1 28.9
PC];MNC' 1.80 44.4 14.2 85.8
PCI\'/IMNC' 1.89 42.7 3.5 96.5
BFI'JMNC' 1.76 53.3 79.6 20.4
BF];MNC' 1.69 50.0 20.0 80.0
BFI\'/IMNC' 1.75 42,5 6.1 93.9

(e) p=12.801.20ym

(f) D=8.46+0.72um
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100pm
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energy consumption during production. A strong and flexible cellulose-
based film with both high in transparency (82.7 %) and haze (92.4 %)
was produced by combining TEMPO-oxidation pretreatment with ul-
trasonic homogenization and high-speed blending (Guan et al., 2022). A
highly transparent phosphorylated cellulose (PhC) films with above 80
% transparency were obtained from a PhC fiber/water slurry and
exhibited a haze of 9-91 % under different mechanical disintegration
time by high-speed blending (Hou, Zhao, et al., 2022). Bamboo is one of
the fastest growing timber biomasses with abundant availability,
outstanding physical, chemical, and mechanical properties as well as
excellent biodegradability (Zhao et al., 2024). Cellulose in bamboo
mainly derived from two parts: parenchyma cells (PC) and bamboo fi-
bers (BF) (Abe & Yano, 2010; Zhang, Yuan, et al., 2022). Our previous
study proposed a facile and green one-pot way by combining rapid
succinylation with high-speed blending to fabricate the multiscale cel-
lulose film in the haze range of 59.2 % to 92.3 % with the high trans-
parency (90.5 %) (Chen et al., 2024). However, the degree of fibrillation
and its effects on the physical, chemical, mechanical, and optical
properties are different when PC and BF are subjected to the same
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Fig. 2. Optical and polarized optical micrographs of micro-scale cellulose and AFM images of nano-scale cellulose and their distributions of width and aspect ratio:
(a) PC-MNC-U, (b) PC-MNC-B, (c) PC-MNC-M, (d) BF-MNC-U, (e) BF-MNC-B, and (f) BF-MNC-M.
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Fig. 3. (a) Typical TG curves and (b) DTG curves of PC and BF before and after bleaching, (c) TG and (d) DTG curves and mechanical properties of the resulting PC-

MNC (e) and BF-MNC (f).

chemical modification and mechanical disintegration (Qu et al., 2021;
Zhang et al., 2020; Zhou et al., 2022).

In this study, we fabricated multiple scale cellulose films from Den-
drocalamus sinicus, the largest bamboo in the world. The micro-scale and
nano-scale cellulose (MNC) films derived from PC and BF of bamboo
were separated and then subjected to succinic esterification and me-
chanical defibrillation using three different methods: ultrasonication,
high-speed blending, and microfluidization. We hypothesized that the
cellulose based sustainable and flexible multiscale MNC films with
tunable optical properties (transparency and haze) by changing the
weight ratios of micro-scale and nano-scale cellulose can be potentially
applied for optical management fields including OLED, touchscreen
electrode, optical sensor, and energy-saving buildings. The effects of two
types of cellulose sources in bamboo and three different mechanical
defibrillations on the contents as well as physical and chemical prop-
erties of MNC were investigated. The crystallinity, thermal stability,
optical and mechanical properties of the resulting optical management
films were comprehensively characterized.

2. Materials and methods
2.1. Materials

Dendrocalamus sinicus was obtained from Cangyuan Country, Yunnan
Province. Peracetic acid (15-18 %), Potassium hydroxide (KOH), suc-
cinic anhydride (SA) and dimethyl sulfoxide (DMSO) with the analytical
grades were purchased from Aladdin, China.

2.2. Extraction and fractionalization of micro/nano cellulose (MNC)

Bamboo slivers were ground by a shredder (YB-1000A, SuFeng,
China) and then immersed in water for 2 min, PC particles were floated
onto the water while BF particles were sunk immediately at the bottom
because of their difference in density. Subsequently, PC and BF were
chemically pre-treated in peracetic acid solution of 8 % at 85 C for 6 h,
respectively to remove lignin. 5 % KOH was used to remove hemicel-
lulose on delignified PC and BF at 90 °C for 2 h. Finally, Bleached PC and
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Fig. 4. Digital photographs of MNC films closely attached to a baseboard with a logo and lifted 0.5 cm above the baseboard. (a, d) PC-MNC-U; (b, €) PC-MNC-B; (c, f)

PC-MNC-M; (g, j) BF-MNC-U; (h,k) BF-MNC-B; (i, 1) BF-MNC-M.

BF were obtained and coded as BPC and BBF, respectively. Then, the
activation of BPC and BBF (40% solid contents and 2 g dry weight) was
carried out in a mixture of DMSO/KOH/H,0 (88 g/0.8 g/4-6 g) and
they were further subject to an esterification reaction with SA at pH =
9.0 corresponding to their codes of EPC and EBF, respectively. Subse-
quently, the EPC and EBF were mechanical defibrillation using three
methods. The ultrasonication was carried out using an ultra-sonicator
(JY99-IIDN, Scientz, China) at 540W for 10min with a frequency of
30kHz, a pulse on of 5 s. The resultant samples were labeled as PC-MNC-
U and BF-MNC-U, respectively. The high-speed blending was performed
at 30000 rpm for 10min with 30s interval rest time every 2 min in a
simple kitchen blender (PB210B, Midea, China). The modified samples
were labeled as PC-MNC-B and BF-MNC-B, respectively. The micro-
fluidization was performed with a high-pressure microfluidizer (M-
110EH-30, Microfluidics, USA) with four passing times in interaction
chambers at a pressure of 1500 bar. The obtained samples were labeled
as PC-MNC-M and BF-MNC-V, respectively. The micro and nano cellu-
lose was fractionalized using a high-speed centrifuging (Centrifuge
5417C, Eppendorf, Germany) for 10 min at the rotational speed of
12,000 rmp. The clear portion on the top of centrifuge tube was the
nano-scale cellulose. The remaining part was the micro-scale cellulose.
Then they were dried and calculated their weight ratios.

2.3. The fabrication of multiscale MNC films

The MNCs were suspended in deionized water with a concentration
of 0.3 wt%, followed by bubble removal in an ultrasonic (KQ5200DE,
Kunshan Ultrasonic Instrument, China). Subsequently, the suspensions
were cast and then dried at 40 "C for 48 h. The resultant films were
placed in a chamber at a relative humidity of 95 % for 1 h and then
compressed at 6.125 kPa for 24 h at room temperature for further
characterization.

2.4. Characterization of micro and nano cellulose

The chemical compositions and the average degree of polymeriza-
tion (DP) of PC and BF samples before and after bleaching were deter-
mined according to the NREL/TP-510-42,618 (Sluiter et al., 2008), and
ASTM D1795-13, respectively. The crystallinity index (Crl) of samples
were measured with an X-ray diffractometer (D8 Advance A25X, Bruker,
Germany) (Segal et al., 1959). The chemical functional groups of PC and
BF before and after bleaching and the resultant MNC were characterized
using an FTIR spectrometer (Nexus 670, ThermoFisher Scientific, USA).
The thermal stability of MNC samples was examined by a thermogra-
vimetric analyzer (TGA4000, PerkinElmer, USA) ranging from 30 'C to
600 °C with a 10 "C/min heating rate. The micro-morphologies of the
micro- and nano-scale cellulose separated from the MNC mixture were
observed by an optical microscopy (DM LB2, Leica, Germany), a
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Fig. 5. SEM images of the microstructure of the film surface and fractured surface. (a, d) PC-MNC-U; (b, e) PC-MNC-B; (c, f) PC-MNC-M; (g, j) BF-MNC-U; (h, k) BF-

MNC—B; (i, I) BF-MNC-M.

polarized optical microscope (BX53M, Olympus, Japan) equipped with
an Olympus DP27 digital camera, and an atomic force microscopy (Icon,
Bruker, USA). The variation on carboxylate contents of various MNC
samples was tested by conductivity titration method (Zhong et al.,
2020).

2.5. Evaluation on optical management properties of MNC films

The micro-morphologies of the MNC films were observed by a
scanning electron microscopy (Gemini 360, Zeiss, Germany). The hazes
of MNC films were assessed by a Haze instrument (TH-110, Hangzhou
CHNSpec Technology, China). The angular distribution of transmitted
light was evaluated using an angle meter equipped with a xenon lamp
(HL-2000, IdeaOptics, China) connected to an optical fiber referring to
our previous method (Chen et al., 2024). The tensile test was performed
on an electronic mechanical instrument (Instron 5848, Instron, USA)
with a load cell of 500 N, an initial clamping separation length of 21.0
mm, and a speed of 0.5 mm/min.

3. Results and discussion

3.1. Variations in chemical composition, crystallinity, and micro-
morphology of PC and BF

FTIR spectra and micro-morphologies of PC and BF before and after
bleaching are shown in Fig. 1. The broad peaks in the range of 3650 to
3050 cm ™! for all the samples are associated with the —OH stretching
vibrations, as seen in Fig. 1(a and b) (Khawas & Deka, 2016). The peak at
1738 cm ™ is related to uronic ester groups in hemicellulose, and the

peaks at 1510 cm ™}, 1461 cm ™}, and 834 cm™! correspond to aromatic
rings in lignin and guaiacyl lignin structures. The characteristic peaks
for hemicellulose and lignin significantly became weak and even van-
ished for both BPC and BBF, which implied that the partial hemicellulose
and almost all lignin components had been removed (Fatah et al., 2014;
Szczesniak et al., 2008). The two new peaks emerged at 1730 cm ! and
1575 cm~! for the succinic esterified samples (EPC and EBF) are
attributed to the stretching vibration of the carbonyl group (-C=0) from
the succinic acid esters and the sodium carboxylate (Sehaqui et al.,
2017).

The micro-morphologies of PC and BF before and after the bleaching
are displayed in Fig. 1(c-f). There were obvious differences on PC and
BF. The former exhibited a porous honeycomb-like structure while the
latter appeared a needle-shaped structure with a large length-to-width
ratio, as seen in Fig. 1(c and d). The porous PCs began to partially
collapse and some BFs failed to further separate into individual fibrils
after bleaching probably due to the removal of the major chemical
components in cell walls in Fig. 1(e and f) (Wang et al., 2016).

Table 1 lists the chemical composition, degree of polymerization,
and crystallinity of PC and BF before and after bleaching treatment. The
contents of cellulose, hemicellulose, and lignin in BF were 55.4 %, 13.0
%, and 29.9 %, respectively, which was higher cellulose content but
lower hemicellulose and lignin contents compared to the corresponding
components (42.9 %, 17.1 %, and 32.6 %) of PC. Moreover, the cellulose
contents of BBF and BPC were further increased to 89.6 % and 86.5 %,
respectively, while lignin was almost entirely removed after bleaching.
The average DP and crystallinity of cellulose in BF corresponding to
1579 and 69.6 % were higher than those in PC (1251 and 64.4 %)
(Fig. S1). This implied that PC was a better candidate for preparation of
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Fig. 6. Photographs of LED light sources without films (a) and the anti-glare effects of different films: (b) PC-MNC-M, (c) PC-MNC-B, (d) PC-MNC-U, (e) control PE
film; (f) BF-MNC-M; (g) BF-MNC-B; (h) BF-MNC-U; (i) Angular distribution of intensity (wavelength = 550 nm) transmitted through films.

Table 3

Comparison with cellulose-based optical management films.
Sources Methods Transmittance Haze (%) References

(%)
Bl;iEEEd softwood kraft TEMPO-oxidized microfibers deposited on TEMPO-oxidized cellulose nanofibrils 83.0-88.0 3.8-62.3 Yang et al., 2018
Tunicate cellulose Mixing microfibrillated cellulose and cellulose nanofibrils 85.0 68.3 Jiang et al., 2023
Bleached hardwood kraft TEMPO-O.del.ZEd cellulose nanofiber with high-speed blending and ultrasonic 827 97.4 Guan et al., 2022
pulp homogenization

Bleached softwood pulp TEMPO-oxidized wood fibers by ion exchange 90.0 93.5 Hou, Li, et al., 2022
Bl;ii;m softwood kraft Phosphorylated cellulose fibers with high-speed blending 91.0-95.0 9.0-91.0 Hou, Zhao, et al., 2022
Poé)ll:: pulp LCNF/glycerol TEMPO-mediated oxidation and high pressure homogenization 87.0 92.0 Zg:!g Zhang, et al.,
Bamboo-based MNC film Esterification of succinic anhydride with ultrasonication, high-speed blending or 81.3-89.5 32.0-967  This study

microfluidization

micro and nano cellulose than BF in bamboo.

3.2. Analyses of physical, chemical, and mechanical properties of MNC

Table 2 exhibits the physical-chemical properties of MNC. It can be
seen that negatively-charged carboxyl groups were successfully intro-
duced onto the surface of cellulose by rapid succinic esterification. The
average carboxyl contents (1.80-1.89 mmol/g) of MNC derived from PC
were higher than those (1.69-1.76 mmol/g) derived from BF, indicating
that BPC was more easily reacted with succinic anhydride than BBF. The
MNC samples derived from BPC and BBF with different degrees of

nanofibrillation were obtained by ultrasonication, high-speed blending,
and microfluidization. The proportions of nano-scale cellulose prepared
by microfluidization were the highest among three mechanical defi-
brillation methods, corresponding to 96.5 % for PC-MNC-M and 93.9 %
for BF-MNC-M, respectively. However, the proportion of nano-scale
cellulose obtained by ultrasonication were only 28.9 % for PC-MNC-U
and 20.3 % for BF-MNC-U, respectively. It was noticed that the degree
of nanofibrillation for PC-derived MNC was higher than BF-derived
MNC. This may be due to the fact that PC with thinner cell walls,
larger cavities, and more negatively charged carboxyl groups was easily
mechanically defibrillated.
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In addition, compared with BPC and BBF, there was a significant
decrease for the crystallinity of MNC particles from 64.4 to 69.6 % to
42.5-53.3 % possibly due to the destruction caused by the shearing force
of mechanical instruments as well as the frictional force among these
various scale cellulose particles.

The micro-morphologies of micro-scale and nano-scale cellulose
after centrifuging separation from the MNC suspensions are displayed in
Fig. 2. Generally, the cellulose with two types of different shapes can be
observed. The micro-scale cellulose components derived from PC
defibrillated by ultrasonication, high-speed blending, and micro-
fluidization appeared the thin-walled granular or bulk morphologies
with the average diameters of 37.70 pm, 35.91 pm, and 16.25 pm,
respectively, as shown in optical and polarized optical micrographs
(Fig. 2a-c), while those derived from BF displayed the slender and
nodular fibril morphologies with various individual lengths corre-
sponding to small average diameters (14.97 pm, 12.80 pm, and 8.46 pm,
respectively), as seen in Fig. 2(d-f). This implied that BF is the major
source to isolate the cellulose microfibril.

The atomic force microscopy (AFM) images verified all nano-scale
celluloses exhibited the flexible nanofibril morphologies with the
longer length and the thinner width as well as varying degrees of
entanglement compared to the micro-scale cellulose. The average di-
ameters of PC-based nanocellulose after ultrasonication, high-speed
blending, and microfluidization were 2.13 nm, 2.11 nm, and 1.73 nm,
respectively, while those of BF-based nanocellulose were 2.26 nm, 2.08
nm, and 1.80 nm, respectively. This indicated that microfluidization had
a strong defibrillation probably due to the strong shear and impact
forces generated in tiny channels under the high pressure
(Balasubramaniam et al., 2015). However, the relatively weak defi-
brillation may be achieved by the severe collisions inside PC and BF
through the resultant cavities by formation and explosion of bubbles
(Wang et al., 2016). The largest average aspect ratios of nanocellulose
were obtained by microfluidization, corresponding to 700 and 630 for
PC-MNC-M and BF-MNC-M, respectively. Therefore, PC was easier to be
defibrillated than BF under the same processing conditions and pro-
duced smaller size cellulose.

Fig. 3(a-d) illustrates the thermogravimetry (TG) and differential
thermogravimetry (DTG) curves of PC and BF before and after bleaching
and the resultant MNC. A slight weight loss observed in 60-100 °C can
be associated with the residual water and adsorbed moisture during

storage. The major weight loss occurred in 250-400 °C was related with
thermal decomposition of cellulose, hemicellulose, and partial lignin
(Xu et al., 2020). The onset degradation temperature (Topset) and
maximum temperature (Ty,y) for BF listed in Table S1 were higher than
those of PC, indicating that the thermal stability of BF was better than
PC. After purification, the thermal stabilities of BPC and BBF were
similar. Topset and Tmaxy of MNC ranged from 302 to 310 ‘C and
342-348 °C. The lower thermal stability of MNC compared with the raw
materials was attributed to the introduction of carboxylate groups, while
mechanical disintegration had little effect (Liu et al., 2010). The MNC
produced through succinic esterification pretreatment showed greater
thermal stability than cellulose nanofibers produced by TEMPO oxida-
tion (Topset = 200 “C and Tyax = 250 “C) (Fukuzumi et al., 2009).

The mechanical properties of MNC films are shown in Fig. 3(e and f).
The MNC films obtained by microfluidization showed the highest tensile
strength and Young's modulus but the lowest elongation at break
compared with the samples prepared by ultrasonication and high-speed
blending. The tensile strengths and Young's modulus of PC-MNC-M films
were 164.3 MPa and 8.7 GPa, respectively. As for BF-MNC-M films, they
were 143.4 MPa and 8.2 GPa, respectively. This indicated that PC-based
MNC had a superior tensile strength and modulus than BF-based MNC.
The tensile strength of the succinic esterification MNM film ranged from
71.5 MPa to 164.3 MPa, which had a better performance for a phos-
phorylated cellulose light-management film ranged from 71 MPa to 152
MPa (Hou, Zhao, et al., 2022). A higher degree of nanofibrillation
improved the tensile properties of film. As expected, multiscale MNC
films with the highest content of micro-scale cellulose showed the
weakest mechanical properties, whereas those containing the highest
content of nano-scale cellulose appeared the best mechanical properties.
This was because nanofibers were more aligned, enhancing the bonding
between the microfibers or microparticles and consequently promoting
the strength of the films by densifying the fiber bonds.

3.3. Optical properties of MNC films

The digital photographs of MNC films attached to a baseboard with a
logo and lifted 0.5 cm above the baseboard are shown in Fig. 4.

It can be observed that the “International Centre for Bamboo and
Rattan” logos were visible beneath all films that were closely adhered to
the baseboard in Fig. 4(a, b, c, g, h, and i), indicating their available
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transparency. However, when the films were raised and stayed above
the baseboard, the logos were obscure at varying degrees, as seen in
Fig. 4(d, e, f, j, k, and 1). The specific transmittance and haze values are
listed in Table S2. The PC-MNC-M and BF-MNC-M films prepared by
microfluidization showed the excellent transparency with the highest
transmittance values of 89.5 % but the lowest haze values of 32.0 % and
41.3 %, respectively. The PC-MNC-U and BF-MNC-U films obtained by
ultrasonication displayed the poor transparency with the lowest trans-
mittance values of 84.8 % and 81.3 % but the highest haze values of
88.4 % and 96.7 %, respectively. The two parameters for PC-MNC-B and
BF-MNC-B films were at the medium level.

The optical properties of the films were closely related to their
microstructure, which was mainly determined by the weight ratios of
micro-scale and nano-scale cellulose particles. The SEM images of the
microstructure of the film on the surface and fractured surface are
presented in Fig. 5. The surface and cross-sectional micro-morphologies
in Fig. 5(c, f and i, 1) show that there was only a small amount of micro-
scale cellulose in the MNC film prepared by microfluidization. Thus,
they formed a smooth surface with a homogeneous and dense micro-
structure inside. Most of the incident light's intensity was transmitted in
the same direction, and only a small fraction was scattered, resulting in
high transparency and low haze. The contents of micro-scale cellulose in
the MNC films increased through ultrasonication and high-speed
blending. The fibril-like microfibers were clearly seen, and the film
surface was relatively rough in Fig. 5(a, b, g, and h). The existence of a
light-scattering micro-scale cellulose caused the majority of light to
deviate from its original path, which resulted in a high haze in the
resultant films. Nano-scale cellulose filled the pores, and most incident
light propagated through the film, retaining a high transmittance (Yao
et al., 2016).

The anti-glare effect of MNC films on LED sources is shown in Fig. 6.
The transmission light without and with the control film was obvious,
which indicated that the control film did not scatter light, as seen in
Fig. 6(a and e). The PC-MNC-M and BF-MNC-M films prepared by
microfluidization in Fig. 6(b and f) showed low degrees of haze due to
the low content of micro-scale cellulose and therefore showed only a
minor anti-glare effect. After being covered by the light-scattering film
prepared by high-speed blending and ultrasonication, the LED columnar
light became increasingly even and gentler. When covered by the PC-
MNC-U and BF-MNC-U films in Fig. 6(d and h), the LED exhibited the
best anti-glare effect (Jacucci et al., 2021).

The angular distribution diagram and data of the light intensity
through the highly transparent-hazy MNC films is shown in Fig. 6i and
Table S3. The light transmitted intensities decrease with the increase of
deflection angles for all the films. The BF-MNC-U film, with the highest
proportion of micro-scale cellulose (79.7 %), produced the highest haze
(96.7 %) and rendered the widest transmission angle distribution. Spe-
cifically, the light transmitted intensity of the BF-MNC-U film still
maintained at 44.49 % compared with the PC-MNC-U at 10.85% and BF-
MNC-B at 14.88 % when the angle was set at 15°. This implied that
bamboo fibers are superior to parenchyma cells for preparing the light
transmission films. A higher volume of fine nano-scale cellulose led to a
denser microstructure, reducing light scattering and haze but enhancing
film transparency. Moreover, the ultrasonication was more appropriate
than blending as well. According to Raleigh scattering theory, the
scattering cross-section is proportional to the diameter of a fiber (Song
et al., 2013; Sun et al., 2018). Therefore, a higher proportion of nano-
scale cellulose in the MNC films produced a higher haze and light
scattering, but the transparency was slightly compromised. In addition,
the PC-derived MNC film had a relatively smooth surface and a more
compact fracture surface, while the BF-MNC films had a lamellar
structure with gaps, resulting in a high haze.

Table 3 compares the transmittance and haze values of cellulose-
based optical management films derived from various biomass re-
sources and obtained by different physical, chemical and mechanical
methods. It is seen that the tunicate cellulose-based films prepared by
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mixing microfibrillated cellulose and cellulose nanofibrils displayed the
transmittance of 85.0 % and haze of 65.3 %. The bleached softwood
kraft pulp films obtained by depositing TEMPO-oxidized microfibers on
TEMPO-oxidized cellulose nanofibrils showed relatively low trans-
mittance (83.0-88.0 %) and haze (3.8-62.3 %). The haze of the bleached
softwood kraft pulp treated by ion exchange as well as high-speed
blending of phosphorylated cellulose fibers can be greatly improved to
93.5 % and 91.0 %, respectively. As for bleached hardwood kraft pulp,
the mixing cellulose microfiber and TEMPO-mediated cellulose nano-
fiber exhibited the highest haze (97.4 %) but low haze (82.7 %). The
poplar pulp LCNF/glycerol film prepared by TEMPO-mediated oxidation
and high pressure homogenization exhibited the medium transmittance
(87.0 %) and haze (92.0 %) level. The current bamboo-based optical
management films with more environmentally-friendly chemical re-
agent and more facile procedure can provide an outstanding compre-
hensive performance with high transmittance (89.5 %) and haze (96.7
%), which can expand and enrich the high-value added applications of
bamboo resources in the future.

3.4. Tunable mechanism of transparent and hazy MNC films

The mechanism of various mechanical defibrillation and their effects
on the optical properties of multiple micro-scale and nano-scale cellu-
lose films with the variations of morphology, size, and micro-nano
components is shown in Fig. 7. A large number of bubbles were
formed, grown, and collapsed during ultrasonic vibration. The ultra-
sound energy can be transferred to cellulose macromolecule chains of
bamboo fibers and parenchyma cells, resulting in the breakdown of the
interfibrillar hydrogen bonds and then defibrillation by continuous
strong colliding each other due to cavitation (Wang et al., 2016). The
samples were simultaneously subjected to strong shear force, high-
frequency oscillation, cavitation, and vibration when they passed
through the tiny channels in microfluidization chamber, which pro-
duced the more and the smaller-size cellulose fibers (Li et al., 2014).
Some bubbles were formed during agitation, which facilitated the
bamboo fibers and parenchyma cells to rapidly separated as individuals.
The major force for high-speed blending was the strong collision by the
fast bladers rotation with a mild rotational force, which split the samples
into fine fragments.

According to Raleigh's scattering theory, the scattering cross section
increases linearly with the diameter of the fibril (Sun et al., 2018). The
more and the finer nanofibers can fill pores and thereby formed a more
compact microstructure, which inhibited the light scattering and
enabled them to pierce the film along the forward direction, resulting in
a narrow scattering angle and a high transparency. The increase in
micro-scale cellulose content raised the surface roughness and decreased
the film density, causing most of the light to deviate from its original
route with a wide scattering angle and inducing a high haze. The
transparency and haze could be effectively tuned by changing the me-
chanical defibrillation method and the weight ratio of nano-scale and
micro-scale cellulose.

4. Conclusions

Micro-scale and nano-scale cellulose derived from the parenchyma
cells (PC) and bamboo fibers (BF) of Dendrocalamus sinicus were sepa-
rated and then subjected to succinic esterification and mechanical
defibrillation by ultrasonication, high-speed blending, or micro-
fluidization. Sustainable multiscale optical management films with
tunable haze were obtained by adjusting mechanical defibrillation and
changing the weight ratios of micro/nanoscale cellulose. PC-derived
cellulosic materials had a higher degree of fibrillation when processed
by the same treatments. The MNC prepared by different mechanical
treatment had different degrees of nanofibrillation, yielding the corre-
sponding films with different optical and mechanical properties. The PC-
based micro/nano cellulose (MNC) films obtained by microfluidization
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with 96.5 % nanocellulose content exhibited the highest light trans-
mittance (89.4 %) and tensile strength (164.3 MPa) but the lowest haze
(32.0 %) and anti-glare ability. The BF-based MNC films obtained by
ultrasonication with the lowest nanocellulose content (20.4 %) but the
highest microcellulose content (79.6 %) showed the highest haze (96.6
%), a light transmittance of 81.3 %, and the outstanding anti-glare ef-
fects. The MNC films with both high in transparency (84.8-87.5 %) and
haze (81.5-88.4 %) along with good strength and flexibility can be
obtained by adjusting the bamboo components and mechanical defi-
brillation methods. This study provides a green and facile way to
fabricate sustainable optical management films.
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