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Structuring gelatin methacryloyl – dextran
hydrogels and microgels under shear†

Ghazi Ben Messaoud, ‡*ab Evdokia Stefanopoulou, ab Mattis Wachendörfer,c

Sanja Aveic, c Horst Fischer c and Walter Richtering *ab

Gelatin methacryloyl (GelMA) is a widely used semi-synthetic polymer for a variety of bioapplications.
However, the development of versatile GelMA hydrogels requires tuning of their microstructure. Herein,
we report the possibility of preparing hydrogels with various microstructures under shear from an
aqueous two-phase system (ATPS) consisting of GelMA and dextran. The influence of an applied
preshear on dextran/GelMA droplets and bicontinuous systems is investigated by rheology that allows
the application of a constant shear and is immediately followed by in situ UV-curing of the GelMA-rich
phase. The microstructure of the resulting hydrogels is examined by confocal laser scanning microscopy
(CLSM). The results show that the GelMA string phase and GelMA hydrogels with aligned bands can be
formed depending on the concentration of dextran and the applied preshear. The influence of the pH of
the ATPS is investigated and demonstrates the formation of multiple emulsions upon decreasing the
charge density of GelMA. The preshearing of multiple emulsions, following gelation, leads to the
formation of porous GelMA microgels. The diversity of the formed structures highlights the application
potential of preshearing ATPS in the development of functional soft materials.

1 Introduction
Hydrogels are three-dimensional networks that absorb and
retain a large amount of water. They are generally isotropic
and result from physical gelation, chemical cross-linking, or
assembly of randomly dissolved polymer in the solvent.1
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The properties of hydrogels can be tuned by blending
polymers, followed by gelation of one or both polymers, leading
to a semi- or fully-interpenetrating network, respectively.16 The
preparation of a binary polymer mixture in water can result in a
homogeneous or biphasic system by associative or segregative
phase separation. Segregative phase separation, leading to the
formation of an aqueous two-phase system (ATPS), can occur
by nucleation and growth or by spinodal decomposition
mechanisms.17 Nucleation and growth mechanism leads to
droplets of one phase and dispersed in the second continuous
phase. Sufficiently large droplets grow by diffusion and are
generally polydisperse.17 In the case of spinodal decomposi-
tion, concentration fluctuations result in the rapid formation of
small structures that continuously grow in size, leading to a
bicontinuous system or discontinuous morphologies via a
percolation-to-cluster transition.18,19 ATPS solutions are widely
used for cell separation and purification of biomolecules.20

More recently, porous hydrogels from ATPS solutions have
been developed for biomedical,21 membrane filtration,22

energy storage,23 and art restoration24 applications. Depending
on the target application, the size and shape of the hydrogel
can be adjusted by manufacturing microgels.25 In this regard,
macroporous microgels from poly(ethylene glycol) diacrylate/
dextran,26 whey protein isolate/gellan gum,27 and poly(ethylene
glycol) – gelatin,28 were developed using microfluidics. Addi-
tionally, macroporous gelatin particles were prepared from
multiple gelatin/maltodextrin emulsions.29,30 Furthermore,
the combination of gelatin with a dextran/poly(ethylene oxide)
emulsion resulted in the adsorption of gelatin on the surface of
dextran droplets. The gelation of the gelatin led to the devel-
opment of capsules.31

The processing of new functional materials eventually
involves the application of shear during materials synthesis.
In this regard, ATPS can be highly sensitive to shear flow due to
low water–water interfacial tension, generally on the order of
0.01–10 mN m�1,32 leading to long relaxation times, that is, the
time required to return to the quiescent state after cessation of
shear. This implies that an applied shear field might signifi-
cantly affect the stability of the polymer/polymer mixture.
Shearing an ATPS can promote demixing or suppress phase
separation by suppressing critical fluctuations, leading to a
thermodynamic shift in the phase diagram.33 In a flow field,
dispersed droplets in a continuous phase can deform34,35 and
coalesce due to hydrodynamic interactions between droplets,
leading to the formation of fibrils.36 The increase in the volume
fractions of the dispersed phase can lead to the formation of
strings37,38 or bands.39 The time-resolved evolution of the
structures formed under a shear field is generally monitored
in situ by coupling shear rheometry with microscopy38,40–44 or
with small angle light scattering.45–47

Structuring hydrogels and microgels under shear is an
interesting approach to developing new functional soft materi-
als. However, this would imply gelation during or immediately
after the shear step. The gelation kinetic should be fast enough
after cessation of the flow, since the flow-induced structures
may quickly break up due to Rayleigh–plateau instabilities. For

instance, Takayama et al. reported the development of hydro-
gels with multiparallel filaments using a coflow microfluidic
device based on an ATPS of alginate with casein,48 polyethylene
glycol,49 or hydroxypropylcellulose.50 The development of a
bioprinted, anisotropic, and oriented hydrogel was achieved
by shearing an ATPS of GelMA-polyethylene glycol before the
printing step.51

Herein, we investigated the influence of applied shear on the
resulting microstructure of hydrogels that derives from an ATPS
based on GelMA and dextran and exhibits segregative phase
separation as a function of pH. GelMA is a modified protein
widely used for tissue engineering applications thanks to its
excellent biocompatibility and the presence of cell attachment
sites.52,53

Protein–polysaccharide interactions can be modulated as a
function of polymer concentration or by altering environmental
physicochemical parameters.54 In the absence of attractive
interactions, their mixtures are highly subject to segregative
phase separation.55 To induce segregative phase separation,
dextran, a neutral biocompatible exopolysaccharide composed
of a linear backbone bonded to D-glucopyranosyl a (1,6) and a
small amount of D-glucose bonded to a (1,3).56 The influence of
shear on the rheological properties and microstructure of the
resulting hydrogels was investigated using a two-step approach:
a rheometer coupled with a UV curing accessory, which
allows the application of constant shear that is immediately
followed by the photocrosslinking step of the GelMA rich-phase
in situ. The microstructure of the resulting hydrogels was
investigated by confocal laser scanning microscopy (CLSM).
The influence of an applied shear, dextran concentration, and
the pH of the ATPS on the resulting shear-induced structures
was investigated.

2 Experimental
2.1 Chemicals

Gelatin (type A, 300 bloom from porcine skin, 50–100 KDa, lot
#SLCD2367), dextran (450–650 KDa, from Leuconostoc spp., lot
#BCCC3405), rhodamine B isothiocyanate, methacrylic anhy-
dride (MAA), photoinitiator (PI), 2-hydroxy-40-(2-hydroxyethoxy)-
2-methylpropiophenone (Irgacure D2959), phosphate buffer
saline (PBS) tablets were purchased from Sigma-Aldrich (Ger-
many). HCl 1 M was purchased from Merck (Germany). All
samples were prepared in Milli-Q-grade water.

2.2 GelMA synthesis

GelMA was synthesized by reacting native gelatin with
methacrylic anhydride (MA) according to the protocol devel-
oped by Lee et al.57 Briefly, gelatin was dissolved at 10% w/v at
60 in PBS buffer. GelMA was prepared by reacting the free
amino and hydroxyl groups of gelatin with MA at 0.1 mL per
gram of gelatin at 50 1C. One sixth of 1 mL of MA was added to
the gelatin solutions every 30 minutes for 3 hours in a dropwise
format. After each MA addition, the pH was adjusted back to
pH 7.4–8.2 with sodium hydroxide (NaOH 5 M). Reacted gelatin
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was purified by dialysis, lyophilized, and stored at 4 1C until
further use. We used the same GelMA batch synthesized
elsewhere.58 The degree of methacrylation was determined by
1H NMR and is 75%.

2.3 Preparation of solutions

The GelMA solution was prepared by dispersing GelMA and
the photoinitiator in water with final concentrations of
100 mg mL�1 and 10 mg mL�1, respectively. The solution was
heated at 60 1C under stirring until complete solubilization of
both components. The dextran solution was prepared under
stirring at room temperature with a final concentration of
140 mg mL�1. The prepared GelMA and dextran, HCl 0.1 M,
and H2O stock solutions were incubated at 37 1C. The ATPS
mixture was then prepared by mixing dextran, HCl 0.1 M, and
H2O and finally by adding GelMA to the solution. The final
mixture was vortexed for 10 s before incubation at 37 1C to
allow macroscopic phase separation, therefore determining the
volume fractions and viscosity of each phase. For photo-
rheology experiments, the prepared mixture was immediately
loaded in the rheometer.

For all characterizations, the final GelMA concentration
was 52.8 mg mL�1. Two main dextran concentrations of
12.3 mg mL�1 and 24.6 mg mL�1 were selected, resulting,
respectively, in dextran dispersed droplets in the GelMA rich-
phase (D/G emulsion) or in a bicontinuous system. The influ-
ence of pH on the resulting shear-induced structures was
investigated.

2.4 Determination of the volume fractions

The volume fraction of each phase in GelMA-dextran mixtures
was determined after preparing the GelMA-dextran mixture in a
1 mL glass vial of known dimensions and incubating it at 37 1C
for 24 hours. Subsequently, pictures of macroscopically phase
separated systems were taken, and the volume fraction of the
dextran rich phase (Fd) was calculated (Fd = hd/ht), where hd is
the height of the dextran phase and (ht) is the total height of the
mixture.

2.5 Rheology

Rheology experiments were conducted using a Discovery
Hybrid Rheometer DHR 3 (TA Instruments, USA) coupled with
a UV-curing accessory. The measurement geometry consisted of

a stainless steel upper plate (diameter 20 mm). During the
experiments, an imposed axial force (F = 0.1 N) with an initial
gap (h = 0.5 mm) was applied. Before running the experiments,
the effective UV intensity applied on the surface of the quartz
plate was calibrated using a UV radiometer (CON-TROL-CURE,
Silver Line) and measuring the intensity in the full UV wave-
length range between 230–410 nm.

2.5.1 Influence of the UV intensity. Structuring GelMA-
dextran hydrogels under shear flow requires that the preshear
step is followed by a fast gelation of the GelMA rich-phase,
ensuring the kinetic entrapment of the system, hence a rapid
quench of the final microstructure, as the relaxation of the
system, i.e., back to the quiescent state, could be very fast. The
influence of UV intensity on gelation kinetic was studied for the
pure GelMA 52 mg mL�1 solution. The preheated GelMA
solution at 37 1C was loaded onto the rheometer and an
oscillatory time sweep was carried out for a total time of
600 s at a frequency (f = 1 Hz) and a strain (g = 5%). After
60 s from the start of the oscillatory time sweep, different UV
intensities (5, 10, 50, and 100 mW cm�2) were applied during
240 s and the evolution of the elastic (G0) and viscous (G00)
moduli as a function of time was recorded at room temperature
(22–25 1C). A UV intensity of 100 mW cm�2 applied during 120 s
resulted in fast gelation and was used in subsequent experi-
ments Fig. S5 (ESI†).

2.5.2 Preparation of phase-separated hydrogels under pre-
shear. The GelMA-dextran solutions were prepared at 37 1C,
vortexed, and poured immediately on the geometry surface of
the lower quartz plate. To monitor ATPS gelation, elastic (G0)
and viscous (G00) moduli were recorded over time using a
frequency ( f = 1 Hz) and a strain (g = 2 or 5%). The selected
value g was previously confirmed to be within the linear
viscoelastic regime (LVR) after performing a dynamic strain
sweep at a frequency ( f = 1 Hz) by varying the shear strain (g)
from 0.01 to 1000% (Fig. S4, ESI†). After complete UV curing,
where G0 and G00 reached a plateau, a frequency sweep test was
performed by varying the frequency ( f ) between 0.01 and
100 Hz at a strain g = 2 or 5% within the LVR. At the end of
the experiments, the hydrogels were carefully removed from the
lower or upper geometry’s surface using a plastic spatula. Each
hydrogel was incubated in distilled water overnight before
subsequent characterization by confocal laser scanning micro-
scopy. This step can lead to a potential swelling of the

Fig. 1 The general experimental approach used in the current study is based on a two-step characterization by coupling rheology with a UV-curing
accessory, followed by CLSM. PI denotes the photoinitiator.
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hydrogels due to the increase of pH toward neutrality. At pH 4
IEP, the carboxylic groups of the amino acids in GelMA become
more deprotonated than protonated, increasing the ratio of
COO�/COOH and giving the hydrogel an overall negative
charge. This makes the hydrogel more hydrophilic, allowing
it to absorb more water between the chains and to swell further.
The general experimental approach is summarized in Fig. 1.

2.6 Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) was performed
with a Leica SP8 Tandem Confocal system. Samples were
excited with the diode-pumped solid-state (DPSS) laser at a
wavelength of 561 nm, and the emission was detected using a
photomultiplier tube (PMT) detector between 580 and 630 nm.
CLSM images were analyzed using FIJI software (Fiji Is Just
ImageJ),59 and 3D constructions from Z-stacks were performed
using the 3D visualization module of Leica Application Suite X
(LAS X) software. The determination of the characteristic length
scale of the bicontinuous systems was achieved using Aquami,
an automated image analysis software written in Python pro-
gramming language.60 The imaging and analysis of the dia-
meter of strings resulting from preshearing a bicontinuous
systems were carried out as follows: First, a tile scale acquisi-
tion was performed by imaging different regions (x, y) of the
hydrogel and at different z-planes, then a mosaic merge was
performed to reconstruct the image with a width of 10 mm
from the center to the edge of the hydrogel. Next, a z-projection
was perfomed at an average fluorescence intensity. Then, the
diameter of the strings was determined from the center to the
edge of the hydrogel each 0.55 mm. The fibers are densely
packed, to the extent that discrimination of individual ridges
between them is challenging. Therefore, the analysis was
carried out by applying a filter (unsharp mask) with a radius
(Sigma) of 10 pixels and a mask weight of 0.6. This step was
followed by binarizing the image, and then the fluorescence
profile was plotted along the width of the image.

3 Results and discussion
The ATPS used in the current study consists of GelMA, a
polyampholyte containing cationic and anionic ionizable
groups, and dextran, a neutral polysaccharide. The demixing
of such a system is crucially dependent on the charge density of
the polyampholyte.61 For the current system, inducing segre-
gative phase separation is achieved by adjusting the pH of the
GelMA-dextran mixture near the isoelectric point (IEP) of
GelMA. The IEP of GelMA was previously determined and is
between 4.1 and 4.4 (Fig. S1, ESI†).58 We have previously shown
that phase separation occurs between pH 5.1 and pH 3.6,
therefore above and below the IEP of GelMA, which highlights
the influence of the protein charge density on the phase
separation process, as shown in (Fig. 2A). In our previous
study,58 by varying the concentration of the dextran, bicontin-
uous, or D/G emulsion, systems were obtained, which led after
UV curing of the GelMA rich-phase to interconnected or

discontinuous pores, respectively. Moreover, by fine-tuning
the pH in the pH range of phase separation, we found that
pH affects the microstructure of the resulting hydrogels, i.e.,
the length scale of the pores or the formation of multiple w/w/w
emulsions. Specifically, in the pH region of phase separation,
phase separation is slow for a pH sufficiently far from the IEP.
The latter is useful in ensuring the reproducibility of the target
structures. Adjusting the pH closer to the IEP leads to faster
phase separation and results in an increase in the length scale
of pores. Lastly, at pH around the IEP, hydrogels with hetero-
geneous microstructure were formed, resulting from the for-
mation of multiple w/w emulsions. It is worth mentioning that
the observation mentioned above can be regrouped using a
DpH = |pH � IEP| instead of an absolute pH value. For
example, at pH 4.9 (DpH = 0.65 � 0.2), hydrogels prepared by
casting on a multiwell plate, with a GelMA concentration of
52.8 mg mL�1 and dextran concentrations of 24.6 mg mL�1 or
12.3 mg mL�1 result, after GelMA photocrosslinking, in bicon-
tinuous or regular disconnected porous hydrogels, which was
confirmed by CLSM observations respectively in (Fig. 2B and C).
The further decrease in (DpH = 0.27 � 0.2) results in the
formation of hydrogels with heterogeneous structures due to
the formation of multiple emulsions prior to the gelation step.
The experimental observations of the pH-dependent phase
separation and the formation of multiple w/w emulsions thus
seem to depend on many parameters, such as the intrinsic
properties of GelMA (charge density, possible conformation
change during acidification) or properties of the mixture
(low interfacial tension, volume fraction of each phase). The
origin of the pH-dependent phase separation process near
the IEP is of great importance but is beyond the scope of the
present study.

In this work, the objective is to explore the influence of
preshearing GelMA-dextran ATPS on the microstructure of
the resulting hydrogels. A constant GelMA concentration of
52.8 mg mL�1 was selected and the influence of the dextran
concentration and DpH was investigated. The selected concen-
tration of GelMA is a good compromise between the resulting

Fig. 2 (A) Schematic representation of the phase separation conditions as
a function of pH and dextran concentration. Typical confocal microscopy
images of a hydrogel obtained from phase separation at (B) dextran
24.6 mg mL�1 leading to a bicontinuous hydrogel and (C) dextran
12.3 mg mL�1 leading to a hydrogel with regular disconnected pores.
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mechanical properties and the mesh size, which is suitable for
many biological applications. For example, GelMA hydrogels of
50 mg mL�1 have been shown to have a greater capacity to
induce calcification of the extracellular matrix than those of
100 mg mL�1.62

At DpH = 0.65 � 0.2 at a lower concentration of dextran,
droplets of the dextran-rich phase dispersed in the GelMA-rich
phase (D/G) are obtained, whereas the higher concentration of
dextran leads to a bicontinuous system. The D/G emulsion and
bicontinuous systems are characterized by volume fractions of
the dextran rich-phase (Fd), measured after complete macro-
scopic phase separation. The respective values of Fd are 0.29 �
0.2 and 0.51 � 0.2. The viscosity ratios (k) of the two phases in
the D/G emulsion or bicontinuous systems are close to unity
with 0.75 � 0.06 and 0.62 � 0.16, respectively. Furthermore, the
influence of GelMA charge density on the resulting preshear-
induced structure was investigated by decreasing DpH.

3.1 Influence of preshear on D/G emulsion and bicontinuous
systems

3.1.1 Orientation of the shear-induced structures. Before
in detail investigating the formed structures as a function of
preshear, we first examined the general alignment of the shear-
induced structures.

Fig. 3a depicts a half of the surface of hydrogels resulting
from a presheared bicontinuous system at 100 s�1 before UV

curing. The CLSM micrograph demonstrates the formation of
concentric strings that are homogeneously present on the
hydrogel. The formed elongated or thread-like structures are
more visible in Fig. 3b, which depicts only a section of the
hydrogel from its center toward the edge. The formed dextran/
GelMA bands also show the same behavior with concentric
bands parallel to the flow direction (Fig. 3c) Fig. 3d highlights
the concentrically formed string phase parallel to the flow
direction. This confirms that the formed structures are parallel
to the shear direction. The quantitative analysis of the orienta-
tion demonstrates a clear orientation with an orientation at 01
resulting from the formation of concentric structures which are
parallel to the shear direction (Fig. 3e). The latter is in good
agreement with previous studies coupling shear with micro-
scopy or small angle scattering and following the behavior in
solution state of ATPS of gelatin/dextran,39,40,63,64 dextran/poly-
ethylene oxide (PEO),44 sodium caseinate/sodium alginate.47,65

Moreover processing ATPS of sodium caseinate/sodium
alginate,48 sodium alginate/polyethylene glycol49 pectin/poly-
ethylene glycol66 and GelMA/PEO demonstrate the formation of
hydrogels with shear-induced structures oriented parallel to the
shear flow.

3.1.2 Influence of the shear rate and shear stress. Next, we
investigate the influence of preshear on the resulting micro-
structure of GelMA hydrogels by applying a constant shear rate
(1, 10, and 100 s�1) or a constant shear stress (1, 5, and 10 Pa)

Fig. 3 Typical CLSM images of the microstructure of hydrogels resulting from bicontinuous (GelMA 52.8 mg mL�1 – dextran 24.6 mg mL�1 at pH 4.9)
and D/G emulsion (GelMA 52.8 mg mL�1 – dextran 12.3 mg mL�1 at pH 4.9) highlighting the general orientation of the shear-induced structures (a) half of
a hydrogel obtained from preshearing a bicontinuous system at _g = 100 s�1, images of presheared (b) bicontinuous and (c) D/G emulsion hydrogels
showing the structure from the center toward the edge and (d) microstructure of the center of a presheared bicontinuous system showing the
concentric formed strings (e) and the general orientation of the system resulting from the analysis of the image in (d).
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for 60 s, followed by immediate UV photocrosslinking. One
should mention that the ATPS investigated in this study
behaves as a Newtonian fluid for shear rates between 10 and
1000 s�1 (Fig. S2 and S3, ESI†). The influence of applying a
constant shear rate or a constant shear stress to a bicontinuous
system on the resulting hydrogels is shown in (Fig. 4A). At 1 s�1,
the formed structures are poorly defined, with some aggregated
bicontinuous structures. Increasing the shear rate to 10 s�1

results in the formation of GelMA strings, which become
thinner for _g = 100 s�1. Next, we investigate the influence of
shear stress (s) on the bicontinuous system. The application of
a shear stress of 1 Pa results in the formation of thick GelMA
fibers of different thicknesses. Increasing the shear stress to
5 Pa results in thinner, highly aligned, and well-defined strings
with a thickness between 5 and 25 mm. However, when the
shear stress increases further to 10 Pa, a homogeneous GelMA
hydrogel is formed. This would imply that applying a shear
stress of s = 10 Pa for 60 s results in either remixing or complete
demixing of the ATPS. However, before the hydrogel was
removed from the rheometer, we observed the presence of a
liquid layer on top of the hydrogel. The significant amount
of the liquid layer could represent the expelled dextran fraction.
This observation suggests a complete demixing process at
s = 10 Pa.

The microstructure of GelMA hydrogels obtained from D/G
emulsion, at rest or after a preshear step consisting of applying
a constant shear rate and constant shear stress, is shown in

Fig. 4B. Preshearing of the D/G emulsion at 1 s�1 results in a
hydrogel with deformed spherical pores, suggesting a deforma-
tion of the dispersed dextran droplets before the gelation step.
The increase of the preshear to 10 s�1 results in the formation
of parallel porous channels. The latter results from the defor-
mation and coalescence of the dextran droplets during the
shear step, leading to the formation of dextran bands. Increas-
ing further the shear rate to 100 s�1, during the preshear step,
results in thinner porous channels. For the D/G emulsion, the
application of a preshear stress s of 1 Pa results in
the formation of dextran bands with an average thickness of
B25 mm and a distance between the bands, in the case of the
mass presence of regular bands, of B22 mm. In the absence of
continuous longer bands, this distance could reach more than
110 mm. Therefore, in the presence of regular bands, it seems
that the alternating dextran and GelMA bands are of relatively
close thickness. The GelMA rich-phase still exhibits a porous
structure, which could be related to undeformed dextran dro-
plets. The latter indicates that the droplets are not deformed
during the preshear step or are relaxed after the shear cessa-
tion, which is faster than the gelation kinetic. Increasing the
shear stress to 5 Pa, during the preshear step, results in thicker
bands with an average thickness of B37 mm and thicker GelMA
bands of B68 mm. In the GelMA bands, we can observe the
presence of aligned droplets, either fully relaxed (undeformed)
or deformed, together with the intermediate stage of bands
breaking into drops. Moreover, the bands also demonstrate

Fig. 4 Typical CLSM images of the microstructure of hydrogels resulting from (A) bicontinuous (GelMA 52.8 mg mL�1 – dextran 24.6 mg mL�1 at pH 4.9)
and (B) D/G emulsion (GelMA 52.8 mg mL�1 – dextran 12.3 mg mL�1 at pH 4.9) obtained by photocrosslinking of the solutions during small amplitude
oscillatory shear experiments in the absence of preshear and after applying a shear rate of 1, 10, and 100 s�1 during 60 s followed by immediate
photocrosslinking during 120 s using a UV intensity of 100 mW cm�2, Evolution of the G0 of the resulting hydrogels as a function of the applied preshear
step consisting of applying a constant (C) shear rate and (D) shear stress. (E) Evolution of the shear rate as a function of the applied shear stress
during 60 s. The dashed lines represent the applied shear rates of 10 and 100 s�1 leading to the formation of strings and aligned bands from bicontinuous
and D/G systems, respectively. Scale bars are 100 mm.
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3.3 Influence of pH on the resulting shear-induced structures

As shown in Fig. 4, applying a preshear of 100 s�1 resulted in
hydrogels with a microstructure consisting of well-defined
strings and bands from bicontinuous and D/G systems, respec-
tively. A preshear at a lower shear rate of 10 s�1 resulted in
hydrogels with poorly defined structures while a shear stress of
10 Pa corresponding to a shear rate increasing up to 300 s�1

resulted in a complete demixing. Based on all previous obser-
vations, _g = 100 s�1 was selected as a suitable shear rate to
investigate how a small variation of the pH of approximately
1 unit in the pH range of phase separation (3.6 o pH o 5.1)
affects the shear-induced structures. The microstructure of the
hydrogel and the microgels resulting from gelation after a
preshear of 100 s�1, is shown in Fig. 8A. At pH 4.82, a string
hydrogel is formed with the same structural features as shown
in Fig. 4 at pH 4.9. Decreasing pH to 4.7 results in hydrogels
formed by thicker elongated structures, significantly different
from previously observed fibers and bands.

The elongated structures could be described as microfila-
ments with some side branching and ramifications leading to
interconnection points Fig. S11 (ESI†). These structures coexist
and are aggregated with GelMA microgels. The further decrease
in pH between pH 4.5 and pH 4.09 results in the formation
of porous GelMA microgels. It should be mentioned that
the macroporous nature of the microgels formed could also
depend on the applied shear rate (Fig. S12, ESI†) and the
dextran concentration (Fig. S13, ESI†).

At pH 3.92, again the preshear step results in the formation of
aligned strings. The fibers are thicker than those observed at pH
4.82. The rheological properties of the hydrogels are shown in Fig. 8B
and C, which show a softening of the system near the isoelectric
point. This is in line with CLSM characterization, which revealed the
formation of microgels in solution. The volume fraction of the
dextran-rich phase increased around pH 4.3–pH 4.5, which is close
to the IEP of GelMA (Fig. 8D). The cause of the formation of multiple
emulsions needs further investigation, but the increase in Fd is the
key factor and could be attributed to the self-association of GelMA
molecules near the IEP due to the reduced electrostatic repulsion.
Additionally, a change in Fd could also be accompanied by a change
in phase composition and interfacial tension.

4 Conclusions
In this work, we investigated the influence of preshearing
GelMA/dextran ATPS on the microstructure of hydrogels result-
ing from gelation of the GelMA-rich phase. For a constant
GelMA concentration, by adjusting the dextran concentration,
various structures can be formed depending on the applied
preshear. The influence of the pH of the ATPS was examined in
the pH range of phase separation (3.6 o pH o 5.1).

At a pH 4.9, sufficiently far from the IEP of GelMA, hydrogels
with concentric bands and string hydrogels are formed from
presheared D/G emulsion and bicontinuous systems, respec-
tively. The shear-induced structures are oriented parallel to the
direction of the shear flow and are highly aligned.

Fine-tuning the pH of the bicontinuous system, in the
pH range of phase separation, affected the shear-induced
microstructures at 100 s�1. A decrease of DpH of the bicontin-
uous system resulted in a transition from well-defined strings
to larger microfilaments composed of GelMA continuous gel
with aggregated GelMA microgels. A further decrease of DpH
resulted in the formation of porous GelMA microgels.

The influence of vertical confinement on the bicontinuous
system was evaluated by varying the size of the gap and in the
absence of preshear, and demonstrated the possibility of
developing GelMA bands when the gap size is below the
characteristic length scale of the bicontinuous system.

This study provides new possibilities for developing GelMA-
based hydrogels with different microstructures by preshearing
GelMA/dextran ATPS before gelation of the GelMA-rich
phase. The anisotropic characteristic of the highly aligned
GelMA string phase can be promising for tissue engineering
applications. The anisotropy is necessary to guarantee the
proper arrangement of cells like for skeletal muscle tissue
engineering.12,75–77 Nevertheless, greater stiffness is required
while still preserving clearly defined microfibers. This could be
accomplished by increasing the concentration of GelMA or
gelling the second phase of the ATPS to enhance the cohesion
between GelMA fibers. For biological purposes, the developed
hydrogels are suitable for cell seeding approaches thanks to the
provided integrin-binding RGD (Arg–Gly–Asp) motifs and
metalloprotease digestion sites of the GelMA hydrogels, which
ensure cell attachment and spreading. Moreover, GelMA fila-
mented systems have recently demonstrated the possibility of
aligning cells, to mimic the hierarchical organization of aniso-
tropic tissues.14 Further investigation is necessary to assess the
influence of the preshear step, which is employed with the
current method, on cell viability when GelMA fibers are formed
in the presence of cells. The macroporous GelMA microgels,
produced in fully aqueous media, can be beneficial for a variety
of biotechnological purposes, including tissue engineering and
encapsulation.
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