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Poly(lactic acid) (PLA) fibers have found a broad range of applications in medical textiles. While traditional
spinning methods usually involve harsh conditions, such as high temperature or toxic organic solvents, the
challenges in producing PLA fibers via a green route are yet to be overcome. Herein, we described a new strategy
for PLA fiber production, which combines the controlled and benign spinning conditions enabled by micro-
fluidics and a novel green spinning dope with bio-sourced Cyrene™ as a non-toxic solvent for PLA. This strategy
is enabled by the in-situ formation of a hydrogel shell around the focused PLA/Cyrene™ spinning dope stream.
This hydrogel shell stabilizes the core stream and facilitates the solidification of the PLA fiber. Our hydrogel-
assisted microfluidic wet spinning (HA-MWS) strategy represents the first-ever method that allows for the
continuous room-temperature production of highly porous PLA fibers (porosity > 80 %) without the need for
petroleum-based chemicals. We characterized the solution properties of the PLA/Cyrene™ spinning dope and
discovered that Cyrene™ can induce PLA crystallization, with resultant crystals acting as cross-linking centers
for the spinning dope gelation. We then explored the microfluidic wet spinning process, using the spinning dope
as the core flow and the alginate aqueous solution as the shell flow to achieve controlled fiber production. The
resulting PLA fibers underwent comprehensive morphological, structural, and mechanical characterization. Our
process enables the green production of PLA fibers under mild conditions. More importantly, a bio-based green
and pro-crystallization solvent was for the first time used to develop PLA spinning dope, which gives rise to a
range of promising fiber properties (e.g. high porosity), which can broaden potential biomedical applications of
PLA fibers.

1. Introduction

Poly(lactic acid) (PLA) is an aliphatic bio-based polyester derived
from renewable resources like corn and sugarcane. As a promising sus-
tainable alternative for petroleum-based polymers [1], its production
accounts for 18.7 % of the total global production of bio-plastics as of
2020 [2]. Owing to the excellent biocompatibility of the polymer and
the degradation product (i.e., lactic acid), PLA has been extensively used
in various medical applications [3]. In particular, PLA fibers are
important building blocks of various medical devices [4]. For instance,
PLA fibers have been used in commercial surgical sutures and blood

vessel stents [5]. A recent clinical implantation of PLA fiber-based
occluder has demonstrated its potential for closure of atrial septal
defect in cardiovascular disease (CVD) patients [6]. PLA fiber materials
have also found promising applications in bone tissue engineering [7],
peripheral nerve repair [8], urinary bladder reconstruction [9], drug
delivery and sustained release [10], as well as bacterial infection pre-
vention [11].

Commercial PLA fibers for the abovementioned medical applications
are generally produced by melt spinning at high processing tempera-
tures (185-240 °C) [12-14]. While the high spinning temperatures can
lead to thermal and hydrolytic degradation, solution-based wet spinning
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can produce PLA fibers under mild condition, usually at room temper-
ature with PLA non-solvents as coagulants [15]. This makes it particu-
larly attractive for loading and delivery of bioactive cargos in PLA fibers
for biomedical applications [16-18]. Currently, the preparation of PLA
spinning dopes heavily relies on petroleum-based organic solvents.
Some PLA solvents are known as € solvents, which can induce PLA so-
lution crystallization (¢ form PLA-solvent complex) and subsequent
gelation. Such ¢ solvents include dimethylformamide (DMF), cyclo-
pentanone (CPO), 1,3-dioxolane (DOL), y-butyrolactone (GBL), and
tetrahydrofuran (THF) [19]. However, non-¢ solvents such as dichloro-
methane (DCM) [16], methylene chloroform [20], chloroform [21],
dimethyl sulfoxide (DMSO) [22], N-methyl pyrrolidone (NMP) [22], and
hexafluoroisopropanol (HFIP) [23] were mainly used for wet spinning of
PLA fibers. In recent years, to reduce the environmental impact of PLA
fiber production, a few “greener” solvent systems have been proposed
for dissolving PLA polymers, including binary systems such as ethyl
acetate/DMF [24] and ethyl acetate/DMSO [25], as well as single-
solvent systems such as ethyl lactate [26] and dimethyl carbonate
[27]. Nevertheless, these “greener solvents” for PLA fiber spinning still
rely much on fossil resource [28]. A fully bio-based PLA spinning system
for sustainable and green fiber production is yet to be developed.

As an emerging wet spinning technology, microfluidic wet spinning
(MWS) confines coaxial laminar flow within a micrometer-scale chan-
nel, where the fiber formation can be induced by various methods,
including solvent exchange, ionic crosslinking, and photo-
polymerization [29,30]. In addition to the flexibility in choosing
controlled fiber solidification methods, the precise tuning of flow con-
ditions enabled by nowadays commercial microfluidic pumping systems
offers delicate manipulation of liquid flow conditions, which allows the
control over fiber structural and mechanical properties by microfluidic
wet spinning [31,32]. This feature makes MWS particularly attractive
for the production of bio-based polymer fibers (Supporting information,
Table 1). For instance, Zhang X. and co-workers reported the production
of alginate polymer fibers via MWS, demonstrating that, not only the
fiber diameter, but also the macromolecule orientation within fibers can
be tuned by varying the spinning parameters, which showed a signifi-
cant impact on the tensile strength of resultant fibers [33,34]. Nie S. and
co-workers demonstrated the capability of MWS in flow-controlled
twisting of cellulose nanocrystal (CNC) orientation during the fiber
forming process, which led to the improved mechanical properties [35].
In a recent attempt, PLA fibers were also successfully produced via MWS
with DCM as solvent. Nevertheless, like traditional wet spinning, MWS
of PLA fibers with bio-based solvents is yet to be achieved.

With the development of green chemistry, various new solvents have
been developed from renewable feedstocks. Such new solvents include
oils/citrus waste-based green solvents such as Cymene® and Limo-
nene®, lignocellulosic based green solvents such as y-Valerolactone
(GVL), and cellulose derived solvents such as tetrahydrofurfuryl-alcohol
(THFA) and CyreneTM [36]. CyreneTM, in particular, is extracted from
cellulose in two steps. It is considered a biodegradable, non-toxic and
renewable solvent, with high boiling temperature (227 °C) and similar
polarity (0.91, n®) to traditional polar solvents such as DMF, DMAc, NMP
[37,38]. According to the hierarchical solvent selection guide for med-
ical chemists, Cyrene™ is a valuable option for medical applications
because of its better performance in safety and health protection [39]. It
has been used to dissolve various polymers, including polyvinylidene
fluoride (PVDF), polylactic-co-glycolic acid (PLGA), polyethersulfone
(PES), polyhydroxyalkanoate (PHA) and polyvinylpyrrolidone (PVP),
among others [40-44]. However, Cyrene™ has a low miscibility with
water (52.6 g Cyrene™ /L water), and a high water-Cyrene™ interfacial
tension (72.5 mN-m~! at 25 °C) [45]. This makes it challenging to
establish stable laminar flows of polymer/Cyrene™ solutions within
water-based shell flow. In addition, its high viscosity (14.6 cP) also
makes it difficult to be removed from the resulting polymeric products
[45]. Consequently, the potential of Cyrene™ in polymer fiber spinning
is not yet realized.
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In this study, the potential of Cyrene™ as a green solvent for MWS of

PLA fibers was explored. Firstly, the time-dependent PLA/Cyrene™
solution properties were characterized. Reversible “sol-gel” transition
was discovered. Detail investigation revealed that the gelation was
induced by PLA crystallization. The pro-crystallization property of
Cyrene™ for PLA was not known from abovementioned non e-solvents
used for PLA fiber spinning, and herein investigated in detail. Subse-
quently, to overcome the abovementioned challenges and explore the
potential of bio-based MWS of PLA fibers, we herein developed a
hydrogel-assisted MWS (HA-MWS) method, leading to successful pro-
duction of PLA fibers with a PLA/Cyrene™ solution as the spinning
dope. More specifically, the HA-MWS strategy involves solidifying PLA
fibers by water-Cyrene™ exchange, which took place within the
temporally in-situ formed alginate (Alg)-Ca%t hydrogel shell. This is
enabled by the PLA-Alg core-shell flows established in a coaxial
microfluidic device. After spinning, the Alg-Ca2+ hydrogel shell allows
long-term solvent exchange between the PLA/Cyrene™ core and the
surrounding aqueous environment, thus assisting the complete solidifi-
cation of PLA fibers and removal of Cyrene™ solvent. With this green
production excluding any usage of petroleum-based toxic solvents,
highly porous PLA fibers (porosity above 80 %) were achieved after
removing the Alg-Ca®" hydrogel shell in a sodium chloride aqueous
solution.

To the best of our knowledge, no bio-based ¢ solvent has been re-
ported for PLA before. PLA-solvent crystal complex were only reported
in a few petroleum-based ¢ solvents, i.e-THF, CPO, DOL, GBL and DMF.
Among these ¢ solvents, only DMF can induce the formation of PLA/
solvent cocrystal and gel at room temperature, others require much
lower temperatures [19]. This is the first report of bio-based green sol-
vent (Cyrene™) for inducing PLA crystallization and “sol-gel” transition
at room temperature. By using such a fully bio-based and pro-
crystallization spinning dope, highly porous PLA fibers were spun at
room temperature for the first time with a green method excluding any
usage of petroleum-based organic solvents.

2. Experimental Section
2.1. Materials

Poly(lactic acid) (PLA) (Ingeo3100 HP NatureWorks LLC, Mw =
148,250 g/mol) was purchased from NatureWorks LLC. Sodium alginate
(W201502), calcium chloride (CaCly), sodium chloride (NaCl), Cyre-
ne™, N,N-Dimethylformamide (DMF, >99.8 %), Dulbecco’s Modified
Eagle Medium (DMEM, Lot. D5796), fetal bovine serum (FBS, Lot.
F9665), and 1 % penicillin/streptomycin (P/S, Lot. P4458), human re-
combinant basic fibroblast growth factor (bFGF, Lot. 01-106) were
purchased from Sigma Aldrich, and used as received. Human dermal
fibroblasts were purchased from CELLnTEC (HDF, Lot. EB1104281, ju-
venile donor). CellTiter 96® Non-Radioactive Cell Proliferation Assay
kit (MTT, Lot. G4000) was purchased from Promega.

2.2. Calculation of Hildebrand solubility parameter and relative energy
difference between Cyrene™ and PLA

Hildebrand solubility parameter (8;) was calculated according to
Equation (1), and used for predicting polymer solubility in different
solvents [46].

2
5 = 6d2 + 61)2 +8 )

Where 84 is dispersion force, 5 is intermolecular interaction and &y, is
hydrogen bonding interaction. The difference value (AS) between
polymer (5;) and solvent (5;) determines whether the solvent is a
benign solvent (A5 < 2) or poor solvent (AS > 2) for the given polymer,
as described for Equation (2).



W. Wang et al.
AS =[5, — &, ()]

In addition, solvent modified radius (R,) was calculated according to
Equation (3),

Ro = \/4(80) — 8)° + (80 — 83,)° + (S0 — 51’ ®)

Where, 3 is dispersion force, 8, is intermolecular interaction and d, is
hydrogen bonding interaction, and the subscript with p and s stands for
corresponding value of polymer and solvent. R, is solvent modified
radius, Ry is polymer modified radius (Ro for PLA is 10.5). Relative
energy difference (RED) is the ratio between R, and Ry (Equa. 4),
indicating benign (RED < 1) or poor solvent (RED > 1) [47].

RED = R,/R, 0)

2.3. Preparation of PLA/Cyrene™ and PLA/DMF solution as spinning
dope

Based on the high boiling temperature of solvents (Cyrene™ and
DMF) and thermoplastic property of PLA, high heating temperature was
chosen to dissolve PLA. 10 g of PLA were dissolved in Cyrene ™ or DMF
at 120 °C for 3 h under vigorous stirring, giving rise to a clear yellowish
or white PLA solution (10 wt%) after complete polymer dissolution,
respectively. The freshly prepared solution was either used as spinning
dope after cooling down to room temperature (in a circulating water
bath for ~ 10 min), or stored at 4 °C for later application. Stored solu-
tions were re-heated to 120 °C for 30 min before use as spinning dope at
room temperature.

2.4. Rheological characterization of PLA/Cyrene™ and PLA/DMF
solution property

After the PLA was completely dissolved and freshly cooled down to
room temperature, the PLA/Cyrene™ and PLA/DMF solution rheolog-
ical properties were investigated with a stress-controlled rheometer
(MCR 301, Anton Paar). Steady state viscosity measurements were done
at room temperature with a cone plate (0.996 degree, 50 mm in diam-
eter). Long-term stability was characterized by oscillatory time-sweep
(1 % strain, 1 Hz) with the same cone plate setup at room temperature.

2.5. FT-IR characterization of PLA/Cyrene™ solution property

Attenuated total reflectance Fourier-transform infrared spectroscopy
(AT-FTIR, 640-IR, Agilent Technologies) was used to characterize the
time-dependent PLA/Cyrene™ solution property by monitoring the
inter- and intra-molecular interactions (from 500 to 4000 cm ! with a
spectral resolution of 1 cm ™).

2.6. X-ray diffraction (XRD) analysis

The D8 Advance diffractometer (Bruker company) with Apex II CCD-
Detector and equipped with a Cu Ko X-ray tube operated at 40 kV and
40 mA was used to characterize the crystal structure of PLA gels. After
10 wt% PLA/Cyrene™ was re-heated to 120 °C and cooled down to
room temperature, PLA solution was added to test platform and then
scanned in different times when it was kept in the platform. The crystal
structure of PLA fibers was characterized by a powder X-ray Diffrac-
tometer (Empyrean 3, Malvern Panalytical), which is equipped with a
Cu Ka X-ray source (operated at 40 kV and 20 mA), a PIXcel 1D detector,
and a scintillation counter.

2.7. Polarized optical microscopy (POM) analysis

The POM (Axiolmager.Z2, Zeiss) equipped with two polarization
filters (polarization orientation rotation 360°, each for excitation and
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detection light path once). A thin layer of PLA/Cyrene™ gel was loaded
on a microscopy glass slide and compressed by another glass slide for
flattening the sample.

2.8. Fabrication of PDMS-based microfluidic chip

The Polydimethylsiloxane (PDMS)-based microfluidic chip, as shown
in Supporting Information, Fig. S1, was fabricated with a molding
method adapted from our previous work [48]. Briefly, 21 G and 18 G
stainless steel needles (Sterican, VWR) were assembled in a core—shell
aligned structure supported by Lego® blocks. Such a Lego®-needle
hybrid mold was placed in a glass dish. In the meantime, the PDMS pre-
polymer was mixed with crosslinker (Sylgard® 184, Dow Corning) in a
weight ratio of 10:1, and the complete mixture of PDMS precursor was
then de-bubbled under vacuum for at least 1 h. Then the prepared
precursor was poured into the abovementioned glass dish to cover the
hybrid mold. After curing at 80 °C for 2 h in an oven, the molded PDMS
elastomer was cooled down to room temperature, before needles and
Lego® blocks were removed from the PDMS elastomer. With ethanol as
lubricant, glass capillaries were then inserted into corresponding chan-
nels (inlet channel capillary: OD 1.02 mm ID 0.72 mm, outlet: OD 1.86
mm ID 1.32 mm).

2.9. Green HA-MWS spinning strategy

While PLA is a product from renewable resources like corn and
sugarcane, supplementary polymers and solvents from bio-based re-
sources were chosen to enable green production of PLA fibers via
microfluidic wet spinning (Fig. 1). Specifically, Cyrene™ (cellulose-
derived solvent) was used to dissolve PLA for preparing the spinning
dope. Subsequently, PLA/Cyrene™ solution (as the core flow in a co-
axial microfluidic chip) will be hydrodynamically shaped by alginate
(from seaweed) aqueous solution as shell flow (Fig. 1A-C). With such a
fully bio-based material system, PLA fibers were spun by a hydrogel-
assisted microfluidic wet spinning (HA-MWS) method (Fig. 1C), where
the alginate shell flow formed hydrogel layers immediately in the CaCly
collection bath due to the rapid gelation induced by Alg-Ca®* cross-
linking. The solidifying PLA core flow was trapped within the alginate
hydrogel shell formed in-situ (Fig. 1C). Thereafter, the PLA fibers were
homogeneously solidified under hydrogel shell protection and Cyre-
ne™-water solvent exchange (Fig. 1D). After the solvent exchange was
complete, the Alg-Ca?t hydrogel shell was removed by simply soaking
the fibers in NaCl aqueous solution (Fig. 1E), giving rise to final PLA
fibers (Fig. 1F).

2.10. PLA fiber spinning and post-spinning treatments

PLA fibers were spun at room temperature, with liquid flow rates
controlled by neMESYS 290 N Cetoni® pumps. In a typical process, PLA
solution was flowed into the core channel at different flow rates, and
alginate aqueous solution, i.e. Alg (aq) with different concentrations (2
wt%, 4 wt%, and 5 wt%) were introduced from the side inlet as shell
flow, giving rise the core-shell co-axil laminar flow at the hydrodynamic
focusing position. The established PLA-Alg core-shell flow was injected
into a collection bath containing 0.7 wt% CaCls solution, where the as-
spun PLA-Alg fibers were collected.

The as-spun PLA-Alg fibers collected in the 0.7 wt% CaCl, bath at
room temperature were transferred to and kept in a bath of DI water
(200 mL), to allow further solvent exchange between Cyrene™ and
water for an additional 4 days. The PLA-Alg core-shell fibers were then
immersed into 25 wt% NaCl aqueous solution to remove Alg-Ca"
hydrogel shell layer. To completely remove the hydrogel shell, the PLA-
Alg fibers were immersed in NaCl aqueous solution for 1 h. After that,
the NaCl (aq) was refreshed 2 times (10 min for each period) with
manual stirring of a glass stirring rod, before the resultant PLA fibers
were rigorously washed by DI water (4 times, 10 min for each period) to
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Fig. 1. Hydrogel-assisted microfluidic wet spinning (HA-MWS) of PLA fibers. (A) Bio-based materials for PLA fiber spinning. (B) PLA/Cyrene™ spinning dope
containing PLA-solvent cocrystals. (C) Solidifying PLA core in the in-situ formed Alg-Ca®* hydrogel shell. (D) Post-spinning solvent exchange for further solidification
of PLA fibers. (E) Removal of the Alg-Ca>* hydrogel shell by soaking in NaCl aqueous solution. (F) A representative digital photo of the resultant PLA fibers.

remove NaCl. The PLA fibers were then dried in a vacuum oven at 40 °C
for 2 h.

2.11. Characterization of solvent exchange

To monitor the process of solvent exchange, the as-spun PLA-Alg
fibers were placed in a 200 mL bath of DI water at room temperature.
The diffusion of Cyrene™ into the water bath was monitored with
UV-Vis absorbance of Cyrene™. Briefly, a 2 mL water sample was taken
from the bath after different solvent exchange period (4 h, 24 h, 48 h, 72
h and 96 h, respectively) for UV-Vis measurement, followed by the
complete renewal of DI water in the bath. Ultraviolet-visible (UV-Vis)
absorption spectrum was taken for all the samples for analyzing the
Cyrene™ content by using a UV-Vis spectroscopy (Cary 4000, Ailgent).

2.12. Thermogravimetric analysis (TGA)

After each sample was dried in the oven for 4 h at 40 °C, PLA fibers
were tested by thermogravimetric analysis with a thermogravimetric
analyzer (TG 209 F1 Libra, Netzsch). These fiber samples were weighed
(mass below 5.0 mg), placed into ceramic crucibles, and heated
accordingly. All tests were conducted under a nitrogen flow (250 mL/
min) with heating range from 50 °C to 800 °C at a constant heating rate
of 10 °C/min.

2.13. Differential scanning calorimetry (DSC) characterization

Differential scanning calorimetry (DSC, 214 Polyma, Netzsch) was
used to characterize the crystallinity of spinning dope and PLA fibers.
Spinning dope was refreshed at 120 °C for 30mins and quickly flushed
with tap water around the flask for 10 min to cool it down to room

temperature. 5 PLA/Cyrene™ samples and 1 PLA/DMF sample of
spinning dope with 4-20 mg were prepared for DSC characterizations.
Spinning dope and fiber samples were tested from 25 °C to 250 °C in
nitrogen atmosphere at a heating rate of 10 °C/min. The software on
NETZSCH Proteus Thermal Analysis 8.0.2 was used to measure melting
enthalpy. The calculation on enthalpy of spinning dope by the software
set the temperature of onset (55 °C) and end-point (65 °C). For the fiber,
the onset and end-point for calculating the area of peak in melting
enthalpy were set at 165 °C and 185 °C, respectively.

The degree of crystallinity (X¢) was calculated according to Equation
(5) (Equa. 5):

AHm

= 1
AHmp x 100% 5)

C

where AHm is the melting enthalpy of the tested samples, and AHmp
(93.6 J/g) is the reference melting enthalpy of 100 % crystalline PLA
[49].

2.14. Wide-Angle X-ray scattering (WAXS) measurements

Wide-Angle X-ray Scattering (WAXS) measurements were carried out
using a Bruker Nanostar instrument (Bruker AXS GmbH, Karlsruhe,
Germany). This instrument is equipped with a micro-focused X-ray Cu
source (wavelength Cu Ka = 1.5406 /0\) and a pinhole-collimation sys-
tem, providing a beam size of ca. 400 pm at the sample position. A
custom-built semitransparent beamstop was used in the setup, along
with a VANTEC-2000 detector with a resolution of 2048 x 2048 pixels,
each with a size of 68 x 68 ym% The WAXS measurements were per-
formed at a sample-to-detector distance (SDD) of 5 cm. The SDD was
precisely determined using corundum as a calibrant, providing a
resolvable momentum transfer (g) in the range of 2 to 27 nm L.
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Each sample and the background (residual air) were measured for
700 s under moderate vacuum conditions (10_2 mbar pressure) to
minimize air scattering. After the measurements, 1D profiles were
extracted using DIFFRAC.EVA (Bruker AXS, version 4.1). Transmission
corrections and background subtractions were subsequently carried out
using an in-house data pipeline running on Matalab R2020b.

The momentum transfer q is related with the scattering angle 26
through Equation 6 (Equa.6):

q =% e sin(%) (6)
where A is the wavelength of the X-ray source [50].

2.15. Microscopic characterization of microfluidic flows and polymer
fibers

The flow structures and fiber morphologies were characterized by
optical and electron microscopy, respectively. Optical microscopic im-
ages were taken with a Leica DMS300, and scanning electric microscopy
(SEM, JEOL Hitachi S-4800) images were taken at 2 keV with 7 nm of
Au-Pd sputtering on fiber surfaces (EM ACE600, Leica).

2.16. Tensile test of PLA fibers

The mechanical properties of PLA fibers were characterized by using
a tensile machine (TS 600, Anton Paar) at room temperature. The gauge
length is 10 mm with a tensile speed at 0.40 mm/min. For sample fix-
ation, fibers of typically ~ 1.6 cm long were glued to a plastic platform
with a UV sensitive glue (Norland optical adhesive 83H, Norland
product), so that the gauge length of 10 mm was ensured. And the plastic
platforms were held by clamps of TS 600.

2.17. Cytotoxicity test

Fiber specimens were sterilized by UV radiation (A = 365 nm), then
according to ISO 10993-12 “Biological evaluation of medical devices,
Part 12: Sample preparation and reference materials” and ISO 10993-
5:2009 “Biological evaluation of medical devices, Part 5: Tests for in
vitro cytotoxicity”, immersed into complete growth media (DMEM
supplemented with 10 % FBS and 1 % P/S) in sterile containers at
extraction ratio of 0.1 g/mL for 24 h at 37 °C with continuous, me-
chanical agitation to obtain the conditioned medium. HDFs (at passages
5 to 9) were plated at 5 000 cells per well in 96-well plates (TPP, Lot.
92096) to a final volume of 100 pL in complete growth media. Cells were
cultured for 24 h at 37 °C in 5 % CO, to maintain semi-confluent
monolayer and then exposed to conditioned medium from different
fiber samples. In addition, Cyrene™ solutions in complete media at
different concentrations (0.6 — 78 puM) were also used instead of
conditioned medium for studying cytotoxicity of Cyrene™. After a 48 h
incubation period at 37 °C in 5 % COs, all MTT assays were performed
using CellTiter 96® Non-Radioactive Cell Proliferation Assay kit ac-
cording to the manufacturer’s manual. Specifically, dye solution (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide - MTT salt) was
dissolved freshly in DMEM (without supplements or phenol red).
Absorbance was recorded at 570 nm on a 96 — well plate reader. Percent
viability was normalized to cells not exposed to the experimental con-
ditions but cultured in normal complete growth media (negative con-
trol). Phenol at 0.25 wt% in the complete growth medium was applied as
a positive control.

2.18. Spinning of protein-loaded fibers and characterization of protein
release

0.1 wt% Fitc-BSA (A9771-50MG, Sigma-Aldrich) was dissolved in
10 wt% PLA/CyreneTM solution (freshly cooled down to room
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temperature after preparation). The prepared spinning dope containing
Fitc-BSA was used as core flow, and 2 wt% alginate solution as shell flow
for fiber spinning (core flow rate Q. = 200 pL/min, shell flow rate Qs =
500 pL/min). The post-spinning treatment was described in section 2.10.
For protein release analysis, 75 mg resultant fibers (Fitc-BSA@PLA fi-
bers) were immersed in 15 mL PBS at 37 °C. 2 mL supernatant was taken
at each time point (at 0.25h, 0.5h,1 h,2h,4h,8h,24 h, 30 hand 36 h),
and the fluorescent intensity at 510 nm (excitation at 500 nm) was
recorded by fluorescent spectrofluorometer (Fluoromax + spectrofluo-
rometer, HORIBA scientific).

2.19. Fabrication of non-woven PLA fiber-based materials

As spun core-shell PLA-Alg fibers were directly collected in pre-
defined molds, where fibers were stacked and subjected to solvent ex-
change and slow solidification in a DI water bath. After 2 days of solvent
exchange, the molded fiber-based materials were taken out from the
mold and dried in air.

3. Results and discussions

The selection of proper solvent is a crucial and prerequisite work for
microfluidic spinning of polymer fibers [51]. To explore suitable green
spinning dope system for PLA, solvent source, toxicity and solubility are
important factors to be considered firstly. Compared to other known &
solvents of PLA, Cyrene™ is uniquely bio-based. Its sustainability and
low toxicity (high LD50 value) makes it a promising solvent for PLA fiber
spinning (Fig. 2A) [52-57]. On the one hand, CyreneTM is considered as
a benign solvent of PLA according to the calculation of the Hildebrand
solubility parameter (A5) and relative energy difference (RED) between
CyreneTM and PLA (Fig. 2B). On the other hand, the values of 84, 5, and
8y, for Cyrene™ fall within the range of other known PLA & solvents
(Fig. 2B), suggesting that Cyrene™ could induce similar crystallization
and gelation behavior of PLA, thus providing a green and pro-
crystallization PLA spinning dope.

3.1. Crystallization-induced PLA/ Cyrene™

sol-gel” transition

To the best of our knowledge, the use of Cyrene™ for dissolving PLA
polymers has not been previously reported. Therefore, the investigation
of the solution properties of PLA/ Cyrene™ spinning dope is crucial, as
it plays an important role in MWS. It was observed that, after being
dissolved at 120 °C and cooled down to room temperature, the viscosity
of the PLA/ Cyrene™ solution remains stable for ~ 60 min, before
gradually reaching a paste-like gel state (Fig. 3A-B). To evaluate the
detailed PLA/ Cyrene™ “sol-gel” transition, the storage (G’) and loss
(G”’) moduli of the solution were monitored by oscillatory rheological
measurements (Fig. 3B). Gel formation indicated by the crossover of G*
and G’ curves (Gel point) was found at ~ 120 min after the solution was
cooled down to room temperature. The paste-like gel can be reverted to
the “sol” state by heating at 120 °C for 10 min. The regenerated PLA/
Cyrene™ solution retained the time-dependent gelling property at room
temperature within multiple heating—cooling cycles (Supporting Infor-
mation, Fig. $2-A). During the first hour at room temperature, the
spinning dope remained a liquid state (G’ < G’), with a slight decrease
of G’ (from 19.13 Pa to 13.28 Pa) but an increase of G’’ (from 0.15 Pa to
2.58 Pa, ~ 17 folds increase) (Supporting information, Fig. S2-B). The
solution viscosity had no significant changes (less than 7.8 %) in the
shear rate range of 0.1-100 s (Supporting information, Fig. S2-C).
After being stored at room temperature for longer periods (1-4 days),
the spinning dope can be regenerated by heating to yield a solution of
similar viscosity (Supporting information, Fig. S2-D).

It was reported that € solvents could induce the formation of PLA-
solvent complex cocrystals, which then act as physical crosslinks and
trigger the PLA sol-gel transition [19,58]. The herein discovered fully
reversible PLA/Cyrene™ sol-gel transition indicates that Cyrene™
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could be a green ¢ solvent for PLA. To reveal the existence of ¢ form
cocrystals, DSC measurements of spinning dope was conducted and an
increasing endothermic peak above 60 °C was observed from samples
with increasing storage time at room temperature (Fig. 3C). The corre-
sponding structural change above glass transition temperature (Tg
55-60 °C, for Ingeo™ Biopolymer 3100HP) was assigned to ¢ to
transition of PLA crystals (Fig. 3A). During this transition, Cyrene™
molecules were expulsed from PLA/Cyrene™ cocrystal lattice to the
amorphous phase. This phenomenon was also found in PLA solutions
prepared with non-biobased ¢ solvents, such as cyclopentanone (CPO)
[59]. Interestingly, such an e to a transition was not observed for fresh
PLA/Cyrene™ solutions (those stored at room temperature for less than
30 mins. After this initial phase, more PLA/Cyrene™ cocrystals were
formed, as revealed by the increasing € to a transition enthalpy (Sup-
porting information, Fig. S2 E).

The solvent induced crystallization in PLA/Cyrene™ spinning dope
at room temperature was confirmed with X-ray diffractometry (XRD,
Supporting information Fig. S3 E and G) and polarized optical

microscopy (POM, Supporting information Fig. S3-F), as well as FTIR
spectroscopy (Fig. 3D, and Supporting Information Fig. S3 A-D).
Interestingly, along the “sol-gel” transition process at room temperature,
an increase of XRD peaks for a-crystal (20 =16.6°) was observed. This
indicated that some in-situ formed PLA/Cyrene™ ¢ cocrystals were
spontaneously transformed to a-crystals. Meanwhile, FTIR absorbance
at 1130 cm™! (asymmetric CHs rocking vibrations, Fig. 3D-i), 1368
em™! (symmetric bending of CH and CHs) and 1457 cm ™! (asymmetric
bending of CHs) was observed (Fig. 3D-iii, Supporting Information
Fig. S3, C-D) [60]. Such absorbance increase indicated the increase of
PLA crystallinity during the “sol-gel” transition [61,62]. Notably, the
band at 1757 cm ™! (carbonyl stretching, Fig. 3D-ii) related to the for-
mation of PLA left-handed helix was growing during the “sol-gel”
transition [63]. In addition, the absorbance at the range of 1375-1395
em™! (CH3 symmetric deformation) also increased during “sol-gel”
transition (highlighted in dash circle in Fig. 3D-iii, Supporting Infor-
mation Fig. S3-B). It was reported that this absorbance band associated
with the CHs symmetric deformation is sensitive to the PLA chain
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down to room temperature.

packing.[64] Considering that singlet absorbance peak within this range
(at 1383 em 1) was usually found from a form PLA crystals [59], the
herein observed doublet peaks (at 1382 and 1386 cm ™) indicated co-
existence of o and ¢ crystals.

Based on the abovementioned observation, we proposed that in the
freshly prepared PLA/CyreneTM solution, all PLA polymer chains are
well solvated and dispersed. After cooling to room temperature, PLA
chains partially form helix conformation and induce local aggregation,
as evidenced by the FTIR data of the “sol-gel” transition (Fig. 3D-ii)
[63], which provided space to host Cyrene™ molecules. Such local
packing of PLA/Cyrene™ complex gave rise to ill-defined e-form coc-
rystals. However, the unstable cocrystals were transformed to the more
thermodynamically stable a-crystals at room temperature, as evidenced
by the time-resolved XRD study (Supporting information, Fig. S3 E and
G). Such a spontaneous e-to-o transformation was not complete at PLA/
Cyrene™ gel state. The transformation of residual e-form cocrystals to
a-crystals was evidenced by DSC endothermic peak above 60 °C
(Fig. 3C). This is different from PLA/DMF gels formed at room tem-
perature, which showed no DSC endothermic peak for e-to-o trans-
formation above 60 °C (Supporting information, Fig. S2-F). It was

reported that in PLA/DMF system, only a-crystals exist at temperature
above 50 °C [19].

3.2. Microftuidic core—shell flow behavior

The PLA/Cyrene™ solution at liquid state was used for MWS of PLA
fibers. Its flow behavior in the microfluidic core channel can be
controlled by the flow rate conditions (core flow rate Q. and shell flow
rate Q) at different concentrations of the shell solution. With a Lego®-
based microfluidic setup equipped with coaxial core-shell channels, the
flow behavior of PLA/Cyrene™ was investigated by measuring the
diameter of the core flow stream (Dcore) at different flow conditions
(Fig. 4A).

The selection of a proper shell flow fluid is important for successful
fiber spinning. Non-solvents of the polymer are commonly used, since
the exchange between non-solvent (in shell flow) and solvent (in core
flow) can induce polymer aggregation in the core and thereafter poly-
mer fiber formation. However, general non-solvents for PLA exhibit
much lower viscosities than the PLA/Cyrene™ solution. For example,
ethanol, a common non-solvent for PLA, has a viscosity of 1.0 mPa's at
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25 °C [65], much Iower than that of PLA/CyreneTM solution (~3.0 Pa’S,
Fig. 4B). When ethanol was used as shell flow for PLA solidification, the
core-shell viscosity mismatching resulted in unstable flow configura-
tions [66], including unstable continuous core flow, non-disturbed
continuous flow, and disturbed continuous flow (Supporting informa-
tion, Fig. S4). Instead of pure non-solvents, Alg (aq) solutions have
comparable viscosities to PLA/Cyrene™ solution, and can be adjusted
by simply changing concentration (Fig. 4B). With a concentration of 2,
4, and 5 wt%, the viscosity of Alg (aq) were 0.123, 0.889, and 2.021 Pa’s
(averaged in the shearing rate rage of 0.1-100 s 1), respectively. At each
of these three concentrations, the core—shell flow behavior was inves-
tigated by measuring the PLA/Cyrene™ core flow diameter (Dcore,
Fig. 4C). Overall, at each fixed core flow rate (Qc), Dcore can be reduced
by increasing the shell flow rate (Qs). Meanwhile, Do reduction can
also be achieved by decreasing Q. [67,68]. However, this effect in
controlling Doy is less significant at higher shell flow concentration of
Alg (aq), i.e. 4 or 5 wt% (Fig. 4C). Hereafter, 2, 4, or 5 wt% Alg (aq) were
used as shell flow, lower concentrations were not used, due to the me-
chanical weakness of the resulting Alg-Ca®" hydrogel shell layer. At 6 wt

%, the Alg (aq) is too viscous for maintaining microfluidic flows,
therefore, higher concentrations were not used.

It was reported that, for coaxial laminar flow configurations, D¢ore
was controlled by the core-shell flow ratio f = Q./Qs with given core and
shell solutions (constant viscosities) [32]. This phenomenon was
confirmed by analyzing Dcore-f relations derived from different flow
conditions shown in Fig. 4C. In particular, with low Alg concentration (i.
e. 2 wt%, Fig. 4D, i) in shell flow, D¢ increased linearly with f ®R? =
of the liner fitting decreased to 0.78 and 0.67, respectively. Such a
compromise of the linear relationship between Dy and f at high Alg
concentrations was expected, due to the more profound shear-thinning
solution behavior of polymer solutions at higher concentration
(Fig. 4B). This effect was clearly seen at high Qg (250 and 300 pL/min),
where the shear-induced reduction of apparent Alg viscosity caused the
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3.3. Hydrogel-assisted fiber spinning

With established core—shell flows as discussed above, PLA fibers can
be solidified in core flow via direct solvent exchange, as demonstrated
by using Alg (aq) as shell flow without Alg-Ca?" crosslinking (Sup-
porting information, Fig. S5). However, PLA fibers spun in this way
suffered from poor morphological control and insufficient fiber solidi-
fication, as a consequence of the slow core-shell solvent exchange due to
the high surface tension, viscosity and polarity of Cyrene™ [69].
Therefore, the hydrogel-assisted microfluidic wet spinning (HA-MWS)
method was developed to facilitate extended solvent exchange, so that
sufficient fiber solidification can be ensured and uniform fibers can be
produced via MWS (Fig. 1C-F). Specifically, 0.7 wt% CaCl, (aq) solution
was used as the collection bath, in order to induce the in-situ Alg-Ca%*
hydrogel formation, which immediately trapped the solidifying PLA
core within the as-formed Alg-Ca®" hydrogel shell, thereby giving rise to
the PLA-Alg core-shell fibers. Such fibers can be subjected to extended
period of solvent exchange, without compromising the PLA fiber mor-
phologies in the core (Fig. 1C). The release of Cyrene™ from the as-spun
fibers was investigated by monitoring the release of Cyrene™ into the DI
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water bath (as describe in Section 2.11) during post-spinning solvent
exchange (Fig. 5A). UV-Vis absorbance at 230-300 nm indicates the
presence of Cyrene™ in the bath, resulted from the solvent exchange
(Fig. 5C) [70]. CyreneTM residuals were found in the bath after 1 day of
solvent exchange, indicating that the post-spinning PLA solidifying
process continued at least for more than 4 h. The removal of Cyrene™
and the solidification was faster when lower Q. to Q ratios were used (e.
g. Q¢ = 100 pL/min, Qs = 200 puL/min). To a large extent, this is due to
the small core flow diameter (Dcore) at such spinning conditions, as
discussed above in Section 3.2, which facilitates the diffusion of Cyre-
ne™. Nevertheless, for all used spinning conditions, practically all
Cyrene™ was extracted within one day at rest in the exchange bath,
since the refreshed exchange baths on day two showed negligible
Cyrene™ absorbance (Fig. 5C, green). As such, the HA-MWS facilitated
the removal of solvent, which is necessary for the sufficient solidification
of PLA fibers.

The resultant PLA-Alg hybrid fibers were then immersed in sodium
chloride solution (NaCl, aq). The competitive binding of Na™ and Ca®*
with Alg caused the dissolution of Alg-Ca®* hydrogel shell, thus yielding
pure PLA fibers (Fig. 5B). Thermogravimetric analysis (TGA) were used
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to characterize such PLA fibers. To better visualize the weight loss
profile, the TGA thermograms (Supporting information, Fig. $6, A and
C) were processed into derivative thermogravimetry (DTG) curves
(Fig. 5D and Supporting information, Fig. S6-B). PLA fibers obtained
after different solvent exchange time were tested with weight loss. No
weight loss for PLA fibers produced with extended solvent exchange was
observed below 250 °C, except for the one produced with at 200-100
pL/min (Qc-Qs) flow condition with 4 h of solvent exchange (Fig. 5D,
green). In combination with the UV-Vis study, this indicated that 1 day
of solvent exchange is enough for removing Cyrene™ residuals and
solidifying PLA fibers. In contrast, for fibers produced without refreshing
the water bath during solvent exchange, the weight loss at around
100 °C indicated the presence of Cyrene™ residuals (Supporting infor-
mation, Fig. S6-B). In addition, complete removal of alginate hydrogel
shells was confirmed by such TGA analysis of the fibers, where no weight
loss was observed at 200-280 °C (Fig. 5 and Supporting information,
Fig. S6) [71].

3.4. PLA fiber structure and mechanical properties

Polymer fiber diameters was reported to be controlled by hydrody-
namic focusing, which relies on the flow conditions [67]. The resultant
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PLA fiber diameters were found in good agreement with such a phe-
nomenon [67]. Specifically, increased fiber diameter (Dgper) can be
achieved by adjusting the flow rate condition or the shell flow Alg
concentration, as was also found for the change of core flow diameter
(Deore) (Fig. 6A). Representative images of PLA fibers (produced at Q.-Qg
of 150-150 pL/min) demonstrated the continuous production of PLA-
Alg hybrid fibers with PLA core and Alg-Ca®* hydrogel shell (Fig. 6B-
a). After shell removal, PLA fibers were obtained (Fig. 6B-b). The pro-
duced PLA fibers have smooth surface and porous inner structures
(Supporting information Table §2), as revealed by SEM images (Fig. 6B-
c) [48]. PLA fibers were also produced with different flow rate condi-
tions (Qc-Qs of 100-200 and 200-100 pL/min) and shell flow Alg con-
centrations (2 wt%, 4 wt%, and 5 wt%), which showed uniform
morphology (Supporting information, Fig. §8-S10). It is noteworthy
that, such controlled production of PLA fibers was enabled by the HA-
MWS method with Alg solution as a shell flow and cross-linked in-situ
into a hydrogel shell. This was not feasible by conventional MWS, where
direct solvent exchange is commonly used (Supporting information,
Fig. S5), or by using conventional & solvent (e.g. DMF, Supporting in-
formation, Fig. S7). Fast gelation of PLA/DMF (Fig. S7A) allowed only a
very short time window (~10 min) for solution-based fiber spinning,
making DMF intrinsically less suitable than Cyrene™ for PLA fiber
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spinning. Albeit more challenging, PLA fibers were successfully spun
from DMF solution with 2 wt% alginate as shell flow. It is obvious that,
PLA/DMF spinning has a less homogeneous core-shell flow, compared
to that of PLA/Cyrene™ (Fig. S7B). As a consequence, the structure of
PLA fibers spun from DMF was not homogeneous (Fig. S7B). Therefore,
regardless of the similar crystallinity (Fig. S7D), tensile strength of PLA
fibers spun from DMF solution is too weak to be characterized with our
instrument (minimum detectable force 0.05 N).

The internal structure of such PLA fibers was characterized by WAXS.
The WAXS profiles (Fig. 7 and Supporting information Fig. S11) showed
the scattering from typical PLA orthorhombic a-form (200/110) crystal
atq=11.9 nm~! [72]. The prominent crystal plane (200)/(110) peak
indicating mass crystallinity is accompanied by (203) and (1 0 3) peaks
atq=13.5nm ! and q = 8.9 nm ™, respectively. Weak peaks of (010)
and (210) diffraction (at q = 10.4 nm~! and 15.8 nm’l, respectively)
indicates the existence of a’-form crystal, which is a less ordered crystal
with poor thermodynamic stability [73,74]. Additional scattering sig-
nals at ¢ = 19.1 and 22.1 nm ™! were from residual CaCl, and NaCl salts
used in the fiber production process.[75,76] Such signals were reduced
by simply washing the PLA fibers in DI water (Fig. 7, after washing).

The degree of PLA crystallinity was calculated from DSC curves. As
shown in Fig. 8A, the melting peak was observed at ca. 180 °C, corre-
sponding to PLA a-crystals [77]. The crystallinity of these PLA fibers
(Fig. 8B) was determined by comparing the measured melting enthalpy
with the reference melting enthalpy of 100 % crystallinity PLA [78]. The
as-produced PLA fibers showed higher degrees of crystallinity (32-46 %)
compared to PLA fibers produced with other wet spinning methods
without post-spinning treatment (20-30 %) [4,79]. This could be
resulted from the pro-crystallization effect of Cyrene™, which induced
the formation of e-form crystals in the spinning dope. During solvent
exchange and fiber solidification, the pre-formed crystals could act as
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nucleating centers and increased the final PLA crystallinity. It’s note-
worthy that, cold crystallization signals at 90 °C were not observed for
most of the as-produced fibers, except those spun with 2 wt% Alg (aq) as
shell flow. This phenomenon is in good agreement with the observed
Cyrene™-induced pre-crystallization in the spinning dope, which low-
ered or even eliminate the effect of cold crystallization. The as-spun PLA
fibers were subsequently characterized with uniaxial tensile testing,
giving typical force-elongation curves (Fig. 8C). With tensile strength
below 2 MPa and elongation at break less than 20 % (Supporting in-
formation, Fig. §12), the PLA fibers shared common mechanical fea-
tures with those produced by conventional wet spinning. Especially, the
wet-spun fibers show significantly lower tensile strength without post-
spinning treatments (e.g. stretching) compared with those fiber with
such treatments [80]. The low mechanical strength of wet-spun PLA
fibers is mainly due to the porous structures (Fig. 6B, Supporting in-
formation, Table S2), as a consequence of the solvent exchange process
[48]. Such highly porous PLA fibers produced with green spinning dope
represents a promising 3D scaffolding materials for tissue engineering
applications to support in vitro seeding and culturing of cells [81].
Compared to melt spun PLA fibers that are usually nonporous, the
herein-developed fibers could enable sustained release of bioactive el-
ements (such as small molecule drugs and macromolecular growth
factors) from the internal pores, thus directing cell growth and differ-
entiation. Furthermore, the large void volume within such fibers holds a
great potential to capture and retain the cell-secreted biomolecules and
cell-deposited extracellular matrix, thereby promoting in vivo tissue
formation.

3.5. Cytotoxicity test of Cyrene™ and PLA fibers

Although Cyrene™ has been claimed to have low mutagenicity, no
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acute oral toxicity, and low ecotoxicity, and often mentioned as a non-
cytotoxic solvent [57,82,83], its concentration dependent toxicity to-
wards human cells was not reported so far. We had tested a range of
Cyrene™ concentrations for revealing its toxicity on human dermal fi-
broblasts (HDF) with MTT assay (Fig. 9A and Supporting information
Fig. §12). Cytotoxic effects were found at the tested concentrations
above 6.2 pM (corresponding to 0.08 wt%). Interestingly, at lower tested
concentrations, i.e. 4.7-1.6 pM, Cyrene™ was found to promote cell
proliferation, as indicated by the higher cell viability than the negative
(neg.) control group (cultured in normal medium). By virtue of extended
solvent exchange process enabled by HA-MWS, Cyrene™ can be thor-
oughly removed from PLA fibers produced from PLA/Cyrene™ green
spinning dope. Therefore, such PLA fibers were expected to have
excellent cytocompatibility. PLA fibers spun with three representative
conditions were subjected to cytotoxicity study according to ISO 10993-
“Biological Evaluation of Medical Devices” (Fig. 9B). Cell viabilities
(normalized to negative group) were found above 100 % from all three
groups (Fig. 9B). Cells cultured in the conditioning media containing
PLA fiber extracts were found in elongated and spreading state, con-
firming the good cytocompatibility of PLA fibers (Fig. 9C). Such a pro-
cell-growth effect could be ascribed to the residual Cyrene™
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molecules within the fibers, which were of too low amount to be
detected by TGA characterization (Fig. 5), but had a positive impact on
cell growth.

3.6. Fabrication of non-woven PLA fiber-based wound dressing materials

While the nontoxic nature of the PLA fibers fulfills the basic
requirement for various biomedical applications, the highly porous
feature (above 80 %, Supporting information, Table S2) and mild spin-
ning condition (i.e. room temperature, green solvent, water-based sol-
vent-exchange) enables direct fabrication of bioactive PLA fibers for
wound dressing (by dissolving bioactive compounds such as proteins
and growth factors in the green spinning dope). As a proof-of-concept, a
fluorescence-labeled model protein (Fitc-BSA) was loaded in PLA fibers
(Fig. 10A). The sustained release of proteins was demonstrated within
36 h in PBS at 37 °C (Fig. 10B). This makes the porous PLA fibers
promising for bioactive wound dressings, where mechanical strength is
not a critical requirement (which can be often mechanically supported
by backing medical textiles or other materials in practices). The pres-
ervation and sustained release of bioactive compounds into the harsh
microenvironments of chronic wounds could increase the therapeutic
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Fig. 9. Viability of HDF p5-p7 juvenile pool cells cultured at different Cyrene™ concentrations in culture media for 24 h (A), or in conditioned media from PLA fibers
spun at different Q.-Qs conditions with 2 wt% Alg solution as shell flow (B). (C) Representative microscopic images of cells cultured with PLA fiber conditioned media
after 24 h. PLA fiber spinning conditions were (i) 100-200 pL/min, (ii) 150-150 pL/min; (iii) 200-100 pL/min).

efficiency, thus promoting wound healing.

Furthermore, owing to the slow solidification enabled by our HA-
MWS strategy, the as-spun fibers could be facilely made into non-
woven fiber-based shape-adaptive materials, as shown in Fig. 10C-D,
making it particularly attractive in wound dressing for non-flat body
parts, e.g. whole finger. In combination with the protein-loading and
sustained release properties, the PLA fibers produced via HA-MWS
showed a great promise in chronic wound management.

4. Conclusion

In conclusion, we established a green and pro-crystallization spin-
ning dope for PLA fiber production via a novel hydrogel-assisted
microfluidic wet spinning (HA-MWS) strategy. Cyrene™, the selected
bio-based solvent, was discovered as the first bio-based green solvent for
inducing PLA crystallization and “sol-gel” transition, and used for the
first time in microfluidic wet spinning of polymer fibers. The unique
features of the Cyrene™-based PLA spinning dope include the fully
reversible “sol-gel” transition, formation of PLA gel at room temperature
(not feasible for most known PLA ¢ solvents, Fig. 2), as well as the
excellent cytocompatibility of resultant PLA fibers. By exploring the
novel PLA/Cyrene™ spinning dope with biopolymer (alginate) hydro-
gels, PLA fibers with smooth surface, porous internal structure and high
crystallinity were produced in a way fully independent from petroleum-
based solvents. This was made possible by the development of the HA-
MWS strategy, where the in-situ formed temporal hydrogel-shell al-
lows controlled solvent exchange and fiber solidification process under
mild conditions (e.g., room temperature, water-based post-spinning
treatments). This not only provides a green and sustainable option for
PLA fiber production, but also enables other post-spinning treatment of
the solidifying PLA fibers during the extended solvent exchange time.
Such treatment could include in-situ drawing of the semi-solidified PLA
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core, which can lead to improved mechanical strength due to the
macromolecular and crystal alignment. The extended solvent exchange
process at room temperature would also provide opportunities for post-
spinning functionalization by loading bioactive compounds (e.g. small
molecule drugs and macromolecular growth factors). Compared to melt
spun PLA fibers that are usually nonporous, regardless of the relatively
weak mechanical strength, the herein-developed fibers could therefore
enable sustained release of bioactive elements from the internal pores to
direct cell growth and differentiation, which makes it attractive wound
dressing materials, as well as scaffolding materials for in vitro cell cul-
ture, tissue engineering, and so-called “organ-weaving” applications
[81].
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