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Abstract: Cellulose is the most abundant natural polymer
on earth, which has obtained increasing interest in the
field of functional materials development for its renew-
able, high mechanical performance and environmental be-
nign. In this study, the traditional processing method (wet
spinning and film production) of cellulose-based materi-
als was applied by using cellulose solution for 3D printing,
which can directly build complex 3D patterns. Herein, a
natural cellulose is dissolved in an effective mixed aque-
ous solution of dimethyl sulfoxide (DMSO) and tetrabuty-
lammonium hydroxide (TBAH). The cellulose solution ex-
trusion was controlled by a modified fused deposition
modeling (FDM) 3D printer. During the controlled extru-
sion 3D printing process, the viscous cellulose solution
will gelifies and further solidifies into a predetermined 3D
pattern at room temperature in air. Subsequently, a cellu-
lose hydrogel skeleton was obtained, when the 3D pattern
was solvent-exchanged with deionized water. Finally, the
mechanical and swelling performance of the cellulose hy-
drogel scaffold was improved by a cross-linking agent treat-
ment method. With treatment of the 3D printed scaffolds in
0.8 wt% cross-linking agent solution, the obtained cellu-
lose hydrogel could absorb 28 g/g water, and the compres-
sion strength was 96 kPa. This work provided an efficient
way to prepare natural cellulose hydrogel by 3D printing
under room temperature.
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1 Introduction

3D printing is an important additive manufacturing (AM)
method, which can produce complex geometries accord-
ing to the computer design. During the past years, some
revolutionary techniques have been created to realize
rapid and scalable 3D printing with high resolution by
new stereolithography, tomographic reconstruction tech-
niques [1-3]. The development of the materials in tissue
engineering [4—6] provides opportunities for 3D printing,
since it is able to construct high precision and complex
shapes [7-9]. The 3D bio-printing has also obtained great
progress in building components of human organs [10-
14]. As a biomass derived natural organic polymer, cellu-
lose has been considered an attractive material for the
fabrication of bio-compatible and bio-degradable multi-
functional products. But the processes are always com-
plex and time consuming. It is particularly difficult to dis-
solve the cellulose in common solvents and it cannot be
melted with heating. Because of the recalcitrant property,
it is difficult to efficiently extract the cellulose, in order to
apply it. Hence, the lignocellulose biomass has also been
refined into bioethanol and biodiesel by chemical or bi-
ological catalysis process [15-17], or been prepared into
biomass based carbon materials for supercapacitor elec-
trode [18, 19]. A specific cellulose such as nanocrystal [20-
22] or nanofibers cellulose hydrogels [23-25] has been ap-
plied for 3D printing to fabricate 3D structures.
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The challenges still exist for direct utilization of nat-
ural cellulose for 3D printing. Except the stubborn prop-
erties of cellulose itself, the obstacle also comes from the
work modes of present 3D printer. 3D printer with fused
deposition modeling (FDM) is commonly used for thermo-
plastic polymer filaments 3D printing, such as polylactic
acid (PLA) [26—29], acrylonitrile butadiene styrene (ABS)
[30-33], and polycarbonate (PC) [34, 35]. Those reactive
thermal-setting polymers like epoxy [36, 37] are also ap-
plied for 3D printing, cured by irradiation of UV, laser,
or heat. Besides, other 3D printers of different work prin-
ciples include powder bed and ink-jet head 3D printing
(3DP), stereolithography (SLA), 3D plotting/direct-write,
and selective laser sintering (SLS) has been detailed sum-
marized [38]. In the field of shape memory polymer com-
posite, 3D printing also presents promising advantages for
obtaining complicated three-dimensional structures [39-
41].

In this work, the mixed aqueous solution consisting
of dimethyl sulfoxide and tetrabutylammonium hydroxide
(DMSO/TBAH/H,0) has been adopted as a solvent for nat-
ural cellulose. It has been discovered as an outstanding
room temperature solvent for cellulose in our previous re-
search [42]. The favorable rheological properties required
for 3D printing can be provided by convenient tuning the
concentration of the natural cellulose solution. The gela-
tion of the cellulose solution during the extrusion pro-
ceeds 3D printing in the air to produce a solid shape, which
was then conducted by a solvent exchange with water to
obtain the cellulose hydrogel skeleton. Different from the
widely used nanocrystal or nanofibril cellulose hydrogel in
recent days, a facile procedure is provided to realize the di-
rect 3D printing of natural cellulose viscous solution.

2 Materials and methods

The cotton cellulose was provided by Xinxiang Chemi-
cal Fiber Co., Ltd (Henan, China), which was dried at
105°C for 4 hours and smashed into cotton fibers for dis-
solving. The degree of polymerization (DP) of this cot-
ton cellulose was measured by the gel permeation chro-
matography (GPC) in our previous work [43] and the re-
sult was DPgpc = 731. Dimethyl sulfoxide (DMSO, Mw =
78.13 g-mol 1) purchased from Chengdu Kelong Chemical
Reagent Co., Ltd (Sichuan, China) and Tetrabutyl ammo-
nium hydroxide (TBAH, 15wt% aqueous solution) was pur-
chased from Runjing Chemical Co. Ltd (Jiangsu, China),
which was condensed into 50wt% under reduced pressure.
N, N’-Methylenebisacrylamide (MBA, Mw = 154.17 g-mol 1)
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was supplied by Chengdu Haihong Chemical Reagent Co.,
Ltd (Sichuan, China). All chemicals used in this work were
of an analytical grade, and were applied without further
purification.

2.1 Preparation of viscous cellulose solution

The refined 50wt% TBAH aqueous solution was
mixed with DMSO to make the mixed solvent of
DMSO/TBAH/H, 0 in the weight ratio of 8:1:1. The 6.3 wt%
and 6.7 wt% cellulose solutions were prepared by adding
the certain amount of cellulose into the solvent under
stirring at 1600 rpm for 12 minutes at room temperature
into transparent solution. Before 3D printing, the cellulose
solution was further conducted with vacuum defoaming
treatment.

2.2 3D printing

The 3D printer applied in this work was a modified plas-
tic 3D printer MakerBot Replicator 2X with a solution ex-
truder, which replaced the plastic extruder. The solution
extruder was combined with a syringe filled with cellu-
lose solution and was powered by an injection pump. The
modified printer is shown in Figure 1. The Simplify 3D soft-
ware was used to control the printing routes. A CAD file in
stl mode was converted to a g code file to be read by the
printer. A nozzle with diameter of 564pum was selected to
conduct the printing with an injecting speed of 30 pl/s to
match the printing speed of 2 mm/s.

Figure 1: The viscous solution extrusion 3D printer for printing
cellulose hydrogel scaffolds. A is the controllable pump fixed with a
syringe and needle to pipe out the cellulose solution by extrusion
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2.3 Processing of cellulose hydrogel
scaffolds

The 6.7 wt% cellulose solution was adopted for the 3D

printing. The 3D printed scaffold was put into deion-
ized water (DI water) to conduct solvent exchange to ob-
tain the cellulose hydrogel scaffold. For improving the re-

swellability of the 3D printed scaffold, before the solvent
exchange in DI water, the 3D printed scaffold was kept in
the MBA/DMSO solution with different concentrations for
12 hours at 50°C to form chemical cross-linkage inside the
cellulose scaffold. The final 3D printed cellulose hydrogel
scaffolds were freeze-dried to observe the morphology by
SEM.

3 Characterization

3.1 The rheological property analysis

To find out the suitable concentration of the cellulose so-
lution for 3D printing, the rheological behavior was stud-

ied. The rheological property was tested by a Control Stress
Rheometer (TA instruments, America). The viscosity of
the cellulose solution was measured in steady state with

the shear rate ranging from 0 to 100 s~*. To test the stor-

age moduli (G’) and loss moduli (G”), a logarithmic stress
sweep was plotted at a frequency of 1 Hz. The frequency
sweep was performed in the range from 0 to 100 Hz, at a
constant strain rate of 1%. This strain rate was chosen after
performing the linear viscoelastic region sweep.

3.2 Chemical structure characterization

To analyze the interactions between the functional groups
of the components consisted in the hydrogel scaffolds,
with and without crosslink agent treatment, Fourier trans-
form infrared spectroscopy (FT-IR) was recorded on a FT-IR
spectrometer equipped with ATR accessory (Nicolet 6700,
Nicolet, America). The spectra were recorded in hydrogel
samples with a resolution of 4 cm™! and an accumulation
of 50 scans in the spectral range of 400-4000 cm ™! at room
temperature.

3.3 Morphology analysis

The morphology of the freeze-dried 3D printed hydrogel
scaffolds was studied with a scanning electron microscope
(QUANPA200, FEI, Holland). To observe the morphology of
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cross section part of the scaffolds, which were dipped in
liquid N, before cutting. All the samples were coated with
gold powder by spraying for 60 seconds at 10 mA.

3.4 The aggregation structure analysis

To compare the aggregation structures with and without
crosslinking treatment of the 3D printed scaffolds, the XRD
was performed on a X-ray diffractometer (X’pert PRO, PAN
alytical, Holland) with copper radiation (A = 0.154056 nm).
The scan range was from 5 to 60°, with a scanning speed
of 10° /min.

3.5 Mechanical properties

To evaluate the mechanical properties of the cellulose hy-
drogel scaffolds, the compression tests were performed on
an electronic universal testing machine (CMT4000, Sansi-
taijie, China) with a compressing speed of 5 m/min. The
average value of five samples was taken as the final result.

3.6 Re-swelling performance

The re-swelling performance of cellulose hydrogel scaf-
folds was evaluated by drying the samples and then dip-
ping into DI water to swell, and calculate the swelling ra-
tion (SR) using the Eq. (1),

SR(%) = (Ws - Wy)/ W, - 100% )

where Ws is the wet weight of hydrogel after absorbing DI
water to a swelling balance, and W, is the weight of the
dried 3D printed cellulose scaffolds. The average value of
three testing results was taken as the final result.

4 Results and discussion

4.1 The rheological property of the cellulose
solution

The rheological properties of cellulose solutions were
tested, and the results were collected in Figure 2. As shown
in Figure 2a, the 6.7 wt% cellulose solution appeared as a
semisolid. The rheological properties of the cellulose so-
lutions under different temperatures (Figure 2b, 6.7 wt%
cellulose solution) and with different concentrations (Fig-
ure 2c, 20°C) were tested separately as a function of shear
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Figure 2: The rheological properties of the viscous cellulose solutions: (a) optical picture of the 6.7 wt% cellulose solution; (b) the viscosity
of the 6.7 wt% cellulose solution as a function of shear rate under different temperatures; (c) the viscosity of the cellulose solutions with
different concentrations (6.3 wt% and 6.7 wt%) as a function of shear rate; (d) the storage modulus (G’, the hard line) and the loss modulus
(G”, the dotted line) of the cellulose solutions with different concentrations (6.3 wt% and 6.7 wt%) under room temperature

rate. With the increasing of the shear rate, the viscosity
of the cellulose solution decreased obviously, which pre-
sented a strong non-Newtonian shear thinning behavior.
The characteristics of the viscous cellulose solution was
beneficial for the extrusion 3D printing under room tem-
perature. They were easy to be extruded out through the
printing nozzle and then changed into solid-like to form
a prescribed shape. As summarized in the Figure 2c, the
solid lines, presented the storage modulus (G’), were above
the loss modulus (G”) within measuring range. The rhe-
ological behavior of the cellulose solution was more like
a solid, so they were suitable for conducting 3D printing
under room temperature. It could be explained that the
entanglement force and hydrogen bond between molec-
ular chains decreased, and the molecular chains would
move easily with increasing the shear rate. In the mean-
time, with increasing the temperature, more free volume

would be produced for the molecular chains to move eas-
ier. Such rheological properties of the cellulose viscous so-
lutions provided the necessities their 3D printing to keep
the stable dimension and precise shape.

4.2 The morphology of the 3D printed
cellulose hydrogel scaffolds

The 6.7 wt% cellulose solution was applied for the 3D
printing under room temperature. The 3D printed scaffolds
were immersed in DI water to conduct regeneration and
solvent exchange to produce the aim cellulose hydrogel
scaffolds, as shown in Figure 3. As it could been seen
that the 3D printed scaffolds, both the as printed samples
(a and b) and the hydrogels (a; and b;) after solvent ex-
change with DI water kept the prescribed shape according
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Figure 3: The digital pictures of the 3D printed cellulose scaffolds: a, b — as-printed samples; a;, b; — the hydrogel scaffolds; a,, b, — the

freeze-dried samples

Figure 4: SEM images of the freeze-dried 3D printed cellulose scaffold: (a) the layer by layer printed 3D grid shape; (a;1) the morphology of

the surface of the layers; (a;) the cross section

to the designed CAD models. While, the freeze-dried sam-
ples (a; and b,) showed some shrinkage.

In order to take observation into the morphology of the
layer by layer printed 3D cellulose scaffolds, the SEM was
applied, the images were shown in Figure 4. As shown in
Figure 4a and 4b, the side view presented apparent layer
by layer stacked structure. The cross section was shown

in Figure a,, the regenerated cellulose fibers in different
diameters agglomerated and formed hierarchical pores,
which contributed micro and macro chambers to contain
water.
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Figure 5: The re-swelled 3D printed cellulose hydrogel samples treated by cross linking agent solutions with different concentrations

Table 1: The re-swelling property of the 3D printed cellulose hydrogel scaffolds treated by MBA/DMSO solution.

MBA content (wt%) 0 0.2 0.4 0.6 0.8 1.0
RS (g/g) 14 19 22 24 28 26
4.3 The impact of the crosslinking agent 110
treatment on the properties of the 3D T 100-
printed cellulose hydrogel scaffolds x 00
<
The re-swelling ability is one of the most important prop- E’" 804
erty for hydrogel materials. While, the re-swelling ratio of @
the as prepared cellulose hydrogel scaffold is only 14 wt%. n 704
To improve the re-swelling ability, the crosslinking agent _5
(N, N’-Methylenebisacrylamide, MBA) was introduced into 60-
the 3D printed cellulose hydrogel scaffolds, by immersing g 50 4
the printed cellulose scaffolds into the MBA/DMSO solu- £
tion with concentrations ranging from 0 to 1.0 wt%. The 8 40+
pictures of the re-swelled samples were shown in Figure 5. 304
The sample treated in the 0.8 wt% cross link agent solution 0.0 0.2 0.4 0.6 0.8 1.0

had the best re-swelling property, which adsorbed 28 g/g
DI water of its own weight. With increasing the concentra-
tion of the MBA content to 1.0%, the re-swelling ability of
the 3D printed cellulose hydrogel decreased to 24 g/g. The
re-swelling results of the samples treated by MBA/DMSO
solution with different concentrations were summarized in
Table 1, and the photos were shown in Figure 5.

4.4 The compression properties of the
cross-linking agent treated 3D printed
cellulose hydrogel scaffolds

The mechanical property is important for the practical uti-
lization of the hydrogel materials, which has also been
tested, taking the reported method [44] as reference. As
shown in Figure 6, with increasing the concentration of

the MBA in the solution, the compression strength was in-

creased from 36 to 103 kPa. Especially, the compression

MBA content (wt%)

Figure 6: The compression strength of the cross-linking agent
treated cellulose hydrogel scaffolds

strength considerably increased from 45 to 75 kPa when
the concentration of MBA in the cross-linking medium in-
creased from 0.4 to 0.6 wt%.

4.5 Chemical structure analysis by FTIR
spectra

In order to understand the interact of the cross-linking
agent with the cellulose, the MBA treated cellulose hydro-
gel scaffolds were freeze dried and analyzed by FTIR, as
shown in Figure 7.

The strong adsorption at 1662 and 1627 cm™?, ascribed
to the stretching vibration of C=C and C=0 in MBA, respec-
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Figure 7: FTIR spectra of the cross-linking agent treated cellulose
hydrogel scaffolds. Mg: the MBA, M1-Ms: the cellulose hydrogel
scaffolds treated with 0.2, 0.4, 0.6, 0.8, and 1.0 wt% MBA solutions,
respectively

tively. The peak at 1543 cm ™! and 1430 cm ™! represented to
the bending vibration of N-H and C-N in MBA [44]. Those
typical vibrations presented amide structure of MBA. As
shown in the M;-Mjs of Figure 7, with the increasing of the
MBA in the cross-linking agent solution, the representa-
tive adsorptions at 1543 cm™! and 1430 cm™' became en-
hanced. The characteristic adsorption of §-1,4-D-glycosidic
bond in cellulose at 897 cm™ were obvious in the M; -Ms of
Figure 7. Additionally, with the introduction of cross-link
agent, the stretching vibration in about 3400 cm™! became
wider and some red shift, which indicated the hydrogen
bonds formed between the carbonyl groups of MBA and
the hydroxyl groups of cellulose. As a result, the MBA was
successfully introduced into the cellulose scaffolds.

4.6 The crystal structure analysis by XRD
diffraction

The cross-linking agent treated cellulose scaffolds were
freeze dried to conduct the XRD analysis to study the effect
of the MBA on the crystal structures of cellulose, as shown
in Figure 8.

According to the XRD diffraction patterns in Figure 8,
with the increase of MBA content in the cross-linking solu-
tion, the diffraction peaks of the cellulose in the 110 and
200 crystal planes decreased in intensity, while the 110
crystal plane gradually disappeared. As mentioned before,
the cross-linking interaction between cellulose and MBA
consumed the -OH at C6 in cellulose, which caused the de-
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Figure 8: XRD patterns of the cross-linking agent treated cellulose
scaffolds. No-Ns5 corresponding to the cellulose scaffolds treated
with 0, 0.2, 0.4, 0.6, 0.8, 1.0 wt% MBA solutions, respectively

crease of hydrogen bonds, and hence decreased the crys-
tallinity.

5 Conclusion

In summary, the natural cotton cellulose solution in
dimethyl sulfoxide and tetrabutylammonium hydroxide
aqueous solution (DMSO/TBAH/H,0) was found to be
suitable for extrusion 3D printing for its special rheo-
logical properties. It presented solid-like behavior un-
der room temperature, and a strong non-Newtonian
shear thinning property. With introduction of N, N’-
Methylenebisacrylamide (MBA) into the 3D printed cellu-
lose hydrogel scaffolds, the compression as well as the
re-swelling properties were considerably improved. This
work provides a new way for construct complex cellulose
hydrogel scaffolds for practical application by 3D printing.
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