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The microfluidic production of Janus/Hecate polymer microfibers
with well-defined interfaces from miscible phases is reported. The
process offers tunability of the width and composition of each part
of the fibers by controlling the flow rate and nature of the mono-
mers in a single step. The enhanced performances of the fibers are
outlined for the simultaneous removal of dyes of opposite charges
using amphoteric Janus fibers.

Microfibers have gained significant attention due to their
potential in applications such as biomedicine' and sensors,>?
mainly because of their high surface to volume ratio. The
development of structurally anisotropic microfibers increas-
ingly strives to achieve fibers of different chemical natures
and physical properties to overcome the limited performances
of fibers based on a single material.*> Among them, Janus
fibers represent a great opportunity to access new properties
and applications, but the routes to prepare them are still
limited. Most reports focus on electrohydrodynamic processes
including side-by-side electrospinning,®™" conjugate electro-
spinning,'”> microfluidic electrospinning,’® and other conven-
tional techniques such as direct jetting'* and melt spinning.*®
Their main limitations are (i) access to diameters in the
submicrometer range only, (ii) the incompatibility with biolo-
gical systems due to high voltage, temperature, and use of
solvent, and (iii) the restriction to pre-existing polymers in the
presence of a suitable solvent.

Microfluidic spinning is an emerging and promising tech-
nique for the continuous fabrication of microfibers. It proceeds
by establishing co-flow between a core phase (®core) that will
form the fiber material and a sheath phase (®Pgpearn) that
hydrodynamically “spins” the fiber thanks to a microfluidic
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device. This technique offers advantages over conventional
ones such as complete control over the diameter/volume ratio
by tuning the flow rates of both the core and sheath fluids,'®
multiple solidification methods,” easy hydrogel formation,"”
micro- to submicron size range,'® and compatibility with
biological systems.'® Fibers produced by microfluidic spinning
relying on immiscible fluids provide access to jetting condi-
tions only in a very narrow range of flow rates to obtain fibers
and thus the use of multiple core phases is limited due to the
existence of very different interfacial tensions.”*>* Reports
using purely miscible core and sheath phases describe the
preparation of only single and Janus fibers based on
alginate®*° and also hollow”” and mosaicked** fibers from
poly(ethylene glycol) diacrylate to date. Janus fibers have a side-
by-side arrangement joined at the interface with two parts of
different compositions offering the possibility to develop mate-
rials with unique properties (e.g. differentiated encapsulation
abilities and compartmentalized properties). However, their
preparation from monomers using miscible fluids has not yet
been reported even though this strategy would significantly
widen the type of Janus fibers (chemical nature of the different
phases, one-step production of hydrogel, etc.) that could be
obtained.

Herein, we report the use of a side-by-side capillary-based
microfluidic device operating with different miscible phases
(core monomer phases) co-flowing with the continuous
(sheath) phase to produce Janus and Hecate microfibers. Two
photopolymerizable monomer systems were used as core phase
1 (Pcore1) and core phase 2 (Peorez): Peorer Was composed of
tri(propylene glycol) diacrylate (TPGDA, 80%v), ethanol (20%v),
and Irgacure 369 (3%w/v) as the photoinitiator, while @, Was
composed of NOA89 (photocurable acrylate-terminated prepo-
lymer) (80%v) and ethanol (20%v). Poly(ethylene glycol) with a
molecular weight of 300 g mol™* (PEG300) was used as the
sheath phase. The core phases were injected at specific flow
rates through capillary 1 and capillary 2 arranged side-by-side
using syringe pumps (Fig. 1a). @Pcore1 and Peoren exited at the tip
of their respective capillary and got in contact with each other
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Fig. 1 Janus and Hecate fibers prepared using PEG300 as the sheath
phase: (a) schematics of the microfluidic side-by-side capillaries system
used to produce Janus fibers using TPGDA and NOAS89 as core phases and
the characterization of Janus (b and c) and Hecate (d and e) fibers by
numerical (b and d, poly(TPGDA) observed in dark color) and scanning
electron (c and e, fiber cross-section in inset) microscopies. Scale bars =
100 pm.

spontaneously forming two parallel streams of monomers due
to the shear imposed by the sheath fluid flow and their laminar
flows (ESI,T Fig. S1). A second T-junction afforded the intro-
duction of ®gpeqn using another syringe pump. Exiting this T-
junction into PTFE tubing, the monomer streams were photo-
polymerized using a UV lamp operating at a wavelength of
365 nm. The polymerized microfibers were collected into a
water bath and washed with water and ethanol to remove the
residual PEG (@gpeqen) present at the surface of the fibers before
air-drying them overnight. The fibers were produced using a
flow rate of qjcorel) (pcoreZ; and glasheath (QTPGDA7 QNOA897 and
Qsheatn) Of 2.6, 1.0, and 700 pL min~", respectively. The fibers
were characterized using numerical and scanning electronic
microscopies (Fig. 1b and c) exhibiting the two distinct parts
composing the Janus fibers and no significant degradation of
the fibers after 8 months (ESL{ Fig. S2). Furthermore, an
arrangement of three side-by-side capillaries was obtained by
adding another T-junction and sleeve arrangement to the
capillary-based microfluidic system shown in Fig. 1a. Hecate
microfibers composed of three different materials originating
from three monomers, i.e. TPGDA, NOA89, and poly(ethylene
glycol) diacrylate with a molecular weight of 575 g mol "
(PEGDA575), delivered through syringe pumps were prepared
in a similar manner with a flow rate equal for all three core
phases of 0.7 puL min~" and Qgpeatn = 1200 pL min~'. Numerical
and scanning electronic microscopies (Fig. 1d and e) showed
the three phases of the Hecate fiber that were well-merged.
The morphological characteristics of Janus fibers (e.g. dia-
meter) can be tuned by varying the volume contribution of each
individual core phase as reported for electrospinning.® The flow
rate of one of the core phases, either Qrpgpa Or Qnoage, Was
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Fig. 2 Janus fibers from NOA89/TPGDA: (a) effect of Qrpgpa ON the width of
the poly(TPGDA) part (A ) and cured NOAS89 part (O) of Janus fibers for Quopase
= 1.0 uL min™, (b) effect of Quoags ON the width of the poly(TPGDA) part (A)
and cured NOAB89 part (@) for Qrpapa = 0.5 L min~% and (c) comparison of
the elastic modulus (E) of pure crosslinked NOA89 fibers with crosslinked
NOA89/poly(TPGDA) Janus fibers by DMA.

varied while keeping constant the flow rate of the other core
phase. For each experiment, the widths of both parts of the
Janus fiber were measured by numerical microscopy (ESL Fig.
S3) and their variations are plotted (Fig. 2a and b). The width
and therefore the volume of each part of the fiber increased
with an increase in the flow rate of the respective monomer as
we reported for single fibers.”® Due to the faster diffusion of the
less viscous core phase into @gpearn, the corresponding part of
the Janus fiber had a larger diameter (i.e. TPGDA). However, as
expected, the part of the Janus microfiber with a constant
monomer flow rate showed almost the same width. This clearly
demonstrated that the individual flow rate of the core phases
can control the volume of each part of the Janus fiber. Dynamic
mechanical analysis (DMA) was performed on NOA89/TPGDA
Janus microfibers to determine their elastic modulus and
compare them to fibers that are solely composed of NOA89
having a diameter of 162 um (Fig. 2c). Two Janus microfibers
obtained from different ratios of core phase flow (i.e. 3.5/1.5
and 3/2.5) affording fibers with different widths (75/45 pm and
63/71 pm) were considered. The presence of TPGDA increased
noticeably the elastic modulus of the pure NOA fiber (35 MPa)
by almost twice for NOA89/TPGDA 75/45 (74 MPa) and up to
five-fold for NOA89/TPGDA 63/71 (155 MPa). The results could
not be compared to pure TPGDA fibers due to their high
fragility rendering the DMA measurement not possible. The
mechanical properties of a microfiber could be thus easily
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tuned according to the needs of the application by producing
Janus fibers from two materials having different mechanical
properties. It is worth noticing that all the images presented in
this work for the Janus microfibers as well as mechanical tests
revealed no delamination of the microfibers. This probably
originated from the interdiffusion of the monomer phases in
each other during the co-flow of the core phases, which upon
UV-induced polymerization strongly linked the materials
together. This is another advantage of the microfluidic spin-
ning technique, which allows starting from miscible monomer
phases.

To evaluate the robustness of the microfluidic spinning
technique, a library of Janus microfibers (Fig. S4, ESIt) was
produced using different acrylic monomers including NOA74
(another photocurable acrylate prepolymer), acrylamide (Am),
N-isopropyl acrylamide (NIPAm), poly(ethylene glycol) diacry-
late with a molecular weight of 400 ¢ mol~" (PEGA400), n-butyl
acrylate (n-BA), and tert-butyl acrylate (tert-BA). In the case of
monovinylic monomers, 4 mol% of crosslinker was added
(methyl bisacrylamide (MBA) for Am, PEGDA250 for n-BA and
tert-BA) to ensure that the fibers were stable. All the combina-
tions considered showed a clear interface between the two parts
of the Janus fibers without delamination regardless of their
different chemical natures (hydrophilic, hydrophobic, etc.).
Amphoteric Janus fibers were thus prepared using an anionic
monomer (acrylic acid, AA, 80 v% in water) as ®.qe; and a
cationic one ((2-dimethylamino) ethyl acrylate, DMAEA, 80 v%
in water) as @cores (Qeorer = 1.5 ML Min™", Qcorez = 3.0 UL min ™",
Qsheath = 550 UL min™"). Irgacure 2959 (4 wt/v%) was used as a
photoinitiator and MBA as crosslinker. These fibers were
investigated for their potential to simultaneously remove catio-
nic and anionic dyes from a solution of different dyes. The dye
removal efficiency (RE%) and the associated kinetics were
conducted by immersing the fibers into a solution of 20 mg
L~ of either methylene blue (MB, cationic dye) or alizarin red S
(AR, anionic dye) at 20 °C. An aliquot of the solution was
withdrawn from the fiber solution at predetermined times for
analysis using visible spectroscopy (664 nm for MB and 406 nm
for AR). RE% was calculated for each dye and each time point
(ESLt Fig. S5) permitting it to be determined that the equili-
brium was reached after 150 and 300 min for AR and MB,
respectively, reaching a maximal RE% of 80 and 99%, respec-
tively. The adsorption mechanism was further studied by con-
sidering the pseudo-first-order and pseudo-second-order
adsorption models (ESI,¥ Fig. S6) exhibiting a better fit for
the latter one with theoretical and experimental values of the
adsorption capacity at equilibrium (g.) relatively close for both
dyes (ESIL,t Table S1). These results indicated that the adsorp-
tion of MB and AR could be attributed to the electrostatic
attractions of oppositely charged active sites on the fibers.”®
The adsorption capacity (g.) for both dyes increased with an
increase in the initial concentration of the dye (Fig. 3a): at lower
concentrations, the increase was steeper approaching a plateau
value at higher concentrations. Higher adsorption capacity at
high concentrations is due to the presence of a large concen-
tration gradient of dye molecules and adsorbents sites, which
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Fig. 3 Amphoteric AA/DMAEA Janus fibers and their capacity to adsorb
dyes (MB = methylene blue = [, AR = alizarin red S = @): effect of the
(a) initial dye concentration on the adsorption capacity (ge) and (b) pH on
the dye removal efficiency (RE%), and (c) comparison of the fibers with a
single part of a copolymer of AA and DMAEA (empty bars, grey border) with
Janus fibers (green bars) when exposed to a single dye (filled) and both
dyes (diagonal stripes) at 200 and 300 mg L™ of dye.
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results in an increase in the mass transfer between the adsor-
bent and dye molecules due to larger electrostatic attractions.>
To evaluate the maximum adsorption capacity of the ampho-
teric Janus fibers, surface properties and interaction of the dye
molecules with Janus fibers, the Langmuir and Freundlich
isotherm models were applied to the data represented in
Fig. 3a (ESI,T Fig. S7 and Table S1). The data better fitted to
the Langmuir isotherm for both dyes showing that the adsorp-
tion followed a monolayer homogenous mechanism, and the
separation constant (R;) was between 0 and 1 for both dyes
(ESI,f Table S2) showing the higher affinity and favorability of
adsorption of dyes with the adsorbent.’® Furthermore, the
favorability of adsorption of MB and AR was confirmed through
the Freundlich isotherm model, where the value of n for both
the dyes was found to be in the region 0 < n < 10. Another
parameter of interest is the pH of the solution that was varied
between 3 and 11 (Fig. 3b and ESI,} Fig. S8). The adsorption of
MB increased from pH 4 to 7 reaching 100% of RE% and
maintaining a plateau for higher values of pH. The decrease in
adsorption at acidic pH was attributed to the protonation of the
carboxylic acid groups reducing the charges accessible for
adsorption of the dye at the surface of the poly(AA) part of
the Janus fibers. Conversely, the adsorption of AR decreased
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with increased pH values, which could be associated with the
deprotonation of the amines and thus lowering the number of
sites for AR to adsorb. The adsorption capacity of these fibers
for either MB or AR is comparable or superior to materials
reported in the literature (ESI,t Table S3) considering that most
reports are on nanofibers which could have a strong influence
on the adsorption capacity due to the higher surface to volume
ratio. The adsorption capacity of these amphoteric Janus fibers
was compared with fibers having a single part produced with
both AA and DMAEA using the same feed composition of the
monomers and flow rate conditions as for the Janus fibers
(Fig. 3c). For each dye and concentration considered, the
adsorption capacity of the amphoteric Janus fibers was
observed to be superior. This could be due to the lower
propensity of the comonomers to neutralize their charges in
this structure due to the reduced area in which the monomers
of opposite charges were in close proximity to the interface
between the two parts of the Janus fibers. The simultaneous
removal of both dyes by the amphoteric Janus fibers at pH 6.5
showed a slight decrease in adsorption capacity as compared to
when only one dye was used (Fig. 3c) which could be due to (i)
the specific pH requirement of each dye (pH = 7 for MB, pH = 6
for AR) and (ii) saturation and/or complexation of dyes in the
solution leading to their precipitation (ESL Fig S9). Recycling
capability is one of the crucial factors in evaluating the adsor-
bent performance. Cationic and anionic dyes could be des-
orbed using acidic and basic solutions. The fibers adsorbed
with MB and AR were soaked in a 0.1 mol L ™" solution of
hydrochloric acid and potassium hydroxide. Four cycles of
adsorption-desorption were performed showing a very slight
decrease in adsorption efficiency without affecting the appear-
ance of the fibers (ESL Fig. S10). The decrease may be due to
incomplete desorption of adsorbate and loss of active sites
during regeneration associated with the protonation and
deprotonation of the carboxylic acid and amine groups.>®

In summary, Janus and Hecate microfibers were successfully
produced using a simple microfluidic spinning technique.
Miscible core and sheath phases were considered to avoid the
formation of droplets associated with the interfacial forces
among immiscible phases. The width, and thus the volume,
of each individual part of the Janus microfibers can be easily
tuned by altering the flow rate of one of the monomer phases.
Janus microfibers of various chemical natures were successfully
prepared to offer systems with increased mechanical properties
and adjustable properties. Furthermore, the use of Janus fibers
conversely to fibers constituted of a single part with the
comonomer composition showed superior performances as
illustrated for dye removal. These results pave the way to the
development of multiphase microfibers for a wide range of
applications, illustrated here with amphoteric Janus fibers that
could be used for the simultaneous removal of positively and
negatively charged species for water depollution.
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