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Abstract: This paper proposes a novel method for fabricating oil-phase-containing cellulose microfibers, microtubes,
and microcapsules using a one-step continuous process in a single microfluidic system. The proposed method is based
on the regeneration of cellulose, that is, when an ionic liquid (IL) is dissolved in antisolvents of cellulose such as water,
the cellulose dissolved in the IL is aggregates and regenerates on the surface of mineral oil present in the system to form
a cellulose microstructure. By controlling the flowrate of each fluid, various cellulose microstructures containing min-
eral oil can be formed. Notably, the cellulose microstructures produced using this approach remains stable even after
one year. This method can also be applied to form cellulose microfibers containing polystyrene beads and hollow cel-
lulose microcapsules. Therefore, it is anticipated that the proposed method for the preparation of cellulose particles and

core-shell structures has significant potential in medicine delivery, cosmetics, and electronic materials.
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Introduction

Cellulose is a natural polymer and an eco-friendly alternative
to petroleum-based products; it is abundant, renewable, bio-
degradable, and biocompatible, making it of significant interest
for applications in industries such as paper, textiles, and health-

care.'* However, with a molecular formula of C¢H,,Os and a
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polysaccharide structure composed of f-1,4-D-glucose units,
cellulose is highly stable owing to intra- and inter-chain hydro-
gen bonding networks, making it insoluble in water and con-
ventional organic solvents."® The insolubility of cellulose in
conventional solvents, as well as the strong intermolecular and
intramolecular hydrogen bonds, pose significant challenges
during its chemical processing.

To solve these challenges, a viscose process to produce cel-
lulose fibers and derivatives and a N-methylmorpholine-N-
oxide (NMMO) solution process for cellulose regeneration
from the solvent have been developed.**’ However, the vis-
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cose process is functionally challenging, requires the highest
quality dissolving pulp, and is environmentally harmful owing
to the use of harmful chemicals (CS,, H,S, and heavy metals).
Compared to the viscose process, the NMMO method has the
advantage of being eco-friendly; however, it also has disad-
vantages, including high financial investment, challenging sol-
vent recovery, and limited flexibility for modifying and varying
properties.®

Tonic liquids (ILs) are promising eco-solvents that are recy-
clable as well as chemically and thermally stable because of
their negligible vapor pressure and high solubility, and they are
effective solvents for dissolving cellulose and other natural
polymers.”*? Underivatized solvents break the intramolecular
hydrogen-bond network in cellulose, resulting in its solubi-
lization as new hydrogen bonds form between the hydroxyl pro-
tons and anions of the IL.> The cellulosic materials dissolved
in the IL are then regenerated by coagulation by adding anti-
solvents—solvents in which the cellulose is less soluble—such
as water or alcohols; this also results in efficient recovery of
the IL. Regenerated cellulose can be utilized for biofuels and
other bioproducts, and its applications have shown remarkable
potential.

Microfluidic systems are being employed frequently in a
variety of analytical and chemical processes to produce micro-
sized emulsion distributions, fiber structures, and so on, as the
size, shape, and composition of the produced particles can be
controlled.”*!* Examples of such particles include homogenous

microspheres,"*'* janus microparticles,>'” hollow microspheres,'*"

20,21

and hollow microcapsules,”™' as well as structures such as

222 and microtubes.”® Furthermore, microfluidic

microfibers,
systems allow for continuous, repeatable, and scalable production.
In particular, advanced technology for fabricating microfibers
and microcapsules using microfluidic-based techniques (e.g.,
the use of different coagulation methods, platforms, geometries,
and biomaterials) is being utilized in new fiber application fields
by introducing various processes without complicated devices
or facilities. However, developing a microchannel structure is
challenging; for instance, multiple steps are required to prepare
various channels to achieve the desired outcome. Additionally,
it is challenging to precisely and simultaneously control the
amount of a multiphase fluid because the flowrate, which reg-
ulates the volume of the microfluid in the microchannel, is
highly unstable in the external environment and requires mod-
ification depending on the fluid.**?’

Herein, we report a novel and facile approach for producing
cellulose microstructures with embedded mineral oil in a flow-

focusing microchannel with Y-junctions. The single-step con-
tinuous process can fabricate various microscale hybrid archi-
tectures of cellulose, such as fibers, short threads, tubes, and
capsules, within a single microfluidic device. The production
of these cellulose microstructures is based on the regeneration
of cellulose from an IL, 1-ethyl-3-methylimidazoluin acetate
(EMIM-Ac), on the surface of oil templates in a microchannel.
Mineral oil, cellulose in EMIM-Ac, and glycerol-containing
water were independently injected into the input, middle, and
output channels to create oil—cellulose microstructures. In the
first channel, mineral oil was embedded in the cellulose solu-
tion, following which the cellulose solution containing EMIM-
Ac was exposed to water containing glycerol. Diffusion at the
IL—water interface then caused the cellulose to regenerate.
We focused on the fabrication of cellulose microstructures
with various morphologies utilizing the regeneration of cel-
lulose in a single device, as opposed to the generally independent
fiberization and encapsulation processes that are conducted in
a single microfluidic system. Both the morphology and size of
the oil particles embedded in the cellulose were controlled by
varying the flowrates of the mineral oil, cellulose solution, and
glycerol-containing water. The proposed method offers the fol-
lowing advantages: 1) fabrication of eco-friendly microstruc-
tured materials based on regenerated cellulose; 2) production
of cellulose microstructures with various morphologies and
sizes from simple fluid flowrate control; and 3) a variety of
delivery carriers, including with polymers and functional addi-
tives, can be produced without material constraints. Our method
has the potential to produce and synthesize hybrid microstructures
of various shapes and sizes. We believe that this novel process
is simple, effective, and eco-friendly compared with previous
studies for processing cellulose into microstructures.

Experimental

Fabrication of Microfluidic Device. The microfluidic device
was fabricated in poly(dimethylsiloxane) (PDMS) (Sylgard
184, Dow Corning, USA) using a soft lithography procedure.
Briefly, SU-8 2050 photoresist (MicroChem, Inc., Japan) was
coated on a silicon wafer using a spin-coater (ACE-200, Spin
Coater, Korea). After soft-baking, a film photomask containing
a microchannel printout was placed on the SU-8 photoresist,
followed by UV exposure (UVCURE-60PH, Lichtzen, Korea).
The channel master was developed using SU-8 developer
solution (MicroChem, Inc., Japan). The PDMS precursor was
then cast onto the SU-8 channel master and cured at 70 C for
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6 h. The PDMS slab containing the microchannel structure was
then irreversibly sealed on a glass slide after an air plasma treatment
(PDC-32G, Harrick Plasma, New York, USA). The length of
the microchannel was 80 um. The widths of the channels for
injecting oil, cellulose—ionic liquid, 1-ethyl-3-methylimidazolium
acetate (EMIM-Ac) (Sigma-Aldrich, USA), and the aqueous
phase were 30, 50, and 50 um, respectively. The dimension of
the oil-template and output channels were 100 pm X 2 mm
(width x length) and 100 pm x 3 mm (width x length), respectively.

Fabrication of Oil-templated Cellulose Microstructures.
Cellulose powder (Sigma-Aldrich) was completely dissolved
in EMIM-Ac at 100 C for 3 h to obtain cellulose solutions
with concentrations of 1.5 and 2.0 wt%. Mineral oil and toluene
were purchased from Sigma-Aldrich and used as the oil phase
flow without the addition of surfactants. The cellulose solution
and mineral oil contained 10 M Sudan I and 10* M Oil Blue
N fluorescent dyes, respectively, to characterize the oil core
and cellulose shell, respectively, in the cellulose microstructures.
Polystyrene (PS) (M,~350000 g/mol and M,~170000 g/mol,
Sigma-Aldrich) was dissolved in toluene at a concentration of
10 mg mL™ to incorporation of PS beads within the cellulose
fibers. An aqueous sheath flow (40 v/v% glycerin in deionized
water) was introduced at the output channel to regenerate the
cellulose. Each flow was injected into the microfluidic device
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using a syringe pump (LEGATO 101, KD Scientific Inc.,
USA).

Characterization. Optical microscopy images of the flow
in the microchannel were acquired using a Nikon TS100-F
(Japan) inverted microscope. An Olympus BX-51 microscope
and a high-resolution ProRes CF Scan digital CCD camera
(Jenoptik, German) were used to obtain bright-field and fluorescent
images of the various cellulose microstructures produced by the
microfluidic device. The scanning electron microscopy (SEM)
images of the cellulose capsules and the PS-hybridized cellulose
fibers were obtained using a Carl Zeiss SIGMA FE-SEM
(German).

Results and Discussion

A novel microfluidic system was developed for the formation
of capsules and fibers of various morphologies and sizes with-
out using advanced equipment or facilities. Figure 1 shows the
design of the proposed fabrication process for various cellulose
microstructures and the principle of cellulose regeneration on
the oil-templates. Schematics of the microfluidic device and
various oil-templated cellulose microstructures are presented in
Figure 1(a). The cellulose microstructures produced by the fab-
ricated microfluidic device exhibited tunable morphological
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Figure 1. (a) Schematic of the microfluidic device and the generation of various oil-templated cellulose microstructures (oil droplet-embedded
fibers and short threads, tubes, capsules); (b) schematic of the synthesis of oil-templated microstructures by regeneration of cellulose from
EMIM-Ac in the microfluidic device; (c) phase diagram of the types of cellulose microstructures based the aqueous phase flowrate (Qw) and
the flowrate ratio of the oil and cellulose-containing EMIM-Ac (Qoi/Qc.r)-
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and structural features owing to the oil- and aqueous-phase
flowrates; that is, varying the flowrates of the fluids in the
microfluidic system allowed variable control of the chemical
and morphological properties of cellulose at the micrometer
scale.

Figure 1(b) shows the principle of the regeneration of cel-
lulose dissolved in EMIM-Ac into an oil—cellulose core—shell
structure. The cellulose—ionic liquid (C-IL) solution was merged
with the oil flow, resulting in its transportation to the oil-tem-
plate channel junction, followed by subsequent decomposition
in the output channel upon mixing with an aqueous flow con-
taining glycerin. In general, mixing the solvent with an anti-
solvent is a good process for obtaining crystals, particularly of
organic compounds. When the water and glycerin solution, both
of which are antisolvents for cellulose, was added to the C-IL
solution, hydrogen bonds formed between H,O, the hydroxyl
groups in cellulose, and the oxygen atoms in acetate””’; the
number of hydrogen bonds between cellulose molecules is closely
related to the solubility of cellulose. In a previous study, we
proposed that the concentration of glycerin affects the size of
the fibers and that an increase in the viscosity of an aqueous
fluid causes the size of the microfibers to decrease. The mix-
ture of water and glycerin was therefore employed to control the
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morphology and size of the different cellulose microstructures.

We observed the cellulose microstructures produced upon
controlling the rate of each flow. Hereinafter, Oy, Qos, and
QOc refer to the flowrates of the aqueous phase, mineral oil,
and C-IL solution, respectively. The phase diagram in Figure
1(c) shows the various cellulose microstructures produced at
different flowrates of each fluid. When the flowrate ratio of the
merged fluid (Qoi/QOc.) was low, oil droplets were formed in
the oil-template channel and the oil-droplets embedded micro-
fibers or short threads were produced depending on the QOy.
Meanwhile, when Qgy/QOcq Was increased, the oil phase flew
in the form of a stream and the cellulose microtubes or capsules
were produced. Therefore, using this system, various morphologies
and sizes of cellulose microstructures can be fabricated by sim-
ply changing the fluid flowrates during cellulose regeneration.

The flow patterns inside and at the exit of the capillary were
observed using an optical microscope. Cellulose regeneration
occurred when the IL was dissolved in the aqueous phase (sheath
flow) in the output channel, which caused the cellulose in the
IL to be regenerated and simultaneously aggregated onto the
oil droplets. Optical microscopy observation of the cellulose
microstructures removed from the aqueous solution immediately
after formation revealed that oil droplets were embedded at
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Figure 2. Cellulose microfibers orderly incorporated with oil droplets: (a) Optical microscope images of the generation of oil droplets in the
oil-template channel and cellulose fibers in the output channel. From the top to the bottom images, the ratio of the volumetric flowrates of
the oil and cellulose-containing EMIM-Ac (Qoi/Oc.ai) was 0.1, 0.2, and 0.3, respectively; the flowrate of the aqueous phase (Qw) was fixed
at 5.0 pL min™'. (b) Diameter of oil droplets generated in the oil-template channel and (c) distance between the droplets in the oil-template
channel (m, ®, A) and within the cellulose fibers ([J, O, A) as a function of Qui/Qc... Bright-field images of cellulose fibers in water
produced at (d) Qoi/Ocy. = 0.2 and Oy = 1.7 pL min™ and at () Qoi/Ocn. = 0.2 and Oy = 5.0 uL min™". (f) Fluorescent image of the cellulose
fibers on a glass slide. (g) Optical and fluorescent images of the dried cellulose fiber in (e). The oil phase and the cellulose-dissolved EMIM-

Ac contained Oil Blue N dye, and Sudan I dye, respectively.
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regular intervals within the contracted cellulose fibers (Figure
2). These oil droplets served as the cores of knots; thus, knot-
shaped cellulose fibers could be produced using the simple
microfluidic technique. As the microdroplets flowed out accord-
ing to the difference between the flowrate of the merged flow
generated in the oil-template channel (core flow) and the flow-
rate of the sheath flow in the output channel, dissolution of the
IL and coagulation of cellulose occurred simultaneously during
the production process. Figure 2 shows the main results and
characteristics of the core—sheath flow interactions (Qoi/QOc.pi <
0.5). To fabricate microfibers, we varied the O in the range
0.1 to 0.4 uL min™" and the Oy between 1.7, 3.3, and 5.0 uL
min™ at a fixed Qcy. of 1.0 uL min™.

When the Qy was fixed at 5.0 L min™ and the Qo was var-
ied between 0.1, 0.2, and 0.3 pL min™, cellulose fibers orderly
embedded with oil droplets were formed (Figure 2(a)). As shown
in Figure 2, changing the flowrate of each flow affected the
knot-shaped cellulose fibers. It has been reported that the flow-
rate ratio of the core flow to the continuous sheath flow can
significantly affect the diameters of the microdroplets.***' In
our study, oil droplets with diameters of 36, 56, and 69.2 um
were formed at Qo values of 0.1, 0.2, and 0.3 pL, respectively
(Figure 2(a)), showing that the oil droplet diameter increased
with increasing oil flowrate. The final distance between the oil
droplets was then determined using Oy and the oil droplet size
(which depended on Qoi/Oc.).

To determine which factor had a greater influence on the
morphology and size of the knot-shaped cellulose fibers, the
effects of changing the core and sheath flows were observed.
As the Qoi/QOcr. ratio increased, the size of the oil droplets also
increased (Figure 2(b)). At Ooy = 0.3 L min™" and Qcy; = 1.0 uL
min”!, the intervals between the oil droplets embedded in the
cellulose fiber were 97, 182.5, and 212.4 um at Qs values of
1.7, 3.3, and 5.0 pL min', respectively (Figure 2(c)). The dis-
tance between the droplets was then determined according to
their size by varying Qg between 0.1, 0.2, and 0.3 pL min™ at
Oc.=1.0 uL min™ and Qy =3.3 puL min™" (Figure S1). Thus,
our method allows the length, width, and diameter of the
microfibers, as well as the distance between the knots, to be
conveniently controlled by simply varying the flowrate of each
fluid.

The dynamics of droplet deformation and restriction in
accelerating flow are responsible for the formation of micro-
fiber knots.****** In this study, the main factors affecting the
knot spacing and oil droplet size were the Oy and flowrate
ratio of the core flow, respectively. The spacing between knots
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can be estimated using the following equation of L = Vy/n(Dy/
2)%** where L, Vy, and D,, are the knot spacing, aqueous solu-
tion volume, and microchannel diameter, respectively. In a
microfluidic system with fixed capillary dimensions, the dis-
tance between droplets is proportional to the flowrate of the
aqueous solution. Therefore, the Oy-~dependent intervals can
be indicated as a linear response from the moment when the
size of the oil droplet causes the formation a knot shape (e.g.,
L=34776 um at V= 48.1 uL, Qoivocr, = 0.2, and Oy = 5.0 uL
min™"). Because the fiber diameter is constrained by the fixed
dimensions of the microchannel, the distance between the
droplets appears to converge at a certain point. Figures 2(d, e)
show that at a Qoo and Qw of 0.3 and 5.0 L min', respec-
tively, the production of a large droplet (69.2 um) formed a
distinct knot structure; meanwhile, at a lower Qoiqcar, and Oy
of 0.1 and 1.7 pL min™, respectively, the droplet was unable to
form a knot in the cellulose microfiber structure. Therefore, it
was apparent that a knot could only be formed when the size
of the oil droplet approached the diameter of the fiber, which
in turn was determined by the size of the microchannel. The
cellulose fibers containing the prepared mineral oil droplets
were confirmed to be dry. Figure 2(f) shows a fluorescence
image of the dried cellulose fiber structure formed at QOg; = 0.2
puL min™, Qe =1.0 uL min”, and Q= 1.7 pL min™'. Figure
2(g) shows the structural information of the knot-shaped cel-
lulose fiber formed at Oy =0.2 uL min™, Qe = 1.0 uL min™,
and Qw=5.0 uL min™.

When the Qy was increased (> 10 uL min™), the cellulose
microstructure was produced in the form of short threads (Fig-
ure 1(c) and Figure S2), owing to the cellulose fibers breaking.
Figure S2(a) shows the differences between the short fiber
lengths and oil droplet intervals when the Qy, was varied between
15, 30, and 50 pL min™ at a constant Quy/QOc.y. of 0.1. Figures
S2(b—d) show the different sizes of the droplets contained in
the same volume of the threads at the same Qy of 30 pL min™
when the Qoy/Oc Was varied between 0.1, 0.3, and 0.4. The
results show that while continuous fibers cannot be produced,
short cellulose threads that enclose microdroplets of a specific
size at regular intervals can be produced.

Knot-shaped microfibers have been fabricated by electro-
spinning,”® dip coating,*® and microfluidic systems’’; however,
these methods offer limited control over the microstructural
features of the fibers, such as the size of the knots and the dis-
tance between them. The novelty of the fabrication process
developed in this study lies in the ability to control the fiber
properties by simply varying the rate of each flow. This approach
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allows good microscale droplet controllability, enabling the
production of microfibers with precisely controlled knot struc-
tures. Microfibers with unique periodic knot structures can thus
be fabricated and employed in applications such as spiderweb

3839 and chem-

networks in tissue engineering, water collection,
ical delivery.”

When the Qoi/Oc.p. exceeded 0.5, the core flow was a min-
eral oil stream flowing parallel to the cellulose solution with a
consistent flow output through the oil-template channel (Figure
3(a)). This was because the relatively high flowrate of the min-
eral oil caused laminar flow occurs under interfacial tension,
resulting in the formation of an oil stream. The mineral oil core
stream, which had a diameter of 50 pm, was then covered by
a cellulose shell to form a microtube structure. The cellulose
tubes produced were dispersed in water and observed using
bright-field microscopy (Figure 3(b, ¢)). When the Qy was rel-
atively low (< 15 puL min™), the cellulose was regenerated on
the surface of the oil stream to form a tube shell while the oil
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stream was preserved.

It was observed that the width of the mineral oil stream
increased with increasing oil flowrate. This is the same reason
why the oil droplets became larger with increasing oil flowrate
when fabricating cellulose fibers (Figure S3). In this study, the
width of the stream was controlled by manipulating the O/
QOcai- The cellulose microtube diameter could also be con-
trolled by changing the concentration of the cellulose solution
or glycerin in the aqueous solution. We previously reported
that the dimensions of cellulose microfibers are determined by
changes in both the flowrate and fluid viscosity in the aqueous
phase.”! The effect of the shear stress (r) under aqueous flow
on the dimensions of the cellulose tubes can be estimated
according to the following approximate proportional equation
of 7= pQ/h*w,**" where uis the fluid viscosity, Q is the flow-
rate, and 4 is the height, and w is width of the output channel,
respectively. Thus, the dimension of the cellulose tube could
be controllable by changing the flowrate and viscosity. How-
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Figure 3. (a) Optical microscope images of the typical oil stream in the oil-template channel and the generation of cellulose tube and capsules
in the output channel. (b), (c) Bright-field images of the cellulose tube in water. (d) Optical and (e) fluorescent images of the dried cellulose
tubes after collecting with a clip (inset); the cellulose tubes were produced at Qui/Oca. = 1.0 and Qy = 3.0 pL min™'. (f) Bright-field image
of the cellulose capsules in water; the capsules were produced at Qi/Oc.. = 2.0 and Qy = 100 pL min™. (g) Diameter of the cellulose capsules
as a function of the aqueous-phase flowrate (Qy). (h) SEM image of the cellulose shell after removing oil core from the capsule in (f). (i)
Fluorescent image of the cellulose capsules prepared at Qi/Ocq. = 4.0 and Oy = 133.4 pL min™.
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ever, for the tube structure to function constantly, the flowrate
of the sheath flow needs to be slow and steady because the
aqueous-phase fluid, which contains 40 vol.% of glycerin,
influences the hydrodynamic instability of the produced cel-
lulose structures.

The cellulose tubes containing the mineral oil stream were
dried as shown in Figures 3(d, e). Figure S4 shows the struc-
tural information of the cellulose tubes, which agrees with the
explanation of the homogeneous cellulose tubes being produced
while a continuous oil stream was preserved. In our method,
simply varying the fluid flowrate within a single microchannel
allows continuous and reproducible production with precise con-
trol of the microtube form, making it highly advantageous com-
pared to conventional microfluidic synthesis of microfibers.

Cellulose capsules could also be prepared by increasing the
QOw to above 15 uL. min™ (Figure 3(a)) and ensuring a slightly
higher Qg than Qcr, that is, Qoy/Ocyr > 1. Furthermore, the
Oy needed to be sufficiently high to break up the merged stream
and produce capsules. The formation mechanism of homog-
enous cellulose capsules was similar to that of oil droplets pro-
duced in the form of short threads at a relatively higher Oy,
Removal and observation of the cellulose structures imme-
diately after formation revealed that microcapsules of the same
size were produced at regular and periodic intervals. For exam-

ple, at Qo = 1.0 uL min™, Qe = 0.5 pl min™, and Qy = 100 pL
min™, microcapsules with a diameter of 78.3 pum were reg-
ularly formed (Figure 3(f)).

At a fixed Q¢ of 0.5 pL min™', Oy was varied between
1.0, 2.0, and 3.0 pL min™ and Qy was varied between 50.0,
100, and 133.4 pL min™. The results confirmed that the size of
the cellulose capsules could be controlled by varying the inter-
nal oil and aqueous phase flowrates (Figure 3(g)); furthermore,
it implied that the morphologies and sizes of the cellulose
microstructures could be controlled even at high flowrates. When
the Qo and Qc.p. were fixed at 1.0 and 0.5 pL min™, respec-
tively, varying the Oy between 50.0, 100.0, and 133.4 pL min™
resulted in cellulose microcapsule diameters of 85.0, 78.3, and
77.2 pm, respectively. This implies that the size of the cel-
lulose capsule containing the mineral oil was determined by
the aqueous-phase flowrate; the faster the Oy, the smaller the
size of the cellulose microcapsules. Figures 3(h, i) show SEM
images of the oil—cellulose microcapsules with core—shell
structures. The produced cellulose capsules were stable when
maintained in water for 1 year (Figure S5), proving the high
retention of the micromaterials from the approach in the pres-
ent study. Figures 3(h) and S6 show the traces of oil embedded
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in a thin cellulose shell.

Cellulose microcapsules are drawing significant interest in
the applications owing to the controllability of the particle size
and distribution as well as the shape and high surface area of
the particle surface.'*'**! During drug delivery, microcapsules
protect against unstable chemicals and release the core material
into a specific environment (e.g., specific pH and temperature).
In our method, cellulose was regenerated by utilizing the inter-
action between an IL and cellulose in an antisolvent to produce
microcapsules with an oil core and cellulose shell through
decomposition-induced phase separation in the aqueous phase.
This method results in precise control of the size of the cel-
lulose capsules, allowing them to form eco-friendly shells for
robust microcapsules. To form hollow microcapsules using our
method, we used a volatile solvent for the core stream instead
of mineral oil (Figure 4(a)); evaporation of the solvent inside
the fabricated microcapsules resulted in cavities. Bright-field
microscopy observation confirmed the production of cellulose
shells with toluene cores and the subsequent formation of cav-
ities after 20 min owing to complete evaporation of the toluene
(Figure 4(c)). The hollow cellulose shells had diameters of 80
pm and were homogeneous in size and shape (Figures 4(d, ¢)).
This simple flow-rate-dependent method allows the eco-friendly
fabrication of hollow cellulose capsules by simply changing
the flowrate of the microfluid without the use of complicated
devices or facilities.

We also injected toluene containing the PS in the form of
droplets into an oil-template channel to produce cellulose fibers.
As the toluene evaporated, the PS beads were formed, result-
ing in the synthesis of cellulose fibers embedded with PS par-
ticles, as illustrated in Figure 4(b). The cellulose microfibers
orderly embedded with PS particles were also observed in
water (Figure 4(f)), similar to the morphology of oil droplets
embedded in cellulose microfibers. The cellulose fiber embed-
ded with PS beads was synthesized using solutions of 2 wt%
cellulose in EMIM-Ac and 10 mg mL™" PS in toluene at Oq;/
Oca=0.4 and Oy = 10 pL min™', which were the production
conditions for knot-shaped microfibers. Figures 4(g, h) show
that PS bead-hybridized cellulose fibers were successfully pro-
duced with a knotted morphology, depending on the flowrates
of the fluids. The structure of the PS beads embedded in the
cellulose fiber was confirmed (Figure 4(i)), and it was demon-
strated that the proposed microfluidic device in the present
study can homogeneously produce various hybrid cellulose
microstructures simply by changing the flowrates of the fluids.

Figure 5 shows the synthetic applications of transport sys-
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Figure 4. Schematics of the synthesis of (a) hollow cellulose capsules; (b) PS bead-hybridized cellulose fibers; (c) Serial bright-field images
of the hollow cellulose capsules in water at increasing evaporation times of the oil core. Bright-field images of the hollow cellulose capsules
when; (d) suspended in water; (e) dried. The hollow cellulose capsules were synthesized with 2 wt% cellulose in EMIM-Ac at Qoy/QOc. =
2.0 and Qy = 30 pL min™'; (f) Bright-field image of PS bead-hybridized cellulose fibers in water; (g) Optical; (h) SEM images of the dried
cellulose fiber orderly incorporated with the PS beads after collection with a clip; (i) SEM image of the PS bead-hybridized cellulose fiber
after drying on a Si wafer. The cellulose fiber embedded with PS beads was synthesized with 2 wt% cellulose in EMIM-Ac and 10 mg mL™

PS in toluene at Qoi/QOca. = 0.4 and Oy =10 pL min".

tems containing different materials in the cellulose fibers and
capsules. A novel microfluidic device was designed to inject
two oils (mineral and silicon oils). The widths of the channels
for injecting the two oils, cellulose solution, and glycerol-con-
taining water were 30, 30, 55, and 55 pm, respectively. The
dimensions of the oil-template and output channels were 140
pm x 2 mm (width X length) and 140 pm x 3 mm (width %
length), respectively. Cellulose microfibers and microcapsules
with embedded droplets of two oils were synthesized in a
microchannel, as illustrated in Figures 5(a, b). To fabricate
knotted microfibers, two different oil cores were alternately
injected at the same flowrate and regenerated at intervals equal

to the initial intervals, as shown in Figures 5(c, d). The size of
the oil droplets was determined by the flowrate ratio of the
core flow, and the main factor affecting the knot spacing was
O, which is in agreement with the results in Figure 2(c). Fig-
ures 5(e—g) show the cellulose fibers produced by varying only
the Qo at a constant Oy of 10 uL min™. Two oil cores with
diameters of 30 pm were regenerated 200 um apart, and injected
oil droplets with diameters of 70 pm were regenerated 100 pm
apart. When materials of different sizes were added to the sys-
tem, the oil size alone affected the knot spacing, in contrast to
the oil size, which affected the fiber space.

To fabricate cellulose microcapsules embedded with two oil
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Figure 5. Schematics of the synthesis of dual oil droplet-embedded: (a) cellulose fibers; (b) cellulose capsules. Bright-field images of the (c,
d) dual oil droplet-embedded cellulose fibers suspended in water and (e—g) dried cellulose fibers. Hollow cellulose capsules synthesized with
2 wt% cellulose in EMIM-Ac at (f) Q0;=0.1, 0.5, Oc..=1.0, and Ow=10 pL min™; (g) 0u;=0.1, 0.1, Oc;=1.0 and Qy=10 uL min™; (h) Optical
microscope images of the generation of oil droplets in the oil-template channel and cellulose capsules in the output channel; (i) Bright-field
image of dual oil droplet-embedded cellulose capsules in water. The cellulose capsules embedded with two oil droplets were synthesized with
2 wt% cellulose in EMIM-Ac at Qp;=0.9, Oc.i=1.0, and Qw=50 pL min™; mineral oil and silicone oil were used.

droplets, two immiscible oil streams were flowed in parallel
with a cellulose solution in the oil template channel. As shown
in Figure 5(h), both oil streams were injected at the same rate
with 2 wt% cellulose in EMIM-Ac at a O, of 1.0 pL min™. At
a high flowrate of Oy =50 puL min™, two immiscible parallel
oil streams were encapsulated in a cellulose shell, with one
enveloping the other. Owing to the density difference, the min-
eral oil surrounded the silicon oil to form the core. Figure 5(i)
shows the formation of microcapsules with the two oil drop-
lets. Therefore, we can conclude that immiscible materials can
be regenerated into various cellulose microstructures in our
microfluidic system by varying their flowrates. The distance
between the two oils in the fiber could be regulated by con-
trolling the injection velocities of the materials. Based on this
method, a process for transporting mixed compounds syn-
thesized from cellulose fibers can be designed. Moreover, a
process can be designed in which two materials with the same
flowrates are encapsulated and delivered in a synthetic state.

Conclusions

This study proposed and developed a single-step continuous
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process for fabricating various microscale hybrid architectures
using a single microfluidic device. The proposed method for
fabricating cellulose microstructures was based on the prin-
ciple of cellulose regeneration, wherein cellulose dissolved in
an IL was regenerated upon exposure to an antisolvent (aque-
ous glycerin solution) and formed various cellulose micro-
structures on the oil templates. The morphology and size of the
cellulose microstructures were easily controlled by varying the
flowrate of each fluid, eliminating the need for complicated
devices or processes. In the oil-template channel, oil was dis-
persed in the IL and flowed in the form of droplets or a stream.
In the output channel, depending on the flow rates of the oil,
cellulose solution, and glycerin aqueous solution, various cel-
lulose microstructures, such as the fibers, tubes, and capsules,
were observed. Oil droplets were produced in an orderly man-
ner in the C-IL solution when the flowrate ratio (Qoy/QOcir)
was less than 0.5. The diameter of the mineral oil droplets
increased as the flow rate of the oil phase increased, and knot-
shaped cellulose fibers containing oil droplets were produced
when the flow rate of the aqueous phase was low. Although the
water flow rate did not affect the size of the oil droplets, short
threads were formed when the water flow was unstable or at a
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high rate. Meanwhile, to produce cellulose microtubes, it was
found that the flow rate of the oil must be higher than that of
the cellulose solution (Qoy/QOc. > 1.0). Then, when the water
flow rate was low, the aqueous phase stably flowed out con-
tinuously in a tube shape. However, at a high water flow rate,
the C-IL stream broke, resulting in the formation of capsules.
The size of the cellulose microcapsules was determined based
on the flow rate of the aqueous solution; the faster the flow rate
of the aqueous solution, the smaller the cellulose capsule size.
Subsequently, the proposed method was applied to fabricate
hollow capsules and hybrid cellulose fibers containing poly-
mer beads using a volatile solvent (toluene) instead of mineral
oil. These applications offer advantages such as the production
of hybrid polymeric microstructures with flexible production
methods, effective fluid control, and good tunability of mor-
phology and shape of cellulose microstructures within a single
microfluidic system. Despite recent advances in this field, the
proposed method expands the flexibility of the design of micro-
fluidic systems, strategies used to produce microstructures, and
processes that control the morphology and size of structures.
Therefore, it can potentially enable researchers to employ var-
ious materials to produce fibers and capsules and to design
structures with various functions, thereby enabling the use of
cellulose in a wide range of novel industrial applications.
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