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Abstract

Purpose. Three-dimensional (3D) bioprinting offers great potentials in rebuilding tissue
mimics through engineering cell-laden constructs. Recently, the unique ability of a new type of
micropore-forming bioink developed by us, containing two immiscible aqueous phases of gelatin
methacryloyl (GelMA) and poly(ethylene oxide) (PEO), has become attractive since it promotes
cellular behaviors. Nevertheless, this initial version of our two-phase aqueous emulsion bioink is
generally unstable when experiencing prolonged storage times at room temperature, whereby it
will phase-segregate and lose the micropore-forming capacity. This phase-segregation leads to
insufficient operational time window for bioprinting, especially for modalities that require a liquid-
phase bioink such as digital light processing.

Methods. In this study, we report the development of a set of biosurfactant (rhamnolipids)-
stabilized micropore-forming GelMA-based inks, with the goal of significantly enhancing their
shelf-lives with enhanced applicability towards 3D printing.

Results. It was observed that the printed constructs using rhamnolipids-stabilized micropore-
forming inks, either prepared fresh or stored for hours at room temperature, presented similar
microporous structures. In contrast, the micropore-forming inks without biosurfactant-
incorporation exhibited severely reduced performances after prolonged storage owing to marked
phase-segregation.

Conclusion. Our study suggests that biosurfactant-incorporation enhanced stability of our
micropore-forming GelMA inks and therefore, present a wide range of possibilities in further
development of two-phase aqueous emulsion inks and bioinks for future 3D printing and

bioprinting applications.
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Lay Summary

Three-dimensional (3D) bioprinting offers a collection of enabling technologies to address
regenerative engineering and translational medicine problems, by allowing precisely controlled,
automated fabrication of volumetric tissue constructs that are both structurally and functionally
relevant to their counterparts in the human body. The biomaterials used for bioprinting are of
significant importance to ensure proper tissue-production and maturation. We report a micropore-
forming ink that is stabilized by biologically derived surfactant, in an effort to promote the stability
of the resulting porous structures in 3D-printed architectures, for potential applications in tissue

engineering and regenerative medicine.



Introduction

Tissue engineering offers a feasible method for repairing injured or diseased tissues [1, 2].
Recently, this strategy has also been used to fabricate tissue and organ models for drug-screening
applications with a possibility of personalization [3-5]. Simulated extracellular microenvironments
play an important role in reaching proper biological functions to mimic the target tissues or organs.
In particular, the scaffolds, as crucial elements in most tissue-engineering scenarios, facilitate cell
attachment, proliferation, and other activities, enabling reproduction of physiologically relevant
three-dimensional (3D) microenvironments for tissue-formation [6, 7].

To emulate the extracellular matrix (ECM) in which the cells reside, a variety of
(bio)materials have been employed for the construction of tissue-mimicking 3D architectures [8].
Of special interest, hydrogels, a class of highly hydrated polymers, are attractive due to their
excellent biocompatible property, as well as readily tunable physicochemical characteristics
similar to soft tissues [9, 10]. A number of natural and synthetic hydrogel-forming materials such
as collagen, gelatin, alginate, chitosan, hyaluronic acid, and poly(ethylene glycol), have been
adopted in the fabrication of hydrogel scaffolds for biological and biomedical applications [11-16].
In most cases, these hydrogels could be fabricated into volumetric functional architectures that
imitate in vivo microsystems to regulate biological functions [17, 18].

The 3D bioprinting method has emerged as an effective tool to produce tissue mimics by
recapitulating the structural complexity of desired tissues [19-23]. In general, 3D bioprinting
techniques, such as digital light processing (DLP) and extrusion bioprinting, offer feasibility in
patterning bioinks in a spatially well-defined manner to obtain tissue constructs with improved
physiological relevancy and reproducibility [24, 25]. Although tremendous progress in bioprinting
strategies and bioinks has been made, there is still plenty of room for further improvements. For
example, selection of the right biomaterials and cells as the bioinks is of great importance to
achieve successful bioprinting [26, 27]. To this end, in many cases it is highly desirable to bioprint
hydrogel scaffolds featuring microporous structures, which would allow nutrient- and oxygen-
exchanges as well as cell spreading, and thus, enhance cellular functions [28, 29].

Our previous studies have reported a type of micropore-forming bioink based upon two-phase
aqueous emulsion of gelatin methacryloyl (GelMA) serving as the continuous phase and
poly(ethylene oxide) (PEO) droplets as the porogen [30-33]. Indeed, we demonstrated that this

micropore-forming GeIMA bioink could be superior to those not inducing micropore-formation,



in terms of supporting cell spreading and proliferation [30-32, 34]. Nevertheless, in this initial
formulation, the aqueous two-phase emulsion bioink was unstable with a storage time usually only
in the range of tens of minutes, where afterwards the GeIMA and the PEO solutions would phase-
segregate and reduce the micropore-forming capacity. This limitation becomes a particular
problem in DLP-based bioprinting, since the bioinks used in DLP have to remain in the liquid
phase during the entirety of the bioprinting procedure, where undesired phase-segregation would
be detrimental [24, 35, 36]. There is consequently an urgent need to improve the stability of our
micropore-forming aqueous two-phase emulsion bioink for enhanced bioprinting applications.
To overcome this obstacle, green surfactants with low toxicity profiles have been long-used
to promote interfacial stability [37, 38]. For instance, rhamnolipids is a metabolic anionic
biosurfactant of the glycolipid class, which is produced by Pseudomonas or Burkholderia [39]. By
incorporating this biosurfactant, the advantages of the two-phase aqueous emulsions are further
improved with enhanced emulsion stability and prolonged non-phase-segregation period, and as
such, the better-retained micropore-formation capacities of the resulting hydrogel constructs [40].
With these in mind, here we propose an efficient approach to stabilize our GeIMA/PEO
aqueous two-phase emulsion ink formulations by adding rhamnolipids as the biosurfactant (Fig.
1). The concentration effect of rhamnolipids was evaluated, and the performances of the
rhamnolipids-stabilized GelMA-PEO emulsions as the micropore-forming inks were assessed in
two 3D printing methods including those based on DLP and extrusion. Finally, preliminary cellular
analyses were conducted to validate the compatibility of the 3D-printed microporous GelMA

constructs.

Materials and Methods
Materials

Gelatin from cold-water fish skin, gelatin from porcine skin, methacrylic anhydride (MA),
PEO (molecular weight, My = 300,000 Da), lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP), and 3-(trimethoxysilyl)propyl methacrylate (TMSPMA) were purchased from Sigma-
Aldrich (USA). Tris(2,2’-bipyridyl)dichloro-ruthenium(Il) hexahydrate with sodium persulfate
(Ru/SPS) was purchased from Advanced BioMatrix (USA). was purchased from
Penicillin/streptomycin (P/S), phosphate-buffered saline (PBS), Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), trypsin-EDTA were obtained from Thermo Fisher



Scientific (USA). Rhamnolipids was purchased from AGAE Technologies (USA). The CellTiter
96® Aqueous One Solution Cell Proliferation Assay kit was obtained from Promega (USA).
Syringe filters (0.22 pum) were obtained from VWR International (USA). Dialysis membrane (My
cut-off = 12-14,000 Da) were purchased from Spectrum Labs (USA).

Synthesis of GelMA

GelMA was synthesized according to our previously published method [31, 33, 41, 42]. 10.0
g of gelatin from cold-water fish skin was dissolved in 100 mL of PBS solution at 50 °C, followed
by the addition of 8.0 mL of MA slowly and dropwise with stirring at 500 rpm for 2 h. The reaction
was stopped by the addition of 200 mL of PBS. The product was dialyzed for 5 days with dialysis
membranes at 40 °C, and ultimately lyophilized using a freeze-dryer. The GeIMA derived from
fish gelatin was termed as fGelMA. In addition, the GelMA derived from porcine gelatin (termed
as pGelMA) also adopted the above method, except that the MA addition amount was 2.0 mL.

Preparation of aqueous two-phase emulsion inks

The formation of GelMA-PEO two-phase emulsion ink was carried out by a modified method
from our previous work [30-33]. The 15% w/v fGeIMA solution was prepared by dissolving
fGelMA in PBS under constant stirring at room temperature. Similarly, 10% w/v pGelMA solution
was prepared by dissolving pGeIMA in PBS under constant stirring at 37 °C. Rhamnolipids was
dissolved in the fGelMA solution or pGelMA solution to reach the final rhamnolipids
concentration at 0, 0.5%, 1.0%, 1.5%, or 2.0% w/v. In addition, PEO solution was separately
prepared in PBS to reach final concentration at 0.5 %, 1.0 %, or 1.6 % w/v. PEO solution was
mixed with the f{GeIMA solution or the pGeIMA solution (v/v = 1/2) by strong vortexing for 10 s,
leading to formation of an aqueous two-phase emulsion ink based on fGeIMA or pGelMA. The
former was intended for DLP printing due to its weaker temperature-sensitivity while the latter

was more suitable for extrusion printing [34].

Stability measurements
The stabilities of the fGeIMA-PEO micropore-forming inks and the pGelIMA-PEO
micropore-forming inks were visually evidenced by a fluorescence microscope (Eclipse, Nikon,

Japan). Briefly, a droplet of the ink was placed on a glass slide capped by a cover glass at a



predefined time point to prevent evaporation and was observed at room temperature. The
distribution of PEO droplet diameters was quantified by the Imagel software (National Institutes

of Health, USA).

DLP printing

To prepare the f{GeIMA-PEO micropore-forming inks, fresh f{GelMA (containing 0 or 1.5%
w/v thamnolipids) and PEO solutions, photoinitiator Ru/SPS (2 mM/20 mM), and photoabsorber
Ponceau 4R (2% w/v, Sigma-Aldrich, USA) were mixed to achieve the final formulations [24].
The inks investigated included immediately formed inks and preformed inks that had been stored
for 12 h prior to the onset of printing. An in-house-built DLP-based 3D printer was used [17, 32,
43, 44]. For printing of planar patterns, a TMSPMA-coated glass slide with a layer of the
micropore-forming ink was exposed under the visible light for 15 s. For 3D printing, cubes (length
= 5.83 mm, width = 5.83 mm, height = 7.00 mm) were printed at 15 s for each layer with a 300-
pum layer thickness. After printing, the constructs were briefly washed with PBS and imaged under

the microscope.

Extrusion printing

Extrusion printing was conducted using an extrusion printer (Allevi 2, 3D Systems, USA)
with a digitally controlled pneumatic pressure, as previously reported [45, 46]. The micropore-
forming pGeIMA-PEO ink was filled into the syringe, followed by cooling at 4 °C and then printed
at room temperature. The nozzle moving speed was maintained at 400 mm min™' under 30 psi. All
the emulsion inks (fresh and those stored for 12 h with 0 or 1.5% w/v rhamnolipids) were printed
in the presence of 0.2% w/v LAP, and then post-crosslinked via UV exposure (10 W cm™, 30 s,
OmniCure S2000, Excelitas, Canada). The 3D pattern that we designed was a honeycomb lattice
structure printed in 1, 4, or 10 layers. After printing, the constructs were briefly washed with PBS

and imaged under the microscope.

Cell culture

NIH/3T3 fibroblasts used in this study were purchased from American Type Culture
Collection (ATCC, USA) and human umbilical vein endothelial cells (HUVECs) were purchased
from Angio-Proteomie (USA). NIH/3T3 fibroblasts were cultured in DMEM supplemented with



10% v/v FBS. HUVECs were cultured in endothelial cell growth medium (EGM-2, Lonza, USA).
All the cells were maintained in a humidified incubator with 5% CO; at 37 °C (Forma Scientific,

USA). The culture medium was exchanged every 2 days.

Cell proliferation assays

A direct contact test between constructs printed with emulsion inks and NIH/3T3 fibroblasts.
The printing was performed in an aseptic environment with previously described DLP-based
printing process, which can be found in the Section of DLP printing. NIH/3T3 fibroblasts were
trypsinized and seeded on the printed samples at a density of 2 x 10° cell mL"!. The printed samples
were cultured in DMEM containing 10% v/v FBS at 37 °C and 5% CO- up to 5 days. At different
time points, the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) assay was conducted using CellTiter 96® AQueous One Solution Cell
Proliferation Assay kit. The medium was removed, and the construct was incubated with the assay
solution in each well of a 96-well plate for 3 h in dark in the incubator. The absorbance was

determined at 490 nm with a spectrophotometer (Molecular Devices, USA).

Hemolysis test

Hemolysis test was performed by a modified method as previously reported [47].
Erythrocytes were used to assess the hemostatic effect of the constructs produced with the
micropore-forming f{GeIMA-PEO ink. The constructs were placed into 1.5-mL Eppendorf tubes
and mixed with 5% v/v erythrocyte suspensions (Research Blood Components, USA) diluted with
PBS in 37 °C for 1 h. 0.1% v/v Triton X-100 solution was used as the positive control and PBS
was used as the negative control. After incubation, erythrocyte suspensions and constructs printed
with different formulations were centrifuged at 1,000 rpm for 10 min, and then 100 pL of the
supernatant from each tube was added into a well of a 96-well plate. The absorbance of the solution
was measured at 540 nm using a spectrophotometer. The hemolysis ratio was calculated as follows:

Hemolysis(%) = (A, — Ap)/(As — Ap)

, where 4, is the absorbance value in the experimental group, 4, is the absorbance of the Triton

group, and A, is the absorbance of the PBS group.

Statistical analyses



Data are presented as means + standard deviations (SDs). Statistical analyses were conducted
in triplicates by two-tailed student’s t-test and ANOVA using the SPSS software (version 19.0,
IBM Corp., USA). The statistical significance was labeled with *p<0.05.

Results and Discussions
Stability measurements of the GeIMA-PEO emulsions

GelMA is a gelatin-based material that has been widely adopted for the fabrication of cell-
laden 3D biological tissue constructs, because of its biocompatibility, bioactivity, and tunable
mechanical properties [34, 48, 49]. Our previous studies described a novel micropore-forming
bioink, prepared by two immiscible aqueous phases of GelMA mixed with PEO [32]. The My, of
PEO was selected at 300,000 Da, since phase-segregation is influenced by the My,; for instance,
low PEO My, was found to be difficult to form the aqueous two-phase emulation in this system
[30-33]. To guarantee the proper physical characteristics of the pore-forming inks, 15% w/v
fGelMA was chosen as the base, and PEO at different concentrations (0.5-1.6% w/v) were added
at the fGeIMA:PEO volume ratio of 2:1. Fig. 2A displays the phase-segregation behaviors of the
fGelMA-PEO emulsions after mixing the fGeIMA and PEO solutions with vortexing for 10 s.
Obvious phase-segregation of the f{GelMA-PEO emulsion at 0.5% w/v of PEO was observed to
form at approximately 1.5 h; in contrast, at 1.0% w/v PEO and 1.6% w/v PEO, the phase-
segregations formed at 1 h and 0.5 h, respectively. The results suggested that the PEO
concentration clearly had a negative effect on the emulsion stability in the absence of any
biosurfactants, and the phase-segregation was faster when the PEO concentration was higher.

We also quantified the droplet sizes of PEO in the fGelMA-PEO emulsions, which was
determined by the PEO concentration as well (Fig. 2B). By randomly measuring 50 single droplets
from the optical images, 15.1 2.2 um could be observed at 0.5% w/v PEO after the emulsion was
immediately created. The droplet size of the f{GeIMA-PEO emulsion was increased to 65.3 +£9.3
um as the PEO concentration was elevated to 1.6% w/v, while it was in between for the emulsion
formed with 1.0% w/v PEO. In all cases, as the phase-segregation started, the PEO droplet sizes
became larger and less uniform (Fig. 2C). Nevertheless, the start of change in PEO droplet size
did not necessarily indicate the onset of phase-segregation since the latter would usually take
longer time to occur. Also of note, the phase-segregation would not be complete; typically, while

PEO would relocate as the top part of the ink, the bottom part would still contain certain levels of



emulsions in a formulation-dependent manner, although the diameters of the PEO droplets in this
lower portion already would become widely different from their initial sizes. The quantitative
measurements were always conducted using the liquid from the lower portions of the inks for all
scenarios.

To enhance the stability of the emulsions and gain sufficient operational time window for
printing, 1.5% w/v rthamnolipids was added to the micropore-forming f{GeIMA-PEO inks. As can
be observed from Fig. 3A, the existence of rhamnolipids had no major influence on the formation
of the emulsion. It was quantified that immediately after emulsion-formation, the droplet size
increased from 12.2 = 1.5 to 41.1 + 5.4 pm, as the PEO concentration was elevated from 0.5%
(w/v) to 1.6% w/v (Fig. 3B). Yet, rhamnolipids significantly increased the storage stability of the
fGeIMA-PEO emulsion, where remarkable phase-segregation at 0.5% w/v of PEO formed only at
approximately 24 h (Fig. 3C), compared to the 1.5 h without the biosurfactant (Fig. 2C). In addition,
at 1.0% w/v PEO and 1.6% w/v PEO, phase-segregations did not occur before approximately 12
h and 5 h, respectively, remarkably longer than the 1 h and 0.5 h of time scales when no
rhamnolipids was incorporated (Fig. 2C). With the absence of the biosurfactant, the phase-
segregation eventually led to larger and less uniform PEO droplets in the micropore-forming inks
with different PEO concentrations. For instance, the storage time of the ink with 1.0% w/v of PEO
concentration was prolonged from <1 h to 12 h, meanwhile the droplet size increased from 25.4 +
6.6 to 42.9 £ 9.8 um. Of note, the latter size measurement could only be obtained from the lower
GelMA-rich portion given the occurrence of phase-segregation. Similar trends were observed in
the other two groups as well.

The influence of different rhamnolipids concentrations (0-2.0% w/v) at the same
fGeIMA/PEO (1.0% w/v) formulation on emulsion storage stability is shown in Fig. 4A.
Consistent with previous results, it could be observed that the fGelMA-PEO emulsion without
rhamnolipids formed distinct phase-segregation at 0.5 h. However, by adding 0.5%, 1.0 %, 1.5%,
or 2% w/v rhamnolipids, the emulsion was held stable forupto 1 h, 5h, 12 h, or 12 h, respectively.
Quantification further indicated that the increased rhamnolipids concentration from 0 to 1.5% w/v
resulted in the decrease of droplet sizes of the f{GeIMA-PEO emulsions from 79.7 + 19.3 um to
28.6+5.4 um at time 0 h with improved uniformity, yet the droplet size became slightly larger at

36.2 £ 5.3 um when the rhamnolipids concentration was further increased to 2.0% w/v (Fig. 4B).
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Moreover, as the rhamnolipids concentration was elevated, the emulsion stability was also
monotonically improved, as quantitatively suggested in Fig. 4C.

Synthesizing the observations obtained so far with various parameters studied in the fGeIMA-
PEO two-phase aqueous emulsions, the f{GelMA-PEO formulation consisting of 15% w/v GelMA,
1.0% w/v PEO, and 1.5% w/v rhamnolipids, was employed for subsequent investigations. In
addition, we studied the different parameters for their effects on droplet sizes and stability
performances of pGeIMA-PEO emulsions (Figs. S1-S3, Supporting Information), where similar
results to f{GelMA could be derived.

3D printing

The micropore-forming fGeIMA-PEO ink was employed to evaluate its performance through
the DLP method. DLP printing utilizes a layer-by-layer photocrosslinking mechanism [24].
Compare with extrusion printing, DLP printing normally exhibits faster speeds and better
resolutions. We first compared the fresh ink and that stored for 12 h at room temperature (Fig. SA).
Without the biosurfactant, the 12-h storage condition led to significant detrimental effects to the
aqueous two-phase emulsion in the ink. When we used the bottom portion that contained some
remnant emulsions for printing, it only produced vaguely defined patterns that also presented
partial loss of the porous structures. Similar results were observed in printed 3D constructs (Fig.
5B). We further showed that the operational window was dramatically prolonged when 1.5% w/v
rhamnolipids was added to the f{GeIMA-PEO ink. It was clear that even after 12 h of storage of the
ink, the resulting printed pattern was still as porous as that printed with the same ink freshly made.
These results were consistent with those from the morphological observations of the emulsions
(Figs. 2-4). Of note, the presence of the biosurfactant did not negatively impact the printability,
where both the printed planar and 3D patterns had similar resolutions with those absent of the
biosurfactant. Another interesting point that we observed was, the 3D constructs printed with
rhamnolipids-stabilized inks, either freshly made or stored for 12 h, seemed to exhibit improved
fidelity when compared with the formulation without the biosurfactant (Fig. 5B), possibly also
associated with the stabilization effect of rhamnolipids on the PEO droplets during the printing
sessions.

Once validated for its printability and stability, rhamnolipids-stabilized f{GelMA-PEO ink was
utilized to print several different patterns with varying degrees of complexity (Fig. 5C). Our
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findings suggested that the use of rhamnolipids might provide a viable solution for increasing the
stability of our unique micropore-forming ink achieving a sufficient operational time window for
DLP printing, the process of which during a single session can run well-beyond 0.5 h, the critical
time of phase-segregation if no biosurfactant is incorporated.

In addition, the micropore-forming pGeIMA-PEO ink was also evaluated using extrusion
printing. As can be seen from Fig. 6, single- or multi-layered honeycomb structures could be
readily printed and post-crosslinked by UV. Top views of these same structures are illustrated in
Fig. S4. The printed constructs using the rhamnolipids-stabilized ink both fresh and stored for 12
h exhibited integral structures. In contrast, constructs produced with the ink in the absence of the
biosurfactant indicated slightly reduced integrity, especially for that stored for 12 h likely due to
significant phase-segregation. Therefore, the performance of the pGeIMA-PEO micropore-
forming ink could be as well-improved through stabilization with the biosurfactant rhamnolipids,
although this effect might not be as obvious as in DLP printing given the need for pre-cooling prior

to extrusion printing [50].

Biocompatibility evaluation

Good biocompatibility plays an essential role in the development of inks and bioinks.
Considering that enhancing the emulsion stability of the f{GeIMA-PEO ink is of particular interest
in DLP-based printing, only f{GeIMA-PEO inks were evaluated here. A direct-contact test between
NIH/3T3 fibroblasts and 3D-printed constructs with different ink formulations was carried out. As
shown in Fig. 7A, the viabilities of the NIH/3T3 fibroblasts cultured on the scaffolds formed with
the f{GelMA-PEO ink and the rhamnolipids-stabilized f{GeIMA-PEO ink were similar across the 5-
day culture period. The morphologies of HUVECs in Fig. 7B were consistent with the quantitative
results. The cell spreading on constructs printed with different formulations exhibited excellent
cell attachment, suggesting that the existence of rhamnolipids had no significant toxicity to the
cells.

To further evaluate the hemocompatibility of these printed constructs, in vitro hemolysis test
was performed. The photograph in Fig. 7C presented the obvious difference in color between
positive control (0.1% v/v Triton X-100), negative control (PBS), and three printed groups.
Contrary to the bright red color in the Triton X-100 group, all three printed groups were observed

to be near-transparent, similar to the negative control (PBS). As the quantitative data shown in Fig.
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7D, the construct formed by the rhamnolipids-stabilized fGeIMA-PEO ink exhibited a low
hemolysis ratio (0.47%), which was close to the negative control (0.46%), as well as the constructs
printed with fGeIMA (0.45%) and fGeIMA-PEO (0.51%) inks. On the basis of these results, we
concluded that the cytocompatibility/hemocompatibility of the hydrogel constructs printed from
the rhamnolipids-stabilized fGelMA-PEO ink were as good as of those made from fGeIMA-PEO

ink without biosurfactant, enabling a wide range of possibilities for applications in 3D printing.

Conclusions

In conclusion, we have described a class of biosurfactant-stabilized GelMA/PEO aqueous
two-phase emulsion inks with improved stability and printability. The rhamnolipids concentrations
were investigated for stable emulsion-formulation and enhanced storage time. The optimized
rhamnolipids-stabilized GeIMA-PEO emulsions as the micropore-forming inks were further
evaluated by two bioprinting methods including DLP and extrusion. By containing rhamnolipids,
the stabilized GelMA-PEO inks showed excellent printability in both printing methods, especially
for those stored for 12 h compared with the ink without biosurfactant. Additionally, constructs
printed with different formulations exhibited good cell adhesion and excellent biocompatibility.
Collectively, our results demonstrated that the biosurfactant-stabilized GelMA-PEO inks may shed
new light on employing these unique micropore-forming inks for widespread 3D printing and
biomedical applications. Nevertheless, in-depth cellular studies are still required in the future to
further demonstrate the biological performances of our rhamnolipids-stabilized micropore-
forming inks. Moreover, extending the biosurfactant-stabilized micropore-forming inks into

bioinks by incorporating cells may require additional optimizations as well.
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Figure 1. Schematics showing the formulation of GeIMA-PEO two-phase aqueous emulsion and
rhamnolipids-stabilized GeIMA-PEO micropore-forming inks, as well as their applications for

DLP and extrusion printing.
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Figure 2. Characterizations of the fGeIMA-PEO micropore-forming inks. (A) Optical
micrographs showing the fGeIMA-PEO inks with different PEO concentrations (0.5, 1.0, 1.6%
w/v) and different storage times (0-1.5 h) at room temperature. Red bars indicate the phase-
segregation heights of the emulsions in the inks over time. (B) Quantification showing the average
sizes of the PEO emulsion droplets of the f{GelMA-PEO inks at each time point as a function of
different PEO concentrations (0.5, 1.0, 1.6% w/v). (C) Quantification showing the average sizes
of the PEO emulsion droplets of the f{GeMA-PEO inks at each PEO concentration as a function

of different storage times (0-1.5 h) at room temperature.
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Figure 3. Characterizations of the fGeIMA-PEO micropore-forming inks with 1.5% w/v
rhamnolipids. (A) Optical micrographs showing the rhamnolipids-stabilized fGeIMA-PEO inks
with different PEO concentrations (0.5, 1.0, and 1.6% w/v) and different storage times (0-24 h) at
room temperature. Red bars indicate the phase-segregation heights of the emulsions in the inks
over time. (B) Quantification showing the average sizes of the PEO emulsion droplets of
rhamnolipids-stabilized f{GeIMA-PEO inks with different PEO concentrations (0.5, 1.0, and 1.6%
w/v). (C) Quantification showing the average sizes of the PEO emulsion droplets of the
rhamnolipids-stabilized f{GelMA-PEO inks at each PEO concentration as a function of different

storage times (0-24 h) at room temperature.
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Figure 4. The influence of rhamnolipids concentrations on the f{GelMA-PEO micropore-forming
ink-formation and stabilization. (A) Optical micrographs showing fGelMA-PEO inks at 1.0% w/v
PEO concentration with different rhamnolipids concentrations (0, 0.5, 1.0, 1.5, and 2.0% w/v) and
different storage times (0-12 h) at room temperature. Red bars indicate the phase-segregation
heights of the emulsions in the inks over time. (B) Quantification showing the average sizes of the
PEO emulsion droplets of the f{GeIMA-PEO inks at 1.0% w/v PEO concentration with different
rhamnolipids concentrations (0, 0.5, 1.0, 1.5, and 2.0% w/v). (C) Quantification showing the
average sizes of the PEO emulsion droplets of the rhamnolipids-stabilized f{GeIMA-PEO inks at
each rhamnolipids concentration as a function of different storage times (0-12 h) at room

temperature.
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Figure 5. DLP printing of the fGeIMA-PEO micropore-forming inks. (A) Designed pattern,
photographs, and micrographs of printed 2D constructs of the f{GeIMA-PEO and rhamnolipids-
stabilized f{GeIMA-PEO inks as a function of different storage times (0 and 12 h) at room
temperature. (B) Designed pattern and photographs of corresponding 3D constructs printed from
the f{GeIMA-PEO and rhamnolipids-stabilized f{GeIMA-PEO inks as a function of different storage
times (0 and 12 h) at room temperature. (C) Different designed patterns and photographs of
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corresponding constructs printed from the rhamnolipids-stabilized fGeIMA-PEO inks at low

magnification (2X) and high magnification (20x) at 12 h or storage at room temperature.
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Figure 6. Extrusion printing of the pGelMA-PEO micropore-forming inks. Regular and
fluorescence photographs showing oblique views of 3D constructs printed from (A) fresh
pGelMA-PEO ink and (B) rhamnolipids-stabilized pGeIMA-PEO ink, as well as (C, D) 3D
constructs printed with the same formulations stored at room temperature for 12 h, all under

oblique view.
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Figure 7. (A) Quantified cytocompatibility evaluation of the fGelMA-PEO and rhamnolipids-
stabilized f{GeIMA-PEO inks by contact-culture with HUVECs. (B) Morphology of HUVEC: after
culturing on constructs printed from fGelMA-PEO and rhamnolipids-stabilized f{GelMA-PEO inks
on 1, 3, and 5 days. (C) Photograph showing hemolytic activities of the standard fGelMA,
fGeIMA-PEO, and rhamnolipids-stabilized fGelMA-PEO inks. (D) Quantified hemolytic

percentages for the standard fGeIMA, f{GeIMA-PEO, and rhamnolipids-stabilized fGelMA-PEO
inks.
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Figure S1. Characterizations of the pGelMA-PEO micropore-forming inks. (A) Optical
micrographs showing the pGeIMA-PEO inks with different PEO concentrations (0.5, 1.0, 1.6%
w/v) and different storage times (0-1.5 h) at room temperature. Red bars indicate the phase-
segregation heights of the emulsions in the inks over time. (B) Quantification showing the average
sizes of the PEO emulsion droplets of the pGeIMA-PEO inks at each time point as a function of
different PEO concentrations (0.5, 1.0, 1.6% w/v). (C) Quantification showing the average sizes
of the PEO emulsion droplets of the pGeIMA-PEO inks at each PEO concentration as a function

of different storage times (0-1.5 h) at room temperature.
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Figure S2. Characterizations of the pGelMA-PEO micropore-forming inks with 1.5% w/v
rhamnolipids. (A) Optical micrographs showing the rhamnolipids-stabilized pGeIMA-PEQO inks
with different PEO concentrations (0.5, 1.0, and 1.6% w/v) and different storage time (0-24 h) at
room temperature. Red bars indicate the phase-segregation heights of the emulsions in the inks
over time. (B) Quantification showing the average sizes of the PEO emulsion droplets of
rhamnolipids-stabilized pGeIMA-PEO inks with different PEO concentrations (0.5, 1.0, and 1.6%
w/v). (C) Quantification showing the average sizes of the PEO emulsion droplets of the
rhamnolipids-stabilized pGeIMA-PEO inks at each PEO concentration as a function of different

storage times (0-24 h) at room temperature.
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Figure S3. The influence of rhamnolipids concentrations on the pGelMA-PEO micropore-forming
ink-formation and stabilization. (A) Optical micrographs showing pGeIMA-PEO inks at 1.0% w/v
PEO concentration with different rhamnolipids concentrations (0, 0.5, 1.0, 1.5, and 2.0% w/v) and
different storage times (0-12 h) at room temperature. Red bars indicate the phase-segregation
heights of the emulsions in the inks over time. (B) Quantification showing the average sizes of the
PEO emulsion droplets of the pGeIMA-PEO inks at 1.0% w/v PEO concentration with different
rhamnolipids concentrations (0, 0.5, 1.0, 1.5, and 2.0% w/v). (C) Quantification showing the
average sizes of the PEO emulsion droplets of the rhamnolipids-stabilized pGelMA-PEO inks at
each rhamnolipids concentration as a function of different storage times (0-12 h) at room

temperature.
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Figure S4. Extrusion printing of the pGeIMA-PEO micropore-forming inks. Regular and
fluorescence photographs showing top views of 3D constructs printed from (A) fresh pGeIMA-
PEO ink and (B) rhamnolipids-stabilized pGeIMA-PEO ink, as well as (C, D) 3D constructs

printed with the same formulations stored at room temperature for 12 h, all under top view.
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