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Abstract
A series of cellulose �lms with rough surface were prepared by employing a simple solution casting
method and using the waterproof abrasive papers with different grits as the substrate. The cellulose �lms
possessed a rough surface with the maximum height difference (Sz) of 128-217 μm, a macroporous
structure with a high porosity of 84.7%-90.5%, and a negative potential between -40.00 and -54.15 mV.
Furthermore, the cellulose �lms exhibited excellent microalgae adhesion properties. After 18 days of
attached Chlorella sp. cultivation experiments, the average productivities of C-A-120 �lms (C-A-X, X means
the mesh number of the substrate) reached 20.80 g m-2 d-1), which is 2.69 times than that of the cellulose
�lm with a smooth surface. The result indicates that the cellulose �lms with a rough surface and high
water adsorption ratio have a huge potential in serving as the substrate of the attached microalgae
cultivation to promote microalgae cells growth and bio�lm formation.

1. Introduction
Microalgae have been regarded as one of the most promising sources for biofuel (Benemann 2013;
Maeda et al. 2018) and other value-added products (Borowitzka 2013; Matos et al. 2017) due to their fast
growth rates and high value-added bioproducts production. However, it is still a great challenge to achieve
a large-scale commercialized production of microalgae, because one of the key challenges is the high
cost of microalgae harvesting and dewatering in conventional suspended culture systems (Bharathiraja
2015; Pierobon 2018). Recently, attached cultivation based on microalgae bio�lm has received
widespread attention because of the low water demand, the ease of biomass harvesting and its higher
concentration (Wang et al. 2017; Gross et al. 2015). For this mode, the cells are �xed to the solid
substrate surfaces, which made them separate easily from the culturing medium and signi�cantly
reduced the cost of microalgae harvesting and separation.

During the attached cultivation process, the formation of microalgae bio�lm depends on various factors
including microalgae species, substrate materials, culture conditions, hydrodynamic conditions, et al.
(Zhuang et al. 2018) The substrate material is one of the most important factors in the development of
an attached culture system, because it in�uences the initial adhesion and the subsequent growth of the
microalgae bio�lm (Schnurr and Allen, 2015). Up to now, various materials used in the microalgae
attachment have been selected (Rosli et al. 2020). Cellulose material has been regarded as one of the
most potential materials due to its high hydrophilicity, non-biotoxicity, low price, and porosity (Zhang et al.
2017). Several kinds of cellulose materials, such as cellulose acetate/nitrate membrane (Ji et al. 2014),
newspaper (Naumann et al. 2013), printing paper (Bernstein et al. 2014) and cotton rope (Christenson
and Sims 2012; Bernstein et al. 2014), have been evaluated. However, the reported cellulose-based
substrate materials are directly obtained from the market, and their structures have not been controlled
and designed. Thus, in order to obtain high microalgae productivity and understand the relationship
between the structure of cellulose materials and the microalgae growth, it is urgently needed to develop
new cellulose materials with novel and de�ned structures to serve as the substrate of microalgae cells in
attached microalgae cultivation.Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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In this work, by changing the roughness of the substrate (glass, waterproof abrasive paper with different
roughness), a series of cellulose �lms with different surface roughness were prepared by a solution
casting method in ionic liquids. Subsequently, they were used as the supported materials in attached
microalgae cultivation (Fig. 1). The structure and properties of cellulose �lms were characterized by
Fourier transform infrared (FTIR) spectra, zeta potential, scanning electron microscopy (SEM), mercury
porosimetry and water absorption experiment. The effect of surface roughness on the microalgae
adhesion of cellulose �lms was investigated by attached Chlorella sp. cultivation in 24-well tissue culture
plate.

2. Experimental

2.1 Materials
The strain Chlorella sp. FACHB-1514 was obtained from Institute of Hydrobiology, Chinese Academy of
Sciences, which was grown and maintained in sterilized BG 11 medium at 25 ± 2 oC under a light intensity
of 100 µmol m− 2 s− 1 in HZQ-QG light incubator (HDL Apparatus) (Yan et al. 2016). The culture with
optical density (OD680) about 0.3 was used as the seed for the subsequent attached cultivation
experiments. The cellulose (cotton pulp) with a degree of polymerization (DP) of 620 and cellulose
content of bigger than 98% was supplied by Hubei Chemical Company Limited (Xiangfan, China), which
was dried at 80 oC under vacuum for 6 h prior to use. The ionic liquid, 1-allyl-3-methylimidazolium
chloride (AmimCl), was obtained from Institute of Chemistry, Chinese Academy of Sciences. The water
content in the resultant ionic liquid was less than 0.3% as measured by Carl-Fisher method. All the
inorganic salts and organic solvents were analytical reagents and used without further puri�cation.

2.2 Preparation of cellulose �lms
The cellulose �lms with different surface roughness were prepared in AmimCl using dissolution and
regeneration method (Fig. 1) by changing the surface roughness of the substrate. Glass plate and
waterproof abrasive papers with different micrometer-sized morphology (40 mesh, 80 mesh, 120 mesh
and 300 mesh) were used as the substrate. A typical preparation procedure used is as follows: 4.0 g of
cellulose was dispersed into 96.0 g of AmimCl in a �ask, and then the mixture was stirred at 80 oC for 1.5
h to ensure a complete dissolution of cellulose. The solution was degassed in vacuum, then cast onto the
abrasive paper (40 mesh) and immediately coagulated in 60 oC deionized water to make regenerated
cellulose �lms. To remove residual ionic liquid AmimCl in the cellulose �lms, they were further washed
with distilled water at least three times until no Cl− ions were detectable by the AgNO3 test. After solvent
exchange with tert-butanol and further freeze drying, the cellulose �lm (C-A-40) was obtained and kept in
a desiccator prior to characterization.

2.3 Microalgae bio�lm cultivation
The microalgae adhesion properties of the cellulose �lms were explored by attached Chlorella sp.
cultivation experiments as shown in Fig. 1. A typical cultivation procedure used is as follows: theLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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cellulose �lms were �rstly cut into pieces with the diameter of 1.5 cm, and then were immersed into a
beaker with BG 11 media. Then, the cellulose �lms were placed in the wells of a sterile and transparent
24-well tissue culture plate. The algal culture solutions of 200 µL were slowly added on the cellulose �lm
surface, then the plate was kept in HZQ-QG light incubator (HDL Apparatus) under a light intensity of 100
µmol m− 2 s− 1 and at a temperature of 25 ± 2 oC. The sterilized BG 11 medium of 500 µL was added into
each well by slowly dripping from the side of the culture-well every 24 h. The �uorescence intensity of
attached microalgae cells on the cellulose surface was measured every 3 days. The cellulose �lm was
taken out and rinsed thrice with water to remove planktonic microalgae cells, then the absorbance was
measured at 570 nm using a multi well plate reader (In�nite M200, TECAN, Switzerland). Moreover, the
surface changes of the cellulose �lms during the attached microalgae cultivation experiment were
observed using photographs and light microscope.

At the end of the attached cultivation experiments (with a total duration of 18 days), the attached
microalgae on the surface of cellulose �lm were quanti�ed by measuring the cell dry weight. The
cellulose �lm was washed ultrasonically three times with deionized water to remove the attached
microalgae, then all the washed solution was collected and centrifugated at 8000 rpm to separate the
microalgae. The microalgae were dried by freeze drying and then weighed using an analytical scale
(XS105DU, Mettler Toledo, Switzerland).

The attached microalgae productivity (g m− 2 d− 1) was calculated as the Eq. (1):

Productivity = (W1 − W0)/(A × t)

1

Where W0 and W1 are the dry weight of the inoculated and harvested microalgae biomass, respectively. A

is the surface area of the cellulose �lm, which is equal to 1.77×10− 4 m2. t is the days of the attached
cultivation.

2.4 Measurements
The surface morphology of cellulose �lms was observed on a Leica DMI4000B inverted �uorescence
microscope. The cross section of cellulose �lms was observed on a JSM-6700F JEOL scanning electron
microscope (SEM) at an accelerating voltage of 10 kV. The specimens were coated with platinum before
observation. The pore size and its distribution of cellulose �lms were measured using an AutoPore IV
(Micromeritics, USA) instrument.

The surface zeta potential of cellulose �lms was measured with SurPass zeta potential analyzer (Anton
Paar, Austria) at room temperature using BG11 medium (pH = 7.5–7.8) as the electrolyte, and the
potential was measured three times to get the average potential for each sample.

The ATR-FTIR spectra of pulp cellulose and regenerated cellulose �lms were measured with Nicolet™ IS5
FTIR spectrometer. The spectrum was recorded at room temperature with a resolution of 4 cm− 1 and 24Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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scans per sample.

The water absorption ratio (WA) of cellulose �lms was quanti�ed by measuring the dry weight (WD) and
wet weight (WW) of cellulose �lms. The cellulose �lm was dried at 80°C under reduced pressure until
constant weight and then was cooled down to room temperature. The sample was taken out and weighed
immediately. The weighted cellulose �lm was submerged in water at 25°C for 48 h, then the water on the
surface was removed by �lter papers and the cellulose �lm was weighed. The water absorption ratio (WA)
was calculated using the equations (2) as follows:

WA(\%) = (WW − WD) × 100/WD

2

The arithmetic mean height (Sa) and the maximum height of the cellulose �lm surface (Sz) were
measured with a confocal laser microscope with a program (OLS4000, Olympus, Massachusetts, USA),
which allowed the measurement of surface roughness in a linear manner and in speci�c areas. The
images were captured with a 10 magni�cation and 0.2 µm registration accuracy. The central area of the
cellulose �lms (500 µm2) was selected to analyze the Sa and Sz of the cellulose �lms that was expressed
as a numerical value (µm). Three equidistant measurements were performed for each specimen in three
different areas.

3. Results And Discussion

3.1 The structure and properties of cellulose �lms
In order to characterize the morphology of the cellulose �lms, they were lyophilized to maintain their
microstructure. The surface morphology of the prepared cellulose �lm was studied by visually and optical
microscope. The photographs of cellulose �lms are shown in Fig. 2a. It can be seen that the cellulose
�lms are white and opaque sheets. The photographs also show that the C-G �lm exhibits smooth surface,
while the C-A �lms exhibit coarse surfaces with irregular shape and a change in the morphology occurs
for different C-A �lms due to the surface roughness of the substrate during the regeneration process. To
gain more insights into the surface morphology of those cellulose �lms, optical microscope observations
were further carried out. As shown in Fig. 2b, it can be observed that a large number of concaves cover
the surface of the C-A �lms with diameter of dozens to hundreds µm, and the diameter of the concaves
for different C-A �lms decreases with the increase of the mesh of the substrate, while there is no obvious
concave on the surface of C-G �lms.

Since the microalgae adhesion capacity is highly dependent on the surface properties and structure of
the cellulose substrate such as surface hydrophilicity/hydrophobicity, surface charge and surface
roughness/micropattern. An attempt was made to measure the water contact angle of the cellulose �lms,
but failed due to the porous structure and water adsorption behavior of the cellulose �lms. The zeta
potential of cellulose �lms was investigated in BG11 medium at pH 7.5–7.8, which is illustrated in Table.Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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1. The zeta potential of all the cellulose �lms exhibited negative values ranging from − 40.00 ± 3.31 mV to
-54.15 ± 3.84 mV probably due to the full deprotonation of OH in the cellulose skeleton, which is similar to
that of cellulose reported in previous research (Qian et al. 2019). The surface roughness of the cellulose
�lms was measured using confocal laser-scanning microscopy (CLSM), which reports the vertical
deviation from the actual surface using the arithmetic mean height (Sa) and the maximum height of the
pro�le (Sz). Sa provides statistically stable and more accurate measurement with optical pro�lometry.
However, it has limitations to differentiate between peaks and valleys on the surface. Sz is more sensitive
to peaks and valleys than that of Sa, thus both Sa and Sz were measured. As shown in Table 1, the C-A-
120 owned the roughest surface (Sa = 26.17, Sz = 217). This is followed by C-A-80, C-A-40, C-A-300, the
smoothest surface of C-G being 15.68 µm (Sa) and 108 µm (Sz). The C-A �lms show a signi�cant
difference between Sa and Sq due to the difference of the substrate, which indicates that it is feasible to
design the surface roughness of cellulose �lm by changing the roughness of the substrate. All the
cellulose �lms were further utilized as the substrate of attached microalgae cultivation and the effect of
the surface roughness on the microalgae adhesion was investigated.

Table 1
Preparation and characterization of cellulose �lms.

Samples Total intrusion
volume*
(mL/g)

Average pore
diameter
(nm)

Porosity
(%)

Water
absorption
ratio (%)

Zeta
potential
(mV)

RSa
(µm)

RSz
(µm)

C-A-40 8.57 285.19 90.51 253 -46.47 ± 
3.60

21.43 166

C-A-80 5.56 200.68 86.24 306 -49.22 ± 
3.19

26.14 211

C-A-120 7.74 258.92 89.13 419 -40.00 ± 
3.31

26.17 217

C-A-300 4.93 185.52 84.68 222 -54.15 ± 
3.84

18.44 128

C-G 8.68 303.51 89.20 174 -41.12 ± 
2.49

15.68 108

* Total intrusion volume was measured at 3*104 psi.

The IR spectra of the cellulose pulp and regenerated C-A-40 �lm are shown in Fig. 3a. The spectra of C-A-
40 is similar to the native cotton pulp, indicating that no chemical reaction occurs during the preparation
of the cellulose �lm. Similar results were also reported in the other reports about the cellulose dissolution
and regeneration process in ionic liquids (Zhang et al. 2005). A broad vibration band around 3284 cm− 1

is assigned to the O-H vibrations of cotton pulp, while the -OH stretching vibration band in the C-A-40
shifts to a higher frequency (3337 cm− 1) and becomes sharper and narrower as a result of splitting
hydrogen bonds to some extent during the dissolution and regeneration process (De Silva et al. 2015). A
new shoulder round 899 cm− 1 is observed only in the C-A-40 but not in the cotton pulp, which is assigned

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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to the C-O stretching vibration in the amorphous region (Zhang et al. 2005). The absorption band at 1426
cm− 1 is assigned to the CH2 scissoring motion for the cotton pulp, while it weakens and shifts to a lower

wavenumber at 1421 cm− 1 for C-A-40 due to the destruction of the intramolecular hydrogen bond.

The porous structure of the cellulose �lms was determined by SEM and mercury porosimeter
measurements. The cross-section SEM images of cellulose �lms are shown in Fig. 2c. The porosity, total
intrusion volume, average pore diameter and pore size distribution are shown in Table 1 and Fig. 3b. All
the cellulose �lms possessed high porosities of more than 84.68%, the average pore diameter is in range
of 185.52-303.51 nm, which is bene�cial to water adsorption. For these cellulose �lms, the porous
structure is formed primarily in the regeneration step. The gelation of the cellulose solution proceeds after
immersing the cellulose solution into 60 oC deionized water, so the phase separation occurs very quickly
due to the high driving force caused by the large concentration gradient and high diffusion coe�cient of
the ionic liquids in the bath of hot water, resulting in large pores in the cellulose �lms (Mi et al. 2016).
Obviously, there is no relationship between the porosity and average pore diameter and the substrate
used in the preparation of cellulose �lms. The pore volume distributions of the cellulose �lms are shown
in Fig. 3b, the results suggested that the pore size distribution of all the cellulose �lms is similar and
covers the size range between 100 nm and 3 µm, which is less than the size of microalgae and makes the
microalgae adhere the surface but not the inner of the cellulose �lms in attached microalgae cultivation.

The water adsorption ability is of great importance for cellulose substrate in attached microalgae
cultivation, which decreases liquid evaporation and maintains moist environment during attached
microalgae cultivation. The water adsorption ratio of cellulose �lms was measured and shown in Table 1.
It is found that all the cellulose �lms display high water-uptake properties with higher than 174% due to
their water a�nity and porous structure (Jiang et al. 2019). The C-A-120 shows the highest water
adsorption ratio (419%), which enables them to absorb a great deal of microalgae cultivation liquid and
bene�ts for the growth of microalgae. The rough surface and good water adsorption ability of cellulose
�lms make them potential in serving as the substrate in the attached microalgae cultivation.

3.4 Microalgae adhesion and growth properties on cellulose
�lms
The surface changes of cellulose �lms during the attached microalgae cultivation were observed visually
by light microscope. The photographs of cellulose �lms at different time intervals are shown in Fig. 4a.
The C-A-120 becomes green at 3th day, while C-G shows green color until 12th day. Moreover, the surface
of C-A-120 is much greener and more area is covered with green colour than those of C-G gels until the
end of the cultivation. Similar results are also observed by light microscope as shown in Fig. 4b. After 6
days of cultivation, the surface of C-A-120 has been covered completely by microalgae, while the surface
of C-G is covered with microalgae partially even after 18 days of cultivation. The growth of microalgae
cells on the surface of cellulose �lms is also conducted by measuring the photosynthetic activity of the
cells as an indication of the cellular growth at different time intervals during attached microalgae
cultivation. As shown in Fig. 5a, the �uorescence intensity on the surface of all C-A �lms is higher thanLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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that of C-G �lms. For example, the �uorescence intensity of the C-A-120 is 1.78 times than that of C-G
after the 18 days cultivation, indicating that more microalgae cells adhere on the surface of the C-A-120.

The areal productivity of Chlorella sp. on the surface of cellulose �lms were measured and shown in
Fig. 5b. After 18 days of cultivation, the area productivity of Chlorella sp. bio�lm in C-A-40, C-A-80, C-A-
120, C-A-300 is 16.28 ± 2.97, 10.44 ± 1.17, 20.8 ± 3.76 and 9.04 ± 2.24 g m− 2 d− 1, respectively, which are
110.6%, 35.06%, 169% and 16.95% higher than 7.73 ± 3.99 g m− 2 d− 1 attained in the C-G. The C-A-120
shows the highest area productivity, illustrating a positive correlation between microalgae productivity
and the surface roughness of cellulose �lms. The cellulose �lms with rougher surface have a relatively
larger surface area and deeper grooves, so a bigger microalgae bio�lm productivity is obtained (Gross et
al. 2016; Huang et al. 2018). Up to now, numerous studies about substrate materials have been witnessed
that the substrate materials with an appropriate rough/textured surface provides a “shelter” for the
attached microalgae and makes the sloughing of the attached microalgae signi�cantly reduce (Zhang et
al. 2020; Guo et al.2019). Moreover, the C-A-120 gains the maximum productivity of 20.8 ± 3.76 g m− 2 d− 

1, which is also much higher than that of most cellulose-based substrates in previous reports (Fig. 5c)
(Berner et al. 2015), such as 10.92 g m− 2 d− 1 for pine sawdust (Zhang et al. 2017), 14 g m− 2 d− 1 for
cotton rope (Christenson and Sims 2012), 4.29 g m− 2 d− 1 for cotton duct (Gross et al. 2013), 9.16 g m− 2

d− 1 for cellulose acetate/nitrate �lters (Ji et al. 2014). Thus, development of cellulose substrate materials
with controllable roughed/textured surface can drastically strengthen algal attachment.

Conclusions
A series of cellulose �lms have been prepared from an AmimCl solution of cellulose by solution casting
using waterproof abrasive paper as the substrate. The cellulose �lms possess rough surface and
macroporous structure together with good water absorption properties. Moreover, the cellulose �lms
exhibit good microalgae adhesion properties. After 18 days of cultivation, the maximum productivity of
Chlorella sp. bio�lm in C-A-40, C-A-80, C-A-120, C-A-300 reaches 16.28 ± 2.97, 10.44 ± 1.17, 20.8 ± 3.76
and 9.04 ± 2.24 g m-2 d-1, respectively, which are 110.6%, 35.06%, 169% and 16.95% higher than 7.73 ±
3.99 g m−2 d-1 attained on the C-G with a smooth surface. These cellulose �lms with a rough surface and
high water adsorption ratio can be considered as the potential candidate for substrate materials in
attached microalgae cultivation.

Declarations
Acknowledgements

This work was supported by a grant from High Level Innovation Team Program of Ganzhou, the Research
Projects of Ganjiang Innovation Academy, Chinese Academy of Sciences (E055A001), the Natural
Science Foundation of China (21706260), and the National Key R&D Program of China
(2019YFD0902000).

Compliance with ethical standardsLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js



Page 9/15

Con�ict of interest

The authors declare that they have no con�ict of interest.

Human and animal rights

This article does not contain any studies with human participants or animals performed by any of the
authors.

Informed consent

Informed consent was obtained from all individual participants included in the study.

References
Benemann J (2013) Microalgae for biofuels and animal feeds. Energies, 6: 5869-5886.
https://doi.org/10.3390/en6115869

Borowitzka M A (2013) High-value products from microalgae—their development and commercialization.
Journal of Applied Phycology 25: 743-756. https://doi.org/10.1007/s10811-013-9983-9

Benstein RM, Çebi Z, Podola B et al (2014) Immobilized growth of the peridinin-producing marine
dino�agellate symbiodinium in a simple bio�lm photobioreactor. Marine Biotechnology 16: 621-628.
https://doi.org/10.1007/s10126-014-9581-0

Bharathiraja B, Chakravarthy M, Ranjith Kumar R et al (2015) Aquatic biomass (algae) as a future feed
stock for bio-re�neries: A review on cultivation, processing and products. Renewable and Sustainable
Energy Reviews 47: 634-653. https://doi.org/10.1016/j.rser.2015.03.047

Berner F, Heimann K, Sheehan M (2015) Microalgal bio�lms for biomass production. Journal of Applied
Phycology 27: 1793-1804. https://doi.org/10.1007/s10811-014-0489-x

Christenson LB, Sims RC (2012) Rotating algal bio�lm reactor and spool harvester for wastewater
treatment with biofuels by‐products. Biotechnology and Bioengineering 109(7): 1674-1684.
https://doi.org/10.1002/bit.24451

De Silva R, Vongsanga K, Wang X G et al (2015) Development of a novel regenerated cellulose composite
material. Carbohydrate Polymers 121: 382-387. https://doi.org/10.1016/j.carbpol.2014.12.018

Gross M, Henry W, Michael C et al (2013) Development of a rotating algal bio�lm growth system for
attached microalgae growth with in situ biomass harvest. Bioresource Technology 150: 195-201.
https://doi.org/10.1016/j.biortech.2013.10.016

Gross M, Jarboe D, Wen ZY (2015) Bio�lm-based algal cultivation systems. Appl Microbiology
Biotechnology 99: 5781-5789. https://doi.org/10.1007/s00253-015-6736-5Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js

https://link.springer.com/journal/10126
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Christenson%2C+Logan+B
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Sims%2C+Ronald+C


Page 10/15

Gross M, Zhao XF, Mascarenhas V et al (2016) Effects of the surface physico-chemical properties and the
surface textures on the initial colonization and the attached growth in algal bio�lm. Biotechnology and
Biofuels 9: 38. https://doi.org/10.1186/s13068-016-0451-z

Guo CL, Duan DR, Sun YH et al (2019) Enhancing Scenedesmus obliquus bio�lm growth and CO2 �xation
in a gas permeable membrane photobioreactor integrated with additional rough surface. Algal Research
43: 101620. https://doi.org/10.1016/j.algal.2019.101620

Huang Y, Zheng YP, Li J et al (2018) Enhancing microalgae bio�lm formation and growth by fabricating
microgrooves onto the substrate surface. Bioresource Technology 261: 36-43.
https://doi.org/10.1016/j.biortech.2018.03.139

Ji B, Zhang W, Zhang NN et al (2014) Bio�lm cultivation of the oleaginous microalgae
Pseudochlorococcumsp. Bioprocess and Biosystems Engineering 37: 1369-1375.
https://doi.org/10.1007/s00449-013-1109-x

Jiang YH, Lawrence M, Hussain A et al (2019) Comparative moisture and heat sorption properties of �bre
and shiv derived from hemp and �ax. Cellulose 26: 823-843. https://doi.org/10.1007/s10570-018-2145-0

Mi QY, Ma SR, Yu J et al (2016) Flexible and transparent cellulose aerogels with uniform nanoporous
structure by a controlled regeneration process. ACS Sustainable Chemistry & Engineering 4: 656-660.
https://doi.org/10.1021/acssuschemeng.5b01079

Matos J, Cardoso C, Bandarra N M et al (2017) Microalgae as healthy ingredients for functional food: a
review. Food Function 8: 2672-2685. https://doi.org/10.1039/c7fo00409e

Maeda Y, Yoshino T, Matsunaga T et al (2018) Marine microalgae for production of biofuels and
chemicals. Current Opinion in Biotechnology 50: 111-120. https://doi.org/10.1016/j.copbio.2017.11.018

Naumann T, Çebi Z, Podola B et al (2013) Growing microalgae as aquaculture feeds on twin-layers: a
novel solid-state photobioreactor. Journal of Applied Phycology 25: 1413-1420.
https://doi.org/10.1007/s10811-012-9962-6

Pierobon SC, Cheng X, Graham PJ et al (2018) Emerging microalgae technology: a review. Sustainable
Energy Fuels 2: 13-38. https://doi.org/10.1039/C7SE00236J

Qian LW, Yang MX, Chen HN et al (2019) Preparation of a poly(ionic liquid)-functionalized cellulose
aerogel and its application in protein enrichment and separation. Carbohydrate Polymers 218: 154-162.
https://doi.org/10.1016/j.carbpol.2019.04.081

Rosli SS, Kadir WNA, Wong CY et al (2020) Insight review of attached microalgae growth focusing on
support material packed in photobioreactor for sustainable biodiesel production and wastewater

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js

https://link.springer.com/journal/10811


Page 11/15

bioremediation. Renewable and Sustainable Energy Reviews 134: 110306.
https://doi.org/10.1016/j.rser.2020.110306

Schnurr PJ, Grant Allen D (2015) Factors affecting algae bio�lm growth and lipid production: A review.
Renewable and Sustainable Energy Reviews 52: 418-429. https://doi.org/10.1016/j.rser.2015.07.090

Wang JF, Liu W, Liu TZ (2017) Bio�lm based attached cultivation technology for microalgal biore�neries
—A review. Bioresource Technology 244: 1245-1253. https://doi.org/10.1016/j.biortech.2017.05.136

Yan CH, Zhang QH, Xue SZ et al (2016) A novel low-cost thin-�lm �at plate photobioreactor for
microalgae cultivation. Biotechnology and Bioprocess Engineering 21: 103-109.
https://doi.org/10.1007/s12257-015-0327-2

Zhang H, Wu J, Zhang J et al (2005) 1-Allyl-3-methylimidazolium chloride room temperature ionic liquid:
a new and powerful nonderivatizing solvent for cellulose. Macromolecules 38: 8272-8277.
https://doi.org/10.1021/ma0505676

Zhang Q, Liu CX, Li YB et al (2017) Cultivation of algal bio�lm using different lignocellulosic materials as
carriers. Biotechnology Biofuels 10: 115. https://doi.org/10.1186/s13068-017-0799-8

Zhuang LL, Yu DW, Zhang J et al (2018) The characteristics and in�uencing factors of the attached
microalgae cultivation: A review. Renewable and Sustainable Energy Reviews 94: 1110-1119.
https://doi.org/10.1016/j.rser.2018.06.006

Zhang Q, Yu ZG, Jin SP et al (2020) Role of surface roughness in the algal short-term cell adhesion and
long-term bio�lm cultivation under dynamic �ow condition. Algal Research 46: 101787.
https://doi.org/10.1016/j.algal.2019.101787

Figures

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js



Page 12/15

Figure 1

Schematic illustration of the fabrication process of the cellulose �lms and their application as the
substrate materials in attached microalgae cultivation
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Figure 2

(a) Photographs, (b) light microscope images and (c) SEM cross section images of cellulose �lms.

Figure 3

ATR-FTIR spectra and pore size distribution of cellulose �lms. (a) ATR-FTIR spectra of cellulose �lms; (b)
Pore size distribution of cellulose �lms according to mercury porosimeter measurements.
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Figure 4

(a) Photographs and (b) light microscope images of cellulose �lms substrate surface in attached
cultivation at different time intervals.
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Figure 5

Photosynthetic activities and productivities of Chlorella sp. on the surface of cellulose �lms. (a)
Photosynthetic activities of Chlorella sp. on the surface of cellulose �lms at different time intervals; (b)
Productivities of Chlorella sp. on the surface of cellulose �lms for 18 days; (c) Productivities of
microalgae on the surface of different cellulose substrate materials. Data are shown as mean ± SD, n=3.
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